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ABSTRACT
Wood density and chemical composition (cellulose, hemicelluloses lignin and extractives) are important traits for
commodity bleached kraft pulp production cost because they strongly affect specific wood (SWC) consumption
and pulping yield. More recently, wood uronic acids content and lignin syringyl/guaiacyl ratio (S/G) have also
become relevant and they are focused in this work. The two major costs in the production of bleached eucalyptus
Kraft pulp derive from wood and chemicals, which can be minimized by increasing fiber line yield and
decreasing bleaching chemical usage. An important alternative for increasing fiber line yield is the optimization
of the kappa number at which cooking shall actually terminate before other means of delignification take over.
The ideal kappa to terminate cooking is highly dependent on the wood type. It is our belief that cooking shall
terminate at the point where pulp achieves maximum HexA/Lignin ratio, regardless of the kappa number. Hence,
this study was aimed at determining the exact kappa number at which the HexA/Lignin ratio maximizes for three
different eucalyptus woods (E. globulus, E. urograndis and E. camaldulensis) and how this affect pulp yield and
bleachability. It was observed that maximum HexA/Lignin ratio occurs at kappa 14 for Eucalyptus globulus
whereas this ratio maximizes at kappa 20 for E. camaldulensis. The maximum HexA/Lignin ratio at a given
kappa also coincides with maximum pulp yield and bleachability. The kappa number where HexA/Lignin ratio
maximizes depends upon wood lignin syringyl/guaiacyl ratio.
I. INTRODUCTION
Industrially, eucalyptus wood quality for kraft pulping is assessed by the following main traits: density and
cellulose, hemicelluloses, lignin and extractive contents. These traits are relevant for commodity products
because they strongly affect kraft pulp production costs by impacting specific wood consumption (SWC) and
pulping yield. Wood uronic acids content and lignin syringyl/guaiacyl ratio (S/G) as well as other traits such as
fiber morphology (coarseness, fiber population, microfibril angle, etc.), cellulose crystallinity, crystal structure,
cellulose and xylan molecular weight distribution, non-process elements (minerals), acetyl group, and others
have been recognized as important, but they have not been widely used for wood selection in most forest and
pulp and paper companies. Altogether, the traits aforementioned affect not only pulp production costs but also its
utilization since they impact pulp refinability, drainability and strength properties, which influence paper
machine runnability and productivity [1].
The two major costs in the production of bleached eucalyptus Kraft pulp derive from wood and chemicals, with
the first being more significant. Within the industrial domain, the most effective way of decreasing wood costs is
by increasing overall fiber line yield and decreasing wastes in the wood preparation room. The decrease of
chemical costs is more effectively done through optimization of the pulp bleaching operation where most of the
unrecoverable chemicals are used.
Some studies have inferred that is always better to terminate the cook at a higher kappa number, within the limits
of equipment runnability, and continue the delignification for example with an oxygen stage [2-4]. Recently, the
extended impregnation technology has been developed to minimize the amount of rejects in high kappa pulping
[5]. Of course, the ideal kappa to terminate cooking is highly dependent on the wood type [6]. For hardwoods,
the approach of terminating the cook at the highest possible kappa number is likely not the right one because the
defiberization point for such woods depends upon the syringyl/guaiacyl ratio of their lignins. Some studies have
indicated that wood lignin S/G ratio may play a role in wood defiberization point during Kraft cooking [7, 8].
Instead of terminating the cook at the highest possible kappa number, this study proposes that the cook shall
terminate at the point where the pulp achieves maximum HexA/Lignin ratio, regardless of the kappa number.
Maximization of pulp HexA/Lignin ratio signifies maximization of hemicelluloses retention and as consequence
maximization of yield. In spite of some controversies, it is mostly accepted that pulps containing maximum
HexA/Lignin ratios at a given kappa number will present highest bleachabilities in ECF bleaching processes as
well [9-12]. Therefore, this study aimed at determining the exact kappa number at which the HexA/Lignin ratio
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maximizes for three different eucalyptus woods (E. globulus, E. urograndis and E. camaldulensis) and how this
affect pulp yield and bleachability.

II. EXPERIMENTAL
Eucalyptus wood chips were prepared from 12 yr. old E. globulus and 7 yr. old E. urograndis and E.
camaldulensis. The chips were cooked in an M&K digester to kappa number varying in the range from 10-26.
Pulps of variable kappa number at fixed residual effective alkali of 6-7 g/L NaOH were prepared by varying
process conditions, including three temperatures (160, 165 and 170°C), eight active alkali charges (12, 14, 16,
18, 20, 22, 24 and 26% as NaOH) and 8 times at temperature (30, 60, 90, 120, 150, 180, 210 and 240 min). The
time to maximum temperature, liquor to wood ratio and sulphidity were kept constant and equal to 90 min,
4L/1kg and 25%, respectively. Six pulp samples of each one of the three eucalypt species were bleached to ISO
brightness 90% with the O-DHT-(EPO)-D-P sequence. These samples were selected of the pool of different pulps
on the basis of their kappa numbers (10-24 range) and residual effective alkali (6-7 g/L range). The alkali charge
in the O-stage (10% consistency, 100 oC, 500 kPa, 75 min and 2.2% O2) were varied in order to achieve 11-11.5
end pH. The charges of chlorine dioxide applied to the DHT (10% consistency, pH 3, 90 oC, and 120 min) and Dstages (10% consistency, pH 5-5.5, 80 oC, and 120 min) were varied in order to achieve the target brightness for
each one of the selected pulp samples. The ClO2 charge in the DHT stage was a function of incoming kappa
number and established based on a fixed kappa factor of 0.14. Three different charges of ClO2 were tested in the
D1 stage and the brightness values achieved with the three charges at the end of the bleaching (after the P-stage)
were interpolated to 90% ISO brightness. The alkali charge in the (EPO)-stage (10% consistency, pH 10.5-11,
85oC, 120 min, 0.3% H2O2) and P-stage (10% consistency, pH 10.5-11, 80oC, 120 min, 0.3% H2O2) were varied
to reach the end pH of 10-10.5. Wood and pulp analyses were performed as described elsewhere [11].
III. RESULTS AND DISCUSSION
Wood Chemical Characterization
Eucalyptus globulus and Eucalyptus urograndis presented much higher uronic acids content than Eucalyptus
camaldulensis (Table 1). The total extractives and mineral contents were significantly higher for E.
camaldulensis in relation to the other two species. A striking difference among the various eucalypts relates to
the syringyl/guaiacyl ratio of their lignins, with E. globulus showing a much higher value than the other two
eucalypt woods.
Table 1. Chemical composition of the three eucalypt wood species
Chemical Trait
E. globulus
E. urograndis
Acid insoluble lignin, %
20.6
25.3
Acid soluble lignin, %
4.5
3.4
Lignin S/G ratio
5.2
2.8
Glucans, %
46.9
46.5
Xylans, %
14.5
12.2
Mannans, %
1.6
1.1
Arabinans, %
0.3
0.2
Galactans, %
1.2
1.6
Total uronic acids, %
4.0
3.9
Acetyl groups, %
3.2
2.7
Total extractives, %
2.2
2.7
Ash, %
0.37
0.42

E. camaldulensis
26.7
3.1
1.7
46.8
11.3
0.9
0.3
1.1
3.1
2.2
3.5
0.58

Maximizing the HexA/Lignin Ratio
Figure 1 shows that the maximum pulp HexA/Lignin is achieved at kappa numbers of approximately 14, 18 and
20 for E. globulus, E. urograndis and E. camaldulensis, respectively. It is apparent that the maximum
HexA/Lignin ratio achievable in a given pulp is affected by the pulp degree of delignification. However, the
exact kappa number at which the pulp HexA/Lignin ratio maximizes depends on the wood type. The reason for
such behavior stems from differences in the cooking easiness of the various woods evaluated.
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Maximizing Pulp Yield
The composition of the kappa number was proven very important to compare yield results. By splitting the
kappa number into two fractions, hexenuronic acids and lignin, the important relationship HexA/Lignin was
developed; this relationship allows for the comparison of yield and other pulping parameters at different kappa
numbers as long as the residual effective alkali of the cooks are similar and only screened yield is taken into
account. Figure 2 show that maximum screened yield tend to occur at the maximum pulp HexA/Lignin ratios,
regardless of wood species. The kappa numbers where maximum screened yields were attained for E. globulus,
E. urograndis and E. camaldulensis were about 14, 18 and 20, respectively, and they coincided with the
maximum HexA/Lignin ratios for these species. Increasing kappa number over these ranges resulted in increased
rejects and decreased pulp xylan contents, which in turn penalized the screened yields. On the other hand,
decreasing kappa number under this range resulted in decreased pulp xylan contents with negative consequences
on yield. In principle, the kappa number where the ratio pulp HexA/Lignin maximizes for a given wood species
should coincide with maximum pulping yield because of maximum xylan retention (Figure 3). The wood
defiberization point is influenced by the wood density and chemical composition but the lignin syringyl/guaiacyl
ratio (S/G) is likely the most important factor affecting this parameter. The higher the S/G ratio the lower is the
kappa number at which wood will defiberize. Among the three wood species under investigation, the E. globulus
showed the highest S/G (Table 1) and it defiberized at lower kappa numbers than the other three species.

Figure 2 – Effect of pulp HexA/Lignin ratio on pulp
screened yield for E. globulus, E. urograndis and E.
camaldulensis, for cooks terminated at constant RES
(6-7 g/L).

Figure 1 - Effect of kappa number on the pulp
maximum HexA/Lignin ratio for E. globulus, E.
urograndis and E. camaldulensis, for cooks
terminated at constant RES (6-7 g/L).

Maximizing Pulp Bleachability
In this study bleachability was defined as the amount of kappa units removed per unit % of chlorine dioxide
consumed across bleaching. Figure 4 shows that pulp bleachability increases with increasing HexA/Lignin ratio.
Hence, for minimum chlorine dioxide consumption the cook shall terminate at the kappa number where
HexA/Lignin ratio maximizes. Of course, the value of this kappa number cannot be established as a set rule since
different eucalypt woods produce maximum HexA/Lignin ratio at different kappa numbers. Thus, technically
speaking there is no ideal kappa number for terminating the cook for eucalypt wood aiming at best pulp
bleachability since it is species dependent.

IV. CONCLUSIONS
Maximization of pulp yield and bleachability is achieved at the pulp kappa number where pulp HexA/Lignin
ratio maximizes. The HexA/Lignin ratio maximizes at different kappa numbers depending upon the eucalypt
wood species. The kappa number where HexA/Lignin ratio maximizes is affected by the wood lignin
syringyl/guaiacyl ratio (S/G).
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Figure 4. Effect of pulp HexA/Lignin ratio on the
bleachability of E. globulus, E. urograndis and E.
camaldulensis pulps to 90% ISO brightness
(interpolated) with the O-DHT-(EPO)-D-P sequence.

Figure 3. Effect of pulp HexA/Lignin ratio on pulp
xylan content for E. globulus, E. urograndis and E.
camaldulensis, for cooks terminated at constant RES
(6-7 g/L).
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ABSTRACT
A new method was developed for the prediction of alkaline pulp yield. The full version of the equation allows
predicting pulp yield from the cellulose content and the degree of polymerization of wood raw material used and
the corresponding pulps. From the slope and intercept of this linear equation, the lignin-free pulp yield, YT’, of a
pulp sample can be calculated when the cellulose content (G’) and its degree of polymerization are determined
by sugar analysis and viscosimetry, respectively. This equation was extensively tested and validated at
laboratory/pilot scales for the effect of wood variability and process conditions on pulp yield. Then, industrial
trials were successfully applied in two mills operating with different wood species (birch and softwoods) and
process conditions (modified continuous and batch kraft cooking).
I. INTRODUCTION
As wood is the dominant cost factor for a pulp mill production, an increase in pulp yield has a major impact on
its competitiveness. In order to optimize pulp yield, a pulp mill must be able to monitor the pulp yield accurately.
Traditionally, the pulp yield is estimated based on wood usage and pulp sales data covering a period of 3-6
months. However, it is inconceivable to perform mill trials over long periods to compare pulp yield gains due to
wood or process changes [1]. To overcome this difficulty, several indirect or direct methods for the prediction of
the pulp yield have been proposed, but they are often based on empirical considerations and have to be adapted
to different situations in a case-by-case approach [1,2,3,4].
Cellulose is a homopolymer subject to wellknown degradation kinetics during alkaline pulping. Therefore, the
development of the cellulose mass fraction based on wood may be predicted theoretically. In an earlier work, a
theoretical relationship between pulp yield and the cellulose mass fraction based on wood and the cellulose mass
fraction of pulp was derived, validated for cotton, then tested for some wood species and process conditions
[5,6]. The original form of the equation is the following [6]:
(1)

where

(2)

DP0 = average degree of polymerization of cellulose chains in wood; DP = average degree of polymerization of
cellulose chains in pulp; (∆DP)P = loss of degree of polymerization due to primary peeling; (∆DP)s = loss of
degree of polymerization due to secondary peeling; Yc,w, = cellulose mass fraction of the original wood and Yc =
cellulose mass fraction of pulp based on wood.
As DP0 is more than one order of magnitude larger than (∆DP)S or (∆DP)P, and because (∆DP)S and (∆DP)P are
of the same order of magnitude and have an opposite sign in equation 1, one may simplify the equation by
replacing K1 in equation 1 by YC,W, resulting in a simplified pulp yield prediction equation which is obtained in
the following form:
(3)
This simplified equation, called henceforth PulpYield project equation, can be used to calculate the lignin-free
pulp yield, YT’, of a pulp sample when G’ (lignin-free cellulose content of the pulp) and the cellulose DP of the
pulp [7] are determined by sugar analysis and viscosimetry respectively, and the values of Yc,w and (∆DP)s are
determined by laboratory cooks or are known for the considered furnish.
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II. EXPERIMENTAL
Laboratory cooking
Wood chips were received from pulp mills or produced from manually debarked logs then chipped with a pilot
wood chipper. In most cases, the wood chips were air-dried, classified for fines and oversized chips removal and
stored. Before cooking, the moisture content of the wood chips was carefully determined using a representative
sample. A known weight of chips (usually 500 g o.d.) was cooked in a 3.5-liter rocking, oil-heated, multi batch
digesters at a liquid to wood ratio of 4.0 l/kg. Alkali and sulfidity charges, cooking temperature plateau and Hfactor values were dependent on the different cases. After cooking, the wood chips were disintegrated, washed
and then screened. The total and screened yields were calculated based on the average dryness of the pulp, the
total wet pulp weight, the dry weight of the rejects and the dry weight of the chips added to the cook.
Wood and pulp analyses
The intrinsic viscosity was measured according to ISO SCAN C15:62 standard using a RPV-1 automatic
viscometer (Rheotek, England). The degree of polymerization of cellulose in the pulp was calculated according
to the equation by da Silva Perez and van Heiningen [7]:
(4)
Chemical composition of wood and pulps were determined according to the standards and methods described in
an earlier publication [6].
III. RESULTS AND DISCUSSION
Different pure wood species, both softwoods and hardwoods were cooked at different conditions, pure and in
mixture. Some examples of the results applied to equation (3) are presented in Table 1 commented in the subsections here below. R², (∆DPs), and Yc,w were obtained from the data plotted according to the equation (3),
while Yc,w was measured from sugars analysis of the wood furnish.
Table 1 – Application of PulpYield project equation to different wood supply and process conditions
Wood species
Beech
Birch
Chestnut
Eucalyptus
Poplar
Chesnut/beech
Chestnut/beech
Poplar/beech
Chestnut/beech/poplar
Eucalyptus clone A
Eucalyptus clones B/C
Birch
Eucalyptus
Birch
Eucalyptus

Process conditions
Conventional Kraft
Conventional Kraft
Conventional Kraft
Conventional Kraft
Conventional Kraft
Conventional Kraft
Conventional Kraft
Conventional Kraft
Conventional Kraft
Conventional Kraft
Conventional Kraft
Kraft / AQ (0.1 %)
Kraft / AQ (0.1 %)
Multi-stades
Multi-stades

R²
0.9203
0.9632
0.8375
0.9262
0.9554
0.9588
0.9401
0.8919
0.9046
0.9541
0.9170
0.8970
0.9926
0.9702
0.9253

(∆DPs)
1107
1039
229
471
526
614
1000
748
458
782
959
1091
455
1400
456

Yc,w (estimated)
0.5119
0.5042
0.4329
0.4852
0.5057
0.4477
0.4610
0.5102
0.4525
0.5534
0.5860
0.4807
0.4879
0.5013
0.4940

Yc,w (measured)
0.5197
0.5111
0.4107
0.5124
0.5211
0.4652
0.5161
0.5204
0.4838
0.5452
0.6032
0.5111
0.5124
0.5111
0.5124

Effect of inter- and intra- wood species variability
Different pure wood species, both softwoods and hardwoods were cooked at different conditions. The graphical
results of the results applied to equation (3) are presented in Figure 1a for different hardwoods to illustrate the
inter-wood species variability. Results were also obtained for different softwoods, pure and in mixture (not
shown here). Very good linearity was observed for all the wood species. Among hardwoods, a slightly weaker
performance was observed for chestnut (R² around 0.84). The explanation for this particular behavior is the high
content of extractives present in chestnut (sometimes up to 15 %) which disturbs the kraft cooking through an
important consumption of alkali. Cooking of mixture of wood species both softwood or hardwoods was also
performed. Although the results are not shown here due to lack of space, it was observed that mixtures of
softwoods can be modeled as an average of the behavior of the individual wood species. For hardwoods,
especially the mixtures containing chestnut, interactions occur during pulping of different wood species which
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lead to overcooking or undercooking of one of the wood species and therefore affects the overall pulp yield.
Therefore, the benefits of pulp yield gains due to one species (poplar for example) are lost due to overcooking. It
is also clear that in these cases, chestnut is the wood species governing the behavior of the pulp yield. The intrawood species effect was tested for eucalyptus clones (Figure 1b) and poplar clones (not shown). Three different
clones were used for each wood species. For eucalyptus clones, it is clearly seen that clone A differs
significantly from clones referred as B and C, which can be treated in a single straight line. These two clones
presented similar cellulose content, much higher compared to clone A, which explains the behavior observed.

Figure 1 - Application of PulpYield project equation to: a) hardwoods (left) and b) eucalyptus clones (right).
Effect of process conditions
Different process conditions impacting the pulp yield such as the use of additives (anthraquinone, polysulfide
and surfactants), the effect of scale-up (laboratory or pilot), conventional (1 stage) x modified (multi-stages)
kraft cooking and the effect of uncooked chips were also studied.
The efforts were concentrated on AQ (0.1 %) as this was the only additive giving consistent and measurable pulp
yield gains. Tests were carried out for 4 wood species: birch, eucalyptus, spruce, and pine. Only results obtained
for hardwoods are presented here (Figure 2). For all wood species, the increase in pulp yield due to the action of
AQ is detected by the equation in the form of a reduction in the ∆DPs. This is expected from the mechanism of
anthraquinone protection and is observed for all the wood species. A significant impact is observed for birch as
the slope is considerably reduced as well as the ∆DPs. However, the estimated Yc,w for AQ-containing cooks is
always lower than those obtained for non-AQ and of the measured Yc,w values. AQ and high sulfidity black
liquor prevent the primary peeling by stabilizing the original reducing groups in wood cellulose. This occurs at
relatively low temperatures during the heat up phase. When secondary reducing groups are formed by alkaline
hydrolysis at higher temperatures then the peeling reaction rate is so fast that AQ cannot stop it.
Modified multi-stage kraft cooking is claimed by the equipment suppliers to have a positive impact on pulp
yield. In this part of the project, the pulp yield of conventional single stage kraft and a 3-stage kraft cooking
(basis for EMCC or Lo-Solids cooking) was carried out for 4 wood species: birch, eucalyptus, spruce and pine.
Results obtained for hardwoods are shown in Figure 2b. In the conventional cooking, the whole alkaline charge
was applied at the beginning with a liquor/wood ratio equal to 4. The modified 3-stage cooking was performed
with the same total alkaline/sulfidity charges, but in 3 stages. Black liquor was removed and replaced by fresh
liquor at 1/3 and 2/3 of the targeted H-factor. Pulp yield increase was detected by equation (3) due to lower
alkaline in modified cooking conditions as evidenced by higher DP and lower values of (∆DPs).

Figure 2 - Application of PulpYield project equation to: a) effect of AQ (left) and b) multi-stage cooking (right).
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Industrial trials
After the work carried out in laboratory, the method for predicting pulp yield presented here was applied in two
pulp mills (A = pulp mill operating a continuous modified Kraft cooking of birch and B = operating with
softwoods, mainly pine, spruce and sawmill chips and batch cooking). Wood and pulps were sampled during a
campaign of production and sent to FCBA laboratories, where they were analyzed individually. Wood samples
were grouped into a single lot for birch and two for softwoods (SW1 = rich in spruce and SW2 = rich in pine),
characterized and used for laboratory cooking in order to establish the PulpYield project equation parameters
(Figure 3a for the mill A and Figure 3b for the mill B). Then, the acquired parameters were used to predict the
yield of the industrial pulp samples based on their properties.

Figure 3 – Application of PulpYield project equation to mill A (birch) and mill B (softwoods).
Then, using the analytical data of the wood and pulps sampled in both mills and the parameters obtained from
the equation 3 applied to the different situation, it was possible to predict their pulp yield of the industrial pulps.
For the mill A operating with birch and continuous cooking, the average of pulp yield was 52.83 % with a
standard deviation of 0.41 % for 8 samples taken along the 8-hour campaign trial. For the mill B, the average of
pulp yield was 44.76 % for the spruce-rich wood supply with a standard deviation of 0.35 % for 3 samples
obtained in the beginning, the middle and in the end of the batch digester. For the pine-rich pulps, the average
value was 45.48 % with a standard deviation of 0.18 %.
IV. CONCLUSIONS
PulpYield project equation was successfully validated at both laboratory/pilot and industrial scales. The results
of the project demonstrated that wood variability (both from inter- and intra-wood species) is a very important
factor for pulp yield control. Most of the variability sources can be detected by PulpYield project equation but
specific calibrations are needed. Process conditions are also important for pulp yield monitoring. Industrial trials
were successfully applied in two mills operating with different wood species (birch and softwoods) and process
conditions (modified continuous and batch kraft cooking). PulpYield project equation is nowadays ready for
routine purposes and will be hopefully tested in other pulp mills in a near future.
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ABSTRACT
Composition, molecular weight and chemical structure of lignin affects its properties, reactivity and performance
in various applications. It is thus of great importance to know how processes, in which lignin is dissolved from
wood and other plants, affect the characteristics.
In the present study, we investigated the impact of raw material and cooking time on the structure of dissolved
lignin. Kraft pulping was performed on wood chips of eucalyptus, pine and spruce. The black liquor was
recovered after three different cooking times and the dissolved lignin was thoroughly characterized.
The results indicate that increased cooking time resulted in increased phenolic content and higher glass transition
temperature of the dissolved lignin. The sulfur content was higher in the eucalyptus lignin compared to the
softwood lignins.
I. INTRODUCTION
Lignin is a main chemical component of lignocellulosic materials, abundantly accessible and easily available.
Various technical lignins are currently available in large quantities and viewed as low value by-products from
the pulp and paper industry. However, structurally lignin possesses properties which make it a promising starting
material for chemical modifications, leading to the preparation of valuable polymeric materials. Detailed
characteristic of lignin samples coupled with information on the pulping conditions will help to adjust the
pulping process not only with regards to pulp properties but also with respect to obtain lignin with desired
characteristics.
Since the main object of the processes in which lignin is recovered is to obtain cellulosic fibres, few efforts have
been made to alter process conditions in order to obtain lignin with more suitable characteristics. A number of
studies have analyzed the structure of kraft lignin with regard to amount, functional groups, organically bound
sulfur and molecular weight [1-3]. The objective of these studies was to get information of the delignification
process. Other studies, more aimed at understanding the heating value of black liquor, mainly influenced by the
lignin content, have also characterized kraft lignin to some extent [4-5]. As the interest in using lignin as a raw
material for value added products has increased, many studies have been conducted to characterize different
types of technical lignin [6-7]. These studies have looked into kraft lignin obtained after kraft cooks of different
wood raw materials or in spent liquors after different pulping processes. However, there is still a lack of
knowledge how pulping conditions influence the kraft lignin characteristics.
The aim of this study was to investigate the effect of raw material (eucalyptus, pine and spruce) and cooking
time on the characteristics of dissolved lignin.
II. EXPERIMENTAL
Materials
Industrial wood chips of pine, spruce and eucalyptus wood chips were used in the study. They were dried to a
dry solids content of 91-95%. The chips were sorted manually and a fraction of 2-8 mm thickness, without knots
and bark, was used.
Kraft cooking
The kraft cooks were performed in steel autoclaves according to cooking parameters presented in Table 1. After
terminating the cooks, the black liquor was separated from the chips. The black liquors were stored in a fridge
until precipitation.
The dissolved lignin in the black liquors was precipitated by acidification according to [8]. The pH of the
original black liquors was around 12 and before addition of sulphuric acid, the black liquors after the softwoods
cooks were heated to 70°C and the eucalyptus black liquor to 60°C. Sulphuric acid was added during stirring
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until a pH of 9 was reached. The beaker with precipitated lignin was cooled in an ice bath and then put into the
fridge for 10-12 h. The lignin colloids deposited in the bottom of the beaker and the supernatant was filtered off.
The lignin filter cake was then re-dispersed in distilled water and the pH lowered with sulphuric acid to pH 2
under rapid stirring. The lignin was filtered again and collected on a glass dish to dry in a ventilated oven at
65°C.
Table 1 - Pulping conditions
NaOH
[M]

Liquor-to-wood ratio,
l/kg

Cooking temperature,
°C

Cooking time,
min

Pine

NaSH
[M]
0,26

1,2

4

157°C

100, 200, 260

Spruce

0,26

1,2

4

157°C

100, 200, 260

Eucalyptus

0,26

1,0

4

157°C

30, 60, 100

Analysis
The phenolic content in lignin using an UV-vis method was determined according to a modified method
proposed in [9] using a SHIMADZU UV – 2550 UV-vis spectrophotometer and fused quartz cuvettes.
Total solid content in black liquor was determined by placing 10 ml of each black liquor sample into an oven
with a temperature of 105°C for 10-12 h. After gravimetrically determining the dry solids content, the ash
content in the black liquor samples was subsequently determined by placing the samples for 6 h in an oven
holding a temperature of 500°C. The ash content in precipitated samples was determined by drying 0,3 g of each
precipitated lignin sample in the ash oven at 500°C for 6 h.
The chemical composition was determined using both acid hydrolysis in combination with Klason lignin,
according to SCAN-CM 71:09, as well as by analytical pyrolysis, Py-GC/MS. The monosugars after acid
hydrolysis were analyzed in a high-performance anion exchange chromatograph quipped with a pulsed
amperiometric detection (HPAEC-PAD) and CarboPac PA1 column (Dionex, Ca, USA). Analytical pyrolysis
was performed on precipitated lignin samples at the Latvian State Institute of Wood Chemistry, Lignin
Laboratory using a Frontier Lab (Japan) Micro Double-shot Pyrolyser Py-2020iD , with pyrolysis temperature of
500°C and a heating rate of 600°C/s. Directly coupled with the Shimadzu GC/MS-QP 2010 apparatus (Japan)
with capillary column RTX-1701 (Restec, USA), 60 m × 0,25 mm × 0,25 µm film, with injection temperature of
250°C with El of 70 eV, and MS scan range m/z 15-350 with gas helium at the flow rate of 1 ml/min and split
ratio of 1:30. The sample size loaded was between 1,0-2,0 mg. The oven temperature program was 1 min
isothermal at 60°C, then heating for 6°C/min to 270°C, and finally held at 270°C for 10 min. The identification
of the peaks was performed on the basis of GC/MS chromatogram using Library MS NIST 147.LI13. The
relative area of the peaks was calculated using the Shimadzu software and for some corrected or integrated
manually where it was needed on the basis of the GC/MS data. The relevant peaks were averaged between the
double samples.
Differential scanning chromatography (DSC) was performed in a Mettler Toledo DSC 1 STARe System. The
samples wer put into 40 μl aluminium standard cups and the sample weight noted. The samples were heated
form 25°C to 150 °C at a rate of 10°C/min in nitrogen gas with a flow rate of 50 ml/min. The temperature stayed
at 150°C for 3 min and then dynamically cooled to 25°C and reheated to 300°C. The glass transition temperature
was recorded at the midpoint temperature of the heat capacity transition of the second heating run using the
Mettler software. The results for each samples were reported as the average of two samples.
Elemental analysis was performed on all precipitated lignin samples at the Latvian State Institute of Wood
Chemistry, Lignin Laboratory. About 30 mg homogenized sample is packed in tin foil, weighed and placed into
carousel of the automatic sample feeder and analyzed with Elementar Analysen system GmbH, (Germany) Vario
MACRO CHNS. Oxygen was calculated by subtracting the weight of N, C, H, and s from the total sample
weight.
III. RESULTS AND DISCUSSION
The dissolved lignin in black liquors after kraft cooking of eucalyptus, pine and spruce was precipitated by
acidification, filtered and dried before analysis, with the exception of phenolic content, which was determined
spectrophotometrically. Filtration of precipitated lignin is quite troublesome, as the precipitate easily clogs the
filter. An interesting observation is thus that lignin obtained after longer cooking was significantly easier to
filter. For the kraft cooking of softwood, the amount of lignin dissolved into the pulping liquor increased up to
200 min of cooking time, Figure 1A, after which a decrease was observed. In the case of eucalyptus, although
almost half of the lignin in the eucalyptus chips had been dissolved after 30 min of cooking time, Figure 1B, the
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Klason lignin in delignified chips, g/kg wood

lignin particles apparently were too small and could not be recovered by filtration, Figure 1A. Surprisingly the
eucalyptus lignin precipitate was much darker and distinctively green, whereas softwood lignin was light brown
to yellowish in color.
400
350
Pine
Spruce
Eucalyptus

300
250
200
150
100

50
0
0

100
200
Cooking time, min

300

A
B
Figure 1. Amount of lignin in black liquor, A; and amount of lignin in chips, B, after different cooking times.
The chemical composition of the precipitates was determined both by acid hydrolysis, Figure 2A, and by
analytical pyrolysis, Py-GC/MS, Figure 2B. There was a discrepancy between the results of the two methods.
According to the acid hydrolysis, the precipitate from black liquor after cooking eucalyptus contained higher
amount of lignin, whereas according to Py-GC/MS the lignin content was higher in the softwood precipitates.
Chemical composition based on Py-GC/MS
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Figure 2. Chemical composition of samples precipitated from black liquor after kraft cooking of eucalyptus,
pine and spruce determined by acid hydrolysis, A and by Py-GC/MS, B.

Sulfur content, %

However, in the case of pyrolysis, the sulfur content of the precipitate ends up in the “Others” fraction, whereas
in acid hydrolysis, the sulfur will precipitate with the lignin, as it to a large extent is bonded to lignin. As can be
seen in Figure 3, the sulfur content was higher in the eucalyptus lignin compared to the softwood lignins,
especially according to the Py-GC/MS results.
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Figure 3. Sulphur content determined by elemental analysis and Py-GC/MS.
As can be expected, the lignin dissolved from eucalyptus was mainly composed of syringyl units, around 60%,
whereas the softwood lignins almost entirely consisted of guaiacyl units. Cooking time didn’t affect the ratio
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between the different lignin units. The phenolic content in the lignin, however, increased with increased cooking
time for all wood species as seen in Figure 4a. The glass transition temperature was highest for the softwood
lignins obtained after the longest cooking time, Figure 4b.

Figure 4. a) Total phenolic content and b) glass transition temperature of lignin.
IV. CONCLUSIONS
Increased cooking time during kraft pulping resulted in a more easily filterable lignin precipitate. The phenolic
content of the dissolved lignin increased with cooking time. Eucalyptus lignin contained higher amount of sulfur
compared to softwood lignin. The highest glass transition temperature, 132°C, was obtained for spruce lignin
obtained after the longest cooking time.
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ABSTRACT
Prehydrolysed softwood kraft pulps of high (70-78) and classical kappa numbers (20-25) were compared to kraft
pulps with corresponding kappa numbers. Depending on the kappa numbers, single or multi-stage oxygen
delignification stages were applied on the different pulps. It was shown that PHK pulps could be delignified
much more extensively than the control kraft pulps, whatever the starting kappa number. The final viscosities of
PHK of high kappa number delignified by oxygen were better than those of the PHK pulps cooked to low kappa
numbers. Hydrogen peroxide (P) and ozone (Z) stages were also applied directly on PHK and kraft pulps, and it
was shown that the easiest delignification ability was also verified with other oxidants than oxygen. Final
bleaching was carried out with a ZEQPP sequence to high brightness levels. The sugar content of the fully
bleached PHK pulps was rather low (1.5% xylose, 0.9% mannose and 0.5% arabinose) compared to the control
bleached pulp (6.2% xylose, 7.8% mannose, 0.7% arabinose and 0.1% galactose). Lignin carbohydrate bonds
were quantified in some of the unbleached pulps and it was shown that their amount was significantly reduced
thanks to the prehydrolysis treatment.

I. INTRODUCTION
Pre-hydrolysed kraft (PHK) cooking is one way to produce cellulose for viscose or textile applications. Several
mills are converting, or have in project to convert, their kraft process into PHK.
Several studies have been done on the extraction of hemicelluloses from wood, under acidic conditions, prior to
chemical pulping [1–16]. Very few articles deal with the bleaching ability of PHK pulps and particularly prehydrolyzed softwood pulps [4,14]. The PHK pulps tend to be easier to delignify with oxygen (17). The aim of
this work was to investigate further the bleaching ability of pre-hydrolyzed softwood pulps.
II. EXPERIMENTAL
Raw material : Mixed softwood chips, kindly provided by Fibre Excellence Tarascon, were used in this study.
The composition is 35% Sylvestre Pine, 24% Black Pine, 18% Alep Pine, 16% Spruce, 7% Douglas fir.
Autohydrolysis : the autohydrolysis step was performed in stainless steel autoclaves placed in a rotating oil bath
to adjust the desired temperature. The operating conditions were: liquor to wood ratio of 4, the temperature was
170°C, the time at temperature was 60 minutes and 120 minutes. Wood chips were thoroughly washed after that.
Kraft cooking : cooking was performed in the same autoclaves as for the prehydrolysis. The operating conditions
were: liquor to wood ratio of 4, the temperature was 160°C or 170°C, the time at temperature was 110 minutes.
The amounts of NaOH and Na 2 S are indicated in the tables. The kappa number and viscosity were determined
according to Tappi Test Methods T 236 cm-85 and T230 om-99 respectively.
Bleaching : oxygen bleaching (O) was carried out in the same autoclaves as for cooking. The conditions were the
following : pulp consistency of 10%, temperature of 100°C, 5 bars of O 2 pressure, and 0.3% MgSO 4 , 7H 2 O. The
NaOH charges are given in the text. Ozone bleaching (Z) was carried out at pH 2.5, high consistency (40°C), in a
rotating spherical glass reactor, at room temperature. The ozone charge is given in the text. Hydrogen peroxide
bleaching was done according to the following procedure : first a chelation stage (Q) was applied to the pulp
(10% pulp consistency, 0.2% EDTA, 80°C, 1 hour), then the pulp was washed and the hydrogen peroxide stage
(P) was applied according to the following conditions : 2% NaOH, 1 or 2% H 2 O 2 , 10% pulp consistency, 80°C,
2 or 3 hours. Duration and hydrogen peroxide charge are given in the tables. Q and P stages were done in
polyethylene bags placed in a thermostated water bath.
Isolation of lignin - carbohydrates complexes (LCC) from pulps - The method that was used for the isolation of
LCC is described in (18).
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Sugar analysis of pulps : the pulps were subjected to acid hydrolysis consisting of a two step treatment : 72%
H 2 SO 4 followed by dilute acid hydrolysis in an autoclave for 1 h at 120°C ( according to TAPPI T 249 cm-00)
to hydrolyse all the polysaccharides into sugar monomers. After hydrolysis, the suspensions were filtered.
Monosaccharide composition was determined by high-performance anion exchange chromatography with pulse
amperometric detection (HPAEC PAD) in a Dionex ICS 5000 apparatus. Sugar separation was done by a
CarboPac PA column 10 (250 mm * 4 mm, Dionex).
III. RESULTS AND DISCUSSION
Kraft cooking of control and pre-hydrolysed (PH) wood chips
The wood chips were submitted to autohydrolysis treatments at 170°C for 1 and 2 hours (PH-1hour and PH2hours). They were then submitted to kraft cooking under different conditions, and the results compared to the
control wood chips. The results in Table 1 show that the kraft cooking using conventional conditions from the
mill (170°C, 18.9% NaOH and 6.9% Na 2 S)(references A and B) gave a pulp with a slightly lower kappa number
than the control, and with a significantly reduced DPv. This cellulose degradation is the result of the rather harsh
conditions used in the prehydrolysis. A kraft pulp with a reduced cooking temperature (160°C/170°C) and
reduced chemicals (16.9% NaOH and 6.9% Na 2 S instead of 18.9 and 8.1 respectively) led, logically, to
improved viscosity and yield (references C and D, table 1). The kappa numbers were also significantly increased.
As the end of a cook is known to be less selective than an oxygen delignification, the idea was to submit these
high kappa pulps to an extensive oxygen delignification process.
The use of a milder prehydrolysis treatment (PH-1hour)(reference E) led to a much higher DPv. The sugar
content in the resulting unbleached pulps showed that there was not much difference in sugar content whether
the prehydrolysis was conducted during one or two hours. In both cases the purity in cellulose was quite high,
indicating that the prehydrolysis and the subsequent kraft cooking have eliminated most of the hemicelluloses.
Table 1. Kraft cooking of control and prehydrolysed wood chips

Reference
Chips
Cooking conditions
T°C, NaOH%, Na 2 S%

A
Control

B
PH-2 hours

C
Control

D
PH-2hours

E
PH-1 hour

170-18.9-8.1

170-18.9-8.1

160-16.1-6.9

160-16.1-6.9

160-16.1-6.9

Kappa number
DPv
Cooking yield, %
Rejects
Sugar content, %
Arabinose, %
Galactose, %
Glucose, %
Xylose, %
Mannose, %

24.1
1360
42.9
0.11

21.3
900
39.3
0.04

70.3
1800
53.1
1.00

78.1
1235
44.6
1.15

73.0
1540
45.1
0.85

1.3
0.4
83.8
7.8
7.6

0.5
nd
93.6
1.6
1.0

3.8
0.7
79.2
7.6
7.8

0.3
nd
95.1
3.2
0.9

0.4
nd
95.0
3.4
0.9

nd : not detected

Oxygen delignification
The three high kappa pulps (control and PH 1 and 2 hours) were submitted to multistage oxygen delignification
(Figure 1). The two prehydrolysed pulps responded extremely well to oxygen delignification compared to the
control pulp, which confirms previous results (17). In this previous study, the lignins of the kraft and PHK
unbleached pulps were analysed, and it was found that neither the molecular weight distribution of lignin, nor the
number of free phenolic groups were significantly modified, which could have explained this result. A
modification in the lignin-carbohydrates (LCC) linkages could be an explanation for the easiest oxygen
delignification of the PHK pulps compared to the kraft ones.
The fact that the pulp produced from PH1 hour gave even better results than the pulp produced from PH-2hours
could be due to some condensation reactions that might have occurred in lignin under the harsher conditions of
PH-2hours.
Figure 2 gives the selectivity curves for the oxygen treatment of these three pulps. The kraft pulps that gave low
kappa pulps for the control wood chips and PH-2hour wood chips (ref A and B, able 1) were also added to this
figure. It can be seen that it is indeed more selective to stop the cook at a high kappa and then apply an oxygen
stage, rather than cooking directly to a low kappa pulp.
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Single oxygen stage was also applied to the low kappa pulps, referenced A and B, and in this case also the
PHkraft pulp gave a higher delignification rate than the kraft pulp from the control chips (64% compared to
52%) when using 2% NaOH in the O stage (Table 2).
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Figure 1. Kappa numbers after multi-stage oxygen delignification Figure 2. Selectivity curves of oxygen delignification
of pulps from control and prehydrolysed wood chips. The numbers
above the columns indicate the kappa number reduction percentages
(NaOH charges: 4% in O1, 1.5% in O2, 1.5 in O3)

Effect of other bleaching agents
Hydrogen peroxide (P) and ozone (Z) stages were applied directly on the unbleached pulps to verify if the easiest
delignification observed with oxygen also applied to other bleaching agents. The peroxide stage was preceded by
a chelation stage. The results, presented in Table 2, show that the delignification was also significantly enhanced
with hydrogen peroxide or with ozone due to the prehydrolysis. These results would be in favor of a reduced
amount of LCC, thus facilitating the lignin removal from the unbleached pulp during oxidation.
Table 2. Effect of prehydrolysis on P and Z stages. Comparison with an O stage

Starting pulps
Control kraft* pulp- kappa number 24.1
Kappa number after bleaching
% reduction in kappa number
PH-2hrs- kraft* pulp - kappa number 21.3
Kappa number after bleaching
% reduction in kappa number

Q P stage

Z stage **

O stage***

14.0
42%

16,1
33%

11.5
52%

8.1
62%

11.0
48%

7.8
64%

*Cooking conditions : 170°C-18.9% NaOH-8.1% Na 2 S. **Z stage : 0.5% ozone charge.*** O stage: 2% NaOH

Full bleaching using a OZEQPP sequence
The 78.1 PHK pulp treated by a double oxygen stage to reach a kappa number of 9.4 was compared to the
control kappa number 24.1 kraft pulp treated by a single O stage to reach a kappa number of 11.5, as per their
bleaching ability using a chlorine free sequence (Table 3). Both pulps could be bleached to high brightness
levels. The final sugar content of the PHK pulp showed a high cellulose purity. The molecular weight
distribution of the carbohydrates confirmed that almost no hemicelluloses were left. A reduced polydispersity
was also obtained.
Table 3. Full chlorine free bleaching of PHK and control pulps

Starting pulps
Kappa number - DPv
Oxygen delignification (% NaOH)
Kappa number - DPv
Z EQPP
% ozone charge
Kappa number after Z
Final brightness - Final DPv
Sugar content in bleached pulps
Arabinose, %
Galactose, %
Glucose, %
Xylose, %
Mannose, %

Control kraft
24.1 - 1360
Single stage (2%)
11.5 - 1220
0,5
3.8
89.7 - 800

PH-2hrs- kraft
78.1 - 1235
Double stage (4% - 1.5%)
9.4 - 880
0,4
2.9
89.1 - 590

0.7
0.1
85.5
6.2
7.8

0.5
nd
96.5
1.5
0.9

E: 70°C, 0,5% NaOH, 1 hour, consistency 10%. P : 1% H 2 O 2 , 90°C, 3 hrs, 0.3% MgSO 4 ,7H 2 O
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Quantification of LCC bonds
LCC fractions were isolated from the control A pulp and the pulp produced from prehydrolysed wood chips
(pulp B) using a method described in (18). The yields obtained for each type of LCC are given in Table 4. LCC1,
LCC2 and LCC3 fractions should contain respectively mainly LCC from glucan - lignin, glucomannan - lignin
and xylan – lignin. It can be seen that the LCC2 and LCC3 fractions were significantly reduced. A thourough
analysis of each LCC fractions is now needed to get a better understanding of the residual LCC’s.
Table 4. LCC fractions for control and PH kraft pulps.

Ref -Chips
Kappa number
Yield, %

A -Control
24.1
LCC1 LCC2 LCC3
67.2
9.4
17.3

B - PH-2 hours
21.3
LCC1 LCC2 LCC3
81.5
2.9
5.8

IV. CONCLUSIONS
This study showed that prehydrolysed softwood kraft pulps have a better delignification ability with any oxidant
applied directly after cooking than control pulps. Thus, applying a prehydrolysis process and then a kraft cook to
high kappa number, followed by an extensive oxygen delignification could be a way to improve the final quality
of the pulp (pulp viscosity), compared to a prehydrolysis-kraft pulp to regular kappa numbers. The pulps were
fully bleached with a non chlorine containing sequence to high brightness, and a high cellulose purity pulp could
be obtained. First trials on LCC fractions isolation were done and showed a reduced amount of LCC related to
lignin-hemicellulose fractions. A thorough analysis of these fractions is now needed to investigate this point
further.
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ABSTRACT
Several model compounds were added to ozonated water (0.02g/L) at pH 2.5 and room temperature in the
presence of 5,5-dimethyl-pyrrolidine-1-oxyl (DMPO). The formation of hydroxyl radical, seen as DMPOOH radical, was followed by ESR spectroscopy. Acetovanillone was chosen as model for the free phenolic
groups present in lignin after oxygen delignification. Maleic acid which presents key similarities with
HexA (carboxyl groups on carbon-carbon double bonds) was retained as model for the hexA and 2,5dimethyl 2,4-hexadienedioic acid was used as model for muconic acid derivatives. In all cases OH
formation occurred. It was shown that these radicals would result from the direct reaction of ozone with the
carbon-carbon double bond in the models. This finding makes it possible to design TCF bleaching
sequences with a much lower impact on pulp viscosity.
I. INTRODUCTION
Unbleached hardwood kraft pulps can be fully bleached with sequences containing oxygen (O), ozone (Z)
and hydrogen peroxide (P) stages (TCF bleaching). Among the anticipated advantages are the easier
recycling of the bleaching effluents back to the recovery furnace, the absence of AOX formation and a
competitive bleaching cost. However pulp viscosity is negatively affected. Minimizing the loss in viscosity
would certainly improve the acceptance of TCF bleaching .
Part of the viscosity loss is due to the ozone stage. This problem has been widely investigated and several
reasons have been proposed. Ozone may directly oxidize cellulose at its C1 position, cleaving the cellulose
chain [1]. Cellulose may be also degraded by OH radicals. OH radicals may be formed by ozone
decomposition in the reaction medium [2]. OH radicals may be also generated from the liberated H2O2
during the ozonolysis of cabon-carbon double bonds [3]. Finally, OH radicals are produced when ozone
reacts with the phenolic units in lignin. This latter reaction has been well documented [4, 5] and is actually
considered as the most probable way by which cellulose is oxidized and depolymerised during a Z stage.
However, during a Z stage ozone reacts with other substances than lignin. Hardwood pulp contains
hexenuronic acids (HexA) which are prone to react with ozone [6]. When lignin is oxidized by ozone,
muconic acid derivatives are formed. These acids could be even more reactive towards ozone than the
original lignin since they contain non-aromatic carbon-carbon double bonds [7]. Whether or not these
reactions have an impact on the occurrence of cellulose degradation during a Z stage has never been
investigated.
The purpose of this work is to better understand the origin of cellulose depolymerization during a Z stage
applied to an oxygen delignified eucalyptus kraft pulp. ESR spectroscopy and model compounds will be
used to investigate the formation of OH radicals. Knowing the origin of cellulose degradation makes it
possible to minimize its occurrence during an ozone stage and thereby to design more efficient TCF
bleaching sequences.
II. EXPERIMENTAL
ESR Spectroscopy experiments
Ozonation of three model compounds was followed by ESR spectroscopy. Acetovanillone (AldrichEurope) was used as a model for residual lignin after oxygen delignification, (cis) maleic acid (Aldrich,
99%) as a model for HexA groups and 2,5-dimethyl 2,4-hexadienedioic (Alfa Aesar, 98%) as a model for
muconic acid derivatives. H2O2 (Sigma-Aldrich, 35%) was added in some experiments
X-band ESR spectra were recorded at room temperature with a Bruker EMX Plus spectrometer equipped
with the ER-4102ST Bruker cavity. It was operating at 9.8 GHz. Samples were analyzed in a water flat cell
at room temperature. Hydroxyl radical generated in the medium was trapped with 5,5-dimethyl-pyrrolidine1-oxyl (DMPO, Sigma-aldrich, 99%) as a stable radical (DMPO-OH), which can be detected with an ESR
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spectrometer. In a practice, ozonated water was prepared by bubbling ozone gas in water at pH 2.5 (H2SO4)
during 90 min. An average concentration of 0.02g/L was reached. A 2-mL water solution of DMPO (and
model) was prepared separately. The necessary volume of the ozonated water was added to the latter
solution.
Pulp bleaching
An oxygen-delignified Eucalyptus (hybrid between Eucalyptus grandis x Eucalyptus urophylla) kraft pulps
was provided by a Brazilian pulp mill. Cellulose DP was 1630 and hexA content was 71.7 µeq/g
The ozone was produced from oxygen in an Ozonia (Switzerland) LN 103 laboratory ozone generator.
Prior to the ozone treatment, the pulp was acidified to pH 2.5 with sulfuric acid at a consistency of 1% and
then filtered. The filtered pulp was centrifuged to reach a consistency of 40%, and then fluffed. Ozonation
was then performed in a rotating spherical glass reactor. The quantity of ozone is expressed as a percentage
of ozone charge on pulp (on an oven-dried basis).
For the other stages, the temperature was controlled using a water bath, with the reactions taking place in
polyethylene bags. The following procedures were used for pulp characterization: viscosity (ISO 5351/ 11981), translated here in DP values [8]; Brightness (ISO 3688 – 1977). The hexenuronic acid (HexA)
content was measured according to the procedure described by Chai and Zhu [9].
III. RESULTS AND DISCUSSION
Detection of OH radicals during ozonation of model compounds
Several methods have been proposed in the literature to measure the formation of OH radicals during
ozonation. Electron Spin Resonance Spectroscopy (ESR spectroscopy), which is a conventional method for
hydroxyl radical analysis in biochemical processes, was used in this work because of its very high
sensitivity. 5, 5-dimethyl-pyrrolidine-1-oxyl (DMPO) was added as a spin trapping substance. DMPO
forms a stable radical (DMPO-OH) that can be easily detected [10]. Moreover both DMPO and DMPO-OH
are resistant to ozone[3]. Several model compounds were added to ozonated water (0.02g/L at pH 2.5
at room temperature in the presence of DMPO. Acetovanillone was chosen as a model for the free
phenolic groups present in lignin after oxygen delignification. Maleic acid which presents key
similarities with HexA (carboxyl groups on carbon-carbon double bonds) was also retained as model
compound. Finally, 2,5-dimethyl 2,4-hexadienedioic acid was used as model for muconic acid
derivatives (Figure 1)
H3C

O

C

O
O
OH

C

O

HO

C

OH
OCH3
OH

OH
O

Acetovanillone

2,5-dimethyl 2,4-hexadienedioic acid.

Maleic acid

Figure 1. Models used in the ESR study.
As a control test, ozone (as ozonated water) was added to a solution containing only DMPO (2.10-7 moles
of ozone, and 10-4 moles of DMPO). No radical signal was detected straight after the introduction of ozone.
However, a small signal was registered after several minutes. This would indicate that ozone would slowly
decompose into radicals. It is anticipated that when the models are present ozone will react with the
phenolic structures or double bounds before starting to be degraded heavily. Besides, in most of the
experiments, the amount of ozone was lower than the amount of model compound. As a consequence, those
compounds will rapidly consume most of the ozone. If a signal is registered, it is then safe to say that it
comes from the reaction of ozone with the compound rather than from the ozone decomposition.
Ozone was added to a solution containing acetovanillone and DMPO (2.10-7 moles of ozone, 2.10-6 moles
of acetovanillone, and 1.10-4 moles of DMPO). In this case, as expected, the DMPO-OH signal was
registered. This confirms that ozone produces OH radicals when it reacts with a phenolic compound, as
already well known [5, 11].
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Figure 2 refers to the ozonation of maleic acid (2.10-7 moles of ozone, 3.10-6 moles of maleic acid, and
1.10-4 moles of DMPO). The corresponding spectrum without maleic acid is given for comparison. It
appears clearly that OH radicals are formed when ozone reacts with maleic acid under the conditions of the
test. One more experiment was carried out, with a lower amount of maleic acid (2.10-7 moles of ozone,
1.10-7 moles of maleic acid, and 1.10-4 moles of DMPO). The signal observed with this last experiment
showed a production of radicals, higher than that of ozone alone with DMPO, but lower than with a higher
maleic acid content. As a consequence, the amount of radicals generated when ozone reacts with maleic
acid seems to be linked to the concentration of maleic acid. The same behavior was observed with 2,5dimethyl 2,4-hexadienedioic acid.

Figure 2. ESR signals obtained for ozone and DMPO (lower spectrum), and for ozone and DMPO + maleic
acid (upper spectrum). DMPO-OH radical appears as a 4 peak-signal, g-factor=2.003.
These results were not expected since the ozonolysis of carbon-carbon double bonds described by Criegee
[12] is not supposed to generate OH radicals. Several hypotheses can explain this generation.The
possibility of OH radical formation by decomposition of the in situ generated H2O2 or by reaction of the
ozone with peroxide were investigated by performing some tests with addition of H2O2. To do so, the
maximum theoretical amount of peroxide generated during ozonation (2.10-7 moles), considering that one
mole of ozone might give a maximum of one mole of H2O2 was added to the DMPO solution at pH 2.5
(2.10-7 moles of H2O2, and 1.10-4 moles of DMPO), and the same amount was added to a similar medium
just before addition of the ozonated water (2.10-7 moles of H2O2, 1.10-4 moles of DMPO, and then 2.10-7
moles of ozone). In those two cases, only very low intensity signals, if any, were registered.
Although the H2O2 origin for the formation of OH radicals cannot be totally ruled out by these last trials,
other ways are more probable. One is including the formation of the ozonide radical O3.- by charge transfer
with the double bond, which would give a hydroxyl radical after protonation as described in the case of
phenolic compounds [5]. Formation of OH radicals, which is well known in the case of gas-phase alkene
ozonolysis [13] was also recently seen in water treatment when ozone reacted with unsaturated compounds
[14].
Practical relevance
Since OH radicals are produced when ozone reacts with compounds containing carbon-carbon double
bonds, it is very likely that this reaction is responsible for the degradation of cellulose, at least to a certain
extent. The key for improvement would be to minimize the reaction of ozone with such structures. Apart
from lignin which is the target of the bleaching chemicals, the hexenuronic acids present in hardwood kraft
pulp and the muconic acid derivatives which are the primary products of lignin oxidation contain such
groups in large quantities.
HexA can be partly removed by mild acidolysis with sulfuric acid. Minimizing the quantity of muconic
acid can be performed by multi-stage ozonation where the ozone charge is split between 2 or more Z stages
each of them being followed by an alkaline extraction (E) (ZEZEZE…). In those cases, most of the
muconic acids formed during one Z step would be eliminated in the effluent of the subsequent E step. No
washing is really needed after Z. Moreover, considering the low charges of ozone in the Z steps, very short
reaction times would be required in Z. Therefore for example (ZE)(ZE)(ZE) is not so different from a 3stage bleaching process. Table 1 summarizes some of the improvements which could be brought about to
ozone containing TCF sequences.
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Table 1. TCF bleaching of oxygen treated eucalyptus kraft pulp including ozone stages.
Treatment
No
A
ZE
AZE
AZEZE
AZEZEP

Ozone charge on pulp (%)
0.8
0.8
0.3 + 0.3
0.3 + 0.3

Brightness (%)
51.0
54.7
67.5
82.1
83.5
90.0

DP
1630
1510
1050
1170
1250
1220

A: pH3, 90°C, 3h. (hexA after A 26.7 (µeq/g); Z pH 2.5, 25°C, 40% consistency, E:70°C, pH 11; P: 0.5%
H2O2, 0.5% MgSO4 7H2O, 1.5% NaOH on pulp. All stages except Z at 10% consistency
IV. CONCLUSION
Hydroxyl radicals are formed when ozone reacts with unsaturated compounds containing carbon-carbon
double bonds. Consequently the reaction of ozone with lignin, hexenuronic acids and muconic acid
derivatives must be responsible for cellulose degradation during an ozone bleaching stage. This finding is
confirmed by the positive effect of acidolysis pretreatment prior to the ozone stage and the split of ozone
application, on cellulose DP. It paves the way for the design of new TCF bleaching sequences with a lower
impact on cellulose. Tomorrow’s bleaching sequences for hardwood kraft pulp might include an extensive
HexA removal stage coupled to successive (ZE) phases.
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ABSTRACT
Stoichiometric amount of hypochlorous acid (HOCl) is formed in chlorine dioxide (ClO2)
bleaching during oxidation of phenolic lignin. HOCl further oxidizes residual lignin and
hexenuronic acid (HexA) which leads to their degradation. However, a significant part of HOCl is
consumed in chlorination of lignin, overoxidation of HexA and formation of chlorate in a reaction
with chlorite. The present study focusses on increasing the catalytic selectivity of HOCl towards
the lignin and HexA oxidation. In this paper we report on oxidation of residual lignin and HexA in
pulp by a quaternary ammonium chloride cation (R3N+-Cl) which is a much stronger electrophile
than HOCl but lacks the nucleophilic nature. The full catalytic effect was achieved with only 0.1
% charge of catalyst and 1-1.5 % charge of active chlorine equivalent of HOCl. All bleaching
reactions were completed at the shortest measurable bleaching time (less than a minute). In these
conditions the reduction in kappa number was up to 7-8 units. In addition to bleaching experiments
model experiments were carried out to determine the kinetics of the formation and selfdecomposition of R3N+-Cl of catalyst. Formation of R3N+-Cl took place within 0.4ms and whereas
degradation took place within 2-10 s. Halftime of the reaction between HexA and R3N+-Cl was
about 100 ms. We believe that the oxidation of HexA occurs within a second in the pulp
suspension. AOX content of the catalytic bleaching liquor was at the same or lower level than in
normal chlorine dioxide bleaching. The viscosity of the pulp remained practically unchanged that
demonstrated high selectivity towards HexA and lignin oxidation. These findings may open
possibilities for more efficient pulp bleaching process of chemical pulp for reduced lignin and/or
HexA content. In addition, the number of bleaching stages could possibly be reduced compared
with the existing bleaching sequences
.I. INTRODUCTION
Numerous activators have been reported to improve the efficiency of pulp bleaching. For example
Prenox process1, using NO2 prior to oxygen delignification created more phenolic hydroxyl groups
and increased its reactivity towards oxygen. Similarly hydrogen peroxide reinforced with
peroxyacids2 led to increased bleaching efficiency. Until now developments in pulp bleaching has
mainly focused on the ‘reactivity of pulp with oxidants’ approach. However the ‘reactivity of
oxidants with pulp’ approach has not been exploited in detail and discussed well. The present work
is an example of how to increase the reactivity and selectivity of hypochlorous acid, formed in situ
in today’s ECF pulp bleaching, with a catalyst.
Chlorine dioxide (ClO2) is the main oxidant in elemental chlorine free bleaching sequences. ClO 2
reacts very fast with phenolic lignin producing mainly hypochlorous acid (HOCl) and chlorite
(ClO2-) in stoichiometric ratio1. These intermediates react either with each other forming ClO2,
chlorate (ClO3-) and chloride (Cl-) or with organic substances like lignin, HexA and to smaller
extent, other carbohydrates generating oxidized and chlorinated organic compounds2. In principle
one equivalent of HOCl is sufficient to oxidize one equivalent of HexA, instead several
equivalents are consumed during chlorine dioxide bleaching. The present study focuses on
increasing the selectivity of HOCl with a tertiary amine as a catalyst to react with HexA and
lignin. The effect of reaction conditions (pH, temperature and reaction time, chemical dosage was
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studied3. The results suggest a way to increase the selectivity and to decrease the overall chemical
consumption and reaction time drastically compared with today’s bleaching technology.

II. EXPERIMENTAL
Aqueous solution of NaOCl (3.5% available Cl 2, Aldrich) was purchased from VWR. The
concentration of NaOCl expressed as active chlorine, was measured before every experiment by
iodometric titration as described in the standard method SCAN-C 29:72. 1,4-diazabicyclo
[2,2,2]octane (DABCO) 98% was purchased from Sigma-Aldrich. Oxygen delignified eucalyptus
pulp was obtained from a Brazilian kraft pulp mill. Kappa number (SCAN-C 1:00) of the pulp was
11.4, HexA content4 66 mmol/kg and viscosity (SCAN-CM 15:99) 1130 ml/g. O-methylhexenuronic acid was synthesized in laboratory 5.
Oxidations of the pulp were performed at 1% consistency in a stirred batch reactor (1.5l) made of
borosilicate glass (Büchi). Desired pH of the pulp suspension (1l) was adjusted with 1M H2SO4 or
NaOH after the addition of DABCO in catalytic amount. The reactor vessel was thermostated
(temperature range of 25-60 °C) and 0.5-2% of NaOCl was added to pulp solution. The bleaching
experiment time was set to 10 minutes. Kappa number and viscosity of the pulps were determined
according to standard SCAN-C 1:00 and SCAN-CM 15:99, respectively. The content of HexA
was quantified through its selective mild acid hydrolysis4. Aromatic lignin and HexA contents
were determined with UV resonance Raman (UVRR) spectroscopy6.
The HexA model reactions were followed with a double mixing SFM-3000 Bio-logic stopped flow
mixer coupled with diode array spectrophotometer, thermostatted with water flow within 0.1K.
The increase in the absorbance maxima of chloroammonium cation was followed at 260 nm and
decrease in absorbance maxima of HexA was measured at 230 nm.

III. RESULTS AND DISCUSSION
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Oxygen delignified pulp were treated with NaOCl at room temperature for 10 min. Most of the
oxidant was not reacted (Figure 1)3 and change in kappa number was not observed in comparision
with original pulp. It was reported earlier that NaOCl does not react much with pulp at room
temperature in short times, whereas it reacts faster at higher temperature7. It was also reported that
NaOCl reacts slow with HexA8 at room temperature. When catalytic amount of DABCO was
added, most of NaOCl was consumed immediately and a large drop in kappa was observed. After
the fast initial reaction the oxidation proceeded at a lower rate and significant amounts of the
oxidant, lignin and HexA remained unreacted. Clearly the catalysis was inhibited by dynamic
changes in the system or the catalyst was partially destroyed as described by Rosenblatt et al 9.
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Figure 1: The residual amount of active chlorine (1 % on dry
pulp) with (- -) and without (- -) DABCO (0.1 % on dry
pulp) addition during the 10 minutes of treatment time at pH
8 and 25 C. Development in kappa number was also
observed with respect to time and residual active chlorine in
presence (- -) and absence (- -) of DABCO3.
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Figure 2. UV-Raman spectra3 of oxygen delignified
eucalyptus kraft pulp before and after 10 min
treatment with 1 % active chlorine and 0.1 %
DABCO at varying initial pH at 25 oC. The spectra
were normalized relative to the height of the
cellulose band at 1094 cm-1.
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With the addition of DABCO, the contents of lignin and HexA were reduced by ~45 and 60 %,
respectively. Figure 2 shows the UVRR spectra3 which illustrate the changes in the catalytically
bleached pulps treated at varying initial pH. The oxidation was monitored by following the heights
of peak at 1605 and 1655 cm-1 corresponding to aromatic lignin and HexA respectively 6. Figure 2
clearly explain that the catalytic oxidation can happen in wide range of pH. The biggest drop in
kappa number was observed in a treatment at initial pH 5. UVRR spectra of the treated pulp
confirmed this observation. The residual contents of lignin and HexA were lowest at or close to
this initial pH.
Additional experiments were carried out with pure chemical compounds to evaluate the reactivity
of the components in the catalytic system. The reaction between the tertiary amine and HOCl was
studied with a stopped flow mixer coupled with diode array UV-Vis spectrophotometer. When
equimolar amounts of NaOCl and DABCO were mixed together, the absorbance at 260 nm
(Figure 3) quickly rose due to formation of DABCO+-Cl. The full increase in the absorbance was
reached within 0.4 ms after which the absorbance declined at a lower rate indicating the
degradation of DABCO+-Cl that was completed in a few seconds

Figure 3. UV absorbance of DABCO+Cl at 25 °C and [NaOCl] : [DABCO] = 2:2. The inset shows the change in the
absorbance during the first 0.4 ms.

HexA model compound was added to the NaOCl-DABCO system where the decrease in
absorbance of HexA was followed at 232nm. As can see from Figure 4 DABCO+Cl reacted
rapidly with HexA in comparison with uncatalyzed NaOCl. The oxidation of HexA was
completeded in 400ms at room temperature. Thus, DABCO+-Cl reacted with HexA at a rate about
10 times higher than the self-decomposition rate of DABCO+-Cl. Therefore the catalytic oxidation
of HexA is very effective. Our preliminary studies demonstrate similar catalysis in removal of
lignin. All the above comprised results show that HOCl can be catalyzed with DABCO to react
with bleachable components in pulp fibers efficiently with low amount of oxidant and in a very
short time.

Absorbance of HexA

0.6

0.4

0.2

0.0

0.1

0.2

0.3

0.4

Time (s)

Figure 4. (i) Oxidation of HexA with HOCl followed at 232 nm with (black line) and without DABCO (red line)
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IV. CONCLUSIONS
The present work demonstrates an efficient use of tertiary amine catalysis in pulp bleaching. HOCl
reacts with DABCO forming DABCO+-Cl which is strong electrophile and reacts immediately
with unsaturated residual components like HexA and lignin. In ideal conditions the oxidation takes
place within seconds and most of HexA and majority of lignin can be removed. The catalysis
works over the wide range of conditions like pH, temperature and consistency. These findings may
open possibilities for more efficient processing of cellulosic fibers for reduced lignin and/or HexA
content. Catalytic oxidation HexA takes place in < 1 s which suggests that in future the bleaching
reaction systems could be very quick and efficient.
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ABSTRACT
Soybean peroxidase was expressed recombinantly (rSBP) and pH and temperature optimum and stability were
determined. The stability of rSBP was observed to be significantly better when subjected to stresses, such as
temperature, pH and peroxide when compared to a fungal counterpart from Coprinus. Temperature optimum was
found to be in the range of 65-70°C. pH optimum depended on the selected mediator, with optimum at pH 4 for
N-hydroxy mediators, pH 6 for phenothiazine-3-propionic acid and pH 8 for methyl syringate. Biobleaching of
eucalyptus pulp showed superior performance of rSBP with violuric acid as mediator. The very high stability of
rSBP makes this enzyme ideal for additional optimization and engineering in order to make biobleaching a
realistic solution for the pulp and paper industry.
I. INTRODUCTION
Lignin modifying oxidoreductases have been explored for biobleaching of wood pulp for more than a decade and
the technical feasibility has been proven in a vast amount of literature [1]. The most promising biobased
solutions constitute a laccase-mediator treatment followed by alkaline peroxide extraction. In order to compete
with the chlorine dioxide bleaching technologies currently used for production of bleached kraft pulp, then the
cost-performance of an enzyme-mediator system are under strict economical constraints. The enzyme must be
commercial available and sufficiently robust to withstand the harsh conditions often applied in the pulp and
paper industry. The applied mediator should be effective at low dose, possess low toxicity, produce stabile
radicals and have low tendency polymerize. In particular two mediator families have been documented to hold
significant biobleaching potential: Low redox potential phenolic mediators (e.g. methyl syringate [2]) and high
redox potential N-hydroxy mediators (e.g. 1-hydroxybenzotriazole or violuric acid [3]). Suitable commercial
oxidizing enzymes available in the quantities needed for pulp and paper industry currently includes laccases with
low redox potential and fungal peroxidases with low temperature stability, while little attention have been given
to the plant peroxidases.
Plant peroxidases are famous for their high stability and widely used in medicine as diagnostic tools.
Traditionally, they have been obtained from a natural source, which can be a laborious process and affected by
the quality of the source material. Recently, Novozymes succeeded in producing a plant peroxidase in a fungal
host. The properties and applications of the recombinant soybean peroxidase will be described.
The peroxidases are oxidoreductases and catalyse a range of reactions, such as the oxidation of phenolic
compounds in the presence of peroxide. They are heme proteins and contain iron protoporphyrin IX as the
prosthetic group. The heme peroxidases are divided into two superfamilies [4]:
1)

The superfamily of (archae) bacterial, fungal, and plant heme peroxidases represented by catalase–
peroxidases, ascorbate peroxidases, cytochrome c peroxidases, manganese and lignin peroxidases, and
plant secretoric peroxidases.

2)

The second superfamily is the animal peroxidases (also called the peroxidase– cyclooxygenase
superfamily).

II. EXPERIMENTAL
Enzymes
Soybean peroxidase SBP (Sigma P1432), Horseradish peroxidase HRP (type VI-A Sigma P6782), Lignin peroxidase LiP
(Sigma 42603), Coprinus cinereus peroxidase CiP (Novozym 51004, Novozymes), Versatile peroxidase VP (Bjerkandera
adusta, Jena Bioscience), recombinant Soybean peroxidase rSBP (Novozymes), Myceliophthora thermophila laccase MtL
(Novozym 51003, Novozymes), Polyporus pinsitus laccase PpL (NS-51002, Novozymes).
pH optimum
The pH optimum of the peroxidase on different mediators was determined by decolourisation of indigo carmine at room
temperature. The following ingredients were mixed in a total volume of 200 µl: 50 mM Britton-Robinson buffer (pH 3-10),
0.1 mM indigo carmine, 0.2 mM mediator, and 0.88 mM hydrogen peroxide.
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The reaction was started by adding peroxidase and the change in absorption at 610 nm was monitored for 5 min. The rate of
the reaction was determined as the change in absorbance per minute.
Temperature optimum
The temperature optimum of the peroxidase was determined using violuric acid in 50 mM Britton-Robinson buffer pH 4. The
progress of the reaction was monitored by the change in absorbance at 310 nm in a temperature controlled quartz cuvette. All
solutions, apart from enzyme and substrate, were pre-incubated at the desired temperature. The enzyme solution was kept at
on ice until start of the assay by addition of enzyme: 50 mM Britton-Robinson buffer (pH 4), 0.2 mM violurc acid and 0.88
mM hydrogen peroxide.
Stability
The stability of the peroxidase was determined by subjecting the enzyme to a given condition for one hour. The pH stability
was studied using 25 mM Britton-Robinson buffer pH 3-10 for the incubation, while the thermo- and peroxide stability was
studied using 25 mM Britton-Robinson buffer pH 7 only. The residual activity was subsequently determined by
decolourisation of indigo carmine at pH 4 using violuric acid as mediator as described above.
Bleaching of pulp
Mini pulp assay: 60 mg dry unbleached pulp was weighed into glass tubes and soaked at room temperature for 30 min in 2 ml
buffer. Deionized water, mediator, enzyme solution and hydrogen peroxide were added to reach a final volume of 4 ml (1,3%
consistency). The pulp was incubated for 1 hours using stirring block thermostat. The pulp was collected by centrifugation
and washed twice with 6 ml of deionized water. Extraction was conducted by addition of 2 mL alkaline solution (0.5 g/L
EDTA, 2.0 g/L NaOH and 1 g/L H2O2) at 80°C for 30 min. The pulp was collected by centrifugation and resuspended in 8
mL deionized water, filtered under suction. The formed paper pads were pressed using a Labtech automatic sheet press. The
pads were dried over night at room temperature. Brightness was determined using a Macbeth Color-Eye 7000 Remissions
spectrophotometer, measuring two times on each pad at 460 nm. All experiments were made in duplicates.
10% consistency pulp assay: 5 g dry pulp was weighed into plastic bags and soaked in 22,5 ml buffer for 30 min. at the
specified temperature. The pulp was transferred to Labomat beakers and enzyme, mediators and deionized water was added
to a total liquid volume of 45 ml. The reaction was started by addition of hydrogen peroxide or 4 bar of oxygen and incubated
for 3 hours in water bath. Pulp suspension was filtered and washed twice with 100 ml deionized water. The drained pulp was
extracted at 10% consistency using 10 g NaOH/kg dry pulp; 8 g H2O2/kg at 85°C for 90 min. The pulp was washed twice and
pressed. The pressed pulp was resuspended in 2 L of water and disintegration was carried out at 300 revolutions. Additional
0.5L deionized water was added and 1L of the pulp suspension was used for preparing a sheet in a semiautomatic sheet
former. Brightness was measured as described above.

III. RESULTS AND DISCUSSION
Characterization rSBP
The recombinant soybean peroxidase (rSBP) was purified by chromatography and its biochemical properties
were compared to those obtained for the commercial fungal peroxidase (CiP). The comparison revealed that
soybean peroxidase had much higher thermostability and it retained up to 60% activity even after exposure to
70°C for an hour. Its fungal counterpart did not tolerate temperatures higher than 40°C, Figure 1A. The soybean
peroxidase was also able to operate at very high temperatures and its activity was observed to increase up to
70°C, Figure 1B.The identified temperature optimum was in good agreement with reported thermostability for
wild type soybean peroxidase [5].
The pH stability of the enzyme was determined as the residual activity after 1 hour incubation in Britton
Robinson buffers ranging from pH 3 to pH 10. Determination of the residual activity revealed that rSBP was
slightly more stable than CiP in the acidic pH range. rSBP was thus fairly stable in the range 5-10, while CiP is
most stable in the range 7-10. The activity profile was also determined for a selection of mediators of interest
and the results show that the activity on different mediators was highly pH dependent. The broadest pH span of
3-8 was observed when using phenothiazine-3-propionic acid (PPT), while it exhibits a narrower pH span for
other mediators. Violuric acid and HOBT worked best at acidic pH, whereas methyl syringate (MS) worked best
at alkaline pH, Figure 2. The right choice of mediator can thus control and secure activity of the peroxidase.
The stability towards hydrogen peroxidase was determined as the residual activity after 1 hour incubation in
presence of H2O2. The result indicates that rSBP had a better stability towards H2O2 than CiP. The rSBPs
retained full activity after incubation for an hour in presence of up to 2.5 mM H 2O2, while the residual activity of
CiP dropped to zero in a linear fashion from 0 mM to 5 mM H 2O2.
rSBP offers a number of advantages over its fungal counterpart. Its stability was observed to be significantly
better when subjected to stresses, such as temperature, pH and peroxide. Furthermore, its reactivity and ability to
operate at a given pH can be controlled by the right choice of mediator.
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Figure 1. A: Comparison of the temperature stability of rSBP and CiP.B: The temperature activity profile of
rSBP
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Figure 2. A: Comparison of the pH stability of rSBP and CiP. B: The pH activity profile of SBP on selected
mediators
Application of rSBP for biobleaching of pulp
A standard bleaching sequence of hardwood kraft pulp is composed of oxygen delignification followed by an
acid hydrolysis step possibly combined with chlorine dioxide, alkaline peroxide extraction and a final peroxide
stage: OA/DEopDP. Trend is going to even shorter processes balancing cooking yield, fiber integrity, cost and
effluent load [4]. In order for an enzymatic biobleaching process to be a viable option for the industry, then it
must completely replace or be compatible with one of the mentioned steps. A-stage is performed to eliminate
hexenuronic acid which otherwise can cause brightness reversion and consume chlorine dioxide. A-stage is
typically performed at pH above 3, temperatures from 85-95°C at 1.5-2 hours [6]. The thermostability and acidic
pH optimum of rSBP makes this enzyme a very interesting base for developing a biobased bleaching alternative.
The biobleaching effect of several different peroxidases using VLA as mediator was evaluated in the mini pulp
assay using unbleached eucalyptus pulp. VLA is an N-OH mediator which has been reported as ideal for
biobleaching with a long lifetime of the iminoxy radical and no observable dimmer formation [3]. The tested
peroxidases were evaluated at equal protein level at pH 4.5 and 40°C. SBP and the fungal analog CiP resulted in
the highest improvement in brightness. Relatively poor performance was observed with the classical lignolytic
peroxidases, LiP and VP when used in combination with violuric acid, Figure 3.
rSBP was evaluated at different dose levels in the mini pulp assay using both unbleached and oxygenated
eucalyptus pulp. rSBP exhibited excellent bleaching performance at pH 4 and 70°C and worked equally well on
unbleached and oxygenated pulp with optimum at 6 POXU(S)/ml. At optimum an increase in brightness of
approx. 8 units was observed, irrespectively of pulp type. In order to be compatible with an A-stage temperature
and pH must be at least pH 3.5 and 85°C.
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Figure 3. Biobleaching of unbleached eucalyptus pulp in mini pulp assay using various peroxidases with 1 mM
VLA and 2 mM H2O2 at 50 mM acetate buffer pH 4.5 and 40°C.
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The mini pulp assay is excellent for screening purposes, but the low consistency (1.3%) is not representable for
industrial processing conditions. rSBP was evaluated at 10% consistency in combination with VLA and
compared to MtL-MS or PpL-VLA. Bleaching performance of rSBP-VLA was very good at higher consistency
and superior to MtL-MS and PpL-VLA, Figure 4.
60
58
56
54
52
50
48
46

Figure 4. Biobleaching of unbleached eucalyptus pulp in 10% consistency pulp assay using rSBP with 0,5 mM
mediator 2 mM H2O2 or 4 bar oxygen. pH 4,5: 50 mM acetate, 50°C; pH 6,0: 50 mM phosphate buffer, 55°C.
IV. CONCLUSIONS
Soybean peroxidase was expressed recombinantly and basic characterization indicates temperature optimum at
65-70°C. The stability of rSBP was observed to be significantly better when subjected to stresses, such as
temperature, pH and peroxide when compared to a fungal counterpart from Coprinus. pH optimum depended on
the selected mediator, with optimum at pH 4 for N-hydroxy mediators, pH 6 for phenothiazine-3-propionic acid
and pH 8 for methyl syringate. Biobleaching of eucalyptus pulp showed superior performance of rSBP with
violuric acid both when compared to other peroxidases and classical fungal laccases. The very high stability of
rSBP makes this enzyme ideal for additional optimization and engineering in order to make biobleaching a
realistic solution for the pulp and paper industry.
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ABSTRACT
In order to improve the understanding of lignocellulose fractionation mechanisms in a biorefinery context, an
integrated approach combining exploration of plant variability, design of bioinspired lignocellulosic assemblies
and tuning of enzymatic tools has been implemented within the “Lignocellulose biorefinery” INRA-CEPIA
priority programme. The results bring insights into the parameters governing grass cell walls enzymatic
hydrolysis at different structural levels, from macro- to nano-scales. Focus is made on three major highlights: the
influence of lignin-hemicellulose interactions on endoxylanase activity, the influence of lignin structure on cell
wall degradability by cellulolytic cocktails, and the influence of the chemical and structural features of cell wall
on enzyme mobility. Mathematical models, mechanistic and statistical analysis, were implemented to rank
structural parameters controlling lignocellulose enzymatic degradation. The results pave the way for proposing
new approaches for optimizing biomass deconstruction to obtain bio-based products for next-generation
biorefineries.

I. INTRODUCTION
As non-food renewable feedstock source of polymers, sugars and phenolic compounds for bio-based products,
lignocellulose represents a key biomass for the development of future biorefineries [1]. Lignocellulose is
composed of a complex cross-linked assembly of plant-cell wall polymers consisting of cellulose microfibrils
embedded in a hemicellulose-lignin matrix impeding its degradability. Particular efforts have been paid these last
decades to overcome lignocellulose recalcitrance and increase the enzymatic conversion yield of lignocellulose
into fermentable sugars during the saccharification step, so as to ensure the competitiveness of second generation
biorefineries [2]. Despite considerable advances in understanding the physical and chemical determinants of
recalcitrance [3][4] some questions remains, such as the influence of lignin structure, the scale of interaction
between lignin and hemicellulose, and the parameters governing enzyme mobility. These questions have been
addressed within the “Lignocellulose biorefinery” INRA programme through an integrated approach combining
exploitation of plant variability, implementation of bioinspired systems and tuning of enzymatic tools
(Figure 1). The originality of the programme is to integrate different approaches and observation scales aiming
at modeling grass cell wall enzymatic deconstruction. Maize was selected as a model plant allowing the recovery
of samples with similar lignin content but contrasted degradability so as to identify the role of lignin structure in
cell wall enzymatic recalcitrance. Isolation and synthesis of lignin-hemicellulose assemblies were performed to
elucidate the relationships between lignin-hemicellulose interactions and hemicellulose degradability. Finally,
bioinspired solid matrixes mimicking plant cell wall were designed in order to investigate parameters governing
enzyme mobility and enzyme-substrate interactions.
II. EXPERIMENTAL
Investigation of the biochemical variability of maize lines
Eight maize recombinant inbred lines RILs were selected within the F286 x F7012 RIL population developed at
INRA Lusignan to present similar lignin content and contrasted cell wall degradability as predicted by nearinfrared reflectance spectrophotometer. The RILs and their two parental lines were cropped at the silage stage for
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two successive years (2008 and 2009). After oven-drying (70°C) and grounding (hammer mill, 1 mm screen) the
samples were analyzed for in vitro degradability (sequential incubation with pepsin then
cellulase/amyloglucosidase solutions, protocol adapted from Libramont Limagrain [5]), cell wall residue content
(three-stage extraction by toluene/ethanol (1:1, v/v), ethanol, and water, [6]), esterified and etherified phydroxycinnamic acid content (alkaline hydrolyses combined with LC-MS, [7]), lignin content (Klason method
[8]) and lignin structure (thioacidolysis combined with GC-MS, [9]). To compare the relative influence of
genetic, year, and plot effects, variance analysis was carried out using the GLM procedure in SAS. Data for RILs
were combined over year, field, and analysis replicates before determination of correlation coefficients and
multiple regression analysis using R.
Synthesis, isolation and characterization of lignin-carbohydrate fractions
Lignin-carbohydrate fractions were isolated from the stem of maize F2 (INRA) line grown on experimental field
condition as described above and harvested at silage stage. Sequential fractionation of the extractive-free maize
stems was carried out using two mild alkaline extractions (0.5 and 2 M NaOH, 20°C, 24h) before and after
endoglucanase (Novozym 476) treatment according to [10], allowing the recovery of two lignin carbohydrate
fractions LC1 and LC2. Lignin glucuronoarabinoxylan complexes (GAX-DHP) were synthesized by oxidative
polymerization of coniferyl alcohol using horseradish peroxidase (Sigma) and hydrogen peroxide in the presence
of glucuronoarabinoxylan (GAX; 1 g/L). All reactants were either added simultaneously (bulk polymerization)
or gradually (end-wise polymerization) thereby allowing to modulate the relative contribution of non-covalent
and covalent LCC in the complexes [11]. The resulting stable colloidal suspensions were treated with a purified
endoxylanase (GH11 Tx-Xyl from Thermobacillus xylanilyticus). Hydrolysis rate was assessed by determining
the reducing sugars released by enzymes; LCC were analyzed by size exclusion chromatography and electron
microscopy [11].
Implementation of cell wall model to investigate enzyme mobility
Bioinspired model assemblies of grass secondary cell wall were prepared by dispersing ramie fibers cellulose
nanocrystals (CNC) into a maize bran feruloylated arabinoxylan (FAX) matrix cross-linked by laccase oxidative
treatment [12]. Gels and films with various water contents were obtained by setting the FAX and CNC
concentrations of the solution before laccase-induced gelation. Films were obtained by drying gels in a rotating
horizontal tube overnight. Fluorescent commercial probes (fluorescein isothioacyanate grafted onto dextran
chains) of various sizes were used as well as fluorescently labeled FAX (reaction with 5-(4,6-dichlorotriazinyl)aminofluorescein) and directly embedded into the assemblies before gelation. The samples were observed by
confocal laser scanning microscopy (Leica SP2) using an excitation wavelength of 488 nm. Fluorescence
recovery after photobleaching (FRAP) analysis was performed in order to assess the mobility (diffusion and
mobile fraction) of probes and FAX polymers into the assemblies. The four principal factors modulated (water
content, probe size, FAX and CNC concentrations) were introduced into a full factorial experiment model to
compute principal and interaction coefficients. Following a Fischer test and an ANOVA analysis, the different
coefficients were ranked according to their influence on diffusion.

Figure 1. Integrated approach combining exploration of plant models (maize recombinant inbred lines RILs and
isolated lignin carbohydrate LC fractions) and bioinspired models (FAX-CNC: feruloylated arabinoxylan –
cellulose nanocrystals using molecular probes) for the investigation of grass cell wall enzymatic deconstruction
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III. RESULTS AND DISCUSSION
1. Influence of lignin structure and p-coumaroylation on cell wall degradability
Lignin is one of the first factor responsible for the resistance of plant secondary cell-walls to enzymatic
degradation. Its negative impact results both from its action as physical hydrophobic barrier restricting the access
of cellulose to cellulose and from the irreversible adsorption of cellulases preventing the formation of specific
interactions with cellulose [3]. Though both phenomena are likely to be influenced by lignin structure, the
establishment of clear-cut relationships between lignin structure and cell wall recalcitrance is often hampered by
variations in terms of lignin content. The use of maize recombinant inbred lines displaying similar lignin content
permitted to eliminate this factor and show that cell wall enzymatic degradability is significantly linked to the
degree of p-coumaroylation of lignin syringyl units and to the proportion of lignin β-O-4 inter-unit bonds [5].
The detrimental impact of p-coumaroylation possibly results from the inhibitory effect of p-coumaric esters as
shown with model compounds [13], whereas β-O-4 bonds are expected to increase the barrier effect of lignin,
due to the linearity and extended conformation they confer to the polymer [14]. Analysis of the cabohydratelignin fractions LC1 and LC2 isolated by mild alkali extractions of F2 maize imbred line stem suggested that
lignin with high β-O-4 bonds are specifically associated to hemicellulose fractions [10]. Thus, in addition to
lignin conformation, lignin interactions with hemicelluloses might explain the role of β-O-4 bonds.
2. Influence of lignin-hemicelluloses interactions on endoxylanases activity
Lignin-carbohydrate complex are known to be involved in the refractory nature of plant cell wall. It is thus
necessary to identify the type and organization level of recalcitrant structures, so as to develop more specifically
targeted pre-treatments. The association of glucuronoarabinoxylan and in vitro polymerized monolignols
provided a model to investigate the influence of cabohydrate – lignin supramolecular organization on enzyme
action [11]. Electron microscopy indicated that the action of the endoxylanase from Thermobacillus xylanilyticus
was limited to the peripherical zone where the carbohydrate components was relatively exposed, confirming that
enzyme accessibility to the substrate is a key factor. The formation of covalent bonds within the supramolecular
assemblies contributed to additional resilience, as indicated by the kinetics of released reducing sugar and
change in LCC molecular weight. Covalent bonds are likely to reduce enzyme-subtrat specific interactions. In
addition, the question of their possible influence on enzyme mobility within the polymer matrix was raised.
3. Influence of the chemical and structural features of cell wall on enzyme mobility
Bioinspired model assemblies of secondary cell walls with water content ranging from 99.5 to 98% and
CNC/FAX ratios of 1:2, 1:1 and 2:1 were recovered [15]. Used as templates to assess progression of fluorescent
dextran probes of various sizes, a statistical analysis of the results allowed presenting a quantitative ranking of
the parameters influencing the most diffusion. Water content, probe hydrodynamic radius and polysaccharide
concentration were found to have decreasing influence levels in this order, with ratios of 75/45/3/1, which means
that water content has a 75-fold more important weight than cellulose concentration when measuring diffusion.
Moreover, diffusion is directly correlated to FAX cross-linking, as demonstrated by scanning electronic
microscopy analysis (honey-comb organized architecture of gels) and FAX mobility (becoming largely
decreased after gelation). A mathematical model for predicting diffusion of probes depending on water content,
polymer concentration and probe size could therefore be set up. It was applied to a common industrial cellulase
Cel7a from Trichoderma reesei to demonstrate that when water content increases, diffusion increases more
rapidly than substrate accessibility. Several constructs from the fungal multimodular endoglucanase from the
glycoside hydrolase family 45 [16] were used as probes in order to study the impact of family 1 carbohydrate
binding modules (CBM1) on enzyme mobility into bioinspired models.
IV. CONCLUSIONS
Cell wall recalcitrance to enzymatic degradation is a complex phenomenon involving physical and chemical
factors, most of them linked to the presence of lignin. Combining exploitation of maize genetic variability with
implementation of bioinspired model systems and tuned enzymatic tools offers a promising approach to
understand mechanisms of cell wall enzymatic deconstruction and optimize technological processes. Reducing
lignin β-O-4 content in lignocellulose, either by lignin engineering or by a mild alkali treatment, appears as one
possible strategy to improve conversion yields. The role of lignin β-O-4 bonds in cell wall recalcitrance can be
assigned both to lignin conformation and interactions with hemicelluloses. Their influence on enzyme mobility
and accessibility to substrate will be further investigated using the cell wall models and enzymatic tools
presented in this paper. In these studies, in silico models help identifying limiting phenomena and most influent
parameters, extensively test virtual scenarios and optimize process designs and control strategies. Furthermore,
the use of sugars coming from lignocelluloses deconstruction is under study to produce building blocks using
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integrated bioprocesses. The results pave the way for proposing new approaches for optimizing biomass
deconstruction up to obtaining bio-based products for next-generation biorefineries.
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ABSTRACT
The objective of this research was to obtain a better fundamental understanding of the extraction of lignin and
carbohydrates from pine wood during hydrothermolysis at elevated temperatures. The treatment was performed
in a batch reactor at three different temperatures (200, 220 and 240 °C) and a liquid-to-wood ratio of 40:1. The
samples were collected at preselected time intervals, covering the treatment up to 120 min. It was found that up
to 35% of native pine lignin solubilized at 240 °C within a few minutes of reaction time. A kinetic model fitting
the experimental data was proposed to explain the delignification of pine wood during hydrothermolysis.
Complete removal of pine wood hemicellulose was accomplished at a concomitant cellulose yield loss of about
12.5%. Overall, this study provided initial fundamental knowledge required for potentially efficient utilization of
softwoods using wood biorefinery concept.
I. INTRODUCTION
The concept of wood biorefinery is envisioned as the selective separation of the three main wood components,
cellulose, hemicellulose and lignin, and the subsequent utilization of each fraction for production of fuels, high
value-added chemicals and other related products. Up to now, it has been a great challenge to design an efficient
pretreatment and fractionation process of lignocellulosic materials which would be both technologically feasible
and economically viable. Hydrothermolysis, i.e. treatment of wood with water at high temperatures, is a
promising method to extract and recover lignin and hemicellulose from wood. It has gained much attention in
recent years, because it is considered as a clean and environmentally friendly process where fractionation is
achieved by using water and heat only. The majority of the studies deal with the degradation and dissolution of
hemicelluloses and lignin during hydrothermal treatment of hardwood species. Softwoods represent the principal
lignocellulosics in the Northern hemisphere and therefore their utilization is of interest. Softwoods differ from
hardwoods in terms of carbohydrate content, composition and structure as well as in amount and structure of the
lignin. So far, very little is known about the behavior of softwood during hydrothermolysis at elevated
temperature. In this work, the effect of hydrothermolysis on the reactions of pine wood at different conditions
was investigated and a kinetic model for the delignification of pine wood was developed. Further, the effect of
hydrothermolysis on the content of the residual carbohydrates in pine wood was presented.
II. EXPERIMENTAL
Pine wood chips were supplied by Metsä Fiber, Finland and stored refrigerated before use. Pine chips were airdried at ambient temperature and then grinded in a Wiley mill to a particle size between 0.6 and 0.25 mm. The
chemical composition of initial pine wood is shown in Table 1. The dry matter content was determined by oven
drying at 105 °C overnight.
Component
Amount, % o.d. sample

Table 1. Chemical composition of pine wood
Klason lignin
ASL
GGM
AX
27.08
0.56
15.79
9.08

CELL
40.85

Extractives
3.00

*ASL – acid soluble lignin; GGM – galactoglucomannan; AX – arabinoxylan; CELL - cellulose

Hydrothermolysis experiments were conducted in a 10 L batch reactor, equipped with a mechanical stirrer, a
temperature controller, a pressure gauge and a valve for the removal of hot extraction liquors. Liquid-to-wood
ratio (L:W) of 40 g/g was used. Such a high L:W was selected in order to minimize the solubility limitations of
wood components triggered by mass transfer of wood matrix. The degradation of wood components during
preheating was taken into account by conversion of heating up phase into isothermal reaction time using a
previously published method [1]. After reaching the set reaction time, the hydrolysate was discharged from the
autoclave. The wood residue was recovered from the reactor, washed with hot water and air-dried before the
yield was determined on a dry weight basis. Insoluble lignin fractions were recovered by centrifugation of
obtained hydrolysates at 5000 rpm for 15 min. The soluble lignin was measured by a Shimadzu UV-2550
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spectrometer at a wavelength of 205 nm. For further analysis, the supernatant was mixed with ethyl acetate with
a ratio of solvent-to-hydrolysate of 3:1 [2] for extraction of soluble lignin degradation products.
Acid insoluble lignin or Klason lignin, acid soluble lignin (ASL) and carbohydrate contents of solid and liquid
samples were determined after acid hydrolysis according to NREL/TP-510-42618 and NREL/TP-510-42623,
respectively. Subsequent analysis of the recovered neutral sugar monomers was performed by using a Dionex
ICS 3000 high-performance anion exchange chromatograph with pulsed amperometric detection (HPAEC-PAD)
equipped with a CarboPacPA20 column (Dionex, Sunnyvale, CA, USA). Water was used as the eluent at a flow
rate of 0.4 mL/min at 30º C. The carbohydrate compositionin solid samples was calculated according to
previously published method [3]. The molecular mass distribution (MMD) of selected lignin samples was
determined by gel permeation chromatography (GPC) equipped with UV detection (UV-Vis Detector 2487). The
column was eluted with DMSO with 0.1 LiBr at a flow rate of 1 ml/min. The GPC system consisted of two
analytical columns (Suprema 1000 and Suprema 100, 20 m, 8 mm I.D.*300 mm) and one pre-column
(Suprema 20 m). The columns, injector and UV detector were maintained at 80°C during the analysis.
III. RESULTS AND DISCUSSION
The results showed that up to 35% of the original lignin in wood could be dissolved during hydrothermolysis
within a selected range of conditions (Figure 1). At the same time the amount of ASL in wood decreased
dramatically from 0.6% to 0.1% even at mild treatment conditions. The rate of lignin removal markedly
increased at higher temperatures. Interestingly, for each temperature, the lignin removal went through a
maximum, after which it decreased mainly triggered by lignin condensation and re-precipitation. This is due to
the complex lignin behavior under hydrothermolysis conditions. Homolytic cleavage of -O-4 and -O-4
linkages results in formation of phenolic hydroxyl groups, fragmentation and dissolution of lignin. Formation of
reactive lignin structures is followed by re-condensation reaction and decreasing lignin reactivity. Therefore, the
amount of the residual lignin in the solid phase is decreased as a function of hydrothermolysis intensity until the
point where lignin re-condensation occurs. As shown in Figure 1, the rate of lignin condensation increased with
rising temperatures. A similar observation was reported for birch [1] and eucalyptus [4] wood.

Figure 1. Lignin in wood residue as a function of treatment intensity. Square - temperature 200 °C, circles – 220
°C, triangles – 240 °C. Data points correspond to experimental data. Lines correspond to the proposed kinetic
model.
In order to get a better understanding of the delignification during pine hydrothermolysis a kinetic model fitting
the experimental data was developed. Native lignin in pine wood was modeled as the sum of three distinct
fractions with different degradation rates. Delignification kinetics of pine wood during hydrothermolysis at
elevated temperatures was assumed to proceed as,
where L1 and L2 are fast and slow removable lignin fractions, L3 is
resistant lignin in initial pine wood. Ls and Lc are solubilized and
condensed lignin respectively. At t=0, L1+L2+L3=1, and Ls+Lc=0. k1
and k2 are degradation rates of easy and hard removable lignin, and k3
degradation rates for resistant lignin, kc is the condensation rate for
the lignin solubilized in the extraction liquor.
As shown in Figure 1, the proposed kinetic model fitted very well to the experimental data.
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The release of lignin into the liquid phase during hydrothermolysis is shown in in Figure 2. Two different
fractions of lignin appeared in the hydrolysate, one as soluble the other one as insoluble lignin. The latter was
recovered by centrifugation as it is readily precipitated during cooling. It was assumed that the insoluble fraction
originates entirely from lignin. This assumption was based on a previous study which reported that the insoluble
products contain mostly condensed structure from solubilized lignin fragments, especially those of higher Mw
[4]. As shown in Figure 2A, the amount of insoluble lignin increased rapidly in the beginning of the treatment,
reached a certain value, which is characteristic for each temperature. After that the concentration of insoluble
lignin levelled-off. Therefore, it can be concluded that the temperature has a major effect on the insoluble lignin
content. The second fraction consists of lignin of lower molar mass or lignin degradation products and is
completely dissolved in the hydrolysate (Figure 2B). It remains soluble after the extraction process and its
amount increased from 3.8% to 21.8% of total lignin content or from 1.1% to 6.0% based on original dry wood,
with increasing extraction temperature from 200 °C to 240 °C. The release of soluble lignin increased rapidly
within a short period of time, followed by a phase where the amount of soluble lignin increases only moderately
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Figure 2. Insoluble (A) and soluble (B) lignin in the hydrolysates
Owing to the formation of insoluble products, most probably through the reaction of carbohydrate and resin
derived degradation products with structurally modified lignin, the overall amount of lignin determined as
Klason lignin increases with increasing temperature and treatment time.
As a reference, dissolved wood lignin (DWL) was isolated from non-treated pine wood and compared with two
lignin fractions formed during hydrothermolysis: lignin precipitated in hydrolysates during cooling separated by
centrifugation and lignin degradation products soluble in in the hydrolysates extracted with ethyl acetate.
Additionally, kraft lignin is shown for comparison. All lignin fractions were subjected to SEC analysis (Table
2). The data indicated that extensive lignin degradation occurs during hydrothermolysis of pine wood due to
homolytic cleavage of the aryl-ether bonds which results in a substantial decrease in the Mw of the lignin
isolated from hydrolysates. As expected, Mw of soluble lignin was significantly lower than that of insoluble
lignin. Additionally, an increase in hydrothermolysis intensity resulted to an increase in polydispersity (PD) of
both soluble and insoluble fraction.
Table 2. Molar mass of selected lignin fractions.
Treatment temp., °C
200
200
200
200
Pine DWL
Pine kraft lignin

Treatment time, min
10
120
10
120

Insoluble
Soluble

Mw
1345
785
488
427
6098
5542

Mn
107
60
38
17
2106
1347

PD
12.5
13.0
12.8
25.7
2.9
4.1

Depending on the conditions of hydrothermolysis, up to 35% of the total lignin in pine or 96.8 kg per ton of o.d.
wood could be recovered. This is a significant amount of high potential material for the preparation of value
added products. Insoluble lignin fraction can be used for the manufacturing of activated carbon, adhesives or
lignin polymer blends. The soluble fraction consists mostly of lignin oligomers and monomers, as well as lignin
degradation products such as phenols, which can be utilized in the production of polymers or biofuels.
Furthermore, the properties of the hydrothermolysis lignin differ significantly from lignin recovered by
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conventional pulping technologies. In contrast to kraft lignin the hydrothermolysis lignin is sulfur free which
should be advantageous in many applications.
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The removal of carbohydrates during the hydrothermolysis of pine wood is shown in Figure 3. At 200 ºC,
cellulose remained quite stable during the first three minutes, however, gradually decreased from initial 40.9% to
31.7% after 122 min of treatment time. The content of cellulose dramatically decreased to only 16.2% on odw
after one hour at 240 °C. As expected, hemicellulose can be more easily removed during hydrothermolysis.
Basically, complete degradation of hemicellulose in wood during hydrothermolysis was achieved under
conditions with a concomitant cellulose loss of about 12.5% on odw. In addition to carbohydrates in solid
residue both monomeric and polymeric sugars in hydrolysates were determined (not shown). At low and medium
temperatures, the released carbohydrates consisted mainly of poly- and oligosaccharides. At higher temperature
(240 °C), significant amounts of monomeric sugars and their degradation products were formed. In addition to
hemicellulose mono- and oligomers, significant amounts of furfural and HMF may be recovered from the
hydrolysates.

Figure 3. Carbohydrates remaining in the pine wood residue after hydrothermolysis
IV. CONCLUSIONS
Approximately 35% of the native pine lignin was solubilized during hydrothermolysis at 240 °C after less than
10 minutes. Extended reaction time led to excessive condensation of the lignin and therefore increased the
amount of lignin in the wood residue. Delignification kinetics of wood during hydrothermolysis was successfully
modeled by the assumption of simultaneous dissolution (depolymerization) and condensations reactions of
lignin. Native lignin was modeled as the sum of three fractions with different degradation rates (easily removable
lignin, resistant lignin and condensed lignin). Lignin in pine wood undergoes extensive structural alteration and
degradation during hydrothermolysis. It was proven that soluble lignin in hydrolysates has slightly lower Mw
than that of lignin which precipitates during cooling of the hydrolysates. SEC analysis revealed that
fragmentation reaction dominated over condensation reactions. Properties and structure of hydrothermolysis
lignin differs significantly from lignin recovered by conventional pulping technologies, therefore it is considered
to be potential material for the preparation of value added products.
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ABSTRACT
The enzymatic hydrolysis of the polysaccharide fractions in lignocellulosic biomass requires efficient
pretreatment to overcome the natural recalcitrance of lignocellulose. Certain ionic liquids (ILs) dissolve
lignocellulose and are thus interesting as pretreatment technology prior to total enzymatic hydrolysis. ILs have,
however, been shown to be poorly compatible with enzymes. Enzyme binding to cellulose is a prerequisite for
the enzymatic hydrolysis process, but so far binding has not been studied in detail in IL solutions. In this study,
we have elucidated the effect of two cellulose-dissolving ILs on the cellulose hydrolysis and cellulose binding
using a Trichoderma reesei cellobiohydrolase and endoglucanase and their respective catalytic core domains.
The results indicate that the carbohydrate-binding module (CBM) in these modular cellulases is sensitive to the
presence of IL. In general, the presence of IL had a negative impact on both the hydrolysis yields and the
cellulose binding of the studied cellulases. Depending on cellulase type, large differences were observed in how
the enzyme binding was affected by ILs.
I. INTRODUCTION
The polysaccharides present in lignocellulosic plant biomass, cellulose and hemicelluloses, can be utilised as
starting components in the production of biofuels, most notably ethanol, and a large and growing variety of
different chemical products, such as butanol, lactic acid or glycolic acids. To utilise the polysaccharides, they
need to be hydrolysed to their constituent monosaccharides prior to fermentation. The hydrolysis step can be
carried out either enzymatically or with acid catalysis. Enzymatic hydrolysis has several advantages over acid
hydrolysis, such as low formation of harmful side-products, no generation of acid waste, no need for corrosionresistant processing equipment and a potential for very high yields. Lignocellulosic plant biomass is, however,
very recalcitrant towards enzymatic hydrolysis. Therefore, a pretreatment is needed to open the structure of the
lignocellulose. Certain ionic liquids (ILs, salts with melting points < 100 °C) have been found to dissolve
cellulose and also complete lignocellulose, even wood. It has also been shown that pretreatment with IL greatly
facilitates subsequent enzymatic hydrolysis of the lignocellulosic feedstock [1]. The ILs have, however, been
found to inactivate the cellulases used for cellulose hydrolysis even in low concentrations [2]. Thus, pretreatment
with ILs needs an excessive and expensive washing of the pretreated substrate, or conditions and enzymes need
to be found which allow the enzymes to work in the presence of considerable amounts of IL.
The enzymes used for hydrolysing cellulose are termed cellulases, which is a collective term for several different
activities. Endoglucanases cleave the cellulose randomly along the chains, whereas cellobiohydrolases work
from the chain ends liberating cellobiose in a processive mode and -glucosidases cleave the small soluble
saccharide fragments formed by the endoglucanases and cellobiohydrolases to glucose. Due to their different
functions, the structures of the cellulases are different. Endoglucanases generally have their active site in a cleft
on the protein surface, whereas the cellobiohydrolases have an active-site tunnel. Cellulases often have a
modular structure in which the catalytic core domain (CD) is linked to a carbohydrate-binding module (CBM).
The function of a CBM it is to increase the cellulase concentration at the cellulose surface, thus promoting the
hydrolysis. Up to date, several factors have been shown to influence the performance of cellulases in the
presence of ILs, such as high viscosity, pH, and ionic strength [3]. In addition, other IL-specific factors, e.g.
conformational changes or protein unfolding, are likely to play a role. In this work, we report a systematic study
of how the presence of cellulose-dissolving ILs affect the substrate binding and hydrolytic action of one
endoglucanase, Trichoderma reesei Cel5A, and the major cellobiohydrolase T. reesei Cel7A, in comparison to
their isolated core domains [4].
II. EXPERIMENTAL
T. reesei Cel5A, Cel5A core domain (CD), and Cel7A CD were produced, isolated, and purified as described by
Suurnäkki et al. [5] and T. reesei Cel7A according to Rahikainen et al. [6]. Enzymatic hydrolysis was carried out
with a 1% (w/w) dispersion of microcrystalline cellulose (MCC, Serva research grade, 0.020 mm particle size) as
substrate in 0.050 M citrate buffer (nominal pH 5.0) containing 0 – 50 % (w/w) of the ILs 1,3dimethylimidazolium dimethylphosphate ([DMIM]DMP) or 1-ethyl-3-methylimidazolium acetate
([EMIM]AcO) under constant magnetic agitation. The enzyme concentration in the hydrolysis solution was 400
nM, the hydrolysis temperature was 45 °C and the time 72 h. The hydrolysis was ended by boiling the hydrolysis

Copia gratuita. Personal free copy

http://libros.csic.es

37

13th European Workshop on Lignocellulosics and Pulp

tubes for 10 min and separating the solid and liquid fraction after centrifugation. The hydrolysis yields were
determined by assaying reducing sugars with the DNS assay using glucose as standard.
The cellulases were labeled with tritium through reductive amination with formaldehyde and tritium-enriched
[3H]NaBH4 based on a method by Means and Feeney [7]. After the reaction, the reaction mixture was eluted
twice through gel columns. The collected fractions were pooled, concentrated and the buffer was changed to
0.050M citrate buffer (pH 5.0). Binding experiments were carried out in 1% (w/w) MCC suspension in 0.050 M
citrate buffer (pH 5.0) containing 0, 20, and 40% w/w [DMIM]DMP or [EMIM]AcO with cellulase
concentrations of 0.1–10 mM. The binding experiments were done at 4 °C with an equilibration time of 4h.
Enzyme binding was measured after separating the supernatant from the MCC using centrifugation. The binding
levels were calculated based on liquid scintillation counting results from the supernatants, by comparing the
counts of supernatants incubated with MCC against supernatants incubated without MCC. Both the hydrolysis
and the binding experiments were carried out in triplicate.
III. RESULTS AND DISCUSSION
We set out for studying the role of the carbohydrate-binding module (CBM) in hydrolysis and substrate binding
in IL matrices because in some earlier studies CBMs have been suggested to be particularly sensitive to the
presence of ILs [8,9]. Initially, the impact of the CBM on hydrolysis yield was assessed by comparing the
hydrolysis yields of intact Cel5A and Cel7A to their core domains (CDs) in different IL matrices (Figure 1). As
expected, increasing concentrations of IL led to decreasing hydrolysis yields and [EMIM]AcO was more harmful
to hydrolysis than [DMIM]DMP, especially at higher IL concentrations.

Figure 1. Yields of 72 h hydrolysis of MCC at 45 °C with T. reesei Cel5A, Cel5A CD, Cel7A and Cel7A CD, in
citrate buffer (pH 5.0) matrices containing 0–50% IL. Hydrolysis yields were measured by a DNS assay with a
limit of quantification of 1% yield.
In buffer, the hydrolysis yields of the intact cellulases were clearly higher than those of the CDs, but it was
however interesting to notice that introducing IL to the solution had very different impacts on the yields of the
intact cellulases and the CDs. The CDs had only slightly reduced yields for every increment of added IL,
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whereas the yields of the intact cellulases were reduced to very close to those of the CDs in the presence of ILs.
It appears plausible to interpret these hydrolysis results as a strong sensitivity of the function of the CBM in
these cellulases to the presence of even low amounts of IL. Cel7A formed the only exception to this pattern in
the [EMIM]AcO matrices.
Radiolabeling of cellulases is a very sensitive technique for studying the binding behavior of these proteins. In
this work, the free amine groups (lysines and the N terminus) in the cellulases were labeled by reductive
amination. In this reaction, formaldehyde initially reacts with a free amine to form an imine, which is reduced by
tritium-enriched sodium borohydride, thus introducing the radioactive element to the protein. The protein is only
modified by the addition of one methyl group to the formerly free amine. The mild reaction conditions and the
minimal chemical modifications introduced to the cellulases during the labeling led to no loss of cellulolytic
activity or fragmentation of protein structure. The radiolabeled cellulases were quantified from liquid samples by
liquid scintillation counting. ILs have often been noticed to interfere with various analytical methods, but the
high specificity and sensitivity of liquid scintillation counting led to high quality result sets where the ILs did not
have any impact on the measurement background and the standard deviations within the triplicates were
minimal.
The results from the binding experiments supported the conclusions from the hydrolysis experiments of the IL
sensitivity of the cellulases’ CBM. The four studied cellulases (T. reesei Cel7A, Cel7A CD, Cel5A and Cel5A
CD) clearly showed different binding behavior to MCC in buffer solution (Figure 2). The intact Cel5A and
Cel7A both had very similar binding isotherms to MCC and also the binding of Cel7A CD, lacking CBM, was
comparatively high. Cel5A CD displayed a clearly different binding behavior, with only very low binding to
MCC in buffer (not shown). Thus, the CBM appeared to have a very crucial role for the binding of Cel5A to
cellulose, whereas Cel7A does not depend so much on its CBM for substrate binding. The difference in the
binding site architecture of the different cellulases (open cleft in the endoglucanase Cel5A, tunnel in the
cellobiohydrolase Cel7A) would provide a plausible explanation for the observed difference in the binding of the
two studied CDs.

Figure 2. Binding isotherms for Trichoderma reesei Cel5A (A), Cel7A (B) and Cel7A CD (C) in five different
IL solutions at 4 °C.
The cellulose binding of the studied cellulases responded differently to the presence of IL (Figure 2). In all
cases, the addition of IL led to reduced binding, [EMIM]AcO having a stronger negative effect on the binding
than [DMIM]DMP, similarly as was observed in the hydrolysis results. The binding of Cel7A was reduced by
the presence of IL to some extent, whereas the binding isotherms of Cel7A CD were affected to a lower extent in
the studied matrices. In fact, the binding isotherms of Cel7A and Cel7A CD appeared to be much alike in 40 %
(w/w) [EMIM]AcO, representing the harshest conditions studied, which suggest that the CBM did not in these
conditions improve the binding, but that the observed binding was mainly caused by binding of the Cel7A core
domain and possibly the active site binding tunnel. The binding of the endoglucanase Cel5A was clearly more
sensitive to IL than that of Cel7A and in 40 % (w/w) [EMIM]AcO no binding of Cel5A could be observed, even
if the binding of both Cel5A and Cel7A was approximately on the same level in buffer. The interference of IL
with the binding and function of CBM can be due to several reasons, which should be the topic of further
studies; e.g. interference with the hydrophobic actions governing the binding interactions between the CBM and
the cellulose (“solvent effect”) or partial or complete unfolding of the CBM or other conformational changes.
IV. CONCLUSIONS
Cellulase binding onto cellulose is an essential step in enzymatic cellulose hydrolysis. This study showed that
the presence of ILs in the hydrolysis matrix clearly has a negative impact on the cellulases’ ability to bind to
their substrate. The function of the carbohydrate-binding module (CBM) appeared to be especially sensitive to
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the presence of IL. Interesting differences were noticed in how the enzymes with different catalytic site
architecture behaved in the presence of IL; cellobiohydrolases with a tunnel-shaped core domain (CD) were able
to bind to cellulose even in high IL concentration in which the CBM did not appear to be able to function. The
studied endoglucanase with an open catalytic site in a cleft on the surface completely lost its ability to bind onto
cellulose in the presence of IL. When developing IL-compatible cellulases both the catalytic activity and the
binding properties should be considered. These results show that the presence of a CBM does not necessarily
bring any benefits to cellulase action in IL conditions.
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ABSTRACT
This study shows the ability of laccases to remove lignin when applied on the (milled) whole lignocellulosic
biomass in combination with 1-hydroxybenzotriazole or methyl syringate, in a multi-step sequence where the
enzymatic stages alternate with alkaline extractions. Eucalypt (Eucalyptus globulus) and Elephant grass
(Pennisetum purpureum) were selected as representative for rapid growth woody and nonwoody plant
feedstocks, respectively. Paralleling lignin removal from E. globulus and P. purpureum (~50% and ~30% of the
initial content, respectively) a positive effect on sugar yield was also observed. The modification of lignin was
analyzed by 2D NMR of the whole samples at the gel state. Different removal of p-hydroxyphenyl, guaiacyl and
syringyl lignin units, and a moderate removal of p-coumaric acid (present in P. purpureum) was observed
without a substantial change in polysaccharide signals. However, the most noticeable change was the strong
increase of Cα-oxidized syringyl units after the enzymatic sequence.
I. INTRODUCTION
Lignocellulosic biomass serves as feedstock for the lumber and paper pulp industries, and has also attracted
increased interest for the production of biofuels and other chemicals and materials. Biomass recalcitrance
towards enzymatic hydrolysis is correlated to the content and composition of lignin. Different pretreatments are
being studied for deconstructing biomass and removing lignin. Laccases are multicopper oxidases whose direct
action on lignin is restricted to the minor phenolic moiety. However, the interest on laccases as industrial
biocatalysts steadily increased after discovering that some mediators expand the range of oxidized substrates, 1hydroxybenzotriazole (HBT) being among the most efficient ones. The present study shows the ability of
Trametes villosa and Myceliophthora thermophila laccases to remove lignin when applied on the (milled) whole
lignocellulosic biomass in combination with HBT and methyl syringate (MeS), respectively, in a multi-step
sequence where the enzymatic stages alternate with alkaline extractions. Eucalyptus globulus and Pennisetum
purpureum were treated as representative for rapid growth woody and nonwoody plant feedstocks, respectively.
The modification of lignin was analyzed by 2D NMR of the whole samples at the gel state [1,2], a promising
methodology for the in situ analysis of lignin in delignification studies.
II. EXPERIMENTAL
Laccase-mediator treatments
Milled Elephant grass and eucalypt samples were treated with 50 U·g-1 (estimated by 2,2'-azino-bis(3ethylbenzothiazoline-6-sulphonic acid) oxidation at pH 5) of T. villosa laccase (from Novozymes) in the
presence (or absence) of 2.5% HBT at 6% consistency in 50 mM tartrate (pH 4) under O2 atmosphere (2 bars)
and 170 rev·min-1 shaking for 24 h at 50ºC. After washing, samples (6% consistency) were submitted to a
peroxide-reinforced alkaline extraction using 1% NaOH and 3% H2O2 at 80ºC for 90 min. Cycles of four
successive enzyme-extraction treatments were applied. Additionally, eucalypt samples were treated with M.
thermophila laccase (50 U·g-1) (from Novozymes) in the presence (and absence) of 3% MeS under the same
conditions described above, but using sodium dihydrogen phosphate (pH 6.5) as a buffer. Treatments with
laccase alone and controls without laccase and mediator, were also performed (followed by the corresponding
alkaline extractions). Klason lignin content was estimated according to T222 om-88 [3].
Saccharification of pretreated material
The saccharification of samples treated with T. villosa laccase (25 U·g-1) and 2.5% HBT was performed with a
cocktail of commercial enzymes (from Novozymes) with cellulase (Celluclast 1.5 L; 10 FPU·g-1) and β-
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glucosidase (Novozym 188; 500 nkat·g-1) [4]. The saccharification of eucalypt samples treated with M.
thermophila laccase (50 U·g-1) and 3% MeS was also carried out with the above enzymatic cocktail [5].
2D NMR spectroscopy
For gel-state NMR experiments, ∼100 mg of ball-milled lignocellulose samples after the several steps of the
whole multistage sequence were directly transferred into 5-mm NMR tubes, and swelled in 1 mL of
dimethylsulfoxide-d6, forming a gel inside the NMR tube [1,2]. Heteronuclear single-quantum correlation
(HSQC) 2D-NMR spectra were acquired as previously described [4,5].
III. RESULTS AND DISCUSSION
Lignin modification by the T. villosa-HBT pretreatment
The lignin content in both lignocellulosic materials decreased considerably after the enzymatic sequence applied.
For Elephant grass, the decrease was about 32% of the initial lignin content. The reduction in eucalypt wood was
even more pronounced, attaining 48% with the same laccase doses. The treatments with laccase alone (without
mediator) slightly decreased the lignin content (<5%) in both materials.
The NMR spectra of the whole treated samples at the gel state confirmed the partial removal of lignin phydroxyphenyl (H), guaiacyl (G) and syringyl (S) units and a more limited removal of p-coumaric acid present
in Elephant grass, as shown in the aromatic regions of the HSQC spectra of the Elephant grass (Figure 1B) and
eucalypt wood (Figure 1D) treated with laccase and HBT, compared with the corresponding controls (Figure
1A and C, respectively). A decrease in the intensity of the main (β-O-4'-linked) lignin side-chains (Figure 2, A)
was observed in the aliphatic region of the spectra (not shown), while the amorphous polysaccharide crosssignals remained basically unaffected (crystalline cellulose was silent under the present conditions).
Semi-quantitative evaluation of the relative abundances of the different lignin and cinnamic acid structures
(Figure 2, PCA, FA, H, G, S and S') after the enzymatic sequence revealed a preferential removal of G (and
minor H) units, and the higher recalcitrance of cinnamic acids towards laccase treatment (compared with lignin)
resulting in their accumulation. However, the most noticeable modification observed was the massive formation
of Cα-oxidized S lignin units during the enzymatic treatment, as revealed by the intensity increase of the
characteristic 13C-1H correlation around 106/7.3 ppm (S'2,6 in Figure 1). This was especially significant in the
enzymatically-treated eucalypt wood, and resulted in a very unusual lignin consisting of up to 60% oxidized S
units.
Such extensive oxidation is congruent with the concept of lignin degradation as an enzymatic combustion [6],
and the Cα modification observed confirms the attack mechanism (H atom abstraction from the Cα position)
suggested by degradation studies using model compounds [7].
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Figure. 1. Aromatic region of the HSQC spectra of Elephant grass (A-B) and eucalypt (C-D) treated with T.
villosa laccase and HBT (swollen in dimethylsulfoxide-d6): A and C, Controls without enzyme; B and E, 50 U·g-1
enzyme and 2.5% mediator. See Figure 2 for the main lignin structures identified.
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spectra); PCA, p-coumaric acid; FA, ferulic acid; H, p-hydroxyphenyl unit; G, guaiacyl unit; S, syringyl unit;
and S', Cα-oxidized S unit (R can be a hydroxyl in carboxylic acids or a lignin side-chain in ketones).
Lignin modification by the M. thermophila laccase-MeS pretreatment
The lignin content of eucalypt sample decreased considerably after the enzymatic sequence reaching a decrease
of 47% of the initial lignin content. The treatments with laccase alone (without mediator) decreased the lignin
content about 20%.
The HSQC spectrum of the eucalypt sample treated with laccase-mediator at the end of the whole sequence
(Figure 3B) showed important differences compared to the control (Figure 3A). The signals of side-chains in βO-4' lignin substructures (Aα and Aβ(S)) decreased considerably with respect to the carbohydrate and S-lignin
signals. On the other hand, the G lignin signals completely disappeared with the laccase-mediator treatment,
while the S units were Cα-oxidized (and in a significant extent remained as such) as revealed by the increase in
the S'2,6 signal (after deducting the MeS contribution estimated from the aliphatic signal at δC/δH 52/3.8 ppm).
The results obtained showed a Cα-oxidation mechanism for lignin removal by laccase in the presence of MeS,
and revealed that about half of the residual lignin in the laccase-mediator treated wood corresponds to the Cαoxidized S units. Finally, the low intensity of the aromatic and aliphatic-oxygenated lignin signals in the HSQC
spectrum of the laccase-mediator treated sample, compared to the carbohydrate signals, was in agreement with
the reduced Klason lignin content.
Interestingly, lignin modification and removal was also shown by the NMR spectra of the eucalypt feedstock
treated with laccase alone (not shown), with a relative decrease of the lignin signals compared to the
carbohydrate signals, although not as evident as that observed after the laccase-mediator treatment. Among them,
the signals of side-chains in β-O-4' lignin substructures (Aα and Aβ(S)) and especially, the G lignin signals,
decreased considerably with respect to the control sample although the changes were less intense than those
found in the sample treated with laccase and MeS. Likewise, the Cα-oxidation of S units was much less
pronounced than found in the presence of MeS.
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Figure 3. HSQC NMR spectra of whole eucalypt samples treated with M. thermophila laccase and MeS
(swollen in dimethylsulfoxide-d6): A, Control without enzyme; B, Sample treated with laccase-MeS. See
Figure 2 for the main lignin structures identified. Correlation signals from xylan (X1-X5) are also indicated.
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Saccharification of enzyme pretreated materials
The Elephant grass and eucalypt wood samples treated with T. villosa laccase and HBT were hydrolyzed using a
cellulase and β-glucosidase cocktail, and the main monosaccharides released were analyzed [4]. The effect of
hydrolysis time was investigated and 72 h hydrolysis was chosen since monosaccharide release already
stabilized after this time period, attaining increases up to 61% and 12% for eucalypt and Elephant grass
feedstocks, respectively. In the case of eucalypt wood, the effect of the laccase-HBT treatment increased with
cellulase hydrolysis times, the highest increases in glucose and xylose releases were obtained after 72 h.
However, for Elephant grass the highest increases in sugar releases by the laccase-mediator treatment were
observed after only a 4-h hydrolysis [4]. Interestingly, the treatment with laccase alone (without mediator) also
slightly increased the hydrolysis yields for eucalypt and Elephant grass, with respect to that of the controls. The
laccase-mediator pretreatment significantly increased ethanol production after 17 h of saccharificationfermentation [4]. Interestingly, the enzymatic treatment was considerably more efficient improving ethanol
production from eucalypt (over 4 g·L-1 in 17 h) than from Elephant grass (~2 g·L-1 in 17 h).
In eucalypt samples pretreated with M. thermophila laccase-MeS, an increases in glucose yield up to 41% (with
respect to the initial eucalypt wood sample) was attained when low cellulase (2 filter-paper units [FPU]·g-1) and
β-glucosidase (100 nkat·g-1) doses were used. In the samples pretreated with laccase alone (without mediator), an
increase in glucose release of 21% was produced. The effect of oxygen and alkaline extraction steps in the
control sample were responsible for the increase of 11% in glucose yield with respect to the initial eucalypt
sample. On the other hand, an improvement on xylose release of about 37% was obtained after the laccase-MeS
treatment of eucalypt wood (with respect to the initial eucalypt wood sample). In the pretreatment with laccase
alone an increase in xylose yield of 21% was obtained. The effect of oxygen and alkaline extraction on xylose
yield (control sample with respect to the initial one) represented an increase of 12%.
IV. CONCLUSIONS
This work shows the modification of lignin structure and content produced by two laccase-mediator
pretreatments, directly on ground lignocellulosic material and its relationship with enzymatic saccharification
yields. A better understanding of the action mechanisms of lignin-degrading enzymes, when acting on
lignocellulosic substrates, should contribute to the development of knowledge-based transformations in future
lignocellulose biorefineries based on fast-growing woody and nonwoody plant species.
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ABSTRACT
Chemical changes of lignin induced by the steam explosion (SE) process were elucidated. Wheat straw and
Spruce were studied as raw materials, and lignins were isolated by the EMAL procedure before and after SE
treatment for analyses mainly by HSQC NMR. The -O4 structures were found to be homolytically cleaved,
followed by recoupling to -5 linkages. The homolytic cleavage / recoupling reactions were also studied by
computational methods, which verified their thermodynamic feasibility. The presence of tricin bound to wheat
straw lignin was confirmed and it was shown to participate in lignin reactions during the SE treatment.

I. INTRODUCTION
Various pre-treatment methods are crucial steps in the bioferinery concepts, utilising biomass components as raw
material for value-added biomaterials and chemicals. Steam explosion (SE) is the most traditional and
established of them. It enhances the reactivity of lignocellulosic biomass towards enzymatic hydrolysis for the
production of fermentable sugars [1]. Cellulases, used in the enzymatic hydrolysis of biomass, tend to adsorb
also on the lignin surfaces, thus making the lignin act as an inhibitory agent and retarding the hydrolysis process.
A recent study by Rahikainen et al. [2] showed that SE-treated lignins from spruce and wheat straw are actually
more active towards binding the hydrolytic enzymes (Trichoderma reesei Cel7A and Cel7A-core) compared to
the non-pretreated analogues. The same lignin materials as studied by Rahikainen have been used in the present
study.
The major lignin reactions in SE have been reported to be the decrease in the content of -O4 units and increase
in the content of C-C condensed structures and other inter-unit linkages ( -1, -5) formed via radical coupling
reactions [3,4,5]. Depending on the SE conditions, formation of higher molecular weight lignins has been
observed, explained by competing depolymerisation and repolymerisation reactions [6]. The aim of the present
study is to elucidate in depth the chemical reactions of lignin during the SE process. The main focus is in wheat
straw lignin, but also Spruce lignins have been analysed for comparison, as Spruce lignin is known to be more
detrimental in respect to enzyme adsorption. HSQC NMR techniques and theoretical calculations were the main
tools.
II. EXPERIMENTAL
Enzymatic mild acidolysis lignins (EMAL) were isolated from ball milled wheat straw and Spruce, and from
both raw materials after SE treatment and ball milling. The procedures are explained in detail in [2].
31

P NMR analyses were performed
dioxaphopholane according to [7].

after

phosphitylation

with

2-chloro-4,4,5,5-tetramethyl-1,3,2-

For the HSQC and HMBC NMR experiments, 50 mg of sample was dissolved in 1 mL of d6-DMSO and the
experiments were carried out at 30°C on a 600 MHz Bruker Avance III NMR spectrometer equipped with a
CPQCI cryoprobe The quantitative HSQC spectra were acquired using echo/antiecho-TPPI selection and
matched sweep adiabatic pulses optimised for 13C sweep width of 200 – 50 ppm were used for all 180º 13C
pulses in order to compensate the differences in the 1JCH coupling constants [8]. The HMBC experiments were
optimised for 8 Hz long range couplings. Matrices of 2048 x 256 (HSQC) or 2048 x 512 (HMBC) data points
were collected, zero filled once in F1 and a /2 shifted squared sine bell weighting function was applied in both
dimensions prior to the Fourier transformation.
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All calculations using the Density Functional Method were performed with Gaussian 09, C.01 with the facilities
of the Alabama Supercomputer Center in Huntsville, Alabama. All structures were optimized at the M06-2X
level of theory, using the 6-311++G(d,p) basis set and the fine grid consisting of 75 radial shells and 302 angular
points per shell. Frequency calculations were performed on the stationary points identified. Bond dissociation
enthalpies were determined as the difference between the enthalpy of the reactant and products.
III. RESULTS AND DISCUSSION
The amounts of the lignin units and the detected inter-unit linkages in spruce and wheat straw EMALs before
and after steam explosion are shown in Table 1. The amounts are based on the integrals seen in the 1H-13C
HSQC NMR spectra where the C9 unit (G2+S2,6/2) is used as an internal standard. The C2 in G units or the C2
and C6 positions in the S units are expected not to be substituted. The inter-unit linkages were determined by
integration of the H -C correlation signals in the HSQC NMR spectra (exception: H -C in -oxidized -O4
structure) and comparing to the total C9 unit integral. As example, the HSQC NMR spectrum of wheat straw
EMAL and the determined structures are shown in Figure 1.
Table 1. Amount of main inter-unit linkages and structural characteristics detected in wheat straw and Spruce
lignins before and after the SE treatment from the integration of 13C-1H correlation signals in HSQC spectra.
Interunit linkages a
-O4 (G+S)
-O4 (S)
-O4 (G)
-5

SPRUCEc
EMAL
50
50
15
4
6
1
0.9
0.8
5.5

WHEAT STRAW
EMAL
SE
66
51
41
26
25
25
10
16
5
3
8
2
trace
trace
6
2
3
1
0.7
0.6
1.4
1.5

5-5-O4
-1 (incl. SD)
-oxidized -O-4b (S/G)
-diaryl ethers
cinnamyl alcohol
cinnamyl aldehyde
Aromatic units a
S/G ratio
0.6
0.4
PCA
11
5
FA
2.7
1.9
PCA/FA ratio
4.0
2.6
Tricin
13
2
c
a
Expressed as No. per 100 C9 units (0.5 S2,6+G2).
b
H -C correlation signal integral.
c
Some contaminants from the wheat straw lignin detected.

SE
39
39
16
4
2
1
0.1
0.4
3.6
c

Cleavage of -O4 structures was found to be the predominant reaction. The level of their reduction was found to
be similar (22%) in wheat straw and Spruce, suggesting that the difference in their response to the SE treatment
is not due to differences in the main lignin reaction mechanisms. Besides the decrease in the content of -O4,
increase in the level of phenylcoumaran ( -5) linkages after the SE treatment is striking. After the SE treatment,
the molar mass values, analysed by SEC, were increased in both raw materials (results not shown). This was
contradictory with the observed high degree of cleavage of the aryl ethers, and indicates that competing
repolymerisation reactions take place.
Substantial decrease in the amount of p-coumarates (pCA) and tricin (T) was also observed. Recently,
incorporation of tricin into the lignin network via -O4 type linkage from the tricin carbon C4 has been reported
[9]. 31P NMR spectroscopy was applied to follow the reactions of tricin in SE treatment using commercially
available tricin (SelectLab Chemicals GmbH, Bönen) as model compound. Three distinct chemical shifts 136.4,
137.7 and 142.0 ppm were assigned to correspond to the three hydroxyl groups in the tricin structure. They were
also found in the wheat straw EMAL lignin 31P NMR spectrum, confirming the presence of tricin and its
decrease in SE treatment. The 31P NMR chemical shifts at 136.4 ppm and 141.67 ppm were well separated,
whereas the third signal at 137.7 ppm overlaps partly with lignin-derived p-OH signals. Since the 31P NMR
method is quantitative, it provides a means to quantify tricin in the lignin samples (Table 1).
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Figure 1. 1H-13C HSQC NMR spectra: side-chain ( C/ H 50-90/2.5-5.8) and aromatic/unsaturated ( C/ H 88160/6.05-7.65) region of wheat straw EMAL. Signals were assigned according to literature [9]. The structures
detected: (A) -O4; (Aacyl) -O4 alkyl-aryl ethers with acylated -OH; (Aox) C -oxidized -O4 structure; (B)
phenylcoumaran ( -5); (C) resinol
; (D) dibenzodioxocin (5-5-O4); (E)
-diarylether; (F) spirodienone ( 1); (I) cinnamyl alcohol; (J) cinnamyl aldehyde; (pCA) p-coumarate; (FA) ferulate; (H) p-hydroxyphenyl unit;
(G) guaiacyl unit; (S) syringyl unit; (S) C -oxidized S unit.

Figure 2. Schematic view of two different routes for the -O4 to -5 transformation.
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Density Functional Method calculations were performed to analyse the rearrangement from -O4 to
phenylcoumaran ( -5) linkages. From the bond dissociation energy point of view, there are two different routes
how the transformation can occur (Figure 2). The first route requires the formation of a tautomer from the
phenoxy radical, which is a highly endothermic reaction. The second route couples the phenoxy radical and -O4
radical so that the tautomerization energy is not needed. Altogether, transformation from -O4 to -5 (+water)
requires energy around 15 kcal/mol, which is available under the SE process conditions. It is also worth pointing
out that the -5 dilignol is actually more stable than the original -O4 dimer by 11.6 kcal/mol. Thus, the
rearrangements concluded to take place by chemical analyses are also thermodynamically justified.

IV. CONCLUSIONS
Homolytic cleavage of the -O4 linkages and recoupling to -5 linkages were identified as the main reaction
types of lignin in SE treatment, even if the results do not exclude the presence of acidolysis type cleavage and
condensation reactions. Tricin was found to have an important role in the reactions of lignin in SE treatment in
the case of wheat straw. It is cleaved from lignin probably via homolytic cleavage analogously to syringyl type
lignin units. The lignin-bound tricin may exist natively as a glyco-conjugate, possibly linked to the cell wall
matrix. In that case, the cleavage of tricin from lignin would simultaneously release lignin from the cell wall
matrix and thus enhance saccharification. This would at least partly explain the observed good response of wheat
straw to SE treatment as compared to Spruce that does contain tricin.
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ABSTRACT
Lignin is an inhibitory compound in the enzymatic hydrolysis of lignocellulosic feedstocks. Non-productive
enzyme adsorption onto lignin and subsequent enzyme inactivation is a major inhibitory mechanism that
increases the enzyme dosage and thus the costs, it also restricts enzyme recycling especially with softwood
feedstocks. The underlying mechanisms causing non-productive enzyme adsorption have remained mostly
unsolved. This paper describes interactions of the major Trichoderma reesei cellobiohydrolase Cel7A and its
catalytic core domain with well-characterized isolated lignins from different botanical origin, namely from
spruce and wheat straw. Both non-treated and steam explosion (SE) pretreated lignocellulosic materials were
used for lignin isolation and subsequent preparation of ultrathin lignin films for enzyme adsorption studies. We
applied quartz crystal microbalance (QCM) technique for real-time monitoring of enzyme adsorption onto the
different lignin films. Interestingly, more enzyme was bound onto the lignin films prepared of steam pretreated
materials, whereas botanical origin of lignin had only a minor effect on enzyme binding.
I. INTRODUCTION
Enzymatic hydrolysis of lignocellulosic polysaccharides to monomeric sugars is an attractive process for the
production of fermentable sugars for fuel and chemical industry. Biomass pretreatment, which increases enzyme
accessibility to the plant polysaccharides, is needed to reach feasible sugar yields in the process. Today, steam
pretreatment technologies that preserve lignin insoluble together with the cellulosic fraction are widely employed
in demonstration and industrial scale plants. Lignin is an inhibitory compound for the hydrolytic enzymes and nonproductive enzyme adsorption onto lignin has been identified as a major inhibitory mechanism, especially with
softwood substrates [1]. Interestingly, non-productive adsorption is less pronounced with agricultural residues [2].
The differences in lignin chemistry that result in differences in non-productive enzyme adsorption are poorly
understood; for instance, it has remained unclear whether the differences in non-productive binding are due to
botanical differences in lignin structure or due to differences in pretreatment conditions. Therefore, in this study,
lignins were isolated from steam explosion (SE) pretreated and non-treated spruce and wheat straw and used for
preparing ultrathin lignin films for quartz crystal microbalance (QCM) adsorption experiments. QCM is a surfacesensitive technique that can be used to quantify adsorption and desorption phenomena on a solid-liquid interface
in real-time.
II. EXPERIMENTAL
Enzymes, lignocellulosic materials and isolation of enzymatic mild acidolysis lignin (EMAL)
Wheat straw (Triticum aestivum) and spruce chips (Picea abies) were obtained from MTT Agrifood Research
(Jokioinen, Finland) and UPM Research Centre (Lappeenranta, Finland), respectively. Both materials were milled
through a 1 cm screen and subjected to a non-catalysed steam pretreatment (15.5 bar, 200̊C, 10 min). Lignin was
isolated from non-treated and steam pretreated spruce and wheat straw using the enzymatic mild acidolysis
procedure (EMAL) [3] with optimized enzyme treatments [4,5].
Trichoderma reesei Cel7A (TrCel7A, CBHI) and the corresponding enzyme without a carbohydrate binding
module (TrCel7A core) were purified as described in [5] and [6], respectively.
Preparation of ultrathin lignin films
The four EMAL lignin preparations were dissolved (5 g/L) in 25% (w/w) aqueous ammonia for at least 48 h until
a clear solution was obtained. The lignin solutions were filtered through a 0.2 µm cellulose-acetate filter prior to
film preparation. The lignin films were prepared by spin-coating directly onto purified silica QCM sensors (QSX
303; Q-Sense, Sweden). Ca. 200 µl of lignin solution was applied onto a QCM sensor, after which the following
spinning program was started: 1 min, 2000 rpm, acceleration 2000 rpm/s. The coating procedure was repeated for
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three times after which the coated sensors were incubated at 40°C for 1 h. The coated sensors were stored at room
temperature prior to the enzyme binding experiments.
Characterisation of the lignin films
The spin-coated lignin films were visualized by AFM using a Nanoscope IIIa Multimode scanning probe
microscope (Digital Instruments Inc., CA, USA) and silicon cantilevers (NSC15/AIBS, Micromasch, Tallinn,
Estonia). The microscope was operated in tapping-mode in air. Film thickness was determined by scratching the
lignin film with a sharp needle and by height profiling the formed groove with AFM. Water contact angles of the
films were analysed with CAM-200 contact angle goniometer (KSV instruments Ltd., Finland) after immersing
the films into ultrapure water for 4 hours and drying. Chemical composition of the film surfaces were studied with
XPS spectrophotometer AXIS 165 (Kratos Analytical, UK) wih a monochromated Al Kα X-ray source.
Quartz crystal microbalance (QCM) technique to study enzyme adsorption onto lignin films
The binding experiments were run in duplicats at 40°C using a quartz crystal microbalance (model E4, Q-Sense,
Sweden). In each measurement, 3.9 µM enzyme was fed to the system with a constant flow of 0.1 ml/min. Each
experiment was finalized by rinsing the system with 50 mM Na-acetate pH 5 buffer only. All measurements were
recorded at 5 MHz fundamental resonance frequency and its overtones corresponding to 15, 25, 35, 55 and 75
MHz. The third overtone values (15 MHz) were used for data processing.
III. RESULTS AND DISCUSSION
Ultrathin lignin films were prepared onto QCM sensors using isolated EMAL lignins from steam explosion (SE)
pretreated and non-treated spruce and wheat straw. AFM height images of the spin-coated lignin films showed that
in all cases lignin was evenly distributed on the sensor surface (Figure 1 A-D). Roughness values (Rq) of the films
ranged from 4.16 nm to 5.29 nm. In general, these values are higher than some previously reported values for
lignin films (0.93-1.38 nm in [7]). With higher magnification (Figure 1 E-F) it can be seen that the film surface is
composed of small 10-60 nm globular aggregates that are clustered together. Similar surface morphologies have
been previously reported for lignin films [7].
Figure 1. AFM height images of spin coated lignin films: A)
Spruce EMAL (5x5 µm), B) Steam explosion pretreated spruce
EMAL (5x5 µm), C) Wheat straw EMAL (5x5 µm), D) Steam
explosion pretreated wheat straw EMAL (5x5 µm), E) Spruce
EMAL (1x1 µm) and F) Wheat straw EMAL (1x1 µm). Surface
roughness values (Rq, nm) and ratios of effective surface area
and projected surface area (Sdr, %) are shown for A–D below
each image. Z-scale for all images is 37 nm.

Film thicknesses indicated that the silica sensors were fully covered with lignin polymer in the coating procedure
(Table 1), however, in the XPS analysis Si was found to account for 1-5 % of the atomic concentrations of the film
surfaces (Table 2) which typically suggests that the underlying silica layer is not fully covered. In further analysis
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with Py-GC/MS it was found that the EMAL lignins were contaminated with silica (data not shown). This silica
originates likely from industrial grade balls used in the ball milling step of lignin isolation. Nitrogen, which
accounts for 2-4 % of the atomic concentration on film surface, is originating from the enzymes used in lignin
isolation as well as from the ammonia used in dissolving the lignin samples before film coating. The XPS results
show that the SE-treatment decreases the proportion of oxygen and increases the proportion of carbon at the film
surface (Table 2). This is likely due to degradation of ether-bonds and formation of condensed structures in the SE
treatment [5]. Unexpectedly the water contact angle (WCA) values were lower for SE pretreated films compared
to the non-treated films suggesting that the hydrophobicity of lignin is not increasing in SE treatment, which has
been proposed in earlier studies [2]. On the other hand, the SE pretreated films were slightly smoother in structure
compared to the non-treated films (Figure 1), which may affect the WCA measurement. Water contact angles
(WCA) of the lignin films varied between 45.7° and 58.2°. Previously a WCA value 52.5° has been reported for a
lignin film prepared from softwood milled wood lignin [7], which is similar to the value obtained for spruce EMAL
(51.9°).
Table 1. Properties of ultrathin lignin films. SE=steam explosion, EMAL=enzymatic mild acidolysis lignin
Lignin film
Thickness [nm]
Water contact angle
Spruce EMAL
17.0 ± 2.8
51.9 ° ± 0.1
SE pretreated spruce EMAL
17.0 ± 6.6
45.7° ± 0.8
Wheat straw EMAL
13.7 ± 4.1
58.2° ± 0.4
SE pretreated wheat straw EMAL
9.6 ± 2.9
53.0° ± 0.3

Table 2. Surface chemistry of ultrathin lignin films studied by X-ray photoelectron spectroscopy

Spruce EMAL
SE pretreated spruce EMAL
Wheat straw EMAL
SE pretreated wheat straw EMAL

O (1s)
25±1.1
22±1.3
24±0.2
22±0.4

Atomic concentrations (%)
C (1s)
N (1s)
72±1.1
2±0.3
74±1.6
2±0.2
69±0.5
2±0.6
73±0.4
4±0.5

Si (2p)
2±0.2
1±0.3
5±0.1
2±0.1

Two pure monocomponent cellulase enzymes, Trichoderma reesei Cel7A (CBHI, TrCel7A) and the corresponding
enzyme without a carbohydrate binding module (TrCel7A core) were employed in the QCM adsorption studies.
TrCel7A is the major enzyme component in the T. reesei enzyme mixture accounting typically ca. 60% of total
protein.
The four lignin films were found to adsorb the enzymes to a different extent and most prominently, the SE
pretreated lignin films were found to adsorb both TrCel7A (Figure 2A) and TrCel7A core (Figure 2B) substantially
more than the non-treated lignin films. Among the SE pretreated films, the film prepared from SE pretreated spruce
EMAL was found to adsorb slightly more of TrCel7A than the film prepared from SE pretreated wheat straw
EMAL (Figure 2A). Similarly, the film prepared from non-treated spruce EMAL was found to adsorb TeCel7A
slightly more than the film prepared from non-treated wheat straw EMAL (Figure 2A). It may be concluded that
the botanical differences in lignin chemistry had minor effect on enzyme binding, whereas the effect of
pretreatment was more profound.
Carbohydrate binding module (CBM) of TrCel7A was shown to significantly increase enzyme adsorption onto
lignin films (Figure 2) which has also been shown in a previous study [8]. The aromatic amino acids responsible
for CBM-cellulose interactions are also shown to have a major contribution in CBM-lignin interactions [9].
Therefore, hydrophobic interactions are likely responsible for the higher binding of TrCel7A compared to the
TrCel7A core. Hydrophobic, electrostatic and H-bonding interactions are all suggested to contribute to nonproductive enzyme binding and therefore underlying mechanism(s) that cause increased enzyme binding onto SE
pretreated lignins may thus be complex and difficult to reveal.
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Figure 2. Enzyme binding onto the ultrathin lignin films:

Spruce EMAL lignin, ◊ SE-pretreated spruce

EMAL lignin, □ Wheat straw EMAL lignin and SE-pretreated wheat straw EMAL lignin. Continuous
injection of A) Trichoderma reesei Cel7A (CBHI) and B) T. reesei Cel7A-core domain at 40˚C. Negative shift
in QCM frequency, corresponding to mass addition on the lignin film, is shown as a function of time. Image
reproduced with permission from the publisher [5]
IV. CONCLUSIONS
Homogeneous and ultrathin lignin films were successfully generated by spin-coating isolated EMAL lignins from
steam pretreated and non-treated spruce and wheat straw. The films were employed to study non-productive
cellulase adsorption using quartz crystal microbalance (QCM) technique. Steam pretreatment was found to alter
lignin structure in such way that it increased non-productive enzyme adsorption, whereas botanical differences in
lignin structure had only minor effect on non-productive binding. Better control over the chemical reactions of
lignin in steam pretreatments could alleviate the problems arising from non-productive enzyme adsorption.
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Abstract
Redesigning lignin, the aromatic polymer fortifying plant cell walls, to be more amenable to chemical depolymerization can lower the energy required for industrial processing. We have engineered Poplar trees to introduce ester
linkages into the lignin polymer backbone by augmenting the monomer pool with monolignol ferulate conjugates.
Herein, we describe the isolation of a transferase gene capable of forming these conjugates, and its xylem-specific
introduction into Poplar. Enzyme kinetics, in planta expression, lignin structural analysis, and improved cell wall
digestibility after mild alkaline pretreatment, demonstrate that these trees produce the monolignol ferulate conjugates, export them to the wall, and utilize them during lignification. Tailoring plants to employ such conjugates
during cell wall biosynthesis is a promising way to produce plants that are “designed for deconstruction.”
i. Introduction
Lignin is a complex phenolic polymer that is essential for plant growth and development, but concurrently acts as a
major impediment to industrial processing. Research efforts globally have therefore focused on altering the natural
lignification processes to produce plants with cell walls that process more readily to, for example, liberate carbohydrates with minimal inputs [1-5]. The biosynthetic steps to produce the monomers employed in the synthesis of
lignin have been elucidated [1, 4, 5], although new genes continue to be discovered [6, 7], and several transcription
factors integral to controlling the lignin biosynthetic network have been identified [8]. It was also empirically
discovered that some perturbations led to the synthesis of lignins that incorporated alternative monomers, usually
derived from products of incomplete monolignol biosynthesis, spawning the idea that lignins could be designed to
encompass significant structural alterations that would engender unique properties [4, 9, 10].
Studies of natural plant tissues, along with those from mutants and transgenics with misregulated monolignol
biosynthetic genes, have led to some remarkable discoveries, including plants that produce homopolymers from a
range of ‘traditional’ (e.g., p-coumaryl and sinapyl alcohols [11, 12]) as well as ‘non-traditional’ monomers (e.g.,
caffeyl and 5-hydroxyconiferyl alcohols, and the hydroxycinnamaldehydes [13-16]). These observations clearly
illustrate the inherent pliability of the lignification process [4, 10, 17]. The formal ‘design’ of an improved polymer
using unconventional monomers therefore seems to be a feasible path to tailor plants with superior processing properties for both paper and biofuels production [9, 10]. To that end, the introduction of monolignol ferulate conjugates 2 (Figure 1), into the lignin monomer pool appears to be one of the most promising. These exotic conjugates
have been shown, but to date only in in vitro model systems, to be capable of introducing readily cleavable ester
bonds in the lignin backbone, permitting easier depolymerization [10, 18]. Three lines of independent research
precipitated the idea that it would be possible to engineer plants to produce such conjugates for lignification.
First, although plants have not been shown to use monolignol ferulate conjugates for lignification, all grasses use
analogous monolignol p-coumarate conjugates (Figure 1, p-coumarate analogs of 2 without the F-ring methoxyl)
[10, 19]. However, due to their preference for radical transfer over radical coupling [10], p-coumarates do not
polymerize into growing lignin chains and consequently remain almost entirely as free-phenolic pendent entities.
Second, unlike the p-coumarate moiety, the ferulate, with an additional methoxyl group, is compatible with normal
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Figure 1. General schemes for lignification and a method to provide evidence for monolignol ferulate conjugate
incorporation into lignins. A) Lignification of monolignols 1, by combinatorial radical cross-coupling reactions,
produces a lignin in which the units can be represented by generic structure 3. Analogous lignification of monolignol ferulate conjugates 2 produces structural units 4 in which lignin moieties are γ-acylated by ferulate. Sites of
radical coupling for the monolignols 1 and the conjugates 2 are indicated by magenta arrows. In the final lignin
units 3 and 4, cleavable ether bonds are indicated by dotted bonds in cyan, non-cleavable bonds in brown. B)
The DFRC method releases conjugates 8 that diagnostically result from structures 5 within the lignin; the crucial
double bond (colored green in 8) arises only upon cleavage of the signature lignin β-ether bonds, and the ferulate
moiety remains attached to its parent unit. Thus, the DFRC method releases an acetylated dihydroferulate analog
8 of the monolignol ferulate conjugate 2 that was incorporated into the lignin, via reactions that specifically cleave
lignin β-ethers but leave the γ-esters intact. As the initially free-phenolic vs. etherified units are acetate-tagged
differentially at the stage of intermediate 7, acetylation with perdeuteroacetic anhydride in the final step can fully
reveal the etherification profile of the released units, as they were in the cell wall.

lignification reactions and can integrally incorporate into the polymer [10]. Polysaccharide-lignin cross-linking
results in grasses where the arabinoxylan-bound ferulates (or the diferulates that derive from them by radical dehydrodimerization) radically cross-couple with lignin monomers and higher oligomers during lignification [10]. The
full compatibility of ferulate with lignification leads to complex homo- and cross-coupling that renders its products
difficult to detect in the lignin polymer, and makes it currently impossible to accurately quantify the extent of its incorporation [10]. As the monolignol ferulate conjugate has two phenolic moieties, it incorporates in a manner that
produces ester bonds in the lignin backbone (as schematically shown in Figure 1). Third, the substantial research
characterizing natural plant lignins and a range of monolignol biosynthetic pathway mutants and transgenic plants
with misexpressed biosynthetic genes, revealed that the process of lignification is metabolically plastic; various
non-monolignol phenolic monomers have been shown to actively participate in lignification [3-5, 9, 10, 17]. In
fact, due to the combinatorial chemical nature of lignification, and the established theory that the polymerization
process is not protein- or enzyme-mediated [17], it is logical that a phenolic compound proximal to lignifying tissue may incorporate into lignin subject to its chemical compatibility – its ability to form radicals and to couple and
cross-couple with the available phenolics. If a plant could therefore synthesize the monolignol ferulate conjugates
2 with the appropriate temporal and spatial control, and had the ability to transport them to the developing wall,
the conjugates would ultimately incorporate into the growing lignin polymer [10]. Recent studies using a corn cell
wall synthetic model system clearly demonstrated the feasibility of incorporating such conjugates into lignin and
supported the need to implement such a strategy in planta [18].
II. Experimental
Experimental details can be now found in the Supplementary Material of Reference [20].
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III. Results and Discussion
The first requirement was to obtain the gene coding for a protein/enzyme capable of catalyzing the formation of
the conjugate, a feruloyl-CoA monolignol transferase (FMT). Evidence for the existence of such a gene was found
in the Chinese medicinal ‘Dong quai’ or Chinese Angelica (Angelica sinensis) in which the root tissue inherently
contained ~2 wt% coniferyl ferulate [21]. Deep EST sequencing led to discovery of many BAHD transferases. The
second most abundant transcript had only moderate similarity to any putative Arabidopsis gene (Arabidopsis is not
known to make such ferulate conjugates), and ultimately produced a recombinant protein in E. coli with the desired
transferase activities, namely high activity with feruloyl-CoA and low activity with p-coumaroyl-CoA. Such selectivity ensures that the enzyme would not use p-coumarate to produce monolignol p-coumarate conjugates that,
as we know from grasses, do not introduce ester bonds into the lignin backbone. Additionally, the enzyme could
employ any of the three monolignols as a target substrate.
A key additional step consisted of expressing the gene spatially and temporally in the tissues that form lignin. This
was successfully achieved in hybrid Poplar (Populus alba × grandidentata) using both a universal 35S promoter
and the Poplar CesA8 xylem-specific promoter involved in secondary cell wall cellulose biosynthesis. Fusion with
a YFP reporter gene demonstrated that the protein was indeed being produced, and facilitated localization for each
promoter employed. Examination of leaf extracts showed that, unlike in the control plants, FMT protein was being
produced in planta in many tissues in the case of the ubiquitous promoter, and only in the leaf vasculature (xylem)
when the CesA8 promoter was employed (Figure 2). We subsequently isolated the FMT protein from these plants
and demonstrated in vitro that it was able to produce the target conjugates from its substrates, feruloyl-CoA and
a monolignol. In all cases, the plants showed no phenotypic growth abnormalities in the greenhouse (Figure 2).
The total lignin levels generally remain the same as in wild-type (WT) controls, and displayed only a very slight
consistent increase in the syringyl to guaiacyl (S/G) ratio.

A

B

100 μm

100 cm

C

D

100 μm

100 μm

Figure 2. Images showing YFP-tagged FMT protein in Poplar leaves from transgenics in which the Angelica
sinensis FMT gene was driven by the universal 35S or the Poplar xylem-specific CesA8 promoter. A) Poplar
FMT transgenics growing in the greenhouse do not display any visible phenotypic differences from WT. B) Nontransgenic control line, C) 35S::FMT, showing universal FMT expression. D) CesA8::FMT line showing vasculartissue-specific FMT expression.
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Unequivocally determining that these plants are capable of incorporating monolignol ferulates into the lignin polymer is particularly challenging because ferulate is naturally integrally incorporated into lignins by combinatorial
radical coupling. However, Derivatization Followed by Reductive Cleavage (DFRC) is capable of cleaving the
lignin-signature β-ether bonds but leaves γ-esters intact, and has previously been used to analyze p-coumaroylated
lignins [22]. Using modifications to this method, we were able to show that the novel monolignol ferulates, coniferyl ferulate 2G and sinapyl ferulate 2S (Figure 1), are indeed incorporated into the lignin of the transgenic trees.
Thus, a small fraction of the expected structures 5 in the polymer that would result from incorporating monolignol
ferulate conjugates into lignins (Figure 1) can be cleaved, releasing monolignol (dihydro)ferulate conjugates 8
that are quantifiable by GC-MS (Figure 1B). Importantly, the double bond in the monolignol moiety of 8, as in
the normal DFRC monomers, arises only from reductively cleaving the β-ether bond. Compounds 8 are therefore
diagnostic markers indicating that the monolignol ferulate conjugate 2 has incorporated into the polymer by radical
coupling. However, structures 5 shown in Figure 1B are only a small fraction of the many structures (represented
by the generic structure 4) that can result when the combinatorial radical coupling reactions incorporate monolignol ferulates into lignin, but they are the only components that can generate the diagnostic product 8 (Figure
3). The methodology does, however, permit
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A key feature that allows the ensuing modified lignin to be depolymerized under mild conditions is the incorporation of the ferulate unit into the lignin backbone rather than simply existing as a pendant unit. Further insight into
how well the conjugates are incorporated is revealed following an isotopically-labeled-reagent modification to
the DFRC method [23]. We determined that 53% of the ferulate and 53% of the coniferyl alcohol moieties in the
releasable conjugates were from phenol-etherified units, and 36% resulted from units that have both ends of the
conjugate etherified. As only a small fraction of units can release the conjugate, and because the double bond in the
coniferyl alcohol moiety implies that it is derived from a β-etherified unit, an etherified phenolic level comparable
to that of guaiacyl monomers released by DFRC, determined in the same runs here at ~50%, confirms that the
conjugate is incorporated into the lignin polymer approximately as well as a conventional monolignol.
Quantifying the level of conjugate incorporation is also a challenge. Currently, no method exists for the analogous
quantification of the arabinoxylan-bound ferulates that are incorporated into grass lignins, and it has remained
extremely difficult to even detect them, e.g., by NMR, decades after their discovery due in part to the huge range
of combinatorial products. An estimate can be made using a model system in which isolated cell walls were ectopically lignified with coniferyl alcohol and 0, 20, 40, and 60% coniferyl ferulate [18]. By plotting the release of
the DFRC conjugate in the model system and those released from the current transgenic lines, we estimate that the
CesA8::FMT Poplar trees are incorporating ~7-23% of the ferulate conjugates 2 into their lignins.
The utility of lignins altered in such a fashion is ultimately determined by how well the ensuing cell walls containing these specialized conjugates can be processed industrially. Significant improvements in saccharification following mild alkaline (6.25 mM NaOH, 90 °C, 3 h) pretreatment [24] are evident in the lines determined to contain
high levels of transcripts, proteins, and lignified ferulate conjugates (Figure 4).
IV. Conclusions
The initial concept of inducing plants to use monolignol ferulate conjugates during lignification is clearly realized
here; our approach appears to be capable of producing plant materials that are “designed for deconstruction.” In
a fundamental sense, it supports the idea that we can exploit the inherent metabolic plasticity of lignification [4]
to alter lignins for societal benefit by inducing plants to synthesize novel phenolic monomers that are compatible
with inherent plant biochemistry and development. The strategic introduction of ester bonds into the backbone of
the lignin polymer is an advance that portends the production of crop plants in which cell wall deconstruction can
be realized with reduced energy and/or chemical inputs.
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ABSTRACT
Recently, the development of quantitative 2D NMR pulse sequences such as QQ-HSQC allowed for the
quantitative determination of lignin interunit bondings by the use of a specific d C2-H signal of the guaiacyl
units. This approach permits the characterization of lignin samples in the presence of impurities and
contaminants. On the basis of this experimental approach the lignin paradigms about degree of polymerization
and branching have been critically revised. By coupling QQ-HSQC with 31P-NMR and DFRC analysis, it was
possible to unambigously demonstrate that MWL is an oligomeric system with a high propension to π stacking.
The quantitative approach allowed to exclude the significative presence of non-phenolic diphenyl and 4-O-5’
substructures. This implies that MWL is a linear oligomeric species.

I. INTRODUCTION
Lignin is a random network polymer lacking of repetitive units and repetitive interunit bondings. Despite the
huge amount of studies performed its structure and polymerization degrees are to date not fully understood. This
is largely due to lack of suitable analytical tools to reliably and extensively characterise such a complex system.
From this viewpoint the determination of lignin molecular weight distribution is an illuminating example.
Several analytical techniques have been employed in order to characterise lignin average molecular weight,
ranging from vapour osmometry to GPC and light scattering; however different analytical techniques give rise to
discordant results.
More specifically vapour osmometry can give informations related to the number average molecular weight,
while light scattering provides data about weight average molecular weight of lignins. These techniques suffer
from the disadvantage of being affected by supramolecular aggregation processes. Lignin in fact shows a high
tendency to aggregate and the results of such analyses are strongly dependent upon the freshness of the lignin
preparation studied.
To date the most diffuse analysis method for lignin MW determination is GPC. Data obtained from this
technique are however scarcely reproducible. One reason is the lack of MW standards with a hydrodinamic
volume comparable to lignin. The second reason that accounts for the variability of the results obtained by GPC
analysis of lignins is the variety of eluant systems and derivatization processes employed.
During the last years the development of advanced NMR techniques both homo- and hetero- correlated has
provided a new tool for the elucidation of lignin structure. More specifically, 31P-NMR allows an accurate and
reliable quantification of the phenolic OH groups. (2D) 13C-1H-correlated (HSQC, HMQC) spectroscopy, which
combines the sensitivity of 1H NMR with the higher resolution of 13C NMR, continues to be the best method to
reveal the frequencies of the different lignin units and the interunit bonding patterns and has allowed their use as
a valid analytical technique in the analysis of complex samples.
More recently the development of quantitative HSQC sequences allowed to quantify different interunit bondings
present in lignins[1]. The QQ-HSQC NMR pulse sequence can be successfully applied to lignin structural
elucidation. It provides good resolution and signal to noise ratio in a reasonable analysis time. The standard
deviations of the results were found ranging from 0,01 to 2 bondings per 100 C9 units. The choice of the G2 or
(S2,6)/2+G2 signal as an internal standard for softwood and hardwood lignins respectively allowed to reduce
experimental errors connected to the addition of a low MW compound that could have affected the quantitative
analysis due to T2 effects. Furthermore, the direct evaluation of the C9 units allowed to use 2D NMR as the sole
analytical technique.
NMR spectroscopy is a technique that allows to determine the average degree of polymerization (and thus its
number average molecular weight) of a polymer avoiding interferences due to supramolecular aggregation,
provided the knowledge of monomer formula weight and the possibility to quantitatively integrate the amount of
end groups and monomers of the polymer studied.
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Due to its complex structure, the determination of the DP of lignin cannot be directly accomplished by routine
NMR experiments. However the joint use of 31P-NMR analysis and QQ-HSQC allowed to develop an analytical
tool for the determination of the average degree of polymerization of lignin that does not suffer from
interferences due to polymer branching or supramolecular aggregations.
Quantitative 2D-NMR was performed by a recently reported adiabatic quantitative pulse sequence, the quick
quantitative HSQC (QQ-HSQC) that allows the direct and accurate determination of the lignin subunits in a few
hour time, without suffering from the lack of accuracy typical of wet chemistry methods.

II. EXPERIMENTAL
HSQC and QQ-HSQC NMR spectra were carried as previously reported.[1, 2]
31

P-NMR analysis were performed as previously reported. [1, 2]

III. RESULTS AND DISCUSSION
Lignin branching revisited
Lignin branching may originate by the presence of non-phenolic 5-5’ and 4-O-5’ lignin subunits as shown in
figure 1A.

NO signal!

Figure 1. A: Possible branching structures in lignins; B: Quantitative 31P-NMR after DFRC.
In order to evaluate the occurrence of branching in lignin, samples of softwood MWL were submitted to
quantitative 31P-NMR after DFRC treatment. The DFRC procedure consists in an acetobromination step that
causes the selective functionalization of β-aryl ether bondings and simultaneous acetylation of free phenolic
groups.[3] The ensuing reduction step causes the cleavage of the β-aryl ether bond with release of the phenolic
OH groups involved. We applied this technique for the identification of etherified condensed lignin subunits.
More specifically, softwood and hardwood MWL samples were submitted to DFRC treatment, and the resulting
fragments from the selective β-aryl ethers cleavage were submitted to 31P NMR analysis according to the
analytical protocol previously reported by Argyropoulos.[4]
Upon DFRC treatment the units reported in Figure 1 are supposed to release free phenolic groups, while the
corresponding phenolic subunits result acetylated. As such 31P-NMR after DFRC would show only the
occurrence of these branching units in lignin. Our experiments showed that, within the instrumental detection
limits, these phenolic units are not present. The results (Figure 1B) indicate that branching is not significantly
present in softwood and hardwood MWL.
Toward the Determination of Lignin Degree of Polymerization
In a specific polymer, the average degree of polymerization is defined as the ratio between the monomeric units
that constitute the polymer and its end units. The end-group titration method allows, once the monomer average
weight is known, to know the average degree of polymerization of a specific polymer. This methodology is
completely unsensitive to supramolecular interactions.
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The amount of monomeric units in lignin can be easily determined by elemental analysis and methoxy groups
determination according to the Zeisel method. In this way it is possible to develop a C9 formula to calculate the
average amount of monomeric units.
Nature and Determination of Lignin End Units and Lignin Interunit Bondings
The amount of end units in lignin is more complex to be determined. The terminal phenolic end units can be
easily quantitatively evaluated by 31P-NMR. In principle phenolic 5-5’. 4-O-5’ and dibenzodioxocines could
introduce additional NON end of chain phenolics. However, the terminal biphenyl and 4-O-5’ units show well
resolved signals in the 31P-NMR spectrum of lignin (Figure 1). Phenolic dibenzodioxocines instead are
overlapped with guaiacyl phenolic OH groups. As such the total amount of the terminal phenolic units in lignin
can be easily evaluated by subtracting the DBDO amount, as evaluated by QQ-HSQC, from the guaiacyl
phenolics quantified by 31P-NMR.

Figure 1. A: Lignin terminal phenolic units and quantitative 31P-NMR of lignin; B: QQ-HSQC of MWL

The terminal aliphatic end groups in lignin consist in cinnamyl and benzoic acids, cinnamyl aldehydes,
benzaldehydes, cinnamyl alcohols and arylglycerols. They can be easily quantified by QQ-HSQC and 31PNMR. However, their occurrence in lignin could be also evaluated by classical wet chemistry methods.
The average degree of polymerization in lignin can thus be calculated as follows:
DP= C9 units/0,5 END GROUPS.
Table 1 shows the average degree of polymerization and the maximim experimental error associated, obtained
for three different softwood and hardwood MWL.
Table 1
Lignin sample

DP

DP max error

Black spruce-MWL

5,7

0,7

Norway spruce-MWL

9,4

2,2

Norway spruce-EMAL

7,2

2,0

Beech-MWL

12,1

5,9
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IV. CONCLUSIONS
Advances in analytical and spectroscopic chemistry have dramatically refined our knowledge of lignin chemistry
over the past two decades. The knowledge gained in these studies, has defined the structure of milled wood
lignin, reported in Figure 3, as drastically different polymer from what accepted before. More specifically MWL
is composed of supramolecular aggregates of linear oligomers, as was in fact postulated in 1974.[5]
These features now reveal characteristics of lignin structure that will pave the way to addressing key limitations
and present us with application opportunities.
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Figure 3. Schematic representation of softwood milled wood lignin. The structures reported are indicative of the
occurrence of each interunit bonding and do not strictly reflect the statistical frequency.
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Renmatix Inc., 660 Allendale Rd., King of Prussia, PA 19406 (*mikhail.balakshin@renmatix.com)
ABSTRACT
The advantages and limitations of different analytical protocols for isolation of lignin preparations and various
methods in the analysis of native and technical lignins, such as routine (31P NMR), advanced (13C NMR), and
cutting edge NMR techniques (quantitative 2D NMR) are discussed. Our vision on the best analytical strategy
for different classes of lignin substrates is proposed.
I. INTRODUCTION
Detailed information on the molecular structure of lignin is a key factor in understanding lignin reactivity in
various biorefining processes and for industrial utilization of technical lignins. Therefore, reliable,
comprehensive and productive analytical methodology is of primary importance in lignin engineering and
commercialization.
A review of the prior art [1] shows a very high variability in the data reported on the structure of the same (or
similar) technical lignins (see Table 1 as an example). This can be caused by variations in different analytical
methods used, within method deviations as well as data interpretation. Therefore, important analytical issues
have not been sufficiently addressed in the previous studies and more efforts are required towards the
standardization and validation. Meanwhile, it is more accurate to compare the structural data obtained with the
same analytical method in the same lab. The use of “reference” lignin samples (well-investigated lignins, such as
Alcell and Indulin AT) would be also very beneficial to insure at least relative comparison.
As the most common analytical methods for structural lignin analysis nowadays are quantitative 31P NMR, 13C
and 2D HSQC techniques, we focus our efforts on their critical evaluation.
Table 1. Summary of the prior art on the analysis of reference Indulin and Alcell lignins (mmol/g).
Lignin

Total OH

PhOH

AliphOH

COOH

Mn, KDa

Mw, KDa

Indulin AT

5.2-9.4

3.2-5.3

2.1-4.1

0.36-1.35

1.3-2.2

3.7-19.8

Alcell

3.7-7.9

2.4-5.7

1.1-3.0

0.23-1.22

0.44-1.5

1.44-21.8

II. RESULTS AND DISCUSSION
Lignin Isolation from Wood (Biomass)
Most of the methods for analysis of lignin in wood/biomass require lignin isolation. Various isolation protocols
[2,3] are shown in Figure 1. Advantages and limitations of different lignin/LCC preparations are summarized in
Table 2. The choice of a preparation depends on the research objectives and analytical methods to be used. In
general, hardwood (HW) CEL and softwood (SW) CEL or/and MWLp are the most appropriate preparations for
detailed structural analysis of HW and SW lignins, correspondingly. However, preparations of other types can be
useful in certain specific cases (Table 2).
Lignin Analysis
Comparison of quantitative 31P and 13C NMR methods for analysis of lignin OH groups
Factors affecting the accuracy of the analysis of lignin hydroxyl and carboxyl groups with 31P NMR have been
further elucidated. Two modifications of 31P NMR analysis of lignin, namely the protocols using 1,3,2dioxaphospholane (31P NMR-I) and 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (31P NMR-II) as
phosphorylation reagents, with different internal standards were studied. The previous 31P NMR-II standard
protocol underestimates OH groups by about 30% whereas 31P NMR-I standard protocol tends to produce
overestimated data (Figure 2). It has been shown that cholesterol is not an appropriate internal standard resulting
in underestimated values for OH groups due to incomplete baseline resolution. The best internal standard has
been found to be endo-N-hydroxy-5-norbornene-2,3-dicarboximide. Strong care should be taken related to the
stability of the internal standards to avoid inflated results due to IS degradation. Under modified optimized
conditions, both methods show a good correlation with the 13C NMR protocol in the quantification of hydroxyl
groups as average for a set of 17 HW and SW native and technical lignins with the variability between the
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methods in the range of 5-15% (Figure 2). However, the 31P NMR protocols reports about twice lower COOH
content as compared to the 13C NMR data.
It is important to note that G-condensed and S units cannot be separated in 31P NMR spectra and 5-substituted
PhOH should be reported instead. This also implies that the S/G ratio and the degree of condensation (DC)
cannot be determined by 31P NMR [4].

Figure 1. Summary on isolation of lignin/LCC preparation.
Table 2. Comparison of different isolation methods.
Type

Pros

Cons

Recommendations

13

Dissolved
Cell Walls

Whole CW can be analyzed
with high-resolution 2D NMR

Not suitable for C NMR
Limited for LCC analysis

Analysis of the whole CW;
Biomass fingerprinting

RCEL-80

Very high yield
Very low degradation

Low solubility
Enz. esters and PhGly cleavage

Reference for the whole lignin (by
2D NMR)

Very representative; yieldindependent structure; high
purity (HW); good solubility

Enzymatic esters and PhGly
cleavage

Best for major lignin structures
and benzyl ether LCC (by 13C/2D
NMR)

No enzymatic degradation;
High purity (SW MWLp)

Less representative (HW)
Yield-dependent structure (HW)
Mechanical degradation

Good for SW (MWLp)
Analysis of esters and PhGly
structures (MWLc)

DL

High yield and purity

Acidic modification

Fast and simple isolation protocol

EMAL

High yield and purity

Some chemical modification

CEL
MWLc
and
MWLp

?

Figure 2. Correlation between the standard and the modified 31P NMR protocols using PR-I and PR-II (left) and
between the data obtained by the modified 31P NMR-II and the 13C NMR with IS methods (right).

64

© CSIC © del autor o autores / Todos los derechos reservados

13th European Workshop on Lignocellulosics and Pulp

Comprehensive 13C NMR analysis of technical lignins
The 13C NMR analysis of lignin can provide with a large amount of valuable structural information (20-30
numbers per analyzed lignin sample) in a reasonable experimental time which permits considering the 13C NMR
method as one of the most productive in lignin analysis. The analysis of native and technical lignins [1,2] (see
Table 3 as an example) clearly showed dramatic changes in lignin structure during various biomass processing.
In addition to between-process variations certain within-process lignin structural changes could be documented.
Appreciable differences in the structure of technical lignins from different tree species were obvious and they
were significantly larger than the differences in the structure observed for native lignins in these tree species. In
fact, species-originated variations are similar or even larger than the variations in major lignin functionalities
caused by different delignification and biorefinery technologies. In addition, 13C NMR with IS [4,5] is likely the
best analytical approach to obtain lignin structural information expressed both in mol% (units/Ar) and in mmol/g
and to establish a correlation between these important modes of data reporting [1,4]. The former is very useful
in understanding of the fundamentals of lignin structures and different reaction mechanisms of lignin
transformation. The latter is more practical for industrial lignin applications.

Table 3. 13C NMR analysis of main structural moieties of different native and technical lignins (per 100 Ar).
Moieties

Birch
MWL

Spruce
MWL

Birch
Kraft

E. glob.
kraft

E. grandis
kraft

Pine
kraft

Indulin
AT

Alcell

Douglas
Fir OS

Total CO

12

21

9

14

12

11

12

35

20

Non-conjug. CO

3

5

4

5

4

4

5

16

7

Conjugated CO

9

14

5

9

8

7

7

19

13

Total COOR

4

5

20

18

16

21

16

19

6

Aliph COOR

3

4

18

16

13

20

15

15

5

Conjug. COOR

1

1

2

2

3

1

1

4

1

Total OH

150

138

107

128

119

108

123

104

118

Aliphatic OH

129

107

27

51

39

34

51

32

37

Primary OH

73

68

23

29

24

23

32

18

27

Secondary OH

56

39

3

22

15

11

19

14

10

20

31

80

77

80

74

67

72

81
n.a.

Phenolic OH
S/G ratio

3.02

n.a.

1.7

2.5

1.4

n.a.

n.a.

1.3

ArH

209

260

172

191

186

218

235

209

DC

16

38

65

37

55

82

65

33

73

ȕ-O-4

66

45

2

12

5

3

7

8

<5

ȕ-ȕ

11

4

3

2

3

5

4

3

1

ȕ-5

2

9

2

1

2

3

4

3

3

OCH3

177

95

141

141

125

81

80

117

85

Oxyg. aliphatic

260

215

86

110

79

72

94

94

86

Sat. aliphatic

15

30

64

46

55

85

68

96

62

-OEt

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

13

10

13

Table 4. Analysis of technical lignins (per 100 Ar) by a combination of C and HSQC NMR techniques [7]
Units
ȕ-O-4-G
ȕ-O-4-S
Benzyl ether LCC
ȕ-5
ȕ-ȕ
Ar-CH=CH-CH2OH
Ar-CH2-CH2-CH2OH
Ar-(CH2)n-COOH
Ar-CHOH-CHOH-CH2OH
Ar-CH=CH-Ar‘
Ar-CH=CH-O-Ar‘
Alk-Ar‘

Copia gratuita. Personal free copy

Pine Soda
Dissolved

Pine Kraft
Residual

E. globulus Kraft
Residual

E. grandis Kraft
Dissolved

0.7
na
1.1
1.3
2.7

5.2
na
2.8
1.8
4.0
1.5
4.2
3.8
0.6
25.2
nd
2.1

5.8
21.8
2.3
0.8
7.5
6.4

1.7
2.2
0.8
0.7
4.6
1.2
1.3
1.5
tr
13.1
tr
2.4

2.9
6.9
3.5
4.1
2.0
4.7
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Advanced 2D NMR approach

2D NMR methods, specifically an HSQC technique, allow to distinguish specific structural characteristics of
various lignins and LCC preparations [3,6,7], in contrast to traditional analytical methods including
comprehensive 13C NMR. As an example, Table 4 presents important quantitative information on various
structural lignin units, such as condensed lignin moieties, products of β-O-4 bond cleavage, vinyl and alkyl-aryl
structures and others, which were not possible to quantify with 13C NMR [7]. The HSQC method can be used
alone[6], but it is more powerful in a combination with quantitative 13C NMR [3,7,8]. A good general correlation
between the 13C/HSQC approach the prior art in the analysis of spruce MWL has been reported [8]. However,
further detailed validation of the method for different lignin/LCC preparations would be desirable.
Table 5. Pros and cons of the different NMR methods for lignin analysis
31

13

P NMR

C NMR

2D (HSQC) NMR

Numbers reported

4-5

>20

large

Fingerprinting

no

good

excellent

Molecular structure

no

some

excellent1

OH, COOH (?)

various

no

yes

no

high

high-medium

any

1-4 h of prime time

overnight/<1h2

overnight/<1h2

beginner/intermediate

expert

expert

Functional groups
Quaternary C moieties
Lignin purity requied
NMR time
Qualification required
1

2

For the side chain structures; For CryoProbe

TM

experiment

III. CONCLUSIONS
Among a wide viriety of procedures for lignin isolation from wood, the CEL method appears to be the most
suited for detailed characterization of wood lignins. The modified 31P NMR protocols allow for a simple and
accurate quantification of major OH lignin functionalities (provided that unjustified conclusions are avoided). A
combination of quantitative 2D and 13C NMR methods is the most powerful approach in lignin analysis. At the
same time, significant efforts still should be made to address the between-lab deviation and to standardize the
analytical methodology. The use of reference lignins is very helpful for methods validation and data comparizon.
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ABSTRACT
The macromolecular structures of plant cell wall polysaccharides, especially heteropolysaccharides or
hemicelluloses, are extremely complex due to the presence of different monosaccharides used as building blocks
(that usually are isobaric stereoisomers) and the variations in sequence (e.g. linkage, branching, and distribution
of side chains). This structure gets even more complicated in their chemical derivatives, when lack of
regioselectivity of such chemical modification procedures is typical. Structural elucidation of polysaccharides
involves obtaining data from numerous analytical approaches, each of which gives some structural information,
and the assimilation/integration of this data into a chemical structure that rigorously and uniquely fits all the
available structural information. The present work focused on developing a methodology for the analysis of plant
polysaccharides (xyloglucans and galactoglucomannans) and their derivatives by integrating enzymatic
approaches with chromatographic (hydrophilic interaction chromatography, HILIC) and mass spectrometric
techniques (matrix-assisted laser desorption/ionization-time-of-flight MS, MALDI-TOF-MS, electrospray
ionization MS, ESI-MS, and tandem MS). This methodology will be exploited towards the understanding the
structural diversity of plant polysaccharides and the chemo-enzymatic modification mechanisms of their
derivatives. Semi-quantitative information about the substitution pattern of these derivatives can also be obtained
from this powerful approach.
I. INTRODUCTION
Of all the natural plant cell wall polysaccharides, hemicelluloses are the second most abundant biorenewable
compounds after cellulose, representing an immense renewable resource of biopolymers. Structural and
composition complexities of hemicelluloses, e.g. variety of monosaccharides constituents, glycosidic linkage
position, and conformation, result in their previously unperceived application. However, recently they are
increasingly attractive as biopolymers, which can be utilized in their native and modified forms in various
application areas.
Xyloglucan (XG) is a natural polysaccharide with a common structure of β-(1→4)-linked D-glucan, where three
out of four glucose residues are substituted with α-D-(1→6) xylose [1]. Galactoglucomannans (GGMs) from
wood, e.g. spruce, consist of both β-(1→4)-linked D-mannose and glucose residues in the backbone and α-D(1→6) galactose residues attached as single-unit side-chains [2]. Both XG and GGM have been developed for
various applications in their native or modified forms. However, detailed structural information of XG and GGM
derivatives still need to be elucidated.
Accurately profiling the structural details of plant polysaccharides and their derivatives is fundamental for their
application. In addition to the inherent complexity of native polysaccharides, their chemical modification for
material applications introduces an additional level of complexity for structural analysis. MALDI-TOF-MS and
ESI-MS have become key techniques for identification and molecular mass profiling of polysaccharides that are
present in complex mixtures. Coupling of various chromatographic isolation methods with mass analyzers have
been developed to reduce the complexity of analyte mixtures.
The present work focused on developing a methodology for the analysis of plant polysaccharides and their
derivatives by using chromatographic and mass spectrometric techniques, towards understanding the structural
diversity of plant polysaccharides and the chemo-enzymatic modification mechanisms of their derivatives.
II. EXPERIMENTAL
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Material and chemicals
XG was obtained from tamarind seed and GGM was prepared from Norway spruce. Preparations of XG and
GGM derivatives have been reported previously [3-6]. The 2,5-dihydroxybenzoic acid (DHB) matrix was
purchased from Sigma-Aldrich (Sweden AB). Endo-1,4 β-mannanase and xyloglucan-specific endo-β-1,4glucanase were obtained from Megazyme International (Bray, County Wicklow, Ireland).
Hydrolytic approaches
Incubations of native or derivatives of XG and GGM solution (1 g/L), enzyme and ammonium formate buffer
(pH 4.5) were performed for 16 h at 37 ℃ for end point release of oligosaccharides. After incubations, the
enzymes were denatured by boiling for 10 min and separated by ultrafiltration (Millipore®, Germany).
Chromatographic isolation and mass spectrometric detection
MALDI-TOF-MS analysis of oligosaccharides was performed by using a MALDI-TOF mass spectrometer (SAI
Ltd., UK) equipped with a nitrogen laser of 337 nm, operated in positive ion mode and with accelerating voltage
of 20 kV. Positive-ion ESI-MS and collision induced dissociation (CID) MS/MS experiments were carried out
on a Q-TOF2 ESI mass spectrometer (Micromass, UK). Analyte solutions (10-100 ng/μL) were infused into the
mass spectrometer by a syringe pump (0.5 μL/min). Chromatographic separations of oligosaccharides were
carried out on an Amide column (3.5 µm, 1.0 ×50 mm, Water Corporation, USA) which was coupled to the ESIMS/MS detector. Mobile phase: (A) 5% ACN and 0.1% formic acid; (B) 95% ACN and 0.1% formic acid.
III. RESULTS AND DISCUSSION
Characterization of XG and its derivatives by MALDI-TOF-MS and ESI-MS

Figure 1. Mass spectrum from MALDI-TOF-MS analysis of XG oligosaccharides and their derivatives. Note:
Noni., and B, refer to the nonionic and cationic moieties of the XG derivatives, respectively.
As shown in Figure 1 and Figure 2, the peaks from functionalized XG (spectrum of GGM samples are not
shown) oligomers were marked with a star. Most of the glycan oligomers were preferentially in the form of Na+
adducts and a few of protonated molecular adducts (not including the cationic derivatives). The mass spectrum in
Figure 1 identified the oligomers of XG and its derivatives that were released by enzymatic hydrolysis. The
MALDI technique gives qualitative information at most of the time, however, comparison of the spectra between
high and low DS of the XG derivatives may give some general semi-quantification information. For example,
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the intact XG oligomers ions (m/z 953, 1247, 1409) co-exist with these anionic XG ions (marked with star) and
shown high relative intensity in the low DS anionic XG sample, while these anionic molecular ions dominated
the spectrum in the high DS anionic XG sample.
The ESI-MS spectra (Figure 2) of XG oligosaccharides and its derivatives are basically in agreement with the
results from MALDI analysis (Figure 1) about the composition of the oligosaccharides and their derivative
mixture. However, the relative intensity of some peaks detected by this two techniques were significantly
different, especially these of derivatives. For example, the MALDI results of cationic XG shown that the high
molecular mass ions have higher relative intensity (e.g. m/z 1502 and 1340), while the ESI method giving an
opposite result, i.e. lower molecular weight ions (e.g. m/z 722, 590) tends to have higher relative intensity. The
in-source collision induced dissociation (CID) of ESI-MS and the mass discrimination effect of MALDI analysis
can explain such differences [7].

Figure 2. Mass spectrum from ESI-MS analysis of XG/GGM oligosaccharides and their derivatives
Characterization of XG and their derivatives by LC-MS/MS
MALDI-TOF-MS and ESI-MS enable the fast identification of oligosaccharides in the mixture as shown in
Figure 1 and Figure 2. However, the presence of isomeric components makes the structural elucidation difficult.
Coupling of chromatographic separation and mass spectrometric analysis provides additional analytical approach
to profile the analytes and their structures. The chromatograms from HILIC separation in Figure 3 illustratethat
both XG and its derivatives oligomers can be separated sufficiently. However, sometimes there are more than
one peak are assigned with a same structure as shown in Figure 3 and tandem MS analysis (not shown here). For
example, as analyzed in Figure 3, the “XG” oligomers in the cationic XG derivatives showed two peaks at 5.56.2 min which is the dehydration product ion (m/z 479) of normal “XG” ion (m/z 497), and at 7.0-7.7 min which
belongs the normal “XG” oligomer respectively. Similarly, the two peaks (Figure 3) of cationic XG at 11.6-12.2
min and 12.2-12.9 min sharing the same molecular mass of 590 Da (MS analysis), however, by analyzing their
fragmentation pattern (tandem MS, not shown here) we found they have different structures.
IV. CONCLUSIONS
This work presents a comprehensive study of the structures of XG, GGM, and their derivatives (cationic,
nonionic and anionic derivatives) via chemo-enzymatic, mass spectrometric, and chromatographic approaches.
Semi-quantification information can be obtained from MALDI-TOF-MS and ESI-MS techniques to quickly
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distinguish the high or low substitution of the polysaccharides derivatives with prudent evaluation. Combining of
the separation by HILIC and fragmentation analysis by ESI-MS/MS enables efficient structure identification and
semi-quantification of oligosaccharides and their derivatives in complex mixtures.

Figure 3. HILIC separation of XG and their derivatives oligomers
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ABSTRACT
The work of our group has focused at creating new opportunities for softwood kraft lignin in markets that
include value added polymers. During this presentation we will describe our systematic efforts in the following
four areas aimed at actualizing our objectives: (i) Providing a detailed molecular understanding of the way the
polymeric properties of kraft lignin and its derivatives are affected by thermal treatments. The accumulated data
is aimed at providing the foundations for a rational design of single or multi-component lignin-based
thermoplastic materials with reproducible polymeric properties when thermally processed in a number of
manufacturing cycles. (ii) Creating new thermoplastic lignin polymers and precursors to carbon fibers by
applying propargylation derivatization chemistry followed by thermal treatments, offering a versatile novel route
for the eventual chain extension & utilization of technical lignins with a significant amount of molecular control.
(iii) Refining technical kraft lignin so as to expose its potential as a source for reactive polyphenols of welldefined molecular weight polymers and oligomers. More specifically, we have demonstrated that a continuum of
narrow fractions can be isolated from softwood kraft lignin, common to a variety of such sources irrespective of
the manufacturing details of the pulping process. Such consistently homogeneous lignin streams from
LignoboostR lignins offer significant commercial ramifications. (iv) Creating heat stable kraft lignin copolymers
with heat stabilities approaching 300 0C 8.

I. INTRODUCTION
Most efforts to utilize lignin have been limited by various factors that impart in it characteristics that define it as
an unreliable precursor to polymer production. This is because lignin (and more specifically technical lignin)
offers relatively unpredictable polymerization characteristics, is of low molecular weight offering materials of no
mechanical integrity , is highly functional & reactive causing gel formation and is highly heterogeneous and of
variable nature depending on the details of the pulping process.
Consequently, if one is to create new opportunities for softwood kraft lignin in markets of value added polymer
products one needs to thoroughly address these limitations.
Thermal and Polymer Characteristics of Kraft Lignin & Derivatives.
Overall, our review of the literature has revealed that the molecular events that occur within technical lignin at
low temperatures prevent it from being processed as a thermoplastic polymer. Such molecular events
undoubtedly define vital polymeric properties of the material, including its Tg, molecular weight distribution, and
thermal stability. Consequently, this work focused on a molecular understanding of the way the thermal
properties of kraft lignin are affected by different chemical derivatizations. The conclusions from the
accumulated data may provide the foundations for a novel rational design of single-component, kraft ligninbased, thermoplastic materials with consistent thermal properties when thermally processed in a number of
heating and cooling manufacturing cycles1
Since the primary objective in this effort is the accumulation of data aimed at a rational design of
lignin-based thermoplastics, the thermal instability of softwood kraft lignin at temperatures even below its Tg
(153 °C) represents a major obstacle that needs to be overcome2. For lignin thermoplastic creation, stable melt
characteristics are required when thermally processed above its Tg over a number of manufacturing cycles.
Furthermore, a variety of radical mechanisms point to the need of derivatization chemistries for kraft lignin to
inhibit the onset of radical coupling reactions. The following experiments were, therefore, performed to offer a
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molecular understanding of the way the polymer properties of kraft lignin and its derivatives are affected as a
function of their thermal treatment.
Since thermoplastic materials are always processed above their Tg, an underivatized softwood kraft
lignin and two fully derivatized (oxypropylated and methylated) samples were subjected to heating 20 °C above
their Tg as a function of time. The treated samples were then subjected to molecular weight characterization
using GPC. It should be noted here that the derivatization protocols applied were specific to the phenolic OH
groups of the softwood kraft lignin3, allowing for meaningful correlations to be made as to their role in defining
thermal stability of kraft lignin and its derivatives.

Figure 1. Effect of heating on the molecular weight of the original underivatized and fully derivatized lignins.
Dramatic increase in Mw is obvious in the original underivatized lignin while derivatized lignins show a smaller
effect (oxypropylated) or no effect (methylated).
Figure 1 shows that when the original underivatized softwood kraft lignin was heated under nitrogen at
173 °C (Tg = 153 °C) for only 20 minutes, its Mw increased and eventually exceeded 543,000 g/mol from 7,800
g/mol, a 70-fold increase. This increase is much more than those recorded when it was subjected to temperatures
below its Tg, i.e., 130 °C and 140 °C for 30 minutes (Fig. 1B). The same material eventually became highly
cross-linked when heated for 30 minutes at 173 °C and could no longer be solubilized in THF, even after
acetobromination. This can be explained on the basis of more radicals being activated at a temperature above Tg
and the radical coupling reaction rates being significantly increased due to the reduced viscosity of kraft lignin.
For comparison, a fully (≈ 99%) oxypropylated lignin3 was heated to 148 °C, which is 20 °C above its
Tg (Tg = 128 °C) (Fig. 2). There was a gradual increase observed in its Mw, which increased to 212,000 g/mol
from 9,100 g/mol (23-fold increase) after 60 minutes of heating at 148 °C (20 °C above its Tg). Such thermal
instability issues, therefore, represent a major limitation in processing this derivative as a thermoplastic.
The thermal degeneration observed in the oxypropylated kraft lignin is possibly due to the dehydration of the
secondary hydroxyl group of the oxypropyl substituent. For mono-oxypropylated phenolic OH components, their
dehydration can be a facile reaction caused by an α-hydride transfer, eventually forming a phenoxonium
intermediate so that a new phenolic OH group can be generated by hydrolysis of the cationic intermediate. The
newly formed phenolic OH groups will be further thermally activated and, to some extent, trigger radical
coupling reactions resulting in further molecular weight increases in a manner similar to the original kraft lignin.
The molecular weight increase of this derivative eventually leveled off after being heated for 50 minutes at 20 °C
above its Tg (Figure 1)
When the phenolic OH groups of softwood kraft lignin were fully methylated (> 99%) with dimethyl
sulfate3, a remarkable thermal stability of this derivative was apparent upon heating it at 148 °C (20 °C above its
Tg) as a function of time (Figure 1). There was practically no observed molecular weight (Mw) increase within
the fully methylated lignin when heated for 60 minutes at this temperature. The methylation of the phenolic OH
groups of lignin is therefore a feasible derivatization method that enables kraft lignin to be used as
thermoplastics. Apparently, the phenoxy radical formation, caused by H abstraction of the phenolic OH groups
in kraft lignin, has been avoided by methylation-preventing, thermally induced, radical coupling reactions.
Having understood significant issues related to the way one needs to modulate the structure of kraft
lignin in order to induce thermal stabilization within its melt we then turned our attention to modulating its
molecular weight 5,6.
Kraft Lignin Chain Extension Chemistry via Propargylation, Oxidative Coupling & Claisen
Rearrangement
Despite its aromatic and polymeric nature, the heterogeneous, stochastic and reactive characteristics of softwood
kraft lignin seriously limit its potential for thermoplastic applications. Our continuing efforts toward creating
thermoplastic lignin polymers have also been focused at exploring propargylation derivatization chemistry and
its potential as a versatile novel route for the eventual chain extension & utilization of technical lignins with a
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significant amount of molecular control 6. The installation of propargyl groups in kraft lignin was found to be a
seamless and facile reaction operating under basic conditions and highly selective towards the phenolic OH
groups of lignin 6. Furthermore, the cupper mediated oxidative coupling shown in Scheme 1a was also a facile
reaction whose significance, details and potential have been enumerated in our patent and full paper in this area
1,6
. In our view the Claisen rearrangement reaction shown in Scheme 1b followed by polymerization is of
extreme significance in the context of creating novel materials from kraft lignin , including precursor to carbon
fibers. For this reason, more details of it will be discussed below.
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Scheme 1. Propargylation of Kraft Lignin followed by either (a, top right) oxidative coupling or (b bottom
pathway) Claisen rearrangement and subsequent thermal polymerizations .
Arylpropargyl ether terminated monomers when heated around 220 °C (in a nitrogen atmosphere in the absence
of solvent and catalyst) they generally first undergo a thermal sigmatropic Claisen rearrangement to form 2Hchromenes or 2H-1-benzopyrans. These intermediates that possess reactive double bonds can subsequently
undergo thermal polymerization (Scheme 1). Moreover, the aryl propargyl ether moieties can also undergo
polymerization through ethynyl triple bond radical polymerization or ethynyl cyclotrimerization through double
bond radical polymerization, generating low molecular weight polymer. As such in our work we have shown that
the aryl propargyl ether moieties of the propargylated kraft lignin samples also undergo similar rearrangement
and polymerization chemistries when heated at moderate temperatures under a nitrogen atmosphere. Since the
propargylated kraft lignins are multifunctional, they initially form chain extended, higher molecular weight
polymers, which eventually lead to cross-linked structures at higher temperatures. This major limitation was
addressed by appropriately reducing the degree of propargylation (75%) and masking the remaining (25%)
phenolic –OHs by alkaline methylation with dimethyl sulfate. Our approach of modulating lignin reactivity via
methylation was based on the principles we developed in earlier parts of our work 1, 2, 3, 5 .
Fractional Precipitation of Softwood Kraft Lignin; Isolation of Narrow Fractions Common to a Variety of
Lignins
In a manner similar to crude oil, technical lignins need refining if their potential as reactive polyphenols of welldefined molecular weight polymers and oligomers is to be actualized. In our work we have also demonstrated
that a continuum of narrow fractions can be isolated by the incremental addition of a non polar solvent (hexanes)
in a polar (acetone) solution of softwood kraft lignin. Three distinct commercial samples of softwood kraft
lignin were used to examine the validity of the developed protocol using detailed chromatographic and
quantitative functional group analytical methods. It was shown that all samples contain a common, relatively
monodisperse fraction of a polyphenolic material that can be isolated from the different lignins in yields ranging
between 10 and 20% w/w.
The versatility of the developed fractional precipitation protocol was further validated by creating artificial
physical mixtures of the examined lignins in different proportions and isolating from them precisely calculated
fractions of nearly identical molecular weight distributions and composition. Overall, the fractional precipitation
approach described in this segment of our work offers the possibility that representative specific narrow
fractions, common to a variety of softwood kraft lignins can be isolated irrespective of the manufacturing details
of the pulping process. As such, the otherwise known, heterogeneous kraft lignin material, whose composition is
relatively unpredictable due to manufacturing variations in making pulp, may now offer consistently
homogeneous lignin streams with significant commercial ramifications.
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Figure 2. Normalized and superimposed GPC chromatograms of lignin fractions from a fine fractional
precipitation procedure of a softwood kraft lignin obtained via LignoBoost® from a fiber line producing fully
bleached kraft pulp.
II. CONCLUSIONS & OVERALL OUTLOOK
This effort offers novel avenues at creating reactive lignin materials that are stabilized and rendered better suited
for industrial applications. It provides methods for creating lignins of controlled and modulated characteristics
exhibiting thermal and polymerization stabilities. Such thermal properties and stable narrow molecular weight
distributions of lignins and copolymers produced from commercial lignins provides a means for beneficially
modulating the properties of an otherwise intractable bio-polymer.
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Abstract
In this study, hydroxypropylation and allylation were used for modification of lignin to adjust their
properties towards resin, coating and composite applications. The aim of this work was to convert
selectively the phenolic hydroxyl groups of lignin to hydroxyalkyl ether substituents still containing
the less reactive aliphatic hydroxyl groups. The aim was also at the same time to adjust the final
properties of modified lignins, for example, solubility behavior, thermomechanical properties,
compatibility with other polymers such as polyesters or polyolefins, and reactivity by adding allylic
double bonds into lignin.
Introduction
Lignin and its derivatives are promising materials for resins, coating and composite applications. An
efficient method to modify lignin for these purposes is hydroxyalkylation, for example, using
propylene oxide or allyl glycidyl ether. This way it is possible to etherify selectively only the phenolic
hydroxyl groups in dilute alkaline conditions.1,2 Derivatization of aliphatic hydroxyl groups of lignin
needs more alkaline conditions, higher temperatures and pressures.3 Allylic double bonds can be
utilized, for example, for further modification of lignin by grafting with monomers such as vinyl
acetate or acrylic acid,4,5 crosslinking with other polymeric materials,6 or they can be converted to
other functionalities such as thiosulphates and thioethers,7 or epoxides.8
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Figure 1. Modification of lignins using methods such as 1) hydroxypropylation with propylene oxide (PO), 2)
allylation with allylglycidyl ether (AGE), or 3) esterification with MeOH or EtOH as an activation step followed
by formation amides with butylamine or allylamine.

Materials and Methods
Industrial softwood kraft lignin (SW L) provided by Stora Enso and VTT’s Lignofibre organosolv
(VTT L) lignins9 were used as starting materials. Methylethylketone (MEK), methanol (MeOH),
ethanol (EtOH), butylamine, allylamine, propylene oxide (PO), and allyl glycidyl ether (AGE) were
purchased by Sigma-Aldrich.
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Procedure for the preparation of butyl or allyl amides of lignins: 10 g of SW L lignin was weighed
into a 250 flask. 100 ml of MeOH was added. 0.4 ml of concentrated sulphuric acid was added. The
reaction mixture was stirred overnight at +30 oC. 20 ml of butylamine or allylamine was added and
stirred overnight at +30 oC. The reaction mixture was evaporated to a brown and oily product. This
crude product was suspended in water and dialysed. The products butylamide (SWL BAm) or
allylamide derivatives (SWL AAm) were then freeze-dried to brown powders.
Procedure for the hydroxypropylation in 0.5 M NaOH (method 1):2 1 g of lignin or its amide
derivative was weighed into a 100 flask. 10 ml of 0.5 M NaOH, and then 0.53 ml or 1.33 ml of
propylene oxide was added. The reaction mixture was stirred overnight at +40 oC. The reaction
mixture was neutralized with HCl, and then dialysed and freeze-dried.
Procedure for the hydroxypropylated in aqueous 90 % MEK (method 2): 1 g of lignin or its amide
derivative was weighed into a 100 flask. 20 ml of MEK and 2 ml of 1 M NaOH were added. Then 0.27
ml, 0.53 ml or 1.33 ml of propylene oxide was added. Molar ratios of PO/L were 1:1, 2:1, and 5:1. The
reaction mixture was stirred overnight at +30 oC. The reaction mixture was neutralized with HCl.
MEK was first evaporated. The reaction mixture was then dialysed and freeze-dried.
Procedure for the allylated lignins in 30 % aqueous MEK (method 3): 10 g of SWL BAm lignin
containing phenolic hydroxyl groups 3.8 mmol/g of was weighed into a 250 ml flask. 70 ml of 0.5 M
NaOH and 30 ml of MEK yielding a solution of 30 % aqueous alkaline MEK. The mixture was stirred
two hours. 13.5 ml (114 mmol) of allyl glycidyl ether (AGE) was added in ½ hr. Molar ratio of
AGE/L was 3:1. The reaction mixture was stirred overnight at +40 oC. The reaction mixture was
neutralized with HCl, then dialysed and freeze-dried. Yield was 14.0 g (yield 98 % based on the
phenolic hydroxyl group content of starting material). Unmodified SW kraft and organosolv VTT
lignins were also used as starting materials using a similar procedure as described above and molar
ratio of AGE/L was also 3:1.
The reaction efficiency and selectivity were investigated. The products and starting materials were
characterized using 31P NMR spectroscopy, size exclusion chromatography (SEC) and elementary
analysis, as described elsewhere.9
Results and discussion
Results on preparation of amide derivatives
The carboxylic acid groups of technical lignins can react with the epoxy group of propylene oxide or
with other epoxy groups containing reagents forming ester bonds between lignin and these reagents,
and thereby reducing reaction efficiency. However, especially in alkaline conditions where
hydroxypropylated and allylated lignin derivatives have been prepared, those ester bonds will be
hydrolysed very easily forming free carboxylic acid groups which again can react with epoxy groups.
This side-reaction may consume epoxy reagents chancing them to unwanted by-products. Another
possible side-reaction is the reaction of epoxy groups with water (OH-) forming a diol which can
further react with epoxy groups forming, for example, oligomers of PO. The blocking of free
carboxylic acid groups of lignins have been assumed also to have a positive effect on solubility into
organic solvents, on thermomechanical properties lowering the glass transition temperature, and on
compatibility with other technical polymers.
The side-reactions such as hydroxylation of epoxy group of propylene oxide can be prevented by
blocking carboxylic groups, for example, as amide derivatives. Carboxylic acid groups of lignins have
been changed first to methyl or ethyl ester derivatives as an activation step of carboxylic acid group,
after which amines react easily with methyl or ethyl derivatives forming amides.6
The results of amide derivative syntheses are presented in Table 1. The total content of carboxylic acid
groups in the original lignin sample was calculated from the amounts of reacted –COOH with butyl
amine and non-reacted residual –COOH. Methyl esters of lignin seemed to be slightly more reactive
than ethyl ester derivatives. Based on nitrogen determination, the amount of carboxylic acid groups
was observed to be approximately 2.5 times higher than the results from 31P measurements. However,
the total carboxylic acid content of 1.0 mmol/g measured this way was very similar to the results
obtained by the potentiometric titration studies.
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Table 1 Preparation of butyl (BAm) and allyl (AAm) amide derivatives prepared from methyl (Me) or ethyl (Et)
esters of lignin. Nitrogen content was determinated using elementary analysis. R = allyl or butyl group.
N-content in
-CONHR

-COOH
reacted

-COOH
residual

Reacted+residual -COOH

(wt-%)

(mmol/g)

(mmol/g)

(mmol/g)

by elementary analysis (N)

31

by P NMR

Total

From ethyl ester to butyl amide (SWL-Et-BAm)

1.2

0.86

0.15

1.01

From methyl ester to butyl amide (SWL-Me-BAm)

1.0

0.71

0.19

0.90

From ethyl ester allyl amide (SWL-Et-AAm)

1.2

0.86

0.12

0.98

From methyl ester to allyl amide (SWL-Me-AAm)

0.9

0.64

0.20

0.84

SW kraft lignin (SWL)

0.41

Results on preparation of hydroxypropylated and allylated lignins
The performance of hydroxypropylation and allylation reactions with and without blocking of
carboxylic groups was investigated using 31P NMR spectroscopy for determination of free aliphatic
and phenolic hydroxyl groups before and after the modifications. The phenolic hydroxyl groups
should be the most reactive with the epoxy groups of propylene oxide and allyl glycidyl ether, and
their amount thus should be decreased when reacted. The effects of reaction conditions and amidation
were first studied using hydroxypropylation as a model reaction before using allylation. Three
different reaction media were used. Three different molar ratios of PO/L were used: 1:1, 2:1, and 5:1.
For example, the code SWL-Et-BAm-HP(1:1) means that SWL lignin was first esterified to ethyl ester
(Et), then converted to butyl amide (BAm), then hydroxypropylated (HP) using PO/L ratio 1:1.
Table 2. Hydroxypropylation of SWL, VTT L, and butyl amide derivatives of SWL.
Molar
ratio

Aliphatic OH

Carboxylic
acid

Phenolic OH

Total OH

PO:L

(mmol/g L)

(mmol/g L)

(mmol/g L)

(mmol/g L)

Reaction medium

1:1

1.67

0.2

1.99

3.86

in aqueous 90 % MEK

SWL-Me-B-HP (2:1)

2:1

2.17

0.22

1.66

4.05

in aqueous 90 % MEK

SWL-Me-B-HP (2:1)

2:1

3.33

0.23

0.68

4.24

in 0.5 M NaOH

SWL-Me-B-HP (5:1)

5:1

3,6

0.23

0.32

4.14

in 0.5 M NaOH

SWL-HP (1:1)

1:1

1.64

0.36

2.17

4.17

in aqueous 90 % MEK

SWL-HP (2:1)

2:1

2.13

0.35

2.07

4.56

in aqueous 90 % MEK

SWL-HP (2:1)

2:1

3.83

0.44

0.29

4.56

in 0.5 M NaOH

SWL-HP (5:1)

5:1

4.48

0.37

0.08

4.93

in 0.5 M NaOH

Organosolv-HP

2:1

3.59

0.16

0.09

3.84

in 0.5 M NaOH

Organosolv-HP

5:1

3.76

0.23

0

3.99

in 0.5 M NaOH

1.78

0.41

3.64

5.83

Sample code

SWL-Me-B-HP (1:1)

SWL

Based on results given in Table 2, the aqueous alkaline 90 % MEK was not a very good reaction
system, probably due to too high MEK content and too low alkalinity. Butyl amide derivatives were a
bit more reactive than SWL in this reaction system. However, 0.5 M NaOH was a much better reaction
medium. Reactivity order of lignins was: organosolv > SWL > SWL-Me-B. In this case, the blocking
of carboxylic acids was not necessary in respect of reaction efficiency. The amount of aliphatic
hydroxyl groups was increased in every case, but not as much as expected. Total amount of hydroxyl
groups was in every case decreased compared to the starting materials. Any good explanation for this
rather contradictory behaviour was not found.
The same starting materials were also used and compared in allylation studies without any
hydroxypropylation or blocking of free carboxylic acid groups. At this time, aqueous alkaline 30 %
MEK was used as reaction medium. Even though the alkaline aqueous conditions were better for the
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hydroxypropylation, 30% MEK was used to ensure the solubility of allylation regent (AGE). Molar
ratio of AGE/L was now 3:1. Alkalinity of this system seemed to be enough for an effective reaction
of phenolic hydroxyl groups with epoxy group of allyl glycidyl ether. Also here, the blocking of
carboxylic acids was not necessary, as shown in Table 3.
Table 3 Allylation of SWL, VTT L, and butyl amide derivative of SWL.
Molar ratio Aliphatic OH

-COOH

Phenolic OH

Total OH

Sample code
PO:L

(mmol/g L)

(mmol/g L)

(mmol/g L)

(mmol/g L)

Reaction medium

SWL-A

3:1

3.74

0.30

0

4.04

in aqueous 30 % MEK

VTT L-A

3:1

3.29

0.14

0

3.42

in aqueous 30 % MEK

SWL-Me-BAm-A

3:1

3.06

0.12

0.16

3.35

in aqueous 30 % MEK

CONCLUSIONS

Several modification routes were used to prepare new type of derivatives of lignins such as allyl and
butyl amides and/or 3-allyloxy-2-hydroxypropyl ether derivatives of lignins. The most effective
etherification routes were either 0.5 M NaOH or 0.5 M NaOH with 30 % of a co-solvent. The blocking
of free hydroxyl groups of lignins might be a useful way to adjust the properties of lignins such as
solubility, thermoplasticity and/or compatibility with other polymeric materials
V. ACKNOWLEDGEMENT
WoodWisdom-EraNet and Tekes are acknowledged for the funding of ProLignin project. Stora Enso is also acknowledged
for providing the industrial kraft lignin.

References
1.
2.

3.
4.
5.
6.
7.
8.
9.

R. K. Jain; W. G. Glasser. Lignin derivatives II. Functional ethers. Holzforschung 1993, 47, 325.
H. Sadeghifar; C. Cui; D. S. Argyropoulos. Toward thermoplastic lignin polymers. Part 1. Selective
masking of phenolic hydroxyl groups in kraft lignins via methylation and oxypropylation chemistries. Ind.
Eng. Chem. Res. 2012 , 51, 16713.
Y. Li; A. J. Ragauskas. Kraft lignin-based rigid polyurethane foam. J. Wood Chem. Technol. 2012, 32,
210.
S. S. Panesar; S. Jacob; M. Misra; A. K. Mohanty. Functionalization of lignin: Fundamental studies on
aqueous graft copolymerization with vinyl acetate. Ind. Crops Prod. 2013, 46,191– 196.
Z. Zhu, M. Li, E. Jin. Effect of an allyl pretreatment of starch on the grafting efficiency and properties of
allyl starch-g-poly(acrylic acid). J. Appl. Polym. Sci. 2009, 112, 2822–2829.
H. Pohjanlehto, H. Setälä, K. Kammiovirta, A. Harlin. The use of N,N’-diallylaldardiamides as crosslinkers in xylan derivatives-based hydrogels. Carbohydr. Res. 2011, 346, 2736–2745.
G. Wenz; P. Liepold; N. Bordeanu; Synthesis and SAM formation of water soluble functional
carboxymethylcelluloses: thiosulfates and thioethers. Cellulose 2005, 12, 85–96.
A. M. L. Huijbrechts; R. ter Haar; H. A. Schols; M. C. R. Franssen; C. G. Boeriu; E. J. R. Sudhölter.
Synthesis and application of epoxy starch derivatives. Carbohydr. Polym. 2010, 79, 858–866.
Liitiä, T., Rovio, S., Talja, R., Tamminen, T., Rencoret, J., Gutiérrez, A., del Río, J.C., Saake, B.,
Schwarz, K.U. Vila Babarro, C., Gravitis, J., Orlandi, M. Structural characteristics of industrial lignins in
respect to their valorisation, tob e presented in 13th European Worshop on Lignocellulosics and pulp, 24.27.6.2014, Seville, Spain.

78

© CSIC © del autor o autores / Todos los derechos reservados

13th European Workshop on Lignocellulosics and Pulp

STRUCTURAL CHARACTERISTICS OF INDUSTRIAL LIGNINS IN RESPECT TO
THEIR VALORIZATION
Liitiä, T.1*, Rovio, S.1, Talja, R.1, Tamminen, T.1, Rencoret, J.2, Gutiérrez, A.2, del Río, J.C.2,
Saake, B.3, Schwarz, K.U.3 Vila Babarro, C.4, Gravitis, J.5, Marco Orlandi6
1

VTT Technical Research Centre of Finland, P.O. Box 1000, FI-02044 VTT, Finland; 2 IRNAS-CSIC,
P.O.Box 1052, 41080-Seville, Spain; 3 University of Hamburg, Department of Wood Science,
Germany, Leuschnerstrs. 91, D-21031 Hamburg, Germany; 4 Thünen Institute for Wood Research,
Leuschnerstr. 91, D-21031 Hamburg, Germany; 5 Latvian State institute of Wood Chemistry, 27
Dzerbenes Str., LV-1006-Riga, Latvia; 6University of Milan-Bicocca, Department of Earth and
Environmental Science, Piazza della Scienza 1, 20126 Milan, Italy (*Email of corresponding author:
Tiina.Liitia@vtt.fi)
ABSTRACT
The effect of raw material and pretreatment procedure on the structure and properties of industrial lignins was
evaluated by detailed chemical and physical characterization. The application potential of studied lignins was
considered based on those. Hydrolysis lignin and steam exploded lignins had clearly distinct characteristics
compared to the spent liquor lignins; higher molar mass, significantly higher amount of native aryl ether linkages
and thereby low phenol content. The hydrolysis lignin also contained significant amount of carbohydrate and
protein residues, which may affect the applicability. For resin applications, the kraft lignins seem most reactive
in respect of high phenol content. The high molar mass of hydrolysis lignin and steam exploded lignins could be
beneficial for dispersants and composites.
I. INTRODUCTION
In future bioeconomy, there is need to generate new biobased fuels, chemicals and materials utilising
lignocellulosic feedstocks in order to provide more sustainable renewable alternatives for present oil based
products. For transportation, bioethanol is a potential substitute, but its high production costs inhibit rapid
commercialisation. Also traditional pulping industry is looking for new added value products. As a phenolic
biopolymer, lignin is a potential raw material for the production of biobased aromatic chemicals, as well as
building blocks for materials and fuels. The competitiveness of traditional pulp and bioethanol production
processes could thus be increased by conversion of the side-stream lignins into new biobased high-value
products instead of incineration. Depending on the used feedstock and biomass processing technology, lignin byproducts with distinct structural features and variable application potential are produced. Compared to the
traditional industrial lignins, the sulphur-free lignin residues produced by lignocellulosic bioethanol plants are
not so extensively studied. Especially the utilisation potential of the lignin rich hydrolysis residue recovered after
steam explosion pretreatment followed by saccharification and fermentation stages should be better explored.
In this paper, the effect of raw material (softwood, hardwood, wheat straw, bagasse) and pretreatment procedure
(kraft, soda, soda-AQ, ethanol organosolv, steam explosion) on the structure and properties of lignin was
evaluated by detailed chemical and physical characterization. The application potential of studied lignins was
considered based on those. In addition to the purity and composition, the lignin structure (S/G/H ratio, inter-unit
linkages) was analyzed using both the degradative (Py-CG/MS) and spectroscopic techniques (2D 1H-13C NMR).
Lignin functionalities were analysed by 31P NMR spectroscopy, and molar mass was determined by size
exclusion chromatography. Thermal properties were evaluated by DSC. Lignins from industrial or pilot scale
processes were mainly used.
II. EXPERIMENTAL
Raw materials. Industrial softwood and hardwood (eucalypt) kraft lignins (Kraft-SW, Kraft-HW) were
obtained from Stora Enso and Suzano, respectively. Commercially available soda wheat straw lignin (SodaWS) was purchased from Green Value. Wheat straw hydrolysis lignin (HL-WS) was obtained from the pilot
plant of a bioethanol producer. Steam exploded wheat straw, birch and grey alder lignins (SE-WS, SE-birch,
SE-GA) were also prepared at lab scale. Steam explosion (SE) was performed at 235°C with 3.2MPa pressure
for 1min, after which the lignins were extracted by 0.4% NaOH. Organosolv lignin (OS-HW) of E. globulus was
produced at pilot scale using the lignofibre (LGF) process [1] with ethanol/water (85/15) solvent and 3.5%
phosphinic acid [2]. The OS lignin was precipitated by dilution with water (1:4) after some concentration by
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evaporation of ethanol. Bagasse (SAQ-B) lignin was produced at lab scale by soda-AQ cooking (kappa 9.5)
using 16.5% effective alkali in presence of 0.1% anthraquinone (AQ), followed by LignoBoost type lignin
separation with two stage pH drop at 35% dry solids with CO2 and H2SO4.
Analytical methods. For composition analyses, the lignin was hydrolysed [3], and the acid insoluble Klason
lignin was quantified gravimetrically. Acid soluble lignin was determined spectroscopically at 205 nm (TAPPI
UM250 um‐83, 1991). The carbohydrate content of hydrolysate was analysed by borate anion‐exchange
chromatography with post‐column derivatisation and detection at 560 nm [4]. The ash content was
gravimetrically determined after incineration at 800 °C. The complete oxidation method was used for elemental
analysis on a CE Instruments CHNS Flash 1112 Analyzer system. Methoxyl groups were determined according
to [5].
The molar mass distributions of lignins were determined by size exclusion chromatography in 0.1M NaOH using
MCX 1000 and 100 000 columns with UV detection (280 nm) and polystyrene suphonate (Na-PSS) calibration.
Lignin functionalities were determined by 31P NMR according to Granata and Argyropoulos [6]. Accurately
weighted samples (40 mg) were dissolved in 150 µL of N,N-dimethylformamide. After dissolution, 100 µL
pyridine, 200 µL internal standard solution of 0.05 M endo-N-Hydroxy-5-norbornene-2,3-dicarboximide in
pyridine/CDCl3 (1.6/1, v/v) and 50 µL Cr(acac)3 solution (11.4 mg/1 mL) in pyridine/CDCl3 (1.6/1, v/v) were
added. Then, 100 µL 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphopholane was added drop-wise, followed by 300
µL of CDCl3. The 31P NMR measurements were performed immediately after sample preparation at room
temperature with Bruker Avance 500 MHz NMR spectrometer using 90° pulse and 5s pulse delay for 512 scans.
2D HSQC (heteronuclear single quantum coherence) NMR spectra were recorded at 25ºC by a Bruker AVANCE
III 500 MHz, equipped with a cryogenically-cooled 5 mm TCI gradient probe with inverse geometry using
‘hsqcetgpsisp2.2’ pulse sequence (adiabatic-pulsed version). Lignin samples were dissolved (40mg/0.75 mL) in
DMSO-d6. Spectral widths of 5000 Hz (10-0 ppm) and 20,843 Hz (165-0 ppm) for the 1H- and 13C-dimensions
were used. The number of transients was 64 for 256 time increments, with 1JCH of 145 Hz. The semiquantitative
analysis of the correlation peaks was performed using Brukers Topspin 3.1 software. The lignin inter-unit
linkages based on Cα–Hα correlations were calculated as described previously [7].
Pyrolysis was performed with a 2020 micro-furnace pyrolyzer (Frontier Laboratories Ltd.) connected to an
Agilent 6890 GC/MS system equipped with a DB-1701 fused-silica capillary column and an Agilent 5973 mass
selective detector. The pyrolysis was performed at 500 ºC. The GC oven temperature was programmed from 50
ºC (1 min) to 100 ºC at 30 ºC/min and then to 290 ºC (10 min) at 6 ºC/min. Helium was the carrier gas. Peak
areas were calculated for the lignin-degradation products, the summed areas were normalized, and the data for
two repetitive analyses were averaged and expressed as percentages to determine the proportion of syringyl (S),
guaiacyl (G) and p-hydroxy phenyl (H) type lignin units.
The lignin glass transition (Tg) temperatures were determined by Mettler Toledo Differential Scanning
Calorimeter model DSC820 system STARe SW 9.20. Temperature profile with following steps was used: 1)
heating from 25 oC to 105 oC with 20 min isothermic phase for drying, 2) cooling phase to -60 oC, 3) first actual
heating phase from -60 oC to 200 oC, 4) cooling phase to -60 oC, and 5) second heating phase from -60 oC to 250
o
C. Heating and cooling rate of 10°C/min was used in all cases.
III. RESULTS AND DISCUSSION
Lignins from different raw materials and pretreatment processes were characterized in detail, and their
application potential was evaluated based on chemical characteristics. According to the chemical compositions
given in Table 1, the actual lignin content varied between 82-96% in most lignins. In hydrolysis residue the
lignin content was clearly lower, being only 55%, which is mainly due to the carbohydrate residues of
unhydrolysed cellulose. Somewhat higher nitrogen content of hydrolysis lignin also indicates protein residues
(Table 2). The impurities may have significant effect on hydrolysis lignin applicability, and based on
requirements of the target applications some lignin purification procedure may be needed. Also in Soda-AQ
bagasse lignin, the carbohydrate content originating from xylan was slightly higher compared to the others. The
high ash contents of HL, SAQ-B and Kraft-HW lignins are probably raw material related, or indications of
insufficient washing. The sulphur content of kraft lignins was below 4% (Table 2). Surprisingly, also the wheat
straw lignins (Soda-WS, HL-WS) showed some traces of sulphur. The composition in terms of the H:G:S ratios,
also widely varied among the lignin samples of different raw materials, the S/G ratio being higher for the
hardwood lignins compared to the wheat straw and bagasse lignins (Table 2).
Molar mass is an essential structural feature affecting lignin applicability. Compared to the other lignins, the
hydrolysis lignin had significantly higher molar mass, although it was only partly soluble in alkali used as an
eluent (Table 2). The high molar mass could be an advantage in lignin based dispersants, providing better
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adsorption properties. High molecular weight lignin could also be beneficial in respect of mechanical properties
of lignin based composites. For these applications, the hydrolysis lignin solubility and thermoplasticity,
respectively, should however be improved by chemical modification. The molar mass of all the other lignins was
clearly lower, although the SE lignins and the SW kraft lignin had somewhat higher molar mass compared to the
others. The lower molar mass level of the other spent liquor lignins could be beneficial in polyurethane (PU)
resin applications to prevent the excess increase of viscosity, or to improve the lignin solubility.
Table 1. Lignin compositions.
Sample

Ash
content, %

Klason
lignin, %

Acid
soluble, %

Total
lignin, %

0.6
10.5
2.7
6.6
0.6
0.8
0.7
1.6
12.1

90.2
82.6
85.0
82.8
91.1
92.4
89.1
91.8
52.9

5.1
0.0
7.8
4.5
2.6
2.9
2.2
2.0
2.2

95.3
82.6
92.8
87.3
93.7
95.3
91.3
93.8
55.1

Kraft-SW
Kraft-HW
Soda-WS
SAQ-B
OS-HW
SE-Birch
SE-GA
SE-WS
HL-WS

Total
carbohydrates,
%
2.2
1.2
2.9
7.1
0.8
1.2
2.3
1.4
35.3

Xyl,
%

Glc,
%

Man,
%

Gal,
%

Ara,
%

0.8
0.5
1.6
5.7
0.4
0.8
1.5
0.6
5.2

0.2
0.2
0.5
0.2
0.1
0.1
0.3
0.5
29.2

0.1
0.0
0.1
0.1
0.1
0.1
0.2
0.1
0.4

0.8
0.3
0.2
0.2
0.1
0.1
0.2
0.1
0.3

0.3
0.2
0.5
0.9
0.1
0.1
0.1
0.1
0.2

Table 2. Elemental compositions and methoxyl contents together with the average molar masses (Mn, Mw, PD),
as well as the proportions of S, G and H type units (by Py-GC/MS) and the glass transitions of first and second
heating (Tg1st, Tg2nd).
Elemental composition*

Type of aromatic units

C,
%

H,
%

O,
%

N,
%

S,
%

MeO
%*

Kraft-SW

65.2

5.9

25.6

0.2

3.1

Kraft-HW

65.0

5.9

26.2

0.2

2.7

Soda-WS

65.0

6.0

27.0

0.8

SAQ-B

64.6

6.0

28.9

OS-HW

63.8

6.4

SE-Birch

63.0

SE-GA

63.1

SE-WS

n.d.

HL-WS

54.8

Sample

S,
%

G,
%

H,
%

12.7

-

94

16.2

67

32

1.1

11.2

40

0.5

0.0

n.d.

29.4

0.4

0.0

6.1

30.7

0.2

5.8

30.6
n.d.
37.2

n.d
6.4

Molar mass

Glass transition

S/G

Mn,
g/mol

Mw,
g/mol

PD

Tg
1st

Tg
2nd

6

-

2400

4700

2.0

140.4

146.7

1

2.1

1800

2800

1.6

177.3

182.0

34

26

1.2

2000

3300

1.7

137.7

140.6

33

29

38

1.1

2300

4000

1.7

150.1

151.8

23.7

68

31

1

2.2

2000

3100

1.6

121.0

130.6

0.0

18.0

75

24

1

3.1

2200

5200

2.4

153.5

162.6

0.5

0.0

n.d.

63

31

6

2.1

2300

5200

2.3

150.3

165.4

n.d

n.d

n.d.

27

54

19

0.5

2800

7000

2.5

160.6

186.4

1.3

0.2

nd

nd

nd

nd

nd

.2200

15800#

7.2

-

182.6

* Elemental composition and methoxyl contents have been corrected by ash content. # HL only partly soluble in 0.1M NaOH used as an
eluent. n.d. = not determined.

Table 3. Content of most typical lignin inter-unit linkges per 100 C9 unit determined by 2D NMR, and the
lignin functionalities determined by 31P NMR (mmol/g lignin, calculated according to the lignin content of the
samples, the effect of carbohydrates on aliphatic hydroxyls not taken into account) .
Sample

Kraft-SW
Kraft-HW
Soda-WS
SAQ-B
OS-HW
SE-Birch
SE-GA
SE-WS
HL-WS

-O-4



2.5
2.4
3.9
3.0
4.7
22.3
24.5
7.9
20.1

0.8
1.5
0.9
0.2
3.0
4.7
2.4
3.3
1.9

-5

0.8
0.1
0.4
0.6
1.6
1.6
3.9
0.8
8.1

-1

0.3
-

Aliph
OH,
mmol/g
2,1
1,6
1,4
1,1
1,7
2,4
3,1
1,4
8,5

C + S,
mmol/g

G,
mmol/g

Catechol,
mmol/g

p-OH,
mmol/g

1,8
3,3
2,0
1,6
2,5
1,9
1,7
1,0
0,3

2,2
0,9
0,9
0,6
0,4
0,5
0,6
0,9
0,3

0,0
0,0
0,0
0,0
0,2
0,0
0,3
0,0
0,0

0,1
0,0
0,5
0,9
0,0
0,0
0,2
0,2
0,1

Phenolic
OH,
mmol/g
4,1
4,2
3,4
3,2
3,1
2,4
2,7
2,1
0,7

Total
OH,
mmol/g
6,2
5,8
4,8
4,3
4,9
4,7
5,8
3,5
9,2

The lignin inter-unit linkages were detected by 2D-NMR measurements, and 31P NMR spectroscopy was used to
quantify the different types of lignin functionalities (Table 3). Both methods well describe the depolymerisation
occurring during biomass pretreatment. Among the aliphatic hydroxyl and carboxylic acid groups, the phenolic
units formed as a result of cleavage of aryl ether linkages are the key functional groups in respect of lignin
solubility and reactivity towards crosslinking and further modifications to adjust the lignin properties.
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The main inter-unit linkages detected in all the technical lignins were the alkyl-aryl ethers (β–O–4´), followed by
resinols (β–β´) and phenylcoumarans (β–5´) in different proportions. The abundance of native aryl ether linkages
was high in the industrial hydrolysis lignin, which was accompanied with very low phenol content, indicating
rather mild biomass pretreatment process. The lignins extracted from steam exploded hardwoods also had high
content of alkyl-aryl ether linkages and rather low proportion of phenolic units, whereas the steam explosion
clearly had more drastic effect on wheat straw in the same conditions. If the hydrolysis lignin with extremely
high content of carbohydrates and thus poor solubility is excluded, the highest total hydroxyl content was
detected for kraft lignins and SE-GA, providing highest amount of reactive sites e.g. for crosslinking with
isocyanates for polyurethane resins. The proportion of phenolic hydroxyl groups was higher in all spent liquor
lignins, but especially in kraft lignins, compared to the HL and SE lignins. The amount of C5 unsubstituted
phenols, which is a prerequisite for the reactivity in phenol formaldehyde (PF) resins, was highest in SW kraft
lignin. Due to the non-methoxylated p-hydroxyphenyl groups detected, also the SAQ bagasse and soda wheat
straw lignin could provide sufficient reactivity for PF resin applications. In bagasse the proportion of nonmethoxylated p-hydroxyphenol groups was higher than in wheat straw.
Thermal properties of lignins were evaluated according to the Tg values (Table 2), which varied between 121
and 177 °C in the first heating. Both the Kraft-HW and the steam exploded lignin of wheat straw had the highest
Tg indicating more rigid/condensed structure compared to the other lignins. The lowest Tg was detected for the
OS-HW. Some condensation took place during the first heating, which slightly increased the Tg values of all
lignins in the 2nd heating. Similarly, some condensation may occur also in process temperatures typically used
for processing of thermoplastic composites, unless this could be prevented by chemical modification.
IV. CONCLUSIONS
The hydrolysis lignin and the steam exploded lignins had clearly distinct characteristics (high molar mass, low
phenolic content) compared to the spent liquor lignins. For the reactivity required in PU resins, also aliphatic
hydroxyl groups are essential. If the hydrolysis lignin with carbohydrate residues and limited solubility is
excluded, the highest total hydroxyl content was detected for Kraft lignins and SE-GA. The Kraft-SW had most
C5 unsubstituted phenols, which is a prerequisite for the reactivity in phenol formaldehyde (PF) resins. Soda-AQ
bagasse and soda wheat straw lignins contain non-methoxylated p-hydroxyphenyl groups either as part of the
lignin macromolecule or in p-coumaryl esters. These structures may also improve reactivity for PF resin
applications. The hydrolysis and SE lignins had the highest molar mass, assumedly providing better adsorption
properties for dispersants. Higher molar mass lignin could be beneficial also for the mechanical properties of
lignin based composites. However, the effect of carbohydrate and protein impurities may also significantly affect
the applicability of hydrolysis lignin. The LGF organosolv lignin had clearly lowest Tg, being in that sense most
thermoplastic, although chemical modification is still needed to obtain mouldable thermoplastic lignin for
thermal processing. Obviously, only hypothesis on applicability can be made based on chemical characteristics,
and these need to be verified with the actual testing in the target applications.
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ABSTRACT
Softwood LignoBoost kraft lignin was esterified with ethanoyl (C2), octanoyl (C8), dodecanoyl (C12) and
hexadecanoyl (C16) chloride with various molar ratios with respect to the total OH of lignin. The progress of the
reaction and its specific reactivity was studied with quantitative 31P-NMR spectroscopy, FTIR- ATR, molecular
weight distribution and DSC. C8-C16 acyl chlorides showed distinct enhanced reactivity toward the aliphatic
hydroxyl groups, whereas C2 was found to attach evenly to all groups. Furthermore, partially methylated and
acylated, fully substituted lignins, were studied via solution viscosity, melt extrusion, and Differential Scanning
Calorimetry (DSC) to understand the effect of the long chain fatty acids on the material properties.

I. INTRODUCTION
The utilization of the second most abundant plant biopolymer lignin as a source for thermoplastics additives in
polymeric materials has challenged material chemists over several decades. Only limited success have been
achieved despite broad variety of formulations studied so far. This is at least partly due to great variances of
lignins obtained from technical processes in terms of structure, chemical reactivity and molecular size.
In the present study we have examined the structure and polymer properties (molecular weight, glass transition
temperature, rheological properties) of a variety of conventional Kraft lignins and new non-sulfur technical
lignins with comparison to their fatty acid derivatives. The esterified lignins, in particular, have shown
interesting properties as fiberboard barrier materials [3] and possess promising properties for thermoplastic
additives, in general. We have also successfully applied oligomeric lignin model compounds to increase our
knowledge on the behavior of the so called “reactive groups” of lignins in the derivatization procedures to assist
the selection of the particular type of technical lignins for special application.

II. EXPERIMENTAL
Chemicals Softwood LignoBoost kraft lignin was obtained from Stora Enso Oyj, Finland. Acetyl chloride (C2),
octanoyl chloride (C8), lauroyl chloride (C12), and palmitoyl chloride (C16) were obtained from Sigma-Aldrich
and were used as received. Pyridine, tetrahydrofuran (THF), dimethylformamide (DMF) and dimethyl sulfate
were obtained from Sigma-Aldrich. Solvents were used from freshly opened bottles.
Synthesis of esters Typically, lignin was dissolved for 30 minutes in a mixture of THF, DMF, and pyridine at 60
°C under argon. Acyl chloride was injected with a syringe. The reaction was kept for 48 hours at 65 °C with
efficient stirring (Figure 1 II). Purification of the reaction mixtures was performed by washing with water and
ethanol.
Methylation synthesis of lignin Methylation of lignin was performed according to Sadeghifar et al. 2012 [4]
(Figure 1 I).
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Figure 1. I. The methylation equation of lignin phenolic hydroxyls with dimethyl sulfate in basic aqueous
solution. II. The esterification equation of lignin hydroxyls with C2-C16 fatty acid chlorides using pyridine as the
catalyst.
Quantitative 31P-NMR spectroscopy Samples were phosphitylated according to method of Granata and
Argyropoulos [2]. The internal standard was N-hydroxy-5-norbornene-2,3-dicarbocylic acid imide and the
relaxation agent used was chromium(III) acetylacetonate. The 31P-NMR spectra were recorded by inverse gated
proton decoupling sequences on a Bruker 300 spectrometer with 5 mm direct detection broadband probe-head.
FTIR-ATR FTIR-ATR were measured with Perkin Elmer Frontier with ATR accessory.
Gel permeation chromatography GPC was performed on Waters setup using a set of Styragel HR5-E and HR1 columns in series and samples were acetobrominated and filtered before measurement [1].
Differential scanning calorimetry Glass transition temperatures (Tg) and melting temperatures (Tm) of samples
were determined using a TA Instruments DSC Q200 with temperature ramp of 10 °C/min.
Viscometry was performed on Ubbelohde viscometer 25, Extrusion on DSM Xplore Micro Compounder
Extruder 15 ml and Thermogravimetry on TA instruments Q500.

III. RESULTS AND DISCUSSION
Synthesis
During the work new convenient methods for the preparation of long chain fatty acid derivatives of lignins have
been developed. In the first set, several technical lignins have been fully acylated using acetyl chloride (or acetic
anhydride) (C2), octanoyl chloride (C8), lauroyl chloride (C12) and palmitoyl chloride (C16) using pyridine as
catalyst. Generally, a 30 mol-% excess has been used in these procedures to provide full derivatization [3]. All
samples were fully characterized with 1H, 13C, HSQC, 31P-NMR, GPC and DSC. Also several model compounds
have been used to study the behavior of different types of hydroxyl groups in acylation reactions.
In our new approach, we have examined methods for partial acylations of softwood kraft lignin with C2, C8,
C12 and C16 fatty acid chlorides. For the preparation of lignin derivatives, the lignin was measured to have 6.67
mmol/g hydroxyls based on quantitative 31P-NMR. Esterifications were performed with 10, 30, 50, 70, and 130
mol-% of these fatty acid chlorides. Altogether 20 samples were measured with quantitative 31P-NMR, FTIRATR and GPC. Finally, solution viscosity measurements were performed on the 50 mol-% acylated samples, as
a function of concentration, to determine their intrinsic viscosity.
Finally, methylation was incorporated on the phenolic OH groups of the lignin prior to acylation, using dimethyl
sulfate [4] to create more stable (thermoplastic) partially acylated lignins. 20g batches were created of 50%
methylated fully acylated (C2,C8,C12,C16) lignins and were used for extrusion and DSC.

Characterization of the lignin esters
In order to analyze the structure of esterified lignins, the derivatized materials were first subjected to the IR
analysis. From the spectra in Figure 2 a, the acylation can be detected by decline of the OH band at 3440 cm-1,
and increase ester bands at 1760 and 1737 cm-1 with degree of added C12COCl. Molecular weights were
determined by GPC and show an expected increase with added amount of octanoyl chloride (C8) taken as an
example (see Figure 2 b).
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a)

b)

Figure 2. a) FTIR-ATR spectra of C12C=OCl acylated lignins and the unmodified lignin with signal assignments
(normalized by 1510 cm-1 aromatic C-C stretch). b) Molecular weight distributions of unmodified lignin and C8
esters.
Hydroxyl group reactivity
The amounts of residual free hydroxyl groups were found to decrease with increasing acyl chloride ratio
according to quantitative 31P-NMR (see Figure 3 a). At 130 mol-% (99.5% esterification) the free hydroxyls
disappeared completely. According to Figure 3 b, the hydroxyl groups were found to react in the order of
aliphatic, condensed phenolic and noncondensed phenolic hydroxyls (each about 2.2 mmol/g). Long chain (C8C16) fatty acids also showed stronger tendency for aliphatic OHs than acetyl chloride (C2).

a)

b)
31

Figure 3. a) Quantitative P-NMR spectra of unmodified lignin and C12 esters at various loadings. b) Hydroxyl
group reactivity as percentages of three main hydroxyl groups with C12C=O-Cl.

Thermal behavior
The glass transition temperature Tg of the unmodified lignin was around 145 °C. The C2 and C8 modified lignin
esters showed a clear decrease of Tg temperature with increasing degree of esterification (see Figure 4 a). For
esterified samples C12 and C16 the Tg was masked or unresolvable, but at lower degrees of acylation showed
crystalline melting point Tm values (see Figure 4 b).

a)

b)

Figure 4. DSC thermograms for a) C8 b) C16 modified lignin esters.
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Solution viscosity
Intrinsic viscosity for 50 mol-% modified lignin esters in THF solution is presented in Figure 5. The intrinsic
viscosity was found to increase with increasing fatty acid chain length from 0.031 to 0.043 dl/g for C2 to C16.

Figure 5. Intrinsic viscosities for 50 mol-% C2, C8, C12 and C16 acylated lignins.

IV. CONCLUSIONS
Softwood kraft lignin esterification can be performed quantitatively as verified by 31P-NMR. A molar ratio of
130 mol-% fatty acid chloride is needed to reach full esterification of the lignin. The aliphatic OHs were
determined to be the most reactive amongst the hydroxyl groups. With increasing degree of esterification the Tg
of lignin drops considerably.
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ABSTRACT
Lignin depolymerisation into monomeric aromatics is of high interest for the chemical industry to substitute
fossil based aromatics, which are becoming more expensive. However, most processes so far show low to
moderate yields and selectivity. In this work, a novel hydrothermal catalytic process has been developed to
depolymerize technical lignin into a limited number of phenolics. By using heterogeneous catalysis under
hydrothermal conditions (250°C) high selectivity can be achieved without the use of external hydrogen. The
process combines depolymerisation and in-situ demethoxylation, which by subsequent aqueous phase reforming,
leads to in-situ hydrogen formation. Isolated yields of 20% of identified aromatic products can currently be
obtained by extraction with organic solvents, with guaiacol being the most abundant phenolic compound (50%).
This novel hydrothermal process allows for the selective conversion of lignin into industrially relevant bulk
chemicals with in-situ hydrogen generation.

I. INTRODUCTION
Given the global challenges that humanity is facing with respect to excessive CO 2 emissions, pollution, global
warming and diminishing fossil feedstock reserves, new biobased production routes need to be realized in the
years to come. In particular the development of second generation lignocellulosic biorefineries aiming at the coproduction of biofuels and bio-based chemicals will be expanded. These biorefineries, together with the pulp and
paper industry, generate increasing side-streams of technical lignins [1]. Valorization of this lignin by the
production of high value aromatic chemicals, beyond the use of lignin for combined heat and power, is a
prerequisite for making the lignocellulosic biorefineries economically attractive. As lignin is the largest biobased
aromatic resource it is of particular importance to study the conversion of lignin into its aromatic monomers.
So far, most conversion processes show low to moderate isolated yields and selectivity [2]. Currently, many
different strategies for converting lignin into phenols and aromatics are being explored. The process conditions
vary substantially, ranging from high temperature regimes such as pyrolysis, thermochemical methods,
chemocatalytic conversions, reductive or oxidative cleavage, to very mild conditions such as enzymatic
degradation. In our study we selected the use of a heterogeneous catalyst in combination with water at relatively
mild temperature ranges to selectively depolymerize technical lignins. Earlier work of Matsubara et. al. [3] have
shown that aromatic and aliphatic aldehydes and carboxylic acids are efficiently decarbonylated, or
decarboxylated, using palladium on carbon under hydrothermal conditions. Here removal of oxygen is
accomplished without the need for external hydrogen. This type of catalyst and process conditions were selected
for our work in which we firstly showed that a lignin model compound guaiacol (2-methoxyphenol) can
selectively be converted with palladium on carbon under hydrothermal conditions in valuable products ranging
from phenol to ring-hydrogenated compounds like cyclo-hexanone/cyclohexanol (KA-oil) [4]. In the present
work a commercially produced technical soda lignin from non-woods was used to validate the use of a palladium
on carbon catalyst for the production of aromatic monomers from a real lignin feedstock.
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II. EXPERIMENTAL
Commercially available mixed wheat straw / Sarkanda grass soda lignin (brand name P1000) was supplied by
Greenvalue SA, Switzerland.
5.0 g air dried lignin and demineralized water (50 mL) were placed in a 100 mL Parr hastelloy reactor. If used,
1.0 g catalyst was added (10% Pd on activated wood carbon, reduced, 50% wet paste, uniform precious metal
distribution, BASF Escat 1931). The desired pH was adjusted by adding aqueous sodium hydroxide. After the
reactor was closed, stirring (500 rpm) was started and the reactor was heated to the desired temperature of 250 300°C. After reaction, the reactor was rapidly cooled to room temperature by using a water bath. This procedure
is described by van der Klis et al. [5]. Gases were collected in gasbags and analysed by GC(-MS).
After opening the reactor, the resulting pH was measured. In order to re-dissolve any residual lignin, the pH was
re-adjusted to the starting pH by adding aqueous sodium hydroxide. The reaction mixture was filtered to remove,
if present, the catalyst and/or lignin char. Residues were dried in a vacuum oven at 40°C for 18 h. Samples from
the aqueous phase were taken to perform SEC analysis as previously described [6].
To precipitate the residual lignin, the pH was adjusted to pH 3 by adding 10% hydrochloric acid in water. The
precipitated lignin was removed by centrifugation and subsequently dried in a vacuum oven at 40°C for 18 h.
Alkaline SEC analysis, 31P-NMR and FT-IR were measured according to Gosselink et al. 2010 [6].
The acidic water layer was extracted with chloroform (3 x 50 mL) to remove the low molecular weight
compounds. The combined organic layers were dried over magnesium sulphate and filtered. The solvent was
removed by a rotary evaporator at 40°C under reduced pressure. The compounds in this fraction were further
characterized by GC-MS, 1H/13C-NMR, and alkaline SEC.

III. RESULTS AND DISCUSSION

Table 1 displays selected results from the catalytic hydrothermal lignin depolymerization process. Using no
catalyst or only the carbon support (entry 1, Table 1) some production of monomeric aromatic compounds was
found. However, a relatively large amount of residual char of 39% was obtained. De chloroform solubles showed
a yield of 15% with guaiacol (product 2) and syringol (product 3) as the main components. Using Pd/C the
residual char fraction is decreased. The effect of pH is shown by entries 2-3. An alkaline pH leads to a higher
yield of chloroform solubles, while the residual lignin still represents a relative large fraction. These results show
that the conversion of lignin seems to be not completed. A clear pH-drop was only observed under basic
conditions. At low pH less residual lignin was found, but a low mass balance was obtained. Furthermore, at
alkaline pH about 80% of the total detected monomers area was dominated by the five main aromatics (Figures 1
and 2).
Although the mass balances found for the reactions under basic conditions are reasonable (62 – 87%), it might be
expected that the dissolved CO2 accounts for part of the losses. The presence of the catalyst increased the relative
amounts of CO2 in the gas phase as found by the gas analysis. Furthermore, we found that the in situ formation
of hydrogen is favored at higher pH and in the presence of the Pd/C catalyst.

Table 1. Isolated fractions after catalytic hydrothermal reaction and monomeric products identified by GC-MS
Entry

Cat.[a]

Time
(h)

Temp
(°C)

pH
(start)

pH
(after)

CHCl3
solubles
(wt%)

Residual
Lignin
(wt%)

Char
(wt%)

Mass
balance
(wt%)

1
(%)[b]

2
(%)[b]

3
(%)[b]

4
(%)[b]

5
(%)[b]

1-5
(%)[b]

1

C

4

250

10.0

6.9

15

30

39

84

9

43

23

3

6

84

2

Pd/C

4

250

3.7

4.4

14

14

21

49

3

19

15

-

22

59

3

Pd/C

4

250

10.1

6.7

18

37

18

73

8

53

8

7

4

80

4

Pd/C

4

200

10.0

7.8

5

83

6

94

4

28

17

0

22

71

5

Pd/C

4

300

10.0

6.9

5

39

15

59

17

16

3

3

0

39

[a] Pd/C = 10% Pd on activated wood carbon C = activated wood carbon. [b] % of the total amount of detected monomers.
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1 = phenol; 2 = guaiacol; 3 = syringol; 4 = dimethoxybenzene; 5 = dimethoxybenzaldehyde

Figure 1. Main aromatic monomers derived from lignin identified by GC-MS

Hydrothermal depolymerisation of lignin at 200, 250 and 300°C (Table 1, entries 3-5) showed that at the lowest
temperature 200°C and the highest temperature 300°C a limited fraction of chloroform solubles (5%) was found.
Form entry 4 we conclude that the conversion is low as the residual lignin fraction is 83%, while for the highest
temperature the mass balance is less complete and more unidentified products were formed. Interestingly at
higher temperature more phenol (1) was produced next to guaiacol (2).,

Figure 2. GC-MS chromatogram of the chloroform soluble lignin fraction with identified major compounds

SEC analysis of the extractable monomeric fraction (Figure 3) shows next to the monomeric compounds (rt =
11.5 min) an oligomeric fraction with 2-3 aromatic rings (rt = 9.5 min). At pH 10 the catalyst shifts the ratio of
monomers to oligomers in favour of the monomeric species.

Figure 3. Alkaline SEC analysis of the chloroform soluble lignin fraction under different reaction conditions at
250°C during 4 hours (normalized)

Copia gratuita. Personal free copy

http://libros.csic.es

89

13th European Workshop on Lignocellulosics and Pulp

IV. CONCLUSIONS
In this work, we have shown that hydrothermal lignin depolymerisation using a palladium on carbon catalyst
leads to increased amounts of monomeric aromatic compounds up to 20 wt% based on dry starting material.
Furthermore, under the hydrothermal conditions applied a limited group of aromatic products is obtained, which
to our knowledge, has not been reported previously in the absence of external hydrogen. The major compound
guaiacol was found in about 50% abundance in the extracted product mixture. In this catalytic depolymerisation
process the selectivity towards the main aromatic monomers can be manipulated by changing the process
conditions.
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ABSTRACT
Hardwood and softwood lignins obtained from industrial sulphite and kraft and laboratory oxygen-organosolv
pulping processes were employed in co-polymerization with tolylene 2,4-diisocyanate terminated poly(propylene
glycol). Obtained lignin-based polyurethanes were doped with 0.72 w/w% of multiwall carbon nanotubes
(MWCNTs) with the aim to increase their electrical conductivity to the levels suitable for sensor applications.
Effect of the polymer doping with MWCNTs were additionally assessed using electrical impedance (EIS) and
UV-Resonance Raman (UV-RR) spectroscopy. Potentiometric sensors were prepared by drop casting of liquid
polymer on the surface of carbon glass or platinum electrodes. Conducting composite lignin-based polyurethanes
doped with MWCNTs were suggested to be promising materials for Cr(VI)-sensitive potentiometric sensors.
I. INTRODUCTION
Lignin, one of the most abundant natural aromatic polymers, is constituted of phenylpropane units linked by
carbon-carbon or ether bonds and contains a variety of functional groups such as hydroxyl, carbonyl and
carboxyl. These functional groups impart to lignin a capability to complex various compounds, from transition
metals to pesticides and humic substances, which made lignin a popular sorbent material for bioremediation
needs [1]. Both ion-exchange and redox properties of lignin can be exploited in the chemical sensing.
Impedimetric and amperometric electrodes modified by Langmuir–Blodgett lignin films were used for the
detection of copper, lead, cadmium and humic substances as discrete sensors and also included in the sensor
arrays for the recognition of taste substances and wines and detection of triazine pesticides [2].
All sensors discussed above are based on the lignin thin films, which may have some drawbacks such as for
example decreased lifetime and poor reproducibility. An attractive approach to the preparation of bulk sensing
material based on lignin is it covalent binding to the polymer matrix which would decrease the leaching of low
weight lignin fraction into the solution and, consequently, increase the stability and the lifetime of the final
material. Sensing properties of the lignin-based materials have been shown to depend on the delignification or
pulping process used for the lignin extraction. This is not surprising, because the reactions taking place during
delignification define resulting lignin structure, molecular weight and the functional groups.
The purpose of this work was to elucidate and compare the sensor properties of conductive ligninpoly(propylene oxide) co-polymer membranes doped by carbon nanotubes using three different lignins:
eucalyptus kraft lignin, eucalyptus lignosulphonate and spruce organosolv lignin. Furthermore, study on eventual
interactions between carbon nanotubes and lignin-based co-polymers in membrane materials for potentiometric
chemical sensors have been carried out.
II. EXPERIMENTAL
Reagents and materialsKraft lignin (KL) was isolated from the industrial black liquor from kraft pulping of
eucalyptus wood (E. globulus) and catalytically oxidized prior to the polymer synthesis with the aim to increase
the amount of carboxyl and carbonyl functional groups (6.4 and 14.8 per 1 phenyl propane unit (PPU),
respectively). The amount of hydroxyl groups (aliphatic and phenolic) was 1.24/PPU [1]. Lignosulphonate (LS)
was obtained by dialysis from thin spent liquor of the industrial magnesium-based acidic sulphite pulping of
eucalyptus wood (E. globulus) and contained 11.2% of HSO3 groups and 1.10/PPU of hydroxyl groups [3].
Organosolv lignin (OS) was isolated from spent liquor after oxidative delignification of spruce wood (P. abies)
by oxygen in aqueous / acetone medium and contained 1.23/PPU of hydroxyl groups, 9.3/PPU of carboxyl and
8.5/PPU of carbonyl groups [4]. The molecular weights of KL, LS and OS were 1580, 2400 and 2800 Da,
respectively. Poly(propylene glycol), tolylene 2,4-diisocyanate terminated (PPGDI) with average Mn ~2,300 Da
and dibutyltin dilaurate were from Sigma-Aldrich. Multi-wall carbon nanotubes Nanocyl-3150 were from
Nancyl, S.A. and had following characteristics: purity >95%, lenght 1–5 µm and diameter 5-19 nm.
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Lignin-based sensors
Polycondensation reaction of lignins with isocyanate was carried out using the procedure described in details
elsewhere [5]. Films (about 1 mm thickness) used for the polymer characterization were prepared by pouring still
liquid polymer into the flat mould. Sensors were prepared by placing a drop of liquid polymer on the tip of the
glass carbon or platinum electrode. Polymeric films and sensors were cured during 4 hours at 60 ºC. Direct
electrical conductivity (DC) was measured using a 617 Keithley electrometer. Dielectric measurements in an
alternative current mode (AC) for frequencies between 40 Hz and 100 MHz were carried out using an Agilent
4294A Precision Impedance Analyzer at the temperatures between -110 and 100 ºC, in a neutral atmosphere.
Micro-Raman spectra were recorded using a Jobin Yvon (Horiba) LabRam HR 800 micro-Raman spectrometer
@ 325 nm (He-Cd UV laser, Kimmon IK Series) equipped with an air cooled (-70 °C) CCD detector under
backscattering configuration using a 40X NUV objective. Neutral density filter (ND 1.0) was used to diminish
sample degradation by laser irradiation. Spectra acquisition time was 30 s.
Potentiometric measurements
Electrochemical measurements were carried out in the following galvanic cell: Ag|AgCl, 3M
KCl|sample|polymer membrane|Pt or GC. Emf values were measured vs. Ag/AgCl reference electrode with
precision of 0.1 mV using custom made multichannel voltmeter with high input impedance connected to the PC
for data acquisition and processing. Besides lignin based sensors, pH glass, Pt and Cr(VI)-selective chalcogenide
glass electrodes were used. Other specific conditions are described elsewhere [6].
III. RESULTS AND DISCUSSION
DC and AC conductivity
All three synthesized lignin-based polyurethanes were found to be insulating with electrical conductivity of
about 10-8–10-7 Sm-1 at T=350 K (Table 1) and are unsuitable for sensor applications. The doping of ligninpolyurethane co-polymers with MWCNTs increases their electrical conductivity showing percolation threshold
at ca 0.18% of MWCNT concentration [5]. Conductivity range of the doped polymers with 0.72% (w/w) of
MWCNT increases from 3 to 5 orders of magnitude at 350 K, depending on the lignin type (Table 1). Effect of
the doping was smallest for the kraft lignin-based and largest for the lignosulphonate based co-polymers. Nondoped co-polymer based on lignosulphonate also had higher conductivity compared to the others, which can be
explained by the presence of ionogenic sulphonic groups.
Table 1. DC conductivity of the polyurethanes based on kraft lignin (KLPU), lignosulphonate (LSPU) and organosolv lignin
(OSPU) with and without addition of carbon nanotubes, at T=350 K

Polymer

MWCNT concentration, w/w
%

Conductivity, S m-1

KLPU

0
0.72
0
0.72
0
0.72

1.5*10-8
4.0*10-5
2.6*10-8
5.2*10-4
1.2*10-7
2.4*10-2

OSPU
LSPU

A DC conductivity of lignin-based polyurethanes increased exponentially with temperature, which is
characteristic for polymer composites. This behaviour indicates that the conductivity σDC is a thermally activated
process, which can be expressed by the well-known Arrhenius relation as follows: σDC ~ exp[-Ea/(kT)]. Values of
Ea for the pure polymers were 0.41, 0.69 and 0.71 eV, for lignosulphonate, organosolv and kraft lignin based
polyurethanes, respectively. Introduction of MWCNTs decreased activation energy to 0.13, 0.15 and 0.17 eV,
respectively. The effect of MWCNTs addition on both DC conductivity and activation energy differs for copolymers based on different types of lignin suggesting the presence of interaction between MWCNTs and lignin
clusters inside polymer composite.
The dielectric analysis was carried out using the modulus formalism and the dielectric relaxation behaviour was
modelled using known Cole–Cole expression [6]. Unlike to non-doped lignin polyurethane, which showed the
ideal Debye relaxation, the lignin polyurethane doped with MWCNT demonstrated show clearly non-Debye
behaviour with deviation from ideal case increasing concurrently with increase of MWCNTs’ content. This
result indicates the existence of strong interaction of MWCNTs and lignin segments of the polymer composite,
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which affects dielectric properties of the polymer itself. The analysis of AC conductivity (σAC) and real (ε´) and
imaginary (ε´´) parts of the complex permittivity (ε*) as a function of frequency for pure and MWCNT-doped
lignin polyurethanes allowed the comparison of their fractional exponents n and p and a cross-over frequency fc
[7]. Dramatic decrease of the n low frequency exponent and increase of fc was observed in all polymers doped
with MWCNTs which indicates that the screening increases, and the system is freer with the changes in the
electric field followed by the charges. That is the dielectric response results from the prevalence of polarization
by the deformation of the electronic cloud wherein the movements of the electrons are uncorrelated. Effect of
carbon nanotubes presence on the dielectric response depended on the type of the lignin and was larger in the
case of lignosulphonate-based polymer [7]. This indicates that nanotubes do not behave as inert conducting
phase dispersed in the polymer matrix but that they interact with lignin segments in the co-polymer composite
affecting its properties.
Analysis by UV-RR spectroscopy.
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UV-Resonance Raman (UV-RR) spectroscopy was applied to probing the interaction of lignin with MWCNT in
the polyurethane. AS an example, UV-RR spectra of OSPU and OSPU+CNT polymers are shown in Fig. 4.
Spectra normalization was done using band at 1179 cm-1, which was assigned to C-O stretch in alkyl-substituted
ether moieties (C-O-C) in PPGDI. New bands at 1580 and 1351 cm-1 in spectrum of OSPU+CNT were assigned
to G and D-bands of MWCNTs, respectively, and the band of the aromatic ring stretch shifted to the lower
frequency (to 1613 cm-1) and its relative intensity increased. Another two new bands appeared at 1295 and 1446
cm-1 assigned to aryl-O stretch in aryl-OH and aryl-OCH3, and CH3 bending in OCH3, respectively. Observed
shifts of the bands related to substituted aromatic rings, together with the increase of relative intensity in the
doped polymer, result from the interaction between aromatic moieties of lignin segments and carbon nanotubes.
This interaction may be a π-π stacking interaction between aromatic ring and carbon nanotubes side wall. Strong
interaction between MWCNTs and lignin lead to the increase of the electron delocalization and possibly change
of lignin chain conformation allowing better π - overlap along the chain of lignin giving rise to the increased
electric conductivity.
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Figure 4. UV-Resonance Raman spectra of the organosolv lignin-poly(propylene oxide) co-polymer: non-doped
(OSPU) and doped with MWCNTs (OSPU+CNT).
Sensor properties
Sensors produced from all lignins displayed no response to nitrate, chloride, phosphate, sodium, calcium, zinc(II), cadmium,
mercury(II), chromium (III) and iron (III) and low response of about 12 mV/pM to copper(II) and lead(II) ions. pH sensitivity
was also relatively low but linear in practically all studied ranges: 11 mV/pH for KL- based sensors in the pH range from 2 to
9 and 14 mV/pH for LS- and OS-based sensors in the pH range from 3 to 9. Significant sensitivity of the studied sensors was
observed only towards dichromate at pH 2. Slopes of the electrode function of lignin based sensors and chromate-selective
electrode with chalcogenide glass membrane in the chromate solutions at different pH are shown in Fig. 5. Highest sensitivity
of 53mV/pCr was observed for LS sensor, which was close to the response of Cr(VI)-selective electrode. Sensor KL
displayed lowest response to chromate of 39 mV/pCr. With increase of pH response of lignin sensors diminished and became
anionic before disappearing completely at pH 6. Lignin-based sensors displayed higher detection limits but wider linear
working range compared to the Cr-selective chalcogenide glass electrode. A mixed ion-exchange – redox mechanism of
sensor potential formation for lignin-based electrodes have been proposed. A sorption of Cr(VI) by lignin that requires
reduction of Cr(VI) to Cr(III) and concomitant oxidation of lignin moieties followed by the complexation of Cr(III)
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Figure 1. Sensitivity (slopes of the electrode function) together with standard deviations of lignin based
polymeric sensors and chalcogenide glass Cr(VI)–selective electrode in the solutions of Cr(VI) at different pH.

ions was proposed. A functioning mechanism may include the formation of reversible hydroquinone/quinone
couples in the oxidized lignin.
IV. CONCLUSIONS
Conducting composite polymers based on three types of lignins (kraft, organosolv and lignosulphonate) copolymerized with poly(propylene oxide) and doped with MWCNT were suggested as promising materials for
sensing applications. High conductivity of these materials allows easy preparation of the all-solid-state chemical
sensors while maintaining a high chemical stability and low leaching of the membrane components contributed
to reproducibility of sensor characteristics. In particular, high sensitivity of the sensors based on organosolv
lignin and lignosulphonate towards Cr(VI) in the acid media was observed.
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ABSTRACT
Mixtures of cellooligosaccharides were obtained by acetolysis of cellulose. Isolation of fractions which were
homogenous with regard to the DP (or did at least have a very narrow molecular weight distribution) was
conducted on a semi-preparative scale by normal-phase HPLC on silica with evaporative light scattering (ELS)
detection. The obtained monodisperse oligosaccharide fractions in the DP range between 1 and roughly 30 were
subsequently subject to different characterization methods, including MALDI-TOF-MS for molecular weight
assessment. Oligosaccharide standards are needed for size exclusion chromatography to analyze cellulose
fractions below ~10 kDa, even if it is coupled to light scattering detection (SEC-MALLS). The insensitivity of
the MALLS detection system in the low molar mass region can often not be compensated by other means, such
as higher sample concentration.
Besides providing the cellooligosaccharides as standard compound in SEC, we also focused on analytical
methods which are able to quantify cellooligomers. This is important when it comes to biorefinery streams
containing degraded polysaccharides, as the spectrum of suitable methods is rather scarce. Here, we present a
liquid chromatography method to quantify cellooligomers in their acetylated form, and in parallel we show first
results with planar chromatography (HPTLC), addressing this particular analytical problem.

I.

INTRODUCTION

The carbohydrate fraction of plant cell walls is the most abundant source for renewable organic raw materials. In
that context a complete and comprehensive knowledge of the physical and chemical properties is of great
importance in order be able to exploit the full potential of these compounds in the future. Many of the unique
properties of these carbohydrates can be related to the degree of polymerization (DP). Oligosaccharides derived
as degradation products from the corresponding polysaccharides are useful as model compounds and thus as a
tool for basic structural studies on cellulose and hemicellulose. Homologous series of cello- and xylooligomers
provide the possibility to investigate MW-related trends of macromolecular characteristics, physical properties
and chemical behavior, and thus their application potential as a function of the molecular weight. In addition,
such oligosaccharides are valuable standards and calibration compounds for several analytical techniques.
Procedures to prepare and isolate oligosaccharides with defined DPs allow to expand the determination window
of analytical techniques to cover also the "difficult-to-see" oligomeric range between the well-studied
monomeric and dimeric region on one side and the well-covered polymeric compounds on the other side, and
makes these compounds amenable to further investigation.
The term cellooligomer refers to the low-molecular mass range of cellulose, normally well below 10.000
g*mol-1. The borderline between polymer and oligomers is not very well defined. A common classification in the
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case of cellulose is just derived by water solubility, with soluble compounds in the molecular mass range of
DP≤8 being referred to as cellooligomers. In nature, such oligomers are produced for instance by enzymatic
cleavage of cellulose through microorganisms. In paper and fiber production these cellulose fractions play a
minor role since most fiber properties are influenced by the higher molar masses, including all strengths
properties and the ability of a polymer to form films or fibers, which is closely related to the molecular weight
distribution.
Some pulping methods yield rather polydisperse pulps with a wide range of molar masses present. This is for
instance true for sulfite pulps produced according to an acidic process. Those pulps and the associated pulping
streams contain considerable amounts of low molecular-weight carbohydrates. Also during viscose (rayon)
production, low molecular weight carbohydrates are lost and removed in β- and γ-cellulose fractions. These
streams could be an attractive source for cellooligomers to be used in novel applications. However, the
utilization of cellooligomers is still poorly conceived. In the future these cellulose fractions could play an
important role in crude oil substitution, in particular for the production of block-based chemicals. Methods for
appropriate analytical characterization are still rare, and approaches which cover the whole range of a cellulosic
sample, from the monomeric to the polymeric level, including the oligomers, are even completely missing.
Our effort is to extend a common SEC-MALLS method for cellulose analysis towards the low molecular range
by using monodisperse standards. Therefore, we established a preparative HPLC method to neatly separate such
standards after acetolysis of cellulose. In parallel, we used these compounds (masses were verified by MALDITOF) to calibrate a HPLC-ELSD system for acetylated cellooligomers up to a DP of 20. Especially wood
saccharification requires methods for the analysis of oligomeric carbohydrates which are rapid, robust, and
capable of higher throughput - and the developed approach appears to be able to meet such requirements.

II.

EXPERIMENTAL

Acetolysis
The acetolysis of cellulose was carried out according to the procedure of Hess and Dziengel with slight
modifications [1]. To get batches with different molar mass distributions reaction times were varied. The reaction
was controlled by TLC, with cellobiose octaacetate and glucose pentaacetate as references.
Analytical and preparative HPLC
Analytical scale separations of the product mixture were performed by NP-HPLC on a silica column (7 µm, 4.6
x 250 mm) with ethyl acetate and toluene as the eluants. In preparative HPLC fractions were collected with a
fraction collector Foxy R1 (Teledyne Isco) according to the ELSD signal used as trigger. A typical chromatogram
can be seen in Figure 1b. The product amount in each fraction was between roughly 5 to 20 mg. The individual
fractions were further analyzed by means of MALDI-TOF-MS.
HPTLC
Samples were applied using the Automatic TLC Sampler 4 (ATS 4, CAMAG, Muttenz, Switzerland).
For post-chromatographic derivatisation the plate was manually immersed into the derivatisation reagent
(anisaldehyde / sulfuric acid) and heated (120°C, 5 min). Plate images were documented using the TLC
visualizer (CAMAG). All instruments were controlled by the VisionCats 1.4. program (CAMAG), densitometric
evaluation was performed by VideoScan 1.02 (CAMAG).

96

© CSIC © del autor o autores / Todos los derechos reservados

13th European Workshop on Lignocellulosics and Pulp

III.

RESULTS AND DISCUSSION

For the generation of cellooligosaccharides by degradation of cellulose a variety of methods has been developed
during the last century [2]. Acetolysis was chosen because it is a cheap and simple procedure resulting in
sufficient amounts for the subsequent separation step. Avicel cellulose was used as starting material. Analytical
HPLC and HPTLC were performed to optimize the preparative HPLC separation system. Particle size is a
crucial parameter in chromatography, and a decrease in size leads to a higher resolution for the separation of the
cellooligomers which differ only by one acetylated AGU unit per oligomer molecule to be separated. Also
anomers can be separated to some extent but as this separation was not required, all fractions finally will contain
both isomers). The higher the DP, the more difficult the fractionation eventually becomes. To determine the
molar mass of each HPLC fraction, MALDI TOF-MS was performed (cf. Fig.1A). With the above described
preparative HPLC system we are able to get monodisperse cellooligomers up to a DP of 18. For the higher DP
values we can obtain mixtures of standards with very narrow distribution, which should be sufficient for a SECMALLS calibration after removal of acetyl groups.

Figure 1. A: Example MALDI-TOF MS spectrum of a pure acetylated cellooligomer (cellotetradecaose,
DP=14). B: preparative HPLC-ELSD chromatogram of cellooligomers.
C: analytical HPLC-ELSD, calibration curve for cellooctaose (DP=8).

HPLC and HPTLC are by far superior in the region below DP18 when compared to SEC-MALLS. Therefore,
we established a HPLC (and consequently HPTLC) methods for per-acetylated cellooligmers. Fig 1C gives an
example of a calibration curve obtained by HPLC-ELSD. Real-world samples containing cellooligosaccharides
have to be acetylated in advance, which was done in acetic anhydride / pyridine. However, as pyridine has to be
removed before injection into the HPLC system, alternative methods for the derivatisation are still in evaluation.
Replacing HPLC with HPTLC could have some benefits: increased speed (up to 16 samples/hour), lower
running costs, direct sample application after derivatisation and removal of any disturbing matrix directly on the
plate. Therefore, we started evaluation of a planar method for cellooligomer analysis. As preliminary tests
showed (Fig. 2), this method is capable of separating acetylated cellooligmers up to DP15 within one plate
development.
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Figure 2. HPTLC chromatogram of acetylated cellooligomers

IV. CONCLUSIONS
To analytically cover the oligomeric range of cellulose and its degradation products in detail, it is important to
have cellooligomer standards with defined molar mass available, which were provided in the present project. The
preparation of such standards with preparative HPLC using acetylated cellooligomers is an efficient method and
can be scaled up to produce largely sufficient amounts. With these standards a HPLC method for quantifying
acetylated cellooligomers was established. In parallel, the capability of HPTLC for oligomer analysis in
biorefinery product streams was investigated and proved to be very promising. Benefits of planar
chromatography are higher throughput, lower costs and exclusion of matrix effects. HPTLC also brings the
advantage to separate ubiquitous matrix directly on the plate with a pre-development.
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ABSTRACT
Enzymatic oxidation of galactopyranosyl branches in guar galactomannan (GM) was used as a novel technique
to obtain hydro- and further aerogels from polysaccharides. Lyophilization of oxidized GM (GM-OX) hydrogels
resulted in stiff, lightweight, and porous materials, i.e., aerogels. The freezing method of the hydrogels was
varied to affect the ice crystal formation and orientation of the porous structure. Alternatively, nanofibrillated
cellulose (NFC) was added prior to gelation to make composite aerogels. The compressive modulus
measurements revealed that the mechanical stiffness of the aerogels increased due to the orientation in the
freezing and drying direction, or with the addition of NFC. Microscopy illustrated the orientation of the pores,
which were tens to hundreds of micrometers in size. Enzymatic oxidation is an environmentally compatible
method to prepare bio-based aerogels for modern pharmaceutical, food, or packaging applications.

I. INTRODUCTION
Aerogels are advanced porous materials that have low weight and density, a large surface area, and high
mechanical strength. Due to their high porosity, aerogels are capable of active sorption, and through smart
porosity optimizations, they enable a controlled release of desired compounds. They are also thermal superinsulators. Aerogels are obtained in various shapes and sizes by the removal of liquid from a corresponding gel
[1,2].
Here, we present a new technique for aerogel preparation applying enzymatic crosslinking of galactosecontaining polysaccharides [3]. Galactose oxidase (GaO, EC 1.1.3.9) is a single copper metalloenzyme which
catalyzes the oxidation of primary alcohols to the corresponding aldehydes with the high selectivity for C6 in the
terminal D-galactopyranosyl (Galp) residues in polysaccharides. Molecular oxygen is used as an electron
acceptor and is reduced to hydrogen peroxide during the reaction. The degree of oxidation can be controlled to
different levels. Oxidation of aqueous solutions of galactomannan by GaO results in hydrogels with high
elasticity already at 0.2–0.4% w/v concentrations. The key mechanism in the hydrogel formation are the interand/or intramolecular hemiacetal crosslinks between the polysaccharide chains brought about the carbonyl
groups resulting from the enzymatic oxidation [4].
Guar galactomannan (guar gum, GM) is a polysaccharide used as a thickener and stabilizer in various food
products due to its water-binding and thickening ability; it is also used in pharmaceutical and cosmetic
applications and in the textile, paper, mining, and oil industries [5]. GM is obtained from guar bean seeds
(Cyamopsis tetragonoloba). It consists of a linear (1 4)-D-mannopyranosyl (Manp) backbone with
-Galp side units attached to the backbone via (1 6)-bonds at Manp:Galp ratio of 1.5:1.
Controlled hydrogel formation from water-soluble polysaccharides is advantageous in comparison to widely
studied nanofibrillated cellulose (NFC), because the latter forms a gel directly after mechanical fibrillation,
which complicates homogenous mixing of active components and other additives in the NFC matrix prior to
drying of the aerogel. The aim of the present study was to prepare aerogels from GM using GaO technology and
to evaluate the effect of the freezing method and added NFC reinforcement on the morphology and stiffness of
the aerogels.
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II. EXPERIMENTAL
Materials
Galactose oxidase (GaO) used was from Fusarium spp, which was produced recombinantly in Picihia pastoris,
and donated by Dr. Sybe Hartmans (specific activity of 770 U/mg). Nanofibrillated cellulose (NFC) from birch
kraft pulp was obtained from Aalto University, Finland. Guar gum galactomannan (GM), horseradish peroxidase
(HRP, P8250, Type II, 181 U/mg) and catalase (C30, from bovine liver, 22000 U/mg) were purchased from
Sigma Aldrich (St. Louis, MO, USA).
Preparation of aerogels
GM was dissolved in deionized water (10 mg/ml) at room temperature (RT) and stirred overnight for complete
hydration. NFC was added at 25% of polysaccharides by mixing with an Ultra Turrax homogenizer for 5 min at
9500 rpm. Samples were also prepared without the addition of NFC. The enzymes (GaO, catalase, HRP) were
added at dosages based on previous studies (0.052 U of GaO/1 mg of galactose) [4]. After stirring at 4°C for
48 h, the enzymes were inactivated by keeping the hydrogels in a boiling water bath for 5 min. Air bubbles were
removed by vacuum. The hydrogels were allowed to cool down, samples (ca. 1 ml; 10 mg of polysaccharide)
were taken aside, and a previously developed GC-MS method was used to determine the degree of oxidation [4].
The rest of the hydrogels were molded into cubical Petri dishes and frozen at 70 °C. To prepare unidirectionally
frozen samples using an ice crystal template, the Petri dishes were placed on top of a CO2 ice plate in an EtOH
bath. After 0.5–1 h the hydrogel was frozen, and the samples were placed in a freezer at 70° C. Water was
removed by lyophilization.
Compression testing
The compressive moduli of the aerogels was determined at 23 °C and 50% RH (climate room) using an Instron
33R4465 universal testing machine with a load cell of 100 N. The specimens were compressed for 6 mm at the
rate of 1.3 mm min 1. Ten replicate cubic specimens with a width, length, and thickness of approximately 17 mm
were tested in either horizontal or vertical direction.
Microscopy
Aerogel specimens were coated with an Au/Pd film, using a Cressington sputter coater, to increase surface
conductivity and to improve surface mechanical stability during electron beam imaging. The surfaces of the
specimens were viewed using focused ion beam scanning electron microscopy (Quanta 3D 200i FIB-SEM).
Optical imaging of aerogels’ cross-sections were taken with a Zeiss Axio-Scope A1 polarizing optical
microscope (OM) (Carl Zeiss Inc., Oberkochen, Germany) using transmitted light, and the images were collected
with AxioCam ICc3 camera.

III. RESULTS AND DISCUSSION
Hydro- and aerogel formation
The hydrogel formation from oxidized GM-OX was similar to that reported previously [4]. The presence of 25%
NFC did not hinder the enzyme action and visually similar gel was obtained. The success of the enzymatic
treatment was further confirmed by analyzing the degree of oxidation with GC-MS [4], which was 45–63% of
the Galp and 18–25% of the total carbohydrates in GM.
Aerogels were successfully prepared from the obtained hydrogels, as freezing and lyophilizing did not affect the
outer dimensions of the cubic gel specimens. The ice crystal template, created by unidirectional freezing,
induced the formation of an aligned porous structure, which was clearly visible on the aerogel side surface with a
naked eye. In comparison, the conventionally frozen samples did not show uniform orientation.
Mechanical properties
The aerogels from GM-OX were lightweight (0.01–0.02 g cm 3) and stiff. To accurately characterize their
mechanical properties, the samples were subjected to compression testing at 50% relative humidity, in which the
compressive modulus was determined from the initial slope of the stress-strain curve. The oxidized,
conventionally frozen GM-OX aerogels showed an average compressive modulus of 73 kPa (Figure 1). That
value is of the same magnitude, even though on the lower range of the compressive moduli of previously studied
polysaccharide aerogels [1].
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The effect of ice crystal template freezing was highlighted in the compression testing (Figure 1). The specimens
were tested on both horizontal and vertical direction. On the horizontal direction, the GM-OX aerogels showed a
compressive modulus of 53 kPa. The specimens were much stiffer in the vertical direction, i.e., in the freezing
and drying direction, as demonstrated by high compressive modulus of 227 kPa. This large difference was most
likely caused by the structure and orientation of the pores and pore walls of the aerogels. We suggest that also
the polysaccharide chains could be oriented on the vertical direction during unidirectional freezing, causing
higher stiffness on this direction.

Compressive Modulus (kPa)

The addition of NFC was studied by mixing it with the GM solution prior to oxidation. The hydrogels containing
NFC were frozen conventionally in a freezer and thus they did not show orientation. However, the relatively
high compressive modulus of the GM-OX aerogels with 25% NFC (167 kPa) showed that NFC indeed acted as a
reinforcement and increased the stiffness of the aerogels (Figure 1).
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Figure 1. Compressive modulus of conventionally frozen aerogels from enzymatically oxidized guar
galactomannan (GM-OX) (Control, determined in vertical, i.e., casting and drying direction), ice-crystal
templated GM-OX in horizontal (Oriented-H) and vertical (Oriented-V) direction, as well as conventionally
frozen GM-OX aerogels with 25% NFC added (vertical direction). The error bars indicate standard deviations
from ten replicate measurements.

Microscopy
To visualize the porous structure of the aerogels, they were viewed with FIB-SEM and optical microscopy. The
FIB-SEM images (Figure 2) show the morphology of the aerogel specimens on the side surface of the cubic
aerogels. Figure 2A presents the conventionally frozen GM-OX aerogel, which did not show orientation of the
pores. The surface of this sample was also milled open with 30 kV Ga+ ions, revealing the pores beneath the
surface as a rectangular-shaped opening in the middle of the image. The ice crystal templated GM-OX aerogel,
on the other hand, showed a honeycomb structure with thick walls in the vertical direction, connected with
thinner horizontal walls (Figure 2B).

Figure 2. Focused ion beam scanning electron microscopic images of oxidized GM-OX aerogels prepared by
(A) conventional freezing or (B) ice-crystal template. The scale bar in both images is 500 µm.
Cross-sections of the aerogels were carefully cut with a sharp knife and the inner structure was viewed with
optical microscopy. The optical microscopy of the conventionally frozen GM-OX specimen showed that pores of
a diameter from tens to hundreds of micrometers were divided by clearly visible walls (Figure 3A). This sample
did not show polarizing structures. In contrast, viewing the GM-OX aerogel containing 25% NFC with polarized

Copia gratuita. Personal free copy

http://libros.csic.es

101

13th European Workshop on Lignocellulosics and Pulp

light showed bright pore walls, most probably due to the capability of the highly crystalline NFC to orientate
polarized light (Figure 3B). When viewed with transmitted light without the polarizing filter, the latter sample
(not shown) looked similar to the one without NFC.

Figure 3. Cross-sections of (A) oxidized GM-OX aerogels viewed with optical microscopy using transmitted
light and (B) GM-OX aerogels with 25% NFC, viewed with polarizing optical microscopy. The scale bar in both
images is 200 µm.

IV. CONCLUSIONS
The novel, rather stiff aerogels were successfully prepared from oxidized GM-OX hydrogels by freeze-drying.
Aerogels were further reinforced by mixing nanofibrillated cellulose prior to oxidation. The aerogel
characteristics indicate potential in various applications, such as, active packaging, encapsulation, or absorbents.
Their use in food technology is especially interesting due to bio-based origin, biodegradability, and the non-toxic
crosslinking technique.
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ABSTRACT
Wood-derived hemicelluloses were subjected to grafting with lactide in order to synthesize thermoplastic
hemicellulose-based materials and thin self-supporting films intended for packaging applications. Three different
kraft pulps from birch, eucalyptus and spruce/pine wood, respectively, were extracted with alkali in order to
isolate the hemicelluloses. The extracted hemicelluloses were composed mainly of xylans and exhibited average
molar masses in the range 10-13 kDa. The hemicelluloses were modified by grafting L-lactide residues onto the
hydroxyl groups via stannous octanoate catalyzed ring opening reaction yielding water insoluble thermoplastic
materials. Self-supporting films were produced from the synthesized lactide-grafted hemicellulose materials and
characterized with respect to thermal and gas barrier properties. The study showed that the thermal and
mechanical properties of the lactide grafted hemicellulose materials varied substantially with the lactide content.
The oxygen gas and water vapour barrier properties of the lactide grafted hemicellulose films were good and
compared favorably with those for some PLA bioplastics. Moreover, the lactide grafted hemicellulose films
exhibited low oxygen gas permeability, OP = 1.4 – 8.3 cm3mm/m2 24h atm, at 23 oC, 50 % relative humidity.

I. INTRODUCTION
Hemicellulose based films and coatings generally exhibit good gas barrier properties. However, wood
hemicelluloses are water soluble polysaccharides exhibiting film properties that are quite sensitive to the
humidity of environment. Moreover, hemicelluloses isolated from kraft pulps do not demonstrate thermoplastic
properties and, hence, are difficult to process thermally by e.g., extrusion or compression molding to films, fibres
and other products.
Chemical modification of the hemicelluloses may reduce the water solubility and introduce thermoplastic
properties. For example, Vincendon synthesized xylan phenyl carbamates and benzyl ethers demonstrating
thermoplasticity at high temperatures (>200 oC) [1,2]. Acetylation was reported to increase the thermal stability
of hemicelluloses [3] and nanofibers were produce by electrospinning of acetylated hardwood kraft xylan [4].
Moreover, Jain, et al. [5] demonstrated that acetoxypropylation of xylan produces water insoluble materials
exhibiting glass transition temperatures (Tg) in the range 70 – 160 oC depending on the degree of acetoxypropyl
substitution. However, acetoxypropylation of xylan involves several sequential chemical reactions. It would be
desirable to find an efficient one-step procedure to chemically modify kraft pulp derived hemicelluloses in a
manner such that the advantageous gas barrier properties are maintained while achieving water insoluble
thermoplastic materials suitable for thermal processing into films and other products.
We have previously reported procedures for synthesizing thermoplastic birch xylan materials by grafting lactide
onto the hydroxyl groups located on xylan back bone employing a one-step lactide ring-opening reaction [6].
The lactide-g-xylan polymers synthesized were strong water-insoluble materials demonstrating thermoplastic
properties e.g., glass transition temperatures ranging from 40 oC up to 80 oC [6-8]. In the present study we
explored the possibility of making thermoplastic lactide grafted hemicelluloses employing three different
hemicellulose preparations isolated from bleached hardwood and softwood kraft pulps. The hemicellulose
materials synthesized were processed into flexible self-supporting barrier films exhibiting good oxygen gas and
water vapor barrier properties.

II. EXPERIMENTAL
Isolation of kraft pulp hemicelluloses
Three different pulps originating from kraft pulping of birch, eucalyptus and spruce/pine wood, respectively
were employed for the isolation of the hemicelluloses. The pulp samples were delivered as dry pulp sheets which
were stored cold at our laboratory prior to extraction. The pulp sheets were first subjected to disintegration
followed by soaking and suspending in aqueous sodium hydroxide solution (10 % NaOH) to a fibre consistency
around 10 %. The suspended pulp fibers were subsequently extracted at room temperature for an extraction time
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of 60 minutes. Following the extraction the pulp suspension was filtered and the alkaline extraction liquor thus
obtained was adjusted to pH~8 resulting in the precipitation of the hemicellulose. The precipitated hemicellulose
material was isolated by centrifugation followed by washing and finally freeze-drying to yield a white
voluminous solid material.
Synthesis of lactide grafted hemicelluloses
The dried hemicellulose was added to a dry reaction flask and the flask was sealed with a septum. DMSO (dried)
was added through the septum. After treated sequentially with vacuum and nitrogen to remove any water
residues the mixture was heated to 90 °C to dissolve the xylan under magnetic stirring. L-lactide was then added
to the mixture. After another treatment cycle with vacuum and nitrogen of the catalyst stannous octanoate
(Snoct2) was added (~5 %-wt. with respect to the amount of hemicellulose). After 24 h reaction time at 90 °C
under inert atmosphere, the reaction mixture was allowed to cool to room temperature and subsequently
quenched by pouring into deionized water. The water insoluble lactide-g-hemi polymer precipitated from the
water/DMSO phase and was subsequently washed three cycles with water and then dried under vacuum.
Film preparation
Thin flexible self-supporting films were made by either solution casting or compression moulding. Solution
casted films: about 1 g of the lactide-g-hemi was dissolved in 15 mL THF and transferred to a Teflon coated
glass petri dish. The solvent was evaporated in a fume hood for 2-4 days after which the film was removed from
the dish. Compression moulded films: the lactide-g-hemi material was put on top of a PET-sheet and
compression moulded at 150°C and 50 bar for 10 minutes.
Analysis methods
The carbohydrate composition of the extracted hemicelluloses was determined by enzymatic hydrolysis followed
by capillary electrophoresis employing a method described by us previously [9]. The molecular mass for the
hemicelluloses were determined by employing aqueous size exclusion chromatography according to the
procedure previously described by us [10]. The SEC column system consisted of three columns containing
Ultrahydrogel 120, 250 and 500 (Waters Assoc. USA) linked in series to each other and to a refractometer
(Waters Assoc. USA). The eluent system utilized was 100 mM sodium acetate and 200 mM sodium hydroxide,
pH 13. The lactide graft hemicelluloses were analysed by SEC employing tetrahydrofuran as the eluent. The
SEC column system consisted of three Styragel columns (Styragel HR2 and HR1, Ultrastyragel 104 Å; Waters
Assoc. USA) connected to a reflective index detector (RI). The signal from the refractometer was processed on a
standard PC using the Cirrus GPC/SEC software, version 3.1 (Polymer Laboratories Ltd., UK).
Thermal measurements
Differential scanning calorimetry (DSC) was employed to measure the glass transition temperature (T g). About
2-5 mg of the lactide-g-hemicellulose sample was weighted in a pan for measurements. A Waters DSC Q1000
V9.4 Build 287 instrument was used. The heating rate during measurements was 10°C/min. The thermal
degradation temperature (Td) was measured by TGA. A Perkin Elmer TGA7 instrument with a flow rate of the
purge gas (He) at 20–35 ml/min and the balance purge gas (N2) of 40–60 ml/min was employed. Approximately
4 mg of sample was dried at 105 °C for 20 min prior to heating with a heating rate of 15 °C/min to 300 °C. All
reported data are averages of duplicates.
Oxygen gas and water vapour permeability
The oxygen gas permeability (OP) was determined on films by employing Mocon Ox-Tran 2/21 equipment
using a temperature of 23 ± 0.5˚C and a relative humidity (RH) of 50 ± 3 % following the standard procedure
described in ASTM F 1927-07. The water vapour permeability (WVP) was determined by employing Mocon
Permatran-W 3/33 equipment using a temperature of 23°C ± 0.5°C and a relative humidity (RH) of 50 ± 3 %
following the standard test method for water vapour transmission rate through plastic film and sheeting using a
modulated infrared sensor, ASTM F 1249-05.

III. RESULTS AND DISCUSSION
In this study, three different kraft pulp derived hemicelluloses were subjected to grafting with lactide in order to
synthesize thermoplastic hemicellulose-based polymers and thin self-supporting films.
Hemicelluloses
Three different kraft mill pulps from birch, eucalyptus and spruce/pine wood, respectively, were employed for
the isolation of the hemicelluloses. The carbohydrate composition and molecular mass properties of the isolated
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hemicelluloses are depicted in Table 1. According to the carbohydrate analyses the hemicelluloses from the
hardwood pulps were pure glucuronoxylans carrying a few 4-O-methylglucuronic and hexenuronic acid sidegroups. In contrast, the hemicellulose obtained by extraction of the softwood pulp was composed of a mixture of
arabinoglucuronoxylan (~90%) and galactoglucomannan. The molecular mass of the spruce/pine and the birch
pulp hemicelluloses were rather similar whereas the corresponding eucalyptus xylan exhibited a somewhat
higher molecular mass, see Table 1.

Table 1. The carbohydrate composition and the average molecular mass of the hemicelluloses.
Hemicellulose origin

Birch

Eucalyptus

Spruce/pine

Carbohydrate composition (weight-%)
Xylose
4-O-Methylglucuronic acid
Hexenuronic acid
Mannose
Galactose
Glucose
Arabinose

96.7
0.7
2.6
0.0
0.0
0.0
0.0

96.4
1.4
0.7
0.0
0.7
0.9
0.0

79.5
0.0
3.6
4.3
0.6
5.3
6.8

Average molecular mass (kDa)
Number average mass, Mn.
Weight average mass, Mw.

9.2
10.9

10.0
13.2

9.2
10.8

Lactide grafted hemicelluloses
Lactide grafted polymers (lactide-g-hemi) were synthesized from the spruce/pine, eucalyptus and birch pulp
hemicelluloses by grafting employing a lactide-to-hemicellulose molar ratio 2:1. Table 2 depicts the glass
transition temperature (Tg) and the decomposition temperature (T d) for the lactide-g-hemi polymers synthesized.
The birch lactide grafted xylan polymer exhibited the highest T g according to the data in the table. The glass
transition temperatures obtained here for the kraft pulp derived lactide-g-hemi polymers were slightly higher
than those measured by us previously for some birch black liquor xylan derived lactide-g-hemi polymers [8]

Table 2. The thermal properties of the three different lactide-g-hemicelluloses synthesised from the spruce/pine,
birch and eucalyptus hemicelluloses extracted from the bleached kraft pulps.
Polymer and origin

Glass transition temperature

Decomposition temperature

o

Tg ( C)

Td (oC)

88

248

La-g-hemi, Birch pulp

108

250

La-g-hemi, Eucalyptus pulp

98

253

La-g-hemi, Spruce/pine pulp

Lactide grafted hemicellulose films
Self-supporting barrier films were manufactured by solvent casting or thermal processing (compression
moulding) from the three lactide grafted hemicellulose polymers synthesized. Table 3 depicts the oxygen gas
permeability (OP) and the water vapour permeability (WVP) for the lactide-g-hemi films produced. As can be
seen, all films demonstrate good oxygen barrier properties according to the data in Table 3. Moreover, the OP
values measured here for lactide-g-hemi films compared favourably with the OP values previously reported for
PLA and PLA-blends with wood-derived hemicellulose [11]. The oxygen gas permeability for the compression
moulded film from the eucalyptus derived lactide-g-hemi was somewhat lower than that for the birch and
spruce/pine derived films produced by solvent casting, see Table 3. The WVP measured here indicates that the
lactide-g-hemi film also can provide some protection against moisture.
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Table 3. The oxygen gas permeability (OP) and water vapour permeability (WVP) for films from lactide-ghemicelluloses from spruce/pine, birch and eucalyptus. The measurements were done at 23oC and 50% RH.
Polymer and origin

Oxygen gas permeability (OP)
cm3 mm/ m2 24h atm

Water vapour permeability (WVP)
g mm/ m2 24h atm

La-g-hemi, Spruce/pine pulp

7.1*

n.a

La-g-hemi, Birch pulp

8.3*

n.a

La-g-hemi, Eucalyptus pulp

1.4**

2.7**

* = Solvent casted, ** = Compression moulded, and n.a = not analysed

IV. CONCLUSIONS
The present investigation demonstrates that thermoplastic barrier materials can be synthesized by grafting lactide
to birch, eucalyptus and spruce/pine pulp hemicelluloses. The self-supporting films produced from the lactide
grafted hemicelluloses exhibited good barrier properties. Thus, the thermoplastic lactide grafted hemicellulose
polymers synthesized here may find applications as novel “green” packaging materials derived from renewable
raw material resources.
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ABSTRACT
Although the Pulp and Paper industry has been relatively slow to adopt enzyme technologies, tremendous
progress has been made in the past 30 years. Xylanase aided bleach boosting, enzymatic deinking, pitch control
by lipases, cellulases for drainage improvement and stickies control by esterases have all been implemented in
the pulp and paper making processes.
In recent years substantial focus has been on the area of fiber modification, where enzymes are used to
fundamentally alter the performance of specific fibers in paper, tissue and board manufacture – and today such
applications find widespread use in industry.
The major efforts put into developing commercially viable routes to make ethanol from lignocellulosic biomass
has furthermore resulted in a very large diversity of enzymes – both within the known classes of cellulases and
hemicellulases, but also within completely new enzyme classes, such as the LPMO’s or GH61-type enzymes.
It is likely that more and more enzymatic solutions will find their way into the pulp and paper mills in the years
to come.
I. TRENDS IN CURRENT ENZYME APPLICATIONS
As shown in table 1 below around 8-9 enzyme classes are currently used commercially in the pulp and paper
industry.
The first application of enzymes
in the paper industry was
somehow a spill-over from the
starch industry – use of
amylases for modifying the
viscosity of starch so that it
becomes applicable for paper
coating applications. Then in
the mid-80’ties came the
discovery that xylanase pretreatment of pulp could
significantly
improve
the
subsequent bleaching process
[1]. Today xylanases have been
engineered to be used at high
temperatures and significant
alkalinity in order to ease their
implementation at mill scale.
Furthermore a new application
of xylanases is for postbleaching application [2], where
the enzymatic treatment is done
after the final bleaching tower.
The benefit of xylanase postbleaching applications may be a
brightness gain in the range of
1.0-1.5%
ISO
brightness
combined with a reduced
brightness reversion.
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Segment

Application

Enzyme Class

Pulp

Bleach boosting

Xylanase

Deinking

Amylase, cellulase, lipase

Strengthening & refining

Cellulase, laccase, hemicellulase

Drainage/dewatering

Cellulase and hemicellulase

Vessel element mitigation

Cellulase and hemicellulase

Starch modification

Amylase

Pitch control

Lipase

Stickies control

Lipase

Cleaning

Protease, lipase, amylase

Cationic demand
reduction

Pectinase

Color/odor removal

Laccase, peroxidase

Residual management

Multiple enzymes

(i.e. for tissue, towel paper and board
manufacture)

Process & equipment

Process & wastewater
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Enzymatic solutions for pitch and stickies control have developed into significant industrial applications. Lipase
products for pitch control offer an effective tool to reduce productivity losses and quality problems in mills using
mechanical pulp fiber [3]. In some respects, pitch control is a business area that shows a relatively high cyclic
nature with a significant use in the cold months (where the natural extractives degradation in chip piles is low)
and reduced consumption during the summer months. Increasingly, younger trees and/or species with unique
extractive profiles comprise a significant fraction regional wood baskets and are availing new, year-round, lipase
application opportunities.
Enzymatic stickies control [4] where a special type of lipases is used to prevent agglomeration of adhesive
contaminants in recycled pulp furnishes is today well established in industry – in particular in the production of
tissue- and towel-grade products from recovered fibers. The mechanism behind enzymatic stickies control is
believed to be related to deacetylation of adhesive contaminants such as polyvinylacetate to the less adhesive
polyol which in turn increase the colloidal stability of micro-stickies and reduces their agglomeration into macrostickies.
In recent years a lot of focus in industry has been on the use of enzymes – mostly cellulases - for fiber
modification. While many of the multi-component cellulolytic systems found in nature have the potential to
dramatically reduce pulp viscosity and reduce most strength measures, it is found that treatment of pulps with
selected endoglucanases can do quite the opposite, namely significantly increase strength [5]. Papermakers can
take advantage of this strengthening effect in several ways, i.e. by producing a higher quality end-product, by
reducing refining energy, by using a less costly furnish and/or by saving on other strengthening agents. The
front-runners in the large scale implementation of enzymatic fiber modification have been the tissue- and towelsectors, where the improvements can be clearly perceived by consumers. Currently, the practices are also
transferring to the production of packaging/board grades as well as printing and writing papers.
A related area that has grown in importance is that of enzymatic vessel element mitigation [6]. The problems
with vessel elements – i.e. vessel picking – are not new, but the strong growth in export of eucalyptus market
pulp from Latin America has resulted in this becoming a global issue. Enzymatic means to control vessel picking
take advantage of the distinctive wall structure and the higher content of hemicellulose in the vessel elements
compared to the regular fibers, so that combined enzymatic and mechanical treatment of pulps can “selectively”
weaken and disrupt the vessels, so that these can be incorporated in the product without causing problems for
down-stream users.
While all of the above technologies are still far from full market acceptance and penetration, it is clear that the
industry is starting to consider enzymatic solutions as standard tools. No doubt both enzyme producers and
solution providers to the paper industry will continue to refine and optimize product and process performances
for an even greater use in the future.

II. NOVEL AND FUTURE APPLICATIONS
The enzymes currently used in the pulp and paper industry are almost exclusively representatives of the
hydrolase class – and only a very small fraction of enzymes from the remaining classes. Within the coming years
this will likely change as more and more applications involving novel enzyme classes are matured to the point of
commercialization.
Oxidoreductases for pulp and paper applications have been a major research topic for many years, and we now
see mills starting to employ these at commercial scale [7] - mainly for strengthening of packaging grades based
on OCC and/or UBSK, as well as in wood composite materials production.
In these applications laccases are believed to induce a redistribution and cross-linking of lignin and other
aromatic compounds which impart greater strength (i.e. burst and ring crush strength) and impart new physical
properties (e.g. hydrophobicity) to the resulting board. Mills can capitalize on this by optimizing their furnish
(i.e. greater use of recovered fiber) and by reducing other functional additives.
Tremendous progress has also been seen in the use of oxidoreductases for bleaching/delignification processes [8]
– as will be discussed in another session during this conference. Although there is no doubt that enzymatic
bleaching reactions have merit from a technical point of view, enzymatic bleaching technology needs to be
further improved to compete with existing bleaching processes.
In the fiber modification area enzymes are being evaluated for more specialized grades and processes.
Endoglucanases have emerged as key candidates for cost-effective production of nano-cellulose or MFC by
reducing the refining energy needed in the manufacturing process [9].
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Another new use of cellulases is in the production of dissolving pulps. Dissolving pulp is one of the high growth
sectors of the P&P industry driven by the textile industry seeking alternatives to cotton. Cellulases can be used
for a precise adjustment of the intrinsic viscosity of the pulp with the additional benefit of increased pulp
reactivity for viscose manufacture (decrease consumption of CS2) as presented in Figure 1.

Figure1. Performance of different cellulase products on i) the decrease of the intrinsic viscosity and ii) on the
increase in dissolving pulp reactivity for viscose manufacture.
A new class of enzymes that has been found capable of providing fiber modification benefits are the so-called
GH61-enzymes [10]- now mostly referred to as lytic polysaccharide monooxygenases (LPMO’s). These monooxygenases were found to be one of the key enzymes for enabling cost-effective degradation of lignocellulosic
biomass to fermentable sugars. In concert
with other cellulytic enzymes these enzymes
significantly boost the degradation of
biomass. However, ithas recently been
found that selected LPMO’s can provide
significant strength benefits to both
bleached and unbleached pulp fibers in the
absence of other activities. As illustrated in
figure 2 it is possible to see substantial
increases in both tensile and tear strength of
handsheets prepared from unbleached
eucalyptus Kraft pulp pre-treated with
LPMO. An interesting aspect of the LPMO
activity is that the strengthening benefits are
noticeable also on highly lignified fibers – a
difficult substrate for many endoglucanases.
Figure 2. Fiber modification with Ta GH61 on unbleached
eucalyptus kraft pulp.
In the pitch control area work has been done to expand enzymatic extractives management from triglycerides to
also cover other classes of lipophilic extractives – in particular fatty acids. Several approaches have been found
to be effective - treatment of pulps with laccases and selected mediators as well as treatment of extractive rich
pulps with lipoxygenases [11]. The lipoxygenases can oxidize unsaturated fatty acids, such as linoleic acid, into
fatty acid hydroperoxides. While these enzymes would be expected to be able to act on fatty acid extractives in
pulps it has been shown that they may aid in the removal of a far wider range of extractives including sterols,
sterol glycosides, fatty alcohols and even alkanes. Additional interest in the lipoxygenases arises from the
finding that the formed fatty acid hydroperoxides seem to be able to provide additional delignification/bleaching
benefits.
Several grafting technologies are being developed for functionalizing fibers. Various oxidoreductases can be
employed to either form or add new functional groups on fiber-surfaces thereby altering their performance on the
machine and within the final product. Also transferase enzymes, like xyloglucan endotransferase (XET), can be
used to provide new fiber functionalities or to link functional additives onto fiber-surfaces.
III. CONCLUSIONS
The use of enzymes in the pulp and paper industry has been steadily growing over the past 25 years, yet there is
still significant room for further growth and implementation of more sustainable ways to manufacture pulp and
paper products. Most of this growth has been based on enzymes providing incremental improvements within the
existing manufacturing processes. This will for sure also continue in the foreseeable future.With the increasing
focus on biorefineries – and in particular integrated forest biorefineries (IFBR’s) – it can be envisioned that
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enzymes and other biotechnological solutions may become truly enabling technologies for the evolving pulp and
paper industry. On one hand, the IFBP-approach may allow the pulp and paper industry to broaden their revenue
base by entering and/or creating new markets. On the other, IFBR investigative efforts may boost the progress of
self-sufficient manufacturing i.e. via in-situ or on-site production of key-chemicals (solvents, surfactants,
strengthening agents etc).
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ABSTRACT
Considerable confusion existed for years about the mechanisms ultimately responsible for wood
biodegradation by basidiomycetes. Interest in wood decay, as a biotechnological model for the sustainable
production of fuels and chemicals, led to sequencing of the first basidiomycete genomes. Massive
sequencing tools extended the number of white-rot and brown-rot fungal genomes available, enabling us
to establish general conclusions on the biodegradation mechanisms involved in each of them. Lignin
degradation by white-rot fungi appears always associated with the presence of high redox-potential
peroxidase genes in their genomes. Such genes are absent from all the brown-rot fungal genomes.
Moreover, polysaccharide degradation by the latter fungi is not associated with an expansion of genes
encoding carbohydrate-acting enzymes. This fact, together with the presence of genes encoding peroxidegenerating and Fe3+- and quinone-reducing enzymes, supports the chemical depolymerization of wood
polysaccharides via Fenton chemistry in the case of brown rot. The genomic analyses also outlined the
evolutionary history of the different peroxidase families in wood-rotting basidiomycetes, in particular
fixing the origin of lignin-degrading peroxidases at the end of the Carboniferous period, which coincides
with the end of coal formation via accumulation of undecayed plant biomass in the soil.
I. FIRST BASIDIOMYCETE GENOMES
The increasing availability of basidiomycete genomes (transcriptomes and secretomes) provides answers
to several questions concerning the biodegradation mechanisms of wood-rotting fungi. Most of these
genomes were sequenced at the Joint Genome Institute of the US Department of Energy with the purpose
of understanding fungal decay of wood, for the biotechnological production of fuels and other chemicals
from renewable plant feedstocks. Basidiomycetes have developed two main degradation strategies
resulting in so-called white-rot and brown-rot decay of wood (because of the color of the transformed
material) [1]. Chemical analysis showed that white-rot fungi remove wood lignin, simultaneously or
preferentially with respect to polysaccharides, while brown-rot fungi remove polysaccharides
preferentially to leave a modified lignin-rich residue [2]. Simultaneously, using simple and polymeric
model compounds, it was shown that white-rot fungi are able to mineralize lignin, which in nature
protects wood polysaccharides against hydrolysis by most cellulolytic organisms (brown-rot excluded).
In addition to the so-called ligninolytic peroxidases discovered in the 80's, a variety of other oxidative
enzymes (including laccases, different peroxidases, oxidases and other oxidoreductases), as well as redox
mediators (such as phenolic and nonphenolic aromatic compounds from fungal metabolism or lignin
degradation, lipid and oxygen radicals, metal cations, etc) have been associated with fungal degradation
of lignin in a process that was defined as an "enzymatic combustion" [3], in contrast to polysaccharide
degradation, which is seen as a generally well understood, largely hydrolytic process. This puzzling
situation, already emphasized in some early reviews [4], persisted for more than 20 years until the
development of the first genome sequencing platforms.
Phanerochaete chrysosporium, the model white-rot fungus for many years, was the first basidiomycete
whose genome was sequenced in 2004 [5]. A few years later, the first brown-rot fungal genome,
transcriptome and secretome of Postia placenta was available [6] and their comparison with the
corresponding P. chrysosporium genome [5], transcriptome and secretome [7] provided interesting
information on the wood biodegradation mechanisms by these two model white-rot and brown-rot
basidiomycetes. This early period of sequencing of individual wood-rotting fungal genomes was
completed with the genomes of Ceriporiopsis subvermispora [8], a selective lignin degrader, and also
those of Pleurotus ostreatus [9] and Agaricus bisporus [10], which are two representative lignindegrading agarics that grow on wood and soil, respectively (note that all the above typical lignin-
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degrading fungi are polypores). More recently, larger sequencing projects were developed, where the
initial conclusions obtained from the genomes of the first fungi sequenced were extended and completed
using the genomes of a variety of white-rot and brown-rot basidiomycetes, as reported by Floudas et al.
[11], who analyzed 31 ascomycete and basidiomycete genomes.
II. DIVERGENT WHITE-ROT AND BROWN-ROT DEGRADATION MECHANISMS
To obtain general conclusions on the mechanisms of wood degradation, we comparatively analyzed
thirteen white-rot and seven brown rot fungal genomes [9,11-13]. Among the different oxidative enzymes
mentioned above, genes for ligninolytic peroxidases - the so-called lignin peroxidase (LiP), manganese
peroxidase (MnP) and versatile peroxidase (VP) enzymes - appear in all the white-rot fungal genomes but
are absent from all the brown-rot fungal genomes, whereas laccases, oxidases and other oxidoreductase
families are present in both white-rot and brown-rot fungal genomes.
Among the above peroxidases, MnPs are present in all white rot fungi, being accompanied by LiPs, VPs
or both, depending on the type of fungus. LiP is able to degrade nonphenolic lignin model dimers and
nonphenolic synthetic lignin (the latter in the presence of the fungal metabolite veratryl alcohol) [14,15]
and the same capabilities have been recently shown for VP [16]. On the other hand, MnP, and also VP,
oxidize Mn2+ to Mn3+, which can: i) initiate lipid peroxidation reactions resulting in lignin degradation by
reactive lipid radicals; or ii) oxidize minor phenolic units in lignin or lignin-derived phenols [17]. None of
the above peroxidases are found in brown-rot fungi, whose genomes include only a few genes encoding
so-called generic peroxidases (GPs), which are characterized by a low redox-potential that limits them to
oxidation of phenolic substrates (and some dyes). The specific presence of genes encoding LiP, VP and
MnP in white-rot fungal genomes, and their frequent duplication giving rise to numerous isoenzymes,
strongly support their involvement in the attack on lignin characteristic of wood-rotting basidiomycetes.
However, the brown-rot fungal genomes not only lack the genes for ligninolytic peroxidases, in
agreement with the lifestyle described above that only includes limited modification of lignin [2], but also
contain a much smaller number of genes for carbohydrate-acting enzymes (CAZYs) as compared with
white-rot fungi. In particular, cellulolytic enzymes that contain cellulose-binding domains are
unexpectedly rare. This fact, together with the presence and expression of genes for H2O2-generating
oxidases and Fe3+- and quinone-reducing enzymes, indicates that polysaccharide attack by brown-rot
fungi is largely non-enzymatic, proceeding via Fenton chemistry (Fe2+ + H2O2 → Fe3+ + OH- + OH·) [6].
That is, not only lignin depolymerization by white-rot fungi but also polysaccharide depolymerization by
brown-rot fungi depend heavily on oxidative processes.
Although a few white-rot fungal species degrade lignin preferentially with respect to polysaccharides
(selective decay pattern), most white-rot fungal species degrade polysaccharides simultaneously with
lignin [18]. This fact, together with the Fenton-based mechanism for brown-rot decay described above,
justifies the apparent paradox raised by the presence of more, and more diverse, genes for carbohydratedegrading enzymes in the genomes of white-rot fungi (known for their ability to attack lignin) than in
those of brown-rot fungi (known for their ability to degrade polysaccharides). The above applies not only
to genes encoding carbohydrate hydrolases but also to the recently discovered lytic polysaccharide
monooxygenase genes, involved in the initial oxidative attack on recalcitrant carbohydrates [19], which
are more abundant in white-rot than in brown-rot fungal genomes [11,20].
A common characteristic of white-rot and brown-rot fungal genomes, and the corresponding
transcriptomes and secretomes, is the presence, duplication and expression of oxidase genes responsible
for H2O2 generation. Interestingly, brown-rot fungi produce methanol oxidase that uses methanol from
lignin demethylation for reducing O2 to H2O2, while white-rot fungal oxidases use both carbohydratederived (such as glyoxal oxidase and pyranose oxidase) and lignin-derived (such as aryl-alcohol oxidase)
reducing substrates. Therefore, considering the main (limiting) reactions as shown by genomic analyses,
white-rot and brown-rot decay of wood by basidiomycetes can be seen as an H2O2-dependent oxidation
(of lignin and polysaccharides, respectively) catalyzed by two different iron species, Fe3+ in peroxidase
heme cofactors and free Fe2+, respectively.
Concerning laccases, the presence of the corresponding genes is not the determinant factor for white-rot
or brown-rot fungal lifestyles since they are widespread in basidiomycete, and also ascomycete, genomes.
Therefore, their contribution to lignocellulose biodegradation would differ according to the wood decay
pattern and fungal species. In white-rot decay they would oxidize the minor phenolic units in lignin, and
the lignin-derived phenols (contributing to similar reactions catalyzed by the MnPs characteristic of
white-rot fungi) and it has been suggested that some of the (stable) phenoxy radicals formed could also be
involved in lignin degradation as natural redox mediators [21]. In brown-rot species they could contribute
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to an alternative mechanism for both Fe3+ reduction and H2O2 generation via quinone redox-cycling [22].
A similar process was first reported in white-rot fungi [23], although the analysis of fungal genomes does
not provide evidence for the involvement of Fenton chemistry in the attack on lignin by these species.
III. WHITE-ROT FUNGI: ORIGIN AND EVOLUTION OF LIGNINOLYTIC PEROXIDASES
The comparative analyses of fungal genomes reveals that not only the number but also the diversity of
lignin-degrading peroxidases expanded in the lineage leading to the ancestor of wood-rotting
basidiomycetes, which is reconstructed as a white-rot species, and then contracted in parallel lineages
leading to brown-rot and mycorrhizal species [11]. The appearance of white-rot decay, made possible by
peroxidase evolution leading to the first lignin-degrading enzymes, might have coincided with the sharp
decrease in the rate of organic carbon burial around the end of the Carboniferous period, as shown by
molecular clock analyses.
Moreover, ancestral state reconstructions [11,12] have shown that an ancestral non-ligninolytic GP
(related to those found in ascomycetes and plants) gave rise to the first MnP, by incorporating a Mn2+oxidation site formed by three acidic residues located near one of the heme propionates. In the subsequent
evolutionary history of basidiomycete peroxidases, the ancestral MnPs apparently gave rise at least twice
to the first VPs, by incorporating a lignin degradation site that consists of a radical-forming exposed
tryptophan that can abstract electrons from the bulky lignin polymer and transfer them to the activated
heme cofactor. The last step in ligninolytic peroxidase evolution was the loss of the Mn-oxidation site,
conserved in all VPs, thus giving rise to the first LiPs, which represent the most efficient lignin-degrading
peroxidases. Interestingly, the last transition occurred only in the evolution of basidiomycetes from the
order Polyporales, while VP remained as the only lignin-degrading enzyme in the order Agaricales.
The above evolution of basidiomycete peroxidases followed the evolution of lignin and precursor
polymers in land plants, whose functions include protection of polysaccharides from biodegradation.
Accordingly, the absence, from the middle Devonian to late Carboniferous periods, of white-rot fungi that
can efficiently mineralize these recalcitrant aromatic polymers resulted in the massive accumulation of
dead woody and nonwoody plant biomass (from Paleozoic seed ferns, lycophytes, equisetophytes,
progymnosperms, and early gymnosperms mainly represented by Cordaitales species). This accumulation
generated large coal deposits and also a simultaneous reduction of the very high carbon dioxide content in
the primitive atmosphere. This largely irreversible carbon dioxide fixation process by primitive land
plants stopped at the end of the Carboniferous period with the evolution of white-rot fungi equipped with
lignin-degrading peroxidases, thus enabling the balanced recycling of carbon currently known on earth.
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ABSTRACT
Efficient biological deconstruction of plant cell walls requires the addition of a great array of enzyme activities.
In order to understand how fungi attack lignocellulose and hence apply this knowledge for biotechnological
applications, we need to explore the available resources at the genomic, transcriptomic and secretomic level. In
this extended abstract, we describe some of the background to the integrated approach we are taking in Marseille
utilizing the French National filamentous fungal collection, and the identification of supplementary enzyme
cocktails and novel enzymes.
I. INTRODUCTION
Filamentous fungi are an invaluable source of enzymes able to deconstruct and/or modify the complex matrix that
comprises the plant cell walls. The wealth of genomic data obtained recently from filamentous fungi has revealed the
diversity of lignocellulolytic enzymes they produce. The CIRM-CF collection hosted in Marseille
(https://www6.inra.fr/cirm/Champignons-Filamenteux) is dedicated to filamentous fungi involved in
lignocellulosic degradation originating from specific temperate and tropical biotopes and from polluted agri-food
sites. This collection is a unique tool to explore fungal functional biodiversity with applications in various fields
of biotechnology, including the improved pretreatments and saccharification. In this extended abstract, we give
examples of how we are exploiting our knowledge of this diverse fungal collection to understand the machinery
of lignocellulosic deconstruction.
II. GENOMIC APPROACHES
The expanding numbers of sequenced fungal genomes provide an unprecedented framework for identifying their
potential in the deconstruction of lignocellulosic biomass. Comparative genomic studies enable us to decipher the
different strategies used by fungi to breakdown the recalcitrant barrier of plant cell wall. This breakdown is carried out
by diverse panel of Carbohydrate-Active enzymes (called “CAZymes”) [1]. Unravelling the fungal lignocellulolysis
requires reliable identification of the main actors involved in and these actors have been integrated and meticulously
updated in the CAZy database (http://www.cazy.org). Recently, we added a new category termed Auxiliary Activities
(AA) [2]. This novel category groups together the families of redox enzymes and the families of lytic polysaccharide
monooxygenases involved in lignin breakdown. Thus, AA category provides a complementary insight into enzymatic
lignocellulolysis by focusing on oxidative enzyme families.
In our genomic approaches developed in the laboratory, the purposes consist in focusing on the differences in
the fungal lignocellulolytic repertoires to look for convergence and divergence among the families. Each fungal group
has its own enzymatic specificity and consequently, specific taxa could be targeted for biotechnological applications.
For example, the genome sequence of two white-rot fungi, P. cinnabarinus and P. sanguineus have been
determined (Levasseur et al, in press). Expert annotation of CAZymes and AAs active on lignin revealed that P.
cinnabarinus possesses a complete genetic portfolio for lignin breakdown, including a total of 6 laccases, 1
ferroxidase, 11 class II ligninolytic peroxidases, 1 cellobiose dehydrogenase, 3 aryl-alcohol oxidases, 1 glucose
oxidase, 2 alcohol oxidases, 2 pyranose oxidases, 7 copper radical oxidases, and 1 benzoquinone reductase. This
suggests that P. cinnabarinus may exploit different strategies for ligninolysis including oxidation mediated by
class-II peroxidases via H2O2, or by laccases in the presence of redox mediators, or via the Fenton reaction.
When grown on birchwood, the fungus secretes laccases, copper radical oxidases, a cellobiose dehydrogenase,
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and several aryl-alcohol oxidases, suggesting that these enzymes contribute to lignocellulose deconstruction by
the fungus (Levasseur, in press). Under the auspices of a Joint Genome Initiative-sponsored project from the US
Department of Energy, we are currently comparing the repertoire of genes encoding enzymes active on
carbohydrates or lignin in the genome of 40 Polyporales strains (Figure 1). The suite of Polyporales strains has
been selected based on their abilities to degrade/deconstruct plant biomass, their phylogenetic position in the
taxon or their geo-climatic origin with emphasis on tropical regions where biodiversity is higher and
underexplored. In order to facilitate genome assembly, monokaryotic strains have been obtained from dikaryotic
strains by in vitro fructification or protoplastization. A consortium of 12 laboratories will analyze and compare
the gene repertoires in these Polyporales with other sequenced genomes and explore the diversity of
lignocellulose-acting enzymes fungi use to retrieve carbon from plant biomass.

Figure 1. An Integrated Approach to compare genomics, transcriptomics and secretomics data from
filamentous fungi within the CIRM-CF collection.
III. TRANSCRIPTOMIC APPROACHES
Beyond the comparison of genome portfolios, the analysis of transcriptome profiles in vivo allows identification
of the sets of genes encoding the enzyme machineries expressed according to the organisms’ strategy for plant
cell wall degradation/modification. These analyses reveal which enzymes are produced during the different
stages of plant cell wall deconstruction, whether it will be drastic disruption or more subtle modification of wood
decay, and under challenging environmental conditions. For instance, the characterization of salt-adapted secreted
lignocellulolytic enzymes from the mangrove fungus Pestalotiopsis sp. was performed to discover new enzymes of
biotechnological interest. Fungi are important for biomass degradation processes in mangrove forests. Given the
presence of sea water in these ecosystems, mangrove fungi are adapted to high salinity. Pestalotiopsis sp. NCi6,
a halotolerant and lignocellulolytic mangrove fungus of the order Xylariales were isolated from the trees of the
mangrove swamp. De novo transcriptome sequencing and assembly indicate that this fungus possesses of over
400 putative lignocellulolytic enzymes, including a large fraction involved in lignin degradation. We also studied
its lignocellulolytic enzymes and analyzed the effects of salinity on its secretomes. Proteomic analyses of the
secretomes suggest that the presence of salt modifies lignocellulolytic enzyme composition, with an increase in
the secretion of xylanases and cellulases and a decrease in the production of oxidases. As a result, cellulose and
hemicellulose hydrolysis is enhanced but lignin breakdown is reduced. This study highlights the adaptation to
salt of mangrove fungi and their potential for biotechnological applications.
IV. SECRETOMIC AND ENZYMATIC APPROACHES
A large number of secretomes of fungal isolates originating from temperate and tropical forest environments
were explored through an automatic platform developed in our laboratory [3]. The strains displaying potential
for the saccharification of lignocellulosic biomass were further investigated through secretomic analyses. For
instance the lignocellulose-acting enzymes content of 20 filamentous fungi was investigated by means of activity
profiling (Figure 2; [4]). Proteomic analyses were also performed on the secretomes of Fusarium verticillioides
[5], Trametes gibbosa [6], Ustilago maydis [4], Pestalotiopsis sp. [7]. It allowed the identification of hundreds
of promising candidates (glycoside hydrolases and oxidative enzymes) to improve the degradation of biomass.
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Novel cellobiose dehydrogenases [8,9], lytic polysaccharide monooxygenases [10], hemicellulases (including
mannanases) [11] and endoglucanases [12-13] have been identified from genome mining and characterized,
demonstrating their potential to enhance the industrial lignocellulose bioconversion process. Overall, analyses of
fungal secretomes allowed the identification of the repertoires of enzymes active during in vivo plant cell wall
degradation, to get insights into the mechanisms involved in lignocellulose degradation and to define the most efficient
mixtures of enzymes.

Figure 2. Double clustering of the main carbohydrate-cleaving activities from representative fungi. Enzymatic
activities of fungal secretomes (except CL847) on a range of polysaccharides were used to build distance trees. The
degree of activity of secretomes on the respective substrate is represented by a colour scale with different strengths of
red. Top tree: : T.rees, Trichoderma reesei (Hypocrea jecorina); M.circ, Mucor circinelloides f lusitanicus; A.clav,
Aspergillus clavatus; T. stip, Talaromyces stipitatus (Penicillium emmonsii); A.fisc, Aspergillus fischeri (Neosartorya
fischeri); A.nig, Aspergillus niger; A.flav, Aspergillus flavus; A.fumi, Aspergillus fumigatus; U. may, Ustilago maydis;
P.blak, Phycomyces blakesleeanus; F.oxy, Fusarium oxysporum f lycopersici; F.gra, Fusarium graminearum
(Gibberella zeae); N.haem, Nectria haematococca (Fusarium solani); N.cras, Neurospora crassa; A.ter, Aspergillus
terreus; F.ver, Fusarium verticillioides (Gibberella moniliformis); R.oryz, Rhizopus oryzae (R. arrhizus); C.glob,
Chaetomium globosum; A.nid, Aspergillus nidulans (Emericella nidulans); P.chry, Phanerochaete chrysosporium.
Right tree: Enzymatic activities of fungal secretomes were determined on: AVI, Avicel; ARB, arabinan; AGA,
arabinogalactan; GMA, galactomannan; CMC, carboxy-methyl cellulose; pAc, pNP-acetate; pAra, pNPα−L−arabinofuranoside; MAN, ivory nut mannan; pGal, pNP-α−D−galactopyranoside; WS, wheat straw; IWX,
insoluble arabinoxylan; SWX, soluble wheat arabinoxylan; BRX, birchwood xylan; FP, filter paper; pMan, pNPβ-D−mannopyranoside; pLac, pNP-β−D−lactobioside; pXyl, pNP-β−D−xylopyranoside; pCel : pNPβ−D−cellobioside; pGlu, pNP-β -D−glucopyranoside;
V. WHOLE FUNGAL APPROACHES
The diversity and specificity of the enzymes secreted by lignocellulolytic filamentous fungi make these
organisms a primary source of powerful enzymes of the microbial world for the breakdown of lignocellulosic
plant cell walls. A large number of studies demonstrated their high potential for biotechnological processes,
especially those ligninolytic fungi belonging to the group of Basidiomycetes. The CIRM-CF collection offers us
a wide wood decaying fungal biodiversity to select the best adapted fungi for a given biorefinery application.
The first studies for industrial application of filamentous fungi were performed in the pulp and paper field. In
particular, we demonstrated their effectiveness in the pretreatment of wood or other lignocellulosic materials
(biopulping) for selective removal of lignin while preserving cellulose [14-16]. Furthermore, the selective
delignifying ability of basidiomycetes could also been exploited for renewable bioenergy production processes to
improve enzymatic hydrolysis yields improving the accessibility of enzymes to cellulose. At present, we are
conducting studies devoted to their implementation for the pretreatment of several lignocellulosic biomasses for
energy recovery (bioethanol or biogas). In this frame, more than a hundred strains were screened at the lab scale
through a one-pot method (unpublished data) and pilot plant scaling up is underway with the most efficient
strains.
VI. CONCLUSIONS

Copia gratuita. Personal free copy

http://libros.csic.es

117

13th European Workshop on Lignocellulosics and Pulp

With the growing numbers of fungal genomes, their transcriptomes and the actively secreted enzymes produced, there
is no doubt that such an integrated approach as outlined in this extended abstract will provide new insights into the
adaptation of fungi to their substrates and thus provide novel enzymatic tools to be targeted and overexpressed for
functional validation and eventually incorporated into tailored enzyme preparation for the exploitation of
lignocellulosic biomass.
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ABSTRACT
In the present work we investigate the physicochemical interactions between silica and nanofibrillar cellulose
(CNF) with a multi component system (MCS) obtained from an enzymatic reaction of a laccase enzyme and a
short-chain organic molecule, dodecyl 3,4,5-trihydroxybenzoate (commonly known as lauryl gallate, LG) as well
as sulphonated lignin (SL). Hydrophobic chains of enzyme-modified LG were coupled onto CNF and silica
surfaces by direct adsorption of the MCS. Quartz crystal microgravimetry (QCM-D), Atomic Force Microscopy
(AFM) and water contact angle (WCA) were used to monitor in situ and characterize the hydrophobization
process. Efficient adsorption of the MCS onto CNF and silica surfaces increased their WCA by 88° and 78°,
respectively. Dynamic Light Scattering (DLS) measurements revealed an effect of the enzyme on LG: reducing
particle size from several microns down to 300 nm. The laccase (Lacc) treatment in the presence of SL reduced
even more the LG particle size to 80 nm through a dispersive effect of SL.
I. INTRODUCTION
The use of renewable and biodegradable materials has grown enormously in recent years [1]. Nanosized
cellulose (cellulose nanofibrils, CNF) has attracted attention as a renewable resource for conversion into high
added value products and advanced functional materials. However, expanding the uses of CNF requires its
hydrophobization. Waterproof coatings and films, packaging materials and hydrophobic composites are but a
few examples of hydrophobized CNF. Hydrophobization of CNF facilitates industrial processing operations such
as size pressing, printing or conversion [2]. To be useful for packaging purposes, CNF must be treated with
environmentally friendly hydrophobizing agents to facilitate recycling, which is not the case with the currently
used conventional waxes and fluoropolymers. The hydrophobization method of choice depends on the particular
substrate in each case. For example, “wet chemical reaction” and “electrochemical deposition” methods are
commonly applied to metals, whereas “self-assembly” and “layer-by-layer” deposition methods are preferred for
glass substrates, and textiles. These and other cellulose hydrophobization methods are the subject of a
comprehensive review by Song and Rojas, (2013) [3].
Green chemistry approaches based on enzyme reactions have aroused increasing interest with a view to
developing sustainable CNF-based products. Enzymatic functionalization of cellulose fibres by using phenolic
moieties to introduce antimicrobial or antioxidant effects, among others, was recently accomplished [4,5]. The
use of enzyme systems for surface hydrophobization is still in its infancy, however. A method using laccase
enzymes in combination with hydrophobic phenolic compounds has proved effective to confer suspended
cellulose fibres and CNF hydrophobic properties [6].
In this work, we devised a novel route to further exploit laccase enzymes with a view to hydrophobizing films or
mats of cellulose and CNF (e.g. paper, non-wovens) by direct surface application of the enzyme together with a
co-adjuvant to strengthen physico–chemical interactions in aqueous systems. Specifically, we examined
physico–chemical interactions of silica and CNF with a multi component system (MCS) obtained by enzymatic
reaction of laccase with a short-chain organic molecule (LG), and sulphonated lignin (SL) [7]. MCS proved
effective in hydrophobizing CNF by simple immersion, spraying or size-pressing.
II. EXPERIMENTAL
Enzyme, chemicals and substrate preparation
The enzyme used in this work was laccase from Trametes Villosa supplied with an activity of 588 U/mL by
Novozymes®. Dodecyl 3,4,5-trihydroxybenzoate (LG) was purchased from Sigma Aldrich®. Soluble sulphonated
lignin of 5.9 kDa MW and 5% total sulphur content was obtained from Borreegard ® (Sarpsborg, Norway) and
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used as received. Nanofibrillar cellulose (CNF) was obtained from bleached hardwood (birch) pulp. Model
surfaces for adsorption tests consisted of bare silica wafers and QCM-D silica sensors purchased from Q-Sense
(Västra Frölunda, Sweden). For adsorption experiments using cellulose the silica sensors were pretreated with
polyethyleneimine (PEI) polymer, followed by spin coating with a dispersion of nanofibrillar cellulose (CNF).
Multi component system (MCS) and surface treatment
The multi-component system (MCS) was the product of the enzymatic reaction between Trametes Villosa
laccase and the low-surface energy phenolic species (LG) in the presence of lignosulphonate (SL). MCS was
prepared in a stirred bath, using 250 mL beakers. The preparation conditions were based on previous reports [8].
The role of each MCS component was elucidated by using control treatments.
Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D)
In situ QCM-D tests were performed on a Q-Sense E4 instrument (Västra Frölunda, Sweden) operated in the
continuous mode. Molecular interactions between MCS (or the controls) with the substrate caused a shift in
resonance frequency (f) which was monitored in order to quantify any gain in mass (e.g. by adsorption). The
third overtone (n = 3) was used to interpret QCM data. QCM-D measurements were made at a continuous flow
rate of 100 µL/min at 25°C.
Atomic force microscopy
A Nanoscope IIIa Multimode scanning probe microscope from Digital Instruments, Inc. (Santa Barbara, CA,
USA) was used to characterize the surface topography of the QCM-D silica sensors and CNF films before and
after surface treatment. At least two different areas in each sample were examined, using a scan size of 10x10,
5x5 or 1x1 μm2. AFM images where flattened following first-order conversion.
Particle size analysis and Water Contact Angle measurement
The hydrodynamic diameter and size distribution of the colloid particles present in MCS and the controls were
determined by using a Zetasizer Nano ZS dynamic light scattering (DLS) instrument fromMalvern, UK.
Water contact angles (WCA) were measured with a CAM-200 contact angle goniometer from KSV Instruments,
Ltd. (Helsinki, Finland) by depositing a 4 µL water drop onto the substrate from above and using a highresolution digital camera to capture the drop profile. Measurements were made upon contact, once the water
drop had stabilized —the time required for the initial transient fluctuations to cease was 2 s.
III. RESULTS AND DISCUSSION
Particle size analysis with DLS
The particle size of MCS and the controls was determined by dynamic light scattering (DLS); the results are
shown in Table 1. The LG control, exhibited a highly polydisperse size distribution with a major concentration
of particles about 5 µm in size. However, the control LG+Lacc presented a monodisperse particle size around
300 nm; this result is very interesting since it shows the clear effect of the LG after reaction with enzyme.
Additionally, the size of the Laccase as far as DLS measurements had to be due to enzyme aggregates, because
the typical Laccase individual molecule dimensions are around 5 nm as reported elsewhere. The particle size of
the SL was also reduced by means of the reaction with the enzyme as can be seen in Table 1 comparing the SL
and SL+Lacc controls which presented a particle size about 400 and 200 nm respectively. In the control
consisting in the mixture LG+SL the particle size was around the 5 µm (the same size as the LG alone before
filtration).

Control

Non-filtered (nm)

Filtered (nm)

LG
SL
Lacc
LG+Lacc
SL+Lacc
LG+SL
MCS

4900
400
500
310
200
4800
800

0
60
45
200
230
60
90

Table 1. Particle size of MCS and component systems as measured by DLS before and after passage through
syringe filters of 0.45 µm pore size.
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The particle size of MCS after reaction with the enzyme was about 800 nm. Although there was a marked
reduction in size of LG particles, MCS remained highly polydisperse. The particle size of unfiltered MCS was
greater than that of the unfiltered LG+Lac control, possibly because of the presence of residual large unoxidized
LG particles. However, the fact that filtered MCS particles were approximately 80 nm in size and nonpolydisperse suggests that the LG particles passing through the filter were smaller than those of the LG+Lac
control. Therefore, MCS was the solution containing the smallest LG particles after filtration. DLS
measurements exposed the effect of the enzyme in reducing LG particle size. The whole suspension containing
the three main components (MCS) was that leading to the smallest LG sizes after filtration as a result of the
favourable effect of SL —the LG+Lac control contained larger particle sizes after filtration.
Adsorption of MCS and MCS components on silica and CNF films
Silica was used as a model for cellulose by virtue of its containing free silanols and geminal silanol groups —
which mimic hydroxyl groups in cellulose. Several QCM isotherms were obtained in the form of the variation of
the negative value of the frequency shift in terms of mass uptake by the silica surface as a function of time. After
the buffer solution (0.1 M sodium acetate) was delivered for 3 min or until no change in ∆f was observed,
introducing filtered MCS dramatically reduced the frequency by effect of adsorption or deposition of MCS onto
the silica surface. In order to determine whether the frequency decrease was due to aggregate deposition or
molecular adsorption, the sensor was rinsed with buffer after 70 min. Although rinsing MCS off the silicate
surface caused a slight increase in ∆f, the initial frequency value was never restored, which was taken as
evidence of net adsorption. The difference between the frequency at the beginning (initial signal in the buffer
solution) and that after the final rinsing can be assigned to a firmly adsorbed layer of MCS on the silica surface,
equivalent to ∆f ≈ –28 Hz after 70 min adsorption. This result indicates physic–chemical affinity between silica
and MCS.
Similarly to silica surfaces, adsorption of MCS and the control systems onto nanofibrillar cellulose (CNF)
substrates was investigated. The adsorption of MCS onto CNF-coated sensors was about –40 Hz after 85 min of
adsorption and rinsing with background buffer; this is suggestive of a high affinity between MCS and CNF. A
comparison with the results for silica reveals that MCS was adsorbed to a similar extent on both types of surface.
All MCS components (Laccase, LG and SL) also accumulated on the surface of silica and CNF to a different
extent with the SL, Lacc, SL+Lacc and LG+Lacc treatments. Based on the results, LG+Lacc was adsorbed to a
greater extent than the other controls on both silica and CNF.
Water contact angle and surface hydrophobicity
Water contact angle (WCA) measurements of silica surfaces treated with MCS and the controls were used to
relate adsorption to hydrophobization. To this end, bare silica was subjected to the QCM sequences described
previously. As shown in Figure 1, treating silica with MCS increased WCA to about 50°.
The increased hydrophobicity observed was seemingly directly related to the amounts of material being adsorbed
onto the surfaces. Thus, treatment with the SL+Lacc and Lacc controls increased the contact angle to about 35°
and 55°, respectively. The most effective treatment as regards increasing WCA or surface hydrophobicity was
the LG+Lacc control, which led to a contact angle of 88°.
A relationship between the amount of LG adsorbed and the hydrophobicity introduced by the treatments was
also found. The greater adsorption was, the higher the WCA; however, WCA values tended to a plateau and
levelled off above a ∆f value of ca. –300 Hz.
BUFF-(LG+Lacc)-BUFF

BUFF-MCS-BUFF

SILICA-BUFF

SILICA

0

20

40

60

80

100

Contact angle (degrees)

Figure 1. Water contact angle for silica surfaces treated with MCS and respective components and rinsing
sequences. (BUFF= buffer rinsing).
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Analysis of silica surfaces by AFM
The surfaces of the QCM-D silica sensors treated with MCS and the controls were imaged by AFM. The surface
topography of the bare silica surface, was featureless and smooth (rms roughness less than 1 nm). The surface
topography of the silica sensor that was treated with the LG+Lacc control, exhibited uniformly distributed large
adsorbed particles about 200–300 nm in diameter and 20–40 nm in height. Such particles can only be enzymetreated LG, which was not observed with the previous controls. The particle diameters were similar to those
calculated from the DLS measurements with the LG+Lacc. The silica surface treated with MCS contained
uniformly distributed LG particles about 100 nm in diameter and 10–20 nm in height. The particle size of
adsorbed MCS as determined by AFM was also similar to that obtained from DLS measurements. Note that SL
in MCS boosted the action of the enzyme by reducing the size of LG particles relative to the LG+Lacc control.
IV. CONCLUSIONS
The present investigation offers a novel route to further utilize laccase enzymes to hydrophobize films or mats of
cellulose and CNF (as in paper or nonwovens) by direct surface application of the enzyme together with coadjuvants. It also represents a sustainable substitute to the traditional cellulose-hydrophobing techniques, and a
step forward in the implementation of green systems using enzymes.
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ABSTRACT
Similar to other chromatographic method, thin layer chromatography has evolved into a powerful analytical
technique during the last decades, although it has suffered from some neglect compared to the more "technical"
chromatographic methods. Due to its characteristics, thin layer chromatography can be used for experiments that
are impractical or inaccessible by other chromatographic methods. We present the advantages of modern HPTLC
(High Performance Thin Layer Chromatography) by means of three illustrative examples from our research.
The simplicity of TLC (Thin Layer Chromatography) allows quick development of normal phase-liquid
chromatography methods; this is demonstrated by the development of a preparative method to isolate alkyl
resorcinols from wheat bran.
The robustness of HPTLC permits the quantitative analysis of samples with high matrix content. Since the
stationary phase is used just once for a single separation, damage inferred to it by sample components has no
influence on future analyses. This high matrix resistance is shown by a quantitative analysis of monosaccharide
in plant hydrolysates.
The direct accessibility of the plate after separation allows selective detections that are impossible to achieve
with other chromatographic methods. This is illustrated by the direct detection of bioactive compounds of whole
plant extracts on the TLC plate after separation by microorganisms.

I. INTRODUCTION
The two pillars of chemical analysis are spectroscopy and chromatography. The most common analytical
systems consist of a chromatographic unit that separates the sample mixtures and a spectroscopic unit that
identifies the isolated compounds. Over the decades, a wide range of different methods have been developed, all
with their advantages and drawbacks. Although used less than for example HPLC (High Performance Liquid
Chromatography) or GC (Gas Chromatography), HPTLC has developed into a technologically mature and
reliable technique as well. Just like other chromatographic systems it has special properties, which easily permit
procedures that are very hard to achieve with other chromatographic techniques – parallelization, matrix
resistance, chemically selective detection, post separation derivatization and direct detection of bioactive
compounds (direct bioautography, DB). This presentation wishes to guide through the first steps into expanding
research capabilities by planar chromatography, be it HPTLC or regular TLC.
II. EXPERIMENTAL
Separation Development
A more detailed description of this procedure can be found in Reich et al. [1]. The silica of the TLC plate and of
the preparative column must be the same to ensure identical selectivity on both systems. TLC development in
sandwich configuration is recommended. Development distances of more than 7 cm usually do not improve the
separation, as diffusion becomes more pronounced in the decreased solvent flow. The final solvent mixture must
be homogeneous (one phase) and should not contain a too volatile solvent.
In the first step, a solvent system that offers the required selectivity is determined. The sample solution is
separated with pure polar solvents of different selectivity groups according to Synder (for example 2-propanol,
tetrahydrofuran, dichloromethane, ethyl acetate, toluene and chloroform) [2]. If no separation is observed after
development, the solvent is dismissed immediately.
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Solvent polarity is adjusted in the second step. Solvent that were able to separate the analytes, but result in too
high Rf values are mixed with heptane. This reduces the solvent polarity without altering the separation. If the
analytes do not migrate a sufficient distance, the solvent is replaced by a more polar one from the same
selectivity group (for example, propanol against ethanol) or mixed with a less polar solvent that also showed
good separation.
The third step generates the data necessary for the modeling of the analytes retention behavior. The solvent
strength is varied by mixing with heptane or by varying the ratio of the solvents that comprise the mixture. If a
preparative isocratic separation is desired, final Rf values of the analytes should be between 0.35 and 0.1,
corresponding to k values of 2 to 10 (cf. to Equation 2). To develop a gradient HPLC method, which requires
software assistance, Rf values should cover a wide range to obtain a sound basis for simulation.
Quantitative Analysis of Monosaccharides in Plant Hydrolysates
A detailed description of the method is given in “Revival of thin layer chromatography – separation and
quantification of carbohydrates by high performance thin layer chromatography (HP-TLC)” by Oberlerchner, et
al. in this book of abstracts.
TLC-Direct Bioautography
TLC separation was performed on 10x20 cm silica gel 60 F254 aluminium sheet TLC plates (Merck, Germany).
Plant extracts were applied to the plate and separated with hexane:ethyl acetate 9:1. The separation was
conducted twice: one plate was used in the bioassay and the second was used for visualisation of the separated
constituents with anisaldehyde staining. Plates were photographed before and after spraying with reagent.
The developed plates were dipped in an overnight nutrient culture of Escherichia coli in tripticase soy broth with
methyl thiazolyldiphenyl-tetrazolium bromide and then placed in a sterile tray, sealed and incubated at 37°C for
6-24 hours depending on the growth of the bacteria. The formation white clear bands showed the presence of
compounds which can inhibit the growth of tested organisms.
III. RESULTS AND DISCUSSION
Development of Preparative Separations by HPTLC
Preparative separations in an organic chemistry laboratory are commonly done by normal phase liquid
chromatography. The separation mechanism for normal phase chromatography with silica as stationary phase is
based on adsorption of the analytes on the silica surface. The theories describing the separation process are well
established, and software to simulate and optimize normal phase separations is available. Still, the behavior of a
specific analyte in a specific system cannot be predicted without experimental data.
The goal of chromatography is usually the isolation of a molecule of interest. To achieve this, it has to be
retained by the chromatographic system differently from all other molecules in the sample. This selectivity can
be achieved by variation of the stationary phase, the mobile phase, the temperature or by additives in the mobile
phase. For preparative separation, the stationary phase is usually predefined by the availability of bulk silica or
flash columns. The HPTLC layer used for method development must be composed of the same silica, otherwise
selectivity will uncontrollably change during the transfer from HPTLC to liquid chromatography. Temperature is
usually not controlled in preparative systems, therefore only variation of the mobile phase is available to easily
alter selectivity. For this reason, the first step in method development comprises screening of solvents of
different selectivities. Solvents that do not show the desired selectivity are dismissed immediately. If no solvent
system offers the required selectivity, TLC plates and bulks silica can be impregnated to modify the interaction
with the stationary phase. In our case, toluene showed the most promising initial separation of the crude bran
extract. The final eluent contained 2-propanol to elute strongly retained molecules.
In the second step of method development, solvent strength is altered to achieve favourable retention values. The
retention behavior of a molecule can be described by the modified Soczewinski equation [3]:
(1)

log k = log kB – n log ϕ

k is the retention factor, which describes the molecules retention behavior. It is equals to the solvent volume that
is required to elute the compound, expressed in column volumes exceeding the column dead-time t0. kB is the
retention factor with pure (more polar) solvent B as eluent, n is the number of solvent molecules that are
replaced by the analyte during adsorption at the stationary phase and ϕ is the volume-fraction of polar solvent B.
The dependence of the retention factor on the solvent composition can be predicted by this formula, if k has been
determined at at least two different concentrations of B. This can be achieved by isocratic HPLC or more simply
by TLC. The migration of a compound after development of the TLC plate is measured by the ratio of the
analytes migration distance to the migration of the solvent front. This factor is called Rf. The result of each TLC
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can be thought to be equivalent to that of an isocratic HPLC run, and Rf values are converted to k values
according to
(2)

k = (1 - Rf) / Rf [4]

The k values obtained by TLC screening can then be used to decide on the most useful separation system or fed
into software to simulate the behavior of the analytes during isocratic or gradient HPLC.
In the final step, the developed method has to be adapted to the actual system, considering the volume of the
tubing, the delay between detector and fraction collector and the column´s volume and diameter.
Quantification of Monosaccharides in Samples with High Matrix Content
Samples of natural origin are usually mixtures of molecules covering a wide range of polarity. Chromatographic
techniques usually accept only analytes of a certain polarity; too polar and too apolar molecules interfere with
the analysis, deposit on the column or the instrumentation and need to be removed or converted during sample
pretreatment. Planar chromatography does not rely on complete elution of the analytes. Instead of monitoring the
molecules as they leave the column, the whole stationary phase is inspected after incomplete elution of the
analytes. If some analytes are not picked up by the mobile phase and remain and the application spot instead,
they will not spoil the stationary phase for future analyses, which would unnoticeably be the case in HPLC. The
plate is used just one time, complete sample elution is therefore not required. Thus, planar chromatography deals
very well with high amounts of matrix, or unregarded analytes. Still, if the portion of matrix in the sample is
very high, the concentration of interesting molecules is very low, rising the detection limit. The application of
larger amounts of sample would eventually distort the separation system.
In this project, we quantified monosaccharides in plant hydrolysate samples. Monosaccharide analysis is already
challenging, since monosaccharides are very polar molecules, which need to be separated according to small
differences in configuration. GC offers the necessary selectivity, but requires time-consuming sample
derivatization to lower the analytes polarity. Additionally, each single monosaccharide results in up to five peaks
after separation (pyranose, furanose, open chain and two anomers each) [5]. Affinity chromatography with metal
ion columns can give useful results, yet when it fails to do so, there are no parameters to effectively affect the
selectivity. Also, high matrix load usually lead to distorted results and necessitated more frequent regeneration
steps. Furthermore, the application of the very selective lead charged affinity column results in heavy metal
contaminated solvent waste, which is expensive to dispose of.

Figure 1. Left: Exemplary quantitative HPTLC analyses of plant hydrolysates. Standard were applied in the
rightmost lane; form top to bottom: xylose, arabinose, mannose, glucose, galactose. Right: TLC-DB with
Escherichia coli of the extracts of Warburgia ugandensis bark (left) and leaves (right). Antimicrobial activity
can be observed in both samples. Two compounds in the bark extract at Rf 0.7 are apparently very active.
The HPTLC method we developed not only quantitatively separates five monosaccharides, but also tolerates the
sample matrix very well (Figure 1). The sample preparation consists of simple dilution and filtration. The matrix
remains at the application spot and – once separated – does not interfere with the monosaccharide separation. An
inherent drawback of the method is it´s large number of manual operations. HPTLC plates need to be transferred
manually into the impregnation bath, to the sampling application device, into the developing chamber, into the
derivatization solution, onto the heating plate and into the imaging device. Some of the steps (impregnation,
derivatization, heating) can influence the result of the measurement (note the streak through sample 4 and the
standards in Figure 1). It is therefore imperative to record the procedure unambiguously, train the operator very
well in both observing the procedure and the changes to the results that can be inferred by alternate procedures.

Copia gratuita. Personal free copy

http://libros.csic.es

125

13th European Workshop on Lignocellulosics and Pulp

Direct Bioautography
Additionally to chemical and physical detection methods [6], biological ways can be employed for selective
detection on TLC plates. For chemical derivatization, TLC plates are usually dipped into a solution of the
derivatization reagent, heated to promote the reaction and the change of color is evaluated. Detection of
bioactive compounds by microorganisms works according to the same principle. First, the TLC plate is covered
by microorganisms by dipping it into culture medium. For anaerobic bacteria, the plate can also be covered by a
solid culture medium. Then the plate is kept in a warm and humid environment that promotes the
microorganisms´ growth. Finally, the plate is inspected for areas with increased or reduced growth. A simple
way to detect microbial growth is the addition of a tetrazolium salt to the culture medium. For example,
colourless 2,3,5-triphenyltetrazolium chloride (TTC) is converted to the pink formazan by microbial organisms.
If the colour is absent, the organisms were inactive.
This way, whole plant extracts can be screened very quickly for bioactive compounds. The plant extract is
separated by TLC, if necessary several times with solvents that cover a wide range of polarity. The plates are
treated with culture medium and incubated. Substances that are active against the used microorganism will not
turn pink (see Figure 1).
Also, the employed TLC separation can be used in the development of a preparative chromatographic method as
described above.
The method has advantages over the classic approach of iterative testing of activity and fractionation, but it also
has some pitfalls [7]. Not all TLC plates support the growth of the microorganisms. In our hands, aluminum
backed plates worked best. Very apolar compounds give false positives; they do not inhibit growth, but prevent
the microorganisms to attach to the TLC plate in the first place. Also, substances with a very dark colour prohibit
the observation of the indicator colour. Finally, achieving stable growth conditions takes some experience.
IV. CONCLUSIONS
HPTLC is a mature method with its characteristic advantages and disadvantages. Since the stationary phase (the
plate) is only used once, it is very resistant to samples with high matrix load. This is very valuable in the analysis
of biological material and biorefinery process samples. Due to the simultaneous analysis of several samples, it is
a useful tool for method development, for example for column chromatography methods. A wide range of
selective detection methods is available, including the detection of bioactive compounds by microorganisms.
All in all, HPTLCs most pronounced drawback is its dependence on manual operations, which can introduce
hard to detect aberrations in the analysis. Yet, it offers methodological properties unavailable to other
chromatographic techniques, which can be a valuable addition to an analytical laboratory.
V. ACKNOWLEDGEMENT
The financial support of Christine Nagawa by an ÖAD appear scholarship is gratefully acknowledged.
VI. REFERENCES
[1] Reich, E.; Schibli, A. High-Performance Thin-Layer Chromatography for the Analysis of Medicinal Plants.
Thieme: New York, Stuttgart, 2006.
[2] Snyder, L. R. Classification of the Solvent Properties of Common Liquids. J. Chrom Sci. 1978, 16 (6), 223234.
[3] Soczewiński, E. Solvent composition effects in thin-layer chromatography systems of the type silica gelelectron donor solvent. Anal. Chem. 1969, 41, 179-182.
[4] Snyder, L. R.; Kirkland, J. K.; Dolan, J. W. Introduction to Modern Liquid Chromatography. 2nd Ed; John
Wiley & Sons: Hoboken, 2010.
[5] Becker, M.; Zweckmair, T.; Forneck, A.; Rosenau, T.; Potthast, A.; Liebner, F. Evaluation of different
derivatisation approaches for gas chromatographic-mass spectrometric analysis of carbohydrates in complex
matrices of biological and synthetic origin. J Chrom A 2013, 1281, 115-126.
[6] Jork, H.; Funk, W.; Fischer, W.; Wimmer, H. Thin-Layer Chromaotography Reagents and Dectection
Methods. VCH Verlagsgesellschaft: Weinheim, 1990.
[7] Choma, I. M.; Grzelak, E. M. Bioautography detection in thin-layer chromatography J. Chrom. A 2011, 1218
(19), 2684-2691.

126

© CSIC © del autor o autores / Todos los derechos reservados

13th European Workshop on Lignocellulosics and Pulp

PINOSYLVINS AS NOVEL BIOACTIVE COMPOUNDS IN FOOD APPLICATIONS
Atte von Wright1*, Juan Carlos Parajó2, Galina Telysheva3, Oven Primož4, Stefan Willför5,
1

University of Eastern Finland, Faculty of Health Sciences, P.O. Box 1627, Fi-70211 Kuopio,
Finland; (*atte.vonwright@uef.fi) 2University of Vigo, Chemical Engineering, Edificio Politécnico,
University Campus, Es-32004 Ourense, Spain; 3Latvian State Institute of Wood Chemistry, 27
Dzerbenes str Lv-1006, Riga, Latvia; 3 University of Lubljana, Biotechnical Faculty, Jamnikarjeva
ul. 101, Sl-1000, Ljubljana, Slovenia; 4Stefan Willför, Åbo Akademi, Process Chemistry Centre,
Porthansgatan 3, Fi-20500, Åbo, Finland

ABSTRACT
Pinosylvin and its derivatives are chemically very similar to resveratrol, a stilbene found in grapes and berries.
Resveratrol has been associated with many beneficial human health effects. In this study the extraction of
pinosylvin and pinosylvin monomethylether from Pinus trees was optimized and their biological activities were
screened using different in vitro techniques. While the age and growth conditions of the trees affected the
pinosylvin contents, the recovery was generally high after relatively straightforward organic extractions. Both
pinosylvin and pinosylvin monomethylether proved to be efficient antibacterial and antifungal compounds, and
the effects of pinosylvin on the energy metabolism of cultured human cells closely resembled that of resveratrol.
Provided that the safety aspects of pinosylvin and pinosylvin monomethylether can be satisfactorily addressed,
these compounds could be used as novel biocides and even as nutraceuticals.

I.

INTRODUCTION

The three year (2011 – 2014) WoodWisdom-Net 2 project “Pinosylvins as Novel Bioactive Compounds in Food
Applications” (PINOBIO) focuses on the novel applications of wood associated polyphenols. Plant-derived
stilbenes, especially resveratrol, pterostilbene and piceatannol (Figure 1) have interesting bioactivities.
Particularly resveratrol, occurring in grapes and berries has been indicated in the prevention of several steps
leading to the coronary vascular disease and also several other human ailments such as cancer. These effects and
their potential implications to human health have recently been reviewed by Tomé-Carneiro et al. [1]
OH
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Figure 1. Structures of the stilbenes resveratrol (1), pterostilbene (2), piceatannol (3), and pinosylvin (4).
One of the reported activities of resveratrol has been the increase of energy expenditure, insulin sensitivity, and
decrease of glucose levels. These effects are obtained via stimulation of SIRT1. SIRT1 is a nicotinamide adenine
dinucleotide dependent deacetylase which is activated in response to nutritional stimulus and maintains energy
homeostasis by interacting with the master cellular energy sensor, AMP-activated protein kinase (AMPK) [2].
Wood, especially knotwood of Pinus species (at present a side stream of wood industry) is an abundant source of
stilbenes, such as pinosylvin and its derivatives [3]. These compounds have demonstrated considerable
antimicrobial activities and cytotoxicity against a murine hepatic carcinoma cell line [4]. In further studies
pinosylvin was shown to stimulate the SIRT1 expression as efficiently as resveratrol (unpublished results,
manuscript in preparation).
The aim of the PINOBIO project has been to upscale the extraction of pinosylvin and its derivatives from wood
and further characterize their biological activites with a clear focus on potential applications (antimicrobials in
foods and industrial processes, functional ingredients). In this report the main findings are briefly reviewed.
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II. EXPERIMENTAL
Optimization of the pinosylvin extraction from Pinus species
Samples of Scots pine (Pinus silvestris) from Finland, Latvia and Slovenia, Pinus nigra from Slovenia and Pinus
pinaster from Spain were used in the experiments. Trees of different ages from dry and wet forest lands and
from different altitudes were selected for screening. Both sapwood, heartwood and dead and living knots as well
as industrial sidestreams (wood chips, discarded knotwood) were sampled. The test materials were subjected to
sequential Soxhlet extractions by cyclohexane to remove lipophilic compounds followed by either ethanol water
(95:5) or acetone water (95:5) extractions. An alternative was to use Accelerated Solvent Extraction (ASE) with
solvents of different polarity. Also pressurized batch extraction with 130-140 °C water, supercritical fluid
extraction with CO2 and CO2 –ethanol mixtures were applied to certain samples.
Analytical and preparative procedures
The analytical methods applied included HPLC-DAD, GC-FID, GC-MS and HPSEC. Flash chromatography
was used to separate and purify the desired compounds.
Derivatization of pinosylvin
In order to study the bioactivity of pinosylvis, including the structure-activity-relationship of modified hydroxyl
groups, a selection of different pinosylvin derivatives were prepared. In total 6 esters (1-6), 3 ethers (7-9) one
epoxide (10) and a dihydroderivative (11) were semisynthetically obtained (Figure2).
Compound 1-6 Pinosylvin was mixed with the corresponding anhydride or acyl chloride (2-3 eqv) in pyridine.
The mixture was stirred (1-40h) in room temperature and then the product was precipitated with cold water,
filtrated and washed with water and diluted HCl. The residue was purified by column chromatography to give
the final products.
Compound 7-9 Pinosylvin was dissolved in acetone and the corresponding alkyl iodide (2-6 eqv) was added
followed by K2CO3 (8 eqv). The mixture was stirred for 24h and then extracted wit dihloromethane/water. The
residue was purified with column chromatography.
Compound 10 Compound 1 was dissolved in dichloromethane and mCPBA (3eqv) was added. The mixture was
stirred for 72h and the solvent was removed and the residue purified by column chromatography.
Compound 11 Pinosylvin was dissolved in ethanol and 5% Pd/C was added. The mixture was hydrogenated for
72h under 5 atm of H2. The mixture was filtered and the solvent removed to give the final product.

R
HO

(1) R = COCH3 (Pinosylvin 3,5-diacetate)
(2) R = COCH2CH2CH3 (Pinosylvin 3,5-dibutyrate)
(3) R = CO (CH2)16CH 3 (Pinosylvin 3,5-distearate)
(4) R = COCH2CH2CH2COOCH3 (Pinosylvin 3,5-bis metyl
gultatrat)
(5) R = COCH2CH2COOH (Pinosylvin 3,5-disuccinate)
(6) R = H, COCH2CH2COOH (Pinosylvin 3-succinate)
(7) R = CH3 (Pinosylvin 3,5-dimethylether)
(8) R = CH2CH3 (Pinosylvin 3,5-diethylether)
(9) R = H, CH 2CH3 (Pinosylvin 3-ethylether)
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Pinosylvin 3,5-diacetate, 7,8-epoxide (10)

OH

Dihydropinosylvin (11)

Figure 2. Pinosylvin, dihydropinosylvin and semisynthetic pinosylvin derivatives
Antimicrobial properties
The antimicrobial effects of the pinosylvins and pinosylvin derivatives were turbidometrically determined using
a Thermo Bioscreen C automatic turbidometer (Labsystems Oy, Helsinki, Finland) using a Gram positive
bacterium Listeria monocytogenes, Gram negative Salmonella Infantis, and an eukaryotic microorganism
Candida albicans as representative micro-organisms. The preparation of the test cultures and the practical
performance of the assays have been described in [4].
Induction of enzymes involved in xenobiotic metabolism
Three cell lines used in this study are Caco-2 human colorectal adenoma cell line, JEG-3 human
choriocarcinoma cell line and HepG2 human hepatoma cell line. After an 8 h exposure to resveratrol, pinosylvin
or pinosylvin monomethylether the RNA was extracted , complementary DNA synthesized and the expression of
CYP1A1 gene (one of the key enzymes of xenobiotic metabolism) was monitored by quantitative PCR.

128

© CSIC © del autor o autores / Todos los derechos reservados

13th European Workshop on Lignocellulosics and Pulp

SIRT1 and AMPK induction and AMPK phosphorylation
The hypothesis that pinosylvin could regulate energy metabolism through the interaction of AMPK and SIRT1
was tested in 3T3L1 preadipocytes, and in HepG2 and L6 cell lines. The changes in protein expression levels of
SIRT1 and AMPK, and the AMPK phosphorylation status were detected by western blotting. Both SIRT1 and
AMPK protein concentration was normalized to a loading control. Quantitation of immunoblots was done by
Quantity One software.

II.

RESULTS AND DISCUSSION

Organic extraction was efficient in recovering pinosylvin and pinosylvin monomethylether from wood samples,
while pressurized high temperature water mainly extracted lignans []. While significant amounts of pinosylvin
monomethylether could be obtained with cyclohexane, ethanol-water or acetone-water were required for
efficient pinosylvin extraction (Figure 3). Knotwood and heartwood were consistently superior sources for these
compounds compared to sapwood. Certain variation in pinosylvin contents were observed in trees from fifferent
environmental conditions. For example, trees grown in wet forests in Latvia contained three times more
pinosylvin compared to trees in dry forests. Since pinosylvins apparently are protective compounds, this might
reflect a higher exposure to fungal infestations and pathogens in moist conditions.

Figure 3. The pinosylvin (PS) and Pinosylvin Momomenthylether (PSMME) contents in cyclohexane (left) and
Aceto-water extracts extrasts of P. silvestris (right). DK = dry knotwood, H = heartwood, LK = live knotwood,
S = sapwood
The antimicrobial potency of pinosylvin and pinosylvin monomethylether was confirmed in this study. While
pinosylvin monomethylether was almost as potent as pinosylvin the dimethyl- and monoethyl derivatives as well
as dihydropinosylvin had only marginal, if any antimicrobial properties. No clear conclusions could be made
regarding the structure-function relationships in antimicrobial activities.
The effects of pinosylvin and pinosylvin monomethylether on the induction of enzymes involved in xenobiotic
metabolism varied between the cell lines. While no significant induction of CYP1A1 could be observed with
Caco2 (a cell line with intestinal origin), and an actual downregulation was seen in the placental JEG-3 cells,
pinosylvin monomethylether (but neither pinosylvin nor resveratrol) caused a strong CYP1A1 induction in the
haepatic HepG2 cells.
Treatment with pinosylvin enhanced the phosphorylation of AMPK in 3T3L1 , HepG2 and L6 cells, but SIRT1
protein expression was enhanced only in 3T3L1 (preadipocytes) (Figure 4). These results indicate the tissuespecific role of pinosylvin and also its role in the regulation of adipogenesis as SIRT1 activation is known to
trigger lipolysis and improve metabolic efficiency. Our results indicate that pinosylvin is a more potent activator
of SIRT1 than resveratrol in 3T3L1 and L6 cells. Therefore, pinosylvin could be used to modulate energy
sensing pathways to improve insulin sensitivity in patients with diabetes and prevent the development of
metabolic syndrome.

Copia gratuita. Personal free copy

http://libros.csic.es

129

13th European Workshop on Lignocellulosics and Pulp

Figure4. SIRT1, pAMPK and AMPK expression levels in 3T3L1 cells exposed to 50 mM of either resveratrol
or pinosylvin
IV. CONCLUSIONS
Pinosylvin and pinosylvin monomethylether are potent antibacterial and antifungal compounds, and they both be
efficiently extracted from pinewood. Pinosylvin monomethylether efficiently induced the xenobiotic metabolism
in exposed haepatic cells, while the influence of pinosylvin on the cellular energy metabolism pathways
resembeled that of resveratrol. Provided that the safety aspects of pinosylvin and pinosylvin monomethylether
can be satisfactorily addressed, these compounds could be used as novel biocides and even as nutraceuticals.
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ABSTRACT
The residues of E. globulus contain significant amounts of triterpenic acids, and particularly the outer bark, with
a content of 9.2 g kg-1biomass. The potential of supercritical fluid extraction has been evaluated for E. globulus
outer bark, with experiments at lab scale (0.5 L) using CO2, modified or not with ethanol. The SFE pressure,
temperature, ethanol content and CO2 flow rate were optimized in 200 bar, 40ºC, 2.5 wt.% ethanol, 12 gCO2 min1
, respectively, for which the triterpenic acids content in the extract is 38.8 wt.%. Extraction curves were then
measured at lab scale and modelled in order to establish an appropriate scale-up criterion. The ratio between
mass flow rate and biomass weight was fixed in 10 kg-1CO2 kg-1biomass h-1. Upscaling runs were performed in 5 L
and 80 L equipment, being confirmed the adequacy of the selected scale-up criterion. In the whole, SFE has been
confirmed as a proficient technology for an industrial valorization of E. globulus bark.
I. INTRODUCTION
Pulp and paper industry is one of the major industries of the agro-forestry sector. On arrival to the mill, the wood
is debarked and the bark is mainly burned for power generation. Eucalyptus species are the most important fiber
sources for pulp and paper production in southwest Europe (Portugal and Spain) and south America (Brazil and
Chile), being observed a fast growing in the last years [1]. In a medium size pulp mill using E. globulus wood as
feedstock about 1×105 tons of bark are generated annually [2], being this a major opportunity for valorization
attempts.
Given the importance of this sector and the pertinence of upgrading some of its by-products and wastes, our
research group has been engaged on providing knowledge and solutions to the challenge of adding value to
Eucalyptus spp. bark [2-12], which is among the main low value / high volume by-products streams of this
industry. In this respect, we recall the works of Freire et al. [13] and Domingues et al. [2], who studied the
composition of E. globulus bark. Within the many compounds quantified by gas chromatography–mass
spectrometry (GC–MS), several high-value triterpenic acids (TTAs) such as betulinic, betulonic, oleanolic and
ursolic acids, as well as the acetylated forms of the latter two, were identified. These TTAs show promising antioxidant,anti-inflammatory and anticancer activities [14], making them rather valuable.
The research on the TTAs from E. globulus bark evolved then towards the employment of a green separation
technology, namely the extraction of with supercritical CO2, whether used as single solvent [3] or modified with
ethanol [12]. From the works on supercritical fluid extraction (SFE) it was concluded that pressure and ethanol
content are chief variables for an optimized separation [15-17]. In addition, supercritical extraction curves were
measured in order to investigate the kinetic performance of the process, for which modeling was employed. In
As a result, improved SC-CO2 flow rate values were found for the process [4].
In this regard, we now present further developments on the aforementioned research path that has been followed
by our group with emphasis on the final approach to exploitation through the upscaling of the SFE process, and
through the reference to a patented technique to extract and purify the TTAs in the extracts by conventional
technologies, which is communicated for the first time in the academic literature.
II. EXPERIMENTAL
Soxhlet extraction– An amount of ∼27 g of deciduous bark was placed inside the Soxhlet apparatus and treated
with 300 mL of analytical grade dichloromethane for 7 h. Supercritical CO2 extraction – SFE experiments
were accomplished with pure CO2 and also with ethanol in amounts up to 5% (wt.). Three SFE units were used,
being their scales 0.5 L, 5.0 L and 80 L. The laboratorial extractor is described elsewhere [3, 12], and the higher
units are available at Natex [18]. The studied range of pressures, temperatures, ethanol content and flow rate
comprise 100-200 bar, 40-60ºC, 0-5 wt.%, and 6-14 g min-1. Characterization – Extracts were analyzed by GC-

Copia gratuita. Personal free copy

http://libros.csic.es

131

13th European Workshop on Lignocellulosics and Pulp

MS. About 20 mg of each dried extract were trimethylsilylated according to the literature [2, 13]. Further details
on the method and equipment can be found elsewhere [12, 15].
III. RESULTS AND DISCUSSION
Previous work: Soxhlet extraction & samples
characterization – Aiming to evaluate the E.
globulus bark potential, lipophilic extracts of juvenile
and adult leaves, fruits, and barks were characterized.
It was found the triterpenoids content of these
fractions ranged from 1.2 to 9.2 g kg-1biomass. Given
the major content of the outer bark (peeling), the
results presented below are focused on this fraction.
Patent based on standard technologies – A first
approach comprised the purification (up to 98 wt.%)
of a mixture of TTAs, mainly ursolic, oleanolic and
their acetylated forms. Standard technologies of the
chemical industry were selected, consisting of steps
such as SLE, LLE, acid-base reactions and
decantation/filtration/centrifugation. This process is
currently protected by a patent [19].

Figure 1 – Triterpenoids in different E. globulus
parts, obtained by wax collection (leaves, and fruits)
and by dichloromethane Soxhlet extraction (barks).

Supercritical Fluid Extraction - Preliminary studies on the SFE of E. globulus bark confirmed that this green
technology is able to obtain extraction yields equivalent to those achieved by Soxhlet extraction with
dichloromethane (ca. 1.3 wt.%), and TTAs concentrations in crude extracts between 5.7% and 43.1% (wt.).
Another conclusion was the importance to optimize the SFE operating conditions, particularly pressure (P) and
ethanol (EtOH) content. This task was performed according to Design of Experiments (DoE) and Response
Surface Methodologies (RSM). In Figure 2.a results from this optimization work are presented. In the whole, lab
scale experiments showed the optimum condition for the SFE of E. globulus bark to be 200 bar, 40ºC, 2.5 wt.%
ethanol.

Figure 2 – Supercritical CO2 extraction of E. globulus peeling bark: a) optimization of TTAs extraction at 40ºC;
b) total extraction yield vs. time at 200 bar, 40ºC and 5 wt.% ethanol, for different CO2 flow rates.
Subsequently, the kinetic study of the SFE of TTAs from E. globulus bark was also carried out aiming to: i)
determine the adequate flow rate of supercritical solvent, ii) disclose the existence of external and/or intraparticle
mass transfer limitations, and finally iii) establish an appropriate scale-up criterion to guide the experiments at
pilot scales. In Figure 2.b, the extraction curves measured at 200 bar, 40ºC and 5 wt.% ethanol are plotted, being
possible to observe how important the film resistance to mass transfer can be in the SFE. Under the experimental
conditions studied, flow rates in the range 12-14 gCO2 min-1 are sufficient to eliminate the film – reason why, in
further studies, it was fixed in 12 gCO2 min-1.
In Figure 3 three extraction curves, measured at different P, QCO2 and ethanol content are plotted. Superimposed
on the graph are the theoretical curves achieved with four simple expressions taken from the literature (see Table
1) [4, 20], namely, Logistic Model, Desorption Model, Simple Single Plate (SSPM) Model and Diffusion (DFM)
Model. The best results were reached by DFM and SSPM models, with average errors ranging 2.6-11.3%, which
disclose relevant intraparticle diffusion limitations in the process, since these models were specifically derived
for this case.
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In view of the abovementioned results, the proper scale-up criterion for the SFE of E. globulus bark establishes
that the ratio between mass flow rate and biomass weight should be held constant, i.e. 𝑄!"!   𝑤!!! = const  [17,
20]. In our case, it is 10 kg-1CO2 kg-1biomass h-1.
Table 1- Simplified SFE models used to disclose the dominant mass transfer mechanisms [12, 17].
Name

Expression

Logistic
model

⎛ 1 + exp (b t m )
⎞
x0
⎜
ψ=
− 1⎟
exp (b t m ) ⎜⎝ 1 + exp [b (t m − t )] ⎟⎠

Desorption
model

ψ =

A
[1 − exp(k d B )]× [exp(− k d t ) − 1]
kd

Eq.

Name
Simple
Single Plate
model

(1)

Diffusion
model

(2)

Expression

Eq.

⎡ ∞
⎛ D (2n + 1)2 π 2 t ⎞⎤
0.8
⎟⎥
ψ = x0 ⎢1 − ∑
exp⎜⎜ − eff
2
⎟
l2
⎝
⎠⎦⎥
⎣⎢ n=0 (2n + 1)

(4)

⎡
6
ψ = x0 ⎢1 − 2
⎢⎣ π

∞

1

∑n
n =1

2

⎛ D n 2π 2 t ⎞⎤
exp⎜ − m 2 ⎟⎥
⎜
⎟⎥
Rp
⎝
⎠⎦

(5)

ψ is the extraction yield, t is time, x 0 is the concentration of the target species in the raw material, and b and t m
are model parameters; A and B are model factors dependent on CO2 mass flow rate, bed porosity, extractor crosssectional area, mass of raw material in the extractor, biomass density and solvent density; 𝐷!"" is the effective
diffusivity, l the plate thickness; Rp is the particle radius.
Scale-up of the process - With regard to the
upscaling of the SFE process, it was tested based on
three different scales, with jumps of at least a factor of
10. Accordingly, experiments at 5 L and 80 L were
performed based on the insights and results from lab
scale, namely 200 bar, 40ºC, 2.5 wt.% ethanol, and
𝑄!"!   𝑤!!! = 10 kg-1CO2 kg-1biomass h-1. The results for
both total extraction yield and TTAs concentration are
essentially concordant.
Figure 3 – Modeling of SFE curves of E. globulus
peeling bark

Figure 3 – Total extraction yield (a) and TTAs concentration (b) at 200 bar, 40ºC, 2.5 wt.% ethanol, 𝑄!"!   𝑤!!! =
10 kg-1CO2 kg-1biomass h-1, for three different scales: 0.5 L, 5 L and 80 L.
IV. CONCLUSIONS
E. globulus bark is a very promising raw material for future commercial exploitation of extracts rich in
triterpenoids, particularly triterpenic acids.
The SFE provide extracts with yields comparable to those obtained by conventional solid-liquid extraction. The
variables that mostly govern the process are pressure, ethanol (cosolvent) content, and mass flow rate.
Optimization of operating conditions at lab scale (0.5 L extractor) achieved 200 bar, 40ºC, 2.5 wt.% ethanol.
From the experimental and modelling results, an appropriate scale-up criterion was established (𝑄!"!   𝑤!!! = 10
kg-1CO2 kg-1biomass h-1) and validated at higher scales, namely at 5 L and 80 L. The global yields and the TTAs
concentration in the collected extracts measured at 0.5, 5.0 and 80 L are essentially concordant.
SFE technology proficiently meets the technical challenge of adding value to this low-value / high volume
residue of pulp and paper industry, giving rise to interesting extracts for pharmaceutical or cosmetic applications.
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ABSTRACT
The bark of Norway spruce (Picea abies) is an important side-stream for the forest industry in Nordic countries.
The aim of this study was to upgrade the polysaccharides present in the bark to bio-based nanocomposite
materials with high oxygen barrier properties. The present study shows for the first time (1) the recovery of
cellulose fibers and the isolation of cellulose nanocrystals (CNCs) from the inner bark of Norway spruce and (2)
the preparation and characterization of nanocomposites based on non-cellulosic polysaccharides (NCP)
reinforced with CNCs, both extracted from the same bark.

I. INTRODUCTION
Norway spruce (Picea abies) is the most abundant coniferous tree growing in Northern Europe and is
extensively used in the Scandinavian pulp and paper industry. Due to its resistance to pulping and its high
content of extractives, bark is considered as an undesirable material and is used as a fuel to process heat and
electrical energy in the mill. According to the Swedish Forest Agency, the annual bark yield in Sweden is
estimated to be more than 1.5 million tons (dry weight). Part of this considerable amount of bioresidue might be
upgraded in a so-called bark biorefinery where high-value components from the bark could be fractionated and
upgraded [1].
The major constituents of the bark of Norway spruce are polysaccharides. Altogether, hemicelluloses, pectins
and cellulose constitute about 50% of the inner bark, 33% of the outer bark and 40% of the whole bark collected
just after the debarking process in a pulp mill [1,2]. Recently, we showed that the recovery of the non-cellulosic
polysaccharides (NCP) from the bark of Norway spruce was possible through a series of hot-water extractions
and filtration steps [1,3]. The crude NCP extract contained mainly pectin and starch as well as a minor amount of
Klason lignin. The purpose of the latest studies was to find direct applications for this crude bark polysaccharide
mixture, hence avoiding time-consuming and costly refining steps. One example of such application was
described in a previous work and presented the potential utilization of bark hot-water extracts as
immunostimulating agents [3]. Another straightforward way of adding value to a polysaccharide mixture,
without any further refining process, is the production of functional biomaterials. However, hemicellulose-based
films often suffer from poor mechanical properties which restrict their uses in a wide range of applications. In
recent years, incorporation of biodegradable nanofillers such as cellulose nanocrystals (CNCs) into polymer
matrix was proved to be an important strategy for the obtention of nanocomposites with high mechanical
performances. As compared to inorganic reinforcing fillers, CNCs have advantages like positive ecological
footprint, low density, ease of recycling.
In this work, we propose a novel way to upgrade spruce bark through the preparation of all-bark nanocomposites
base on the NCP fraction obtained in a previous study [3] and reinforced with cellulose nanocrystals (CNCs)
isolated from the same bark.
II. EXPERIMENTAL
Materials
Bark of Norway spruce was sampled from a fresh 30-year-old tree cut in Gävleborg County (Sweden) in July
2009. It was stored in the dark at -20°C. The inner and outer bark were separated manually using a scalpel. The
inner bark was ground with a hand blender to a particle size of approximately 5×2 mm. The ground inner bark
was extracted with an Accelerated Solvent Extractor (ASE) (Dionex, California) following the method described
by Le Normand et al. [3]. The non-cellulosic polysaccharides (NCP) fraction, obtained after hot-water extraction
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at 140°C, contained around 80% of oligo- and polysaccharides and 4% lignin. The molecular weight averages
were Mn=15 kDa and Mw=55 kDa.
Isolation of CNCs
The residue after extraction of NCP at 140°C was freeze-dried and used for isolation of cellulose nanocrystals
(CNCs). The isolation process and CNC characterization have been newly reported [4]. Briefly, the residue was
bleached with sodium chlorite and hydrolyzed in sulfuric acid solution (60% w/w) at 50°C for 60 min. The
CNCs had rod-like aspects with a diameter and length in the range of 2.8 nm and 175 nm, respectively, giving an
aspect ratio greater than 60.
Preparation of NCP/CNC formulations
The freeze-dried NCP powder, CNC suspension, and distilled water were mixed together to obtain a solution
with a homogeneous dispersion. The CNC contents in the films were 10, 20, 30, 40, 50 wt%. These samples
were coded as CNC10, CNC20, CNC30, CNC40 and CNC50. When sorbitol was added, its content was fixed at
30 wt % on the basis of the dry NCP weight. The samples were then coded CNC30S, CNC40S and CNC50S.
The films were obtained by casting in polystyrene petri dishes and dried in an oven at 40 °C during 65 hours.
Sample thicknesses were determined by a Mitutoyo micrometer by taking the average of five discontinuous
spots. The thickness of the films varied between 17 and 22 µm.
III. RESULTS AND DISCUSSION
Isolation of CNCs
CNCs were recovered from the inner bark of Norway spruce after sequential treatment, namely hot-water
extraction of the NCP, bleaching of the extraction residue, hydrolysis with sulfuric acid and sonication. The
overall yield of CNCs, with respect to the initial amount of inner bark, was close to 11%. Morphological
investigation of the CNCs was performed using AFM (Figure 1) and showed the presence of nanocrystals with
an average length of 175 nm and a diameter of 2.8 nm, giving a high aspect ratio of around 63. X-ray diffraction
(XRD) analyses showed that the crystallinity index increased with successive treatments to finally reach a value
superior to 80% for CNCs. The thermal degradation of the CNCs started at 190°C. These characteristics make
bark CNCs of potential interest for reinforcement in polymer materials.

Figure 1. AFM image of bark CNCs.

Preparation and characterization of all-bark polysaccharides
Films prepared from the bark non-cellulosic polysaccharides (NCP) fraction alone were very brittle and
fragmented upon drying. In order to improve the film performances, CNCs were introduced to the NCP matrix.
Homogeneous transparent films, with a glossy appearance, were obtained by incorporation of more than 30 wt%
CNC (Figure 2). CNCs obviously prevented crack formation and growth, which resulted in composites with
good cohesion. FTIR and XRD analyses showed the presence of strong molecular interaction in the matrix and
suggested that CNCs were probably acting as a nucleating agent.
The formulations which allowed the best film formations (CNC content of 30 to 50%) were chosen for the
preparation of three new films containing sorbitol. Sorbitol was added as plasticizer to further improve the
handling of the films.
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Figure 2. Film formation with a CNC content of 10%, 20%, 30%, 40% and 50%, from the left to the right.
Mechanical properties
The mechanical properties of the films were evaluated using tensile testing at 50% RH. The films were strong,
with a strength at break between 25 and 60 MPa, and particularly stiff, with a Young’s modulus of 6 to 8 GPa.
In general, the addition of CNCs improved the mechanical properties of NCP/CNC films. In fact, the tensile
strength of the film was improved by more than 3-folds by increasing the CNC content from 30% to 50%. This
observation confirmed the presence of strong intermolecular interactions between NCP and CNC, increasing as a
function of the CNC content. The strong interactions could be due to the presence of highly branched pectins in
the extract and the natural capability of this polysaccharide to bind to cellulose. The strength of the films was
comparable or even better than several reported films based on hemicelluloses and CNCs. In addition, the tensile
strength and Young’s modulus of the NCP/CNC films were in the range of those obtained for synthetic polymer
materials such as low-density polyethylene, polypropylene, polystyrene and polyvinylchloride.However, the
NCP/CNC films showed very poor flexibility, with an elongation inferior to 1%. Addition of sorbitol as
plasticizer increased the elongation of the films, which could reach up to 3.5%.
Thermal properties
The thermal degradation of the NCP/CNC formulations was assessed. Figure 3 shows the derivative
thermogravimetric (DTG) curves of CNC, NCP and the NCP/CNC formulations prepared without sorbitol.

Figure 3. DTG curves of CNC, NCP and NCP/CNC prepared without sorbitol.
In all formulations, it was clear that the blend showed better thermal stability than the individual components.
The onset temperature for the thermal degradation of CNCs and NCP was around 190°C, while the NCP/CNC
formulations started to degrade above 200°C. Based on this observation, it was possible to conclude that
nanocomposite materials with enhanced thermal stability were formed by mixing together NCP and CNC. The
improvement of thermal stability could be due to the good intercomponent compatibility and to the nucleating
behavior of CNC. In general, increasing the CNC content of the film resulted in better thermal stability.
Oxygen barrier properties
Addition of CNCs to the NCP matrix allowed the formation of resistant films towards oxygen at 50% and 80%
RH. The permeability of the films increased with the CNC content. The oxygen permeability (OP) of the films
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reached values close to 0.25 µm cm3 m-2 kPa-1 day-1 at 50% RH and 6.5 µm cm3 m-2 kPa-1 day-1 at 80% RH.
The addition of sorbitol improved further the barrier properties of the NCP/CNC films at 50% RH (Figure 3a),
but decreased significantly the barrier performance at 80% (Figure 3b). This trend was attributed to the softener
behavior of sorbitol at high RH.

Figure 1. Effect of the addition of CNC and sorbitol on the oxygen permeability (OP) of the NCP/CNC films at
(a) 50% RH and (b) 80% RH.
The oxygen permeability of NCP/CNC films was comparable to or lower than the values reported for films
obtained from xylan, starch, glucomannan and mixtures of various polysaccharides. Compared with some
commercial materials, the OPs of NCP/CNC films were much lower than the values reported for e.g. polylactic
acid, polyvinyl chloride and polyethylene-terephtalate which are extensively used for packaging applications.
IV. CONCLUSIONS
The non-cellulosic polysaccharides (NCP) fraction obtained by hot-water extraction of spruce bark was found to
be an excellent candidate for making renewable materials. Addition of CNCs was necessary in order to improve
the mechanical, thermal and oxygen barrier properties of the films. These properties were tailored by varying the
percentage of CNC and sorbitol added into the NCP matrix. The dense structure formed by the mixture of NCP
and CNC and their ability to form strong hydrogen bond interactions were believed to contribute to the good
properties of the films. Since all the raw materials used for the composite preparation could be obtained from the
bark, this work strongly support the bark biorefinery concept.
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ABSTRACT
The present communication reports a novel method for the extraction of suberin from cork using the cholinium
hexanoate. This process yields a material where most suberin components, are in the form of oligoesters
resulting mainly from the cleavage of acylglycerol bonds. This selective bond cleavage is promoted by
cholinium hexanoate that plays a dual role of solvent and of catalyst in the process. The oligomeric nature of the
isolated material allows to foresee new applications as for example in the preparation of bioactive thin films.

I. INTRODUCTION
Biomass feedstocks constitute a source of numerous value-added compounds, such as biopolymers, biofuels, and
building-block chemicals [1]. Cork, the outer bark of Quercus suber L., is a remarkable plant composite material
displaying a very specific combination of properties, such as elasticity, compressibility, low density, low
permeability, and significant chemical and microbial resistance [2]. Historically, cork utility goes back to the
ancient Romans, and since then has been used essentially to manufacture stoppers and thermal/sound insulation
materials. Globally, ≥ 300,000 ton of cork are processed per annum by industry, generating large amounts of
residues (ca. 22 wt %), especially cork of small grains size, which despite its interesting chemical composition, is
generally burned to produce energy [3].
Cork is composed of suberin, lignin, polysaccharides, and extractives (approximately 50, 20, 20 and 10 wt %,
respectively) [4,5]. Suberin is an aromatic-aliphatic cross-linked bio-polyester with a three-dimensional complex
network, occurring in the secondary plant cell wall. The aliphatic domain is composed mostly of even numbered
units (C16-C26) of aliphatic alcohols, alkanoic acids, hydroxyalkanoic acids and alkanedioic acids, cross-linked
via ester bonds involving glycerol units or aliphatic hydroxyls and carboxylic moieties; whereas the aromatic
domain shows some similarities to lignin, being predominantly composed of hydroxycinnamic acid units, with
residual amounts of monolignols (p-coumaryl, coniferyl, and sinapyl alcohols) [4, 5].
Depolymerization of suberin involves most frequently ester bond cleavage, normally through harsh alkaline
methanolysis or hydrolysis [4,5]. The ensuing depolymerized suberin or its pure components have been
considered as promising starting materials for polymer synthesis [4-8] and other additives [4]. The development
of innovative and environmentally friendly approaches for suberin depolymerization would certainly contribute
to the development of new and more valuable applications for this material. In this context, although it has been
shown that some imidazolium-based ionic liquids solubilize suberin isolated enzymatically from potato [9], a
landmark was the demonstration, that some nontoxic and biodegradable cholinium alkanoates (Figure 1) can
efficiently extract suberin from cork [10].
The present communication is aimed at presenting the global procedure and mechanism of suberin extraction
using cholinium alkanoates [11, 12], the detailed characterization of the extracted material, and to point out some
of its potential applications, for example in the preparation of bioactive thin films [13].
II. EXPERIMENTAL
Suberin isolation from Quercus suber cork
The extraction procedure and analytical methodologies used to extract suberin from cork using several cholinium
alkanoates and methyl imidazolium hexanoate are outlined in Figure 1. Their detailed description is reported
elsewhere [11].
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Figure 1. Schematic representation of the methodologies used on the extraction and characterization of cork
suberin using cholinium alkanoates.
Suberin depolymerization mechanism
The mechanism of suberin extraction/depolymerization was
investigated both by: following the time course of suberin
degradation; and testing the lability of the different ester
bond types using, e.g., poly(12-hydroxydodecanoic acid),
octyl octanoate or glyceryl trioctanoate which were
submitted to the same conditions used for cork extraction
and following the time course of the products formed as
reported in detail elsewhere [12].
Preparation of suberin films
Suberin films have been prepared by solvent casting and
characterized in detail as reported elsewhere [13].

III. RESULTS AND DISCUSSION

Figure 2. FTIR-ATR spectra of cork, suberinic
material extracted with cholinium hexanoate and the
cork insoluble residue

Composition of extracted suberinic material
Suberin was extracted from cork following the procedure
outlined in Figure 1. The best extraction yields (~67 %)
were obtained with cholinium hexanoate, even though
other alkanoates (C8 and C10) produced good extraction
yields (~64 and 58%); on the contrary, methyl
imidazolium hexanoate produced fairly low extraction
yields (~30%). In this way, it is demonstrated that both
the anion and the cation of ILs play an important role in
the mechanism of suberin extraction.

Table 1. Main suberin monomers identified by GC-MS:
before BHS and after AHS alkaline hydrolysis, (detailed
composition can be found elsewhere [11]).

The FTIR-ATR analysis of cork, extracted suberinic
materil and cork residue (Figure 2) clearly demonstrates
that characteristic suberin peaks (2921, 2852, 1737,
1242, 1158, and 724 cm-1) are present both in cork and
in suberinic material and drastically reduced in the cork
residue as particularly evidenced from the absence of the
carbonyl ester peak at 1737 cm-1. Hence, demonstrating
that cholinium hexanoate has effectively removed
suberin from the starting material; furthermore, the
prevalence of the carbonyl ester band in the suberinic
material suggests that the obtained material is still in the
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esterified form. These conclusions were further confirmed by 13C solid state NMR analysis of the same fractions
[11].
In order to access the monomeric composition of the extracted suberinic material, this was analyzed by GC-MS
before and after alkaline hydrolysis (Table 1) Before hydrolysis the major components identified were
extractives and accounting only for ~3.9% (Table 1) of the mass of suberinic material extracted. After hydrolysis
the typical suberin components, namely -hydroxyfatty acids (mainly 22-hydroxydocosanenoic and 9,10,18tryhydroxyoctadecanoic acids) and -dicarboxylic acids (mainly docosanendioic and 9,10dyhydroxyoctadecandioic acids), followed by minor amounts of aromatics, were detected in considerable
amounts (~36 % wt.), demonstrating that most components where still present in esterified forms in the extracted
material.
The GC-MS results confirm the suggestion made above based on FTIR-ATR that the suberinic material
extracted under these conditions is mainly in esterified
form, i.e., the process is not fully depolymerizing
suberin but rather removing a partially polymerized
material of esterified nature.

Suberin extraction/depolymerization mechanism
Given the cross-linked nature of suberin its extraction
implies obviously that at least part of the ester bonds
are cleaved to remove the partially depolymerized
material. To understand this process the time course of
suberin depolymerization was followed, as well as the
degradation of some ester bonding model compounds,
namely octyl octanoate and glyceryl trioctanoate.

Figure 3. Compounds detected upon treatment of glyceryl

trioctanoate and octyl octanoate with cholinium hexanoate for
The time course of suberin degradation reveals a
8h
substantial release of glycerol during cholinium
hexanoate extraction, whereas the amount of
remaining esterified glycerol in the suberinic materials decreased drastically. This point strongly suggests that
glyceride cleavage is the main mechanism of suberin extraction under the studied conditions. Furthermore, the
study with model compounds clearly revealed the higher
tendency of glyceride bonds to cleave compared to linear ester
bonds under these conditions as shown for the course of
degradation of glyceryl trioctanoate and octyl octanoate in
(Figure 3).

In conclusion this study strongly suggests that the
depolymerized material obtained using cholinium hexanoate
sould be mainly composed of oligomeric structures mainly
linked through ester bonds involving mid-chain or end-chain
OH groups of hydroxylated long chain fatty acids rather that
glycerol
In this process cholinium hexanoate plays the dual role of
solvent and also of catalyst promoting ester bonds hydrolysis by
increasing the electrophilic character of the carbonyl ester and
at the same time increasing the nucleophilic character of water,
and facilitating the leave of the acid-alcohol cleavage (Figure
4)
Figure 4. Proposed mechanism for ester cleavage
in the presence of Schematic view of cholinium
hexanoate (reproduced from [12]

Bioactive thin films from extracted suberin

The suberinic material has been submitted to film casting from
an aqueous suspension, yielding very homogeneous and moderately hydrophobic films (Figure 5) which
demonstrated to be very active against S. aureus and E. coli.

IV. CONCLUSIONS
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The present study demonstrated the efficiency of cholinium hexanoate to extract an
oligomeric suberized material from cork, and the potential of the latter in the
preparation of bioactive thin films. This study should inspire the development of
other biopolyester-based materials for a broad range of applications. One of the first
applications we believe will be implemented is clinical usage, also due to the
biocompatibility of suberin films.
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ABSTRACT
A suberin monomer, cis-9,10-epoxy-18-hydroxyoctadecanoic acid (epoxy acid), was isolated from birch outer
bark, and polymerized via lipase (immobilized Candida antarctica lipase B) catalysis. The epoxy-activated
polyesters were characterized by NMR, MALDI-TOF MS, and SEC. The polyester-cellulose composites were
prepared through compression molding of polyester and dicarboxylic acids impregnated cellulose. FTIR,
CP/MAS 13C NMR, and FE-SEM were used for analyses. All composites were hydrophobic as shown by the
contact angle measurement.

I. INTRODUCTION
The hydrophilicity of cellulose is a crucial obstacle for some applications of cellulose-based materials. Natural
products that are hydrophobic and biodegradable, such as suberin found in birch outer bark, could be attractive
candidates for modifying cellulose surfaces to improve water repellency. Suberin as a natural polymer consists
of many monomers, and epoxy acid (Figure 1) is the most abundant among the others, amounting to
approximately 100 g per kg of dried birch outer bark [1-3]. The epoxy, hydroxyl, and carboxyl functional groups
of epoxy acid make it an interesting structure for polymerization and crosslinking.

Figure 1. The structure of cis-9,10-epoxy-18-hydroxyoctadecanoic acid (epoxy acid).
In the present report, epoxy acid was isolated from birch outer bark and then polymerized through lipase
catalysis [3, 4]. The epoxy-activated polyester was characterized by NMR, MALDI-TOF MS, and SEC. The
polyester-cellulose composites were prepared by curing the polyester with dicarboxylic acids on the cellulose
surface through compression molding. The composites were analyzed by FTIR, CP/MAS 13C NMR, and FESEM. The hydrophobicity was determined by water contact angle measurements.

II. EXPERIMENTAL
Crude epoxy acid was isolated from the birch bark [4], and purified though recrystallization from toluene. The
epoxy acid was molten at 85 °C and polymerized for 5 h with lipase (Candida Antarctic lipase B) as the catalyst
[3]. Cellulose was impregnated in the dry THF solution of polyester and dicarboxylic acids (either oxalic acid or
tartaric acid) according to the molar ratios (cellulose/polyester/dicarboxylic acid) of 1/0.2/0.02, 1/0.2/0.06, and
1/0.2/0.1, respectively. The dried mixtures were compression molded at 150 °C for 5 min to prepare the
polyester-cellulose composites. All composites were Soxhlet extracted afterwards with THF as the solvent for 24
h to remove the excess chemicals.
NMR, MALDI-TOF MS, SEC, FTIR, DSC, FE-SEM, and contact angle measurement were used to characterize
either the intermediate chemicals or products.
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III. RESULTS AND DISCUSSION
Isolation of epoxy acid and preparation of polyesters
The final purity of epoxy acid was approximately 95%, as determined by solution NMR, and the isolation yield
was 8 wt% (theoretically 10 wt% [3]), calculated on dry birch outer bark.
Size exclusion chromatography revealed that the polyester was successfully prepared through lipase catalysis.
MALDI-TOF MS showed poly-linear and cyclic structures, with the former dominating the composition.
Solution NMR showed that the epoxy groups were intact, in agreement with the previous study [3].
Preparation of polyester-cellulose composites
The epoxy-activated polyester could be cured by dicarboxylic acids under heating, which was confirmed by
FTIR and DSC. By compression molding of the polyester and dicarboxylic acids impregnated cellulose at a high
temperature, the curing reaction was introduced on the cellulose surface. Finally, the polyester-cellulose
composites with solvent-inert coatings were obtained. All composites were hydrophobic, indicated by contact
angle measurements (Figure 2), where the polyester-cellulose composite prepared by compression molding of
the mixture of cellulose/polyester/oxalic acid according to the molar ratio of 1/0.2/0.02 (composite 4) exhibited
the highest hydrophobicity (Figure 3) with the average contact angle of 105.5°.

Figure 2. The workflow of preparation of hydrophobic polyester-cellulose composites.
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Figure 3. The results of contact angle measurements of all polyester-cellulose composites. Composites 1-3 were
prepared by compression molding of mixtures of cellulose, polyester, and tartaric acid according to the molar
ratios of 1/0.2/0.02, 1/0.2/0.06, and 1/0.2/0.1, respectively. Composites 4-6 were prepared by compression
molding of mixtures of cellulose, polyester, and oxalic acid according to the molar ratios of 1/0.2/0.02,
1/0.2/0.06, and 1/0.2/0.1, respectively.
Based on the results of CP/MAS 13C NMR and FE-SEM, no significant evidence about the chemical reaction
between cellulose and the polyester was found, though the coating of cellulose was chemically stable against
many organic solvents. In other words, through the current way of surface modification, cellulose preserved its
structure, which might be important for the mechanical properties of the prepared composites. Further study
about these aspects will be carried out in the near future.

IV. CONCLUSIONS
Here, cis-9,10-epoxy-18-hydroxyoctadecanoic acid with high purity and good yield was isolated from birch
outer bark, and the corresponding polyester was prepared without affecting the epoxides. The epoxy-activated
polyesters were successfully crosslinked by the dicarboxylic acids on the cellulose surface. The polyestercellulose composites were hydrophobic and stable against many solvents. We demonstrated that the side-stream
products from forest industries could be used for value-added applications such as producing functionalized
materials, which is in line with the biorefinery concept [5].
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ABSTRACT
The suitability of lignin as polyol in polyurethane synthesis was usually adjusted by modification with alkylene
oxides, especially propylene oxide (PO). Since PO has considerable risks due to high flammability, toxicity and
carcinogenicity we investigated an efficient, non-toxic and solvent-free procedure to prepare organosolv lignin
based polyols using propylene carbonate (PC). Two modification routes were studied: a direct oxyalkylation of
lignin with PC and a two step reaction of lignin with maleic anhydride followed by oxyalkylation with PC.
Structural analysis of modified lignins was performed by 1H and 31P NMR spectroscopy and size exclusion
chromatography revealing that propylene carbonate was able to almost completely oxypropylate aliphatic and
phenolic OH groups, as well as carboxylic groups.

I. INTRODUCTION
During the past, chain-extended hydroxyalkyl lignins were evaluated as substitutes in polyurethane applications
because technical lignins lead to low-valued products [1]. Usually chemical modification of lignin was achieved
by oxyalkylation with different alkylene oxides, especially propylene oxide (PO) [2-4]. Since propylene oxide is
a hazardous material in terms of flammability, carcinogenicity and toxicity, in this study the cyclic organic
carbonate propylene carbonate (PC) was investigated as harmless alternative reactant for the oxypropylation of
beech wood organosolv lignin from ethanol water pulping. This cyclic organic carbonate is characterized by low
toxicity, high boiling and flash point, low vapor pressure, biodegradability and high solubility [5,6].
A synthesis route was developed including the reaction of lignin with propylene carbonate (Figure 1a) and a twostep reaction of lignin with maleic anhydride (MA) [7] followed by oxyalkylation (Figure 1b). Both modified
lignins have been characterized in terms of their suitability as polyol component in polyurethane synthesis.

a)

b)

Figure 1. Chemical modification of organosolv lignin via the direct reaction with propylene carbonate (a) and
the two-step reaction with maleic anhydride followed by oxyalkylation with propylene carbonate (b).

II. EXPERIMENTAL
Organosolv pulping. Organosolv lignin was produced at the Thünen Institute of Wood Research (Hamburg,
Germany) using ethanol water pulping of beech wood as described elsewhere [8].
Direct oxyalkylation of lignin. Beech wood organosolv lignin (1.0 g; 6.52 mmol OH/g) was dissolved in 5.2 ml
propylene carbonate and 91.9 mg K2CO3 (0.66 mmol) was added. The mixture was allowed to react at 170°C for
3 h under stirring and nitrogen atmosphere. After completion of the reaction the mixture was cooled to room
temperature and added to the 10-fold amount of deionized acidified water. The precipitated product was
membrane filtered (polyethersulfone, pore size: 0.22 µm) and washed with 5 x 50 ml of water. The isolated
product was dried in a vacuum oven at 30°C over phosphorus pentoxide.
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Two-step oxyalkylation of lignin. Beech wood organosolv lignin (1.0 g; 6.52 mmol OH/g) was first esterified
with maleic anhydride (10.0 g; 0.102 mol) in 20 ml of 1,4-dioxane. A total of 1 ml (0.57 mmol) of the catalyst
solution (0.5 g of 1-methylimidazole in 10 ml of 1,4-dioxane) was added to the reaction. The reaction mixture
was stirred at 50°C under nitrogen atmosphere overnight. The mixture was cooled to room temperature and
added to the 10-fold amount of deionized acidified water. The precipitated maleated lignin was membranefiltered followed by washing with water until the pH of the filtrate was neutral. The isolated product was dried in
a vacuum oven at 30°C over phosphorus pentoxide. The maleated lignin was then oxypropylated as described
above for the organosolv lignin.
1
H and 31P NMR spectroscopy was performed on a Varian Mercury 400 MHz spectrometer. Acquisition
parameters for 31P NMR included: 25°C, 11990 Hz spectral window, 256 scans and a 20 s delay between pulses.
Acquisition parameters for 1H NMR spectroscopy included: 40°C, 6006 Hz spectral window, 128 scans and a
2.0 s delay between pulses.
Size exclusion chromatography (SEC). DMSO with 1% LiBr was used as eluent with a polymer standard service
(PSS) column set PolarGel-M® (7.5 x 300 mm) and a guard column (8 x 50 mm). The flow rate was 0.5 ml/min
at 60°C. About 10 mg of sample material were dissolved (c = 1 mg/ml) and shaken in the eluent for 24 h at room
temperature. Detection was performed using an RI detector (RI-71, Showa Denko).

III. RESULTS AND DISCUSSION
The direct oxyalkylation of organosolv lignin (OL) with propylene carbonate was examined using 31P NMR
spectroscopy. The analysis of 31P NMR spectra (Figure 2) of starting material (OL) and hydroxypropylated
organosolv lignin (hOL) shows that both condensed and uncondensed phenolic units were completely
hydroxypropylated. Furthermore two distinct broad signals appear in the aliphatic region between 146.5 and
149.5 ppm and between 145.5 and 146.5 ppm. The signal recorded between 146.5 and 149.5 ppm appears in the
same region as the primary and secondary aliphatic hydroxy groups originally present in lignin. However, the
other signal recorded between 145.5 and 146.5 ppm can be attributed to the new aliphatic hydroxy groups
formed by ring-opening attachment of propylene carbonate. As a result of direct oxyalkylation with PC lignin
polyols with exclusively aliphatic OH groups were generated. This OH profile of modified organosolv lignin is
similar to that of lignin polyols synthesized by oxyalkylation with PO [10].
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Figure 2. 31P NMR spectra of organosolv lignin (OL), maleated lignin (mOL), hydroxypropylated mOL (hmOL)
and hydroxypropylated lignin (hOL).
The comparison of the 31P NMR spectra (Figure 2) of OL and maleated organosolv lignin (mOL) suggests that
the majority of the OH groups were esterified with maleic anhydride, in which carboxylic acids are formed.
Moreover, it can be observed that the aliphatic OH groups react preferably with MA, while the phenolic OH
groups have a lower reactivity to MA. 31P NMR spectral analysis of mOL and oxypropylated mOL (hmOL)
shows that in addition to the lignin-derived hydroxy groups also the carboxyl groups of the maleic acid spacer
reacted with PC. As similar to the spectrum of hydroxypropylated lignin, two distinct broad signals were
recorded in the aliphatic region. The signals can be assigned to the remaining lignin-derived (146.5-149.5 ppm)
and hydroxypropyl OH groups (145.5-146.5 ppm). By this two-step modification a lignin polyol with an
extended carbon skeleton and exclusively aliphatic OH groups can be synthesized.
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The 1H NMR data (Figure 3) allowed the calculation of hydroxypropyl units appended to each OH function of
lignin. While the methine and methylene signals overlap with the methoxyl group signal, the methyl signal was
used to determine the degree of oxypropylation. Based on the quantitative 1H NMR analysis 4.67 mmol/g methyl
groups were formed. In combination with quantitative 31P NMR analysis 3.64 mmol/g aliphatic hydroxy groups
were present in the hydroxypropylated lignin, thus 1.28 hydroxypropyl units per lignin-derived OH group were
calculated. Compared to the reactions with propylene oxide multi-oxypropylation is minor for PC [11].
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Figure 3. 1H NMR spectra of organosolv lignin (OL) and hydroxypropylated lignin (hOL).
The results of molar mass distributions of the modified lignin samples indicated a shift to higher molar masses
(Figure 4 and Table 1). For mOL Mw of 7400 g/mol and polydispersity of 3.6 were determined. This result in
combination with spectroscopic analysis showed that esterification with maleic anhydride generated a chain
extended polymer of more uniform structure. In contrast hOL has a higher molar mass value (Mw=9900 g/mol)
and polydispersity (D=4.7). The molar masses of oxypropylated lignins increased due to the addition of
hydroxyalkyl chains and maybe due to thermal induced coupling reactions [12]. In case of hmOL produced by
oxypropylation of mOL the molar mass reached up to 86000 g/mol, which is an 11-fold increase in the Mw
compared to the starting material mOL. The synthesized hmOL was distributed over a broad molar mass range
with significant increase in polydispersity (D=25.5) and modality. Therefore it is doubtful whether such high
molecular polyols are compatible with standard polyurethane synthesis.
Table 1. Molar mass and polydispersity of beech wood organosolv lignin (OL),
hydroxypropylated OL (hOL), maleated OL (mOL) and hydroxypropylated mOL (hmOL).
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Figure 4. Molar mass distribution curves of organosolv lignin (OL), hydroxypropylated lignin (hOL), maleated
lignin (mOL) and hydroxypropylated mOL (hmOL).
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The first results in preparing polyurethane foams and films showed that the commercial polyol could be
gradually replaced by 10-100% lignin and lignin polyol, respectively. The PU foams synthesized with 10-30%
lignin and lignin polyol have properties which correspond to that of commercially available rigid PU foams. The
analysis showed that with increasing lignin content PU films with increasing rigidity could be generated. Thus
depending on the application the properties of lignin-based polyurethanes can be selectively adjusted by varying
the polyol type and composition. These results will soon be published elsewhere.

IV. CONCLUSIONS
Lignin polyols were successfully synthesized using propylene carbonate as oxyalkylating reagent for technical
and maleated beech wood organosolv lignin. Based on spectroscopic analysis (1H and 31P) the direct
oxypropylation of lignin showed that both condensed and uncondensed phenolic units were completely
oxypropylated as well as almost all aliphatic hydroxy groups. Additionally, by the two-step oxyalkylation of
lignin the phenolic OH groups and the carboxylic acid groups were completely oxypropylated. These two
approaches generated lignin polyols with extended carbon skeleton and exclusively aliphatic hydroxy groups.
The molar masses of oxypropylated lignins increased due to the addition of hydroxyalkyl chains and maybe due
to coupling reactions. In case of maleated lignin a significant increase of molar mass has been detected.
Compared to oxyalkylation by propylene oxide multioxyalkylation is minor for propylene carbonate. Due to its
easy handling, low toxicity, volatility and flammability PC provides a convenient alternative to propylene oxide.
This oxyalkylation procedure shows good potential for the preparation of lignin polyols and will be further
investigated with special emphasis on derivatives of cyclic organic carbonates.
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ABSTRACT
Cellulose-dissolving ionic liquids promise a new, safe and environmentally friendly alternative for the Viscose
and NMMO-based Lyocell processes for the production of man-made cellulosic fibers (MMCF). Multifilaments
were successfully spun from solutions of pulps from four different proveniences in a novel; super base derived
ionic liquid using the dry-jet wet spinning technology. The spinning parameters have been optimized by
extensive rheological studies. The resulting fibers are characterized by outstandingly high tenacity values.
Mechanical properties, i.e. tenacity, elongation at break and elastic modulus are determined and compared to
commercial Lyocell fibres. Thus, an understanding of the novel process is developed and the advantages are
demonstrated for producing textile and also composite fibres of high added-value.

I. INTRODUCTION
The global demand for textile fibers is expected to increase at a growth rate of 3% pa in 2011-2030. Cotton
production cannot meet the growing demand for cellulosic fibers any longer [1]. Currently, man-made cellulosic
fibers (MMCFs) are mainly produced by the viscose and Lyocell technique. Since both suffer from certain
drawbacks, the need for new, environmentally friendly fiber technologies is strong [2].
Recently, studies on the application of ionic liquids (ILs) in cellulose chemistry have attracted much attention,
including the production of regenerated cellulose fibers [3, 4, and 5].
We have studied a dry-jet wet spinning process utilizing a novel IL, [DBNH]OAc. Various cellulosic sources are
considered for the production of fibers. This process gives equal or better strength properties than any
commercial MMCF.

II. EXPERIMENTAL
The investigations were carried out using four different cellulosic solutes including
Pulp 1: Eucalyptus pre-hydrolysis kraft pulp from Bahia pulp, Brazil (420 ml/g, Mw: 196.4 Mn: 62.9: PDI: 3.1)
Pulp 2: Birch pre-hydrolysis kraft pulp from Enocell, Finland (476 ml/g Mw: 274.3 Mn: 68.2, PDI: 4.0)
Pulp 3: Spruce sulfite pulp from Domsjö, Sweden (540 ml/g, Mw: 406.6 Mn: 54, 4 PDI: 7.5)
Pulp4: Pine sulfite pulp from MetsäFibre, Finland (490 ml/g, Mw: 298.79 Mn: 61, 9 PDI: 4.8)
[DBNH]OAc was kindly supplied by Helsinki University.
The pulp sheets were cut into small particles in a Wiley mill with 1 mm sieve, then oven-dried at 105 °C to
constant weight. The pulps were dissolved in the ionic liquid under vacuum and heating in a vertical kneader
rotating at 10 rpm, at 80 ºC, for 90 min, then kept under vacuum for an additional hour to remove air bubbles.
The solution was press filtered through a layered filter mesh (GKD Ymax2, 5 µm nominal, Gebr. Kufferath AG,
Germany) under 2 MPa, and finally stored in a cold room protected from moisture.
The rheological characteristics of the cellulose-IL solutions under shear stresses were measured. The viscoelastic behavior was studied by means of a Anton Paar MCR 300 rheometer by performing dynamic frequency
sweep measurements over a range of 0.1-100 s-1 and at temperatures from 70 to 85 °C.
Filament spinning (Figure 1) was done with a laboratory spinning system (Fourné Polymertechnik, Germany)
with a multifilament spinneret. The dope (200 g) was spun via an air gap into a water bath, where the formed
filament was led over a teflon guide roller (at 20 cm depth) and via another guide onto a godet couple. The rate
of extrusion (Ve) was kept constant and the properties of fibres obtained after a draw ratio (DR) of 10.60 were
measured. The filaments were collected on the godet, carefully cut out with a razor blade, washed first in cold (5
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ºC) and then with hot water (50 ºC), dried and stored under controlled conditions (23 ºC, 50% RH) for tenacity
measurements.

Figure 1. Schematic of dry jet wet spinning.

Filament testing was done with 10 samples of each spinning trial at 23 ºC and 50% RH. Linear density (titer)
was determined with a vibroscope (Vibroskop 400, Lenzing Instruments GmbH & Co KG, Austria) with at least
50 mg.dtex-1 pretension. Determination of tenacity and elongation was done using a Vibrodyn 400 in both dry
and wet mode.

III. RESULTS AND DISCUSSION
Shear rheology of IL/cellulose solutions
The visco-elastic properties of cellulose-IL solutions were assessed by measuring the complex viscosity and the
dynamic moduli at different temperatures. Assuming that the Cox-Merz rule is valid for cellulose-IL solutions,
the Carreau model has been used to determine the zero shear viscosity.
For the four solutions, Figure 2 shows the changes of complex viscosity |η*| as a function of angular frequency,
ω. The measurements were carried out in a temperature range which was anticipated for the spinnabilty of the
cellulose-IL solutions (13 wt-%). All samples show shear thinning behavior at high frequencies, typical for
polymer melts and solutions.

Figure2. Complex viscosity vs. angular frequency of four pulps in ionic liquid solution (13 wt-%) at the
respective spinning temperature.

In Figure 3, the master curve from the oscillation test is presented. Spinning temperature could be chosen
according to the zero shear viscosity and the cross over point of the dynamic moduli. We found that the dope
from novel cellulose solvent, [DBNH]OAc, results in stable spinning conditions at much lower temperature than
dope from NMMO.
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Figure 3. Master curve of four pulps in ionic liquid solution (13 wt-%) at spinning temperature.
Mechanical properties
Figures 4 and 5 reveal a comparison of typical stress-strain curves of the fibers from four different pulps and
lyocell fibre in the conditioned and wet state spun with a draw ratio of 10.60. All pulps show similar values with
Pulp 1 resulting in slightly higher tenacity values and Pulp 4 slightly larger elongation.

Figure 4. Tenacity (conditioned) vs. elongation of
four pulps.

Figure 5. Tenacity (wet) vs. elongation of four pulps.

Figure 6 depicts the tenacity of the fibres at a draw ratio of 10.60 in comparison to the commercial NMMO-spun
fibre (Lyocell). The titers of the produced fibres range from 1.75 to 1.95 dtex. Tenacities of 45-52 cN/tex and
40.9 - 51.1 cN/tex have been measured in the conditioned and wet state, respectively.
Figure 7 demonstrates that the IL-spun fibres have slightly lower elongation values than the reference fibres.
Measurements revealed elongations of 10.1-10.7% in the conditioned and 10.6 - 12.8% in the wet state,
respectively

Figure 6. Tenacity and titer of spun fibres compared to
Lyocell.
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Figure 7. Elongation and titer of spun fibres compared
to Lyocell.
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The fiber properties in Figure 6 are consistent with the results in Figure 7. These curves confirm that higher
stretch leads to higher orientation, higher tenacities and lower elongation for IL-spun fibres.
The elastic modulus of the fibres at draw ratio of 10.60 and the commercial NMMO-spun fibre (Lyocell) are
shown in Figure 8. The titers of the produced fibres range from 1.75 to 1.95 dtex. The elastic moduli are 20-25
GPa which is close to the modulus of Lyocell fibres.

Figure 8. Young Modulus and titer of spun fibres compared to Lyocell.

IV. CONCLUSIONS
Various pulps were spun successfully by means of a dry-jet wet spinning process using a hitherto novel ionic
liquid [DBNH]OAc. Drawing the filaments induced high cellulose orientation which resulted in excellent
strength properties and elastic moduli similar or surpassing commercial NMMO-spun Lyocell fibers.
Additionally, the present procedure requires no stabilizers in the dope and substantially lower process
temperatures than in the NMMO-based Lyocell process.
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ABSTRACT
An electric double layer capacitor (EDLC) was successfully prepared from electrospun lignin fibers. The
EDLC was prepared by the following process. The electrospun fibers were converted to activated carbon fibers
(ACFs) by thermostabilization followed by carbonization and steam activation. The ACFs were suspended
together with conductive carbon black (5%) in aqueous carboxymethyl-cellulose solution, and then this
suspension was spread on a thin Al foil. The lignin ACFs-coated foil and a paper as a separator were immersed
in triethylmethylammonium tetrafluoroborate (TEAMBF4)/propylene carbonate (PC) solution as an organic
electrolyte. Finally, these materials were assembled in a measurement cell. This EDLC showed electrostatic
capacitance of 133 F/g and impedance of 12 Ω.
I. INTRODUCTION
Lignin is one of the most abundant biopolymer after cellulose on earth, which accounts for 20–30% of
wood and possesses high carbon content (about 60 %) among wood components. However, lignin utilizations
are limited to energy recovery for pulp mill and inexpensive materials, such as dispersants, emulsion stabilizers,
surfactants, and binders [1,2].
Recently, lignin-based carbon fibers (CFs) has been focused on as one of value-added functional materials.
So far CFs have been prepared by melt-spinning or dry-spinning followed by thermostabilization and
carbonization. The CFs are further converted to activated carbon fibers (ACFs) which have a large surface area.
Therefore, ACFs is an excellent adsorbent for environmental purification. Uraki et al. [3] prepared ACFs from
softwood acetic acid lignin. The ACFs possessed a large specific surface area of 1930 m 2/g, and had
adsorbability comparable to that of high-performance commercial ACFs. The tensile strength was also
comparable to that of pitch-derived ACFs. In this study, such lignin-based ACFs were used as a material for
electrode of EDLC.
EDLC is a kind of energy storage devices as well as conventional capacitor and secondary battery, such as
lithium ion battery. EDLC has several advantages, such as (1) high power density (discharge at high current
density), (2) short charging time , (3) long cycle life due to no chemical reactions, (4) high coulombic efficiency
(high reversibility), and (5) environmental friendliness (no heavy metals used) over second batteries, even
though its energy density is lower than secondary batteries [4]. Therefore, EDLC has been considered to be a
next-generation energy storage device to meet the increasing demands of electric power [5]. EDLC consists of
three parts, electrode, electrolyte and separator. Carbonaceous materials are considered as prospective electrode
materials for industrialization. The advantages of carbon materials over other candidates are abundance, lower
price, easy processing, non-toxicity, higher specific surface area, good electronic conductivity, high chemical
stability, and wide operating temperature range [6]. Since the electrostatic charge is accumulated at the
electrode/electrolyte interface of EDLC, the electrostatic capacitance of EDLC is strongly dependent on the
surface area of the electrode [7]. Accordingly, ACFs with a large surface area is suitable material for electrode of
EDLC. The objectives of this study are to prepare ACFs with a large surface area from isolated lignin and to
assemble an EDLC with the resultant ACFs.
II. EXPERIMENTAL
Preparation of lignin-based ACFs
A preparation process for lignin-based ACFs is shown in Figure 1. Hardwood acetic acid lignin (HAL) [8]
was dissolved in acetic acid (AcOH) or AcOH/CCl4 (weight ratio, 8:2), and then hexamethylenetetramine
(hexamine) with different amounts was added to the solution. The mixture solution was subjected to
electrospinning of lignin fibers by using a homemade electrospinning machine, and it was carried out under the
following conditions: applied voltage, 38 kV; solution flow rate, 5 ml/min; tip-collector distance, 13 cm.
Subsequently, the lignin fibers were thermostabilized under air atmosphere by heating up to 250 oC at
different heating rates. Then, the thermostabilized fibers were, in turn, carbonized under a nitrogen stream at
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1000 °C to yield lignin based CFs. Finally, the resultant CFs were activated with steam at 900 oC to yield ligninbased ACFs.

Figure 1. A scheme for lignin-based ACF preparation and EDLC assembly

EDLC assembly and characterization
The resultant ACFs were grounded to powder with a mortor and a pastle, and suspended in aqueous
carboxymethyl-cellulose (CMC) solution. These suspensions were ultrasonicated to give homogeneous slurry.
Then, 5% of conductive carbon black (CB, Alfa Aesar, Heysham, UK) was added to the carbonaceous
sample/CMC suspensions, and the mixtures were spread on an Al foil to yield electrode. The electrodes and a
piece of paper sheet (Mitsubishi paper Mills Ltd. Tokyo, Japan) as a separator were immersed in
triethylmethylammonium tetrafluoroborate/propylene carbonate solution. The coated Al foil was placed at the
bottom of flat cell for assembly of electrode, and the cellulosic separator was put on the foil. Afterwards, the
other coated Al foil was placed on the separator to give an EDLC.
The performance of our EDLC was evaluated by cyclic voltammetry (CV), galvanostatic charge/discharge
(GCD) method and electrochemical impedance spectroscopy (EIS) using an electrochemical workstation
(Autolab PGSTAT302N FRA32M, Metrohm Autolab B.V., Japan).

156

© CSIC © del autor o autores / Todos los derechos reservados

13th European Workshop on Lignocellulosics and Pulp

III. RESULTS AND DISCUSSION
Preparation of lignin-based ACFs
HAL electrospun fibers was obtained by electrospinning from 35 wt% of HAL/AcOH solution. An average
fiber diameter was 1.30 μm. However, it took a very long time (2 days) to achieve the complete
thermostabilization of electrospun fibers as a second process under air atmosphere. An aim of this process is that
the lignin fibers are transformed into infusible fibers by introducing oxygen molecules as a crosslinker into
lignin molecules in order to prevent fiber from melting in the following carbonization process. Thus, the
thermostabilization process is very important for CFs production. To shorten the thermostabilization time, we
tried to add hexamine to the lignin solution, which was expected to act as a crosslinker to suppress thermal
mobility of lignin. When hexamine was added to HAL/AcOH solution, no electrospun fiber was obtained
because of rapid curing before spinning. When the solvent was changed to a mixture solvent of AcOH and CCl4,
the electrospinning of HAL mixture was carried out. The electrospun fibers (Figure. 2-A) with 10% hexamine
(on solution) were completely thermostabilized under air atmosphere for 3 h (heated to 250 oC for 2 h, and kept
at 250 oC for 1 h) to give the infusible fibers (Figure. 2-B) By carbonization of the thermostabilized one, HALbased CFs (Figure. 2-C) with a large BET specific surface area of 1287 m2/g were obtained even without
activation. The CFs were easily converted into ACFs (Figure. 2-D) with a surface area of 2185 m2/g by steam
activation.

Figure 2. Images of A) electrospun fibers and B) thermostabilized fibers, C) CFs
and D) ACFs derived from HAL
EDLC assembly and electrochemical characterization
EDLC was assembled with the HAL-based CFs or ACFs as electrode materials and cellulosic paper as a
separator, which contained TEAMBF4/PC as an organic electrolyte, where a commercial activated charcoal (AC)
powder was also used as a reference.
As shown in Table 1, the specific electrostatic capacitance measure by GCD and charge transfer impedance
(Rct) of ACF based EDLC were 25.1 F/g and 37.2 Ω, respectively. These electrochemical properties were
remarkably superior to those of EDLC assembled with AC powder. The excellent performance would probably
be attributed to the large specific surface area of ACFs. However, these values were quite low, compared to
those of EDLC previously reported [7]. By the addition of CB, EDLC performance was drastically improved; Rct
of ACF-CB based EDLC was decreased to 12 Ω and the capacitance was remarkably increased to 133.3 F/g,
which was comparable to those reported in the previous work[6].
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Table 1. The electrochemical properties of EDLC assembled from different electrode materials.

Sample

Specific
capacitance1)
(F/g)

Specific
capacitance2)
(F/g)

Charge transfer
resistance
(Ω)

AC powder

-

0.1

>4000

AC powder-CB

74.8

90.9

2.4

HAL-ACF

27.9

25.1

37.2

HAL-ACF-CB

142.0

133.3

12.0

1) Specific capacitance was obtained by cyclic voltammetry
2) Specific capacitance was obtained by galvanostatic charge and discharge method.
IV. CONCLUSIONS
Fine lignin fibers were successfully prepared by electrospinng. The thermostabilization time of the fibers
was remarkably shortened from 38 h to 3 h by the addition of hexamine to spinning dope. The thermostabilized
fibers was easily converted to CFs with a high specific surface area (1287 m2/g), which was comparable to that
of commercial AC powder, by the simple carbonization. Furthermore, the CFs were, in turn, converted into
ACFs with a thin diameter of 1.42 μm and a significant specific surface area (2185 m2/g) by steam activation.
The EDLC assembled with HAL-based ACFs, CB and organic electrolyte demostrated superior electrochemical
properties, in terms of its large specific capacitance and low inpedance, to that with commercial AC powder.
Therefore, lignin-based ACFs can be a promising electrode material for preparing EDLC.
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ABSTRACT
While wood is still the conventional raw material to manufacture any pulp for papermaking purposes, the use of
non-wood fibres is a great source of interest for papermakers and researchers. This can be explained by the demand
of certain countries where wood is a scarce resource, the search of new properties, and the decrease of
environmental impact.
Cereal straw, bamboo and bagasse are the most used non-wood raw materials, but work is being done towards the
characterization of other interesting sources of fibres. Agricultural wastes from rapeseed crops fit that requirement.
Rapeseed oil production for energetic purposes is increasing, and so are wastes.
Non-wood materials allow for an effective use of sulphur-free methods that usually result in weaker pulps when
applied to wood -e.g., the soda-anthraquinone cooking process is being industrially used to cook straw. Organosolv
pulping is another alternative method that removes lignin and achieves higher yield values than other chemical
processes.
In this work, pulps from Brassica napus (rapeseed) stems were obtained by soda-anthraquinone and Organosolv
(using ethanolamine) pulping. Both pulps were refined in a PFI mill. Handsheets made from those pulps were
tested. The aim of this work is to evaluate the capabilities of rapeseed stems for papermaking purposes and the
influence of refining on mechanical properties.

I. INTRODUCTION
Non-woody wastes from agriculture work in three ways to reduce environmental impact. First, by re-using as raw
materials residues which otherwise would be open-burnt –a hazardous activity which causes air pollution.
Regarding the pulping process, non-wood materials allow for a satisfying use of sulphur-free methods, such as the
SAICA’s semichemical process cooking [1]. Finally, this may result in energy savings, as many nonwood species
need less energy consumption in the refining process, or do not even require refining al all [2].
European Union is the largest rapeseed (Brassica napus) producer in the world. 21.1 million tonnes are produced
annually by the Union members, out of a worldwide production of 60 million tonnes. Still, the EU is also the
greatest consumer, as 2.2 million tonnes are imported annually and only 0.1 million tonnes are exported [3].
Rapeseed main products are oil, used as a lubricant in industrial applications and for human consumption, and
meal for animal feeding. Rapeseed oil is being studied as an interesting source for biodiesel production [4], and as
a source of polyacids to manufacture biocomposites. As rapeseed crops for energetic purposes are expected to
keep increasing their presence in Europe, greater amounts of waste will be likely generated [5].
Potential of rapeseed wastes for papermaking has already been studied by Mousavi et al. [6], as they analysed
rapeseed straw and its papermaking potential. Soda-anthraquinone pulping showed better results than soda alone.
Tofanica et al. [7] characterised rapeseed stalk fibres, and found them to be very slender, with length ranging from
0.71 to 1.99 mm, and width from 9.10 to 19.60 μm.
The ancient soda pulping method was relegated in benefit of the kraft process, but the addition of anthraquinone
as a homogenous catalyst has made it a competitive technique, as Holton [8] showed, and it seems to be especially
competitive for annual plants [9]. If the cooking reagent is an organic solvent, such as methanol or ethanolamine,
pulping is called Organosolv. Despite its higher energy consumption, it allows for higher yield values and lignin
recovery [10].
In this work, chemical pulps from Brassica napus stems were obtained through minimal environmental impact
techniques (soda-anthraquinone cooking, ethanolamine cooking), in order to investigate the papermaking
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characteristics of rapeseed stems waste. This work aims to evaluate the potential application of rapeseed stems for
papermaking purposes, and to discuss the influence of cooking conditions and refining.

II. EXPERIMENTAL
Pulping
Specimens of rapeseed (Brassica napus) were grown in Castilla y León, Spain, and stems of all diameters were
harvested as raw materials for pulping. Stems were isolated, crushed, and introduced into a stainless steel batch
digester. Cooking took place by using two different solvents: monoethanolamine (Organosolv pulping) and sodium
hydroxide. In the latter’s case, anthraquinone was added to increase selectivity towards lignin. Liquor-to-solid
ratio was held at 6. Pulps were crushed, washed, screened and stored at 4 ºC. Remaining lignin was analysed
following TAPPI standard UM 246 (Microkappa number).
Refining
Prior to refining, pulps were disintegrated by means of a lab disintegrator ENJO model 692 according to ISO 5263.
Pulp refining was carried out by a Maskin’s Mark VI PFI mill at 10% consistency according to ISO 5264/2.
The degree of refining was measured using a Canadian Standard Freeness (CSF) tester, following TAPPI standard
T227 om-94.
Handsheets
Seven handsheets were obtained from each of the pulps according to ISO 5269-1:1998. The experimental
equipment consisted of a pulp dispersing-disintegrator, handsheet former, pressing (130 kPa), and heating system
to remove moisture. Brightness was determined according to ISO 2470-1:2009. Stretch and tensile index of
handsheets were measured by means of a mechanical tester from HT Hounsfield following UNE 57054 and UNEEN ISO 1924-2:2009 standards, respectively. Tear index was determined by a MESSMER tester according to
UNE-EN 21974:1996. Burst strength was measured by a METROTEC tester according to UNE-EN ISO
2758:2004.

III. RESULTS AND DISCUSSION
Table 1 shows the different conditions in which rapeseed stems were cooked. Reagent specifications refer to the
cooking liquor in Organosolv pulping, and to the pure reagent weight for soda-anthraquinone pulping. Yield is
expressed as the weight of oven dried pulp obtained per weight of oven dried stems. Kappa number (Microkappa)
and ISO brightness are shown too.
Table 2 shows the mechanical properties of the sheets for different numbers of revolutions. Relative standard
deviation was never higher than 10%.
Influence of cooking conditions
Mild treatments, at 140 ºC and after 40 minutes of cooking, resulted in higher yields, especially for Organosolv
pulp. However, only severe cooking provides enough removal of lignin to make feasibly-bleachable pulps, as it
achieves Kappa numbers around 30.

Table 1. Pulping conditions and properties. T: cooking temperature. t: cooking time. AQ: anthraquinone.
Pulp
Reagent
code
ETN40
40% ethanolamine, 60% water
ETN60
60% ethanolamine, 40% water
SAQ10
10% NaOH, 0.1% AQ on o.d. pulp*
SAQ20
20% NaOH, 0.1% AQ on o.d. pulp*
*
On the basis of oven dried pulp weight.

T (ºC)

t (min)

140
180
140
180

40
60
40
60

160

Yield
(%)
77.6
58.7
69
54.5

Kappa
no.
46.4
30.9
48.1
29

Brightness
(%ISO)
59,1
62,2
59,5
62,0
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Table 2. Influence of refining on mechanical properties.

Pulp

ETN40

ETN60

SAQ10

SAQ20

PFI
revolutions

Tear index
(mN m2/g)

Stretch (%)

Burst
index
(kN/g)

Tensile
index
(N m/g)

0
250
500
1000
0
250
500
1000
0
250
500
1000
0
250
500
1000

11.1
13.3
15.0
17.6
11.5
13.9
14.2
15.2
4.6
12.6
17.8
19.9
14.0
20.1
21.8
19.5

0.59
0.70
0.45
0.83
0.40
0.92
1.73
1.29
0.35
0.59
1.08
1.19
0.39
0.59
1.43
1.26

0.84
0.97
1.45
1.87
0.84
1.53
4.87
5.14
0.73
1.25
1.52
2.18
0.72
1.62
2.12
3.70

7.5
14.2
16.2
18.1
10.2
22.9
45.8
47.5
8.2
12.9
17.2
26.6
9.5
17.1
19.8
38.5

Unbleached pulps from rapeseed stems showed high values of brightness (around 60%), even under mild
conditions. ISO brightness of rapeseed straw pulps lies around 16-18% [6]. Unbleached rice straw kraft pulps,
Alfa soda pulps and Eucalyptus citridiora kraft pulps show brightness values of 45-50% [11], 47% [12] and 1520% [13], respectively.
Severe cooking (i.e., high values of temperature, reagent concentration and cooking time) gave out higher burst
index and tensile index. These values were particularly high for Organosolv pulp.
Influence of refining
Figure 1 presents the degree of refining, expressed as Canadian Standard Freeness, for the different pulps. For all
pulps, 1,000 PFI revolutions were enough to achieve freeness values below 350 mL. Hardwood kraft pulps need
around 3,000 PFI revolutions to get to such degree of refining, and softwood kraft pulps need more than 5,000 PFI
revolutions [14]. Therefore, the use of rapeseed stems implies great energetic savings at this stage. Pulp ETN60
was found to be the most influenced by refining.
Tear index was slightly improved by refining. Tensile index and burst index were greatly increased from nonrefined pulps to 1,000 PFI revolutions. Overall, stretch is in the low range. Burst index was found to be similar to
that of rice straw pulps [11]. Tear index is in the high range (Table 2), similar to that of soda pulps from abaca
[15].

Figure 1. Variation of Canadian Standard Freeness with the number of PFI revolutions.
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IV. CONCLUSIONS
Comparing brightness and mechanical properties of pulps from rapeseed stems with pulps of rapeseed straw, rice
straw and common hardwoods, it comes out that rapeseed stems are an effective source of fibres to produce market
pulp and/or paper. Sheets from the pulps studied showed high brightness values and high tear index. Mechanical
properties were notoriously improved by refining.
Organosolv pulping under severe conditions is recommended, as it is the way to achieve low freeness values with
little energetic consumption during refining. Moreover, it results in the highest tear index and burst index.
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ABSTRACT
The enzymatic hydrolyzability of three industrial pulps, five pulps produced by Innventia AB (Stockholm,
Sweden), and one microcrystalline cellulose powder was assessed using commercially available enzymes. In
addition, the chemical, macromolecular and supramolecular properties of the samples were also determined.
Multivariate evaluation revealed that the initial rate for conversion of cellulose to glucose was mainly dependent
on specific surface area, glucose content, and fiber saturation point, whereas the conversion at 24 h and 72 h
depended on fiber saturation point, specific surface area, and average pore size. Neither the crystallinity nor the
lignin content had significant effects on the conversion for the selected pulps (kappa number <19).

I. INTRODUCTION
Conversion of biomass to biofuels is currently an area that attracts large interest, and lignocellulosic biomass
offers the abundance and environmental sustainability attributes that can potentially support large-scale biofuel
production as an alternative to petroleum-based transportation fuel.
In a recent project, Innventia has developed wood based pulps optimized for conversion to biofuels. These pulps
were produced to target a high level of enzymatic hydrolyzability. To assess the hydrolyzability of these pulps, a
laboratory protocol has been established using an enzyme mixture containing Celluclast 1.5L® and Novozyme
188® with an activity of 2,5 FPU/g pulp [1]. The results obtained using the recently developed protocol are
assumed to be representative for industrial conditions. In addition to assessment of the pulps produced at
Innventia AB, the results have been compared to commercial cellulose substrates and pulps of both paper and
dissolving grade.
In the present study, the influence of chemical, macromolecular and supramolecular properties of pulp on the
enzymatic hydrolyzability is discussed.

II. EXPERIMENTAL
Three industrial pulps and five laboratory pulps produced by Innventia AB (Stockholm, Sweden) were evaluated
in the present study. The set of pulps included softwood (spruce/pine) and hardwood (birch and eucalyptus)
pulps, sulphite, kraft and soda pulps, as well as dried and never-dried pulps. In addition, microcrystalline
cellulose powder Avicel® sample was of the type PH 101 (FMC BioPolymer, USA) was added for comparison
of the hydrolyzability. The samples are outlined in Table 1.
The kappa numbers were determined according to ISO 302. Limiting viscosities (limiting viscosity number in
cupri-ethylenediamine (CED) solution) were determined according to ISO 5351. Carbohydrate compositions
were determined according to SCAN-CM 71:09 using high performance anion exchange chromatograph Dionex
ISC-5000 system coupled to a CarboPac PA1 (250 mm × 4 mm i.d.) column (Dionex, Sweden) and a pulsed
amperometric detector (HPAEC-PAD).
The molecular mass distributions (expressed as peak molecular mass, Mp, number-average molecular mass, Mn,
weight-average molecular mass, Mw, and polydispersity PD) were determined by size exclusion chromatography
of cellulose tricarbanilates with tetrahydrofuran mobile phase [2, 3].
The supramolecular properties specific surface area and crystallinity were determined in the water-swollen state
by an in-house method utilizing solid-state cross polarization magic angle spinning carbon-13 nuclear magnetic
resonance (CP/MAS 13C-NMR) [4]. Average pore size was determined from the NMR results combined with
fiber saturation point (FSP) measurements. FSP measurement is not applicable to Avicel due to the lack of a
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pore system, and hence an equivalent FSP was approximated from water retention value by division with a factor
2, which corresponds to an average correction factor [4]. ,
Table 1. Wood source, pulping and bleaching conditions, drying and source of the samples used in this study.
Designation

Wood source

Pulping and bleaching

Drying

Source

Avicel

unknown

Hydrolysis (microcrystalline cellulose)

Dried

Commercial

HKD

Hardwood (birch)

Kraft (TCF-bleached)

Dried

Commercial

HSi

Hardwood (eucalyptus)

Sulphite (dissolving grade)

Never-dried

Commercial

HSiD

Hardwood (eucalyptus)

Sulphite (dissolving grade)

Dried

Commercial

SKOD

Softwood (spruce)

Kraft (pre-hydrolysis, O-delignified)

Dried

Innventia

SSiD

Softwood (spruce)

Sulphite (dissolving grade)

Dried

Commercial

SSoCOD

Softwood (spruce)

Soda (pre-hydrolysis, circ. dig., O-delig.)

Dried

Innventia

SSoD

Softwood (spruce)

Soda (pre-hydrolysis)

Dried

Innventia

SSoO

Softwood (spruce)

Soda (pre-hydrolysis, O-delignified)

Never-dried

Innventia

SSoOD

Softwood (spruce)

Soda (pre-hydrolysis, O-delignified)

Dried

Innventia

The enzymatic hydrolyzability of the pulps was assessed using the commercially available enzyme mixtures
Celluclast1.5L (Sigma-Aldrich, Sweden) and Novozyme 188 (Novozymes, Denmark) in proportions 3:1
(vol:vol). After dilution, the activity in FPU was determined according to NREL/TP-510-42628 “Measurement
of Cellulase Activities”. 10 mg of sample (dry basis) was allowed to swell in 0.5 ml acetate buffer (100 mM, pH
4.8) at 50 °C for 1 h. 0.5 ml of diluted enzyme mixture was added. The dilution of the enzyme mixture was done
to obtain an activity of 2.5 FPU/g cellulose (corresponds approximately to 0.16 ml undiluted enzyme mixture per
g cellulose). The sample was hydrolyzed for 72 h at 50 °C. The enzymes were deactivated by addition of 200 µl
1 M NaOH, and the sample suspensions were filtered through a 0.2 µm cellulose acetate filter. The glucose
content in the filtrates was determined using high performance anion exchange coupled to a pulsed amperometric
detector (HPAEC-PAD). The conversion (mg g–1) is defined as amount of glucose in hydrolysate (as mg
anhydroglucose) per total amount of glucose in sample subjected to hydrolysis (in g, corrected for dry
substance). Conversion rate (mg g–1 min–1) is defined as conversion per time unit. In the present study, the initial
conversion rate was determined at 10 minutes, since it was observed that the rate during the first minutes of the
hydrolysis was lower than at 10 minutes.
A multivariate evaluation of the pulp properties [5] – using the initial conversion rate, the conversion at 24, and
the conversion 72 h as responses – was performed using the software SIMCA-P+ 12.0.1 (Umetrics AB, Umeå,
Sweden).

III. RESULTS AND DISCUSSION
The measured pulp properties are described in Table 2. The never-dried samples (HSi and SSoO) had the
highest initial conversion rates. It could however be observed that there was not a very pronounced correlation
between initial conversion rate and final conversion.
In order to elucidate the relationships between the properties of the pulps, a multivariate model was constructed
using principal component analysis (PCA) with two components. A loadings bi-plot (with samples and
properties in the same plot) is presented in Figure 1. Certain parameters clustered together. As expected, there
was a correlation between limiting viscosity and molar mass distribution, as well as between kappa number and
total lignin content. No correlation between crystallinity and the other properties was seen. The carbohydrate
content parameters were found in the same quadrant as the supramolecular properties. The initial conversion rate
and the conversions at 24 h and 72 h were in the PCA plot nearest the fiber saturation point specific surface area.
To further evaluate which properties that had the greatest impact on the conversion, partial least-squares (PLS)
models using two principal components were constructed with the response variables Conversion rate at 10
minutes (R2ycum = 0.81), Conversion at 24 h (R2ycum = 0.75), and Conversion at 72 h (R2ycum = 0.75). In these
models, the properties limiting viscosity, Mp, Mn and PD were omitted due to the similarities with Mw, and
kappa number was omitted due to the similarity with total lignin content.
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Table 2. Supramolecular, macromolecular and chemical properties of the samples and results from enzymatic
hydrolysis of the samples (initial conversion rate, and conversion at 24 h and 72 h of hydrolysis).
n.d. = not determined
Property

Desig. Avicel
–1

Fiber saturation point (g g )

Hardwood pulps
HKD

HSi

Softwood pulps

HSiD SKOD SSiD SSoCOD

SSoD

SSoO

SSoOD

FSP

0.86

0.72

1.05

0.68

0.69

0.59

0.63

0.60

1.33

0.57

Specific surface area (m g )

SSA

109

77

152

114

120

98

115

127

130

121

Crystallinity (%)

Cry

58

51

52

53

58

56

57

57

57

57

Average pore size (nm)

Por

16

19

14

12

12

12

11

10

21

10

Kappa number

Kap

n.d.

n.d.

n.d.

n.d.

9.8

n.d.

1.2

18.4

1.5

1.5

Limiting viscosity (ml g–1)
Peak molecular mass
(kg mol–1)
Number-average molecular
mass (kg mol–1)
Weight-average molecular
mass (kg mol–1)
Polydispersity

Vis

120

540

610

610

1020

760

190

320

260

260

Mp

36

232

150

150

242

212

55

93

73

71

Mn

15

31

23

23

32

25

22

24

25

26

Mw

56

531

339

339

922

448

80

153

116

118

PD

4

17

15

15

29

18

4

7

5

5

Glc

877

670

943

943

824

923

899

852

898

934

2

–1

–1

Glucose content (mg g )
–1

Total carboh. content (mg g )

CH

927

885

962

962

887

955

921

873

919

954

Total lignin content (mg g–1)
Initial conversion rate, 10 min
(mg g–1 min–1)
Conversion, 24 h (mg g–1)

Lig

n.d.

n.d.

n.d.

n.d.

19

n.d.

7

36

7

5

r10

0.36

0.25

0.75

0.52

0.51

0.50

0.58

0.53

0.84

0.59

Y24

154

114

279

88

126

136

237

129

441

234

Y72

252

215

585

157

186

192

423

150

697

387

–1

Conversion, 72h (mg g )

1,0

0,8

0,6

Vis

PD
MpMw
0,4

FSP

HSi

r10

Mn

Y72
Y24SSoO

Por

SKOD

SSA
0,2
CH
HKD

Glc

SSiD

-0,0

HSiD
SSoOD

-0,2

SSoCOD
Cry

Kap
Lig

-0,4

SSoD

Avicel

-0,6

-0,8

-1,0
-1,1

-1,0

-0,9

-0,8

-0,7

-0,6

-0,5

-0,4

-0,3

-0,2

-0,1

0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

Figure 1. Loadings bi-plot of principal component analysis. Designations as in Table 1–2.
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For the initial conversion rate, ranking of the parameters in order of importance – with decreasing importance to
the right – according to the PLS analysis was:
Specific surface area > Glucose content > Fiber saturation point > Total carbohydrate content > Weightaverage molecular mass (higher conversion rate for lower molecular mass) > Total lignin content >
Crystallinity > Average pore size
The effect on initial conversion rate by the specific surface area, glucose content, fiber saturation point, and total
carbohydrate content parameters were significant.
A similar ranking for the conversion at 24 h and 72 h was:
Fiber saturation point > Specific surface area > Average pore size > Weight-average molecular mass
(higher conversion rate for lower molecular mass) > Glucose content > Total carbohydrate content >
Total lignin content > Crystallinity
The effect by the fiber saturation point, specific surface area, and average pore size parameters were significant
on conversion at both 24 h and 72 h. In addition, the effect of weight-average molecular mass was significant on
conversion at 24 h, and the effect of glucose content was significant on conversion at 72 h.
The glucose content had a significant effect on the hydrolyzability, despite the conversion numbers were
corrected for cellulose content. A reason for this might be that high glucose content corresponds to low
hemicellulose contents, and that high abundance of hemicelluloses decrease the conversion rate when using the
protocol suggested in this study. The lignin content at the levels of the pulps included in this study (kappa
number < 19) was not inhibiting the hydrolysis.
The crystallinity did not have a significant effect on the conversion. The samples included in this study had
similar crystallinity, but nevertheless very different hydrolyzability.
From the above results, it can be observed that the supramolecular properties – fiber saturation point, specific
surface area, and average pore size – seem to have the greatest influence on the hydrolyzability.

IV. CONCLUSIONS
In conclusion, it seems that the most important factor influencing the hydrolyzability is the supramolecular
structure. If producing pulps intended for enzymatic degradation to sugar, the most important consideration
should be maintain a high specific surface area and fiber saturation point, i.e. to avoid hornification.
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ABSTRACT
Wheat straw is an important agricultural residue. It can be used for pulp, paper and chemicals obtention in a
framework of biorefinery.
In this work, we addressed the integral exploitation of wheat straw by fractionation of its lignocellulosic
components following extraction of hemicelluloses by cold alkaline extraction. The treatment provided a liquid
fraction that was used to obtain hemicelluloses by alcoholic precipitation and a solid fraction employed to obtain
cellulose pulp by soda–anthraquinone delignification.
The proposed processing scheme is environmentally friendly because it uses cold alkaline extraction to valorize
the hemicellulose fraction of wheat straw while facilitating its delignification, which can thus be accomplished
under milder conditions. This saves raw material and energy, and provides paper sheets similarly strong to those
obtained from untreated cellulose.
I. INTRODUCTION
The amount of wheat produced in Europe each year, which is estimated to exceed 170 million tons, is more than
enough for use as a renewable raw material to obtain lignocelluloses chemical derivatives with biorefining
technology [1]. Also, the use of crop residues in a biorefinery saves GHG emissions and reduces fossil energy
demand [2].
One of the prerequisites of an effective utilization of biomass such as cereal straws and grasses is the
fractionation of the main components, polysaccharides and lignin, by a relatively mild procedure, ensuring their
minimum physical and chemical changes as well as an acceptable extraction efficiency [3]. Different treatments
have been applied to hemicellulose extraction with addition of chemicals such as alkali, acid or hydrogen
peroxide, liquid hot water extraction, steam explosion, dilute acid-steam explosion inter alia [4]. Alkaline
extraction proved an appropriate pretreatment towards the obtainment of cellulose pulp [5]. The integration of
hemicelluloses pre-extraction by alkaline methods into a soda-AQ-based pulping with bagasse as feedstock, was
preferred over other pretreatments (dilute acid, hot water treatment) previous kraf pulping processing [6]. Main
advantage of these processes is the use of low temperature and pressure [7].
The hemicelluloses obtained can be used to convert them to higher value-added products such as prebiotic
xylooligosaccharides or polymers and molecules for chemical and pharmaceutical applications, as natural
barriers for packaging films and also in the production of bioethanol, plastics, cellulose pulp and additives [4].
The solid fraction provided by the pretreatment can be used to obtain cellulose pulp by alkaline delignification
with a soda–anthraquinone mixture. Soda semichemical process has important environmental and economic
advantages in comparation with kraft process. Soda process is a sulfur free process, it is suitable for byproducts
obtention, it is a more easy process than conventional schemes and the recovery of chemicals is possible. Then,
the mills could have a more little production capacity [8-9].
II. EXPERIMENTAL
Raw material analysis
Wheat straw biomass was obtained on a plantation in Huelva (southwestern Spain). The raw material was
analyzed for the following parameters: hot water solubles (TAPPI T 207 cm-93), 1% NaOH solubles (TAPPI T
212 om-07), extractable ethanol-acetone (TAPPI T 204 cm-97), holocellulose [10], α-cellulose (TAPPI T 203
cm-09) and ashes (TAPPI T 211 om-07). Aliquots from the homogenized wheat straw were subjected to
quantitative acid hydrolysis with 5 mL of 72% sulfuric acid for an hour (TAPPI T 248 sp-08), the solid residue
was recovered by filtration and considered as klason lignin.
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Cold alkaline extraction of hemicellulose
Based on previous studies optimum operation conditions were selected [3]. In this study, a 2n central composite
experimental design for extraction process was carried out. This process develops optimally at a temperature of
40ºC, and operation time of 90 min and an alkali concentration of 100 g L−1.
Uniform lignocellulosic material chips were immersed in a thermostated bath and stirred at 5 min intervals. The
resulting suspension was filtered and the solid washed of water and neutralizes with 2N acetic acid and drying at
room temperature. In this solid were determined the hemicellulosic compounds (glucan, xylan and araban) by
HPLC techniques, and in the liquid phase also were determined lignin, glucose and hemicellulose content.
The liquid phase from the extraction was adjusted to pH 4.5–5.5 with 37% HCl, supplied with 4 volumes of 95%
ethanol and centrifuged at 4500 rpm for 3 min. Then, the hemicellulose precipitate formed was washed with 95%
ethanol and freeze-dried.
Experimental design for soda-anthraquinone pulping
To optimize the process of soda-anthraquinone pulping experimental design was applied. The number of test
required was 16. Pulping prior cold alkaline extraction was carried out with the following operation conditions,
alkali concentration: 2-5-8%, temperature: 110-125-140ºC and cooking time: 60-90-120 min. The anthraquinone
concentration was 0.10% by weight and initial liquor/solid ratio of 8/1 (dry wt. basis). Pulps were obtained using
a 8-L bath cylindrical reactor. After completation of the treatment, the reactor was cooled, and the pulp was
separated from the liquor and washed in a bag of 0.1 mm mesh.
Pulp characterization experiments involved the following parameters: pulp yield (TAPPI T-257), kappa number
(TAPPI T-236), holocellulose [10], α-cellulose (TAPPI T 203 cm-09) and klason lignin. Paper sheets were
obtained using an ENJO-F-39.71 sheet former according to TAPPI T 205 sp-06. The resulting paper sheets were
analyzed for tensile index (TAPPI T-494 om-96), burst index (TAPPI T-403 om-97) and tear index (TAPPI T414 om-98).
III. RESULTS AND DISCUSSION
Chemical properties of the raw material
Wheat straw, which contains more than 34% hemicellulose and less than 19% lignin, can provide an effective
raw material for the selective separation of the hemicelluloses fraction. Hemicelluloses content is similar to
others residues like Arundo donax “reed” (29.7%) and Helianthus annus “sunflower stalks” (40.4%) and higher
than hemicelluloses content in trees like Eucalyptus globulus “eucalyptus” (20.1%). α-cellulose in wheat straw
(31.05%) is lower than eucalyptus (46.8%). Eucalyptus is a tree very used in Spain for pulp and paper making
[9].
Cold alkaline extraction of hemicellulose
The total amount of hemicellulose extracted in the liquid phase was 56.1% of that initially present in the raw
material, which contained 3.7% glucan. Therefore, the proposed cold alkaline extraction method affords
selective extraction of the hemicellulose fraction, in addition to also highly efficient delignification, 59.1% of all
lignin present in the raw material was extracted.
Optimization of pulping procedure
With the solid resulting from cold alkaline extraction carried out in optimal conditions, pulping tests have been
made listed in Table 1. As shown there in, between 31.8 to 42.2% of the initial feedstock can be transformed
into cellulose pulp. These yields are similar to those obtained in non-tree pulps feed stocks such as organosolv
pulp with tagasaste without pretreatment with which performances of 42.6% have been achieved [11]. On the
other hand, the α-cellulose content is too high in pulps (69.6-98.8%), indicating that there has been low
degradation of this component during the alkaline extraction and low Klason lignin content (2-10%). Ethanolanthraquinone leucaena pulp with hydrothermal pretreatment reached Klason lignin content between 22.6-25.1%
[12]. This high delignification will facilitate subsequent bleaching of pulp.
The experimental results were fitted to the following second-order polynomial, where n: number of variables, Y:
dependent variables (pulping yield, total yield, kappa number, hollocellulose, α-cellulose, klason lignin, tensile
index, tear index, burst index) and X: independent variables (alkali concentration, temperature, operation time).
According to the mathematical models obtained for each of the dependent variables analyzed, the most
influential dependent variable (Z axis) has been determined and figures have been represented as shown (Figure
1).
n
n
n

Y = ao + ∑ bi X ni + ∑ ci X ni2 +
i =1

i =1
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Normalized values of alkali
concentration (XC) temperature (Xt)
and operation time (XT)

0
0
1
1
1
1
-1
-1
-1
-1
1
-1
0
0
0
0

0
0
1
1
-1
-1
1
1
-1
-1
0
0
1
-1
0
0

0
0
1
-1
1
-1
1
-1
1
-1
0
0
0
0
1
-1

Pulping Yield
(%)

Total Yield
(%)

Kappa Number

Holocellulose
(%)

α-Cellulose
(%)

Klason Lignin
(%)

57,0
58,2
51,6
52,1
48,9
55,6
54,2
57,3
47,4
63,0
56,1
59,2
54,6
55,9
54,6
60,5

38,2
39,0
34,6
34,9
32,8
37,3
36,3
38,4
31,8
42,2
37,6
39,7
36,6
37,5
36,6
40,6

13.91
13,5
6,9
22,5
9,8
30,6
8,8
21,8
10,4
27,3
14,3
15,2
12,4
14,8
8,4
23,6

93,6
94,0
94,2
93,7
97,1
94,6
91,3
93,2
91,5
95,7
95,5
93,2
97,7
99,2
89,8
90,4

91,9
92,1
69,6
86,4
73,7
88,3
82,6
88,9
87,2
91,7
79,7
86,0
97,1
98,8
83,3
91,7

2,1
2,0
2,5
5,5
10,0
6,4
2,1
4,0
8,6
6,7
5,7
2,7
2,1
5,0
2,0
3,5

Table 1.Normalized operational conditions and characterization of solid phase pulp after cold alkaline extraction
of hemicellulose. The percentages are referred to initial raw material.
Figure 1.A shows that the highest values of tensile index are obtained at low temperatures, high concentrations
of alkali and maximum operating times (+1) or minimum (1).With longer operating time, a greater
delignification is achieved, higher α-cellulose content and therefore greater resistance. With low operating times,
higher resistances are due to cellulose during treatment suffers less degradation. Figure 1.B shows that the
higher α-cellulose contents are obtained performed the pulping at low temperatures, with intermediate alkali
concentrations and times at the ends, though time variation has low influence on the final content of α cellulose.

Figure 1.A) α-cellulose of the soda-AQ pulps as function of temperature, alkali concentration and time
operation. B) Tensile index of the soda-AQ pulps as function of temperature, alkali concentration and time.
Analyzing all the graphics performed (not shown), it concludes that the optimum conditions for the pulping are
XT(-0,5) = 117,5ºC , XC(0,5) = 6,5% and Xt(-1) = 60 min, with which it could reach a total cellulose pulp yield
of 37.25% of the initial feed stock, with α-cellulose content of 96.99% and leaves with tensile index = 25.64
Nm/g, burst index = 1.68 kPa m2/g and tear index = 2.63 mN m2/g. The resistances are lower than those obtained
with other agricultural residues such as sunflower stalks without pretreatment [13] and higher than those
obtained for tagasaste without pretreatment [14].

IV. CONCLUSIONS
The optimum operating conditions for the cold alkaline extraction of hemicelluloses were applied (temperature:
40ºC, operation time: 90 min and alkali concentration: 100 g/L). These conditions allowed 56.1% of all
hemicellulose and 59.1% of all lignin initially present in the raw material to be extracted in the liquid phase.
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The solid fraction provided by the pretreatment was used to obtain cellulose pulp by alkaline delignification with
a soda–anthraquinone mixture. The process was optimized by using a central composition factor experimental
design with alkali concentrations of 2–8%, temperatures of 110–140 ºC and operation times of 60–120 min. The
optimum pulping conditions were temperature: 117.5ºC; operation time: 60 min and alkali concentration: 6.5%.
The total yield pulp that can be achieved under these conditions was 37.25% with a α-cellulose content of
96.99%. This indicates very little degradation of this component in the previous stage. This method provides
paper sheets similarly strong to those obtained from untreated cellulose.
The proposed processing scheme is environmentally friendly because it uses cold alkaline extraction to valorize
the hemicellulose fraction of wheat straw while facilitating its delignification, which can thus be accomplished
under milder conditions. It can reduce the amount of soda more than 50% with respect to the more usual
conditions applied in the soda pulping, working with the minimum operating time.
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ABSTRACT
The oxidative ability of five phenolic compounds (acetosyringone, syringaldehyde, p-coumaric acid, vanillin and
actovanillone) and the laccase–mediator systems was determined by monitoring the oxidation–reduction
potential (ORP) during solution oxidation and kenaf lignin oxidation process. The results confirmed the
production of phenoxy radicals of variable reactivity and stressed the significant role of lignin structure in the
enzymatic process. Although changes in ORP were correlated with the oxidative ability of the mediators, pulp
properties determined after the bleaching stage were also influenced by condensation and grafting reactions.
I. INTRODUCTION
The global demand for natural fibers is steadily increasing as well as the demand for cleaner and greener
industrial products. Kenaf (Hibiscus cannabinus) is a hard non-wood plant with a fibrous stalk which is resistant
to insect damage, adaptable to various types of soil and requiring minimal chemical treatment (typically fertilizer
and herbicide applications) to grow effectively. A recent study revealed that the kenaf plant adsorbs
approximately 1.5 times its weight in carbon dioxide, which represents the highest level of adsorption among the
non-wood plants. This makes it an ideal source of natural fibers for various uses including composite wood,
insulation and reinforced materials and paper pulp production.
The use of laccases assisted by redox mediators has aroused much interest for bleaching and fiber
functionalization in recent years. One prospective trend in laccase research is screening and identification of
low-cost and eco-friendly redox mediators. Natural phenolic compounds (particularly those present in lignin
degradation products) have aroused great interest in this respect in recent years [1].
The enzymatic treatment (L stage) described in experimental section was monitored in order to assess changes in
the oxidation–reduction potential (ORP) of the system during the oxidation of lignin. This is a key parameter for
assessing oxidative power [2] and its monitoring has been deemed a good choice for determining the efficiency
of oxidative stress in various processes [3]. This technique may therefore provide an effective predictive tool for
selecting enzyme mediators.
II. EXPERIMENTAL
Laccase from P. cinnabarinus was supplied by Institut National de la Recherche Agronomique (INRA),
Marseille. Unbleached pulp from Chinese kenaf (H. cannabinus) obtained by soda–anthraquinone cooking with
a kappa number of 12.9 and 35.0% ISO brightness was supplied by CELESA (Tortosa, Spain). The pulp was
washed with H2SO4 at 3% consistency at pH 2 for 30 min.
Natural phenols
The phenolic compounds used as mediators were acetosyringone, syringaldehyde, p-coumaric acid, vanillin (V)
and acetovanillone. They have different functional groups in the aromatic ring as shown in Table 1. These
compounds and HBT were all purchased from Sigma–Aldrich (St. Louis, MO, USA).

Table 1. Groups in the ortho- and para-positions of phenolic compounds assayed as laccase mediators
in the delignifying kenaf pulp.
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Determination of oxidation–reduction potential (ORP) and ORP ratio
A silver-silver chloride (Ag/AgCl) electrode (Metrohm, Schiedam,The Netherlands) was used as reference
electrode. The oxidation-reduction potential was recorded at the enzymatic stage (L), which involved treating 2 g
of kenaf pulp at 1% consistency with 20 U/g laccase from P. cinnabarinus and a 3% (w/w) concentration of the
different phenolic compounds and HBT (all relative to pulp dry weight) in 50 mM tartrate buffer at pH 4.0 in an
open reactor at 30 ºC under oxygen saturation. The mediators were added after 500 s and the overall treatment
time was 2 h; previously, an identical procedure with 3000 s as processing time was performed in the absence of
pulp and the oxidation-reduction potential for laccase, laccase with each phenolic compound and laccase–HBT
solutions (20 mmol L-1) recorded. The time sequence of the experiment was as follows: O2 (under saturation
conditions)/laccase (PcL)/mediator, which were added at 500, 1000 and 1200 s, respectively. The ORP ratio was
calculated as: ORP ratio = [(ORP)t - (ORP)t´]/(ORP)t´ where (ORP)t and (ORP)t´ are the ORP values measured at
time t and that of mediator addition (t´) [4].
After the enzyme treatment, the pulp was filtered and washed with deionized water. Finally, the treated pulp was
extracted with 1.5% (w/w) NaOH at 5% consistency at 90 ºC for 2 h (E stage). The brightness and kappa number
of the pulp after the bleaching sequence (LE) were assessed according to ISO 2470-1: 2009 and ISO 302: 2004,
respectively.
III. RESULTS AND DISCUSSION
Oxidation-reduction potential values for the laccase-phenolic compound solution
a) Without kenaf pulp
Fig. 1a shows the oxidation–reduction potential values measured during the course of the different processes. As
can be seen, there was an immediate increase in ORP upon addition of the natural mediators that can be ascribed
to the production of the corresponding phenoxy radicals. The increase resulting from the addition of the mediator
(between 1200 and 1500 s) is consistent with the ease of radical formation when some electron-releasing groupmethoxy-is present in ortho position (C3 and C5) with respect to Cphenolic. The HBT solution also increased ORP
(Fig. 1a) by effect of laccase catalyzing the oxidation of N–OH compounds [5]; the presence of NO radical in
solution increases its oxidative power.
b) With kenaf pulp
The above-described experimental procedure was also used with the five laccase–phenolic compound and
laccase–HBT systems in the presence of kenaf pulp. Fig. 1b shows the variation of ORP for the different kenaf–
laccase–mediator systems as well as the kenaf–laccase system in the absence of mediator. As can be seen, the
oxidative ability at the end of the enzyme treatment (6000–7200 s) decreased in the following sequence: HBT >
AS > AV> laccase ≈ V ≈ SA > PC.

Figure 1. (a) Temporal variation of ORP during the oxidative process with the laccase, laccase–phenolic
compounds and laccase–HBT solutions; (b) temporal variation of ORP during oxidation of kenaf pulp.
Variation of the ORP ratio during the process
a) Without kenaf pulp
The variation of the ORP ratio during the oxidative process helps to understand the behavior of the different
mediators. Fig. 2a shows the calculated ORP ratio for each mediator after time (scored in figure) in the oxidation
process (the temporal variation is shown vertically). This variability in the ORP ratio values may have been a
result of the concentration of phenoxy radicals in the reaction mixture decreasing through mutual coupling
during the oxidative process. With AV and V, the condensation of their respective radicals involves the
formation of C5–C´5 and C5–C´2 (C´6) intermolecular links [6],[7], [8], and this may also have been the case with
the PC phenoxy radical. The intermolecular bonds formed by the phenoxy radicals of AS and SA must be of the
Cphenolic–O–C´phenolic type because both compounds have the ortho positions of their aromatic rings occupied by
methoxy groups [9]. These authors believe that the SA radical can also be linked via Cphenolic–O–C´1 bonds
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following oxidation of the aldehyde group (C1) to a carboxyl group, this special behavior probably being the
origin of the large variability in ORP during the oxidative process. The formation of these condensed compounds
may account for the differences in oxidative ability between the mediators. Also, differences in stability between
phenoxy radicals have been confirmed by several electrochemical studies [10].The NO radical is less active but
more stable than phenoxy radicals [11]. The sustained exponential increase in ORP (Fig. 1a), and the fact that it
peaked at the end of the process, are consistent with this description.
b) With kenaf pulp
The variation of the ORP ratio during the process illustrates the effect of the presence of the pulp on the
oxidative power of the enzyme system (Fig. 2b). The most relevant result was the substantially increased ORP
ratios for all mediators and the laccase relative to the absence of pulp (Fig. 2a); this indicates that its presence
improves the oxidative ability of the reaction mixture. These results suggest that the chemical structure of lignin
in the raw material plays a significant role during the enzyme treatment (Chinese kenaf pulp has a syringyl
units/guaiacyl units mole ratio of 3.3 [12]). The increased ORP ratio with all systems may have resulted from an
increase in syringyl units coming from the degradation of lignin in the mixed solution [13]. Incorporation of
these units (acting as mediators) into the solution may have been the origin of the substantial increase in
oxidative ability of laccase in the presence of pulp. It should be noted that this is a specific feature of kenaf in the
enzyme treatment. Based on the ORP ratios obtained, the kenaf–PcL–p-coumaric acid system was that with the
lowest oxidative power, possibly as a result of the ability of PC radicals to bind to lignin in various
lignocellulosic materials with the aid of laccase in ‘‘grafting’’ reactions [14] [15]. The systems with SA and V
(two phenolic compounds with an aldehyde group at C1 on the aromatic ring) exhibited a wider range of ORP
values, possibly by effect of oxidation of the aldehyde group during the enzymatic oxidative process [16].
Finally, the kenaf–laccase–HBT system departed from all others in the variation of its oxidative ability; again, its
ORP peaked at the end of the enzyme process.

Figure 2. (a) Temporal variation of ORP ratio in the oxidative process with the laccase, laccase–phenolic
compounds and laccase–HBT solutions; (b) temporal variation of ORP during oxidation of kenaf pulp.
Oxidation lignin and biobleaching process: kappa number and brightness
The ability of the phenolic compounds to bleach kenaf pulp, measured in terms of kappa number and brightness
was assessed and used to predict the efficiency of the mediator. The enzyme bleaching treatment was followed
by alkaline extraction (an E stage); and a reduction in kappa number and increased brightness were observed
respect to unbleached kenaf pulp (kappa number = 12.9 and % ISO brightness= 35.0). Fig. 3 shows the kappa
number and brightness obtained after the LE sequence in relation to the average ORP values measured during the
treatment. As can be seen, the phenolic compounds reduced kappa number and increased brightness to a variable
extent with respect to unbleached pulp. The above-mentioned different tendency of the phenoxy radicals to
undergo condensation and grafting reactions on lignin, competing with oxidative degradation, is consistent with
the experimental results. Based on the foregoing, HBT is seemingly better balanced as a mediator.
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Figure 3. Kappa number and ISO brightness of kenaf pulp after biobleaching with the LE sequence in relation to
the average ORP.
IV. CONCLUSIONS
Monitoring ORP (i) revealed the formation of phenoxy radicals and their different reactivity depending on the
chemical nature of the mediator, (ii) permitted to point out the influence of the chemical structure of kenaf lignin
on the enzymatic process and (iii) realized the increased oxidative ability of laccase in presence of kenaf pulp.
The condensation reactions observed in the absence of pulp, and the grafting reactions between the mediator and
lignin, compete with oxidative degradation and influence the outcome. The use of ORP measurements as a
predictive tool for selecting an enzyme mediator is limited by this competitive reactions. Finally, the most
efficient mediator was HBT, which undergoes none of the adverse reactions involving the natural mediators.
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ABSTRACT
Xylanase significantly reduces the kappa number but almost not modifies brightness and viscosity in
studied pulps. On average, xylanase decreases the kappa number of chemical pulps 25 %. This intense
effect on the kappa number can be explained by enzymatic hydrolysis of hemicellulose. We proved that
xylanase treatment on P0 pulp (first chlorine dioxide step) yield a kappa number reduction higher than
obtained by chemical PO and D1 steps together.
On the other hand, thermogravimetric analysis shows that xylanase treatment has influence on the thermal
degradation path of pulps. As general rule, control treatment (with TrisHCl buffer but without enzyme)
leads broads cellulose degradation peak, shown that chlorhydrate of tris(hydroxymethyl) aminoethane
adsorb on cellulose surface increasing paracrystalline cellulose content, that is, not-ordered surface
crystalline cellulose. When TrisHCl and xylanase are used together, adsorption is less important. In any
case, in xylanase-treated pulps cellulose thermally degrades in broader temperature interval than in initial
pulps
I. INTRODUCTION
Enzymatic treatments are being studied for a long time. Among the most used enzymes are laccase and
xylanase. Laccase directly oxidizes lignin, however, xylanase hydrolyzes hemicellulose leading its removal
from cellulosic matrix and dragging lignin [1].
Several studies proves that xylanase pretreatment boosts chemical bleaching, contributing to reduce
chemical saving and pollutants emissions [2][3][4]. It seems that xylanase shows two effects: on the one
hand hydrolyzes xylans from fibre surface, making more accessible lignin to bleaching chemicals [5], and,
on the other hand, removes hexenuronic acids which decrease pulp brightness [6].
Present study carries out a systematic examination of xylanase treatment applied on pulps in different steps
of a chemical bleaching which consist of: oxygen delignification (O step), chlorine dioxide (D0 step),
hydrogen peroxide (PO step), and chlorine dioxide (D1 step). Usually, this bleaching sequence significantly
reduces Klason lignin and hexenuronic acids in O and D0 steps, and substantially increases brightness in
the three first steps. The last step (D1) only increases brightness two ISO units. About viscosity, we
observed that the initial oxygen delignification in alkaline medium damages cellulosic fiber more than the
other steps together.
On the other hand, thermogravimetric analysis has been used to monitor changes in cellulose microfibril
[7]. Thermal degradation of pulp is sensitive to changes in cellulose surface. As general rule, cellulose
degradation shows two steps: close 300 ºC degrades amorphous cellulose and close 350 ºC crystalline
cellulose. However, surface crystalline cellulose degrades as amorphous cellulose (paracrystalline) when
chemicals or enzymes adsorb on it. In this case, the amount of cellulose that degrades at low temperature
(amorphous plus paracrystalline cellulose) increases and the amount of cellulose that degrades at high
temperature (crystalline cellulose from microfibril core) decreases [8]. Complementarily, effects of UV
light on chemical and xylanase-treated pulps were compared.
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II. EXPERIMENTAL
Eucalyptus kraft pulps were supplied by ENCE mill (Huelva, Spain). P1: Alkaline watched pulp, P2:
Alkaline oxygen delignified pulp (O step), P3: chlorine dioxide pulp (P0 step), P4: hydrogen peroxide pulp
(PO step) and P5: chlorine dioxide pulp (P1 step).
UV Photobleaching was carried out on Technidyne Color Touch using intensity 765 W/m 2. Eucalyptus
kraft pulp sheet (2 cm x 2 cm) was irradiated with light source at room temperature during 96 h,
perpendicular to the surface of the sheet, washed with water, and dried.
Thermogravimetric analyses were carried out on a Mettler Toledo TGA/SDTA851e/LF1600
thermobalance, using about 5 mg of sample in each run. Pyrolysis and combustion runs were performed in
nitrogen and synthetic air (4:1 N2/O2), respectively. The temperature was raised from 25 to 900 ºC at three
different heating rates: 5, 10 and 20 ºC/min.
Brightness, , Kappa index, Viscosity and lignin Klason were measured according ISO 3688, ISO 302, ISO
535-1, and Tappi T-222, respectively. Hexenuronic acids (HexA) content was determined according to
Chai el al (2001) [9].

III. RESULTS AND DISCUSSION
Brightness
(% ISO)

Viscosity
(cSt)

Kappa
Index

HexA
(μmol/g)

P1

34.2

1021

14.41

44.4

Klason
Lignin
(g/100g)
2.6

P2

52.9

918

8.90

27.2

0.9

P3

75.5

842

2.43

10.8

0.6

P4

86.7

843

2.00

10.3

0.6

P5

88.5

826

1,65

6.4

0.6

Table1. Chemical pulps characterization
As can be seen in table 1, initial pulp P1 (alkaline washed pulp) was subjected to chemical bleaching
according to: Alkaline oxygen delignification (P2), first chlorine dioxide (P3), Hydrogen peroxide (P4),
second chlorine dioxide (P5). Two first steps have the greatest importance in chemical bleaching, but
damage fibers as shows viscosity reduction. Alkaline oxygen delignification increases brightness 18.7 %
and reduces Kappa index, HexA, and Klason lignin 5.51 units (38.2 %), 17.2 μmol/g (38.7 %) and 1.7 %
(65 %), respectively. For his part, first chlorine dioxide treatment increases brightness 22.6 % and reduces
Kappa index, HexA and Klason lignin 6.47 units (72.7 %), 16.4 μmol/g (60.3 %), and 0.3 % (33.3 %),
respectively. Hydrogen peroxide and second chlorine dioxide treatments mainly increase brightness.
Figure 1 depicts that xylanase almost not increases pulp brightness but significantly reduces kappa index
without effect on viscosity. Kappa index decreases are 3.0, 2.4, 0.9, 0.5 and 0.3 units for P1 to P5,
respectively. These changes represent an average decline of 25 %. Considering only kappa index evolution,
xylanase treatment on P3 pulp (after first chlorine dioxide treatment) has similar effect than hydrogen
peroxide and second chlorine dioxide jointly.
UV light removes chromophores in both chemical and xylanase-treated pulps. In both cases brightness
evolution shows that chromophores removal has first-order kinetics. Representing Ln (brightness change)
versus time, a straight line is obtained (see figure 2). Slope of this line (kinetic constant) shows the specific
rate of photobleaching. Typical values are close 0.012 h-1. On the other hand, intercept values allows
obtaining initial amount of chromophores. In all cases, xylanase treatment reduces chromophores content.
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Fig1. Effect of xylanase en kappa index and brightness of several chemical kraft pulps

Fig 2. UV photobleaching increases brightness in bot chemical and xylanase-treated pulps.
Figure 3a compares thermal degradation for three pulps: P3, chemical pulp obtained after first chlorine
dioxide treatment, P3X, pulp obtained after xylanase treatment, and P3C, pulp obtained after xylanase
treatment but without enzyme, that is, after Tris-HCl application. As can be seen, Tris-HCl significantly
modify thermal degradation path of P3 pulp, increasing cellulose amount that degrades at low temperature
and reducing cellulose amount that degrades at high temperature. This fact is the consequence of Tris-HCl
adsorption on cellulose surface. As their molecules has three hydroxyl groups besides one amine group,
they can form hydrogen bridges with hydroxyl group of glucose molecules. As consequence crystalline
surface modifies their thermal degradation path, behaves like amorphous cellulose. When Tris-HCl is used
jointly xylanase (P3X) this phenomenon is less intense. Xylanase bleached pulp has cellulose surface more
crystalline. As general rule, Tris-HCl adsorption increases as chemical bleaching progress. As can be seen
in figure 3b, thermal degradation paths are more similar for P1 and P1X than for P5 and P5X. As chemical
bleaching removes lignin on fiber surface, Tris-HCl can remain hydrogen bonded easier.
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Fig 3. Thermal degradation path for chemical and xylanase-treated pulps.
IV. CONCLUSIONS
Xylanase treatment significantly reduces Kappa index of chemically bleached pulps. For a ECF kraft
bleaching sequence based on O,P0,PO,P1 steps, a xylanase treatment on P0 pulp reduces Kappa index
more than PO and P1 steps jointly. On the other hand, thermogravimetric analysis proves that Tris-HCl,
used as buffer during xylanase treatment, adsorbs on fiber surface, modifying their thermal degradation
path.
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ABSTRACT
Two chemical processes for hemicellulose extraction have been applied on a fully bleached softwood kraft pulp
in an attempt to convert paper pulp into dissolving grade pulp. The cold caustic extraction process (CCE) was
performed under conventional and unconventional conditions. Alkali concentration ranged from 3% to 12% and
temperature from 25 to 110°C. As expected, the results showed that NaOH concentration had a predominant
effect on xylan and glucomannan removal. The effect of temperature was more complex since the best removal
was observed below 40°C or above 80°C. Under the best conditions, 80 % of the xylan and 60 % of the
glucomannan were removed. A second process consisting in an acid stage at high temperature (up to 150°C)
followed by a hot caustic extraction (A-HCE) was also tested. Promising results in terms of hemicellulose
removal were obtained when temperature in A was above 140°C. This might be due to a combination of
acidolysis during A and peeling reactions during HCE. However, cellulose was partly depolymerized because of
the severity of the A step. The two processes were compared in the context of getting to a viscose grade
dissolving pulp.
I. INTRODUCTION
Dissolving wood pulps have seen a market growth over the past ten years, mainly driven by the demand for
regenerated fibres for textile application [1]. Thus, several kraft paper pulp producers consider the production of
dissolving pulp as a new opportunity to improve the economy of their operation. However, the conversion to
prehydrolysis kraft process involves important and costly change to remove hemicelluloses. One attractive
approach would be the direct purification of kraft paper pulp by adding some appropriate treatments.
In this study, two purification techniques have been investigated. The first one is a cold caustic extraction (CCE)
performed under conventional and unconventional conditions and the second one is a sequential treatment
consisting in an acid stage at high temperature (up to 150°C) followed by a hot caustic extraction (A-HCE).
II. EXPERIMENTAL
Cold caustic extraction (CCE)
Cold caustic extractions of the pulp were carried out in polyethylene bags at a consistency of 5% for 30 minutes.
The concentration of the NaOH solution and the temperature of the reaction for the experiments are given in
Table 1. After introduction of the reagents, the bag was placed in a thermostated water bath.
Hot caustic extraction
Hot caustic extractions were carried out in an autoclave placed in an ERTAM rotating reactor. HCE were
conducted at 10% consistency during 2 hours. The temperature was set at 110°C and sodium hydroxide charge at
120 kg per dry ton of pulp.
Hot Acid stage (A)
The A stage was performed with sulphuric acid at pH=3, 10% consistency, 150 °C and two reaction times of 60
and 120 min. Reaction was done in an autoclave placed in a ERTAM rotating reactor.
Degree of polymerisation
Degree of polymerization (DPv) were characterized according Tappi Test Method T230 om-99 standard.
Chemical composition of the pulp
The pulps were subjected to acid hydrolysis consisting of a pre-hydrolysis with 72% H2SO4 followed by dilute
acid hydrolysis in an autoclave for 1 h at 120°C ( according to TAPPI T 249 cm-00) in order to determine their
chemical composition. After hydrolysis, the suspensions were filtered. Monosaccharide composition was
determined by high-performance anion exchange chromatography with pulse amperometric detection (HPAEC
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PAD) in a Dionex ICS 5000 apparatus. Sugar separation was done by a CarboPac PA column 10 (250 mm * 4
mm, Dionex).
III. RESULTS AND DISCUSSION
Effect of cold caustic extraction on hemicelluloses extraction of softwood kraft pulp
Previous studies on cold caustic extraction (CCE) carried out on kraft pulp at low temperature (20-40°C) and
high alkalinity (1 to 3 mol.l-1 solutions) showed promising results in terms of xylan extraction but only a limited
glucomannan removal was observed [3-6]. In the present study, the conditions of the CCE were varied
according to an experimental design where alkali concentration ranged from 3% to 12% and temperature from
25 to 95°C. The efficiency of the cold caustic extraction in terms of hemicellulose removal was evaluated on a
fully bleached softwood kraft pulp. Table 1 shows the carbohydrate composition of the extracted pulp under the
conditions applied in the experimental design. The extraction rate defined by equation (1) was used in the
discussion.
Table 1. Carbohydrates composition of the samples after CCE carried out on the fully bleached softwood kraft
pulp.
NaOH solution
Cellulose
Temperature
Glucomannan
Xylan
Hemicellulose
concentration
content
(°C)
content (%)
content (%)
content (%)
(w/w %)
(%)
35
5
90.9
6.3
2.8
9.1
85
5
91.2
6.1
2.7
8.8
35
11
93.7
4.7
1.6
6.3
85
11
94.6
4.1
1.3
5.4
25
8
93.3
5.0
1.7
6.7
95
8
93.2
5.2
1.6
6.8
60
3.8
89.5
7.0
3.5
10.5
60
12.2
94.5
4.1
1.4
5.5
60
8
92.5
5.6
1.9
7.5
( )
where

(

)

(1)

Xf is the xylan or glucomannan content of the pulp after extraction
Xi is the initial xylan or glucomannan content of the pulp

11,0
8,6

65-75 %
55-65 %
45-55 %

25

45
65
85
Temperature (°C)

Figure 1. Xylan extraction rates

6,2
3,8

40-60 %

20-40 %

11,0
8,6
6,2

0-20 %

NaOH Concentration
(w/w%)

75-85 %

NaOH Concentration
(w/w%)

In order to observe the influence of the temperature and the NaOH concentration during CCE on hemicellulose
removal, the evolution of the extraction rate of xylan and glucomannan was modelled by multi-linear regression
(Figure 1 and 2).

3,8
45
65
85
Temperature (°C)
Figure 2. Glucomannan extraction rates
25

As expected, the results showed that NaOH concentration had a predominant effect on xylan and glucomannan
removal. The effect of temperature was more complex since the best removal was observed under 40°C or above
80°C. Under the best conditions, a removal of 80 % of the xylan content and 60 % glucomannan content was
reached. The results also indicated that hemicellulose removal could be performed at higher temperature than
usual. It is known that under the high alkaline conditions prevailing in CCE cellulose (II) polymorph is formed
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[7] and could be detrimental to pulp reactivity [8]. The influence of temperature on cellulose II formation is
under investigation.
Impact of A-HCE on hemicellulose content

16,0
14,0
12,0
10,0
8,0
6,0
4,0
2,0
0,0

1400
1200
1000
800
600
400
200

Degre of polymerisation

Hemicellulose content
(%)

The extraction of hemicellulose by acid treatment of wood chips has been extensively covered during the past 10
years [9,10,11] but few studies dealt with acid extraction directly applied on kraft pulps. One recent patent
described a method for the extraction of xylan by direct application of acid on pulp [12] . Also recently, a study
focused on hot water extraction (temperature treatment comprise between 200 and 240 °C) of a hardwood kraft
pulp [13]. The residual xylan was around 5-7% which might be suitable for viscose application.
In this study, acid stage (A) at temperature 150 °C was tested on an oxygen bleached pulp to measure the
influence of this treatment on hemicellulose removal. The addition of a hot alkaline extraction (HCE) after A
stage to enhance hemicellulose removal was studied.

% of hemicellulose
after A
% of hemicellulose
after A-HCE
DP after A-HCE

0
Ref

A150 1h

A150 2h

Figure 3. Hemicellulose content after A and A-HCE and degree of polymerization after A-HCE (pulp of initial
DP 1600)
The A-HCE process, where the A stage was performed at a temperature higher than 140°C led to promising
results in terms of hemicellulose removal (figure 3). In the best conditions the treated pulp contained 5.5% of
hemicellulose. This result suggests that some peeling took place during the HCE step. On the other hand
cellulose was partly depolymerized because of the severity of the A step.
Although the A-HCE process led to hemicellulose contents which were rather in the upper range for some of the
applications sought (higher grade dissolving pulp) this approach deserves consideration since no cellulose II
must be formed. This process (A-HCE) could represent an alternative to CCE for pulp purification.
IV. CONCLUSIONS
Two chemical ways of hemicellulose extraction were tested on a softwood kraft pulp. Cold caustic extraction
performed under conventional and non-conventional conditions showed that although NaOH concentration was
the most important parameter influencing the hemicellulose extraction an increase in temperature might have a
beneficial effect. In fact it was shown that when CCE was performed at much higher temperature than usual the
hemicellulose removal was improved but cellulose II was formed. An alternative approach was investigated in
an attempt to avoid the formation of cellulose II totally. It consisted in an acid stage at high temperature (up to
150°C) followed by a hot caustic extraction at 110°C (A-HCE). Directly applied on the oxygen treated softwood
pulp an efficient hemicellulose removal (>60%) was achieved, slightly below the CCE performance. This effect
must be the result of some acid hydrolysis of the hemicellulose chains combined with the peeling of the
fragments. No cellulose II must be formed during this process, which should favor the pulp reactivity. However
the cellulose DP suffered from the A treatment, but could be kept at an acceptable level for viscose grades.
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ABSTRACT
The new organosolv wheat straw lignin (BioligninTM) was converted into liquid lignopolyols via oxypropylation
in the presence of potassium hydroxide. Six batches of lignopolyols differed by the content of BioligninTM (L) in
initial mixture with propylene oxide (PO) varying in the range from 15 up 40% were synthesized in batch Parr
reactor. The effect of L/(L+PO)% (w/w) values on oxypropylation process, properties of lignopolyols (hydroxyl
value, viscosity, copolymers content) and characteristics of separated BioligninTM - PO copolymers (structure,
functionality, molecular weight distribution) were studied. The lignopolyols obtained at 15 – 30% (w/w) of
BioligninTM correspond to the requirements of commercial polyolpolyethers for rigid polyurethane (PUR) foams
production. The further increase of lignin content in reaction mixture leads to the appearance of non-liquefied
solid fractions up to ~7% and to the undesirable growth of viscosity of liquefied part (>100 Pa·s).
I. INTRODUCTION
The application of renewable resources instead of petrochemicals is used in the sustainable development of biobased plastics and composites including polyurethanes (PU) [1-2]. Obtaining of polyolpolyethers using
oxypropylation is commonly applied for the production of commercial polyolpolyethers is considered as
prospective way to functionalize plant biomass [3-4]. Lignin, the natural phenolic polymer, is separated from the
plant biomass processing as multitonnage by-products that is mainly burned to generate energy [4-5]. Its
aromatic nature, the presence of free hydroxyl groups allow to use lignin as aromatic macromolecule for PU
synthesis. However, the low solubility of technical lignins, their functional and molecular heterogeneity, low
steric availability and electronic constraints of hydroxyl groups restrict this application. The oxypropylation of
lignin has been recognized as an approach to overcome these disadvantages and to produce liquid lignopolyols
suitable for PUR foam production. The oxypropylation of commercial technical lignins from soft wood, hard
wood and grasses were studied in some prior works [3-9]. The structure and functionality of technical lignins
depends strongly on the method of their isolation [10]. Therefore the effect of lignopolyols application in PUR
foam compositions will differ for different lignins. In the present work the aim was to use the novel technical
lignin – BIOLIGNINTM extracted from wheat straw by the CIMV organosolv process [11]. The process of
BIOLIGNINTM oxypropylation, its transformation in the result of copolymerization with PO is described in the
present paper.
II. EXPERIMENTAL
Materials
BIOLIGNINTM was washed with water to pH~4.4 and then air dried up to 5% of water content and finally
ground in laboratory scale disintegrator DESI-11.
Oxypropylation of lignin
Six batches of lignopolyols differing by L/(L+PO) values in initial reaction mixture from 15 till 40% (w/w) (on
DM of L) were synthesized in one liter Parr reactor. In all cases 140.00 g of PO (Sigma-Aldrich), air dried lignin
and KOH (Lachner) (5% on DM of L) were loaded into reactor. Reactor was sealed and heated with stirring to
160-165°C when drastic exothermic reaction was started. The pressure inside reactor increased to maximum (up
30 bars) and then dropped dramatically to value close to atmospheric. After cooling the KOH was neutralized by
acetic acid, product was dissolved in dichloromethane and filtered. Dichloromethane was distilled off in vacuum
evaporator. The liquid products (lignopolyols) were used for investigation.
Lignopolyols fractionation
The lignopolyols were dissolved in methanol and then five times extracted with hexane to remove
homopolymers. The hexane layers were collected and hexane was distilled of vacuum. The methanol layer was
separated and the copolymer fractions were precipitated in cool water (t~6°C, pH=4.0), filtered, washed with
water and oven dried in vacuum [6]. The yields of hexane soluble fractions and precipitated copolymer fractions
were determined gravimetrically. For each lignopolyols three parallel experiments have been carried out.
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FTIR analysis
A Spectrum One (Perkin Elmer) spectrometer was used for measurements in the spectral range 4000–500 cm-1;
(resolution: 4 cm-1; number of scans 64). The KBr pellet technique was employed.
31
P NMR
Prior analysis all samples were dissolved in the solvent mixture (dimethylformamide: pyridine: CDCl3: 2-chloro4,4,5,5-tetramethyl-1,3,2,-dioxaphopholane=1:1:4:1) as described in [10]. Analyzes were realized by duplicate
using NMR spectrometer (Bruker 300 MHz), with 30° pulse angle, inverse gated proton decoupling, a delay time
of 5 s and 256 scan.
SEC analysis
The samples dissolved in hexafluorisopropylalcohol + KTFA were injected into 2 columns PSS PFG linear M, 7
µm, 8mm (ID) x 300mm (L) and a PSS PFG guard column, 8mm (ID) x 50mm (L) and eluted with the same
solvent. Conditions: flow 0.7 ml/min, temperature 40 °C., RI detection. Polymethylmethaacrylate standards were
used for calibration.
Differential scanning calorimetry (DSC)
The glass transition temperatures (Tg) of parent and oxypropylated lignin samples were measured using a Metler
Toledo Star DSC 823 e device. Two scans with heating rate 10°C/min in the range -20°C - +180°C has been
done. The second scan was used for Tg calculation.
Chemical analysis
Determination of methoxyl groups content in native BIOLIGNINTM, methoxyl and oxypropyl groups in
copolymers was carried out using 57% hydroiodic acid (HI) for spliting of ethers bonds in accordance with [8].
Lignins samples were treated with HI during 20 min in a vial at 130°C. The alkyl iodides formed and internal
standard (ethyl iodide) were extracted with carbon tetrachloride and determined quantitatively by gas
chromatography (GC), using Agilent 6850 Series GC System with FID detector and capillary column CP7946
(25 m x 320 µm x 0.45 µm film). The quantitative determination of methoxyl groups was carried out using
calibration by vanillin. The yield of isopropyl iodide was expressed in arbitrary units (AU), defined as ratio of its
peak area to that of internal standard in chromatograms.
The hydroxyl values (OHV) of lignopolyols were determined by the acetylation of samples using acetic
anhydride, followed by the potentiometric titration of free acid using 0.1 M NaOH solutions in water.
The potasium acetate (KAc) content was determined by potentiometric titration of lignopolyols dissiolved in
ethanol with 0.1 M HCL solutions in water.
Viscosity of lignopolyols measurements
The viscosity was determined using a rotation viscometer (HAAKE Viscotester 6L/R plus) at 20 °C.
III. RESULTS AND DISCUSSION
It was shown that increasing the lignin content in reaction mixture from 15 up to 40% (w/w) led to steadily
decreasing of PO maximal pressure inside reactor from 30 to 21.7 bars when the close value of temperature in
reactor. This can be explained by the partial consumption of PO in low rate copolymerisation reaction with acid
groups of lignin. The high rate homopolymerization reaction take place after transformation of acidic lignin
groups into an aliphatic one, when the part of PO was converted at copolymerization [6]. It was concluded that at
15 - 30% (w/w) of BIOLIGNINTM content in the initial reaction mixture the resulting lignopolyols fulfil the
requirements of commercial polyolpolyethers for PUR foams production [8]. The further increase of lignin
content in reaction mixture leads to the appearance of non-liquefied solid fractions up to ~7wt% and to the
undesirable growth of viscosity of liquefied part (Table 1).
Table 1.Effect of L/(L+PO) ratio values on properties and compositions of lignopolyols obtained
L/(L+PO), Viscosity, at
OHV,
KAc
Composition , %
%(w/w)
20°C, Pa·s
mg KOH/g
content,
Copolymer
PPG
Total
%
15
1.7
280.8
1.3
20.7±0.6
64.1±1.3
85.3
20
4.9
397.7
1.8
27.5±2.0
60.2±1.8
88.3
25
16.8
414.8
2.2
31.2±1.7
46.0±2.5
77.5
30
73.7
450.1
2.6
43.5±3.2
37.9±2.3
81.3
35
138.5
462.3
2.9
44.9±2.0
38.6±2.1
83.3
40
>200.0
474.9
3.3
46.5±1.0
32.2±0.9
78.3
With increasing L/(L+PO) values the lignopolyols obtained were steadily enriched with copolymer fractions.
The content of polypropylene glycols (PPG) soluble in hexane decreased (Table 1). The sum of copolymer and
PPG fractions determined is less than 100%. These indicate the presence of soluble in water but insoluble in
hexane propylenglycol and its oligomeric derivatives in lignopolyols.
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The FTIR data confirms that the process of lignin oxypropylation was realized: content of aliphatic groups CH,
CH2, CH3 (2975-2909 cm1, -1465 cm-1) in copolymers increased in comparison with native BIOLIGNINTM.
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Figure 1. Normalized FTIR spectra of native BIOLIGNINTM and its oxypropylated derivative (A); The ratios of
area enclosed by FTIR spectra in the range 3035-2695 cm-1(S2) to that enclosed in the range37053035 cm-1(S1) for oxypropylated derivatives vs L/(L+PO) values (B).
The absorbance of ethers bonds (1100 cm-1) also increased (Fig. 1A). Relative content of aliphatic groups in
copolymers, estimated by the FTIR S2/S1 ratios, increased with increasing of PO content in initial reaction
mixture, confirming the growth of PO grafting onto OH functionalities of BIOLIGNINTM (Fig. 1B).
The aliphatic OH groups in copolymers are presented mainly by secondary alcohol groups that were confirmed
by GC analysis of products obtained at copolymers treatments with HI. The growth of content of isopropyl
groups in copolymers is accompanied by decreasing of -OCH3 groups from 3.7 till 1.4 mmol/g due to reduction
of phenylpropane units concentration in copolymers as the result of PO grafting.
The oxypropylation of BIOLIGNINTM leads to the almost complete transformation of phenolic and carboxylic
groups into aliphatic ones. In the result the share of aliphatic OH groups in copolymers increased (Table 2).
Table 2. The functional composition and molecular weights of BIOLIGNINTM and its copolymers with PO.
L/(L+PO),
% (w/w)

Content of OH groups, mmol/g
Aliphatic
Total
COOH
Total
phenolic
1.39
1.62
0.50
3.51
2.26
0.10
0.03
2.39
2.53
0.10
0.04
2.67
2.56
0.12
0.05
2.73
2.59
0.14
0.05
2.78
2.59
0.14
0.07
2.78
2.65
0.17
0.06
2.88

BIOLIGNINTM

15
20
25
30
35
40

Ratio
OHaliph/OHtot

0.40
0.95
0.95
0.94
0.93
0.93
0.92

M n,
g/mol
2200
8200
4900
4100
4200
3600
3800

SEC data
M W,
MW/Mn
g/mol
54000
24.5
30000
3.7
16300
3.3
16900
4.1
21500
5.1
19700
5.5
25700
6.8

In the result of oxypropylation the polidispersity of copolymers decreased significantly, reflecting the both
processes: the deconstruction of large molecules and PO grafting on to OH groups of lignins [5]. The different
relationships between molecular hydrodynamic volumes and molecular weights for various oxypropylated
BIOLIGNINTM derivatives could influence on molecular weight distribution [10].
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Figure 2. The number of PO units grafted on to each OH function of BIOLIGNINTM calculated on the basis of
Mn values (1) and–OCH3 content (2) in copolymers (A); The DSC data for BIOLIGNINTM and its
oxypropylated derivatives (B).
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The calculation of average number of PO units grafted onto each OH functional group of BIOLIGNINTM, made
on the basis of two independent experimental data (Mn values and metoxy groups content) have shown the good
coinciding for samples with L/(L+PO) values in the range 20-40% (Fig. 2A). In these conditions the similar
shape of copolymer macromolecules could be proposed, but in the case of highest amount of PO used
(L/(L+PO)=15%)) the significant difference was observed. It can be proposed that in these conditions the longest
but no uniform grafted chains are constructed resulting in highest hydrodynamic values of copolymer
macromolecule and overestimation of the molecular weight. If the content of lignin in reaction mixture was
higher, the grafted oxypropyl chains became shorter, and more uniform. This explanation is in agreement with
the results concerning of Alcell lignin oxypropylation [4].
The DSC analysis also confirmed that oxypropyl chains are chemically bonded with macromolecules of lignin
and free heat molecular motion in copolymers enhanced with increasing of flexible oxypropyl chains content.
The Tg values are decreased but the heat capacity gap at glass transition was steadily increased with enhancing
of PO grafting (Fig. 2A; B). The data obtained demonstrate that OH groups in oxypropylated BIOLIGNINTM
derivatives will be highly available for reaction with isocyanates.
IV. CONCLUSIONS
The new type of organosolv wheat straw lignin (BIOLIGNINTM) was converted into liquid lignopolyol
polyethers via bulk oxypropylation. At 15 - 30% (w/w) of BIOLIGNINTM content in initial reaction mixture the
lignopolyols obtained correspond to the requirements of commercial polyolpolyethers for PUR foams
production. Further increase of lignin content in reaction mixture leads to the appearance of non-liquefied solid
fractions and to the undesirable growth of viscosity. The grafting of oxypropyl chains on to hydroxyl functions
of BIOLIGNINTM was proven by independent chemical and physicochemical methods. In difference with native
BIOLIGNINTM its oxypropylated derivatives had the lower polydispersity, higher molecular segmental mobility
and their OH functionalities is near completely presented by secondary aliphatic groups. These feasibilities
allowed to characterize the oxypropylated BIOLIGNINTM derivatives as a high reactive aromatic cross linking
constituents of lignopolyols suitable for PUR foams production.
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ABSTRACT
In this work the solubility of Alcell and Indulin-AT lignins in a series of pure solvents with different
hydrophobicity and hydrogen bonding ability have been measured at 25 ºC, using the shake flask method
followed by gravimetric analysis. Infrared spectra and DSC thermograms were acquired for both soluble and
insoluble lignin fractions in order to get some knowledge about the involved solubility phenomena. Moreover,
the weight percentage of dissolved lignin was related to the solvent molar volume and the Hansen solubility
parameter distance (Ra), using a methodology suggested by Hansen. The effect of initial concentration charge in
the equilibrium cell, on the lignin solubility, was primarily investigated. For Alcell lignin with acetonitrile, ethyl
acetate and methanol, and Indulin-AT with acetonitrile, changing the initial concentration, the maximum
difference on the measured solubility was 2.1%, showing the consistency of the experimental procedure.
Excepting water, Alcell is more soluble than Indulin-AT, showing big differences in solvents like ethyl acetate
or acetonitrile. While for Alcell lignin up to Ra values near 20 (MPa)1/2 the solubilities are closer, presenting a
weak tendency to decrease for larger molar volumes, for Indulin-AT the change is not yet simple to rationalize.
In fact, and based on the preliminary results of this study, the observed difference between the Alcell and
Indulin-AT solubilities in acetonitrile, ethyl acetate and water can be related to structural and chemical properties
of both solids, as inspected by FTIR and DSC. To the best of our knowledge, no solubility data was found to
compare with the values measured in this work.
I. INTRODUCTION
The XXI century brought the concept of bio-refineries as an emerging and intense area of research. In fact, the
vision of a modern biorefinery is hotly debated but a broad vision includes a mill that will produce paper, energy,
and a variety of chemical feedstocks [1]. However, processing biomacromolecules (BM) presents an inherent
difficulty that is related to their solubility. A key problem to be solved is to find a suitable solvent that can
effectively destroy the interchain interactions in those materials, turning their dissolution and characterization
possible [2]. In that respect, a great lack of information, mainly on solubility data, still remains in terms of
studied systems, being difficult to find the solubility values for BM in different solvents. It is then evident the
absolute need to establish a systematic procedure that enables to measure solubility values of different BM in
several solvents, and therefore to build a reliable database for theoretical and experimental analysis.
Presently, bio-refineries are seen as the big opportunity for lignin since its economic feasibility is intimately
related to the valorisation of all generated products. In this context, recent projections indicate that the use of
ethanol as fuel in the U.S. is going to increase by about 9.6 billion litres per year, which means that if 25% of the
alcohol comes from biomass, at least 1.1 million of tonnes of lignin could be potentially available per year in a
near future. The same trend is expected to Europe and other parts of the world, which reveals the need to
properly exploit lignin [3]. Studying lignin solubility in different solvents could contribute not only to improve
the extraction processes, but also to open new avenues towards its exploitation in more noble applications.
In this work the solubility of Alcell and Indulin AT lignins in acetone, acetonitrile, ethyl acetate, ethanol,
methanol, hexane and water have been measured at 25 ºC, using the shake flask method followed by gravimetric
analysis. Infrared spectra and DSC thermograms have been acquired for the soluble and insoluble fractions of the
lignins in order to rationalize the solubility phenomena and the molecular interactions.
II. EXPERIMENTAL
Lignin samples. The technical lignins chosen in this work proceeded from different pulp processes and vegetal
species. Indulin AT is a softwood lignin obtained by the Kraft pulping process of MeadWestvaco (Glen Allen,
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VA) and Alcell lignin of Repap Enterprises Inc. (Stamford, CT) was extracted from a mixture of hardwoods
(maple, birch and poplar) by an organosolv process using aqueous ethanol. Comparatively to Indulin AT, Alcell
lignin has lower molecular weight (760 versus 1079), lower total hydroxyl content (5.26 versus 6.99 mmol
OH/g), lower aliphatic hydroxyl content (1.10 versus 2.34 mmol OH/g), and lower OH functionality (4 versus
7.5) [4]. The two lignins were used as received. All the used solvents were of analytical grade.
Solubility assays. The solubility experiments were carried out using the analytical isothermal shake-flask
method. Initially, mixtures containing 25 g of lignin in 1 kg of solvent were prepared by weighting (±0.1 mg) the
appropriate amounts of solid and solvent, into the equilibrium cell of about 80 cm3. To reach equilibrium, the
solution is continuously stirred for 24 h and later, the solution is allowed to settle at least 12 h before sampling.
Samples (5 cm3) of the saturated liquid phase were collected using plastic syringes coupled with polypropylene
filters (0.45 µm). The gravimetric method was chosen for the quantitative analysis. Therefore, the samples were
placed into pre-weighted glass vessels, and immediately weighted. The next step is to evaporate all the solvent,
and dry the materials completely in a vacuum stove. Finally, the glass vessels are cooled in a dehydrator with
silica gel for one day and weighted. The process is regularly repeated until a constant mass value is achieved.
The fraction not dissolved in the equilibrium cell was removed by filtering the saturated solution, using
membranes (MFV1, Filter-Lab) with 1.6 µm of pore size, and allowed to dry in the vacuum stove.
Soluble and insoluble fractions characterization. Infrared spectra for both the filtered solid (insoluble
fraction) and soluble fraction have been acquired in a FTIR Bomen spectrophotometer (Quebec, Canada), using
the KBr pellets technique. The spectra were recorded between 650 and 4000 cm-1 at a resolution of 4 cm-1 and
co-adding 32 scans. DSC thermograms were acquired in the temperature range of -50 to 200 ºC using at a
heating rate of 10 ºC/min.
III. RESULTS AND DISCUSSION
The effect of initial concentration on the lignin solubility was primarily investigated using Alcell as the model
lignin. The results obtained with the tested solvents (acetonitrile, ethyl acetate and methanol), when changing the
initial concentration, pointed out a maximum difference on the measured solubility of 2.1%, showing the
consistency of the experimental procedure. The consistency with Indulin AT was thereafter tested using
acetonitrile being the tendency corroborated. The final used experimental lignin concentration was fixed in 25
g/1000 g solvent. Each measurement was done in triplicate being the calculated coefficient of variation (
) most often inferior to 5%.
̅
In Figure 1, the percentage of dissolved lignin (given by the circles dimension) is related to the molar volume of
the solvent and the Hansen solubility parameter distance (Ra), using a methodology suggested by Hansen [5]. As
can be seen, while for Alcell lignin up to Ra values near 20 the solubilities are closer, for Indulin AT the change
is not simple to describe. Excepting water, Alcell is generally more soluble than Indulin AT, showing big
differences in solvents like ethyl acetate or acetonitrile.

Figure 1. Solubility of Alcell and Indulin AT lignins in different solvents characterized by their molar volume
Hansen solubility parameter distance.
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In order to get some insights concerning the chemical nature of the soluble and insoluble fractions a FTIR study
was conducted considering the analysis of the two fractions together with the original lignin. The comparison
between Alcell and Indulin AT is shown in Figures 2 and 3 for ethyl acetate and water solvents, respectively.
All original lignin spectra presented a broad band attributed to OH stretching (3412-3460 cm-1), and peaks
corresponding to C-H stretching of methyl and methylene group (2842-3000 cm-1) and methyl group of
methoxyl (2689-2880 cm-1). The characteristic vibrations of lignin aromatic rings can be assigned approximately
at 1600 cm-1, 1513 cm-1 and 1420 cm-1. In Alcell, a band, at approximately 1708 cm-1, attributed to C=O
stretching can be identified by a well-defined peak. For Indulin AT only a shoulder was observed.
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Figure 2. FTIR spectra of Alcell and Indulin AT: Original lignins (O), Soluble (SF) and Insoluble (IF) fractions
in ethyl acetate.
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In the case of ethyl acetate, a non-polar solvent (Figure 2), it can be observed that soluble fractions are richer in
carbonyl groups as can be depicted by the more prominent peak assigned around 1708 cm-1 (see blue line).
Moreover, for Alcell lignin, DCS analysis pointed out for the preferable solubility of the low molecular weight
fraction (fraction characterized by a Tg of 82.6 ºC, very close the one of the original lignin (99.4 ºC)). The
insoluble fraction was characterized by a high Tg (around 182.6 ºC). For the case of Indulin AT, a high
molecular weight lignin (Tg of 154.4 ºC), the insoluble fraction was very high (97.9%) and characterized by a
high Tg (154.1 ºC).
In the case of water, a polar solvent (Figure 3) the soluble fraction has a low aromatic content, as can be seen by
the less prominent bands assigned to the aromatic ring (see bands assigned at 1600, 1513 and 1420 cm-1
identified by the green lines). An intensification of the hydroxyl band is also noticed indicating that these
fractions are rich in hydroxyl functionalities. The Tgs of the insoluble fractions were 100.4 ºC and 158.1 ºC,
respectively for Alcell and Indulin AT lignins.
IV. CONCLUSIONS
To the best of our knowledge, no solubility data was found to compare with the values measured in this work.
Based on the preliminary studies performed with FTIR and DCS, the big difference between the Alcell and
Indulin AT solubilities in acetonitrile, ethyl acetate and water can be related to structural and chemical properties
of both solids, as well as with molecular weight. To get a deeper understanding of the involved phenomena,
complementary analysis such as NMR and elementary analysis, are needed. This work is under progress or being
planned.
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ABSTRACT
A rapid method based on simultaneous conductometric and acidic titration with pH measurement was evaluated
in aqueous media. It provided good and fast results on a variety of industrial lignin samples. The main advantage
of the method is that it provides a simple way for accurate testing of industrial lignins, often available in larger
amounts than 1 g. Conversely, this may not be as well suited to the generally smaller amounts of lignins from
extracted pulps at lab. scale (like HCl-dioxane extraction). The article presents the results of the analysis of a
panel of industrial lignin samples, and as a comparison, the results obtained by the spectroscopic differential-UV
method operated at two wavelengths.

I. INTRODUCTION
Lignin is the second most abundant polymer in earth and the main aromatic renewable resource. For a long while
confined to energy generation by combustion, recent articles highlight a renewed interest in lignin studies and its
applications [1]. Indeed, Laurichesse and Avérous reviewed a large amount of possible modifications on lignin
thanks to their functional groups. Those ones are largely represented in this three dimensional polymer since
there are methoxyl groups, hydroxyl groups (phenolic and aliphatic), carbonyl groups (ketone, quinone and
aldehyde), carboxyl groups and even sulphonic groups as regards lignosulfonates. Thus, functional analysis is a
key issue to follow and understand the modifications undergone during a reaction and elucidate the chemical
structure of the lignin polymer. Several studies have established and analysed numerous methods to analyse the
different functional groups of the lignin, like aminolysis, ultraviolet-spectroscopy method, non-aqueous titration,
1
H and 13C NMR for phenolic hydroxyl groups, “acid number” determination, aqueous and non-aqueous titration
for carboxyl groups [2, 3, 4, 5].

II. EXPERIMENTAL
Raw materials
The industrial lignins used in this study come from different pulping processes (Kraft, Soda and Organosolv).
Kraft Innventia is a kraft lignin derived from wood and Soda EU Innventia, a soda lignin, both purchased from
Innventia. Protobind 1000, Protobind 2400 and Protobind 3000 are industrial soda lignin derived from annual
plants. They were purchased from GreenValue Enterprises LLC commercializing lignin products from ALM
India. Organosolv CIMV (Avidel process) is extracted from straw and was purchased from CIMV.
Conductometric titration
1 g of lignin sample was introduced into 500 ml of deionized water, free of carbonates. 8 ml of sodium
hydroxide 1M was then added to the mixture leading to a large excess of sodium hydroxide. After stirring until
total dissolution (around 15 mn for most of the studied lignin), the solution was conductometrically titrated back
with a 1M hydrochloric acid. Two titration end-point volumes were successively detected, in the following
order:
− V1, detected by the change of the conductometric curve slope from negative to slightly positive at pH
around 11.5-12,
− V3, detected by a sharper increase of the conductometric curve slope at a pH lower than 3.
Results are evaluated in mmol/g and in mol/ C9. Molecular weight of C9 lignin unit is assumed to be 200 g/mol.
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Conductometric and pH-metric titration
This method is identical to the previous one except that both pH and conductometry are simultaneously followed
all along the titration. The impact of the presence of the pH electrode on the measurement of conductivity was
found negligible allowing the simultaneous titration. Another titration end point is also detected:
− V2, detected on the potentiometric curve at pH 7.
Spectrophotometric determination of phenolic hydroxyl groups (Δε method).
The amount of phenolic hydroxyl groups was determined by UV spectroscopy using the method described by
Zakis [3]. This method is based on the difference in absorption at 300 and 360 nm between phenolic compounds
in alkaline (ionized compounds) and neutral solutions (unionized compounds). The absorbance differencespectrum is recorded and it is possible to quantify the abundance of the phenolic structure (condensed or
uncondensed and bearing or not a carbonyl group) using the equation given by Gartner [6].

III. RESULTS AND DISCUSSION
Part 1: Conductometric titration
Aqueous conductometric titration was conducted on a large amount of industrial lignin. This method allows
measuring the total amount of phenolic hydroxyl and carboxyl groups. Indeed, since V1 corresponded to the
end-point titration volume of the free hydroxyl ions added in excess and V3 marking the start of an excess
introduction of hydronium ions in the medium, the titration of total phenolic hydroxyl and carboxyl groups was
obtained by the difference volume between V3 and V1. Results are presented on Table 1. Obviously, kraft and
soda lignins exhibit higher amount of those functional groups than Organosolv CIMV since Kraft and Soda
pulping lead to higher degradation and oxidation compared to organosolv processes.
Table 1. Phenolic hydroxyl and carboxyl groups by aqueous conductometric titration

Kraft Innventia

Total (phenolic hydroxyl & carboxyl groups)
(mmol/g)
3,24

Total (phenolic hydroxyl & carboxyl groups)
(mol/C9)
0,65

Soda EU Innventia

2,97

0,59

Protobind 1000

2,96

0,59

Protobind 2400

2,76

0,55

Organosolv CIMV

2,27

0,45

Protobind 2400 was more fully explored in applying at different time a thermal treatment at 180°C and analysing
the effect of this treatment on phenolic hydroxyl and carboxyl groups. The amount of these groups, presented on
Table 2, seems to decrease with increasing time of treatment up to 30 mn. Cui [7] have ventured the hypothesis
that thermal treatment lead to radical coupling reactions. They supposed that radicals, derived from the phenolic
OH groups, seem to create condensed phenolic OH moieties such as 5-5’. Consequently, amount of phenolic
hydroxyl groups decreased because of the thermal treatment and therefore, the total amount of functional groups.
Table 2. Effect on total acidic groups of thermal treatments on Protobind 2400
Total (phenolic hydroxyl & carboxyl groups)
(mmol/g)

Total (phenolic hydroxyl & carboxyl groups)
(mol/C9)

Protobind 2400

2,76

0,55

5 mn 180°C

1,65

0,33

15 mn 180°C

1,62

0,32

30 mn 180°C

1,51

0,30

60 mn 180°C

2,17

0,43

Part 2: Conductometric & pH-metric titration
Part 1 exhibits only the total of phenolic hydroxyl and carboxyl amount. By using both conductometry and pHmetry, it becomes possible to distinguish the amount of each functional group. Indeed, the titration of free
phenols with pKa’s in a range of 8-11.5 was obtained by the difference volume between V 2, corresponding to pH
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7, and V1. The remaining acidic groups, i.e. carboxylic groups, correspond thus to the difference volume
between V3 and V2. It should be noticed that the conductivity curve presents no rupture between V3 and V1 (see
Figure 1). Equal conductivities of lignin moieties bearing either carboxylic or phenolic functions make it
necessary to use pH detection to discriminate them, because of their different pKa.
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Figure 1. Conductometric and pH-metric curve for Protobind 3000
Results from this method are presented for two industrial soda lignins. The values from Table 3 are in
accordance with values from El Mansouri and Salvado [6] measured by non-aqueous titration on kraft and
soda/anthraquinone lignin. Those results were compared to those from the dual-wavelength UV spectroscopy
method presented on Table 4. This method is known to slightly underestimate the number of phenolic hydroxyl
groups [3]. Results from aqueous titration and UV spectroscopy show a poor correspondence regarding
Protobind 2400. Indeed, the difference is equal to 0.15 between the two methods, which is quite high. However,
functional groups measurements of Protobind 2400 were realised on two completely different batches, which
could explain these differences since reproducibility at industrial scale is hardly ever obtained.
Table 3. Phenolic hydroxyl and carboxyl groups by aqueous conductometric & pH-metric titration
Phenolic
hydroxyl
groups
(mmol/g)

Phenolic
hydroxyl
groups
(mol/C9)

Carboxyl
groups
(mmol/g)

Carboxyl
groups
(mol/C9)

Total (phenolic &
carboxyl)
(mmol/g)

Total (phenolic &
carboxyl)
(mol/C9)

Protobind 2400

1,69

0,34

1,22

0,24

2,91

0,58

Protobind 3000

2,46

0,49

1,61

0,32

4,06

0,81

Table 4. UV spectroscopy method on industrial lignins from Part 1
UV spectroscopy

Phenolic hydroxyl groups (mmol/g)

Phenolic hydroxyl groups (mol/C9)

Kraft Innventia

2,3

0,46

Soda Innventia

2,7

0,54

Protobind 1000

2,46

0,49

Protobind 2400

2,44

0,49

Organosolv CIMV

1,6

0,32
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IV. CONCLUSIONS
A rapid and complete analytical method for the simultaneous measurement of phenolic hydroxyl and carboxyl
groups was conducted on industrial lignins. Aqueous titration for measurement of carboxyl groups is already
well-known and reliable [4, 5] but results of this study proved that measurement of phenolic hydroxyl groups can
dependably be realised at the same time. Furthermore, results tend to show that time of dissolution before
titration (usually of 2 h) can be reduced to shorter time (15 mn) for easily dissolving lignin. Functional groups of
several industrial lignins were studied showing that kraft lignin and soda lignin had highest amount of both
phenolic hydroxyl and carboxyl groups, followed by organosolv lignin. That knowledge is determinant in the
choice of an industrial lignin for subsequent application.
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ABSTRACT
This study assesses the potential of UV light as method to bleach eucalyptus pulps in different steps of their
chemical bleaching process in a pulp mill. Higher brightness increasing were obtained on dirtier pulps, that
is, alkaline washed and oxygen delignified pulps. In any case, photobleaching shows first-order kinetics.
Rate of chromophores removal is proportional to the chromophores content in fiber surface.
Complementarily, thermogravimetric analysis proved that UV light (400 nm wavelength) do not damages
fiber integrity.
I. INTRODUCTION
In a global context which promotes the use of environmentally friendly technologies to bleach pulp, it gain
particular relevance studies which illustrate the possibility to replace chemical bleaching by other
treatments with low environmental impact based, for example, in the use of enzymes or ultraviolet light
(photobleaching).
For long enough, it has been well known that light influences pulp in diverse way according their
wavelength: yellowing occurs at wavelengths shorter than 385 nm, but bleaching dominates by wavelengths
longer than 385 nm [1]. To improve UV-photobleaching, usually UV irradiation is applied in conjunction
with chemical treatment that reduces significantly the bleaching time. For this purpose oxidant reagents
like alkaline hydrogen peroxide [2][3] or reducing reagents like NaBH4 or NaHSO3 [2] have been found
useful. Photochemical bleaching could be adopted as a part of TCF bleaching sequence. Efficiency of
photochemical treatment increases when previously some metallic ions were removed by acid pretreatment.
Simultaneous UV and ozone application yield pulp with highly brightness [3].
Present study attempt to assess photobleaching effect in pulps with different bleaching levels. To that, UV
light 400 nm (without chemicals) was applied on several eucalyptus mill pulps in different steps of their
chemical bleaching, that is, with different lignin or hexenuronics acids contents. Besides, measuring
changes of brightness with time, the photobleaching kinetic was obtained.
Complementarily, in order to control UV-light damages on pulp, thermogravimetric analysis was used. As
thermal degradation of pulp is sensitive to microfibril surface changes, it is possible to monitor cellulose
integrity during bleaching by means thermogravimetry [5].

II. EXPERIMENTAL
Eucalyptus kraft pulps were supplied by ENCE mill (Huelva, Spain). P1: Alkaline watched pulp, P2:
Alkaline oxygen delignified pulp (O step), P3: chlorine dioxide pulp (P0 step), P4: hydrogen peroxide pulp
(PO step) and P5: chlorine dioxide pulp (P1 step).
UV Photobleaching was carried out on Technidyne Color Touch using intensity 765 W/m 2. Eucalyptus
kraft pulp sheet (2 cm x 2 cm) was irradiated with light source at room temperature during 96 h,
perpendicular to the surface of the sheet, washed with water, and dried.
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Thermogravimetric analyses were carried out on a Mettler Toledo TGA/SDTA851e/LF1600
thermobalance, using about 5 mg of sample in each run. Pyrolysis and combustion runs were performed in
nitrogen and synthetic air (4:1 N2/O2), respectively. The temperature was raised from 25 to 900 ºC at three
different heating rates: 5, 10 and 20 ºC/min.
Brightness, , Kappa index, Viscosity and lignin Klason were measured according ISO 3688, ISO 302, ISO
535-1, and Tappi T-222, respectively. Hexenuronic acids (HexA) content was determined according to
Chai el al (2001) [6].
III. RESULTS AND DISCUSSION
Brightness
(% ISO)

Viscosity
(cSt)

Kappa

HexA
(μmol/g)

P1

34.2

1021

14.41

44.4

Klason
Lignin
(g/100g)
2.6

P2

52.9

918

8.90

27.2

0.9

P3

75.5

842

2.43

10.8

0.6

P4

86.7

843

2.00

10.3

0.6

P5

88.5

826

1,65

6.4

0.6

Table1. Pulps characterization
Table 1 depicts main characteristics of studied pulps. As expected, alkaline washed pulp (P1) shows high
values for viscosity, kappa index, Klason lignin and hexenuronic acids. Besides, brightness has lower value.
Along bleaching process, viscosity, kappa index, HexA and Klason lignin decrease, but, not linearly.
Oxygen delignification (P2) and first chlorine dioxide treatment (P3) show more impact than hydrogen
peroxide (P4) and second chorine dioxide treatment (P5) on their reduction.
Same behaviour, but in opposite direction, is oberved in brightness evolution. Brightness is a measure of
reflectance of blue light at 457 nm and relates with chromophores content. Chromophores are structures
that absorb light within the visible range of spectrum. In pulps, main chromophoric structures are based in
lignin (aromatic) and HexA (double bond close carboxylic group) produced during wood cooking. As kappa
index is a measure of permanganate oxidisable compounds (mainly lignin and HexA) it is expected that an
increase in kappa index is accompanied with a reduction (nonlinear) in brightness.

Fig 1. Brightness changes brought about by the UV irradiation in several pulps (Irradiation time 92 h).
As can be seen in figure 1, photobleaching is particularly effective when is applied on washed pulp (P1)
and oxygen delignified pulp (P2), that is, when UV light acts on dirty pulps. On the contrary, UV light
almost has no effect when is applied on pulps in the final steps of chemical bleaching: hydrogen peroxide
(P4) or chlorine dioxide (second treatment) (P5). It seems that UV light removes chromophores presents in
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the first steps of chemical bleaching. In these pulps (P1 and P2) effectiveness of photobleaching is lower
but comparable to effectiveness of chemical treatment. For example, oxygen delignification increases
brightness of P1 pulp 18.2 % ISO, and photobleaching (after 96 h) increases brightness 8.8 % ISO.
Monitoring evolution of pulp brightness during UV irradiation, allows obtain photobleaching kinetics. For
that, chromophores concentration has been indirectly measured by means pulp brightness. Changes in pulp
brightness is a measure of changes in chromophores content during certain time. Figure 2 shows that
evolution of chromophores content in pulp P1 during UV-photobleaching agrees with a first-order kinetics,
that is, the removal rate of chromophores is proportional to the chromophores content. Figure 2 allows
calculating kinetic constant (k) and initial chromophores content in fiber surface. For both P1 and P2 pulps,
kinetic constants (specific rate) are similar: 0.0113 h-1 and 0.0124 h-1, respectively. As regards initial
chromophores contents (measured by means brightness change that produce), the calculated values are:
13.0; 13.8; 6.6; 2.0 and 2.4 for P1, P2, P3, P4 and P5 respectively. Remarkably, similar values for initial
chromophores content in both P1 and P2 shows that, although P2 is cleaner than P1, in both cases the UVsensitive chromophores (surface chromophores) contents are the same. That is, although oxygen
delignification removes chromophores, after this treatment, the surface of fiber even is completely covered
by UV-sensitive chromophores. For P3 (after first chlorine dioxide treatment) initial concentration of
chromophores is significantly minor, that is, in this case the fiber surface is not completely covered by UVsensitive chromophores.

Figure 2. Natural logarithm of brightness change versus time.
.
Thermogravimetric analysis allows comparing thermal degradation path for pulp and UV-bleached pulp. If
UV irradiation damages cellulose microfibril, thermal degradation should occur at lower temperature and
their maximum mass loss rate should achieve lower value. As can be seen in figure 3, neither of those facts
occurs in P1 pulp. In this case, DTG (mass loss rate) curve of photobleached pulp (P1B) is shifted toward
higher temperature achieving higher degradation rate. This fact shows that UV light do not damages
cellulose but, on the contrary, cleans fiber surface. More crystalline surface causes that thermal degradation
takes place at higher temperature and occurs in narrower temperature interval. Complementarily, TG curve
(mass loss) shows that thermal degradation of P1 pulp yields more residue than P1B. This fact agrees with
previous reasoning, because thermal degradation of lignin produces more residues than thermal degradation
of carbohydrates (cellulose and hemicellulose). As expected, clean P1B pulp (with lower lignin content),
yield lower carbonaceous residues when is heated under nitrogen environment.
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Figure 3. Thermal degradation profiles for P1 and P1B (UV-bleached) pulps. Nitrogen environment,
heating rate 10 ºC/min. Mass loss rate was normalised to the initial mass.

IV. CONCLUSIONS
UV light (400 nm wavelength) based photobleaching is useful to remove chromophores from eucalyptus
kraft pulps in the first steps of their chemical bleaching. Alkaline washed and oxygen delignified pulps
significantly increase brightness because of UV action.
Photobleaching shows first-order kinetics, that is, the rate of chromophores degradation is proportional to
the chromophores content which are accessible in fiber surface.
Although washed and oxygen delignified pulps have different chromophores contents (show different
brightness), they show similar rate of chromophores degradation because photobleaching is surface
phenomenon and in both cases fiber surface is completely surrounded by UV-light sensitive chromophores.
Thermogravimetric analysis proves that photobleaching with UV 400 nm wavelength do not damages
cellulose. On the contrary, leads more clean surface that thermally degrades at higher temperature.
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ABSTRACT
A total of 15 white-rot wood and 19 white-rot humus basidiomycetes were tested for decolorization of two
recalcitrant aromatic dyes (Reactive Blue 38 and Reactive Black 5) incorporated to malt extract agar medium.
Two dye decolorization patterns were observed that correlated with the wood and humus white-rot lifestyles of
basidiomycetes. The former basidiomycetes caused a decolorization ring inside of the fungal colony, whilst the
latter caused a decolorization ring outside of the fungal colony, suggesting two different degradation strategies.
These two strategies were related to the ability to secrete peroxidases and laccases restricted to the colony area or
extending to the surrounding medium, as revealed by enzymatic tests performed directly on the agar plates in
four white-rot wood Polyporales (Abortiporus biennis, Trametes pubescens, Phlebia rufa and Polyporus
arcularius), three white-rot wood Agaricales (Gymnopilus junonius, Cyathus striatus and Xerula radicata) and
three white-rot humus Agaricales (Agrocybe pediades, Mycena polygramma and Rhodocollybia butyracea).
Similar oxidoreductases production patterns were observed when these fungi were grown in absence of dyes,
although the set of enzymes released was different. These results are consistent with the existence of two
colonization strategies developed by white-rot basidiomycetes to degrade the most important types of
lignocellulosic materials accumulated on forest soils, such as wood and leaves.
I. INTRODUCTION
Cellulose, hemicelluloses and lignin are the main components of plant cell walls produced by the photosynthetic
activity of land plants. Lignin protects cellulose and hemicelluloses and is highly recalcitrant to degradation due
to its aromatic nature and structural heterogeneity. A specialized group of basidiomycetes, the so called white-rot
fungi, are the most efficient organisms degrading lignin, and constitute one of the most important
ecophysiological groups of the mycobiota of soil in forest ecosystems. Lignocellulosic materials accumulated on
forest soil are mainly represented by dead wood and leaves. According to the type of lignocellulosic material to
be degraded, two types of ligninolytic basidiomycetes can be distinguished: wood and humus white-rot
basidiomycetes. The former degrade wood lignin leaving a bleached substrate [1] and the latter degrade lignin
and polyphenols of leaves causing the so-called white-rot humus [2]. Whilst white-rot wood basidiomycetes are
broadly represented by members of the orders Polyporales and some others of the order Agaricales, white-rot
humus basidiomycetes are mainly found among members of Agaricales.
To degrade the complex molecule of lignin, white-rot basidiomycetes have developed an extracellular
ligninolytic system, whose composition often differs between species. In general, it is made up of low molarmass metabolites, oxidases and ligninolytic enzymes such as laccases and especially high redox-potential
peroxidases. The latter include manganese peroxidase (MnP), lignin peroxidase (LiP) and versatile peroxidase
(VP) being activated by the hydrogen peroxide produced by oxidases [3]. The ligninolytic peroxidase genes are
characteristic of white-rot fungal genomes. Ligninolytic peroxidases and laccases have a broad substrate
specificity acting directly or through mediators [4] and can also degrade recalcitrant aromatic compounds [5]
including synthetic aromatic dyes, such as the phthalocyanine dye Reactive Blue 38 (RB38) and the azo dye
Reactive Black 5 (RB5), used in textile industries [6], some of which have been used to detect ligninolytic
activity in culture [7].
In the present work, two decolorization patterns, inside or outside of the fungal colony, are described in dye
agar cultures of white-rot wood and leaf litter, respectively. Furthermore, assays to detect high and low redox
potential oxidoreductase activities on agar plates, with and without dyes, were carried out on representative
white-rot wood and humus basidiomycetes. The decolorization patterns and enzymes produced were finally
correlated with two possible strategies followed by white-rot fungi to colonize wood and humus respectively.
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II. EXPERIMENTAL
II.1. Fungal sampling and culture
Fungal species fruiting on dead wood and leaf litter were isolated from different Spanish native forests. The
collected samples consisted of fresh fruit bodies, which were conserved at 4ºC before grown as pure cultures.
Fungal isolations were made from mycelium (5x5 mm pieces of context) aseptically removed from fruit bodies
that was inoculated in Petri dishes with malt extract (2% wt/vol) agar (MEA) containing ampicillin (1.5 mg/L).
Fungal dry material is deposited in AH (Herbario de la Universidad de Alcalá) and pure cultures are conserved
in the fungal culture collection of Departamento de Ciencias de la Vida (Universidad de Alcalá).
II.2. Dye decolorization assays in agar plates
Decolorization assays were carried out on Petri dishes (9 cm diameter) with 20 mL of Malt Extract Agar
(MEA) containing RB38 and RB5 at two concentrations (75 and 150 mg/L). Plugs of 0.5 cm diameter from
MEA cultures were inoculated on plates with the synthetic dyes, which were incubated at 25ºC and examined
each two days for decolorization. The radial mycelial growth and decolourized area were measured, and only
those species producing a decolorization circle of at least 2 cm diameter, within 15 days of incubation, were
selected.
II.3. Enzymatic assays in plates
Enzymatic activities were tested directly on ten fungal colonies grown (at 25ºC) on: i) MEA plates; and ii)
RB5 and RB38 containing MEA, where the fungi had previously decolorized these dyes. Ten µl of catechol,
guaiacol, syringol and ABTS in 96% (vol/vol) ethanol were dropped on MEA plate cultures in front of, behind
or on the edge of the fungal colony. These substrates are oxidized by laccase (EC 1.10.3.2) and by generic
peroxidase (GP; EC 1.11.1.7), short MnP (EC 1.11.1.13), VP (EC 1.11.1.16) and dye-decolorizing peroxidase
(DyP; EC 1.11.1.19) in the presence of hydrogen peroxide.
Ten µl of 0.1 M RB5 or 25 mM RB38 in 96% (vol/vol) ethanol, which are oxidized by VP and DyP in the
presence of hydrogen peroxide were assayed both on MEA plates, as previously described for phenols and
ABTS, and on decolorized MEA plates. ABTS, RB5 and RB38 were not completely soluble under the above
conditions and they were added as a suspension on the plate. Enzymatic oxidation of dyes mediated by 3,4dimethoxybenzyl (veratryl) alcohol (VA) radical resulting from VA oxidation by LiP (EC 1.11.1.14) and VP,
was also examined. With this purpose, ten µl of 20 mM VA (in H2O) were added together with ten µl of 0.1 M
RB5 or 25 mM RB38 in 96% (vol/vol) ethanol. Five µl of a concentrated catalase solution was also supplied
prior to the addition of the above substrates to remove any peroxide traces and avoid peroxidase activity.
alternatively, one µl of 10 mm hydrogen peroxide was simultaneously added together with dyes, ABTS or
phenols to confirm the presence of peroxidases. Substrate oxidation was easily followed by changes in color.
III. RESULTS
A total of 34 species were selected because of the ability to produce a decolorization circle on plate dyes of at
least 2 cm diameter within 15 days of incubation. These species could be divided in two ecophysiological
groups. The first group colonized and degraded dead wood causing a white-rot decay pattern due to lignin
removal. The second group colonized and degrade dead leaves contributing to soil humus formation causing a
white-rot humus decay pattern, which results in bleaching of brown dead leaves due to polyphenol and lignin
degradation. The majority of the wood decomposing species studied belongs to the order Polyporales (11) but a
few of them belong to the orders Agaricales (4). Otherwise, all the humus basidiomycetes investigated (19
species) belong to the order Agaricales. Two different decolorization patterns were observed when fungal
species were grown on MEA plates containing the two dyes assayed. White-rot wood fungi cause a decolorized
circle inside the colony and white-rot humus fungi cause a decolorized circle outside the colony.
Enzymatic assays were performed directly on MEA plates where ten species representative of white-rot wood
Polyporales (4) and white-rot wood (3) and humus (3) Agaricales under study had been previously grown. The
four wood Polyporales and the three wood Agaricales were able to oxidize all the low redox potential substrates
(i.e. catechol, guaiacol, syringol and 2,2´-azino-bis:ABTS) added within and on the inner edge of the fungal
colony but not the two recalcitrant dyes (RB5 and RB38) even after addition of exogenous hydrogen peroxide
and veratryl alcohol (VA). Peroxidase involvement was definitively ruled out, since the addition of catalase did
not produce any significant effect on the oxidation of phenols and ABTS, and the reaction could be associated to
laccase type activity. The same activity was observed in the three humus Agaricales, but the oxidative activity
was mainly detected on the outer edge and in front of the limits of the fungal colony. Oxidation of ABTS and
syringol was slowed down, but not completely removed, in the presence of catalase, and conversely it was
accelerated when peroxide was added. According to these results, laccases would be responsible for the low
activity levels observed in the presence of catalase. We could also confirm both that peroxide is generated by
these fungi, and that peroxidases are produced.
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Enzymatic assays were also performed by adding RB5 and RB38 on dye plates where the dyes had been
previously decolorized by the fungi. C. striatus, tested as representative of white-rot wood Agaricales, was
unable to decolorize any of the dyes when added on previously decolorized RB38 plates. This confirm the
absence of any enzymatic activity able to oxidize these dyes, such as ligninolytic peroxidases and DyPs.
On the other hand, T. pubescens, as representative of wood Polyporales, was able to decolorize RB5 but not
RB38 when added on the previously decolorized dye plates. In the RB5 plates, high decolorization activity was
observed 16 h after RB5 addition within the colony. This ability was enhanced by hydrogen peroxide and
dramatically impaired, although not completely removed, by catalase. These results confirm the involvement of
both laccase (maybe acting through natural mediators) and peroxidase activities in the oxidation of this dye, as
well as the fungal production of the hydrogen peroxide necessary for peroxidase activity. In the RB38 plates, no
decolorization of RB5 was observed up to 2 days after its addition. A 6 day period was necessary when catalase
was simultaneously added. Again, these results suggest the production of both hydrogen peroxide and peroxidase
activity. The long time (days) necessary to decolorize RB5 suggests de novo synthesis of the enzymes involved.
Finally, R. butyracea was tested as a representative for the white-rot humus Agaricales. This species was
unable to decolorize any of the recalcitrant dyes when added alone or together with peroxide or catalase in the
inner part of the colony grown on dye-containing MEA. However, both RB5 and RB38 were completely
decolorized at the edge and in front of the limits of the colony when incubation was extended to 20 h, except in
the presence of catalase. These results suggest de novo enzyme synthesis, as mentioned above, and confirm the
importance of hydrogen peroxide in the decolorization process by this fungus.
IV DISCUSSION
This is the first time that a correlation between ecophysiological groups of lignin degrading basidiomycetes
and dye decolorization patterns is observed. Dye decolorization is a simple assay for the identification of fungal
ability to transform lignin. Both lignin and the recalcitrant dyes assayed are aromatic compounds that can be
oxidized by ligninolytic peroxidases in the presence of hydrogen peroxide [8]. The enzymatic assays performed
in three regions of the fungal plates - within, on the edge, and outside the limits of the fungal colony - revealed
that indeed laccases and peroxidases are released in those regions where dyes are decolorized in cultures of
white-rot wood Agaricales and Polyporales (within and on the inner edge of the colony) and white-rot humus
Agaricales (on the outer edge and outside the limits of the colony). On the other hand, the enzymatic analysis on
MEA plates without dyes revealed basically the same wood and humus basidiomycete secretion patterns
identified on the dye plates, although the set of secreted enzymes was not competent for dye decolorization. The
latter is easily understandable considering that genes encoding the wide range of peroxidases and laccases
secreted by white-rot fungi are differentially regulated in response to a variety of environmental signals,
including nitrogen and carbon sources, xenobiotics and oxidative stress, among others [9].
All the above results together suggest two different strategies used by wood and humus white-rot
basidiomycetes to colonize and degrade their respective substrates. These strategies would be related to the
ability of different regions of the fungal colony to release oxidative enzymes acting on aromatic compounds,
including the recalcitrant dyes used in the present study and the lignin polymer in nature [2,3]. It is observed that
white-rot wood basidiomycetes release their oxidative enzymes in the area initially colonized by the fungal
mycelium. We suggest that the decolorization pattern produced by white-rot wood basidiomycetes on agar plates
would be related to their strategy for substrate colonization and degradation in nature. Wood constitutes a hardlycolonized substrate where fungal colonies have physical and nutritional limitations to growth and extend their
action. In this context, the production of ligninolytic enzymes seems to be more active in secondary hyphae
located at the center of the colony, with a limited diffusion to the outer region and the surrounding medium.
On the contrary, white-rot humus basidiomycetes efficiently secrete peroxidases and laccases from young
hyphae located at the periphery of the colony. It has been observed that the secreted oxidoreductases
subsequently diffuse in the medium acting on the synthetic dyes in the same way as they would act on leaf litter
lignin in nature, allowing the fungi to colonize the soil. Thus, the decolorization pattern observed in white-rot
humus basidiomycetes - i.e. outside of the limit of colony - would be related to the nature of the decayed
substrate. At the contrary of wood, in this case the substrate is constituted by a whole of unrestricted elements
(intermixed dead leaves), and all of this entire system provides a habitat for fungal colonization. Under these
conditions, the ligninolytic system would be more active in environment exploring by young hyphae, and could
involve the secretion and diffusion of ligninolytic enzymes for degradation of lignin and other aromatic
compounds in dead leaves.
V. CONCLUSIONS
The differential dye decolorization and enzyme expression/secretion patterns observed suggest that differences
in lignocellulose composition and structure could play an important role in wood and humus white-rot
(ligninolytic) basidiomycetes diversity. This would include divergent strategies to colonize and degrade wood
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and leaf-litter under natural conditions. Such strategies would be related to the metabolic state of the active
mycelium, the production of ligninolytic oxidoreductases and their eventual diffusion in the environment, as
suggested by the different dye decolorization and enzyme secretion patterns observed in plate cultures of wood
and humus fungi. This hypothesis should be corroborated by laboratory studies using more natural (sawdust and
leaf litter) growth media. In addition, further investigations aimed to determine the factors regulating
oxidoreductase expression and diffusion (or immobilization) are required to explain the differences observed
between the two ecophysiological groups of fungi here studied.
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ABSTRACT
The paper presents the studies on the efficiency of physicochemical pretreatment of lignocellulosic materials i.e.
sorghum and miscanthus for the production of 2nd generation of biofuels. Lignocellulosic material must be
disintegrated and then subjected to physicochemical pretreatment i.e. saturation with diluted acids and pressure
steam explosion. We determined the effect of sulfuric and lactic acid (concentration and incubation time) as well
as autoclaving process (time and temperature) on the content of reducing sugar, which parameter was determined
with Miller’s method in an enzymatic test.
The method of physicochemical pretreatment of sorghum and miscanthus biomass is an important factor
affecting efficiency of biofuel production obtained from these raw materials.
I. INTRODUCTION
Bioethanol produced from organic raw materials is a renewable and clean resource for energy production, which
is used as fuel and also in chemical, cosmetic and pharmaceutical industries. The main material for bioethanol
production is cereal and maize grain, potatoes and also sugar beet. Bioenergetic use of these plants is
controversial as it implies reduction of the arable area for production of food and feed. Alternative plants that can
be used for bioenergy are for example sorghum and miscanthus and their high calorific value of combustion and
high yield of dry biomass make them a suitable material for the production of biofuels (Figure 1).

Figure 1. Plantations of sorghum (left) and miscanthus (right)
Sorghum is an annual plant reaching the height of 4 m, tolerant to drought, and providing high yields of dry mass
(28 t/ha) at the so called milk-wax phase of seed [1]. Sorghum biomass contains high amounts of
monosaccharides, mainly of fructose (9.75%), what indicates its high usability for obtaining bioethanol [2].
Miscanthus is a perennial tuft grass with low water-mineral needs, resistant to diseases and pests, which can be
grown on poor grade soils. It is characterized with high growth of biomass (18-30 t of dry mass/ha), what leads
to possible improvement of the cost-efficiency of the production of 2nd generation biofuels [3]. The actual
species of Miscanthus giganteus is a hybrid bred from two other species i.e. Miscanthus sinensis and Miscanthus
sacchariflorus and it can grow to the height of 3.5 m in one vegetation season. Additionally, both plants have
high energetic value of combustion - sorghum of 15 MJ/kg and miscanthus of 14-17 MJ/kg.
Using lignocellulosic biomass as an alternative renewable source of energy can improve energetic security and
enhance reduction in greenhouse gases and stability of fuel prices.
Lignocellulosic biomass is characterized with complexity of its chemical composition, as it contains in its
structure a polymeric complex called lignocellulose, which is relatively difficult for biodegradation.
The lignocellulosic complex found in cell walls of plants is composed of the cellulose, hemicelluloses and lignin.
Cellulose – a glucose polymer and hemicelluloses that mainly consist of galactose, mannose, xylose and
arabinose molecules are a potential substrate for efficient use in fermentation processes. Lignin, consisting from
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phenolic alcohol derivates such as p-coumaryl, coniferyl and sinapyl alcohol, structurally crosslinked by ester
and carbon bonds, is an effective obstacle in bioethanol production from plant biomass.
This forces subjecting the biomass to pretreatment, which affects significantly the course of the further stages of
bioethanol production i.e. enzymatic hydrolysis and fermentation process, and determines the final efficiency of
the process [4-5]. Lignocellulosic material must be subjected to pretreatment i.e. disintegration, saturation with
diluted acids and pressure steam explosion. Such processing steps allow for efficient hydrolysis of
hemicelluloses and lignin, and prepare cellulose for enzymatic treatment, what ensures effective enzymatic
hydrolysis of the cellulose fraction [4].
II. EXPERIMENTAL
The aim of the study is determination of the efficiency of physicochemical processing of sorghum and
miscanthus biomass during preparation of the materials for production of bioethanol.
The materials used in the study were:
- Sucrosorghum 506 – from Experimental Farm of INF&MP in Sielec Stary (Poland),
- Miscantus Giganteus – from Institute of Plant Genetics of Polish Academy of Sciences in Poznan.
Chemical components of sorghum and miscanthus biomass were evaluated i.e. cellulose (acc. to PN-P50092:1992P), hemicelluloses – as the difference holocellulose (acc. to PN-P-050092:1992P) and cellulose, and
lignin (acc. to BN-86/7501-11), and also moisture was determined (acc. to PN-Z-04002-13/1997P).
The raw material was subjected to crushing on the crusher for branches, and then dried in the temperature 50°C
for the period of 24 hours.
In the first stage of preliminary processing, the material prepared in that way was disintegrated on percussive
mill with mesh size 1.8 mm. Sieve analysis of the sorghum and miscanthus biomass was made with the use of
rotary laboratory shaker with the use of the sieve set of mesh diameters at: 5, 4, 3, 2, 1, 0.5 and 0.1 mm [6].
The second stage of the study comprised tests for optimization of physicochemical treatment of disintegrated
sorghum and miscanthus biomass namely of saturation with diluted acids and pressure steam explosion.
Firstly, the effect of acid type and concentration on sorghum and miscanthus biomass was determined where we
tested lactic and sulfuric acids at concentration between 0.1 and 2%, and we studied the effect of incubation time
of the materials in the acid within 10-300 minutes. Then the effect of autoclaving process was evaluated. The
tests were carried out for temperatures at 100, 121 and 134oC for 15-60 minutes.
A determinant of the efficiency these processes is the content of reducing sugar determined according to Miller’s
method with DNS (3, 5-dinitrosalicylic acid) in the enzymatic test [7]. This test was performed with the use of
the enzymatic preparation Celluclast 1.5L (Novozymes). The vegetable raw material was incubated at 40°C in
0.05 M the citrate buffer of pH 4.8 for 2 hours. Then, absorbance measurement was made against reference
sample at the wavelength 530 nm. The reading of the values of the reducing sugar concentration was done from
the reference absorbance curve for glucose (Figure 2).

Figure 2. Reference absorbance curve for glucose
The selection of the suitable method of the physicochemical treatment of the sorghum and miscanthus biomass
will have a bearing on the efficiency of the entire process of the energy production from these raw materials.
III. RESULTS AND DISCUSSION
As result of the first stage of the study the chemical composition of the sorghum and miscanthus biomass were
measured (Table 1).
Table 1. Chemical constitution the sorghum and miscanthus biomass
Raw
material
Sorghum
Miscanthus

Moisture Cellulose Hemicelluloses Lignin
[%]
[%]
[%]
[%]
11.5
26.2
25.9
16.1
5.0

42.1
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On the basis of the results it can be observed that:
 the miscanthus biomass has higher cellulose and hemicellulose content in comparison with the sorghum
biomass, which components are potential substrates for enzymatic hydrolysis and fermentation process,
 the sorghum biomass has lower lignin content than the miscanthus biomass, what undoubtedly is an
advantage of the sorghum in terms of the biofuel production,
 the miscanthus biomass is characterized with the lower moisture than the sorghum biomass, what
undoubtedly results from later harvesting of miscanthus from the field than of the sorghum.
The raw materials were subjected to the disintegration on a percussive mill with mesh size 1.8 mm and the sieve
analysis was made of the sorghum and miscanthus biomass (Figure 3). The results allow for observing that the
distribution of specific fractions of sorghum and miscanthus is similar, where the highest amount were found for
fractions at 0.1-0.5 mm and 0.5-1 mm [6]. In terms of further processing the best particles are as small as
possible with homogenous size. Disintegration of the raw materials enables to destroy partially the crystalline
cellulose structure and improves susceptibility of the lignocellulosic complex polymers to the action of chemical
agents.

Figure 3. Sieve analysis of the sorghum and miscanthus biomass after
the percussive mill disintegration (mesh - 1.8 mm)
In order to determine the efficiency of the physicochemical processing of the sorghum and miscanthus biomass,
the content of reducing sugar was measured by Miller’s method in the enzymatic test. Figure 4 presents obtained
quantities of reducing sugar from the sorghum and miscanthus biomass depending on the concentration of
sulfuric and lactic acids.

Figure 4. Content of reducing sugar from sorghum and miscanthus biomass after pretreatment with acids
The values of the reducing sugar in the enzymatic test from the sorghum and miscanthus biomass after
pretreatment with acids allowed for selection of the optimum type and concentration of the acid, that is sulfuric
acid at the concentration from 0.5% and above. This suggests that the raw material, in particular the sorghum
biomass, obtained in this way is more susceptible to the enzymatic hydrolysis. Moreover, no significant effect of
the incubation time with sulfuric acid (0.5%) was observed on the content of reducing sugar.
Next, we determined the effect of the autoclaving process parameters - temperature and time, on the content of
reducing sugar from the sorghum and miscanthus biomass, after 10 minute pretreatment with sulfuric acid
(0.5%) - Figure 5.

Figure 5. Content of reducing sugar from sorghum and miscanthus biomass after autoclaving process
The content of reducing sugar determined with Miller’s method from sorghum and miscanthus biomass after
autoclaving process showed that this process increased susceptibility of the raw materials to the enzymatic
hydrolysis. The efficiency of the autoclaving process depends mostly on the temperature and to a lesser extent on
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the time of the process. It was found that higher values of the reducing sugar from the raw materials were
achieved after the autoclaving process run at 121oC, slight increase was also observed for 134oC, in time from 15
to 60 minutes, in particular in case of the sorghum biomass.
The results indicate the necessity of pretreatment in processing of lignocellulosic raw materials and confirm
usefulness of saturation with diluted acids and pressure steam explosion for preliminary degradation of
lignocellulosic substrate prepared for further stages of bioethanol production i.e. enzymatic hydrolysis and
fermentation process.
IV. CONCLUSIONS








Raw material i.e. sorghum and miscanthus biomass is as much important for bioethanol production as
selection of optimal bioprocessing technology, namely, saturation with diluted acids and pressure steam
explosion.
The content of reducing sugar determined with Miller’s method from sorghum and miscanthus biomass
showed that pretreatment of the raw materials with sulfuric acid (0.5-2%, 2% was regarded as optimal) for 10
minutes, followed by the autoclaving process at temperature 121-134oC for 15-60 minutes (134oC and 60
minutes were regarded as optimal) is an effective method of the pretreatment.
Sorghum biomass shows higher content of reducing sugar after physicochemical pretreatment in comparison
to miscanthus biomass, what might be linked with the presence of high amounts of monosaccharides in the
material along with polysaccharides.
The pretreatment of the lignocellulosic biomass is critical for the production of cellulose ethanol, having
significant effect on the consecutive processes.
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ABSTRACT
ABE fermentation of steam-exploded and ozonated wheat straw by Clostridium beijerinckii DSM 6422 was
studied applying two different operational strategies, separate hydrolysis and fermentation (SHF) and
simultaneous hydrolysis and fermentation (SSF). In SHF assays, 11.4 g/L ABE (7.2 g/L butanol) were obtained
in steam-exploded hydrolysates from 37.3 g/L total sugars using the whole slurry from pretreatment, while 7.1
g/L ABE (4.9 g/L butanol) were achieved in washed ozonated hydrolysates from 30.8 g/L total sugars after
enzymatic hydrolysis. SSF experiments did not result in successful findings probably due to the presence of the
solid phase in hydrolysates. Model ABE fermentation of 20 g/L glucose and 10 g/L xylose was also studied in
order to observe the diauxic behavior of C.beijerinckii.
I. INTRODUCTION
The diminishing crude oil reserves worldwide, the rising demand of fossil fuels, its unstable price in addition to
increasing concerns over CO2 emissions and global warming have reemerged the interest in the production of
biobutanol as a chemical and alternative liquid biofuel. Butanol has similar energy value to gasoline and better
properties compared to ethanol. Butanol application as a replacement for gasoline will outpace other renewable
fuels such ethanol, biodiesel and hydrogen because of its safety and simplicity [1].
Biobutanol from lignocellulosic biomass such low cost sugar crops, grasses and agricultural waste products
could be a good alternative to fossil fuels reducing both consumption of crude oil and environmental pollution.
Among agricultural products, straw from cereal crops is the major by-product in Europe. In Spain, the annual
production of wheat straw exceeds 4x106 tonnes [2], thus this lignocellulosic material represents an abundant,
cheap and readily available source for the bioproduction of butanol.
In this study, the use of wheat straw as raw material is analyzed for butanol production. The pretreatment is a
crucial step in biofuels production from lignocellulosic biomass via enzymatic pathway. Two different
pretreatments have been applied to wheat straw in order to compare its effects, steam explosion and ozonolysis.
After this step, the enzymatic hydrolysis of pretreated wheat straw has been carried out and the hydrolysates
have been used as a substrate for ABE fermentation by C.beijerinckii using both hexoses and pentoses.
Simultaneous hydrolysis and fermentation has been also studied.
II. EXPERIMENTAL
II.1. Raw material
Wheat straw was acquired from an agricultural area close to Valladolid, Castilla y León, Spain. Particles sizes
about 1-1.5 cm. were obtained using a laboratory scale mill and raw material was kept in an oven at 37 ºC until
use.
II.2. Wheat straw pretreatments and enzymatic hydrolysis
Operating conditions of steam explosion and ozonolysis pretreatments of wheat straw have been reported in our
previous studies [3],[4]. Stirred tank reactors were used to perform enzymatic hydrolysis of pretreated wheat
straw containing 10% (w/w) of dry solid. The assays were carried out applying 175 rpm mechanical agitation,
50ºC, pH 5 and 72 hours of reaction time. Enzymes were kindly donates by Novozymes (Denmark) and a
mixture of Celluclast 1.5L and Novozym 188, 0.11 g/g cellulose and 0.05 g/g cellulose, respectively, was added.
After hydrolysis, samples were withdrawn, centrifuged, filtered (0.22 mm) and stored for analyses.
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II.3. ABE fermentation
II.3.1. Microorganism
Clostridium beijerinckii DSM 6422 was used as a fermentative microorganism in this study and it was obtained
from the German Collection of Microorganisms (DSMZ, Leibniz, Germany). Reinforced Clostridial Medium,
RCM, (Fluka, Sigma-Aldrich, Spain) in Hungate tubes (18 x 150 mm) in spore form and conserved at -20 ºC
under anaerobic conditions.
II.3.2. Fermentation assays
Model fermentation experiments were carried out in a stirred tank bioreactor (Biostat Bplus-2L Sartorius).
Temperature was regulated at 35 ºC, pH was measured but not controlled, agitation was set at 175 rpm and total
fermentation time was 120h. The growth medium was composed of (I) sugar solution: 20 g/L glucose, 10 g/L
xylose and 1g/L yeast extract; (II) vitamins solution: 0.001g/L PABA, 0.001g/L thiamine and 0.00001g/L biotin;
(III) salts solution: 0.2g/L MgSO47H2O, 0.01 g/L MnSO4H2O, 0.01 FeSO47H2O and 0.01 NaCl and a (IV)
acetate buffer solution composed of: 0.5 g/L KH2PO4, 0.5 g/L K2HPO4 and 2.2 g/L ammonium acetate. The
sugar solution was autoclaved with the reactor while the solutions II, III and IV were sterile filtered thereafter
(0.22 µm).
Precultures were grown in serum bottles with rubber septum under anaerobic conditions flushing free O2
nitrogen. Before inoculating the preculture with the first post-sporal Hungate-tube culture, a heat shock was
performed at 80ºC for 3.5 min to stimulate the germination of spores. The preculture was then inoculated (10%
v/v) and incubated at 35ºC without agitation for 24 h. Initial pH of fermentation broth was set at 6.2 by addition
of NaOH 3M.
Fermentation of wheat straw hydrolysates was carried out at the same conditions as above. The solid fraction of
hydrolysates was separated by vacuum filtration. After sterilization, II, III and IV solutions were sterile added to
the medium. The preculture was then inoculated (10% v/v) and initial pH was set at 6.2. All the experiments
were carried out in duplicate.
II.3.3. Simultaneous Saccharification and Fermentation (SSF)
Steam exploded and ozonated wheat straw was also simultaneously hydrolyzed and fermented in screw cap
250mL flasks with a dry matter content of 10% (w/v). After sterilization, II, III and IV solutions and the enzyme
cocktail were sterile added to the medium. All SSF tests were preceded by a prehydrolysis step for 24 hours at
the same conditions reported in II.2 paragraph. The preculture was inoculated (10% v/v), initial pH was set at 6.2
and temperature was maintained at 37 ºC.
II.4. Analytical methods
Sugars, acids and solvents concentration were determined by HPLC. The detector was based on the refractive
index measurement. An Aminex HPX-87H column was used enabling quantification of glucose, xylose, acetic
acid, oxalic acid, butyric acid, ethanol, acetone and butanol. Operational conditions were 0.01 N H2SO4 as
mobile phase, at a flow rate of 0.6 mL/min and 30 ºC. All the samples were centrifuged at 5000 rpm for 5
minutes and filtered before being analyzed. Biomass concentration was determined by the correlation between
the absorbance at 600 nm and dry weight of biomass.
III. RESULTS AND DISCUSSION
III.1. Effect of pretreatments on wheat straw
Wheat straw was subjected separately to different pretreatments: steam explosion (hereinafter denoted as SE), a
physical-chemical pretreatment and ozonolysis (hereinafter denoted as OZ), a chemical pretreatment, which
improved sugar release in the subsequent enzymatic hydrolysis. The pretreatment conditions were optimized in
previous studies [5], [6]. In short, steam explosion caused 56.2% of hemicellulose removal in pretreated biomass
compared to raw material, contrary to ozonolysis, which resulted in 33.4% of acid insoluble lignin (AIL)
solubilization increasing the percentage of acid soluble lignin (ASL) compared to untreated wheat straw.
III.2. ABE fermentation of model solutions
Model fermentation assays were carried out in order to study the performance of C.beijerinckii on a mixed
substrate composed of approximately 20 g/L glucose and 10 g/L xylose. Figure 1 depicts glucose and xylose
consumption, solvents production and cell concentration. As regards sugars uptake, a diauxic behavior was
observed since C. beijerinckii consumed preferably glucose than xylose. These results are in accordance to other
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researchers [7] Ezeji et al. (2007) who observed glucose preference over xylose, arabinose and mannose in this
order on model ABE fermentation by C.beijerinckii BA101.
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Figure 1. Glucose and xylose consumption, cell growth and solvents production during the fermentation process
of mixed substrate by C. beijerinckii DSM 6422.
Glucose was exhausted after 48h and xylose was completely consumed in 96h. In regard to solvents production,
total ABE concentration reached values of 7.7 g/L, 2.8 g/L acetone and 4.9 g/L butanol, although ethanol did not
appear in detectable concentration. The biomass concentration reached a maximum value of 2.3 g/L. The ABE
yield, calculated as the ratio between total solvents produced and sugars consumed, reached a value of 0.25 g/g.
These results are in the range of those obtained by other researchers [7] who reached 0.32 g ABE/g sugars
consumed from 55.0 g/L mixed substrate.
III.3. Comparison between separate hydrolysis and fermentation (SHF) and simultaneous hydrolysis and
fermentation (SSF) using pretreated wheat straw.
Two operational strategies, SHF and SSF, were studied for ABE fermentation of steam-exploded and ozonated
wheat straw hydrolysates by C.beijerinckii.
In SHF assays, the enzymatic hydrolysis was performed separately at optimal temperature of 50 ºC obtaining
37.3 g/L of total sugars (24.7 g/L glucose and 12.6 g/L xylose) in steam-exploded wheat straw hydrolysates
using the whole slurry from pretreatment and 30.8 g/L of total sugars (23.7 g/L glucose and 7.1 g/L xylose) in
ozonated hydrolysates washing the solid fraction (0.1 L water/g dry matter) after pretreatment. After
pretreatments and enzymatic hydrolysis, 65.7% and 63.2% of glucose was released and 61.0% and 34.5% of
xylose was recovered in steam-exploded and ozonated hydrolysates, respectively.
Figure 2a-b shows final sugars, acids and solvents concentration after SHF and SSF experiments of pretreated
wheat straw hydrolysates.
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Figure 2a-b. Final sugars, acids and solvents concentration in SHF and SSF experiments.
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As shown in the figure, C.beijerinckii was not able to ferment sugars in SSF assays and consequently negligible
amounts of solvents were detected in samples. In contrast, when performing SHF assays, sugars consumption
and solvents production were observed. It can be concluded that the solid phase affected negatively the
performance of C.beijerinckii.
In steam exploded hydrolysates, 90.8% and 73.1% of glucose and xylose were used respectively after 120h of
process. Solvents production resulted in 11.4 g/L ABE, consisting of 4.2 g/L acetone and 7.2 g/L butanol. ABE
and butanol yields obtained were 0.40 g/g and 0.25 g/g, respectively. In ozonated wheat straw hydrolysates
75.6% glucose and 77.4 % xylose were consumed by C.beijerinckii. In this case, lower solvents production were
achieved compared to steam-exploded hydrolysates (7.1 g/L ABE) and 0.32 g/g ABE yield and 0.18 g/g butanol
yield were obtained.
IV. CONCLUSIONS
ABE fermentation of steam-exploded and ozonated wheat straw hydrolysates can be performed efficiently by
Clostridium beijerinckii DSM 6422 performing hydrolysis and fermentation separately. In SHF assays, 0.40 g/g
ABE yield was obtained in steam-exploded hydrolysates and 0.32 g/g in ozonated hydrolysates. In SSF
experiments, the solid phase could probably affect negatively the performance of C.beijerinckii. ABE yield was
lower in model fermentations (0.25 g/g), which indicates the presence of some compounds in hydrolysates that
affected positively the process.
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ABSTRACT
Modifying fibers in order to upgrade them to dissolving grade involves several changes. Paper grade
pulps can be used to yield this kind of raw materials, if the necessary modifications are carried out. Classic
processes are capable of producing these changes. However, these classic processes present many drawbacks. In
this direction biotechnology, and particularly enzymes, are attracting an increasing interest due to the special
features they present.
Enzymes (glycosidases) are applied in this work on an alkaline TCF bleached sisal pulp. A xylanase
and a cellulase preparation, both commercial, are applied on this pulp in order to evaluate their potential as
catalysts for carrying out the previously stated upgrade. The main objective is to remove hemicelluloses present
in starting pulp, which are an undesirable impurity in final product. Other modifications are as well profitable,
such as increases in cellulose reactivity, a key parameter in dissolving pulps quality. After application, it is
observed that final pulps present a lower content in hemicelluloses, a higher reactivity as well as other positive
modifications.

I.INTRODUCTION
A growing interest in society is nowadays observed to move towards a bio-based economy where a
bigger part of our daily products can be provided by agriculture. In this direction, making agriculture not just a
food provider, but a producer of other raw materials, maybe taking advantage of non-food residues generated by
food cropping or cultivating other fiber-providing species, can be a good way to move towards this new
economic model. Despite wood pulps are by far the main source for pulp and paper production and non-wood
fibers only occupy small niches [1] (e.g. specialty papers), the use of non-wood fibers is attracting a growing
attention in the last years.
Dissolving pulps are a raw material used in the manufacture of many products, textile materials such as
viscose, or other derivatives from cellulose such as carboxy-methil cellulose (CMC) [2]. Traditionally,
dissolving pulps have been produced in industry by two processes: pre-hydrolysis Kraft and sulphite process.
Manufacturing of this kind of pulps implies higher costs than the ones for obtaining paper-grade cellulose.
Furthermore, pulps obtained through this processes present some problems such as a broad molecular weight
distribution or a low viscosity for a specific purity grade. For this reason, there is a growing interest in studying
methods for upgrading paper-grade pulps to dissolving-grade pulps. Many possibilities of processes have been
studied to carry out this modification, among them enzymatic hydrolysis of different components of
lignocellulose has attracted special attention because of its potential as a “green” process. Taking advantage of
its selectivity, enzymatic treatments can be held using endoglucanases or xylanases to modify pulps in a desired
way. Desired characteristics in final pulp are: Low content of hemicelluloses (below 5%), high proportion of αcellulose (normally ≥ 94%), a high reactivity and only traces of lignin, extractives or minerals [2–5]. Regarding
enzymes, cellulases are mainly used in bibliography to increase reactivity by cleaving cellulose chains.
Xylanases, by their side, are used to hydrolyze xylans and therefore reducing their content on pulp. These
enzymes have been traditionally used in pulp and paper industry for pulp bleaching [6–8]. However, in this work
they are applied on bleached pulps with a different purpose, which is to eliminate hemicelluloses and take their
concentration to desired levels. Hemicelluloses are undesirable impurities in dissolving pulps, they affect
cellulose processability (filterability and xanthanation in the viscose process), and properties on the final
product, such as fiber strength [9].
This study focuses on the possibility of using a bleached - paper grade - non-wood pulp, from sisal
(Agave sisalana), to obtain a dissolving quality pulp by means of enzymatic treatments. A TCF bleached sisal
pulp is used. Treatments with cellulase and xylanase are applied to study the possibility of carrying out this
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upgrade. The main objective of this work is to remove as much hemicelluloses as possible from initial pulp,
whereas treatments with cellulases are intended for other modifications such as increasing pulp reactivity [10].

II.EXPERIMENTAL
Pulp and Enzyme
A TCF bleached pulp from sisal (Agave Sisalana) is used. Pulp was provided by Celesa (Spain), and
was obtained by an alkaline NaOH-AQ process. A xylanase (X) and a combination of cellulase and xylanase
(Cx), both commercial, are used for treatments. They are provided by Fungal Bioproducts (Spain). Activities as
U/g extract, measured in our laboratory [11] were: 11000 U/g for the xylanase (X); and 1700 U/g and 680 U/g
for the cellulase and xylanase activity on the combination (Cx), respectively. Cellulase activity is expressed as
CMCase units.
Enzymatic Treatments
Treatments with Cx enzyme were performed in plastic bags on a thermostatic water bath at 55ºC, 10%
consistency and pH 5, adjusted with 50mM sodium acetate buffer. Applied dose was 10U/g odp (always
indicated as CMCase units) and reaction was carried out for 2 hours with manual agitation every 10 minutes.
Treatments with X enzyme were applied in plastic bags on a thermostatic bath at 50ºC, 10% consistency and
pH7, adjusted with 50mM Tris-HCl buffer. Applied dose was 10U/g odp and reaction was carried out for 2 or 5
h, with manual agitation every 10 minutes. Pulps are treated with Cx and X alone and sequentially with Cx and
then X for two different time lapses.
Controls (reference pulp) are pulps treated the same way as enzyme-treated pulps but with no enzyme addition.
Pulp properties
Kappa number and viscosity of initial and treated pulps are determined according to ISO 302:2004 and
ISO 5351:2010 respectively. HexA content is determined according to Tappi T 282 pm-07 method.
Carbohydrate composition of initial and treated pulps is determined using high performance liquid
chromatography (HPLC). Samples are studied on a duplicate basis using a modified version of TAPPI 249 cm09 test method [6,7,9]. Pulp reactivity is determined using a slightly modified version of Fock’s method [2].
Carbohydrate presence on effluents is also analyzed by HPLC. Neutralized (pH 7) and filtrated samples are
analyzed using a Bio-Rad Aminex HPX-42A column for oligosaccharides resolution.
Samples treated with cellulase mixture are referred as Cx, xylanase treatments are refered as X2 or X5 (2h or
5h). Reference pulps are named the same way with a letter “K” before the sample name (e.g. “KCx”).

III.RESULTS AND DISCUSSION
In this work, treatments with xylanase and cellulase were applied with the intention of evaluating their
capacity to remove xylans from a pulp with high hemicelluloses content, as well as other modifications. As it has
already been said, hemicelluloses represent an undesirable impurity on dissolving pulps.
As seen on Table 1, TCF bleached sisal pulp has a high content in hemicelluloses (over 16%). Most of
these hemicelluloses need to be eliminated in order to achieve the desired purity of cellulose. Furthermore, this
pulp presents a relatively high kappa number (KN) for a bleached pulp, probably because of its high content on
hexenuronic acids (HexA), which may affect its value [12]. In order to improve final characteristics of this pulp,
it is important to reduce the presence of these compounds as well, and as a consequence, probably reduce KN
value to obtain a better quality in final product.
Table 2 indicates pulp characteristics after treatments with X and Cx. Xylanase treatments (X2 and X5)
are effective reducing kappa number in pulps on both reaction times. Taking into consideration that lignin
content in starting pulp is very low (close to 1%), this reduction is mainly attributable to HexA removal, which
values are also indicated and are in fact diminished with treatments. Viscosity is not affected with this
hemicellulase, and values actually increase slightly, probably due to the elimination of shorter chains of
hemicelluloses [7]. Cellulase combination (Cx), as stated in experimental section, contains also a xylanase
activity, in a lower proportion than cellulase but also present. This xylanase activity can be noticed in KN and
HexA values, both reduced after treatments with this enzyme. As expected, viscosity is also reduced after all
treatments with cellulase. Cleavage of cellulose chains reduces cellulose degree of polymerization and thereafter,
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pulp viscosity. Combination of both enzymes provoked a greater reduction in HexA content and KN, even
though no synergic effect seems to be observed.

ISO Brightness (%)

82.1 ± 0.3

Kappa Number

4.3 ± 0.2

Viscosity (mL/g)

616 ± 41

HexA (µmol/g odp)

48.1 ± 0.1

Hemicelluloses (%)

16.1 ± 0.2

Sugars (mg/mL)

Table 1 – Starting values of TCF
bleached Sisal Pulp

Time (h)

2

5

Xylotriose

0.821

0.936

Xylobiose

0.517

0.788

Xylose

0.096

0.145

Table 3 – Xylooligosaccharides concentration in
reaction effluents after treatments with xylanase.

KN

Viscosity (cm3/g)

HexA (µmol/g odp)

X2

3.4 ± 0.02

657 ± 11

36.5 ± 0.9

KX2

4.8 ± 0.1

617 ± 20

40.3 ± 0.7

X5

2.9 ± 0.1

692 ± 22

35.9 ± 5.4

KX5

4.7 ± 0.03

641 ± 8

40.2 ± 0.2

Cx

4.01 ± 0.27

431 ± 6

33.5 ± 2.5

KCx

4.74 ± 0.1

628 ± 1

41.4 ± 2.8

Cx + X2

3.7 ± 0.33

486 ± 3

33.1 ± 1.1

Cx + X5

3.27 ± 0.08

475 ± 16

32.8 ± 2.5

KCx + X2

3.91 ± 0.1

647 ± 23

35.5 ± 2.1

KCx + X5

4.02 ± 0.26

665 ± 6

35.5 ± 0.8

16

60

15

50

Pulp reactivity (%)

Xylans in pulp (%)

Table 2 – KN, viscosity and HexA content of pulps after treatments with xylanase
(X) and cellulase combination (Cx). Reference treatments are also indicated.

14
13
12
11
10

40
30
20
10
0
KX2

X2

KCx

Cx Cx + X2

Figure 1a – Hemicelluloses (as % xylans) content of samples after treatments. Figure 1b – Pulp reactivity
values, as % of reacted cellulose, after treatments with X, Cx and both combined.

As known from literature, HexA are contained in fibers as part of hemicelluloses [13]. So, as it is
expected, a good correlation can be observed between contents of both components on Figure 1a. Cellulase
combination itself reduced hemicelluloses content in fibers with its xylanase activity, as already commented for
HexA. The greater reduction in content of hemicelluloses is obtained with the xylanase after 5h of treatment,
which does not seem to be enhanced by the pretreatment with cellulase, as similar values are reached for X5 and
Cx+X5 samples. Their combination resulted useful for shorter reaction times with xylanase (Cx+X2). However
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it does not seem to provide an evident additional benefit in removing hemicelluloses, Cx enzyme shows to be
capable of producing another crucial modification in pulps: increasing their reactivity. Pulp reactivity as
measured by Fock’s method is a key-parameter in dissolving quality pulps, especially if their final application is
viscose manufacture [10]. Figure 1b shows that xylanase does not modify this property, as reference and treated
pulps show similar values. Cellulase treatments, by their side, increase reactivity over a 200%. This occurrence
has already been reported and explained in literature [10,14] and in this particular case shows the importance of
treatments with both enzymes for a proper upgrade of initial pulp to the desired quality
In order to better understand enzyme’s action over pulp, sugar presence in reaction effluents is studied.
Table 3 indicates xylose oligosaccharides concentration after treatments. As expected higher concentrations are
found after longer treatments (5h compared to 2h), and among oligosaccharides their concentration decreases
with their polymerization degree. Xylotriose concentration is almost 10 times higher than xylose, and this
proportion remains the same at both times (X2 and X5). It is important to remark that reference treatments show
only traces of the mentioned sugars in reaction liquors.

IV.CONCLUSIONS
Treatments with both glycosidases show to be very effective modifying sisal fibers in order to upgrade them
to a dissolving grade pulp. Xylanase is capable of removing effectively hemicelluloses from fibers, and cellulase
utility for this conversion is related to its capacity of increasing pulp reactivity. Both modifications together with
other secondary benefits obtained, make these treatments a promising alternative to traditional processes.
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ABSTRACT
With the development of sustainable processes and the need for bio-carbon and bio-energy in different industrial
sectors, lignin from black liquor gains more and more interest. Kraft black liquor contains approximately 30% of
lignin, which are easily isolated by acidification. Softwood kraft lignin from industrial black liquor was
precipitated by CO2 neutralization. Trials were scaled-up from laboratory scale to pilot scale, which allows
producing from 100 g to 10 kg o.d. of lignin. Several isolation/washing procedures were tested and compared:
sedimentation, centrifugation, and filtration. The production yield, lignin purity, sulfur and minerals contents, as
well as elemental composition of prepared lignin showed a relatively good repeatability of the laboratory-scale
isolation procedure for five replicates. Nevertheless, the particle size was slightly affected by the separation
technique used. The larger-scale production of 1 kg - 10 kg led to a similar quality of Kraft lignin with
production yields maintained at 62% (g. of dry lignin/ 100g of initial lignin amount in liquor). Centrifuge and
spin dryer filtration appeared as a suitable technology for laboratory and large scale production.
I. INTRODUCTION
50-70 million ton/year of lignins are potentially available from pulp processes in the world.
Only 1% is available on the market mainly recovered from cooking liquors of the chemical pulping industry, and
marketed as thiolignin and lignosulfonates [1][2][3]. Indeed, most of the lignins solubilized in black liquor are
used to feed the recovery boiler, contributing to the production of steam for energy self-sufficiency of the mill.
However, recovery boiler capacity is usually the bottle-neck of the pulp productivity. Therefore, lignin extraction
from black liquor appears as an interesting solution to increase the pulp mill productivity, together as a
promising way to turn the pulp mill into a biorefinery [4][5][6]. .Indeed, lignin with its aromatic chemical
structure represents a potential new source of aromatic chemicals and other products for the substitution of
petroleum-based products, in addition of its fuel value [1][2][3]. Recent industrial investments in the patented
LignoBoostTM technology, show increasing interest of pulp companies for lignin exploitation [7][8].
Kraft pulping process is the dominant chemical pulping process for making pulp from wood. It uses a
combination of sodium hydroxide and sodium sulfide to delignify the wood by causing cleavage of α and β-aryl
ether linkages of phenylpropane units of the lignin polymer. Phenolic hydroxyl groups (L-OH) are formed as
well as few thio-lignins (L-SH). In alkali, lignin degradation products are dissolved under phenolates (L-O-) and
ligno-sulfides (L-S-) form as it is in the cooking liquors. Thus, black liquor contains between 27% to 37% of
lignin, in addition of ~30% of organic acids and 8-12% of extractives and hemicelluloses [9][10].
Kraft lignin is usually extracted by acidification of the black liquor, using sulfuric ac and/or carbon dioxide.
After precipitation, lignin is recovered by filtration or centrifugation. Lignin phenolates neutralization occurs at
pH 9-11, leading to the lignin precipitation. An additional pH decrease neutralizes carboxylic groups and allows
better precipitation yields. Extraction yields of 35%, 70%, 80% and 90% were obtained after acidification of
black liquor until pH 9.5; 9; 8 and 2, respectively [11][12] [13]. The quality of the lignin is however highly
dependent on the final pH. At pH<4, the lignin was found as a fine powder forming a tacky gel difficult to
filtrate [11][16]. Neutralization is usually performed in warm diluted black liquor at 30-35% dry content
[14][15]. The precipitation temperature was found to be critical when producing a filterable lignin. The optimum
temperature varied between 60°C and 90°C. Tacky lignin, leading to filtration plugging has been formed for
temperature higher than 85°C [11][16]. Purifying lignin fractions by washing proved to be difficult due to the
problem of lignin re-dissolving in the wash water [17]. Washing with diluted sulfuric acid (pH 1-2) allowed
producing a good quality of lignin (Na<0.065% and S<1.2%) [17][18].
In the framework of the forest-based biorefinery deployment in France, and especially in order to develop the
use of lignin as new green-chemicals and green products, CTP and FCBA have implemented the extraction of
industrial kraft lignin. The reproducibility of standard lab-scale procedure based on carbon dioxide precipitation,
and diluted sulfuric acid washing was evaluated on an industrial black liquor of a softwood pulp mill. The
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separation of the lignin suspension was worked out in a spin-dryer apparatus for the up-scaling of lignin
extraction (10kg batches).
II. EXPERIMENTAL
Industrial black liquor (BL) from a French mixed-softwood kraft pulp mill was collected in the evaporation stage
of the chemical recovery circuit, at a concentration about 50% in solids and a pH of 10.3. The lignin content of
the liquor was about 35.7% (i.e. 29% KL (Klason lignin) [19] and 6.7% ASL (acidic soluble lignin) [20]).
The laboratory-scale procedure, developed according to Alèn et al.[14][15] and Öhman et al. [21], as already
described [22], was performed at 70°C. Carbon dioxide was introduced at 60 L/h in 1 L of diluted black liquor
solution (40% dm) under continuous stirring until a final pH 8. The lignin suspension was centrifuged at
8000g/10 min, and washed three times by an acidic solution of diluted sulfuric acid at 2%.
A large-scale procedure was developed according to the laboratory-scale method, in a 50 L thermostatic tank
reactor equipped with special turbine, with a CO2 flow of 120 L/h under stirring until a final pH 9. The lignin
suspension was separated in 60L ROBATEL spin-dryers. The lignin was washed by re-dispersing the lignin cake
in a diluted sulfuric acid solution at 2%, before spin-drying. Washing sequence was repeated 3 times. The dry
matter of the lignin was of 70%, and 90% after 3-5 days air drying at 25°C.
The dry matter, ash, and lignin contents of the prepared lignin samples were determined according to NF EN
ISO 638 [23], Tappi T222om-02 [19] and Tappi UM 250 [20] respectively. Elemental analysis (C,H,O,N) was
performed with a Vario Micro Cube Elementar. The total sulfur content was determined by ICP-OES according
to ISO 11885 [ 24 ]. The size distribution of the particles was measured by means of a laser diffraction
granulometer Malvern Mastersizer 2000. The powders were coated with Au/Pd and observed in secondary
electron mode with a JEOL JSM-6100 scanning electron microscope operated at 8 kV.
III. RESULTS AND DISCUSSION
Five laboratory-scale experiments were performed as described above. Depending mostly on the stirring
efficiency, the CO2 introducing time was between 1 hour to 2,5 hours to reach the final pH of 8 (Figure 1).
Approximately 100g of lignin samples were isolated. The final dry matter content was of 85-88% after 5-7 days
of air-drying. The five laboratory-scale experiments were highly repeatable with extraction yields between 23%
and 26% (g o.d. matter/100g of initial o.d. matter in the BL). Considering the initial lignin content of the black
liquor (BL), the production yields were between 63% and 70% of the initial lignin (Figure 2). The washed lignin
presented a high purity of 90-96% of lignin contents, with less than 1.5% of ash, and 63–65.5% of carbon (Table
1). Its sulfur content was between 2% and 2.5%, very similar to the lignin LignoBoost-Bächammar samples
[7][25].

Figure 1: The pH lowering rate of the five laboraty-scale
experiments for lignin precipitation

Figure 2: Extraction yields of the five lignin samples
prepared at the laboratory-scale, according tot he initial
dry matter content and initial lignin content

The up-scaling was firstly performed at medium-scale with 5L of BL. Approx. 500g of lignin (SemiP6) were
isolated using a 4L ROBATEL spin-dryer. The washing sequences were optimized and it was found that two re-
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dispersing stages of the lignin filter-cake in acidic solution at a ratio of 10 (L/S) were efficient to get pure lignin
(> 90%) with low minerals contents (Table 1). This washing methodology was applied for the production of 10
kg of lignin (P7) according to the large-scale procedure, using 60L ROBATEL spin-dryer. The large scale
procedure led to highly similar results as laboratory-scale and medium-scale experiments with a high pure lignin
(95%), containing only 0.14% of minerals (Table 1).
The lignin particles were made up of small agglomerates of grains. The particle size of the different lignin
samples was also very similar with a mean diameter around 15 µm, with a slight difference of the particle size
distribution (Figure 3).
Table 1: Chemical composition of the prepared lignin samples (in % of dry sample)

Experiment
Lab1
Lab2
Lab3
Lab4
Lab5
SemiP6
P7

Lignin
92
90
92
94
96
96
95

Ash
1.4
1.5
0.7
1.0
0.7
0.9
0.14

C
63.9
63.2
64.7
64.8
64.2
65.5
-

H
5.2
5.2
5.2
5.2
5.2
5.2
-

20

8

%vol.

6

15

4

10

2

5

0

O
26.7
26.9
26.3
26.6
27.3
25.9
-

N
0.1
0.1
<0.1
0.1
<0.1
<0.1
-

S
2.36
2.51
2.44
2.11
2.52
2.05
-

%vol.

0
0.01

0.1

1
10
100
diameter (µm)

1000

0.01
(a)

0.1

1
10
diameter (µm)

100

1000
(b)

Figure 3: SEM micrographs and particle size distribution of prepared lignin samples Lab 1-5 (a) et SemiP6 (b)

IV. CONCLUSIONS
The preparation of Kraft lignin from industrial black liquor was studied according to a neutralization stage using
carbon dioxide and washing stages with a diluted sulfuric acid solution. Laboratory-scale experiments with
separation by centrifugation showed high reproducibility. Lignin yields were of 65% ± 5% with 93% ± 3% of
purity for the five prepared samples. Spin-dryer technology showed good efficiency in the separation of lignin
suspension at large-scale, with similar yield and purity than those laboratory preparations.
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ABSTRACT
During the cook, the main part of the fatty and resin acids forms soluble sodium soaps; however, some very
insoluble metal soaps with divalent cations, especially calcium and manganese, are also formed, which will
affect the balance of the cations. The precipitated divalent metal soaps may form troublesome deposits on the
process equipment (e.g. wash presses) and on the pulp product. In this work, a process simulation program,
extended with a tool that handles chemical equilibrium calculations, has been used to study the influence of
some parameters on the precipitation of calcium soaps of fatty acids in black liquor. The results show that the
precipitation is affected by e.g. calcium and fatty acid concentrations, carbonate concentrations, the type and
concentration of organic compounds forming soluble complexes with Ca and pH. The simulations may be used
to illustrate how changes in mill conditions will affect the formation of calcium soaps and thus to evaluate the
risk of their precipitation.
I. INTRODUCTION
Lipophilic extractives, mainly fatty and in softwood also resin acids, are dissolved in the black liquor as sodium
soaps during kraft cooking process. The solubility of the soaps decreases with increasing ionic strength during
evaporation of softwood liquors, leading to separation of the soap phase which can subsequently be acidified and
converted to tall oil. Certain non-process elements, e.g. (Ca, Mg, Mn, Cu and Fe), will also form soaps with fatty
acids; their solubility is however extremely low, which may lead to various process problems in the fiber line
and the recovery area. The sparingly soluble metal soaps may precipitate in the black liquor evaporators,
possibly enhancing the formation of other scales. These soaps are also enriched in the separated soap and
thereafter released at the acidulation stage; if the spent brine is returned directly to black liquor evaporation, a
dangerous buildup of metal cations in the black liquor may result. If carried to the fiber line, the soaps, especially
these of Ca, may form troublesome deposits on pulp thus greatly reducing the quality of the final product.
The solubility of a specific metal soap depends on the length of, and the number of double bonds in, the fatty
acid chain. Long, saturated fatty acids form the most insoluble calcium soaps [1] and have earlier been shown to
follow the pulp to the fiber line in a higher degree than unsaturated or shorter fatty acids [2]. However, since the
unsaturated fatty acids (e.g. oleic and linoleic), dominate in wood resin, their soaps may still constitute a
substantial part of the precipitate. The resin acids, which do not form calcium soaps during pulp washing, are
washed out very efficiently in the fiber line.
The main source of non-process cations in the kraft process is wood raw material. While this is certainly true for
Mn, some Ca can also be introduced to the cooking stage with white liquor, while Mg can deliberately be added
as a bleaching aid, in form of MgSO4, to oxygen delignification or as washing aid (talc) to the fiber line. Since
there is a great molar abundance of fatty acids compared to metal ions in the digester, the formation of metal
soaps will to some extent affect the balance of the cations. Further, depending on the pH and liquor composition,
other precipitates can be formed, especially CaCO3, known to form troublesome deposits in both kraft cooking
and evaporation, as well as MnS. Understanding the chemistry of metal cations in black liquor solutions is
therefore vital for assuring the uniform operation of the kraft process.
When considering the chemical reactions of metal cations in kraft cooking, their interactions with black liquor
organic material have to be taken into account. The presence of organics is known to significantly increase the
apparent solubility of inorganics, especially CaCO3, the constants for the binding/complexation of Ca to other
organic substances, such as lignin or other black liquor organics are not well known, even though a number of
different structures have been suggested to bind metal ions [3,4,5].
II. EXPERIMENTAL
Input data for simulations
In order to establish and/or verify some of the formation constants used in the simulations a series of
experiments was conducted in model black liquor solutions [6]. The simulations have been based on analytical
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data from four different mills: Mill A (pine/spruce, 90/10 %), Mill B (pine/spruce, 20/80 %), Mill C
(birch/aspen, 80/20 %; 18 kg of tall oil per ton of pulp added to cook) and Mill D (eucalyptus, 100 %). The
calculations corresponded to two positions: the pulp leaving the digester (simulating 1 kg of wet pulp including
carry-over) and also for the black liquor withdrawn to the evaporation (1 kg of liquor). The input data is
summarized in Table 1.
Table 1. Concentrations of basic system components in samples from four mills used in simulations.
Mill/
Parameter

Pulp
DS

Mill A
Mill B
Mill C
Mill D

24
22,6
18,3
22

Fiber Ca2+
cons.

Mg2+

Mn2+ CO32- FA-0

%
12.5
12.5
12.5
12.5

4.5
6.5
4.5
8.6

3.5
3.5
3.5
4.4

0.2
0.5
0.2
0.2

165
130
200
165

1
0.5
1.5
0.1

FA-1

FA-2

RA

mmol/kg
8.6
14.4
1.7
1.3
1.7
8.3
0.3
0.6

8
1.4
1.4
0

PulpLig- LigOrgCOOH COOH PhOH COOH
15.6
15.6
15.6
15.6

14
12
18
16

192
161
236
213

350
350
350
350

Equilibrium simulation software
WinGEMS pulp mill simulator (Metso Automation) was used as a base for the soap solubility equilibrium
calculations. The program was extended with MeteQ subroutine, a tool for calculation of chemical equilibria
based on SOLGASWATER concept [7]. In MeteQ calculation, the user defines a chemical system by specifying
a number of elementary components (metal ions, functional groups, hypothetical compounds etc.) and reactions
between them, proceeding according to user-defined formation constants. The formation constants are adjusted
for temperature and ionic strength according to the Van’t-Hoff and Davies equations, respectively. The
equilibrium calculation produces concentrations of the final compounds formed for a given set of input
concentrations of the elementary components, temperature, ionic strength and pH.
In this work, the following elementary components were used: H+ (i.e. pH), Ca2+, Mg2+, Mn2+, CO32-, carboxyl
groups in the pulp fibers (pulp-COOH), kraft lignin phenolic (Lig-PhOH) and carboxyl (Lig-COOH) groups, and
carboxyl groups in dissolved organic material, mainly low molecular acids (Org-COOH). The wood extractives
were represented by saturated fatty acids (FA-0), monounsaturated fatty acids (FA-1), polyunsaturated fatty
acids (FA-2) and resin acids (RA). The formation constants were taken from previous studies: from Ulmgren [8]
for water, carbonic acid, and hydroxides and carbonates of Ca, Mg and Mn, and numbers of literature data [1,9]
for solubility of undissociated fatty and resin acids as well as their soaps. The pKa value (dissociation constant
of the acid) was set to 5.0 for all the fatty acids.
III. RESULTS AND DISCUSSION
The results of the simulations are shown in the form of distribution diagrams, where the concentrations of a
certain elementary component, in this case Ca, are presented as fractions (0-1) of the total amount of Ca present
in the system. As can be seen in Figures 1 and 2, precipitation of calcium soaps of resin acids did not take place
in any of the analyzed systems within the simulated pH interval, which is consistent with the expected high
solubility of these soaps. In all systems a dominating fraction of saturated fatty acids (98-99%) precipitated as
Ca soaps, although in Mill D the amount of saturated fatty acids was so low compared to Ca (see Table 1) that
the precipitation of soaps did not significantly affect the calcium balance.

Figure 1. Simulated distribution of Ca in two mill samples: Mill A (left) and Mill B (right); see Table 1.
The sample from the softwood Mill A was the only one that contained noticeable amounts of monounsaturated
fatty acids (FA-1) compared to Ca and only there could a formation of Ca soaps clearly be seen above pH 10. In
Mills A and C, relatively large amounts of polyunsaturated fatty acids (FA-2) were reported: they are present
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naturally in wood extractives from pine and birch raw material, and were moreover added deliberately in a form
of tall oil as a chemical aid for removal of extractives in Mill C. The simulation results for these two mills also
showed a noticeable formation of calcium soaps of polyunsaturated fatty acids. The simulation results confirm a
general hypothesis presented above, namely that even though the solubility of unsaturated fatty acid soaps is
noticeably higher than the saturated ones, they can still constitute a large part of the formed precipitate if their
initial concentration is very high.

Figure 2. Simulated distribution of Ca in two mill samples: Mill C (left) and Mill D (right); see Table 1.
As fatty acids have a valence of one, two moles of a fatty acid are needed in order to precipitate one mole of Ca
as a soap. It should be noted that only in cases of Mills A and C is the total amount of fatty acids sufficient to
precipitate all Ca; however, in none of the simulated cases was the entire Ca bound to fatty acids. Within the
interesting pH interval (9-13) a noticeable fraction of calcium was present as a soluble complex with phenolic
functional groups of lignin. This result is consistent with the industrial experience saying that precipitation of
sparingly soluble metal salts in solutions containing wood organics is significantly hindered, and that
concentrations of metals much above the theoretical solubility limits for purely inorganic solutions can be
reached in such systems. The exact molecular mechanisms behind the observed inhibition of solid phase
formation are not clear; two, mutually compatible, hypotheses are normally assumed. First, it is believed that
certain organic structures, e.g. lignin molecules containing phenolic functional groups in suitable positions, may
bind Ca and other metals in stable complexes making them effectively unavailable for precipitate formation.
Second, the surface active organic molecules may disturb the crystal growth, acting effectively as crystalmodifying scale inhibitors [10]. In actual industrial systems, these mechanisms may act together; in this work,
however, the interactions between Ca and wood organics were for simplicity modelled as complex formation
only, and the stability constants were derived from the results of solubility experiments in model solutions [6].
In three of the four simulations: Mills B, C and D, significant amounts of CaCO3 were also formed in the
interesting pH interval. This supports the assumption that the high amount of calcium in the pulp leaving the
digester is to a large degree present in the form of calcium carbonate. CaCO3 crystals, as well as Ca soaps, may
have a tendency to attach to pulp fibers and/or become effectively filtered off by the pulp phase, following it to
the fiberline. This also explains the industrial experience saying that Ca is not effectively removed from the pulp
either in the digester or in the brownstock wash and tends to follow the pulp to the bleach plant.
Comparison of the analytical and simulation results
Comparison of the simulation results with the analysis data of the four mill samples is slightly difficult to
interpret. Resin acids were not expected to form metal soaps and none were found in mill samples either. The
fatty acids were expected to form calcium soaps to different degrees in all the mills, which is in agreement with
the mill sample analysis, but the results are not possible to use for predicting the situation in the individual mills.
For instance the independently taken sample of separated soap from Mill A contained much less calcium
compared to the soap samples from Mill B and especially Mill C. In contrast, the pulp sample from Mill A had
the highest concentration of calcium soaps from these fatty acids. The soap sample from mill B contained a
considerable amount of calcium soaps whereas the simulations of the pulp sample showed only a minor soap
formation. It is not clear whether these discrepancies depend on the inefficiency of the simulation tool itself, or
rather on difficulties with obtaining representative mill samples, especially with regard to warm pulp from the
digester where soap precipitation may happen quickly upon cooling and result in uneven soap distribution.
It can therefore be argued that the simulation results may be used in order to see how changes in mill conditions
will affect the formation of calcium soaps. However, the exact equilibrium constants for the components studied,
especially metal complexing of organic substances in black liquor are still very uncertain and the area needs
more work in order to be fully verified.
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IV. CONCLUSIONS
A chemical simulation tool can be very useful in describing the chemical processes in an industrial system. In
this work, we have used WinGEMS pulp mill simulator extended with MeteQ subroutine for modelling of
chemical equilibria in order to predict the formation of sparingly soluble calcium soaps in pulp samples leaving
the digester of the kraft pulping process. The simulations worked well within the defined system boundaries; for
certain components (e.g. resin acids) the predictions were very good and in full agreement with the analytical
results. For other components, e.g. fatty acids, the results are difficult to interpret, as some differences between
the simulated and measured values can be seen. It is however not clear whether the differences depend entirely
on inadequate simulation or also on difficulties with obtaining representative mill samples.
It is assessed that the weakest point in defining the chemical system for the simulations is probably a question of
interactions between the metal ions and dissolved wood organics. It has been observed that precipitation of
sparingly soluble metal salts in solutions containing wood organics is significantly hindered, which may be due
to the complex formation but also other means of precipitation inhibition. In this work, the influence of organics
was chosen to be modeled as complex formation between the metal ions and, mainly, phenolic functional groups
of lignin, based on experiments conducted in model systems. It has been, however, observed that the simulated
system is very sensitive to the assumptions regarding the amount of complexing groups as well as the stability
constants of the complexes formed. It was therefore concluded that a correct description of these interactions is
crucial for a successful prediction of the system behavior.
The new knowledge acquired in this study during the development of simulation tools is useful for better
understanding of the mechanisms behind the formation of soap and CaCO3 deposits in the digester and the
recovery area. The simulations show clearly that when constructing a balance of metallic non-process elements
in cooking and kraft recovery, the reactions of the soap components need to be correctly accounted for.
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ABSTRACT
The effect of black liquor composition on the solubility and salting out of soap components has been studied. A
model black liquor (BL) containing inorganic ions and lignin in relevant concentrations was used. The effect of
some kraft process parameters, such as residual alkali and sulphidity was found to have a rather complex
influence on the soap solubility. At constant ionic strength the soap solubility was significantly increased in the
model BL when the concentration of divalent ions (e.g. carbonate, sulphate and thiosulphate) was increased.
Further, a small increase in soap solubility with increased alkali was seen when acetate ions were replaced by
hydroxide ions. However, when sulphuric acid was added the effect of the divalent sulphate ion was shown to
have a bigger impact and the soap solubility increased in this case even though the alkali decreased. This big
impact of small changes in the BL concentrations of different sodium salts on the soap solubility is important
when attempts to optimize the soap separation are made.
I. INTRODUCTION
During kraft cooking a high solubility of the wood extractives (=soap) in the black liquor is wanted in the
digester in order for the soap to follow the withdrawn liquor and not the pulp. However, in the recovery area
where the black liquor is evaporated to a higher concentration before burning, a low soap solubility is preferred
instead, in order to maximize the soap separation from the concentrated black liquor. Separation (salting out) of
the soaps is mainly achieved by an increased ionic strength during the evaporation. In softwood kraft mills, the
separated soap phase is generally recovered from the black liquor before the recovery boiler and acidified to give
crude tall oil. Tall oil is a valuable by-product and it is important to optimize the separation from the black
liquor.
The solubility of soap is high at the conditions prevailing in weak black liquor at temperatures of 80- 95°C.
When the liquor is concentrated the soap solubility will decrease up to a liquor concentration of about 25-30 %
DS and then slightly increase [1]. The minimum soap solubility will vary for different mills. In most mills the
soap is separated in one or more stages from tanks at a liquor concentration of about 20-30 % DS, but variations
are seen between different mills. The black liquor concentration chosen for the soap separation stage is normally
a compromise between a lower soap solubility at higher concentrations and a higher viscosity of the black liquor
that will make the rising of the soap particles very slow. Since the temperature affects both the solubility and the
viscosity the optimal conditions will also vary with temperature. Further, the surface area and the effective
residual time for the liquor in the tank will be important.
The major part of the lipophilic extractives in softwoods consists of fatty acids (FA) and resin acids (RA).
During a kraft cook these acids will dissolve as sodium soaps in the black liquor. The solubility behaviour of
these soaps is quite complex [2, 3]. At lower ionic strengths, sodium soaps of fatty and resin acids are dissolved
as micelles. When the ionic strength is increased the solubility of the micelles will decrease, finally resulting in
the separation of a liquid crystalline soap phase, i.e. the sodium soaps are salted out.
In a previous study [4] we reported the effect of ionic strength, temperature and lignin addition on the solubility
of soap in a model black liquor. Further, the composition of the soap, especially the FA/RA ratio, has a big
impact on soap solubility in black liquors [5, 6]. The effect of residual alkali has been investigated by e. g. Ryan
[7] and Uloth et al. [6], but the effect has not been fully explained. In this study the effects of variations in
composition of the model black liquor, especially alkali concentration, on the soap solubility have been
investigated.
II. EXPERIMENTAL
Concentrated model black liquors were prepared from inorganic salts and lignin according to Table 1. Sodium
acetate was included as a model for organic substances and in order to increase the sodium content. The
concentrated model black liquors were diluted to different defined ionic strengths to simulate different levels of
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evaporation in the pulping process. Fatty acids (FA) or fatty and resin acids (RA) in the ratio FA/RA = 2.3 were
added to the model black liquors after dilution, giving a total concentration of 2 % extractives. The solutions
were agitated in a heated water bath at least 24 h to ensure a complete dissolution of the added extractives and
then left without agitation for another 18 h to equilibrate. Samples for test were subsequently withdrawn from
the bottom of the test tube and dissolved soap was determined according to Saltsman and Kuiken [8], but
without the addition of hydrogen peroxide and sodium sulphite. The extracts were subsequently evaporated to
dryness under nitrogen, silylated and analysed by GC/MS. Isopalmitic acid was added before the evaporation
step and used as an internal standard for quantification of extractives.
Table 1. Starting concentrations in model black liquor BL1 used in figures 1 and 2 and BL2 used after dilution in figure 3.
In figure 4 BL2 was used but the acetate was replaced by the different ions tested. The ionic strength was kept constant.
Na+
SHOHCO32acetateLignin
I
mol/L
mol/L
mol/L
mol/L
mol/L
g/l
mol/L
BL1
1.57
0.18
0.19
0.16
0.6
56
1.7
BL2
3.33
0.38
0.4
0.34
1.8
0
3.6

The composition of the added soap was: 70 % fatty acids (mainly oleic acid, C18:1, linoleic acid, C18:2 and
pinolenic acid C18:3) and 30 % resin acids (mainly abietic acid, dehydroabietic acid and palustrinic acid).
The lignin used was a LignoBoost lignin derived from acidification of a softwood black liquor [9]. Other
chemicals used were of p.a. quality.
III. RESULTS AND DISCUSSION
Variation in residual alkali.
A complex influence of residual alkali on soap solubility has been reported by Uloth et.al [6] showing that both
at decreased and increased alkali the solubility of soap increases. In their experiment the residual alkali was
altered by an addition of sulphuric acid or sodium hydroxide to a mill black liquor.
In this study two different approaches were tested in order to verify the influence of residual alkali on the
solubility of fatty and resin acid soaps in black liquor. The experiments were performed at two temperatures, 80
and 95°C.
In the first method (A) the residual alkali was altered by adding sulphuric acid or sodium hydroxide in a
controlled way to a model black liquor (BL1 in table 1). This is the most straightforward way and is equivalent
to the method used by Uloth et al. The drawback is that the ionic strength is changed by the addition of sodium
hydroxide (Na+, OH-) or sulphuric acid (SO42-). Changing the ionic strength will influence the soap solubility and
thus complicate the interpretation of the results. Withdrawn liquor samples were analysed with regard to the
amount of dissolved fatty/resin acids at different residual alkali, Figure 1. With this method the soap solubility
seemed to decrease with increased alkali.

Figure 1. Method A Solubility of FRA in model black
liquor as a function of alkali at two different
temperatures. Ionic strength shifting within the interval
1.72 – 1.87 M.

Figure 2. Method B. Solubility of FRA in model black liquor as
a function of alkali at two different temperatures.
Ionic strength = 1.7 M.

224

© CSIC © del autor o autores / Todos los derechos reservados

13th European Workshop on Lignocellulosics and Pulp

In the second method (B), concentrated model black liquor with reduced amounts of sodium hydroxide and
sodium acetate was used. By adding sodium hydroxide to the model black liquor and balance this with sodium
acetate, a series of samples with increasing alkali and constant ionic strength could be achieved. Withdrawn
liquor samples were analysed similarly as for method A. When the ionic strength was kept constant, Figure 2,
the solubility increased with higher alkali. Figure 1 and 2 also illustrate the effect of temperature on the soap
solubility.
When comparing the results of Figure 1 and 2 a contradicting influence of alkali on the soap solubility is seen. In
figure 1 the low solubility at high alkali could be explained by the salting out effect, as the ionic strength
increased by the addition of sodium hydroxide. On the other hand, the observed increase in solubility at low
alkali is more difficult to explain, since the ionic strength is increased also with the addition of sulphuric acid
and thus also should result in a salting out effect similar to the result when sodium hydroxide is added. However,
the result at low residual alkali is in agreement with the observations made by Uloth et al [6], when adding
sulphuric acid. In some additional experiments acetic acid or formic acid was used instead of sulphuric acid to
decrease the alkali according to method (A). Surprisingly no significant increase in soap solubility was observed
at low alkali in this case. Obviously there are factors in addition to ionic strength and alkali that seem to affect
the soap solubility in these mixtures. Our interpretation was that the addition of sulphate ions was affecting the
solubility in a different way than the acetate or formiate ions.

Comparison of various sodium salts.
In one experiment model black liquor (BL2 in table 1) was diluted to ionic strengths in the range 0.5 to 2.0 M
and the amount of dissolved fatty/resin acids was determined and plotted against the corresponding ion strength,
acetate curve in Figure 3. Further, similar series of model black liquors were prepared where different sodium
salts were substituted for the sodium acetate in BL2. These curves are included in figure 3.

Figure 3. Solubility of sodium soaps of a mixture of fatty
acids and resin acids (FRA) as a function of ionic strength, at
80°C. Sodium acetate in BL1 is replaced by different sodium
salts. At lower ionic strengths all added soap (14 g/l) is
dissolved.

Figure 4. Solubility of sodium soaps of a mixture of
fatty acids and resin acids as a function of ionic strength.
The effect of changing the ionic strength by addition of
acetate and sulphate respectively is illustrated by the
arrows. Green arrow = addition of sulphate, red arrow
addition acetate. T =80°.

At a low ionic strength, all added FA/RA were dissolved. When the ionic strength is increased the solubility of
the micelles is reduced resulting in the separation of a liquid crystalline phase, i.e. the sodium soaps are salted
out. In black liquor with acetate (BL2), this occurred in a short interval at an ionic strength of about 1.5 M. As
seen, the curves for univalent and divalent ions are arranged in two distinct groups in respect to how they
influence the salting out of soaps. Similar results have been reported for solutions of NaCl and Na2SO4 by Ström
et al. [3]. From these experiments the different anions can be arranged in a tentative sequence from left to right
according to how they increase the solubility of sodium soaps.
CH3COO- < Cl- < OH- << CO32- < SO42- < S2O32- << PO43To verify the effect seen in figure 1 one additional experiment was performed using a low addition of sulphate
similar to the addition used in figure 1. The result is shown in Figure 4. As seen, the soap solubility increased to
5.5 g/l instead of decreasing to 1.5 g/l when the ionic strength was changed by addition of sulphate instead of
acetate. This means that the addition of sulphate can explain the observed increase in solubility when sulphuric
acid was added to adjust the residual alkali. Hence, the increase in solubility is an effect of the addition of
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sulphate ions and not of the decrease in the residual alkali. On the other hand, the increased solubility when the
acetate ions were replaced by hydroxide ions, Figure 2, could be said to be an effect of increased alkali.
However, the results show that the soap solubility is sensitive to all changes in the ion composition in the liquor,
and the same hydroxide concentrations may thus give different soap solubility if also some other changes e.g. the
concentrations of low molecular acids, such as acetate ions, or divalent ions such as e.g. carbonate or sulphate
are changed.
IV. CONCLUSIONS
The soap solubility behaviour has been seen to be rather complex even at such basic levels as in this model
study. In mill black liquors further complications caused by the divalent cations, especially calcium must be
considered.
The following main conclusions were drawn:


Small changes in ionic composition of BL may have a big impact on soap solubility. At constant ionic
strength the soap solubility was significantly increased when the concentration of divalent ions (e.g.
carbonate, sulphate and thiosulphate) was increased.



A small increase in soap solubility with increased alkali was seen at constant ionic strength, i.e. when
acetate ions used to adjust ionic strength were replaced by hydroxide ions. However, when sulphuric
acid was added the effect of the divalent sulphate ion was shown to have a bigger impact and the soap
solubility increased in this case even though the alkali decreased.

It has been shown that a small increase in the concentration of divalent ions, such as sulphate and carbonate,
strongly increases the soap solubility in the model liquors used. The importance of this is not fully clear. The
concentration of the inorganic ions in the black liquor will be affected by several process variables in the mill
recovery cycle. The alkalinity and sulphidity of the liquor as well as the carbonate concentrations will all affect
the soap solubility. This new insight may be used in order to explain differences in soap solubility seen when
operational parameters in the mill are changed or when comparing the situations in different mills.
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ABSTRACT
Technique of determination of elemental composition of pulp by x-ray fluorescence is developed. For
determination Na and S calibration curves are performed. Light elements C, H, N are determined by elemental
analyzer.
I. INTRODUCTION
The content of metals in the pulp has particular importance in the peroxide or ozone bleaching method and in the
production of viscose pulp and electrical insulating paper [1]. Sodium assess to the quality of washing. Iron,
manganese and copper reduce whiteness of the fibers. Transition metals such as iron, cobalt and manganese are
the catalysts for the oxidative degradation of pulp. Aluminum, lead and copper inhibit oxidative processes.
Calcium make difficult filtration of viscose solution, silicates impair filtration viscose [2]. Thus the
determination of content of elements, presenting in various amounts is interested.
Typically, for the determination of metals in the wood, the pulp and paper a method of atomic absorption
spectroscopy is used[3,4]. In recent years, increasingly ICP MS and X-ray fluorescence analysis are used [5,6].
Atomic absorption and ICP MS methods require a lot of time and use of aggressive reagents for sample
preparation. X-ray fluorescence analysis is one of the modern spectroscopic methods, allowing the simultaneous
determination of the content of elements of the sample from beryllium to uranium without destroying the
sample. X-ray spectroscopy is an advanced method for multielemental analysis, but for the determination of light
elements (C, N, H) it is not applicable. But the content of these elements is need to know for the correct
calculations by method of the fundamental parameters. Therefore it is interest to combinate XRF spectroscopy
and elemental analysis on CHN-analyzers.
The aim of this work is the development of method for determination of the elemental composition of the pulp
by X-ray fluorescence spectroscopy.
II. EXPERIMENTAL
The objects of investigation are bleached hardwood and softwood pulp, washed and unwashed pulp and wood in
chips. Preparation of the samples was performed as follows: before elemental analysis samples were ground in
the planetary ball mill Retsch MM 100 to a powder, additionally for XRF – analysis they were pressed into
tablets.
For the determination of sodium and sulfur, calibration curves were constructed. For this purpose, initially
samples of known content of Na and S were prepared. In a sample of microcrystalline cellulose sodium sulphate
weighed was added so that the weight of the resulting tablet made 1g. Then the powder and 2 ml of deionized
water were mixed in a mortar for 3.5 minutes, and were dried at 105 ° C for 1h. The powder was pressed into
tablets of 20 mm diameter under a pressure of 300 MPa. Thus five tablets to concentrations of 0, 0.2234, 0.5665,
2.1041 and 5.1080% Na and 0, 0.1557, 0.3950, 1.4671 and 3.5615% S were produced. the content of carbon,
hydrogen and nitrogen was identified by elemental analyzer EuroEA-3000 by EuroVector company, Italy. The
experiment was performed using wavelength dispersive spectrometer Lab Center XRF-1800 by Shimadzu
corporation, Japan. Measurements to construct the calibration were performed at the following conditions:
atmosphere - a vacuum; x-ray tube parameters: voltage 25 kV, current 130 mA. The spectral crystal for
determination Na - TAP, S – Ge were used. The spectra were registered, using K α-line.
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III. RESULTS AND DISCUSSION
At the first stage X-ray fluorescence spectra were recorded. All the spectra were similar character. As a result
elements Al, Mg, Zn, Fe, Cr, Mn, Ca, K, Cl, P, Si, Na, S, C and O were found, that is typical for wood and pulp
(figure 1).

Figure 1. The spectrum of the sample pulp (unbleached washed).

For the determination of the light elements with a relatively high content, such as sodium, calibrations were
performed. The results of measurements of intensities against the element content in the sample were plotted on
the figure 2.
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Figure 2. The calibration curve for Na and S.

And finally the content of the remaining elements was identified by quantitative XRF-method. For the
determination sodium and sulfur calibration were performed, oxygen was determined by the balance, trace
elements - by the fundamental parameters method. The results are presented in the table.
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Table. The elemental composition of pulp samples.
Element
S, ppm

1-C
127±2

2-C
160±2

3-C
155±2

Na, ppm

59±1

11401±492

979±49

Zn, ppm

16±1

34±1

Cu, ppm

15±1

Ni, ppm

Concentration
4-C
261±4

5-C
329±6

2-C-05
3766±81

3-C-30
n/a

508±9

620±22

16820±451

n/a

29±1

-

-

n/a

70±1

54±1

25±1

61±3

59±2

n/a

115±3

17±1

65±1

22±1

65±3

78±3

n/a

106±4

Fe, ppm

69±1

150±2

61±1

61±1

45±1

n/a

189±1

Mn, ppm

174±1

308±2

212±1

-

-

n/a

228±5

Cr, ppm

67±1

91±1

66±1

63±1

62±1

n/a

125±1

Ca, ppm

1035±10

2811±54

3871±72

673±20

637±21

n/a

n/a

K, ppm

565±9

284±5

73±1

32±2

22±3

n/a

Cl, ppm

-

-

-

429±21

518±22

n/a

n/a
n/a

P, ppm

81±3

80±1

41±2

4±1

3±1

n/a

n/a

Si, ppm

833±2

1503±8

479±1

133±4

113±6

n/a

n/a

Al, ppm

340±7

363±4

185±6

43±1

35±1

n/a

n/a

Mg, ppm

484±3

818±2

989±18

141±3

156±15

n/a

n/a

O, %

47.4±1.7

43.5±1.4

46.2±1.6

48.6±0.01

48.6±0.01

n/a

n/a

N, %

-

-

-

-

-

-

-

C, %

45.7±1.3

48.2±1.9

47.1±1.3

44.3±1.3

44.3±1.3

48.2±1.9

47.1±1.3

H, %
6.48±0.31
6.15±0.26
1-C - wood
2-C - unwashed softwood pulp
3-C - washed softwood pulp
4-C - bleached softwood pulp
5-C - bleached hardwood pulp

5.93±0.21

6.89±0.35
6.93±0.35 6.15±0.26 5.93±0.21
2-C-05 – 2-C + 0.5% Na, 0.3% S
3-C-30 - 3-C + 30 ppm Zn, Cu, Ni, Fe, Mn, Cr

The data are shown, during the production of pulp from wood chips content of heavy metal increases, such as
Zn, Cu, Ni, Fe, Mn, Cr. After washing content of Na and K decreases significantly. In bleached pulp Mn and Zn
are absent.
To check the calibration tablet from pulp with the addition of sodium sulfate was made (sample 2-C-05 in the
table). Results are shown, that method by calibration curve can be applied for determination light elements. Also
the tablet from pulp with the addition 30 ppm Zn, Fe, Cu, Mn, Ni and Cr was made (sample 3-C-30 in the table).
Analysis was shown, that acceptable results are obtained for Zn and Mn only. This may be associated with to the
low content of elements in the sample and limitations of the fundamental parameters method.
IV. CONCLUSIONS
Research was shown, that materials such as wood and pulp expediently at first to expose to elemental analysis
for determination of the content of carbon, hydrogen and nitrogen. In order to obtain more accurate results for
light elements need to build calibration curves. Using fundamental parameters method acceptable results are
obtained only for heavy metals.
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ABSTRACT
Investigation of impact of lignocellulose matrix thermochemical activation by methods of steam explosion and
supercritical fluid extraction was carried out in this study. Changes of the chemical composition, morphological
structure characteristics at different levels of the wood substance’s organization during these treatments were
recorded by the methods of scanning electron microscopy (SEM), X-Ray analysis, FTIR- and UV-spectroscopy.
Data about changes taking place in the cell wall at micro- and ultramicrolevels during these treatments were
obtained. Availability of these methods application for deeper and more detailed study of morphological
characteristics of the wood substance’s structure and also for labile sites and bonds stability detection during
different types of thermochemical activation was shown.
I.INTRODUCTION
According to modern concepts, the structure of wood cell walls has the complicated hierarchical organization.
Consideration of submolecular level of wood matrix on the one hand opens a subject of cells’ wall synthesis and
self-assembly processes, which rule the formation of chaotic objects of biological origin. On the other hand there
are questions of thermodynamic compatibility of plant tissue’s components [1]. From this point of view, wood is
considered as a nanobiocomposite, and its lignin-carbohydrate matrix is a superposition of interpenetrating
networks formed by H-bonds, C-C-bonds, ether bonds and lignin-carbohydrate bonds. Thermodynamically
incompatible cellulose and lignin form microheterogeneous regions surrounded by hemicellulose gel [2]. The
concept of thermodynamic incompatibility of lignin-carbohydrate matrix allows considering of supercritical fluid
technologies and steam explosion as a methods aimed at changes of structure and properties of biocomposite on
the molecular level. Also they can be used as methods for deeper study and understanding of morphological
structure of the wood substance.
Thus, the aim of this work is the investigation of wood substance’s structure characteristics by the means of
thermochemical activation of lignin-carbohydrate matrix during steam explosion (SE) treatment and CO2supercritical extraction (CO2-SCE), detection of labile sites in the cell wall and search for opportunities of
different thermochemical actions application for the system’s heterogeneity increase.
II.EXPERIMENTAL
Air-dry grinded (fraction of 1-2 mm) juniper wood (Juniperus Communis L.) aged from 80 to 90 years was used
as the representative experimental sample.
SE-treatment was carried out at the Laboratory of Biomass Eco-Efficient Conversion (Latvian State Institute of
Wood Chemistry) in batch reactor with a capacity of 0,5 l, at pressure of 32 bar, temperature of 235°С for 3
minutes, with subsequent stages of water extraction, alkali extraction by 0,4% NaOH solution and precipitation
by HCl.
CO2-SCE was carried out in autoclave with a capacity of 5 ml (S F E - 5 0 0 0 , Thar Process, USA) at
temperature of 35°С, pressure of 250 bar for 20 minutes. СО2 flow rate was 2,4 ml/min, cosolvent flow rate was
0,6 ml/min, washing solvent was acetone. After this treatment the samples were freeze-dried for the next
investigations.
Analysis of wood before and after treatment
The composition of investigated samples (content of cellulose, lignin, ash, extractives by water and ethanol) was
determined according to standard procedures [3].
FTIR-spectra of wood were registered by Fourier transform infrared spectrophotometer IRAFFINITY-1
(“Shimadzu”, Japan) within the range of 4000-400 cm-1 with resolution of 4 cm-1 in KBr tablets. Values of their
relative optical density were calculated as K  Dlig / Dcarb for characterization of lignin and carbohydrate
component abundance in wood samples. The band at 1510 cm-1 was chosen for lignin abundance because of
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absorption of aromatic rings of guatil type, for carbohydrate component abundance - 1060 cm-1 because of
valency asymmetric fluctuations of ester bonds.
X-Ray analysis and samples’ crystallinity degree determination were carried out by X-Ray diffractometer XRD7000, Shimadzu, Japan.
Investigation of wood sample’s ultra-micro and submolecular structure was performed by SEM method. Images
were obtained by scanning electron microscope SEM Sigma VP ZEISS (accelerating voltage – 20 kV, In Lens
detector). The samples for investigation were in form of transverse and longitudinal splits of juniper wood after
freeze-drying. The coating of gold and palladium with 5 nm thickness was applied in order to increase samples’
image contrast (with the device for samples preparation Q150TES by QUORUM).
Analysis of extracts after treatment
UV-spectra of extracts were recorded within the range of 190 - 400 nm by UV-spectrophotometer UV-1800
Shimadzu, Japan.
III.RESULTS AND DISCUSSION
According to modern concepts, mechanism of the steam explosion action upon wood matrix includes
deacetylation of hemicelluloses at high temperature with acetic acid formation and polysaccharides destruction
with formic acid formation. These organic acids act as catalysts of weak bonds hydrolysis in lignin-carbohydrate
complex of wood. First, acid catalysis leads to hemicelluloses destruction. Hemicelluloses act as they unite
cellulose elementary fibrils and lignin because of the transition layer formation on the cellulose fibrils surface.
Also
hemicelluloses
have
limited
thermodynamic compatibility with lignin.
Their destruction leads to the phase change,
cell wall components stratification and
thermodynamic incompatibility increase as a
result of destruction of the network between
lignin and carbohydrates. Besides, steam
explosion has an influence on diffuse regions
in cellulose microfibrils. So these regions
destruction, decrease of degree of
polymerization and increase of cellulose
crystallinity (from 30% to 39%) take place.
These changes were registered by X-Ray
analysis (Figure 1) proving the hypotheses
from the study [4].

Figure 1. Diffractograms of samples before (1) and after (2) SEtreatment.

The analysis of the chemical composition (Tables 1, 2) confirms the destruction of carbohydrates during SE.
Table 1. The fractions ratio during SE process
Sample

Evaporable
fractions
(%)

Extraction with H2O
Residue
Water soluble
(%)
(%)

Extraction with 0,4 wt.% NaOH
Residue
Alk. solub.
Precipitation
(%)
(%)
(%)

Residue
(%)

Before SE-treatment

-

100

2,7

97,3

4,6

0,4

92,8

After SE-treatment

17,3

87,2

10,3

72,5

18,4

9,7

54,1

Table 2. The chemical composition of juniper wood before and after SE, g/100 g of untreated wood
Klason lignin

Cellulose

Extractives
(water)

Before SE-treatment

30,20

43,10

After SE-treatment

17,08

23,84

Sample

Extractives
(ethanol)

Ash

10,90

4,50

0,20

12,83

15,92

0,23

Besides, the solid solution of hemicelluloses in lignin of middle lamellae is the most labile. The lignin domains
are bonded with carbohydrate matrix by H-bonds [2], which can be easily destructed by acids influence. So, the
lignin in such a solution is more mobile during the external impacts on wood, which leads to lignin extraction,
coalescence and partial depolymerization of lignin with the formation of compounds with low molecular weight
(6-8 phenylpropane units). The decrease of lignin content confirms the hypotheses from the study [4] about the
predominance of lignin destruction processes during SE.
Thus, the influence of SE process on lignin-carbohydrate matrix consists of two components. The first of them is
mechanical component leading to destruction of linkages between segments of lignin, cellulose and
hemicelluloses macromolecules because of local increase of pressure. The second component is chemical one
due to interaction of cell wall components. Therefore, thermodynamic incompatibility of a system increases and
its internal energy decreases as a result of steam explosion.
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The listed processes probably take place during supercritical СО2 treatment with the same main parameters (high
pressure and temperature, chemical additives). Chemical activation by SCE-method provided SC-CO2 treatment
of untreated and SE-treated wood samples. The absence of pure SC-CO2 delignification impact [5] caused the
necessity of modifiers addition. Ethanol and acetic acid were chosen as modifiers. Ethanol is traditionally used in
wood chemistry as solvent of lignin. Acetic acid is known for its significant impact on SE process, so it was
chosen for further intensification of chemical impact. The chemistry of processes taking place during SCE is
similar to SE-chemistry; it is also aimed to weak bond destruction.
The assumptions about system’s heterogeneity increase, chemical and mechanical bond destruction during these
treatments are confirmed by IR-spectra of wood samples after SE, SCE with modifiers and step-by-step SE and
SCE-treatment (Figure 2). So, significant differences were found when comparing untreated and SE-treated
wood due to decrease of relative content of lignin (K value is 0.498 for sample №2 and 0.649 for sample №1).
This trend is also shown for samples treated by SCE after SE (0.469 and 0.492 for samples №5 and 6
respectively). IR-spectra of SCE-treated wood are not so different in comparison with untreated wood (К = 0.603
and 0.615 for samples №3 and 4).
untreatment sample (1)
SE-treatment (2)
SCE-treatment with acetic acid (3)
SCE-treatment with ethanol (4)
SE+SCE-treatment with acetic acid and ethanol (20/80) (5)
SE+SCE-treatment with ethanol (6)
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Figure 2. IR-spectra of wood samples
The performed morphological investigations can be the confirmation of stated changes. Figure 3 shows images
of late tracheids on the longitudinal slices before and after SE.

Р

S1
p

W
p

W

(а)

(b)

Р+S1
S3

W
S2

S2
p
(с)

(d)

Figure 3. Cell wall changes after SE. (a, c– before SE; b, d – after SE); S1,S2, S3, – second cell wall layers; W –
verrucuos layer; Р–primary cell wall; p – external pore surface.
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As a result of such an impact the primary cell wall (Р) was dissolved and separate fibrils of S1 layer were
removed. After SE-treatment the cell wall structure is little changed but there are significant mechanical and
chemical impacts due to pressure gradient. The rupture of pores edging (Figure 3a, b) and cell wall layers can be
seen on these spots, leading to stratification of nanobiocomposite internal structure. It should be noticed that the
most voluminous S2 layer saves its helical structure (Figure 3с, d), which is the evidence of such structures
stability during SE-process.
SCE-treatment with acetic acid showed the absence of
M
significant changes in cell wall morphological structure.
S1
Helical structure stability and little changes of other
structural elements prove the stability of low-energetic
bonds. The mechanical component of SCE-treatment is
S2
less than the same one of SE-treatment, so the access of
chemicals to internal bonds and components is rather
difficult and the effect of SCE is less expressed.
Acetic acid addition at the SCE-stage after SE did not lead
to significant destruction of cell wall components. But
ethanol presence in step-by-step treatment resulted in such
effects as gradual extraction of lignin from S2 layer and
verrucous layer wash-out (Figure 4). The extraction of cell
wall components in ethanol medium is confirmed by peak
Figure 4. SE+SCE treatment impact on cell wall.
in the region of 280 nm on UV-spectrum corresponding to
S1,S2, S3, – second cell wall layers; M–middle
lignin of conifer species.
lamellae.
IV.CONCLUSIONS
As a result of performed investigations the new experimental data were obtained. These date confirm the
statements about possibility of consideration of wood lignin-carbohydrate matrix as nanobiocomposite having
high structure heterogeneity. It appears as a presence of labile and stable regions of lignin-carbohydrate
formations distributed in cell wall and middle lamellae. Critical impacts on wood matrix lead to the increase of
thermodynamic incompatibility of a system and a diffusion of lignin fragments and carbohydrate components
away from wood substance.
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ABSTRACT
The fundamental properties of lignin and humic biopolymers include: amphiphility, polydispersity, the
heterogeneity of the structural elements. On the one hand humification can be regarded as an important natural
process, on the other hand as a method of lignin modification, which allows obtaining new products. As a result
of a study, the characteristic of the structural organization of natural and technogenic origin polymeric matrixes
containing lignin-humic compounds (hydrolyzed lignin, peat) was obtained. Hydrodynamic and surface-active
properties of lignin-humic polymers were investigated and the possibility of their usage as a surfactant has been
established.
I. INTRODUCTION
On the one hand, humification can be regarded as an important natural process, on the other hand as a method of
lignin modification, which allows obtaining of the new products. Information on lignin-humic or humic like
compounds properties is less systematized than the one of properties of humic substances obtained from natural
raw materials (peat, coal) ) as a result of a technological process. Diagram illustrating the possible sources of
lignin-humic compounds extraction is presented on Figure 1. Comparative analysis of properties of humic like
substances derived from model compounds and lignin-humic substances isolated from hydrolyzed lignin is
described in [1]. Possibilities of transformation of soluble hydrolyzed lignins using water and alcohol solutions
of NaOH for obtaining low-molecular destruction products and their application to the synthesis of phenol resins
are described in [2]. Physical-chemical properties of humic like compounds extracted from composted biomass
and industrial wastes are described in [3].

Figure 1. Sources of lignin-humic or humic like compounds
Taking into account a similar chemical nature of lignin, humic and lignin-humic biopolymers, their important
role in the natural processes and application possibilities it seems reasonable to obtain comparative
characteristics of their physical-chemical properties.
II. EXPERIMENTAL
Being sampled at the industrial dumps as well as within the territory of Arkhangelsk region correspondingly
humified hydrolyzed lignin and peat have been used for extraction of lignin-humic compounds. Peat and
hydrolyzed lignin microstructures were studied by the transmitted light microscopy (AxioScope A1 (Zeiss)
laboratory microscope). Thermochemical study of the processes of interaction of hydrolytic lignin and peat with
solvents was carried out by using differential microcalorimetric insulated shell at 298,15K. Size distribution of
particles in solutions of lignin-humic compounds was studied by the method of dynamic light scattering
(HORIBA LB-550 particles size analyzer).
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The behavior in solutions and at liquid-gas phase boundary was characterized by the change of surface tension σ
of the solutions measured by Wilhelmi method.
III. RESULTS AND DISCUSSION
Figure 2 shows the microstructure of polymeric matrixes of natural and technogenic origin used for extraction of
lignin-humic compounds.

а
б
Figure 2. Microphotography of polymeric matrixes of peat (a) and hydrolyzed lignin (b)
The content of lignin-humic substances in hydrolyzed lignin results in 6,8%, while 42% in peat. Lignohumic
compounds are usually extracted by alkaline and acidic solutions; it is possible to use alcohols. Figure 3
describes processes of interaction of hydrolyzed lignin and solvents.
Normally extraction of humic like substances in static mode should be performed within 24 hours. Obtained
thermochemical data show that the basic process is completed within 25 minutes (calorimetric curve approaches
to the zero line) under dynamic extraction.

Figure 3. Thermochemical curves describing interaction of hydrolyzed lignin and solvents (water (1)
and 0.1 m NaOH (2)) at 298 К.
Extraction at 85-90oC allows to increase the yield of humic like substances, extracted from hydrolyzed lignin 2
times (from 6.8% to 14%). According to [2] a further increase of temperature up to 180oC allows reaching 90%
degree of hydrolyzed lignin destruction, however in this case low-molecular extractive substances are formed.
Viscometry shows that the characteristic viscosity of humic like substances extracted from hydrolyzed lignin is
5.1•10-3 l/g. it was compared to the characteristic viscosity of peat humates (sodium salts of humic acids)
(2.3•10-3 l/g), biopolymers of lignin nature - lignosulfonate (3.5-4.5•10-3 l/g)).
heavier compared to other polymers of lignin-humic nature (Table 1).
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Table 1. Hydrodynamic and the molecular-mass characteristics of lignin-humic substances (LGS)
The sample

[η], 10–3 l/g

Мw, Dа

LGS

5,1

79000

peat humates

2,3

19000

Dynamic light scattering reveals that polydisperse supramolecular particles of micellar nature are in dynamic
equilibrium with individual macromolecules in aqueous solutions of lignin-humic substances (Figure 4).

(a)

(b)
Figure 4. Size Distribution of particles in diluted (a) and concentrated (b) solutions of lignin-humic
biopolymers.
The presence of supramolecular particles of micellar nature in solutions of lignohumic substances define the
structure
of
their
molecules
and
predetermine
the
surface-active
properties.
The use of lignin, humus biopolymers and humic like compounds as natural surfactants leads to the reduction of
surface tension of water on 37-40 mN/m (Figure 5).

Figure 5. Depression surface tension of water in surfactant solutions: HC – Humic compounds; LST sodium lignosulfonates; LGS - lignohumic compounds, Sodium abietate
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IV. CONCLUSIONS
1. The comparative characteristic of hydrodynamic, molecular mass and surface-active properties of ligninhumic biopolymers, isolated from natural and technogenic matrices is provided.
2. It is shown that the extraction of hydrolyzed lignin at the temperature from 25 to 80oC leads to obtaining of
macromolecular lignin-humic compounds, bearing surface-active properties comparable to the other natural
surfactants of aromatic nature.
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ABSTRACT
The new data, reflecting the impact of biotic stress, expressed by the influence of aspen polypore (Phellinus
tremulae) on aspen wood (Populus tremula) lignin-carbohydrate complex in natural growing conditions were
obtained. As the results of the fungus enzymatic system effect change occurs in the functional nature of lignin,
which leads to its redox and acid-base properties changing, as well as changing of the chemical nature of the
extractive substances, which were expressed in decrease of the content of unsaturated (C18:2, C18:3) and
increase of saturated (C16:0, C18:0) fatty acids, and activation of the processes of synthesis of phenolic
compounds - lignin precursors.
I. INTRODUCTION
In order to evaluate the wood stability under pathogen a chosen bioobject should correspond to the following
criteria: large geographical range and low resistance to the pathogen action. At the same time it is important to
note that recently there is an intensive study of tissues of non-woody and woody plants (which include alfalfa,
flax, and various types of poplar and eucalyptus) from a position of biochemistry to identify the internal laws of
the changes with the implementation of the pathogen.
One of the few biological objects that meets the specified conditions and availability on the north-west of Russia,
is aspen (Populus tremula). Considering the biological and technical features of aspen, it is important to note the
speed of growth, productivity, undemanding to the soil, as well as an extensive range of growth. At the same
time, this breed has a low resistance to aspen polypore (Phellinus tremulae). Many trees of the age of 15 - 30
years are infected with heart rot, and at maturity age (60 - 70 years) defeat of aspen by mushroom reaches 70 90% and above in the European part of Russia.
Interaction of plants and pathogens is a complex dynamic process, which resulted in changes of physiological
state of both macro- and micro-organism simultaneously. When implementation of pathogens defense plant
mechanisms are activated at the biochemical level, involving special enzymes - oxidoreductases, particularly
peroxidases. Activation may be the result of the phenolic structures formation (e.g., lignin) or resinous
compounds secretion that the host plant is trying to prevent pathogen colonization.
Thus, the purpose of this paper is to identify changes in the functional nature, structural features and reactivity of
lignins, as well as group composition and quantitative ratios of lipophilic substances in response to the action of
pathogen in vivo growth. It allows deeper understanding of the process lignin-carbohydrate matrix formation of
wood under biotic stress.
II. EXPERIMENTAL
The representative samples of the juniper wood aged from 10 to 70 years were selected on the territory of the
Arkhangelsk region, outside the area of anthropogenic and technogenic effects. The wood age is determined by
the number of annual rings on the transversal sections at the root neck of the juniper trunks. Wood (age of 20 and
70 years) has damaged parts by action of aspen polypore (degree of damage to wood is more than 50%).
The preparations of dioxan lignin (DL) were extracted from the wood by the Pepper method in amount of 28%
of its content in the original wood.
The functional composition of DL is determined by standard methods. The number of phenolic hydroxyl groups
is determined by spectrophotometric ∆ε-method and by the difference between the content of total acid and
carboxyl groups, carbonyl groups – by the method of oximation, carboxyl groups – by the chemisorptive
method.
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The samples of wood and extracted lignins are characterized by infrared technique. IR-spectra are recorded in
the tablet of potassium bromide with Fourier transform infrared spectrophotometer IRAffinity-1 („Shimadzu“,
Japan) within the range from 4000 to 400 cm-1.
рКа values were determined by method of direct spectrophotometric titration by tetraethylammonium hydroxide
(“purum”, Fluka) in the thermostated cell at 25ºС in argon atmosphere. pH was measured with ion meter
„Expert-001“with an electrode system made of glass (ЭСЛ-63-07) and silver chloride comparison electrode
(ЭВЛ-1-МЗ). After adding each portion of titrant, solution рН was measured and absorption spectrum relative to
the solvent with spectrophotometer Specord-200 PC (Analytic Jena AG, Germanu) in quartz one centimeter
cuvettes within the range of 240-400 nm with an interval 0.5 nm was recorded.
Effective potential was determined in the thermostated cell at 25ºС in argon atmosphere and alkaline medium of
0.02M KOH in the reduction-oxidation system of potassium ferrocyanide-ferrocyanide. The electrode system
consisted of platinum electrode ЭПВ-1 and saturated silver chloride electrode ЭВЛ-1МЗ used as a comparison
electrode.
Analysis of quantitative and qualitative composition of extractives was performed as follows: sound and decayed
areas of the wood were selected. Then they were grounded in a rotary mill with water-cooling into fractions (to 2
mm), and then extracted in a Soxhlet apparatus to complete extraction of extractive substances. Petroleum, ether,
acetone, and ethanol were used as solvents. The organic extracts were dried over anhydrous sodium sulfate, the
solvent was distilled off on a water bath and the residue was dried to constant weight at a temperature of 40 ºC.
The extracts were dissolved in anhydrous dimethylformamide with addition of deratizational reagent - N, Obis(trimethylsilyl)trifluoroacetamide (BSTFA) and incubated for one hour at room temperature. GC-MS analysis
was performed with Shimadzu QP2010S gas chromatograph equipment. The chromatographic analysis was
carried out using capillary column HP-1MS, 100% dimethylpolysiloxane (30 m × 0.25 mm i.d. and 0.25 µm film
thickness). Helium was used as carrier gas at a constant flow rate of 1 mL min-1. The oven was programmed to
start at 50 °C (held for 3 min) and reach 250 °C at 10 °C min−1 where it was maintained 10 min. Identification of
compounds was carried out by comparing the mass spectra of compounds with library (MSO8) mass spectra.
III. RESULTS AND DISCUSSION
Lignin is one of the most stable natural compounds with high molecular weight. It plays an important role in the
physical block invading pathogens. Newly synthesized lignin takes part in healing up during tissue damage as a
protection against the penetration of pathogens [1]. The protective function is manifested in changes of the
functional composition due to the action of the enzyme system of the fungus, which in turn affects the reactivity
of the polymer.
The functional composition of the extracted preparations of DL of the aspen and acidity constant of the main
phenolic structures, Figure1, are given in Table 1. In general, the functional composition of DLA corresponds to
the lignin of deciduous. The ratio of guaiacyl and syringyl structures in samples of aspen DL is 55 - 60% and 40
- 45% respectively by the processing IR spectrum methods of higher derivatives and Fourier self-deconvolution.

Figure 1. Main Phenolic Structures of Lignin
Table 1. Functional Composition and Values of Acidity Constants of the Extracted Preparations of Dioxane Lignin
Sample of
DL

Age,
years

Functional Composition, %

OH
com.
1
10
4,8
2
15
3,7
3
20
4,9
4
20
4,7
5*
20
5,2
6
30
3,8
7
70
4,3
8*
70
5,3
* Sample with Phellinus tremulae

OH strong
acid
0,2
0,2
0,4
0,2
0,4
0,2
0,2
0,6

OH
phen
4,6
3,6
4,5
4,2
4,7
3,6
4,1
4,7
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Acidity Constants
CO

pKa1

pKa2

pKa3

2,7
4,3
4,3
2,7
4,7
2,1
2,9
4,7

7,2
7,5
7,4
7,5
7,8
7,8
7,6
7,8

9,2
9,4
10,3
9,4
10,2
10,3
9,5
10,3

11,2
11,1
11,3
11,6
11,5
11,2
11,7
11,6

ORP, mV

856
853
841
831
862
846
834
860
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The analyses of the data of functional composition of the extracted preparations of DL allow saying that the
content of phenolic hydroxyl groups is growing for an average 12-15% (compared with sound wood). That was
because phenyl coumarone structure is broken as a result of demethoxylation. The number of total hydroxyl
groups increases because of changes of the amount of carboxyl groups (an average 2 times) in decayed aspen
wood.
According to table 1, the highest number of carbonyl groups had DL extracted from decayed aspen wood (4,7%)
as a result of biodestruction.
There is change of lignin functional nature, which in turn leads to change in its redox and acid-base properties as
a result of enzymatic system of fungi.
In recent years the data array of acidity constants values of monomeric guaiacyl and syringyl structures as lignin
modeling phenylpropane units as well as of investigation of directly preparations of DL coniferous species were
accumulateed [2, 3].
The analyses of the data obtained allow doing follows classification: the structures of I type have рКа in aqueous
medium 7-8. The availability of a carbonyl group conjugated with the benzene ring, due to, mainly, negative
mesomeric, as well as negative inductive effect results in reduction of electron density (charge delocalization) in
the oxygen atom of the phenolic hydroxyl group and increase of acidic properties. The structures of II type have
рКа in aqueous medium about 9-10. The structures of III type having the largest рКа value in aqueous medium
11-12 include the structures with nonconjugated α- carbonyl group and carbon – carbon bond in the fifth position
typical for the condensed structures of lignin.
According to the data given in Table 1, рКа value of II type in DLA sample is significant change. It is happen
because during process of wood biosynthesis and biodegradation the change of functional nature of lignin takes
place. And рКа value of I and III type are not changed. Thus, the main contribution in change of DLA acidity
constants was made by II type structures. These structures play the main role in lignin formation and its
reactionary properties.
All studied lignin preparation has high oxidation-reduction potential (ORP) by experiment. The values of ORP
for lignin from sound wood are 834…846 mV, for lignin from decayed is 860…862 mV.
According to indirect oxredmetry theory [2], ORP depends on the logarithm of concentration ratio lg(Cox/Cred),
in case we can notice comparative content of phenol (Cred) and quinone (Cox) forms of lignin. Thus, the high
values of ORP can be explained by intensive oxidative processes in which quinone structures concentration rises,
this fact confirms lignin functional composition data.
According to the data given in Table 1, the main differences in lignin parameters are in sound and decayed wood
(70 years).
In this paper the interrelation between analyses and change in group composition and quantitative ratios of main
wood cell components were obtained, considering an integrated manner of biosynthesis process and
biodestruction.
The characteristic feature of oxidative process during pathogen enzymatic action is formation of low-molecular
water-soluble fragments. They forms in process fragmentation and/or oxidation of single and double C-C links in
high-molecular fatty acids and dibasic acids (azelaic, suberic and oxalic acid) and oxo(hydroxy) acids (lactic
acid). The high contents of water-soluble (more polar) in decayed wood was confirmed by extraction of some
solvents with different polar: ethanol, acetone, diethyl ether and petroleum ether. For example, the most polarity
ethanol, Table 2, extracts 2.6 and 4.3 weight% from the sound and decayed wood respectively. And petroleum
ether extracts in 6.5 and 14 times less.
Table 2. The Content of Aspen Wood Extractive Substances According to Solvent Polarity

Solvent

Solvent polarity, ЕТN [4]

Ethanol
Acetone
Diethyl ether
Petroleum ether

0,654
0,355
0,117
–

Content of extractive substances, % to a.m.u.
Sound wood
2,6
2,1
1,6
0,4

Decayed wood
4,3
1,8
1,9
0,3

According to the Table 3, data reflecting the composition content of the extractives group depends on the
solvent polarity and the type of wood. The greatest numbers of identified compounds were represented ether
extracts isolated and the smallest one was presented extracts isolated with petroleum ether. The main compound
of these extracts were represented by free acids and sterols. Intermediate position is occupied by ethanol and
acetone extracts, they are based on one-and dicarboxylic acids and carbohydrates.
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Table 3. Group Chemical Composition Aspen Wood Extracts by Chromatographic Analysis
Type of wood,
extractant

Number of compounds

Total number of
compounds

Fatty acid (s/m/p)1
Sound, Ethanol
20
7 (5/1/1)
Decayed, Ethanol
26
7 (5/1/1)
Sound, Acetone
24
9 (6/1/2)
Decayed, Acetone
23
7 (5/1/1)
Sound, Petroleum ether
21
13 (7/4/2)
Decayed, Petroleum ether
18
9 (4/3/2)
Sound, Diethyl ether
39
19 (13/5/1)
Decayed, Diethyl ether
27
15 (12/2/1)
1 - s/m/p means saturated/monounsaturated/polyunsaturated fatty acids

Carbohydrates
2
2
1
2
–
–
–
–

Steroid, esters
–
–
–
–
4
1
6
1

Thus it follows that the impact of the parasitic fungus leads to the destruction of plant cell walls, and as a result
of enhanced release or secretion of these extractives, having a protective immune response of its biochemical
reactions inside the plant cell, mainly oxidative nature. There is a relatively low content of low molecular weight
fatty acids (caprylic and caproic acid) and elevated higher fatty acids (palmitic and stearic acids) and polyhydric
alcohols (glycerin, glycol). It may indicate the hydrolysis enzyme complexes effects on lipid wood complex or
the polymerization oxidative process of low molecular fatty acids. An example of this was the high content of
dicarboxylic acids (oxalic acid, suberic acid, azelaic acid, suberic acid) and hydroxy acids (lactic and glycolic
acid). Higher content of ethylene glycol of decayed wood can be associated with inactivation of ethylene - the
main plant hormone involved in the response of wood to various damaging factors. The presence of xylose and
mannose in ethanol and acetone extracts of wood due to the destruction of the wood carbohydrate. In all extracts
were indicated the presence of lignin decomposition products (p-hydroxybenzoic, and syringyl tsinnamik acid),
which was associated with the availability of lignin in lignin-carbohydrate complex activation processes and
enzymatic degradation of chemical bonds.
IV. CONCLUSIONS
Wood as a united matrix composed of lignin-carbohydrate composite and extractives shows the cumulative
effect of the enzymatic oxidative degradation of its components. It’s noted that in the process of biosynthesis run
parallel with structure formation phenolic (lignin) and the isolation of compounds resinous character (terpenes).
With the introduction of the pathogen defense mechanisms was activated by plants at the biochemical level.
Decrease in the lignins reactivity of decayed wood , reflected in the availability of lignin for enzymatic
degradation processes of chemical bonds, as well as the intensification of the extractives formation were
observed.
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ABSTRACT
The component composition of bioactive substances (BAS) within the needles of common juniper (Juniperus
Communis L.) grown in Arkhangelsk region, the Nenets Autonomous Area, Karelia and Kamchatka. It was
established that formation of component composition of bioactive substances (BAS) within the needles of common
juniper was influenced by climate factors and growing conditions. The data about essential oil output is given for the
needles of common juniper grown in the northern part of Russia. The composition of essential oil of common
juniper was determined by GC-MS method.
I. INTRODUCTION
Juniper is the unique relict specie and now it’s of interest for production of valuable bioactive substances. It is
widely used in medicine because of high content of essential oils and bioactive substances in its needles. These
substances have wide pharmacological application. The juniper has health impact on forest environment due to its
higher secretion of phytoncides in comparison with other coniferous species; also juniper forms microclimate in the
surface layer of the atmosphere [1]. The juniper is widely spread at the European North. Considering the fact that
content of bioactive substances depends on the growth conditions and the plant species, it’s interesting to investigate
the content of some kinds of organic substances in wild plants grown in certain conditions. From this point of view
the common juniper of northern part of Russia is poorly studied. Archangelsk region, the Nenets Autonomus Area,
Karelia and the Kamchatka peninsula are characterized by diversity of natural landscapes with different geological
structure and climate characteristics. The juniper underbrush is widely spread in these regions.
The aim of the work is to find out the effect of climate factors and growth conditions on formation of component
composition of bioactive substances (BAS) within the needles of common juniper (Juniperus Communis L.), which
is grown in subarctic region.
II. EXPERIMENTAL
The test platforms for the sampling of juniper from different climate zones were chosen on the base of [1]. The first
sampling region is situated in the Northern Taiga (temperate climate zone, Archangelsk region). The second is in the
zone of Northern and Middle Taiga (continental zone, Karelia). These regions have almost similar climate
conditions. The platforms with similar climate conditions and additional influence of hydrothermal springs were
chosen for comparison of abiotic factors impact on component compositions in the needles of common juniper.
They are: the Nenets Autonomus Area (NAA, Pym-Va-Shor) situated in tundra (subarctic zone) and the Kamchatka
peninsula (natural park “Volcanos of Kamchatka”) situated in tundra (temperate zone). The influence of
hydrothermal springs is expressed by anomalous temperature gradient in comparison with the environment and also
by specific ionic composition of water for nutrition processes. These factors make an impact on characteristics of
biosynthesis and component chemical composition of bioactive substances (Table 1).
Table 1. The characteristic of regions for juniper sampling
Average temperature of
January, 0C
Average temperature of
July, 0C
Annual precipitation
Climate
Zone

Archangelsk region
-12,9

Karelia
-8-14

NAA
-19,6

Kamchatka
–7 (February)

15,6

13-14

12,6

12 (August)

400-540 mm
Moderate-continental
Northern taiga

450-600 mm
Continental
Northern and middle
taiga

436 mm
Subarctic
Tundra

1200 mm
Moderate
Tundra

The sampling of representative samples of juniper was made at the specified sites. The feedstock was prepared in
the August of 2013 (Archangelsk region, Karelia) and in June of 2013 (Kamchatka, NAA). The selection and
averaging of samples (branches of common juniper) were performed according to GOST for the wood greenery [2].
The feedstock was analyzed according to standard methods [3, 4]. Ethanol was used as a solvent for the extractives
determination. Ethanol is environmentally safe and transfers water-soluble and liposoluble substances into soluble
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state. The determination of extractives was carried out by the infusion method with 96% ethanol solution (duty of
water is 1:20; temperature is 50 0С because of the destruction of vitamins, chlorophyll and carotenoids at a higher
temperature). The needles after extraction were dried up to constant weight, the amount of extractives were
calculated as a weight loss.
The essential oil of the needles of common juniper was extracted by steam distillation with following calculation of
volume and mass fraction of sediment essential oil. The composition of essential oils was determined by
spectrometer GC-MS QP-2010 Ultra (Shimadzu).
The identification of separate types of chemical compounds in the extracts was made by the methods of UVspectroscopy and chromatography-mass spectrometry. UV-spectra were registered by the spectrophotometer
«Shimadzu-1800» within the range of 190-900 nm. The composition of volatile extractives was determined by
spectrometer GC-MS QP-2010 Ultra (Shimadzu). The analysis was performed by means of two columns with the
different polarity. One of them was low-polarity Rtx-5MS and another was average polarity DB-17 MS (the column
length is 30 m, the internal diameter is 0.25 mm). The chromatography conditions: isothermal regime at 40 °С
during 5 minutes, with programmed increase of temperature at the rate of 10 °С/min up to 250 °С, with exposure at
this temperature for 20 min. The evaporator temperature is 230 °С, the ionization chamber temperature is 230 °С,
the ionization energy 70 eV.
III. RESULTS AND DISCUSSION
The juniper needles are specific type of wood greenery having a lot of bioactive substances such as essential oils,
chlorophyll, carotene, different amino acids, vitamins, phytohormones and ets. The juniper essential oil is valuable
bioactive feedstock. The essential oil output can give an information about its participation in plant’s growth, plant
biological value, possibility for the given plant usage for essential oil production. According to data of other
researchers, the essential oil content in the juniper needles depends on its specie, place of growth and season [5, 6].
The object of this investigation is wood greenery of common juniper (Juniperus Communis L.). The extractives
composition is presented in Table 2. The content of water-soluble substances is 23,8% ÷ 28,1%, extractives 33,2%
÷ 41,0 %, essential oil 2,0% ÷ 3,8% depending on the place of growth.
Table 2. The characteristic of wood greenery of juniper
Content, % a.d.
Ash
Extractives,
i.e.:
water soluble
essential oils
liposoluble
Ethanol extracted
Wax

Archangelsk
region
3,3
38,1
25,9
2,5
9,5
34,2
2,8

Sampling points
Karelia
NAA

Kamchatka

2,5
33,2

3,2
41,0

3,7
39,3

25,7
2,0
5,5
28,2
2,6

23,8
3,6
13,6
32,9
2,4

28,1
3,8
7,4
30,6
2,1

According to the obtained data, the juniper grown in Karelia is less valuable (the essential oil output 2,0%); the
essential oil output from wood greenery of the juniper grown in Archangelsk region is 2,5%. The sampling points in
Archangelsk region and Karelia are situated in mild-continental climate zone with long cold winter and short cool
summer. Besides, karstic deposits significantly influence on all physical and geographical conditions of the territory.
They sharply change the relief, character and regime of underground water. Fast absorption of atmospheric water
leads to dry surface which impact a lot on the processes of soil formation and type of plants.
It should be noticed that higher content of extractives and essential oil in wood greenery is in juniper sampled in
NAA (3,6%) and in Kamchatka peninsula (3,8%). Probably it is explained by abiotic stress. On the one hand, PymVa-Shor and natural park “Volcanos of Kamchatka” are hydrothermal ecosystems. They present extra-zonal
landscapes elements with maximum heat contrasts in comparison with zone background. On the other hand they
have harsh climate conditions. Under the stress conditions the plants get the strength to the permanent factor which
is illustrated by the data for the essential oil output. The essential oil is obviously acts as a protection from the cold.
The identification of separate compounds in the essential oil was made by the chromatography-mass spectrometry
method. The chromatogram is presented at the Figure 1.
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Figure 1 – GС-MS – chromatogram of the essential oil of the juniper wood greenery
Table 3 presents the component composition of the essential oil of the juniper wood greenery sampled in
Archangelsk region. The essential oil of Juniperus Communis L. wood greenery contains 97 components, 22 of them
have the concentration higher than 0,5%.
Table 3. The main component composition of the essential oil of the juniper wood greenery sampled in Archangelsk
region
Component

% of total component sum

α-thujene
Bicyclo[2.2.1]heptane, 2,2-dimethyl-3-methylene
α-pinene
Camphene
β- phellandrene
Bicyclo[3.1.1] heptane, 6,6- dimethyl -2- methylene
β-myrcene
1-phellandrene
1,3,6-оctatriene, 3,7- dimethyl
Sabinene
γ-terpinene
α-terpinolene
Butanoic acid,3-methyl-,3-methylbutyl ester
∆3-carene
Terpinen-4-оl
α-terpineol
Bornyl acetate
d-limonene
Cyclohexane, 1-ethenyl-1-меthyl-2,4-bis(1-methylethenyl)-,[1S(1.alpha.,2.beta.,4.beta.)]
Caryophyllene
Humulene
Germakrene –D
α-amorphene
∆-cadinene
Farnesol 1
1-naphthalenol,1,2,3,4,4а,7,8,8а-оctahydrо-1,6-dimethyl-4-(1-methylethyl)-,[1R(1.alpha.,4.beta)]
Epiglobulol

0,35
0,60
0,16
0,55
1,28
3,31
4,55
1,83
9,82
7,68
0,65
2,06
0,52
0,04
0,87
1,13
0,48
0,51
1,67
0,40
0,60
1,14
0,47
1,63
0,68
4,38
0,64

As a result of this investigation it was found that compounds of terpenes group are prevailing in the essential oil of
juniper wood greenery. They are sabinene (7,68%), β-myrcene (4,55%), α-terpinolene (2,06%), β-fellandrene
(1,28%), ∆-cadinene (1,63%), α-terpineol (1,13%), terpinene-4-ol (0,87%), camphene (0,55%). Also there are fatty
acids ethers, derivatives of azulene and naphthalene in in the essential oil. It should be noticed that the essential oil
of the juniper grown in Archangelsk region differs from the essential oil of Siberian juniper by very low content of
α-pinene, ∆3-carene.
The composition of volatile extractives was determined by the chromatography-mass spectrometry method on the
spectrometer GC-MS QP-2010 Ultra (Shimadzu). Table 4 presents the main component composition of the ethanol
extract of the juniper wood greenery. As it follows from these data, the ethanol extract of the juniper needles
contains more than 100 components with prevalence of terpenes group compounds. They are: mainly α-pinene
(16,34%) in contrast to the essential oil with very low content of α-pinene (0,16%), cembrene (4,50%), ∆3-carene
(2,86%), β- fellandrene (2,04%), mannose and glucose derivatives and trace amounts of camphene (0,22%).
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Table 4.The main component composition of the ethanol extract of the juniper wood greenery sampled in
Archangelsk region
Component

% of total component sum

α-pinene
∆3-carene
Camphen
Bicyclo[3.1.1]heptane, 6,6-dimethyl-2-methylene-,(1S)β-myrcene
Limonene
β- phellandrene
Trans- caryophyllene
α- humulene
Germakrene –D
∆-cadinene
β-elemene
α-cadinol
α-selinene
1-Naphthalenepropanol,.alpha.-ethyldecahydro-.alpha.,5,5,8a-tetramethyl2methylene-,[1S-]
Cembrene
Thunbergol
β-D-Glucopyranose

16,34
2,86
0,22
0.56
0,69
0,19
2,04
0,61
0,40
2,22
0,13
1,86
0,27
0,21
1.83
4,50
6.64
0,57

For the determination of the nature of substances extracted from the juniper wood greenery by ethanol, we
investigated the electron absorption spectra of obtained extracts in the UV- and visible regions.
There are significantly expressed absorption bands with maximums at 272-275, 331-335, 536, 611, 664 nm in the
absorption spectra of ethanol extracts. It should be noticed that the absorption bands in the region of 270-290 nm can
belong to such classes of natural compounds as amino acids, phenolic compounds, flavonoids (250-280 and 330-370
nm) and coumarins (310-350 nm), at the wave lenght of 536 nm – to anthocyanins, at the wavelength of 611 and
664 nm – to chlorophylles “a” (664 nm), chlorophylles “b” (641,611).
IV. CONCLUSIONS
Thus, as a result of the investigation it was found that the formation of component composition of bioactive
substances (BAS) within the needles of common juniper (Juniperus Communis L.) is influenced by climate factors
and growing conditions. The GC-MS method showed that the essential oil of the juniper wood greenery contains 97
components with prevalence of terpenes group compounds, mainly sabinene, β-myrcene, α-terpinolene. Also the
ethers of fatty acids, derivatives of azulene and naphthalene were found. The content of such bioactive substances as
chlorophylles “a” and“b”, flavonoids, aurones, tannins was determined for the ethanol extracts.
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ABSTRACT
The ultra-micro structure and submolecular structure of coniferous wood matrix were investigated by methods of
scanning electron (SEM) and atomic-force microscopy (AFM). New improved method of wood investigation by
SEM including the step of cryomechanical sample preparation was suggested. New data on specific features of the
composition and cell wall structure of Juniper wood (Juniperus communis L) were obtained. Performed
investigations experimentally confirm the physic-chemical model of structure and self-assembly of wood substance
and prove its application for certain objects.
I. INTRODUCTION
According to modern concepts, wood substance is considered as bionanocomposite. It is formed by polysaccharides
(cellulose, hemicelluloses, pectins) and polyphenol with irregular structure (lignin). The biosynthesis process of cell
wall components occurs simultaneously, but lignification process can be late, this leads to the formation of complex
submolecular structure.
According to the fundamentals of physic-chemical model of structure and self-assembly of wood substance, lignincarbohydrate matrix is a superposition of interpenetrating networks formed by H-bonds, C-C-bonds, ether bonds and
lignin-carbohydrate bonds. Thermodynamically incompatible cellulose and lignin form microheterogeneous regions
surrounded by hemicellulose gel. Hemicelluloses act as they unite cellulose elementary fibrils and lignin because of
the transition layer formation on the cellulose fibrils surface. Also hemicelluloses have limited thermodynamic
compatibility with lignin. Extra strength of this composition is given by mechanical bonds between macromolecules
of lignin, hemicelluloses and cellulose [1, 2].
The aim of this work is application of physic-chemical model of structure and self-assembly of wood substance for
studying of specific features of ultra-micro and submolecular structure of coniferous wood matrix with assistance of
modern methodical approaches and by means of analytical instruments.
Juniper wood (Juniperus) is chosen as a bio-object for investigations, because it is one of the most representative,
ancient (relic), specific and scantily known coniferous species [3, 4].
Juniper (Juniperus Communis L.) is the most wide-spread specie of the genus, it can be found in different
environmental conditions between 70 and 300N. In Russia its area covers European part, the Urals and Siberia.
II. EXPERIMENTAL
For this investigation the representative samples of the juniper wood (Juniperus Communis L.) aged from 60 to 90
years old were selected. Sections and fractures (tangential, radial and cross) of juniper wood samples were used as a
material for microscopic studies
For the investigation of ultra-micro structure of wood matrix by SEM the improved method including the step of
cryomechanical sample preparation was suggested. This method consists of liquid nitrogen treatment of wood bars
(20×5×5 mm) incised at perimeter. After freezing at 77 K a cross section was prepared at the incision. Water and
alkali washes of radial and tangential fractures of juniper wood were performed with distilled water and potassium
hydroxide at concentrations 0.02 ÷ 0.1V. The samples were freeze-dried after washing. Spectra of the washings
were recorded by a UV-spectrophotometer (Shimadzu UV-1800) within the range of 200 – 400 nm.
The images were obtained by scanning electron microscope SEM Sigma VP ZEISS (accelerating voltage – 20 kV,
In Lens detector) and by atomic-force microscope ACM Multimod 8 Bruker. In order to increase samples’ image
contrast (while working on scanning electron microscope) the coating of gold and palladium with the thickness of 5
nanometers were applied (by means of device for samples’ preparation Q150TES manufactured by QUORUM).
III. RESULTS AND DISCUSSION
Application of modern methodical approaches and analytical instruments in performed investigations allowed
obtaining new scientific results for characterization of ultra- and nanostructure of lignin-carbohydrate wood matrix.
It is known that the basis of the juniper wood is formed by tracheids (Tr) put into dense vertical packs, contained
between horizontal (radial) medullar rays (Mr). It was experimentally established that tracheids’ length exceeds
significantly their width and varies from hundred µm up to 1500µm both within a separate annual ring and a whole
tree (Figure 1 а-d). Tracheids diameter is 15-25 µm for early wood (SW) and less than 10 µm for latewood (AW). It
is 1.5 times less than the same parameters for spruce and 2-2.5 times less – for larch. The number of cells and their
diameter within the annual ring grow with the increase of the age of a tree. It can be explained by the increase of
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energetic and element flows in the wood associated with the development of roots and crown. Early tracheids of
juniper contain a lot of pores (P) and lumen of big diameter. These specific features make tracheids the main
conductive element of juniper wood – the vessels’ analogue. So, more dense package and small diameter of
tracheids explain the high density of juniper wood (~630 kg/m). It is 1.5 times higher than the density of cedar.

a

SW

b
AW

Mr

SW

c

Tr

AW

d
P

Pl
Pl

Figure 1. Radial (а,c) and cross (b,d) fractions of juniper wood.
The images with the magnification of 200×(а), 1000×(b) 1000×(c), 5000×(d) were obtained by SEM.
SW – early wood; AW – late wood; Tr – tracheids; Mr - medullar ray; P – pore; Pl – plasmodesmata.
Horizontal medullar rays (Mr) are deposits of parenchymal cells (2÷9 in height and 1÷3 in width), containing double
pores. Rays go radially through all the thickness of the trunk (Figure 1а). Their content in juniper wood is 3÷6%.
The distinguishing characteristic of juniper wood is the absence of resin ducts typical for majority of conifer species.
Probably the secretory tissue of juniper wood is situated in cambium (near the bark), but there’s no references
proving that.
During the investigation we found one more characteristic property of juniper wood - plasmodesmata presence (Pl).
It is very thin tension bar crossing the cells’ cavities (Figure 1b, d). These channels link the protoplast of adjacent
cells. They are lined by plasmatic membrane inside. There is hollow desmotubule inside plasmodesmata, which acts
for communication between cells and transport of some substances [5]. In most cases this cell wall element goes
through pores and ruins together with remains of cytoplasmic membrane during the process of cells’ lignification,
that’s why it can be hardly identified.
According to modern concepts the tracheids’ cell wall consists of two components: thin primary (Р) and secondary
(S) layers, which are different both in composition and in structure [2,6,7]. Secondary layer in its turn consists of
three layers S1, S2 and S3, gradually deposited during the growth process. Primary layers of adjacent cells are bonded
by intercellular substance and formed complex middle lamellae (Р+М+Р).
These statements are confirmed by the following results. The arrangements of the cell wall layers of juniper wood
and microfibrils orientation can be seen on Figure 2a-b.
The base of cell wall of juniper wood is S2 layer mainly consisting of unidirectional cellulose microfibrils and
providing the necessary stiffness and strength of tracheid and tree. However, the unidirectionality and slight slope of
microfibrills with the respect to the cell axis (20-40 degrees) make the layer the most fragile and unstable under
conditions of longitudinal mechanical strains. The thinner layers S1 and S3 surround S2 from outer and inner sides
of cell wall, respectively. While cellulose microfibrils of S1 are mainly unidirectional, the S3 layer contains
intercrossing cellulose plates, lamellae, although only a few (Figure 2b). Besides the primary and secondary layers,
the cell wall of juniper wood contains a verrucous layer lining the inner cavities of cells as well as surfaces of pores
(Figure 2a, b).
Most of researchers consider that cellulose microfibrils in secondary layer are helically arranged, taking various
angles, which provides the necessary stability of cell wall against different impacts. But there were not experimental
data proving the presence of helical structure in cell wall. Application of cryomechanical pretreatment allowed
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confirming of such a microfibrils arrangement in the cell wall (Figure 2c, d). Such an impact led to splitting and
partial destruction of secondary cell wall layers, and helical structure became more visible. The analysis of slope
angle and thickness of convolutions allows making a conclusion that the helix base consists of S2 layer. Microfibrils
of S2 layer are mainly unidirectional and helixes of all cells have the same direction (Figure 2c).

a

b
S3
p

t
S1

S2
W

W
c

d

S2
W
Figure 2. a, b – the rupture of cell wall of juniper wood; c – radial split of juniper wood sample after
cryomechanical treatment; d – helical structure of tracheid’s cell wall.
Images with the magnification of 5000×(а), 20000×(b), 20000×(c), 20000×(d) were obtained by SEM.
S1,S2, S3, – second cell wall layers; W – verrucuos layer; M – middle lamellae; p – external pore surface; t–torus.

a

b
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d

Figure 3. Surface of S1 layer on radial fracture of juniper wood sample before (a,c) and after (b,d) water treatment.
Images with the magnification of 50000× (а), 20000× (b) were obtained by SEM. Images (с,d) were obtained by
AFM.
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To study the primary cell wall and distribution of lignin in its composition, we prepared radial fractures of juniper
wood samples. Radial fracture mainly occurs in the region of early wood in the intercellular substance, thus opening
the surface of the primary cell wall P and partly uncovering the S1 layer (Figure 3a-d).
As it can be seen on the images, the remains of layer P on the surface of the secondary cell wall are individual
cellulose fibers (up to 50 nm thickness) lacking any directionality, presumably put into solid solution of
hemicelluloses in lignin. The last consists of spherical particles (diameter of 5-60 nm) soluble in alkali solutions,
dioxan and other solvents. After treatment of the surface with water or alkali solutions, spherical particles on the
surface of layer P were not observed (Figure 3b,d), which proves their high mobility with respect to carbohydrate
matrix
The evidence of their lignin nature can be confirmed by spectrum investigations. The peak in the region of 280 nm
corresponds to lignin of conifer species. According to the analysis of these particles’ size, the values are in the range
of 10-20 nm. Solubility of the particles in weak aqueous solutions of alkali evidences the presence of carbohydrates.
Thus, such spherical particles discovered in the intercellular substance and primary layer present solid solution of
hemicelluloses in lignin [1]. The lignin domains are bonded with carbohydrate matrix by H-bonds. So, the lignin in
such solid solution differs from interfibrillar lignin (considering functional composition and polymolecular
properties). It is more mobile with respect to carbohydrate matrix during the external impacts on wood.
The presence of such spherical lignin-carbohydrate complexes in the interfibrillar space and their size evidences
their inability to cross the cytoplasmic membrane and therefore their inability to be formed inside cells. Thus,
similar to exoenzymes, they should be formed on the surface of cytoplasmic membrane. Consequently, microfibrils
grow in the space between middle plate and cytoplasmic membrane, which is crossed by monosaccharides and
phenylpropane monomers. The enzymes synthesizing cellulose, hemicelluloses and lignin are exoenzymes (they are
synthesized in the membrane and diffuse to extracellular space).
IV. CONCLUSIONS
By using the SEM and AFM methods new experimental data about the ultra-micro structure and submolecular
structure of coniferous wood matrix were obtained. These data confirm the possibility of consideration of wood
substance as nanocomposite, based on cellulose nanofibrils (20-50 nm) and globular lignin-carbohydrate formations
(dia. 5 – 60 nm).
V. ACKNOWLEDGEMENT
The researches were performed with the financial support of interdicsiplinary project of Ural Division of Russian
Academy of Sciences (№ 12-М-45-2012) by the means of the equipment of CCU SE «Critical Technologies of RF
in the Field of Environmental Safety of Arctic» (IEPN, Ural Division of Russian Academy of Sciences) and CCU
SE «Arctic» (Northern (Arctic) Federal University named after Lomonosov) with the financial support of the
Ministry of Education and Science of the Russian Federation
VI. REFERENCES
[1] Bogolitsyn K.G., Lunin V.V., Kosiakov D.S. etc. Physical chemistry of lignin: Monograph. - Moscow, 2010,
492 p.
[2] Bogolitsyn K., Chuhchin D., Zubov I., Gusakova M. Ultramicroscopic composition and supra-molecular
structure of wood matrix // Russian Journal of Bioorganic Chemistry. – 2013. – Vol. – 39. – №7. – P. 671–676.
[3] Adams R. P. Juniperus of the world: The genus Juniperus (2nd ed.) / Vancouver: Trafford Publishing Co. –
2008. – 430 p.
[4] Sokolov S. Ya., Shyshkin B. K. Trees and bushes of USSR. Wild, cultivated and promising for the introduction.
– М.-L.: Academy of Sciences of USSR Publishing house. – 1949. – V. I. – 464 p.
[5] Lotova L. I., Nilova M.V., Rudko A.I. Vocabulary of phytoanatomy: tutorial. — М.: LKI Publishing house,
2007. — 112 p. — ISBN 978-5-382-00179-1
[6] Jesper Fahlen. J. The cell wall ultrastructure of wood fibers-effects of the chemical pulp fiber line. Stochholm,
2005. 80 p.
[7] Francis W. M. R. SCHWARZE. Wood decay under the microscope // fungal biology reviews. 2007. №21. P.
133–170
[8] Gorshkova T. A. Plant cell wall as a dynamic system. – М.: Science. – 2007. – 425 p.

250

© CSIC © del autor o autores / Todos los derechos reservados

13th European Workshop on Lignocellulosics and Pulp

EVALUATION OF ALKALINE DECONSTRUCTION PROCESSES FOR
BRAZILIAN NEW GENERATION OF EUCALYPT CLONES
Fernando José Borges Gomes 1*, Jorge Luiz Colodette1, Augusto Milanez2, Juliana
Andreotti2, Auphelia Burnet 3, Michel Petit Conil3, José Carlos Del Río 4, Ana Gutierrez4,
Marta Perez Boada5, Angel T. Martinez5, Fernando Almeida Santos1
1

Pulp and Paper Laboratory, DEF-UFV, Viçosa, MG Brazil, 36.570-000; 2Suzano Paper and Pulp
Co., São Paulo, SP, Brazil; 3CTP, Grenoble, France; 4CSIC-IRNAS, Seville, Spain; 5CSIC-CIB,
Madrid, Spain (*Corresponding author: fernando.gomes@ufv.br)

Abstract
Eucalypt wood has become one of the main raw materials for pulp production, mainly in South America.
Through this study, 19 eucalypt clones were analyzed regarding their forestry production, and chemical
characteristics. After this analysis, among the 19 clones, 5 were chosen to be analyzed concerning their
potential for pulp production, including one commercial clone which was used as a reference clone of high
quality and performance for pulp production. Two pulping processes were used to convert eucalypt clones
into pulps, namely, Soda-AQ and kraft processes. The main findings of this paper were: (1) high
technological quality of Eucalyptus clones evaluated, and that they can be used for pulp production since most
of the clones had performance similar to clone IP; and (2) the Soda-AQ process seems to be a potentially
replace the kraft for a high degree of wood delignification.
I. INTRODUCTION
Eucalyptus is now one of the main raw materials for pulp production, mainly in South America. The wood
quality is a factor of extreme importance when the goal is the production of pulp with high industrial yield,
low cost and high quality. Regarding the process of pulping, the vast majority of variables have been well
studied and they are known and altered depending on the raw material. Thus, in order to achieve the
production target pulp of high quality, the biggest challenge industries is the selection of suitable raw
materials for their supply. Many studies have been done in order to increase wood productivity and improve
its quality aiming at the pulp production through the selection of clones with better performance and crossings
between them. Good results have been observed, for example, the average productivity of the Brazilian
eucalypt forests increased from 24 m3/ha/yr in 1980 to 41m3/ha/yr in 2010, representing a 71% increase in
productivity of planted forests in Brazil [1].
A recent study aiming a better characterization of clones of Eucalyptus grown in Brazil [2] involved the major
pulp Brazilian industries and showed that these plantations in Brazil have the highest global levels of average
annual increment (MAI). The eucalypt clones analyzed in his study demonstrate a high productivity, with
20% of clones with MAI higher than 50 m3/ha/yr, and 70% of the clones showed increments higher than
40m3/ha/yr. For the scientific community and industries, it is very important to know which are the new
opportunities and which are the chances of gain in quality with the available raw materials for pulp
production. Therefore, this study aimed to evaluate the wood quality of 19 eucalypt clones with the most
recent interbreeding aiming bleached pulp production and testing the best 5.
II. MATERIAL AND METHODS
For this study, 18 wood samples of Eucalyptus in commercial cutting age were used, provided by
GENOLYTPUS project, located in Minas Gerais State – Brazil and it was also studied one sample of
Eucalyptus globulus pure from Europe called IG. The complete list of the eucalypt clones used in this study is
presented in the Table 1. The eucalypt clones were investigated regarding their biomass productivity,
moisture, basic density, and chemical characteristics according methodology proposed by Gomes [3]. But
although this study had 19 eucalypt clones available, only 5 were studied regarding the potential for pulp
production due to the high cost of such a study.
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Table 1. Description of the eucalypt clones.
Sample Code
BiomassType
1
U1xU2
E. urophylla (Flores IP) x E. urophylla (Timor)
2
U2xC1
E. urophylla (Timor) x E. camaldulensis (VM1)
3
G1xUGL
E. grandis (Coffs Harbour) x [E. urophylla (R) x E. globulus (R)]
4
U1xUGL
E. urophylla (Flores IP) X [E. urophylla (R) x E. globulus (R)]
5
U1xC2
E. urophylla (Flores IP) x E. camaldulensis(VM2)
6
C1xC2
E. camaldulensis (VM1) x E. camaldulensis (VM1)
7
DGxUGL1
[E. dunnii (R) x E. grandis (R)] x [E. urophylla (R) x E. globulus (R)]
8
DGxU2
[E. dunnii (R) x E. grandis (R)] x E. urophylla (Timor)
9
C1xUGL
E. camaldulensis (VM1) x [E. urophylla (R) x E. globulus (R)]
10 G1xGL2
E. grandis (Coffs Harbour)x E. globulus (R)
11 DGxC1
[E. dunnii (R) x E. grandis (R)] x E. camaldulensis (VM1)
12 U2xGL1
E. urophylla (Timor) x E. globulus (R)
13 DGxGL2
[E. dunnii (R) x E. grandis (R)] x E. globulus (R)
14 U1xD2
E. urophylla (Flores IP) x E. dunnii (R)
15 U1xG2
E. urophylla (Flores IP) x E. grandis
16 IP
E. urophylla (IP) x E. grandis (IP) commercial clone
17 VC
E. urophylla x E. grandis commercial clone
18 CC
E. urophylla x E. grandis commercial clone
19 IB
Iberian Eucalyptus globulus
In this study were chosen two processes for producing pulp, Soda AQ and kraft processes. The cooking trials
of the 5 selected eucalypt clones were done in a CRS digester (CPS 5010 Recycle Digester System), with 2
individual reactors of 10 liters each, equipped with a forced liquor circulation system and electrically heated
with temperature and pressure control. The digester is coupled with a cooling system (Coil System with
residual liquor, involved with water at room temperature), to ensure the cooling of the liquor after the cooking
simulation. With the exception of the alkaline charge, the other cooking conditions were kept (1 kg of wood;
25 % on o.d. chips of Sulfidity as NaOH; liquor to chips ratio of 4/1; 170˚C maximum temperature, being the
time to maximum temperature of 90 minutes and time at maximum temperature 50 minute). For the Soda-AQ
processes were used a dosage of 0.05 on o.d. chips of anthraquinone. After determination of the
delignification curve, two samples of pulp for each clone were prepared at kappa number 20.
III. DISCUSSION AND RESULTS
Selection of clones based on forestry, morphological and chemical characteristics
Forestry characteristics: Two very important factors regarding biomass use for pulp production are moisture
content and density since they affect harvesting, transportation and utilization costs. The wood eucalypt
analyzed in this studied show average moisture and density of 55% and 500 kg/m3. These values are
considered satisfactory for pulp production [2]. The MAI varied in the range of 16-101.6 m3/ha/yr. The lowest
MAI extreme occurred for the C1xC2 woody raw material. This may be explained due to the fact that
eucalypt hybrid is poorly adapted to Minas Gerais State climate conditions and did not develop satisfactorily.
Among the woody raw materials, the highest growth (101.6 m3/ha/yr) was obtained with sample DGxU2. This
productivity is much above the average MAI obtained in commercial plantations in the Brazilian Territory
(~40-60 m3/ha/yr) [1].
Chemical characteristics: Table 2 shows the complete chemical characterization of the eucalypt clones. The
woody material showed acceptable total extractive contents (1.9-4.9%) for all clones. Regarding the mineral
contents the amounts of inorganics present in the eucalyptus woods were very low and quite acceptable for
most applications [4] [5]. The total inorganics measured by complete biomass combustion (ash content)
varied in the range of 950-2.510 mg/kg biomass. Among the woody biomass, there were significant variations
among the total lignin contents, in the range of 27.1-31.3%. The maximum value was obtained for the double
crossing U1xC2 hybrid and the minimum for the G1xGL2 one. However, these values are considered
acceptable for eucalypt clones, but for pulp production a lower lignin content and high S / G ratio are desired
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due to the increase of the pulpability of the wood [6]. About the carbohydrate content, the woody biomass
presented values considered satisfactory for eucalypts for pulp production [2].
Table 2. Chemical composition of the eucalypt clones evaluated.
Sam
ple

Sample
Code

Total
Extractives,
%

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
Max
Avg
Min
SD

U1xU2
U2xC1
G1xUGL
U1xUGL
U1xC2
C1xC2
DGxUGL1
DGxU2
C1xUGL
G1xGL2
DGxC1
U2xGL1
DGxGL2
U1xD2
U1xG2
IP
VC
CC
IB
-

3.6
3.4
4.9
3.6
2.8
3
2.8
2.7
2.1
2.8
1.9
2.5
1.9
3
2.8
2.3
3.7
3.5
2.5
4.9
2.9
1.9
0.7

Sugar Composition, %
Total
Ash,
%
0.1
0.19
0.2
0.12
0.13
0.25
0.2
0.23
0.22
0.18
0.14
0.18
0.18
0.14
0.19
0.16
0.18
0.17
0.32
0.3
0.2
0.1
0.1

Glucan

Xylans

Galactans

Mannans

Arabinans

46.1
45.5
43.9
44.9
45.6
45.6
45.5
45.3
46
46.4
47.2
45.5
45.8
48.1
46.8
49.4
46.9
47.4
46.6
49.4
46.2
43.9
1.2

11.8
10.7
13
11.7
10
9.7
13
12.6
11.9
14.1
10.8
13.4
12.9
11.4
11.8
12
11.4
11.2
13.6
14.1
11.9
9.7
1.2

0.8
1.2
0.8
1.1
1.4
1.6
0.9
0.9
1.1
1
1.2
1.2
1.1
1
1
1.2
0.8
1
1.5
1.6
1.1
0.8
0.2

0.8
1
0.9
0.8
1.1
0.9
0.8
1
0.9
0.8
0.9
0.8
1
0.9
0.8
0.9
1.1
1.1
1.4
1.4
0.9
0.8
0.2

0.2
0.2
0.2
0.2
0.2
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.2
0.2
0.2
0.3
0.3
0.2
0.1

Acid
Soluble
Lignin
%
4.3
4.6
4.7
5
4.5
5.1
5.3
4.4
5
5
4.7
5.6
4.4
4.4
4.4
4.2
4.6
4.1
4.8
5.6
4.7
4.1
0.4

Total
lignin,
%

Lignin
S/G
ratio

Acetyl
Group,
%

Uronic
Acid
Group
%

TOTAL

30.3
30.8
28.9
29.7
31.3
31.1
29.2
29.8
30.7
27.1
31
29.3
28.2
28.6
30.2
27.2
28.4
28.4
28.6
31.3
29.4
27.1
1.3

2.8
2.7
2.9
3.1
3
3
3.2
2.6
3.2
3.5
2.8
3.8
2.9
2.6
2.6
2.7
2.9
2.4
4
4.0
3.0
2.4
0.4

2.1
1.9
2.7
2.4
1.8
1.6
2.6
2.5
2.2
3
1.8
2.6
2.5
2
2
1.9
2.1
1.9
2.6
3.0
2.2
1.6
0.4

3.7
4
3.8
4
3.8
4.1
4
4
4
3.9
4
4
3.8
3.9
4
4
3.8
3.9
3
4.1
3.9
3.0
0.2

99.5
98.8
99.2
98.5
98.3
98
99.4
99.2
99.3
99.6
99.1
99.7
97.8
99.3
99.7
99.3
98.5
98.7
100.3
-

Based on all the analyses, the five clones selected for the production of pulp were: (1) U1 x U2 that was
selected on the basis of its very high annual growth (83 m3/ha/yr), high wood density, excellent
morphological traits, very high forest yield (43 ton/ha/yr) and low xylan and uronic acid contents; (2) G1 x
UGL which presented a high xylan content and possessed Eucalyptus globulus in its genotype, which is of
interest for high S/G ratio, although it is quite challenging for its high content of extractives (4.9%); (3) DG x
U2 that was selected due to its highest annual growth (101 m3/ha/yr) among all eucalypts evaluated, good
density, outstanding morphological traits, and the highest forest yield (~50 ton/ha/yr); (4) a commercial elite
clone (IP) was obtained from a large Brazilian forest company for its excellent forest productivity (38.5
ton/ha/yr), good density, the highest cellulose content and lowest lignin content among all; also for being a
very good reference since it is commercially planted by a large pulp company in Brazil. (5) A pure European
Eucalyptus globulus that was selected in order to compare with the Brazilian wood and a European wood.
Pulpability of the selected clones: Table 3 shows the pulping results. The best performance observed was for
the clone IB among all the eucalypt clones in regard to alkali demand, in the whole kappa number range
studied. This can be attributed to its high S/G ratio of 4/1. The other eucalypt clone showed similar results,
with the exception of IP with a somewhat lower alkali charge for high delignification values. This was
attributed to the slightly lower lignin content in relation to the others. Another observed characteristic was that
the rejected-pulp fraction decreased with delignification intensity as expected and well described in the
literature [2] and [7].The brightness and viscosity obtained for all eucalypt clones in both processes may be
considered satisfactory for the most pulp production [2]
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Table 3. Cooking results of the eucalypt clones evaluated by kraft process.
Alkaline Charge, %
Yield Screened, %
Reject Content, %
Viscosity, dm3/kg
Brightness, % ISO
HexA, mmol/kg

U1 x U2
22
51.2
0.3
1073
31.93
48.8

Alkaline Charge, %
Yield Screened, %
Reject Content, %
Viscosity, dm3/kg
Brightness, % ISO
HexA, mmol/kg

U1 x U2
24
50
1.1
919
30.82
40.3

kraft process at kappa number 20
G1 x UGL
DG x U2
IP
21
22
20
50.4
52,0
52,0
0.5
0.4
0.4
1193
1054
1100
30.57
31.79
31.1
48.6
48.9
46.4
Soda-AQ process at kappa number 20
G1 x UGL
DG x U2
IP
23
22
22
51
51,1
51,6
0.2
0,4
0.6
917
1020
1028
32.05
30.82
29.59
48.2
43.4
45.7

IB
17
55,5
0.6
1064
31.6
37.3
IB
22
55,2
0,4
1064
32.18
41.6

IV. CONCLUSIONS
The results of this study indicate the high technological quality of Eucalyptus clones evaluated, and that they
can be used for pulp production since most of the clones had performance similar to clone IP. For the kraft
process it was observed a higher cooking yield, highest than 50%. Additionally, Soda-AQ process seems to be
a potential process for replacing the kraft for a high degree of wood delignification. These results also indicate
that there is still opportunity for more gains in productivity, e.g., if genetic characteristics of the IB clone are
passed to the clones of greater forest productivity, as DGXU2 (101.6 MAI).
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ABSTRACT
The objective of this project is to develop a process for the parallel production of hemicellulosic ethanol and
cellulose in the same pulp mill. This paper deals more precisely with the fermentation of hemicelluloses
extracted without detoxification. A hydrolysate was obtained by autohydrolysis and evaporated to reach a
concentration of 86 g/L of hexoses. Four strains of Saccharomyces cerevisiae and two strains of
Zygosaccharomyces bailii were acclimatized to this hydrolysate. The most efficient strain of S. cerevisiae was
able to ferment a medium composed of 75% of hydrolysate and reached an ethanol yield of 0.42 g/g after 72
hours. Z. Bailii showed less important volumetric productivities than S. cerevisiae but finally enabled the
fermentation of the concentrated hydrolysate, even if the productivity reached was 0.16 g/(L.h), which means
that more than ten days would be required to achieve the fermentation.
I. INTRODUCTION
Decreasing the consumption of oil derivatives has become one of the main world issues nowadays. As the major
part of oil is turned into transport fuels, the development of biofuels is encouraged [1]. The only green substitute
for gasoline potentially available in large quantities today is ethanol, given that it is the second bioproduct
consumed in the world after paper pulp [2]. Unfortunately, first generation ethanol is produced from crops,
which can have harmful repercussions on the prices of food resources. It is therefore important to develop the
production of second generation ethanol, which consists in using lignocellulosic biomass as raw material, such
as bagasse, straw or wood. Among all the possibilities existing to produce it, this paper deals with the coproduction of hemicellullosic ethanol and cellulose in a kraft pulp mill using softwood as raw material.
In a kraft mill, hemicelluloses, and more particularly galactoglucomannans (GGM) in the case of softwood
species, are lost during the process and burnt in a boiler, which is not profitable regarding their low calorific
value [4]. The developed process would consist in the hydrolysis and extraction of the GGM prior to the kraft
process. GGM are made up of hexoses which could be fermented into ethanol in a second phase.
Several treatments can be used to extract hemicelluloses such as hot water (autohydrolysis), acid hydrolysis,
alkaline extraction, near neutral extraction or enzymatic hydrolysis [3,4]. Autohydrolysis and acid hydrolysis
allow higher rates of sugar extraction. During the autohydrolysis, acetic acid, coming from the deacetylation of
hemicelluloses, catalyzes the hydrolysis of GGM. The efficiency of the treatment can be improved by the
addition of a mineral acid to perform an acid hydrolysis. Nevertheless, the severity of the treatment has to be
limited to avoid damaging the cellulose, which could then reduce the properties of the pulp [5]. In acidic
medium, hexoses and pentoses can be subjected to dehydratation reactions, leading to the formation of 5hydroxymethylfurfural (HMF) and furfural respectively. HMF can further be degraded into levulinic acid and
formic acid, and furfural into formic acid. Furthermore, some phenolic compounds coming from lignin and
extractives are also present in the hydrolysates [6]. Unfortunately, HMF, furfural, acetic acid, levulinic acid,
formic acid and phenolic compounds are known to be potential inhibitors of the fermentation [7]. The limitation
of the concentrations of such inhibitors is necessary to obtain a profitable process. Alternatively, a post-treatment
of detoxification can be added, such as overliming treatment, ions exchange resins, evaporation, activated
charcoals or enzymatic detoxification [8].
A secondary hydrolysis or a step of concentration can also be implemented before the fermentation. A secondary
hydrolysis can be applied to increase the rate in monomers, given that only monosaccharides can be fermented. It
could be performed with an acid or with enzymes. A step of sugar concentration might also be necessary to have
a profitable distillation after fermentation. The higher the concentration in ethanol, the lower the demand in
energy for the distillation. A concentration of 3—5% (w/w) is the minimum admitted, meaning that at least 6—
10% (w/w) of fermentable sugars are required prior to the fermentation [9,10].
The fermentation of extracted sugars can be performed by a large variety of wild or genetically modified
microorganisms. Among them Saccharomyces cerevisiae and Zygosaccharomyces bailii were selected for this
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study. These yeasts can only ferment hexoses, which are the main saccharides present in the softwood
hemicelluloses. S. cerevisiae is known to have good fermentation yields, to be robust and to be quite tolerant to
inhibitors [11]. Z. bailii is less efficient than S. cerevisiae [12] but is known to be very tolerant to organic acids
[13].
In this study, the possibility of the extraction, the concentration and the fermentation of the hemicelluloses
without detoxification step was evaluated. To overcome this issue, four wild strains of S. cerevisiae and two wild
strains of Z. bailii were acclimatized to the hydrolysate.
II. EXPERIMENTAL
Extraction of the hemicelluloses
Wood chips used for this study were a mixture of different softwood species containing sylvester pine (35%),
black pine (24%), alep pine (18%), douglas fir (16%) and spruce (7%). The average composition is given in
Table 1.
The hemicellulose extraction was performed by an autohydrolysis and a secondary hydrolysis. This extraction
was optimized in previous works to limit the degradation of sugars and therefore the apparition of inhibitors
[14]. The autohydrolysis was performed in an autoclave immersed in an oil bath. The liquor was composed of
distilled water and the liquor to wood ratio was 4. The temperature was raised during 30 min to reach 170°C and
maintained for 65 min. The hydrolysate was then cooled, separate from wood chips by filtration and
concentrated by evaporation, using a rotary evaporator: a round-bottom flask containing the hydrolysate was
immersed in a bath at 70°C. The extraction was performed at a pressure of 35 kPa. The hydrolysate was
concentrated until it contained about 85 g/L of hexoses. Part of acetic acid and furfural was lost in the vapors
during the evaporation. As the objective was to test the fermentations in the most unfavorable case, acetic acid
and furfural were added back to the hydrolysate to offset the losses. In order to depolymerize the oligomers, an
acid hydrolysis was finally performed on the liquor during 60 min at 120 °C, with the addition of sulfuric acid to
reach a concentration of 41 g/L.
Chemical component Amount (% by wt.) Chemical component
Amount (% by wt.)
Arabinan
2.0 ± 0.2
Acetyl groups
1.3 ± 0.01
Galactan
2.1 ± 0.0
Klason lignin
27.9 ± 0.5
Glucan
40.0 ± 0.5
Acid soluble lignin
0.35 ± 0.02
Xylan
4.90 ± 0.6
Acetone extractives
2.5 ± 0.5
Mannan
10.1 ± 0.2
Others
8.9
Table 1 : Composition of the wood chips used in the study
Fermentation
Five strains of S. cerevisiae (referenced at the Colección de levaduras quito católica as INT-005, INT-041, 19001 and 10-386) and two strains of Z. bailii (referenced as INT-044 and INT-045) furnished by the Pontificia
Universidad Católica del Ecuador (PUCE, Ecuador) were acclimatized to the hydrolysate. The
acclimatization of the strains of S. cerevisiae was performed at the LGP2 (Grenoble INP Pagora, France) whereas
the acclimatization of Z. bailii was performed at the PUCE. The strains were put to 50 mL sterile liquid medium
and incubated 24h at 35 °C. The sterile liquid medium was composed of Yeast Nitrogen Base (Sigma-Aldrich) at
134 g/L and glucose at 100 g/L. Yeast Nitrogen Base was also added to the hydrolysate as nitrogen source, to
reach a concentration of 134 g/L. The pH of the hydrolysate was then adjusted (5.5 for S cerevisiae and 4.5 for Z.
Bailii) and the hydrolysate was sterilized by filtration (0.45µm). Acclimatization was then performed in
centrifuged tubes of 15 mL under agitation. The strains were transfer in 4 mL of media containing successively
25%, 50%, 75% and 100% (v/v) of this hydrolysate. The other part of the media was composed of the sterile
medium used previously for incubation. The times of fermentation for each step are summarized in the Table 2.
The temperatures of fermentations were 35°C for S. cerevisiae and 25°C for Z. Bailii.
Proportion of hydrolysate
25%
50%
75%
100%
S. cerevisiae
24h
24h
72h
Z. bailii
72h
72h
96h
120h
Table 2: Times of fermentations for each step of the acclimatization
Between each step, the medium was centrifuged (3000 rpm for 5 min), removed from the yeasts, filtered (0.45
µm) and frozen before analysis. The yeasts were then washed three times with sterile distilled water. The water
was removed after each washing by centrifugation. Then, the next fermentation medium was added to the yeasts
to start a new step of the acclimatization.
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Analytical methods
At the LGP2, the concentrations in monosaccharides in the hydrolysates and in the media of fermentations were
measured by High Pulsed Anion Exchange Chromatography with Pulsed Amperometric Detection (HPAECPAD). The column used was a CarboPac PA 10 (250*4 mm, Dionex) after a guard column (50*4 mm, Dionex).
The column and the detector were in a compartment regulated at 25°C. The eluent was composed of KOH 2 mM
at a flow rate of 1 mL/min. The injection volume was 20 µL. The concentrations in HMF, furfural, acetic acid,
formic acid, levulinic acid and ethanol were measured by HPLC. A ligand exchange column Pl Hi-Plex H
(300*7.7 mm, Varian) was used and placed after a guard column (5*3 mm, Varian). The columns were placed in
a compartment regulated at 65°C. A refractive index detector was used at 35°C. The eluent was composed of
sulfuric acid at 5 mM with a flow rate of 0.6 mL/min. The injection volume was 10 µL.
At the PUCE, the concentrations in ethanol, glucose and mannose were measured by HPLC. The column used
was a Rezex ROA-Organic Acid H+ (300*7.8 mm, Phenomenex) placed in a compartment regulated at 79°C. A
refractive index detector was used. The eluent was composed of sulfuric acid at 0.25 mM with a flow rate of 0.6
mL/min. The injection volume was 10 µL.
III. RESULTS AND DISCUSSION
A hydrolysate was produced after an autohydrolysis, evaporated and depolymerized. Acetic acid and furfural
were added to offset the losses during the evaporation. The final composition of the hydrolysate is given in
Table 3. The total concentration in hexoses was 86.0 g/L. Except acetic acid, the concentrations in inhibiting
species were quite low. Previous works showed that the amount of HMF and furfural obtained here are not
harmful alone for S. cerevisiae, whereas acetic acid at 11.5 g/L can be really inhibiting if no acclimatization is
performed. Formic acid can also decrease the productivity [14]. This explains why Z. Bailii, known to be very
tolerant to organic acids, was chosen to be compared to S. cerevisiae.
Composition of the hydrolysate (g/L)
Arabinose
11,2 ± 0.6
Acetic acid
11.5 ± 0.6
Galactose
15.7 ± 0.8
Levulinic acid
3.2 ± 0.2
Glucose
17.4 ± 0.9
Formic acid
3.0 ± 0.2
Xylose
19.5 ± 1.2
HMF
2.0 ± 0.1
Mannose
52.9 ± 2.7
Furfural
3.7 ± 0.2
Table 3 : Composition of the hydrolysate used for the fermentations
This hydrolysate was used for the acclimatization of fours strains of S. cerevisiae and two strains of Z. Bailii.
The results of the fermentations are given by the ethanol yield and the volumetric productivity (Figure 1).
S.C. INT-005

S.C. INT-041

S.C. 19-001

S.C. 10-386

Z.B. INT-044 Z.B. INT-045

S.C. INT-041

S.C. 19-001

S.C. 10-386

Z.B. INT-044 Z.B. INT-045

1,6
Volumetric productivity (g/(l.h))

Fermentation yield (gl/g)

0,6

S.C. INT-005

0,5
0,4
0,3
0,2
0,1
0,0

1,4
1,2
1,0
0,8
0,6
0,4
0,2
0,0

25%

50%

75%

100%

25%

50%

75%

100%

Figure 1: Ethanol yields (left) and volumetric productivities (right) calculated at the end of the fermentation for
the acclimatization for the six strains
As galactose was not consumed by the yeasts, only glucose and mannose were taken into account as fermentable
sugars for the calculation of yields and productivities. Indeed, galactose is used by S. cerevisiae only when no other
fermentable hexose is available for the yeast [15]. The ethanol yield is then defined as the final amount of
ethanol formed per gram of initial mannose and glucose. Theoretically, the maximum ethanol yield is 0.511 g/g.
The volumetric productivity is defined as the amount of ethanol produced per liter of medium and per hour.
Only fermentations led with the strains of S. cerevisiae INT-005, 19-001 and 10-386 with 25% of hydrolysate
led to the total consumption of mannose and glucose. All the other fermentations were not complete, even if the
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times of fermentations were increased. The strains INT-005 and 19-001 reached also good yields with 50% of
hydrolysate after 24 hours. However, only the strain 19-001 was able to ferment efficiently a medium containing
75% of hydrolysate, with a final yield of 0.42 g/g. However, the decrease in the productivity of this strain from
1.18 to 0.40 g/(L.h) showed that it was inhibiting, and 72 hours were necessary to reach such a yield. Moreover,
no strain of S. cerevisiae acclimatized was able to ferment a medium containing 100% hydrolysate.
The productivities obtained with the two strains of Z. Bailii were very low compared to those obtained with S.
cerevisiae, even with a low level of inhibitions. Thus, with a medium composed of 25% of hydrolysate, the
productivities of Z. Bailii were 4 times lower than the productivities reached with S. cerevisiae. Nevertheless, the
repercussions of the inhibition were less important with Z. Bailii and both of the strains were able to ferment a
complete hydrolysate. By increasing the proportion of hydrolysate from 25 to 100%, the productivities decreased
from 0.30 to 0.13 g/(L.h) for INT-044 and from 0.26 to 0.16 g/(L.h) for INT-045. The productivities were too
low to achieve good yields in the times of fermentation chosen. Thus, with the productivities measured, 5 to 6
days would be necessary for the strains of Z. Bailii to ferment the medium containing 25% of hydrolysate, and
10 to 13 days for a medium composed of 100% of hydrolysate.
IV. CONCLUSIONS
The acclimatization of yeasts was efficient to ferment a concentrated hydrolysate. The most interesting strain of
S. cerevisiae, INT-041, was nearly able to reach a complete fermentation of a medium containing 75% of
hydrolysate, even if its productivity was divided by 3. The two strains of Z. Bailii were less efficient for media
containing up to 75% of hydrolysate. But, unlike S. cerevisiae, they enabled the direct fermentation of a
concentrated hydrolysate even if their productivities were very low. The fermentation of a concentrated
hydrolysate without any detoxification step is then possible with S. cerevisiae or Z. Bailii. The choice of the
microorganism depends on the final ethanol concentration required. These results can allow to develop a
profitable process to produce ethanol in a kraft pulp mill.
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ABSTRACT
The influence of composite compound and molecular weight distribution of lignosulfonate and chitosan on the
strength properties of the films derived from them was studied. To improve the mechanical characteristics of the
films in the composition, unbleached softwood pulp (15 or 25 %) was added. It has been shown that the strength
properties of the films increased with increasing lignosulfonate molecular weight, whereas for chitosan molecular
weight this dependence is extreme. Increasing the molecular weight of chitosan up to 1000 kDa reduces the tensile
stiffness of the films and lead to increasing their elongation to failure. Thus the use of chitosan having a molecular
mass greater than 500 kDa in the composition does not improve the mechanical properties of the films. Mechanical
behavior of composite materials is determined by the presence of the main film-forming polymer – chitosan. The
highest strength and deformation properties has the film composed of interpolyelectrolyte complex based on the
lignosulfonate and chitosan with a molecular weight of 500 and 90 kDa, respectively, and the addition of softwood
unbleached kraft pulp in an amount of 25 %.
I. INTRODUCTION
Polyelectrolyte complexes (PEC) are a special class of polymers used for the production of separation membranes
used for dialysis and pervaporation processes [1-3]. Such polymer materials have different composition, whose main
element is a PEC, can also be incorporated plasticizer and fibrous filler [4]. Promising materials for such membranes
are natural polymers having biocompatibility and biodegradability in the absence of toxicity, which opens the
possibility of their use in medicine and pharmacy. Macromolecules of polymers used to prepare the membranes
must be sufficiently stiff to form rigid supramolecular structures. An important characteristic of the membranes is
their mechanical strength, that is depend on the composition of the film and the molecular weights of the polymers
included in its composition. Knowledge of the conditions under which the membrane can exist as a body and not to
lose its integrity, is important to choose conditions under which it is possible to carry out research of membranes and
their use for practical purposes.
II. EXPERIMENTAL
To obtain polymer films based on biopolymers used:
- Lignosulfonates (LS) – according technical specifications TU 13-0281036-029-94, fractionated and purified by
ultrafiltration using a polysulfone membrane. We used lignosulfonate samples with an average molecular weight
(MW) 24, 45, 63, 67, 90 kDa, which was determined by gel permeation chromatography [5].
- Chitosan (Ch) – according technical specifications TU 9289-002-11418234-99 derived from the shells of king
crab, fractionated on JSC "Bioprogress", Moscow region. We used Chitosan samples with molecular weight 30, 87,
150, 330, 500, 1000 kDa, and a deacetylation degree of 85-87 %.
- As crosslinking agent in the composition was added unbleached softwood kraft pulp (15 or 25 % by mass) whose
fibers have a large length, flexibility and increased durability. Refining of the samples was carried in a laboratory
Jokro mill up to 30 SR.
The films were prepared by mixing solutions of components in volume ratio LS:Ch = 10:7. We used water solution
of LS and an acetic acid solution (concentration of 2 % acid) of Ch (concentration of 2,5 g/l). Pulp was introduced
into the composition as an aqueous suspension with concentration of 10 g/l. Films were prepared by the method of
irrigation on an inert substrate (glass covered with polyethylene film), followed by drying at constant room
temperature and humidity. The resulting membrane in the air-dry state have a smooth surface, they are transparent
and flexible, and are swellable in water. To assess the strength and deformation properties, the samples of the films
were tested on vertical tensile tester Testsystem–101 (made in Ivanovo, Russia). The test results of each sample
were transferred to the PC, for the receipt and mathematical processing of stress – strain (" – ") curve, obtained by
treatment of the load – elongation ("F – l") dependence. For testing the films we used cut samples of 8025 mm.
The distance between the clamps was 50 mm, tensile speed – 10 mm/min, sample width – 25 mm. When performing
mathematical processing of experimental stress-strain curves obtained in parallel tests, builds the middle curve,
consisting of 21 points, and calculated characteristics: maximal force (Fmax), N; elongation at maximal force (l),
mm; failure stress (f), MPa, the failure deformation (f), %, elastic modulus (E1), MPa; work to extension (Af) , mJ,
tensile energy absorbed (TEA), J/m2.
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III. RESULTS AND DISCUSSION
The influence of cellulose content on the mechanical properties of the films is shown in Table 1. The composition
of the films includes LC and Ch with molecular weight 67 and 87 kDa respectively, and cellulose (Cell) in amount
15 or 25 %. All tested samples have low strength and increased fragility. They differ in thickness (δ, µm) and basic
weight, which should be considered when analyzing the results.
Table 1 – The results of tensile tests of the films
The material
δ,
Fmax,
µm
N
Ch87LS67
31
1,91
Ch87LS67-15Cell
41
1,60
Ch87LS67-25Cell
53
20,37

∆l,
mm
1,068
0,864
0,573

εf,
%
2,14
1,73
1,15

σf,
MPa
2,50
2,61
25,72

E1,
MPa
239
331
3820

Af,
mJ
0,853
0,436
6,076

TEA,
J/m2
683
580
8100

Ch87LS67 sample not containing cellulose fibers in the composition has a minimum thickness, and its amorphous
structure can’t provide sufficient strength and extensibility. Introduction of cellulose fibers in the composition
increased the thickness of the films through the introduction of thick fibers and spreading the mixture in a confined
space between the fibers. If we introduce a small amount of cellulose fibers (sample Ch87LS67-15Cell), the fibers
don’t form ab own grid structure in the film, and it leads to a slight increase in the film thickness and a
corresponding increase in strength. Sample Ch87LS67-25Cell with high cellulose content in the composition, shows
the mechanical behavior fundamentally different from the other samples, which is reflected in the load-elongation
and stress-strain curves. It has the highest strength and deformation properties. This may be due to the formation of
an independent grid of cellulose fibers, which has the primary mechanical load (Figure 1).

а
b
Figure 1 – The microphotographs of films obtained by a digital microscope.
The cellulose fibers introduced into the composition: a – 15 %; b – 25 %
For tests evaluating the effect of molecular weights Ch and LS on the properties of the films, were sampled Ch with
molecular weight 30, 150, 330, 500, 1000 and LS samples MW: 24, 45, 63, 90 kDa, the addition cellulose is 25 %.
The results are shown in Table 2.
Table 2 – Results of tensile tests of samples of films from LS and Ch with cellulose additive 25 %
The material
δ,
Fmax,
∆l,
εf,
σf,
E1,
Af,
µm
N
mm
%
MPa
MPa
mJ
МW LS 24 kDa
LS24Ch150
50
2,41
0,756
1,51
1,93
277
1,215
LS24Ch330
48
3,21
0,622
1,24
2,68
335
1,134
LS24Ch500
62
2,92
0,815
1,63
1,88
198
1,240
LS24Ch1000
40
1,46
1,044
2,09
1,46
143
0,931
МW LS 45 kDa
LS45Ch30
95
8,16
0,799
1,60
3,44
510
3,483
LS45Ch150
74
4,06
0,522
1,04
2,21
445
1,098
LS45Ch330
58
3,49
0,614
1,23
2,43
326
1,260
LS45Ch500
65
7,31
0,867
1,73
4,50
461
3,502
LS45Ch1000
40
2,31
0,741
1,48
2,33
230
0,786
МW LS 63 kDa
LS63Ch330
63
3,39
0,670
1,34
2,15
256
1,395
LS63Ch500
64
4,74
1,071
2,14
2,96
342
3,206
LS63Ch1000
50
1,80
1,269
2,54
1,44
113
1,135
МW LS 90 kDa
LS90Ch330
72
7,79
0,693
1,38
4,36
560
2,937
LS90Ch500
73
8,72
0,811
1,62
4,81
511
3,860
LS90Ch1000
53
5,43
1,096
2,19
4,13
305
2,513
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TEA,
J/m2
972
907
992
745
2786
878
1008
2801
629
1116
2565
908
2350
3088
2010
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The films with Ch weight of 1000 kDa have a minimum thickness, low strength, high elongation and toughness, in
all cases. Film samples of Ch with molecular weight 500 kDa are the thickest, have most high strength and
deformation properties. An increase chitosan molecular weight up to 1000 kDa reduces the tensile stiffness of the
films and increases their extensibility. The use of Ch in the composition with molecular weight more than 500 kDa
does not improve the mechanical properties of the films. Thus, the dependence of the strength characteristics of the
films versus the molecular weight of main film-forming polymer chitosan has an extreme character that is typical for
films prepared from chitosan [6]. It suggests that the mechanical behavior of studied composite materials largely
determined by the presence of this particular polymer.
An increase of МW lignosulfonate in the polymer composition increases the thickness of the films due to the higher
viscosity of the mixture in the liquid state and at the spreading area, while also increasing the strength and
extensibility of the films. Film samples of with LS MW 90 kDa exhibit mechanical behavior fundamentally different
from other specimens and has the highest strength and deformation properties.
Swellable membranes usually possess good dialysis properties; however the resulting polymer composite was tested
as a semipermeable membrane for the dialysis process. Table 3 shows characteristics of sodium lignosulfonate
before and after dialysis through synthesized polymer films. The ash content during dialysis decreased by 1.4 times,
i.e. main amount of inorganic salts gone into diffusate. Weight average molecular weight of lignosulfonate after
dialysis increased by 1.5 times, and the polydispersity index Mw/Mn decreased.
Table 3 – Characteristics of the samples before and after dialysis
LS
Ash content, %
before dialysis
13,8
after dialysis
10,2

Мw, kDa
24
37

Мw/Мn
5,5
4,5

Gel-chromatograms of the initial sample and the product of membrane separation are shown in Figure 2. Curve for
dialyzed LS (Figure 2b) has peak at high molecular weight fraction of the bimodal molecular weight distribution
curve. It is shown more clearly in comparison with curve for not dialyzed LS (Figure 2a).
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Figure 2 – The LS gel-chromatogram before (a) and (b) after dialysis
IV. CONCLUSIONS
As a result of the research, a method of producing of composite biopolymer films based on different mixture
compositions LS and Ch with additives softwood unbleached sulphate pulp was developed and tested. These films
are intended for use as a dialysis membrane.
It was found that the films without cellulosic fibers do not have the required level of strength and deformation
characteristics, and it requires the introduction of a fibrous material for reinforcing films. The amount of softwood
fibers must be at least 25 %. The fibers in the structure of the film should form an independent grid.
It is shown that the strength characteristics of the investigated films increase with lignosulfonate molecular weight,
whereas for chitosan this dependence has an extreme character.
The evaluation of the mechanical properties allows propose the process and the best composition for the dialysis
membrane. The composition of the optimal films is composed of a lignosulfonate with a molecular weight of
90 kDa, chitosan with a molecular weight of 500 kDa with addition of unbleached softwood kraft pulp 25 %. Films
of such compositions exhibit the highest and stable strength and deformation properties.
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ABSTRACT
Post-harvest and processing technologies of agricultural crops produce a significant amount of lignocellulosic
wastes and they are usually considered worthless (e.g. crop residues such as straws, leaves, stalks, husks,
bagasse, among others). Accordingly, in this study, new materials reinforced with vegetal waste from plantain
plants (stems) were studied. Natural fibers were extracted through mechanical processing of pseudo stems;
lignocellulosic fibers were processed to be used as a reinforcing material in a polymer matrix composite. The
samples were prepared by using a polyester resin, methyl ethyl ketone peroxide (MEKP) and a cobalt-based
promoter to speed up the curing reaction. Three types of composites (CI, CII, and CIII) were obtained using a
3.8% wt. of lignocellulosic reinforcement with a fiber length from 2 to 5 mm. The CII and CIII composites were
prepared after alkaline extraction and acetylation treatment of the fibers in order to enhance the compatibility of
organic loads with the polymer matrix. The results showed that the fibers can be used to obtain a polymer
composite as a filler material; in this case, the acetylation procedure improved the mechanical properties, but
fibers in the alkaline treatment did not have a positive effect as reinforcement. Furthermore, bio-composites can
be used for several applications as an alternative to conventional polymers.
I. INTRODUCTION
Clean technologies promote the use of agro-industrial waste in new materials with potential applications in
several fields (e.g. food and pharmaceutical sector, industrial packaging). In the recent years, researchers have
focused on renewable and biodegradable materials in order to reduce the global production of synthetic polymers
manufactured mainly from crude oil. In order to reduce the global production of synthetic polymers, fundamental
research and technological development are required to reduce the environmental impacts caused by plastic
materials.
On the other hand, the characteristics of residues obtained from the agricultural sector depend on the source and
postharvest processes. In most of the cases, the residues are made of lignocellulosic materials composed of
cellulose, lignin, hemicellulose, extractives and other compounds. They contain a significant fiber fraction that
can be processed in order to produce new materials. Composites reinforced with natural fibers in comparison to
synthetic materials reinforced with glass or carbon fibers, offer competitive production because the former are
non-abrasive materials, they have a lower production cost, lower density, flexibility during processing because of
their biodegradability, high availability of woody and non-woody plant sources (wood, cane fiber, pineapple,
banana, cotton, flax, hemp, kenaf, sisal, coconut, etc.) from agricultural and agroindustrial practices.
A critical aspect of producing composites reinforced with natural fiber is the compatibility of the interface
between lignocellulosic materials and the polymer matrix. In this area, researchers have tried to generate
coupling and grafting by functionalization techniques and morphological modifications of the fibers in order to
find improve the interface to obtain high adhesion of the plant material to the polymer matrix [1] and to generate
structures with different mechanical properties. Chemical treatments, such as alkaline, silane, acetylation,
peroxide treatments, are some examples of techniques used to create reactive groups on the fiber’s surface,
permitting a positive coupling with the matrix.
Recent developments related to physical-mechanical and chemical properties of plantain fibers extracted from
the pseudostem, have allowed the development of medium and long term technologies to produce “green”
materials reinforced with plantain fibers that can be applied in industries needing for composite reinforced with
natural fibers.
In this work, residues from plantain cultivation of a monocotyledon plant of the Musaceae family and the Musa
genus were selected to be studied. In Colombian agriculture, the plantain crops are around 378,884 ha. From
those crops, 4 million metric tons of residues are generated every year and 95% of the residues (leaves, buds,
stems) are used as compost, with potential applications still unknown. Consequently, the use of plantain stems to
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extract lignocellulosic fibers as raw material for the production of composites is an interesting area for
researchers and producers.
II. EXPERIMENTAL
Fiber samples
Fibers derived from plantain stems were characterized in terms of extractives (UNE 57-013), ash - mineral
compounds, and holocellulose and cellulose (Tappi 203), Klason lignin (Tappi 222) contents and the
morphology was studied using Scanning Electron Microscopy (SEM). The physical properties were evaluated by
using Differential Scanning Calorimetry (DSC), X-ray Diffraction (XRD) and Fourier Transform Infrared
Spectroscopy (FTIR).
Alkaline and acetylation treatments on the fibers were carried out in order to enhance the compatibility of the
organic load with the polymer matrix. For the alkaline treatments, the ﬁbers were immersed in 5, 10 and 20 %
NaOH solutions at 10 % wt. of concentration at 50 °C for 2 hours. The acetylation method [2] was carried out on
ﬁbers previously treated with the 20 % alkaline procedure. After the treatments, the fibers were rinsed with
distilled water and dried overnight in an oven at 60 °C.
Composites manufacturing
Three types of composites (C) were obtained. The CII and CIII composites were prepared using fibers after
alkaline extraction and acetylation, respectively, CI composite corresponds to control sample with fibers without
treatment. The composites were obtained using polyester resin and as accelerator and initiator agents were
employed cobalt and methyl ethyl ketone peroxide (MEKP), respectively. The samples were prepared by adding
0.1% wt. of Cobalt at 45g of polyester resin, afterwards 3.8% wt. of lignocellulosic fibers (length from 2 to 5
mm) was added to the resin. The resin with the fibers was stirred to obtain a homogeneous solution. Finally 2 %
wt. of MEKP was added to initiate the polymerization reaction. The curing was done at room temperature.
Mechanical tests
The mechanical properties were evaluated using universal testing machine (Shimadzu AG-X 100 kN). Threepoint bend tests were performed on the cylinders made of the composite material. A span of 50 mm was used
and the rupture load was recorded. After the tests, the surfaces of failed samples were analyzed to observe the
adhesion of fibers to the polymeric matrix.
III. RESULTS AND DISCUSSION
Structural compositions of plantain fibers
A transverse section of plantain pseudostem is shown in Figure 1. Pores (average diameter: 79,3 µm) and
cavities were found in the vascular bundle of monocotyledonous plants from the muse genus (Figure 1a and 1c).
Mechanical extraction from the pseudotem generates fibers with a length from 0.2 to 1 m and a high
length/diameter relation (Figure 1b). The morphology of the plantain fibers after cleaning and is similar to other
fibers found in the literature like yute, sisal and fique. From Figure 1d, it can be concluded that the fibers are
composed of a lignocellulosic network and a interfibrillar matrix creating a microporous structure. The porosity
of the fibers can be useful when surface treatments are performed since the chemicals can get directly into the
fibers. The surface of the fibers is uniform with a flat wall without external fibrillation.
a

b

c

d

Figure 1. Micrographs (a) plantain stems, (b) Plantain ﬁbers obtained from the stem, (c) SEM micrograph of
cross section of stem- 500 µm, (d) SEM micrograph of fiber -10 µm.
The chemical composition of the plantain fibers is shown in Table 1. High cellulose contents were found and the
plantain fibers have higher cellulose contents compared with other woody fibers. From the Infrared analysis, the
FTIR spectra shows a typical lignocellulosic material with stretching vibration of OH groups and intermolecular
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hydrogen by single bridge at frequencies around 3500 - 3300 cm-1. Absortion bands related to aromatic ring
(around 1500 - 1600 cm-1) were also observed caused by the lignin in the fibers. The cristallinity of the fibers
measured by XRD reported 50.2 %. This cristallinity is typical of crystalline I α and Iβ. The intensity is increased
when the analysis is performed on cellullose reporting 61.3% of cristallinity. This value is important since
mechanical strength of ﬁbers mainly depends on the content of crystalline cellulose [3]. Accordingly, the
plantain fibers are a good option to be used in composites.
Table 1. Structural compositions of plantain fibers obtained from stem
Minerals
Calcium, %
Iron, ppm
Magnesium, %
Manganese, ppm
Potassium, ppm
Sodium, ppm
Zinc, ppm

Component (% dw)
0.54
67
0.26
60
110
91
20

Klason lignin
Cellulose
Holocellulose
Acetone extractives
Water-solubles
Ash

19.13
56.83
68.86
1.27
10.75
2.37

The results of tensile tests performed on the fibers reported a high tensile strength (620 MPa). The fibers also
have high elongation. The results indicate that the fibers can be used to reinforce polymers since their tensile
strength is seven times higher than the polymer. On the other hand, the transition temperature ( by differential
scanning calorimetry), Tg is around 127 ºC meaning that the fiber are very stable at high temperature and
indicating that the fibers can be used in thermoforming processes.
Composites: mechanical properties
Alkaline treatment changes the morphology and molecular structure of the plantain fibers. When a higher
concentration of NaOH is used, the rupture of celullose and hemicellulose bonds is increased and the lignin and
extractives are partially removed. Usually, an Alkaline treatment is performed before other surface treatments in
order to improve the efficiency of additional chemical agents. However, in alkalized cellulose “fibre-cell-O-Na”,
a reduction of the hydrophilic properties can be found leading to higher wet resistance [4, 5]. The use of NaOH
also improves the adhesion between the fibers and the polymeric matrix [6].

Figure 2. Flexural strength of composites reinforced with plantain fiber. CI: No surface treatment, CII: Alkaline
treatment , CIII: Acetylation treatment

The results obtained from the three-point bend tests are shown in Figure 2. It shows the average flexural strength
and the standard deviation. From the results it can be concluded, that composites reinforced with plantain fiber
have high mechanical resistance. The acetylation treatment reported the highest mechanical resistance improving
25% the flexural strength. On the other hand, for the alkali treatments there was no improvement.
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In acetylation treatment, the acetyl group CH3CO reacts with hidroxyl groups and a coupling is created in the
celullosic polymer reducing its hydrophilic properties. The coupling is useful to improve the properties of the
composites since it enhances dimensional stability [7]. In plantain fibers, acetylation treatment is done after the
alkaline procedure in order to improve the functionalization of the fibers. The reaction between the fibers-OH
and CH3COOH, also improves the wet resistance, thermal properties and the adhesion of the fibers to the
polymer actinng as the matrix [8, 9] .
IV. CONCLUSIONS
Biodegradable lignocellulosic fibers from non-woody plant, showed the feasibility to obtain composites suitable
for several applications, the natural fibers exhibit many advantages and environmental benefits. Plantain fibers
are composed mainly of cellulose (56%) and lignin (19%) and their cristallinity is around 50%. Additionally,
their high cellulose content indicates that plantain fibers can be used to reinforced composites with a polymeric
matrix.
Plantain fibers have an average diameter around 90 µm with pores and their morphology is similar to other fibers
found in the literature like yute. The fibers have pores that can be useful when surface treatments are performed
since the chemicals can get directly into the fibers.
Mechanical resistance of the composite can be improved by performing an acetylation treatment. The flexural
strength of acetylated fibers reported the highest mechanical resistance improving 25% the flexural strength of
the composites with no surface treatment.
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ABSTRACT
Beta-xylosidases are hemicellulases that hydrolyze beta-1,4 bonds between two units of xylose in xylobiose and
short xylo-oligoscharides, activity that is essential for complete breakdown of xylan. The objective of this work
was the characterization of enzymatic activity for a GH43 beta-xylosidase from Enterobacter sp, identified and
cloned from a soil bacteria consortium. Sequence analysis revealed two distinct modules, a GH43 catalytic
domain and an uncharacterized module in the C-terminal portion of the protein, common to many GH43
proteins. The enzyme was expressed in E. coli as an N-terminal His- tagged fusion and purified under native
conditions. The recombinant enzyme had a MW of 64.5 kDa and a pI of 5.8. Biochemical enzymatic assays of
purified protein showed an optimal activity pH range from 6 to 7 in citrate/phosphate buffer using pNPX as
substrate, with typical Michaelis-Menten kinetics. It also showed activity on xylobiose (X2), but with
cooperative binding kinetics. Substrate specificity tests on xyloarabinan and low DP xylooligosaccharides and
xylose inhibition have also been tested.
I. INTRODUCTION
In order for cellulosic biomass to become a viable feedstock for meeting the demand for liquid biofuels, efficient
and cost effective processes must exist to break down cellulosic materials into their primary components.
Biomass recalcitrance and hydrolytic enzymes are the key limiting steps in obtaining cellulosic ethanol.
Lignocellulosic biomass is mainly formed by cellulose (35–50%), hemicellullose (20–35%), lignin (10–25%)
and other less represented components. The synergistic action of multiple enzymes is required to fully hydrolyze
complex biomass feedstocks [1]. At present, commercial enzymes come mainly from fungi (Trichoderma reesei
and Aspergillus niger). However, depending on the biomass and pre-treatment process, it is necessary to
supplement enzymatic cocktails with a greater number of enzymatic activities that would allow overcoming the
inhibition of the reaction due to insoluble substrate or intermediate toxic compounds [2]. Hemicellulases
represent an array of enzymes such as xylanases, mannases, arabinases (both endo and exo) and their
corresponding glycosidases [3]. Among them, beta-xylosidases are responsible for the hydrolysis of xylooligosacharides into xylose units, therefore completing degradation of hemicelluloses and providing fermentable
pentoses. In this context, bacterial GH43 beta-xylosidases (EC 3.2.1.37) are being thoroughly studied [4]. A
common structural feature of GH43 enzymes is a 5-bladed beta-propeller domain that contains the catalytic acid
and catalytic base. A C-terminal conserved domain of unknown function (DUF) is also present in many GH43
described so far. In T. fusca Xyl43A this module is necessary for activity [5]. We have previously identified and
cloned a novel E. cloacae GH43 beta-xylosidase [6]. In this work we have further characterized its activity and
identified crucial residues involved in activity and substrate binding.
II. EXPERIMENTAL
Activity assays
For enzymatic activity characterization of EcXyl43 and mutans, β-xylosidase activity was assayed in a mixture
(0.2 mL) containing 0.1% p-nitrophenyl β-D-xylopyranoside (pNPX, Sigma-Aldrich ref. N2132), 50 mM
citrate/phosphate buffer (I=0.3 M, adjusted with NaCl) pH 6 and appropriately diluted enzyme solution. After 5
min, the reaction was stopped by adding 0.2% Na2CO3 (0.5 mL) and the A400 was measured. A standard curve
was prepared by using p-nitrophenol (pNP). One unit (IU) of β-xylosidase activity was defined as the amount of
enzyme that liberates 1 µmol pNP per minute in the reaction mixture under these assay conditions. Specific
activity is defined as the number of international units per milligram of protein.

Copia gratuita. Personal free copy

http://libros.csic.es

267

13th European Workshop on Lignocellulosics and Pulp

For protein content quantification, BCA protein assay kit (Pierce) was used using bovine serum albumin as
standard. For the determination of the optimum pH of His-Xyl43, 50 mM citrate-phosphate buffer (pH 3.5-8) at
constant ionic strength (I=0.3 M with NaCl) was used.
Optimum temperature assay was performed at the interval 30-70 ºC. A continuous monitoring method was
employed for determining initial-rate reactions for determination of kinetics parameters of the His-Xyl43 acting
on pNPX substrate. Reactions were monitored at 400 nm for 5 min. For incubation, 10 µl of enzyme (0.97 mg
protein/mL) were added to 270 µL of substrate solution (0.5-20 mM of pNPX) in citrate/phosphate buffer 50
mM, pH 6 (adjusted with NaCl to I=0.3M). Temperature incubation was 40 ºC. A standard curve was prepared
by using p-nitrophenol (pNP) at pH 6. Kcat is expressed in moles of substrate hydrolyzed per second per mole of
enzyme. The kinetic parameters Kcat and Km were calculated by nonlinear regression fitting of the MichaelisMenten equation using the program OriginPro 7.5 (OriginLab Corporation, Northampton, USA). Kinetic
parameters with substrate 1,4-β-D-Xylobiose (X2) were determined in reaction mixtures 0.2 mL containing 50
mM citrate/phosphate (I=0.3 M, adjusted with NaCl) at pH and 40ºC, 10 µL enzyme (1 mg/mL), from duplicated
30 min endpoint assays. X2 concentrations varied from 2.5 to 20 mM. Xylose concentrations were determined
using an enzyme coupled spectrophotometric assay (Megazyme Xylose-kit). Data were fit to Hill equation [6].

Site directed mutagenesis and purification of recombinant proteins.
PCR mutagenesis was performed with QuickChange II kit from Agilent Technologies, based on His- EcXyl43
[6]. Primers were designed by Agilent primer design website and the ones selected for mutagenesis were
D14A(a5213c) 5'gcttcaacccggccccgtccctgtg3' and W73G (t5389g) 5'ctccggcggtatcggggcgccgt3' and their
corresponding antisense versions. Mutation was confirmed by complete sequencing of plasmid insert.
Recombinant proteins were expressed in E. coli BL21 and purified by IMAC with Ni-NTA resin as previously
described [6].

III. RESULTS AND DISCUSSION
Characterizarion of recombinant EcXyl43 activity.
Ecxyl43 was expressed in E. coli as an N-terminal His fusion and purified in a soluble way to high homogeneity
[6]. The purified enzyme can be lyophilized and stored at room temperature for over a year. Optimal activity was
achieved at 40°C and in a range of pH from 6 to 7 (Figure 1).

Figure 1: Determination of optimal activity on pNPX.

Kinetic studies of beta-xylosidase activity with pNPX as substrate showed Michaelis–Menten kinetic, with K m of
2.92 mM and Kcat of 1.32 seg-1. Activity on the natural substrate, xylobiose (X2), was also proved, although a
different kinetic was observed. Surprisingly on X2, the saturation curve displayed positive cooperativity of
binding, with a Hill coefficient of 2.8. The Kcat value was 380 s−1 and Km was 17.8 mM (Figure 2).
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Figure 2: Determination of reaction kinetics on pNPX and X2. Activity was assayed at 40°C and pH6.

Modelling and identification of catalytic and binding residues
EcXyl43 model was obtained based on its aminoacid sequence and multiple similar GH43 solved crystal
structures using the HHPRED MODELLER pipeline (http://proteinmodelportal.org/) [7]. Candidate residues for
the catalytic site were predicted as well as aromatic residues that could be involved in substrate binding.
Predicted model revealed a pocket structure as the active site. Predicted catalytic residues were aminoacids D14
and E186. Among important residues for binding, a tryptophan, W73, located close to the catalytic site was
identified (Figure 3).

Figure 3. Model of EcXyl43. GH43 and conserved module of unknown function DUF1349, as well as predicted
catalytic site, are indicated.
Production of mutated EcXyl43(D14A) and EcXyl43(W73G).
To prove the model prediction, aspartic acid in position 14 was replaced by alanine (D14A) and tryptophan in
position 73 was replaced by glycine (W73G). Recombinant mutant proteins were expressed in E.coli and
purified in a soluble way, retaining their native structure. Activity was assayed on pNPX. Mutant
EcXyl43(D14A) presented no activity, demonstrating that mutation D14A completely abolishes activity. On the
other hand, mutation W73G, still presented activity, although it was dramatically diminished (Table 1).

Molecular weight
Isoelectric point
Molar extinction
Specific Activity
(MW)
(pI)
(IU/mg)
coefficient (ε)
EcXyl43 (wt)
64,5
5.8
151.19
2,21
D14A
64,5
5.85
150.69
0,03
W73G
64,4
5/8
145.9
0,70
Table 1. Activity and biochemical properties of recombinant EcXyl43 and mutants.
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IV. CONCLUSIONS
In this work we have demonstrated that Enterobacter sp. Xyl43 has beta-xylosidase activity on pNPX and
xylobiose, its natural substrate. The recombinant protein was expressed in a soluble, active form. Activity assays
on xylobiose showed a cooperative binding kinetic, suggesting more than one binding site. We have confirmed
the catalytic site by site directed mutagenesis and have identified a tryptophan (W730) relevant for activity,
possibly by affecting substrate binding. Based on the models presented in this work, we will aim to identify
residues involved in secondary biding sites as well as inhibitors binding sites, in order to design enzyme
variations with improved activity parameters suitable for different industrial conditions.
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ABSTRACT
Banana (Musa accuminata) rachis is an agricu ltural residue extensively produced in several areas like Canary
Islands. It is produced continuously during the whole year and its elimination it is a problem fo r the banana
producers. The possibility to use cellu losic fibers fro m other parts of the plants, as the pseudo stem, has been
explored, but the use of the rachis has not been developed yet.
In this work, Musa accuminata rachis is chemically characterized in terms of extract ives, ashes, lignin, pentosans
and holocellulose. --and-cellu lose has been also determined using hollocelulose as raw material. Bio metric
characteristics (length and width) of fiber have also been measured. The most significant results are the high
amount of extractives (even in cold water) and subsequently, low levels of lignin and hollocelulose.
Due to the low content in hollocelulose and lignin, a mechanical procedure is proposed to produce pulp. Banana
rachis has been defibered in a Sprout-Waldron Laboratory refiner and the energy consumption has been
determined.
Three different pulps have been produced. The first on e with just a defibering stage (Schopper-Rieg ler drainage
index near 50), the second one with a refining stage after the defibering (Schopper-Rieg ler drainage index near
75) and, finally, the third one mixing the first and second pulps. Handsheets has been formed and characterized
in terms of grammage, thickness, porosity, mechanical resistance (tear, burst and tensile strength) and optical
properties (brightness and opacity). Results shows moderate mechanical properties so, this pulp can be used for
purposes where resistance is not essential, or can be mixed with other pulps in order to use this residue and
produce papers with good properties and a reduced cost.
I. INTRODUCTION
In the last years the consumption of paper and board products has increased. In order to preserve the
sustainability and protection environment, as well as to satisfy the increasing demand in pu lps, new non -wood
sources of lignocellu losic fibres are being used as an important alternative fibrous sources for papermaking
industries. Some agricu ltural residues, such as wheat and rice straws, sorghum stalks and some annual plants
such as hemp and jute, are used as raw materials for pulp and paper production [1,2] .
Among these non-woody plants available as byproducts in agriculture, the banana (Musa accuminata) is still
unexplored. Banana is one of the most important crops in agricu lture, reaching its global production 83x10 6
(FAO January 21, 2013). In general, the different species and varieties of bananas are differentiated by their size,
layout and size of the leaves, the shape and size o f the fruits, but mainly by the conformation of the bunch of
bananas.
One of the challenges that the banana producing countries face is the removal of organic waste generated in the
production, picking and packing fruit. After harvesting of a single bunch of bananas, a great amount of
agricultural residues are produced. Pseudo-stems and foliage are usually left in the plantation soil to be used as
organic fert ilizer. However, these banana tree counterparts and some other byproducts of banana processing such
as rachis could represent an economically interesting renewable source of fiber material.
Recent preliminary studies on the utilizat ion of pseudo -stems and rachis as raw materials fo r papermaking [3]
and composite materials [4] respectively, have shown rather pro mising results. Further investigations on the
potential industrial utilization of banana residues require detailed knowledge of their chemical co mposition. As
part of a research project aiming to use the rachis of Musa accuminata in papermaking after the harvesting of
fruits, we have studied the morphological and chemical composition of the plant harvested in Canary islands as
well as the quality of pulps produced mechanically using this lignocellulosic material.
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II. EXPERIMENTAL
Raw material description and characterization
The banana rachis material studied was collected in Canary Islands. It was air dried and cut in pieces of 5 – 10
cm width. After drying was cut in pieces of about 15 cm. length and stored in plastic bags.
For microscopic inspection, a small piece of banana rachis was prepared by heating in Schultz solution (4 g
KClO3 , 80ml HNO3 , 200 ml distilled water) until fibers separated. Then, the fibers were washed with distilled
water and stained with Herzberg stain. Fiber length was measured by projection with a Reichert “Visopan”
microscope. Fiber d iameter was measured with an Oly mpus VAN OX microscope attached to a digital camera
and the software “CellD”. At least 100 fibers were measured. Microphotographs were also obtained with this
microscope and camera.
Chemical analyses included ash content (TAPPI T-211), extract ives in hot and cold water (TAPPI T-207),
acetone (SCAN CM49) and 1% NaoH (TAPPI T-212), lignin content (TAPPI T-222), holocellulose content [5]
and pentosan content (TAPPI T-223). The hollocelulose fraction was characterized in terms of --andcellu lose (TAPPI T-203). The samp le was previously milled in a willey mill and screened. The fraction able to
pass to a 0.4mm screen and retained in a 0.3mm one was selected for the chemical analysis.
Mechanichal pulping and handsheet evaluation
Previously to produce mechanical pulp, the raquis material was soaked in tap water for two hours . After that was
pulped mechanically in a 12” Sprout Waldron laboratory refiner. For one pulp, two pulping stages were applied
(defibering and refining) and the power consumption was measured for both stages. For other one, only
defibering stage was applied. The third pulp was obtained mixing equal parts of the other two pulps. Drainability
(Schopper Riegler; ISO 5267-1) was determined and handsheet formed in a rapid-kothen sheet former accord ing
to ISO 5269-2. Bulk, Gurley porosity and Strength (tensile, tear and burst indexes) and optical properties
(brightness, opacity) were also measured for the pulps according to ISO standards
III. RESULTS AND DISCUSSION
Fiber Morphology and chemical characterization
Figure 1A shows individual fibers fro m Musa accuminata rachis. Fibers show morphological characteristics in
the same range of other cellulosic fibers (Tab le1). For examp le, its length (1.61mm) is higher than hardwoods
like eucalyptus or aspen (1.1 mmm and 0.9 mm respectively) but lower than softwood (3.4 mm for Picea abies
or 3.0 mm for Pinus radiate) [6]. Probably, one problem to its papermaking potential is the presence of high
number of other types of cells (parenchyma cells) as can be shown in figure 1B.
A

B

Figure 1. (A) Fibers from Musa accuminata rachis. (B) Parenchyma cells

Mean
Maximum
Minimum

Length (mm)
1.61
3.11
0.48

Diameter (μm)
20.94
33.10
12.40

Table 1. Morphologic data from Musa accuminata rachis fibers

Chemical co mposition (Table 2) shows high levels of extractable material, probably due to the presence of salts
(ashes values are also high). Other parts of rachis like pseudostem have also high content of ext ractable material,

272

© CSIC © del autor o autores / Todos los derechos reservados

13th European Workshop on Lignocellulosics and Pulp

near 30%, but lower than rachis [7]. Due to this characteristic a mechanical pulp ing process is proposed in order
to maintain an acceptable yield.

Ash (%)
Solubility (%)

525 ºC
900 ºC
Cold water
Hot water
1% NaOH

31.8
20.8
48.4
49.1
66.0
1.2
17.8
32.9
73.2
6.6
21.2
17.8

Extractives (%)
Lignin (%)
Holocellulose (%)
α-cellulose (%)
β-cellulose (%)
γ-cellulose (%)
Pentosans (%)

Table 2. Chemical characterization of Musa accuminata rachis fibers

Mechanical pulping and handsheet characterization
Mechanical pulping of Musa accuminata rachis shows low yield for a mechanical process due to the high level
of extractable material but not lower than a conventional chemical p rocess (table 3). On the other hand, energy
consumption is notably lower that the figures obtained for pulping woody materials . Typical values for pulping
pine in our system are 2000-2500 Wh/Kg for the first stage and 1000-1500 Wh/Kg for the second one. Yield and
energy consumption for pulp ing in one or two stages (Pulp A and B respectively) are slightly different, so,
pulping in one or two stages will depend of the quality of the products obtained

Pulp A

Pulp B

Energy consumption (Wh/kg raw material)

233

306

Yield (%)

44.7

39.5

Table 3. Pulping yield and energy consumption of Musa accuminata rachis.

For studying paper properties, three group of handsheets are produced, using pulp A, pulp B and mixing equal
amounts of both pulps (pulp C). Properties are shown in figure 2. Gurley air permeance has been also determined
and is > 900 s in all cases showing that the paper has a very “closed” structure, probably due to the high amount
of parenchyma cells. Except for tear index there are not important differences in the pulps so, producing pulp in
one stage looks like the best option. Ho wever, producing paper using rachis as sole raw material is difficult, and
may be more adequate to assay mixing rachis with other sources of fibers.
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Figure 2. Properties of handsheets elaborated with Musa accuminata rachis.

IV. CONCLUS IONS
The possibility of produce paper using fibers fro m banana rachis has been demonstrated. Mechanical pulping has
low energy consumption. Nevertheless, to produce paper with enough quality and runability, raquis fibers might
be used in combination with other complementary ones.
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ABSTRACT
Aryl-alcohol oxidase (AAO) is an extracellular flavooxidase from the glucose-methanol-choline oxidase (GMC)
superfamily, involved in degradation of lignin by Pleurotus species and other white-rot fungi. AAO continuously
supplies the H2O2 needed by ligninolytic peroxidases, due to its ability to redox cycling lignin-derived
compounds and aromatic fungal metabolites, in collaboration with mycelium dehydrogenases. Taking advantage
of the wide range of aromatic molecules likely to be oxidized by AAO, we wanted to test the oxidative ability of
the Pleurotus eryngii enzyme on new aromatic molecules, such as 5-hydroxymethylfurfural (HMF) and its
oxidized derivatives. HMF can be produced by dehydration of fructose and other sugars, which may be obtained
from lignocellulosic biomass by a number of procedures. Oxidation of the hydroxyl and carbonyl groups of
HMF provides a series of aromatic heterocycles of industrial interest, such as 2,5-diformylfuran, a biofuel, and
furancarboxylic acids. The latter have a broad potential as platform chemical building blocks. Among them, 2,5furandicarboxylic acid (FDCA) can replace terephthalic acid in the production of polyethylene polymers, but the
chemical synthesis of this compound is expensive and polluting. The final aim of the work was to test whether
AAO from P. eryngii was able to carry out the mentioned reactions. Firstly, we performed a series of reactions
with AAO and HMF and we analyzed them by gas chromatography coupled to mass spectrometry to find out
which compounds were present after different times of incubation. Then, we estimated the kinetic constants of
AAO for HMF and the other molecules potentially involved in its biotransformation to FDCA, and proposed a
pathway for HMF oxidation to FDCA.
I. INTRODUCTION
Biotransformations have gained interest during the last years because of the importance of sustainable
conversion of chemicals, which use renewable materials and are environmentally friendly [1]. As a consequence,
biorefineries have come up as the industries being capable of carrying out such processes. Their development
focuses on two main goals: the displacement of petroleum in favor of renewable materials (which constitutes an
energy goal) and the establishment of a biobased industry (economic goal). Thus, the production of highvaluable biobased chemicals might draw the necessary financial incentive that could eventually permit the
expansion of the biorefining industry [2].
Lignocellulose represents a promising raw material for biorefineries because it possesses some properties that
make it unique as a renewable resource. First and foremost, lignocellulose is widespread and very abundant,
consisting of the two most abundant biopolymers on Earth. Moreover, it is cheap, can be easily converted into
energy, biofuels and chemicals, and can be stored. Therefore, it has drawn much attention as a raw material that
could substitute for fossil fuels.
Lignocellulose is made up of lignin, cellulose and hemicelluloses and it is the main constituent of the plant cellwall. It confers protection and rigidity to plants and its biodegradation is important since it allows carbon
sequestered inside its chemical structure to cycle back to the atmosphere. Cellulose and hemicelluloses are of
high importance as they are formed from monomers of glucose and other hexoses and pentoses; thus, they can be
used as a carbon source in multiple processes. There exists a broad range of chemicals considered as building
blocks derived from carbohydrates. One of these is 5-hydroxymethylfurfural (HMF), which can be obtained
from fructose through dehydration using a great deal of procedures, most of them based on acidic treatments [3].
Subsequent oxidations of the hydroxyl and carbonyl groups of HMF lead to the final formation of 2,5furandicarboxylic acid (FDCA), a building block of great importance, since it is a potential biorenewable
replacement monomer for terephthalic acid in plastics [4]. Besides, the intermediate compounds of the route may
play roles as biofuels or surfactants. Figure 1 depicts the possible oxidative cascade leading from HMF to
FDCA. Many different routes have been described to FDCA, but all of them proceed via oxidation of HMF with
air over different catalysts.
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DFF

HMF

FFCA

FDCA

HMFCA

Figure 1. Oxidative pathway from HMF to FDCA showing the intermediates of the route and the
carbonyl and hydroxyl groups involved in it (DFF: 2,5-diformylfuran, HMFCA: 5-hydroxymethyl-2furancarboxylic acid, FFCA: 5-formylfuran-2-carboxylic acid).
Due to the great interest HMF and its oxidation draw and the convenience to find a biological catalyst that could
replace the expensive and often polluting chemical processes traditionally used to carry out the mentioned
reaction, the discovery of an enzyme capable of oxidizing this compound, and its different oxidized derivatives,
would be of great importance.
Aryl-alcohol oxidase (AAO) is an extracellular flavooxidase from the glucose-methanol-choline oxidase (GMC)
superfamily of oxidoreductases involved in degradation of lignin by Pleurotus species and other white-rot fungi.
It oxidizes aromatic and non-aromatic polyunsaturated primary alcohols, as well as their corresponding
aldehydes with lower efficiency. In Nature, AAO continuously supplies the H2O2 needed by ligninolytic
peroxidases, due to its ability to redox cycling lignin-derived compounds an aromatic fungal metabolites, in
collaboration with mycelium peroxidases [5].
II. EXPERIMENTAL
Chemicals
HMF, DFF, HMFCA, FDCA and t-butyl-methyl ether were purchased from Sigma-Aldrich. FFCA was
purchased from TCI America. AmplexRed® and horseradish peroxidase (HRP) were obtained from Invitrogen.
Enzyme production
Recombinant AAO from Pleurotus eryngii was obtained by expressing the mature AAO cDNA (GenBank®
accession number AF064069) using Escherichia coli as heterologous expression host and by in vitro activating
and purifying the protein as previously described [6].
Kinetic studies
Steady-state kinetic constants for AAO oxidation of the different chemicals were calculated by monitoring AAO
production of H2O2 upon reacting with the substrates using a HRP-coupled assay with AmplexRed® as HRP
substrate, at 25ºC in air-saturated 50 mM sodium phosphate buffer, pH 5.5. The reactions were initiated by
adding the enzyme with an adder-mixer. In the presence of the H2O2 generated by AAO, HRP (6 U/ml) oxidizes
AmplexRed® (60 µM) in a 1:1 stoichiometry forming resorufin (ε 563 52000 M-1·cm-1). Kinetic constants were
obtained by fitting the data to the Michaelis-Menten equation using Sigmaplot software.
Gas chromatography-mass spectrometry (GC-MS) studies
In order to analyze the reaction products, HMF (3 mM) was incubated up to 24 h in the presence of AAO (500
nM) in 50 mM sodium phosphate, pH 5.5. After different incubation times, samples were taken and reactions
were stopped by adding 6 M HCl (to pH 2-3) and then liquid-liquid extracted using t-butyl-methyl ether. The
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extracts were evaporated and dissolved in chloroform. The GC-MS analyses were performed using derivatized
and non-derivatized samples. Derivatization was performed by bis(trimethylsilyl)trifluoroacetamide (BSTFA)
silylation in the presence of pyridine, at 80ºC for 1 h. A chromatograph equipped with a HP-5MS column (30 m
x 0.25 mm internal diameter; 0.25 µM film thickness) coupled to a quadrupole mass detector was used. The oven
programme started at 110ºC (2 min) increasing 20 ºC·min-1 until 310 ºC. Helium was the carrier gas at a flow
rate of 1.2 ml·min-1. Compounds were identified by comparing their mass spectra with standards, which were
also used to obtain response factors.
III. RESULTS AND DISCUSSION
GC-MS studies
After the incubation of HMF with AAO, amounts of FFCA and also FDCA were observed. In contrast, no
significant amounts of HMFCA or DFF could be identified after the different incubation times. In two hours,
almost all HMF had been converted into FFCA (84%), whose levels decreased as time passed by yielding a
small amount of FDCA after 24 hours (14%) (Figure 2).

Figure 2. Evolution of HMF incubated with AAO up to 24 h and appearance of its oxidized derivatives. The
compounds were separated and identified by GC-MS.
These results suggest that AAO is capable of oxidizing HMF and other derivatives to yield FDCA. However, it
seems that the enzyme is not very efficient at reacting with FFCA, since the latter accumulates while the yield of
the subsequent oxidized compound (FDCA) is low when compared to the levels of FFCA. In the light of these
results it is not possible to reveal if the enzyme reacts preferentially with the carbonyl or the hydroxyl group of
HMF, that is, if the reaction proceeds through DFF or HMFCA formation (see Figure 1).
Kinetic studies
With the aim of obtaining further information on the above reactions, we estimated the kinetic constants of AAO
for HMF and the other molecules (DFF, HMFCA and FFCA) potentially involved in the biotransformation to
FDCA, through a coupled reaction where the H2O2 released by AAO was used by a peroxidase forming a
colored product. The estimated constants are shown in Table 1. In the case of HMFCA the enzyme could not be
saturated at increasing substrate concentrations, therefore, a kobs/concentration value was only obtained.
The constants show that AAO has no apparent activity on FFCA, in agreement with its presence as the main
product of the biotransformation of HMF by AAO analyzed by GC-MS. However, it can oxidize both HMF and
DFF, and even HMFCA; although, due to the higher apparent affinity of AAO for HMF, it is more efficient at
oxidizing it than DFF. This is in accordance with the fact that, normally, AAO has much higher catalytic
efficiency oxidizing aromatic alcohols than aldehydes, with those ring substituents promoting alcohol oxidation
decreasing aldehyde oxidation and vice versa [7].
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Table 1. Estimated kinetic constants of AAO for HMF, DFF, HMFCA and FFCA.a
Km (mM)

kcat (min-1)

kcat/Km (min-1· mM-1)

HMF

1.6 ± 0.2

40.1 ± 1.2

25.8 ± 2.4

DFF

3.3 ± 0.2

31.4 ± 0.7

9.4 ± 0.5

HMFCA

-

-

1.0 ± 0.1b

FFCA

-

0

0

Substrate

Structure

a

The kinetic constants were estimated from H2O2 release measured in a HRP-coupled reaction. bAAO was not saturated at
increasing HMFCA concentrations and only a kobs/concentration value could be obtained.

IV. CONCLUSIONS
In the present study, the alcohol oxidase and aldehyde oxidase activities of AAO are shown in a double reaction,
resulting in the oxidation of the corresponding carbonyl and carboxyl groups in the HMF molecule, at the same
time that equimolecular amounts of H 2O2 are formed in each step, although with catalytic efficiencies lower than
for the best aryl-alcohol substrates of the enzyme. The complete enzymatic conversion of HMF into FDCA, if
intended, would require the cooperation of a second oxidoreductase oxidizing FFCA, such as a hemethiolate
peroxidase [8], at expenses of the H2O2 generated by AAO.
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ABSTRACT
The purpose of this study was to target functionalized xylan derivatives for the design of functional materials.
On the one hand, periodate oxidation was conducted on xylan from beechwood. A rate of 0.2 NaIO4/xylose leads
to 5-7 oxidized units per chain. On the other hand, controlled sulfuric acidic hydrolysis of xylan from beechwood
was performed to get well-defined xylooligosaccharides. The reaction took place at 0.7 M H2SO4 at 90°C for 45
minutes of hydrolysis with 27 wt.% yield. Finally, reductive amination was used on the aldehyde functions of
xylan derivatives to functionalize them, either with a double bond or with an azide function. The whole process
involves renewable starting materials whose chemical modification can open the route to the design of new
functional biomaterials.

I. INTRODUCTION
Nowadays, the scientific community is working on renewable resources to find an alternative to fossil resources
towards sustainable development. Lignocellulosic biomass knows a growing interest as starting materials for
biofuels, biochemicals or new highly valued biomaterials. Hemicelluloses represent roughly one-fourth to onethird of the total organic material. The most important ones are O-acetyl-(4-O-methylglucurono)xylans,
amounting to about 80-90% of total hardwood hemicelluloses [1]. Xylans have many potential commercial
applications in healthcare, cosmetics, food and other industries. Extensive literature data reports on the isolation,
characterization, derivatization and applications of xylans [2]–[6]. The chemical modification and/or degradation
of hemicelluloses into oligomers could further widen the range of future uses of these materials.
This work aims at studying chemical modifications of xylan from beechwood though periodate oxidation and
acidic hydrolysis. More precisely, the oxidation of xylan brings new aldehyde functions in a controlled manner
and acidic hydrolysis leads to well-defined oligomers with an aldehyde group at the reductive end. Those
aldehyde groups, using reductive amination, allow the functionalization of these xylan derivatives. Click
chemistry will then open the route to macromolecular engineering and thus new opportunities to add value to this
high potential bioresource as functional materials.

II. EXPERIMENTAL
Ultrafiltration
Beechwood xylan obtained from Sigma Aldrich (X-4252) was solubilized in deionized water at 50 g/L under
magnetic stirring over night. Ultrafiltration was performed in a cross flow filtration system (Startoflow Slice 200
Benchtop System) using a Slice 200 cassette holder together with a peristaltic pump. The membrane used was a
0.45 µm molecular weight cut-off hydrosart membrane. Both the retentate and the filtrate were then freeze-dried.
Periodate oxidation
Periodate oxidation was conducted following an adapted method from Gomez et al. [7]. Ultrafiltrated xylan (1 g)
was dissolved in 60 mL of deionized water in a dark flask. Then 10 mL of sodium periodate solution was added
under magnetic stirring to have 0.2 NaIO4/xylose ratio. Deionized water was then added to reach a final volume
of 100 mL. The solution was stirred in the dark for 6 hours in a thermostatic water bath at 25°C. Unreacted
NaIO4 was then quenched with 1 mL of ethylene glycol. The oxidized product was purified using precipitation,
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first by the addition of NaCl and ethanol twice and then using NaCl and acetone. The precipitate was then
washed with ethanol and dried under vacuum. The determination of the aldehyde content was achieved by the
hydroxylamine hydrochloride method [8]. In this process, one equivalent of hydrochloride acid is released for
one equivalent of aldehyde on the xylan backbone; the hydrochloride acid is then titrated using NaOH.
Synthesis of oligosaccharides
Xylan was solubilized in sulfuric acidic media (0.7M) at 50 g/L. The solution was heated at 90°C for 45 minutes
under magnetic stirring. After reaction the solution was cooled down with ice and neutralized using a saturated
barium hydroxide solution. Finally, centrifugation was conducted to remove the salt that precipitated and the
supernatant was freeze dried. Oligosaccharides were purified by selective ethanol purification (1:9). The
purification was done twice before drying the precipitate under vacuum.
Reductive amination
Xylan was dissolved in deionized water at 100 g/L. 5 eq. of amine (2-aminoethylazide or allylamine) was added
under magnetic stirring, followed by NaBH3CN (5 eq.). The mixture was stirred at 50°C for three days. The
solution was then precipitated in ethanol three times (1:10) to remove the excess of amine and NaBH 3CN. The
product was finally dried under vacuum [9].
Size Exclusion Chromatography (SEC)
Molecular masses (Mw) of xylan and derivatives’ were determined by SEC, with three TSK gel columns
G3000PW G4000PW G3000PW from TOSOH BIOSCIENCE with a refractive index (RI) detector (RID-10A,
Shimadzu). The columns were calibrated using pullulan standards. Samples were dissolved in deionized water at
a concentration of 6 g/L and the flow rate was 0.7 mL/min (H 2O pH 12 as eluent). Pullulan standards for RI
detection SEC were purchased from Polymer Standards Service for lower Mw and from Showa Denko for higher
M w.
Mass spectroscopy
MALDI-TOF analyses were performed on a Voyager mass spectrometer (Applied Biosystems). The instrument
is equipped with a pulsed N2 laser (337 nm) and a time-delayed extracted ion source. Spectra were recorded in
the positive-ion mode using the reflectron and with an accelerating voltage of 20 kV. Samples and matrix were
dissolved in H2O. The matrix 2,5-dihydroxybenzoic acid solution was prepared at 10 g/L. The solutions were
combined in a 10:1 volume ratio of matrix to sample. One to two microliters of the obtained solution was
deposited onto the sample target and vacuum-dried.

III. RESULTS AND DISCUSSION
Periodate oxidation on beechwood xylan
Raw xylan was filtrated and characterized by SEC-RI to obtain a degree of polymerization (DP) around 50. The
oxidation reaction was conducted at 0.2 NaIO4/xylose ratio and the periodate concentration was measured
throughout the reaction by following the absorption at 225 nm over 6 hours [7], [10]. The reaction was repeated
twice, and good repeatability of the results was obtained (Figure 1). The periodate concentration reaches a
constant value superior to zero after 210 minutes of reaction and 90% of the total periodate was consumed.

Figure 1. Spectrometric follow-up
Periodate oxidation of hemicelluloses often leads to non-desired depolymerization [11]. SEC-RI analyses were
then performed on the oxidized samples after purification in order to study a potential variation of molar mass. A
slight diminution - but not significant - of the molar mass was observed. The degree of oxidation was determined
by the hydroxylamine hydrochloride method [8] allowing the titration of aldehyde functions and was found to be
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0.15, a value close to the theoretical one (0.18 according to the maximal of 90% consumed periodate). Taking
into account the DP of filtrated xylan, one can conclude the opening of 5-7 xylose units per chain for 0.2
NaIO4/xylose ratio.
Synthesis of oligomers
The hydrolysis of 500 mg of xylan in 0.7 M sulfuric acid medium at 90°C for 45 minutes was performed several
times and the procedure was found reproducible, with a yield close to 85 wt.%. SEC-RI showed a typical
chromatogram exhibiting a multimodal feature (dashed curve on Figure 2).

Figure 2. SEC-RI chromatograms of raw xylan,
hydrolysis product and oligosaccharide

Figure 3. MALDI-TOF spectrum of oligosaccharides
showing three overlapping series

A first population eluted at 36 min corresponded to oligomers with an Mw of about 3000 g/mol (pullulan
calibration). The peak at 41 min was attributed to free xylose units produced by the acidic hydrolysis, as proved
by the elution of commercial xylose under the same conditions. A third peak at 39 min was assumed to
correspond to the elution of dimer composed of one xylose unit bonded to one glucuronic acid unit. Indeed, the
α-(12) link between the xylose and glucuronic acid units is more resistant to acidic hydrolysis than the β(14) link between two xylose units [7]. The so-formed oligosaccharides were isolated by precipitation in
ethanol (solid curve on Figure 2) and represented 27 wt.% of the total mass. The positive-ion MALDI-TOF
spectrum of so-formed oligosaccharides (Figure 3) showed three partially overlapping series of
oligosaccharides. The difference in the masses of two adjacent peaks in each series corresponded to one
anhydroxylose unit, i.e. 132.0 mass units. The peaks in the most important series were identified on the basis of
their exact molar mass as corresponding to oligomers with DP values 2-14 and 1 glucuronic acid substituent per
chain. In a similar manner, the two remaining series consisted of either neutral xylooligosaccharides with DP
values of 4-13 or oligomers with DP values 4-10 with 2 glucuronic acid substituents. For molar masses higher
than 2100 g/mol, however it was difficult to distinguish between all series.
Functionalization by reductive amination
The reducing end of the so-formed oligosaccharides was functionalized by the amination (see experimental
section) of the reducing end. On one hand, a double bond has been introduced on the oligomer using allylamine,
on the other hand an azide function has been introduced using 2-aminoethylazide (Figure 4).

C

B

A

Figure 4. Scheme of reductive amination on the
reductive end
1

Figure 5. 1H NMR spectra of A-oligosaccharides,
B-oligosaccharides with allylamine and
C-oligosaccharides with aminoethylazide

H NMR analyses were performed to check that the reaction worked. Data revealed the appearance of new
proton signals. On Figure 5-B, signals at 5.10-5.45 (2H, =CH2) and 5.75-5.95 (1H, -CH=) ppm was assigned to
allylamine. On Figure 5-C, signals at 2.55-3.00 (4H, -CH2-CH2-) ppm was assigned to 2-aminoethylazide.
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IV. CONCLUSIONS
On one hand, beechwood xylan was oxidized using sodium periodate to obtain aldehyde functionalized xylan.
Xylan was oxidized at a ratio of 0.2 NaIO4/xylose without any degradation to have 5-7 modified xylose units per
chain. On the other hand, well-defined oligosaccharides were obtained by the partial hydrolysis (45 min in 0.7 M
sulfuric acid at 90 °C) of xylan. The latter mostly contain two to eight xylose units in their backbone and have
only one glucuronic acid unit, i.e. they have a molar mass of 500-1300 g/mol. The reductive end of
oligosaccharides was functionalized by reductive amination on the aldehyde group, which allowed bringing a
specific functionality on these xylan derivatives, i.e. double bond or azide function. The use of these new
functional blocks in the design of original functional biomaterials will broaden the potential of xylan.
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ABSTRACT
We have already reported that amphipathic lignin derivatives from hardwood acetic acid lignin and sodalignin of sago significantly improved saccharification efficiency of lignocellulose, and maintained cellulase
activity at a high level even after enzymatic saccharification [1, 2]. In this study, a similar amphipathic derivative
was prepared from cedar soda-lignin by the reaction with dodecyloxy-polyethylene-glycol-glycidylether
(DAEO) under alkaline conditions, and applied to simultaneous saccharification and fermentation (SSF) process.
Prior to an SSF experiment, we confirmed that the amphipathic lignin derivative (A-SL) did not suppress
glucose fermentation with Japanese sake yeast. Subsequently, an SSF for unbleached soda-pulp of cedar in the
presence or absence of A-SL was conducted with Genencor GC220 (10 FPU/g of substrate) and the Sake yeast.
After pre-enzymatic saccharification for 12h and SSF for 6 days, the finally produced ethanol concentration in
the presence of A-SL was 49.4 g/L, while that in the absence of A-SL as a reference run was 37.8 g/L. These
values corresponded to 64.1% and 49.0%, respectively, based on the theoretical maximum ethanol production.
Thus, the amphipathic lignin derivative is a very useful additive to increase bioethanol production on SSF.
I. INTRODUCTION
Japanese cedar (Cryptomeria japonica) is a typical and abundant plantation wood in Japan among several
Japanese softwoods. Recently, the utilization of cedar timber from forest thinning became an urgent task to
promote [3]. A possible approach to this is to convert the cedar components to chemicals, such as bioethanol and
other fermented products, through saccharification of polysaccharides in the wood.
SSF processes have been proposed to be a promising method for bioethanol production, because an endproduct inhibition for cellulolytic enzyme was very scare [4], resulting in reduction in the processing time, and
an increase in the ethanol production. However, a traditional SSF, in which all substrates were added to the SSF
media and processed simultaneously, was not necessarily highly efficient, because enzymatic saccharification of
a substrate was a limiting step. As a modified process, continuously charge of a substrate was proposed in SSF,
which was termed as fed-batch SSF [5].
Lignin is one of the most abundant woody biomass components, and is used only for fuel in pulp and
paper manufacturing. To create a sustainable human society based on recycling of natural resources, utilizations
of lignin, especially its conversion to added-value biorefinery products, have drawn much attention [6]. As one
of functional lignin-based materials, we have already developed amphipathic lignin derivatives, which were
prepared by coupling of technical lignin with epoxylated poly (ethylene glycol). These derivatives were found to
efficiently improve enzymatic saccharification of lignocellulose, and maintains cellulase activity at a high level
for a long period even after repeated runs of enzymatic saccharification [1, 2] in addition to significant surface
activity and dispersibility for cement [7]. In the present study, a similar amphipathic lignin derivative was
prepared from cedar soda-lignin, and effect of the amphipathic lignin derivative on the fed-batch SSF was
investigated.
II. EXPERIMENTAL
Preparation of an amphipathic lignin derivative
Cedar soda-lignin (SL) was obtained from the spent liquor of the soda pulping of cedar by precipitation
with HCl solution. The crude lignin was washed with water until pH 4, and then lyophilized. SL (10 g) was
reacted with dodecyloxy-polyethylene-glycol-glycidylether (45 g, Figure 1) under alkaline conditions, and the
reactant was purified by combination of ultrafiltration (cut-off molecular mass, 1000 Da, Advantec) and washing
with water. The ultrafiltration residue was lyophilized to yield A-SL.
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Figure 1. Chemical structure of dodecyloxy-poly (ethylene glycol) glycidylether
PEG content in A-SL was determined by modified Morgan method [8]. Water surface tension in the
presence of A-SL was measured by Du Noüy ring method [7].
Glucose fermentation of Japanese sake yeast
Japanese sake yeast, Saccharomyces cerevisiae, (2 g of dry powder, Mauri Yeast Australia Pty Ltd.,
Queensland, Australia) was dispersed in 100 mL of YP medium (0.05 M, citrate buffer pH 4.8 including 10 g/L
of yeast extract and 20 g/L of peptone) with 3 g of glucose, and incubated for 2 days at 38 C. Ten grams of
glucose was dissolved in 80 mL of YP medium, and 20 mL of the incubated yeast in YP medium and A-SL
(0.25 g) were added to the glucose solution. The mixture was incubated for 4 days at 38 C with gentle shaking
at 100 rpm. An aliquot was taken out every day, and ethanol concentration in the aliquot was measured by GC
(Shimadzu-GC2010) with a capillary column (0.25 mm× 30 m; TC-WAX, GL Science, Tokyo, Japan).
Fed-batch SSF with and without A-SL
Anthraquinone-soda unbleached pulp of Japanese cedar with 6.9 % Klason lignin content as a substrate for
SSF was kindly supplied from Forestry and Forest Products Research Institute, Tsuka, Japan. An outline of SSF
process is illustrated in Figure 2. Firstly, 6 g of pulp was pre-hydrolyzed in 70 mL of citrate buffer (0.05 M, pH
4.8) with an addition of 60 filter paper unit (FPU) [9] of cellulase, Genencor GC220 (solution; Genencor
International Inc., USA; Lot # 4901121718), for 12 h at 50 C together with or without 0.25 g of A-SL.
Afterwards, the incubated medium of sake Yeast was inoculated into the pre-hydrolyzed pulp suspension, and
the mixture was gently shaken at 100 rpm at 38 C until the produced ethanol concentration became constant.
During this fermentation, the pulp and the cellulase were added intermittently, as shown in Figure 2. The total
charges of the cellulase and the pulp in this SSF were 180 FPU and 18 g, respectively; the charge ratio of
cellulase was 10 FPU/g of substrate. An aliquot was taken out every day, and its ethanol concentration was
measured by GC. SSF experiment under the same condition was attempted in duplicate, therefore, the ethanol
concentration was represented as the average. The ethanol yield based on theoretical maximum ethanol
production was calculated according to the following equation:

where [EtOH]f is ethanol concentration at the end of the fermentation (g/L), [EtOH]o is ethanol concentration
at the beginning of the fermentation (g/L), [Biomass] is biomass consistency at the beginning of the fermentation
(g/L), f is cellulose fraction of dry biomass (g/g; 0.756 in this study) and 0.51 is conversion factor for glucose to
ethanol based on stoichiometrical fermentation of yeast [10]. In this study, the denominator value in the equation
was 77.1.

Figure 2. Time schedule for reactant charge and sampling during SSF process
(○, sampling for ethanol determination every day;
, charge of 3 g pulp;

, charge of 3 g pulp and 60 FPU cellulase)

III. RESULTS AND DISCUSSION
Surface tension of A-SL
A-SL comprised of hydrophobic SL and hydrophilic PEG (66.1 wt% on A-SL), the structure of which was
essentially similar to those of amphipathic compounds in general. Such compounds, represented as a detergent,
generally showed surface activity. To examine the surface activity of A-SL, water surface tension upon
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increasing A-SL concentration was monitored by using Du Noüy tensiometer. Figure 3 shows water surface
tension vs. A-SL concentration. The profile consisted of two lines. The crossing point reveals a citrate micelle
concentration (CMC). Therefore, the amphipathic lignin derivative from cedar soda-lignin clearly show the
CMC at 2.0× 10-4 g/mL, suggesting that it has high surface activity as well as amphipathic lignin derivatives
from different isolated lignins previously reported [1].
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Figure 3. Surface tension-concentration isotherm for A-SL
Influence of A-SL on ethanol fermentation of glucose with Japanese sake yeast
An SSF process includes two kinds of main reactions. One is enzymatic hydrolysis of cellulose to convert it
to fermentable sugar (mainly glucose). The other is ethanol fermentation of the produced glucose with yeast. As
a preliminary experiment, we confirmed that A-SL also significantly improved enzymatic saccharification
efficiency for unbleached cedar pulp, and maintained the cellulase activity at a high level even after
saccharification as well as other amphipathic lignin derivatives from different origins [1, 2]. However, the
influence of A-SL on yeast fermentation of glucose has not been studied. So we examined influence of A-SL on
yeast fermentation prior to SSF experiment. Figure 4 shows the relationship between fermentation time and
ethanol production. The maximum ethanol concentration in the presence and absence of A-SL was identical.
However, the fermentation time to reach the maximum ethanol concentration in the presence of A-SL was 2days shorter than that in the absence of A-SL as a control experiment. This result suggested that A-SL did not
suppress the yeast fermentation, rather it accelerated the fermentation.
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Figure 4. Effect of A-SL on ethanol fermentation of glucose.
-▲-, in the presence of A-SL; -■-,in the absence of A-SL.
Effect of A-SL on fed-batch SSF
Figure 5 shows ethanol production in SSF with and without A-SL. The ethanol production at the first day
of SSF was dramatically enhanced by the addition of A-SL, due to the fact that a larger amount of glucose was
produced in the pre-hydrolyzed process by the help of A-SL. Furthermore, the produced ethanol concentration in
the presence of A-SL almost reached maximum at 4-days SSF, while the concentration gradual increased until 6
days. After SSF for 6 days, the produced ethanol concentration in the presence of A-SL was 49.4 g/L, which was
corresponded to 64.1 % based on the theoretical maximum ethanol production. On the other hand, the final
ethanol concentration and the yield on the theoretical value in absence of A-SL as a control were 37.8 g/L and
49.0 %, respectively. These results obviously suggest that the amphipathic lignin derivative from cedar sodalignin is also very useful for SSF.
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Figure 5. Ethanol production in SSF with cellulase of 10.0 FPU/g cedar pulp in the presence of
A-SL (-●-) and absence of A-SL (-■-).
IV. CONCLUSIONS
From the preliminary experiments, A-SL was found to improve enzymatic saccharification efficiency of
unbleached pulp and ethanol fermentation of glucose with Japanese sake yeast. On the basis of these functions of
A-SL, the fed-batch SSF process of unbleached soda-pulp from Japanese cedar was conducted with preincubated yeast and cellulase (total charge, 10 FPU/g of substrate). The ethanol production in SSF was
remarkably improved by the addition of A-SL, probably due to a combination of increased saccharification
efficiency and improved yeast fermentation. Thus, this amphipathic lignin derivative prepared from cedar sodalignin is considered to be a promising additive for SSF. Now, we are under the investigation on the ethanol
production at high concentration.
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ABSTRACT
In this study a comprehensive and comparative analysis of Eucalyptus globulus lignins was performed in order
to evaluate the impact of the delignification process in the structure of lignin (functional groups, linkages and
type of structures), and to find the main structural features related with the lignin potential to produce aldehydes.
Another objective was the study of E. globulus lignin structure produced by bark mild acidolysis, and the further
comparison, presented for the first time, with the lignin from the respective wood. The structural analysis of the
different E. globulus lignins reveals the influence of the chemical process applied on lignin functionality and
reactivity. This conclusion represents an important tool for the selection of lignin types and processes to a
valorization route within a lignocellulosic-based biorefinery.

I. INTRODUCTION
Lignin is a three dimensional phenolic polymer composed by three sub-units types, p-hydroxyphenyl (H),
guaiacyl (G) and syringyl (S). These units are linked through aryl ether bonds (β-O-4, α-O-4, 4-O-5) and C-C
linkages (5-5’, β-5, β-1, β–β) [1]. Lignin is the second most abundant biopolymer on the earth next to cellulose,
and obtained as industrial waste from pulp and paper industries. Moreover, the emerging biorefining activity is
also producing side streams containing lignin that claims for valorization due to environmental and economic
issues. The chemistry and structure of lignin makes it an interesting raw material for a wide variety of
applications, and a potential source of high-added-value chemicals [2]. However its reactivity toward chemical
processes depends of the chemical structure, which is related with biomass species and delignification process
[3]. In this work, a full characterization of four E. globulus lignins was performed in order to evaluate the
influence of the delignification type on its structure. To the best of our knowledge, there is no comparative study
for E. globulus lignins from different processes with the aim of evaluating their potential as source of addedvalue compounds, as vanillin and syringaldehyde. The structural analysis of an E. globulus lignin produced by
bark mild acidolysis was also presented, for the first time, since no information about this lignin is available. The
knowledge about this lignin will help to define a new valorization strategy for bark generated in pulp and paper
industries.

II. EXPERIMENTAL
In this work four different Eucalyptus globulus lignins were characterized in order to evaluate the influence of
the industrial process on its structure: LEgOrg –lignin produced by organosolv process, LEgKraft – lignin
isolated and further purified from industrial black liquor (obtained by kraft process), and lignins produced by
wood (LDEg) and bark (LDEgbark) mild acidolysis. The contaminants content of lignin samples were analyzed
with reference to inorganic material (gravimetric quantification of ashes after incineration of lignin samples at
650 °C for 6h) and carbohydrates. For carbohydrate analysis the lignins were submitted to acid methanolysis;
about 15 mg of sample was suspended in 3 mL of 2 M HCl methanolic solution, and the reaction was performed
at 100 °C for 4 hours, as previously described [4]. The products were identified by GC-MS and quantified GCFID with the equipment, experimental conditions and calibration as already described in literature [4]. Yields
and types of simple phenolic aldehydes were obtained by nitrobenzene oxidation (NO). The NO experiments
were performed as already described for reaction and products analysis [4]. About 30 mg of lignin was dissolved
in 7.00 mL of 2 M NaOH, and 0.45 mL of nitrobenzene was added, the experiments were run at 170 °C during 4
hours. The content of functional groups and typical structures/linkages were determined by quantitative 13C, 1H
and 31P nuclear magnetic resonance (NMR) analysis, using a Bruker AVANCE III 400 spectrometer operating at
400 MHz. Molecular weight of phenylpropane unit (Mppu) was determined with the data obtained from elemental
analysis.
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III. RESULTS AND DISCUSSION
The analysis of contaminants shows that the ash content of all the lignin samples is lower than 1.0% while
carbohydrate percentage is lower than 2.0%. These results allow inferring about the low degree of contamination
of the samples. NO is a widely applied method to determine the noncondensed fraction of lignin structure. High
total yields of NO are indicative of advantageous structural characteristics of lignin, considering the production
of vanillin and syringaldehyde. For the studied E. globulus lignins higher values of NO yield were found for
mild acidolysis lignins, LDEg (30%) and LDEgbark (32%), confirming that these samples have higher content of
uncondensed structures than LEgOrg (25%) and LEgKraft (21%).
13

C NMR provides data about the carbons in different structural and chemical environments (linkages, functional
groups) in lignin structure (Figure 1). LEgOrg and LEgKraft show a higher number of aromatic C-C and a slight
decrease in the number of aromatic C-H comparatively to mild acidolysis lignins. This trend is related with the
higher content of condensed structures in the industrial processed lignins. However, if only organosolv and kraft
lignins are considered, LEgKraft has higher content of condensed structures than LEgOrg, demonstrating that
lignin undergoes fewer transformations in the organosolv process. A low content of condensed structures is
favorable for the route of valorization through vanillin and syringaldehyde production. The results also indicate
that LEgOrg and LEgKraft show a lower content of β-O-4 structures and OCH3 groups than LDEg and LDEgbark.
The cleavage of β-O-4 and α-O-4 linkages as also the formation of condensed structures and the
demethoxylation of lignins are a consequence of the reactions that occur during the delignification process that
inevitably led to a change on native characteristics of lignin [5, 6].
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Figure 1. Quantification (number per aromatic ring) of the structures/linkages and functional groups identified
by 13C NMR.
With the 13C NMR results it is also possible to obtain the degree of condensation (DC) and the
syringyl:guaiacyl:p-hydroxyphenyl ratio (S:G:H) of each lignin sample (Table 1). Among the studied lignins,
LEgOrg and LEgKraft show the highest values of DC, as consequence of the higher content of condensed
structures in these samples than in LDEg and LDEgbark. DC is an important parameter for studies about lignin
applications, since it represents a negative impact on lignin reactivity. The ratio S:G:H found for all the samples
revels a predominance of S units as expected for this type of lignins.
Table 1. S:G:H ratio and DC calculated for the E. globulus lignins.
Lignin
DC (%)
S:G:H
LEgOrg

35

70:30:00

LEgKraft

43

74:26:00

LDEg

15

80:20:00

LDEgbark

17

73:23:04
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Quantitative 31P NMR was also applied. This method allows quantifying each type of hydroxyl groups present in
lignin structure (Figure 2). The comparison between 31P NMR results of kraft, organosolv and mild acidolysis
lignins shows that de delignification process causes an increase in free phenolic OH units and a decrease in
aliphatic OH groups present in lignin structure. As reported before, these structural changes result from arylether cleavage that are a consequence of the delignification process conditions, that are more drastic in kraft and
organosolv than in mild acidolysis [7]. Regarding the production of added-value aldehydes it is advantageous
that lignin structure presents a higher content of free phenolic OH, since these units promotes lignin solubility.
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Figure 2. Quantification (number per ppu) of the units and functional groups identified by 31P NMR.
Data obtained from 1H NMR are in accordance with the structural features observed for 13C and 31P NMR; kraft
and organosolv lignins present a lower content of aliphatic OH and aryl-ether structures and more phenolic OH
groups than mild acidolysis lignins. NMR results also allow observing that LDEgbark has a higher content of
condensed structures than LDEg. Another difference between mild acidolysis lignins is the presence of H units
only in bark lignin, which leads to a S:G:H (73:23:4) different from wood lignin (80:20:0). However, LDEg and
LDEgbark do not show significant differences for the other types and contents of interunit linkages and functional
groups, demonstrating that E. globulus lignins structure produced by wood and bark mild acidolysis are similar.
Correlations between data obtained from NMR results and aldehydes yields from NO were established. The NO
yields were successful correlated with DC values (Figure 3), clearly demonstrating that the reactivity of lignin
towards NO decreases with the increases of condensed structures content.

Figure 3. Plot of NO yield versus DC values obtained for E. globulus lignins.
A good correlation between NO yields and β-O-4 structures content, from 13C NMR, was also obtained (Figure
4). This trend ascertains the correlation between the content of uncondensed structures and the content of β-O-4
structures obtained for each lignin sample: the higher is the content of β-O-4 structures, higher is the total of
uncondensed structures. For lignins produced by mild acidolysis, LDEg and LDEgbark, high yields of monomeric
phenolic aldehydes were obtained by NO and high contents of β-O-4 structures were quantified by 13C NMR.
The results allow concluding that mild acidolysis lignins preserved a considerable fraction of its original ether
structures, comparing with organosolv and kraft lignins.
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Figure 4. Plot of NO yield versus β-O-4 content obtained for E. globulus lignins.
Concerning the obtained Mppu values for each lignin sample it is observed that industrial processed lignins (193196 g/mol) have lower values than mild acidolysis lignins (207-219 g/mol), proving that the molecular mass of
phenylpropane units decrease with the delignification process. The structural alterations identified for kraft,
organosolv and mild acidolysis lignins have particular impact on its chemical reactivity and it allows predicting
the potential of each lignin to produce aldehydes by oxidation, namely vanillin and syringaldehyde.
IV. CONCLUSIONS
The overall results show that LEgKraft and LEgOrg have a low content of β-O-4 structures and a high amount of
phenolic OH groups, since during the delignification process β-aryl ether bonds are predominantly cleaved. Kraft
and organosolv lignins are also more condensed (higher condensed structures content) and have lower NO yield
than mild acidolysis (close to native lignins). The extent of these reactions revealed to be higher for kraft lignin
than for organosolv lignin. The NO yield of each E. globulus lignin proved to have a good correlation with DC
value and total β-aryl ether content, from 13C NMR. Lignins produced by wood and bark mild acidolysis have
similar structures, though the presence of H units only for LDEgbark and the higher content of condensed
structures for this sample than for LDEg. With the obtained results is also possible to conclude that the industrial
processing, particularly the kraft one, induced unfavorable changes for a valorization route involving production
of functionalized phenolics by depolymerization. For this reason organosolv or a mild delignification process
would be a preferable process to obtain lignin from E. globulus wood or bark for production of functionalized
phenolics.
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ABSTRACT
Liquefaction of lignocellulosic materials has been studied over the years but due to the search for new sources to
replace oil-derived products the studies have increased in the last decade. Liquefaction of lignocellulosic
residues was held on a double shirt reactor with heated oil using ethylene glycol (EG) catalyzed by sulfuric acid
(SA) at 3%. The liquefied lignocellulosic materials were dissolved in a solution of dioxane-water in the
proportion 4: 1 and filtered, determining the insoluble residue gravimetrically. Liquefaction time and
temperature was optimized. To determine the chemical composition influence on liquefaction reaction, the
complete chemical characterization was made: cellulose, hemicelluloses, lignin, ashes, tannins and proteins were
determined.The results of the chemical analysis showed that all materials are composed mainly of cellulose,
hemicelluloses, lignin, tannins and proteins. The results show that the higher the temperature, the higher the
percentage of liquefaction. At the same temperature liquefaction percentage increases with the time of treatment
according to a logarithmic curve approximately until it reaches a maximum and then decreases, possibly due to
condensation reactions of liquefaction products.

I. INTRODUCTION
Liquefaction of lignocellulosic materials has been studied over the years but due to the search for new sources to
replace oil-derived products the studies have increased in the last decade. The main liquefaction processes that
have been studied in the last years are based on liquefying agents with catalysts that allow the liquefaction to be
done at low temperatures and pressure. The most studied liquefied agents are phenol using an acid or base
catalyst [1], polyhydric alcohols generally with an acid catalyst and cyclic carbonates [2], ionic liquids and dibasic
esters. The main applications for these liquefaction procedures have been the liquefaction of wood to produce
different resins in accordance with the liquefaction agent. When phenol is used there are mainly three types of
resins that have been tested: Novolac type phenolic resins [3] and Resol type resins [4] from acid catalyzed
liquefied wood and phenolic resins [5], from alkaline catalyzed liquefied wood [1]. Tests were also make to study
the potential use of pine liquefied wood for the partial substitution of MUF resin [6].
The central region of Portugal is essentially an agroforestry region dominated by the production of residues from
wood transformation (sawdust from local sawmills), hazelnut and almond shelling, olive cake from the olive oil
production and grape stalks from wine production.
II. EXPERIMENTAL
Sample preparation
Hazelnut and almond shells, grape stalks and Maritime pine (Pinus Pinaster Ait) sawdust were used in the tests.
The samples were sieved into three fractions > 40 Mesh, 40-60 Mesh and < 60 Mesh. The 40-60 Mesh fraction
was selected for the tests.
Liquefaction reaction
Ethylene glycol (EG) was used as solvent and was used 4 parts of EG for each part of lignocellulosic material
(LM) in dry state and 3% of Sulfuric Acid (SA) was added as a catalyzer based on the EG mass. In order to
achieve a better liquefaction percentage the mixture was pre-stirred to obtain a more homogenous preparation.
After closing the reactor the automatic stirrer was placed at ±70rpm. The liquefaction process was carried out in
a Parr cylinder glass 600ml LKT PED reactor with double jacket. The liquefaction temperature was 180ºC
(temperature of the oil in the jacket), and the time ranged between 15-120 min. The EG+SA+LM were inserted
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inside the reactor when the oil achieved the desired temperature. To filter the residues a mixture of dioxane and
water at 4:1 ratio was used to solubilize the liquefied material. A pump and a Buckner Funnel with a paper filter
were used to separate the solid residues that resulted from the liquefaction. This allowed us to determine the
liquefaction percentage that was calculated using the following formula:
Liquefaction percentage (%) =
The water and dioxane were evaporated using a Rotary evaporator by using reduced pressure, 700mmHg
provided by a vacuum pump.
Chemical composition determination
The hazelnut and almond shells, grape stalks and Maritime pine were characterised regarding the ash content,
extractives (in acetone, dichloromethane and in hot water), proteins, tannins, cellulose, lignin and
hemicelluloses. The ashes content was determined by calcinations of the material at 525 ºC, according to the
standard procedure Tappi T 211 om-93.
The extractives content in acetone and dichloromethane were determined by Soxhlet extraction according to the
Tappi T 204 om-88. The determination of extractives in hot water was carried out with a solution of ammonium
citrate (10 g/L) for 1 hour under reflux (liquid-to-solid ratio 100). The proteins content in extractives-free shells,
after extraction with acetone, was determined by treatment with 1% pepsin solution in 0.1 M HCl at 37ºC for 16
hours. The tannins content was assessed in extractives- and proteins-free shells by reflux with 0.3% NaOH
solution (liquid-to-solid ratio 100) under nitrogen atmosphere for 1 hour. The extracted material was filtered,
washed with hot water until neutral reaction of filtrate and dried at 60ºC to a constant weight. The content of
tannins was assessed by the difference in weights of initial and extracted materials. The alkaline extract was
precipitated by adding 3M H2SO4 until pH 3. After 24 hours, precipitated tannins were centrifuged and washed
with water to pH 5. Finally, the tannins fraction was freeze dried. The cellulose was determined by 4 consecutive
treatments with HNO3: EtOH mixture (1:4, v/v) under reflux for 1h each according to the Kürschner and Höffer
method (Browning, 1967). The lignin content in hazelnut shells free of extractives, proteins and tannins was
determined by Klason method with 72% H2SO4 (according to Tappi T 204 om-88).
III. RESULTS AND DISCUSSION
Liquefaction reaction
The highest liquefaction was attained by wood. Even with only 15 minutes it is possible to obtain a liquefaction
percentage of over 50% but the maximum liquefaction percentage (80%) is attained for about 60 min. For
hazelnut shells the maximum liquefaction (60%) is attained for 30 min. The liquefaction reaction for almond
shells and grape stalks is similar, both reaching a maximum liquefaction of about 40%. The only difference was
that for almond shells the maximum was attained earlier, at 45 min while for grape stalks was for 60 min.
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Figure 1. Liquefied material yield (%) for different reaction times.
All the reaction curves presented a similar development. With the increase in treatment time the liquefaction
percentage increases, having a higher slope in the beginning of the process with a tendency similar to a
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logarithmic curve. At the end there is a clear reduction on the liquefaction percentage for all the samples. The
reduction at the end of the liquefaction curve has often been attributed to condensation reactions [6]. Looking at
the chemical composition (Figure 2) we can see that almond shells and grape stalks have a higher percentage of
tannins in relation to the other residues. It is possible that their presence influences the liquefaction percentage
due to condensation reactions with other compounds at an earlier stage.
Chemical analysis
The results of the chemical analysis showed that all materials are composed mainly of cellulose, hemicelluloses,
lignin, tannins and proteins as shown in Figure 2.

Figure 2. Chemical analysis of lignocellulosic materials.

Studies on the chemical composition revealed that all materials are lignocellulosic. The major compound in
grape stalks is cellulose with about 30.3% followed by lignin (21%) and hemicelluloses (17.4%). Regarding
hazelnut shells, they are mainly cellulose (36.3%), lignin (35.7%) and hemicelluloses (12.4%). Almond shells
are composed mostly by 38.0% of cellulose, lignin 21.4% and 18.3% tannins. Finally the wood sawdust has
42.4% cellulose, 28.6% lignin and 24.1% hemicelluloses.
IV. CONCLUSIONS
Wood and hazelnut shells presented the highest potential for liquefaction, much higher than almond shells and
grape stalks. New test have to be made to determine the best conditions for each residue.
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ABSTRACT
The present work describes an innovative method for the hydrophobization of cellulosic material by
impregnation with an enzymatically obtained functionalization solution (FS). Application of FS to the surface of
previously formed cellulose sheets was found to confer them hydrophobic properties. The absorbance of
functionalized sheets was assessed with the water-drop test (WDT), and their hydrophobicity from their contact
angle (WCA) and the surface free energy (SFE) as determined with a goniophotometer. The proposed method is
an effective choice for the hydrophobization of paper sheets, with absorption times of up to 4000 s and WCA
values around 130°. Treating eucalyptus paper sheets dramatically decreased SFE (from 55 to 10 mJ/m 2), and
evidences on the grafting of the FS onto the cellulosic sheets were assessed by using ATR-FTIR. The stability of
FS and the control solutions was characterized in terms of Z potential and light scattering measurements.
I. INTRODUCTION
One way of hydrophobizing paper substrates is by grafting hydrophobic compounds onto lignocellulosic fibers.
This, however, entails chemically altering the paper surface or using a product or reagent to bind functional
groups to paper fibers. Enzymes have been shown to catalyze coupling reactions with potential use in various
areas, including the field of lignocellulosic materials. This has aroused increasing industrial interest in them in
recent years. Enzymes provide substantial advantages over chemical catalysts. Societal interest in green
chemistry and advances in biotechnology have brought to the forefront the use of enzymes to address many of
the challenges of modern synthetic organic chemistry [1]. Laccase (benzenediol:oxygen oxidoreductase, EC
1.10.3.3) is a blue multi-copper oxidase capable of catalyzing the oxidation of various low-molecular weight
compounds while concomitantly reducing molecular oxygen to water. Laccases have been successfully used in
biobleaching [2], and also to functionalize cellulose fibers for purposes such as internal sizing of paper [3], or
obtaining paper sheets with antimicrobial properties [4], or improved wet strength properties [5]. Also, GarciaUbasart et al., (2012) and Sipponen et al., (2010) [6, 7] obtained hydrophobic fibers by applying laccase in
combination with hydrophobic phenolic compounds to a fiber suspension. However, all previous enzyme
treatments were conducted in aqueous suspensions consisting of cellulose fibers, an enzyme and the functional
compound (i.e. before the paper or paper substrate was formed).
Industrially, introducing chemicals or enzymes before paper formation can alter the natural interaction between
fibers and lead to paper with impaired strength-related properties and less easily recycled effluents as a result. In
a previous work [8], this problem was addressed by applying a laccase treatment for the first time to finished
paper in order to improve its hydrophobicity and avoid the shortcomings of the procedure traditionally applied to
fiber suspensions. Although an effective method for hydrophobizing finished paper via enzymatic coupling was
developed, the processing time was rather long. In fact, paper sheets required soaking in the enzyme solution for
4 h, which is a strong hindrance for industrial application since paper machines can currently operate at rates in
the region of 1500 m/min. Therefore, the previously reported method by Cusola et al., (2013) [8], was not
feasible to be implemented industrially in the papermaking process.
In this work, we developed a new, fast method for the surface treatment of paper sheets that is compatible with
these paper processing rates. The surface treatment has the advantages that it does not affect sheet formation,
uses small amounts of chemicals per functionalized area unit, is compatible with the high throughput of paper
machines, can be implemented at various points in the industrial process and can be applied to sheet surfaces
with existing devices. The proposed method provides an innovative tool for functionalizing paper surfaces by
using the enzyme laccase to make them hydrophobic. The functionalization solution is compatible with most
papermaking technologies (size pressing, speed sizing, spraying). The method is the basis for a patent filed by
Cusola et al., (2012) [9].
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II. EXPERIMENTAL
Paper, enzyme and chemicals
Filter paper sheets (PS) were purchased from FILTERLAB. Eucalyptus ECF pulp was supplied by ENCE ®
(Spain), and unbleached flax and sisal pulps were kindly supplied by CELESA ®. The enzyme used was laccase
(Lacc) from Trametes Villosa supplied by Novozymes® (Bagsvaerd, Denmark). Lauryl gallate (LG) was
purchased from Sigma–Aldrich. Soluble sulfonated kraft lignin (SL) was obtained from Borreegard and used as
received. The eucalyptus, flax and sisal pulp samples were refined to a variable degree (°SR) according to ISO
5264-1:1979 on a Valley mill.
Preparation of laboratory handsheets and sonication
Refined and unrefined samples from eucalyptus, flax, and sisal pulp were used to prepare handsheets in a RapidKöten lab former according to ISO 5269-2:2004. Filter paper sheets were used as received. All sheets were cut
into circles 4 cm in diameter for surface treatment. An aqueous solution of lauryl gallate (LG) in 50 mM sodium
tartrate buffer at pH 4 was sonicated on a Hielscher® UP100H at 100% amplitude for 30 min.
Laccase treatments to obtain the functionalization solution (FS) and surface application to paper sheets
The enzymatic reaction was performed in the absence of paper sheets (PS) and the resulting functionalization
solution (FS), was used to impregnate paper sheets by dipping. Enzymatic treatments were performed according
to the method previously reported [10]. The resulting, functionalization solution (FS) was then applied to the
surface of paper sheets by dipping, and the sheets were allowed to dry in a normalized athmosphere (23ºC; 50%
RH). Various control treatments were also performed by using control functionalization solutions (KFS).
Hydrophobicity assessment
Contact angles were measured with a Dataphysics® OCA15 contact angle goniometer, using a 4 µL water drop
for delivery to the sample surface in each measurement. Surface free energy (SFE) was determined by applying
4 μL droplets of deionized water, ethylene glycol and 99% diiodomethane to the surface of paper sheets and
determining the corresponding contact angles. Water drop tests (WDT) were performed on each treated paper
specimen according to Tappi standard T835 om-08.
Z potential tests and paper properties
The stability of enzymatic products was assessed by measuring the electrophoretic mobility of the solutions with
a Malvern Zetamaster device equipped with a laser Doppler velocimeter. The physicomechanical properties of
the paper samples after treatment with FS were assessed by using commercial grade laboratory filter paper in
accordance with ISO standards. The target properties were Bendtsen permeability (ISO 5636), burst strength
(ISO 2758), tear strength (ISO 1974), folding endurance (ISO 5626), tensile strength (ISO 1924), wet tensile
strength (ISO 3781), Cobb60 (ISO 535) and zero-span tensile strength (ISO 15361).
III. RESULTS AND DISCUSSION
Hydrophobization of paper sheets
The hydrophobization of paper was achieved by having the enzyme react with lauryl gallate (LG), albeit in the
absence of paper sheets, in order to obtain a post-enzymatic solution (FS) containing an enzyme-modified
phenol. The resulting FS was applied to paper sheets by impregnation/immersion, after which the sheets were
allowed to dry in a normalized atmosphere (23°C, 50% RH). The ensuing method involves the following steps:
(1) initial sonication of LG in the reaction buffer (50 mM sodium tartrate); (2) enzymatic reaction under
conditions described elsewhere, but in the absence of paper sheets to obtain the FS; (3) impregnation of paper
sheets with FS; and (4) drying of impregnated sheets under a normalized atmosphere or with forced drying.
Control functionalization solutions (KFS) were obtained by using various modifications of the original standard
procedure to assess the influence of each individual agent, namely: laccase (Lacc), lauryl gallate (LG) and
lignosulfonate (SL). Several filter paper sheets were treated using the FS as described above. Then, the sheets
were subjected to the WDT. Table 1 shows the WDT values of the filter paper sheets impregnated using the
different control solutions (LG, LG+SL, SL, Lacc, LG+Lacc and SL+Lacc) and the functionalization solution
(FS; LG+SL+Lacc). As can be seen, none of the compounds improved hydrophobicity by itself, and only the
LG+Laccase control solution increased it significantly. In fact, only the tree compounds in combination
(LG+SL+Lacc) resulted in a dramatic increase in paper hydrophobicity. Also, the combined contribution of the
LG+Lacc and SL+Lacc solutions to hydrophobicity as measured with the WDT was lower than that of the
LG+SL+Lacc solution. This confirms the presence of a synergistic effect between LG and SL. The results were
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suggestive of chemical or physicochemical interaction between enzyme-modified LG and paper sheets. The
treated sheets were subjected to strong washing with hot water and Soxhlet extraction with acetone to assess the
strength of paper–chemical linkages. The measured contact angles (WCA) for the treated sheets were
insignificantly decreased by hot washing and Soxhlet extraction (about 4 and 5% respectively); this suggests that
LG was strongly bound to the paper sheets even after washing and acetone extraction.
Table 1. WDT of filter paper sheets after impregnation with the control solutions (LG, SL, Lacc, LG+Lacc,
SL+Lacc, LG+SL) and the complete functionalization solution FS (LG+SL+Lacc).
Control

WDT (seconds)

LG
SL
Lacc
LG+Lacc
SL+Lacc
LG+SL
FS (LG+SL+Lacc)

5
5
4
187
5
6
3810

1
1
1
16
1
1
200

Hydrophobic characterization of treated paper sheets
The free energy of a surface is a measure of its readiness to interact with other surfaces or liquids. In this work,
SFE was used to assess the tendency of treated sheets to interact with water. A high SFE value is indicative of
easy wetting by water and leads to a low contact angle. Figure 1 shows the SFE values of eucalyptus sheets
before and after impregnation with FS and the control solutions (KFS). As can be seen, SFE for sheets to which
no FS or KFS was applied ranged from 50 to 60 mJ/m2, which is consistent with previously reported values for
this material [11]. Only the LG+Lacc control treatment and the FS treatment reduced SFE to a significant extent.
Application of FS was especially effective in this respect; thus, it reduced SFE from an initial value around 55
mJ/m2 to one in the region of 10 mJ/m2. The reduction in SFE testifies to the hydrophobizing ability of FS and is
consistent with the WDT results.
In order to extend the use of the FS to other types of paper-based substrates and assess the influence of the pulp
type and the refining process in the hydrophobization, laboratory sheets were obtained from refined and
unrefined flax and sisal pulps. Afterwards, the sheets were treated using the FS, and subjected to similar
experiences. The obtained results in terms of hydrophobicity and SFE reduction were similar than the obtained
with eucalyptus.
Lacc
SL
LG
SL+Lacc
LG+Lacc
LG+SL
LG+SL+Lacc
Eucalyptus

0

20
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80

Surface Free Energy (mJ/m²)

Figure 1. Surface Free Energy (SFE) eucalyptus sheets before (Eucalyptus) and after impregnation with FS
(LG+SL+Lacc) and control solutions (LG+SL, LG+Lacc, SL+Lacc, LG, SL and Lacc).
Z potential measurements
The stability of the control solutions was assessed and compared via Z potential, which is illustrative of the
behavior of colloid suspensions. The sonicated LG solution had Z potential ≈ –30 mV and was thus scarcely
stable. The SL solution had Z potential ≈ –50 mV and was thus highly stable; in fact, SL never precipitated in the
aqueous medium. On the other hand, the combination of SL with laccase exhibited a significantly reduced Z
potential (ca. –35 mV) compared with to SL alone; however, the solutions exhibited no visual signs of
agglomeration, turbidity or large particles. One possible explanation for this result is that the reaction with
laccase may have partially dissolved SL and reduced Z potential to a near-zero level closer to the electrokinetic
properties of water. Combining LG with laccase increased its Z potential to about –40 mV and improved its LG
stability even though the solution still looked turbid to the naked eye. The most interesting result was derived
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from the measurements of the solutions containing LG, SL and laccase (FS). One would have expected the
synergistic effect of SL in combination with laccase to result in a dramatic increase in Z potential with respect to
LG alone; however, Z potential remained at ca. –38 mV and the solutions looked clear and contained no
suspended particles. The enzyme may have facilitated dissolution of LG, thereby reducing the Z potential.
IV. CONCLUSIONS
This paper reports an innovative green methodology for preparing a functionalization solution (FS) via an
enzymatic reaction between laccase and lauryl gallate. Application of FS to the surface of finished paper
substrate makes it hydrophobic as assessed by WDT and WCA measurements. The functionalization solution
(FS) is highly stable as confirmed by Z potential measurements. This simple, expeditious method improves on
the existing enzymatic alternatives and is amenable to industrial application.
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ABSTRACT
In the study presented herein, research has been conducted on the pretreatment in ionic liquids of native cellulose
and lignocellulosic wastes (pine nut shells from Stone Pine (Pinus pinea), palm leaves from Carnaúba palm
(Copernicia prunifera) and residues from Macaúba palm (Acrocomia aculeata) (viz., pulp, shell) for the
production of bioethanol, bio-hydroxymethylfurfural (bio-HMF) and bio-furfural. The heat treatment has been
carried out in a microwave oven at different temperatures and times and the results have been compared with
those obtained upon operation in a low-pressure reactor and ultrasound treatments. In order to promote the
dissolution of cellulose and lignocellulosic wastes, different ionic liquids (ILs) have been assayed, namely,
eutectic mixtures of choline chloride/urea, choline chlorine/oxalic acid, choline chloride/betaine, tetraethyl
ammonium chloride (TEAC) and tetraethyl ammonium bromide (TEAB). To facilitate the hydrolysis process of
the cellulose and lignocellulosic residues, different types of solvents have been used: water/sulfolane and/or 2ethylhexanol, along with acid and basic catalysts which promote the process of isomerization of glucose. The
characterization and quantification of the produced HMF and furfural has been performed by UV
spectrophotometry at 275 nm and 285 nm and by high-performance liquid chromatography (HPLC) at 280 nm.
Carbohydrates characterization has been conducted by VIS spectrophotometry and by Ionic Chromatographic
(IC). The study confirms that ILs promote the dissolution reaction of cellulose and/or lignocellulose residues
leading to the formation of mono-, di- and trisaccharides, HMF and furfural. It has been observed that, when the
temperature is increased, the eutectic mixture of choline chloride/oxalic acid has the highest yields of HMF and
furfural, while the eutectic mixture of choline chloride/urea leads to the best yields in terms of sugars or
carbohydrates formation. Aforementioned studies aim to optimize the processes of production of biofuels, such
as bioethanol, bio-HMF or bio-furfural.
I. INTRODUCTION
Lignocellulosic materials have become attractive precursors for energy production, since they are abundant,
renewable and do not compete with food crops both for human and animal consumption [1,2]. In general,
lignocellulosic materials are composed of cellulose, hemicellulose and lignin, being cellulose the most important
component in energy crops, agricultural and forestry residues [3].
The objective of this work is the production of second generation biofuels from cellulose and lignocellulosic
wastes for their conversion into bio-alcohols, bio-HMF and/or bio-furfural, using ionic liquids and different
proportions of water, organic solvents, catalysts, acids, times, temperatures, etc. either in microwave reactors
with ultrasound pretreatment or in a Parr reactor operating at low-medium pressure with stirring. Production
yields for sugars and/or bio-HMF/furfural obtaining from cellulose and various palm and pine lignocellulosic
wastes have been assessed.
II. EXPERIMENTAL
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Native cellulose (MerckTM) and different lignocellulosic materials (viz., palm leaves from Carnaúba palm
(Copernicia prunifera) from Ceará, Brasil; pulp and shell from Macaúba palm (Acrocomia aculeata) from
Minas Gerais, Brasil; and pine nut shells from Stone Pine (Pinus pinea) from Valladolid, Spain) were assayed as
substrates. The lignocellulosic materials were dried in oven at 60 °C, milled and sieved prior to their utilization.
Anatase titanium oxide (TiO2, Sigma AldrichTM) was used as a catalyst. Choline chloride (ChCl), urea, oxalic
acid, tetraethyl ammonium chloride (TEAC) and tetraethyl ammonium bromide (TEAB) were also supplied by
Sigma AldrichTM.
Studies both at lower temperatures (100ºC and 120°C), aimed at sugars production, and at 140°C (aimed at biofurfural and bio-HMF obtaining) have been conducted for different catalysts and organic solvents (Table 1 and
Figure 1), working both in a MilestoneTM mod. Ethos One microwave apparatus or in a low-pressure Parr
reactor. For the hydrolysis of different substrates to bio-furfural and bio-HMF, 100 mg of substrate were used,
together with 20 mg of TiO2 catalyst, 5 mL of ionic liquid and 5 mL of a (water+organic solvent) mixture (see
Table 1). When only sugars obtaining is pursued, the 5 mL of the (water+organic solvent) mixture are replaced
by 5 mL of acid (HNO3, 10% or H3PO4, 30%), in order to favor the rupture of the 1,4-β-glycosidic bonds of
cellulose. The 10 mL mixture was sealed in a reaction vessel and heated in the microwave apparatus, preceded
by an ultrasonic homogenization pretreatment in some cases. The attack was also carried out in a low-pressure
Parr reactor with stirring (Table 1). Upon completion of the desired reaction time, the reaction mixture was
rapidly cooled to room temperature. Bio-HMF/furfural production was quantified for both treatments according
to Chi [4] methodology by means of a Hitachi U-series UV spectrophotometer, measuring at 277 nm and at 285
nm for bio-furfural and bio-HMF, respectively; sugars concentration was determined by the 3,5-dinitrosalicylic
acid (DNS) method [5].
III. RESULTS AND DISCUSSION
In order to promote the dissolution of cellulose and lignocellulosic residues in ionic liquids, different eutectic
mixtures have been assayed: choline chloride (ChCl)/urea, ChCl/oxalic acid, ChCl/betaine, tetraethyl ammonium
chloride (TEAC) and tetraethyl ammonium bromide (TEAB) (Table 1 and Figure 1). The best results for bioHMF/furfural and/or sugars production have been attained for the ChCl/urea and ChCl/oxalic acid mixtures.
Table 1 summarizes the conversion rates of cellulose and lignocellulosic biomass into bio-HMF and bio-furfural
for 60 minutes at 140°C in a microwave reactor. When 2-ethylhexanol (2-EH) organic diluent is used, furfural
formation is favored vs. that of HMF, and furfural concentrations vary from 349 to 426 mg/L depending on the
substrate. The ChCl/oxalic acid mixture proves to be very reactive with lignocellulosic residues when sulfolane
is used as a solvent, while the ChCl/urea mixture would be the preferred option for native cellulose. In
agreement with Nakaiama and Imai [6], when a 15 min sonication pretreatment is performed, the HMF
production is significantly promoted vs. that of furfural, reaching HMF concentrations of 3489 mg/L for
Carnauba leaves. When the low-pressure Parr reactor with stirring is used instead of a microwave oven, furfural
formation is enhanced for all substrates except for Macauba pulp (in which HMF formation increases). It should
be noted that when native cellulose is attacked in the Parr reactor, concentrations of 1551 mg/L and 1663 mg/L
are achieved for HMF and furfural, respectively (i.e., 3114 mg/L of biofuel or a 31.14 % yield).
Table 1. Conversion of cellulose and lignocellulosic biomass into bio-HMF and bio-furfural in a microwave (MW) oven
(140ºC, 60 min) vs. in a low-pressure Parr reactor with stirring (140ºC, 60 min).
Substrate

Carnauba leaves

Macauba shell

Macauba pulp

Ionic liquid
ChCl/oxalic acid
ChCl/oxalic acid
ChCl/urea
ChCl/oxalic acid
ChCl/urea
ChCl/oxalic acid
ChCl/oxalic acid
ChCl/urea
ChCl/oxalic acid
ChCl/urea
ChCl/oxalic acid
ChCl/oxalic acid

Diluting agent
2-EH
Sulfolane
Sulfolane
Sulfolane
Sulfolane
2-EH
Sulfolane
Sulfolane
Sulfolane
Sulfolane
2-EH
Sulfolane

Procedure
MW
MW
MW
15’ sonication + MW
Parr reactor
MW
MW
MW
15’ sonication + MW
Reactor Parr
MW
MW

300

HMF (mg/L)
0.0
1023.3
195.6
3489.1
1122.1
0.0
593.2
104.8
404.0
645.2
0.0
671.7

Furfural (mg/L)
348.8
0.0
203.6
0.0
1152.7
426.6
0.0
64.2
411.8
973.1
327.0
107.5
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Pine nut shell

Native cellulose

ChCl/urea
ChCl/oxalic acid
ChCl/urea
ChCl/oxalic acid
ChCl/oxalic acid
ChCl/urea
ChCl/oxalic acid
ChCl/urea
ChCl/oxalic acid
ChCl/oxalic acid
ChCl/urea
ChCl/oxalic acid
ChCl/urea

Sulfolane
Sulfolane
Sulfolane
2-EH
Sulfolane
Sulfolane
Sulfolane
Sulfolane
2-EH
Sulfolane
Sulfolane
Sulfolane
Sulfolane

MW
15’ sonication + MW
Reactor Parr
MW
MW
MW
15’ sonication + MW
Reactor Parr
MW
MW
MW
15’ sonication + MW
Reactor Parr

37.1
0
2255.3
0.0
1200.9
25.2
869.6
607.8
21.4
391.0
1682.7
959.8
1550.8

24.9
892.0
628.0
358.2
0.0
11.9
7.0
762.1
389.6
459.2
374.5
0.0
1562.6

The formation of reducing sugars from cellulose and lignocellulosic residues in ionic liquids (ChCl/Oxalic acid
and ChCl/Urea at 100ºC and 120°C) in an acidic medium with either H3PO4 or HNO3 is shown in Figure 1.
In Figure 1 (a), it should be pointed out that the ChCl/oxalic acid, TEAC and TEAB ionic liquids in acidic
medium with H3PO4 30%, at 100°C and 120ºC, did not lead to the production of reducing sugars. It can also be
observed that when oxalic acid was replaced with urea, the native cellulose substrate treated at 100°C in the
microwave reactor yielded a 8.6% (95.9 g/L) of reducing sugars, whereas lignocellulosic residues led to
disparate sugars production yields: 15.2% (168.5 g/L) for carnauba leaves and 13.2% (146.7 g/L) for macauba
pulp, vs. 5.5% (60.6 g/L) for pine nut shell and 7.3% (80.6 g/L) for macauba shell. When the tests were
conducted at 120°C, native cellulose led to a significant production of reducing sugars 14.8% (164.4 g/L),
followed by macauba pulp 14.6% (162.03 g/L), pine nut shell 11.9% (132.5 g/L), carnauba leaves 10.2% (113.02
g/L) and, finally, macauba shell 9.1% (100.7 g/L). Consequently, the increase in temperature from 100ºC to
120ºC favors the sugars production in H3PO4 30% medium.
On the other hand, in Figure 1 (b) is it noticeable that the highest yields for the ChCl/oxalic acid eutectic
mixture in HNO3 10% medium are obtained for carnauba leaves, with values as high as 18,8% (209.2 g/L),
followed by macauba shell 17.3% (192.1 g/L), native cellulose 10.5% (117.2 g/L ), macauba pulp 7.2% (80.1
g/L) and pine nut shell (0%). No sugar production could be detected when working with the ChCl/urea mixture
in nitric acid at 100°C, but formation of sugars can be attained by rising the microwave oven temperature to
120ªC for 30 minutes.
The bio-HMF/furfural concentrations generated by the hydrolysis of cellulose are very low, ranging from 0 to
0.4 g/L for HMF (the highest production was obtained for carnauba leaves in ChCl/Oxalic acid and H3PO4) and
from 0 to 0.74 g/L for furfural (in this case, the highest concentration corresponds to carnauba leaves in TEAB
and H3PO4).
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Figure 1. Sugars production in a microwave oven in ionic liquids (ChCl/oxalic acid and ChCl/urea, at 100ºC and
120ºC) for 30 minutes in acidic medium: (a) H3PO4 30% and (b) HNO3 10%.
IV. CONCLUSIONS
The operative conditions for the production of biofuels derived from furfural and HMF and for the obtaining of
reducing sugars from cellulose and lignocellulosic waste have been optimized, working in ionic liquids and
utilizing either a microwave oven with ultrasonic pretreatment or a low-pressure Parr reactor with stirring for
conducting the treatment.
It can be concluded that for the production of biofuels -derived from furfural and HMF- in a pilot plant, Parrtype reactors and ionic liquids at temperatures of 140°C for 60 min are to be used. ChCl/oxalic acid mixture
proves to be the most reactive, amongst those assayed, in order to attack lignocellulosic waste substrates when
sulfolane is used as solvent and TiO2 as a catalyst, while the ChCl/urea mixture would be more advisable for
native cellulose. When the MW oven is replaced with a low-pressure Parr reactor, the formation of furfural is
favored for all substrates, except for macauba pulp.
In relation to the production of reducing sugars in a pilot plant, ionic liquids and either Parr reactors or
microwave apparatus shall be used, but lower temperatures (100ºC or 120°C) are desirable. When nitric acid
(HNO3 10%) is used, the best yields are attained for ChCl/oxalic acid eutectic mixture, while ChCl/urea proves
better when H3PO4 acid is chosen. The small amounts of furfural and HMF produced in the formation of sugars
(lower than 0.8 g/L in all case) can be removed with acetonitrile so as to have pure sugar than can be readily
used for the synthesis of bio-alcohols by fermentation.
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ABSTRACT
More than nine million hectares of olive trees are cultivated worldwide, especially in the Mediterranean
countries. Pruning of olive trees is yearly performed resulting in a huge amount of biomass lacking of
applications. As a renewable source of energy, pruning biomass has been proposed as raw material for a number
of uses, e.g. biofuels, chemicals, or electricity production. According to the afore-mentioned, this work examines
three schemes for electricity generation from olive tree pruning biomass by gasification. The commercial
software ASPEN Plus® v.8 was applied to carry out techno-economic analysis of the three proposed schemes,
e.g., gasification with cryogenic CO2 recovery (scheme 1), gasification with combined gas and steam turbines
(scheme 2) and gasification with only gas turbine (scheme 3). The first scheme has advantages from an
environmental point of view because the CO2 recovered can decrease the greenhouse gases besides, this CO2
could be sold as credits in the electricity generation plants. On the other hand, the scheme 2 has not
environmental advantages but has lower capital cost due to the use of fewer units. Finally, scheme 3 gives less
electricity but at the same time consumes fewer units. Three different volumes of feedstock were used for the
three schemes of electricity generation: 1, 20 and 50 tonnes per hour in order to analyze the effect of the amount
of raw material over the feasibility. The mass and energy balances generated were used for the economic
evaluation using Aspen Process Economic Analyzer software, calculating the production cost per kWh
generated. Economic parameters were taken considering the Spanish market. Results show that schemes 2 and 3
present the lower production cost per kWh generated and that these schemes are feasible when the raw material
have no cost. According to the results, 334, 302 and 299 kWh/t of olive tree pruning biomass were obtained for
schemes 1, 2 and 3 respectively.
I. INTRODUCTION
Olive tree pruning biomass is one of the most important agroindustrial wastes generated in Spain due to its large
production and its availability [1]. It has been estimated that more than three million tonnes of biomass from
olive tree pruning are yearly available in Spain [2]. This residue should be eliminated because it generates
serious environmental problems, such as propagation of vegetal diseases. In this sense, this biomass can be used
as a source of alternative energy because it is a renewable biomass, which does not contribute significantly to
increase the greenhouse gases, and it is an available biomass, lacking of economic applications. According to the
mentioned above approximately 400 t/h could be available in Spain to be used in electricity generation
processes. In this order, gasification of olive tree pruning constitutes an excellent alternative to electricity
production. This work presents a techno-economic point of view of the electricity generation from olive tree
pruning using three schemes of electricity generation. Gasification with cryogenic CO2 recovery (scheme 1),
gasification with combined gas and steam turbines (scheme 2) and gasification with only gas turbine (scheme 3).
Three different volumes were used in the feedstock: 1, 20 and 50 tonnes per hour in order to analyze the effect of
the amount of raw material over the feasibility.
II. EXPERIMENTAL
The proposed schemes of electricity generation are shown in Figure 1. Raw material composition was taken
according to previous works and it is showed in Table 1 [3-5]. Aspen Plus v.8.0 was used to generate the mass
and energy balances of each proposed scheme of electricity generation. Then, mass and energy balances were
used for the economic evaluation using Aspen Process Economic Analyzer software, calculating the production
cost per kWh generated. Economic parameters according to Spain were used and are showed in Table 2.
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(a) Gasification with cryogenic CO2 recovery
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(b) Gasification with combined gas and steam turbines
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(c) Gasification with gas turbine
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Figure 1. Gasification schemes for electricity generation from olive tree pruning. (a) Gasification with cryogenic
recovery of CO2. (b) Gasification with combined gas and steam turbines. (c) Gasification with gas turbine.
Table 1. Chemical composition of olive tree pruning biomass
Compound
Cellulose
Hemicellulose
Lignin
Ash
Water

(%)
28.08
15.80
18.81
3.40
33.90

Table 2. Economic parameters for techno-economic assessment
Parameter
Price
Unit
Operator
22.36
USD/h
Supervisor
24.55
USD/h
Electricity
0.11
USD/kWh
Potable water
0.22
USD/m3
Fuel
7.86 USD/MMBTU
Olive tree pruning
28.8
USD/tonne
Tax rate
35
%
Desired rate of return
6
%
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III. RESULTS AND DISCUSSION

Produc'on	
  cost	
  (USD/kWh)	
  

Figures 2 and 3 show the total production cost with and without raw material cost respectively. When olive tree
pruning has a cost (28.8 USD/t) the lowest production cost are obtained for 20 and 50 t/h of feedstock and the
total production cost ranges from 0.12 to 0.16 USD/kWh. On the other hand, without raw material cost and with
flows of 20 and 50 t/h of olive tree pruning, total production cost from 0.02 to 0.07 USD/kWh are obtained. This
indicates that there is a price of olive tree pruning that permits to obtain the same electricity price consumed for
the gasification plant (0.11 USD/kWh), this was found as 26.4 USD/t for flows of 20 t/h and scheme 3 which
was the best scheme of production.
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Figure 2. Total production cost with 28.8 USD/t of olive tree pruning.
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Figure 3. Total production cost without cost of olive tree pruning.
Table 3 shows the distribution of the total production cost to the best scheme (scheme 3) with 50 t/h. It is clear
that the raw material cost is the most important item in the economic evaluation because it has a contribution of
82.67% of the total production cost. Despite that the raw material cost has an important contribution over total
production cost, low flows of olive tree pruning (1 t/h) resulted in low significant contribution as is shown in
Figure 4.
Table 3. Distribution of the total production cost.
Economic Parameter

Cost (USD/Year)

Share (%)

Depreciation Expense

384635

2.59

12272400

82.67

Total Utilities Cost

293542

1.98

Operating Labor Cost

411213

2.77

Maintenance Cost

69470.6

0.47

Operating Charges

102803

0.69

Total Raw Materials Cost
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Figure 4. Share of the raw material cost over total production cost.
IV. CONCLUSIONS
Olive tree pruning is an attractive raw material to be employed in gasification processes due to its large
quantities and its availability.
When the olive tree pruning has cost (28.8 USD/t), any of the schemes are infeasible using the flows of
feedstock evaluated and the final production cost to all schemes is higher than the typical electricity cost (0.11
USD/kWh). On the other hand, when the olive tree pruning has not cost, all schemes are feasible only when
flows of feedstock are above of 20 tonnes per hour obtaining productions cost lower than 0.07 USD/kWh. 26.4
USD/t of olive tree pruning was found as the price to obtain a feasible gasification with 20 t/h in scheme 3 which
was the most promising scheme of electricity generation.
The raw material cost is the most important economic parameter to take into account in the economic evaluation
especially when high flows of feedstock are used because as the flow of feedstock increases, the production cost
decreases.
V. ACKNOWLEDGMENTS
Financial support from Junta de Andalucía (Proyecto de Excelencia AGR-6103) is gratefully acknowledged.
JMR and VH express also their gratitude for their scholarships received from Junta de Andalucía and Agrifood
International Doctorate School (eidA3).
VI. REFERENCES
[1] Castro E, Ruiz E, Moya M, Romero I, Cara C, Díaz M. La poda del olivar: Avances hacia el desarrollo de
una biorefinería. Residuos. Revista Técnica 110, 38-44, 2009.
[2] Velázquez-Martí B, Fernández-González E, López-Cortés I. Quantification of the residual biomass obtained
from pruning of trees in Mediterranean olive groves. Biomass and Bioenergy 35, 3208-3217, 2011.
[3] Cara C, Ruiz E, Oliva J, Sáez F, Castro E. Conversion of olive tree biomass into fermentable sugars by dilute
acid pretreatment and enzymatic saccharification. Bioresource Technology 99, 1869 – 1876, 2008.
[4] Cara C, Ruiz E, Ballesteros I, Negro M, Castro E. Enhanced enzymatic hydrolysis of olive tree wood by
steam explosion and alkaline peroxide delignification. Process Biochesmistry 41, 423 – 429, 2006.
[5] Cara C, Romero I, Oliva J, Sáez F, Castro E. Liquid hot water pretreatment of olive tree pruning residues.
Applied Biochemistry and Biotechnology, 136, 136 – 140, 2007.
[6] Rincón LE, Hernández V, Cardona CA. Analysis of technological schemes for the efficient production of
added-value products from Colombian oleochemical feedstocks. Process Biochemistry 39, 474 – 489, 2014

306

© CSIC © del autor o autores / Todos los derechos reservados

13th European Workshop on Lignocellulosics and Pulp
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ABSTRACT
Esterification of Soda Grass, Hardwood and Softwood Kraft lignins with acetic, propionic and butyric anhydride
was performed to improve compatibility of lignin and polyethylene (PE-HD) in blends. Mechanical properties
were determined by tensile and flexural tests. In comparison to pure PE-HD the blends are still too rigid, yet, the
performed modifications enhance the mechanical properties compared to blends containing unmodified lignin.
Best results were observed for propionated lignin-polyblends. Light microscopic images confirmed an improved
compatibility of the feedstocks with increasing length of the substituent. Interestingly, no significant differences
occurred among the technical lignins concerning the behavior of the modified products in the blends.
I. INTRODUCTION
Modification of lignin has extensively been studied during the last decades, and its use has successfully been
promoted for a wide range of applications, comprising e.g. adhesives and foams [1]. Due to its inherent features,
lignin is also a suitable component to be used in lignin-polyblends [2]. Here, investigations mainly focused on
the incorporation of unmodified lignins into the polymer matrix [3, 4, 5]. However, comparably little research
has been conducted so far on suitable modifications to improve lignin applicability in composites with
thermoplastic polymers as matrix material [6, 7, 8].
In this paper three technical lignins from different sources were esterified with acetic, propionic, and butyric
anhydride before melt mixing with polyethylene (PE-HD) in order to improve compatibility of the two
feedstocks. Properties of the resulting blends were determined by means of tensile and flexural tests. Light
microscopic images of the blends were taken to analyze changes in the miscibility and adhesion of lignin and
PE-HD.
II. EXPERIMENTAL
Raw materials. Industrial Hardwood (eucalypt) and Softwood (pine/spruce) Kraft lignins (HW-K, SW-K) were
provided by Suzano and Stora Enso, respectively. Commercially available Soda Grass Lignin (SG) from wheat
straw was purchased from Green Value. High density polyethylene (PE-HD) named Hostalen GC 7260
(LyondellBasell) served as matrix polymer for the lignin-polyblends. Density: 0.96 g/cm³, MFR: 0.8 g/10 min
(190 °C/2.16 kg), Tpm: 125-135 °C.
Methods. Esterification of each lignin sample was performed according to a revised protocol by [6]. Lignin was
suspended in acetic, propionic, and butyric anhydride, respectively, with a 2:1 weight ratio of solvent to lignin,
adding 0.01 mL N-methylimidazol (N-MIM) as catalyst per gram of lignin. The reaction was performed at 50 °C
in a stirred glass reactor. After 3 h, the mixture was poured into cold deionised water to stop the reaction, and
subsequently washed until the filtrate reached pH 5. The esterified lignin was dried in an oven at 50 °C for
several days.
Melt mixing of lignin and polymer was accomplished using a Haake Rheomix OS 3000 torque-rheometer
(Thermo Fisher Scientific, Germany) with a weight proportion of 1:1. Process parameters: 160 °C, 50 rpm, 60 %
filling degree; lignin was added after stabilization of the PE-HD torque curve. The resulting blends were encoded
according to the lignin type and the applied modification (acetylation a, propionation p, butyration b).
Test specimens were injection moulded using a Haake MiniJet II (Thermo Fisher Scientific, Germany). Melt
temperature was adjusted for each formulation, varying between 160-168 °C. The casting moulds had a constant
temperature of 90 °C; first and second pressures were kept at 500 and 300 bar, respectively, for 15 s each.
Dumbbell-shaped specimens (type 1BA) were prepared for tensile tests according to [9]. Rod-shaped specimens
in accordance with [10] were used for flexural tests.
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Investigations of mechanical properties were conducted using a Zwick Roell Z050, testing three specimens for
each formulation. Tensile tests were performed at 1 mm/min test speed and 20 mm gauge length [11]. For the
flexural test, 2 mm/min test speed and 64 mm supporting width were set [10]. Before testing, all specimens were
conditioned at 20 °C/ φ= 65 %.
Light microscopic images were taken using AxioCam MRc5 and ZEN 2012 software (both Zeiss).
III. RESULTS AND DISCUSSION
Unmodified lignin is not compatible with unpolar polyethylene (PE-HD) and therefore needs to be modified
prior to the blending process. 31P-NMR and FTIR analysis confirmed complete disappearance of OH group
signals in the spectra of the modified lignin samples. The latter one moreover showed the apparition of the peak
corresponding to the ester group at 1757 cm-1.
To evaluate the effects of lignin modification on its distribution in the polymer matrix and the adhesion of the
two feedstocks, light microscopic images were taken from blends containing unmodified and modified lignin,
respectively. As depicted in Figure 1a, unmodified lignin accumulates in unevenly distributed grains, well
demarcated from the transparent polymer matrix. Compared to this, the images of modified lignin-polyblends
display an increasing homogeneity with increasing chain length of the substituent on the lignin (C2 to C4 chain).
In the acetylated lignin-polyblend the grainy texture is partly dissolved (Figure 1b). The lignin rather seems to
be associated in threadlike structures, running through the polymer matrix. This phenomenon may be attributed
to the mixing process in the torque-rheometer and is even more pronounced in the images of the propionated
lignin-polyblends in Figure 1c. The blends containing butyrated lignin are characterized by a smooth brown
matrix (Figure 1d). Based on this, it can be assumed that the modification positively affects the compatibility of
lignin and polyethylene. With increasing chain length of the substituent the adhesion at the interface of the two
feedstocks is improved and the lignin is able to distribute homogeneously within the polymer matrix. This,
furthermore, goes in line with experiences made during the blending and injection molding processes. With
increasing chain length of the substituent, the blended material appears to be more homogeneous and less
crumbly. The reduction of the melt temperature from 168 °C for the acetylated lignin-polyblends to 160 °C for
those containing butyrated lignin also indicates a better compatibility.

a

b

c

d

Figure 1. Light microscopic images of PE-HD blended with unmodified (a), acetylated (b), propionated (c), and
butyrated (d) lignin, showing an increasing homogeneity of the blends from a to d.
Mechanical properties were determined by tensile and flexural tests in accordance to DIN EN ISO norms, the
results being displayed in Figure 2 and Figure 3. In both test series, neat PE-HD specimens served as reference
samples.
Regarding the tensile tests (Figure 2), all lignin-polyblends are characterized by significantly reduced strength
and elongation values compared to neat PE-HD (σM= 22,7 N/mm²), Young’s modulus being distinctly increased.
As depicted in the figure, blends containing unmodified lignin show tensile strengths between 9.4 N/mm² (SG)
and 11.2 N/mm² (HW-K) which correspond to only half the value of the reference. The elongation values
decrease to less than 1/5. Youngs’s Modulus roughly doubles, indicating an increased rigidity of the blends
compared to pure PE-HD.
Yet, the tensile tests of the modified blends confirm that the esterification of lignin with acid anhydrides is
beneficial for the mechanical characteristics of the resulting blends. Consistent with the light microscopic
images, the modified blends are characterized by significantly higher tensile strengths than blends containing
unmodified lignin. Furthermore, the modifications differ among each other; with increasing chain length of the

308

© CSIC © del autor o autores / Todos los derechos reservados

13th European Workshop on Lignocellulosics and Pulp

substituent an increase of the tensile strengths can be determined. Interestingly, there exist no significant
differences among the three lignins. All of them show the same trend, and, concerning HW-K and SG, even
quite similar values for the respective modifications. For HW-K and SG best results for the tensile strenghts
were achieved using propionated lignin (σM= 17 N/mm²), whereas for SW-K highest values were observed for
acetylated blends (σM= 17 N/mm²). The butyrated blends all show a distinct decline of the strength values, which
contradicts to the assumptions based on their microscopic images. The decline may be attributed to damages on
the surfaces of the specimens as they tend to stick on the metal surface of the casting moulds. This phenomenon
is predominantly observed for modified SW-K lignin-blends, which explains the significantly reduced strength
of the butyrated SW-K lignin blends. All modified blends are characterized by further decreased elongation
values to roughly 1/10 of the reference, showing brittle fractures during the tensile tests. However, there is a
slight (re)increase of elongation values visible from acetylated to butyrated substituent. In combination with a
constantly decreasing Young’s Modulus this indicates that the blends become less rigid as the length of the side
chain increases.
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Figure 2. Results of the tensile tests: pure PE-HD is shown in comparison to 1:1 mixtures with unmodified and
modified Hardwood Kraft, Softwood Kraft, and Soda Grass lignins

The results of the flexural tests confirm the results of the tensile tests (Figure 3). Blends containing unmodified
and modified lignins, respectively, show a comparably moderate reduction of the flexural strengths compared to
the reference. Blending polyethylene with unmodified lignin results in a higher stiffness as the flexural modulus
in distinctly increased and the deflection of the blends is reduced to ca. 1/3 of the reference. With exception of
SW-K lignin, an increase of the flexural strength can be observed for the modified blends as the substituent
becomes longer. The deflection, too, increases. Highest strengths were again determined using propionated HWK (σfM= 25 N/mm²) and SG (σfM= 24 N/mm²) lignin, respectively, whereas for SW-K the acetylated blends
(σfM= 23 N/mm²) showed the best results. The aforementioned damages on the surface of the specimens may
explain the decline of the flexural strengths measured for the butyrated blends, and the propionated SW-K lignin
in contradiction to HW-K and SG.
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Figure 3. Results of the flexural tests: pure PE-HD is shown in comparison to 1:1 mixtures with unmodified and
modified Hardwood Kraft, Softwood Kraft, and Soda Grass lignins
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IV. CONCLUSIONS
Three technical lignins (Soda Grass, Hardwood and Softwood Kraft) from different sources were modified with
acetic, propionic, and butyric anhydride before melt mixing with high density polyethylene (PE-HD). Test
specimens to evaluate the mechanical properties of the resulting blends were produced by injection moulding.
Regarding the results of pure PE-HD, the lignin-polyblends are still more rigid, showing brittle fractures during
the tensile tests. Yet, modification with short chain acid anhydrides improves the mechanical properties
compared to blends containing unmodified lignin. In this context, the modification reagent is more decisive for
the processability and properties than the lignin source.
Compatibility of lignin and polyethylene and the adhesion at their interface are progressively enhanced with
increasing chain length of the substituent. The mechanical tests reveal an increase of the strength and
elongation/deflection values, as well as a decline of the respective moduli the longer the esterified side chain
becomes. Concerning the respective modification reagents, there are no significant differences to be pointed out
among the three lignins.
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ABSTRACT
The structure of the lignin in wheat straw has been investigated by 2D-NMR and DFRC. It is a phydroxyphenyl-guaiacyl-syringyl lignin (with a H:G:S ratio of 6:64:30) associated with p-coumarates and
ferulates. The main substructures present are β–O–4´-ethers (~75%), followed by phenylcoumarans (~11%),
with lower amounts of other units. The lignin is partially acylated (~10%) at the γ-carbon, predominantly with
acetates that preferentially acylate guaiacyl (12%) rather than syringyl (1%) units. p-Coumarate esters were
barely detectable (<1%) on monomer conjugates released by selectively cleaving β-ethers in DFRC, indicating
that they might be preferentially involved in condensed or terminal structures. A major new finding is that the
flavone tricin is apparently incorporated into the lignins.
I. INTRODUCTION
Nowadays, increasing attention is being paid to the use of lignocellulosic biomass as a renewable feedstock for
the production of second generation bioethanol [1]. Common lignocellulosic feedstocks considered for biofuel
production include woods, perennial energy crops, and agricultural wastes (e.g., corn stover or cereal straws).
Among them, wheat straw has the greatest potential of all agricultural residues because of its wide availability
and low cost [1]. Wheat straw contains 35–45% cellulose, 20–30% hemicelluloses, and around 15% lignin,
which makes it an attractive feedstock to be converted to ethanol and other value-added products. The
conversion of lignocellulosic biomass to bioethanol involves saccharification of carbohydrates to fermentable
reducing sugars via hydrolysis and then fermentation of these free sugars to ethanol. However, the presence of
lignin limits the accessibility of enzymes to cellulose, thus reducing the efficiency of the hydrolysis.
Pretreatment of lignocellulosic materials to remove or modify the lignin is therefore needed to enhance the
hydrolysis of carbohydrates. The knowledge of the structure of the lignin polymer is important to develop
appropriate pretreatment methods for lignin modification and/or removal. In this paper, a more in-depth and
complete characterization of the lignin of wheat straw has been performed by 2D-NMR and DFRC. The
knowledge of the composition and structure of wheat straw lignin will help to maximize the exploitation of this
important agricultural waste as a feedstock for biofuels and other biorefinery products.
II. EXPERIMENTAL
Wheat straw (Triticum durum) was air-dried and the dried samples were milled using a knife mill and
successively extracted with acetone in a Soxhlet apparatus for 8 h and hot water. ‘Milled-Wood Lignin’ (MWL)
was obtained by dioxane extraction according to the classical method, from extractive-free wheat straw [2,3].
For NMR analysis, around 40 mg of MWL were dissolved in 0.75 mL of DMSO-d6. NMR spectra were recorded
at 25 ºC on a Bruker AVANCE III 500 MHz instrument equipped with cryoprobe. HSQC experiments used
Bruker’s ‘hsqcetgpsisp2.2’ pulse program with spectral widths of 5000 Hz and 20,843 Hz for the 1H- and 13Cdimensions. The number of collected complex points was 2048 for the 1H-dimension with a recycle delay of 1.5
s. The number of transients was 64, and 256 time increments were always recorded in the 13C-dimension. The
1
JCH used was 145 Hz. Processing used typical matched Gaussian apodization in the 1H dimension and squared
cosine-bell apodization in the 13C dimension. Prior to Fourier transformation, the data matrixes were zero-filled
up to 1024 points in the 13C-dimension. The central solvent peak was used as an internal reference (δC 39.5; δH
2.49). Long range J-coupling evolution times of 66 and 80 ms were used in different HMBC acquisition
experiments. HSQC correlation peaks were assigned by comparing with the literature [2–6]. A semiquantitative
analysis of the volume integrals of the HSQC correlation peaks was performed using Bruker’s Topspin 2.1
processing software. In the aliphatic oxygenated region, the relative abundances of side-chains involved in the
various inter-unit linkages were estimated from the Cα–Hα correlations, except for substructures Aox and I, for
which Cβ–Hβ and Cγ–Hγ correlations were used. In the aromatic/unsaturated region, C2–H2 correlations from H,
G and S lignin units and from p-coumarate and ferulate were used to estimate their relative abundances.
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III. RESULTS AND DISCUSSION
The structural characteristics of the MWL isolated from wheat straw were analyzed in detail by 2D-NMR. The
side-chain (δC/δH 50-90/2.5-5.8) and the aromatic/unsaturated (δC/δH 90-155/6.0-8.0) regions of the HSQC NMR
spectrum are shown in Figure 1, together with the main substructures found. The aliphatic-oxygenated region of
the spectra gave information about the different inter-unit linkages present in the lignin. In this region,
correlation peaks from methoxyls and side-chains in β–O–4´ substructures (A) were the most prominent. Other
substructures were also clearly visible, including signals for phenylcoumarans (B), resinols (C),
dibenzodioxocins (D), and spirodienones (F). Minor amounts of α,β-diaryl ether substructures (E) could also be
detected. The main correlation peaks in the aromatic/unsaturated region of the HSQC spectra corresponded to
the aromatic rings and unsaturated side-chains of the different lignin units and hydroxycinnamates. Signals from
p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units were observed. In addition, prominent signals
corresponding to p-coumarate (PCA) and ferulate (FA) structures were also observed. Other signals in this
region of the spectrum are from the unsaturated side-chains of cinnamyl alcohol end-groups (I) and
cinnamaldehyde end-groups (J).

Figure 1. Side-chain (δC/δH 50-90/2.5-5.8) and aromatic/unsaturated (δC/δH 90-155/5.5-8.0) regions in the 2D
HSQC NMR spectrum of wheat straw MWL. Main structures present: (A) β–O–4´ alkyl-aryl ethers; (A') β–O–4´
alkyl-aryl ethers with acylated γ-OH; (Aox) Cα-oxidized β–O–4´ structures; (B) phenylcoumarans; (C) resinols;
(D) dibenzodioxocins; (E) α,β-diaryl ethers; (F) spirodienones; (I) cinnamyl alcohol end-groups; (J) cinnamyl
aldehyde end-groups; (PCA) p-coumarates; (FA) ferulates; (H) p-hydroxyphenyl units; (G) guaiacyl units; (S)
syringyl units; (Tr) tricin.
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The main structural characteristics of wheat straw lignin are shown in Table 1. The structure of the lignin is
mostly made up of β–O–4´ linkages (accounting for 75% of all the inter-unit linkages), followed by
phenylcoumarans (11%) and lower amounts of resinols, dibenzodioxocins, α,β-diaryl ethers, and spirodienones.

Table 1. Structural Characteristics from Integration of 13C-1H
Correlation Peaks in the HSQC of the Wheat Straw MWL
Wheat straw
MWL
Lignin inter-unit linkages (%)
β–O–4´ aryl ethers (A/A')
α-oxidized β–O–4´ aryl ethers (Aox)
Phenylcoumarans (B)
Resinols (C)
Dibenzodioxocins (D)
α,β-diaryl ethers (E)
Spirodienones (F)
Lignin end-groupsa
Cinnamyl alcohol end-groups (I)
Cinnamaldehyde end-groups (J)
Lignin side-chain γ-acylation (%)
Lignin aromatic unitsb
H (%)
G (%)
S (%)
S/G ratio
p-Hydroxycinnamatesc
p-Coumarates (%)
Ferulates (%)
p-Coumarates/ferulates ratio

75
2
11
4
3
2
3
4
4
10
6
64
30
0.5
4
2
2.0

a

Expressed as a fraction of the total lignin inter-unit linkage types A-F
Molar percentages (H+G+S=100)
c
p-Coumarate and ferulate molar contents as percentages of lignin content
b

Additional HMBC experiments indicated that p-coumarate is acylating the γ-position of the lignin side-chains in
wheat straw, as also occurs in other grasses [2–7]. In addition, the HBMC spectrum also revealed that acetates
are also acylating the γ-OH of the lignin side-chain. Acetates have also been previously found acylating the γ–
OH in the lignins of many plants, including grasses [2,3,5,8–10]. Further confirmation regarding the lignin
acylation in wheat, via p-coumarate and acetate, was provided by DFRC, a degradation method that cleaves αand β-ether linkages in the lignin polymer leaving γ-esters intact [10.11]. p-Coumarate esters were barely
detectable (<1%) on monomer conjugates released by selectively cleaving β-ethers in DFRC, indicating that they
might be preferentially involved in condensed or terminal structures. In addition, DFRC confirmed the
occurrence of native acetylation at the γ-carbon of the lignin side-chain of wheat straw. The analyses indicated
that up to 12% of the G-lignin units are acetylated, while only 1% of the total S-lignin units are acetylated.
Identification of the flavone tricin in wheat straw lignin
We also report here the structural elucidation of a component giving unusual correlation peaks in the aromatic
regions of HSQC spectrum, and provide the first evidence that a flavone is linked to lignin in wheat and other
grasses. Two strong and well resolved signals from unknown structures, not previously reported in lignin, were
readily observed at δC/δH 94.1/6.56 and 98.8/6.20 in the HSQC spectrum (Figure 1). Further valuable
information about the nature of this structure was obtained by performing long-range 13C–1H correlation
(HMBC) experiments [3]. From the HMBC data, it was then possible to conclude that the structure of the
flavone moiety present in the MWL of wheat straw is tricin (5,7,4´-trihydroxy-3´,5´-dimethoxyflavone).
The signals appearing in the HSQC spectrum at δC/δH 94.1/6.56 and 98.8/6.20 (Figure 1) thus correspond to the
C8-H8 and C6-H6 correlations, respectively. The HSQC also shows the C3-H3 correlation at δC/δH 104.5/7.04, near
the S2,6 signal. On the other hand, the phenyl moiety linked at C-2 is of syringyl-type, the correlations for C2´,6´H2´,6´ being also observed at δC/δH 103.9/7.31. Tricin has two phenolic hydroxyls at C-5 and C-7 of the chroman4-one skeleton, with diagnostic phenolic proton chemical shifts that are readily apparent in the HMBC. In
addition, the absence of the signals for the phenolic 4´-OH of tricin in the HMBC proton indicates that it is not
free. Therefore, incorporation of tricin into the lignin network through 4–O–β ether linkages is indicated. In fact,

Copia gratuita. Personal free copy

http://libros.csic.es

313

13th European Workshop on Lignocellulosics and Pulp

a signal for the correlation of the tricin C4´ carbon (at 139.5 ppm) and a proton at the β-position of a G-unit at
4.28 ppm was clearly observed in the HMBC spectrum [3], providing evidence for this incorporation.
Interestingly, tricin has also been recently found in the lignin from coconut coir [11]. Coconut, like the grasses,
belongs to the monocots. Therefore, it is beginning to appear that tricin may be a feature restricted to monocot
lignins although its clade range remains to be determined.
IV. CONCLUSIONS
The lignin from wheat straw is a H:G:S lignin, with a strong predominance of G-lignin units (S/G 0.5), and with
associated p-coumarates and ferulates. The main lignin inter-unit linkages are β–O–4´ alkyl-aryl ethers, followed
by phenylcoumarans and minor amounts of resinols, spirodienones, dibenzodioxocins and α,β-diaryl ethers,
together with cinnamyl alcohol and cinnamaldehyde end-groups. The lignin is partially acylated (~10% of all
side-chains), and exclusively at the γ-carbon of the side-chain, with acetates and p-coumarates. Finally, we
present the first evidence that the flavone tricin was found in wheat lignin, etherified by a G-type unit. If it is
ultimately shown to have incorporated, in the cell wall, into the lignin by the radical coupling reactions that
typify lignification (as it appears), the definition of lignin, and what constitutes a lignin monomer, will need
further refinement.
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ABSTRACT
Lignin carbohydrate complexes (LCC) were isolated from sisal and abaca. Two LCC fractions, namely GL and
XL, were isolated in a quantitative manner. GL fractions were enriched in glucans and depleted in lignin whereas
XL fractions were depleted in glucans but were enriched in xylans and lignin. The lignin moieties in the different
LCC fractions of sisal and abaca are structurally different from each other, with a lignin that is enriched in Sunits, less condensed, that is preferentially associated to xylans, and a lignin with more G-units, more condensed,
that is preferentially associated to glucans. In addition, the analyses indicated that the acetate groups attached to
the γ-carbon of the lignin side-chains in abaca and sisal were completely hydrolyzed and removed during the
isolation procedure.
I. INTRODUCTION
Lignin, cellulose and hemicelluloses are the three major structural components of plant cell-walls. However,
selective separation or fractionation of these components is not an easy task because they are physically
entangled with one another in the cell-wall [1]. In addition, chemical linkages can also occur between these
components, forming the so-called lignin–carbohydrate complexes (LCCs) [1,2]. The linkage types and numbers
are still not well understood, although it is generally accepted that there are three types of lignin-carbohydrate
linkages present in wood, namely phenyl glycosides, esters, and benzyl ethers [1].
However, and in order to investigate LCCs structure, a clear and complete fractionation with proper preservation
of the bonds between the lignin and carbohydrate must be obtained. Recently, a simple fractionation method was
established to isolate LCCs from lignocellulosic biomass based on mild milling and dissolution using a mixture
of dimethyl sulfoxide (DMSO) and 50% aqueous tetrabutylammonium hydroxide (TBAH) [3,4]. Two LCC
fractions, a glucan-lignin (GL) and a xylan-lignin (XL) fractions can be quantitatively obtained, while a
glucomannan-lignin (GML) fraction was additionally obtained from softwoods. It was claimed that this method
can isolate all cell-wall components, including lignin, in a chemically unaltered form. In this work, we have
applied the LCC isolation method recently developed [3,4] to two plants that are known to have lignins with
high extent of acetylation, as sisal (Agave sisalana) and abaca (Musa textilis). The structure of the lignin as well
as the preservation of the acetylated lignin units was monitored by using a modification of the so-called
Derivatization Followed by Reductive Cleavage (DFRC) degradation method [5].
II. EXPERIMENTAL
Plant samples
The plant samples selected for this study consist of leaf fibers of sisal (Agave sisalana) and abaca (Musa textilis).
The fibers were finely ground to sawdust using a knife mill before analysis.
Lignin-carbohydrate complex (LCC) fractionation
The LCC fractionation was performed according to the method previously described [3,4]. A ball-milled sample
(ca. 3 g) was completely dissolved in a mixture of 30 ml DMSO and 30 ml TBAH (40% w/w in water). Then,
the clear solution was dispersed into 500 ml deionized water until a precipitate was formed. The precipitate was
washed with deionized water until neutral pH, and was then freeze-dried to obtain the glucan-lignin fraction
(GL). The xylan-lignin fraction (XL) was obtained, after separation of the precipitate, by neutralizing the
solution with HCl, followed by dialysis and freeze-drying. The barium hydroxide step detailed in [4] was
skipped since glucomannan is not a major hemicellulose in these plants.
DFRC (derivatization followed by reductive cleavage) degradation
A modification of the standard DFRC method by using propionyl instead of acetyl reagents (DFRC´) was used
[5], and the detailed protocol has been published elsewhere [6].
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III. RESULTS AND DISCUSSION
Sisal and abaca were fractionated according to the LCC fractionation approach previously developed [3,4]. Two
different LCC fractions, namely a glucan-lignin (GL) and a xylan-lignin (XL) fraction, were efficiently and
quantitatively isolated from sisal and abaca. The yields of the GL and XL fractions isolated from sisal and abaca,
as well as the Klason lignin content and the composition of the sugars in these fractions, are detailed in Table 1.
In sisal, GL and XL fractions accounted for 68.5% and 31.5%, respectively, whereas in abaca GL and XL
fractions accounted for 78.8% and 21.2%, respectively. Interestingly, the total of both fractions amounted to
nearly 100% of the initial material, indicating that the fractionation was quantitative. In both plants, the yields of
GL were higher than XL, as also occurred in hardwoods and softwoods [3,4]. In addition, in both plants, the GL
fractions were enriched in glucan and depleted in lignin, while the XL fractions were depleted in glucan and
enriched in xylan and lignin. Hence, in sisal, GL was enriched in glucan (88.4% of the sugars were glucose) with
low Klason lignin content (7.8%), whereas XL was enriched in xylose (89.4% of the sugars) with a high Klason
lignin content (24.1%). In abaca, GL was also enriched in glucose (95% of all the sugars) and depleted in lignin
(4.4% Klason lignin), whereas XL was enriched in xylose (72.6% of all sugars) and presented a high Klason
lignin content (29.4%).

Table 1. Yield of GL and XL fractions isolated from sisal and abaca,
and content of klason lignin and carbohydrates.
Sisal
Abaca
GL
XL
GL
XL
Yield (%)
68.5
31.5
78.8
21.2
Klason lignin (%)
7.8
24.1
4.4
29.4
Carbohydrates (relative %)
Arabinose
1.5
0.6
0.3
3.9
Xylose
9.0
89.4
4.1
72.6
Mannose
0.9
2.6
0.5
15.0
Galactose
0.2
0.3
0.1
0.3
Glucose
88.4
7.1
95.0
8.2
The lignins from sisal and abaca are known to be highly acetylated at the γ-carbon of the lignin side-chain [6-8].
Since it might exist the possibility of some structural modifications of the lignin due to the use of TBAH, a
strong basic salt that may alter the structure of the lignin during the fractionation, the occurrence of naturally
acetylated lignin in the GL and XL fractions isolated from sisal and abaca was analyzed in detail. For this, we
used a modification of the so-called Derivatization Followed by Reductive Cleavage (DFRC) method, that
cleaves α-ether and β-ether linkages but leaves γ-esters intact allowing the analysis of native γ-acylated lignin,
by using propionyl instead of acetyl reagents (DFRC′) [5]. The chromatograms of the DFRC′ degradation
products of the XL and GL fractions isolated from sisal and abaca are shown in Figure 1. The chromatograms of
the DFRC′ degradation products of the MWL isolated from the same plants are also shown for comparison.
The MWL from sisal and abaca released the cis and trans isomers of guaiacyl (c-G and t-G) and syringyl (c-S
and t-S) lignin monomers in different proportions, arising from normal (γ-OH) units in lignin. In addition, the
presence of originally γ-acetylated guaiacyl (c-Gac and t-Gac) and syringyl (c-Sac and t-Sac) lignin units could
be clearly observed in the chromatograms of the DFRC′ of the MWL isolated from sisal and abaca (Figure 1).
The relative abundances of γ-OH and γ-acetylated lignin units (G, Gac, S and Sac), as well as the percentage of
acetylated Gac- and Sac- units and the S/G ratios, in the GL and XL fractions isolated from sisal and abaca, and
in their respective MWLs, are shown in Table 2. In both MWLs, the acetylation occurred predominantly on
syringyl units, as has been observed in most lignins [6-9]. The high extent of γ-acetylation of sisal MWL
included both S units (80%) and G units (48%), whereas in the case of abaca MWL γ-acetylation occurred
predominantly on S units (84%) and only a minor degree of acetylation was observed on G units (4%), in
agreement with previous studies [6-8]. The S/G ratios of the MWL from sisal and abaca, as determined by
DFRC′, were 1.4 and 1.3, respectively.
The analyses indicated that the composition of the lignin moiety in the XL and GL fractions isolated from sisal
and abaca were completely different from each other and from the respective MWL. Sisal XL fraction presented
a lignin enriched in S-units (S/G ratio 2.8), whereas sisal GL fraction presented a lignin with more G-units (S/G
ratio 1.0). Likewise, abaca XL fraction presented a lignin enriched in S-units (S/G ratio of 3.3), whereas abaca
GL fraction presented a lignin with more G-units (S/G ratio of 1.1). Similar results were also found in the LCC
fractions of eucalyptus [3] and spruce [4]. This fact suggests that the lignin moiety in the different LCC fractions
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of sisal and abaca are structurally different from each other, and indicates the presence of two types of lignins in
each plant, a lignin that is enriched in S-units, less condensed, that is preferentially associated to xylans, and a
lignin with more G-units, more condensed, that is preferentially associated to glucans.
Interestingly, XL and GL fractions only released lignin monomers arising from normal (γ-OH) units in lignin.
The γ-acetylated guaiacyl (c-Gac and t-Gac) and syringyl (c-Sac and t-Sac) lignin units were completely absent
in the chromatograms. This indicates that the acetate groups acylating the γ-carbon of the lignin side-chain have
been extensively hydrolyzed during LCC fractionation, most probably due to the use of TBAH, a strong basic
salt. Therefore, this LCC fractionation seems to affect the structure of lignins, particularly those having a large
extent of γ-acylation. Acetylated lignin units are known to occur in all angiosperms, including mono- and
eudicotyledons [6-12]. Likewise, it can be envisaged that other groups (p-coumarates and p-hydroxybenzoates)
that are also acylating the γ-carbon of the lignin in other plants [10-12] may behave similarly and suffer from
hydrolysis during the LCC fractionation. Moreover, we also observed that acetates attached to carbohydrates (as
in xylans) were also be hydrolyzed during LCC fractionation.
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Figure 1. Reconstructed Ion Chromatograms (m/z 222+236+252+266) of the DFRC′ degradation products of XL
fractions isolated from sisal and abaca. The DFRC′ degradation products of the respective MWL are shown for
comparison. c-G, t-G, c-S and t-S are the cis- and trans-guaiacyl and syringyl monomers, respectively. c-Gac, tGac, c-Sac and t-Sac are the originally γ-acetylated cis- and trans-guaiacyl and syringyl monomers, respectively.
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Table 2. Relative abundance (%) of γ-OH and γ-acetylated lignin units (G, Gac, S and
Sac), percentage of acetylated G and S units and S/G ratios, in the GL and XL fractions
isolated from sisal and abaca, and in their respective MWLs, as determined upon DFRC′
Sisal
Abaca
MWL
GL
XL
MWL
GL
XL
Gac
20
0
0
2
0
0
G
22
50
26
43
47
23
Sac
46
0
0
46
0
0
S
12
50
74
9
53
77
% acetylated G units
48
0
0
4
0
0
% acetylated S units
80
0
0
84
0
0
S/G ratio
1.4
1.0
2.8
1.3
1.1
3.3

IV. CONCLUSIONS
Sisal and abaca were fractionated into different LCC fractions. Two different LCC fractions, namely a glucanlignin (GL) and a xylan-lignin (XL) fraction, were quantitatively isolated. The GL fractions were enriched in
glucan and depleted in lignin, while the XL fractions were depleted in glucan and enriched in xylan and lignin.
The structural characteristics of the lignins in the XL fractions, in particular the extent of acetylation of the γcarbon of the side-chain, were studied by DFRC that indicated that the acetate groups that are natively present in
these lignins were completely hydrolyzed and removed during the LCC fractionation.
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ABSTRACT
The present study describes the production of cellulolityc and xylanolytic enzymes from the filamentous fungi
Aspergillus aculeatus CECT 20387 in submerged fermentation using pretreated lignocellulosic biomass as
carbon source. This fungus was grown at 25ºC with agitation during 20 days on steam-exploded pretreated wheat
straw (SEWS): washed water insoluble fraction (WIS) and whole slurry. Additionally, sigma-cellulose standard
medium (Sigmacell) was used as model cellulosic substrate.
Maximal β-glucosidase, endoxylanase and β-xylosidase activities measured on Sigmacell were 31.8 IU/g DW, 76
IU/g DW and 1.35 IU/g DW of substrate, respectively. When slurry, containing soluble and insoluble solids, was
used, 47.3 IU of β-glucosidase /g DW of glucan, 6341 IU of endoxylanase /g DW of xylan and 26.6 IU βxylosidase /g DW of xylan were quantified. In experiments using the WIS fraction, the highest levels of βglucosidase, endoxylanase and β-xylosidase activities detected were 28.6 IU /g DW of glucan, 2915 IU/g DW of
xylan and 53.7 IU /g DW of xylan respectively. WIS fraction induced preferentially β-xylosidase production
whereas the whole slurry seems to induce β-glucosidase and endoxylanase production. The differences in
xylanolytic enzymes production profiles are a matter of the substrate composition and seems to be due to the
presence of soluble compounds (inhibitors and sugars) in liquid fraction of slurry.
I. INTRODUCTION
Hydrolysis step is regarded as the key-limiting step in the production of biofuels and biochemical from
lignocellulosic biomass. Since the production cost of hydrolytic enzymes is one of the major problems for
industrial application, big efforts have been directed to the characterization and optimization of the enzymes
produced by wood-degrading fungi. During this decade, efforts have been focused on the discovery of new
xylanases and other accessory enzymes to increase the hydrolysis of all the components present in the
lignocellulosic biomass. It has been shown that hydrolytic enzymes production is induced and affected by the
nature of the substrate used in fermentation [1-2]. Therefore, the cultivation of fungus on a particular
lignocellulosic material could induce different enzyme mixture with a composition and proportion especially
suitable for the hydrolysis of this particular material. By finding a tailored enzymatic cocktail for the hydrolysis
of the certain material, the enzyme loading would be lowered and the efficiency of the process increased.
This study was aimed at the characterization of enzymes production by the wild-type filamentous fungus
Aspergillus aculeatus CECT 20387, using pretreated lignocellulosic substrates (SEWS) with different
composition (washed water insoluble fraction and whole slurry), and sigma-cellulose standard medium.
Hydrolytic enzymes production profiles obtained in the different substrates were compared.
II. EXPERIMENTAL
Microorganisms and growing conditions
The mesophilic Aspergillus aculeatus CECT 20387 was maintained at 25ºC on agar composed of 20 g L-1 malt
extract, 20 g L-1 glucose, 1 g L-1 peptone, 15 g L-1 agar.
Black conidia from 3 days-old agar plates were harvested with sterile saline solution composed of 0.9% NaCl
and 0.1% Tween 80. The suspension was adjusted to 1.5- 2.108 spores, and was used to inoculate Erlenmeyer
flask containing 150 mL sterile Mandel’s medium supplemented with 0.1% Tween 80 and 10 g L-1 glucose as
carbon source [3]. Fungal preculture was incubated at 25ºC at 180 rpm rotary shaker for 4 days. To homogenize
the biomass in the culture, A. aculeatus mycelium balls were disrupted with IKA T18 disruptor (S18N-10G). 10
% of homogenous mycelium was inoculated into each of the cultures with different cellulosic substrates.
For enzyme production, 2-fold concentrated Mandel’s medium supplemented with 12 mM of phosphate buffer
without glucose was used. A. aculeatus cultures with 4% (w/v) substrate consistency (WIS, slurry and
Sigmacell) were incubated at 25ºC, 180 rpm agitation for 20 days.
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Raw and pretreated material
Wheat straw was supplied by CEDER-CIEMAT (Soria, Spain). The composition of this material was (% dry
weight, w/w): cellulose, 40.5; hemicelluloses, 26.1 (xylan, 22.7; arabinan, 2.1; and galactan, 1.3); lignin, 18.1;
ash, 5.1; and extractives, 14.6 [4].
The SEWS was obtained by treating milled wheat straw by steam explosion (200 ºC for 10 min) without acid
impregnation, considering a severity factor of 3.94. One part of SEWS was used as whole slurry. This slurry
contained both soluble (hemicellulosic-derived sugars, acetic acid, and degradation compounds) and insoluble
fraction. Other part was thoroughly washed with water and vacuum-filtered, obtaining a water insoluble solids
(WIS) fraction composed mainly by cellulose and lignin. Both substrates (WIS and slurry) were kept at 4 ºC
until use.
Analytical methods
Raw material, slurry and WIS were analyzed using the National Renewable Energy Laboratory (NREL) standard
methods for determination of structural carbohydrates and lignin [5]. Dry weights were determined by drying a
representative sample at 105ºC for 24 h. Total phenolic content of the supernatants from fungi culture was
determined according to a slightly modified version of the Folin-Ciocalteau method described by Moreno et al.,
[6].
Enzymatic assays
Enzymatic activity assays were performed in micro-volumes using different substrates. Total cellulase activity
(FPase) and endoxylanase activity were determined using Whatman No. 1 filter paper disks (5.5 mm) [7] and
xylan birchwood solution [8] as substrates, respectively. Subsequently formed reducing sugars were measured by
DNS method [9]. β-Glucosidase and β-xylosidase activities were determined using synthetic ρ-nitrophenyl-β-dglucopyranoside and ρ-nitrophenyl-β-d-xylopyranoside as substrate, respectively [10]. Proteins from the culture
supernatant were precipitated using methanol/chloroform, and further quantified using reducing agent
compatible BCA protein assay kit (Pierce Ref. 23250). In this later analysis, bovine serum albumin was used as
standard. Enzymatic activities are expressed in International Units (IU), where one unit of enzyme activity is
definied as catalyzing the formation of 1 µmol product in 1 min (glucose for filter paper activity, xylose for
xylanase and p-nitrophenol for β-glucosidase and β-xylosidase) under the assay conditions.
III. RESULTS AND DISCUSSION
Pretreatment of raw material
After steam explosion pretreatment, the chemical composition of water insoluble fraction of SEWS (WIS and
slurry) was compared with the one of the raw material. The pretreatment produces high hemicellulose
solubilization from 26.1 to 4.9 % (w/w) while the cellulose and Klason lignin content increased from 40.5% and
18.1% to 58.8% and 33.6% (w/w), respectively. Hemicellulose solubilization is typically observed during steam
explosion pretreatment [11].
The soluble fraction of the SEWS was analyzed to evaluate the effect of steam-explosion pretreatment (Table 1).
This liquid fraction contained soluble sugars in oligomeric and monomeric forms and degradation products.
Table 1. Composition of the soluble fraction of slurry after steam-explosion pretreatment (g L-1).
Total sugars (oligomers)
Degradation products
Glucose
5.46 (3.48)
Furfural
2.11
Xylose
17.56 (11.78)
HMF
0.33
Arabinose
1.16 (0.4)
Formic acid
10.46
Galactose
1.75 (1.05)
Acetic acid
13.36
Mannose
0.87 (0.87)
Vanillin
0.06
Ferulic acid
0.04
Syringaldehyde
0.02
Reducing sugars content
The concentration of reducing sugars was followed during culture (Figure 1). No reducing sugar was observed
in A. aculeatus culture growing on Sigmacell and WIS, as fungus was growing as much as reducing sugars were
consumed. At the initial stage of the culture on slurry, high reducing sugars content was measured, which means
that fungus was going through a lag phase due to the presence of toxic compounds (furan derivates, weak acids,
and phenolic substances) and has to adapt to this substrate. However, reducing sugars was subsequently
consumed after 3 days of culture on slurry, indicating that A. aculeatus was starting to grow due to presence of
free sugars. After 14 days of culture, (Figure1. arrow) nitrogen source was added into the culture media as
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ammonium sulfate powder (2.8 g L-1) to re-equilibrate C/N ratio, promoting mycelium growth and extracellular
protein synthesis [1, 12].

Figure 1. Reducing sugars content profile of A. aculeatus (g L-1); Arrow: addition of N-source.
A. aculeatus cellulolytic enzymes production
Aspergillus genus is known to produce high quantity of β-glucosidase [1, 14]. In the present study, β-glucosidase
enzyme was secreted steadily on Sigmacell and WIS, while it gets a maximum at the 10 th days of culture on
Slurry (Figure 2A). Out of the three substrates, the highest induction was achieved on the slurry (47.3 IU/g DW
of glucan).
B.

A.

Figure 2. Time course profiles of cellulolytic activity produced by A. aculeatus in submerged fermentation on
Sigmacell, WIS and whole slurry; A) β-glucosidase activity is expressed in IU/g DW of glucan; B) FPase activity
is expressed in FPU/g DW of glucan.
Low levels of FPase activity were observed for the three substrates (Figure 2B), attaining a maximum activity of
2.2, 2.6 FPU/g DW and 1.1 FPU/g DW of glucan on WIS, slurry and Sigmacell, respectively, which is comparable
with Aspergillus FPase production observed in other studies [1, 14 ].
A. aculeatus xylanolytic enzymes production
Aspergillus genus and A. aculeatus strain have been also described as a good xylanase producer and were used
for xylanase production on industrial and agro-industrial wastes [13-14].
A.
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Figure 3. Time course profiles of xylanolytic activity in A. aculeatus submerged fermentation WIS, slurry and
Sigmacell; A) β-xylosidase; B) Endoxylanase. On the right axe, activities measured on SEWS are expressed in
IU/g DW of xylan; on the left axe, in IU/g DW of Sigmacell.
The results in Figure 3 showed that WIS fraction induced more the production of β-xylosidase than
endoxylanase, while the opposite was observed in the slurry. This could be explained by the presence of toxic
compounds present in slurry that inhibit the expression and/or activity of β-xylosidase, whereas endoxylanase is
induced [2, 14].
Xylanase enzymes are preferentially induced when Aspergillus is growing on a xylan-containing substrate,
however, xylanase production also takes place at low level when fungus is grown on a cellulosic substrate. On
Sigmacell, endoxylanase activity reached 76 IU/g DW, which is in the range of previous reports (30-100 IU/g DW),
whereas β-xylosidase remained very low [13].
IV. CONCLUSIONS
In this study, hydrolytic enzymes production of Aspergillus aculeatus CECT 20387 were assessed in submerged
fermentation using three different materials as carbon sources: water insoluble fraction (WIS) and whole slurry
of SEWS, and Sigmacell as model cellulosic substrate. The use of different substrates led to the induction of
distinctive cellulolytic and xylanolytic enzymes. WIS fraction induced preferentially β-xylosidase production
whereas the slurry induced β-glucosidase and endoxylanase production due to the presence of free sugars and
soluble compounds in the liquid fraction of slurry.
Xylanolytic enzymes production by A. aculeatus could be further optimized by better controlling operating
conditions (pH) of fungus cultures to promote fungal growth. Moreover, SEWS is probably not the best substrate
for xylanase production due to the low hemicellulose content after steam-explosion pretreatment. Using another
kind of pretreatment would be a potential alternative to enhance the xylanolytic enzymes production.
V. REFERENCES
[1] Duff, S.J.B.; Cooper, D.G.; Maynard Fuller, O. Effect of media composition and growth conditions on production of
cellulase and β-glucosidase by a mixed fungal fermentation. Enz. Microb. Technol. 1987, 9, 47-52.
[2] Manju, S.; Chadha, B.S. Production of Hemicellulolytic Enzymes for Hydrolysis of Lignocellulosic Biomass, Chapter 9,
In: Biofuels- Alternative Feedstocks and Conversion Processess; Pandey, A., Larroche, C., Ricke, S.C., Dussap, C-G.,
Gnansounou, E. (Eds.), Academic Press 2011, 203-228.
[3] Mandels, M.; Weber, J. Production of cellulases. Adv Chem Ser. 1969, 95, 391–414.
[4] Alvira, P.; Negro, M.J.; Ballesteros, M. Effect of endoxylanase and α-L-arabinofuranosidase supplementation on the
enzymatic hydrolysis of steam exploded wheat straw. Bioresour. Technol. 2011, 102, 4552-4558.
[5] Sluiter, J.B.; Ruiz, R.O.; Scarlata, C.J.; Sluiter, A.D.; Templeton, D.W. Compositional analysis of lignocellulosic
feedstocks. 1. Review and description of methods. J. Agricultural Food Chem., 2010, 58, 9043-9053.
[6] Moreno, A.D.; Ibarra, D.; Ballesteros, I.; González, A.; Ballesteros, M. Comparing cell viability and ethanol fermentation
of the thermotolerant yeast Kluyveromyces marxianus and Saccharomyces cerevisiae on steam exploded biomass treated
with laccase. Bioreour. Technol. 2013, 135, 239-245.
[7] Xiao, Z.; Storms, R.; Tsang, A. Microplate-based filter paper assay to measure total cellulase activity. Biotech. Bioeng.
2004, 88, 832-837.
[8] Bailey, M.J.; Biely, P.; Poutanen, K. Interlaboratory testing of methods for assay of xylanase activity. J. Biotechnol. 1991,
23, 257–270.
[9] Miller, G.L.; Blum, R.; Glennon, W.E.; Burton, A.L. Measurement of carboxymethylcellulase activity. Anal. Chem. 1960
1, 127–132.
[10] Biely, P. Xylanolytyic enzymes, Chapter 71, In: Handbook of Food Enzymology; Marcel Dekker Inc., New York, 2003,
879-916.
[11] Alvira, P.; Tomas-Pejo E.; Ballesteros, M.; Negro MJ. Pretreatment technologies for an efficient bioethanol production
process based on enzymatic hydrolysis: A review. Bioresour. Technol. 2010, 101, 4851-4861.
[12] Betini, J.H.; Michelin, M.; Peixoto-Nogueira, S.C.; Jorge, J.A.; Terenzi, H.F.; Polizeli, M.L. Xylanases from Aspegillus
niger, Aspergillus niveus, and Aspergillus ochraceus under solid state fermentation and their application in cellulose pulp
bleaching. Bioprocess. Biosyst. Eng. 2009, 32, 819-824.
[13] Guimaraes, N.C.A.; Sorgatto, M.; Peixoto-Nogueira S.C.; Betini, J.H.; Zanoelo, F.F.; Marques, M.R.; Polizeli
M.L.T.M.; Giannesi, G.C. Xylanase production form Aspergillus japonicus var. aculeatus: Production using agroindustrial
residues and biobleaching effect on pulp. J. Biocatal. Biotransformation 2013, 2, 1.
[14] de Vries, R. ; Visser, J. Aspergillus enzymes involved in degradation of plant cell wall polysaccharides. Microbiol.
Mol. Biol. Rev. 2001, 65, 497-522.

322

© CSIC © del autor o autores / Todos los derechos reservados

13th European Workshop on Lignocellulosics and Pulp

SILICA-BASED NANOCOATINGS FOR TAILORED MODIFICATION OF PAPER
SURFACES
Vânia M. Dias*, Rui F. Duarte, Inês Portugal, Dmitry V. Evtuguin
CICECO, Chemistry Department, University of Aveiro, Campus de Santiago, 3810-193 Aveiro,
Portugal (*vania.dias@ua.pt)

ABSTRACT
Targeted modification of cellulosic fibres may be accomplished by in situ deposition of silica employing a mild
sol–gel procedure. The use of pre-hydrolyzed trialkoxysilanes bearing variable functions (propylamine, allyl,
alkyl, etc.) and active substances (e.g. redox or acid/base catalysts) widely expands the application areas of the
resultant cellulosic hybrids for example as functionalized materials (barrier coating, active filters, etc.) for
packaging and insulation applications. This work presents new cellulose-based materials and the targeted
modification of paper surfaces using silica-based formulations.

I. INTRODUCTION
Organic–inorganic hybrids (OIHs) are a relatively new type of composites with advanced mechanical, optical,
electrical and thermal properties, which arise from the synergism between the properties of the starting organic
and inorganic components and depend on the synthesis mode [1]. A significant part of OIHs is synthesised in a
sol–gel process where starting materials, such as natural or synthetic polymers and metal alkoxides, react in the
presence of a small amount of an acid or basic catalyst [2]. The advantage of this method is that inorganic
particles are generated in situ and randomly dispersed on a polymeric host matrix, bounding to the polymer
through hydrogen or covalent bonds thus forming an organic–inorganic network. In addition to the primary
hydrolysis and polycondensation reactions of the precursors a sol–gel process involves other important steps
such as gelation, aging, drying, stabilization and densification [1, 2].
A mild acid catalyzed sol–gel process has been reported for incorporating silica on cellulose derivatives and
unmodified cellulosic fibers (pulp) using tetraethyl orthosilicate (TEOS) as silica precursor [3]. The resultant
cellulose/silica hybrid materials are remarkable due to enhanced thermal stability, improved lipophilic behavior
and affinity towards specific substrates [4,5]. Therefore, although cellulosic pulp is mainly used for papermaking
the synthesis of cellulose/silica hybrid materials may be considered a high-added value alternative.
Paper-coating is another promising application of cellulose/silica hybrids, herein presented. TEOS based
formulations are synthesized by a sol–gel method and applied on a paper surface that acts as cellulose source.
Silica oligomers are formed in situ and linked to the paper surface via strong hydrogen bonds involving the free
hydroxyl groups of cellulose. The impermeable silica network formed enables the controlled modification of
paper surfaces aiming better printability and moisture resistance.

II. EXPERIMENTAL
Synthesis of silica-based nanocoatings
Paper sheets without any surface treatment (73 g/m², A3 size) were supplied by Grupo Portucel-Soporcel,
Portugal. Silica precursors (tetraethyl orthosilicate – TEOS, triethoxymethylsilane – TEMS,
diethoxydimethylsilane – DEDMS, triethoxypropylsilane – TEPS, 3- aminopropyltriethoxysilane – TEAP) were
supplied by Sigma-Aldrich with 96-98% purity. Silica-based formulations were prepared by sol-gel synthesis,
using TEOS, or a mixture of TEOS (95%) and a secondary precursor (5%), or a mixture of TEOS (94%) and two
secondary precursors (3% each). The formulations were applied (ca. 2-3g/m2) on uncoated paper sheets using a
conventional roll-to-roll technique and subsequently cured by heat using an infrared lamp (ca. 5min).
Characterization methods
Silica coated papers were characterized by scanning electron microscopy with X-ray microanalysis (SEM/EDS),
using a FEG-SEM Hitachi SU-70 microscope operating at 15 kV. Contact angle measurements were done in a
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Data Physics Instrument OCA 20 using the sessile drop method. The surface energies and relative contribution
of dispersive and polar (donor-acceptor) forces were evaluated by the Owens-Wendt theory [6]. Porosity was
analyzed by the mercury porosimetry method in a Micromeritics Poresizer 9320. The affinity of modified papers
to water was evaluated by penetration dynamic analysis (PDA) using a Surface and Sizing Tester Model EST
12.2 EMTEC. Printing quality was accessed in RAIZ by internal procedures (Gamut area, optical density, width
of line, circularity of dot and inter color bleed) using an office ink-jet printer and a set of commercial inks.

III. RESULTS AND DISCUSSION
Aiming better-quality printing silica-based formulations were applied on paper surfaces without any prior
surface treatment (uncoated paper). After deposition the silica formulation was cured by heat (ageing process) to
form the silica-cellulose composite depicted in Figure 1(a). The silica domains (SD) are attached to cellulosic
fibrils (EF) via hydrogen bonds, forming clusters or films surrounding the fibers (Figure 1(b)). Due to their
relatively low viscosity silica formulations penetrate the paper being located mainly at the outer surface but also
in depth (Figure 1(c)). The silica-coated papers revealed no significant change in microporosity but, in contrast,
the pore average size and surface areas changed significantly, particularly for the TEOS/DEDMS/TEAP
formulation (Figure 2).

(b)

(a)

(c)

Figure 1. Schematic representation (a) of silica formulations dispersed on a paper surface and the resultant silica
domains (SD) attached to cellulosic fibrils (EF). SEM-EDS images show the silica domains surrounding the
cellulose fibers (b) and the distribution of silica (red color) along a transversal paper cut paper (c) (paper margins
are depicted by dashed lines).
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Figure 2. Relationship between average diameter and total area of the pores of uncoated paper and silica-coated
(ca. 2 g/m2) papers.
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Overall, silica coating altered the paper surface parameters such as water contact angle (θw), total surface energy
( γ s ) and the corresponding polar ( γ sp ) and dispersive ( γ sd ) components (Table 1). TEOS coating formulations
increase

γ sp and wettability (lower θw). However, adding 5% of a secondary precursor bearing alkyl groups (e.g.

DEDMS) to the TEOS formulations, or combining alkyl and amino functionalities (i.e. DEDMS and TEAP),
lowers the surface energy polar component thus creating a more hydrophobic surface.
Table 1. Water contact angles and surface energies of papers coated by different silica formulations.
Surface Energy (mJ/m²)

Silica formulation
(ca. 2 g/m2)

Water contact
angle, θw(º)

Dispersive component, γ s

--TEOS
TEMS/TEOS
TEPS/TEOS
DEDMS/TEOS
TEAP/TEOS
DEDMS/TEAP/TEOS

100.9
66.4
79.5
93.2
112.7
75.6
115.0

35.9
35.8
41.8
34.5
20.3
39.7
19.2

d

Polar component,

γ sp

Total ( γ s )
36.0
46.4
45.6
35.5
20.3
45.2
19.2

0.1
10.6
3.8
1.0
0.03
5.5
0.01

Inkjet printing quality is highly dependent on the nature and properties of the inks (dyes for the colours and
pigments for black) and the paper surface but also on their interactions. Therefore, surface properties of silicacoated papers may be tailored to improve those interactions so that better colour reproduction (measured as
Gamut area) and printing quality (optical density, point and line firmness, inter-color-bleed) are attained.
Printing tests with different inks (cyan, magenta, yellow and black) revealed that paper coating with TEOS
formulation has a negative effect on printing quality i.e. Gamut area and optical densities are lower (Figure 3).
However, introducing a secondary silica precursor with methyl or amino groups (e.g. TEMS or TEAP) increases
Gamut area, whereas black optical density was increased by incorporating DEDMS (higher hydrophobicity of
the surface prevents black ink penetration into the paper). The TEOS/TEAP/DEDMS formulation combines the
properties of both precursors (TEAP and DEDMS) making it the most promising to increase the printing quality.
The outstanding potential of this formulation is quiet visible from the inkjet printing tests images (Figure 4).
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Figure 3. Gamut area (left) and optical density (right) of uncoated and silica-coated (2 g/m2) papers.

Figure 4. Inkjet printing tests for uncoated paper (series a) and DEDMS/TEAP/TEOS coated paper (2 g/m2). (1)
point firmness, (2) line firmness and (3) inter-color-bleeding.
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Since water is the most common ink vehicle (inkjet printers) uncoated and silica-coated papers were scrutinized
by water penetration dynamic analysis (PDA). The results, presented in Figure 5 for uncoated and coated papers,
reveal the strong affinity of water and the paper coated with TEOS formulation. The secondary silica precursor
DEDMS reduces water affinity of the coated paper due to the increased surface hydrophobicity (Table 1).
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Figure 5. Intensity of water penetration versus time on uncoated (control) and silica-coated papers (2 g/m2).

IV. CONCLUSIONS
Silica formulations bearing different functional moieties (alkyls, amines, isocyanates, etc) were deposited in situ
on paper surfaces (2 g/m2) with a significant impact on water penetration dynamics, surface energy, porosity and
other parameters that influence printing quality. Paper surface modification with silica based formulations is
suggested as a prospective tool for surface engineering towards tailored printing performance.
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ABSTRACT
Influence of thermocatalytical synthesis on the porous structure formation and properties of microporous carbon
wood-based materials is demonstrated. It has been found that increase of activation temperature and alkali
activator addition ratio can be used to control not only total pore volume, but also micro- and mesopores
proportion. The results of tests of the synthesized carbon materials as electrodes in supercapacitors are shown, as
well as properties of carbon materials porous structure influencing on electrodes working characteristics. It was
demonstrated that increase of activation temperature from 600oC to 800oC leads to increase of mesopores
proportion in the porous structure which negatively influences on supercapacitor cell capacity. It was found that
the most feasible way of activated cabons production for use as electrodes in supercapacitors is low-temperature
activation.
I. INTRODUCTION
The traditional way of biomass conversion is production of wood chars and carbon materials with developed
porous structure, activated carbons (AC), which are used as sorbents in many areas. Nowadays elucidation of AC
structure is of scientific and practical interest since areas of these materials application are constantly widening:
membrane technologies of rare earth metals separation, metallurgy, electronics, electrochemistry, aerospace
technologies, and nuclear energy. This broad spectrum of AC application is justified by diversity of their
structures with completely different physical and chemical properties, which can be achieved by certain
physical-chemical treatment of carbonaceous precursors. One of distinctive features of plant biomass based AC
is the fact that they can be obtained from extremely wide choice of precursors varying conditions of pyrolysis
and activation: wood chips, cellulose and lignin, lignocellulosics, nut shells, straw, peat, husks, etc. As the
results properties of AC will be different depending of precursor and synthesis conditions.
Wood based carbonizates have low porosity and their structure consists of elementary crystallites divided by
multiple slit-like pores [1]. These pores are filled with pyrolysis products – pyrolytic tar. In the process of
activation closed pores open up and porous structure forms. Varying carbon materials and activation conditions
(temperature, time, atmosphere) it is possible to control total porosity, pore size distribution and nature of inner
space.
Chemical activation is a widely used method for production of AC with developed porosity. The most important
advantage of chemical activation is a possibility to synthesize carbonaceous materials with very high specific
surface which is close to theoretical limits for carbon materials.
Alkali metals hydroxides are one of the most effective activating agents allowing in certain cases to synthesize
microporous carbon sorbents with specific surface more than 3000 m2/g [2].
There are numerous examples of application of AC as electrodes for the perfection of storage and transmission
of electrical energy. The main ways of research are aimed at high specific surface and low electric resistance of
carbon matrix with low costs of production. AC, synthesized with the use of alkali metals hydroxides,
correspond to the above mentioned demands [3-4].
In the development of new systems for the modern electric-power industry one of important problems is the
research devoted to application of electric double layer capacitors or supercapacitors (SC) where porous AC are
used the main material for electrodes. Development and research of SC is an important subject worldwide. It is
known that energy capacity of carbon electrode is influenced by the following AC properties: raw material, its
dispersity end elemental composition, modes of carbonization and activation, porous structure characteristics, etc
[5].
This work is devoted to the study of influence of wood based carbon material porous structure characteristics for
the use in electric double layer capacitors (supercapacitors) with sulfuric acid as electrolyte.
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II. EXPERIMENTAL
Materials and methods
Raw material: birch wood chips, 0.2 – 0.4 mm fraction.
AC synthesis is schematically illustrated in the Fig. 1. It consists of two stages of thermal treatment - at the first
one raw material was carbonized in the nitrogen atmosphere at 400oC for 150 minutes.
At the second carbonizate was impregnated with NaOH water solution (50 ww %). Ratio of carbonizate to
activator was varied from 1:2 to 1:4. The mixture was activated at the temperatures 600-800oC for 120 minutes.
Pyrolysis product was washed with deionized water, demineralized with hydrochloric acid and washed with
dionized water again up to filtrate pH 5. The obtained AC was dried overnight at 105oC. Ash content in the AC
was found to be 0.1-0.4%. The main variables in the experiment were activation temperature and
carbonizate/activator ratio.

Figure 1. Schematics of microporous carbon materials thermocatalytical synthesis.
Porous structure was evaluated by nitrogen adsorption isotherms at 77 K (Quantachrome Autosorb 6B).
Micropores volume was calculated using Dubinin-Radushkevich method [6].
Electrodes were prepared using calandering method, water suspension of PTFE F-4D (5-10% from electrode
mass) was used as a binder. Electrodes were dried and impregnated with 4.9 M solution of sulfuric acid under
vacuum. Porous PP membrane was used as a separator between electrodes. Thermoexpanded graphite foil was
used as substrate-current collector. Energy capacity of supercapacitor was determined at complete discharge with
direct current after 10 minute exposure at 1v voltage drop.
II. RESULTS AND DISCUSSION
AC porous structure characteristic for use as electrodes in supercapacitors were evaluated using nitrogen
sorption isotherms (Fig. 2).
The samples under study were first carbonized at 400oC and then activated at carbonizate to NaOH ratio 1:2
(Fig. 2, isotherms 2-5) and 1:4 (Fig. 2, isotherm 1) in the isothermal conditions at the temperatures 600, 650, 700
and 800oС. Judging by the shape of isotherms samples obtained at temperatures 600, 650 and 700oС (Fig. 2,
isotherms 2-4) are microporous. With increase of activation temperature volume of adsorbed nitrogen increases
as well. At activation temperature 800oC (Fig.2, isotherm 5) the shape of isotherm changes. The appearance of
hysteresis is indication of capillary condensation of sorbate, which also indicates increase of mesopores number.
With the increase of carbonizate/activator ratio to 1:4 (activation temperature 700oC) volume of adsorbed
nitrogen, as well as number of mesopores in AC structure, increase (Fig. 2, isotherm 1).
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Figure 2. AC nitrogen adsorption isotherms at 77K with alteration of activation temperature and
carbonizate/activator ratio.

Volume of micropores increases with the increase of activator ratio and activation temperature in the range 600 –
700oC (Fig. 3). Activation at the temperature 800oC leads to decrease in micropores proportion in the structure of
AC, which obviously is explained by elimination of pore walls and combination of smaller pores into the larger
ones. Alongside with this proportion of microporosity in the total pore volume decreases with increase of
activation temperature and with increase of activator ratio, both (Fig. 3).
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Figure 3. Micropores volume (left) and micropores/mesopores ratio (%) (right) with alteration of activation
temperature and carbonizate/activator ratio.

Characteristics of supercapacitor cells made with electrodes from AC prepared at different activation
temperatures and carbonizate/activator ratio 1:2 are illustrated in the Figure 4. At the low carbonization
temperatures – 600 and 700oC capacitance is 330 and 320 F/g, correspondingly. Increase of carbonization
temperature negatively influences on electrochemical properties - at the activation temperature 800oC
capacitance decreases to 220 F/g.
As it is shown in the Figure 4 total volume of electrolyte retained by electrode considerably increases with the
increase of activation temperature. This parameter is important when evaluating efficiency of the device under
development, namely for the calculation of specific characteristics to the mass of elementary capacitor cell.
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Figure 4. Dependence of supercapacitor cell capacitance and volume of electrolyte retained by AC from the
activation temperature (carbonizate/activator ratio 1:2).

Thus the choice of lower activation temperatures positively influences not only on microporous structure of AC,
but on electrode quality as well. This makes the described activation process more feasible from the commercial
standpoint.
IV. CONCLUSIONS
Microporous wood based carbon materials were obtained using thermocatalytical synthesis, which includes
carbonization and consequent alkali activation. The synthesized carbon materials have good electrode
characteristics for the capacitors with double electric layer with sulfuric acid as electrolyte. Maximal capacity of
supercapacitor – 330 F/g - is achieved at the activation temperature 600oC and carbonizate/activator ratio 1:2.
Capacity decreases with temperature increase, which corresponds to decrease of micropores proportion in
activated carbons porous structure.
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ABSTRACT
WOBAMA – Wood Based Materials and Fuels is a biorefinery oriented scientific research project, financed by
Wood Wisdom-Net Research Program and ERA-NET Bioenergy. This project includes participants from
academics and industries in European Union member states. The aim of WOBAMA is to converse wood based
raw materials to a range of value added products, both materials and fuels, using different conversion
technologies, within the biorefinery concept:
Wood Based Material → Conversion Technologies → Bioproducts
The project is supposed to result in a series of demonstrators, e.g. bioethanol, adhesive, composite, film and
cellulose acetate.
I. INTRODUCTION
The project is performed in the following work packages:


Pre-extraction of hemicelluloses and impact on the subsequent cooking and bleaching



Post extraction of hemicelluloses and impact on the subsequent bleaching



Cellulose functionalization for high-tenacity films and biocomposites

 Hemicellulose for adhesives
The project is also organizing a series of Summer Schools connecting Young Scientists with Senior
Professionals from both academia and industry on European basis.

Wood

Pre-extraction

Pulping

Post-extraction & Bleaching

Cellulose

Ionic Liquids

DEMO 4
Tenacity film

Hemicelluloses
High Mw

Low Mw

DEMO 1 & 2
Dissolving pulp
Cellulose
Acetate

Bark
Suberin

DEMO 5
Adhesive

DEMO 3
Ethanol

DEMO 4
Composite

III. Results and Discussion
Pre-extraction of hemicelluloses and impact on the subsequent cooking and bleaching
High-purity cellulose pulp manufactured by hydrothermolysis followed by alkaline delignification
Approximately half of the dissolving wood pulp is currently manufactured by the prehydrolysis-kraft (PHK)
process. However, conventional application of aqueous-phase prehydrolysis, as opposed to its steam equivalent,
has been limited due to the formation of sticky lignin precipitates. On the other hand, steam prehydrolysis does
not allow the recovery of the hemicellulose-rich dissolved organic fraction. Here, a prehydrolysis by consecutive
recirculation and percolation modes is seen as a process combining the advantages of the both modes. The aim is
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to develop a novel method that would remove most of the pine wood hemicelluloses during the prehydrolysis in
order to produce high purity dissolving pulp.
First, a prehydrolysis in recirculation (batch) mode is performed at elevated temperature until the side reactions
start to take place. Second, subsequent percolation mode with a continuous fresh water feed is applied in order to
maximize the removal of hemicelluloses while avoiding carbohydrate degradation and lignin recondensation.
The reference prehydrolysis is performed by water recirculation only. Remaining hemicelluloses and lignin are
removed during the following pulp production steps. The effects of the prehydrolysis on wood composition were
evaluated. The treatment with circulation mode only and the treatment with consecutive circulation and
percolation of water have been studied at 170 and 200°C. The results show that a batch prehydrolysis of 10
minutes at 200°C and 90 minutes at 170°C result in similar removal of hemicelluloses; 52.0 and 50.5% of initial
hemicelluloses, respectively, while cellulose is not notably affected.
Experiments with prehydrolysis treatment followed by a kraft cook were then carried out. The aim is to adjust
the process conditions so that pulp with Kappa number around 20 and a high purity in cellulose would be
produced. Prehydrolysis with consecutive circulation and percolation of water has been performed under 170 and
200°C with different treatment times and liquid-to-wood ratios. The chosen prehydrolysis conditions for
reference experiments (batch mode) are 90 minutes at 170°C, with liquid-to-wood ratio of 7.2:1. Kraft cooks
have been performed at 160°C with effective alkali of 22%, sulfidity of 40% and liquor-to-wood ratio of 4:1.
Table 1:
Sample

Circulation or circulation/percolation prehydrolysis followed by a kraft cook.
Reference
1
2
3

Prehydrolysis
Temperature, °C
Time, min
Liquid:Wood
Prehydrolysis yield, %

Circulation
170
90
7.2:1
81.7

Consecutive circulation and percolation
170
200
200
60 and 30
10 and 5
15 and 15
7.2:1 and 45:1 7.2:1 and 8:1 7.2:1 and 22:1
77.9
74.1
69.3

Kraft cook
H-factor
Kraft yield, %
Total yield, % on wood

160°C, EA 22%, sulfidity 40%, Liquor:wood 4:1
1600
1800
1600
1550
42.4
44.6
42.1
43.2
34.6
34.7
31.2
30.0

Kappa number
Viscosity, ml/g
Cellulose, % of sample
Glucomannan, % of sample
Xylan, % of sample
Lignin, % of sample

16
790
93.8
1.0
2.5
2.7

13
730
93.7
1.6
2.8
1.8

25
620
95.3
0.0
1.4
3.3

46
450
92.0
0.3
1.0
6.7

High-purity cellulose pulps by post-extraction in caustic-borate solution
Sodium borate (Na2B4O7) has a potential of improving glucomannan (GGM) extraction from softwood pulps (1).
In the present study, the pulps with the hemicellulose content of 1% of xylan and under 2% of GGM were
obtained after post-extraction (CCE+B) of bleached commercial pine kraft pulp in optimised conditions.
However, under the highly alkaline extraction conditions the major concern for the acetate grade pulp production
is the formation of cellulose II. At present conditions 70% of cellulose I in the pulp was converted to cellulose II.
Xylanase treatment (X) before CCE+B enhanced extraction efficiency and the caustic concentration could be
reduced to 10 wt.% (Table 2). However, the further reduction of caustic concentration to 8 wt.% resulted in a
pulp with the residual content of xylan and GGM of 1.2 and 3.3%, respectively, which cannot comply with the
typical acetate grade specification. The pulp obtained after xylanase and CCE/B extraction at the caustic
concentration of 10 wt.% demonstrated promising performance in laboratory acetylation trials but the content of
cellulose II remained high (Table 2).
Table 2.

Properties of the acetate-grade pulp produced from commercial paper-grade bleached pine kraft pulp in
comparison with two commercial sulphite acetate grade pulps (pine and spruce).
Pulp
Acetate dope
Xylan

GGM

Cellulose II

%

Molar mass

Yellowness

kg/mol

Transmittance
%

Pine

0.8

0.7

0

595

0.11

85

Spruce

1.8

1

0

475

0.14

81

X-CCE/B

0.6

1.9

63

540

0.27

65
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Extraction of hemicelluloses and impact on the subsequent bleaching
Prehydrolysed softwood kraft pulps of high (50-55 and 70-78) and classical kappa numbers (20-25) were
prepared. Producing PHK of high kappa could be a way to improve the viscosity of the pulp, which can be
interesting for high grades cellulose usages. Single oxygen stages were applied and PHK pulps were delignified
much more extensively than the corresponding control kraft pulps: The 55.5 kappa number PHK pulp could be
delignified down to 9.2 in a single O stage (83.4% delignification) compared to 25.3 (50.3%) for the control
kraft pulp (starting kappa number 50.9). The 78.1 kappa number PHK pulp could be delignified down to 9.4 in
two oxygen stages, to be compared to 23.5 for the control kraft pulp. With three oxygen stages the kappa number
was 6.0 for the PHK OOO pulp. This very good reactivity of PHK pulps to oxygen delignification, would thus
enable to stop the cooking at higher kappa numbers, to save yield and viscosity.
Table 3.
Two stage oxygen delignification of 70-78 kappa number kraft and PHK pulps.
Pulping
Kraft
PHK
T, °C
160
NaOH/Na2S/AQ
16.1/6.9
Kappa number
70.3
78.1
Viscosity, ml/g
1176
837
Oxygen bleaching (100 °C, 1 hr, 5 bars O2, 0.3% MgSO4, 7H2O)
1st stage oxygen delignification
4% NaOH, kappa
31.0
17.8
4% NaOH, viscosity, ml/g
908
673
2nd stage oxygen delignification
1.5% NaOH, kappa
23.5
9.4
1.5% NaOH, viscosity, ml/g
894
616
In a previous study by Chirat et al [2], the lignins of the kraft and PHK unbleached pulps were analysed, and it
was found that neither the molecular weight distribution of lignin, nor the number of free phenolic groups were
significantly modified. A modification in the lignin-carbohydrates (LCC) linkages could be an explanation for
the easiest oxygen delignification of the PHK pulps compared to the kraft ones. Direct P and Z stages were also
applied after PHK and kraft pulps to verify if this easiest delignification ability was also verified with other
oxidants, and it was confirmed that it was also the case. Hemicellulose content is rather low and would be
suitable at least for viscose applications.
Cellulose Functionalization to High-Tensile Strength Films
ILs as cellulose solvents aroused interest presenting the chance of spinning cellulosic fibres and casting film. The
ILs offer the chance to elaborate an environment-friendly, save-to-humans and low energy-consuming route to
prepare cellulosic film. Good transparency and high tensile strength is expected from the film. The hydrothermal
treatment enables a controlled reduction of the polymerization degree and improves cellulose properties:
increases solubility, decreases polydispersity, and removes traces of lignin [3-5].
Films were prepared by casting from solutions of cellulose in ionic liquids (ILs), [EMIM]OAc and [BMIM]OAc,
both producing stabile spinning solutions of cellulose at 90 C. Prior to the dissolution, cellulose pulp was
hydrothermally treated (HT cellulose). Samples of transparent cellulose film were prepared with a low
polydispersity index (PDI) of 2.2, and satisfactory mechanical properties: strength up to 126 MPa and elongation
of 60%. PHK dissolving pulp after hydrothermal treatment was used to prepare the solution, characterized by DP
290 - 440 and a low polydispersity. The HT cellulose concentration in the IL solutions was in the range of 10 16 wt%. All films showed strength of about 100 MPa which is close to commercial cellophane. Films made of
the HT cellulose with DP of 325 were comparable in tensile strength with films made from higher DP cellulose.
Films made both from ([EMIM]OAc) and ([BMIM]OAc) are similar in structure and quality. Both films are
highly transparent. The films prepared in laboratory scale showed tensile strength in the range of 90 - 126 MPa
and elongation of 25 - 60% and good transparency.
Table 4. Mechanical properties of cellulose films made from HT cellulose/IL solution.
Type of
DP of
Cellulose
Thickness
Tensile
Elongation at
solvent
HT
concentration
strength
maximum
cellulose in solutions
stress
wt%
mm
MPa
%
([EMIM]OAc) 255 10 - 16
0.024 - 0.060 90 - 126
25 - 60
([BMIM]OAc) 440
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Preparation of polyester-cellulose composites
The hydrophilicity of cellulose is a crucial obstacle for some applications of cellulose-based materials. Natural
products that are hydrophobic and biodegradable, such as suberin found in birch outer bark, could be attractive
candidates for modifying cellulose surfaces to improve water repellency. Suberin consists of many sub-units, and
epoxy acid is the most abundant among the others, amounting to approximately 100 g per kg of dried birch outer
bark [6-8]. The epoxy, hydroxyl, and carboxyl functional groups of epoxy acid make it an interesting monomer
for polymerization and crosslinking. A suberin monomer, cis-9,10-epoxy-18-hydroxyoctadecanoic acid (epoxy
acid), was isolated from birch outer bark, and polymerized via lipase (immobilized Candida antarctica lipase B)
catalysis. The epoxy-activated polyesters were characterized by NMR, MALDI-TOF MS, and SEC. The
polyester-cellulose composites were prepared through compression molding of polyester impregnated cellulose.
The polyesters were successfully crosslinked by the dicarboxylic acids. FTIR, CP/MAS 13C NMR, and FE-SEM
were used for analyses. All composites were hydrophobic. The polyester-cellulose composites were
hydrophobic, shown by the contact angle measurement, and stable against many solvents. We demonstrated that
the side-stream products from forest industries could be used for value-added applications such as producing
functionalized materials, which is in line with the biorefinery concept.
Hemicellulose for adhesives
Wood adhesives of today perform very well in terms of bonding performance such as bond strength, water
resistance and heat resistance. From an economic view they are also inexpensive. However, most wood
adhesives are derived from petroleum-based chemicals. This is a limited and non-renewable resource.
Furthermore, some of these chemicals also have a negative impact on the environment and human health for
example the formaldehyde. Therefore, there is an urge to find bio-based alternatives. It has proved difficult to
find a bio-based alternative that fulfill all requirements, such as price and poor water resistance.
Polysaccharides have shown interesting properties that can be useful for wood adhesives. Gums are relatively
high molecular weight polysaccharides that can be obtained from different plants and bacteria and are for
example used as thickeners in the food industry. Several gums were evaluated as binders in wood adhesives and
were compared with a commercial polyvinyl acetate-based wood adhesive used for indoor applications. The gum
locust bean gum showed remarkable results in this study with properties comparable to the commercial wood
adhesive. The bonding performance was remarkably good regarding the bond strength, water resistance, as well
as the heat resistance. Surprisingly, it was possible to use the adhesive both at room temperature and at elevated
temperatures. In the present project the potential of using chemicals from a wood biorefinery as binders in wood
adhesives is investigated, such as different hemicelluloses. Some recent results will be presented.
IV. CONCLUSIONS
The alkali/borate extraction of softwood pulp hemicelluloses demonstrated a great potential towards the production
of high purity cellulosic pulps suitable for cellulose acetate production
Oxygen delignification of PHK vs kraft pulps have been evaluated
Cellulose solutions have been prepared using selected solvents of ionic liquids, and production of cellulose films has
been evaluated. Morphology and mechanical properties of selected films have been tested.
The polyesters based on epoxy fatty acid were successfully prepared via lipase-catalysis. Efforts were made to
prepare fatty acid-cellulose biocomposites through environmentally friendly ways
polysaccharides can work as binders in wood adhesives
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ABSTRACT
Eucalyptus globulus and E. nitens are two species widely used at the Chilean forestry industry. The importance
of E. globulus is due of its high quality of fiber for pulp and paper production and high pulp yield; however, it
does not present frost tolerance. On the other hand, E. nitens has cold tolerance and fast growth, but a lower fiber
quality. Current efforts of the main forestry companies are focused on developing E. globulus x E. nitens hybrids
presenting additive traits of both species. Basic wood density is a parameter that indicates wood quality and can
be used as fast selection criteria of genotypes. In this work, basic wood density of 30 E. globulus and 30 E.
nitens trees was evaluated for further anatomical characterization. E. globulus trees presented a basic wood
density average of 477.6 kg/m3, while E. nitens was 490.3 kg/m3. Both micro-drillings tools showed significant
correlation indexes with basic wood density. Correlation coefficient between basic wood density and Pilodyn
values showed negative indexes, being -0.53 (p=0.01) and -0.68 (p<0.001) for E. globulus and E. nitens,
respectively. For both species a positive correlation was observed between basic density and Resistograph mean
amplitude. E. globulus correlation index was 0.84 (p<0.001), and for E. nitens was 0.85 (p<0.001). E. nitens
genotypes presented higher density and amplitude average, and less Pilodyn values than E. globulus genotypes,
while E. globulus trees had higher coarseness, fiber length and DBH than E. nitens trees.

I. INTRODUCTION
In Chile, E. globulus is the mainly commercial hardwood for pulp and paper production because of its fast
growth, high basic wood density, high pulp yield and good fiber and handsheet properties, but it has a poor frost
tolerance [1, 2]. E. nitens have been introduce to the country for forest plantation and pulp production because of
its frost tolerance, but its wood has a poor quality and low basic density [3, 4]. For this reason, current efforts of
the main Chilean forestry companies are focused on developing E. globulus x E. nitens hybrids presenting
additive traits of both species, combining frost tolerance and high wood quality. For this reason, trees of 6 yearold E. globulus and E. nitens were anatomically analyzed, determining basic wood density and fiber quality of
both Eucalyptus species using fiber analyzer equipment and micro-drilling tools in order to generate information
for further selection of trees in genetic improvement programs.

II. EXPERIMENTAL
Wood material. The Chilean forest company CMPC provided 6 year-old E. globulus and E. nitens trees growing
in field plantation established in forest sites of the Bio-Bio Region (Chile). A pre-screening of 100 E. globulus
trees and 100 E. nitens trees at breast height (BH) was made using Pilodyn micro-drilling tool as an indicator of
wood density. Using this information, 30 E. globulus trees and 30 E. nitens trees with high and low density were
selected. Incremental cores were sampled at breast height for further anatomical analysis.
Basic density determination. Incremental cores were sampled and basic density of each tree was measured
according to the Tappi Standard Method T258 om-94.
Fiber quality analysis. Matchsticks obtained from longitudinal cuts of sub-samples taken along the incremental
core were macerated and treated using Franklin solution (30% H2O2 and CH3COOH, 1:1 v/v) for 8 hours at
70°C. The solution was decanted and the remaining fibrous material was washed with water until a neutral pH
was achieved. Fiber length and fiber width average and coarseness were determined in a Fiber Tester equipment
(Lorentzen &Wettre, Sweden) where 200 mg of sample were previously disaggregated in 200 mL of distiller
water for 10 minutes. During the analysis of this suspension, the equipment was setting to measure
approximately 35.000 fibers of each sample.
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Resistograph measurements. Trees were drilled bark-to-bark at DBH (diameter at breast height) using IML
Resistograph PD400 (Instrumenta Mechanik Labor GmbH, Germany). The drilling speed was set to 100 cm/min
during all measurements. Resistance profiles stored in the electronic unit were downloaded using PD-Tools Pro
software that was provided with the Resistograph. Using a SAS macro script with the EXPAND and MEANS
procedures (SAS Institute Inc. 2008) centered moving averages and centered moving minimum averages
functions were applied to the exported amplitude profiles in order to reduce profiles irregularities, as suggest [5].

III. RESULTS AND DISCUSSION
Wood density. E. globulus showed a basic density range of 408.6 to 540.8 kg/m3, with an average of 477.6
kg/m3, while E. nitens ranged 432.8 – 558.1 kg/m3, with an average of 490.3 kg/m3. Some reports shows that E.
globulus has much higher basic density than E. nitens. Whole-tree averages densities reported for 8 year-old E.
globulus was 476 kg/m3 and E. nitens was 440 kg/m3 [4]. Similar species difference was found for basic density
by [3] and [6], which are not agree with the results found in this work. Correlation coefficient between basic
wood density and Pilodyn values showed negative indexes, being -0.53 (p=0.01) and -0.68 (p<0.001) for E.
globulus and E. nitens, respectively (Table 1 and 2).
Fiber biometry characterization. Fiber length and fiber width of E. globulus ranged 0.51 – 0.88 mm and 17.8 –
20.1 µm, respectively, while coarseness ranged between 49.4 and 82.4 µg/m. Fiber length and fiber width of E.
nitens ranged 0.55 – 0.73 mm and 17.1 and 20.7 µm, respectively, while coarseness ranged 47.9 and 77.3 µg/m.
Correlation analysis showed positive and significant relations between fiber length and fiber width with
coarseness of E. globulus and E. nitens, which is expected due that coarseness is a parameter that involve both
variables. DBH also showed higher correlations indexes with fiber length and coarseness in both Eucalyptus
species (Table 1 and 2).
Wood characterization by Resistograph measurements. Mean amplitude of E. globulus genotypes was 27.1%,
while for E. nitens was 31.9%, being E. nitens amplitude average significantly superior to E. globulus amplitude
average. In order to test data variation, standard deviation of amplitude profiles was determined for each species,
which allows determining transversal wood homogeneity. E. globulus standard deviation was of 4.3, while for E.
nitens was of 5.5, showing that E. globulus wood has more homogeneity than E. nitens wood (Figure 1, A). E.
globulus resistograms shows less amplitude variation between averages of peaks and valleys than E. nitens
resistograms. This indicates a higher difference between features of spring and summer E. nitens wood in a
growth ring. Regression analysis was made between basic density and mean amplitude of drilling made by
Resistograph for E. globulus and E. nitens (Figure 1, B). For both species a positive correlation was observed
between basic density and mean amplitude. E. globulus correlation index was 0.84 (p<0.001), and for E. nitens
was 0.85 (p<0.001).
Finally, to integrate all variables evaluated, a principal component analysis was made (PCA). Variables included
were DBH, fiber length, coarseness, basic density, and micro-drilling methods by Pilodyn and Resistograph.
PCA allows to obtain two principal components, which explains a 75.39% of the total variation of data. Loading
graph (Figure 2, A) shows that the first component explains Resistograph amplitude, basic density and Pilodyn
values variation, while the second component explains coarseness, fiber length and DBH variation. At Figure 2,
B both components are presented, which enables to group E. globulus and E. nitens genotypes. E. nitens
genotypes presented higher density and amplitude average, and less Pilodyn values than E. globulus genotypes,
while E. globulus trees had higher coarseness, fiber length and DBH than E. nitens trees. However, is also
possible to determine trees of E. nitens and E. globulus with similar characteristics respect to variables under
analysis.
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Table 1. Pearson correlation indexes between variables evaluated of E. globulus.
Basic density Pilodyn
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NS: No significant. * Significant at p=0.1. ** Significant at p=0.05.
Table 2. Pearson correlation indexes between variables evaluated of E. nitens.
Basic density Pilodyn
Basic density
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Fiber width

-0.3*
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NS: No significant. * Significant at p=0.1. ** Significant at p=0.05.
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Figure 1. A. Resistogram profile of E. globulus versus E. nitens. B. Linear regression between basic density and
mean amplitude of E. globulus and E. nitens trees.
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A	
  

B	
  

Figure 2. Principal component analysis. A: loadings graph, B: score graph. FL: Fiber length, C: coarseness,
DBH: diameter at breast heigth, BD: basic density, Amp: amplitude, Eg: E. globulus, En: E. nitens.

IV. CONCLUSIONS
E. nitens genotypes had higher basic wood density and Resistograph amplitude averages than E. globulus
genotypes. However, E. globulus wood presented more homogeneity than E. nitens wood, which showed a
higher difference between features of spring (earlywood) and summer wood (latewood) in a growth ring. E.
globulus trees also had higher coarseness, fiber length and DBH than E. nitens trees.
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ABSTRACT
The work addresses the determination of furfural formation kinetics in a non-catalyzed, microwave-assisted
conversion of xylose in the temperature range from 180 to 220°C. The abundance of xylose as a monomer unit
of xylans in hardwoods suggests significance of this study also for the wood industry. Xylose is used as a model
compound for our in-depth kinetic evaluation studies. The effects of initial xylose concentration and the
formation of the important intermediate compound, xylulose, were investigated in a comprehensive mechanistic
modeling study including thermodynamic considerations.
I. INTRODUCTION
Furfural is a platform chemical produced from plant pentosans. It is utilized in chemical industry for
synthesizing solvents, adhesives, medicines, and plastics. The main sources of these hemicelluloses are corn cob,
bagasse, wheat and rice straw. Hardwoods can be used as alternative source for furfural production as they are
rich in pentosans and prehydrolysis of birch allows separation of xylan up to almost 9 % of the wood [1].
Different reaction mechanisms of furfural formation from xylose were proposed by different researchers [2].
Some authors believed the reaction proceeds via xylose acyclic form (route C in Figure 1) [2] but most recent
studies showed the reaction starts from the pyranose form of xylose (route B in Figure 1) [3]. This intermediate
compound (luxose [2] or xylulose [4]) is subsequently dehydrated into furfural. Antal et al. [2] proposed the
formation of both acyclic and cyclic forms of xylose at high temperatures (250 °C). Still, most of the authors
calculated the kinetic parameters for xylose dehydration using a simplified mechanism with direct conversion of
D-xylose to furfural (route A in Figure 1) [5, 6, 7].
As well as for any other chemical reaction, the rate of furfural formation depends on the temperature, reaction
time, concentration of the initial reactant (xylose) and the presence of substances accelerating the process. At the
moment, many studies have investigated the kinetics of furfural formation under different conditions in order to
increase the production efficiency.

Figure 1. Different routes suggested for furfural formation from xylose and the rate equations for xylose
consumption and furfural formation according to route B. (xyl - xylose, xylul – xylulose, furf – furfural, dp –
degradation products)
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Jing and Lu [8] studied the effect of temperature in non-catalyzed decomposition of 72 mM aqueous xylose
solution. The result indicated that furfural yield can be changed by temperature manipulation and its maximum
yield was 50%.
The effect of xylose concentration on the xylose dehydration was studied by Weingarten et.al.[5] at 160 °C. The
authors demonstrated that the furfural yield was independent on the xylose concentration. In contrast, Gairola
and Smirnova [9] illustrated that while there is no significant difference in yield in the initial xylose
concentration range of 2-4 wt.%, an almost linear decline in furfural yield was observed (from 68% to 37%),
when the effect of initial xylose concentration was examined in a broader concentration range, from 4 wt.% up to
20 wt.%.
Microwave irradiation is an alternative rapid and efficient heating method. It has been shown to accelerate
reaction rates and to give a slightly higher furfural yield, which is nonetheless comparable to the conventional
heating method [5].
This study focused on the evaluation of kinetic parameters of the non-catalyzed dehydration of D-xylose to
furfural under microwave irradiation at temperature range 180-220 °C taking into account the formation of the
intermediate compound, xylulose.
II. EXPERIMENTAL
Solutions of high purity D-xylose powder (E. Merck AG) in water with different concentrations (0.05, 0.2, 0.5
M) were freshly prepared.
3 ml of D-xylose-water mixture were treated in a Monowave 300 single-mode microwave reactor (Anton Paar
GmbH, Graz, Austria) using borosilicate glass vial of 10 ml capacity. During the reaction the solution was mixed
by a magnetic stirrer at 600 rpm. Time-to-maximum temperature was set as 1.5 min with 850 W maximum
output power employed. The temperature inside the vessel was controlled by a fiber optic sensor. The prepared
solutions were tested for furfural yield at treatment temperatures 220, 200 and 180 °C with the reaction time 1240 min. The reaction vial was rapidly cooled after the treatment by compressed air inside the reactor.
The samples were analyzed by High Performance Liquid Chromatography (HPLC) in a Dionex UltiMate 3000
HPLC (Dionex, Sunnyvale, CA, USA) equipment outfitted with refractive index (RI) and ultraviolet (UV) diode
array detectors and HyperREZ XP Carbohydrate Ca+ column (Thermo Scientific). Solution of HPLC grade
sulfuric acid (Sigma-Aldrich) in Millipore water (0.0025M H2SO4) was used as eluent at a flow rate of 0.8
ml/min, and the temperature was set to 70 ºC.
Computations of kinetic model were implemented in MATLAB 2013b. The ordinary differential equations were
solved by ode15s and optimization was done by Nelder-Mead algorithm. Equal weighing was applied in
calculating the SSQR (sum of squared residuals).
III. RESULTS AND DISCUSSION
The effect of treatment temperature, residence time and reactant xylose concentrations on furfural yield during
non-catalyzed microwave assist reactions are displayed in Figure 2. The yield is strongly influenced by
treatment temperature. After the first 25-35 min of the treatment the furfural yield increases up to 4.5-5 times
with the temperature increasing from 180 to 200 °C and up to 2-2.5 times from 200 to 220 °C, respectively. At
the highest studied temperature (220°C) the furfural yield started to decrease after reaching its maximum (45-48
mol%) due to the furfural decomposition reactions and formation of solid residues – humins. The same trend
could be estimated at other temperatures during prolonged treatment times.
The furfural yield was somewhat influenced by the initial reactant concentration. During the first 20-25 min this
dependence is very minor, but with the extended reaction time the dependence becomes more obvious. The
lowest furfural yield was obtained from the solution with the lowest xylose concentration. At the same time, the
solution with xylose concentration 0.5M showed similar or even slightly lower furfural yield compare to 0.2M
xylose solution. From Figure 2 it can be seen that the decreasing of furfural yield at 220 °C started earlier and
with increased rate for the solution with the highest xylose concentration. Probably, it can be explained by side
reaction between furfural and xylose (or it’s intermediate).
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Figure 2. The temperature dependence and xylose concentration dependence on furfural yield during noncatalyzed furfural formation under microwave irradiation.

As it can be seen from Figure 3a the xylose conversion is strongly influenced by reaction temperature. The
dependence of xylose conversion vs. initial xylose concentration becomes less significant with the temperature
increasing. At 220°C the xylose conversion reached 100% already after 45 min of treatment. During the initial
stage of this non-catalyzed xylose dehydration (25-45 min) the selectivity (Figure 3b) was also dependent on the
reaction temperature. The selectivity to furfural formation has the maximum around 48-52% for all the
temperatures.
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Figure 3. Xylose (a) conversion and (b) selectivity during non-catalyzed furfural formation under microwave
irradiation.

The reaction scheme according to route B on Figure 1 was applied for kinetics modeling of non-catalyzed
xylose dehydration. All the reactions are reported to be in first order. The concentration of intermediate
compound, xylulose, has been determined by HPLC method for each sample and utilized for kinetic model
calculation. The side reaction between xylose and furfural was not taken into account. The rate equations of
xylose consumption, xylulose and furfural formations are shown in Figure 1. The obtained values for rate
constants and corresponding activation energies are listed in Table 1.
All the reaction rates were increased with the temperature increasing. The ratio of reaction rate constants kxylwas raised along with the temperature increasing from 0.83 to 1.03. From these results it can be
concluded that at temperatures above 200 °C the formation of degradation products from xylose monomer is
more preferable than furfural formation. Each temperature increase on 20 °C resulted in an almost three times
higher furfural decomposition rate compare to the respective previous step (Table 1,
dp). The direct
comparison of evaluated kinetic parameters for non-catalytic xylose dehydration with the previously published
xylul/kxyl-dp
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results seems to be not possible, because of either utilization of simplified reaction mechanism [6, 7, 8] or
implementation of subcritical and supercritical reaction conditions [4].
Table 1. Evaluated kinetic parameters for xylose dehydration in non-catalyzed aqueous system
Reaction
xyl xylul
xylul xyl
xylul F
dp
xyl dp

A (scaled)
1/min

Ea
kJ/mol

0,0148
0,00206
0,000109
0,00832
0,0138

126
110
0 (fixed)
100(fixed)
136

Rate constants at experimental
temperatures, L/(mol*s)
180
200
220
0,216
0,888
3,258
0,036
0,124
0,384
0,007
0,007
0,007
0,162
0,499
1,400
0,180
0,828
3,367

IV. CONCLUSIONS
The kinetic model for the non-catalyzed dehydration of xylose under microwave irradiation at temperature range
of 180-220 °C has been developed in this study taking into account the formation of the intermediate compound,
xylulose. The reaction rate constants for decomposition of furfural and xylose were also determined in the
studied temperature range.
The effect of reaction temperature and initial xylose concentration on furfural yield has been investigated.The
results of the kinetics modeling have shown that at the temperature above 200 °C the formation of degradation
products from xylose is more preferable than furfural formation. The effect of initial xylose concentration was
more obvious at extended reaction times, where the lowest initial xylose concentration resulted in the lowest
furfural yield and xylose conversion.
In non-catalytic process the maximum obtained furfural yield of 48 mol% has been corresponded to the
following conditions: 35 min reaction time at 220 °C or 90 min at 200 °C.
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ABSTRACT
The pulping and papermaking potential of Eucalyptus globulus bark and wood was evaluated. The chemical
composition of the bark sample studied did not differ significantly from that of wood, which suggests a good
potential for pulping. After auto-hydrolysis, the delignification extent and the pulp yield of the bark was only
slightly lower than those for wood. As a consequence of the higher kappa number of the pulps from bark, the
chlorine dioxide consumption in the bleaching process was higher. The morphological characteristics of the bark
pulp fibers are very similar to those from wood and the corresponding papermaking potential does not differ
significantly. One drawback observed was the higher drainage resistance of the pulp from bark in respect to the
corresponding pulps from wood.

I. INTRODUCTION
The cost of raw-material has an important impact on the total production costs of the pulp, particularly in the
Europe. The increasing demand of wood for pulping and other applications, including biomass for energy, rises
concern in the pulp and paper industry regarding raw-material supply at a competitive cost. The shortage of rawmaterial for pulping has a negative impacts on the costs of raw-material and consequently in the industry
competitiveness. Therefore, research on alternative species and residual materials has been intensified. Bark
from eucalypt has been traditionally used as biomass for energy production. Several studies have focused on
eucalypt bark, namely in their chemical composition, their potential as source of chemicals or biofuels or as
adsorbent, and more recently their pulping potential was studied [1-4]. The high ash and extractives contents, as
well as the high amount of parenchyma cell and vessels are the main disadvantages of the bark as raw-material
for pulping; some advantages, like fast impregnation were also referred [4]. A recent study has shown the
potential of E. globulus bark and tops for pulping [4]. The present study aims to further explore the pulping and
papermaking potential of eucalypt bark.

II. EXPERIMENTAL
Heartwood and sapwood from a 40 year-old Eucalyptus globulus tree, and industrial E.globulus bark was used in
this study. These materials were chipped in a knife mill (Retsch SM 2000) with an output sieve of 6 mm x 6 mm
and screened using a vibratory apparatus (Retsch AS 200 basic) with a 10 mesh (2.0 mm) sieve in order to
separate the fines. The chips were approximately 8 mm x 3 mm x 2 mm. Industrial E. globulus chips were also
used in the study. To determine the chemical composition of the materials , representative milled samples were
extracted successively with dichloromethane, ethanol, and water, according to TAPPI T204 cm-07. Klason and
acid-soluble lignin contents were determined in the extracted material according to TAPPI T222 om-11. Klason
lignin was determined as the mass of the solid residue after drying at 103 ± 2 ºC. The acid-soluble lignin was
determined on the filtrate by measuring the absorbance at 205 nm. Total lignin content was calculated as the sum
of Klason lignin and acid-soluble lignin. The monosaccharide composition was determined in the hydrolysate,
after their derivatization to alditol acetates and separation by gas chromatography, according to a method
adapted from TAPPI standard 249 cm-00.
The wood and bark chips were pulped in a forced circulation reactor with 6 litters of capacity with a West N4400
Single Loop Temperature Controller. The wood chip charge was 1000 g oven dry wood, and the general kraft
cooking conditions were as follows: active alkali 22% (Na2O), sulfidity 30%, liquor/wood ratio 4:1, time to
temperature 100 min, and time at maximum temperature (160ºC) 60 min. The bark was submitted to kraft
cooking after pre-hydrolysis. The pulped material was washed and screened. The screened pulp yield and rejects,
kappa number (ISO 302), and pulp viscosity (ISO 5351/1) were determined according to standard methods.
Hexenuronic acids (Hex Ac) were determined acording to Tenkanen et al. [5]. The unbleached pulps were
submited to an elemental chlorine free sequence D0ED1D2.
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The morphological properties of unbleached and bleached pulp fibers were determined by image analysis of a
diluted suspension in a flow chamber in Morfi® (TECHPAP). The bleached pulps were beaten in a PFI mill at
500, 2500 and 4500 revolutions under an refining intensity of 1.66 N/mm. Paper sheets were prepared according
to the Scan standard, and tested regarding structural, mechanical and optical properties, according to the TAPPI
standards.

III. RESULTS AND DISCUSSION
Table 1 presents the chemical composition of the different samples tested. The industrial chips exhibit higher
holocellulose and glucose content than the other wood samples. The industrial bark presents slightly higher ash
content, but the content of the remaining components is similar, including the polar extract content. Miranda et
al. [4] have reported higher values for these compounds which may be due to the different source of the barks.
Table 1. Chemical characterization of the wood and bark.

Sample

Industrial chips (%)

Heartwood (%)

Sapwood (%)

Industrial Bark (%)

0.4

0.3

1.1

2.0

CH2Cl2

0.3

0.3

0.3

0.3

Ethanol

1.8

2.5

3.3

1.4

Water

1.8

1.8

2.1

2.6

Total

3.8

4.6

5.7

4.3

17.0

19.7

16.3

15.0

ash

Extractives

Klason
Soluble lignin

4.3

3.7

3.5

3.6

Total lignin

21.4

23.3

19.9

18.5

Holocellulose

74.5

69.5

71.6

74.2

Arabinose

0.5

0.5

0.5

0.6

Sugars

Xylose

10.9

11.8

11.9

9.3

Mannose

1.0

1.6

1.6

0.9

Galactose

1.1

0.6

0.6

1.2

Glucose

41.0

35.3

35.4

41.4

Table 2 presents the results of the cooking process. The industrial chips presents a pulp yield slightly higher than
the corresponding wood samples from the 40 year-old tree. The lower pulp yield of the older material may be
related with the lower holocellulose and glucose content of the raw-material (Table 1). The pulp yield of the
industrial eucalypt bark is of the same magnitude of the industrial wood chips, which confirms the pulping
potential of the bark. It should be emphasized that the bark was submitted to an auto-hydrolysis stage (140ºC, 45
min) before kraft cooking. The bark delignification extent is lower than that observed for the wood, particularly
for the same cooking conditions (Bark (9)), which cannot be ascribed to the lignin or extractives content (Table
1) and probably are other factors playing a role. Miranda et al. [4], working with wood and bark from E.
globulus, have reported a higher solubility of the bark components in 1% NaOH solution, respecting to wood.
The same authors also reported lower bark pulp yield and higher kappa number. Regarding to the pulp bleaching
response, no significant differences were observed between bark and wood, but the different unbleached kappa
number were taken in account in the chlorine dioxide charge in D 0, using a kappa factor of 0.2. The pulps were
bleached according a D0ED1D2 bleaching sequence, using a chlorine dioxide charge of 1.2% and 0.5% in D 1 e D2
stages respectively and a final brightness of 80% ISO was obtained. This topic deserves further research.
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Table 2. Pulping conditions and results (*Auto-hydrolysis, L: W=15:1;** Auto-hydrolysis, L: W=4:1)

Industrial

Alkali
(%)
22

T max
(ºC)
160

Time at
Tmax (min)
60

Yield
(%)
48.4

Heartwood

22

160

60

Sapwood

22

160

Lab. chips

22

Bark* (8)
Bark** (9)

Chips

(corrected)

13.3

Hex Ac
(mmol/Kg)
39.0

9.9

Viscosity
(cm3 /g)
780

44.6

14.9

43.2

11.2

841

60

44.6

13.5

46.3

9.5

871

160

60

47.7

9.3

35.4

6.2

853

15

165

114

43.9

18.4

31.8

15.7

969

22

160

60

44.3

25.1

47.6

21.0

810

Kappa

Kappa

Table 3 presents the morphological properties of the unbleached and bleached pulp fibers obtained from the
wood and the bark. As expected, there are differences between the pulp fibers from heartwood and sapwood, but
the bark pulp fibers compare favorably with the corresponding wood pulp fibers. In addition, these results are in
very good agreement with the expected results for E. globulus wood pulps, suggesting the high potential of E.
globulus bark for papermaking.
Table 3. Fiber characteristics of wood and bark pulp samples from E. globulus.

Pulp

bleaching
Before
bleaching

Heartwwod
After bleaching

Before
bleaching
Sapwood
After bleaching

Prehydrolized
Bark (9)

Before
bleaching
After bleaching
Before
bleaching

Prehydrolized
Bark (8)

0

17.3

657.3

Lenght
(µm),
weighted
in length
784.3

0

21.4

651.7

780.7

19.50

0.07

beating
(PFI)

After bleaching

Fibers(millions/g)

Lenght
(µm),
arithmetic

Width
(µm)

Coarseness
(mg/m)

19.50

0.07

500

20.8

649.7

782.0

19.43

0.07

2500

22.6

650.7

780.3

19.57

0.07

4500

22.1

639.3

771.7

19.77

0.07

0

12.7

713.7

859.7

20.67

0.10

0

14.3

707.6

855.6

20.82

0.10

500

14.6

705.6

858.0

21.06

0.10

4500

15.6

690.9

842.8

21.94

0.09

0

14.1

662.7

807.0

19.90

0.10

0

17.7

662.8

805.0

19.23

0.08

500

18.3

668.7

812.7

18.83

0.08

2500

17.9

655.0

797.7

19.03

0.08

0

13.1

662.3

813.3

20.30

0.10

500

16.4

664.0

810.3

19.47

0.09

2500

16.6

653.4

795.6

19.98

0.09

4500

17.1

634.7

779.0

20.43

0.09

Figures 1 and 2 present the behavior of the bleached pulps in beating. The densification of the paper structure
with beating is similar for sapwood and bark pulps; heartwood pulp develops faster densification due to lower
diameter, length and coarseness of the pulp fibers. In consequence, the tensile index of the heartwood pulp is
higher than that of the other pulp samples at a given beating level. However at a given paper density no
significant differences were observed. Regarding tear index, the heartwood pulp exhibit lower values than the
corresponding sapwood pulp, which is an expected result considering the lower fiber length; bark pulps exhibit
lower values than the wood samples. These results may not be ascribed to differences in fiber length; the large
proportion of parenchyma cell and vessels [4] certainly play a role in the behavior of the bark pulps. In general,
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however, the mechanical properties of the bark pulps compare well with the wood pulp. On the contrary, a clear
drawback of the bark pulps is the higher drainage resistance of the pulp suspensions (Figure 2-b).

Figure 1. Paper density (a-left) and tensile index (b-right) vs. beating extent.

…
Figure 2. Tear index (a-left) and drainage resistance (b-right) vs. beating extent.
IV. CONCLUSIONS
The Eucalyptus globulus bark tested exhibited good performance in the kraft cooking process and the
papermaking properties displayed were also promising. The pulping yield was only 4 % lower than the
corresponding for wood and the delignification extent in cooking was also lower, which obliges an increasing of
the chlorine dioxide consumption in the bleaching process. Regarding the papermaking potential, the strength
properties are comparable with the wood pulps, but the drainage resistance of the bark stocks is higher, which
implies a lower paper production rate on industrial scale.
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ABSTRACT
The ability of versatile peroxidase to modify/degrade lignin (in conjunction with veratryl alcohol as a mediator)
in both wood (Eucalyptus globulus) and non-wood (Pennisetum purpureum) lignocellulosic feedstocks was
demonstrated using the Pleurotus ostreatus enzyme heterologously expressed in Escherichia coli and "in vitro"
folded. Two-dimensional nuclear magnetic resonance (NMR) of the treated materials, swollen in
dimethylsulfoxide-d6, revealed a reduction in the number of lignin side-chain linkages after both treatments.
However, a significant removal of lignin by the enzymatic treatment was only observed in the case of eucalypt
wood, as shown by the decrease of lignin aromatic signals referred to carbohydrate anomeric signals.
I. INTRODUCTION
Lignin removal is a key step for recycling the carbon fixed by land photosynthesis and a limiting issue for the
use of lignocellulosic biomass by the pulp and paper industry and in the sustainable production of fuels and other
chemicals. Only a group of basidiomycetes, the so-called white-rot fungi, are efficient lignin degraders in nature
[1]. According to the genomic data, ligninolytic peroxidases - the so-called lignin peroxidase (LiP, EC1.11.1.14),
manganese peroxidase (MnP, EC1.11.1.13) and versatile peroxidase (VP, EC 1.11.1.16) - are exclusive of
lignin-degrading white-rot basidiomycetes and play a central role in lignin degradation [2]. The presence of LiP
has been associated with the ability to degrade lignin in white-rot fungi and in vitro depolymerization of lignin
by LiP was demonstrated [3]. On the other hand, a recent study show the presence in the model agaric Pleurotus
ostreatus of a peroxidase repertoire in which VPs play the role that LiPs do in white-rot polypores, being able to
depolymerize lignin in the presence of VA [4].
In the present study, eucalypt (Eucalyptus globulus) and Elephant grass (Pennisetum purpureum), two fast
growing plant species, were treated with VP from P. ostreatus in the presence of VA to investigate its ability to
modify natural lignin in lignocellulosic feedstocks, as it has been previously demonstrated for the laccasemediator system [5,6]. The eventual modification of the cell-wall polymers during the enzyme treatment of the
whole plant material was analyzed by hetereonuclear single quantum correlation (HSQC) solution NMR of gels
prepared by lignocelluloses swelling in dimethylsulfoxide-d6 [7,8].
II. EXPERIMENTAL
Recombinant VP
VP (isoenzyme VP1) from the basidiomycete P. ostreatus was produced heterologously in Escherichia coli. The
mature protein-coding sequence of gene model 137757 from the PC9 monokaryon genome, after manual
curation, was synthesized by ATG:biosynthetics (Merzhausen, Germany) after verifying that all the codons had
been previously used for expressing other genes in the same E. coli strain (and substituting them when required).
Mature protein-codifying sequence was cloned in the expression vector pET23a (+) (Novagen). The resulting
plasmid pET23a-137757, was directly used for expression. The peroxidase was produced in E. coli
BL21(DE3)pLysS. Cells were grown for 3 h in Terrific Broth, induced with 1 mM isopropyl-β-Dthiogalactopyranoside, and grown further for 4 h. The apoenzyme accumulated in inclusion bodies, as observed
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, was solubilized using 8 M urea. Subsequent in
vitro folding was performed using 0.16 M urea, 5 mM Ca2+, 20 µM hemin, 0.5 mM oxidized glutathione, 0.1
mM dithiothreitol, and 0.1 mg/ml protein, at pH 9.5. Active enzyme was purified by Resource-Q
chromatography using a 0-300 mM NaCl gradient (2 ml·min-1, 20 min) in 10 mM sodium tartrate, pH 5.5.
Wood and grass treatments with VP
Milled Elephant grass and eucalypt wood samples (100 mg) were treated with 5 mg of VP from P. ostreatus in
10 mM Na acetate (pH 4.5) containing 10 mM VA and 60 mM H2O2 at 25 ºC for 24 h. Treatments without
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enzyme were also performed. For NMR analysis, the whole samples recovered after washing (70-85 mg) were
swollen in dimethylsulfoxide-d6 and HSQC spectra were acquired at the gel state [7,8]. A Bruker Biospin
(Billerica, MA) AVANCE 500 MHz spectrometer fitted with a cryogenically cooled 5-mm TCI gradient probe
with inverse geometry (proton coils closet to the sample) was used. The 13C-1H correlation experiment was an
adiabatic HSQC experiment (Bruker standar pulse sequence ´hsqcetgpsisp.2´; phase-sensitive gradient-edited-2D
HSQC using adiabatic pulses for inversion and refocusin). Spectra were acquired from 10 to 0 ppm in F2 (1H)
with 1000 data points for an acquisition time (AQ) of 100 ms, an interscan delay (D1) of 500 ms, 200 to 0 ppm
in F1 (13C) with 400 increments (F1 acquisition time 8 ms) of 40 scans. The 1JCH used was 145 Hz. Processing
used typical matched Gaussian apodization in 1H and a squared cosine bell in 13C. Prior to Fourier
transformation, the data matrices were zero filled up to 1,024 points in the 13C dimension. The central solvent
peak was used as an internal reference (δC/δH 39.5/2.49). The aromatic 13C-1H correlation signals of the different
lignin units were used for estimation of its composition in guaicyl (G) and syringyl (S) lignin units. The pcoumaric and ferulic acid contents and the percentages of main lignin substructures (including β-O-4' and β-β'
side-chain linkages) were referred to total lignin. Signal assignement was based on previous studies on E.
globulus and P. purpureum lignins [9,10].
III. RESULTS AND DISCUSSION
The detailed assignments of aliphatic-oxygenated (top) and aromatic-unsaturated (bottom) signals in the control
and VP-VA treated eucalypt wood and Elephant grass samples are shown in the spectra expansions included in
Fig. 1. The main lignin and cinnamic structures identified are shown in Fig. 2.
The aliphatic oxygenated region of the spectrum of control (Fig. 1a and c) showed signals of both lignin and
carbohydrates, the latter mainly corresponding to xylan units (X). In addition to methoxyl signals, signals of
lignin side-chains were observed, the latter corresponding to Cα–Hα correlations (Aα) in β-O-4´ alkyl–aryl ether
substructures, and Cβ–Hβ correlations in β-O-4 alkyl–aryl ether substructures including a second S-unit (Aβ(S)).
The main signals in the aromatic-unsaturated region of the HSQC spectrum of control eucalypt wood (Fig. 1a)
corresponded to the lignin benzene rings, including the G and S whereas in the case of the Elephant grass (Fig.
1c) p-coumaric acid signals are also present together with lignin signals.
The oxidation of VA, used as mediator, results in the production of veratraldehyde which remains attached to the
sample, despite the exhaustive washing, overlapping some signals. This can be due to the coupling of VA radical
on the lignin units.
Enzymatic modification of eucalypt lignin as shown by 2D NMR
As shown by the NMR spectra of the whole treated sample at the gel state, a single step VP-VA treatment
(without a subsequent alkaline extraction) led to a significant reduction in the molar frequency of both β-β' (Bα
signal) and β-O-4' (Aβ signal) inter-unit linkages (per 100 lignin units) in the treated sample (40% and 1%,
respectively, in Fig. 1b) with respect to the control (44% and 4%, respectively, in Fig. 1a). Moreover, a
reduction of the lignin content was produced, as shown by the lignin-to-carbohydrate molar ratios (L/CH)
estimated from the intensity of the lignin aromatic signals referred to the carbohydrate anomeric signals (X1 and
X'1), passing from a L/CH ratio of 2.3 in the control to a L/CH ratio of 1.6 in the treated sample (Fig 1). Finally,
a slightly preferential removal of G units was observed, resulting in higher S/G molar ratio in the treated sample
(1.5) compared with the control (1.4), in agreement with related studies [5,6].
Enzymatic modification of Elephant grass lignin as shown by 2D NMR
The single step VP-VA treatment (without subsequent alkaline extraction) resulted in a reduction (>10%) of βO-4' linkages per 100 lignin units in the treated sample (Fig. 1d) with respect to the control (Fig. 1c) (β-β
linkages were not detected in the Elephant grass samples). However, in contrast with that observed for eucalypt
wood, no significant reduction of lignin content was produced, as shown by the unchanged lignin-tocarbohydrate molar ratios (1.0 in both samples), and the p-coumaric acid (PCA signals) signals remained
basically unchanged.
IV. CONCLUSIONS
In the present study, the ability of a high-redox ligninolytic peroxidase from P. ostreatus (VP) to remove lignin
from two lignocellulosic samples is demonstrated by NMR analysis, in agreement with its central role in lignin
degradation in Agaricales and with our previous results in which VP was able to degrade both a non phenolic
lignin-model dimer and synthetic polymeric lignin (DHP). The results obtained showed that VP was more
effective against eucalypt wood lignin than against Elephant grass lignin, leading to both a significant reduction
in the frequency of main inter-unit linkages and a moderate reduction of the lignin content, while the
carbohydrate signals remain basically unchanged.

348

© CSIC © del autor o autores / Todos los derechos reservados

13th European Workshop on Lignocellulosics and Pulp

a

MeO

Bβ

δC

Aγ

60

b

MeO
VAα

X5

Bβ

δC

Aγ

60

X5

Aα

Aα
Bγ

X'2
Bα

X3 X2

X'2
Bα

100

X1

VAd2
G2
G5
120

100

X1

VA2,5+G2
G5

VAd5

G6

80

Aβ(S)
X'1

S2,6

X3 X2

X4

80

Aβ(S)
X'1

S2,6

X4

120

VA6+G6

VAd6

140

8

7

6

5

c

4

δH

3

140

8

δC

MeO
Aγ

A'γ

7

6

d

60

5

X3
X4
Aβ(G)+A'β(S)

Aγ

X2

X3
X'3 X'2 X
4
Aβ(G)+A'β(S)

80

FA2

X'1

100

X1

G6

VAd2

PCAβ
G5+PCA3,5

120

120

VA6+G6

VAd6

PCA2,6
140

6

5

4

3

δH

140

PCAα

PCAα+FAα
7

100

X1

VA2,5+G2

VAd5

G5+PCA3,5

X'1

S2,6

PCA2,6

8

80

Aβ(S)

G2 PCA
β

FA6

60

X5

Aα

Aβ(S)

S2,6

δH
δC

A'γ+VAα

X2

X'3 X'2

3

MeO

X5

Aα

4

8

7

6

5

4

3

δH

Figure 1. Aromatic region of the HSQC spectra of eucalypt wood (top) and Elephant grass (bottom) treated with
P. ostreatus VP and VA (as mediator). A and C controls without enzyme; B and D treatments with enzyme. See
Fig. 2 for identification of the lignin, cinnamic acid and mediator-derived structures assigned (MeO correspond
to methoxyl groups). X and X' signals correspond to normal and acetylated carbohydrates, respectively.
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ABSTRACT
Empty fruit bunch is a residue generated by the oil palm industry after a sterilization process and the separation
of the fruits for oil extraction. This residue, which in many countries, especially in Malaysia and Indonesia, is
produced in very high levels, is simply used as mulch, burnt for energy production or even burnt in the
plantations without any benefits.
Acetosolv pulping could be seen as a stage in the fractionation of empty fruit bunches for pulp production used
in various applications as; pulps for specialty papers or other applications such as obtaining microcrystaline
cellulose, microfibrilled cellulose or bioethanol by simultaneous saccharification and fermentation.
The aim of this work was to study the influence of operational variables in the empty fruit bunches acetosolv
pulping process [acetic acid (60-95%), hydrochloric acid (0.10-0.25%) and time process (60-180 min)], on the
solid yield, Schopper Riegler index, Kappa number, lignin content and viscosity of pulps. By using an
experimental factorial design, polynomial equations were obtained that reproduced the experimental results for
the dependent variables with errors less than 9-18%. These equations could be used to find the suitable
conditions, so that operating with not too high values of operating variables (with minor costs of operation and
capital) pulps with acceptable properties could be obtained: operating with 86.25% acetic acid, 0.25%
hydrochloric acid and 120 min time, produced pulps with 46.56% solid yield, 15.9 ºSR drainability, 36.3 Kappa
number, 10.3% lignin content and 303 mL/g viscosity, values all of them close to the optimal predicted.
I. INTRODUCTION
Plant biomass has been for centuries a resource used by humanity worldwide, for energy and cellulosic pulp
production. The production of paper pulp has traditionally been a highly polluting process.
Organosolv methods use organic compounds of relatively low molecular weight as delignification agents, and
are a good alternative to Kraft because of the possibility of eliminate the sulphur compounds in cooking.
Although lignin removal can be achieved with high efficiency, in some cases, the physical properties of the
paper sheets from these pulps was lower to those of Kraft pulps. Therefore, these pulps may be applied to the
manufacture of special papers or obtaining high purity cellulose, with a possible final destination as dissolving
pulps [1-5].
However, the fact of being able to use compounds with very different characteristics makes organosolv cooking
processes very different versus Kraft. Some of them may be performed at atmospheric pressure and therefore at
a much lower temperature, which results in a decreased severity of treatment and, consequently, a reduced
formation of degradation compounds from sugars and lignin. This is of particular interest in the concept of the
lignocelluloses biorefinery [6], which could be designed to get the most interesting products from all compound
families found in lignocellulosic materials. Due to the very different susceptibility of these families against
chemical reagents, a mill of this type should integrate, or a sequence of treatments of increasing severity, or
some processes capable of separating fractions mildly. The set of procedures able to perform this separation is
known as fractionation.
The Acetosolv process uses acetic acid enriched (70-90% by weight) aqueous mixtures with the addition of
small amounts of hydrochloric acid (typically 0.1-0.2% by weight) which contributes to enhance the
delignification through partial hydrolysis and solubilisation of hemicelluloses and lignin.
Oil palm empty fruit bunch (EFB) is a waste generated by the oil palm industry after a sterilization process and
the separation of the fruits for oil extraction. This residue, which in many countries, especially in Malaysia and
Indonesia, is produced in very high levels, is simply used as mulch, burnt for energy production or even burnt in
the plantations without any profit. Due to its high production and uniformity resulting from the use of specific
plant species EFB may not only be a waste but an important resource for obtaining various high-value products
through chemical processing [7].
The aim of this work was to study the Acetosolv treatment of EFB by means of an experimental design factor,
considering the influence of the operational variables on the composition of the resulting pulp, with the aim of
finding the optimum conditions of operation to obtain a pulp for specialty papers or other applications such as
obtaining microcrystaline cellulose, microfibrilled cellulose or bioethanol by simultaneous saccharification and
fermentation.
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II. EXPERIMENTAL
Raw material
African palm from Western Africa supplied by Straw Engineering S.L (Zaragoza) were used. Each hectare of oil
palm produces an average of 10 tons of fruits per year which give about 3000 kg of palm oil (the main product)
[8,9].
Pulping and pulps characterization
Mixtures of EFB, water and acetic acid (proportions ranging from 60 to 95% by weight of liquor) were heated to
the boiling point in glass Pyrex flasks. Hydrochloric acid was added (0.10-0.25% by weight of liquor) when
boiling started (zero time), and mixtures were maintained at total reflux with stirring for different times (60-180
min) at atmospheric pressure. After the reaction, the pulps were separated by filtration and the solids washed
with concentrated acetic acid solutions (80%w) in order to avoid the deposition of the dissolved lignin on pulp.
Finally the pulps were treated with water until neutrality and let to dry at room temperature before measuring
the following parameters; pulp yield (oven drying to constant weight), Kappa number (T236), lignin content
(T222), beating grade (Shopper-Riegler index, UNE 57-025), and intrinsic viscosity (T230).
Experimental design
A second order factorial design of experiment was used [10] consisted in a central experiment (in the centre of a
cube) and several additional points (additional experiments lying at the cube vertices and side centers).
Experimental data were fitted to the following second-order polynomial:
𝐘𝐞 = 𝐚𝟎 + 𝐚𝟏 𝐗 𝐀 + 𝐚𝟐 𝐗 𝐇 + 𝐚𝟑 𝐗 𝐓 + 𝐚𝟏𝟏 𝐗 𝟐𝐀 + 𝐚𝟏𝟐 𝐗 𝐀 𝐗 𝐇 + 𝐚𝟏𝟑 𝐗 𝐀 𝐗 𝐓 + 𝐚𝟐𝟐 𝐗 𝟐𝐇 + 𝐚𝟐𝟑 𝐗 𝐇 𝐗 𝐓 + 𝐚𝟑𝟑 𝐗 𝟐𝐓

(1)

where Ye denotes the response variables [viz. yield (YI), beating grade or Shopper Riegler index (SR), Kappa
number (KN), lignin (LI) or viscosity (VI)]; XA, XH and XT are the normalized values of the operational
variables (acetic acid concentration –A-, hydrochloric acid concentration –H- and processing time –T-,
respectively); and a0 to a33 are constants.
The values of the operational variables were normalized to values from -1 to +1 by using the following
expression:
𝐗−𝐗 𝐦
𝐗𝐧 = 𝟐
(2)
𝐗 𝐦𝐚𝐱 −𝐗 𝐦𝐢𝐧

where Xn is the normalized value of A, H or T; X is the actual experimental value of the variable concerned; Xm
is the mean of Xmax and Xmin; and Xmax and Xmin are the maximum and minimum value, respectively, of such a
variable.
The operational values for the independent variables in the 15 experiments conducted are given in Table 1.
Yield
Beating
Kappa
Lignin Viscosity
(%)
grade (ºSR) number
(%)
(mL/g)
77.5
0.175
120
58.6
17
55.5
13.5
283
95.0
0.25
180
41.3
14
41.1
11.1
306
60.0
0.25
180
52.3
19
58.0
11.6
384
95.0
0.25
60
46.4
12
32.2
8.9
226
60.0
0.25
60
67.3
13
71.0
15.4
291
95.0
0.10
180
75.4
13
77.7
16.6
185
60.0
0.10
180
74.4
18
75.8
16.3
302
95.0
0.10
60
83.2
12
73.6
15.9
183
60.0
0.10
60
84.3
14
69.3
16.3
213
77.5
0.25
120
47.4
18
39.7
9.8
345
77.5
0.10
120
74.8
13
70.0
15.9
262
77.5
0.175
180
54.9
18
51.3
13.1
297
77.5
0.175
60
63.2
13
55.8
15.3
312
95.0
0.175
120
51.8
13
47.6
10.8
251
60.0
0.175
120
67.6
17
76.8
16.1
318
A: acetic acid concentration; H: hydrochloric acid concentration; T: time process

A(%)

H(%)

T(min)

Table 1. Values of operational variables of the properties of pulp obtained by Acetosolv pulping of EFB
III. RESULTS AND DISCUSSION
Pulping of EFB
First a series of previous experiments was carried out, based on the results of other researchers on different raw
materials, in order to define the ranges of operating variables. In this way the following ranges were chosen:
acetic acid concentration from 60 to 95% by weight, hydrochloric acid concentration, which acts as a catalyst,
from 0.10 to 0.25% by weight, and processing time from 60 to 180 minutes. Always operating at the boiling
point and with the same liquid/solid ratio (10:1 by weight).
Table 1 shows the experimental values of the pulp properties, which differed by less than 5-10% from their
means as obtained in triplicate measures. The experimental results were fitted to polynomial model by multiple
regression using the software BMDP©. The terms possessing a Snedecor F-value greater than 6 and a Student t-
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value greater than 2.5 were deemed statistically significant. Equations found, as well as the lowest Snedecor-F
value, the highest p value and lowest Student t- value for the terms, are the following:
𝐘𝐈 = 𝟓𝟗. 𝟐𝟐 + 𝟓. 𝟒𝟔𝐗 𝟐𝐇 − 𝟑. 𝟗𝟕𝐗 𝐀 𝐗 𝐇 − 𝟒. 𝟔𝟏𝐗 𝐓 − 𝟒. 𝟕𝟔𝐗 𝐀 − 𝟏𝟑. 𝟕𝟔𝐗 𝐇 (F>10.56; p<0.010; t>3.25) (3)
𝐒𝐑 = 𝟏𝟒. 𝟗 − 𝟏. 𝟕𝐗 𝐀 + 𝟏. 𝟖𝐗 𝐓 (F>11.70; p<0.005; t>3.42)

(4)

𝐕𝐈 = 𝟑𝟎𝟎 − 𝟑𝟒𝐗 𝟐𝐀 + 𝟐𝟓𝐗 𝐓 − 𝟑𝟔𝐗 𝐀 + 𝟒𝟏𝐗 𝐇 (F>10.56; p<0.01; t>3.25)

(7)

𝐊𝐍 = 𝟓𝟒. 𝟓 +

𝟕. 𝟗𝐗 𝟐𝐀

− 𝟕. 𝟕𝐗 𝐀 𝐗 𝐇 − 𝟕. 𝟗𝐗 𝐀 − 𝟏𝟐. 𝟒𝐗 𝐇 (F>6.88; p<0.025; t>2.62)

𝐋𝐈 = 𝟏𝟑. 𝟖 − 𝟏. 𝟐𝐗 𝐀 − 𝟐. 𝟒𝟐𝐗 𝐇 (F>6.83; p<0.023; t>2.61)

(5)

(6)

where YI is the pulp yield, SR the Shopper Riegler index or beating grade number, KN the Kappa number, LI
the lignin content, VI the viscosity, and XA, XH and XT the normalized values of acetic acid concentration,
hydrochloric acid concentration and time process, respectively.
The predictions of the previous equations reproduced the experimental results for the dependent variables with
errors lower than 9% for yield, 17% for SRº, 17% for Kappa number, 18% for lignin content and 16% for
viscosity of pulps.
The values of the operational variables providing the best pulp properties (yield, beating grade, Kappa number,
lignin content and viscosity) were identified by using equations (3) to (7) and figure 1a and 1b and other
similar. Table 2 shows the optimum values of the dependent variables and those of the operational variables
required to obtain them.

Figure 1a. Yield pulp vs hydrochloric acid concentration and time, at low acetic acid concentration
Figure 1b. Yield pulp vs acetic acid concentration and time, al low hydrochloric acid concentration
The polynomial equations allowed the identification of the more influencing operational variables on the pulp
properties. The maximum variations in the dependent variables with changes in the operational variables over
the studied range were obtained by altering one independent variable at a time while keeping all others constant.
The results are shown in Table 2 together with the maximum percent differences in the dependent variables
from their optimum values over the studied variation ranges. The maximum yield (83.84 %) corresponded to
low values of operating variables. The hydrochloric acid concentration influences on pulp yield more
significantly than the process time (Figure 1a), while the latter variable affects more than the concentration of
acetic acid (Figure 1b). The maximum Shopper Riegler index (18.4 ºSR) occurs when the concentration of
acetic acid is low and the processing time long, being the most influential variable this last one. The Kappa
number increased more sharply with the hydrochloric acid concentration that with acetic acid concentration. The
minimum Kappa number (34.4) was obtained when hydrochloric acid concentration and acetic acid
concentration were high. The lignin content has a parallel behaviour, with a minimum value of 10.2% for when
the concentrations of the two acids are high, being the most influential variable the hydrochloric acid
concentration. The viscosity was maximum (376 mL/g) when operating with medium-low level of acetic acid
concentration and high values of processing time and hydrochloric acid concentration. Process time has minor
influence on the viscosity that the acetic acid concentration, while hydrochloric acid concentration is the most
influential variable.
Dependent
variable

Optimum value
of dependent variable

Yield, %
ºSR
Kappa N
Lignin, %
Viscosity, mL/g

83.87
18.4
34.4
10.2
376

Values of the operational variables
required to obtain the optimum values
of dependent variables
XA
XH
XT
-1
-1
-1
-1
+1
+1
+1
+1
+1
-0.52
+1
+1

Optimum operating conditions
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Maximum variation of dependent
variable with operational variable
Acetic acid
1.58(1.88%)
3.4(18.48%)
31.2(90.70%)
2.4(23.5%)
80(21.28%)

HCl acid
19.64(23.43%)
40.2(116.86%)
4.8(47.1%)
82(21.81%)

Time
9.22(11.00%)
7.0(38.04%)
50(13.30%)
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Considering the "Yield/Kappa" ratio (which is desirable to have a maximum value), adjusting the experimental
data to a polynomial model gives the equation:
"𝐘𝐢𝐞𝐥𝐝�
(8)
𝐊𝐚𝐩𝐩𝐚" = 𝟏. 𝟎𝟕 + 𝟎. 𝟎𝟕𝐗 𝐀 + 𝟎. 𝟎𝟗𝐗 𝐀 𝐗 𝐇 − 𝟎. 𝟏𝟎𝐗 𝐓 (F>6.34; p<0.029; t>2.52)

The values of the operational variables providing the maximum "Yield/Kappa" were identified by using Eq. (8):
the maximum value, 1.33, is for high acetic acid concentration (95%), hydrochloric acid concentration (0.25%)
and short processing time (60 minutes).
The Eq. 3 to 7 and data of Table 2 can be used to select values of the operational variables providing nearoptimal pulp properties while saving chemicals, energy and immobilized capital by using lower values of some
of the operational variables. One combination leading to near-optimal properties with reduced costs with
properties is using a processing time of 120 min, an acetic acid concentration of 86.25% and a hydrochloric acid
concentration of 0.25%. Operating under these conditions the following values for the dependent variables were
obtained: yield 46.56%, Shopper Riegler index 15.9 ºSR, Kappa number 36.3, lignin 10.3% and viscosity 303
mL/g; these values deviate by 44.5%, 13.6%, 5.5%, 5.9% and 18.6%, respectively of the maximum values of
yield, Shopper Riegler index, Kappa number, lignin content and viscosity. Operating under these conditions the
values obtained for the ratios "Yield/Kappa" (1.15) is very near from the optima predicted by the corresponding
regression equation
IV.CONCLUSSIONS
Acetosolv pulping can be a stage in the EFB fractionation. The pulp obtained has low viscosity, but can be used
for specialty papers, microcrystalline-cellulose, microfibrilled-cellulose, or bioethanol by simultaneous
saccharification-fermentation.
Polynomial equations obtained by multiple regression can be used to find the suitable conditions that, operating
with not too high values of operational variables (minor operation and capital costs), procedure pulps with
acceptable properties. Specifically, operating at 86.25% acetic acid, 0.25% hydrochloric acid 120 min time,
brings pulps with 46.56% yield, 15.9ºSR drainability, 36.3 Kappa, 10.3% lignin and 303 mL/g viscosity; all
these values are close to the optimal.
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ABSTRACT
Thermochemical pretreatment, saccharification and fermentation of Cistus ladanifer (rockrose) wildly grown in
Alentejo (Portugal) were studied. Rockrose was subjected to steam explosion treatment (SE) and a subsequent
alkali treatment (SE-OH). Enzymatic hydrolysis of untreated, SE and SE-OH materials was compared. The
biomass resulting from the best pretreatment was used for a comparative study in Separate Hydrolysis and
Fermentation (SHF), and Simultaneous Saccharification and Fermentation (SSF) assays.
Steam explosion treatment was rather selective for hemicelluloses solubilization, producing a residue with higher
glucan content (mainly cellulose). Alkali post-treatment with 2% of NaOH increased the proportion of hexosans
in rockrose residue due to the elimination of a part of degraded lignin and hemicelluloses. Enzymatic hydrolysis
of untreated biomass (R) and pretreated with SE and SE-OH, was carried out using commercial cellulase and
cellobiase. Rockrose was very recalcitrant to enzymes providing 1% of saccharification yield, whereas steam
explosion pretreatment and subsequent alkali treatment improved digestibility up to 40 and 70 % of
saccharification yield, respectively.
Fermentation assays carried out in SHF and SSF modes with 8% of biomass, 43 FPU and 50 β-glucosidase UI of
commercial cellulase and cellobiase, respectively showed that SSF process is more efficient than SHF process
with an overall efficiency of 66% allowing the production of 14.8 g/L of bioethanol with a productivity of 0.62
g/(Lh) after 24h of saccharification/.fermentation.
I. INTRODUCTION
Cistus ladanifer L. (known as gum cistus or rockrose) is a well adapted species to the edaphoclimatic conditions
of Alentejo, south region of Portugal, that grows widely and that can be exploited as feedstock for second
generation bioethanol production. This plant is an important part of the semiarid-Mediterranean ecosystem and
forms dense stands on siliceous soils [1]. The accumulation of rockrose is a permanent danger to the Portuguese
forest, making it more vulnerable to the outbreak emergence and spread of fire [2]. As a consequence it is
necessary to manage the ground by buffing the rockrose periodically, to prevent forest fires. The use of these
wood residues that grow in marginal areas could be a good alternative for biomass feedstock of biofuel
production.
Due to the recalcitrance of the woody biomass like rockrose, usually it is necessary to subject the lignocellulosic
material to a previous pretreatment process in which the cellulose is made accessible for further conversion. The
most used pretreatments are steam explosion, liquid hot water, concentrated acid hydrolysis and dilute acid
pretreatment [3]. Dilute acid pretreatment was already applied to rockrose, producing lower enzimatic
saccharification when compared to other shrub like broom [4].
The central objective of this investigation is to assess the potential of biomass from rockrose, directly (R) and
after SE or SE-OH pretreatments, in the production of fermentable sugars, through enzymatic hydrolysis for the
production of ethanol by separate hydrolysis and fermentation (SHF), and simultaneous saccharification and
fermentation (SSF).
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II. EXPERIMENTAL
Raw material: Rockrose (R) with more than 10 years old was collected from Monte do Vento in the county of
Mértola in 2011. After collection, rockrose was size reduced with a knife mill and sieved in order to obtain
particles between 40 and 60 mesh. For steam explosion treatment samples were reduced to 18 mesh.
Steam Explosion: SE treatment of rockrose was carried out in a laboratory pilot unit designed by Latvian
company “FIL & KO” for the Latvian State Institute of Wood Chemistry. The sample was treated with saturated
steam for 1 min. at 235 ºC, 32 bar, in a 0.5 L reactor and a receiving chamber of 30L. The reactor was equipped
with a quick-opening ball valve and an electronic device programmed for accurate control of steam time and
temperature. The severity factor was calculated using the reaction ordinate R0, which can be expressed as: R0 = t
x exp [(T-100)/14.75]; where: duration of treatment (t, minutes) and temperature (T, ºC) express the severity
against the base temperature, T base or reference =100 ºC. Log R0= 3.97 in the tested conditions. Resultant water
insoluble solid fraction from rockrose (R-SE) was air dried.
Alkali delignification: R-SE was rehydrated for 24h in distilled water and then treated with sodium hydroxide
[5]. 50 ml of 2% (w/w) aqueous sodium hydroxide solution was used for 10 g of dry weight of R-SE, during 15
min, to remove the depolymerized lignin from the cellulose residue. The obtained residues were thoroughly
washed with hot deionized water, till alkali removal (pH reached 4.8), and then dried at 40 ⁰C or frozen for
analysis and enzymatic hydrolysis, respectively.
Enzymatic Hydrolysis: The pre-treated samples used for the enzymatic assays were hydrated during 24h with
deionized water and then thoroughly washed, to remove inhibitors that could be impregnated in the material.
Saccharification was applied to R, R-SE and R-SE-OH samples with 5% solid loading in 50 mM sodium citrate
buffer (pH 4.8), sodium azide (0.1%) using 15 FPU Celluclast 1.5L and 15 β-glucosidase (CBU) Novozyme 188
per gram of dry biomass, respectively. Assays were performed at 50⁰C, 130 rpm for 72 h and stopped by boiling
the reaction mixtures for 5 minutes. After centrifugation supernatants were filtered and analyzed by HPLC. All
assays were performed in duplicate with the respective substrates and enzyme controls. Saccharification yield
was calculated by dividing the obtained glucose by the potential glucose multiplied by 100.
SHF studies were done with 8% of solids, 43 FPU of Celluclast 1.5L and 50 CBU Novozyme 188 per g of dry
biomass. All assays were done with total volume of 50 mL in closed 250 mL Erlenmeyer flasks. R-SE-OH was
mixed with citrate buffer, pH was adjusted to 4.8 and the mixture was sterilized in autoclave for 15 min at
121°C, as sodium azide cannot be used. Enzymes after sterile filtration were added aseptically, and
saccharification conditions were the same as stated above.
Fermentations: Two Saccharomyces cerevisiae strains were used. The NCYC-1119 for SHF assays and the
thermotolerant strain PYCC-2613 in SSF assays. Inocula were obtained by growing the yeasts in YPD medium
containing: 10 g/L of yeast extract (YE), 20 g/L of peptone (Pept), and 50 g/L of glucose, for 15 h with 130 rpm
at 30°C or 42°C for NCYC-1119 and PYCC2613, respectively. After saccharification step of SHF assay and for
SSF process after sterilization, sterile Pept and YE were added to each flask, to obtain a final concentration
similar to that of YPD medium. For SHF and SSF experiments a 5.0 mL inoculum was added to the respective
flasks. Ethanol production was carried out under the same conditions as for inocula preparation. Samples were
taken over time, and analyzed by HPLC after centrifugation. Overall efficiency was calculated dividing the
obtained ethanol concentration by the theoretical ethanol concentration, assuming that all the glucose in the
starting material, known after cellulose quantification, is available for fermentation and that theoretical
fermentation yield is 0.51 g of ethanol/g of glucose. All assays were performed in duplicate.
Biomass characterization: R, R-SE and R-OH were characterized according to NREL protocols[6]. No extraction
was made before quantitative acid hydrolysis as indicated in NREL protocols of the pre-treated solids.
High Performance Liquid Chromatography analysis: Glucose, xylose, arabinose and ethanol were analyzed by
HPLC (Merck Hitachi LaChrome equipment). The D-7000 HSM software was used associated to a L7000
interface module, a L7200 auto sampler, a L7490 RI detector, a L7350 column oven and a L7100 pump. An
Aminex HPX-87H cation exchange column and a Micro-Guard Cation H Cartridges both from Bio-Rad (USA),
were used at 50°C. with 5 mM H2SO4 solution used as the mobile phase. Concentrations were determined with
external standard, through standard curves for each component analyzed.
III. RESULTS AND DISCUSSION
Characterization of R, R-SE and R-SE-OH is shown in Table 1. Steam explosion treatment was rather selective
for hemicelluloses solubilization, producing a residue with higher glucan content (mainly cellulose). Alkali posttreatment with 2% of NaOH increased the proportion of hexosans in rockrose residue due to the elimination of a
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part of degraded lignin and hemicelluloses. A similar effect was also observed by Fernández-Bolaños et al [7],
with steam exploded olive stones.
Table1. Composition of rockrose (R) and respective solid residues obtained after steam explosion (R-SE) and alkali
treatment (R-SE-OH), according NREL procedures in g per 100g of dry biomass.

Component
Rockrose (R)
Glucan*
22.9 ± 0.1
Hemicelluloses
22.0 ± 0.1
Xylan
14.7 ± 0.1
Arabinan
0.0 ± 0.0
Acetyl group
7.3 ± 0.0
Klason lignin*
26.7 ± 0.7
Ashes
2.7 ± 0.1
*- Glucan is assumed as cellulose content.

R-SE
26.8 ± 0.1
10.6 ± 0.1
8.9 ± 0.1
1.7 ± 0.0
0.0 ± 0.0
41.6 ± 0.2
3.5 ± 0.0

R-SE-OH
54.1 ± 0.3
15.5 ± 0.3
6.3 ± 0.0
0.0 ± 0.0
9.2 ± 0.3
28.6 ±0.2
6.6 ± 0.0

Saccharification yields and glucose concentrations obtained after the enzymatic hydrolysis of R, R-SE and R-SEOH are presented in Table 2. Untreated rockrose presented practically no saccharification. Glucose
concentration increased after pretreatments, corresponding to a saccharification yield increase of 40 and 72 times
after steam explosion and alkali post-treatment, respectively, due to the reduction of the hemicellulosic fraction.
R-SE and R-SE-OH presented 94 and 381 mg of glucose per g of dry substrate, respectively. The release of
glucose from R-SE-OH is higher than the 242 mg/g of rockrose pretreated with diluted acid hydrolysis found by
Ferreira et al. [4].
Table2. Enzymatic hydrolysis yields of rockrose without pretreatment and after treatment with steam explosion
(R-SE) and alkali treatment (R-SE-OH).
Sample
Glucose concentration (g/L)
Saccharification yield (%)
Rockrose
0.2 ± 0.0
0.9 ± 0.0
R-SE
5.8 ± 0.0
39.1 ± 0.3
R-SE-OH
21.0 ± 0.1
69.6 ± 0.2
So, it was notorious that the best pretreatment for glucose solubilization was the R-SE-OH, being this the one
chosen for the comparative study in Separate Hydrolysis and Fermentation (SHF), and Simultaneous
Saccharification and Fermentation (SSF).
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Figure 1. Glucose (Glc), and ethanol (EtOH) concentration during SHF (a) and SSF (b) of R-SE-OH, with 8% solid loading
with 43 FPU and 50 CBU per g of dry biomass.

Figure 1 shows the results for the SHF and SSF processes. In SHF process, saccharification with higher enzyme
loading per gram of biomass during 72h, resulted in higher conversion of the cellulose, 73.6%, which represents
a 4% gain. This result shows that the increment on enzyme loading besides enhancing the cellulose conversion
may also improve cellulose conversion rate that is an important asset for the SSF process. The initial glucose
concentration was almost 36 g/L and it remained practically constant until 12 h of fermentation. After that it
abruptly decreased, with a reverse increase in ethanol concentration, that reached the maximum of 14.9 g/L after
24 h, corresponding to an overall efficiency of 62% and a volumetric ethanol productivity of 0.62 g/(Lh).
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For the SSF experiment a glucose peak was observed at 10h, dropping again to 0 and maintained constant at this
value until the end of the assay. As it was expected, the produced glucose was quickly consumed for the growth
of yeasts and for their bioethanol fermentation. At 24 h the ethanol concentration reached 14.8 g/L with a
productivity of 0.61 g/(Lh) and an overall efficiency of 66%. A higher overall efficiency of 73% was reached
with an ethanol concentration of 16.4 g/L and a productivity of 0.23 g/(Lh). These results indicate that most of
the cellulose fraction from R-SE-OH was solubilized and converted in ethanol during the first 24h showing a
clear advantage of the SSF bioprocess over the SHF that took a total time of 96 h.

IV. CONCLUSIONS
Untreated rockrose is a very recalcitrant material to the enzymatic hydrolysis. Pretreatments increased the
polysaccharides accessibility to cellulolytic enzymes, especially after alkali treatment, allowing saccharification
yields of 70-74%. Study of SHF and SSF process with R-SE-OH showed that SSF process was more efficient
than SHF process with an overall efficiency of 66% allowing the production of 14.8 g/L of bioethanol with a
productivity of 0.61 g/(Lh) after 24h of fermentation. A higher overall efficiency of 73% can be attained if the
bioprocess is extended.
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ABSTRACT
Since Jatropha curcas shells, a subproduct from biodiesel production, are rich en hexosans, they can be considered for
ethanol production using Saccharomyces cerevisiae as fermentable microorganism. In this work, acid pretreatment
conditions were applied to J. curcas shells, and the effect of temperature (110-150°C), H2SO4 concentration (0.5-2.5%)
and pretreatment time (15-45 min) on the formation of sugars during pretreatment and on the enzymatic hydrolysis of
cellulose was evaluated. Cellulose conversion during enzymatic hydrolysis, which was evaluated by both separate
hydrolysis and simultaneous saccharification and fermentation, was positively affected by pretreatment, and in some
experimental runs it reached values above 80%. Based on the experimental results, analytical models describing the
effect of the operational conditions on the response factors were built. The models predicted maximal cellulose-toethanol conversion (82.0%) for the material pretreated at 136°C, 1.5% H2SO4 and for 30 min. That value is higher than
the optimal glucan yield previously reported for the pretreatment performed at 178°C, 0.9% H2SO4.
I. INTRODUCTION
Jatropha curcas L. is a drought-resistant plant belonging to the Euphorbiaceae family. Its seeds are rich in a non-edible
oil [1], which can be used for biodiesel production [2]. In Cuba, J. curcas grows in the whole island as a wild plant, and
now it is been specially cultivated in some provinces for biodiesel production. Because of its oil yield and its fatty acid
composition, J. curcas was identified as the most promising non-edible-oil plant for biodiesel in Cuba [3]. Besides to
oil, J. curcas, produces considerable amount of biomass. The net biomass production, including fruits, branches, and
leaves can reach around 11.8 t/ha/year [4]. A high percent of this biomass is discarded or burned in the fields.
In the biodiesel process solid residues, such as press cake and shells, are generated. The fruit shells are rich in cellulose
and hemicelluloses, and can, therefore, be considered potential feedstocks for ethanol production. For that aim, the
shells should be pretreated to break the lignocellulose matrix and improving cellulose reactivity. Afterwards, the
pretreated cellulose can be hydrolysed, preferably by enzymes leading to a glucose-rich hydrolysate [5]. Among the
investigated pretreatment methods [6], sulfuric acid pretreatment is one of the most promising, and it has recently been
used for J. curcas shells [7, 8].
This work is aimed to investigate the sulfuric acid pretreatment and the enzymatic hydrolysis of cellulose of J. curcas
fruit shells in order to obtain sugars that can be converted in ethanol and other added products.
II. EXPERIMENTAL
Material
The J. curcas fruit shells were air dried at 50oC during 24 h. Afterwards, they were knife-milled, screened through a 2
mm-sieve and stored in a plastic bag at room temperature until further use. A small part was screened under 1 mm-sieve
a used for raw material analysis.
Acid pretreatment
50 g (dry matter) of shells were suspended in 500 g of sulfuric acid solution and pretreated in a 1 L-reactor (Parr
Instrument Company, Moline, IL) following a Box–Behnken response surface experimental design (Table 1). By the
end of the pretreatment, the reactor was cooled by immersion in an ice-water bath to approximately 30-35oC.
Enzymatic hydrolysis
1.25 g of dried pretreated solids were supended in 25 mL of 0.1 M citrate buffer (pH 4.8). A commercial preparation of
Trichoderma reesei cellulases (Celluclast 1.5 L) and a β-glycosidase preparation (Novozym 188), were used. The
cellulases were added at a loading of 15 FPU/g DM, and the β-glycosidase as 15 IU/mL. The reaction mixture was
incubated at 50oC and 150 rpm for 48 h. At the end of the hydrolysis, glucose was quantified by HPLC, and the results
were used for calculating the enzymatic convertibility of cellulose. All of the experiments were performed in duplicates.
Simultaneous saccharification and fermentation
Suspensions of 1.25 g of the pretreated solids in 24 mL of citrate buffer (pH 4.8) were prepared in Erlenmeyer flasks.
The suspensions were supplemented with yeast extract (5 g/L), NH4Cl (2 g/L), KH2PO4 (1 g/L) and MgSO4·7H2O (0.3
g/L). Enzymes were added in the same amounts as for the enzymatic hydrolysis. A Saccharomyces cerevisiae culture (1
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mL) was inoculated, and the reaction mixture was incubated at 35°C and 150 rpm for 72 h. All of the experiments were
performed in duplicates.
III. RESULTS AND DISCUSSION
Dilute acid pre-treatment
Initially, the chemical composition of the raw shells was determined. The cellulose content (32.8%) was comparable to
that of other lignocellulosic materials [9]. It also contained 5.0% of other hexosans (mannan and galactan). That rather
high content of hexosans makes J. curcas shells a raw material of interest for ethanol production. In order to release
fermentable sugars (glucose, mannose and galactose), the hexosans have to be hydrolysed, and the material should be
pretreated if enzymatic hydrolysis is the choice. Dilute acid prehydrolysis was used as pretreatment method, and a BoxBehnken experimental design was applied. The pretreatment resulted in the solubilization of 25-50% of the initial
material (see the yields of solids Table 1). The analysis of significance of the independent factors showed that the yield
of solids significantly decreased with the temperature, the sulphuric acid concentration and their interaction, whereas it
significantly increased with the quadratic effect of the pretreatment time (Data no shown).
Table 1. Pretreatment conditions and yield of solids achieved under each experimental run
No. Temperature, °C H2SO4 conc., % (w/w) Time, min Yield of solids, %
1
110
0.5
30
73.4
2
110
1.5
15
75.3
3
110
1.5
45
75.3
4
110
2.5
30
70.7
5
130
0.5
15
73.3
6
130
0.5
45
69.6
7
130
1.5
30
65.0
8
130
1.5
30
64.0
9
130
1.5
30
63.4
10
130
2.5
15
64.2
11
130
2.5
45
59.0
12
150
0.5
30
65.5
13
150
1.5
15
62.4
14
150
1.5
45
58.8
15
150
2.5
30
51.1
Enzymatic hydrolysis
The pretreated material was submitted to enzymatic hydrolysis by both separated hydrolysis (SH) and simultaneous
saccharification and fermentation (SSF). Both hydrolysis schemes led to high hydrolytic conversions, and the responses
for both of them were strongly affected (P < 0.01) by the temperature and the quadratic effect of acid concentration. The
best conversions (above 80%) were achieved for the pretreatments performed at intermediate severity (Fig. 1). The
materials pretreated at either low or high values of the independent factors gave rise to values below 70% of the
theoretical yield.
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Figure 1. Response surface graph for the cellulose-to-ethanol conversion in the SSF
The experimental results were used for building up analytical models predicting the cellulose-to-glucose conversion
(CGC) in the separate hydrolysis (Eq. 1) and the cellulose-to-ethanol conversion (CEC) in the SSF (Eq. 2) under
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different temperature (T), acid concentrations (AC) and pretreatment time (PT).
CGC = 85.3 − 9.1*T + 14*AC − 8.0*AC2

(Eq. 1)

CEC = 81.3 + 8.0*T − 11.3*T2 + 5.0*AC − 8.3*AC 2 − 18.3*PT2

(Eq. 2)

The developed models predicted optimal conversions for both schemes. The optimal cellulose-to-glucose conversion in
the separate hydrolysis was 87.1%, and maximal cellulose-to-ethanol conversion predicted for the SSF experiments was
82.0%, and they are expected for rather low temperatures (135°C) and moderate acid concentrations (1.5%). The
predicted optima are higher than the optimal glucan yield reported previously for pretreatment performed at 178°C and
0.9% H2SO4 [7]. That indicates that low temperature pretreatments combined with moderate acid concentrations are
more favorable for activating the cellulose contained in J. curcas shells than high temperature pretreatments at lower
acid concentration.
IV. CONCLUSION
The suitability of dilute-acid prehydrolysis as pretreatment method for preparing J. curcas shells for enzymatic
hydrolysis was demonstrated. It was found that pretreatments at with moderate acid concentrations (1 – 1.5%) at
relatively low temperature (130 – 140°C) are effective for achieving high hydrolytic conversion of cellulose.
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ABSTRACT
The aim of this study was the influence and optimization of operating variables in the enzymatic treatment
(laccase-mediator, (LMS)) in Eucalyptus globulus wood with a hydrolytic pretreatment. This treatment was
performed with laccase and HBT as mediator of eucalyptus wood with hydrolytic pretreatment in a
concentration range of 15 to 35 U/g in o.d.b. (over dry basis) of laccase, concentration range of 1.5 to 4.5 % in
o.d.b. of HBT and time between 60 and 180 minutes. The ratio liquid/solid was 8/1 for all experiments. The
operating temperature and pH were 45 and 4.5, respectively. For this study design was performed centrally
composed of experiments in order to investigate the influence of independent variables, concentration of
laccase, concentration of HBT and time on the dependent variables: yield, percentage de cellulose and
percentage of residual lignin in the solid. The results showed that the best operating conditions in the treatment
of Eucalyptus globulus with laccase mediator system were 21.6 U/g in o.d.b of laccase, 2.25% in o.d.b. of HBT
and a time of 60 minutes.
I. INTRODUCTION
Biopulping could be defined as the operation of paste obtained by procedures that include biological treatments.
Its justification is the substitution from the chemical reagents or of the mechanical energy by the action of
microorganisms (fungi) or enzymes with capacity to degrade the lignin and to obtain as a result the
environmental improvement of the pulping procedure, due to reduced energy expenditure and reagents in the
pulping process [1-2].
The enzymes that play a key role in the degradation of the lignin are peroxidases (lignin peroxidase (LiP),
manganese peroxidase (MnP)) and laccases (Lac). These enzymes come from lignolitic fungi, like for example
the fungi of white rot. Laccases, enzymes of type phenol oxidase, use molecular oxygen as substrate and reduces
it until water. Laccases are enzymes that catalyze the oxidation of a large amount of phenolic substrates, much of
the lignin is made by no laccase phenolic compounds alone cannot modify. With the laccase-mediator system
(LMS), the enzyme can extend its work, including non-phenolic compounds. Mediators are molecular organic
compounds of low molecular weight that can be easily oxidized by the enzyme, which in turn oxidize other
substances with higher redox potential before returning to its original state [3].
One disadvantage of enzymes for biopulping is their low effectiveness due to difficulties in penetrating the chips
[4]. In the this study, hydrolytic treatment is being explored as a means to facilitate enzymes penetration. This
process consists in the treatment of lignocellulosic materials with water high temperature. During this process,
the water high temperature causes the release of acids from the acetylated wood components which catalyze
hydrolytic reactions in the wood polymers. These autohydrolysis reactions result in a loss of hemicellulose [5-6].
In the current study, the influence and optimization of operating variables in the LMS treatment in Eucalyptus
globulus wood following hydrolytic pretreatment.
II. EXPERIMENTAL
2.1. Raw material and analysis of raw material.
Eucaliptus globulus samples from local plantations (Huelva, Spain). The raw materials were chemically
characterized. Thus, ash, ethanol-toluene extractives, hot water and 1% NaOH solubles, lignin, cellulose and
hemicelluloses content were determined according to the methodology described by Lopez et al. (2014) [7]
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2.2. Hydrothermal pretreatment
Raw material and water were mixed in the desired proportions and treated in a 600 cm 3 stainless steel reactor
(Parr Instruments Company, Moline, Illinois, USA) using a liquid/solid ratio (LSR) of 6 kg water/kg raw
material, on dry basis (the moisture content of material was considered as water). The operating conditions the
hydrothermal treatment were 181 ºC temperature and 37.5 minutes time. After treatment, solid residues were
recovered by filtration, washed with water, air-dried, weighted for yield determination. Aliquots of the solid
were assayed for yield and composition (duplicate) using the same methods as for raw material analysis.
2.3. Laccase - Mediator treatments
The solid fraction obtained from the hydrothermal pre-treatment was subjected to the laccase treatment. The
enzyme used was laccase from Trametes versicolor of Sigma-Adrich. Assays were performed in 500 mL flasks
placed in a thermostatic shaker at 100 revolutions per minute. Based on the enzyme product sheetsprovided by
themanufacturer, 45 ºC and pH 4.5 were the fixed conditions selected for the laccase treatments. For the laccase
treatments, flasks were equipped with an air bubbling system, and 1-hydroxybenzotriazole (HBT) was used as
mediator. Other conditions, were: citrate buffer concentration, 1mol L-1 and liquid/solid ratio of 8 kg water/kg
raw material, on dry basis. After the enzymatic treatments, the solid fractions were isolated and aliquots of the
solid were assayed for yield and composition using the same methods as for raw material analysis.
2.4. Experimental design for Laccase - Mediator treatments
A 2n central composite experimental design that enabled the construction of second-order polynomial in the
independent variables and the identification of statistical significance in the variables was used. This allowed
relating the dependent (yield, glucan, hemicellulose and Klason lignin) and independent (laccase concentration
(Xl), HBT concentration (Xm) and operation time (Xt)) variables of the Laccase - Mediator treatments with a
minimum number of experiments.
Independent variables were normalized by using the following equation:

Xn 

X X
( X max  X min ) / 2

Where X is the absolute value of the independent variable concern X is the average value of the variable, and
Xmax and Xmin are its maximum and minimum values, respectively. The laccase concentration, HBT
concentration and operation time used in the different experiments of the design were 15, 25 and 35 U/g o.d.b.,
1.5, 3 and 4.5 % o.d.b. and 60,120 and 180 min, respectively.
The number of tests required was calculated as N = 2 n + 2*n + nc, 2n being the number of points constituting the
factor design, 2*n that of axial points and nc that of central points. Under our conditions, N = 15.
The experimental results were fitted to the following second-order polynomial:
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For the multiple regression analysis was used statistical programs STATISTICA 9.0 and JMP 8.0.
III. RESULTS AND DISCUSSION
Eucalyptus globulus chemical characterization gave the following values: Glucan 42.78 %, hemicellulose 21.05
and Klason lignin 21.17 %, over dry raw material.
Table 1 shows results for yield, glucan, hemicelluloses and klason lignin contents in solid phase after the
treatment with laccase. Also, the normalized values of laccase concentration, mediator concentration and
operation time where showed.
Results of yield were similar for all experiments. After laccase treatment this variable is between 94.1 % and
95.0% to respect the solid phase after autohydrolysis treatment of raw material. Taking into account that the
process yield of autohydrolysis was 73.4%, the yield of the global process in two stages was between 69.1 % and
69.7 %.
The glucan content varied between 48.7 % and 53.3 % in solid phase after laccase treatment and values shows
from table 1 when this result was expressed respect to the original raw material. In the same manner, the
hemicelluloses and Klason lignin contents varied between 2.3 % - 2.7 % and 24.6 % - 34.5 % respectively.
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Table 1: Normalized operational conditions and composition of solid after LMS treatment. The concentrations
are referred to initial raw material.
Normalized values of laccase concentration (Xl)
, HBT concentration (Xm) and operation time (Xt)

0
1
1
1
1
-1
-1
-1
-1
1
-1
0
0
0
0

0
1
1
-1
-1
1
1
-1
-1
0
0
1
-1
0
0

0
1
-1
1
-1
1
-1
1
-1
0
0
0
0
1
-1

Yield ,
%

Glucan*,
%

Hemicelluloses*,
%

Klason Lignin*,
%

94.43

35.45

1.88

18.04

94.56

35.11

1.74

23.78

94.75

34.83

1.81

23.99

94.73

36.61

1.81

22.40

94.14

36.38

1.69

22.14

94.48

35.93

1.59

23.02

94.78

35.77

1.64

23.02

94.49

36.22

1.68

17.55

94.66

37.01

1.62

17.59

94.39

36.45

1.83

21.27

94.39

36.70

1.69

19.28

94.34

33.70

1.86

20.92

94.10

34.31

1.83

17.89

94.92

35.50

1.88

17.11

94.96

35.25

1.92

17.11

*over dry raw material

According results of characterizacion of raw material, the relative proportion of glucan in the solid phase after
laccase treatment was increased and hemicelluloses fraction decreased. More of 87.2 % of hemicellulose fraction
en raw material was extracted in liquid phases.
Table 2: Equations yielded for each dependent variable for solid after LMS treatment of eucaliptus.
Equation

Adjusted R²

F- Snedecor

Yyld = 94.44 - 0.02 Xl +0.07 XmXm + 0.44 Xt Xt + 0.11 Xl Xt - 0.11 XmXt

0.81

11.64

YGlu = 35.32 - 0.23 Xl – 0.58 Xm + 1.45Xl Xl - 0.82 Xm Xm - 0.19 Xl Xm

0.941

31.77

YHem = 1.89 - 0.06 Xl - 0.15 Xl Xl - 0.05 Xm Xm+ 0.02 Xl Xm - 0.04 Xm Xt

0.976

81.95

Ylk = 17.77 + 1.31 Xl + 1.71 Xm + 2.64 Xl Xl + 1.77 Xm Xm - 0.52 Xt Xt - 0.95 Xl Xm

0.985

173.00

Table 2 and figures 1-2 shown the models and surface response to represent the variation of dependent variables
(glucan, hemicelluloses and Klason lignin contents) respect to independent variables: operation time and laccase
concentration at two levels of mediator (HBT) concentration. All the models in table 3 show a good fit to the
experimental values, with values higher than 0.9 of r2 for the characteristics of the solid phase.

A)

B)

Figure 1: Variation dependent variables as a function of independent variables of LMS process. A) Glucan B)
Hemicelluloses
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Figure 2: Klason lignin variation as a function of independent variables of LMS process
The best results in delignification (figure 1) can be obtained by operating at low or intermediate mediator and
laccase concentrations. The operation time is a variable with low influence. Then, a suitable delignification can
be achieved in these conditions (operation time in the low range of variation interval). On the other hand, the
best result for glucan content (figure 1.A) can be obtained at intermediate mediator concentration and low
laccase concentration. Again, the time of operation is a little influential in the considered range variable.
Differences in hemicelluloses concentration are little because most of them have been extracted in the
autohydrolysis stage.
The optimum operating conditions (determined with JMP 8.0 statistical software) were 21.6 U/g (-0.35
normalized) in o.d.b of laccase, 2.25 % in o.d.b. of HBT (-0.5 normalized) and a treatment time of 60 minutes (1 normalized). Process optimization is made considering the lowest percentage of Klason lignin and the higher
percentage of glucan (cellulose) existing in the final solid with respect to the initial raw material.
IV. CONCLUSIONS
The variables that most influence the LMS treatment were HBT concentration, followed by laccase
concentration. The least influential variable was the time treatment. Optimum operating conditions were -0.35, 0.5 and -1 for normalized values of laccase concentration, HBT concentration and operation time, respectively.
Hydrolytic treatment followed by LMS treatment the Eucaliptus globulus seems to be a promising pretreatment
for increasing the delignification rate in a biopulping process.
V. ACKNOWLEDGEMENT
The authors are grateful to Spanish Ministry of Science and Innovation by the “Ramón y Cajal” contract and
PhD student grant from Agrifood Campus of International Excellence (CeiA3). Also they thank to Ministry of
Economy, Innovation, Science and Employement of the Junta de Andalucía (Government of Spain), Project
number RNM 2323.
VI. REFERENCES
[1] Martín-Sampedro, R., Eugenio, M.E., Carbajo, J.M., Villar, J.C. Combination of steam explosion and
laccase-mediator treatments prior to Eucalyptus globulus kraft pulping. Bioresour. Technol. 2011, 102 ,7183–
7189.
[2] Widsten, P., Kanderbauer, A. Laccase applications in the forest products industry. A review. Enzyme
Microb. Technol. 2008, 42, 293-307.
[3] Grethlein, H.E.. The effect of pore size distribution on the rate of enzymatic hydrolysis of cellulosic
substrates. Nat. Biotechnol. 1985, 3, 155–160.
[4] Martín-Sampedro, R., Eugenio, M.E., García, J.C., Lopez, F., Villar, J.C., Diaz, M.J. Steam explosion and
enzymatic pre-treatments as an approach to improve the enzymatic hydrolysis of Eucalyptus globulus. Biomass
Bioenerg. 2012, 42, 97-106.
[5] Li H, Saeed A, Jahan MS, Ni Y, Van Heiningen A., Hemicellulose removal from hardwood chips in the
prehydrolysis step of the kraft-based dissolving pulp production process. J Wood Chem Technol. 2010,3 0, 4860.
[6] López, F., García, M.T., Feria, M.J., García, J.C., Diego, C.M., Zamudio, M.A.M., Díaz, M. J. Optimization
of furfural production by acid hydrolysis of Eucalyptus globulus in two stages. Chem. Eng. J. 2014, 240, 195–
201.

366

© CSIC © del autor o autores / Todos los derechos reservados

13th European Workshop on Lignocellulosics and Pulp

RADIAL AND AXIAL VARIATION OF NON-POLAR EXTRACTIVES
IN EUCALYPTUS GLOBULUS
Jorge Gominho1*, Ana Lourenço1, Isabel Miranda1, António Velez Marques1,2 and Helena
Pereira1
1

Centro de Estudos Florestais, Instituto Superior de Agronomia, Universidade de Lisboa,
Tapada da Ajuda, 1349-017 Lisboa, Portugal; 2 Superior Institute of Engineering of Lisbon,
Polytechnic Institute of Lisbon, Rua Conselheiro Emídio Navarro 1, 1959-007 Lisboa, Portugal
(*Jgominho@isa.ulisboa.pt)

ABSTRACT
In order to evaluate the radial and axial variations of the extractives in E. globulus, one mature tree with 32 m was
harvested and six discs were taken at different height levels: 0%, 5%, 10%, 35%, 50%, and 60%, of height. The
heartwood was present at all levels and contained more extractives than sapwood. The bole section from stump to
60% height level represented 81.8 kg (o.d.) with 36.9 kg sapwood and 44.9 kg heartwood. Extractives amounted
to 2.94 kg of which 1.83 kg in heartwood. The extractives content decreased with height and with radial position.
The main contribution for the total content was done by ethanol extracts (1.3 – 8.9 %). Non-polar compounds
represented respectively in sapwood, outer heartwood and inner heartwood 0.30 %, 0.50 % and 0.43 % at base
level and 0.25 %, 0.30 % and 0.32% at 60 % of total height. In non-polar extractives the major compounds
identified were fatty acids and sterols.

I. INTRODUCTION
Extractives are important non-structural components of wood that show a high chemical diversity e.g. hydrophilic
and lipophilic compounds, and have a large impact on wood properties and processing. They are responsible for
wood colour, odour and they protect the tree from microbial and insect attacks, [2]. Their occurrence, composition
and distribution depend of species, growing site, position within the tree and genetic factors, [1]. The extractives
content varies axially and radially within the tree: they decrease to the tree top and from the inner to the outer part
[3]. The heartwood is the preferential region where the tree accumulates extractives, [4]. In pulping, the effect of
both non-polar and polar extractives is highly negative as regards yield and product quality as well as process and
equipment, [5]. Therefore wood extractives are one of the main concerns for pulping engineers. This problem is
significant even in pulp industries using E. globulus wood which is a raw-material known to have a low content
of total extractives (2.9-5.7 %), [6]. The lipophilic fraction of wood extractives plays an important role in pulp and
paper production, since it induces formation of pitch and stickies, even if present in the wood in only small amounts
as in e.g. E. globulus where the dichloromethane extractives range between 0.4-0.8 %, [7]. The objective of this
work is to study the radial and axial variations of non-polar compounds in E. globulus trees using as a case study
mature trees for which a higher content in extractives is expected.

II. EXPERIMENTAL
One mature tree with 40 years of age was chosen and stem disks with 20 cm thickness were taken at different
height levels: 0%, 5%, 10%, 15%, 20%, 25%, 35%, 45%, 50%, 60%, 75% of total tree height and top (< 6 cm of
diameter). The wood samples were air-dried, and the regions of sapwood and heartwood were marked and the
respective area measured using an image analysis system, [8]. The tree volume, and the sapwood and heartwood
volumes were calculated by sections corresponding to the different height levels of sampling according to
Gominho and Pereira [8]. For basic density and chemical analysis the heartwood was divided in outer heartwood
and inner heartwood (at 1/2 of the heartwood radius). In this study, only six height levels were analyzed: at 0%,
5%, 10%, 35%, 50% and 60% (Figure 1). The basic density was calculated using the oven-dry weight and the
green volume determined by water immersion. For extractives analysis the samples were grinded and sieved. The
40-60 mesh fractions (5 g) were Sohxlet-extracted successively with dichloromethane, ethanol and water until the
completed extraction (16 h with each solvent) and the extractives content was determined gravimetrically. All the
analyses were done in duplicate. The dichloromethane extracts were dried under N2, derivatized with BSTFA and
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analyzed by GC-MS (Agilent 7890 A - 5975 C inert MSD) with a high-temperature capillary column ZB-5HT
Inferno (30 m × 0,25 mm x 0,10 μm). The compounds were identified by comparing their electron-impact mass
spectra (EIMS) with spectra libraries (Wiley and NIST), published spectra, standard spectra and/or interpretation
of the mass spectra.

III. RESULTS AND DISCUSSION
Tree characterization
Figure 1 represents the sapwood and heartwood variation along the height of the harvested tree. The tree had a
total height of 32 m, a merchantable bole of 29.1 m and a below-crown height (to the first live branch) of 22.9 m.

Figure 1. Heartwood and sapwood variation along the harvested E. globulus tree.
Heartwood content decreased from bottom to the top (13.6 cm of radius at 0% to 5.9 cm at 60% of height). The
sapwood thickness was fairly constant along the tree e.g., ranging between 3.1 cm and 2.1 cm (Table 1). This
behavior was described by Gominho and Pereira [8] for E. globulus and Gominho et al. [9] for the eucalypt hybrid
urograndis. Regarding basic density, outer heartwood showed higher values when compared with inner heartwood
due to the thick fiber walls of such mature wood and the accumulation of more extractives [1].
Table 1. Biometric data and basic density at different height levels of the E. globulus tree.
Level
0%
5%
10 % 35 % 50% 60 %
Height level (m)
0.2
1.6
3.2
11.2
16.0
19.2
Total radius (cm)
19.1
15.9
15.2
11.5
10.6
8.7
Bark thickness(cm)
2.4
1.7
1.4
0.9
0.9
0.7
Sapwood thickness (cm)
3.1
2.5
2.6
1.8
2.9
2.1
Heartwood radius (cm)
13.6
11.7
11.2
8.7
6.8
5.9
Heartwood area (% of total area)
50.8
54.2
54.2
57.8
41.4
45.5
Basic density (g/cm3)
Sapwood
0.578 0.666 0.669 0.666 0.680 0.663
Outer Heartwood
0.760 0.721 0.732 0.702 0.776 0.724
Inner Heartwood
0.613 0.592 0.615 0.633 0.737 0.726
The total volume for the bole section between the stump and 60% of height was 121.2 dm3 with a partition in
sapwood and heartwood of 59.85 dm3 and 61.33 dm3 respectively.
Extractives variation
The results show that the content in extractives (dichloromethane, ethanol and water) decreased in the stem with
height and with radial position (Figure 2). For the total extractives content, the main contribution was done by
ethanol extracts (1.3 – 8.9 %) followed by the water extracts (0.7 - 1.7 %) and to a small extent by dichloromethane
extract (0.19 - 0.49 %). Non-polar extracts soluble in dichloromethane represented respectively in sapwood, outer
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heartwood and inner heartwood 0.30 %, 0.50 % and 0.43 % at base level and 0.25 %, 0.30 % and 0.32% at 60 %
of total height. The variation of the total content of extractives showed that the values for inner heartwood
remained constant at different height levels, the values for the outer heartwood decreased and increased for the
sapwood. The increase in sapwood extractives in the upper part of the tree could be explained by the proximity to
the crown with more translocation of organic compounds.

Figure 2. Extractives variation (total, dichloromethane, ethanol and water) at different height levels.

Based on volume and basic density, the portion of the stem analyzed corresponded to 81.8 kg with 36.9 kg sapwood
and 44.9 kg heartwood (Table 2). Taking in account the extractives content, the mass of extractives was 2.94 kg
of which 1.83 kg in heartwood. The inner heartwood was responsible for 54 % of the total extractives accumulated
in this wood region. Concerning the solvents, dichloromethane extracted 0.28 kg, ethanol 1.84 kg and water 0.82
kg.

Table 2. Partitioning of extractives in sapwood and heartwood of the E. globulus tree (base to 60% of height).
Wood
Dry weight
Extractives (kg)
(kg)
Dichloromethane
Ethanol
Water
Total
Sapwood

36.9

0.11

0.60

0.40

1.11

Heartwood

44.9

0.17

1.25

0.42

1.83

Inner heartwood

24.6

0.09

0.66

0.22

0.97

Outer heartwood

20.3

0.08

0.59

0.20

0.86

81.8

0.28

1.84

0.82

2.94

Total

Composition of non-polar extractives
Figure 3 represents the chromatograms of the non-polar extractives for the sapwood at 0% and 60 % of height.
The major compounds identified in the non-polar extractives were fatty acids and sterols and their relative
distribution could be charted within the stem.
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Figure 3. Gas chromatography-mass spectrometry (GC-MS) of dichloromethane extracts from sapwood at 0% and
60 % of height.

IV. CONCLUSIONS
The bole section of the E. globulus tree analyzed in this study presented a heartwood proportion of 50.8 – 45.5 %
in the cross-sectional area that decreased from bottom to the top. The extractives content decreased in the stem
with height and with radial position. The ethanol extracts are the main compounds (1.3 – 8.9 %) in the extractives.
The dichloromethane extract represented 0.28 kg of the bole and the major compounds identified are fatty acids
and sterols.
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ABSTRACT
The rational use of natural resources should be a priority in the policies aimed to make what is known as
sustainable development. The epitome of rational use is the comprehensive utilization of these resources.
Thus, when it comes to food crops, interest should focus not only on obtaining actual food (fruit,
vegetables, cereals, etc), but in turn into product or by-product which can initially be considered as waste.
Orange tree pruning consists of lignocellulosic material from the felling operation. The Spanish
production of oranges is about 6,500,000 t/year, Andalusia contribute with more than 20%. Considering
that the relationship "prune/fruit" can be 0.8, the production of pruning can be more than 5,000,000
tons/year.
Within the wide range of organic solvents used in organosolv process, ethanol is the most used and the
most ancient delignified agents. This is due to its low price, ease of recovery and low toxicity (regarding
other organic solvents). The ethanol pulps have highest α-cellulose content and lower hemicellulose, in
relation to the Kraft pulp, providing the benefits of increased yield and a minor loss of hemicelluloses in
the refining.
The aim of this work was to study the influence of operational variables in the orange tree pruning
ethanol pulping [temperature (170-200ºC), time process (60-120 min) and ethanol concentration (6080%) at constant values of liquid solid ratio of 8:1, on the pulp yield and viscosity of pulps and tensile
index, burst index and tear index of papersheets. The experimental data obtained were used to estimate
the parameters or constants in the equation for the neural fuzzy model. The predictions for the yield,
viscosity, tensile index, burst index and tear index differ by less than 5, 8, 13, 8 and 20% of their
experimental values.
I.INTRODUCTION
Since the 1970s, pulp production from non-woody plants using non-conventional raw materials has
increased from approximately 7% to almost 12% of the total pulp produced, growing at a rate of 2 to 3
times greater than wood pulps [1-4].
The use of agricultural and agro-industry residues and alternatives to food crops seems to be a good
alternative to raw wood material, which can lead to excellent paper products with special properties and
can serve as the sole source of raw materials in some geographical areas [5].
Orange tree prunings could provide a new source of non-wood raw material. Spanish production of
orange tree prunings from felling operations is more than 5 million tons per year [6]. Orange tree
prunings and crop residues in general must be removed to control pollution, fire, pests, interference with
soil cultivation, and occupation of large areas. It is advantageous to try to exploit the different fractions of
waste as a method to reduce disposal costs.
The aim of this work was to study the influence of operational variables in the orange tree pruning
ethanol pulping [temperature (170-200ºC), time process (60-120 min) and ethanol concentration (6080%) at constant values of liquid solid ratio of 8:1, on the pulp yield and viscosity of pulps and tensile
index, burst index and tear index of papersheets. The experimental data obtained were used to estimate
the parameters or constants in the equation for the neural fuzzy model. The predictions for the yield,
viscosity, tensile index, burst index and tear index differ by less than 5, 8, 13, 8 and 20% of their
experimental values
II. EXPERIMENTAL
Raw material
This work uses the main fraction of the orange tree prunings (Citrus sinensis), constituted by the wood
from the branches and stems with diameters larger than 1 cm
Pulping
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Pulp was obtained by using a cylindrical reactor of 1.9 L capacity, operating in discontinuous. The reactor
vessel is enveloped by electrical resistances for heating. The vessel is designed to achieve pressures
higher than 30 kg/cm2.
The main fraction of the orange tree pruning was pulped in the reactor under certain conditions of ethanol
concentration, temperature, time and liquid/solid ratio (Table1). Next, the cooked material was fiberized
in a wet desintegrator at 1200 rpm for 30 min and the screenings were separated by sieving through a
screen of 1 mm mesh size.
Paper sheets were prepared on an ENJO-F-39.71 sheet machine according to the TAPPI 220 standard
method.
T, ºC t, min E, % YI, % VI, mL/g TI, Nm/g BI, kN/g TeI, mNm2/g
185
90
70
44.9
362
15.1
0.66
1.45
200
120
80
39.7
667
11.5
0.54
1.25
170
120
80
58.0
162
6.3
0.98
200
120
60
34.7
638
12.9
0.51
1.18
170
120
60
48.7
244
14.5
0.61
1.43
200
60
80
44.9
496
15.5
0.60
1.33
170
60
80
61.5
112
0.74
200
60
60
36.6
689
13.4
0.52
1.25
170
60
60
55.6
157
7.0
0.89
185
120
70
47.1
538
18.9
0.73
1.52
185
60
70
47.4
337
16.5
0.73
1.52
185
90
80
47.0
309
16.3
0.70
1.53
185
90
60
41.5
523
17.3
0.74
1.52
200
90
70
36.9
699
12.9
0.54
1.41
170
90
70
57.6
169
8.0
0.33
1.02
T, t, and E = Temperature, time and ethanol concentration, respectively
YI: yield; VI: viscosity; TI: tensile index; BI: burst index; TeI: tear index

Experiment
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Table1. Values of the operational variables and of the properties of the pulps obtained pulping orange tree
pruning with ethanol
Characterization of the pulp and paper sheets
The products (pulp and paper) obtained from raw material were characterized according to the following
standard methods: Yield (gravimetrically), viscosity (Tappi T230-om-94), tensile index (Tappi T494om96), burst index (Tappi T403om-97) and tear index (Tappi T414om-98).
Experimental design
The relationships between the dependent variables (viz. yield, viscosity, tensile index, burst index and
tear index) and the independent (operational) variables were established by using a fuzzy neural model.
This type of model combines the advantages of fuzzy logic systems [7] and neural networks [8], and
provides a powerful prediction tool based on the following equation [9] with three independent variables,
the use of a singleton defuzzifier (a constant parameter) and a linear membership function for the
independent variables:
(1)
Y 
e

8  4 2 
 cl   xij 
l 1
i 1 j 1





4 2 
   xij 
i 1 j 1
8

l 1

where Ye is the estimated value of the property to be modelled and cl the defuzzifier of a fuzzy rule, xi
denoting the values of temperature (T), time (t) and ethanol concentration (E), and j being 1 or 2 in the
equations:
x 1
i1

1
x  x
high

low



x  x 
low

x 
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1
x  x
high

low



x  x 

(2)

low

with xhigh and xlow the extreme values of each variable.
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With three independent variables, one can establish the following 8 fuzzy rules (Ri) based on the extreme
(high and low) values of such variables:
R1: low T, low t and low E
R2: low T, low t and high E
.....................................
R7: high T, high t and low E
R8: high T, high t and high E
With a Gaussian membership function with three levels (low, medium and high) for one of the variables
and a linear membership function with two levels (low and high) for the other two, Eq. 1 would contain
12 terms in the numerator and another 12 in the denominator. The Gaussian membership function would
be of the form:
(3)

xx  
x  exp  0.5

 
 L  

where x is the absolute value of the variable concerned; xc its minimum, central or maximum value; and L
the width of its Gaussian distribution.
The parameters and constants in the previous equation were estimated by using the ANFIS© (Adaptive
Neural Fuzzy Inference System) Edit tool in the Matlab v. 6.5 software suite.
2

c

i

III. RESULTS AND DISCUSSION
Experimental data from Table 1 were adjust to the equation of neurofuzzy model to estimate the
parameters or constants (ai) of this equation, with functions of linear belonging to two different levels
(low and high) for two variables of operation, and a function of membership Gaussian at three levels
(high, medium and low) for another operation variable (table 2)
Value of ai for
Rules T, ºC t, min E, %
YI, % VI, mL/g TI, Nm/g BI, kN/g TeI, mNm2/g
1
170
60
60
57.1
290
6.53
0.198
0.708
2
170
60
80
63.1
247
5.82
0.245
0.542
3
170
120
60
49.6
226
12.6
0.595
1.278
4
170
120
80
58.8
165
5.73
0.202
0.795
5
185
60
60
41.7
417
16.8
0.764
1.395
6
185
60
80
47.5
228
16.22
0.742
1.431
7
185
120
60
42.3
632
19.69
0.764
1.389
8
185
120
80
48.1
439
18.5
0.711
1.405
9
200
60
60
36.1
701
13.19
0.500
1.112
10
200
60
80
44.2
508
15.49
0.590
1.206
11
200
120
60
33.9
1001
12.49
0.490
1.048
12
200
120
80
38.9
763
11.06
0.530
1.116
9
170
90
60
10
170
90
80
11
200
90
60
12
200
90
80
R2
0.98
1.00
0.98
0.99
0.97
T, t, and E = Temperature, time and ethanol concentration, respectively
YI: yield; VI: viscosity; TI: tensile index; BI: burst index; TeI: tear index
Table 2. Values of the constant ai of the neurofuzzy model, and values of R2
Table 3 show the estimated values of the dependent variables provided by the neurofuzzy models and the
corresponding errors with respect to the experimental values (table 1). As shown, the predictions for
yield, viscosity, tensile index, burst index and tear index differ in less than the 5, 8, 13, 8 and 20%,
respectively, of their respective experimental values.
Experiment

T, ºC

t, min

E, %

1

185

90

70

2

200

120

80

3

170

120

80

Copia gratuita. Personal free copy

http://libros.csic.es

YI, %
45,2
(0,8)
39,4
(0,9)
58,2
(0,3)

VI, mL/g
436
(0,4)
744
(0,7)
181
(3,5)

373

TI, Nm/g
17,0
(12,1)
11,5
(0,4)
6,5
(2,6)

BI, kN/g
0,710
(7,89)
0,541
(0,34)
0,232
(1,27)

TeI, mNm2/g
1,358
(6,14)
1,133
(9,23)
0,831
(14,90)
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4
5
6
7
8
9
10
11
12
13
14
15

34,4
979
12,9
0,507
(1,0)
(1,3)
(0,3)
(0,49)
49,2
249
13,0
0,605
170
120
60
(0,9)
(2,4)
(1,1)
(0,44)
44,4
492
15,5
0,599
200
60
80
(1,0)
(0,8)
(0,3)
(0,41)
62,1
246
6,4
0,275
170
60
80
(1,1)
(2,4)
(2,6)
(1,12)
36,4
684
13,4
0,515
200
60
60
(0,4)
(0,7)
(0,3)
(0,42)
56,2
298
7,1
0,232
170
60
60
(1,1)
(1,9)
(2,3)
(1,44)
45,2
536
18,1
0,707
185
120
70
(3,9)
(0,4)
(3,8)
(2,74)
45,2
335
15,8
0,713
185
60
70
(4,6)
(0,4)
(4,3)
(2,50)
48,2
343
16,5
0,690
185
90
80
(2,5)
(1,9)
(1,0)
(1,56)
42,2
528
17,5
0,729
185
90
60
(2,5)
(1,1)
(0,9)
(1,25)
38,7
725
13,3
0,540
200
90
70
(4,8)
(3,6)
(3,4)
(0,33)
56,4
244
8,3
0,336
170
90
70
(2,1)
(7,4)
(3,0)
(1,40)
T, t, and E = Temperature, time and ethanol concentration, respectively
YI: yield; VI: viscosity; TI: tensile index; BI: burst index; TeI: tear index
200

120

60

1,068
(9,75)
1,285
(10,21)
1,219
(8,64)
0,595
(19,62)
1,129
(9,85)
0,749
(16,26)
1,360
(10,60)
1,356
(10,60)
1,363
(11,12)
1,353
(11,24)
1,137
(19,59)
0,865
(15,01)

IV. CONCLUSIONS
The neurofuzzy models are effective for a typical experimental design of three operational variables, with
a total of 15 experiments. A neurofuzzy model offers physical interpretation of the constants (parameters)
in so far as they represent averages of the destination properties values (dependent variables) under the
conditions defined by the specific used fuzzy rule.
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ABSTRACT
Versatile peroxidases (VPs) are promiscuous high-redox potential biocatalysts with broad substrate specificity.
VPs are strongly inhibited by modest concentrations of hydrogen peroxide which hampers their application in
different industrial settings. In the current work, a VP mutant evolved in our laboratory for functional expression
was used as departure point to tailor oxidative stability. A high-throughput assay based on the analysis of the
apparent half-life using different H2O2:enzyme molar ratios was designed and employed to explore mutant
libraries. After only one round of directed evolution two variants were selected showing apparent half-life of 1023 min with a 3,000-fold H2O2:enzyme molar excess.
I. INTRODUCTION
Broadly distributed in nature, peroxidases (EC 1.11.1) are an important group of oxidoreductases that are
capable to oxidize a wide variety of substrates in the presence of hydroperoxides [1, 2]. Peroxidases find tens of
potential applications ranging from bioremediation to organic synthesis but their low oxidative stability preclude
many biotechnological use. Typically, peroxidases undergo a mechanism-based inhibition process mediated by
catalytic concentrations of H2O2 (referred to as suicide inactivation). Several studies have been carried out to
regulate the oxidative stability of peroxidases, either by process engineering (in an attempt to control the H2O2
dosage during reaction) or by protein engineering. Site-directed mutagenesis experiments for oxidative stability
focus on the substitution of the most oxidizable residues of the protein (Met, Cys, Trp, His, Tyr) by lessoxidizable amino acids [3, 4]. On the other hand, the use of directed evolution provides the opportunity to
unmask residues involved in the oxidative stability of the peroxidase that otherwise could hardly be anticipated
by rational approaches. High-throughput screening (HTS) assays reported to date for evolving towards oxidative
stability are based on the rough incubation of mutant supernatants in the presence and in the absence of H2O2 [57]. All these protocols do not take into account the H2O2:enzyme molar ratio, which is an important parameter to
avoid the selection of false positives during the directed evolution experiment: the same molar excess of H2O2
applied in the screening led to different responses depending on the activity and secretion levels of each mutant.
Recently, the high-redox potential versatile peroxidase (VP) from Pleurotus eryngii, was evolved for secretion,
activity and thermostability in Saccharomyces cerevisiae [8]. In the current work, we have used the VP secretion
mutant (R4 variant) to tailor oxidative stability. A robust HTS-assay based on the determination of apparent halflife (Δt1/2) at several H2O2:enzyme molar ratio was adapted to the specific conditions of the yeast expression
system and used to screen mutant libraries towards oxidative stability.
II. EXPERIMENTAL
VP from P. eryngii (R4 mutant of the allelic variant vpl2, GenBank AF007222) was used as parent type for
library construction. R4 was engineered after 4 rounds of directed evolution for secretion achieving expression
levels of 22 mg/L [8]. ABTS (2,2´-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid), bovine hemoglobin, Taq
polymerase and the Yeast transformation kit were purchased from Sigma-Aldrich (Madrid, Spain). The E.coli
XL2-blue competent cells were from Stratagene (La Jolla, CA, US). S. cerevisiae BJ5465 was from
LGCPromochem (Barcelona, Spain). Zymoprep yeast plasmid miniprep kit I and Zymoclean gel DNA recovery
kit were from Zymo Research (Orange, CA). NucleoSpin plasmid kit was from Macherey-Nagel (Germany) and
restriction enzymes BamHI and XhoI were from New England Biolabs (Hertfordshire, UK).
Library construction and cloning
PCR products were cleaned, concentrated and loaded onto a low melting point preparative agarose gel and
purified using the Zymoclean gel DNA recovery kit I (Zymo research). PCR products were cloned by replacing
the corresponding parental gene in pJRoC30 vector. To remove the parental gene, the plasmid was linearized
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(with XhoI and BamHI). The parent R4 mutant was subjected to error-prone PCR (a mutagenic library of 1044
clones was constructed). The primers used for amplification were: RMLN sense (5’CCTCTATACTTTAACGTCAAGG-3’, which binds to bp 420-441 of pJRoC30-R4) and RMLC antisense (5’GGGAGGGCGTGAATGTAAGC-3’, which binds to bp 1792-1811 of pJRoC30-R4). To promote in vivo
ligation, overhangs of 40 and 66 bp homologous to the linear vector were designed. Reaction mixture was
prepared in a final volume of 50 μL containing 90 nM RMLN, 90 nM RMLC, 0.1 ng/μL pJRoC30-R4, 0.3 mM
dNTPs (0.075 mM each), 3% dimethylsulfoxide (DMSO), 1.5 mM MgCl2, 0.05 U/μL Taq polymerase and 0.01
mM MnCl2. Error prone-PCR was carried out on a gradient thermocycler (Mycycler, BioRad, US) using the
following parameters: 95ºC for 2 min (1 cycle); 94ºC for 45 s, 53ºC for 45 s, 74ºC for 1.30 min (28 cycles); and
74ºC for 10 min (1 cycle). The PCR product (400 ng) was mixed with the linearized vector (100 ng) and
transformed into competent cells using the Yeast transformation kit (Sigma). Transformed cells were plated in
SC drop-out plates and incubated for 3 days at 30ºC.
High-throughput oxidative stability assay
Individual clones were picked and cultured in 96-well plates (Greiner Bio-One) containing 50 μL of minimal
medium lacking uridine per well. In each plate, column number 6 was inoculated with parental R4 as internal
standard, and well-H1 (containing minimal medium supplemented with uridine) was inoculated with
untransformed S. cerevisiae as negative control. Plates were sealed and incubated at 30°C, 225 rpm in a humidity
(80%) shaker (Minitron-INFORS, Biogen, Spain). After 48 h, 160 μL of expression medium were added to each
well, and the plates were incubated for 24 h. The plates (master plates) were centrifuged (Eppendorf 5810R
centrifuge, Germany) for 15min at 3,000 rpm at 4°C. The master plate was duplicated with the help of a robot
(Liquid Handler Quadra 96-320, Tomtec, Hamden, CT, USA) by transferring 20 μL of supernatant onto two
replica plates: the initial activity plate (IA plates) and the residual activity plate (RA plates). Subsequently, 180
μL of stability buffer (20 mM sodium tartrate buffer pH 5.0, Buffer A) was added to the IA plates and 180 μL of
incubation solution (0.3 mM H2O2 in 20 mM sodium tartrate buffer pH 5.0, Buffer B) was added to the RA
plates with the help of a Multidrop robot (Multidrop Combi, ThermoFischer Scientific, Vantaa, Finland). Both
plates were briefly stirred and the incubation took place at room temperature for 60 min (so that the assessed
activity in RA plates was reduced 2/3 of the initial activity). 20 μL of supernatants were transferred from both
RA and IA plates to new plates to measure the residual and initial activity values by adding ABTS containing
specific buffers: 180 μL of 100 mM sodium tartrate buffer pH 3.5 containing 2 mM ABTS and 0.1 mM H2O2 for
the estimation of residual activity and 180 μL of 100 mM sodium tartrate buffer pH 3.5 containing 2 mM ABTS
and 0.13 mM H2O2 for the estimation of initial activity. Plates were stirred briefly and the absorption at 418 nm
(εABTS•+ = 36,000 M-1 cm-1) was recorded (end-point mode) in the plate reader (SPECTRAMax Plus 384,
Molecular Devices, Sunnyvale, CA). The plates were incubated at room temperature until a green color was
developed, and the absorption was measured again. Relative activities were calculated from the difference
between the absorption after incubation and that of the initial measurement normalized against the parental type
in the corresponding plate. Oxidative stability values came from the ratio between residual activity and initial
activity values. To rule out false positives, two consecutive re-screenings were carried out. A third rescreening
was incorporated to determine the increment (expressed in minutes) in the apparent half-lives (t1/2 H2O2) for each
selected variant over parent R4 in different H2O2:enzyme molar ratios.
Protein modeling
The structure of wild-type VPL2 (purified from P. eryngii culture) at a resolution of 2.8 Å (1 Å=0.1 nm) (PDB
code 3FJW) was used as a template to generate a molecular model where the new found mutations were mapped.
The resulting model was analyzed with PyMOL Molecular Visualization System (http:// pymol.org).
III. RESULTS AND DISCUSSION
Validation of the screening assay
Typically, an appropriate selection pressure for screening towards stability in directed evolution experiments is
chosen so that the residual activity is about 30 % of the initial activity. At 0.3 mM H2O2, R4 kept 1/3 of its initial
activity value, for an incubation time of 60 min and this concentration and incubation time were selected for the
HTS-assay. ABTS was chosen as reporter substrate since it shows high sensitivity and hardly interferes with the
S. cerevisiae culture broth. Activities from 96-well plates supernatants preparations were evaluated (coefficient
of variation=13 %). The final value of oxidative stability in the HTS-assay come from the ratio of residual
activity to initial activity (RA/IA) normalized with the parent type.
Library construction and analysis
An error-prone PCR mutant library of ~1,000 clones was constructed and explored, Fig. 1. After 2 consecutive
re-screenings, two clones were selected (3B10 and 6H5 mutants with improvements of 2.1- and 1.4-fold over
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ABSTRACT
Commercial alkali lignin (CL) and lignin extracted from almond shells by organosolv process (OL) were
used for the preparation of blends with poly(lactic acid) (PLA) with different percentages (0.5,1,5,10 and
20%) by extrusion method. Both lignins were acetylated to improve their compatibility with PLA.
PLA/acetylated lignin blends exhibited greater compatibility than non-acetylated PLA/lignin.
Characterization of lignins has been performed using HPLC, FT-IR, GPC, DSC and TGA. All lignins
showed high purity. Acetylated lignins had lower T g and higher thermal stability than original lignins.
Thermal and mechanical properties of different blends were investigated. Lignin content increased the
thermal stability of PLA but does not favour the crystallization of PLA. Maximum strength decreased
with high percentages of originals lignins. However, PLA/acetylated lignin blends remains fairly
constant, even at high percentages. In all cases, the elongation at break was increased.

I.

INTRODUCTION

Lignin is the second most abundant biopolymer on earth. It confers mechanical support of the plant and
also provides rigidity, internal transport of water, nutrients and protection against attack by
microorganisms [1]. The chemical structure of lignin is difficult to define because its structure and
properties are largely related to isolation process and the types of sources used for its extraction.
Generally, is an amorphous polyphenolic macromolecule which is composed of a large number of polar
functional groups [2]. Commercially, lignin is a by-product mainly obtained from the pulp and paper
industry. Most of the raw material is burnt as an energy source, although it can offer many other added
value uses. Some papers described the efficiency of lignin as flame retardant additive [3]. Also, lignin is
utilized as a stabilizer (antioxidant) for plastics [4]. Other authors have found that lignin has an important
influence on the thermal behaviour in different composites [5]. Furthermore, lignin has been investigated
as compatibilizer between natural fibers and polymer matrix [6, 7]. The effective use of lignin in blends
with various synthetic polymers such as poly(propylene) [8], poly(ethylene terephthalate) [3], poly(vinyl
alcohol), poly(ethylene oxide) [4], polystyrene [9], low-density polyethylene and linear low density
polyethylene [10] has been also reported in literature. However, the environmental concerns and a
shortage of petroleum resources have driven efforts on the preparation of bioplastics made from
renewable materials. Several works have been reported about biopolymer/lignin blends. Some authors
showed that the addition of lignin into thermoplastic starch matrix (TPS), improved mechanical
properties, increasing the tensile strength. Thermal stability also increased and a reduction of moisture
absorption was achieved [11]. Biocomposites of (3-hydroxybutyrate) (PHB) and acetylated lignin were
prepared by other authors, in this case the decrease of PHB crystallization rate and the increase of thermal
stability were observed [5]. This study was focused on the obtaining of composites formed by PLA and
lignin as filler. In this research, blends with different percentages of lignin were prepared by extrusion
method. Two kinds of lignin were used, commercial alkaline lignin and the lignin extracted from natural
resources such as almond shells. Both lignins were acetylated to increase lignin affinity with PLA. The
object of this study was to evaluate the effect of lignin addition in PLA thermal and mechanical
properties.

II.

EXPERIMENTAL

Lignin extraction and acetylation
Two different lignins were used. One was Commercial alkaline lignin and was supplied by Sigma
ALDRICH®. The other was extracted from almond shells (Klason lignin 52.6±3.7, Celluloses 41.3±2.2
and hemicelluloses 8.6±0.8). Milled almond shells were treated with a mixture of ethanol-water (70
wt%). The treatment was carried out at 180 ºC for 90 min and the solid to liquid ratio was 1:6 (w/w).
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Dissolved lignin was isolated by precipitation. Then was filtered and was dried at 50ºC. Each lignin was
chemically modified by the esterification of its hydroxyl groups in order to enhance the interaction with
PLA in the composite. Dry lignin samples (1.00 g) were dispersed in formamide (25 mL) about 3 h, until
complete solubilization. Pyridine (40 mL) was added, followed by acetic acid anhydride (6.6 mL). After
stirring at room temperature for 3 h, another portion of acetic anhydride (6.6 mL) was added, followed by
the same amount after another 3 h. After 30 h, the viscous dark solution was poured into 1.3 L of 2% icecold hydrochloric acid. The precipitate was filtered on a buchner funnel with filter paper and washed with
excess (0.5 L) deionized water and 0.5 L diethyl-ether. The samples were then dried at 50ºC.
Preparation of blends by extrusion
An extruder THERMO HAAKE Minilab Rheomex CTW5 model with double screw (109.5mm) was used
for the preparation of mixtures. PLA (NatureWorks ®PLA Polymer 3051D) was from NatureWorks LCC.
Process conditions were the same for all blends, 165 ºC, at rate 25 min-1 and recirculation time was 30
min, optimum conditions previously determined for successful mixing of the materials. The blends are
made using PLA as matrix with different percentages of nonacetylated and acetylated lignin (0.5, 1, 5, 10,
20%).
III.

RESULTS AND DISCUSSION

Results of acidic insoluble lignin and sugars content and the values of weight average (M w), number
average (Mn) and polydispersity index (Mw/Mn) of unmodified and acetylated lignins are presented in
Table 1. All the used lignins for blends elaboration, both modified and non-acetylated, showed high
purity (>80%) with low quantities of sugars (0.3-3.8%). In both cases, acetylated lignins reflected
increased purity and a reduction of sugar content. Unmodified lignins presented a little more high weight
average than acetylated lignins. This may be affected by the loss of hemicellulose sugars in the
acetylation process. Thermal properties of different lignins were analyzed by DSC and TGA in order to
kwon the change in glass transition temperature and thermal stability. The obtained results are shown in
Table 1. In both cases, a decrease in the glass transition temperature of the acetylated lignins with respect
to unmodified lignins can be appreciated. After acetylation process, hydroxyl groups were replaced by
ester substituent. Thus, reduce the number of hydrogen bonding and lead an increased free volume in the
molecule and thus the mobility of the chains [12]. The results of TGA showed that both unmodified
lignins had a small weight loss (1-4 %) below 100 ºC due to gradual evaporation of moisture, however,
acetylated samples did not show any weight loss due to moisture. The initial degradation temperature
corresponding to 5% weight loss (T 5%) of both acetylated lignins is marked higher than unmodified
lignins. The main degradation step occurs in the temperature range between 300-500ºC, and it is
associated with the fragmentation of inter-units linkage [5]. Also, it can be observed an improvement in
the thermal stability of acetylated lignins with respect unmodified lignins, appreciating further
improvement in the case of acetylated organosolv lignin.

Table 1. Lignin purity analysis and weight average (Mw), number average (Mn) and polydispersity index
(Mw/Mn) of different lignins and thermal properties.
CL

ACL

OL

AOL

Klason Lignin %

82.6

88

81.4

90.2

Total Sugars %
Xylose
Arabinose
Glucose
Mn
Mw
Mw/Mn
Tg
T5%
Tmax
Char Residue %

1.2
1
0.2
1129
10324
9.1
158
259
365
52

0.3
0.3
1598
9295
5.8
127
266
182
297

3.8
3.6
0.1
1953
16167
8.3
144
182
380
36

0.7
0.7
2409
14974
6.2
132
297
395
42
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In the case of thermal properties of blends, TGA was used to know how affected lignin addition on
thermal stability of PLA and DSC was also used to study the effect of lignin on the crystallization and
melting behaviour of blends. The results are presented in Table 1. Addition of different lignins increases
the thermal stability of the PLA, all the blends, showed higher degradation onset and maximum
decomposition temperature than PLA. The pure PLA exhibited a T g at 59.2 ºC and a melting temperature
(Tm) around 146 ºC. Crystallinity of PLA was 35.9%, and crystallization temperature (T c) was around 106
ºC. Similar results were obtained by other authors [13]. No significant change in glass transition
temperature (Tg) of the samples was found. As it can be observed, PLA/lignin blends presented an
increase in cold crystallization and melting temperatures. The normalized heat of fusion decreases with
lignin addition in the blends. This behaviour may point to a lower nucleation density, then to the
formation of poorer and fewer crystals. The introduction of lignin (amorphous in nature) affected the
interactions among the PLA chains. Tensile tests have been performed to study the different lignins effect
on mechanical properties of PLA. Mechanical properties of blends with different percentages are showed
in Figure 1. The maximum strain was not severely affected by the low percentages (0.5-1%) of
unmodified lignin, mainly in the case of organosolv lignin. However, at percentages greater than 5%, the
maximum strain decreased with increasing lignin content, especially in blends formed by PLA and
commercial lignin. Other study in which was elaborated a blend of PLA / unmodified commercial lignin
by similar methods were also observed a decrease in the stress at percentages of 5% and 10% [11]. In the
case of blends with acetylated lignin, both showed an improvement respect to composites with
unmodified lignin, particularly, at high percentages. Moreover, the elongation at break decreased upon the
addition of high percentages of unmodified lignin, but blends with low content of unmodified lignin
presented an improvement compared to PLA. Furthermore, have seen an increase in the deformation in all
blends blended with acetylated lignin. The improvement in ductility on compatibilization can be
attributed to both esterification as esters act like internal plasticizers [14]. Other author [13] also
demonstrated a slight increase in the deformation of films formed with starch and lignin. The Young’s
modulus shows a slight decrease in all cases although the addition of acetylated lignin at high percentages
(20%) enhanced these properties.
Table 2. Thermal properties of blends containing 5% of unmodified and acetylated lignins.
Char Residue
Tg
Tc
Tm
∆Hm
∆Hc
T5% Tmax
%
(ºC)
(ºC)
(ºC)
(J/g)
(J/g)
Xc
PLA
264 314
7.5
59.2
106.4 146.5
33.4
32.0 35.9
CL5
337 367
8.6
59.3
120.2 149.5
31.4
30.5 35.6
ACL5 325 360
9.5
59.8
124.5 150.5
25.3
24.0 28.7
OL5
335 365
9.7
59.8
123.2 150.5
26.4
26.5 29.9
AOL5 318 365
7.3
59.5
123.0 150.1
27.0
26.8 30.6
Figure 1. Mechanical properties of PLA and blends.

Copia gratuita. Personal free copy

http://libros.csic.es

381

13th European Workshop on Lignocellulosics and Pulp

IV.

CONCLUSIONS

In this work two different lignins were used, commercial alkaline lignin and lignin extracted from almond
shells. Original and acetylated lignins were used as PLA filler. Acetylation process of lignins resulted
successful with high yield and besides improvement in the compatibility between the two components of
the mixture was achieved. All lignins presented high purity with very low content of polysaccharides.
Acetylated lignins have lower Tg and higher thermal stability than original lignins. The addition of lignin
greatly improved the thermal stability of PLA but PLA crystallization behaviour is not favoured.
Mechanical properties of PLA worsen with the addition of high percentages of lignin; however,
PLA/acetylated lignin blends properties remain similar to those of pure PLA. In all cases, the elongation
at break was increased.
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ABSTRACT
The cost of wood raw material is one of the key factors affecting the competitiveness of pulp and paper industry.
The efficient use of wood raw material and dissolved wood components is thus essential. The existing chemical
pulping technologies, kraft and sulphite, are operating in severe conditions, which leads to the loss of at least part
of the valuable wood components, cellulose, hemicelluloses, and lignin. The sulphite cooking carried out in
neutral conditions offers technology, which preserves cellulose and hemicelluloses in high yield. Lignin is
dissolved as lignosulphonate, a commercial by-product.
In this paper we present results from cooking of wood chips with sodium sulphite solution under neutral
conditions. Sulphite (SO32−) and bisulphite (HSO3−) are strong nucleophiles, which are able to depolymerize,
demethylate and sulphonate lignin. The neutral conditions result in high carbohydrate yield, as the acid and base
catalysed carbohydrate degradation reactions are slow.
Pine wood chips were exposed to neutral sodium sulphite liquor (pH 6-9) boosted by anthraquinone (AQ) at high
temperature of 180 °C. This treatment resulted in high polysaccharide yield and complete defibration of wood
raw material at high residual lignin content of 5-11%. The brightness of the pulp was high, over 60% ISO, which
may be an advantage in pulp bleaching.
The carbohydrate yield of pulps produced at neutral conditions was high, at kappa number 60 over 7% point
higher compared to the kraft pulp at the same kappa number. Especially, the retention of glucomannan seemed to
be responsible for the high yield. High contents of sulphonic and carboxylic acid groups were shown by
conductometric titration. It seemed to be possible to affect the degree of sulphonation of the pulp by varying the
process conditions. Resulting from a high temperature and a long cooking time the viscosity of the pulp was
found poor.
It is possible to affect the delignification degree, gained yield and thus the fibre and polymer properties of pulp
obtained, by modifying neutral sulphite cooking conditions. Carbohydrates consisting mainly of cellulose and
glucomannan isolated from wood in high yield offers a potential platform for the development of many types of
fibres, chemicals and polymers. However, the form and properties of dissolved lignosulphonate and sugars will
need further research. So far these results give an encouraging base for future research to explore the potential of
the neutral sulphite biorefinery concept.
I. INTRODUCTION
Sulphonation is the most important reaction of lignin in neutral sulphite pulping. Demethylation occurs also to
some extent introducing new phenolic hydroxyl groups, and thus new reactive sites of the lignin are formed [1].
Anthraquinone is added to improve rate and selectivity of delignification in neutral sulphite pulps. Sulphite is
capable to act as a reducing agent for AQ, and thus it can act as a catalyst at pH at least as low as 7 [2].
Softwood sulphite pulps produced in neutral or slightly alkaline conditions are noticed to improve the
carbohydrate yield. This yield gain is thought to result from stabilization of softwood glucomannan. It is
suggested that the cleavage of acetyl units allows the adsorption of glucomannan on the cellulose protecting
glucomannan against the acid and base catalysed carbohydrate degradation reactions [3]. The advantage to gain
high yield has been used in two-stage sulphite pulping processes such as Stora process [4]. However, single
stage neutral sulphite cooking has not existed as its own process, since cooking at neutral conditions is slow and
requires high cooking temperature and long cooking time.
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The results presented in this paper concentrate to describe the effect of Na2SO3 charge and AQ on the total pulp
yield and the content of sulphonic and carboxylic acid groups. In addition, the effect of initial pH on the total
yield and chemical composition of pulps are presented.
II. EXPERIMENTAL
Cooking trials were executed in 1-litre air heated autoclaves at 180 °C for 240 min. In addition, a larger scale
experiment was performed in a 15-litre digester at the same conditions. Screened pine wood chips were used as a
raw material. The cooking liquor consisted of solid Na2SO3 dissolved in deionized water and the initial pH of the
liquor was adjusted with H2SO4. Liquor-to-wood ratio varied from 3.5 to 3.75. The autoclaves were pressurized
with N2 gas into 5 bar before the temperature rise. After the cooking the spent liquor pH was measured and the
recovered chips were defibrated with a British disintegrator, and screened in a TAP03 laboratory screen with
0.15 mm slots.
The total pulp yield was determined using the gravimetric method. Kappa number according to ISO 302:2004,
brightness according to ISO 2470 and viscosity according to ISO 5351:2004 were analysed from the laboratory
sheets. The amounts of sulphonic and carboxylic acid groups in pulps were estimated by analysing the total
acidic groups using the conductometric titration method (SCAN-CM 65:02). In addition, the lignin content and
carbohydrate composition of the pulps produced at different initial pH were analysed by HPAEC (Dionex ICS5000) after acid hydrolysis using the laboratory procedure of VTT.
III. RESULTS AND DISCUSSION
Neutral sulphite cooking produced pulps with the total yield of 52-65% at a residual lignin content of 5-11%.
Regardless of the high yield, the screenings remained under 3%. The brightness of the pulps was relatively high,
between 59-66% ISO. Viscosities were between 570-840 ml/g. The effect of chemical charge and AQ on the
pulp yield and the content of acid groups and the effect of initial pH on the chemical compositions of pulps are
discussed below.
The effect of Na2SO3 charge and AQ
The effect of Na2SO3 charge and AQ on total yield of pulps as a function of kappa number is compared with the
conventional kraft cooks in Figure 1. The yield advantage of neutral sulphite pulps is 5-10% point at the same
kappa number level compared to the conventional kraft pulps. The higher Na2SO3 charge clearly promoted
delignification, which is seen as linearly decreasing kappa number when the higher amount of Na2SO3 is added.
AQ is participating in both delignification and preservation of the carbohydrates in the neutral sulphite cooks.
The cooks carried out in the absence of AQ remain in higher kappa number level and the total yield is at the
same level with the cooks where AQ is used.
The larger scale experiment produced pulp with the highest total yield of 64.6% at kappa number 59. Chip
steaming was possible to execute only during the large scale experiment, which apparently improved
impregnation of cooking chemicals and thus led to a higher pulp yield.

Figure 1. Total yield (% on wood) as a function of kappa number of neutral sulphite pulps compared with the
conventional kraft pulps produced from the same pine raw material. Neutral sulphite cooks were carried out at
180 °C for 240 min at initial pH 8 with varying Na2SO3 and AQ charges.
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The content of sulphonic and carboxylic acid groups in neutral sulphite pulps produced with varying Na2SO3 and
AQ charges is shown in Figure 2. It is notable that the content of sulphonic acid groups is at the same level in
pulps produced with and without AQ though the differences in kappa numbers are considerable.

Figure 2. The sulphonic and carboxylic acid group contents of neutral sulphite pulps cooked at 180 °C for 240
min at initial pH 8 with varying Na2SO3 and AQ charges. The kappa numbers of pulps are marked above the
columns.
The effect of initial pH
The initial pH had a significant effect on the cooking selectivity as shown in Figure 3. Kappa number decreased
from 63 to 48 while the initial pH was increased from 7.5 to 9 while the total yield remained at the same level
between 55-60%.

Figure 3. Total yield (% on wood) as a function of kappa number of neutral sulphite pulps compared with the
conventional kraft pulps produced from the same pine raw material. Neutral sulphite cooks were carried out at
180 °C for 240 min with 30% Na2SO3 and 0.1% AQ charges.
The chemical composition of neutral sulphite pulps produced by varying the initial pH is shown in Figure 4.
Approximately 7% of the total pulp yield consisted of glucomannan. Around 4% point unaccountable material
was excluded from the results in Figure 4. However, this material probably consists of polysaccharides.
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Figure 4. The chemical composition of neutral sulphite pulps cooked at 180 °C for 240 min, with 30% Na2SO3
and 0.1% AQ charge using different initial pH.
IV. CONCLUSIONS
Neutral sulphite cooks executed at 180 °C for 240 min produced high yield pulps at high residual lignin content
of 5-11%. Compared to the conventional kraft pulps at the same kappa number level the yield advantage of
neutral sulphite pulps was 5-10% point higher. Delignification was improved using higher chemical charge and
AQ, which was seen as decreasing kappa number from 57 to 35 when Na2SO3 charge was increased from 25% to
50%. The content of sulphonic and carboxylic acid groups in neutral sulphite pulps showed that AQ may also
improve the sulphonation reactions. The initial pH seemed to have the major contribution to cooking selectivity
and carbohydrate retention. The total yield remained at the same level while kappa number decreased from 63 to
48.
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ABSTRACT
There is a multitude of techniques available for the selective extraction of arabinoxylan from wheat bran, but
comparisons between these methods are scarce. We evaluated a broad range of treatments, such as lye
treatment, ball-milling, fermentation, treatment with xylanase and a combination of esterase and xylanase.
Chemical analysis was corroborated by immunolocalization of arabinoxylan by confocal microscopy, which has
proven valuable in the assessment of cell-structural changes.
Extensive ball-milling showed the best selectivity. Lye treatment gave the highest yields, but did so at the cost of
specificity. Fermentative and enzymatic treatments were hampered by coextraction.
I. INTRODUCTION
Wheat bran, the outer layer of the wheat kernel, is an abundant by-product of white flour production. Given the
bran´s high content of nutritionally valuable and technologically desirable compounds, it is gaining interest as a
raw material for biorefineries [1]. However, these valuable constituents cannot be accessed directly, which
makes pretreatment imperative to down-stream processing. The pretreatment has to be chosen and adjusted
according to the objective of fractionation [2].
With about 32% of total dry matter, arabinoxylan represents the most abundant valuable in wheat bran [3]. It is a
dietary fiber that exhibits both nutritional and rheological benefits [4]. Approaches to extract arabinoxylan range
from chemical treatments, such as lye-based or oxidizer-assisted, [5-7] over enzymatic treatments [8] to
mechanical treatments, such as ball-milling [9]. However, few studies have been undertaken to relate the
effectiveness of different treatments. Whether the aim is to isolate arabinoxylan or to remove it in the
purification of other target compounds, tracking its course is mandatory.
Arabinoxylan can be quantified indirectly as monosaccharides after acidic cleavage of the polysaccharide. The
favored method is methanolysis, routinely combined with GC-MS or GC-FID analysis [10, 11]. The information
gained, however, is limited in the way that it does not assess the spatial distribution among cell wall layers and is
impartial to cell integrity.
Adopted from antibody-markers of polysaccharides in wood, fluorescent-labeled monoclonal antibodies against
arabinoxylan epitopes have been applied to wheat bran in order to get a comparative visual reading of the effects
of various treatments and processes on the arabinoxylan distribution on a cellular level [12, 13]. Samples were
analyzed for residual arabinoxylan and subjected to an enzymatic peeling in order to obtain a cross-sectional
profile of polysaccharide distribution. Thereby, the liberation of arabinoxylan and changes in its extractability
were evaluated. Treatments were lye treatment, ball-milling, fermentation with Lactobacillus plantarum and
treatment with xylanase and a combination of esterase and xylanase.
II. EXPERIMENTAL
Methanolysis
In order to remove mobilized arabinoxylan prior to methanolysis, 200 mg of bran sample were stirred in 10 mL
water for 1 h, filtrated and washed twice with 10 mL of water before drying in vacuo at room temperature.
Methanolysis was performed according to Sundberg et al. [10]. For silylation, dried samples after methanolysis
were left to equilibrate in 400 µL of pyridine for 1 h. 200 µL of BSTFA (N,O-bis(trimethylsilyl)trifluoroacetamide) containing 10% TMCS (trimethylchlorosilane) were added and the samples kept at 70 °C for
2 h. Samples were diluted with 600 µL of ethyl acetate, filtered through a 0.45 µm PTFE syringe filter and
analyzed by GC-MS.
GC-MS: 0.2 µL of silylated sample was injected (260 °C, splitless) on a 30 m/0.25 mm HP-5 capillary (film
thickness 0.25 µm) in an Agilent 6890N Series GC system with an Agilent 5973 Series mass-selective detector.
The temperature program was 140 °C (1 min); 4 °C min-1 to 210 °C (0 min); 30 °C min-1 to 260 °C (5 min). The
carrier gas was helium (0.9 ml min-1, constant flow). Detector conditions were 70 eV with a scan range from 45
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to 950 Da. Data was acquired and processed with MSD Chemstation E.2.01.1177 software from Agilent
Technologies.
Enzymatic peeling
The procedure for enzymatic peeling was adopted from Sjöberg et al. [14] with modifications to suit wheat bran
polysaccharides. 20 mg of washed sample were stirred in a sodium acetate buffer adjusted to pH 4 at 40 °C for 1
h prior to addition of 100 µL of the internal standard sorbitol (20 mg/mL) and 700 µL of enzyme mix. The
suspension was kept at 40 °C and 0.2 mL aliquots were taken after 5, 10, 30, 60 and 120 minutes. Aliquots were
filtered through a 0.45 µM PTFE filter and incubated for 48 h at 40 °C for complete enzymatic hydrolysis.
Samples were used for HPLC in a dilution of 1:10. A blank was recorded to correct for residual sugars in the
enzyme mix.
Sugars were quantified on a DionexUltiMate 3000 HPLC system (Dionex, Sunnyvale, CA, USA) equipped with
a Phenomenex 300x7.8 mm Rezex™ ROA-Organic Acid H+ (8%) column kept at 80 °C (Phenomenex,
Aschaffenburg, Germany) and a HP 1100 Series G1362A RID refractive index detector (Hewlett-Packard, Palo
Alto, CA, USA). The mobile phase was 5 mM sulfuric acid at a flow of 0.4 mL/min. Data was recorded with
DionexChromeleon 6.8.
Immunolocalization
Samples were prepared for immunolocalization by pouring the wheat bran flakes/powder into molten paraffin
wax and letting it harden. The wax was trimmed to blocks and chafed with a microtome so that cross sections of
wheat bran were located at the surface.
Immunolocalization of arabinoxylan was performed by placing a droplet of a 1:20 dilution of primary rat
monoclonal antibody hybridoma cell culture supernatant LM11 (PlantProbes, Leeds, UK) in 0.1 M phosphatebuffered saline (PBS, pH 7, containing 1% w/v acetylated bovine serum albumin as a blocking agent and 5 mM
sodium azide) on a wax block so that it covered its surface over night at 4 °C. Wax blocks were rinsed five times
with PBS and dried before being covered with a droplet of fluorescently labeled secondary antibody Alexa647
(goat anti-rat; Invitrogen, Paisley, UK) at a 1:100 dilution in PBS (20 µg/mL) for 2 h under light exclusion at
room temperature. Blocks were washed five times with PBS, mounted in SlowFade at pH 9 (Molecular Probes
Inc., Eugene, Oregon, USA) and measured on the same day.
Confocal laser scanning microscopy was performed on a Leica SP5 MA II. For autofluorescence, excitation was
488 nm and 561 nm and emission was recorded at 500-535 nm and 570-620 nm. The fluorescent antibody was
excited at 633 nm and recorded at 650-750 nm.
III. RESULTS AND DISCUSSION
Figure 1 shows results for enzymatic peeling, figure 2 for immunolocalization of arabinoxylan.
Percent values are given relative to untreated wheat bran and refer to residual samples after washing, i.e.
negative values indicate an increase in solubilization.
Lye treatment
Despite an increase of 88% in total solubles compared to untreated wheat bran, average amounts of xylose-based
polysaccharides (-30%) and high amounts of glucose (-61%) were solubilized. The seeming increase in
arabinose (+25%) is due to the removal of other components, but points to a preferred extraction of non- or
lowly-substituted xylan over highly branched xylan. The residual bran was only incompletely depleted of xylanbased polysaccharides. Immunolocalization revealed a thorough elimination of the aleurone layer as well as a
swelling of the nucellar epidermis layer. The thick cell walls of the remaining outer layers of wheat bran are very
resilient to enzymatic hydrolysis.
Ball-milling
Extensive ball-milling is known to cause fragmentation of arabinoxylan into oligosaccharides and thus to
increase solubility [9]. 60 min of ball-milling increased overall solubility by 16% with a strong preference for
xylan-based polysaccharides (-66%) over glucose (+28%). Consequently, we found very reduced concentrations
of xylan upon the enzymatic profiling. The findings were substantiated by immunolocalization, which showed a
complete disintegration of cell structures and a loose association of arabinoxylan to particles, implying ready
extractability.
Fermentation with Lactobacillus plantarum
In addition to carbohydrates, Lactobacillus plantarum can also ferment protein [15]. Despite an increase in
overall solubility of 40%, we also observed an increase of insoluble polysaccharides (arabinose +13%, xylose 2.5% and glucose +52%), which indicates that mainly protein and only small amounts of arabinoxylan have been
solubilized to concentrate the remaining compounds. Lactobacillus plantarum showed high amounts of
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accessible arabinoxylan throughout the layers, with the largest total amount of xylose among all samples being
released. Immunolocalization exposed arabinoxylan thinly concentrated in the aleurone layer comparable to
untreated bran, making it highly accessible to enzymatic attack.
Xylanase and esterase/xylanase treatment
Xylanase treatment increased total solubility by 30%. Arabinose moieties were increased by 3%, xylose reduced
by 8% and glucose increased by 42% in residual material. The addition of esterase brought overall solubility to
40%. The synergistic effect is presumed to be due to esterase being able to cleave ester bonds between
arabinoxylan and phenolics as well as between two arabinoxylan chains, which can be ester-linked through
ferulic acid at arabinose side chains. This gives xylanase access to more substrate for depolymerization [16].
However, the fact that residual polysaccharides showed the same trend (arabinose -2%, xylose -13% and glucose
+26%) implied a concomitant increase in extraction of other compounds. Both treatments showed a severely
reduced concentration of xylose moieties throughout all layers accessible to enzymatic peeling. As revealed by
immunolocalization, xylanase treatment effected a pronounced swelling of aleurone cell walls as well as damage
to inward-facing cell walls so that the distribution of arabinoxylan was concentrated towards the nucellar
epidermis. This change can be expected to render arabinoxylan less accessible to further enzymatic attack. As for
the combination of esterase and xylanase, cell walls were swollen, perforated or even partially disintegrated.
Arabinoxylan was distributed in broader strokes and smaller intensity across the aleurone layer lending reason to
the reduced concentration observed in enzymatic peeling.
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Figure 1. Enzymatic peeling. Concentration of released xylose over time for: (a) untreated wheat bran, (b) lye
treatment, (c) ball-milling, (d) Lactobacillus plantarum fermentation, (e) xylanase treatment, (f) esterase +
xylanase treatment

Figure 2. Confocal fluorescent images of arabinoxylan localization shown in black on white. (a) Untreated
wheat bran, (b) lye treatment, (c) ball-milling, (d) Lactobacillus plantarum fermentation, (e) xylanase treatment,
(f) esterase + xylanase treatment
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IV. CONCLUSIONS
The application of immunolocalization augments the chemical analysis of the effects of pretreatments on
arabinoxylan. As a complementary method it is very helpful at assessing pretreatment strategies.
Lye treatment solubilized by far the highest percentage of wheat bran, but did so at the cost of substantial
coextraction of other compounds and, given its severe conditions, probably caused degradation of other
valuables as well as formation of inhibitory and hazardous substances.
Enzymatic extraction, fermentation or both showed little selectivity for arabinoxylan and mostly influenced
degrees of overall solubilization. Enzymatic removal of arabinoxylan is ostensibly always concomitant with
extraction of other cell compounds. Treatment with Lactobacillus plantarum even showed a strong preference
for non-carbohydrate material.
Extensive ball-milling exhibited the most promising results with a strong specificity for xylan-based
polysaccharides. Since it applies mere mechanical force, the results point towards a less rigid implementation of
arabinoxylan into the cell wall or a greater disposition for depolymerization as compared to cellulose.
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ABSTRACT
An increased amount of oxidized cellulose functionalities, especially carbonyl groups, increases the
susceptibility of cellulose towards chain scission and decreases brightness stability. Reductive treatment thus
might be a suitable means to reduce the carbonyl content in cellulosics, and different protocols are available to
chemically reduce carbonyls. Sodium borohydride (NaBH4) was found to be very suitable for this purpose with
regard to efficiency. However, aqueous borohydride solutions themselves generate an alkaline environment that
is potentially harmful for oxidized cellulose. A treatment with this reagent would thus be only meaningful if the
reduction proceeds faster than the competitive process of alkali-induced beta-elimination which causes cellulose
chain degradation.
In the present work, the impact of reductive treatments was investigated on pure cellulose. The parameters molar
mass and carbonyl group content as key parameters for the efficient reduction were evaluated. We were able to
demonstrate that the reduction treatment is fast enough to avoid negative impact on the molar mass of cellulose,
and to determine the extent of carbonyl group removal by NaBH4.
I. INTRODUCTION
While the native and “ideal” cellulose molecule contains only one reducing end group, many oxidized
functionalities are introduced by industrial processing into the cellulose molecule. Especially carbonyl groups
are discussed in the context of stability of pulp towards natural aging and degradation reactions. Carbonyl groups
increase the tendency of paper to turn yellow with age [1]. Depending on their type, carbonyl groups have a
detrimental influence on brightness stability of the pulp. It was found that a combination of ketone and aldehyde
groups in pulps impair brightness stability [2]. Next to their influence on brightness stability, carbonyl groups
introduce reactive sites into the cellulose molecule where degradation processes, such as β-elimination, can
attack and split the molecule, thus leading to significantly decreased molar mass, and, in the long run, to lower
mechanical stability [3]. The increased sensitivity towards alkalinity has been linked to misleading results when
determining the viscosity of cellulose as cellulose solvents such as cupriethylene diamine are strongly alkaline
and will cause β-elimination in the pulps to investigate. This leads to an underestimation of the viscosity of the
pulp [4].
There are various reduction treatments available to decrease the amount of carbonyl groups, the most frequently
used one is sodium borohydride (NaBH4). In the context of industrial pulp bleaching the interactions of reduction
treatments and bleachability have been studied. The addition of NaBH4 in small quantities during the alkali
treatment of O3-prebleached pulps resulted in higher bleaching degree and a better preservation of the degree of
polymerisation of cellulose, compared with bleaching tests conducted in the absence of NaBH4. The results are
explained by a reduction of carbonyl groups present in the pulp by NaBH4 resulting in stabilization of the
polysaccharides against oxidative degradation [5,6]. The NaBH4 assisted peroxide bleaching process of
mechanical pulps (the so-called PR process) improves its bleaching efficiency and increases the brightness of
pulps. The improvement of the PR process was assigned to the stabilization of transition metal ions, and to the
reduction of carbonyl groups of lignin [7,8].
However, in oxygen-delignified eucalyptus Kraft pulps, the reduction of pulp with NaBH4 under conditions for
removing carbonyl groups had no impact on bleachability [9]. The same observation was made on stone
groundwood pulp from spruce (picea abies), when the reduction treatment had no dramatic effect on the lightinduced brightness reversion [10]. It was also assumed that carbonyl groups in sulfite pulps promote cellulose
degradation during oxygen delignification. The addition of a catalytic quantity of NaBH4 improved the process
in terms of better pulp yield, viscosity, and strength properties [11]. Nevertheless, NaBH4 is quite alkaline, and
might damage oxidized cellulose.
In this study, different types of carbonyl groups introduced into pure cellulosic pulp, generally highly oxidized
by purpose to study their efficiency, were submitted to NaBH4 treatment at different conditions, such as varying
reaction time, different pH levels, and concentrations of the reducing agent.
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II. EXPERIMENTAL
Cellulose analysis
General molar mass determination by GPC-MALLS-RI combined with fluorescence labelling by Carbazole-9Carbonyl-Oxy-Amine (CCOA) of carbonyl groups was performed as described earlier [12].
Pulp
All experiments were performed using cotton linters pulp from Buckeye. According to the following
descriptions this pulp was first oxidized to increase the amount of carbonyl groups. As different oxidation
treatments have specific preference on the type of carbonyl groups formed, three variations were chosen to
provide a broad variety. All three oxidation treatments were performed with 2 g of dry pulp in total, except for
the sodium periodate oxidation when 10 g of wet pulp were used. To improve accessibility, the pulp was
suspended in water and shortly disintegrated. The excess water was removed, and the wet pulp was transferred
into a 2 L beaker, re-suspended and stirred on with the aid of a magnetic stirrer throughout the oxidation
procedure that takes place as described below.
Sodium periodate-Oxidation
The wet pulp was re-suspended in 2 L of sodium periodate solution (0.1 M at pH 5). The oxidation was stopped
after 60 minutes by addition of ethanol and followed by thorough washing with water. The pulp was freezedried.
Hypochlorite-Oxidation
The wet pulp was re-suspended in a sodium acetate buffer (1 M, adjustment with glacial acetic acid to pH 5). To
start the oxidation, 50 mL of HOCl (active chlorine 10-13 %, Sigma Aldrich) were added. Soon, the pH
increased to 6.5 where it remained over the whole reaction period. The oxidation was stopped after 45 minutes
by addition of ethanol and followed by thorough washing with water.
TEMPO-Oxidation
The pH was adjusted to 10.8 by slowly adding NaOH (0.4 M). 20 mg of 2,2´,6,6´-tetramethylpiperidine-1-oxyl
(TEMPO) were dissolved in 500 µL of absolute ethanol before adding it with 1.9 g of sodium bromide and 20
mL of sodium hypochlorite (active chlorine 10-13 %, Sigma Aldrich) to the pulp suspension. The pH was
continuously controlled and stabilized at pH 11.2. The reaction was stopped 25 minutes after a faint yellow
colour developed in the reaction mixtures by addition of ethanol and followed by thorough washing with water.
Sodium borohydride reduction
The NaBH4 reduction treatment of all three oxidized pulp modifications (NaIO4, HOCl, and TEMPO) was
performed at three different concentrations (0.05 M, 0.25 M, and 1 M), at three different pH (non-buffered
solution with a pH of 10, buffered at pH 8, and buffered at pH 12), and at five different time intervals (5’, 10’,
30’, 120’, and 24 h). NaBH4 (Sigma Aldrich) was dissolved in demineralised water at the chosen concentrations.
The pH was adjusted by NaOH (0.4 M for treatment at pH 12), respectively by borate buffer at pH 8. The
reaction was performed in closed glass vials containing 40 mg of wet oxidized pulp and 4 mL of NaBH4
solution. The reaction time was stopped after the designated time intervals by addition of ethanol and followed
by thorough washing in water. The wet pulp was stored in dark at 4°C no longer than 24 h before the labelling
procedure started.
III. RESULTS AND DISCUSSION
Influence of time
It is known that NaIO4 introduces dialdehyde structures at C2 and C3, accompanied by ring opening. These
structures are obviously more difficult to reduce than the carbonyl structures introduced by TEMPO at C6 and
random oxidation by HOCl. The relative rate of dialdehyde reduction is slowest for NaIO4 oxidized pulp,
followed by TEMPO and HOCl oxidized pulps (figure 1 left). However, after 120 minutes the remaining amount
of carbonyl groups is roughly the same.
Neither TEMPO-oxidized nor HOCl-oxidized pulps show any severe decrease of molar mass during the
reduction treatment with NaBH4, but NaIO4-oxidized pulps do (figure 1 right). After only five minutes of
reduction treatment the molar mass is decreased from 160 kg/mol to less than 80 kg/mol. However, the starting
molar mass of 160 kg/mol is surprisingly high compared to the two other starting Mws, even though the amount
of carbonyl groups is equally high in all three modified pulps that originate from the same starting material. The
reason is the higher tendency of dialdehyde cellulose to engage in hemiacetal cross-linking, which are often not
broken during cellulose dissolution. Hence the observed molar mass is slightly higher.
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Figure 1: Reduction of differently oxidized pulps by NaBH4. Left: Absolute values for carbonyl group content
and molar mass. Right: Detail of the molar mass development within the initial phase of the reduction treatment.
Influence of concentration
The concentration of NaBH4 pulps influences the rate of reduction of NaIO4-oxidized (figure 2). For the
experiments 0.05 M, 0.25 M, and 1 M were chosen. The increase of the concentration does not significantly
improve the results, while a decrease negatively influences the carbonyl group reduction capacity (figure 2 left).
The impact on the average molar mass is only slightly influenced by the concentration. The lowest concentration
tested (0.05 M) does not prevent the decrease of molar mass it only slows the reaction down (figure 2 right).
Note the considerably lower Mw right in the beginning of the reduction experiments in HOCl pre-treated Cotton
Linters.
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Figure 2: Impact of NaBH4 concentration on oxidized Cotton Linters. Left: Carbonyl group content and molar
mass in NaIO4-oxidized pulp. Right: Carbonyl group content and molar mass in HOCl-oxidized pulp.
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Influence of pH
The influence on the average molar mass is controlled by the pH and by the reduction treatment (figure 3).
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Figure 3: NaBH4 reduction treatment on NaIO4-oxidized Cotton Linters. Left: Impact of pH and concentration
on carbonyl group content. Right: Impact of pH and concentration on molar mass.
The NaIO4-oxidized pulp contains a high amount of carbonyl groups that render this type of pulp vulnerable to
β-elimination. Generally there is no difference in the efficiency to reduce carbonyl groups between NaBH4
treatments performed at pH 8 or 10 in NaIO4-oxidized pulps (figure 3 left). However, when additionally
lowering the concentration from 0.25 M to 0.05 M and adjusting the pH to 8 the efficiency of the reduction
treatment is considerably lowered (figure 3 right). This correlates to a higher Mw caused by cross links that still
survived the reduction treatment and seemingly increase the Mw.
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IV. CONCLUSIONS
The influence of time, pH, concentration, and type of carbonyl groups introduced into Cotton Linters pulp was
studied. The efficiency to reduce carbonyl groups and the impact on molar mass were the parameters to evaluate
the different modifications.
The carbonyl groups of NaIO4-oxidized pulp, dialdehyde functions at C2 and C3, are rather difficult to reduce
and the impact on the decrease on Mw is very pronounced. As dialdehyde functions are known to encourage
cross linking rendering cellulose dissolution more difficult, the decrease in Mw after only five minutes of
reduction treatment may be attributed mainly to a process of breaking the cross links, thus lowering a Mw the
has been determined to high beforehand. This observation was discussed in detail in [13].
This thesis is supported by the observation that in HOCl and TEMPO-oxidized pulps with comparable high
amounts of carbonyl groups a lower Mw has been determined in the starting material. In HOCl-oxidized pulp
only a minor decrease in Mw is observed during the initial phase of the reduction treatment.
The impact of time was mainly studied in NaIO4-oxidized pulp, however, the other two modifications, HOCl and
TEMPO-oxidized pulps, underline the results found in NaIO4-oxidized pulp. NaBH4 treatment generally takes
two hours to efficiently reduce most carbonyl groups. NaBH4 treatment at slightly alkaline conditions (pH 8) still
allow reduction of carbonyl groups, however, the process is more efficient at pH 10.
In conclusion, NaBH4 treatment is recommended for an efficient reduction of carbonyl groups within a
reasonable short time of treatment. After only two hours virtually no carbonyl groups are left and even after
shorter treatment periods around 30 minutes considerable amounts of oxidized cellulose functions have been
removed. Depending on the type of carbonyl groups present in the pulp, some decrease of Mw has to be
expected. The treatment should be performed in alkaline conditions (pH 10) without further pH adjustments at a
concentration of 0.25 M.
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ABSTRACT
Olive tree cultivation is spreading worldwide as a consequence of beneficial effects of olive oil consumption.
Olive stones constitute an important byproduct generated in the olive oil extraction and pitted table olive
industries. In the 2009/2010 season, the world olive oil and table production were 2.97 and 2.37 million tons,
respectively. In the same season, approximately 1.7·105 tons and 2.1 million tons of stones from table olives and
olive oil industries, respectively, were produced. Currently, the main use of this byproduct is the direct
combustion to produce energy as electricity or heat. Although, crushed olive stones have a potential application
as biofuel for heat and power production, they have also been considered as raw material for other kind of valueadded products. For instance, the reducing sugar and lignin content in this residue are 50 and 40%
approximately. In this work, the techno-economic and environmental assessment of the ethanol production from
olive stones is presented based on three scenarios: The base case, where neither energy integration nor
cogeneration is considering. The second scenario presents the case when integration is considered. In the last
case, besides energy integration, cogeneration of the solid residues is evaluated.
I. INTRODUCTION
Currently, there are several environmental, economic and social concerns related to the use of the energy and
chemicals based on fossil raw materials, which have increased the interest on renewable feedstocks. Many
countries, including Spain, have as an objective to replace either fully or partially the fossil raw materials. Since
the fossil supply in Spain is almost entirely of foreign origin, it is interesting to use local biomass such as
agricultural, forest, agro-industrial and industrial wastes, due to its low cost and large availability.
Beneficial effects of olive oil consumption have made that olive tree cultivation is spreading worldwide (United
States, Argentina or Australia) being Spain the largest producer of olive oil and pitted table olives in the world.
Olive oil and pitted table olive production are the most important agrifood industries in the Mediterranean
countries. Olive stone is an important by-product generated in the olive oil extraction and pitted table olive
production. It represents 10-30 % wt [1] of the fruit, implying an annual production of three million tonnes,
approximately. Currently, the main use of this by-product is the direct combustion to produce energy as
electricity or heat [2]. In this context, the olive stone valorization would be an economic improvement in farms,
since it has lower handling and transport costs due to its small size, high density and concentration in the same
manufacturing plants.
The aim of this work is to perform the economic and environmental assessment of the ethanol production from
olive stone. Three scenarios have been considered. The first one presents the base case where ethanol is
producing neither considering energy integration nor cogeneration. The second scenario, describes the
bioethanol production with energy integration. Finally, the third scenario shows the process considering energy
integration as well as cogeneration of the solid residue.
II. PROCESS DESCRIPTION
Raw material
Table 1 shows the olive stone composition used for the simulation procedure. Sugar polymers sum up to fifty
percent of dry weight.

Compound
%

Table 1. Olive stone composition
Cellulose Hemicellulose Lignin Extractives
20.10
29.92
38.87
10.54
Moisture content: 7.71%

Sugar extraction
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In order to achieve the sugar extraction, the olive stone is submitted to a process consisting in two hydrolysis
steps [3, 4]. The first stage is carried out at 100 °C with sulfuric acid (1.2% by weight) to hydrorolyze the
hemicellulose fraction. As a result, a non-converted solid fraction and a rich-pentose liquor are obtained and
separated by filtration. In the second stage, the solid undergoes to a hydrolysis with sulfuric acid (4% by weight)
at 2.68 atm and 150°C to obtain a rich-hexoses liquor and a solid residue rich in lignin. A detoxification process
based on overliming [5-7] is required in order to remove the furfural and hydroxymethyl furfural (HMF)
obtained as by-product in the two hydrolysis steps, as a result of the decomposition reactions of the sugars. This
procedure is carried out to avoid poisoning and inhibition by the acids, furfural and HMF in the fermentation
stage.
Ethanol production
Liquors obtained from both stilirization steps together with the last solid obtained are sent to sent to a
sterilization process at 121 °C to neutralize the biologic activity. Later the simultaneous saccarifitation
fermentation process is carried out at based on the kinetic expressions reported by Morales-Rodríguez et al. [8],
at 37°C using Spezyme CP and Novozym 188 for the enzymatic hydrolysis step and Escherichia coli as
microorganism for the fermentation step. Afterwards, cell biomass is separated from the culture broth. After the
fermentation stage, the culture broth is taken to the separation zone, which consists of two distillation columns.
In the first column, ethanol is concentrated nearly to 50-55% by weight. In the second column, the liquor is
concentrated until the azeotropic point (96% wt) to be led to the dehydration zone with molecular sieves for
obtaining an ethanol concentration of 99.7% by weight [9].
Cogeneration process
The biomass integrated gasification combined cycle (BIGCC) [10-12] is used as technology for energy
cogeneration. Gasification is a thermo-chemical conversion technology of carbonaceous materials (coal,
petroleum coke and biomass), to produce syngas added to small amounts of char and ash. The Gas properties and
composition of syngas changes according to the gasifying agent used (air, steam, steam-oxygen, oxygenenriched air), gasification process and biomass properties [13]. Gasification temperatures range between 8751275 K [13]. The BIGCC system include biomass dryer, gasification chamber, gas turbine and heat steam
recovery generator (HRSG). A gas turbine is a rotator engine that extracts energy from a flow combustion gas. It
is able to produce power with an acceptable electrical efficiency, low emission and high reliability. The gas
turbine is composed by three main sections: compression (air pressure is increased, aimed to improve
combustion efficiency), combustion (adiabatic reaction of air and fuel to convert chemical energy to heat) and
expansion (obtained pressurized hot gas at high speed passing through a turbine generating mechanical work)
[14]. The HRSG is a high efficiency steam boiler that uses hot gases from a gas turbine o reciprocating engine to
generate steam, in a thermodynamic Rankine Cycle. This system is able to generate steam at different pressure
levels.
III.SIMULATION PROCEDURE
For all the scenarios, flowsheet synthesis is carried out using process simulation tools in order to generate the
mass and energy balances for calculating the raw materials, consumables, utilities and energy requirements. The
main simulation tool used is the commercial package Aspen Plus v8.0 (Aspen Technology, Inc., USA).
Specialized package for performing mathematical calculations especially for kinetic analysis such as Matlab is
also used. The Non-Random Two-Liquid (NRTL) thermodynamic model was applied to calculate the activity
coefficients of the liquid phase and the Hayden-O’Conell equation of state was used for the description of the
vapor phase. Also the UNIFAC-DORTMUND and Soave Redlick Kwong models for liquid and vapor phases
were needed when the NRTL model do not predict properties (e.g. distillation columns).
Energy consumption
The estimation of the energy consumption was performed based on the results of the mass and energy balances
obtained from the simulation. Then, the required thermal energy in the heat exchangers and re-boilers was
calculated, as well as the electric energy needs for the pumps, compressors, mills and other equipment.
Economic assessment
The capital and operating costs were calculated using the software Aspen Economic Analyzer V8.0 (Aspen
Technologies, Inc., USA). On the other hand specific parameters regarding to some Spain conditions such as the
raw material costs, income tax (35%), annual interest rate (6%) and labor salaries, among others, were
incorporated in order to calculate the production costs per unit for the different obtained products. This analysis
was estimated in US dollars for a 10-year period. The Capital depreciation was calculated using the straight-line
method.
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Environmental assessment
The Waste Reduction Algorithm WAR, developed by the National Risk Management Research Laboratory from
the U.S. Environmental Protection Agency (EPA) is used as the method for the calculation of the Potential
Environmental Impact (PEI). The PEI for a given mass or energy quantity could be defined as the effect that
those (energy and mass) will have on the environment if they are arbitrary discharged. The environmental impact
is a quantity that cannot be directly measure; however, it can be calculated from different measurable indicators.
The WAR GUI software incorporates eight categories: Human toxicity by ingestion (HTPI), human toxicity by
dermal exposition or inhalation (HTPE), aquatic toxicity potential (ATP), Global warming (GWP), Ozone
depletion potential (ODP), Photochemical oxidation potential (PCOP) and acidification Potential (AP). This tool
considers the impact by mass effluents and the impact by energy requirements of a chemical process, based on
the energy and mass balances generated in Aspen Plus. Then the weighted sum of all impacts ends into the final
impact per kg of products.
IV. RESULTS AND DISCUSSION
Process Simulation
For simulation purposes a raw material flow of 10 tonne/h is considered and a yield of 0.129 litters of ethanol
per kg of olive stone. Simulations of the three studied scenarios were used to generate their respective mass and
energy balance, which are the basic input for the techno-economic and environmental assessment.
Economic Evaluation
The annualized costs are presented in Table 2 for each scenario as well as the unit cost of ethanol and the profit
margin. As can be seen the feature that contributes with a higher proportion on the total costs are the operating
costs followed by utilities, raw materials and depreciation. However, scenario 3 shows higher values due to the
addition of the cogeneration scheme. The third scenario presents a lower ethanol cost because of the electricity
obtained through the cogeneration system, which is sold to the electric grid.
Table 2. Annualized costs for ethanol production
Scenario 1
Scenario 2
Scenario 3
1.667.278,93 USD
1.667.278,93 USD
1.732.164,93 USD
Depreciation
9.268.144,00 USD
9.268.144,00 USD
9.268.144,00 USD
Raw materials
1.024.681,39 USD
696.783,35 USD
650.415,79 USD
Utilities
4.055.131,63 USD
4.055.131,63 USD
4.582.298,74 USD
Operating
Total
16.015.235,95 USD 15.687.337,90 USD 16.233.023,46 USD
1,20 USD
1,17 USD
0,96 USD
Unit cost of ethanol
3%
6%
23%
Profit margin
Environmental Assessment
The environmental assessment is based on the criteria of the potential environmental impacts, described above.
The results of the potential environmental impact per kg of product are presented in Figure 1. This Figure shown
that the scenario 3 is the less environmental friendly. According to Figure 1 that human toxicity by ingestion
(HTPI) and terrestrial toxicity (TTP) potentials affect the most to the environmental impacts. The HTPI and TTP
potentials are high due to organic waste present in liquid streams leaving the process.
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2.00E+00
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Figure 1. Potential Environmental Impact per kg of Product
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V. CONCLUSIONS
According to the results, the olive stone is an interesting material to be used as feedstock to obtain ethanol.
Showing good profit margin when cogeneration of the solid residues is used. Although, the environmental
results show that the less environmental friendly scenario is the third one.
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ABSTRACT
The objective of the current project is the development of photoactive materials based on cellulose as a backbone
material for the destruction of low molecular weight molecules, which are responsible for the unpleasant odor of
chronic wounds. The destruction process is triggered by release of radicals or singlet oxygen (1O2) as the actual
active agents. Various xanthene dyes, including well-established photosensitizers (PS) such as Fluorescein,
Eosin Y, Rhodamine B and Rose Bengal, were derivatized in order to make them accessible to Cu(I)-catalyzed
Huisgen-Meldal-Sharpless 1,3-dipolar cycloaddition, in a so-called click chemistry approach. The synthesized
photosensitizers were characterized by means of spectroscopic methods including NMR, FTIR, UV/Vis
absorption and fluorescence techniques. The photo-oxidative impact of the sensitizers regarding the production
of singlet oxygen in solution was investigated using an indirect spectrometric approach: the decomposition of
1,3-diphenylisobenzofurane (DPBF), a molecule possessing a highly specific reactivity towards singlet oxygen,
was recorded after illumination with white light. The xanthene derivatives, equipped with an alkyne moiety as
immobilization anchor, were appended onto 6-azido-6-deoxycellulose under mild reaction conditions in a
heterogeneous reaction. The resulting photoactive cellulosic materials were characterized inter alia by solid-state
NMR spectroscopy.
I. INTRODUCTION
Photoactive materials, once a domain of technical and material disciplines, nowadays find also wide applications
in biosciences and medicine, such as wastewater treatment, cancer therapy, photodynamic treatments,
antimicrobial surfaces, or blood sterilization. Another potential application is the destruction of odorous
molecules, which are generated in putrid wounds by the action of bacteria (e.g. Pseudomonas and Klebsiella
species), necrosis or tissue degradation. Malodor of cancerous wounds and ulcers is mainly based on low
molecular weight molecules, including short chain fatty acids, such as butyric and valeric acid, amines including
putrescine and cadaverine as well as sulfides, such as dimethyl trisulfide.
Current methods for wound odor treatment are based on antibacterial cleansing and debriding of the concerned
wound, adsorption of odorous molecules onto activated charcoal or cyclodextrins, or inactivation of bacteria by
antibacterial substances, such as silver particles, PHMB or metronidazole [1, 2]. However, because of the
different nature of wounds it is not possible to use each method in every single case, and performance might
decrease due to saturation phenomena. Until today no dressing with an active material that actually destroys
molecules and bacteria responsible for malodor is available.
The actual destruction process in our approach toward this issue is based on singlet oxygen, which is produced
by photoactive substances attached to cellulosic matrices. Upon illumination, photosensitizers get activated by
the absorption of energy. By transferring part of the energy to ordinary (triplet) oxygen they are producing
highly reactive singlet oxygen from ambient air [3]. This reactive intermediate causes a variety of reactions
based on oxidative processes, including the potential destruction of odorous molecules as well as the inactivation
of bacteria by cell wall destruction.
The fixation of above mentioned photosensitizers onto cellulosic matrices allows application in wound coverage
materials. The Cu(I)-catalyzed Huisgen alkyne-azide cycloaddition serves as a facile and efficient route for the
heterogeneous modification of pre-activated cellulose under mild conditions, even at room temperature. The
advantages of a covalent attachment of active molecules onto cellulose include longer durability, the prevention
of aggregation and minimization of leaching [4].
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II. EXPERIMENTAL
Materials and Methods
Solution NMR experiments were recorded on a Bruker Avance II 400 instrument (Rheinstetten, Germany) with a
resonance frequency of 1H at 400.13 MHz and 13C at 100.61 MHz, respectively. Dry samples were dissolved
either in DMSO-d6 (Euriso-top, 99.9 %D) or CDCl3 (Euriso-top, 99.8 %D) at room temperature with standard
Bruker pulse programs. The raw data were processed with ACD/NMR Processor academic edition. Assignment
of the signals was accomplished by means of 2D NMR techniques (COSY, HSQC, HMBC). Solid state 13C CPTOSS NMR spectra were recorded on a Bruker Avance III HD instrument with a resonance frequency of 13C at
100.68 MHz. A PerkinElmer Frontier IR Single-Range spectrometer (Waltham, Massachusetts, US) was used in
ATR mode for FTIR measurements. UV/Vis absorption and fluorescence spectroscopy experiments were carried
out on a PerkinElmer Lambda 35 UV/Vis and PerkinElmer LS 45 fluorescence spectrometer. Elemental analyses
were operated on a EURO EA 3000 CHNS-O instrument from HEKAtech (Wegberg, Germany). Illumination
for the light-triggered destruction of DPBF was carried out with both a TRIO 20W/12V halogen bulb desk lamp
(Arnsberg, Germany) and an OSRAM FQ 54W/840 halogen fluorescent tube (Munich, Germany). Flash column
chromatography was performed on Silica Gel 60 from Merck (Darmstadt, Germany). Solvents were purchased
from ROTH, Sigma-Aldrich and VWR and used as received. Reagents for synthesis were obtained from SigmaAldrich, Fluka and TCI. As a cellulose backbone material microcrystalline cellulose (Avicel ® PH-101 50 µm)
was used.
Preparation of alkyne derivatives of xanthene dyes
Ethyl 2-[3-oxo-6-(prop-2-yn-1-yloxy)-3H-xanthen-9-yl]benzoate 1: Fluorescein ethyl ester as an intermediate
was prepared as reported by Adamczyk et al. [5] using EtOH instead of MeOH and fluorescein free acid as
reagents. To a suspension of the corresponding ethyl ester (3.20 g, 8.88 mmol) in acetone (50 mL) was added
DMF until complete dissolution of the reagent. Finely grounded K2CO3 (1.85 g, 13.4 mmol) was added followed
by the addition of propargyl bromide solution in toluene (1.50 mL, 13.4 mmol). The suspension was allowed to
stir at 60°C overnight. The reaction mixture was poured into water (300 mL) and the orange voluminous
precipitate was filtered off. The product was washed with water until the filtrate became colorless and then
lyophilized. The already pure product was allowed to crystallize from acetone in order to remove traces of
remaining reagents. The crystals were washed with cold acetone and dried under high vacuum overnight. Yield:
3.05 g of an orange solid 1 (7.64 mmol, 86%).
Prop-2-yn-1-yl 2-[3-oxo-6-(prop-2-yn-1-yloxy)-3H-xanthen-9-yl]benzoate 2 and prop-2-yn-1-yl 2-(6-hydroxy-3oxo-3H-xanthen-9-yl)benzoate 3: The reaction conditions for the synthesis of both substances in one pot follow
the protocol described above using DMF instead of acetone as a solvent and fluorescein as a reagent. After
evaporation of the solvent the mixture of products was extracted with EtOAc, the combined organic phases were
washed with water and brine and finally dried over anhydrous MgSO 4. After filtration and evaporation of the
solvent the products were separated by flash column chromatography using gradient elution from EtOAc to
EtoAc/EtOH 2:1. Fractions containing pure products were combined, filtered and the solvent was evaporated.
Drying overnight under high vacuum yielded 2 as an orange solid (51%, Rf = 0.30 in EtOAc) and 3 as a red solid
(7%, Rf = 0.07 in EtOAc).
3,6-Bis(diethylamino)-9-[2-[(2-propyn-1-yloxy)carbonyl]phenyl]-xanthylium chloride 4 was prepared with
modification as reported by Birnbaum and Kuckling [6] starting from Rhodamine B as reagent. After completion
of the reaction the mixture was evaporated to dryness, the residue dissolved in CH 2Cl2 and filtered. The filtrate
was evaporated and the product purified via flash column chromatography using stepwise gradient elution from
CH2Cl2/MeOH 10:1 to 5:1, yielding 4 as a dark purple solid (78%, Rf = 0.31 in CH2Cl2/MeOH 10:1).
Sodium 2,4,5,7-tetraiodo-3-oxo-9-{2,3,4,5-tetrachloro-6-[(prop-2-yn-1-yloxy)carbonyl]phenyl}-3H-xanthen-6olate 5 (Rose Bengal disodium salt as a reagent) and sodium 2,4,5,7-tetrabromo-3-oxo-9-{2-[(prop-2-yn-1yloxy)carbonyl]phenyl}-3H-xanthen-6-olate 6 (Eosine Y disodium salt as a reagent) were synthesized following
a protocol published by Fall et al. [7] with modification regarding the purification. Raw compound 5 was
purified by flash column chromatography using elution from CH2Cl2/MeOH 10:1 to 5:1 yielding a dark purple
solid (94%, Rf = 0.10 in CH2Cl2/MeOH 10:1). Compound 6 was purified by crystallization in Et2O followed by
filtration and washing with Et2O and water. Lyophilization followed by further drying under high vacuum at
room temperature yielded pure 6 as a dark red-to-brown solid (65%).
Surface modification of cellulose
Microcrystalline cellulose was modified according to a protocol derived from Feese et al. [4] yielding solid white
cellulose material (elemental analysis [w-%]: C: 42.96, H: 6.29, N: 1.16, S: 0.08, O: 49.09). Reaction conditions
for the Cu(I)-catalyzed immobilization of photosensitizers 1-6 were set in accordance with [4] as well.
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UV/Vis and fluorescence spectroscopy
All spectroscopic experiments were carried out in DMF as a solvent. For the comparative 1O2 production
experiments a similar setup as described by Garcia et al. [8] was used. A solution of DPBF (10 µM) and
respective photosensitizer (5 µM) was prepared in the dark and air-saturated with an aquarium air pump for
10 min. The solution (20 mL) was irradiated with white light at room temperature for 16 min at constant flushing
with air. Aliquots (2 mL) were taken at 2 min intervals and the UV/Vis spectra were recorded. The same setup
without additional photosensitizer was used as for blank value determination.
III. RESULTS AND DISCUSSION
Synthesis aspects
A total of six xanthene derived photosensitizers comprising different substitution patterns at the aromatic ring
structure were synthesized and obtained in pure form, which was evaluated by NMR and FTIR methods. The
structures of compounds 1-6 are given in Figure 1 including respective spectroscopic properties. Fluorescein,
Rhodamine B, Rose Bengal disodium salt and Eosin Y disodium salt were used as precursor molecules. With the
exception of Rhodamine B, all educts were esterified with propargyl bromide. In case of Rhodamine B-derived
compound 4, Steglich esterification using propargyl alcohol, DCC and DMAP afforded the corresponding
propargyl ester after purification via flash column chromatography.
a
a

a
O

a

Compound

λmax abs [nm]

λmax em[nm]

log ε

1

455

526

4.34 ± 0.01

2

459

529

4.30 ± 0.01

3

456

556

4.41 ± 0.03

4

563

588

4.65 ± 0.02

5

572

-

4.72 ± 0.04

6

544

552

4.96 ± 0.05

b
O

c

c

d

O
c

e
c

1: a = H; b = Et; c = H; d = OCH2CCH; e = O
2: a = H; b = OCH2CCH; c = H; d = OCH2CCH; e = O
3: a = H; b = OCH2CCH; c = H; d = OH; e = O
4: a = H; b = OCH2CCH; c = H; d = N(Et)2; e = N+(Et)2Cl5: a = Cl; b = OCH2CCH; c = I; d = O-Na+; e = O
6: a = H; b = OCH2CCH; c = Br; d = O-Na+; e = O

Figure 1. Structure of the synthesized xanthene dyes 1-6 including corresponding UV/Vis and fluorescence
properties. Compounds 1-3 are based on Fluorescein, whereas 4-6 represent derivatives of Rhodamine B, Rose
Bengal and Eosin Y, respectively.
It is important to mention that regioselective propargylation is challenging in the case of reagents containing
both a carboxylate and phenoxide functional group, which is especially true for fluorescein (free acid) as an
educt. Because of resonance stabilization of the carboxylate, the alkoxide possesses higher nucleophilicity and
therefore the Williamson ether products are favored. However, in case of disodium salts as precursors the
respective alkyne esters were obtained as major compounds and were separated from minor byproducts by
means of flash column chromatography and crystallization. Esterification instead of etherification was confirmed
both by FTIR and long-range heteronuclear coupling in 2D NMR (HMBC) experiments. Cellulose as a backbone
material for immobilization of previously synthesized xanthene derivatives was pre-modified by surface
tosylation and nucleophilic tosyl-azide exchange yielding 6-azido-6-deoxycellulose in two steps with a
DS = 0.06 calculated by the amount of nitrogen present in the sample (1.16 w-%).
Comparative 1O2 production study
The results of the singlet oxygen production of compounds 1-6 are shown in Figure 2a. DMF was chosen as a
solvent for the present study because no significant photolysis of DPBF without photosensitizer occurs in this
solvent (as it e.g. happens in the case of CHCl3) [9]. The singlet oxygen production rate of compounds 1-3 and 6
are almost identical. These four substances are based on fluorescein (1-3) and tetrabromofluorescein (6). The
Rhodamine B-based sensitizer 4 shows lower production rates compared to the four mentioned above; on the
other hand, the Rose Bengal-derived sensitizer 5 is the most efficient one and complete destruction of DPBF
resulting in o-dibenzoylbenzene was observed after already 6 min. The decrease of typical DPBF absorption in
case of 6 is shown as a detail in Figure 2b. As a reference also the non-derivatized educts were used, indicating
that derivatization did not affect the overall singlet oxygen production (data not shown).
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Figure 2. Comparative 1O2 production study. a) Decrease of DPBF-absorption at 414.5 nm over time.
Conditions: DPBF (10 µM) and PS 1-6 (5 µM) in DMF, air-saturated solution, illumination with white light.
Reference (dark, blank) = DPBF (10 µM) and PS 6 (5 µM) in DMF, air-saturated solution, without illumination;
b) Decrease of DPBF-absorption in case of PS 6 over time.
IV. CONCLUSIONS
A total of six xanthene derived dyes with alkyne moieties have been synthesized successfully and characterized
by means of spectroscopic methods including a comparative study of the 1O2 production rate, in which Rose
Bengal derived compound 5 has shown to be the most powerful sensitizer. The compounds were attached onto
pre-modified cellulose according to Cu(I)-catalyzed click chemistry resulting in photoactive cellulosic materials.
Their potential oxidative action and applicability in modern wound treatment approaches will be studied in
further experiments by means of GC/MS and UV/Vis spectroscopy, which have been developed for this special
analytic scenario.
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ABSTRACT
We have demonstrated a new series of phase-separable ionic liquids (PSILs), based on the hydrophobic
tetraalkylphosphonium cation ([PRRRR]+), that can dissolve lignin in the neat state but also hemicellulose and high
purity cellulose in the form of their electrolyte solutions with dipolar aprotic solvents. For example, the IL
trioctylmethylphosphonium acetate ([P8881][OAc]) was demonstrated to dissolve up to 19 wt% of
microcrystalline cellulose (MCC) at 60oC with the addition of 40 wt% of DMSO. It was found that the MCC
saturation point is dependent on the molar ratio of DMSO and IL in solution. At the optimum saturation, a ~1:1
molar ratio of [P8881][OAc] to anhydroglucose units is observed, which demonstrates highly efficient solvation.
This is attributed to the positive contribution that these more amphiphilic cation-anion pairs provide, in the
context of the Lindman hypothesis. This effective dissolution is further illustrated by solution-state HSQC NMR
spectroscopy on MCC. Finally, it is also demonstrated that these electrolytes are phase separable by the addition
of aqueous solutions enabling the ionic liquid to be recovered and separated from DMSO.
I. INTRODUCTION
A major limiting factor for the commercialisation of ionic liquids (ILs) for cellulose dissolution and wood
fractionation is the ability of the IL to be effectively recycled and purified by a suitable method. Distillation of
the biopolymer-precipitating anti-solvent can be cost-prohibitve on a large scale, requiring high temperatures and
low pressures [1]. Contaminants including oligomeric, monomeric and inorganic materials may also build up
after several process cycles which need to be removed from the IL before further use. Recent generational
advances have been made; including the advent of distillable ILs [2] wherby the IL may be ‚distilled‘ at lower
temperatures and pressures than previous generations of cellulose dissolving ILs. The next generation of ILs for
cellulose dissolution are predicted by us to be phase-separable ILs[1], circumventing the need for distillation of
ILs. We aimed to test the cellulose, lignin, and hemicellulose dissolution capabilities and recycling strategies of a
range of phosphonium based ILs. Their high polarity and strong hydrogen bond basicity would suggest them to
be good candidates for cellulose dissolution solvents, along with their attractive potential for recycling via phaseseparation due to the hydrophobicity of the cation. In addition, phosphonium based ILs have a number of other
advantages, such as increased thermal and chemical stabilities [3]
II. EXPERIMENTAL
Ionic Liquid Synthesis
Methyltrioctylphosphonium chloride ([P8881]Cl) was prepared by quaternization of trioctylphosphine, with
methyl chloride in an autoclave at 100 oC for 12 h. Tetraoctylphosphonium chloride ([P8888]Cl) and
(tetradecyl)trioctylphosphonium chloride [P14888]Cl were prepared by quaternization of trioctylphosphine, with
1-octylchloride in an autoclave at 145oC for 24 h. The acetate salts tetrabutylphosphonium acetate
([P4444][OAc],), tetraoctylphosphonium acetate ([P8888][OAc]). (tetradecyl)trihexylphosphonium acetate
([P14666][OAc]) and (tetradecyl)trioctylphosphonium acetate [P14888][OAc] and (Tetradecyl)tributylphosphonium
were prepared by anion metathesis from potassium acetate or silver acetate in
chloride [P14444][OAc])
isopropanol from the commercial or synthesized chloride salt. Methyltrioctylphosphonium acetate ([P8881][OAc])
was prepared by quaternization of trioctylphosphine with dimethylcarbonate in an autoclave at 140 oC for 24 h.
A metathesis reaction was then carried out by addition of acetic acid to give the acetate salt.
Biopolymer Dissolution
The IL was added to a pre-weighed sample vial and a co-solvent was added (if used). Each addition was weighed
to give accurate compositions. The biopolymer was weighed separately on a filter paper and added to the solvent
in one addition. After mixing briefly with a mechanical vortex mixer, a stirrer bar was added and the biopolymer
solution was mixed at a steady rate with magnetic stirring at 100oC. The dissolution state was confirmed by
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visual inspection of a clear solution and by observation by optical microscopy, which confirmed the absence of
undissolved fragments.
Cellulose Dissolution Saturation Limit in Electrolyte Solutions
With constant stirring of the solution, under an argon atmosphere, mass portions, relative to the mass of solution
(typically 0.25 wt%), of cellulosic pulp were added to the solutions and allowed to homogenise at 60oC. This low
temperature was chosen to avoid error due to de-polymerisation or evaporation of co-solvent over the extended
dissolution times required for the incremental addition of pulp. In the case of [emim][OAc], lower co-solvent
(more viscous) concentrations were heated to 100OC briefly to aid in dispersion of the pulp. The solution is
stirred between each addition until it becomes optically clear (confirmed by optical microscopy, ESI) and the
next portion added. The end-point is taken when the solution no longer becomes clear after stirring for 24 h.
Ternary Phase Diagrams
Two methods of constructing phase diagrams are used: first, an NMR method[5], whereby 1H NMR spectrum
integrals are used to calculate mass fractions, and second, a GC method [6], whereby GC chromatogram peak
areas are used to calculate mass fractions, in combination with an internal standard. Prior to data collection, a
calibration is established using samples of known concentrations, with an average standard error of ~0.005 mass
fractions. Phases are sampled from the ternary mixtures with a needle and syringe without disturbing the
interface, after mixing and sufficient phase-equilibration time at 298.15K.
III. RESULTS AND DISCUSSION
Qualitative polysaccharide and lignin dissolution experiments (Table 1) were performed on some of the purified
and dried acetate ILs in addition to chloride ILs, with 5 wt% microcrystalline ecellulose (MCC), 5 wt% Norway
spruce dioxane-acidolysis lignin (Lignin). In addition, alkaline-extracted birch xylan (Xylan) and Norway spruce
hot water-extracted galactoglucomannan (GGM) were dissolved in the representative ILs [P8881][OAc],
[P14666]Cl, and [P14666][OAc]. For these initial tests we assessed biopolymer solubility “qualitatively”. Lignin was
found to dissolve rapidly at 100oC in all the ILs and electrolyte solutions studied (Table 2). However, in all of
the neat ILs, the dissolution of MCC did not proceed even after heating at 100oC for up to 48 h. In fact, none of
the polysaccharides (MCC, Xylan, or GGM) dissolved in any of the pure ILs tested. This demonstrates some
motivation for the extraction of lignin from lignocellulosic materials.
Under the same conditions, the use of DMSO as a co-solvent afforded rapid cellulose dissolution in under 1 h.
GGM and xylan were also soluble and partially soluble, respectively, in 40 wt% DMSO solutions of the acetate
ILs that were tested ([P8881][OAc] and [P14666][OAc]). The dissolution of cellulose in the phosphonium acetate ILs
was confirmed by optical microscopy. Following dissolution, it was possible to precipitate cellulose with water,
ethanol, and brine solutions. The attenuated total reflectance (ATR) IR spectra of the cellulose regenerated from
ethanol confirmed the absence of acetate peaks and XRD confirmed a loss of crystallinity and a partial
conversion to the cellulose II polymorph.
Table 1. Biopolymer Solubility in PSILs and their DMSO electrolytes.
Lignin

MCC

Xylan

GGM

MCC + DMSO

Xylan + DMSO

GGM + DMSO

Water

(5 wt%)

(5 wt%)

(5 wt%)

(5 wt%)

(5 + 38 wt%)

(5 + 38 wt%)

(5 + 38 wt%)

Miscibility

[P4444][OAc]

S

I

-

-

S

-

-

M

[P14444][OAc]

S

I

-

-

S

-

-

M

[P8881][OAc]

S

I

I

I

S

P

S

I

[P8888][OAc]

S

I

-

-

S

-

-

I

[P14666][OAc]

S

I

I

I

S

P

S

I

[P4444]Cl

S

I

-

-

I

-

-

M

[P14444]Cl

S

I

-

-

I

-

-

M

[P8881]Cl

S

I

-

-

I

-

-

I

[P8888]Cl

S

I

-

-

I

-

-

I

Ionic Liquid

[P14666]Cl
S
I
I
I
I
I
I
I
Lignin = Norway spruce dioxane-acidolysis lignin, MCC = microcrystalline cellulose, Xylan = alkaline-extracted birch xylan, MCC = hot water-extracted
Norway spruce galactoglucomannan, S = soluble, I = insoluble/immiscible, P = partially soluble, M = miscible

To test the full effect of the variation of the amount of co-solvent on cellulose dissolution, DMSO was chosen as
the best solvent for this purpose. A range of solutions, with various mass compositions of the co-solvent DMSO
and IL were prepared. Two ILs were chosen for comparison: [P8881][OAc] and [emim][OAc], the second of
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which is the most common and successful structure quoted in the literature for cellulose dissolution. A new
method was developed to determine quantitatively the wt% dissolution capacities and molar dissolution
capacities for the different mixtures, the wt% of cellulose in electrolyte solution and the anhydroglucose unit
(AGU)/IL molar ratio. The most effective cellulose dissolution in terms of weight capacity in
[P8881][OAc]/DMSO electrolyte solutions occurs at around 40 wt% DMSO/[P8881][OAc], with a decreased
capacity above and below this composition (Figure 1). The optimum cellulose dissolution composition of
[P8881][OAc]/DMSO corresponds with the formation of a relatively defined cellulose/IL complex of
approximately a 1:1 molar ratio of AGU/IL between 30 and 60 wt% DMSO compositions (maximum of 1.12:1
mol equiv. at 50:50 wt%). More IL per AGU is required to go above and below these compositions at the
maximum dissolution capacities. As a comparison, the maximum molar dissolution capacity of 1.12 AGU/IL (50
wt% DMSO) is significantly higher than that of the [emim][OAc]/DMSO electrolytes. It seems that, for the
maximum dissolution capacity, less acetate anions are needed per mole of AGU for the more bulky
phosphonium structure than for the less bulky imidazolium structure. One possible explanation for the enhanced
molar dissolution effect is the amphilicity of the ILs, creating a positive interaction via the hydrophobic effect as
speculated by the Lindman hypothesis.[4]
	
  

Figure 1. Cellulose (MCC) saturation in [P8881][OAc] and [emim][OAc]-DMSO electrolyte solutions.

As a more definitive demonstration of the dissolution capabilities of these electrolytes, IL [P8881][OAc] (60 wt%)
and d6-DMSO (40 wt%) were used to prepare a 7.7 wt% solution of MCC. A high-resolution solution-state
HSQC NMR spectrum was collected and processed for the optimum viewing of cellulose correlations (Figure 2).
All of the cellulose backbone peaks can be differentiated clearly and correlated in both the 1H and 13C
dimensions without overlapped solvent resonances. These ILs are unique in that they do not have any major
resonances that interrupt the biopolymer C1H region in the 1H dimension, which enables high-resolution solutionstate HSQC, 1H and 13C NMR on cellulose with a high degree of polymerization (DP) (MCC DP~100), to be
obtained without deuteration of the IL or solvent suppression techniques.
Figure 2. HSCQ & 1D NMR assignments for MCC in [P8881][OAc]/DMSO.

Figure 3 a) Phase diagram of [P8881][OAc]/DMSO/water, b) recovery of [P8881][OAc] after separation.
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Gibbs diagrams of the ILs, DMSO and water were constructed according to previously used methods.[5][6]
Three ILs were studied, [P8881][OAc], an IL with a small bi-phasic region, and [P14,888] and [P8888][OAc], with
larger biphasic regions. Although they are described as water immiscible, these hydrophobic ILs are slightly
hygroscopic, and a small amount of water is soluble in the IL phase and vice versa (15 wt% for [P8881][OAc] and
<0.5 wt% for [P14888][OAc] and [P8888][OAc]). Thus, the maximum % recovery of the IL is effectively limited by
the solubility of the IL in pure water and the slope of the tie-lines. If we take a defined concentration (e.g., 40
wt%) of a DMSO solution of [P8881][OAc], the addition of more water to the mixture (e.g., Figure 3a, line (a)),
increases the size of the water-rich phase and decreases the size of the IL-rich phase (intersections of AB with tie
lines). From the tie-line data, in all ILs studied, the DMSO distribution constants (βDMSO > 1.0) and selectivities
(S > 1) indicated that the IL may be recovered in the upper phase, and the DMSO may be extracted into the
aqueous phase for most ILs. The recovery in [P8881][OAc] drops drastically as a function of water content and
has a reduced biphasic region when compared to [P14888][OAc] and [P8888][OAc] and thus is not able to be easily
recovered from a simple phase-separation at useful water concentrations. However, kosmotropic salt solutions
utilizing salts of the same anion (ie. NaOAc) boost the recovery of IL by lowering the solubility of the IL in
water (Figure 3 b) and additionally reverse the distribution of DMSO by favoring solubility in the IL phase. For
example, an aqueous solution of NaOAc (10 wt% in water) was added to a solution 40% DMSO and 60%
[P8881][OAc] and the recovery of the IL in the IL-rich layer after one phase separation increased from
approximately 68 to >95 wt%.
IV. CONCLUSIONS
Phosphonium ILs in combination with polar aprotic co-solvents are powerful non-derivatizing solvents for
cellulose and with or with co-solvents are promising media for the fractionation of wood. Cellulose can be
dissolved rapidly to a high concentration in the mixed solutions, with the cellulose saturation limit in different
ILs being determined mostly by the length of the cation alkyl chains and their spatial arrangement. When
compared to [emim][OAc], phosphonium ILs [P8881][OAc] and [P14444][OAc] have an increased ratio of AGU
units per mol of IL at lower DMSO concentrations indicating the possibility of a positive contribution from the
increased amphiphilicity of the solvent, as hypothesized by Lindman. The water-immiscible ILs may be
recovered from water, the cellulose anti-solvent, by phase separation and separated from the DMSO co-solvent
by washing with water. Alternatively, kosmotropic salt solutions can be added to the aqueous phase to shift the
DMSO partitioning to the IL phase. Recovery of the IL is limited by the solubility of IL in the aqueous phase
and the slope of the tie-lines.
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ABSTRACT
2,5-Dihydroxy-[1,4]-benzoquinone (DHBQ) is one of the key chromophores occurring in all types of aged
cellulosics. In the present work, we have addressed the molecular mechanisms of DHBQ degradation by
hydrogen peroxide by a combination of synthesis, kinetic and computational approaches, attempting to provide a
solid knowledge base for optimization of bleaching sequences aiming at DHBQ removal. Experimental
investigation under neutral conditions (3.0 % H2O2, to choose a system as simple as possible) showed that
DHBQ degraded into malonic acid, acetic acid, and carbon dioxide with the activation energy (Ea) being 20.4
kcal/mol. DFT(B3LYP) computation presented a plausible mechanism for the degradation of DHBQ involving
an intermediate IOH having an intramolecular O-O bridge between C-2 and C-5 of the 1,4-cyclohexadione
structure. IOH then undergoes the homolysis of the O-O bond followed by -fragmentation of the resulting
biradical, giving ketene and oxaloacetic acid. While ketene yields acetic acid, oxaloacetic acid eventually gives
malonic acid and carbon dioxide. Under conditions more relevant to pulp bleaching (3.0% H 2O2, NaOH, pH 10
and above), DHBQ is degraded quantitatively into malonic acid with an Ea of 16.1 kcal/mol. The DFT
computation indicated that this degradation formed a dianionic intermediate IO-, which is the doubly
deprotonated form of IOH. The intermediate IO- undergoes O-O homolysis to form a biradical, which is
fragmented into malonate anions. The O-O bond homolysis of the dianionic intermediate IO-, under alkaline
conditions is favored over that of the neutral counterpart IOH, with the unpaired electrons being stabilized by the
geminal anionic oxygens. This difference in the stability of the intermediates translates into significant variations
in the reaction rate and the product distribution between pH 10 and neutral conditions. It was also clarified that
coordination of Na+ to IO- during this reaction decreases the energies and enhances the O-O homolysis rate. This
finding led us to the idea of investigating the effects of other metal cations on the degradation reaction.
I. INTRODUCTION
On one hand, 2,5-dihydroxy-[1,4]-benzoquinone (DHBQ) is one of the key chromophores formed upon aging
("brightness reversion") in cellulosic materials [1]. On the other hand, due to its extensive resonance
stabilization, which results in highly delocalized double bonds, it also "survives" conventional bleaching
treatments much longer than other chromophores. Degradation of DHBQ is thus a crucial issue in pulp
bleaching, and hence clarification of the degradation mechanism of DHBQ by bleaching agents is indispensable
for fine-tuning bleaching stages.
Previous accounts have addressed the general chemistry of DHBQ which mainly undergoes electrophilic
substitution, nucleophilic substitution, and condensation with amines [2]. However, these works have employed
DHBQ as a starting material in organic synthesis. With the revival of the compound which is connected to its
pivotal role in cellulose yellowing, the degradation and "discoloration" of DHBQ became a matter of much
interest. It is thus important to investigate the detailed behavior of DHBQ towards bleaching agents and elucidate
the compound´s degradation mechanisms. In this study, we would like to communicate our attempts to clarify
the detailed mechanism of the reaction between DHBQ and hydrogen peroxide as one of the most common
bleaching agents, trying to combine experimental investigation with computational studies (DFT calculations).
II. MATERIALS AND METHODS
The degradation reaction was started by adding a 30% aqueous solution of hydrogen peroxide (2.2 mL, 19.6
mmol of hydrogen peroxide) to 20 mL of an pH 10 NaOH buffer solution or deionized water solution of DHBQ
(10.7 mg, 0.0763mmol) in a 50 mL round bottom flask. The buffer solution of DHBQ contained 4.0 mg of 1,3,5tricarboxylbenzene as internal standard. The solution was preheated at temperatures between 278.15 and 353.15
K before addition of the hydrogen peroxide solution. After the reaction started, sampling of the reaction mixture
was done by adding 2.0 mL of the reaction solution separately into 10.0 mL of deionized water. After freeze
drying of the sample at this temperature, the sample was analyzed by 1H NMR in DMSO-d6 to quantify the
amount of non-reacted DHBQ. In the experiment in the pH 10 buffer, the degradation was also carried out in the
presence of 1.63 g (11.4 mmol) of sodium sulfate. In this case, sodium sulfate was added into the buffer solution
of DHBQ in advance and the degradation was started in the same manner as described above. Sampling was
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carried out according to the procedure described above. The freeze-dried mixture was extracted with dimethyl
ether and the soluble part was subject to 1H NMR analysis in DMSO-d6 after removal of the solvent in vacuo.
In quantum chemical computation, geometry optimization was carried out by the DFT method with the B3LYP
functional. The 6-31G(d) basis sets were employed for H, C, O, Na where a diffuse function was added to each
of C and O and a p-polarization function was added to H. For single point calculations, we employed MP2 or
DFT(UB3LYP) method, the latter was used only for the calculations of radical species. In the single point
calculations, cc-pVDZ basis stets were employed for H and Na and aug-cc-pVDZ basis sets were employed for
C and O. In all calculations, the solvation energy in water was evaluated with the PCM method. It was
ascertained that each equilibrium geometry exhibited no imaginary frequency and each transition state exhibited
one imaginary frequency. Enthalpy, entropy, and Gibbs energy changes were evaluated at 298.15 K. Zero-point
energy, thermal energy, and entropy change were evaluated with the DFT(B3LYP) method.
III. RESULTS AND DISCUSSION
Degradation under neutral conditions
Kinetic analysis of the degradation reaction under neutral conditions with an excess amount of H2O2 gave a
linear relationship between the reaction time and the ln of the concentration of DHBQ, indicating the reaction to
follow a pseudo-first-order kinetic rate law. Further investigation of temperature dependency of the pseudo-firstorder rate constant (k) gave an Arrhenius plot, from which we determined an experimental activation energy (Ea)
of 20.4 kcal/mol and activation entropy (S0‡) of -27.7 cal/mol·K at 313.15 K, as summarized in Table 1.
Product characterization with 1H NMR and GC/MS analyses indicated that DHBQ degraded into malonic acid in
around 50 % yield with the other 50 % of the products being acetic acid and carbon dioxide.
The DFT(B3LYP) computation to clarify the detailed mechanism showed an initial nucleophilic attack of H2O2
to DHBQ, forming an intermediate with an intramolecular O-O bridge between C2 and C5 of the 2,5-dihydoxy1,4-cyclohexadione structure (IOH) (Figure 1). This intermediate IOH then undergoes homolysis of the O-O bond
followed by -fragmentation of the resulting biradical BROH to give ketene and oxaloacetic acid. While ketene
is converted into acetic acid through reaction with water, oxaloacetic acid further degrades into malonic acid and
carbon dioxide. The rate determining step of the degradation is the homolysis of the O-O bridged intermediate,
and the Ea value was calculated to be 23.3 kcal/mol, which agrees well with the experimental value above [3].
Table 1. Experimental pseudo-first-order rate constants (k) and activation parameters in the degradation of
DHBQ by H2O2 at 313.15 K.
With sodium
sulfate [b]

Without sodium sulfate
Activation parameters [a]

Neutral conditions
Alkaline (pH 10) conditions

k (s-1)

H0‡
(kcal/mol)

S0‡
(cal/mol·K)

G0‡
(kcal/mol)

k (s-1)

4.66× 10-4
1.44 × 10-3

19.9
15.5

-16.7
-27.7

24.9
24.1

‒
2.13 × 10-2

[a] The activation energies (Ea) were determined to be 20.4 kcal/mol under neutral conditions and 16.1 kcal/mol
under alkaline conditions. [b] The amount of sodium sulfate was 150 eq. (mole) against DHBQ.
Degradation under alkaline (pH 10) conditions
We next investigated the degradation under conditions more relevant to pulp bleaching (3.0% H 2O2, NaOH, pH
10). Kinetic analysis indicated that the degradation followed a pseudo-first-order rate law also under these
alkaline conditions. Interestingly, the degradation occurred with smaller Ea (16.1 kcal/mol) and S0‡ (27.7cal/mol·K) than under neutral conditions (Table 1), indicating that the degradation under pH 10 conditions
is favorable from the viewpoint of enthalpy but unfavorable regarding entropy. Considering both factors, the
effect of enthalpy is stronger than that of entropy, leading to a smaller activation Gibbs energy (G0‡) under
alkaline conditions. This means that the degradation becomes faster by increasing the pH to 10. The product
characterization showed that DHBQ gave quantitatively malonic acid, whereas malonic acid was produced only
in 50 % yield under neutral conditions (see previous section). These results suggest the degradation under pH 10
conditions to involve some mechanisms different from those under neutral conditions, as shown in Figure 1A.
The reaction pathway shown in Figure 1B was proposed for the degradation under pH 10 conditions from the
DFT(B3LYP) computations [4]. In the first step of the degradation, deprotonated DHBQ reacts with H2O2 to
form an intermediate IO-, which is the doubly deprotonated form of the intermediate IOH. The O-O bond
homolysis of IO- then occurs to give a biradical BRO-, which fragments into two molecules of radical R1. The
radical R1 further reacts with H2O2 resulting in the formation of two molecules of malonate anion. The rate
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determining step of the degradation is the O-O bond homolysis, the same as that under the neutral conditions,
with an Ea calculated to be 17.8 kcal/mol. This Ea value very well agrees with the experimental one (16.1
kcal/mol, see Table 1), indicating the correctness of the proposed mechanism. It is also noted that coordination
of Na+ to IO- and BRO- significantly decreased the energies and enhanced the O-O bond homolysis of IO-. This
computational result is well supported by the experimental fact that addition of Na2SO4 to the reaction solution
considerably increased the degradation rate, and by the considerably negative S0‡ values calculated under
alkaline conditions, as already mentioned above (see Table 1).

Figure 1. Degradation mechanisms under neutral conditions (A) and alkaline (pH 10) conditions (B), as
proposed based on DFT computation, kinetics and product analyses [3,4]. In the mechanism for alkaline media,
sodium cations coordinating to IO- and BRO- are not shown.
Degradation of DHBQ under alkaline and neutral conditions - a comparison
The mechanism for the degradation of DHBQ under alkaline conditions is considerably different from that under
neutral conditions. One important difference is the stability of the biradicals formed by the O-O bridge
homolysis, BROH (neutral) and BRO- (alkaline): BRO- is more stable than BROH. In other words, deprotonation
of the two hydroxyl groups of IOH stabilizes the biracial. In fact, the Ea value calculated for the degradation under
alkaline conditions (17.8 kcal/mol, see above) is much lower than that calculated for the degradation in neutral
medium (23.3 kcal/mol), and so are the experimental Ea values (16.1 kcal/mol vs. 20.4 kcal/mol, see Table 1).
Orbital analysis based on the DFT computation suggested that this difference in energy between BRO- and BROH
was explained by the orbital interactions shown in Figure 2. In BRO-, the unpaired electrons interact with the
lone pairs of the geminal anionic oxygens. This interaction stabilizes the biradical with two electrons stabilized
and one electron destabilized: ESO = 2E1O-E2O > 0, see Figure 2A. In BROH, by constrast, this stabilizing
effect becomes much weaker as the orbital energy of the lone pair orbital is significantly decreased by the
protonatin of the geminal oxgens, which renders the interaction between the lone pair electrons and the unpaired
electron much weaker (ESO >> ESOH, see Figure 2). The activation energy required for the O-O bond homolysis
therefore becomes much lower in the formation of BRO- from IO- (alkaline conditions) than that of BROH from
IOH (neutral conditions).
Another important difference between the degradation under alkaline vs. neutral conditions is the product
distribution: DHBQ produces malonic acid in quantitative yield in alkaline medium, while a maximum of 50 %
yields was obtained under neutral conditions (see previous sections). This difference in the products is well
explained from the difference in the spine state from which the -fragmentation of the biradicals starts, as shown
in Figure 1. The DFT computation indicated that BRO- (alkaline conditions) underwent the -fragmentation in a
triplet (T1) state, where the two unpaired electrons have the same spin so that they cannot form a covalent bond
(Figure 1B). Thus, -fragmentation does not proceed further to form non-radical species, and two molecules of
the radical R1 are formed. Under the neutral conditions, on the other hand, the -fragmentation occurs
predominantly in the singlet (S0) state, in which the unpaired electrons can readily form a covalent bond
afterwards (Figure 1A). Hence, ketene and oxaloacetic acid are produced as non-radical products. Since only
oxaloacetic acid is a precursor of malonic acid, the yield of the latter comes down to 50% yield under neutral
conditions.
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Figure 2. Orbital interaction between the unpaired electron and the lone pair electron at the germinal oxygen in
the biradical BRO- (A) and BROH (B).
IV. CONCLUSIONS
The mechanisms of the degradation of DHBQ by hydrogen peroxide were significantly different between neutral
and alkaline conditions. This clearly disqualifies the conventional assumption in pulp bleaching with H 2O2 ("Pstage) that a change in pH influences only the reaction rate for chromophore removal, but not the actual
mechanism. DHBQ is degraded more easily under alkaline conditions. In a P-stage, alkaline media are used
anyway in order to minimize damage to the carbohydrates. The use of an alkaline pH would now get additional
support as it is needed not only from the viewpoint of carbohydrate preservation, but also with regard to a faster
degradation of DHBQ-based chromophores. The beneficial effect of Na+ was also revealed. The addition of salts
during the P-stage, such as sodium sulfate that is a byproduct in many pulp production units, would be an
interesting conclusion to be tested in real-world bleaching of cellulosic pulps. In further work, effects of various
metal cations, such as Li+, K+, Mg2+, Ca2+, and Al3+, on the degradation mechanism will be examined in more
detail.
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ABSTRACT
2,5-Dihydroxy-[1,4]-benzoquinone (DHBQ) is one of the key chromophores, both surviving conventional
bleaching longer than other chromophores due to extensive resonance stabilization and re-formed upon aging
("brightness reversion") in cellulosic materials. Degradation of DHBQ is thus one of the key reactions in pulp
bleaching, and hence clarification of the degradation mechanism of DHBQ by bleaching agents is indispensable
for improvising pulp bleaching processes. Our work on the degradation of DHBQ under model conditions for
pulp bleaching (3.0 % hydrogen peroxide/ pH 10) showed that the degradation was strongly enhanced by the
presence of sodium cations, which stabilized anionic reaction intermediates by electrostatic interaction. This
result led us to investigate the effects of other metal cations on the degradation reaction. This study addresses the
effects of alkaline metal salts (Li2SO4, Na2SO4, and K2SO4), alkaline earth metal salts (MgSO4 and CaCl2), and
Al2(SO4)3 on the degradation of DHBQ under the same conditions. Kinetic analysis of the degradation showed
that the degradation followed a pseudo first-order rate law in the presence of the alkaline metal and the alkaline
earth metal salts, when excess of hydrogen peroxide was used. While the alkaline metal salts significantly
enhanced the degradation, the alkaline earth metal salts slowed down the degradation. Visible spectra, 1H NMR
analyses and MP4(SDQ)//DFT(M06-2X) computation provide mechanical insights on the effects of these salts:
Li+, Na+, and K+ stabilize several reaction intermediates by forming complexes, leading to the enhancement of
the degradation. On the other hand, Mg2+ and Ca2+ coordinate and stabilize the reactant (dianionic conjugate base
of DHBQ) as well as the intermediates, resulting in a decreased degradation rate. Al2(SO4)3 exhibited a strong
enhancing effect. In this case, however, the degradation did not follow pseudo-first order, but second order
kinetics regarding the concentration of DHBQ. This result strongly suggests that Al 2(SO4)3 completely changes
the degradation mechanism, enabling reaction pathways different from the ones of the degradation in the
presence of alkaline and alkaline earth metal salts.
I. INTRODUCTION
2,5-Dihydroxy-[1,4]-benzoquinone (DHBQ) is one of the key chromophores formed upon aging ("brightness
reversion") in cellulosic materials [1]. Due to its extensive resonance stabilization, which results in highly
delocalized double bonds, it "survives" conventional bleaching treatments much longer than other
chromophores. Degradation of DHBQ is thus a crucial issue in pulp bleaching, and hence clarification of the
degradation mechanism of DHBQ by bleaching agents is indispensable for fine-tuning bleaching stages. With
the revival of studies of the compound, which is connected to its pivotal role in cellulose yellowing, the
degradation and "discoloration" of DHBQ became a matter of much interest [2]. It is thus important to
investigate the detailed behavior of DHBQ towards bleaching agents and elucidate the compound´s degradation
mechanisms.

Figure 1. Degradation mechanism of DHBQ by H2O2 under alkaline pH 10 conditions, proposed in our previous
study [3].
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Our previous investigation demonstrated that H2O2 degradation of DHBQ under pulp bleaching conditions (3.0%
H2O2/ pH 10 NaOH buffer solution) occurred according to the mechanism shown in Figure 1 [3]. The
degradation is initiated by an attack of H2O2 to deprotonated dianionic DHBQ DA, resulting in the formation of
an intermediate IO-. IO- is then coordinated by two sodium cations to form IONa and undergoes O-O bond
homolysis to form a biradical BRNa, which is finally converted to the final product, malonic acid, via several
intermediates. One of the key processes of this degradation is the coordination of Na+ to IO-, as the coordination
significantly stabilizes IO- and enhances the homolysis of its intramoleculer O-O bridge. Based on this
observation, we set out to investigate the effects of other metal cations on the H2O2 degradation of DHBQ under
similar conditions. The effects of various metal cations on the degradation behavior of DHBQ are not only
scientifically interesting, but also of industrial importance, since different metal cations are expected to prevail in
actual bleaching stages. In this study, we investigate the effects of several main group metal cations, such as
alkaline and alkaline earth metal cations and the aluminum cation, on the H2O2 degradation of DHBQ in pH 10
NaOH buffer solution, combining experimental and computational approaches.
II. MATERIALS AND METHODS
DHBQ (14.0 mg, 0.100 mM) was dissolved in 20.0 mL of the pH 10 NaOH buffer. The DHBQ solution (0.5 mL,
corresponding to 2.5×10-3 mM of DHBQ) was taken to a quarts cell and diluted by adding another 3.0 mL of the
buffer solution containing 4.5 mM of the metal cation: Na2SO4, Li2SO4, K2SO4, and Al2(SO4)3: 2.25 mM, and
MgSO4 and CaCl2: 4.5 mM. After inserting the cell in the UV-Vis spectrometer, the degradation was started at
295.15 K by adding 0.33 mL of a 30% aqueous solution of hydrogen peroxide (2.9 mM of H2O2) to the solution.
The reaction was traced on the basis of the light absorbance at the max of the reaction solution.
In quantum chemical calculations, the geometry optimization was carried out by the DFT method with the M062X functional. The 6-311G(d) basis sets were employed for H, C, O and metal atoms, where a diffuse function
was added to each of C and O and a p-polarization function was added to H. It was ascertained that each
equilibrium geometry exhibited no imaginary frequency. Zero-point energy was evaluated with the DFT(M062X) method. In the energy evaluation, we employed MP4(SDQ) and DFT(M06-2X) methods. The aug-cc-pVTZ
basis set was employed for O atoms and cc-pVTZ basis sets were used for H, C, and metal atoms. In all
calculations, the solvation energy was evaluated with the PCM method.
III. RESULTS AND DISCUSSION
Kinetic analysis
Kinetic innvestigation on the degradation of DHBQ with an excess of H2O2 in the presence of Li2SO4, Na2SO4,
K2SO4, MgSO4, CaCl2 indicated that the degradation reactions followed pseudo-first-order: there relationships
between the reaction time and the logarithm of the DHBQ concentration was linear, as shown in Figure 2A. In
addition to the enhancing effect of Na2SO4 reported in our previous study, similar enhancing effects were also
observed for the degradation in the presence of Li2SO4 and K2SO4. On the other hand, it was evident that the
reaction was slowed down by MgSO4 and CaCl2.

Figure 2. Kinetic analyses of the DHBQ degradation under alkaline pH 10 conditions, upon addition of different
monovalent, divalent and trivalent cations: alkaline and alkaline earth metal salts (A) and Al2(SO4)3 (B).
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Besides the good correlation according to pseudo first-order approximation for the reactions with the mono- and
divalent cations, the reaction in the presence of Al2(SO4)3 did not follow pseudo-first order, but pseudo-second
order: a linear relationship was found for the plot of the reciprocal of DHBQ concentration against reaction time
(see Figure 2B). This result strongly suggests that Al2(SO4)3 completely altered the degradation mechanism, and
that the mechanism in Figure 1 was no longer valid when Al2(SO4)3 was present in the reaction system.
Complex formation between deprotonated DHBQ and metal cations
To clarify in what form the deprotonated dianionic DHBQ DA exists in the reaction solution, we investigated the
dependency of the visible spectrum of DHBQ on the presence of the metal cations. MgSO4, CaCl2, and
Al2(SO4)3 caused considerable changes in the visible spectrum compared to the spectrum of DHBQ alone: the
absorbance between 370-550 nm was considerably decreased by the addition of these salts. By contrast, addition
of the alkaline metal salts produced no significant variation in the spectrum. 1H NMR analysis also showed that
the chemical shift of the C-H protons of DA shifted toward lower magnetic fields by 0.19 ppm by the presence
of MgSO4 whereas the alkaline metal salts caused almost no change in chemical shift. A plausible explanation
for these experimental observations is that DA has a strong affinity for Mg2+, Ca2+, and Al3+ and formed
complexes with these cations, but did not form such complexes with Li+, Na+, and K+.
To support the above hypothesis of the complex formation, we carried out quantum chemical calculations to
calculate binding energies between DA and the metal cations (two cations due to the symmetry properties of the
molecule). As listed in Table 1, the Mg2+, Ca2+, and Al3+ complexes (DAMg, DACa, and DAAl, respectively)
clearly exhibited much higher biding energy than the Li +, Na+, K+ complexes (DALi, DANa, and DAK,
respectively). These computational results well support the complex formation hypothesis. The high binding
energy in the case of Mg2+is particularly noteworthy.
Table 1. Binding energy between metal cations and DA, calculated at the MP4(SDQ) level.

DAM

Binding energy (kcal/mol)

DALi
DANa
DAK
DAMg
DACa
DAAla)

25.1
17.6
13.2
83.1
46.6
41.0

a)

The binding energy was calculated at the DFT(M06-2X) level. MP4(SDQ) computation was impossible due to
the large size of the complex.
Mechanistic insights
The degradation of DHBQ without the additional salts proceeds according to the mechanism in Figure 1. In the
presence of the salt other than Al2(SO4)3, the degradation mechanisms of DHBQ is similar to that in Figure 1,
since the degradation reactions in the presence of the salt follow pseudo first-order rate laws (Figure 2) as does
the degradation without any addition of salt. Metal salt addition (apart from Al3+) just has an effect on the
reaction rate, but not on the mechanism. We thus evaluated the potential energies of the reactant DA, the
intermediate IO-, the biradical BR, and their cation complexes.
While the biradical BR without the coordination of the metal cations was calculated to be 41.1 kcal/mol less
stable than the reactant DA, coordination of Na+ to BR significantly stabilized the biradical: BRNa is only 22.9
kcal/mol less stable than DA (see Figure 3). The E values of BRLi and BRK relative to DA exhibited similar
values to that of BRNa. This result is consistent with the experimental observation that Li 2SO4 and K2SO4 had an
enhancing effect similar to that of Na2SO4.
As mentioned in the previous section, DA formed complexes with Mg2+ and Ca2+ as well. The E values of the
biradicals BRMgand BRCa was thus eveluated relative to the DA-Metal complexes, DAMgand DACa. BRMgand
BRCa were extremely unstable compared to the biradicals with alkali metal cations, BRLi, BRNa and BRK: the E
values of BRMgand BRCa are 52.2 and 44.5 kcal/mol higher than DAMgand DACa, respectively. This is
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essentially because the coordination stabilizes the reactant DA as well as the biradical BR. These computational
results are consistent with the experimental observation that the addition of MgSO4 and CaCl2 slowed down the
reaction (see Figure 2A). We also calculated the biradical BRAl, the Al3+-coordinated BR. The E value of BRAl
was calculated to be 70.0 kcal/mol relative to the complex DAAl, indicating that the formation of BRAl is unlikely
to occur. This computational result corresponds to the result from the kinetic analysis that the reaction
mechanism is altered from that in Figure 1 to different one in the presence of Al3+. Since the reaction follows
second-order regarding to DHBQ concentration, the altered mechanism would involve two moleucles of DA, but
further investigation is necessary to clarify more detailed mechanisms involved there. It should be noted as well
that aluminum cations at alkaline pH are present as [Al(OH) 4]- rather than trivalent Al3+ which certainly affects
the mechanism.

Figure 3. Potential energies (E) of IO-, BR, and their complexes with the cations, IOM and BRM, calculated at
the MP4(SDQ) level. The energy of R was taken to be energy zero in the reaction without any cation and those
in the presence of Li+, Na+, and K+, while the energies of RM were taken as energy zero in the reactions with
Mg2+, Ca2+, and Al3+. A) DFT(M06-2X) was employed in the energy evaluation of DAAl, IOAl, and BAAl.
IV. CONCLUSIONS
We made quantitative evaluation of the effects of alkaline metal salts (Li2SO4, Na2SO4, and K2SO4), alkaline
earth metal salts (MgSO4 and CaCl2), and Al2(SO4)3 on the degradation of DHBQ by hydrogen peroxide at pH
10. The alkaline metal salts significantly enhanced the degradation, which was attributed to the stabilization of
the intermediate IO- and the biradical BR through complex formation with the alkaline metal cations. The
alkaline earth metal salts, on the other hand, slowed down the degradation, as these salts stabilizes the reactant
DA through complexes formation. For the degradation in the presence of Al2(SO4)3, the kinetic analysis strongly
suggested an altered degradation mechanism. The results are important also from the viewpoint of metal cation
management in the bleaching stages. While alkali metals promote the removal of DHBQ by H 2O2, magnesium which has a desired protective effect on carbohydrates - has an unwanted protective effect also on DHBQ.
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by hydrogen peroxide: a combined kinetic and theoretical study. J. Org. Chem. 2013, 78, 3176-3182.
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ONE-STEP PRODUCTION OF CELLULOSE NANOFIBERS DISPERSED IN BOTH
HYDROPHOBIC AND HYDROPHILIC SOLVENTS
Pei Huang, Min Wu, Shigenori Kuga and Yong Huang*

National Engineering Research Center for Engineering Plastics, Technical Institute of Physics &
Chemistry, Chinese Academy of Sciences, Beijing100190 China (*yhuang@mail.ipc.ac.cn)
ABSTRACT
A facile and quick one-step method was developed for producing cellulose nanofibers dispersible in organic
liquids. Planetary ball milling of native cellulose in an aprotic polar solvent doped with an esterifying agent
resulted in highly dispersed nanofibers with esterified surfaces. Successful combinations include hexanoyl
chloride/DMF and succinic anhydride/DMSO. Ball milling for 16 h was sufficient to give complete dispersion
showing flow birefringence. The dispersion medium could be exchanged from DMF to other solvents such as
THF and butyl alcohol via centrifugation-redispersion cycles. The hexanoylated nanofibers could be dried up to
form dense film, which could be readily redispersed in THF by sonication. The succinated nanofibers were
hydrophilic due to introduction of unesterified carboxyls and could be dispersed in water as anionic nanofibers.
The bulk degree of substitution of the fully esterified products ranged from 0.4~ 0.6. These values correspond to
nanofiber width of 3~5 nm by assuming complete esterification of surface hydroxyls. These results demonstrate
remarkable efficacy of simultaneous application of mechanical and chemical actions for dispersing cellulose into
the thinnest fiber units.
I. INTRODUCTION
Disintegration of native cellulose into its intrinsic fibrillar unit, i.e. cellulose nanofiber (CNF), is pursued
intensively. Unlike several exotic cellulose sources such as vinegar bacteria and tunicate (lower sea animal),
higher plant cellulose is difficult to disintegrate into nanofibers due to its intricate mutual bundling. Several
physical[1-3] and chemical[4,5] techniques have been developed to cause effective disintegration of wood pulp,
which is the most important practical raw material.
One of the promising use of cellulose nanofiber is fabrication of nanocomposites with thermoplastic polymers,
which can replace glass fiber-based automotive components. One drawback of CNF, however, is its hydrophilic
nature due to abundant hydroxyl groups, which cause poor adhesion with synthetic resins and water sensitivity
of the composite. For overcoming these problems, hydrophobic modification of CNF surface is also sought after.
In the pursuit of effective methods of CNF preparation and surface modification, we found that simultaneous
application of physical and chemical actions, i.e. a mechanochemical approach, can be the answer of said
challenges. It consists of planetary ball milling of the cellulose material in an organic solvent together with an
esterifying agent[6,7]. This method can give hydrophobically modified CNF in one step, possible useful in
practical manufacturing of high-performance composites.
II. EXPERIMENTAL
Materials
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Microcrystalline cellulose (Whatman CF11) or a commercial bleached kraft pulp was used as starting materials.
All chemicals were used as received. Water means deionized or distilled water.
Procedure
[6]

a) Hydrophobic esterification : A 40 ml zirconia pot with 17 zirconia balls (1.0 cm diameter) was loaded with
1.7 g of CF11, 23 mL of N,N-dimethylformamide (DMF), and 4.3mL of hexanoyl chloride (HC). The pot was
operated by a Fritsch Pulverisette 7 at 300 rpm for desired time. A 10 min pause was set after every 20 min run
for preventing heating up. Starting from room temperature, temperature of the pot during operation stayed at 3040oC. The solid product was washed with DMF by repeated centrifugation to remove unreacted HC.
b) Hydrophilic esterification: Performed as in a), but DMF and HC were replaced by DMSO, and succinic
anhydride, respectively. Unlike HC’s case, this reaction needs catalyst, as which dimethylaminopyridine or
calcium carbonate was found effective. Catalyst 0.2-1.0 g per pot was examined.
c) Swelling pretreatment of pulp
The starting cellulose material was immersed in a large amount of water or 2 % NaOH at room temperature for 3
[7]

days . The latter was then thoroughly washed with water. Wet cellulose was solvent-exchanged to DMF by
12,000-rpm centrifuge-redispersion repeated twice.
Characterization
Products were analyzed by X-ray diffraction (XRD), FTIR, and thermogravimetry (TGA).
III. RESULTS AND DISCUSSION
The solid material recovered from ball milling with HC could be readily dispersed in DMF, alcohols, chloroform,
or toluene. Light sonication in these solvents gave non-sedimenting suspensions, which showed flow
birefringence observed between crossed polarizers (Fig. 1). This behavior indicates successful disintegration of
cellulose into nanofibers. TEM and SEM images also show nearly homogeneous individualization of nanofibers.

Figure 1. Flow birefringence of esterified cellulose nanofiber
suspension. a) Nanofiber/DMF suspension after 16 h of ball
milling in HC/DMF, and b) same sample once dried and
redispersed in THF.

In spite of extensive ball milling, the cellulose nanofibers have not been subjected to visible damage, as
confirmed by Fig. 2. Also, XRD (Fig. 4) showed nearly no change in crystallinity. This is remarkable because
the disintegrated nanofibers are actually smallest fiber unit that existed in the starting material. That unit in
higher plant cellulose is believed to be approx. 3.5 nm wide, so-called “elementary fibrils”. Assuming that all
hydroxyls on the surface of nanofibers were esterified, one can calculate the width of cellulose core as 5.5 nm.
This value agrees well with estimation from XRD peak (Fig. 4) by the Scherrer formula, 5.7 nm.
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Figure 2. SEM (a, b) and TEM (c, d) images of HC-esterified cellulose.
Fig. 3 shows the change in FTIR spectra of HC-esterified cellulose for varied milling time. It shows a gradual
increase in the relative intensity of the ester C=O (1740 cm-1) and C-H stretching (2900 cm-1) peaks. The growth
of ester peak indicates near saturation by 16 h-milling. The ratio of the height of the 1740 cm-1 peak and the
1059 cm-1 peak (C-O stretching of glucopyranoside) allowed to estimate the a degree of substitution (DS) as 0.60
after 24 h of ball milling. This value agreed well with the level of weight gain of the product.
Esterification of kraft pulp was harder than CF11, but swelling pretreatment with water or 2% NaOH was very
effective, giving similar levels of nanofiber dispersion and DS.

Figure 4. XRD of HC-esterified cellulose.

Figure 3. FTIR spectra of HC-esterified cellulose.

Ball mill treatment with succinic anhydride in DMSO also resulted in nanofiber dispersion. This reaction
forms half ester of succinic acid attached to cellulose, and the nanofiber surface becomes anionic. Therefore the
product can be dispersed in water as well as in DMSO. Results of characterization were similar to those for HC
esterification. Milling time to reach maximum DS was approx. 20 h. By the use of DMAP catalyst (0.6 g/pot),
the bulk DS reached 0.36, much lower than HC’s case (0.60). A possible cause this difference is steric hindrance.
Calcium carbonate, an inexpensive and safe substance, could be used instead of DMAP. The reaction efficiency
was somewhat lower, but it opens possibility of using this process for food or cosmetic applications. Because
succinic acid is also a very safe material permitted as food ingredient. This situation would be favorable in
practical utilization.
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Figure 5. Flow birefringenc of succinylated
cellulose nanofiber suspension in DMSO (left) and
water (rght).

IV. CONCLUSIONS
While various combinations of mechanical and chemical treatments as pre- or post-treatments, our study
revealed remarkable effectiveness of the simultaneous application of them, i.e. mechanochemical method. This
technique may be applied to devices other than planetary ball mill, such as high-energy vibration mill,
ultrasonicator, high-pressure homogenizer, and disc mill. Also, chemical treatments would not be limited to
esterification only; possible reactions include etherification, oxidation etc. Mechanochemistry of cellulose is just
starting.
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ABSTRACT
The general tendency in the pulp industry towards reduced fresh water consumption and minimum effluent
causes major deposit problems in mills. Chemical pulp bleach plants are affected by several types of mineral
deposits, the most frequent being calcite, calcium oxalate and barite.
We present a chemical speciation model, which predicts local scaling risk in chemical pulp bleach plants. The
interest for magnesium salts to reduce calcium oxalate scaling risks is discussed and simulated.
I. INTRODUCTION
The pulp industry has made great efforts to reduce its specific water consumption over the last few decades.
With the increasing closure of bleach plants in chemical pulp mills, many dissolved species accumulate in
process loops, which may lead to scale deposits. Various methods may be used to prevent deposits, such as metal
removal (by acid washing and/or chelation). In severe cases, the bleach plant has to be shut down, as only hydroblasting techniques and/or acid cleaning procedures can remove the most encrusted deposits. The most frequent
types of scale in bleaching lines are composed of calcium carbonate, calcium oxalate and barium sulphate [1].
Calcite:

CaCO3( s ) = Ca +2 + CO3−2

Calcite deposits form in supersaturated solutions containing both calcium and inorganic carbon. The main source
of calcium is the wood material itself (0.5-1.0 kg/T, see [1]). Calcium is released during the cooking stage.
Carbonate ions mostly come from the white liquor (as carry-over from the re-caustification cycle). In bleach
plant filtrates, various dissolved organic species can complex with calcium, thus reducing free calcium available
for precipitation.
Calcium oxalate:

CaOxalate : H 2 O( s ) = Ca +2 + Oxalate −2 + H 2 O

Calcium oxalate deposits form in supersaturated solutions containing both calcium and oxalate. Oxalic acid
(C2O4H2) is a dicarboxylic acid naturally present in wood (0.1-0.4 kg/T, and up to 10-15 kg/T in bark) [2]. It is
also formed from reactions with wood during bleaching as an oxidation product of lignin (mainly) and
hemicelluloses (xylan/uronic acids) (to a lesser extent). Oxalic acid formation is proportional to Kappa number
reduction [3]. Typically, the largest oxalic acid release occurs during oxygen delignification and ozone bleaching
stages. Like other dissolved wood organics, oxalate plays the role of a weak chelating agent with respect to most
metal cations.
Barite:

BaSO4 = Ba +2 + SO4−2

Barite deposits form in supersaturated solutions containing both barium and sulphate ions. The main source of
barium in the bleaching line is the wood itself. There are large differences among wood species, but typically
there is more barium in hardwood chips (20-60 ppm) than in softwood chips (10 ppm) [4]. As in the case of the
other metal cations, the barium content of the bark is much higher than that of the stem wood. The main source
of sulphate in the bleaching line is pH regulation with sulphuric acid.
In order to reduce scaling, it is crucial to understand the physicochemical parameters that govern the
phenomenon, in the conditions of a closed bleach plant (i.e. at high ionic strength, and in the presence of
dissolved wood organics and fibres). Chemical speciation methods are an invaluable way of predicting scaling
risks [5].
In this work, we present a method to calculate the saturation index of pulps or bleaching effluents, with respect
to the main mineral deposits. The model can simulate several basic bleaching operations that affect scaling, such
as pulp washing, pH regulation, etc. Curative solutions to scale deposits are discussed and simulated.
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II. EXPERIMENTAL
Scaling is a complex phenomenon, involving many dissolved species, together with solid and gas phases. The
scaling potential of a solution is defined by its supersaturation [6]. Supersaturation quantifies how far the
solution is from equilibrium.
In an aqueous solution, a chemical element may be involved in several chemical reactions, so that it is
distributed as various soluble species. Thus, only a fraction of the element participates in the scaling process. For
instance, in the case of calcium carbonate scaling, only a fraction of the total inorganic carbon is actually in
carbonate form, and this depends on carbonic acid equilibria, thus mainly on pH.
In order to estimate scaling, the saturation index with respect to the precipitating phase has to be calculated. This
involves estimating the ionic activity product (IAP), i.e. the activities of the precipitating species in the solution
(for instance with calcite: IAP = a(Ca+2).a(CO3-2), where a() denotes activity). This is achieved through the
simultaneous resolution of all chemicals equilibria in the system. The ionic activity product can then be
compared with the solubility product Ks, and the ratio is the supersaturation (S=IAP/Ks). The saturation index
(SI) is defined as log(S). If a solution has SI<0, there is no scaling risk, as it could dissolve more solids before
reaching equilibrium. If a solution has SI>0, there is a scaling risk, as it would tend to precipitate some solid in
order to reach equilibrium (which corresponds to SI=0).
In this work, all speciation calculations were performed with PHREEQC [7]. Ion-exchange phenomena with
fibres are resolved with the EXCHANGE feature in PHREEQC. The ion exchange reactions with fibres and
constants are taken from [8]. Reference solution composition and conditions are given by (Temp.=50°C, all [ ]
given in mM: [Ba]=10-3, [S(6)]=20, [Oxalate]=1, [Ca]=1, [C]=5, [Na]=20, [Mg]= 1, [Cl]=10, [Acetate]=3),
unless otherwise specified. More details concerning the simulation methods can be found in [9]. In this case,
dozens of chemical equilibria must be resolved simultaneously, involving up to 46 soluble species.
III. RESULTS AND DISCUSSION
The modelling can predict the conditions which favour mineral deposits in the bleaching line (Figure 1).
Barite is a very insoluble mineral. It is less soluble at cold temperatures (like calcium oxalate, but unlike calcite),
so that it is important to avoid temperature drops anywhere in the bleaching line, especially on washers. The
precipitation tendency of barite is pH-dependent; this is because the availability of sulphate anions is governed
−

+

−2

by the second dissociation of sulphuric acid ( HSO 4 ⇄ SO4 + H ). Barite precipitation may start at any pH>2
(however this situation is changed when sulphuric acid is used for pH regulation).
Calcite precipitates in alkaline conditions only (8<pH<13). The precipitation tendency also depends on
temperature. Calcite is less soluble at high temperature. In the bleaching line, calcite deposits may be expected
during the oxygen delignification, extraction and peroxide bleaching stages. Note that, when the pulp or the
effluent comes into contact with air, inorganic carbon may have a tendency to escape to the atmosphere as
gaseous CO2, thereby enhancing calcite deposition [10]. This may occur on washers after alkaline extraction.
The availability of the Oxalate-2 species involved in scaling problems is determined by the two dissociations of
oxalic acid. Thus calcium oxalate is likely to be deposited as soon as pH>3. Calcium oxalate deposits are also
less likely to happen in highly alkaline conditions (pH>12.5) as calcium is mobilised in other soluble complexes
and no longer available for precipitation. Calcium oxalate deposits prevail at low temperatures (T<40-50°C).
This explains why calcium oxalate is deposited preferentially on washing filters.
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Figure 1. Combined effect of temperature and pH on simultaneous precipitation of barite, calcite and calcium
oxalate, for the reference bleaching effluent
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If we take typical pH and temperature profiles throughout a bleaching line, the following scaling risks can be
anticipated at each bleaching stage (see Figure 2):
ECF sequences potential deposits:
• O:
calcite and calcium oxalate
• D0: barite
• E:
calcite and calcium oxalate
• D1: barite and calcium oxalate
• D2: calcium oxalate

TCF sequences potential deposits:
• O:
calcite and calcium oxalate
• Q:
calcium oxalate
• Z:
barite
• P:
calcite and calcium oxalate

The calculation presented takes into account the main physicochemical phenomena occurring in the pulp
suspension during bleaching (pH, temperature, ionic strength, complexations, ion exchange with fibres, additives
such as EDTA, etc.).
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Figure 2. Evaluation of scaling risk throughout bleach plant A) ECF, B) TCF (same effluent composition in
each stage, ion exchange with fibres taken into account).
From the scaling point of view, introducing magnesium into the system has great potential advantages. The
introduction of magnesium salts is a large source of Mg+2 that competes with Ca+2 in the formation of calcium
oxalate. Magnesium forms soluble magnesium oxalate complex (log(K)=3.56). Therefore less oxalate is
available to precipitate with calcium. Our calculations show that this effect is anticipated to reduce problems
related to calcium oxalate deposits considerably (Figure 3). Interestingly, magnesium salts have the greatest
beneficial effect in conditions where calcium oxalate deposits are most severe (4<pH<11 and temperature<50°C)
(Figure 4). This offers opportunities for reducing calcium oxalate deposits during peroxide bleaching by using
alternative alkali sources such as Mg(OH)2, or magnesium salts such as MgCl2.
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Figure 3. Effect of magnesium chloride addition on
saturation index of calcium oxalate (T=50°C, pH=7)

Figure 4. Reduction of saturation index of calcium
oxalate vs. temperature and pH, for 1% MgCl2 added
on pulp

IV. CONCLUSIONS
The saturation index of precipitating phases can be calculated with the chemical speciation model. This allows
calculating the potential scaling risks throughout a chemical pulp bleaching line. The modelling demonstrates the
interest for using magnesium salts to limit calcium oxalate deposits.
Perspectives to this work are to integrate the scaling chemistry model into our process simulation tool. This will
make it possible to evaluate potential scaling problems throughout the fibre line and study the interest of curative
strategies to be implemented in the bleach line to combat and solve scaling problems.
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ABSTRACT
Supercritical water gasification (SCWG) is one of the most promising technologies to convert biomass into a
combustible gas rich in methane and hydrogen. Through this process, it is possible to convert biomass with
water content higher than 80% without prior drying.
An energetic valorization of black liquor avoiding the evaporation step, directly from the high water content
stream, could improve the thermal and economic efficiencies of the whole pulping process. The objective of this
work is to establish whether SCWG of black liquor is more efficient than the conventional recovery process,
with real data obtained from gasification of a black liquor from NaOH / Anthraquinone cooking of softwood.
Semi-batch reactor experiments of black liquor supercritical water gasification were performed. Devices
allowing injection and sampling were set up. Temperatures between 430 and 470°C, pressure between 24 and 26
MPa, and reaction times between 2 and 60 minutes have been tested. The results showed that the gas produced
was a mixture of mainly hydrogen (26%), methane (24%) and carbon dioxide (44%) in 30 minutes reaction time.
About 46% of the LHV (Low Heating Value) and 34 % of the carbon initially present in black liquor were
converted into gases. It appeared that under those conditions the thermodynamic equilibrium was not reached.
Energetic assessment through thermodynamic calculations indicates that further work at higher temperature is
needed in order to optimize the gasification and energetic efficiencies.

I. INTRODUCTION
A softwood kraft pulp mill is already working as a biorefinery producing material (cellulosic fibers), chemicals
(tall oil and turpentine) and energy needed for running the mill. During this process the main part of the lignin
and a significant amount of hemicelluloses are dissolved during the cooking step, ending up in the black liquor
(BL). This liquor is then concentrated by evaporation and burned in the recovery boiler of the mill, with a boiler
energetic efficiency of 64% when BL dry solid is at 80 % when entering in the boiler [1]. Taking into account
the energy needed to evaporate black liquor before the boiler, the energetic yield is lower than 39 % (39 % when
BL dry solid is at 20 % after washing, 30 % when BL dry solid is at 11.5 %). The cooking chemicals are also
recovered making this process 99% autonomous in chemicals.
Supercritical water gasification (SCWG) is particularly relevant for biomasses with high content of water like
black liquor. This process is using the specific properties of supercritical water. Above its critical point (221 bar,
374°C), water behaves like a non-polar solvent, with a low dielectric constant (from 80 at 20 °C to 5 at 450 °C),
a high diffusivity, and a low dissociation constant. Organic matters are solubilized but salts are precipitated.
Biomass components are rapidly decomposed by hydrolysis into smaller species and fragmented up to the
production of a gas mixture. This gas is mainly composed of CH4, H2 and CO2. Under those conditions, if
formed, CO is rapidly converted into CO2 and H2 through the water gas shift reaction, catalyzed by alkali like Na
[2].
In the literature, it was demonstrated that supercritical water gasification of black liquor could be advantageously
integrated in a pulping process, in terms of energetic valorization of lignin and of recovery of the cooking
reagents [3]. However data and assumptions used presented in this earlier work did not come from tests on black
liquor directly but on wood. Previous studies also showed that an increase of temperature enhanced the
gasification but variation of pressure did not have any significant effect [4].
The aim of this study is to examine the supercritical water gasification of black liquor and to compare it to the
usual recovery process. The black liquor used is this study is from a soda/AQ cooking process applied to
prehydrolyzed softwood chips.
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II.

EXPERIMENTAL

Gasification experiments were performed in a batch autoclave (500 mL) made of stainless steel 1.4571 designed
to work up to 300 bars and 500°C. The experimental pressure is related to the selected heat up temperature, the
weight of water introduced and the initial N2 pressure (about 10 bars). An injection device was added, allowing
to inject at pressure up to 300 bar. The BL is injected when the reactor is at the desired temperature. BL takes
less than 1 minute to reach the supercritical conditions. A sampling system at the top of the reactor was also
added to take about 10% of the reactive medium at the desired time. This sample is thereafter quenched and
analyzed. As the reactor is heated with a small quantity of water, the black liquor is found slightly diluted to
11.5%WT after the injection, with a total carbon content of 51 g/L.
Black liquor is supplied by our project partner at PAGORA. This black liquor is sulfur free. Its initial carbon
content is 61 g/L and Na concentration is 16 g/l. Black liquor is a high alkaline solution of pH≈13.
After each experiment three different phases are recovered: an aqueous phase, a gas phase and a solid phase. Gas
composition is determined with a µGC Varian CP-4900. Initial and final organic carbon in the aqueous phase is
measured with a Shimadzu TOC-L CSH. Total carbon content for solids and liquids is measured via the TOC
SSM. Sodium concentration in the liquid phase is measured by Ion Chromatography (Dionex ICS-3000). GCMS (Perkin Elmer Clarus 500/Clarus 600S) was performed on the ethyl acetate extract of the liquid phase. Gas
yield is characterized by the percentage of the C or H initially present in black liquor, found in the gas. Energetic
efficiency is calculated via the Low Heating Value (LHV) of the gases and called Cold Gas Efficiency (CGE)
which is calculated via this formula: CGE = ∑LHVgases / LHVBL.

III. RESULTS AND DISCUSSION
Gasification of the black liquor was done at three different temperatures (430, 450 and 470 °C), different
reaction times (between 2 and 64 min) and at a resulting pressure between 24 and 27 MPa.
Main trends
A longer time increases the degradation of the organic compounds and the production of gases although they
both finally reach a plateau. Moreover, the higher the temperature, the faster is the degradation.
The Total Organic Carbon in the aqueous phase decreases dramatically in the first minutes of gasification and
reaches a plateau at about 20% of its initial concentration. This non-converted organic matter essentially contains
aromatic compounds originating from the lignin. At 450°C-12min, GC-MS analysis reveals the presence of
phenol (peak area multiplied by 6 compared to original BL), 2-methoxy phenol (peak area multiplied by 4),
methoxy benzene, methyl, dimethyl and trimethyl phenols These compounds are reported to be difficult to gasify
at a temperature inferior to 600 °C due to the formation of resonance-stabilized phenoxy radicals [5].
The gas phase is mainly composed of carbon dioxide, hydrogen and methane, with a small amount of C2 and C3
hydrocarbons (C2H4, C2H6 and C3H8). No CO is measured; we considered that the high concentration of sodium
in black liquor promoted the water gas shift reaction, which consumed CO and generated H2 and CO2. The
results show that gas yield increases with temperature and time. However a plateau is reached, the level of which
increases with temperature. At 430 °C and 60 min., 21 % of the carbon and 28 % of the hydrogen initially in the
black liquor are found in the gas. At 470°C and 60 min the values are 34 % and 53 %, respectively. The gas is
composed of 48 % CO2, 32 % H2, 15 % CH4, 3% C2 and 1 % C3 at 430 °C (36 % of CO2, 39 % of H2, 21 % CH4,
3% C2 and 1 % C3 at 470 °C).
Furthermore, H2 and CO2 are closer to equilibrium (minimum of Gibbs Energy) than CH 4: at 470 °C and 60
minutes, only 16.1 % of the CH4 that could be formed at equilibrium is measured whereas 68 % of H2 is found.
This confirms the effect of water gas shift which catalyzes the formation of CO2 and H2.

(a)
(b)
Figure 1: experimental and at thermodynamic equilibrium gas yields for H2 (a) and CH4 (b) (60 min).
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Finally, increasing the temperature allows the gas yield to be closer to the thermodynamic equilibrium. Figure 1
shows that at 430 °C for 60 min, yield of CH4 is at 7.7 % of its equilibrium value whereas it is at 16.1 % at 470
°C. We can guess that at 700 °C, gas yield should be close to equilibrium.
Evolution of the Cold Gas Efficiency (CGE) and total yield
The CGE is a way to evaluate the gasification efficiency and represents the ratio of energy in the gases to that
initially present in the black liquor. Evolution of CGE is parallel to that of the gas yield: increasing with time and
temperature and reaching a plateau with time. The level of the plateau increases with temperature and reaches 46
% at 470 ° and 60 min (see figure 2).

Figure 2 : effect of time and temperature on CGE
In order to take into account the energy needed to bring black liquor to the SCWG conditions and the energy
recovered, we simulated a continuous process via the software Prosim+. The behavior of inorganics is not
considered in this balance. The process scheme is given in figure 3 for a flow of a black liquor of 1kg/h (at a dry
solid content of 11.5 %WT).

Figure 3: process scheme of SCWG of black liquor
In this scheme dry black liquor is mixed with water (in autre mélangeur). This weak black liquor is then
pressurized and heated at 350 °C (in consignateur de temperature 1). In the reactor (réacteur simple) black
liquor reacts according to a set series of reaction at a set temperature (430, 470, 700 °C). The products are then
cooled to 20 °C in consignateur de temperature and are separated at high pressure in a liquid-vapor separator.
The liquid phase is then depressurized to 5 bars and gases and water are separated.
Hypotheses are the following:
- Composition at equilibrium is calculated by Gibbs energy minimum;
- The formula of the dry black liquor molecule C600H939O156 is calculated from its CHON composition.
As we know its High Heating Value (HHV), enthalpy of formation is calculated. Some thermodynamic
properties of guaiacol are used to simulate BL behavior.
- Cooling enthalpy is recovered at 70 % and is used to heat the black liquor ;
- The supply of energy is brought about by a bark boiler with a yield of 80 %
- Energy is recovered from gas by cogeneration with a yield of 80 % [6];
- To simplify the system, the organic compounds present in the liquid phase are represented by xylene
C8H10 (one of major components identified by GC-MS) and the char is represented by biphenyl, C12H10,
which is considered as a char precursor.
Total energetic yield is defined by:
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Evaporation +
Thomlinson
recovery
30 %

yield at
430 °C
12 %

yield at equilibrium
yield at
yield at equilibrium
at 430 °C
470 °C
at 470 °C
68 %
20 %
67 %
Table 1: total yield under different conditions

yield at equilibrium
at 700 °C
64 %

Total energetic yield is 20 % at 470 °C (12 % at 430 °C) whereas the yield of the kraft recovery system is 30 %
with a BL dry content of 11.5% (evaporation + Thomlinson recovery). At thermodynamic equilibrium total
energetic yield of SCWG of this black liquor is of 67 % at 470 °C and 68 % at 430 °C. At 700°C, the calculated
total energetic yield at equilibrium will be 64 %. According to these calculations, increasing temperature to 700
°C will permit to increase the gas yield to be closer to its thermodynamic equilibrium value and to reach a larger
total energetic yield than that for a conventional recovery cycle in a pulp mill.
Sodium behavior
When the temperature is above the critical point, the water dielectric constant is inferior to 5 and thus the
inorganic compounds are insoluble. We assume that the sodium is precipitated in the reactor during gasification.
As the sampling is at the top of the reactor, alkalis are not taken with the liquid during sampling. The inorganics
which precipitate in supercritical water should solubilize in the liquid remaining in the reactor during the
cooling.
To confirm this assumption, we compared the concentration of sodium in the liquid phase taken during the
sampling to that in the liquid phase remaining in the reactor: the concentration of sodium was approximately of
0.5 g/L in the sampling phase against 15.8 g/L in the remaining phase. Therefore, the quantity of sodium in the
liquid remaining in the reactor is above 90% of the quantity introduced in the reactor, which will facilitate the
caustic soda recovery (by causticizing of the sodium carbonate)

IV. CONCLUSIONS AND PERSPECTIVES
Gasification of sulfur free black liquor was performed in a semi batch reactor at temperatures between 430°C
and 470 °C for 2 to 64 minutes. The sodium initially present in black liquor catalyzes the water gas shift reaction
and enhances the formation of H2. At a temperature inferior to 470 °C, black liquor is not completely converted
by supercritical water gasification (SCWG) and a substantial part of aromatic compounds remains stable. At 470
°C, the total energetic yield of SCWG for a black liquor with a dry solid content of 11.5% is about 20 % whereas
it is around 30 % with a similar black liquor in the standard kraft recovery process.
Increasing the temperature will accelerate the reaction and permit to obtain a higher gas yield. Moreover, product
composition will be closer to the one corresponding to the thermodynamic equilibrium. The total energetic yield
is expected to reach 64 % at 700 °C..
Additional experiments will be done at temperatures up to 700 °C to validate this conclusion and to study
sodium recovery in continuous process.
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ABSTRACT
The upgrading of paper pulps to dissolving pulps is of high economical interest. Therefore, a new process
strategy was developed to modify existing kraft mills to facilitate the production of high quality dissolving pulps
[1]. The process adaptation includes steam activation with subsequent alkaline cooking. After oxygen bleaching,
the hemicelluloses are removed in a cold caustic extraction stage (CCE). The final TCF bleaching includes an
ozone stage, an enzymatic treatment or an acid hydrolysis for the adjustment of the degree of polymerisation of
the cellulose.
In this study, focus was placed on the applicability of economically interesting hardwood species, namely beech
(Fagus sylvatica), birch (Betula papyrifera) and eucalyptus (Eucalyptus globulus). Due to differences in both,
morphology and chemical composition between the different hardwood species, their behavior during each
process step is not yet fully understood and requires characterization by more advanced analytical methods.
Initial investigations revealed strong effects of process conditions in the CCE stage on fiber and hemicellulose
accessibility and reactivity, especially temperature and alkalinity. The knowledge of these supramolecular
interactions allows further process optimization.
For investigating these interactions, process conditions were varied in the cold caustic hemicellulose extraction
step for a birch kraft paper pulp. Focus was placed on the investigation of the extracted hemicelluloses via SEC
and β/γ-cellulose determination.

I. INTRODUCTION
For the extraction of hemicelluloses from paper pulps, alkaline post extraction at low temperatures from 25 to
45°C, called cold caustic extraction, represents an effective method [2] [3]. During this treatment, only physical
phenomena are dominating the extraction and no peeling reactions occur in any significant extent that could lead
to cellulose losses [4]. The physical phenomena include intermicellar and intramicellar swelling permitting
short-chain celluloses and especially xylan to dissolve [5]. In this study, the impact of process conditions,
namely effective alkali and temperature, on xylan extraction efficiency is studied using an industrial birch paper
grade pulp after oxygen bleaching.

II. EXPERIMENTAL

CCE bleaching
All CCE-treatments were performed in a lab high-shear mixer for 30 min at 10% consistency. To simulate
industrial conditions, synthetic white liquor was used as an alkali source. This lye is generated out of cooking
liquors through the conversion of sodium carbonate (Na2CO3) in the smelt to sodium hydroxide (NaOH) in a
recausticizing plant. Thereby, a certain amount of inert salts and non-process elements are accumulated in the
white liquor according to equilibrium conditions [6]. Hence, white liquor with a sulfidity of 30% and a
causticizing degree of 90% was used for CCE bleaching experiments reflecting a typical white liquor
composition. The term effective alkali (EA) of the lye describes the measured alkalinity out of fully dissociated
hydroxide and hydrogen sulfide ions in the liquor.
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Beta / Gamma ratio determination
The quantification of β- and γ- cellulose in alkaline process lyes was achieved through the precipitation of the βfraction by sulfuric acid and the subsequent determination of the dissolved carbon containing molecules by DOC
(dissolved organic carbon) measurement. The method was performed according to TAPPI T 203 om-93.
Size exclusion chromatography
The molar mass distribution of alkali soluble carbohydrate fractions, in this case dissolved hemicelluloses, was
achieved by size exclusion chromatography (SEC) coupled with RI and UV detection according to [7][8].

III. RESULTS AND DISCUSSION

The extraction of hemicelluloses in a CCE bleaching step can be monitored via the determination of the β/γratio. Figure 1 demonstrates the content of β-cellulose of the extraction lyes. The figure reveals a slightly rising
β-cellulose content with increasing effective alkali at 20°C and 40°C respectively due to an increasing
hemicellulose extraction efficiency. β/γ-ratio determinations of lyes treated at 60°C show a reverse behavior due
to peeling reactions of hemicelluloses at this temperature.

98

beta fraction [%]

96
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20°C

40°C
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Figure 1. β- and γ-cellulose composition of the CCE process lyes at different effective alkali and treatment
temperature.
As the high molecular weight xylans in process lyes after CCE extraction possess a high potential as valuable coproducts, their behavior in terms of possible changing molar masses as a consequence of variable process
conditions should be monitored. The determination of the molar mass distribution will indicate degradation
reactions triggered by improper process conditions. Figure 2 shows the molar mass distribution of the βcellulose fraction at different effective alkali concentrations at treatment temperatures of 20°C and 60°C. The
figure indicates a molar mass average of about 9.0 kDa for all fractions at 20°C. Higher effective alkali
concentrations slightly increase the polydispersity due to xylans with higher molar mass dissolved at these
conditions. This is a clear indication for the xylans being physically dissolved. The situation is different at 60°C.
Here, high effective alkali concentrations cause a significant degradation. This is caused by degradation
reactions of the extracted xylans including peeling reactions and alkali induced cleavages of glycosidic bonds.
The polydispersity index increases. The peakshape does not change to any significant extent. The traces of the
UV signal show the presence of residual lignin bound to extracted xylans, which dominates in the low molecular
mass region. The signals reveal similar trends independent from the treatment conditions.
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Figure 2. Molar mass distribution of CCE extracted birch hemicelluloses in process lyes depending on effective
alkali at 20°C (a) and 60°C (b).

IV. CONCLUSIONS
Experiments studying the influence of process conditions during CCE treatment were conducted varying
temperature and effective alkali of the white liquor used. The temperature ranged from 20°C to 60°C and the
effective alkali from 40g/l to 100g/l. Data about the hemicellulose extraction efficiency using a birch paper pulp
revealed a rising behavior with increasing effective alkali and temperature when looking at the β/γ-ratio. The
high ratio also revealed practically no cellulose loss. Treatment temperature and effective alkali respectively are
slightly affecting the molar mass distributions of extracted hemicelluloses due to peeling reactions and alkaline
hydrolyses.
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ABSTRACT
Particles (ca 0.25 mm) of technical hydrolysis lignin (THL) were grinded by a rotary-jet mill to obtain a fraction
of THL ca 5 m. Both initial and milled THL were liquefied by thermal alkaline treatment at 220 ºC for 2h.
Upgraded THL from non-milled (L1) and milled (L2) were desalted by treatment with cation-exchanged resin
and dried. The molecular weights (Mw) of L1 and L2 were 1100 and 1000 Da, respectively, as determined by
SEC. Structural characterization carried out employing ESI-MSn and 1D and 2D NMR spectroscopy revealed
that small amounts of -O-4 (ca 6 mol.%), -5 and - structures still remained in L1 and L2. Overall, upgraded
lignins are oligomers (trimers-pentamers) with highly degraded propane chains and possessing polyconjugated
aromatic structures. L2 produced from milled THL didn´t contain concomitant polysaccharides and showed
lower polydispersity than L1 and was suggested as a promising raw material for polymeric formulations.
I. INTRODUCTION
The use of biomass instead of fossil resources for the production of fuels and materials is a perspective trend
involved in the biorefinary concept. One of the industrial areas of biomass use is the method of acid hydrolysis,
focused on the production of ethanol, feed yeast, furfural or levulinic acid derivatives and sugar alcohols. Acid
hydrolysis with diluted sulphuric acid was widely used in XX century in the former Soviet Union where was
built about 50 plants. Technical hydrolysis lignin (THL) is a large-scale underutilized by-product of hydrolysis
industry, which end-disposal may cause serious environmental problems. Only in Russia, dumps plants
accumulated tens of millions of tons THL. The difficulties in THL utilization are related to it complex structure
and relatively poor reactivity. In fact, THL is a cellolignin containing ca 20-30% of polysaccharides (mainly
cellulose) and highly condensed lignin [1]. Lignin is of particular interest as a promising feedstock for the
production of aromatic compounds for further organic synthesis. One of the lignin depolymerisation methods is
it degradation with bases under appropriate conditions [1-3]. This work deals with alkali-catalyzed thermal
upgrading of THL aiming to transform it into series soluble products suitable for polymeric formulations. The
obtained lignins were characterised for their molecular weights and general structural features.
II. EXPERIMENTAL
Upgrading of hydrolysis lignin
Air-dried THL from Kirovski hydrolysis plant was sieved and particles of ca 0.25 mm were grinded by a rotaryjet mill to obtain a fraction of ca 5 m (weighted length as analyzed by Laser Particle Sizer ANALYSETTE 22
MicroTec plus). The thermal treatments under alkaline conditions (NaOH, 5%) were carried out in autoclave at
220 ºC for 2h. The conversion of THL reached up to 99%. The dissolved alkaline lignin was filtered off on a
glass filter and treated by cation-exchange resin to remove cations giving raise the water-soluble lignin, which
was further isolated by vacuum drying.
Analyses
The lignins L1, obtained from 0.25 mm particles, and L2, obtained from 5 m particles THL, were analyzed for
molecular weight by SEC and ESI-MS and structurally characterized by 1D/2D 13C NMR and ESI-MSn. SEC
analysis was carried out as described previously [4]. ESI-MS and ESI-MSn analyses were performed using a
LXQ linear ion-trap mass spectrometer (Finningan). The lignin sample (ca 1 mg) was firstly dissolved in 100 L
of 0.1% ammonia hydroxide solution followed by addition of 900 L of acetonitrile. The final sample was
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diluted ca 30-50 times by methanol before the direct injection in the electrospray source. The spectra were
acquired on a LCQ Fleet ion trap mass spectrometer (ThermoFinnigan, San Jose, CA, USA), equipped with an
electrospray ionization source and operating in negative mode. The nitrogen sheath gas was 10 (arbitrary units).
The spray voltage was 5 kV and the capillary temperature was 275 ºC. The capillary and tune lens voltages were
set at -28 V and -115 V, respectively. CID-MSn experiments were performed on mass-selected precursor ions in
the range of m/z 150–2000. The isolation width of precursor ions was 1.0 mass units. The scan time was equal to
100 ms and the collision energy was optimized between 20 and 35 (arbitrary units), using helium as collision
gas. The data acquisition was carried out by using Xcalibur® data system. The quantitative 13C NMR spectra of
lignins (L1 and L2) were recorded on a Bruker AVANCE 300 spectrometer operating at 75.47 MHz (323 K)
with TMS as internal reference. Lignins were dissolved in DMSO-d6 (ca. 25% concentration) and placed into 5mm-diameter tubes. The acquisition parameters were as follows: 4.1 ms pulse width (90
relaxation delay, 16 K data points and 18000 scans. The same lignin samples in DMSO-d6 were placed into 5mm-diameter tube and 2D NMR spectra were recorded on a Bruker AVANCE 300 spectrometer. The phase
sensitive 1H-detected Heteronuclear Single Quantum Coherence (HSQC) spectrum was acquired over a F1
spectral weight of 12000 Hz and a F2 width of 2000 Hz with a 2048 x 1024 matrix and 128 transients per
increment. The delay between scans was 2 s and the delay for polarization transfer was optimized for
1
JC-H =149Hz.
III. RESULTS AND DISCUSSION
Molecular weights of upgraded hydrolysis lignins
Two lignins obtained from THL of different granulometric composition (L1 and L2) showed similar molecular
weight distributions in SEC analysis (figure is not shown) though the molecular weight (Mw) of L1 was slightly
higher than of L2 (1100 against 1000 Da) with higher polydispersity (1.25 against 1.17). More detailed
information on the abundance of lignin oligomers was obtained from ESI-MS spectra (Figure 1).
ProfDmitry_L1_rep #25-69 RT: 0.30-0.85 AV: 45 NL: 9.60E1
T: ITMS - c ESI Full ms [100.00-2000.00]

ProfDmitry_L2 #242-280 RT: 2.02-2.34 AV: 39 NL: 6.52E1
T: ITMS - c ESI Full ms [100.00-2000.00]
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Figure 1. ESI-MS spectra of L1 (left) and L2 (right) acquired in a negative mode.
The analysis of both lignins by ESI-MS revealed wide distribution of molecular masses of oligomers (from ca
200 to 1500 Da) with predominant presence of trimers (ca 550 Da) and pentamers (ca 900 Da). The efforts on
the structural elucidation of lignin oligomers by tandem ESI-MS spectrometry were only partially successful due
to the prevalence of alkyl-aryl and alkyl-alkyl linkages between structural units. Intensive signal at m/z 179 was
assigned to coniferyl alcohol, which was presented both in L1and L2. Two dimmers at m/z 299 and 319 were
assigned, according to the analysis of MS/MS spectra, to dimers linked by -O-4 bonds.
A series of rather abundant oligomers at m/z 653 and 655 in ESI-MS spectra of L1 showed the characteristic loss
of MeGlcA (-206 Da) and were assigned, based on ESI-MSn spectra (not shown), to partially degraded acidic
xylo-oligosaccharides (XOS) of general composition Xyl3-4MeGlcA. These XOS were not found in ESI-MS
spectrum of L2.
Structural studies
The structural studies were carried out using proton-carbon correlation spectroscopy (HSQC) and the
quantitative 13C NMR spectroscopy. The analysis of HSQC spectrum of (Figure 2) revealed that despite drastic
conditions of industrial percolation acid hydrolysis of wood and posterior alkaline treatment certain amounts of
-O-4, - and -5 lignin structures still maintained in upgraded THL. HSQC spectrum of L1 also showed the
presence of associated to lignin carbohydrates and extractives (proton/carbon resonances at 1.0-2.5/10-35 ppm).
The comparison of quantitative 13C NMR spectra allowed the conclusion about similarity of two upgraded THLs
though some structural differences could be highlighted. Thus, unlike to L2, L1 contained noticeable amounts of
concomitant polysaccharides (Figure 3). Strong signals at 173-178 ppm in L1, assigned to carboxylic moieties
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Figure 2. Aliphatic region of HSQC spectrum (DMSO-d6, 40ºC) of sample L1. The signals from
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Figure 3. Quantitative 13C NMR spectra of upgraded hydrolysis lignins L1 and L2 (DMSO-d6; 50 ºC). Signals
from polysaccharides are marked by asterisks.
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Table 1. Quantitative estimation of structural elements in upgraded THL as revealed by 13C NMR.
Structural
element
-O-4
OCH3
Ar-H
Ar-C
Ar-O

Integrated region, ppm
59.3-60.6 (C in -O-4)
54.5-56.7 (methoxy C)
100.0-126.0 (tert. C)
126.0-140.0 (quat. C)
140.0-158.0 (ox. quat. C)

Amount, per C6
L1
L2
0.06
0.06
0.45
0.52
2.07
1.94
1.86
1.96
2.07
2.09

in extractives, were much less abundant in L2. The same may be noticed for the ketones showing resonances at
200-215 ppm.
The quantitative evaluation of structural features in L1 and L2 is summarized in Table 1. Both upgraded lignins
contained few amounts of -O-4 structures and were partially (almost 50%) demethoxylated. Also, both lignins
were strongly condensed as follows from unusually high abundance of quaternary aromatic carbons in structural
units (about twice additional Ar-C bonds that in spruce dioxane lignin [5]). It is worth noting the higher
condensation degree of L2 when compared to L1. The propane chain is much degraded in both lignins, which is
follows from the fairy low abundance of carbons intensity at 60-90ppm (Figure 3). The results obtained allow a
proposition about formation of polyconjugated aromatic structures. Regarding the results of structural analyses
of L1 and L2, the second may be considered as the most promising for using in polymer formulations since
possess the lower Mw and PD that L1 and is not contaminated with polysaccharides.
IV. CONCLUSIONS
The results of this study demonstrated thermal alkaline treatment as a promising way for the liquefaction of THL
into water-soluble products. The grinding of THL by a rotary-jet mill allowed a fraction of ca 5 m free of
polysaccharides, which could be completely transformed into water-soluble product of relatively low molecular
weight (ca 1000 Da) and polydispersity (ca 1.17). Upgraded THL represent a strongly condensed lignin with
highly degraded propane chain. Water-soluble lignin from THL may find interesting applications being involved
in different polymeric formulations, which work is currently in course.
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ABSTRACT
In this work possibility of use of supercritical carbon dioxide to isolate kraft lignin from technological
solutions is shown. The influence of carbon dioxide pressure on completeness of kraft lignin allocation and its
functional structure is established. Comparison of received preparations with kraft lignin allocated by acidulation
of pulping liquors with sulfuric acid is carried out. Advantages of use of carbon dioxide in an offered way in
comparison with a classical method of lignin allocation are shown. The lignin isolated by means of supercritical
processing is characterized as less oxidated and more reactive at yield comparable with classical method.

I. INTRODUCTION
The directed modification of a kraft lignin for the purpose of receiving new perspective products on its
basis assumes not only quantitative allocation of a lignin from spent pulping liquors, but also preservation of
high reactionary ability of the allocated lignin [1]. Several techniques are available for the isolation of lignin
from commercial spent pulping liquors. They may be based on the differences between lignin and contaminents
in solubility (extraction by various solvents or acidification) or on the difference in molecular weight (gel
permeation or ultrafiltration).
Traditional precipitation of lignin by lowering the pH of spent pulping liquors is based on solubility
fractionation. But acidification by sulfuric acid may cause the loss of considerable fraction of an acidsoluble
lignin. Also acid makes hard effect on lignin and changes it structure considerably. We made an attempt of
sedimentation of a kraft lignin with use of supercritical dioxide of carbon as strong acidifying agent and at the
same time lignin anti-solvent.

II. EXPERIMENTAL
For allocation of kraft lignin commercial spent pulping liquors after coniferous wood cooking of
cellulose production of Arkhangelsk Pulp and Paper Mill were used. Experiments were executed on a
supercritical fluid extractor SFE 400 (production of Institute of Analytical Instrument Making of Russian
Academy of Sciences, State Petersburg, Russia). Black liquor (15 ml) placed in the 25 ml autoclave and the last
filled with carbon dioxide with a demanded excessive pressure and temperature of 60 OC. Liquor processing by
carbon dioxide continued within an hour. When dumping pressure the rest of cooking liquor deleted from the
autoclave at the same time. During experiences temperature was constant and pressure was varied (100 – 400
atm, a step of 50 atm).
The main lignin functional groups (methoxyl, carbornyl, hydroxyl) were determined by modified
Zeisel-Viebock-Schwappach method, by oxidation with hydroxylammonium chloride in a dimethysulfoxidetriethanolamine buffer and by chemisorption method, correspondingly. The sedimentation extent of lignin were
established by spectrophotometry in UV-range.

III. RESULTS AND DISCUSSION
The influence of carbon dioxide pressure on extent of sedimentation of lignin and its chemical
composition is presented on schedules (to zero pressure there corresponds structure and an yield of the lignin
besieged by sulfuric acid), figures 1-3.
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From figure 1 it is visible that extent of sedimentation of a lignin from liquor in supercritical carbon
dioxide with a pressure over 250 atm corresponds to this indicator for a classical method. So supercritical carbon
dioxide allowes allocate lignin from spent pulping liquors completely .

Figure 1. The influence of CO2 pressure on the lignin
sedimentation extent

Figure 2. The influence of CO2 pressure on the
methoxyl and carbonyl groups content

Methoxyl group content stays practically constant and has not been influenced by allocation method.
Carbonyl group content increases with pressure till 250 atm, then slightly decreases, but remains more then for
acid presipitated lignin.

Figure 3. The influence of CO2 pressure on the hydroxyl groups content
Figure 3 shows that lignin allocated with pH lowering is more oxidized – strongly acid hydroxyl
(carboxyl) group content is approximately twice more for it then for lignin allocated by supercritical CO 2. Total
hydroxyl group content increases with increasing of CO 2 pressure till 250 atm. Phenolic hydroxyl group content
depends on CO2 pressure such as total hydroxyl groups. So lignin allocated with supercritical carbon dioxide
from black cooking liquors looks more reactive then acid isolated one.

IV. CONCLUSIONS
On the basis of the work that has been carried out, we can conclude that practically complete allocation
of lignin from spent cooking liquors is possible. The isolated lignin is less oxidized and more reactive then
lignin isolated by pH lowering with mineral acids.
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ABSTRACT
The aim of the present work was to evaluate different SEC calibration parameters for analysis of kraft black
liquor lignin. Off-line matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDITOF-MS) was compared to calibration using the commonly utilized polystyrene standards. The results from this
comparison showed that calibration using polystyrene standards gave calibration lines with different slopes
compared to calibration using MALDI-TOF-MS. As a consequence, calibration with polystyrene gives an
overestimation of weight-average molecular mass (Mw) and underestimation of number-average molecular mass
(Mn), and an overestimation of the polydispersity index by up to 50%. The effect was most pronounced for lowand high molecular mass lignins.

I. INTRODUCTION
The basis of the wood biorefinery concept is to utilize the wood components released during for example pulping
for value-added products. Utilization of lignin for different applications however requires certain chemical and
molecular properties, e.g. purity, chemical composition, molecular mass distribution, thermal properties etc. This
in turn puts demands on relevant analytical methods for these parameters. In the case of determination of
molecular mass distribution, size-exclusion chromatography (SEC) is by far the most commonly used technique
for lignin. However, SEC of lignin can be carried out using different mobile phase systems, different columns,
different pretreatments such as derivatization, and using different calibrants. Several attempts have been made to
harmonize methods, one example being the work carried out by the Eurolignin network [1], but still no standard
method is available. One widely used method for SEC analysis of lignins is using tetrahydrofuran (THF) as
mobile phase [1]. When THF is used, linear polystyrene standards are often used for calibration. However,
polystyrene and lignin have different three-dimensional structures, which causes different hydrodynamic
volumes and, consequently, elution behavior during SEC. In order to obtain absolute molecular mass values, the
use of narrow-polydisperse lignin fractions have been reported [2], as well as the use of light scattering detectors
[3, 4]. We have previously employed off-line matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry for SEC calibration [5]. Due to the development of the recently commercialized LignoBoost
process [6], our interest has lately been focused on analysis of lignins from black liquor. The aim of the present
work was therefore to compare SEC calibration using MALDI-TOF-MS or polystyrene for analysis of kraft
black liquor lignin [7].

II. EXPERIMENTAL
Samples and reagents
Two lignin samples were used, from Swedish hardwood mix (HW) and Swedish softwood mix (SW), isolated
using the LignoBoost process [6]. The samples were kind gifts from Lars-Erik Åkerlund at Innventia AB. The
samples were dissolved in THF and filtered prior to analysis using Millex-HV13 syringe filters with 0.45 m
pore size (Millipore, Milliford, USA).
Polystyrene standards with nominal Mp values of 580, 3100, 10200, 34500 were obtained from Polymer
Laboratories (Salop, UK).
All reagents were of p.a. grade.
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Acetylation
The softwood lignin sample was subjected to acetylation. 50 mg lignin was dissolved in 2 ml pyridine and 2 ml
acetic anhydride was added. This mixture was left to react over night at 25 °C, before it was put on ice and
mixed with 2 ml methanol. Two hours later the process of evaporation was started. The evaporation was
performed at 60 °C and consisted of 6 rounds. At each round, 5 ml toluene was added. When the sample was
completely dried, acetone was added and the sample was transferred to a vial where it was dried under nitrogen
gas flow.
Size-exclusion chromatography
Size-exclusion chromatography was used to separate the lignins into low-polydisperse fractions. A Waters SEC
system with a Waters 410 RI detector, a Waters 625 HPLC pump and three columns (Styragel HR1, HR2 and
Ultrastyragel 104 Å, Waters assoc. USA) were used in series. Calculations were made with the software Cirrus
version 3.1 from Polymer Laboratories. The mobile phase was THF with a flow of 0.8 ml/min and the
temperature of about 25 °C. The lignin was dissolved in THF to a final concentration of 10 mg/ml. DMSO was
added to the sample as a flow marker for the SEC system. The sample solutions were filtrated in order to remove
all insoluble material using hydrophobic PTFE syringe filters from Advantec with a pore size of 0.20 µm.
Thereafter, a sample amount of 100 µl was injected into the SEC column system. The lignins were collected
from the outlet of the RI detector in 0.15 ml fractions, during a period of 10 minutes and 2 fractions/minute.
MALDI-TOF-MS
MALDI-TOF-MS analysis were performed using a Micro-flex LT system (Bruker Daltonik, Bremen, Germany)
with a nitrogen (337 nm) laser beam. Around 600-800 single pulse raw spectra were averaged and transformed
into a spectrum. Evaluation of the analysis was made using the Bruker Daltonik Flex series software package,
2008. The matrix consisted of 10 mg DHB dissolved in 1 ml THF. It was required to prepare the matrix on a
daily basis since DHB is easily oxidized. The sample and matrix solutions were mixed in different ratios to find
the optimal amounts. About 0.5 µl of the sample/matrix solution was pipetted onto the sample probe and dried
by evaporation to form a sample/matrix co-crystal.
Before analyzing the SEC fractions by MALDI-TOF-MS, the fractions were evaporated to dryness and redissolved in 50 µl THF obtaining a concentration of 0.1-0.2 mg/ml.

III. RESULTS AND DISCUSSION
The MALDI-TOF-MS spectra obtained upon analysis of the softwood lignin fractions are presented in Figure 1.
Due to the heterogeneity of the kraft lignin (no repeating unit) the spectra of these fractions contain broad and
rather noisy signals. Nonetheless, it was possible to determine the peak-average molecular mass (Mp) of the
lignin fractions from their MALDI-TOF-MS spectra.

Figure 1. MALDI-TOF-MS spectra for softwood kraft lignin fractions and SEC calibration line constructed
from the peak-average molecular mass values obtained from the MALDI-TOF-MS spectra.
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The Mp values were then used to create a SEC calibration lines (Figure 1). For comparison, a conventional
calibration line was constructed by SEC analysis of polystyrene standards. The three calibration lines obtained
are compared in Figure 2. The calibration lines are overlapping but the line originating from polystyrene
standards has a steeper slope compared to the calibration lines constructed from MALDI-TOF analysis of the
lignin fractions. Also, the calibration line for hardwood lignin seemed to differ somewhat from that for softwood
lignin. However, conclusions about any differences between hardwood and softwood lignin needs further
investigation. The calibrations were used for calculation of the average molecular masses and molecular mass
distributions of the lignin samples from the SEC chromatograms (Table 1).

Figure 2. Calibration lines obtained by polystyrene standards and by MALDI-TOF-MS analysis of hardwood
and softwood lignin fractions.

Figure 3. SEC chromatograms for hardwood and softwood kraft lignins while employing polystyrene (dashed)
or the more absolute MALDI-TOF-MS (solid) calibration.

In Figure 3, the MALDI-TOF-MS and polystyrene calibrations have been employed to calibrate the x-axis of the
SEC chromatograms from retention time to log M scale. This illustrates clearly the effect of the different
calibrations on the resulting molecular mass calculations. Due to the steeper slope of the polystyrene calibration
line, this calibration gives an overestimation of weight-average molecular mass (Mw) and underestimation of
number-average molecular mass (Mn), and consequently also overestimation of the polydispersity index (PDI)
by up to 50%.
The hardwood kraft lignin used in this study was completely soluble in THF, but the softwood lignin sample was
not. Therefore the softwood kraft lignin was acetylated, which made this sample completely soluble in THF as
well. The SEC fractionation/MALDI-TOF-MS calibration was performed also for the acetylated softwood kraft
lignin.
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Table 1. Average molecular mass, mass distribution and polydispersity index (PDI) for hardwood (HW) and
softwood kraft lignin (SW).
Sample

Polystyrene calibration

MALDI-TOF-MS calibration

Mw

Mn

PDI

Mw

Mn

PDI

HW

1400

700

2.1

1400

1100

1.4

SW

2700

1000

2.7

2000

1200

1.7

-

-

-

3500

1300

2.6

SW (acetylated)

As expected, the average molecular mass of the acetylated softwood kraft lignin is higher than that for the
underivatized sample. The molecular mass increase is higher than the theoretical increase due to the addition of
acetyl groups, and is most likely due to increased solubility of the high molecular mass portion of the sample
(Table 1).

IV. CONCLUSIONS
Calibration with polystyrene gives an overestimation of weight-average molecular mass (Mw) and
underestimation of number-average molecular mass (Mn).
Calibration with polystyrene overestimates the polydispersity index by up to 50%.
The effect is most pronounced for low- and high molecular mass lignins.
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ABSTRACT
With the aim to develop green adhesives for wood, an adhesive system formed by condensed tannins (CT), isolated
from grey alder bark, polyethyleneimine (PEI) and phenol-formaldehyde resins (PF) including this one
containing micro/nanoparticles of extracted bark as a filler, and a PF resin, where CT were used as phenol
substitute on the synthesis stage were studied for plywood manufacture. The results of the gluing quality tests
have shown that the modulus of elasticity of plywood glued using the (CT-PEI):PF based adhesives with 40-60%
substitution of PF was very close to that for plywood obtained with the traditional 100% PF glue and meet the
European norms EN 312 (2004) in terms of share strength for plywood used both in indoor or outdoor
conditions. Introduction of extracted bark residue micro/nanoparticles into composition of adhesives investigated
led to increasing of physical-mechanical properties and strength of gluing. The experimental PF resin was
prepared by substitution of 20% phenol following processes proprietary of CHIMAR. The produced resin had
properties close to that of a typical PF resin. Plywood panels produced with this CT:PF resin (PFT) may be used
for exterior application. The resins obtained using both (CT:PEI) gel and CT extract are suitable for the
fabrication of plywood panels for interior application because their formaldehyde emission is very low.

I. INTRODUCTION
Phenol-formaldehyde (PF) based wood adhesives still today dominate in markets. However, toxic formaldehyde
emission [1] and necessity to diminish petrochemicals consumption stimulate the search of alternative
environmentally safe adhesives. Tannins, natural polyphenolic compounds, are present in large concentrations in
wood barks. They are natural hydrophilic complexing agents. Wood adhesives from condensed tannins have
been developed, especially on the basis of acacia (Mimosa – Acacia mearnsii De Wild) and quebracho
(Schinopsis lorentzii) tannins [2]. It has been established earlier [3] that the bark of grey alder (Alnus incana), the
tree widely spread in the European countries including Latvia, contains condensed tannins (CT) in rather large
quantity (about 12% on o.d. bark) Using 13C NMR spectroscopy, it has been shown that the grey alder CT
contain mostly epicatechin units connected by C4-C8 and C4-C6 interflavonoid bonds to B-type procyanidins
double bond flavanyl units in the molecule (2C-O-7C), which is typical for A-type procyanidins. The TOF-MS
analysis has shown that oligomeric CT of grey alder bark ranged from the dimer to the heptamer (Figure 1). The
preliminary experiments have shown suitability of alder bark tannins for obtaining of eco-friendly wood
adhesives [3,4].
The present study continues our works aimed on the developing of green adhesives and is focused on
investigation of the alder bark oligomeric tannins as substitutes of petrol-based adhesives used in plywood
panels manufacturing. With this aim, a polymeric gel obtained on the basis of CT by its modification with
polyethylenimine (PEI) was tested as an additive in a typical PF resin for plywood manufacturing. Besides, the
grey alder CT were tested as a phenol substitute during the synthesis of PF wood adhesive (PFT).
II. EXPERIMENTAL
Formulation of CT-based polymeric gel and (CT-PEI):PF adhesives
Grey alder bark (Alnus incana) was collected from the forest in East-South part of Latvia. Tannin fraction of
bark extractives was sequentially extracted as described in [3] using solvents with increasing polarity: hexane,
ethyl acetate and finally aqueous ethanol (1:1, v/v). The ethanol was removed under vacuum and the remaining
aqueous solution was frozen and freeze-dried. CT content in the tannin extract was measured by buthanol–HCl
method [5] using procyanidin dimer B2 from Extrasynthese as a reference compound.
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Figure 1. B-type oligomeric structure of grey alder condensed tannins.

The CT–based gel was obtained by mixing of aqueous tannins solution (pH 7) with 50% (w/v) aqueous
polyethylenimine (PEI) solution ( mass ratio 2:1,w/w) was purchased from Sigma-Aldrich. The tannin adhesive
were characterized by differential scanning calorimetry (DSC) on a Metter Toledo DSC 828. and the results
obtained from the DSC scans show a large heat absorption peak at about 120°C, which indicated that the
reaction CT with PEI proceeds in the temperature range 100-140°C.
Adhesives for plywood manufacture were made by mixing of (CT-PEI) gels with PF resin at the mass ratios
(CT-PEI):PF = 20:80, 40:60, 50:50, 60:40, 80:20. The resulting adhesives were tested for obtaining of plywood
panels.
Synthesis of a PFT resin with phenol substitution by CT
For the synthesis of the phenolic resins, phenol 90% and formaldehyde water solution 37.4% were used. A PFT
resin with 20% phenol replacement by CT was produced smoothly following the CHIMAR proprietary process
for the synthesis of a PFT type resin.
Plywood panels production and characteristics
The (CT-PEI) based adhesives were applied for obtaining of birch plywood panels. The plywood panel samples
were made using tree layers of birch (thickness of 2 mm each), and 170 g/m2 of adhesive. The panels were
pressed for 10 minutes at 140°C and pressure of 2 MPa. The samples obtained were conditioned in a climate
room (25˚C and 65% humidity) for 24 h. Then the quality of plywood panel gluing was evaluated by the statistic
bending (modulus of elasticity ) and bonding shear tests, carried out according to EN 314 -1 [6].
The bonding ability of PFT resin with 20% phenol substitution by CT under study was tested in the production
of laboratory plywood panels of 3 layers: the face veneers were from okoume and the core veneer was from
poplar. The plywood panels were produced with a process simulating industrial practices, while panel testing and
evaluation was conducted according to the European standards EN 314.1 and EN 314.2. Formaldehyde
emissions were determined according to the Desiccator (JIS A 1460) method.
III. RESULTS AND DISCUSSION
(CT-PEI)-based PF adhesive
It was found that the major components (0.36 g/g of extract or 12 % on bark dry mass) of the tannins extract
isolated from grey alder bark are condensed tannins (proanthocyanidins). The new (CT-PEI):PF adhesive
compositions were prepared on the basis of this extract.
The results of the gluing quality tests of the birch plywood panels glued using the all (CT-PEI):PF based
adhesives showed (Table 1) that the values of elasticity modulus for plywood panels obtained with PF
substitution by 20-60% were close to those for control panels glued by the typical PF only.
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It was found that the values of share strength for these panels after treatment by immersion in water at 20°C for
24 h (bonding class for dry interior) and cyclic treatment in boiling water (bonding classes for exterior
application) passes the threshold values requested by the EN standard 314.2 (Table 1). However, the adequacy of
the plywood panels to the standard requirements has to be confirmed further by evaluation of the gluing quality
using the apparent cohesive wood failure criteria.
Table 1. Influence of composition of adhesives prepared on (CT-PEI) basis on the modulus of elasticity of
plywood panels glued
Adhesive composition

Control: traditional PF
(CT-PEI):PF = 20:80
(CT-PEI):PF = 40:60
(CT-PEI):PF = 50:50
(CT-PEI):PF = 60:40
(CT-PEI):PF = 80:20

Plywood panel elasticity modulus,
N/mm2
Transverse
Longitudinal
modulus
modulus
1190±160
1000±150
1070±140
1030±110
1030±120
1060±200

16270±1800
14610±660
14480±880
14085±1300
13980±1730
11720±1380

Shear strength,
N/mm2
After
immersion in
water at 20°C
2.28±0.38
1.79±0.38
1.84±0.34
2.04±0.29
1.45±0.30
0

After cyclic
treatment in
boiling water
1.68±0.30
1.56±0.28
1.36±0.27
1.30±0.32
1.3±0.29
0

Introduction of extracted bark residue micro/nanoparticles into composition of (CT-PEI):PF adhesives led to increasing of
physical-mechanical properties and strength of gluing.
Phenol substitution by CT during PF synthesis
An experimental resin was prepared by substitution of 20% phenol during the synthesis of the PFT resin
following processes proprietary of CHIMAR. The produced PFT resin had properties close to that of a typical
phenol-formaldehyde PF resin.
The results of evaluation of quality of gluing for plywood panels produced with a process simulating industrial
practices, have shown (Figure 2, Table 2) that the experimental PFT resin passes the threshold values requested
by the EN standard 314.2, for all classes: for Class 1 - dry interior and Class 3 – non covered exterior (the
conditions of corresponding tests are shown in the Table 2).

Figure 2. The relationship between wood failure and share strength of plywood panels and the experimental
results. std dry – panels without pretreatment; std 24 h – panels after pretreatment required by Class 1; std cyclic
– panels after pretreatment required by Class 3.
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For all three bonding classes (EN 314. 2), each glue line has to satisfy two criteria, namely, the mean share
strength and the mean apparent cohesive wood failure as combined in the Figure 2.
Table 2. The results of evaluation of plywood panels produced with PFT
Resin

Index
Standard PF

PF with 20% phenol substitution by CT

No treatment
2

Shear strength, N/mm

2.58±0.23

2.06±0.31

Wood failure, %

60±2

64±1

Pretreatment required by Class 1: immersion in water of 20°C for 24 h
Shear strength, N/mm2

1.45±0.22

1.62±0.35

Wood failure, %

88±2

60±1

Pretreatment required by Class 3: 4 h in boiling water–16 h drying at 60°C–4 h in boiling water–1 h in cool
water
Shear strength, N/mm2

1.31±0.19

1,14±0.11

Wood failure, %

83±2

37±1

Formaldehyde emission:
desiccator values, mg/L

0.090±0.008

0.047±0.009

Comparison of the desiccator values showed (Table 2) that the plywood panels fabricated with the experimental
PFT resin (20% substitution of phenol by CT) showed much lower formaldehyde emission than that released by
the panel produced using a typical PF resin. The reducing formaldehyde emission provide the advantage of the
CT-based adhesive interior application in comparison with typical PF resins.
IV. CONCLUSIONS
The synthesised wood adhesives containing oligomeric tannins that are available in large quantities from grey
alder bark, could be used for production of plywood for exterior applications, although the further investigations
needed for improvement their wood failure performance.
Due to very low level of formaldehyde emission, the synthesised CT-containing adhesives are suitable for the
fabrication of plywood panels for interior needs.
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ABSTRACT
Future biobased chemicals and materials are preferably based upon agricultural side streams. An example of
such side streams are bagasse (Bag) and palm empty fruit bunches (EFB), which are both rich in lignin,
hemicellulose (xylan) and cellulose. Although the composition of Bag and EFB was rather similar, different
structural features for lignin and for xylan were observed prior to pretreatment. EFB contained a highly
acetylated 4-O-methylglucuronoxylan, while Bag-xylan was much less substituted.
In this study, the effect of hemicellulose and lignin solubilization by H 2 SO 4 and NaOH catalyzed pretreatments,
was correlated to the extent of subsequent enzymatic cellulose hydrolysis. For both EFB and Bag, alkali
pretreatment resulted into extensive lignin removal. This removal resulted in up to 90% (w/w) conversion of
glucan into glucose by enzymes. But, the alkaline conditions also provoked unwanted xylan losses up to 50%
(w/w). Acid pretreatment resulted into solubilization (60-80% (w/w)) of xylan, with almost no losses, while
lignin remained. Although xylan solubilization increased enzymatic cellulose hydrolysis of residual glucan,
extensive removal of xylan decreased glucan hydrolysis. In this study, under the applied treatment conditions,
the alkali treatments were the most efficient in terms of enzymatic release of xylose and glucose from the
insoluble residues.
I. INTRODUCTION
The use of renewable resources is the key in the transition to a sustainable society that will allow future
generations to have a standard of living similar to ours. Hence, future biobased chemicals and materials are
preferably based upon agricultural side streams. An example of such side streams are bagasse (Bag) and palm
empty fruit bunches (EFB). Bag is the remaining stream from the extraction of sucrose from sugarcane, while
EFB are the empty bunches remaining after removal of the oil containing berries as present in the oil palm. Both
belong to the monocots or true grasses and are typical lignocellulosic materials composed of around 25% (w/w)
hemicellulose, 35% (w/w) cellulose and 25% (w/w) lignin [1, 7, 8]. Cellulose is a homoglucan of which the
backbone consists of β-D-(1-4)-linked glucosyl units, forming a crystalline polymer. Lignin is a highly
heterogeneous, complex aromatic polymer synthesized from phenylpropanoid precursors.
The conversion of the (hemi-) celluloses of such agricultural side streams into fermentable monosaccharides,
mainly glucose and xylose, comprises various steps. These are harvest, storage of lignocellulosic biomass,
pretreatment, enzymatic saccharification and fermentation/modification of the resulting monosaccharides [2].
Pretreatment is a critical prerequisite to achieve high monosaccharide-yields together with the enzyme
hydrolysis. Leading chemical pretreatments, resulting in increased enzymatic hydrolysis of the (hemi) celluloses,
usually comprise acid or alkaline based processes. While acid provokes GAX solubilization, alkali promotes
swelling of the biomass and the cleavage of ester-bonds in GAX and in GAX-lignin complexes. The fate of
lignin and its distribution over solid and liquid phases during pretreatment is not well understood, although alkali
is known to promote the solubilization of lignin [3], supporting enzymatic cellulose hydrolysis. Also, recently it
was shown that by dilute acid treatment lignin-droplets deposited on the cellulose surface, which retarded
enzymatic hydrolysis [4]. So, for both acid and alkali treatments, there is a remarkable effect on the composition
and structure of the insoluble material. Clearly, the concentration of the acid or alkali is an important factor. At
present, there are no studies that compare the effects of different concentrations of alkali or acid on enzymatic
hydrolysis of the insoluble residues obtained. Usually, only a limited number of conditions are applied. Or in
case of many conditions applied, no detailed quantitative information is given with respect to carbohydrates
present in the different fractions obtained.
The present study evaluates for Bag and EFB the effects of acid and alkali treatments at elevated temperatures on
their enzymatic hydrolysis, the research described is based on Murciano Martínez et al. [5]. Various
concentrations of acid (0-6 %w/w) and alkali (0-12 %w/w) are applied. Carbohydrate and lignin mass
distributions over insoluble residues and soluble hydrolysates after catalysis are determined, and enzymatic
hydrolysis of the residues is correlated to the ratio of hemicellulose/lignin/cellulose.
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II. EXPERIMENTAL
Bag and EFB were supplied by Purac Thailand (Banchang, Thailand) and Sime Darby (Kuala Lumpur,
Malaysia), respectively. Enzyme cocktails CellicCTec2 (CCT) and CellicHTec (CHT) were kindly provided by
Novozymes (Bagsvaerd, Denmark) and stored at 4°C.
Stainless steel, non-stirred reactors (0.1 L) were loaded with a fixed solid:liquid ratio of 1:10 (w/w). Residence
time for acid (0, 2, 4 or 6 % H 2 SO 4 (%w/w dry matter (DM) was 30 minutes at 140°C, and for alkali treatment
(0, 4, 8 or 12% NaOH (%w/w DM)) 60 minutes at 120°C. The reactors were equipped with a controlled
thermocouple (Pico Technology, Saint Neots, UK). The reactors were introduced into silicon oil preheated at the
desired pretreatment temperature. Reactors removed from the oil after pretreatment were directly submerged in
ice-water. The maximum heating and cooling times were 22 and 15 min, respectively. After cooling down to
ambient temperature the pretreated mixture was transferred to 0.25 L polypropylene tubes and centrifuged
(10000 g, 15 min, ambient temperature). The supernatant was decanted and the residue was recovered and
washed 3 times with water. For each raw material, the first supernatant and 3 wash supernatants were combined
and freeze dried (denoted as “soluble fraction”). The remaining washed residues were denoted as “residues”.
Enzyme incubations were performed as described by Murciano Martínez et al. [5]. In short, CCT and a
combination of CCT+CHT (ratio 10:1 (protein (Nx6.25) basis) was used. Residues (milled; <1 mm) were
incubated in 50mM sodium acetate buffer pH 5.5. The milled substrate load was 1% (w/w) based on dry matter.
The enzyme incubations were performed in duplicate at 55°C, and rotated head-over-tail for 72h. Enzyme
dosage was in total 3% (w/w) of protein based on dry matter of the amount of residue/sample loaded. The
protein contents (N%*6.25) of CCT and CHT were 127 mg/ml and 120 mg/ml, respectively. Sodium azide
0.01% (w/v) was used to prevent bacterial growth. After incubation, the digests were heated at 100°C for 5 min,
centrifuged, and analyzed for their total carbohydrate content and constituent monosaccharide composition.
Neutral carbohydrate content and composition, as well as uronic acid content, Klason lignin content (corrected
for ash), and ash content, was determined as described previously [6]. High-performance anion exchange
chromatography (HPAEC) was used to quantify release of the various monosaccharides [6].
III. RESULTS AND DISCUSSION
Composition of the feedstocks
EFB and Bag were composed of mainly cellulose (Bag 37%; EFB 26 %w/w), glucoronoarabinoxylans (GAX)
(both 27 %w/w), and lignin (Bag 28%; EFB 24 %w/w), which corresponded to literature values [7,8]. The
degree of substitution (DS) of the xylan backbone was calculated as mol% of arabinosyl, acetyl and glucuronic
acid residues on xylosyl residues. It must be considered that double substitution and chains longer than 1
substituent are not taken into account. The DS of EFB-xylan was 60%, while for Bag-xylan a much lower DS
(38%) was found.
Carbohydrate distribution over hydrolysates and residues after pretreatment
Acid treated samples showed xylan solubilization reaching a maximum (80 w/w% of original amount of xylan
present in Bag) in 6% (w/w) H 2 SO 4 for Bag, mainly as xylose monosaccharides. For EFB, similar conditions
resulted in a much lower xylan solibilization (60%), of which only 20% as monosaccharides and 40% as
oligosaccharides.

Figure 1. Xylan/glucan (X/G-) ratio versus carbohydrate/ lignin (C/L-) ratio in residues remaining after
pretreatment catalyzed with H 2 SO 4 or NaOH, modified from [5].
Corresponding glucan solubilization was low (<15 %w/w). The amount of lignin solubilized is for all acid
samples around 20% (w/w) based on the original amount of lignin present. Alkaline pretreatment showed visible
swelling of the material, but it resulted in less than 20 %w/w solubilization of carbohydrates, while up to 50%
w/w of lignin was solubilized (Figure 1). The amount of calculated losses of GAX (up to 40% (w/w)) was
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remarkable. The amount of losses was much higher for Bag compared to EFB. The lost fraction was calculated
taking the total amount of xylan in the feedstock prior to pretreatment, minus the amount of xylan analyzed in
residue and corresponding hydrolysate. It was hypothesized, that part of the xylan present was converted into
non-carbohydrate degradation products during alkaline pretreatment, for example, caused by peeling.
GAX and lignin removal by the pretreatments used, resulted in residues with different contents of xylan and
lignin next to cellulose. This was expressed as the ratio of xylan versus glucan (X/G-ratio), and as the ratio of
carbohydrates versus lignin (C/L-ratio) in the residues (Figure 1). No clear correlation between the two ratios
was observed.
Enzymatic degradability of residues resulting from the various pretreatments

A

X/G

Hydrolysis yield of
monomers from RES (%)

Hydrolysis yield of
monomers from RES (%)

To study the enzymatic degradability of the residues described above, they were incubated by using 2 different
enzyme cocktails: CCT and a combination of CCT+CHT. CCT is, principally, a cellulose degrading enzyme
cocktail, while CHT is enriched in xylan degrading enzymes.

B

X/G

C

X/G

% H2SO4

Hydrolysis yield of
monomers from RES (%)

Hydrolysis yield of
monomers from RES (%)

% H2SO4

% NaOH

D

X/G
% NaOH

Figure 2. Hydrolysis yield of monosaccharides, glucan to glucose or xylan to xylose, by the enzyme cocktails
CCT and by CCT+CHT, from residues remaining after H 2 SO 4 -pretreatment (Bag (A) and EFB (B)) or NaOHpretreatment (Bag (C) and EFB (D)), modified from [5].
Degradation of glucan and xylan into corresponding glucose and xylose is shown in Figure 2. It should be
remarked that enzyme studies were performed with freeze dried material to allow good comparison between
samples and to minimize inhomogeneity issues, although drying may negatively affect enzyme hydrolysis.
Nonetheless, the results are expected to reflect the comparisons made.
Acid pretreatments of Bag resulted in residues with lower X/G-ratios compared to the EFB residues obtained
under similar conditions. Nevertheless, residues obtained after acid treatment with lower X/G-ratios were better
hydrolysed by CCT. Also in literature, xylan removal was shown to enhance enzymatic cellulose hydrolysis [9].
Interestingly, at very low X/G-ratios, the enzyme degradability decreased. For EFB, this point was reached at
X/G-ratios lower than 0.4, while for Bag this was lower than 0.2. This trend of decreased cellulose hydrolysis
was more pronounced for Bag than for EFB. Hydrolysis by CCT+CHT showed for acid pretreated Bag residues
again that the yield of monosaccharides decreased at lowest X/G-ratios (Figure 2). On the contrary, for the EFB
acid residues the hydrolysis yield by CCT+CHT increased at low X/G-ratios (Figure 2).
To understand these phenomena, the remaining composition of the residues should be considered. The residues
of the acid pretreatment were high in both glucan content and lignin content. Both were hardly solubilized during
pretreatment, while xylan was progressively removed upon higher acid concentrations (lower X/G-ratio). The
remaining lignin may have formed droplets on the cellulose surface hindering the enzymatic hydrolysis, which
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was shown to occur in dilute acid pretreatments [4]. As this was less observed for the EFB acid treated residues,
it may implicate that the relatively high amounts of residual xylan present prevented re-condensation of lignin
present on cellulose fibers. The physical hindrance by xylan was partly overcome by addition of endoxylanase
activity to the cellulase cocktails, especially for the more xylan-rich EFB residues. So, excessive removal of
xylan from glucan fibers before addition of cellulases and xylanases, in the presence of lignin, negatively
influenced glucan conversion into glucose. From microscopic studies [9], the same conclusion was drawn.
During alkaline pretreatment mainly lignin was removed for Bag and EFB. The corresponding residues were
hydrolyzed by CCT and CCT+CHT and the results are shown in Figure 2. The various concentrations of NaOH
resulted in residues with rather similar X/G-ratios for EFB and Bag, but the enzymatic cellulose to glucose
hydrolysis yields differed. For the alkaline pretreated residues of EFB, an increase in hydrolysis by CCT of
glucan was observed with decreasing lignin contents. The same trend was observed for Bag, but less
pronounced. Apparently, lignin solubilization together with the swelling of the material during treatment
facilitated the hydrolysis of the residual glucan, while X/G-ratios remained the same.
IV. CONCLUSIONS
Acid pretreatment solubilized large amounts of xylan and increased subsequent enzymatic cellulose hydrolysis.
But, at extensive removal of xylan while lignin remained, glucan hydrolysis became less efficient. On the
contrary, solubilization of lignin in alkaline pretreatements resulted in a rather high residual cellulose hydrolysis.
This showed that, in this study, alkali pretreatment resulted in the highest glucose from cellulose yield.
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ABSTRACT
We report the results on phytochemical analyses and antidiabetic effects of six extracts obtained from M.
arboreus root bark: water, dichloromethane, methanol (MeOH), ethanol (EtOH) and two sub-fractions from
EtOH extract, ethyl acetate (ACE) and hexane (Hex) sub-fractions. Various classes of polyphenols were
determined quantitatively in EtOH extract by UV-visible spectrophotometry. This extract was found to have high
levels of total phenols, hydroxycinnamic acids and proanthocyanidins, while flavonoids were less concentrated.
On the other hand, the chemical screening of the same extract by GC-MS revealed the presence of triterpenes
which still remain to be identified. Alkaloids (Alk) were revealed from the MeOH extract by HPLC method and
confirmed by TLC using Dragendorff reagent. In vitro assays were used to evaluate the antidiabetic activity of
the plant extracts. Cytotoxicity was determined by using lactate dehydrogenase (LDH) assay for all studied
extracts and fractions in order to determine the maximal nontoxic concentrations. Glucose-6-phosphatase
(G6Pase) and Glucose uptake activities were assessed respectively in cultured hepatocytes (H4IIIE cells) and
myocytes (C2C12 cells) treated with all extracts. Results showed that EtOH, two sub-fractions and Alk extract
significantly decreased G6Pase activity, with insulin used as the positive control. Extracts and fractions of M.
arboreus did not stimulate glucose transport into muscle cells compared with control DMSO. Metformin
(400µM) and insulin (100nM) were used as positive control. The results of our study confirm the potential of
using forest resources for the development of new natural health products.
I. INTRODUCTION
Myrianthus arboreus originates from the secondary forests of Africa. This small tree is widely used in folk
medicine for its therapeutic effects. In Democratic Republic of Congo, the root barks of M. arboreus are used to
treat diabetes. Several studies on M. arboreus reported the isolation of peptide alkaloids from the leaves as well
as pentacyclic triterpene acids from the root wood and from the trunk bark [3]. However, no research has yet
been done so far on root bark extracts namely on their phytochemical composition and antidiabetic effects.
Diabetes is a metabolic disease characterized by hyperglycemia resulting from defects in insulin secretion,
insulin action or both [2]. Type 1 diabetes is caused by a deficiency of insulin secretion from β-pancreatic cells.
On the other hand, Type 2 diabetes is characterized by decreased insulin sensitivity in major target organs such
as liver, muscle, and adipose tissues, in addition to a decreased insulin secretion by beta pancreatic cells [1, 2].
The aim of this study was to first identify different phytochemical classes of polyphenols, terpenes and alkaloids
in the studied root bark extracts and fractions and then to determine their antidiabetic potential through the cellbased bioassays using the glucose-6-phosphatase activity (H4IIE cells) and the activity of glucose transport in
muscle cells (C2C12).
II. METHODOLOGY
II.1.Sampling and phytochemical analyses
The root bark of M. arboreus was collected in the city of Bas-Congo, from Jardin botanique de Kisantu, in
December 2012. The plant was identified at the Departement des sciences, of Kinshasa. The root barks were
dried for a week and ground into powder. This crude powder was used to prepare six extracts in order to study
their polyphenols, terpenoids and alkaloids contents. Thus, water extract was obtained after 2 hours of decoction
using reflux system. Dichloromethane extract, methanol extract and ethanol (95%) extract were obtained by
using Soxhlet apparatrus. The ethanol extract was divided into two sub-fractions, namely hexane and ethyl
acetate fractions. The various types of polyphenols and triterpens compounds were determined in ethanol
solution [4].
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1. Determination of polyphenols content
Total phenols content: The total phenol content was measured spectrophotometrically according to the Folin–
Ciocalteu method [4]. Gallic acid was used for the calibration curve and the results are expressed in gallic acid
equivalents (mg GAE/g dry extract)
Flavonoids content: The flavonoids content was determined spectrophotometrically according by the AlCl3
method developed by Brighente et al. [4]. Quercetin was used for the calibration curve and the results are
expressed as quercetin equivalent (mg QE/g dry extract).
Hydroxycinnamic acids content: The hydroxycinnamic acids content was determined according to the method
developed by Arnow (1937) [4]. Chlorogenic acid was used for the calibration curve and results are expressed as
chlorogenic acid equivalents (mg CGE/g dry extract).
Proanthocyanidins content: The content of proanthocyanidins was measured following the method developed by
Porter et al. (1986) [4].Cyanidin chloride was used for the calibration curve and the results are expressed as
cyanidin chloride equivalents (mg CCE/g dry extract).
2. Triterpenes characterization
The identification of triterpènes compounds were performed by the use of gaseous chromatography coupled to
mass spectroscopy (GC-MS). The method developed by Saint-Pierre et al. (2013) [4] was applied with a slight
modification. The MS signal acquired was the total ion count for all the m/z included between 50 and 500. The
identification of molecules was made by comparing the mass spectrum to those from the existing databases.
3. HPLC analysis of alkaloid extract
Alkaloid extract was obtained according to the method developed by Choudhary et al. (2011) [5]. The presence
of alkaloids was confirmed by TLC (CHCl3: MeOH, 50:50) using Dragendorff reagent. The extract was then
studied by HPLC with UV detection at 320 nm. Analytical separations were performed on a 4.6 x 250 mm
Zorbax SB-C18, 5µm reversed-phase column using CH3CN-H20 system for elution. The mobile phase was
programmed on a gradient from 90% to 50% over 40 min, followed by 50% to 0% H20 over the next 25 min at a
flow rate of 0.5 mL/min.
II.2. Biological activity
1. LDH Test: Hepatic cells (H4IIE) and differentiated C2C12 cells were treated overnight (16-18h) with extracts
and sub-fraction of M. arboreus at different concentrations. LDH release was measured spectrophotometrically
at 492 nm. The determined maximal non-toxic concentrations were subsequently used for the antidiabetic effects
experiments (G6P and GT).
2. Glucose-6-phosphatase (G6P) activity: Cells H4IIE (90% confluent in 12 well plates) were treated for 18 h
with negative control (0.1%DMSO vehicle), positive control (Insulin, 100 nM), and extracts and sub-fractions of
M. arboreus at their respective optimal nontoxic concentrations. After 18 h, cells were washed then lysed in
15mM phosphate buffer. Cell lysates were incubated in glucose-6-phosphate-containing buffer (200 mM) for 40
min at 37 C where the G6P serves as a substrate for endogenous G6Pase to yield glucose. Quantification of the
glucose generated in this reaction was measured using Wake Autokit Glucose colorimetric assay. Results are
presented relative to Insulin equivalent [1].
3. Glucose transport (GT) assay: The deoxy-D-glucose uptake assay was performed as described by (Spoor et
al., 2006) [7], with a few modifications [7].Confluent and differentiated C2C12 myotubes (in 12- well plates)
were incubated for 18 h in differentiation medium (DMEM with 2% HS) containing different concentrations of
extracts and fractions of M. arboreus at their selected concentration obtained by LDH assay. DMSO (0.1%) and
metformin (400 μM) were taken as negative and positive controls, respectively.
III. RESULTS AND DISCUSSION
1.

Determination of polyphenols content

Table 1. Total phenol and different classes polyphenols contents in ethanol extracts
Parameter
Average contents
M. arboreus
Y.birch
S. maple
ab
b
Phénols totaux (mg GAE/g)
278±1.4
223±30
296±27a
Flavonoides (mg QE/g)
2.7±0.6b
3.7±0.6b
22±8a
a
a
Hydroxycinnamic acids (mgCAE/g)
173±1.5
91±60
117±10a
Proanthocynanidines (mg GAE/g)
123.9±0.2a
65±48ab
52±10b
Different letters indicate significantly different results according to Tukey’s tests at 95% confidence level.
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Results from Table 1. show variability in the content of phenolic compounds in EtOH extract. Flavonoids (FL)
content is considerably lower than that of other classes of polyphenols. The concentration of proanthocyanidines
(PAs) and hydroxycinnamic acids (HA) are determined to be very high in this extract. Comparing these results
with those obtained by St-Pierre et al. on EtOH extract of bark trunk from Yellow birch (Y.B) and Sugar maple
(S.M), it appears that the content of HA is not statistically difference in all three plants. The content of PAs is
higher in M. arboreus (173±1.5 mg GAE/g) than in S.M (52±10 mg GAE/g), while it remains the same
statistically in Y. B (65±48 mg GAE/g). Futhermore, the content of total phenols and FL are the same in Y. B
and in M. arboreus [4]. The presence of PAs and HA in M. arboreus extract could contribute to its therapeutic
proprieties. Interestingly, recent studies report that HA and its derivatives namely ferulic acid, mhydroxycinnamic and p-methoxy cinnamic acides were potential agents of many antidiabetic activities
determined namely from aqueous extract of Syzygium alternifolium seeds [6].
2. GC-MS triterpens compounds characterization

H

H

HO

gamma-sitosterol

Figure 1. GC-MS chromatogram of ethanol extract
GC-MS chromatogram was developed in order to identify triterpens and sterols contained in the EtOH extract.
The major peak indicating the main compound in this extract appeared at 14.6 min. Comparing it with the mass
profiles of the compounds present in the database of the chromatogram (GC-MS), this peak corresponds to the
gama-sitosterol (Figure 1.). However, we were unable to identify the others peaks with the database available in
our instrument. The rest of the peaks will be identified in the future study using the GC-MS analysis on authentic
triterpenes and/or after isolation and identification of triterpenes from this extract.
3.HPLC analysis of alkaloid fraction

Time (min)

Figure 2. HPLC chromatogram of M. arboreus root bark ether extract
The presence of Alk in the ether extract was confirmed by TLC, using Dragendorff reagent. This extract was
then analyzed by HPLC with UV detection at 320 nm. The Figure 2. shows the presence of three peaks
corresponding, probably, to Alk compounds in this extract. As the recent work reported that the cyclopeptide
type alkaloids were isolated from other part of M. arboreus [3, 5] these will be further studied. Other studies on
cyclopeptidic Alk showed that these compounds seem to have an interesting potential to control the postprandial
hyperglycemia, and associated diabetes complications [5].
4. Cell-bassed bioassays for antidiabetic activity
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Figure 4. Effect of extracts/fractions of M.
arboreus tested on glucose uptake assay in C2C12
cells. Each value is the mean±SEM (n= 4) in each
group. *P < 0.05 significantly different after oneway ANOVA analysis followed by Dunnett's t test
vs the negative control (DMSO 0.1%)

Figure 3. Effect of extracts/ fractions of M.
arboreus on G6Pase activity. Results are expressed
as Insulin Equivalent. Mean±SEM for n=4 to 5. *P
< 0.05 significantly different after one-way
ANOVA analysis followed by Dunnett's t test vs
the positive control (Insulin 100nM)

The antidiabetic potential of the root bark extracts of M. arboreus was first studied to determine glucose -6phosphatase activity. G6Pase is a key enzyme involved in hepatic gluconeogenesis. The results are expressed in
insulin equivalent. Figure 3. shows that the inhibitory effect of EtOH extract, sub- fractions (Hex and ACE) and
Alk extract is not statistically difference with insulin used as a positive control. Interestingly, the ACE subfraction had antidiabetic potential comparable to insulin, while the EtOH extract and Hex fraction inhibited
about 50 %. In addition, the effects of Alk extract should attract special attention because of the HPLC profile
described in Figure 2. A thorough study of this extract should be performed in order to determine the bioactive
molecule. The dichloromethane and water extracts, did not inhibit the enzymatic reaction. As for the activity of
glucose transport in muscle cells, Figure 4. reports that none of the extracts of M. arboreus was determined to
stimulate glucose transport. Metformin (400 µM) and insulin (100nM) were used as positive control.
IV. CONCLUSIONS
The results of phytochemical analyses of various extracts from root bark of M. arboreus have demonstrated a
high concentration of proanthocyannidins and hydroxycinamic acids in EtOH extract, the polyphenols
recognised for antidiabetic effect. The presence of triterpenes and phytosterols has also been recognised, the
gamma-sitosterol being the only constituent identified by GC-MS of EtOH extract so far. Alkaloid rich extract is
particularly interesting due to its simple HPLC profile revealing the presence of a few peaks. The tests on
G6Pase activity and the glucose transport in muscle cells have produced the best results for the ACE fraction of
EtOH extract which inhibited the G6Pase to the extent comparable to that of insulin. The EtOH extract, its Hex
sub-fraction, as well as AlK fraction have been determined to reach the 50% of insulin efficiency. These results
indicate that root bark extracts of M. arboreus have the potential to reduce hepatic glucose.
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ABSTRACT
Rapid photometric method of lignin determination was developed on the basis of reaction of lignocellulosic
materials (LCM) with nitric acid in water-dioxane solution. Complete delignification of lignocellulosic materials
with the formation of colored products occurs in reaction with nitric acid within 5-10 minutes.
I.INTRODUCTION
Natural lignins undergo significant changes in the structure and properties during the chemical processing of
plant materials. Quantitative determination of lignin is of crucial practical importance for estimation of the
amount of lignin compounds in wastewater [1], for process control of chemical and biochemical processing
LCM [2], for proper assessment of reagents consumption at different stages of processing LCM [3]. A large
number of direct and indirect methods of determining lignin were proposed [4].
In direct methods the carbohydrate part of plant material is dissolved and undissolved lignin is determined
gravimetrically. Klason method is the most common direct method for determining lignin by two-step hydrolysis
of lignocellulosic material. In the first step the hydrolysis is carried out with 72% sulfuric acid and the second
step after dilution - 3% sulfuric acid. After separation of the precipitate lignin, acid-soluble lignin in the filtrate is
determined by UV spectroscopy. In Russia, this method is applied in Komarov modification [5]. Popov method
provides for a two-step hydrolysis of carbohydrates, the first - 37% HCl with the addition of ZnCl2, the second the final hydrolysis under boiling for 1 h after dilution with water [6]. In the autoclave method for determining
lignin [7] hydrolytic dissolution of polysaccharides is carried out in one step for 6-7 hours using a 1% solution of
HCl at 5 ... 6 atm. In Clark one-step method carbohydrate hydrolysis occurs under anhydrous or 80%
hydrofluoric acid, it takes 30 minutes at 20-30 ° C [8].
In indirect methods, the lignin is quantified by measuring a property which is associated with lignin. When
implementing the indirect methods of determining the physico-chemical devices are widely used [9]. Nitric acid
is also one of the reactants which have a delignifying effect. The advantage of nitric acid is that the reaction
products are colored compounds that are easily detected using photometry. Hendrickson method consists in
treating the lignocellulosic material by 14 % nitric acid under heating for 20 min. As a result of this treatment,
lignin is nitrated and partially dissolved. The absorbance of the filtrate is determined at 425 nm after separation
of cellulosic residues [10].
II. EXPERIMENTAL
For the experiments, nitric acid (64.7%), dioxane, 1 M solution of NaOH were used.
In experiments the lignocellulosic materials obtained in laboratory pulping and in mill pulping of various types
of pulping processes have been used. Content of Klason lignin in LCM samples ranged from 1 to 18%. LCM
samples were previously crushed by a laboratory analytical mill. Further air-dry LCM sample (approximately
100 mg) was placed in a test tube and 1 ml of nitric acid solution prepared from the concentrated acid and
dioxane in the ratio of 1:4 by volume was added. The test-tube with the reaction mixture was heated in a water
bath for a predetermined time. The test-tube was then cooled and the reaction mixture was alkalized with 1M
sodium hydroxide. Reaction volume was adjusted to 25 ml after alkalization. Electronic spectra or absorbance of
the filtrates were recorded after preliminary filtration cellulosic residue. Lignin modified by nitric acid went into
solution, where it is determined by photometry at an interval 200 ... 500 nm.
The methodology was tested on samples of different lignins extracted from the spent cooking liquor of
laboratory and mill pulping. A certain amount of lignin was treated with the reagent in test-tube, under boiling
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on a water bath for 5 min. The reaction mixture was alkalized with 1M NaOH. Then the reaction volume was
adjusted to 25 ml with water and electronic spectra were recorded in region 200 ... 500 nm.
III. RESULTS AND DISCUSSION
Delignification efficiency of nitric acid on the LCM depends largely on the nature of the solution. It has been
found that the use of water-dioxane solution of nitric acid allows rapid (within 5 ... 10 min) and almost complete
delignification of LCM with nitric acid.
The reaction product of LCM with nitric acid in aqueous dioxane is white fibrous material. An IR spectrum of
the reaction product indicates the high degree of delignification. The IR spectra of the semicellulose (curve 1)
and of the cellulose residue (curve 2) after the reaction with nitric acid in aqueous dioxane for 5 minutes are
shown in figure 1 . Compared with the IR spectrum of the original semicellulose in the spectrum of the reaction
product are practically no absorption bands in the interval 1500 and 1600 cm-1, which are attributed to the
stretching vibrations of the benzene ring [11].
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Figure 1. IR spectra original semicellulose (1) and the product of the reaction (2)

The resulting soluble lignin derivatives are intensely colored. In figure 2 the electronic spectra of initial reagent
and electronic spectra of solutions resulting from the reaction of nitric acid with LCM in water-dioxane medium
are shown. As compared with the spectrum of the initial reagent (curve 1) the intense overlapping absorption
bands with maxima at 340 and 400 nm have appeared for spectra of solution.
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Figure 2. Electronic spectra of initial reagent (1) and filtrates after reaction of neutral sulphite semichemical
pulp with nitric acid in water-dioxane medium within 15 (2), 10 (3), 5 (4) minutes.
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Duration of the treatment, the charge of alkali and of nitric acid in a water-dioxan medium influence on the
photometric reaction. As the result of studies optimum conditions were chosen.
High rate of photometric reaction is confirmed by the results shown in Fig. 3. The reaction is completed in 5-10
min and then the optical density is constant. It was established experimentally that the photometric result of the
reaction is practically independent from the fluid module in the range from 5 to 25. Therefore further
experiments were carried out in the fluid module 10. Application of alkalizing allowed increasing significantly
the optical density, i.e. sensitivity of the reaction. To achieve maximum optical density the alkali consumption is
to be not less than 5 ml of 1 M solution of NaOH.
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Figure 3. Dependence of optical density at 400
(1) and 340 (2) nm on duration of reaction
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Figure 4. Calibration graph. A - Optical density at 340 nm.
SL - Klason lignin content in LCM,%

Each result given in the article is the average of 3-5 replicates. Reproducibility of experiments is estimated on
the value of variation coefficient, which does not exceed 3-5%.
Photometric method of analysis involves the use of standard substances for the construction of calibration curve.
We have constructed calibration curves for different types of lignins (Table 1).
Table 1. Coefficients a and b of the calibration equations of dependence for different lignins
Coefficients a and b of the calibration
equations
Type of lignin

SL=aA + b

The coefficient of pair
correlation R2

a

b

Klasone spruce lignin

19.0

0.02

0.9691

Klasone birch lignin

25.8

0.06

0.9773

Sodium lignosulphonate

18.8

0.01

0.9893

Kraft lignin industrial

27.0

0.05

0.9898

Kraft lignin industrial

26.1

0.34

0.9848

Kraft lignin pine (laboratory)

21.4

0.46

0.9928

The dioxane birch lignin

28.6

0.41

0.9977

The dioxane pine lignin

25.1

0.45

0.9744
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It turned out that they are linear, but with different angular coefficients. Therefore it is difficult to choose a
specific lignin as standard. For this reason, all the experimental results were summarized on one graph (Fig. 4).
The obtained dependence is well approximated by a polynomial of the second degree.
SL = 1.6025 A2 + 2.9898 A (R2 = 0.9906)
IV. CONCLUSION
Thus, it was found that the reaction of lignocellulosic material with nitric acid in an aqueous-dioxane medium
relates to photometric and it can be used for determining lignin content.
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ABSTRACT
We have found that the depolymerization of condensed lignins with nitric acid in aqueous-organic media
can significantly increase the efficiency of the process. Ethanol, 1.4-dioxane and dimethylsulphoxide
(DMSO) were used as organic solvent. The depolymerization of condensed lignins is accompanied by not
only splitting the connection between phenylpropane units but nitration as well. In aqueous-alcoholic
medium depolymerization runs a little better than in aqueous environment. The best results were achieved
when using dioxane and DMSO. Complete depolymerization takes place for about 20...30 minutes at the
boiling temperature of the reaction mixture. The share of the undissolved residue of condensed lignins is
approximately 20%, which corresponds to the experimentally determined content of carbohydrates in the
hydrolytic lignin.
I. INTRODUCTION
Hydrolytic lignin (HL) refers to the most altered lignins [1, 2, 3], its macromolecules contain fused
aromatic naphthalene, anthracene, phenanthrene, benzofuran structural fragments. In general the structure
of hydrolytic lignin mesh and three-dimensional.
Modification leads to new properties of lignins and enhances market attractiveness. Depolymerization is
an important direction of technical lignin modifications, which can be used to obtain low molecular
weight products of different nature.
Nitric acid is the reagent which promotes the formation of lignin derivatives with nitrogen containing
groups, the molecular weight of modified lignin decreases and solubility increases. Now it is known a
large number of lignin processing methods by nitric acid. One known method for depolymerization HL its treatment with an aqueous solution of nitric acid [4]. The ecological load of lignin nitration process
can be reduced [5].
The aim of this study was to investigate the depolymerizing effect of nitric acid on lignin in an aqueousorganic solvent medium.
II. EXPERIMENTAL
During the experiments were used nitric acid (65 %); ethanol (96 %), sulphuric acid (94 %); dioxane;
dimethylsulfoxide (DMSO).
The experiments were held on the laboratory obtained samples of Klason spruce (LKS), birch (LKB)
lignins and on the air-dry factions of industrial hydrolytic lignin. Fraction size of hydrolytic lignin was
0.2-1 mm.
Determination of sugars in HL was held after hydrolysis of polysaccharides by Klason method [6].
Klason lignin was isolated from spruce and birch wood sawdust (size of sawdust 0.2 ... 1 mm) according
to [7].
The reaction was carried out with nitric acid in flask with a reflux condenser on a water bath for a
predetermined time. To perform the experiment 2.5 g of lignin and a predetermined amount of reagent
was placed in a flask. The reagent was prepared by mixing nitric acid with the solvent in a ratio of 1:4 by
volume. After the reaction, the insoluble part of lignin was separated from the solution. The precipitate
was washed with water until neutral pH, and then it was dried to constant weight in a vacuum.
Effectiveness of lignin depolymerization was assessed by the degree of lignin dissolving.
III. RESULTS AND DISCUSSION
To compare the effect of nitric acid on HL experiments were carried out in aqueous and aqueous-organic
solvent medium. Reaction time was 2 hours. The reaction was held in flask with a reflux condenser on a
water bath. Liquid module ranges from 13 to 25, Table 1.
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Table 1 shows that in an aqueous-alcoholic medium depolymerizing action of nitric acid appears slightly
stronger than in an aqueous medium. And liquid module from 19 to 21 is the most optimal for
depolymerization. Overall, these results show that the insoluble fraction of HL is rather high even after 2
hours of reaction.
Polysaccharides as a part of the HL may participate in chemical processes occurring in the interaction
with nitric acid, making it difficult to interpret the results. The content of carbohydrate in HL sample in
our experiment reaches 21,2 ± 0,2 %. Therefore, to assess the effects of nitric acid on polysaccharides in
similar conditions, experiments were held with cotton cellulose and bleached sulphate pulp of hardwood
and softwood. It was found that hydrolysis effect of nitric acid in an aqueous medium is stronger,
dissolved 9.1 % cotton, 17.8 % bleached kraft hardwood pulp and 7.9 % bleached softwood kraft pulp. In
aqueous-alcoholic these figures were 3.6, 9.4 and 8.0 %, respectively.
Table 1. Effect of liquid module on HL depolymerization.
Solvent

Liquid module

Part of undissolved lignin, %

Ethanol

13

30,4

Ethanol

17

44,4

Ethanol

19

56,0

Ethanol

21

59,2

Ethanol

25

38,8

Water

25

29,6

To exclude the influence of polysaccharides on the interaction of lignin with nitric acid, experiments were
carried out with condensed Klason lignins (spruce and birch), which were obtained in the laboratory. The
results of these experiments are shown in Table 2.
Table 2. Klason lignin depolymerization by nitric acid in different conditions.
Part of dissolved lignin, %
Solvent
The reaction time, min
Spruce
Birch
15

3,7

26,0

120

43,6

84,5

15

5,4

23,1

120

32,1

74,2

Dioxane

15

100

100

DMSO

15

100

100

Ethanol

Water

The data in table 2 indicate that the reaction time has a significant effect on the dissolving process not
only HL but also Klason lignins. Therefore, further experiments were carried out on the kinetics of the
HL depolymerization. The results of these experiments are shown in Figure 1.
As shown in Figure 1 depolymerizing action of nitric acid in an aqueous and aqueous-alcoholic medium
is approximately the same. Only after long-term treatment percentage of undissolved lignin in aqueousalcoholic medium becomes larger than in the reaction in an aqueous medium. The dissolution rate of HL
in water-alcohol medium depends little on the reaction time and in an aqueous medium there is a
tendency of constant velocity reduction process. Even after 2 h only half of the HL dissolves. To solve the
problem of complete HL depolymerization in an aqueous or aqueous-alcoholic medium, unfortunately, is
not possible.
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Figure 1. Kinetics of technical HL depolymerization by nitric acid in an aqueous alcohol (1), water (2)
and the aqueous-dioxane (3) medium. W - percentage of undissolved lignin. τ - the reaction time, min
As shown in Figure 1 depolymerizing action of nitric acid in an aqueous and aqueous-alcoholic medium
is approximately the same. Only after long-term treatment percentage of undissolved lignin in aqueousalcoholic medium becomes larger than in the reaction in an aqueous medium. The dissolution rate of HL
in water-alcohol medium depends little on the reaction time and in an aqueous medium there is a
tendency of constant velocity reduction process. Even after 2 h only half of the HL dissolves. To solve the
problem of complete HL depolymerization in an aqueous or aqueous-alcoholic medium, unfortunately, is
not possible.
It is known that solvation has a great influence on the reaction. If you change the type of solvent chemical
reaction rate can change in 109 times. Solvation determines the relative stability of the tautomers,
conformers, isomers, effects on the reaction mechanism [6]. Aprotic solvents such as dioxane,
dimethylsulfoxide have strong solvating properties. Our assumption that their use will have a positive
effect completely justified. Experiments with Klason lignins also met expectations, after 15 minutes,
spruce and birch Klason lignins completely dissolved. Complete HL depolymerization by nitric acid in
water-dioxane medium runs 20 ... 30 min (Figure 1, curve 3).
The insoluble residue is a light gray mass. In experiments with aqueous and aqueous-alcoholic medium
insoluble HL residue has red and brown tones. Large differences are observed in the IR spectra (Figure
2). Comparing the IR spectrum of the original HL and spectra of undissolved HL products after the
reaction the spectra of undissolved HL products have greatly reduced absorption at 1506 and 1593 cm-1
due to the skeletal vibrations of aromatic rings and increases the absorption at 1720 cm-1, which is usually
referred to the stretching vibrations of the carbonyl and carboxyl groups.

Figure 2. IR spectra of undissolved HL residues after the reaction with nitric acid in water (1), aqueousalcohol (2) and aqueous-dioxane (3) and original hydrolytic lignin (4)
Significant changes have occurred with lignin which passed into the solution, as evidenced by the
ionization spectra. Three absorption bands are detected in the ionization spectra of most soluble lignins.
The bands at 250 nm and 300 nm are caused by ionization of the phenolic hydroxyl groups.
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Figure 3. Ionization Spectra of HL depolymerization product (a) and lignosulfonates (b) and modeling
them by Gaussian curves
Absorption at 350 nm caused by carbonyl groups, which are conjugated with aromatic rings, Figure 3(b).
Ionization spectrum of the soluble products of the HL is very different from the ionization spectrum of
lignosulfonates (a). Modelling ionization spectra by Gauss curves confirms differences in the electronic
structure. Selected models describe ionization spectra with good accuracy. The average error of the Gauss
curve fitting is 6.4 % for lignosulfonates and 1.4 % for HL depolymerization product respectively.
Absorption bands at 250 and 300 nm are very weak, but at 370 nm we can observe intense absorption
IV. CONCLUSIONS
Thus, for the first time was found that in aqueous-dioxane, dimethylsulfoxide medium nitric acid
completely dissolves condensed lignins.
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ABSTRACT
Lignin, one of the major polymers in the plant cell wall, remains a significant problem in lignocellulosic biomass
processing for liquid fuel production. Understanding the monolignol biosynthetic pathway in plants provides a
foundation for solving such problems. Altering lignin composition and structure via plant biotechnology is an
approach towards understanding the pathway, and towards finding methods to enhance biomass quality to obtain
biofuels and various bio-based products. The Chiang group at NCSU has identified, in Populus trichocarpa, all
known pathway (22 monolignol and 4 peroxidase) genes and transcription factors and their corresponding
proteins, affecting lignin biosynthesis in differentiating xylem. They generated transgenics using artificial
microRNA (amiRNA) and RNAi suppression. To support the study, isolated lignins from the WT and transgenic
lines were examined using high-field (700 MHz) and high-sensitivity (cryoprobe) NMR. Lignin composition and
inter-unit linkage profiles were elucidated and comparatively quantified by 2D HSQC NMR to identify pathway
components and for modeling the formation of lignin structures. The cellulolytic enzyme lignins (CELs), i.e., the
entire lignin fractions, were used directly in the DMSO-d6:pyridine-d5 (4:1) NMR solvent system that was
originally developed for whole cell wall materials.
I. INTRODUCTION
Recent studies of transgenic and mutant plants have allowed researchers to misregulate the monolignol
biosynthetic pathway [1]. This has opened new windows to explore cell wall structure. Consequently, an
increasing number of research plant samples requires us to use more rapid, but still detailed, structural analysis
methods.
The gel-state 2D NMR method was developed as an
independent research tool for ball-milled plant cell wall
material [2]. DMSO-d6 was chosen for the original gelstate NMR method because it is not only an excellent
swelling reagent for cellulose and other wall
components but is also a commercially available NMR
solvent. The method has been improved via a mixed
solvent [3]. The mixture of DMSO-d6 and pyridine-d5
provides better quality 2D NMR spectra, and allows
CCR
CCR
much easier sample handling. This mixed solvent
system is currently being used not only for whole plant
cell wall samples but also for isolated lignins; a
substantial assignment database is developing.
CAD
CAD
CAD
Vincent Chiang’s group at North Carolina State
University produced various transgenic plants of
Populus trichocarpa (genotype Nisqually-1) as part of
their NSF-funded ‘Regulation and Modeling of Lignin
Biosynthesis’ Project. Here we report recent NMR data
on the transgenics in two final enzymes in the
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monolignol biosynthetic pathway, CAD (cinnamyl
alcohol dehydrogenase) and CCR (cinnamoyl-CoA
Figure 1. Monolignol biosynthetic pathway
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CAD is the last enzyme on the monolignol biosynthetic pathway (Figure 1). When CAD is downregulated, the
hydroxycinnamaldehyde precursors to the monolignols, p-coumaraldehyde, coniferaldehyde and sinapaldehyde,
build up and may be incorporated into the polymer by radical coupling [4, 5].
CCR is the enzyme that reduces the CoA-activated hydroxycinnamic acid to the cinnamaldehyde in the pathway
(Figure 1) [6]. Downregulation of CCR in angiosperms resulted in lignin reductions up to 50% [7], and the S/G
ratio was increased in tobacco [8]. In an earlier study, downregulation of CCR in tobacco also caused the
accumulation of ferulic acid [5], and we reported the identification of a thioacidolysis marker compound, 1,2,2trithioethyl ethylguaiacol [1-(4-hydroxy-3-methoxyphenyl)-1,2,2-tris(ethyl-thio)ethane][6]. The origin of the
marker compound, a bis-8-O-4-ether structure, was also produced in a synthetic lignin (DHP, dehydrogenation
polymer) and identified using NMR.
II. EXPERIMENTAL
Transgenic Plant Materials.
Samples were collected from 6-month-old Populus trichocarpa (Nisqually-1) WT and transgenic trees
maintained in a greenhouse as described [9].
CEL and NMR Sample Preparation, and NMR Experiments.
Two grams of 40- to 60-mesh wood meal samples were ball-milled using a Planetary micromill Pulverisette 7
(Fritsch, Germany) in a 50-mL ZrO2 bowl with 18 ZrO2 ball bearings (1 cm diameter) at 600 rpm, with 15 min
of rest after every 30 min of milling. The total milling time for each sample was 3 h. Cellulolytic enzyme lignin
(CEL) was isolated according to Chang et al. [10]. One gram of the ball-milled material was suspended in 20 mL
20 mM NaOAc buffer (pH 4.5). Crude cellulase (50 mg) was added, and the reaction was incubated at 48 °C for
48 h. The solution was centrifuged, and the residues were washed with 20 mL distilled water three times and
freeze-dried.
The NMR experiments were performed as described earlier [11]. The CELs were collected directly into NMR
tubes (40 mg for each sample) and dissolved using DMSO-d6/pyridine-d5 (4:1) [2, 3]. NMR spectra were
acquired on a Bruker Biospin Avance 700 MHz spectrometer equipped with a cryogenically cooled 5-mm TXI
1
H/13C/15N gradient probe with inverse geometry (proton coils closest to the sample). The central DMSO solvent
peak was used as an internal reference (13C, 39.5; 1H, 2.49 ppm). The 13C–1H correlation experiment was an
adiabatic heteronuclear single-quantum correlation (HSQC) experiment (Bruker standard pulse sequence
“hsqcetgpsisp.2”; phase-sensitive gradient-edited-2D HSQC using adiabatic pulses for inversion and refocusing)
[12]. HSQC experiments were carried out using the following parameters: acquired from 11.5 to −0.5 ppm in F2
(1H) with 3,366 data points (acquisition time, 200 ms) and 215 to −5 ppm in F1 (13C) with 560 increments (F1
acquisition time, 7.2 ms) of 32 scans with a 1-s interscan delay; the d24 delay was set to 0.86 ms (1/8J, J = 145
Hz). The total acquisition time for a sample was 6 h. Processing used typical matched Gaussian apodization (GB
= 0.001, LB = −0.5) in F2 and squared
H
O OMe
H
O OMe
guaiacyl unit
cosine-bell and one level of linear
H
H
G
G
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prediction (32 coefficients) in F1.
100
G
OMe
G
S
S
Volume integration of contours in
S
OH 3G
OMe
MeO
OMe
S
110
HSQC plots used Bruker’s TopSpin 3
S
OH
OH
G
4GG
4SG
G
G
(Mac version) software and used
120
G
spectra reprocessed without linear
H
O
H
O
G
G
prediction.
130
2/6

2/6

2/6

2/6

2

POD/H2O2

2

2

OH

6

coniferyl alcohol

9

8

7

CCR

1

III. RESULTS AND DISCUSSION

4

OH

CAD Transgenics.
Aldehyde structures had been
elucidated and the cross-coupling
propensities were previously studied
using NMR methods (Figure 2) [1315]. The aldehyde monomers were
shown to have been incorporated into
the growing lignin polymers by
forming mainly 8–O–4-linked radical
coupling structures (Figure 2).
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Correlation of the aldehyde carbonyl carbons in
cross-products 4 to the H7-protons three-bonds
away identifies the type of lignin units involved.
Of the four possible aldehyde 8–O–4-linked
incorporation products 4, Figure 2, only three
can be detected in the antisense-CAD tobacco
lignin by NMR methods. Product 4gg is notably
absent in HMBC spectra.
In this study, lignin structural components and
Aldehydes region
linkages were determined using NMR
spectroscopy on lignins remaining after
cellulolytic enzyme digestion [16]. Three
transgenic lines, i33-2, i33-5, and i33-10,
covering the range of the observed lignin
reduction levels were analyzed and compared
with WT. The PtrCAD1 transcript levels were
reduced by 77%, 92%, and 34%, in the three
Figure 3. Aldehyde regions of Populus trichocarpa PtrCAD1
lines. As the result, the i33-5 line had the highest
transgenics
aldehyde abundance among the transgenic lines
(Figure 3). The 2D HSQC NMR spectra of the i33-5 also showed 8–O–4-cross-coupled structures in the
aromatic region as newly appearing peaks (to form cross-coupled structures SG and SS), but that
coniferaldehyde cross-couples 8–O–4 only with syringyl units and not with guaiacyl units as described earlier
(see Figure 2). Thus, cross-coupling product GS was readily detected, whereas GG cannot be detected even
when spectra are viewed at close to
Cross-coupling of
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lignin structures in plants. The lignin
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The transgenic Populus trichocarpa trees here are therefore displaying several of the characteristics of CAD and
CCR gene downregulation seen previously in model systems. This is not always the case and it is crucial to
determine the response in the species of interest. However, these results, along with a growing compendium of
results from other species, suggest that hydroxycinnamaldehyde incorporation in CAD-deficient plants, and trace
levels of ferulic acid incorporation into CCR-deficient lines, are general phenomena in angiosperms.
Importantly, but not explicitly shown here, the alterations in these and other structures in the lignins help
delineate the impact of the various gene misregulations on this important tree species. It also adds to the growing
evidence that various other phenolics are used in lignification in transgenic as well as ‘normal’ plants and
supports the notion that lignification is quite malleable.
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Philipp Korntner, Markus Bacher, Ivan Sumerskii, Thomas Rosenau,* Antje Potthast*
University of Natural Resources and Life Sciences, Department of Chemistry, Division of Chemistry of
Renewable Resources, Konrad-Lorenz-Str. 24, A-3430 Tulln, Austria
(*thomas.rosenau@boku.ac.at; *antje.potthast@boku.ac.at)
ABSTRACT
Phosphorous NMR, based on the derivatization reagent 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane, has
been widely used in lignin analytics for hydroxyl group determination, but sometimes suffers from poor
reproducibility compared to other methods. In the present work, in particular solubility problems and deviations
of the 31P method from other established techniques to characterize technical lignins, such as kraft lignins and
lignosulfonates, were addressed. As the choice of relaxation times is essential to achieve quanitative data, also the
relaxation delays of the internal standards used in the experiments were revisited. Finally, a set of four different
technical lignins from different raw materials, pulping and isolation processes are compared with the studied
methods.
I. INTRODUCTION
Advancing depletion of fossil raw materials, increasing concerns about climate change and the subsequent demand
of renewable resources promote the utilization of biomass for value-added chemicals and products. As a byproduct in pulp and paper industry, technical lignin in the form of black liquors is produced in vast amounts; 50
million tons in 2004, of which only two per cent have been commercially used [1]. Even if a majority of the spent
liquors was directly used and burnt in the mills for chemical recovery and energy production, [2] an estimated
amount of 6-7 percent of those spent liquors are available for discharge from the process without affecting the
energy balance of the mill. Combined with potentially available lignin from other biorefinery processes, a serious
amount of petrochemical products could be replaced in the future [3], as well as the feasibility of certain biorefinery
processes increased. Current applications already include a wide area of high and lower value products, such as
concrete additives, adhesives, oil well drilling muds, phenol-formaldehyde resins and UV stabilizers in
polyolefins, or specialty products, such as pesticides and food flavouring [4-7].
One of the main obstacles in the utilization of lignin has been, and still is, its irregular, non-uniform structure. It is
basically built by phenylpropanoid monomers, which are crosslinked in a combinatorial-like radical coupling
reaction. This results in a structurally highly variable polymer, with a huge number of possible isomers, rendering
nearly each molecule of lignin unique [8]. The three main monomeric units differ in abundance by the origin of
the lignin. Thus softwood lignin predominantly consists of coniferyl alcohol units (G), while hardwood
additionally incorporates sinapyl alcohol (S) in the lignin polymer. Lignin of annual plants have a p-coumaryl (H)
alcohol as major building block [9]. These units are linked by a combination of several typical links, such as β-O4; β-5, β-β and other carbon-carbon or carbon-oxygen bonds [10]. Furthermore, the pulping processes increase the
heterogeneity of the lignins, now termed "technical lignins" to a large extent, as ether bonds are cleaved and
functional groups are introduced, altered or eliminated from the polymer, highly dependent on the pulping process
and process conditions. Regarding technical lignins derived from pulp and paper industry, the main process today
is Kraft pulping, cleaving the beta-ether bonds of the lignin under strong alkaline conditions, resulting in a highly
condensed lignin with small amounts of organically bound sulfur [11, 12]. Nevertheless, the majority of the
commercially available lignin is lignosulfonate, mainly produced by acidic sulfite pulping. The main reaction step
is the sulfonylation in benzylic position of the lignin monomer unit, which extensively improves the water
solubility[13]. Additionally, also degradation of - and partially -ether bonds occurs by acid-catalyzed
hydrolysis, resulting in highly polydisperse lignin with molar weight distributions from 10-40 kDa [3] or smaller.
On the other hand, lignin provides an exceptional number of accessible aromatic and aliphatic hydroxyl and
carboxylic acid groups paired with an aromatic backbone which is unique for a biopolymer [14].
The key to make these features accessible for utilization, while being able to handle the disadvantages, requires
reliable techniques for analyses and a constant-quality lignin, with low batch-to-batch variations for industry and
researchers. Nuclear magnetic resonance spectroscopy has proven to be a valuable tool to gain qualitative and
quantitative information. NMR spectroscopy is in fact rather insensitive compared to most other spectroscopic
techniques, but has the advantage of offering highly resolved spectra and advanced multidimensional experiments
for maximum information on the sample [15]. For quantitative data, mostly one dimensional experiments of 13C,
1
H and 31P are acquired. While 13C suffers from the low sensitivity and the low natural abundance of the NMRactive carbon isotope, there is on the other hand no need for derivatization of the sample, and the broad spectral
dispersion of about 200 ppm gives reasonable resolution. Furthermore, optimized experimental parameters and
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improved instruments, such as spectrometers equipped with cryo-probes, nowadays afford acceptable
experimental times.[16, 17]. Proton and phosphorous NMR can both benefit from a highly sensitive nucleus with
nearly 100 % natural isotopic abundance, but 1H suffers from low resolution, due to its low spectral width of about
10 ppm. In case of quantification of hydroxyl groups [18], also tedious and time consuming sample preparation
has to be taken into account. For 31P experiments, the nucleus needs to be introduced into the sample by
derivatization as well, however, the derivatization procedure is fast and thus also suitable for high throughput
analysis. Moreover, phosphorous gives adequate resolution for several distinct moieties, which for example proton
NMR cannot resolve, and additionally has an advantage over carbon-13 experiments in terms of experiment time.
[19]
In this study, we compare 31P-NMR spectroscopy of technical lignins to other derivatization methods, as well as
present an inter-lab comparison along with relevant current literature [3, 19-21]. As lately questions have been
raised about the reproducibility of 31P-NMR techniques in lignin analysis [3] we also reconsider basic parameters
of the experiment, such as the choice of internal standard and relaxation times.
II. EXPERIMENTAL
Materials and sample preparation
Kraft Lignin samples, hardwood, softwood and Indulin AT, as well as milled wood lignin, were provided by project
partners. The samples were already purified and freeze dried. The ammonium lignosulfonate sample was
purchased from Lignotech SA, converted into the sulfonic acid with a strong ion exchange resin DOWEX 50WX8
and additionally purified by ultrafiltration (MWCO 1000 Da) and Amberlite XAD-7 resin [22]. For storage it was
freeze dried. As the lignosulfonate does not readily dissolve in CDCl 3/pyridine, used for 31P-NMR, it turned out
to be beneficial to dissolve, respectively swell it in very small amounts of DMSO and again freeze dry, in order to
promote complete dissolution. Prior to further analyses all samples have been routinely checked for purity by FTIR
and for their carbohydrate content by methanolysis and subsequent GC/MS.
Determination of methoxyl groups and acetylation of lignins has been done according to Zakis, 1994. [23]
For 31P-NMR, 25 mg of lignin was completely dissolved in 700 µl of a 1:1.6 mixture of deuterated chloroform
(CDCl3) and pyridine (non-deuterated). Dissolution was achieved only by shaking, no ultrasonic bath or similar
means was applied. Furthermore 200 µl of a stock solution containing the internal standard (0.02 mmol/ml) and
relaxation agent, chromium acetylacetonate (Cr(acac)3; 5 mg/ml) were added. After thoroughly mixing 100 µl of
phosphitylation reagent, 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane, were injected through a closed
septum into the vial, to avoid contact of the reagent with moisture. The sample was shaken for two hours at room
temperature, and then transferred into an NMR tube. The internal standard used was cyclohexanol resulting in one
rather sharp 31P signal for its hydroxyl group, separating the aliphatic and aromatic region in the spectrum at 145.15
ppm or N-hydroxy-5-norbornene-2,3-dicarboxylic acid imide (e-HNDI) at 153.8 ppm. Both spectra were
calibrated to the anhydride of the derivatization reagent (2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane) at
132.2 ppm. [24].
Hydroxyl group determination by 1H and 31P-NMR spectroscopy
For quantitative 1H-NMR analysis a Bruker Avance II 400 instrument (1H resonance at 400.13 MHz, 13C resonance
at 100.61 MHz and 31P at 162 MHz, respectively) with a 5 mm broadband observe probe head (BBFO) equipped
with z-gradient in CDCl3 (euriso-top, 99.9% D) at room temperature with standard Bruker pulse programs was
used. 1H-NMR data were collected with 32k data points and apodized with an exponential window function (lb =
0.3) prior to Fourier transformation. A 2.5 s acquisition time and a 30 s relaxation delay were used. A total 64
scans were collected. Proton signals of aromatic-bound acetoxy groups (2.4-2.2 ppm) and aliphatic-bound acetoxy
groups (2.2-1.7) were integrated and referred to the integrated signal of the methoxyl protons (4-3.5 ppm), which
were taken as an internal standard, for further quantification of aliphatic and phenolic hydroxyl groups content.
31
P data was collected with 64k data points and apodized with an exponential window function (lb = 5) prior to
FT. A 2.5 s acquisition time and delays from 1 to 30 s were used (30 s is actually suggested to ensure complete
relaxation of IS, instead of 5 s used in many studies). 16 to 512 scans were acquired for different experiment (16
scans actually already giving very reasonable results). Integration was done after automatic baseline correction
(Bruker TopSpin) according to Granata et al.[19]
III. RESULTS AND DISCUSSION
From the comparisons in Figure 1 (A) and (B) it was evident that for milled wood lignin both methods, 1H-NMR
and 31P-NMR, agreed precisely with each other, and also with the inter-laboratory measurement, thus proving that
the set of parameters chosen for the NMR and derivatization work well with all functional groups commonly
evaluated by those methods. However, looking at the Kraft lignins, the 1H-NMR for the acetylated lignins showed
a drastically higher value for the aliphatic hydroxyls and a slightly lower value for the aromatic OH groups. This
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could be an indication that the acetylation procedure also acetylates impurities of the Kraft lignin which stay
underivatized upon phosphitylation or are just better resolved in the 31P spectrum. On the other hand, the
phosphitylation reagent might not react completely with some aliphatic moieties in the sample, and so
underestimate the aliphatic value in the technical lignin. For the aromatics, also the two 31P experiments differ
slightly from each other, but as shown in (C) there are also differences to literature averages [3, 19-21] of 31P
experiments with Indulin (the only Kraft lignin available in literature for comparison). However, this could just be
a matter of reaction time, as for the parallel measured samples in lab 2 no reaction time for the derivatization is
given. Figure 1 (D) finally shows a comparison of a selection of technical lignins and one milled wood lignin
measured in house. Particularly worth mentioning is the result for lignosulfonate, which perfectly dissolved in the
phosphitylation mixture only after pre-swelling in DMSO and a subsequent drying step in between, thus rendering
it now possible to measure all kinds of lignins according to the original 31P method. Since the raw material for the
lignosulfonate was hardwood, the hydroxyl group value for the syringyl & condensed value is rather low in contrast
to hardwood Kraft pulp investigated, indicating a very low degree of condensation.

Figure 1: Comparison of different technical lignins with a milled wood lignin (MWL), measured with two
different methods on two different spectrometers. (A) and (B) show measurements of MWLwith 31P-NMR at
BOKU Vienna and another lab, compared to 1H-NMR of acetylated lignin measured at BOKU. (C) compares the
averages of the 31P-NMR experiments on Indulin at BOKU with literature values given in Bioenergy Research:
Advances & Applications [3]. (D) shows a selection of measured technical lignin samples at BOKU.
IV. CONCLUSIONS
When the right parameters are chosen, 31P-NMR gives very consistent results for conventional lignins, such as
milled wood lignin. When it comes to technical lignins, the reactivity of the phosphitylation reagent has to be
evaluated further, and the outcome must be compared to other methods, such as 13C-NMR spectroscopy, which
are independent of derivatization influences. However, for relative comparison of lignins, 31P-NMR is a fast and
reproducible method within one laboratory, which is able to deal with all kinds of lignins, only depending on the
pretreatment of the sample before measurement. For evaluation of lignosulfonates, more data is needed and
measurements have to be repeated successfully in other laboratories. Furthermore, side reactions of the
phosphitylation and acetylation reagent in the respective solvents need to be evaluated.
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ABSTRACT
The aim of this study was to isolate lignin from spruce wood with an Accelerated Solvent Extractor (ASE) using
low concentration of aqueous NaOH and characterise the products in order to understand how the process
parameters affects the chemistry involved. Two concentration of alkali were studied – 1% and 2% aqueous
NaOH. Extraction was performed for 4 hours total time, but different extraction sequences were studied: 1×240
min, 2×120 min, 4×60 min, 6×40 min, and 12×20 min. It was found that higher alkali concentration allows
extracting more lignin from spruce wood. The extraction sequence has great influence on the process – shorter
extraction times extracted up to 10 times more lignin compared to longer extraction times. Xylose and galactose
were the most abundant carbohydrate impurities in the isolated lignins. The average molar mass of lignin
increased with the extraction time and concentration of alkali.
I. INTRODUCTION
Lignin is the second most abundant component in wood after cellulose. It is well known that lignin structure
depends on plant origin, isolation technique, and conditions. However biosynthesis of lignin macromolecule in
the cell wall stems from polymerisation of three types of phenylpropane units: coniferyl, sinapyl and p-coumaryl
alcohols. Lignin represents the main potential renewable source of aromatic fine chemicals.
Lignin is a by-product in kraft pulp mills and usually burnt to generate energy and recover chemicals. Only a
small part of the kraft lignin is used for different chemical and material applications. Kraft lignin has a
condensed structure and therefore low reactivity, as well as high sulphur content. But lignin could also be
isolated by more tailor-made processes with respect to the specificity of further transformations within the
biorefinery concept [1]. Due to ecological and economical aspects sulphur-free lignin is of increasing interest.
Biorefining of natural feedstock is a promising approach to promote broader use of lignin. Advanced technique
and methodology for efficient isolation of sulphur-free lignin in less altered form are needed. Scientists are
continually challenged to accomplish desired results faster, better, cheaper, and more efficiently. The now used
ASE is an elegant, accurate, and reproducible method, which uses a combination of elevated temperature and
pressure to increase the efficiency of the extraction process resulting in faster run times and major reduction in
solvent use. Later the methods can be scaled-up to large batch extractions. Previously ASE was successfully
used for hot-water extraction of hemicelluloses from spruce wood [2].
II. EXPERIMENTAL
Sample preparation
Norway spruce knot-free sapwood was manually separated from bark and heartwood, ground with a Thomas
Wiley® Mill (Thomas Scientific, Swedesboro, NJ), and fractionated. The fraction with particle size of 0.5-1 mm
was used for further experiments.
In order to remove lipophilic extractives the wood meal was extracted with acetone in a Soxhlet apparatus for
15 h and then conditioned in a hood for 12 h to evaporate the solvent. The extracted wood meal was stored at
-19°C in sealed polyethylene bags in the dark.
Lignin extraction
Extraction of lignin was performed in an ASE 350 extractor (Thermo Fisher Scientific, Waltham, USA).
Approximately 18 g (dry weight) of wood meal was weighed in zirconium cells. 1% and 2% aqueous NaOH
solutions were used as extraction solvents. Extraction was performed at a temperature of 170°C and pressure of
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10.34 MPa (1500 psi) for 4 hours total time but different extraction sequences were studied; 1×240 min,
2×120 min, 4×60 min, 6×40 min, and 12×20 min. The volume and weight of all extracts were measured.
Extracts characterization
Residual alkali and pH of all extracts were determined by titration with 0.1M HCl using a 665 Dosimat titrator
(Metrohm, Herisau, Switzerland) and further calculations.
Total dissolved solids content of the extracts and the extraction solvents were gravimetrically determined after
drying of 2mL of liquid at 105°C to a constant weight.
Lignin isolation from extracts
The pH of all extracts were adjusted to 3 in order to precipitate lignin. After precipitation lignin was filtered and
washed from the acid with warm water through a G3 glass filter [3]. After that lignin was freeze-dried and
weighted.
Average molar mass determination
Average molar masses (Mw) of isolated lignins were determined by HP-SEC coupled with an RI detector (RID10A) (Shimadzu, Tokyo, Japan). The system consisted of a Jordi gel GBR Mixed Bed (Glucose) 250×10mm i.d.
column + a Jordi gel (Glucose) DVB 500Å 50mm×7.8 mm i.d. guard column. Lignin was dissolved in DMSO
(3mg of sample in 1 mL of DMSO) and filtered through a 0.22-mm Teflon syringe filter before injection. Eluent:
0.05 M LiBr in DMSO; flow rate: 0.5 mL min-1; injection volume: 100 µL, the temperature of column oven:
60°C. The calibration was done using the series of pullulan standards.
Residual carbohydrates in lignin
The amount of residual hemicelluloses in extracted lignin was determined by GC after acid methanolysis
followed by silylation and gas chromatography [4]. 10 mg of sample were transferred to pressure resistant
pear-shaped flasks with a Teflon coated screw caps. Calibration samples were prepared by evaporation of 1 mL
0.1 mg/mL of carbohydrate calibration solution in a steam of nitrogen at ~50°C. The calibration is necessary for
the determination of correction coefficients for quantitation of carbohydrates after methanolysis.
About 2 mL of 2 M HCl in water free methanol was added to all samples and separately to the flasks containing
dried calibration mixture. Flasks were placed in the oven at 105°C for 3 hours. After that pear-shaped flasks with
metahanolysed samples were taken out and cooled down to room temperature to equalize the pressure. Excess
HCl was neutralized by adding 150 µL of pyridine.
Exactly 1 mL of internal standard (0.1 mg/mL resorcinol or sorbitol solution in MeOH) was added to the extracts
samples and to the calibration samples. The methanol was evaporated in a stream of nitrogen at about 50°C. All
samples were further dried in a vacuum desiccator at 40°C for 30 minutes.
After that samples were silylated. 150 µL of pyridine, 150 µL HMDS and 70 µL TMCS were added to each
sample. The samples were left overnight at room temperature. Silylated samples were transferred to GC vials
using Pasteur pipettes and analysed by GC. GC PerkinElmer AutoSystemXL was used for analysis. Calculations
were made with TotalChrom software (PerkinElmer, Inc).
III. RESULTS AND DISCUSSION
pH of extracts
At the beginning of the extraction, the consumption of alkali was observed due to splitting of acetyl groups from
galactoglucomannan and formation of acetic acid. After first 3 extraction runs in case of 1% NaOH
concentration and after first 2 extraction runs in case of 2% NaOH concentration, the pH of the extracts was
stabilised (Figure 1).
Yield of extracted lignin
It was found that consecutive short extraction times were more effective compared to long ones. After 4 hours of
total extraction time up to 10 times more lignin was extracted with 12×20 minutes extraction sequence compared
to the long 240 minutes extraction, as fresh portions of alkali were added more frequently. Figure 2 shows that it
is possible to extract up to 22% of wood as lignin with 2% aqueous NaOH and 12×20 minutes extraction
sequence. The amount of extracted lignin after the first extraction run was almost the same for all extraction
sequences at given alkali concentration. It can be concluded that the extraction process depends strongly on the
consumption of alkali, and once alkali neutralisation happens, extraction run time does not affect the amount of
extracted lignin.
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Figure 2. Amount of lignin extracted with a) 2% NaOH concentration and b) 1% NaOH concentration

Average molar mass of extracted lignin
As it can be seen in Figure 3, the average molar mass of extracted lignin depended on the alkali concentration.
Higher concentration of NaOH led to higher molar mass of the extracted lignin. At the beginning of the
extraction the molar mass of the extracted lignin was significantly lower than at the end of the extraction. More
frequent addition of alkali, i.e. shorter extraction run times, leads to increase of molar mass of the extracted
lignin.
Residual carbohydrates in extracted lignin
Even though galactoglucomannan is the main hemicellulose in spruce wood, the main carbohydrate impurities
found in extracted lignin were xylose and galactose (results not shown). The amount of mannose in extracted
lignins was found to be significantly smaller than the amount of xylose. Possibly the complex of lignin with
xylan is more stable in alkaline conditions. In addition Du et. al. proposed that in the secondary cell wall xylan is
mainly associated with lignin, whereas glucomannan is associated with cellulose [5]. No uronic acids were found
in extracted lignin probably due to degradation of pectins in alkaline conditions. The amount of hemicelluloses
in lignin at the beginning of extraction was found to be higher than at the end of extraction.
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Figure 3. Average molar mass of lignin extracted with a) 2% NaOH concentration and b) 1% NaOH
concentration
IV. CONCLUSIONS
Extraction of lignin from spruce wood with low-concentration aqueous alkaline solution (1-2%) was performed.
It was possible to extract up to 22% of wood as a lignin. The extraction process is more effective in case of
higher alkali concentration and shorter consecutive extraction runs. The average molar mass of lignin increases
with the extraction time and concentration of alkali. The amount of carbohydrates in lignin, i.e. impurity, at the
beginning of extraction is higher than at the end of extraction. Main carbohydrate impurities in extracted spruce
lignin are xylose and galactose.
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ABSTRACT
The influence of two polysaccharides, native corn starch and carboxymethyl cellulose (CMC) on the
precipitation of calcium carbonate (CaCO3) was studied. Precipitation was performed in two different conditions.
In a batch reaction, CO2 gas was bubbled through a Ca(OH)2 slurry at a pH of 11.5-12.0, until the reaction was
complete. In a fed-batch reaction, the CO2 was dissolved in water in the reactor, while Ca(OH)2 was pumped into
the water, keeping a constant pH of 6.0±0.5. The structures of precipitated calcium carbonate (PCC)
architectures were characterized by scanning electron microscopy (SEM), particle size analyzer (Malvern
Mastersizer 2000), and specific surface area analyzer (Micromeritics Tristar II 3020). In application testing, the
effect of pigment modification on paper properties was examined. The results showed that polysaccharides
greatly affect the crystallization of CaCO3, but their influence is dependent on the precipitation process.
Polysaccharide-modified PCC can be applied in papermaking to produce paper with engineered properties like
enhanced strength and stiffness.
I. INTRODUCTION
Traditional fillers or pigments are used in papermaking because they are inexpensive and have positive effect on
many properties, such as the dimensional stability and optical performance of paper. Paper characteristics can be
controlled by varying the pigment properties, for instance, the particle size, size distribution, specific surface
area, and morphology. The disadvantage of traditional pigments is that they are incapable of forming bonds with
fibers and they also prevent fiber-fiber bonding thus impairing mechanical paper properties, e.g., stiffness and
tensile strength. In addition, pigments increase the chemical consumption and two-sidedness of paper. At the
same time, the need for reducing production costs is putting pressure on manufacturers to increase pigment
content. Since one of the main limiting factors for pigment content is paper strength, interest in designing
pigments with diminished interference on fiber-fiber bonding has increased. [1]
Calcium carbonate (CaCO3) is an inorganic mineral, which is abundant in nature and widely used in many
industrial applications, such as paper, paints, and plastics. It occurs in three crystalline polymorphs: calcite,
aragonite and vaterite. Calcite is the most thermodynamically stable and can exhibit e.g. scalenohedral or
rhombohedral morphology. In the industrially conventional method, precipitated calcium carbonate (PCC) is
crystallized by reacting carbon dioxide (CO2) gas with the aqueous slurry of calcium hydroxide (Ca(OH)2) i.e.
slaked lime.
The crystallization of CaCO3 is a complicated phenomenon and the properties of precipitated particles are
determined by the process variables, such as the temperature, pH, and ionic strength of solution. Crystallization
can also be influenced by different organic additives, e.g. polysaccharides, to modify the properties of
precipitated particles. Controlled nucleation and growth of inorganic crystals is believed to result from the
specific molecular interactions at inorganic-organic interfaces [2]. Interfacial molecular recognition between
calcium carbonate and polysaccharides includes geometric matching (epitaxis), as well as electrostatic and
stereochemical complementarity.
In this study, the crystallization of CaCO3 was influenced by two polysaccharides, starch and carboxymethyl
cellulose (CMC), typically used as strength additives in papermaking. The influence of polysaccharide
concentration and precipitation process on the pigment properties and the effect of pigment modification on the
paper properties were studied. Polysaccharides were found to have a substantial effect on PCC and consequently
the properties of paper were modified depending on the type of polysaccharide and precipitation process.
II. EXPERIMENTAL
Materials
La Mède lime was provided by Lhoist Ltd. Native corn starch was obtained from Roquette Ltd and CP Kelco Oy
supplied technical grade CMC (Calexis L-H1). Stora Enso Oyj, Varkaus mill (Finland) provided bleached
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softwood and hardwood kraft pulps. Two-component retention aid system consisting of cationic and anionic
polyacrylamides (Kemira Ltd.) was applied in a sheet making. Deionized water was used in all experiments.
Crystallization and characterization of CaCO3
CaCO3 was produced by a precipitation process in a cylindrical laboratory-scale reactor (5 dm3). The reactor was
equipped with a high-shear impeller mixer, a CO2 gas feed system with a rotameter, thermoelement casings, and
a pH, conductivity, and temperature sensors. In a lime slaking process, calcium oxide (i.e. burnt lime) and water
were mixed with a high-shear mixer for 10 minutes to form Ca(OH)2. Lime to water ratio was 1:5 and initial
water temperature 50 °C. Starch was cooked into soluble form by heating at 95 °C for 30 minutes. CMC was
dissolved in water at room temperature.
In a batch precipitation process, the aqueous slurry of Ca(OH)2 was first adequately mixed with a polysaccharide
solution in the reactor before starting to feed CO2 through the slurry. As a reference experiment, CaCO3 was
precipitated in the absence of a polysaccharide. The initial temperature was 50 °C, Ca(OH) 2 concentration 7.4%,
and batch volume 2.5 dm3. Initial pH of the slurry was 11.5-12.0. CO2 was fed to the reactor at constant flow rate
(2.5 dm3/min) and mixing rate was 800 rpm. Conductivity and pH were continuously monitored and the reaction
was completed when pH dropped to 7.
A fed-batch process was started by bubbling water (1 dm3) with CO2 to form carbonic acid (H2CO3), which
caused pH in the reactor to decrease to 5.0-6.0. The polysaccharide solution was then added into the reactor and
mixed well. Ca(OH)2 was slowly fed into the reactor at the flow rate adjusted to maintain the pH of solution at
6.0±0.5. Same initial temperature, total Ca(OH)2 concentration, batch volume, CO2 flow rate, and mixing rate
were applied as in the batch precipitation.
The size of precipitated particles was measured with Malvern Mastersizer 2000 and the specific surface area was
determined by the multi-point BET method (Micromeritics Tristar II 3020) by using nitrogen gas as an
adsorbate. The morphology of CaCO3 precipitates was analyzed with Field Emission Scanning Electron
Microscopes (FE-SEM; JEOL JSM-7500FA and Zeiss Sigma VP, acceleration voltage 3 kV).
Preparation and testing of paper
Paper sheets with a basis weight of 80 g/m2 were prepared in a laboratory sheet mold according to a standard
ISO 5269-1. A mixture of softwood and hardwood pulp (30/70) and a two-component retention aid system with
C-PAM (300 g/t) and A-PAM (400 g/t) were used. Reference paper sheets, which contained unmodified PCC,
were prepared at two different PCC contents, 20% and 30%, and the results were normalized to 25% of PCC.
The sheets containing composite pigments were made to 25% of PCC. The physical properties of prepared paper
sheets were tested according to the standards shown in Table 1.
Table 1. Measurement standards used in paper testing.
Paper property

Bulk

Standard

ISO
534

ISO
Brightness
ISO
2470

PPS
roughness
ISO
8791-4

Tensile
strength
ISO
1924-2

Tear
strength
ISO
1974

Bending
stiffness
ISO
5629

III. RESULTS AND DISCUSSION
Effect of polysaccharide concentration on pigment properties
Figure 1 shows the effect of different concentrations of starch on the morphology of PCC particles prepared by
the batch precipitation. At low starch concentration (Figure 1 b) the particles still showed scalenohedral
structure, which is characteristic of calcite, but further addition of starch (Figure 1 c and 1 d) changed the
morphology of particles. The detected transition may be attributed to the adsorption of starch on the crystal
surfaces of calcite when high enough concentrations of starch is used [3]. Consequently the crystal growth of
calcite can be inhibited and the formation and growth of vaterite enhanced. The underlying mechanism has been
proposed by Yang et al. [4]. The secondary structure of starch and crystal lattice of calcium carbonate have an
excellent geometric match. The spatial arrangement of hydroxyl groups is ordered in the secondary structure of
2-

starch and Ca2+ ions combine with these hydroxyl groups. Crystal nucleus is formed when CO3 ion aggregates
around the Ca2+ ion.
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a

b

c

d

Figure 1. SEM micrographs of the batch precipitated PCC with 0 (a), 1.0 (b), 2.5 (c), and 5.0 wt% starch of
Ca(OH)2 (d).
The addition of starch increased the average particle size and decreased the specific surface area of particles, as
shown in Figure 2. Increased particle size can be ascribed mainly to the particle aggregation caused by starch.
Changes were rather small at the lowest starch concentration, but the increase of the concentration to 2.5 wt% of
Ca(OH)2 emphasized the effect of polysaccharide. Further increase of the starch concentration had no influence
on the size and surface area of particles.
b

a

Figure 2. Average particle size (a) and BET surface area (b) of the batch precipitated reference system and PCC
modified with different mass percentages of starch.
Effect of polysaccharide type and precipitation process on pigment and paper properties
The effect of starch and CMC on the batch and fed-batch precipitation of CaCO3 at the polysaccharide content 2
wt% of Ca(OH)2 was examined. Starch and CMC were found to behave differently depending on the
precipitation process. As already illustrated in Figure 1, the scalenohedral morphology of PCC produced by the
batch process was lost in the presence of higher concentrations of starch, whereas in the presence of CMC,
bundled particles were precipitated. This is shown in Figure 3 a - c. Both polysaccharides induced an abrupt
decrease in the surface area of particles and increased their average size (Table 2).

a

b

c

d

e

f

Figure 3. SEM micrographs of the pigments produced by batch (a-c) and fed-batch (d-f) precipitation:
reference (a, d), starch-modified (b, e), and CMC-modified PCC (c, f).
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Fed-batch precipitation (acidic pH) produced cubic particles, which is illustrated in Figure 3 d – f. Unlike in the
batch precipitation (alkaline pH), neither the morphology nor the surface area of particles was affected by starch,
but it highly aggregated the particles (Table 2). On the contrary, CMC had an impact on morphology. Possibly
due to the electrostatic interaction between Ca2+ ions and carboxyl groups, the edges and acute corners were
dissipated and smooth surfaces became rough, which is consistent with the findings by Liang et al. [5]. As
shown in Table 2, CMC increased the surface area of particles, but they were marginally smaller than pure PCC.
Table 2. The properties of the batch and fed-batch precipitated reference and polysaccharide-modified pigments
and corresponding properties of paper sheets (80 g/m2, PCC content 25%).
Pigment type
Polysaccharide
addition
None
Starch
CMC
None
Starch
CMC

Precipitation
process
Batch
Batch
Batch
Fed-batch
Fed-batch
Fed-batch

Pigment properties
Particle
size d(0.5)
[µm]
5.44
7.54
7.69
4.93
14.0
3.79

BET
surface
area [m2/g]
11.5
4.13
5.22
3.25
2.25
4.61

Paper properties
Bulk
[cm³/g]
1.68
1.75
1.75
1.53
1.57
1.64

ISO
Brightness
R457 C
90.1
89.7
91.0
90.6
89.1
90.5

PPS
roughness
[µm]
8.80
8.99
8.02
8.79
9.13
8.54

Tensile
index
[Nm/g]
18.6
17.6
15.7
23.4
26.7
20.7

Tear index
[mN*m²/g]
6.90
7.27
6.10
6.57
7.80
6.24

Bending
stiffness index
[106 Nm7/kg3]
0.47
0.42
0.40
0.44
0.47
0.48

The effect of pigment modification on the paper properties is illustrated in Table 2. Polysaccharide-modified
pigments gave higher bulk to the paper. CMC-modified PCC improved the brightness and smoothness of the
paper, especially the pigments produced by the batch precipitation, but the strength properties were impaired.
The influence of starch was highly dependent on the precipitation process. Aggregated particles produced by the
fed-batch precipitation increased the strength and stiffness of paper, but optics and smoothness were negatively
affected. However, the loss of brightness could be overcome by the increase of pigment content enabled by the
improved mechanical properties.
IV. CONCLUSIONS
Polysaccharides have an effect on the crystallization of CaCO3 and they can be utilized to produce pigments with
engineered characteristics. The morphology, particle size and surface area of the modified particles depend on
the type of polysaccharide and its concentration, as well as the process conditions during the precipitation.
Composite pigments can be exploited in different applications, e.g. to produce paper with high performance.
Pigments with CMC were found to improve the smoothness, bulk, and brightness of the paper but the strength
was impaired. On the contrary, starch-modified PCC had negative effect on the paper brightness and
smoothness, but enhanced strength, stiffness, and bulk were achieved when the fed-batch precipitation was
employed. Enhanced stiffness and strength properties concede raise in the paper pigment content, which restores
the optical performance diminished by starch and reduces the manufacturing costs.
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ABSTRACT
The imidazolium based room temperature ionic liquids are known as promising green solvents for wood
dissolution and fractionation leading to obtaining of lignin and polysaccharide parts.
Earlier we proposed two such ionic liquids, 1-butyl-3-methylimidazolium acetate and methylsulfate, as the
media with extremely high dissolution power towards lignin and perspective cooking agents for plant biomass
chemical treatment.
In present work the treatments of softwood with ionic liquids acetate 1-butyl-3-methylimidazolium and
methylsulfate 1-butyl-3-methylimidazolium and their binary mixtures with DMSO at different temperatures were
done. It was found that wood is completely dissolved in both ionic liquids and IL-DMSO systems at 150°C. The
method of sequential sedimentation of lignin and polysaccharide fractions from solution was proposed. The
obtained products were characterized using the IR and NMR spectrometry as well as the pyrolytic gas
chromatography mass spectrometry methods. The molecular weight distributions of lignins were determined by
size exclusion chromatography. Gaseous products evolved during the treatments were identified by gas
chromatography-mass spectrometry technique.
I. INTRODUCTION
To date, it is still impossible to study naturally occurring lignin in its unaltered form, because all known isolation
procedures result in chemical modification of its three dimensional network [4,6]. After the first report in 2002
that some ILs can dissolve cellulose, wood scientists were gradually becoming aware of the immense potential of
ILs for their research [7]. In 2007, Kilpelainen et al. reported the complete dissolution of wood in ILs [6]. The
possibility to dissolve lignin in ILs triggered investigations on both the nature and the chemical behaviour of ILderived lignin [8-11] including studies on the depolymerisation of the IL-dissolved biopolymer [5, 12-15].
Pu et al. [16] investigated a range of imidazolium ILs for their ability to dissolve Kraft lignin. In their study, up
to 0.2 mass fraction of lignin could be dissolved in ILs containing triflate or methylsulfate anions, and it was
suggested that the IL anion dominates the dissolution behaviour. Imidazolium chlorides and bromides were less
potent to dissolve Kraft lignin, compared to sulfur containing anions, and both tetrafluoroborates and
hexafluorophosphates did not dissolve the polymer. However, the chemical nature of Kraft lignin containing
sulfur residues from the pulping process cannot be compared with that of native wood lignin, and caution is
required when interpreting these observations [3].
Most ILs with cellulose-dissolving ability also dissolve lignin to a certain degree. This behaviour is exploited to
reduce of lignocellulosic biomass towards enzymatic hydrolysis. Especially the IL 1-ethyl-3-methylimidazolium
acetate ([EMIM]Ac) has been used to reduce both the lignin content and the crystallinity of biomass prior to its
hydrolysis [17, 18].
Only a few reports are available that describe efforts to selectively extract lignin with ILs. Sun et al. [1]
completely dissolved wood in [EMIM]Ac, isolating up to 0.3 mass fraction of the initial wood lignin by selective
precipitation in a mixture of acetone and water. Major drawbacks were long dissolution times (48 h) and a
considerable loss of carbohydrates (0.4 mass fraction). In subsequent studies, these authors used
polyoxymetalate (POM) catalysts to both reduce the long dissolution times and increase the pulping efficiency.
Unfortunately, a number of problems arose, including the loss or degradation of both lignins and carbohydrates,
and the instability of the POM catalyst during recycling [19].
Inspired by the effectiveness of sodium xylenesulfonate as a pulping agent in a process known as hydrotropic
pulping, Tan et al. studied the use of 1-ethyl-3-methylimidazolium alkylbenzsulfonates ([EMIM]ABS) to
selectively dissolve lignin from sugarcane bagasse. Remarkable lignin extraction yields of up to 0.93 mass
fraction were achieved, but at the expense of considerable carbohydrate losses (0.55 mass fraction). More
drawbacks include comparatively high extraction temperatures (463 K), the necessity to pretreat the biomass
with steam, and difficulties in the recovery of the IL [2].
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II. EXPERIMENTAL
2.1 Materials and Instruments
2.1.1 Materials. 1-Butyl-3-methylimidazolium acetate ([BMIM]Ac), 1-butyl-3-methylimidazolium methylsulfate
([BMIM]MeSO4), dimethylsulfoxide (DMSO) were purchased from Fluka. Unless otherwise stated, all reagents
were used without further purification. All ILs were dried prior to their use in cellulose dissolution experiments.
Water was deionised with a Millipore MilliQ to a final resistivity of 15 MΩcm. Lignin, alkali with a low
sulfonate content, was purchased from Sigma Aldrich. Wood samples (Pinus sylvestris) were collected from
pulp and paper mill in Arkhangelsk.
2.1.2 Instruments. Fourier transform infrared (FT-IR) spectra were recorded on a Bruker Vertex 70 FT-IR
spectrometer over a range of (4000 to 400) cm-1. A total of 128 scans at a resolution of 4 cm-1 was taken for each
sample. Liquid and solid samples were recorded with ATR accessory GladiATR. Nuclear magnetic resonance
(NMR) spectra were recorded on a Bruker AVANCE III spectrometer (600 MHz and 150 MHz for 1H and 13C,
respectively), using the signals of the residual solvent protons and the solvent carbons as internal references (δH
2.6 ppm and δC 39.6 ppm for DMSO-d6). The pyrolytic gas chromatography mass spectrometry was used
(Shimadzu GCMS-2010Plus GC-MS system) for determination products of pyrolise of lignin and cellulose,
extracting with ionic liquids. Size exclusion chromatography was used (Shimadzu LC-20 Prominence system
with SPD-20 UV/Vis detector) for determination of molecular mass distribution.
2.2 Extraction of wood lignin.
All experiments were conducted in N2 atmosphere. Fifty grams of dried IL was transferred to a 100 mL flask,
equipped with a magnetic stirring bar. The IL was heated to 373-423 K, and 0.05 mass fraction of wood was
added and stirred at constant temperature for 6 h. A graphical overview of the extraction procedure is provided in
Figure 1.
The extraction of wood lignin with a mixture of IL+DMSO was performed in the same manner as the lignin
extraction with the pure IL. The only difference was the extraction solvent, now a mixture of 0.8 mass fraction of
[BMIM]Ac or [BMIM]MeSO4 and 0.2 mass fraction of dried DMSO.

Wood

Ionic liquid
Figure 1. Experimental scheme for extracting wood lignin with
1-butyl-3-methylimidazolium acetate or methylsulfate ionic
liquids.

Mix of wood & IL
Stir in N2 atmosphere
Filter & wash acetone
Residue
(cellulose
+residual
lignin)

Lignin

Remove acetone

Filtrate
(lignin,
acetone,
IL)

Water pH=2.0

Filter

lignin+IL
IL+water

III. RESULTS AND DISCUSSION
Lignin extraction efficiencies, obtained in our experiments, are shown in Table 1.
Table 1. Efficiencies of extraction of wood
Efficiencies of extraction, w, %
Product
373 K
393 K
423 K
Lignin
12
15
20
Cellulose
86
80
78
Similarly, the presence of small amounts of a cosolvent with the ability to swell cellulose without dissolving it,
such as DMSO can prove beneficial for the overall extraction efficiency. The results show that the addition of
DMSO is indeed beneficial for the extraction of wood lignin, increasing the extraction efficiency from e = 0.15
to 0.25, while still maintaining a gentle extraction temperature (393 K) and a short extraction time (6 h). This
significantly improved extraction yield, in the presence of DMSO, is potentially due to two factors: loosening the
tight H–bond network of wood cellulosics, and decreasing the overall viscosity of the mixture.
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Analysis of the IR spectra confirms both extracts as lignin, agreeing with other published data,3 but the results
also suggest that there are structural differences between lignin samples, which is attributed to both the different
lignin sources and the different extraction methods (Figure 2).

Dioxane lignin (red) and IL-lignin (green)
Figure 2. IR spectra of products of extraction

Cellulose (blue) and cotton cellulose (green)

The separated cellulose-rich residues still show bands in the region from (1740 to 1590) cm-1, characteristic for
the presence of C=O and C=C bonds and indicating the presence of residual lignin.
Increasing treatment temperatures result in a reduced intensity for a number of bands that are associated with
aromatic and ether-containing structures: phenolic OH–groups (3500 to 3200, and 2890) cm-1, aromatic C=C and
C–H stretching (1510) cm-1, C–H deformation of –O–CH3, aryl–O–alkyl stretching (1260) cm-1, and C–O
stretching of cyclic diaryl ethers (1060) cm-1. All those peaks are also present in the lignin extracts, indicating an
increasing degree of wood delignification with increasing extraction temperatures (Figure 2).
Size exclusion chromatography (SEC) is a common method to determine the molar mass of polymers. In our
experiments we obtained next average molecular mass: M¯w=5.2x103 g·mol-1, M¯n=2.75x103 g·mol-1, PDI=2.2
Main functional group of lignin was determinated by NMR. NMR spectra was shown in Figure 3.
Figure 3. NMR spectra of
lignin

The pyrolytic gas chromatography mass spectrometry method is shown (Figure 4), that our products have model
lignin compaunds (on figure: 24-eugenol, 30-guaiacol and etc.)

Figure 4 – Gas chromatogramm of lignin
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IV. CONCLUSIONS
Imidazolium ILs have the ability to dissolve wood lignin without dissolving cellulose. In particular, 1-butyl-3methylimidazolium acetate and 1-butyl-3-methylimidazolium methylsulfate exhibits physical properties that are
desirable in industrial processing. The extracted lignins possess both a larger average molar mass and a more
uniform molar mass distribution compared to lignin obtained from the Kraft process, which is the dominant
process for the extraction of lignin in the pulp and paper industry. Viewed from a different perspective, it allows
to transform native wood into a lignin-deficient material with an increased cellulose content, but without
compromising its crystallinity. IL lignin removal has numerous advantages, compared to prevailing methods,
representing an opportunity for future biorefineries—producing renewable feedstock material for aromatic
biochemicals and cellulosic biocomposites— with the potential to transform current industries such as the pulp
and paper industry. In conclusion, IL extraction of wood lignin holds promising potential for being a low-cost
and environmental benign method to obtain both uniform lignins and cellulosic-rich wood residues with a high
degree of crystallinity, which can be used for the manufacturing of biocomposites with superior mechanical
properties. Although the incorporation of the IL anion into the extracted lignin was only observed at elevated
extraction temperatures, this does not imply a nonreactive IL anion in general. IR spectroscopy, NMR
spectroscopy are shown that residual lignin have small different from other lignins. In cellulose-rich material
was found small quantities of lignin.
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ABSTRACT
The effect of coatings, obtained from unextracted and extracted bark nanoparticle gels as well as their mixtures
with chitosan solution in 1% acetic acid, on barrier and mechanical properties of paper sheets was investigated.
For obtaining the nanoparticle gels, the bark was destructed by the thermocataytic method and then dispersed in
water medium in a ball mill. The obtained gels contained nanoparticles with dimensions ~300 nm. Coatings were
made on both sides of paper sheets produced by the Ligatne Paper Mill (Latvia). It has been established that
Gurley air resistance increases with increasing thickness of the coatings obtained from pure bark nanoparticle gel
and with increasing gel concentration. At the gel concentration 10% and coating thickness 34.5 µm, the air
resistance in the case of unextracted and extracted black alder bark increases by 57 and 72%, respectively, in
comparison with the case of uncoated paper sheets. The coatings from mixtures of bark nanoparticle gels and
chitosan solutions essentially increase the air resistance. At a coating thickness of 20µm and a nanoparticle
content of 30% in the coatings, the air resistance increases 425 times. Investigating the effect of coatings on
mechanical properties, it has been found that coatings from bark nanoparticle gel improve the burst and tensile
strength in a dry state (in the latter case, till the gel concentration 6%). The coatings from mixtures with chitosan
improve all investigated mechanical properties. The coatings increase the water vapour sorption of paper sheets.
I. INTRODUCTION
The residues that remain after the mechanical processing of wood are commonly used as a fuel. However, it
would be more attractive to process them so that they could be used in composites with other materials, for
example, with papers to improve their properties. There are a lot of publications in which it has been established
that coatings improve the barrier properties of papers. Thus, chitosan-caseinate bilayer coatings lead to a
decrease in the water vapour permeability (WVP) of paper sheets [1]. Chitosan coatings improve also the gloss,
oxygen barrier properties and water absorption capacity [2,3]. In the same manner, the use of microfibrillated
cellulose (MFC) as a surface coating on various papers considerably reduces the air permeability and improves
the oil barrier properties of papers [4]. It is because the coating agent fills the pores between the cellulose fibres
in paper sheets and makes their structure denser. In the present work, nanoparticle gels obtained from black alder
bark were used in coatings for paper to improve its barrier properties.
II. EXPERIMENTAL
Unextracted bark and that extracted in biorefinery were used as a raw material for production of nanoparticle
gels. The bark was destructed by a thermocatalytic method developed at our Institute [5]. According to this
method, the bark was impregnated with a weak hydrochloric acid and thermally treated at 120 oC until a dry state.
Then the partially destructed bark was dispersed in water medium in a ball mill. Gel-like dispersions were
obtained, which contained nanoparticles with dimensions of around 300 nm. Coatings were made on both sides
of the paper sheets produced by the Ligatne Paper Mill (Latvia). Those were made by pure bark nanoparticle gels
at concentrations of 4–10 % as well as by mixtures of the nanoparticle gels with chitosan solution in acetic acid.
The chitosan solution and nanoparticle gel concentration in mixtures was 2%. In the suspension form, the
coatings’ thickness was 24, 40, 60 and 100 µm. Owing to the partial diffusion of the gel into the paper pores and
water evaporation, the coatings’ thickness after drying decreased approximately by 30%. Air resistance
according to Gurley (SCAN-P 19) was determined using a L&W Air Permeance Tester. Besides, the mechanical
properties such as tensile strength (ISO 1924-1:1992 (E)) and burst strength (ISO 2758-1983 (E)), as well as
water vapour sorption of paper sheets with coatings were investigated. Water vapour sorption was investigated at
a relative air humidity of 95%. The samples of paper sheets were weighed, held in an exicator till the equilibrium
state and weighed again.
III. RESULTS AND DISCUSSION

Copia gratuita. Personal free copy

http://libros.csic.es

483

13th European Workshop on Lignocellulosics and Pulp

Figure 1 demonstrates the Gurley air resistance versus thickness of coatings made from a 6% extracted black
alder bark nanoparticle gel. It can be seen that the air resistance increases with increasing thickness of coatings
from the bark nanoparticle gel. In the case of the 34.5 µm thickness of the coatings obtained using a 6% black
alder nanoparticle gel, the air resistance increases by 35% in comparison with the case of uncoated paper sheets.
It is because the bark nanoparticles cover the micro and submicrovoids between the fibres and fibrils, and
increase the barrier properties. With increasing coating thickness, the tensile strength and burst strength of paper
sheets also increase (Figure 2, curves 1 and 2). At the coating thickness 34.5µm, the tensile strength and burst
strength increase by 12.6 and 27.7%, respectively. However, the tensile strength in a wet state, with increasing
coating thickness, decreases (Figure 2, curve 3). At the coating thickness 34.5 µm, the tensile strength in a wet
state decreases by 11%. It can be explained by the fact that the nanoparticle gel films are more hydrophylic than
the cellulose fibres.
1

Figure 1. Gurley air resistance versus thickness
of coatings made from 6% extracted black alder
nanoparticle gel.

Figure 2. Tensile strength in a dry state (1),
burst strength (2) and tensile strength in a wet
state (3) of paper sheets versus thickness of
coatings made from 6% extracted black alder
nanoparticle gel.

Gurley air resistance increases with increasing concentration of the bark nanoparticle gel (Figure 3, curves 1 and
1a). At the gel concentration 10% and coating thickness 34.5 µm, the air resistance in the case of unextracted and
extracted bark increases by 57 and 72%, respectively, in comparison with the case of uncoated paper sheets. The
higher air resistance for extracted bark can be explained by the fact that the extractives hinder the binding
formation between the bark nanoparticles and cellulose fibres. The sorption of paper sheets increases with
increasing bark nanoparticle gel concentrations due to the greater hydrophylity of nanoparticle films (Figure 3,
curves 2 and 2a). The tensile strength in a dry state and a wet state decreases with increasing nanoparticle gel
concentration (Figure 4, curves 1, 1a, 3), while the burst strength changes little (Figure 4 curves 2, 2a). Tensile
strength and burst strength are greater when the coatings are made from extracted bark gels.
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Figure 3. Gurley air resistance (1, 1a) and water
vapour sorption (2, 2a) of paper sheets with
34.5 µm thick coatings versus alder bark
nanoparticle gel concentration. a – extracted bark.

Figure 4. Tensile strength in a dry state (1, 1a),
burst strength (2, 2a) and tensile strength in a
wet state (3) of paper sheets with 34.5 µm thick
coatings versus alder bark nanoparticle gel
concentration. a – extracted bark.
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The coatings made from mixtures of black alder bark nanogels with chitosan solutions essentially improve the
barrier properties. It is because chitosan ensures more homogenous coatings and higher degree of adhesion.
Figure 5 shows the dependences of Gurley air resistance and mechanical indices on the coating thickness in the
case of mixtures, which contain 70% of chitosan and 30% of unextracted black alder bark nanoparticles. It can
be seen that air resistance and mechanical indices increase with increasing coating thickness. Thus at a coating
thickness of 20 µm, air resistance increases 425 times. Tensile strength in a dry state and a wet state, and burst
strength increase 1.5, 3.4 and 2 times, respectively.
1

1

Figure 5. Burst strength (1), tensile strength in a dry state (2), tensile strength in a wet state (3) and Gurley air
resistance(4) versus thickness of coatings made from mixtures of unextracted black alder nanoparticle gel and
chitosan solution. Coatings contain 70% of chitosan and 30% of bark nanoparticles.

With increasing nanoparticle content in the mixture, air resistance decreases (Figure 6, curve 1), and at a
nanoparticle content of 70% (air resistance is 50 Gurley sec), is only 5 times higher than that in the case without
coatings. The sorption properties, with increasing nanoparticle content in the mixtures, decrease (Figure 6,
curves 2 and 2a). The mechanical indices, with increasing nanoparticle content till 30%, change little, then fall
dramatically ( Figure 7 ), although remaining higher than those for uncoated paper sheets.

2

2a

Figure 6. Gurley air resistence (1) and water
vapour sorption (2, 2a) of paper sheets with
20 µm thick coatings versus the black alder
bark nanoparticle content in the coatings.
a – extracted bark

Figure 7. Tensile strength in a wet state (1),
tensile strength in a dry state (2) and burst
strength (3) of paper sheets with 20 µm thick
coatings versus the unextracted black alder
nanoparticle content in the coatings.

IV. CONCLUSIONS
The coatings made from black alder bark nanoparticle gels improve the paper barrier properties in respect to
Gurley air resistance.
The barrier properties increase with increasing coating thickness and nanoparticle gel concentration.
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The coatings made from mixtures of bark nanoparticle gels and chitosan acetic solution improve the barrier
properties to an essentially greater extent, which is connected with a greater coating homogeneity and a higher
degree of adhesion.
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ABSTRACT
In this research different spent liquors were examined; a kraft liquor, a sulfite liquor and an organosolv liquor.
The three liquors were characterised and compared by different analytical parameters, e.g. ash-, lignin- and
sulfur content.
For fractionation of kraft liquor a pH shift was used. To generate a precipitate enriched with lignin, hydrochloric
acid (6 M) was added to decrease the pH to different values (pH 10, pH 6, pH 4, pH 2). These precipitates were
analysed in terms of fractional yield, behavior on incineration and structural changes of the separated lignin. The
results show that separated fractions were almost free of inorganics. Some structural changes are shown in
1
H-NMR. Due to the increase of the number of aromatic hydrogen in relation to methoxy-groups, the aliphatic
signals in ratio to methoxy-signals decrease with stronger acidification.

I. INTRODUCTION
Chemical pulping is one of the most important processes in paper industry. Wood delignification takes place
under alkaline, neutral or acidic conditions. The resulting liquors consist of different ingredients for example
lignin, carbohydrates and inorganic [1]. Currently, the most common procedures are sulfite and kraft pulping,
however, the use of organosolv pulping has increased considerably in recent years. During the pulping
procedure, only up to 50 % of the utilised wood yields pulp, while the remainder accrues as spent liquor [1].
After a thickening process, most of the spent liquors are burned in order to recycle inorganic agents and to
generate energy [2,3]. From an economical and ecological point of view the use of spent liquors as a renewable
resource is desirable, due to the phenolic structures of lignin degradation products.
For industrial applications of lignin as a renewable resource a comparable composition and similar physicochemical properties among various batches are necessary.
Although a large number of methods are available to determine functional groups [4,5], these methods often vary
in scope and are not the most suitable for the analysis of such complex samples.
In this work three liquors of different processes (kraft-, organosolv- and sulfite process) have been characterised
and compared by different analytical techniques in order to identify the composition of such complex mixtures.
Due to the differences in several batches, a fractionation of spent liquors is required to get comparable
“products” for use as renewable resources. Therefore kraft liquor was fractionated by pH reduction and the
fractions were characterised.

II. EXPERIMENTAL
For magnesium-based acidic sulfite pulping (sulfite liquor) 50 % spruce and 50 % beech wood were used. Kraft
liquor originates from pulping of 70 % spruce and 30 % pine wood. Organosolv liquor was also characterised.
Fine chemicals were purchased from Sigma-Aldrich and Merck KGaA.

Analysis of spent liquors and fractions
Dry matter content of spent liquors was determined by oven drying at 105 °C for 48 h [6]. For thermogravimetric
analysis the samples were incinerated by a muffle furnace in steps of 50 °C for 1 h to a maximum temperature of
600 °C.
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The quantification of optical active lignin degradation products was carried out on a Thermo Heλios Gamma
UV/VIS spectrometer at 278 nm [7]. Therefore, dry solids were dissolved in 10 mM NaOH (kraft liquor) or in
100 mM HCl (sulfite liquor). The calibration was carried out by isolated lignins.
For the isolation of lignin degradation products from liquors established methods have been used [8,9].
A Varian ICP-OES 720-ES was used for elemental analysis of heavy metals and sulfur. The samples (300 mg/L
in diluted nitric acid) were filtered. The calibration of the system was performed with a multi-element standard
(solution 4, Merck KGaA).
The NMR spectra were obtained on a Bruker Avance III 600 instrument. Approximately 50 mg of each fraction
was dissolved in 3 M NaOD in D2O.

Fractionation of kraft liquor
For the fractionation of kraft liquor established methods have been used [9].
Kraft lignin was isolated from industrial kraft black liquor by precipitation with hydrochloric acid (6 M) to
pH 10, pH 6, pH 4 and pH 2. The filtrate was dried and washed with MeOH. The precipitates were filtered and
washed with a corresponding pH-dilution (expection: pH 10) and finally dried at 105 °C.

III. RESULTS AND DISCUSSION
Characterisation of spent liquors
Table 1 shows the characteristic features of the examined spent liquors. The varieties between the spent liquors
could be explained by the different pulping processes and may result out of the biodiversity of wood.

Table 1. Main characteristics of examined spent liquors

Properties

Kraft liquor

Organosolv liquor

Sulfite liquor

colour

dark brown to black

brown

brown to dark brown

odor

pungent

intense aroma of
almonds

intensive

pH-value

12,9

2,4

4,6

dry solid (105 °C)

17 %

7%

16 %

32 %

not measured

51 %

73 %

2%

45 %

4,2 %

0,2 %

7,2 %

K

1,5 %

0,1 %

0,2 %

Ca

0,4 %

1,4 %

0,3 %

Mg

0,1 %

0,3 %

4,5 %

lignin content (278 nm)
(related to dry matter)
ash content (450 °C)
(related to dry matter)
S - content
(related to dry matter)
metal content
(related to dry matter)

The results show that there is a correlation between ash and lignin content. During the incineration at 450 °C the
major amount of lignin has been decomposed.
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The sulfur and metal content corresponds to the used pulping chemicals of the pulping processes. According to
literature, in sulfite liquor sulfur is available as lignin sulfonates, while in kraft liquor sulfur is probably not
bonded to lignin degradation products [10,11].

Fractionation of kraft liquor
For the use of spent liquors as source of renewable resources, a comparable composition and similar physicochemical performance is very important. Due to the significant changes between different batches of a
spent liquor, a fractionation of this liquor is inevitable.
Therefore, kraft liquor was precipitated up to different pH values (pH 10, pH 6, pH 4, pH 2). The effects of
various pH values on the yield of the lignin fractions are presented in table 2.

Table 2. Yields of the kraft liquor fractions
yield [%]

pH value

(related to dry matter of kraft liquor)

10
6
4
2
2
(without washing the precipitate)

13
35
37
38
54

The precipitation up to pH 2 with and without washing shows that it is necessary to wash the precipitates with
the corresponding pH-solution to remove impurities. Results indicate that the majority of lignin was separated at
pH > 6, afterwards only a small amount was precipitated. So it can be assumed that a precipitation of kraft liquor
to pH 6 is sufficient.
A comparison of the thermogravimetric analysis, shown in figure 1, reveals comparable properties of the
fractions of pH 6 and pH 4, however the ash content of pH 2 decreases more than the others.
The changes in composition of the fractions are also noticed at the rate of methoxy-, aliphatic and phenolic
hydrogen, which were analysed by 1H-NMR (600 MHz). The signals around 2.7-3.8 ppm can be assigned to the
number of hydrogen in methoxy-groups, the aromatic signals have been found at 6.0-7.5 ppm and the aliphatic
ones are localised at 0.0-2.3 ppm (Fig.2).

ash content [%]

100
80
60

kraft liquor

40

pH 10
pH 6

20

pH 4

0
150 250 350 450 550 650

pH2

temperature [ C]

Figure 1. Thermogravimetric analysis – steps of 50 °C for 1h

1

Figure 2. H-NMR of pH 10 precipitate (NaOD in D2O)

Based on different precipitation pH values, the corresponding 1H-NMR spectra shows different signal intensities
in the characteristic regions of molecular functions. In comparison of the integration areas of methoxy- with
aromatic signals a ratio of 3:1.01 (kraft lignin), 3:1.42 (pH 10) and 3:1.85 (pH 2) and a methoxy- with aliphatic
signal ratio of 3:2.67 (kraft lignin) 3:1.67 (pH 10) and 3:0.97 (pH 2) were determined.
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IV. CONCLUSIONS
Industrial spent liquors of the important processes in paper industry like kraft pulping and acidic magnesiumbased sulfite pulping as well as the innovative organosolv pulping have been characterised and compared by
different analytical techniques, in order to identify their chemical composition.
Depending on the process, spent liquors contain high amounts of lignin, which correlates with the ash content.
Due to the use of sulfur compounds in the kraft and sulfite pulping, the sulfur contents of about 4 % and 7 % are
explainable.
The ash content in fractions of kraft liquor decrease proportional with the pH reduction, assuming that the
precipitate is relatively free from impurities. This is confirmed by the results of 1H-NMR. It is shown that
aromatic hydrogen increase in relation to the methoxy-groups, while aliphatic protons decrease with stronger
acidification.
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ABSTRACT
Fast pyrolysis is a promising technology to promote wood biomass utilisation. This thermochemical process
produces mainly a liquid product, called bio-oil which could serve as a feedstock for chemicals and fuels.
The wet torrefaction was performed as a pretreatment on trembling aspen (hardwood) and white spruce
(softwood) with an aim to improve the quality of the pyrolysis oil. Bio-oil composition, product distribution and
relative amount of the pretreated biomass and of the original raw material were investigated by analytical
pyrolysis coupled with gas chromatography/mass spectrometry (Py-GC/MS). The identified products issued
from pyrolysis could be classified in eight chemical groups: phenolics, anhydrosugars, furans, pyrans, acids,
fatty acids, ketones, and aldehydes.
Wet torrefaction pretreatment increased the yield of bio-oil, indicating that this pretreatment enhances the woody
biomass conversion through fast pyrolysis. The analysis of the pyrolysis products composition revealed that the
phenolics were the predominant products in bio-oil produced from both original and pretreated wood. The wet
torrefied wood pyrolysis yielded higher anhydrosugars. Moreover, the anhydrosugars production seemed to
increase significantly with increase of pretreatment severity.
I. INTRODUCTION
Ever growing number of studies has been reported on biomass fast pyrolysis [1]. The major product of this
process is a liquid called pyrolysis oil or bio-oil. It has been proven that bio-oil could replace fossil resources as
chemical feedstock or energy carrier. However, due to the complex nature of lignocellulosic biomass, some of
the physical and chemicals properties of the pyrolytic oil impede its direct application. Some improvements
could be brought about the reactor design or directly on bio-oil in order to correct this situation. The pretreatment
of the biomass represents an interesting alternative. A number of studies have shown that a wet torrefaction
treatment removed hemicelluloses and ash from lignocellulosic biomass [2,3]. The acidity and the instability of
the bio-oil are mainly related to the ash content and hemicelluloses transformation products. Therefore, the wet
torrefaction process could represent a path to improvement of pyrolysis oil quality through modification of
biomass chemical composition by pretreatment. The effect of wet torrefaction of wood on the composition of
bio-oil has been studied by analytical pyrolysis coupled with gas chromatography/mass spectrometry (PyGC/MS). Py-GC/MS has usually been performed to investigate the structure of wood components, in particular
lignins [4]. However, there are few GC/MS studies on the impact of pretreatment on both wood composition and
bio-oil composition.
The analytical pyrolysis was designed as to simulate the fast pyrolysis applied in bio-oil production. It was
performed on two wood species, trembling aspen (Populus tremuloides) and white spruce (Picea glauca), which
had previously undergone wet torrefaction at different severity levels. Since the Py-GC/MS was carried out in
order to simulate a fast pyrolysis process, its results could be useful for predicting the bio-oil yield and its
chemical composition.
II. EXPERIMENTAL
Wood biomass
The forest biomasses used for this study were trembling aspen and white spruce in form of chips. They were
received oven dried to 8% moisture content. It is noteworthy that wood chips contained also some bark.
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Wet torrefaction
Each severity factor, S, corresponds to
o a specific wet torrefaction temperature. Thus S=0 corrresponds to the
original non-treated raw wood, S=3.9 stands
s
for wood pretreated by wet torrefaction at 175°C, S=4.6 for wood
pretreated at 195°C, and S=5.2 for woodd pretreated at 215°C [5].
Py-GC/MS
The analytical pyrolysis was performed
d using a CDS Pyroprobe 2000 heated coil pyrolyzer. Thhe fast pyrolysis
was achieved at 350°C–400°C–450°C–
–500°C for trembling aspen and at 400°C–450°C–500°C–
–550°C for white
spruce. This study was focused on pyroolysis performed with a heating rate of 1000°C/min. The pprevious analysis
was carried out at heating rate of 100°C
C/min but it appeared that an increase of heating rate enhhanced the effect
of the pretreatment. About 0.15 mg of biomass
b
sample was pyrolyzed during 3 min. The pyrolyssis products were
separated in capillary column VF-5 mss. Helium was the carrier gas with a flow rate of 1 mL/m
min. The column
oven program was the following: isoothermal for 4 min at 45°C, then the temperature incrreased to 250°C
(5°C/min) and then held during 10 min.
m Afterwards the gas was set into a mass spectromeeter operating in
Electron Ionization mode at 70 eV. Th
he mass spectra were obtained from m/z 40 to 400 with a scan rate of 1
scan/s. All samples were pyrolyzed twicce.
The identification of the chromatograph
hic peaks was based on the NIST library and on the dataa available in the
literature [6]. For each significant peak,, an average peak area and average relative intensity weree calculated. The
peak area values were divided by the weeight of the corresponding sample to remove its influencee.
III. RESULTS AND DISCUSSION
Effect of wet torrefaction on bio-oil yielld
The evolution of the bio-oil yield couldd be evaluated on the basis of the total peak area value, e.gg. the production
of pyrolysis vapors. The results accordiing to the severity and the pyrolysis temperatures are dispplayed in Figure
1.
8E+08

mg-1

S=0

8E+08

S=3.9
S=4.6
6E+08

6E+08

S=5.2

4E+08

4E+08

2E+08

2E+08

0E+00

0E+00
350 C

400 C

450 C

500 C

400 C

450 C

500 C

5500 C

Figure 1.Total peak area values from fast pyrolysis of trembling aspen (left) and white spruce ssamples (right)
The increase due to the wet torrefaction
n was shifted to higher pyrolysis temperatures for spruce when compared
to aspen. There was no noticeable diffeerence between the severities for hardwood while for softtwood the higher
severity yielded a lower production of vapors.
v
Effect of wet torrefaction on bio-oil com
mposition
The relative amount of identified peaks could be taken to predict the bio-oil chemical compositioon. The pyrolysis
products are regrouped in eight chemiccal families: phenolics, anhydrosugars, furans, pyrans, acids, fatty acids,
ketones, and aldehydes.
Phenolics were the main chemical grooup identified from both spruce and aspen pyrolysis. Foor hardwood, the
relative amount of phenolics peaks decrreased with the increase of pyrolysis temperatures: from 66% at 350°C to
46% at 500°C. The wet torrefaction prretreatment seems to amplify this effect: at 500°C the pphenolics content
decreased from 46% for S=0 to 34% for
f S=5.2. The relative amount of phenolics peaks from spruce pyrolysis
has not been determined to vary with pyyrolysis temperature.
The second largest chemical group amo
ong the identified peaks is represented by anhydrosugars. For both woods,
the pretreated samples yielded higher anhydrosugars
a
content upon pyrolysis than the raw sampples. The highest
severity seemed to have the greatest imppact in that relation. Thus, for spruce at 500°C, the anhyddrosugars content

492

© CSIC © del autor o autores / Todos los derechos reservados

13th European Workshop on Lignocellulosics and Pulp

increased from 15% for S=0 to 23% for
f S=5.2. Anhydrosugars content was generally higher for pyrolysis of
softwood than for hardwood.
Concerning furans, it seemed that pretreeatment had little effect on their generation through pyrol ysis. As for fatty
acids, although the standard deviations were large, these were important constituents released by pyrolysis from
s
to reduce their contents. Wet torrefaction appeareed to affect acids
raw wood. However, the pretreatment seemed
content more in aspen pyrolysis vapors than in spruce. More severe pretreatments seem to contribbute to the lower
acid content in the pyrolysis products.
Effect of wet torrefaction on productionn of pyrolysis products
To understand better the impact of prettreatment on pyrolysis vapors production, an assessment of the total peak
area values for each chemical group hadd been done.
As shown in Figures 2 and 3, the preetreatment seems to promote the production of phenoliccs. However, the
lower phenolics content obtained from
m harshly pretreated aspen and pyrolyzed at high tempeeratures could be
partially explained by the decrease off production of both syringol derivatives and guaiacol derivatives. The
lower production of guaiacol derivativees was also observed from spruce pyrolysis for the harsh ppretreatment.
mg-1

^сϬ
^сϯ͘ϵ
ϭ͘нϬϴ

1E+08

^сϰ͘ϲ
^сϱ͘Ϯ

8E+07
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0E+00
350 C

400 C
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ϯϱϬΣ
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ϰϬϬΣ

ϰϱϬΣ

ϱϬϬΣ

Figure 2.Total peak area values off guaiacol (left) and syringol derivatives (right) from fast ppyrolysis of
trembling aspen
mg-1

S=0
S=3.9

2E+08

S=4.6
S=5.2

1E+08

0E+00
4
400
C

450 C

500 C

550 C

Figure 3.Total peak area vallues of guaiacol derivatives from fast pyrolysis of white sppruce
The main anhydrosugar identified was levoglucosan.
l
As shown in Figure 4, pretreatment affecteed the production
of levoglucosan, but in different ways for
f hardwood and softwood.
For aspen, the yield of low temperature pyrolysis products increased greatly when appliedd to the biomass
pretreated at high severity factor. The yield
y
increased significantly at higher temperatures, even for the moderate
wet torrefaction pretreatment.
For spruce, except for the pyrolysis performed
p
at 500°C, the wet torrefied samples under harsh
h
conditions
seemed to give the lowest bio-oils yieldds.
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Figure 4.Total peak area values of lev
voglucosan from fast pyrolysis of trembling aspen (left) annd white spruce
samples (right)
IV. CONCLUSIONS
To improve the bio-oil quality, actions could take place before, during or after the fast pyrolyssis. In this study,
pretreatment of the biomass had been chosen to modify the composition of the biomass and cconsequently the
composition of the bio-oil.
The analytical pyrolysis was performed to reproduce the thermal degradation occurring in a fast pyrolysis
nce of wet torrefaction on the chemical distribution and coomposition of the
process. It allowed studying the influen
bio-oil. First, it has been shown thatt pretreatment could improve the production of pyrol ysis vapors and
consequently the yield of pyrolitic bio-oil.
b
Eight chemical groups have been identified aamong pyrolysis
products: phenolics, anhydrosugars, furrans, pyrans, fatty acids, acids, ketones and aldehydes.
The major impact of pretreatment seem
ms to be on the formation of anhydrosugars. As a result the content of
anhydrosugars was determined to be substantial
s
among pyrolysis products. It has also been found that acids
content seemed to decrease with the inccrease of severity pretreatment. This seems to be particullarly the case for
the hardwood studied in this research. These two phenomena have already been observed in sttudies performed
on straw [7].
t improvement
A better comprehension of the influencee of wet torrefaction on bio-oil composition may lead to the
of bio-oil quality but may also lead to
t new research directions such as the production of leevoglucosan, for
example.
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ABSTRACT
Based on this research the degradation products could be a potential source of raw materials for the chemical
industry. Consequently, this approach could allow an application of spent liquors as a source of renewable
resources.
Industrial spent liquors of alkaline kraft and acidic magnesium-based sulfite pulping have been characterised by
a mass spectrometric technique in order to identify some of the structures of lignin degradation products.
To determine the structure of the complex ingredients a mass spectrometric method was developed using model
compounds. Compared to ESI the best results were accomplished by APCI in negative and positive ionisation
mode. The lignin degradation products were isolated from spent liquor, followed by detection with the developed
APCI-MS method. The possible structures of these substances were identified by MS/MS measurements.

I. INTRODUCTION
Wood consists of approximately 30 % lignin [1]. Lignin, which is one of the most abundant biological polymers
found in nature, is classified as an aromatic heteropolymer that is responsible for the necessary strength of the
plant. It consists of phenylpropanoid units linked by ether and carbon-carbon bonds. The main precursors are
three cinnamyl alcohols: coumaryl alcohol, coniferyl alcohol and sinapyl alcohol [2-4]. Soft wood is composed
mainly of coniferyl units, whereas hard wood mainly consists of coniferyl and sinapyl units [5-6].
Wood is one of the major raw materials for paper and cellulose production. The by-product spent liquor contains
the water soluble degradation products of lignin with about 30-50 % (dry matter). Here two major chemical
pulping processes, the sulfite and kraft pulping, are fundamental. The kraft pulping process is a soft procedure
that results in a strength pulp and a spent liquor with a high percentage of lignin degradation products. The liquor
of the sulfite process consists additionally of sulfonated lignin units. The spent liquors are mostly incinerated in
order to recycle the inorganic reagents and to generate the required process heat for the pulping process [7].
It seems evident, that more efficient applications of liquors are of technological, ecological and economical
interest. From a long-term perspective it is certainly necessary to gain extensive knowledge of the structure of
lignin degradation products. A single substance analysis enables a statement about the applicability of these
compounds. One example of such an application represents the utilisation of vanillin from the spent liquors.
Due to the complex mixture of lignin degradation products a powerful analytical method is required, like
atmospheric pressure chemical ionisation mass spectrometry (APCI-MS). In literature, a limited set of methods
for the identification of lignins by MS and the fragmentation of existing bonding-types are published and were
used for the interpretation of mass spectra [8-10].

II. EXPERIMENTAL
For magnesium-based acidic sulfite pulping (sulfite liquor) 50 % spruce and 50 % beech wood were used. Kraft
liquor originates from pulping of 70 % spruce and 30 % pine wood. 3,3‘-Dimethoxy-5,5‘-dimethyl-biphenyl2,2‘-diol, 1-(3,4-Dimethoxy-phenyl)-2-(2-methoxy-phenoxy)ethanone, 6,6‘-Dihydroxy-5,5‘-dimethoxy-biphenyl-3,3‘-dicarbaldehyde, sodium (4-hydroxy-3-methoxyphenyl)-methansulfonate), vanillin, (3,4-Dimethoxyphenyl)-methanol and sodium 4-(vinylbenzene)sulfonate were used as model compounds.
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Isolation of lignin degradation products:
For the isolation of the lignin degradation products from liquors already established methods were used. During
the isolation from sulfite liquor lignin components were transferred to an organic phase as a lignindicyclohexylamine-complex [11,12]. The lignin degradation products from kraft liquor were precipitated by a
reduction of pH from pH 12 to pH 2 [13].
Mass analysis with APCI:
All mass spectra were obtained using an Agilent Infinity 1290 System coupled with an Agilent 6530/6538 Ultra
High Definition Accurate-Mass QTOF-System (Agilent Technologies, Santa Clara, USA) equipped with an
APCI source. The MS spectra were analysed with Masshunter software (B05.01).
Model compounds were dissolved in MeOH/NH3(10mM) (1:1, v/v) with a concentration of 10 µg/mL. The
concentration of lignin samples were 100 µg/mL.
Analytes were ionised using the following parameters:
injection volume 10 µL; LC flow 0.5 mL/min; eluent 50 % MeOH/50 % H2O
negative mode: drying gas temperature 300 °C; vaporiser temperature 350 °C; drying gas (nitrogen) flow rate
4 L/min; nebuliser pressure 20 psig; capillary voltage 3500 V; corona current 20 µA; fragmentation voltage
125 V; skimmer voltage 65 V; octopol voltage 750 V; scan rate 1 spectra/sec; scan mode 50 – 3000 Da.
positive mode: drying gas temperature 300 °C; vaporiser temperature 325 °C; drying gas (nitrogen) flow rate
6 L/min; nebuliser pressure 20 psig; capillary voltage 3500 V; corona current 4 µA; fragmentation voltage
125 V; skimmer voltage 65 V; octopol voltage 750 V; scan rate 1 spectra/sec; scan mode 50 – 3000 Da.
MS/MS spectra were generated using nitrogen as collision gas and a collision energy between 5 and 30 V.

III. RESULTS AND DISCUSSION
Figure 1 shows mass spectra of model compounds using the optimised method (see above).

Figure 1. Optimised APCI mass spectra of model compounds
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The optimised method for mass analysis of model compounds also allows a determination of the isolated kraft
lignin and the isolated lignosulfonate. Figure 2 shows the obtained spectra of these complex mixtures.

Figure 2. (-)APCI mass spectra of isolated kraft lignin and isolated lignosulfonates

By means of MS/MS experiments of the obtained signals it is possible to determine potential structures of the
detected substances. It must be noted that the structures were based only on assumptions. Table 1 summarises the
results obtained for the isolated lignin degradation products (structures or formulas).
Table 1. Potential structures of the isolated lignin degradation products
kraft lignin
m/z

potential structure

m/z

lignosulfonates
potential structure

136,02 (40 %) [M-CH3-H]151,04 (100 %) [M-H]-

136,02 (40 %) [M-CH3-H]151,04 (100 %) [M-H]-

165,06 [M-H]-

165,06 [M-H]-

186,12

C10H19OS

243,04 (100%)
245,05 (40 %) [M-Na]-

273,05 (90 %)
275,06 (100 %) [M-Na]-

299,20 (100 %)
301,21 (60 %) [M-H]-

358,26 (100 %)
360,15 (40%) [M-H]-

308,23 (90 %)
310,24 (100 %)

C22H31O
C19H35OS

355,12 [M-H]-

415,14 (90 %)
417,16 (100 %)
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Table 1 shows the compliance of several potential structures with detected masses. Under these circumstances
the main substances in kraft lignin are vanillin, 2-(4-hydroxy-3-methoxyphenyl)acetaldehyde and abietic acid.
The difference of m/z = 2 could be explained by a quinone-methide-conversion.
Isolated lignosulfonates contain mainly sulfonated substances like sodium 3-(4-hydroxy-3methoxyphenyl)propane-1-sulfonate and sodium 2-hydroxy-4-(4-hydroxy-3-methoxyphenyl)butane-1-sulfonate.
However, identification of sulfonated degradation products is difficult due to the fragmentation of [M-Na]results exclusively in the [SO3]- and the [M-CH3-Na]- fragment.

IV. CONCLUSIONS
In this work an optimised APCI-method was developed, which allows a determination of several low molecular
lignin degradation products in spent liquors. Potential structures were identified by MS/MS experiments.
In both spent liquors from the pulping processes, the lignin polymers were partly degraded to low molecular
aromatic substances. These substances could be used as raw materials for biobased chemical industry.
Finally, at this point of research the first identification of structures shows, that the spent liquors from the pulp
industry have a great potential for substantial use. Further research needs to examine fractions (e.g. soxhlet- and
HPLC-fractions) of lignin degradation products to enable a comprehensive identification of the major structures.
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ABSTRACT
Carbon aerogels can be used in a variety of applications. Here we present a way to produce them from lignin
precursors. Aerogels and carbogels were prepared from a pure lignin formaldehyde solution without further
addition of phenols. Different formaldehyde to lignin ratios were tested with a constant reaction concentration at
nearly 10 percent. These conditions led to reproducible hydrogels and subsequent the water was exchanged by
ethanol to prepare them for a supercritical carbon dioxide extraction step. Results from thermo gravimetrical
analysis yielded the desired conditions for pyrolysis of the aerogels to carbogels. The material was quite brittle,
but the sample form was unchanged though the expected shrinkage occurred during the carbonization procedure.
All sample materials were measured by nitrogen BET adsorption to obtain the specific surface area and the
surface was further investigated by scanning electron microscopy. Higher formaldehyde to lignin ratio gave a
higher specific surface area in the resulting aerogels and carbogels.

I. INTRODUCTION
Aerogels are not well defined. The best way to describe them is being materials that are prepared from a wet,
highly porous gel system by supercritical extraction as the drying process. In this step the liquid pore content of
the gel material is replaced by gas. In addition to the term aerogel there also exist xerogels (by conventional
drying) and cryogels (by freeze drying)[1].
Since the first publication on organic aerogels from Pekala [2] there has been quite a big effort to obtain new and
better organic aerogels and also a trend to produce them of renewable resources. Their characteristic properties
are interesting for several applications, for example insulating material due to their very low thermal
conductivity because of the porous structure [3]. Moreover the pyrolized carbon aerogels (or carbogels) are
reported to show electrical conductivity so that there are ideas to use it as anode material in batteries or as
storage material for hydrogen [4], [5].
The high abundance of lignin and its derivatives makes it an ideal renewable “bio-ingredient” for aerogel
synthesis, replacing the well-established petrochemical based phenol and resorcinol in the resin synthesis. And
although the reactivity of lignin is lower than that of phenol or resorcinol it is a considerable alternative in the
synthesis of bio-organic-aerogels.

II. EXPERIMENTAL
Used materials and methods
“Indulin AT” (a Kraft lignin) was bought from Sigma-Aldrich. Indulin was dissolved in water for better
adjustment of the synthesis conditions. Formaldehyde was taken from a 37% aqueous solution bought from
Sigma-Aldrich.
Scanning electron microscopy (SEM) analysis was performed on a Zeiss 1540XB CrossBeam equipped with an
Oxford Instruments EDX system. BET surface measurements were done on a Quantachrome Nova 3000e
analyzer. For High pressure extraction a self-assembled super critical extractor with a 250 mL steel extraction
thimble was used. Carbonization was done on a high temperature oven GERO HTK8 under N2 atmosphere.

Copia gratuita. Personal free copy

http://libros.csic.es

499

13th European Workshop on Lignocellulosics and Pulp

Preparation of Lignin hydrogels
The lignin solution and the formaldehyde solution were mixed within an Erlenmeyer flask. Subsequently NaOH
solution (20%w/w) was added to raise the pH value over 11 and then the lignin-formaldehyde concentration (LF
concentration) was adjusted to a value of nearly 10% by adding the desired amount of distilled water. Afterwards
the reaction solution was divided into several sealable tubes and placed into a drying oven at a temperature of
90 °C. The solution reacted for about 48 h until gelation was visible. In total the material was being kept at
temperature for five days for better solidification of the material. The samples showed a brownish color and
rubber-like behavior on slight deformation.

Table 1 Aerogel synthesis
Sample Name

L/F mass-ratio

LF-content

A

1.00

0.10

B

0.51

0.10

C

0.33

0.09

D

1.014

0.134

Preparation of Lignin aerogels
The reaction tubes were opened after polycondensation time and then cut at the closed end. With a spatula the
hydrogels were very carefully loosened from the tube walls. They could be pushed out of the vessel with a slight
overpressure by compressed air. Each sample could be placed in a small screw mountable polypropylene
container, which was large enough to cover the sample with ethanol (p.A.). This was necessary because of the
following supercritical extraction step. The solvent exchange took about four to five days. The sample material
was daily filtered and then covered with fresh ethanol (p.A.). After the solvent exchange step the samples shrank
slightly. The brownish color remained unchanged. Afterwards the supercritical extraction was performed with
CO2 (critical point: 31 °C, 73.8 bar). The extraction step took 2 h at 40 °C and 100 bar. After the drying the
samples were lighter colored than before. After the SCE samples were degassed in a desiccator under reduced
pressure and silica gel as drying agent.

Carbonization of aerogels
The samples were placed in ceramic containers covered with a perforated carbon plate and the put into a high
temperature oven. The oven was purged with N2 and then the temperature program started (temperature
program: 20°C to 500°C: 1°C min-1; hold 1 hour; 500°C to 900°C: 2°C min-1; hold 2 hours; cooling as fast as
possible.; N2 flow: 150 L h-1). The choice of the temperature program was based on the thermo gravimetrical
analysis, which showed the highest decrease in mass at a range of 400°C to 500°C. T

III. RESULTS AND DISCUSSION
Pure lignin formaldehyde aerogels could be synthesized by the method described. Gelation in the hydrogel
preparation step occurred after about 24 h. However, it was necessary to cure the samples for about 5 days at
90°C to obtain the desired stability. In case of shorter reaction times the samples remained highly viscous fluids
that could not be removed from the reaction tubes without significant deformation of the material. Sample C
could not be further investigated because it was not possible to detach it from the tube and obtain a
dimensionally stable sample that keeps it shape.
The solvent exchange step takes with a duration of several days, as mentioned in literature [1], a very long time
but is necessary for the supercritical fluid extraction with CO2.
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Figure 1. Comparison of two different lignin formaldehyde aerogels by SEM. (Sample A (a) and D (b),
(magnification 10.000, 10.00kV)

In Figure 1 the difference of an aerogel with a LF-content of nearly 10% compared to an LF-content of around
14% is visible. Sample B (Figure 1 (b)) shows a slightly tighter arranged solid and Sample A (Figure 1 (a)) looks
like the more porous material. Carbonization of the aerogels under described conditions yields the carbon
aerogels shown in Figure 2. Due to their electric conductivity of the surface of the carbon samples can be
investigated without prior gold sputtering of the samples. Figure 2.depicts no obvious difference to see via
electron-microscopy between the carbonized samples A and B, and a more suitable method to compare them is
described in Table 2 with the N2 adsorption measurements.

(b)

(a)

(a)

(b)

(a
)

(a
)

Figure 2. Comparison of carbon aerogels with different lignin formaldehyde-ratio by SEM (carbonized Sample
A (a) and carbonized sample B (b), magnification 60.000; 10.00kV).
The surface BET areas of the lignin aerogel samples A and B are around 180 m²/g to 230 m²/g. With increasing
formaldehyde ratio higher BET surface areas are obtained and the pore size is with nearly 40 nm in the
mesoporous region. One can conclude that higher formaldehyde content leads to an increase in specific surface
area probably because of the reduced pore size.
Furthermore the carbonization under described conditions leads to an increase in the surface area of samples A
and B. Carbonized sample A has an increased specific surface area from 330 m²/g and carbonized Sample B
from 356 m²/g. The ratio from the surface area, which origins from the micro pores, has also increased compared
to the lignin aerogel structures because in these cases the carbonization increases the micro pores in the system.
The shape of the material samples remained unchanged during the pyrolization but showed shrinkage of about
30%. The carbon residue of the samples after carbonization is between 45 to 54 %. In Table 2 the comparison of
the surface areas is shown.
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Table 2 surface areas of different samples
Sample

Specific surface area [m²/g]

Specific surface
area [m²/g]

Non carbonized

carbonized

Sample A

180

230

Sample B

330

356

IV. CONCLUSIONS
In this work it was possible to synthesize aerogels and also carbon aerogels based on a pure Kraft-lignin source
without the addition of phenol or resorcinol. The surface area of the samples with around 200 m²/g was in
accordance with the literature. It could also be shown that a higher formaldehyde content during condensation
reaction leads to a higher surface area. This could be explained by an enhanced possibility of reaction of
formaldehyde with the reactive sites of the aromatic system of the lignin increases. This leads to smaller pores
that do have higher effect on the specific surface area.
With the carbonization step it was possible to increase the surface area of the material to a value of nearly
350 m²/g and also the microporous ratio of the total pores in the system.
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ABSTRACT
A new pilot plant for organosolv fractionation of wood chips started its operation in May 2013 within the new
Fraunhofer-Center for Chemical-Biotechnological Processes in Leuna, Germany. The plant is designed to
fractionate beech wood using ethanol-water pulping with the aim to further develop and optimize the process and
to provide all major fractions (lignin and sugars) in sufficient amounts for the development of new value chains.
After successful scale-up from the laboratory main results of the first year of operation are presented.

I. INTRODUCTION
The fractionation of lignocellulosic biomass into lignin, cellulose and hemicellulose can pave the way for new
sustainable materials. Especially the separation of lignin in high purity is interesting for the substitution of
phenolic resources. In conventional pulping processes however lignin is mostly combusted or destroyed but not
used as a material. The ethanol organosolv pulping process enables a gentle extraction of lignin and
hemicellulose and thus a clear fractionation of lignocellulose. It was first patented in 1932 by Kleinert and
Tayenthal [1].
To establish a pilot scale plant of an organosolv pulping process was an aim of the “German Lignocellulose
Feedstock Biorefinery Project” [2]. It was intended to develop and scale-up a process for maximum material
usage of the components of national wood resources. Beech wood was identified as the most available and
suitable species for the conversion into platform components for the chemical industry. Pulping with ethanolwater was selected as the most appropriate process for the fractionation of beech wood forest residues with the
aim to achieve the highest material usage. In the second phase of the project the pilot plant was built within the
new Fraunhofer-Center for Chemical-Biotechnological Processes in Leuna [3]. Main results of the first year of
operation are presented in this paper. The process can be regarded as the basis of a lignocellulose biorefinery.

II. EXPERIMENTAL
Description of the pilot plant
The ”lignocellulose biorefinery” pilot plant is designed to fractionate wood chips by ethanol-water-pulping using
batch processes. The plant is divided into the following process units, which are shortly described and shown in
a process scheme (Figure 1.):
•

Pulping: The pulping section consists of a batch digester with forced circulation containing 400 L of
industrial wood chips. Two additional temperature controlled pressure vessels and one atmospheric tank
allow the preparation, preheating and storage of the cooking and washing liquors. The whole pulping
section is built in Duplex steel and can be operated at maximum 200 °C and 36 bars. Wood chips can be
pre-steamed prior to cooking and pulping liquors can be displaced from bottom to top through the
digester for washing with ethanol and water.

•

Washing and dewatering: The pulped wood chips are discharged into a blow tank where the pulp is
diluted to ~5 % solids content and the fibers are disintegrated by an in-line disperser. The pulp is then
dewatered by a screw press.

•

Enzymatic hydrolysis: Two temperature controlled stirred tanks with a volume of 1000 L are used for
the enzymatic saccharification of pulp. A chamber filter press is used to separate the hydrolysis residue
from the liquid. Optionally a fall film evaporator can be used to concentrate the glucose solution for
stabilization.
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•

Lignin precipitation: Lignin is precipitated in a 1200 L stirred tank by the addition to water and filtered
using a chamber filter press. Optionally lignin can be precipitated by evaporating ethanol. The obtained
organosolv-lignin can be washed on a membrane filter press and dried in a vacuum drier.

•

Solvent recovery: Ethanol is recovered from the filtrates of lignin precipitation and from the washing
liquors in a batch rectification column.

Figure 1. Process scheme of the organosolv pilot plant in Leuna.

Operation of the pilot plant
Ethanol-water pulping is carried out discontinuously with batches of 70 kg o.d. debarked beech wood chips.
Starting conditions from the scale-up are described as follows. After presteaming at 100 °C, the pulping process
is running for 100 minutes at a temperature of 170 °C and 20 bar in a cooking liquor consisting of a 50 % (w./w.)
ethanol-water solution. The liquor-to-wood ratio is 3.2:1. As a catalyst, sulphuric acid is added in a concentration
of 0.5 % based on o.d. wood. After pulping the cooking liquor is displaced by a 50 % (w./w.) ethanol-water
solution of 100 °C. Washing and cooling is done two times by displacement with water in order to remove
ethanol from the fibers.
During cooking lignin and hemicelluloses are dissolved in the cooking liquor. The hemicellulose present in
solution after the filtration of the precipitated lignin is purified and concentrated at the solvent rectification. The
cellulose fraction is disintegrated and washed. After dewatering the enzymatic hydrolysis of cellulose is carried
out at a solids concentration of 10 % (w./w. o.d. pulp) in a stirred tank reactor for 48 hours. Temperature is set to
50 °C and a pH value of 5 is realized. Enzymes are provided by Novozymes. 6 % of Cellic® CTec3 and 0.25 %
Cellic® HTec3 (based on o.d. pulp) are used. The glucose solution obtained is finally concentrated for
preservation by means of evaporation.
The design of the pilot plant is modular in order to allow optimization of pulping and downstream processing.
To evaluate the process, the composition of the products and intermediates are analyzed according to adopted
NREL procedures. Mass balances of the process are established on this basis.

III. RESULTS AND DISCUSSION
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The organosolv pilot plant started operation in May 2013 and is running in day-shift operation since. The
selection of the scalable unit operations could be confirmed and no major modifications of the plant have been
deemed necessary so far. The scale-up of the processes from the laboratory experiments was successful and
similar yields and product compositions as at the laboratory-scale were obtained. Ethanol-water fractionation of
70 kg of debarked beech (Fagus sylvatica) wood chips at 170 °C for 100 minutes using 0.5% of sulphuric acid
(based on o.d. wood) at a liquor-to-wood ratio of 3.2:1 resulted in the pulp, lignin and glucose syrup
compositions described in Table 1.
Table 1. Compositions of pulp and organosolv-lignin obtained from ethanol-water fractionation of beech wood
and sugar syrup from enzymatic hydrolysis of pulp.
Fraction / Components

Pulp

Sugar Syrup

Organosolv-Lignin

Glucose [% dry mass]

72.1

74.8

0.0

Xylose [% dry mass]

16.9

18.2

3.6

Lignin [% dry mass]

14.9

n.d.

88.5

During further operation first parameters like temperature, heating time and concentration of sulphuric acid were
varied leading to different product amounts and compositions. Figure 2 shows the composition of the pulp
obtained using 70 kg of debarked beech wood chips at different sulphuric acid concentrations.

percentage and composition of
pulp on the base of wood o.d. [%]

70%
60%

9,74%

7,65%

50%
4,06%
40%
30%

hemicellulose o.d.
42,18%

cellulose o.d.

38,33%
36,25%

lignin o.d.

20%
10%
9,75%

12,06%

8,40%

0%
0,5% H2SO4 0,75% H2SO4 1% H2SO4

Figure 2. Percentage and composition of o.d. pulp obtained from the ethanol-water fractionation of 70 kg o.d.
debarked beech wood chips at 170 °C and 20 bar and addition of sulphuric acid in different concentrations (%
w./w. o.d. wood).
A higher amount of sulphuric acid led to lower pulp yield containing less hemicellulose. But also the yield of
cellulose in the pulp was lowered. The single-stage enzymatic hydrolysis at 50 °C and a solid concentration of
10 % (w./w. o.d. pulp) resulted in the sugar concentrations shown in Figure 3. The concentration of glucose is
higher if more sulfuric acid is used during cooking, while the amount of hemicellulose is lower. The results show
a clear influence of pulping conditions on the enzymatic hydrolysis. To improve the glucose concentration and
yield the influence of pulping conditions will be more closely investigated. Therefore an increasing severity of
the pulping process is planned. Also investigations of a second hydrolysis step of the residue material will
follow. Utilization pathways for the hydrolysis residue have to be analyzed.
At the moment around 50 % of the lignin contained in beech wood is extracted and obtained as organosolvlignin. To improve yield an optimization of the pulping process is necessary. Additionally a washing of the
disintegrated pulp will be investigated in order to increase the yield of lignin and glucose.
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glucose concentration
xylose concentration
glucose/xylose ratio

2

10

0

0
0,5%
H2SO4

0,75%
H2SO4

1% H2SO4

Figure 3. Sugar concentrations in filtrate after the single-stage enzymatic hydrolysis at 50 °C of the pulp
obtained with different concentrations of sulphuric acid (% w./w. o.d. wood).

Within the project, products of the pilot plant were sent to project partners for the development of utilization
pathways. The lignin fraction was used for the development of duro-and thermoplastic applications . Glucose
was used for various fermentations. Promising results for all applications were obtained. The aim of further
operation is to optimize the process as far as possible to improve yield, process stability and purity of the
products. In addition, the fractionation products are used in various national and European projects for the
development of new products and value chains.

IV. CONCLUSIONS
A lignocellulose fractionation pilot plant was successfully established at the Farunhofer CBP in Leuna
confirming the expected results from laboratory scale. The main fractionation products are glucose, lignin and
xylose. Process optimization is continuing. The pilot plant is used as basis for a concept of a demonstration plant
in future. Products are used for the development of new applications by project partners leading to promising
results.
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ABSTRACT
To elucidate functions of wood cell wall components on the formation and mechanical properties of the
cell wall, a bio-mimetic model, termed “artificial cell wall,” was created in this research. Honeycomb-patterned
bacterial cellulose film (HPBC) was fabricated as a skeleton of the artificial cell wall. As a second process, xylan
adsorption onto the skeleton was attempted. The adsorption amount of xylan onto HPBC was much higher than
that onto the normal BC pellicle as a flat BC film (FBC), indicating HPBC had a larger accessible area of xylan
than FBC did. The mechanical properties, tensile strength and modulus of elasticity (MOE) were significantly
strengthened by the xylan adsorption. Thus, it was evident that xylan reinforced the cell wall.
Finally, coniferyl alcohol was polymerized by alternative dropping coniferyl alcohol and hydrogen
peroxide together with peroxidase onto the xylan-deposited HPBC. The content of the generated
dehydrogenative polymer (DHP) in xylan-deposited HPBC was slightly larger than HPBC without xylan.
However, the nitrobenzene oxidation yield as a measure of β-O-4 linkage frequency was much larger than that
without xylan. Therefore, it was confirmed that xylan affected the formation of β-O-4 linkage. In addition,
mechanical strength was remarkably enhanced by DHP generation.
I. INTRODUCTION
Wood is one of the most abundant natural resource on earth, and one of its unique characteristic lies in
high mechanical strength for its low specific gravity. This characteristic is assumed to be highly dependent not
only on the nature and deposition process of wood cell wall components, cellulose, hemicellulose and lignin, but
also on the cell wall arrangement.[1] However, these assumptions were not necessarily proved empirically. To
clarify this point, we have developed “artificial cell wall,” which mimics cell wall arrangement and deposition
process of the cell wall components.
We have already demonstrated the fabrication process of honeycomb-patterned cellulose with cellulose I
structure, whose morphology resembled cell wall array.[2-4] This fabrication was carried out by culture of
cellulose-producing bacterium, Gluconacetobacter xylinus, on the agarose medium with concave honeycomblike grooves. In this study, xylan as a hemicellulose component was deposited on the HPBC, and then the
polymerization of coniferyl alcohol was attempted in order to fabricate artificial cell wall and to elucidate the
functions of cell wall componets in cell wall formation. In addition, we monitored mechanical strength of the
artificial cell wall at each deposition process of cell wall components.
II. EXPERIMENTAL
Fabrication of artificial cell wall
HPBC was fabricated accroding to the previous report.[2] Briefly, a convex honeycomb-patterned film as
a first template was prepared from a mixture of polycaprolactone and acrylate copolymer, named (CAP) (weight
ratio, 9:1) by blowing humid air onto the mixture/chloroform solution. Poly(dimethyl siloxane) (PDMS) was
poured to the first template together with curing agents to give a second template with concave honeycombpatterned surface. By repeating transcription of second template with PDMS, a third template with convex
honeycomb morphology was obtained. Hot agarose aqueous solution with HS medium [5] was poured onto the
third template, and then cooled to yield agarose gel with concave honeycomb-like grooves. Finally, G. Xylinus
(ATCC53582) was inoculated and cultured on this agarose film at 28 oC for 48 h under a 90 % CO2 atmosphere.
As a reference, normal BC pelicle was prepared by static culture of the bacterium. Both BC films were soaked in
1 M sodium hydroxide solution at 65 oC for 1 h, and then washed with pure water and air-dried.
The prepared BC films were immersed in aqueous beech xylan solution, which was purchased from Wako
Pure Chemicals Co. Ltd. (Osaka, Japan) for 24 h at ambient temperature. The xylan concentration in a
supernatant was measured by HPLC (Shimadzu VP series, Kyoto, Japan) with a Corona detector (ESA
Bioscience Inc., Chelmsford, MA, USA) and a column of Ashipak GF 7M HQ at 40 oC at a flow rate of 0.5
mL/min. Pure water was used as an eluent. The adsorption amount of xylan was calculated by the difference in
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the concentration between before and after immersion.
Both types of films with and without xylan were immersed in horse radish peroxidase (HRP)/phosphate
buffer saline (PBS) solution (pH 6.1, 0.01 M). The buffer solution of coniferyl alcohol and hydrogen peroxide
were added to the film suspension by using two pumps at a constant volume rate of 5 mL/h for 10 h. After
complete addition, the mixture was allowed to stand for 16 h. The resultant films were washed two times with
pure water and air-dried. The films were further washed with 1,4-dioxane.
Chemical analysis of DHP
DHP content in BC films was determined by acetyl bromide method.[6] Two point five millilitter of
freshly prepared acetyl bromide (25 % in acetic acid, v/v) was added into 5 mg of sample, and then the sample
was heated at 50 oC for 4 h. The DHP content was calculated from the absorbance at 280 nm on an UV
spectrophotometer (Shimadzu UV-1800, Tokyo, Japan).
Alkaline nitrobenzene oxidation for DHP samples was carried out as follows.[7] Four millilitter of
aqueous NaOH (2 M) and 0.24 mL of nitrobenzene were added to 10-15 mg of sample in a 10-mL stainless
autoclave. The reaction was performed at 160 oC for 2 h. Afterwards, 0.2 mg of acetovanillone as an internal
standard was added to the reactant. The reaction products were determined by GC analysis (Shimadzu GC-2010,
Kyoto, Japan) under the following conditions: detector, FID; column, Intercap 1701; split ratio, 5.0; carrier gas,
He (110 mL/min); injector temperature: 250 oC; detector temperature: 280 oC; the oven temperature program was
150 oC (5 min), 5 oC/min to 230 oC (1 min), 10 oC/min to 250 oC (10 min).
All the experiments described above were run in duplicates, and the average was shown as a result.
Mechanical test
Tensile strength, MOE and elongation were measured on a special designed testing apparatus reported
previously by Uraki et al.[3] Films were gently pressed with 300 g load for 10 min, and then cut into 1-2 mm in
width and 5 mm in length. The measurement was conducted at 22 oC with 50 % relative humidity.
III. RESULTS AND DISCUSSION
Xylan adsorption on HPBC and FBC
HPBC has been confirmed to consist of highly ordered cellulose microfibrils with cellulose I structure as
well as FBC as BC pelicle.[2] Surface molphologies of HPBC and FBC were shown in Figure 1. HPBC was
constructed with narrow cellulose wall and big pores with the pore size of 20 μm, having a very similar array to
cross section of wood cell wall. On the other hand, the surface of FBC was apparently very flat and no pore was
observed in this magnification image.
(A)

(B)

Figure 1. Morphology of bacterial cellulose film: (A) HPBC; (B) FBC
The adsorption isotherms of xylan on both HPBC and FBC were shown in Figure 2. The adsorption
amount of xylan on HPBC at 1.0 mg/mL was 0.77 g/g of cellulose, while that on FBC was 0.27 g/g of cellulose.
Likewise, the adsorbance of xylan on HPBC was much higher than that on FBC at any concentration. This result
indicates that HPBC had a larger accessible area of xylan than FBC did. These reasons might be explained by the
following facts. Most cellulose microfibrils in HPBC were exposed outwards, such as air and solvent, and easily
accessible with adsorbate, whereas only microfibrils at the surface of FBC could contact with adsorbate.
Therefore, HPBC is considered to a suitable test specimen for the evaluation of interaction between cellulose
microfibrils and guest molecules.
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Figure 2. Amount of xylan adsorption on HPBC and FBC films
Polymerization of coniferyl alcohol on xylan-deposited HPBC
Polymerization of coniferyl alcohol as one of monolignols was attempted in the presence of xylandeposited HPBC by the same manner as the endwise polymerization (Zutropfverfahren) for DHP preparation.[8]
DHP content determined by acetyl bromide method and alkaline nitrobenzene oxidation yield are listed in Table
1. DHP content was slightly increased by the xylan adsorption by 2.1%. When the DHP-deposited HPBC was
rinsed with 1,4-dioxane, DHP content was markedly decreased. We considered that washable DHP was free,
while unwashable DHP was tightly associated with cellulose, i. e. that was lignin-carbohydrate complex (LCC).
The difference in washable DHP content between in the presence and absence of xylan was negligible. Therefore,
these results indicate that the xylan affected DHP formation very slightly as well as pectin reported by Touzel et
al.[9]
Table 1. Chemical analysis of DHP
DHP content
(%)
Nitrobenzene oxidation yield
Before rinsing with
After rinsing with
(μmol/g)
dioxane
dioxane
DHP-HPBC
26.2a
7.1b
45.5c (641)d
a
b
DHP-Xyl-HPBC
28.3
8.9
67.0c (752)d
a, DHP content of artificial cell wall; b, DHP content of artificial cell wall after rinsing with 1,4-dioxane; c,
based on the weight of artificial cell wall; d, based on the weight of DHP.
Subsequently, 1,4-dioxane-rinsed HPBC with and without xylan were subjected to nitrobenzene oxidation,
the yield of which was one of the measures for estimation of β-O-4 linkage that was a major interunitary linkage
in lignin. The nitrobenzene oxidation yield of DHP-Xyl-HPBC was 67.0 μmol/g of cell wall (752 μmol/g of
DHP), which was higher than that of DHP-HPBC (45.5 μmol/g of cell wall, 641 μmol/g of DHP). Thus, β-O-4
linkages remarkably increased when the xylan was present. This finding is in agreement with Barakat et al,[10]
who reported that higher concentration of arabinoxylan induces higher thioacidolysis yied of DHP. The increase
in β-O-4 linkage in the presence of hemicellulose suggests that regulate lignin structure during polymerization
process.
Mechanical properties of artificial cell wall
Table 2 shows the effect of the cell wall components deposited onto HPBC on mechanical properties of
resultant materials. Xylan deposition increased tensile strength and MOE by 1.2 times. Interestingly, both
mechanical parameters were dramatically enhanced by DHP deposition by 1.6-1.7 times even without xylan. By
deposition of both xylan and DHP onto HPBC, MOE was further enhanced; 1.7 times as compared with DHPHPBC and 3 times as compared with HPBC. However, in terms of tensile strength, that of DHP-Xyl-HPBC was
only 1.9 times as large as that of intact HPBC. From the mechanical test, we conclude that both of xylan and
lignin reinforce cellulose as a framework of artificial cell wall. Especially, lignin seems to give the cell wall
rigidity.
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HPBC
Xyl-HPBC
DHP-HPBC
DHP-Xyl-HPBC

Table 2. Mechanical properties of HPBC
Tensile strength
MOE
Elongation
(MPa)
(MPa)
(%)
19.4±6.9
278±100
6.3±1.4
23.6±5.7
352±110
6.9±3.2
31.9±9.2
486±128
7.1±3.1
36.6±14.3
833±256
6.4±3.8

Film thickness
(μm)
0.77±0.03
0.79±0.05
0.76±0.06
0.77±0.05

IV. CONCLUSIONS
We fabricated “artificial cell wall” upon successive depositions of xylan and DHP as a result of coniferyl
alcohol polymerization onto HPBC. From the lignin analyses and mechanical test, we have come to the
following conclusions: (i) xylan induced β-O-4 linkage with high frequency, although it scarcely contributed to
DHP generation; (ii) both of xylan and DHP contributed to the mechanical strength of a cellulose framework,
especially DHP contributed to the formation of rigid cell wall.
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ABSTRACT
The manufacturing of viscose fibers has been optimized for many decades. Nevertheless, various improvements
are desirable for environmental and economic reasons. This cherishes the need for more appropriate analytical
methods, which are able to cope with the rather extreme conditions.
In the course of fiber production, the cellulose xanthate is introduced into a highly complex acidic spinning bath
for regeneration of cellulose. Only the characterization of the inorganic compounds was established so far. An
entire characterization of the spinning bath including organic degradation products was not feasible yet due to
the extremely high content of inorganics.
In this study, a method was successfully implemented which enables the determination and quantification of the
main organic degradation products in the viscose spinning bath. The organic fraction was extracted from the
spinning bath by different techniques, which allowed separation of the organic from the vast inorganic fraction.
Extensive removal of salts was a prerequisite for the analysis of the contained organic compounds. The samples
were subsequently silylated and analyzed by GC-MS. The intricacy was the quantification of the degradation
products, because standard compounds are often not commercially available.
Analyte recovery was optimized with regard to pH and lyophilization conditions. Since the spinning bath
analytes show a very broad range of volatility, internal standardization by 13C-labeled compounds should ideally
be carried out of each single analyte. The degradation product spectrum of uniformly 13C-labeled glucose
converted in acidic media was used to approximate this target.
The developed method for the characterization of the viscose spinning bath opens new perspectives to keep track
of the formation and origin of organic degradation products. It is a prerequisite for all further efforts to avoid
undesired degradation of polysaccharides and contamination of the spinning bath for a higher product quality
and a better closure of process cycles. Furthermore, it can be transferred to other highly complex acidic or
alkaline industrial process streams.

I. INTRODUCTION
The analysis of a viscose spinning bath is not straightforward due to the huge variety of substances in a complex
inorganic matrix with extremely high salt content. Today, the standard method to evaluate viscose spinning baths
is an estimation of total organic carbon level (TOC), without a more detailed analysis of its chemical
composition. The analysis of this extremely complex mixture is markedly difficult. The main part of the organic
amount constitutes of hydroxy-monocarboxylic acids from carbohydrate degradation [1].
The increasing pressure to lower TOC levels in all process streams, based on environmental concerns and
economic reasons, led to the attempt to better understand the composition of the degradation products in the
viscose spinning bath. Furthermore, detailed information about its constituents would allow better handling of
dirt fractions in the spinning bath and the following process.
Novotny et al. investigated the formation of carboxylic acids during degradation of monosaccharides. They
succeeded in identification and quantification of three low molecular carboxylic acids, 2,4-hydroxy-carboxylic
acids and 12 corresponding lactones by GC-MS. Hydroxy-carboxylic acids and their lactones were monitored as
their trimethylsilylated derivates [2]. They are formed during degradation of reducing sugars. In general, the
acids produced during sugar transformation can be divided into those which include the entire carbon skeleton of
the sugar, and the acids with shorter carbon chains [3]. Typical products of degradation of sugars in strong
alkaline media are saccharinic acids, although their formation was also observed in acidic media [4]. Acids with
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shorter carbon chains than the parent sugars can be formed as direct cleavage products of sugar intermediates or
by subsequent reactions with carbonyl fragments [1].
In the current study, the organic components of the viscose spinning bath were the point of interest. A new
advanced methodology for identification and quantification of hydroxy-carboxylic acids was developed. In the
past years researchers at Lenzing AG had already worked on identification of some components. These
investigations served as a base of the current scientific method. Lactic acid, glycolic acid, 2-deoxytetronic acid,
2,3-deoxypentonic acid, 3-deoxy-2-(hydroxymethyl)-tetronic acid, 3-deoxypentonic acid, 3-deoxy-2(hydroxymethyl)-pentonic acid and 2-(2,3-dihydroxypropyl)-tartronic acid were identified as possible spinning
bath components. They also found that the organic acids originate to some extent in the viscose production
process. In alkaline media, the acids are present as sodium salts. The major part of dicarboxylic acids probably
originates from 4-O-methylglucuronic acids from xylan.
For separation of the organic fraction from the vast inorganic residue different extraction techniques were
performed. An accelerated solvent extraction with pyridine compared to a batch extraction was examined. Real
spinning bath samples were used for evaluation of analyte signal recovery with respect to pH and lyophilization
conditions. Since the spinning bath analytes show a very broad range of volatility, internal standardization by
13
C-labeled compounds should be carried out for each single analyte in an ideal case. Hence, we degraded
perlabeled 13C-glucose in alkaline media for this purpose.
II. EXPERIMENTAL
As a first step, an industrial spinning bath sample, which was adjusted to pH 3 with sodium hydroxide solution
(18.87 %), was submitted to headspace analysis. A closed loop sampler and a VF-WaxMS-column were used.
The resulting gas chromatograms were compared with databases (see figure 1).
13

C-labeled glucose conversion products obtained after alkali degradation were used as internal reference. They
were produced by degradation of 13C perlabeled glucose in 18.87 % sodium hydroxide solution at 60 °C for 40
minutes. 3 g of glucose per 100 mL sodium hydroxide solution was used.
For further analysis, spinning bath samples were adjusted to different pH between pH 3 and pH 8 at integer pHsteps using 18.87 % sodium hydroxide solution. Lyophilization of individual sample sets was carried out at 34°C for 24h or at -105°C for 48 hours.
Two methods for sample preparation were compared. On the one hand the lyophilized samples were subjected to
an accelerated solvent extraction (ASE) with pyridine. On the other hand, they were extracted with pyridine in a
vial directly used for derivatization. In case of ASE an aliquot of the pyridine phase was transferred into a new
vial. In both cases derivatization was carried out by mixing with pyridine, which contains ethoxyamine∙HCl and
methyl-α-D-galactopyranoside as an internal standard. Then the aliquot was heated to 70 °C for one hour in an
oven. Pyridine containing 4-(dimethylamino)-pyridine (DMAP), bis(trimethylsilyl)trifluoro-acetamide (BSTFA)
and trimethylchlorosilane (TMS) were added. The mixture was heated again to 70 °C for two hours and after
cooling was diluted with ethyl acetate and filtered through a PTFE membrane. An aliquot was injected into the
GC-MS for analysis [5].

III. RESULTS AND DISCUSSION
The headspace sample, which was adjusted to pH 3, was analyzed in order to determine the volatile sample
compounds in the gas phase at 50 °C. Figure 1 shows the resulting chromatogram including a number of
analytes which were identified by a database search. The highest peaks that were recognized were 1-pentanol, 2ethyl-1-hexanol, isobutyric acid, benzothiazole and 4-ethyl-guaiacol. These substances could be used for
calibration in GC-MS in order to increase the ratio of TOC described by GC-MS analysis.
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IV. CONCLUSIONS


Headspace analysis shows several volatile compounds to be quantified. Their quantitative information
would help to describe a bigger TOC-ratio by GC-MS.



For analysis of spinning bath components it is inevitable to compare samples at different pH as the
signal intensities vary over a larger pH range.



Lyophilization turned out as a crucial point. Lower temperatures obviously had better impact on the
analyte yield.



Batch extraction with pyridine was more expedient for analyte signal recovery.



The usage of the 13C-glucose conversion product as internal reference was confirmed as a suitable
approach because the degradation products cover all compound classes present.



Further investigations have to be performed to optimize the method developed.
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ABSTRACT
The structural changes induced in fiber lignin by steam explosion was studied to better understand the effect of
steam explosion conditions on bonding mechanisms of lignin containing fibers in self-binding fiber boards. In all
the steam exploded lignin samples, the main lignin inter-unit linkage after 1 min treatment was the β–O–4´ alkyl
aryl ether that accounts for up to nearly 80% of all inter-unit linkages. With increased steam explosion times a
drastic decrease in the content of β-O-4 linkages was detected, which was accompanied with the formation of
new phenolic units and decrease in molar mass. However, at the same time, some condensation of lignin
occurred as well. After steam explosion, the lignin was more prone to thermally induced condensation reactions.
The formation of the new phenolic groups during steam explosion, and the enhanced tendency to condensate
during thermal processing, most likely contribute to the higher bonding ability of steam exploded fibers when
manufacturing self-binding fiber boards.

I. INTRODUCTION
Steam explosion (SE) is a potential pretreatment method to produce self-binding fiber boards, utilizing the fiber
lignin as such or together with added lignin as a binder without any synthetic resins [1-3]. This way the negative
effects of synthetic phenol-formaldehyde resins, e.g. emissions of volatile formaldehyde, could be avoided. It has
also been shown that the properties of produced boards in many cases are comparable with the conventional
commercial boards, especially for dry-use in interior grades [1]. To better understand the effect of steam
explosion conditions on bonding mechanisms of lignin containing fibers, it is essential to better understand the
structural changes induced in fiber lignin.
In this study, steam explosion was performed in different conditions at laboratory scale for grey alder, birch, and
wheat straw, and fiber lignin was isolated by alkaline extraction for chemical characterization. The lignin
samples were analyzed in detail by 2D 1H-13C correlation NMR spectroscopy that provided information of the
structure of the whole lignin macromolecule and is a powerful tool for lignin structural characterization revealing
both the aromatic units and the different inter-unit linkages present in the lignin polymer [4]. The functional
groups of lignin, i.e. aliphatic and phenolic hydroxyls and carboxylic acids, were detected by 31P NMR
spectroscopy, and the lignin molar mass distributions were detected by size exclusion chromatography (SEC).
Thermal properties were evaluated by differential scanning calorimetry (DSC).
II. EXPERIMENTAL
Steam explosion. Steam explosion (SE) was performed for wheat straw (WS), birch and grey alder (GA) at
235°C with 3.2MPa pressure for 1min. For gray alder also longer SE times of 2 and 3 min were performed. The
steam exploded fibers were used for production of fiber boards. For the analytical purposes, lignin was extracted
from steam exploded fibers by 0.4% NaOH and precipitated by acid.
Analytical methods. The molar mass distributions of lignins were determined by size exclusion chromatography
(SEC) in 0.1M NaOH eluent using MCX 1000 and 100 000 columns with UV detection (280 nm). The molar
mass distributions and the average molar mass values (Mn, Mw) were calculated relative to the polystyrene
suphonate (Na-PSS) calibration using Waters Empower 3 software.
Lignin functionalities were determined by 31P NMR according to Granata and Argyropoulos [5]. Accurately
weighted samples (40 mg) were dissolved in 150 µL of N,N-dimethylformamide. After dissolution, 100 µL
pyridine, 200 µL internal standard solution of 0.05 M endo-N-Hydroxy-5-norbornene-2,3-dicarboximide in
pyridine/CDCl3 (1.6/1, v/v) and 50 µL Cr(acac)3 solution (11.4 mg/1 mL) in pyridine/CDCl3 (1.6/1, v/v) were
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added. Then, 100 µL 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphopholane was added drop-wise, followed by 300
µL of CDCl3. The 31P NMR measurements were performed immediately after sample preparation at room
temperature with Bruker Avance 500 MHz NMR spectrometer using 90° pulse and 5s pulse delay for 512 scans.
2D 1H-13C HSQC (heteronuclear single quantum coherence) NMR spectra were recorded at 25ºC by a Bruker
AVANCE III 500 MHz, equipped with a cryogenically-cooled 5 mm TCI gradient probe with inverse geometry
using ‘hsqcetgpsisp2.2’ pulse sequence (adiabatic-pulsed version). Lignin samples were dissolved (40mg/0.75
mL) in DMSO-d6. Spectral widths of 5000 Hz (10-0 ppm) and 20,843 Hz (165-0 ppm) for the 1H- and 13Cdimensions were used. The number of transients was 64 for 256 time increments, with 1JCH of 145 Hz. The
semiquantitative analysis of the correlation peaks was performed using Brukers Topspin 3.1 software. The lignin
inter-unit linkages based on Cα–Hα correlations were calculated as described previously [2].
The lignin glass transition (Tg) temperatures were determined by Mettler Toledo Differential Scanning
Calorimeter model DSC820 system STARe SW 9.20. Temperature profile with following steps was used: 1)
heating from 25 oC to 105 oC with 20 min isothermic phase for drying, 2) cooling phase to -60 oC, 3) first actual
heating phase from -60 oC to 200 oC, 4) cooling phase to -60 oC, and 5) second heating phase from -60 oC to 250
o
C. Heating and cooling rate of 10°C/min was used in all cases.

III. RESULTS AND DISCUSSION
The structural changes induced in fiber lignin by steam explosion was studied to better understand the effect of
steam explosion conditions on bonding mechanisms of lignin containing fibers. Based on 2D 1H-13C HSQC
NMR results given in Table 1, the main lignin substructure present in all the steam exploded lignin samples was
the β–O–4´ alkyl aryl ether. It accounts for up to nearly 80% of all inter-unit linkages in 1 min steam exploded
wood lignin, while condensed linkages (β–β´ resinols, β–5´ phenylcoumarans and β–1´ spirodienones) were
present in lower amounts. Interestingly, the 2D-NMR data also indicated that the steam exploded grey alder
lignins showed a drastic decrease in the content of lignin substructures, particularly β-O-4 linkages, with
increasing steam explosion time. Compared to the hardwoods, the steam explosion had more drastic effect on
wheat straw in the same conditions.
The cleavage of β-O-4 linkages during steam explosion pretreatment was accompanied with the formation of
new phenolic units (Table 2) and decrease of molar mass (Mw) (Table 3). However, at the same time, some
condensation of lignin occurred as well. As shown in the molar mass distributions (Figure 1), the decrease of
molar mass was mainly due to the degradation of high molecular weight lignin or lignin-carbohydrate complexes
(LCCs), whereas the molar mass of the main lignin fraction increased at the same time. Also the proportion of
condensed phenolic units (C+S) was increased (Table 2). It is thus evident that both lignin degradation and
condensation takes place during steam explosion.

Table 1. Content of most typical lignin inter-unit linkges per 100 C9 unit determined by 2D NMR.
Sample
β-O-4
β−β
β-5
β-1
SE-WS
SE-Birch
SE-GA-1
SE-GA-2
SE-GA-3

7.9
22.3
24.5
12.5
4.6

3.3
4.7
2.4
2.4
1.4

0.8
1.6
3.9
3.4
1.9

0.3
0.3
0.1

Table 2. The lignin functionalities determined by 31P NMR (mmol/g lignin, calculated according to the lignin
content of the samples).
Sample
Aliph
C + S,
G,
Catechol,
p-OH,
Phenolic
Total
COOH
mmol/g
mmol/g
mmol/g
mmol/g
mmol/g
OH,
OH,
OH,
mmol/g
mmol/g
mmol/g
1,4
1,0
0,9
0,0
0,2
2,1
3,5
0,5
SE-WS
2,4
1,9
0,5
0,0
0,0
2,4
4,7
0,3
SE-Birch
3,1
1,7
0,6
0,3
0,2
2,7
5,8
0,2
SE-GA-1
2,1
1,9
0,6
0,2
0,2
2,9
5,0
0,3
SE-GA-2
1,4
2,3
0,7
0,3
0,2
3,5
4,9
0,3
SE-GA-3
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The glass transition temperatures detected after second heating cycle (Table 3) were higher than after the first
heating, which indicates that some condensation reactions most likely takes place during thermal processing of
steam exploded lignins. Also here, the prolonged steam explosion slightly increased the tendency for thermally
induced condensation. Formation of the new phenolic units during steam explosion, and the enhanced tendency
to condensate during thermal processing most likely contribute to the higher bonding ability of steam exploded
fibers in self-binding fiber boards.
Table 3. The average molar masses (Mn, Mw, PD) and the glass transitions of first and second heating (Tg1st,
Tg2nd).
Molar mass
Glass transition
Sample
Mn,
Mw,
PD
Tg
Tg
g/mol
g/mol
1st
2nd
2800
7000
2.5
160.6
186.4
SE-WS
2200
5200
2.4
153.5
162.6
SE-Birch
2300
5200
2.3
150.3
165.4
SE-GA-1
2400
5000
2.1
154.2
166.4
SE-GA-2
2500
4800
1.9
150.5
168.5
SE-GA-3

SE-GA 1 min
SE-GA 2 min
SE-GA 3 min

1.2

dwt/d(logM)

1.0

Condensation

0.8

0.6

0.4

Degradation
0.2

0.0
2.4

2.6

2.8

3.0

3.2

3.4

3.6

3.8

4.0

4.2

4.4

4.6

4.8

5.0

5.2

Slice Log MW

Figure 1. The molar mass distributions of the SE-GA lignins after variable steam explosion times of 1-3 min.

IV. CONCLUSIONS
In all the steam exploded lignin samples, the main lignin substructure present was the β–O–4´ alkyl aryl ether
that accounts for up to nearly 80% of all inter-unit linkages in 1 min steam exploded wood lignin. Interestingly,
the steam exploded grey alder lignins showed a drastic decrease in the content of β-O-4 linkages with increasing
steam explosion time, which was accompanied with the formation of new phenolic units and decrease of molar
mass. However, at the same time, some condensation of lignin occurred as well. After steam explosion, the
lignin was also more prone to thermally induced condensation reactions. Both the formation of the new phenolic
groups during steam explosion, and the enhanced tendency to condensate during thermal processing most likely
contribute to the higher bonding ability of steam exploded fibers when manufacturing self-binding fiber boards.
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ABSTRACT
The structure of the lignins of sugarcane bagasse and straw was investigated. The lignins were characterized both
in situ and in isolated preparations (Milled-Wood Lignin, MWL, and Cellulolytic Lignin, CEL) by Py-GC/MS
and 2D-NMR. It was concluded that they are p-hydroxyphenyl-guaiacyl-syringyl lignins with associated pcoumarates and ferulates. 2D-NMR indicated that the main substructures present are β–O–4´-ethers, followed by
β–5´ phenylcoumarans and with lower amounts of β–β´ resinols and β–1´ spirodienones.
I. INTRODUCTION
Sugarcane bagasse and straw are wastes from the process of sugar extraction, and are abundant and low-cost
materials of the alcohol and sugar industries. Sugarcane bagasse and straw are composed of cellulose (ca. 41%),
hemicelluloses (ca. 39%) and lignin (19-21%), with high amounts of extractives (2.4-4.8%) and ash (ca. 5%),
and are attractive feedstocks to produce second–generation bioethanol and other value-added products in the
context of the lignocellulosic biorefinery. The conversion of lignocellulosic biomass to bioethanol involves
saccharification of carbohydrates to fermentable reducing sugars and then fermentation of these free sugars to
ethanol. However, the presence of lignin limits the accessibility of enzymes to cellulose, thus reducing the
efficiency of the hydrolysis. Pretreatment of lignocellulosic materials to remove or modify the lignin is therefore
needed to enhance the hydrolysis of carbohydrates. The efficiency of pretreatment methods is highly dependent
on the lignin structure, and hence the knowledge of the structure of the lignin polymer in sugarcane bagasse and
straw is important to develop appropriate pretreatment methods for lignin modification and/or removal.
In this paper, we report the structural characteristics of the lignins in sugarcane bagasse and straw by analytical
pyrolysis (Py-GC/MS) and 2D-NMR. The knowledge of the composition and structure of the lignin of sugarcane
will help to maximize the exploitation of these important agroindustrial as a feedstocks for biofuels and other
biorefinery products.
II. EXPERIMENTAL
Samples
Sugarcane bagasse and straw were supplied by the University of Viçosa (MG, Brazil). Klason lignin content was
estimated as the residue after sulphuric acid hydrolysis according to the TAPPI method T222 om-8. The acidsoluble lignin was determined, after the insoluble lignin was filtered off, by UV-spectroscopic determination at
205 nm wavelength using 110 L cm-1 g-1 as the extinction coefficient (TAPPI method UM 250).
Isolation of 'Milled-Wood' Lignin (MWL) and Cellulolytic lignin (CEL)
'Milled-wood′ lignin (MWL) was extracted from finely ball-milled (50 h) plant material, free of extractives and
hot water soluble material, using dioxane-water (9:1, v/v), followed by evaporation of the solvent, and purified
as described [1]. The final yields ranged from 5-15%. Cellulolytic lignin (CEL) preparations were isolated by
enzymatically saccharifying polysaccharides as described [2]. Cellulysin cellulase (Calbiochem), from
Trichoderma viride was used. The final yields were higher than 90%.
Analytical pyrolysis
Pyrolysis (ca. 100 μg) was performed with a 3030 micro-furnace pyrolyzer (Frontier Labs) connected to an
Agilent 7820A GC using a DB-1701 capillary column (60 m x 0.25 mm i.d., 0.25 μm film thickness) and an
Agilent 5975 mass selective detector. The pyrolysis was performed at 500 ºC. The oven was programmed from
45 ºC (4 min) to 280 ºC (10 min) at 4 ºC min-1. Helium was the carrier gas (1 mL min-1).
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III. RESULTS AND DISCUSSION
The abundance of the main constituents (water solubles, acetone extractives, Klason lignin, acid-soluble lignin,
holocellulose, α-cellulose, and ash) of sugarcane bagasse and straw are shown in Table 1.

Table 1. Abundance of the main constituents (% dry-weight) of sugarcane bagasse and straw.
Sugarcane bagasse
1.4 ± 0.2
0.8 ± 0.1
17.8 ± 0.6
2.2 ± 0.2
75.8 ± 0.5 (40.1 ± 0.2)
2.0 ± 0.1

Water soluble extractives
Acetone extractives lipids
Klason lignin
Acid-soluble lignin
Holocellulose (α-cellulose)
Ash

Sugarcane straw
2.2 ± 0.2
1.3 ± 0.1
17.0 ± 0.2
1.9 ± 0.2
72.9 ± 0.7 (37.9 ± 0.3)
4.7 ± 0.5

MWL and CEL preparations were isolated from sugarcane bagasse and straw according to traditional lignin
isolation procedures [1,2], and were subsequently analyzed by Py-GC/MS and 2D-NMR. The pyrograms of
sugarcane basse and straw, and of their corresponding MWL and CEL preparations are shown in Figure 1. The
identities and relative molar abundances of the released compounds are listed in Table 2.
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Figure 1. Py-GC/MS of sugarcane bagasse and straw (whole cell-walls), and their isolated MWL and CEL
lignin preparations. The identities and relative abundances of the released compounds are listed in Table 2.
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Table 2. Identities and relative molar abundances of the compounds released after Py-GC/MS of
sugarcane bagasse and straw (whole cell walls) and their isolated MWL and CEL preparations.
Sugarcane bagasse
Sugarcane straw
Compounds
CW
MWL
CEL
CW
MWL
CEL
1 phenol
2.46
2.67
4.12
3.06
3.05
10.17
2 guaiacol
2.54
2.18
3.55
3.87
8.03
13.59
3 3-methylphenol
1.05
0.66
0.97
1.06
0.83
3.32
4 4-methylphenol
2.49
4.21
2.84
3.10
4.38
2.91
5 4-methylguaiacol
2.33
2.98
1.70
4.00
8.87
1.36
6 4-ethylphenol
1.48
3.67
3.97
2.14
2.87
4.38
7 4-ethylguaiacol
0.83
0.99
1.44
1.75
2.80
3.44
8 4-vinylguaiacol
10.99
3.30
7.09 16.97
8.72
9.09
9 4-vinylphenol
53.27
41.72 47.40 43.85
29.98
31.30
10 eugenol
0.42
0.35
0.49
0.78
0.77
0.59
11 syringol
3.13
4.17
5.47
2.08
4.26
7.74
12 cis-isoeugenol
0.27
0.35
0.37
0.46
0.73
0.55
13 trans 4-propenylphenol
0.46
1.02
0.65
0.48
0.81
0.29
14 trans-isoeugenol
1.75
1.55
2.12
3.13
3.03
2.61
15 4-methylsyringol
2.39
5.10
1.93
1.70
3.49
0.72
16 vanillin
2.36
1.88
1.34
2.58
2.52
0.91
17 propynylguaiacol
0.17
0.36
0.13
0.21
0.26
0.09
18 propynylguaiacol
0.27
0.51
0.15
0.29
0.55
0.08
19 4-ethylsyringol
0.48
1.24
1.08
0.31
0.91
1.05
20 vanillic acid methyl ester
0.00
0.25
0.09
0.00
0.44
0.00
21 acetovanillone
0.48
0.89
0.54
0.76
1.28
0.42
22 4-hydroxybenzaldehyde
0.00
1.35
0.67
0.00
0.30
0.00
23 4-vinylsyringol
2.97
3.97
3.08
1.92
2.52
1.65
24 guaiacylacetone
0.24
0.21
0.22
0.55
0.83
0.49
25 4-allylsyringol
0.87
1.06
1.06
0.57
0.67
0.48
26 cis-4-propenylsyringol
0.51
0.81
0.66
0.30
0.58
0.27
27 propinylsyringol
0.00
0.29
0.44
0.45
0.05
0.07
28 propinylsyringol
0.00
0.30
0.18
0.15
0.03
0.06
29 trans-4-propenylsyringol
3.19
3.22
3.28
2.00
2.08
1.56
30 syringaldehyde
0.62
3.20
0.78
0.00
1.26
0.14
31 syringic acid methyl ester
0.12
0.27
0.11
0.08
0.11
0.00
32 acetosyringone
0.65
1.82
0.72
0.36
1.37
0.30
33 syringylacetone
0.62
1.21
0.39
0.40
0.93
0.22
34 propiosyringone
0.19
0.45
0.17
0.10
0.34
0.06
35 syringyl vinyl ketone
0.19
0.28
0.35
0.25
0.15
0.09
36 trans-coniferaldehyde
0.21
1.26
0.43
0.28
0.22
0.00
37 trans-sinapaldehyde
0.00
0.27
0.00
0.00
0.00
0.00
S/Ga
1.1
1.7
1.3
0.5
0.5
0.5
a
All G- and S-derived peaks were used for the estimation of the S/G ratio, except 4-vinylguaiacol (which also
arises from ferulates), and the analogous 4-vinylsyringol.

Pyrolysis of the whole cell-walls of sugarcane bagasse and straw released compounds from carbohydrate and
lignin moieties, as well as from p-hydroxycinnamates. Among the lignin derived phenols, the pyrograms showed
compounds derived from p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) lignin units as well as from the
cinnamic acid esters in the wall. The most prominent cinnamate or lignin-derived compounds released were 4vinylguaiacol (8) and 4-vinylphenol (9) with important amounts of other lignin-derived compounds such as
phenol (1), guaiacol (2), 4-methylguaiacol (5), syringol (11), 4-methylsyringol (15) and 4-vinylsyringol (23).
However, the high amounts of 4-vinylphenol released upon pyrolysis is mostly due to the presence of pcoumarates which decarboxylates efficiently under pyrolytic conditions [3–6]. Similarly, 4-vinylguaiacol, which
is present in high abundance among the pyrolysis products of the whole cell-walls, also arises from ferulates
after decarboxylation upon pyrolysis.
Pyrolysis of the MWL and CEL preparations released a similar distribution of cinnamate- and lignin-derived
compounds as from their respective whole cell-walls, except for the much lower relative abundance of 4vinylguaiacol (8). The most prominent compound in the pyrograms of the MWL and CEL preparations was still
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4-vinylphenol (9), derived largely from the p-coumarate esters acylating lignin sidechains, and as also occurred
in the pyrolysis of their whole cell-walls. The presence of p-hydroxycinnamates in the whole cell walls, as well
as in the isolated lignins, however, could be addressed by pyrolysis in the presence of a methylating agent,
tetramethylammonium hydroxide (data not shown). The relative abundances of p-hydroxycinnamates (pcoumarate/ferulate ratio) present in the whole cell-walls and in their isolated lignins revealed that ferulate is
mostly attached to the carbohydrates while p-coumarate is primarily attached to the lignin polymer, as occur in
other grasses [5,6].
It is obvious then that these vinyl compounds cannot be used for the estimation of the lignin H:G:S composition
upon Py-GC/MS, as the major part of them do not arise from the core lignin structural units but from phydroxycinnamates. A rough estimation of the S/G ratio of the lignins in sugarcane bagasse and straw and their
isolated MWL and CEL lignins was, however, performed by ignoring 4-vinylguaiacol (and the analogous 4vinylsyringol), and revealed that sugarcane bagasse lignin is enriched in S-lignin units (S/G of 1.1–1.7) whereas
the lignin from sugarcane straw is enriched in G-lignin units (S/G of 0.5) (Table 2).
Additonal analysis by 2D-NMR revealed that the main lignin substructures present were β–O–4′ aryl ethers
followed by smaller amounts of phenylcoumarans, resinols and spirodienones. The S/G ratios obtained by 2DNMR closely matched those determined by Py-GC/MS, indicating a predominance of S-lignin units in sugarcane
bagasse lignin and a predominance of G-lignin units in sugarcane straw lignin. The spectra indicated that pcoumarates are acylating the γ-position of the lignin side-chains, as also occurs in other grasses [5–7]. The
spectra also revealed that the flavone tricin was incorporated into the structure of these lignins, as also occurred
in other grasses [5,6].
IV. CONCLUSIONS
Analysis of sugarcane bagasse and straw and their isolated MWL and CEL lignin preparations indicated that
they are H-G-S lignins with some amounts of associated p-coumarates (acylating the γ-position of the lignin
moiety) and ferulates (associated to the carbohydrates). Whereas the lignin in sugarcane bagasse is more
enriched in S-lignin units, the lignin from sugarcane straw is enriched in G-lignin units. The main lignin interunit linkages present were the β–O–4′ aryl ethers, followed by phenylcoumarans, resinols and spirodienones.
The flavone tricin was also found to be incorporated into these lignins, as also occurs in other grasses.
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ABSTRACT
In present work, cellulose derivatives were used as the green reducing and stabilizing agent for preparation of
gold nanoparticles (AuNPs). First, a pH-sensitive gold nanoparticles cysteamine/carboxymethyl cellulose
(AuNPs-CA/CMC) dispersion system was prepared by a simple approach. Gold nanoparticles (AuNPs) were
firstly synthesized by directly reducing chloroauric acid (HAuCl4) with sodium carboxymethyl cellulose (CMC).
Then the AuNPs were decorated by an electrostatic compound of cysteamine hydrochloride (CA) and sodium
carboxymethyl cellulose (CMC) through ligand exchange to get the assembly of AuNPs-CA/CMC. The AuNPsCA/CMC dispersion system exhibits strongly reversible pH-responsive behavior with the aggregation of the
AuNPs caused by the combined action of the chain conformation change of CMC and electrostatic interactions
between CA and CMC at different pH value. In order to avoid using CA for stabilizing AuNPs, amidoxime
functionalized cellulose (AOFC) was synthesized and used for the preparation of AuNPs. It was found that
AOFC can be used as both reducing agent and stabilizer for preparing gold nanoparticles (AuNPs). The AOFC
stabilized AuNPs have the excellent stability in whole pH range, which may have the promising applications in
the fields of catalyst, biotechnology and medicine.

I. INTRODUCTION
Cellulose is one of the oldest natural polymers and is the most abundant biomass in nature. It is renewable,
biodegradable, biocompatible, and can be converted into various derivatives for versatile applications.[1] Gold
nanoparticles (AuNPs) have attracted increasing interesting in the last decades due to their unique
physicochemical properties and have the potential applications in optoelectronics, sensors, catalysis
biotechnology, and medicine.[2-3]. The popular methods for preparation of AuNPs are generally based on the
reduction of Au(III) derivatives using citrate or toxic compounds such as sodium borohydride (NaBH4) and
hydroxylamine hydrochloride.[4-6] Moreover, further stabilization or functionalization using ligands is generally
needed for the stabilization of AuNPs prepared via the above mentioned methods.[5-7] In this work, cellulose
derivatives were used as both the reducer and stabilizer for preparing AuNPs in aqueous media. The present
work provides a “green” approach for preparing AuNPs with good stability.

II. EXPERIMENTAL
Materials
Hydrogen tetrachloroaurate tetrahydrate (HAuCl4·4H2O) (Shenyang Jinke Reagent Plant, China), sodium
carboxymethylcellulose (CMC, DS = 1.2, Mw = 2.5 × 105 g/mol) (Acros Organics) and cysteamine hydrochloride
(CA, Alfa Aesar) were used as received. Aidoxime functionalized cellulose (AOFC) was synthesized in the lab
and the details are shown in elsewhere.[3]
Preparation and Fabrication of Au-CA/CMC
Typically, 600 L of 0.05 M HAuCl4 aqueous solution was added to 200 mL 0.2 wt.% CMC aqueous solution in
a reaction vessel followed by constant stirring. The mixture was kept at 110 °C for 12 h to obtain colloidal
AuNPs stabilized by CMC (Au/CMC). The obtained colloidal solution was used for characterization without
further treatment. To the above obtained Au/CMC solutions, 5 mg/mL CA aqueous solution was added. The
final concentration of CA in the mixture was kept at about 8.6×10–3 mg/mL. The mixture solution was further
stirred at room temperature for 2 days at room temperature to get the dispersion of Au-CA/CMC assembly.
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Preparation of AOFC-stabilized gold nanoparticles
HAuCl4 aqueous solution (0.05M, 100 μL) was added to 50 mL of AOFC aqueous solution (0.5 wt.%) in a
reaction vessel, followed by constant stirring. The mixture was kept at desired temperature for 30 min to obtain
colloidal gold nanoparticles stabilized by AOFC (AuNPs/AOFC). The obtained colloidal solution was used for
characterization without further treatment.
Characterization
The pH value of the samples was adjusted by HCl and NaOH aqueous solutions and measured by a Shanghai
Leici digital pHS-2F acidic meter. The UV-vis spectroscopy measurements were performed on a Shimadzu UV1601PC spectrophotometer. The morphology of AuNPs and their hybrids were observed by a Hitachi H-800
transmission electron microscope (TEM) operated at 100KeV and a JEOL FS-2200 high-resolution transmission
electron microscope (HRTEM) operated at 200 KeV. The samples for TEM and HRTEM observation were
prepared by dropping the colloidal solution to the carbon coated copper grid and drying in air.

III. RESULTS AND DISCUSSION
When CMC reacted with HAuCl4 at 110 °C for 12 h, the nearly colorless original solution turns into pink and
finally bright ruby red. Figure 1a shows HRTEM images of the obtained AuNPs. Dispersed spherical AuNPs
with fairly uniform size, about 20 nm in diameter, were obtained and the wavelength of surface plasmon
resonance (SPR) absorbance appears at 521 nm on the UV-vis spectra (Figure 1b, solid line). This phenomenon
demonstrates that the CMC served as both reducing agent for gold ions and stabilizer for AuNPs. When suitable
amount of CA, e.g. 8.6×10–3 mg/mL, was added to Au/CMC solution the mercapto group (-SH) would anchor on
the surface of AuNPs instead of carboxylic groups by the ligand exchange. Meanwhile, the ammonium ions (–
NH3+) on CA molecules have electrostatic interactions with carboxylic ions (–COO–) of CMC. The wavelength
of surface plasmon resonance (SPR) absorbance of the AuNPs shifts slightly from 521 nm to 522nm (Figure 1b).
The red shift maybe attributes to the changes of the AuNPs surface surrounding by the bounding of -SH group.
The initial pH value of Au-CA/CMC solution is 6.4 and the solution shows a bright ruby red color. When pH of
Au-CA/CMC solution was adjusted, the color of the solution changes accordingly. The original ruby red color
turns into violet in a narrow pH range of 2.6 – 2.1 and blue at pH < 2.1 (Figure 2, insert). The color change of the
AuNPs dispersion is reversible. When the pH value of the AuNPs dispersion was adjusted from 1.5 back to 6.4,
the color recovered to red. The SPR peak position changes from 520 nm at pH 6.4 to 598 nm at pH 1.5 to exhibit
a critical point at about pH 2.6. When the pH value of the system decreased from 6.4 to 2.6, the SPR band of
AuNPs shifted slightly from 520 nm to 526 nm. When the pH value is below 2.6, the SPR band is broadened and
red shifted sharply from 527 nm to 598 nm. This process is reversible and the SPR band of the AuNPs gradually
recovered to its initial position by adjusting pH value from 1.5 to 6.4 (Figure 2). This phenomenon of the system
can be used for the colorimetric detection of amino acid.[8]
CMC can be used as both the reducing and stabilization agent for the preparation AuNPs. However, stabilizer
such as CA is still needed for further stabilizing the AuNPs at different pH. Figure 3 shows the UV-vis spectra
and the changes of the color of the reaction mixture during the preparation of the AuNPs using AOFC with DSAO
of 2.39. DSAO is defined as the substitution degree of amidoxime groups per glucose ring of AOFC. The results
show that the peak position of the UV-vis spectra remains unchanged during the procedure of the reaction
(Figure 3a). However, the absorbance intensity of the peak increases with reaction time (Figure 3b) and the color
of the reaction mixture was also changed from clear colorlessness to pink and then to ruby. The absorbance
intensity of the peak reaches it maximum at about 210 min in the reaction conditions indicated, which suggest
the finish of the reaction.
The stability of the Figure 3c shows the UV-vis spectra and the color of the AOFC stabilized AuNPs colloid
solutions. The results indicate that the UV-vis spectra, as well as the color, of the AOFC stabilized AuNPs
colloid solution remain unchanged at pH values in the range of 0.38-13.42, which confirm that the AOFC
stabilized AuNPs colloid solutions have super stability in both acid and basic conditions. It has been reported
that the adsorption of metal ions of amidoxime groups is generally carried out at low pH range (2-6.5), in which
the amidoxime group has strong affinity with metal ions and prevent the precipitation of the metal ions.30 The
adsorbed metal ions is generally regenerated by eluting with acid solution such as 1-4 M HCl. At a pH above 7,
the de-protonated amidoxime groups have an even stronger interaction with AuNPs. Moreover, AOFC could
remain its hydrophilicity due to the abundant remaining hydroxyl groups of the cellulose chains. The AOFC
stabilized AuNPs the promising applications in the field of catalyst, biotechnology and medicine that can work
in a wide pH range.
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Figure 1. (a) HRTEM of AuNPs dispersed in CMC solution (AuNPs/CMC) and (b) UV-vis spectra of
AuNPs/CMC and AuNPs-CA/CMC.
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Figure 3. UV-vis spectra (a) and the peak intensity (b) of the aqueous reaction solution with HAuCl4 (10−4 M)
and AOFC (0.2 wt.%) as a function of reaction time at 80°C. The photos show the changes of the color of the
reaction solution at the reaction time indicated. (c) Photos and UV-vis spectra of AuNPs/ AOFC (DSAO=2.39)
colloid solution at pH that indicated.
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IV. CONCLUSIONS
Cellulose derivatives, CMC and AOFC, have been successfully used as the green reducing and stabilizing agent
for preparation of AuNPs. In case of using CMC, AuNPs were prepared by directly reducing HAuCl4 with CMC
and stabilized in aqueous media. The AuNPs were further stabilized by assembling with CA to result pHsensitive AuNPs-CA/CMC. The AuNPs-CA/CMC dispersion system exhibits strongly reversible pH-responsive
behavior with the aggregation of the AuNPs caused by the combined action of the chain conformation change of
CMC and electrostatic interactions between CA and CMC at different pH value. In order to avoid using CA for
stabilizing AuNPs, amidoxime functionalized cellulose (AOFC) was synthesized and used for the preparation of
AuNPs. It was found that AOFC can be used as both reducing agent and stabilizer for preparing AuNPs. The
AOFC stabilized AuNPs have the excellent stability in whole pH range, which may have the promising
applications in the fields of catalyst, biotechnology and medicine.
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ABSTRACT
The main source of cellulose has always been wood from trees and other vascular plants. The cellulose obtained
from these sources is associated with other natural polymers, mainly lignin. Algae can be considered as an
alternative source of cellulose to traditional raw materials. One of the principal problems regarding the
conventional extraction of cellulose is the removal of lignin. The lignin content in the algae cell wall is so low
that there are not problems associated with lignin removal. This study aims to evaluate the potential of two of the
most important bloom forming kinds of algae, Ulva sp. and Cladophora sp., as a raw material for papermaking.
The amount of solvent-substances, lignin and holocellulose in dried algae pulp is estimated. The results show
that the studied algae have low lignin-like compounds and solvent-soluble substances content, which supposes
an enormous advantage over the current cellulose extraction methods as it eliminates the need of pre-treatment,
cooking and bleaching stages. Therefore, the application of extremely toxics reagents used nowadays is not
necessary. The holocellulose content obtained in this study ranged from 47 to 54%, lower than that of wood or
herbaceous species.
The algae genus presented in this work stand as a proper source of reinforcing fibers for papermaking purposes.
Also, represent an excellent opportunity to valorize tidal wastes obtained from bloom episodes.

I. INTRODUCTION
Eutrophication is a natural process which causes an excessive algal growth [1]. The current problem is that, due
to the increase of pollution, temperature and organic effluents, eutrophication is reaching disproportionate rates
[2]. This massive growth affects the dynamics of nutrients and resources, compromising the ecosystem balance
[3]. Furthermore, enormous amounts of these algae get accumulated in the beach, increasing bacterial and
insect’s growth [4] and causing problems to the beach users [5]. The withdrawal and storage of these tidal
residues are raising the volume of wastes and the costs of waste management. During the last summers, the
amount of algal wastes collected was up to 3.000 tonnes, only in one province of Spain [6] Algae used in this
paper belong to the genus Ulva and Cladophora, two of the most bloom forming genus worldwide [7-8].
To solve this problem, many works using algae from blooms have been published over the last years. They have
been used as a fertilizer in composting process [9], in wastewater treatment [10], anaerobic digestion [11],
ethanol fermentation [12] construction materials [13] or filter membranes [14], among others.
The great availability of a feedstock with a photosynthetic efficiency around six times higher than terrestrial
biomass [15], made seaweed a raw material with three times more energetic potential than the whole terrestrial
biomass [16]. Among the algae structural characteristics, their most striking quality for papermaking is their
almost lack of lignin [17], as the removal of lignin generates most of the polluting effluents, and a huge energetic
cost in pulp production. Also it is always necessary further steps of bleaching to eliminate lignin rest [18].
There are few references of paper from algae [19-22], and all of them show the benefits arising from the lack of
pulping and bleaching stages. Nevertheless, technologic uses of algae are still in their early stages and needs
preliminary studies in order to determinate the useful characteristics of algae for their potential applications.
In this work, we evaluate the characteristics of dried pasta of Ulva sp and Cladophora sp as a pulp for
papermaking, in a way to convert tidal wastes into high-added value products and, at the same time, to minimize
the environmental impact and the tree felling generated by the current papermaking processes.
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II. EXPERIMENTAL
Algae collection
All the specimens used in this study were collected from tidal wastes after episodes of natural blooms in “La
Cachucha” beach, Puerto Real (Spain), during the month of March 2013. Seaweeds were identified according to
Cabioc´h et al [23] as Ulva sp. and Cladophora sp. The seaweeds were freed from attached impurities, washed
thoroughly with water and dried at 40°C for three days.
In order to characterise the algae potential as paper pulp, the chemical pulp characterization essays and the
holocellulose content were carried out.
Soluble extractives
To determinate the amount of non-volatile substances. TAPPI T204 [24] was followed.
Lignin content
The method used to determinate the percentage of lignin in the samples was TAPPI T222 [24].
Holocellulose content
Holocellulose content was measured by Wise´s method [25], which includes the alpha- and hemi-cellulose
content in the algal dried pulp.
III. RESULTS AND DISCUSSION
Soluble extractives
Algae have a considerable amount of oils and pigments, substances all included on the non-volatile material
measured by this essay. Table 1 shows a comparative between the results obtained from the studied algae and
other materials used for pulp production.
Table 1.Percentages of solvent –extractives, lignin and hollocelulose in several materials used for paper making
Species

% EEB

% E1

% LIG

% HOLOCEL

Ulva sp

2.00

98.00

3.27

46,89

Cladophora sp

0.90

99.12

4.17

53,81

Agricultural remains

10.40-0.60[26]

Alternative vegetables

7.30-2.20[26]

13-24[30]

60[32]

Conifers and hardwoods

2.60- 1.20[26]

25-33[29]

70[31]

Both of the studied algae present a low content of non-volatiles; 2% for Ulva and 0, 9% for Cladophora sp. The
percentages found in other materials range from 2 %, in woody plants, to 10%, in olive pruning [26].The best
candidate for paper-pulp production seems to be Cladophora sp, as it contains less extractives. However, Ulva
sp presents a percentage of extractives that is accepted for hardwoods and even lower than those of alternative
materials. The great amount of chlorophyll in these algae, 21.21mg/g DW in Ulva species [27] and 15-10mg/g
DW in Cladophora species [28] suggests that the most abundant extractive is chlorophyll and a mild pretreatment with ethanol or another polar-solvent can be used to avoid a possible colour on the final product.
Lignin-like compounds content
The lignin-like compounds measured were around 3% in Ulva sp and 4% in Cladophora sp., considerably lower
than lignin content obtained for wood species [29], and herbaceous plants [30]. Table 1 shows the percentage of
lignin in Cladophora sp, Ulva sp and other materials.
Holocellulose content
The analysed species have an average holocellulose content of 50.35%. Table 1 shows a comparison of the
obtained results.
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The holocellulose content of the studied macroalgae is lower than the percentage found in hardwoods and other
plant species used in papermaking. However, in traditional species a large part of the cellulose is tightly linked to
lignin, as hemicellulose. In the case of woody species, the α-cellulose percentage is 56 to 55% [31], and for
herbaceous species it changes from 35 to 47%,[32] the rest is hemicellulose. The used method usually shows
high values because a high proportion of hemicellulose remains attached to lignin, thus the calculated residue
contains lignin remainders. As algae have remarkably less lignin than terrestrial plants, it is expected to measure
a lower value in the first ones.

IV. CONCLUSIONS
Algae analysed in this study represent a raw material that could be used for papermaking. Although
holocellulose content is lower than that of vascular plants, it is high enough to be interesting for the
manufacturing of fibre-based products. The amount of soluble extractives was found to be similar than
traditional feedstock.
Based on the low amount of lignin-like components, we conclude that it can be made algal pulp for paper
production without any pre-treatment or aggressive reagent to remove lignin.
As the cellulose content could be insufficient, we suggests that this pulp could be better used as reinforcing
fibres in paper-making, supporting the traditional or recycled pulp.
On the other hand, the possibility to create a market based on this kind of resources, symbolize an excellent
outputting to tidal wastes, as the algal species treated in this document have been reported as two of the most
problematic genus in bloom-forming.
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ABSTRACT
Tectona grandis trees with 70-years of age were collected in East Timor. The heartwood and sapwood were
characterized by analytical pyrolysis (Py-GC-MS/FID). Heartwood and sapwood presented similar lignin content
(37.3% vs. 35.4%). Regarding lignin composition both presented a high values for guaiacyl-units (in average
20.3%), while syringyl-units represented 16.4% in heartwood and 14.4% of total area in sapwood. The phydroxyphenyl-units only amounted to 0.7%. Teakwood is characterized by a GS type of lignin, with a S/G ratio
of 0.8. The major lignin derivative compounds found in the pyrograms were: 4-vinylsyringol, trans-coniferyl
alcohol, coniferaldehyde, 4-vinylguaiacol, 4-methylguaiacol, vanillin, and sinapinaldehyde, with respectively,
6.6%, 4.5%, 2.0%, 1.6%, 1.6%, 1.5% and 1.2%. The high content of lignin and its composition, with a
predominance of guaiacyl-units, leading to a lignin with a more condensed structure, may explain the wood
stiffness and resistance to biological attack.

I. INTRODUCTION
Lignin, the second major compound in lignocellulosic materials, gives stiffness and mechanical resistance to the
cellular matrix, as discussed by Koehler and Telewski [1], and is though to contribute to biological resistance.
The lignin in hardwoods represents 18% to 30% of the wood [2]. In Tectona grandis, a species with particularly
durable wood, the lignin content is comparatively high, representing 32.5% [3], and 33.6% [4] of oven dry
wood. The lignin content and composition could explain the high durability of the teak wood. However few
studies are focused on the identification of lignin in teak wood [5,6]. In teakwood, besides the lignin, extractives
are also present in high amounts (from 8.5% to 10.0%) [4,3], particularly in heartwood.
Teak is highly appreciated for a wide range of noble end uses (carpentry, boat construction or outdoor
equipment) [7]. In particular heartwood is very appreciated due to its esthetic characteristics and durability, as
discussed by Moya et al. [8]. Besides, the noble wood uses, an additional added-value could be achieved from
the teakwood processing residues by using their chemical value. In fact, extractives are used for a wide range of
bioproducts, from antioxidants and compounds with antitumor activity; while lignin is used for the production of
polymers, resins, adhesives [9]. In this perspective, an increased knowledge of the structural components of teak
is important as a background to this potential added-value as raw material.
In this paper, heartwood and sapwood of Tectona grandis were characterized by PY-GC/MS(FID) and the lignin
composition was studied.

II. EXPERIMENTAL
Samples
Three teak trees (Tectona grandis) were harvested with approximately 70 years of age from a pure teak stand in
East Timor, as described elsewhere [4]. A disc was cut at 1.3 m of the tree height, and heartwood and sapwood
were manually separated. Each was milled and sieved, and the 40-60 mesh fraction kept for analysis. The
samples were extracted, using a sequence of dichloromethane, ethanol and water during 24h each, previously to
the pyrolysis analysis.

Copia gratuita. Personal free copy

http://libros.csic.es

531

13th European Workshop on Lignocellulosics and Pulp

Pyrolysis
Analytical pyrolysis was performed using a CDS platinum coil Pyroprobe 2000 apparatus with a CDS 1500
valved interface. The sample (80 µm) was placed in a quartz boat and pyrolysed at 625 ºC for 10s with a
temperature rise time of ca. 20 ºC/ms (ramp-off) with the interface kept at 270 ºC. The pyrolysates were purged
from the pyrolysis interface into the gas chromatograph injector with a constant helium gas flow of 1.0 mL/min.
The pyrolyser was connected to a Thermo Finnigan GC equipped with a fused-silica capillary column DB-17HT
(30 m x 0.25 mm x 0.15 µm) from Agilent, and coupled with a Thermo Trace Ultra Polaris Ion Trap mass
spectrometer. The conditions for GC-MS/FID where: injector temperature: 240 ºC; FID detector: 250 ºC; column
temperature program: 50 ºC (2 min), 50-80 ºC (heating rate: 6 ºC/min), 80-150 ºC (heating rate: 4 ºC/min), 150220 ºC (heating rate: 5 ºC/min), 220-300 ºC (7 ºC/min), 300 ºC during 10 min. For mass spectra analysis,
electronic ionization at 70 eV, 220 ºC for ion source temperature and 0.3 mL of damping helium gas were used.
The lignin compounds were classified in S-, G- and H-lignin monomeric units and their proportions calculated as
well as the S/G ratio.

III. RESULTS AND DISCUSSION
The sapwood and heartwood chromatograms are presented in Figure 1. The peak assignment of the main lignin
derived compounds is shown in Table 1. Sapwood and heartwood presented no differences regarding peak
assignment, and minor differences were noticed at a quantitative level. In average, 72% of the total area was
identified; in the initial part of the chromatogram, the compounds are mainly carbohydrates derivatives, while
the lignin derivatives appear in the middle and the end of the chromatogram.

Figure 1. Py-GC/FID of sapwood and heartwood from teak; C – carbohydrates derivatives; Lignin derivatives: S
- syringyl units; G - guaiacyl units; UP – undetermined phenolic source.

Table 1. Main lignin derivatives compounds (% of total area) and their peak assignment.
Peak/Origin*

Name

Sapwood

Heartwood

4S

4-vinylsyringol

6.3%

6.9%

6G

trans-coniferyl alcohol

4.5%

4.4%

5G

coniferaldehyde

2.0%

2.0%

1G

4-methylguaiacol

1.6%

1.6%

2G

4-vinylguaiacol

1.6%

1.6%

3G

vanillin

1.5%

1.5%

7S

sinapinaldehyde

1.1%

1.3%

*S, syringyl-units; G, guaiacyl-units.
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The main lignin-derived compounds obtained were 4-vinylsyringol (6.6% of the total pyrolysis compounds),
trans-coniferyl alcohol (4.5%), followed by coniferaldehyde (2.0%), 4-vinylguaiacol (1.6%), 4-methylguaiacol
(1.6%), vanillin (1.5%) and sinapinaldehyde (1.2%), as described in Table 1. Compounds derived from H-units,
for example phenol, represented less than 0.1% of the total area. A group of compounds with a phenolic base
(designed by UP: e.g. methoxy-1,2-benzenediol, or 3,4-dimethoxystyrene) were also identified, and represented
almost 4% of the total area.

% of total area

The lignin content (in % of total area) and its monomeric composition are presented at Figure 2. Sapwood had a
total lignin content of 35.4%, and heartwood 37.3%. On average teakwood presented 36% of lignin, which is a
high value compared to other hardwoods, e.g. 24.0% in Quercus faginea [10]. The lignin content is an important
component for wood durability, since lignin protects wood against microbial degradation while the lignin
monomeric composition has a role in the wood mechanical resistance, as discussed by Koehler and Telewski [1].
In teak, the guaiacyl-units represented 20.4% of the total area, while the syringyl-units represented 14.4%, and
the p-hydroxyphenyl-units only 0.6%. These results show that teakwood has a GS type of lignin, with a S/G ratio
of 0.8. No differences were found between sapwood and heartwood. The high content in the guaiacyl-units is
indicative of a more condensed lignin (with more C-C inter-units linkages), thereby inducing an increase of
wood strength. This relation between lignin content and composition with the mechanical resistance has not been
referred in relation to teakwood.
40
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Total lignin
Total G
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Sapwood

Heartwood

Figure 2. Lignin values from sapwood and heartwood of Tectona grandis (% of total area of the chromatogram),
and its monomeric units (G, S and H).

IV. CONCLUSIONS
Sapwood and heartwood from teak had a high content of lignin that was characterized by a monomeric
composition of a GS type, where the G-unit predominates comparatively to S-units (S/G ratio of 0.8). Both the
lignin content and the predominance of guaiacyl-units compared to syringyl-units may explain the durability and
mechanical strength of teak wood.
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ABSTRACT
Four outstanding Cynara cardunculus L. plants were selected from two field experiments located in Sesimbra
(Portugal) and Alcalá de Henares (Spain), and used for vegetative propagation, producing four clones. In this
work, two plants from each clone were collected. The plant stalks were separated in depithed stalks (Stalks DP)
and pith (P) samples, for lignin characterization by Py-GC/MS(FID). The lignin derivative compounds with
more expression were: 4-vinylsyringol (with values from 1.8% to 5.7%), 4-propenylsyringol (1.7% to 2.5%),
syringol (0.63% to 1.9%), 4-methylguaiacol (0.56% to 1.7%), 4-vinylguaiacol (0.21% to 1.1%). The total lignin
represented in average 23.9% in depithed stalks, slightly higher than in the pith samples (21.8%). The syringylunits were predominating in both depithed stalks and pith, with average values of respectively, 12.6% and
13.9%. The depithed stalks samples presented more guaiacyl-units (11.1%), while in pith samples only 7.9% was
attained. The p-hydroxyphenyl units represented less than 2.0% in both. Overall, Cynara was characterized by an
SG type of lignin, where in average the S/G ratio was 1.3 and 2.1, respectively for depithed stalks and pith.

I. INTRODUCTION
Cardoon (Cynara cardunculus L.) is a Mediterranean herbaceous plant with high biomass production in dry and
hot environments. At the end of cycle, the biomass production varies from 14 to 20 t.ha -1 [1,2,3], thus it have
been considered a promising plant for industrial uses in Southern Europe.
Cynara cardunculus produces about 40% stalks, 25% leaves and 35% capitula [4], where the main advantage of
this crop is that at time of harvesting the plant is almost dry (10-15%), avoiding problems of conservation. The
stalks of cardoon presents a high content in ashes (5-11%), a total extractives of 13-21%, mainly ethanol (7.2%)
and water extracts (5.7%), a total lignin varying from 17.0 % to 20.3%, and 53 % of polysaccharides [5,6].
Cardoon has diverse traditional applications, as discussed by Fernández et al. [7]: in food chain (for cheese
making, soups and salads [8]), for pharmaceutical purposes [9], for energy production: by gasification,
combustion or pyrolysis [10,11]. Moreover, from the seeds can be produced oil, and subsequently, biodiesel
[12,13]. Other studies referred the ability of the aerial biomass to for the production of pulp and paper [14,15].
Besides, the crop has been studied regarding its phenotypic variability, mainly for either biomass production or
seed production [16].
The efficient conversion of the biomass to value-added materials and chemicals relies on the ability to
manipulate the chemistry of the raw materials. Thus, their chemical characterization, and the efficient
fractionation are fundamental steps to maximize their exploitation. For instance, the lignin is one of the main
compounds of the lignocellulosic material, but its isolation for posterior production of added-value materials has
been studied for other materials, except cardoon. In fact, the lignin content in Cynara could influence its diverse
uses, although as far as we known, this subject has never been explored. In order to overcome this, the lignin
composition in four clones of Cynara was characterized by Py-GC-MS/FID.
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II. EXPERIMENTAL
Samples
Cynara cardunculus plants grown in the period 2006/07 in two different environments of Peninsula Iberia, were
selected for micropropagation. Four outstanding plants were selected from a field experiment in Sesimbra
(Portugal) and Alcalá de Henares (Spain) (2 plants per location). The selected plants were harvested, and the
stumps carefully removed from the soil and transported to a tissue culture laboratory in Madrid (Spain). The
vegetative propagation was performed in three phases: 1) plant multiplication from division of plant stumps; 2)
in-vitro culture of the meristematic tissues and 3) transfer of the offsprings to the soil. The field trial was
established in June 2008, and only during that summer was provided irrigation, maintained in dry conditions,
afterwards. At the end of the 4th growth cycle, the stalks of two plants per clone were separatedly collected for
this study. Plants 1 to 4 are from clones of Spanish plants, while the plants 5 to 8 from Portuguese plants. The
stalks of each plant were fractionated by hand in depithed stalks (Stalks DP) and pith (P). The samples were
milled and extracted before pyrolysis analysis.

Pyrolysis
Analytical pyrolysis was performed using a CDS platinum coil Pyroprobe 2000 apparatus with a CDS 1500
valved interface. The samples were weighed (80 µg) and placed in a quartz boat and pyrolysed at 625 ºC for 10s
with a temperature rise time of ca. 20 ºC/ms (ramp-off) with the interface kept at 270 ºC. The pyrolysates were
purged from the pyrolysis interface into the gas chromatograph injector with a constant helium gas flow of 1.0
mL/min. The pyrolyser was connected to a Thermo Finnigan GC equipped with a fused-silica capillary column
DB-17HT (30 m x 0.25 mm x 0.15 µm) from Agilent, and coupled with a Thermo Trace Ultra Polaris Ion Trap
mass spectrometer. The conditions for the GC-MS/FID analysis where: injector temperature (240 ºC); FID
detector (250 ºC). The column temperature program was: 50 ºC (2 min), 50-80 ºC (heating rate: 6 ºC/min), 80150 ºC (heating rate: 4 ºC/min), 150-220 ºC (heating rate: 5 ºC/min), 220-300 ºC (7 ºC/min), 300 ºC during 10
min. For mass spectra analysis the conditions used were: electronic ionization at 70 eV, 220 ºC for ion source
temperature and 0.3 mL of damping helium gas. The lignin derived compounds were classified in S-, G- and Hlignin monomeric units and their proportions calculated as well as the S/G ratio.

III. RESULTS AND DISCUSSION
Figure 1 represents the Py-GC-FID chromatograms of the clone 1, respectively depithed stalk (1Stalks DP) and
pith (1P), as an example of the chromatograms obtained. A total of 110 compounds were identified,
corresponding in average to 57% of the area identified. The lignin derived compounds represented from 18.2%
to 26.7% of the total area, while the carbohydrates varied from 25.4% to 35.4%.
The main lignin derivative compounds were 4-vinylsyringol (varying from 1.8% to 5.7%), 4-propenylsyringol
(1.7% to 2.5%), syringol (0.63% to 1.9%), 4-methylguaiacol (0.56% to 1.7%), 4-vinylguaiacol (0.21% to 1.1%).

Figure 1. Py-GC/FID of depithed stalks (Stalks DP) and pith (P) from Cynara plant 1.
The characterization of the depithed stalks (Stalks DP) and the pith (P) of the four Cynara clones by Py-GC-FID
are presented in Table 1. The depithed stalks (Stalks DP) presented in average 23.9% of lignin content, varying
from 22.2% to 26.7%, slightly higher than in the pith samples, which average was 21.8% (18.2% to 25.4%).
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The pith samples presented slightly higher values of syringyl-units (S), varying from 11.3% (plant 7) to 15.7%
(plant 2). Although, in averaged the difference between P and Stalks DP is small, respectively 13.9% and 12.6%.
On the contrary, the Stalks DP presented more guaiacyl-units (G), reaching 11.1% (plant 3) while the P samples
reached only 7.9% (plant 2). The p-hydroxyphenyl units (H) represented less than 2.0% of the total area,
meaning that, either, Stalks DP and P samples are characterized by a lignin of SG type. Overall, cardoon lignin
can be considered as a SG type, the same as in hardwoods, but different from Arundo donax, where the lignin is
HGS-type [17]. Since the P samples presented more S-units, the S/G ratio was slightly higher (from 1.9 to 2.8),
where the maximum and minimum values were attained in plant 8 and 7, respectively. The Stalks DP only
attained S/G ratios in between 1.2 to 1.5.
The difference of the lignin composition in the depithed stalks and pith samples is a result of their anatomical
features. The pith is mainly characterized by parenchyma cells, while the depithed stalks by vessels and fibers
[18], each presenting diverse lignin composition: the vessels are characterized by guaiacyl-units while fibres
present more syringyl-units [19].

Table 1. Characterization of the depithed stalks (Stalks DP) and the pith (P) of the Cynara plants by Py-GC-FID
(% of total area).
Stalks DP
5
6
7
8
Av ±STDEV
23.0
22.4
24.7
25.0
23.9±1.5
12.5
11.8
13.6
13.6
12.6±1.1
8.6
9.0
9.3
9.9
9.7±0.8
1.9
1.6
1.8
1.5
1.7±0.2
1.5
1.3
1.5
1.4
1.3±0.1
35.3
34.1
35.6
34.4
34.9±1.4
Pith
Total lignin
23.7
25.4
20.7
22.7
23.0
21.3
18.2
19.4
21.8±2.3
S
14.7
15.7
13.6
14.5
14.8
13.1
11.3
13.4
13.9±1.4
G
7.4
7.9
5.6
6.3
6.2
6.3
5.8
4.8
6.3±1.0
H
1.6
1.9
1.4
1.8
2.0
1.9
1.1
1.2
1.6±0.3
S/G
2.0
2.0
2.4
2.3
2.4
2.1
1.9
2.8
2.1±0.3
Total others*
29.7
28.2
35.4
36.3
29.8
34.6
37.7
35.1
33.7±4.0
* Sum of total undetermined phenolic compounds and total carbohydrates; S, syringyl; G, guiaicyl; H, hydroxyphenyl-units; Av,
average; STDEV, standard deviation.
Plant number
Total lignin
S
G
H
S/G
Total others*

1
23.2
11.7
9.6
1.9
1.2
36.3

2
22.2
10.9
9.4
1.9
1.2
36.8

3
26.7
14.1
11.1
1.5
1.3
32.3

4
24.4
12.3
10.4
1.6
1.2
34.5

IV. CONCLUSIONS
The Cynara plants were characterized by total lignin of 23.9% in the depithed stalks, and with 21.8% in the pith.
Both samples presented more syringyl-units comparatively to the guaiacyl-units, although the S-units
predominated in the pith. Cardoon was characterized by a SG type of lignin, differing from other herbaceous
which are usually characterized by a HGS-type of lignin.
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ABSTRACT
Bioconversion of lignocellulosic biomass into value-added products offers numerous geopolitical,
environmental, and strategic benefits. Lignocellulosic biomass is the most abundant renewable organic resources
(~200 billion tons annually) on earth that are readily available for conversion to value-added products (industrial
enzymes, organic acids, pharmaceuticals, commodity chemicals, and food/feed). Hakea sericea Schrader is an
invasive shrub in Portuguese forests. In a previous report of our team, it was made an exhaustive study of several
methanolic shrubs extracts, including the aerial parts of H. sericea. These extracts have demonstrated great
antioxidant, antimicrobial and antibiofilm properties. Moreover, the methanolic extract of H. sericea fruits
presented no toxicity towards NHDF cells, but for MCF-7 cells, this extract was able to decrease mitochondrial
dehydrogenases activity in about 60% as MTT test results had demonstrated, indicating a relevant cytotoxicity
towards these cancer cells and potential anti-carcinogenic properties. Based in these results, it was decided to
make a bioassay-guided fractionation of this extract in order to identify the compound or compounds responsible
for such bioactivity. It was used the direct bioautography technique to visualize the activity of different extract
components separated by TLC against microorganisms, in order to screen the antimicrobial activity. Finally the
resazurin microtiter assay was employed to determine the MIC values of fractions. The fractions of methanolic
extract of H. sericea fruits have demonstrated great MIC values (ranging from 0.02 to 1.25 mg/mL) against S.
aureus strains including some clinical-isolates of MRSA. The fractions presenting the best antimicrobial
activities and, in addition, the highest purity, were submitted to analytical characterization by NMR and IR
spectroscopy, and HRMS to elucidate the structure of the main compound responsible for the biological activity.
It was possible to conclude that one major compound was present in all bioactive fractions, an alkenylresorcinol
derivative, the 9-(3,5-dihydroxy-4-methylphenyl)nona-3(Z)-enoic acid.
I. INTRODUCTION
Hakea is a genus of shrubs and small trees native to South Australia. Some taxa are disseminating very fast and
have become invasive species through both non-protected and protected areas of New Zealand, South Africa and
the Mediterranean basin. In Portugal, H. sericea Schrader (family Proteaceae) has been introduced for
ornamental purposes and the formation of hedgerows, especially near the coastline [1]. A key characteristic of H.
sericea is its extreme serotinous habit; all of its seeds are retained in pairs in tough woody follicles, which
accumulate along the branches throughout the life of the plant [2]. In a previous report H. sericea methanolic
extracts were studied [3]. These demonstrated very good antioxidant properties, namely radical scavenging
activity of DPPH free radicals and the inhibition of linoleic acid oxidation, which is an indicator of inhibition of
lipid peroxidation [3]. These antioxidant properties could be associated with the presence of phenolics, tannins
and flavonoids. It was also found that H. sericea possesses high concentrations of some secondary metabolites,
namely alkaloids [3]. Other researchers have studied Hakea spp. extracts and their promising antimicrobial
properties against Staphylococcus aureus strains [1]. In a previous study focused on characterizing this shrub, the
crude methanolic extract of H. sericea fruits exhibited pronounced antimicrobial activity, namely against S.
aureus, including some methicillin resistant strains, together with inhibition of biofilm formation [4]. Moreover,
it was also found that the fruit extract presented no toxicity towards NHDF cells, whereas for MCF-7 cells, this
extract was able to decrease mitochondrial dehydrogenases activity by about 60% in the MTT test, indicating a
relevant cytotoxicity towards these cancer cells and potential anti-carcinogenic properties [4].
In the present study, the methanolic extract of H. sericea fruits exhibited pronounced antimicrobial activity
against S. aureus, including some methicillin resistant strains. Based on such results it was decided to fractionate
the extract to identify the compounds responsible for such biological activity.

II. EXPERIMENTAL
Plant material: Fruits of H. sericea were collected in Serra da Estrela (GPS coordinates: N 40º20.296’; W
07º27.491’; Altitude: 730 m). Plant materials were dried at 35ºC in a ventilated oven for 48 h and reduced to a
coarse powder (< 2 mm) using a laboratory cutting mill. Harvesting, transport and storage of this plant species
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were authorized by the Portuguese Institute for Nature Conservation and Biodiversity (ICNB). The species was
identified by a botanist and a voucher specimen (No. LISI 13/2011) has been deposited in the Herbarium of the
Instituto Superior de Agronomia (Jardim Botânico d’Ajuda, Lisboa).
Extraction procedure: The methanolic extract of H. sericea fruits was obtained with a Soxhlet apparatus until the
solvent became colorless, using approximately 100 g of raw material and 1000 mL of solvent. The extract
solutions were filtered under vacuum using a crucible of porosity #2 and then distilled under reduced pressure
until a final volume of 100 mL. Prior to use, the extracts were dried using a rotary evaporator under reduced
pressure, and then dissolved in dimethyl sulfoxide (DMSO).
Bioassay-guided fractionation and isolation: Based on the results of exploratory TLC, the methanolic crude
extract of H. sericea fruits was fractionated by CC using silica-gel 60 (0.06-0.2 mm; 70-230 mesh) packed in
light petroleum/diethyl ether (7:3). Elution was performed stepwise with solvents of increasing polarity, starting
with light petroleum containing increasing amounts of diethyl ether and then eluted sequentially with
chloroform, ethyl acetate, methanol and water. Fractions of 10 mL were recovered and the course of elution was
monitored by TLC. Solvents were removed using a rotary evaporator at 45ºC. The fractionation process was
repeated 4 times to achieve greater amounts of each fraction. At the end, 25 fractions were obtained. The
fractions were analyzed by TLC using precoated TLC plates (silica-gel 60 F254 aluminum sheets) eluted with two
different polarity mixtures of solvents, as mobile phase: chloroform/ethyl acetate (1:1) and ethyl
acetate/methanol (1:1). Fractions were dissolved in methanol and aliquots were applied to TLC plates. After
elution, plates were visualized under visible and ultra-violet light (254 and 365 nm). Folin-Ciocalteu’s reagent
(0.2 N) was also used to identify phenolics; aluminum chloride (10%) for flavonoids; and methanolic solution of
DPPH (40 µg/mL) for antioxidant activity. The fractions with the same Rf value for the major spot were pooled
together and thus the number of fractions was reduced from 25 to 5. These were sub-fractionated under the same
conditions in order to obtain the purest fractions possible. Finally, 9 sub-fractions (A: 278.0 mg; B: 173.8 mg; C:
135.2 mg; D: 80.0 mg: E: 48.5 mg; F: 52.4 mg; G: 32.3 mg; H: 3.5 g; I: 499.4 mg) of the initial methanolic crude
extract of H. sericea fruits were obtained and used to evaluate potential antimicrobial activity.
Bioautography: After elution, the TLC plates were subjected to direct bioautography [5]. The TLC plates spotted
with sub-fractions were manually immersed (for about 10 s) in the bacterial suspensions. The inoculum was
prepared by diluting 1:10 in Müller-Hinton broth (MHB) the direct bacterial suspension in saline solution of 0.5
McFarland (about 1-2×108 CFU/mL to non-fastidious bacteria). Then, TLC plates were placed in a moistened
plastic box lined with wetted paper and incubated at 37ºC for 18 h. After incubation, they were sprayed with
0.2% MTT aqueous solution and incubated again at 37ºC for 30 min. One drop of TritonX-100/10 mL aqueous
MTT was found to enhance the intensity of the color. In places with antimicrobial compounds, cream-white
inhibition zones were observed [6].
Resazurin microtiter assay: The antimicrobial activity of crude extract, sub-fractions and new compound was
assessed using resazurin microtiter assay. Plates were prepared under aseptic conditions. A sterile 96 well plate
was labeled. A volume of 100 µL of sub-fractions in 10%, v/v, DMSO (stock concentration of 20 mg/mL in
MHB) was pipetted into the first row of the plate. To all other wells 50 µL of MHB was added. To each well, 10
µL of resazurin indicator solution (0.1 % diluted in MHB) was added. Using a pipette, 30 µL of fresh MHB was
added to each well. Finally, 10 µL of bacterial suspension (0.5 McFarland) was added to the wells. The plates
were prepared in triplicate, and placed in an incubator set at 37ºC for 18 h. The color change was then assessed
visually. Any color changes from purple to pink or colorless were recorded as positive. The lowest concentration
at which change occurred was taken as the Minimum Inhibitory Concentration (MIC) value [7].

III. RESULTS AND DISCUSSION
The crude methanolic extract was successively eluted with solvents of increasing polarity using silica gel column
chromatography. The fractions were analyzed by TLC, which revealed the presence of phenolics (FolinCiocalteu’s reagent), flavonoids (aluminum chloride), and antioxidant substances (DPPH). Direct bioautography
was used to evaluate the potential antimicrobial activity of the fractions. The developed chromatoplates were
dipped into a cell suspension, and after incubation, it was possible to visualize the inhibition zones by using a
vital dye. The evaluation of the activity was performed directly on the adsorbent layer [8]. Some fractions
demonstrated good antimicrobial properties, especially for S. aureus strains, where cream-white inhibition zones
were observed indicating the inhibition of growth. It was then possible to decide which fractions could be pooled
and which ones had some biological activity; nine sub-fractions were obtained. The minimum inhibitory
concentration (MIC) of each one of them against three strains of S. aureus was determined using the resazurin
microtiter assay (Table 1). Resazurin, a blue colored redox dye, allows the detection of microbial growth in
extremely small volumes of solution in microtiter plates without the use of a spectrophotometer [7]. This assay is
based on the ability of viable and metabolically active cells to reduce resazurin to resorufin and finally colorless
dihydroresorufin [9]. The MIC value for some sub-fractions was slightly lower than that of the crude extract.
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Specifically, sub-fractions C, D, F and I had the lowest MICs for S. aureus strains, indicating a potential
antimicrobial activity.
Table 1 - MIC values (mg/mL) of methanolic crude extract of H. sericea fruits and its sub-fractions (modal
values).
Strain
S.aureus ATCC
25923
MRSA 10/08
MRSA 12/08

Sub-fractions
D
E
F

Crude
extract

A

B

C

0.31

0.31

0.02

0.02

0.005

5

0.31

0.31

0.08

0.02

0.08

0.31

1.25

0.08

0.02

0.08

G

H

I

0.005

5

>10

0.005

10

0.02

5

>10

0.02

10

0.02

5

>10

0.02

From Table 1, fractions D, F and I showed the best antibacterial activity and, in addition, were the purest ones
(only one spot on TLC with some residual impurities). For that reason, these fractions were then analyzed by
NMR and IR spectroscopy, and HRMS to elucidate the structure of the main compound responsible for the
biological activity. It was possible to conclude that one major compound was present in all bioactive subfractions.
The compound was obtained as colorless oil. The IR spectrum displayed absorptions at 3550 - 3200 (broad, s)
and at 1710 cm-1, indicating the presence of hydroxyl and carbonyl groups, respectively. The HRMS of the
compound exhibited a molecular ion at m/z 278.151, which corresponded to the molecular formula C16H22O4.
Analysis of the NMR spectra indicated that 9-(3,5-dihydroxy-4-methylphenyl)nona-3(Z)-enoic acid (Figure 1) is
the main compound of all the sub-fractions collected from column chromatography, giving a single spot on TLC.

Figure 1 - Structure of 9-(3,5-dihydroxy-4-methylphenyl)nona-3(Z)-enoic acid.
The antimicrobial activity of the new resorcinol was tested against several strains of Gram-negative and Grampositive bacteria, using the resazurin microtiter assay (Table 2). Very good antibacterial properties were
demonstrated against the Gram-positive strains, with inhibition of the growth of E. faecalis, L. monocytogenes
and B. cereus with MIC values of 0.31, 0.02 and 0.16 mg/mL, respectively. Good MIC values (0.005 – 0.16
mg/mL) were obtained for S. aureus, including the clinical isolates SA 01/10, SA 02/10 and SA 03/10, and
MRSA strains. This is consistent with the phenolic nature of the compound.
By comparing the MIC results for the new compound against S. aureus strains with those obtained for the subfractions D, F and I of H. sericea fruits, it is possible to verify that the values are very similar (Table 1 and
Table 2), indicating that the antimicrobial activity of the extracts is probably due to the new alkenylresorcinol
derivative.
Table 2 - MIC values (mg/mL) of 9-(3,5-dihydroxy-4-methylphenyl)nona-3(Z)-enoic acid) (modal values).
Strain
Salmonella typhimurium ATCC 13311
Pseudomonas aeruginosa ATCC 27853
Escherichia coli ATCC 25922
Klebsiella pneumoniae ATCC 13883
Enterococcus faecalis ATCC 29212
Bacillus cereus ATCC 11778
Listeria monocytogenes LMG 16779
Staphylococcus aureus ATCC 25923
MRSA 10/08
MRSA 12/08
S. aureus SA 01/10
S. aureus SA 02/10
S. aureus SA 03/10
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MIC (mg/mL)
>5
>5
>5
>5
0.31
0.02
0.16
0.005
0.02
0.02
0.16
0.16
>5
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IV. CONCLUSIONS
In conclusion, in this work a new alkenylresorcinol derivative, 9-(3,5-dihydroxy-4-methylphenyl)nona-3(Z)enoic acid, was isolated and characterized from the methanolic extract of H. sericea fruits. This compound
demonstrated very good activity against Gram-positive bacteria. It was possible to conclude that the
antimicrobial activity of this shrub is probably due to the new alkenylresorcinol derivative.
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ABSTRACT
Ionic liquids (ILs) have been identified as effective solvent media for lignocellulosic biomass. The solution produced by
dissolution of lignocellulosic biomass in ionic liquid can potentially be applied for regenerating cellulose -based fibres
using air-gap spinning. In this study, we present the production of wood-like fibres. As a model solute, different blends of
Eucalyptus dissolving pulp and Organosolv lignin were dissolved in a novel ionic liquid. Kraft lignin was also used in
order to compare the effect of the lignin source on the properties of fibres. A highly viscous wood-IL solution was
prepared using a vertical kneader, followed by pressure filtration in order to remove insoluble residues. After degassing,
the resulting solution was utilized as a spinning dope for dry-jet wet fibre spinning according to a Lyocell process.
Composite fibres containing cellulose and lignin in different ratios were successfully spun. The draw ratio was varied
systematically by regulating the extrusion and the take-up velocities at a given polymer concentration and geometry of the
holes of the spinneret. The spun fibre has a unique brown and shiny appearance. The composite fibres revealed high
strength properties with slightly decreasing values for fibers with an increasing share of lignin. The fibres were further
analysed in terms of chemical composition and molar mass distribution.
I. INTRODUCTION
Cellulose is one of the most important raw materials for textile fibres. Due to diminishing fossil resources, cellulose is
considered as a good alternative to a petroleum-based synthetic polymer since it is a renewable, widely abundant raw
material and ensures a superior moisture absorption and excellent mechanical properties. Cotton plays a major role in the
global textile market. However, there is an increasing demand for regenerated cellulose fibres due to a limited growth of
cotton. Due to the crystalline structure and the strong hydrogen bonding, cellulose is difficult to dissolve in a conventional
solvent. Therefore, efficient solvents or processes are needed for the production of regenerated cellulose fibres. [1]
The viscose fiber process is still by far the dominating process for the production of man-made cellulosic fibers (MMCF).
This process requires the derivatization of cellulose by carbon disulphide forming cellulose xanthate, which is soluble in
diluted aqueous sodium hydroxide. Despite the high production volume, this process causes severe environmental
impacts due to the demand of toxic chemicals, the discharge of hazardous waste material and the consumption of large
volumes of fresh water. As the only commercial alternative to Viscose, the Lyocell technology came on stream in the
beginning of the 1990s after more than 20 years of research. Lyocell is the generic name for a regenerated cellulosic fiber
obtained by spinning of a chemical pulp in a direct solvent. The only commercial direct solvent so far is
N-methylmorpholine-N-oxide (NMMO). Fibers manufactured from this process exhibit higher mechanical strength
properties than viscose fibres, especially in the wet state. NMMO is a solid at room temperature and the dissolution of
cellulose and the spinning of the dope are carried out at relatively high temperature. However, NMMO is thermally not
very stable and undergoes exothermic runaway reactions at high temperature and in the presence of traces of transition
metal ions. Therefore stabilizers have to be added to avoid both solvent and cellulose degradation. [2]
Ionic liquids are salts with a melting point lower than 100︒C and are entirely composed of ions. They are characterized
by very low vapour pressure and high thermal stability. Ionic liquids (ILs) have been identified as effective solvents for
cellulose or even lignocellulosic substrates. The dissolved matters can be easily regenerated by immersing the resulting
solution with water. [3] This opens up a new pathway for the production of regenerated cellulosic fibers. Roger’s group
was the first who reported about the use of an ionic liquid for the manufacture of MMCFs. [4] Quite recently, researchers
at Aalto and Helsinki Universities have successfully developed a novel ionic liquid, an excellent direct cellulose solvent,
which revealed high spinning stability of the formed dope. The regenerated cellulose fibers revealed outstanding fiber
properties. This new dry-jet wet spinning technology, referred to as IONCELL-F, belongs to the category of Lyocell fiber
technology. The strength properties of IONCELL fibres are comparable to those obtained from the NMMO-based Lyocell
process, e.g. the Tencel® process. The IONCELL-F process is operated at moderate temperatures, far below those applied
in the NMMO-based Lyocell process. This results in a highly stable process with basically no degradation of both the
solvent and the cellulose.
In this study, composite fibres were spun from an ionic liquid solution of different cellulose-lignin blends. The effect of
the cellulose-to-lignin ratio on the fibre properties was thoroughly investigated. With the spun lignin-containing fibres
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two potential applications are pursued. The first approach is to utilize the composite fibre as a precursor for carbon fibre
production. The second approach aims at producing naturally dyed textile fibres. The color and color depth can be tuned
by the lignin source and the lignin content in the fiber.
II. EXPERIMENTAL
Lignin, originated from either beech Organosolv (Organosolv lignin; courtesy to Fraunhofer CBP) pulping or from Pine
Kraft pulping (Kraft lignin) was blended with Eucalyptus Prehydrolysis-Kraft dissolving pulp (Bahia pulp) in fractions of
10 wt%, 15wt%, 20 wt%, 30 wt% (Organosolv only). 13 wt% solutions of cellulose blends with lignin in different ratios
were prepared using the novel ionic liquid as the solvent. To produce a reference fibre, a dope with neat Bahia pulp at the
same concentration was made. The dissolution was carried out in a vertical kneader followed by press filtration equipped
with a metal filter fleece of 5-6 µm absolute fineness to remove the insolubles. Subsequently, the dope was spun in a
dry-jet wet air gap spinning system. The spinneret with 18 holes (Ø = 0.1 mm) was used to generate a multi-filament. The
extrusion temperature was set according to the zero shear viscosity of the dope. The draw ratio of fibres was expressed as
Vtake-up/Vextrution . The coagulation medium was water and the temperature was kept at temperatures below room
temperature. Linear density (titer), conditioned and wet tenacity were measured at 23 ºC and 50% relative humidity using
the Lenzing Instrument devices Vibroskop 400 and Vibrodyn 400, respectively. The compositions of the raw material
and the resulting fibre were analysed according to the NERL method. The molar mass distributions of the pulp and fibre
samples were analysed by size exclusion chromatography from a solution in LiCl/DMAc. The lignin in the fibres was
removed prior to dissolution.
III. RESULTS AND DISCUSSION

Figure 1. Comparison of regenerated cellulose fibre and composite fibre.
Figure 1 illustrates the different colors of the fibres regenerated from pure Bahia pulp and a Bahia pulp/lignin blend. Due
to the presence of lignin, the composite fibres exhibit a unique shiny brown appearance. The brightness of the fibre has a
strong correlation with the lignin content. The color of the composite fibres tends to turn darker as the lignin concentration
increases. While the filaments went through the coagulation bath, lignin is partially dissolved in water. Table 1 presents
the composition of the pulp/lignin blends and the corresponding composite fibres.
Table 1. The maximum draw ratio and compositions of initial blend polymer and fibres.
Sample
10 wt% Kraft lignin
15 wt% Kraft lignin
20 wt% Kraft lignin
10 wt% organosolv. lignin
15 wt% organosolv. lignin
20 wt% organosolv. lignin
30 wt% organosolv. lignin

Max. draw ratio
15.02
12.37
9.72
15.02
14.14
10.06
12.37

Cellulose
86.56
81.52
76.1
86.55
81.32
75.88
65.22

Blend %
Hemicellulose
2.66
2.7
2.74
3.28
3.67
4.07
4.85

Lignin
10.68
15.78%
21.16
10.18
15.01
20.06
29.94

Cellulose
91.13
83.86
78.74
89.51
85.38
82.17
72.32

Composite fibres %
Hemicellulose
2.17
2.74
2.74
2.39
2.31
2.03
2.25

Lignin
6.7
13.58
18.79
8.46
12.31
15.8
25.43

In general, the fiber titer decreases with increasing draw ratio. As shown in Table 1, the maximum draw ratio decreases
with increasing lignin concentration. Meanwhile, a similar trend between the draw ratio and the titer of the fibres are
expected (Figure 2). The lignin content in the fibres showed a considerable effect on the tensile properties. Figure 2
provides a comparison between the tensile strengths and the elongations of the fibers in the dry and wet stages. As
expected, the tenacities decrease with rising lignin content. The tenacities of fibres in the dry state containing 10% Kraft
and Organosolv lignin were 45.6 and 42.7 cN/tex, respectively, while their tensile strengths decreased to 42.7 and 36.0
cN/tex in the wet state. Due to their higher stretchability, the composite fibers containing Organosolv lignin have a lower
linear density and show slightly higher tensile strength as compared to those containing Kraft lignin.
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Figure 2. Tensile properties of the composite fibres at highest draw ratio. A: Tenacity. B: Elongation.
Figure 2b shows that lignin acts as a softener. In the dry state, the elongation at break increases with increasing lignin
content. No effect on elongation, however, is observed in the wet state.

Figure 3. Stress and strain curves of the composite fibres (titer at highest DR), reference fibre (1.2 dtex) and the viscose
fibre (1.4 dtex).
To study the mechanical properties of the composite fibres, stress-strain curves were recorded and compared with those of
viscose and reference fibres. As shown in Figure 3, the IONCELL-F fibers show significantly higher tensile strengths
even with the highest lignin content as compared to the reference Viscose fiber, albeit exhibiting lower elongation.
Molar mass (MM) and molar mass distribution (MMD) are key parameters, determining the raw material and fibres
properties. At a given polymer concentration, the dope rheology is largely determined by the MM and the MMD of the
dissolved polymer(s). The spinnability is very sensitive to the complex viscosity and the dynamic moduli of the spinning
dope. Furthermore, the dissolution conditions shall be controlled in order to prevent the cellulose degradation which may
reduce the dope viscosity. Table 3 reveals the MM and MMD distribution of the Bahia pulp and the regenerated fibres
after delignification. It has been observed that the MMDs of the fibres are comparable to that of the Bahia pulp, the
starting material. This observation confirms the high stability of the novel IONCELL-F spinning process.
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Table 3. Molecular weight distribution of composite fibres
Sample

Mn

Mw

PDI

DP 50

DP 100

DP 2000

10 wt% Kraft lignin
15 wt% Kraft lignin
20wt% Kraft lignin
10 wt% organosolv. lignin
15 wt% organosolv. lignin
20 wt% organosolv. lignin
Bahia pulp

71959
73233
75393
69089
67384
72559
72337

201285
202297
207802
202800
201907
206050
202878

2.8
2.76
2.76
2.94
3.00
2.84
2.8

1.02%
1.02%
0.93%
1.41%
1.53%
1.19%
1.17%

3.41%
3.32%
3.16%
3.83%
3.98%
3.48%
3.38%

17.51%
17.61%
18.34%
17.94%
17.50%
18.07%
17.57%

IV. CONCLUSIONS
Composite fibres of cellulose and lignin were produced by means of the IONCELL-F process, a novel IL-based Lyocell
spinning process. Although the tensile strength of the composite fiber decreases with increasing lignin content, it remains
significantly higher as compared to that of a commercial viscose fiber even at the highest lignin content of 30 wt%. It was
shown that blends with Organosolv lignin allowed higher draw ratios than those with Kraft lignin, which resulted in
slightly stronger fibers at lower linear density (titer). In the dry state, the presence of lignin acts as a softener, resulting in
a higher elongation of the fibers. The MMDs of the fibers confirmed the high chemical stability of the IONCELL-F
process.
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ABSTRACT
Textile fibers based on cellulose can soon become a very important product for the pulp and paper industry and it
is believed that it would be beneficial to locate such a textile fiber production unit at the same site as the pulp
mill. By an integration of pulp production and textile fiber preparation, products from the pulp mill could then
easily be transported to the textile fiber plant and some of the by-products from the textile fiber plant could be
recycled to the pulp mill. The integrated two processes could also share for example the fresh water supply and
the effluent treatment plant. The paper discusses different alternatives and their pros and cons.

I.

BACKGROUND

It is today well-known that environmental protection activities will become very critical for the survival of
mankind: the greenhouse effect, emissions of harmful chemicals and the shortage of land and water for food
production are examples of the problem areas. However, only one activity cannot solve all problems but each
step that is taken in the right direction is beneficial. Research into the development of new technologies can give
us environmental benign textile fibers that can replace oil based fibers like polyester and nylon but also cotton
due to its problems when growing in the fields. The future textile fibers will be based on cellulose from trees, the
target is to produce a similar textile fiber quality as today and at a competitive prize. Preliminary studies have
indicated that this goal is not too far away.
Textile production
The global textile fiber consumption will increase dramatically in the future and some experts have predicted
that the demand in 2050 will be three times the current level [1]. Thus, new types of textile fibers based on
cellulose are needed and preferentially should the fiber production be integrated with a dissolving pulp mill. It is
also important to know how the chemicals added to the combined production will react and how the chemicals
can be regenerated and effluent streams can be taken care of.
During the last decades an increasing interest has been concentrated towards the development of new
environmental acceptable cellulose solvents which could be used in an economical feasible production process
for textile fibers. Different solvent systems for the dissolution of cellulose have been listed and investigated by
several researchers [2, 3, 4] but the main problem is that the chemicals used are often toxic, harmful to the
environment, expensive, requiring complicated process conditions or a combination of these factors.
It has been shown that cellulose is soluble in aqueous sodium hydroxide in a small window in the ternary
cellulose-sodium hydroxide –water phase diagram [5]. This area is somewhat enlarged with for instance urea,
thiourea [6] and some other compounds, like zinc oxide or combinations of these. [7]. No systematic studies of
the impact on the solubility window in the face diagram cellulose – sodium hydroxide - water seems to have
been done.
A process for production of cellulose carbamate was patented by Hill & Jacobson in 1938 [8]. The process is
based on impregnation of the cellulose with an urea – alkali solution and treatment at elevated temperature
(above 130 °C) and afterwards dissolution in sodium hydroxide.
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An alternative way to produce cellulose carbamate [6], includes impregnation of the dissolving pulp (or other
suitable cellulose material) with sodium hydroxide/urea at a low temperature (around – 8 °C) and then heating it
to a slightly higher temperature. The produced cellulose carbamate solution can be used to produce both films
and fibers of cellulose. The chemicals involved in the production of cellulose carbamate are water, urea and
sodium hydroxide. Depending on which process is used, also thiourea and/or zinc compounds can be used. For
the spinning of fibers a conventional coagulation bath of sulfuric acid and sodium sulfate is used [9].

II.

METHODS

A simplified flowsheet for the integrated pulp/fiber plants was used as basis for an EXCEL model that calculates
the relevant mass balances for different elements and for water. Data for the model was mainly taken from the
literature [10, 11].

III.

RESULTS AND DISCUSSION

The size of a production line for conventional viscose fibers is today of the magnitude 50000 t/year and larger
plants consists of more than one line [12]. Therefore 50000 t/year was chosen as the capacity of a theoretical
textile plant in our calculation.
One obvious result is the importance of high cellulose content in the spinning dope. In the viscose process a
typical amount is 10 % cellulose [11]. For NaOH/ZnO it is reported a cellulose content of the magnitude 3 – 6
% [10], the content is limited by the formation of gel particles if higher cellulose content is used. An increase
from 6 % to for example 12 % cellulose corresponds to a decrease of the water volume of 15 to 7 m3/ton fiber
which would be very interesting from en economical point of view.
NaOH for pretreatment and mercerization can be supplied from a kraft pulp mill and it can be evaporated to get
the specified strength. A better alternative is to use this input as the input to the combined pulp and textile plant
system and to use the overflow/effluent from the textile plant as sodium make-up for the pulp mill.
A greenfield mill can be built according to the principles outlined here, but it is important to design the systems
in such a way that the two plants also can operate independent of each other. To add a textile fiber plant to an
existing pulp mill and convert it to production of dissolving pulp is a challenge, and detailed knowledge of both
the pulping and the textile fiber processes are necessary.
The most common spinning bath composition includes sulfuric acid and sodium sulfate as well as additives like
ZnSO4 improving the coagulation and increasing the strength of the fibers [13]. It is important to remember that
the strength of the fibers, wet or dry is not the same as the strength of the spin yarn or the finished textile.
Zinc compounds are used both in the dissolution of cellulose and in the coagulation baths. For protection of the
environment it is important to minimize the zinc content in the effluents from the combined pulp and textile fiber
plant. In this case is the chemistry favorable, as zinc sulfide has a very low solubility under alkaline conditions.
Green liquor from the pulp mill can be used to selectively precipitate zinc sulfide and thus to make it possible to
remove this precipitate and send concentrated zinc slurry to recycling and reuse elsewhere.
Such a combined pulp mill/textile plant could be very interesting for many pulp mills in Sweden which today
need to change their pulp/paper processes to other products with better future potential.
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Figure 1. A pulp mill integrated with a textile fiber plant.
EPC, Electrostatic Precipitator Catch, a process to remove potassium and chloride from the recycled
electrostatic precipitator dust.

Figur 2 The principal stages in a spinning plant

IV.

CONCLUSIONS

There are substantial benefits from an integration of a pulp mill and a textile fiber plant which is studied in an
on-going project at Karlstad University. The intention is to present an environmental benign combined process
with a favorable economy. Detailed mass and energy balances will show the necessary data for dimensioning of
the production lines. Research in the areas improved dissolution processes and spinning conditions may change
today’s limitations and give new opportunities for the production of textile fibers of sufficient strength at a viable
cost.
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ABSTRACT
Jatropha curcas is an oil-bearing tree, whose fruits are a raw material of high interest for biodiesel
production. The shells, which represent up to one third of the weight of the fruits, are discharged prior to
the extraction of J. curcas oil, and because of their relatively high carbohydrate content, they can be
considered a potential feedstock for bioethanol production. In this work, dilute-acid pretreatment was
applied to J. curcas shells, which were previously extracted with water at 100oC and 60 min in a pilotscale reactor. The water extraction yielded 64.7% of solids containing 35.1% of glucans, which is 53%
higher than the glucan content in the raw material. The water-extracted shells were submitted to dilute
acid pretreatment at 110-180°C, 0.1-1.5% H2SO4 concentration and for 20-60 min following a BoxBehnken experimental design. The yield of pretreated solids ranged between 75 and 95%, and the
recovery of glucan was above 87% in all the experimental runs. Xylan solubilisation was relatively low
(13-20%) in the less severe pretreatments and up to 45% in the most severe runs. The enzymatic
conversion of cellulose upon hydrolysis with commercial cellulases was above 70% for the material
pretreated at 145 and 180°C. The analysis of significance showed that the temperature was the factor
exerting the most important effect on the enzymatic convertibility, which reached values above 75% in
pretreatments performed at 180ºC. The analysis of the contour diagrams revealed that a region with
maximal overall conversion can be reached at around 190ºC, short pretreatment time and low H2SO4
concentration. These results show the potential of the combination of water extraction and dilute-acid
hydrolysis for enhancing the enzymatic hydrolysis of J. curcas shells.
Keywords: Jatropha curcas shells, dilute-acid pretreatment, enzymatic hydrolysis, lignocellulosic
materials
I. INTRODUCTION
Biodiesel is an environmentally friendly fuel that can be used as transportation fuel [1], but the use of
edible oils as raw materials is a restriction for the further development of biodiesel industry. Therefore,
alternative feedstocks, such as non-edible oils should be considered [2]. The potential of different nonedible oilseeds is being investigated in Cuba [3, 4], and J. curcas is one of the most attractive options.
Prior to extraction of the oil, J. curcas seeds should be separated from the fruits, and huge amounts of
residual shells are generated in that operation. Among the uses that could be applied to that voluminous
residue should be considered the production of ethanol [5]. The in situ produced ethanol could be
directed, together with the oil, to biodiesel production in an integrated configuration. The integration of
ethanol and biodiesel production processes using a single source of biomass would allow considerable
reduction of the energy costs compared with the autonomous production of each of them, and would lead
to decrease of the generation of solid wastes.
Enzymatic hydrolysis is a way for obtaining fermentable sugars from of lignocellulosic materials [6], and
a pretreatment is required for making cellulose accessible to the enzymes. The reports on pretreatment
and hydrolysis of J. curcas shells are rather scarce, but the potential of acid pretreatment has recently
been stressed [7, 8, 9]. In the current work, we water extraction was applied prior to the pretreatment in
order to remove potential inhibitors of the enzymatic hydrolysis contained in the water-soluble extracts.
II. EXPERIMENTAL
Water extraction of the raw material
Milled J. curcas shells corresponding to 2.3 kg dry matter (DM) were suspended in 24 L of water in a
100-L rotating reactor (Herbst Machinenfabrik GmbH, Buxtehude, Germany). The mixture was heated to
100ºC and hold for 1 h. After that, the solid material was separated from the extract by filtration, washed
with abundant water, and dried for 5 days at room temperature.
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Pretreatment
Sixty grams of extractive-free J. curcas
shells was mixed with diluted H2SO4
(LSR 10) in 1-L stainless steel reactors
mounted on a rotary autoclave. A BoxBehnken response surface experimental
design was applied (Table 1). By the
end of the pretreatment, the reactors
were cooled in a cold water bath. After
that, the slurry was vacuum-filtered,
and the pretreated solids were washed
with warm water. The liquors were
stored in plastic containers at 4ºC. A
portion of the pretreated solids was
stored frozen in sealed plastic bags until
enzymatic hydrolysis tests, and the rest
was dried at room temperature in a
climatization chamber and then used for
compositional analysis.

Table 1. Experimental design used for investigating the acid
pretreatment of pre-extracted J. curcas shells
Experiment Temperature,
Time, h
H2SO4
ºC
concentration, %
1
110
20
0.8
2
110
40
0.1
3
110
40
1.5
4
110
60
0.8
5
145
20
0.1
6
145
20
1.5
7
145
60
0.1
8
145
60
1.5
9
145
40
0.8
10
145
40
0.8
11
145
40
0.8
12
180
20
0.8
13
180
40
0.1
14
180
40
1.5
15
180
60
0.8

Enzymatic hydrolysis
One gram, on DM basis, of the washed pretreated material was suspended in 25 mL of citrate buffer (pH
5.0). A commercial preparation of T. reesei cellulases (Celluclast 1.5L) and a β-glycosidase preparation
(Novozym 188) (Novozymes, Denmark) were added at loadings of 25 FPU g-1 and 0.46 CBU mL-1,
respectively. The reaction mixture was incubated at 45ºC and 150 rpm for 72 h. At the end of hydrolysis,
glucose was quantified by HPLC, and the enzymatic convertibility of cellulose was calculated. All
experiments were performed in triplicate.
Analytical methods
The chemical composition of both raw and pretreated bagasse was determined by analytical acid
hydrolysis of the extractive-free material, followed by quantification of the sugars by borate complex ion
exchange chromatography [10]. The sugars were separated on a MCI Gel CA08F (Mitsubishi) column at
60ºC, using a linear gradient of 0.3 to 0.9 M potassium borate buffer (pH 9.2) at a flow rate of 0.7 mL
min-1 within 35 min. For spectrophotometric detection of sugars at 560 nm, derivatisation with cuprum
bicinchoninate was performed. The content of cellulose and xylan was calculated based on the
concentrations of glucose and xylose, respectively. Acid-insoluble lignin was determined gravimetrically.
Furfural and 5-hydroxy methylfurfural were analyzed by reverse-phase high-performance liquid
chromatography (RP-HPLC) using an Aquasil C18 column (Thermo Scientific, Waltham, MA, USA) and
UV detection at 210 nm. The sugar content in the pretreatment liquors was determined by posthydrolysis
with 0.2 M H2SO4, followed by chromatographic analysis. The extractive compounds were determined by
accelerated solvent extraction (ASE 200, Dionex, Sunnyvale, USA) with four different solvents in the
following sequence: petrol ether, acetone/water mixture, ethanol/water mixture, and water. In parallel, a
sample was processed only water extraction. The mineral components were determined as ash, after
incineration of an aliquot of the material at 550ºC, in a muffle oven (Heraeus Instruments GmbH, Hanau,
Germany). All analyses were performed in triplicate. The experimental results were processed with the
software STATGRAPHICS Plus 5.0 for Windows.
III. RESULTS AND DISCUSSION
Water extraction
The yield of solids achieved after water extraction indicate that 35.3% of the initial dry matter was
solubilised (Table 2). The removal of the extractive fraction lead to increases of the content of structural
components. Cellulose and the other polysaccharides were completely recovered in the extractive-free
material.
Pretreatment
The extractive-free solids resulting from the extraction step were submitted to dilute-acid pretreatment. A
Box-Behnken response surface experimental design was applied for investigating the effect of the
temperature, H2SO4 concentration and pretreatment time on the response factors. The Box-Behnken
design offers a number of advantages over other experimental designs. It allows keeping the sample size
at a value that is relatively low, but that is sufficient to fit a quadratic model [11]. The selection of the
factors and their ranges was based on preliminary results [7].
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Table 2. Yield of solids and recovery of carbohydrates and lignin in the extraction and pretreatment, %
Experiment
Yield of solids1 Cellulose
Xylan
Arabinan
Mannan
Galactan
Lignin
Extraction
64.7
100
100
100
100
100
100
1
95.4
93.4
87.5
97.0
95.4
95.4
100
2
96.0
92.8
87.1
96.1
96.0
96.0
99.1
3
93.3
91.9
83.8
93.3
97.4
93.3
96.8
4
93.8
91.8
84.5
93.1
97.1
98.3
96.4
5
93.0
92.7
86.1
84.5
97.0
93.0
93.6
6
92.5
92.0
84.8
67.3
92.5
82.2
95.3
7
91.1
91.8
83.5
66.2
91.1
80.9
93.0
8
86.9
90.0
78.9
47.4
86.9
77.2
90.9
9
88.0
91.3
79.9
72.0
91.8
83.1
92.3
10
87.6
91.6
79.5
71.7
92.4
82.8
92.0
11
88.4
91.7
81.1
72.4
92.3
83.5
91.5
12
79.2
90.7
82.1
28.8
79.2
57.2
86.9
13
75.1
91.1
66.8
27.3
78.4
58.4
85.8
14
73.4
86.6
56.4
20.0
79.8
53.0
86.6
15
73.5
87.9
54.2
20.0
73.2
52.9
87.2
A clear decrease of the yield of solids was observed with increasing the temperature (Table 2). In the
pretreatments at 110ºC the yield was above 93%, which corresponds to more than 61% of the raw
material, considering that the yield of the extraction step was 65.6%. The yield, based on the preextracted material, was 87 – 93% for the experiments at 145ºC, and 73-79% for those at 180ºC.
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Figure 1. Pareto chart (A) and three-dimensional response surfaces under constant time (B) and
constant sulfuric acid concentration (C) for cellulose recovery after pretreatment
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Cellulose recovery in the pretreated solids ranged between
86.6 and 93.4% (Table 2). The temperature exerted the most
important effect on cellulose recovery (Fig. 1-A). Acid
C
concentration and time, as well as the interaction between the
94
temperature and concentration, and the quadratic of the
92
90
temperature also exerted significant effects. The negative
88
60
signs indicate that the increases of each factor lead to
86
40
110
130
20
150
Time decrease of cellulose recovery. This is confirmed by the
170
190
Temperature
response surface diagrams (Fig. 1-B and 1-C).
The recovery of xylan was lower than that of cellulose (Table 2), indicating a relatively high degree of
solubilisation. Even at the mildest conditions (experimental runs 1 and 2), around 13% of xylan was
solubilised. The solubilisation degree of xylan increased with the severity, and it reached 44-46% in some
of the pretreatments performed at 180ºC (experiments 14 and 15). Lignin was only marginally affected by
the pretreatment. Its recovery was around 100% in the least severe pretreatments, remained high for most
of the experimental runs, and it was below 90% only in the pretreatments performed at 180ºC (Table 2).
The recovery of carbohydrates in the liquid fraction was consistent with the above discussed trend of
polysaccharides recovery in the pretreated solids. The glucose in the prehydrolysates was almost
negligible, which indicates that little cellulose was hydrolysed during the pretreatment. Anyway, not all
the solubilised carbohydrates were recovered as simple sugars in the prehydrolysates, which was due to
their partial degradation to furan aldehydes.
Enzymatic hydrolysis
The effect of the pretreatment on enhancing the enzymatic hydrolysis of J. curcas shells is shown by the
increased enzymatic convertibility of cellulose in all the pretreated solids as compared to the raw material
and to the extracted but not acid-pretreated shells (Fig. 2). At 110ºC, the convertibility (55.6 – 59.2% of
the cellulose contained in the pretreated material) was only slightly higher than in the extracted material
not submitted to acid pretreatment (53.8%), but it was clearly higher than in the raw material (45%). As
the temperature increased, the enzymatic convertibility also increased reaching values above 75% in some
of the pretreatments performed at 180ºC.
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Figure 2. Enzymatic conversion of cellulose in the pretreated shells (white bars), raw material (black bar)
and extracted material (gray bar).

Figure 3. Three-dimensional response surface for
the overall conversion of cellulose. Obtained for
0.8% sulfuric acid.

The analysis of significance showed that the
estimated effect of the temperature is the most
important one affecting the overall enzymatic
conversion, and that it has a positive sign, indicating
that its increase leads to an increase of the overall
conversion of cellulose. On the other hand, the
interactions of the temperature with both the
pretreatment time and the sulfuric acid
concentration, as well as the quadratic term of the
temperature also exert significant standardized
effects, but with negative signs.
The estimated effect of the temperature is better
described by the three-dimensional response surface
graph (Fig. 3). It is evident that the overall
conversion increased sharply when the temperature
was raised from 110ºC to around 170ºC, while the
effect of further temperature increases was more
moderate. The contour diagrams revealed that a
region with maximal overall conversion can be
reached at around 190ºC, short pretreatment time
and low H2SO4 concentration.
IV. CONCLUSIONS
The potential of a water extraction step prior to acid
pretreatment of J. curcas shells was confirmed. A
region of pretreatment conditions leading to a
maximal overall conversion of cellulose was
identified.
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ABSTRACT
Six different genotypes of Eucalyptus globulus were selected on the basis of their differences in wood density
and pulp yield. The trees were separated in 2 groups, one with high density and high pulp yield (573 kg/m3 and
54.5%, respectively) and other with low density and low pulp yield (471 kg/m3 and 57,8%, respectively).
Averaged chemical composition showed that samples of group I presented high glucans and low lignin content
as compared with samples from group II. Xylans content was lower in samples of group I than in group II.
During kraft delignification, samples of group I retained more xylans (54-59%) than samples from group II,
which was associated with the degree of substitution with methylglucuronic acids. Characterization of the wood
and pulp samples by thioacidolysis indicated that the content of syringyl units in β-O-4 linkages (S-β-O-4) was
higher in samples of group I than group II. Topochemistry studies by UV microspectrophotometric (UMSP)
revealed that the samples with the lowest lignin levels and high S-β-O-4 have the lowest UV absorbances at 278
nm (A278 nm) in the secondary walls (S2). Results showed that glucans content, xylans structure, lignin structure
and topochemistry are important parameters that affected the pulpwood performance of different genotypes of E.
globulus.
I. INTRODUCTION
Eucalyptus globulus is an important raw material for the pulp and paper industry. Large breeding programs with
this species are performed worldwide to select the best genotypes. Usually, trees were selected based on
phenotypic and pulpwood traits, such as tree form, height, volume, wood density and pulp yield. These breeding
programs usually select plants based on growth rates and tree quality parameters. Previous works showed that
the kraft pulpability of this species correlates positively with the glucan content and negatively with the lignin
content[1,2]. More recently, anatomical features of E. globulus clones were also assessed as a breeding selection
parameter[3]. Aside from lignin content, lignin structure also plays a key role in pulping processes[4]. The
syringyl/guaiacyl ratios (S/G), and especially the frequency of beta-aryl-ether (ß-O-4) linkages, have important
effects on delignification rate, alkali consumption and pulp yield. Moreover, the composition and structure of the
xylans in hardwoods could also play a role in explaining the variation in pulp yield observed and can also be a
characteristic to include in clonal breeding programs. In the present work, the chemical characteristics and the
kraft delignification of different E. globulus genotypes were evaluated in terms of pulpwood quality. Xylans
retention, lignin composition and distribution in the cell wall layers were associated with the different pulpability
of the species during kraft pulping.
II. EXPERIMENTAL
Samples and chemical characterizacion: Six trees of 15-years old E. globulus were provided by a Chilean forest
company located in the Bio Bio Province. The trees were selected based on a previous study and showed
significant variation in wood density (from 471 to 573 kg/m3) and pulp yield (from 54.5% to 57.8%). Wood
chips from each genotype was milled in a knife mill and sieved to 45/60 mesh. Extractives were determined after
extraction with 90% acetone for 16 h in a Soxhlet apparatus. Extractive-free samples were characterized for
carbohydrates and lignin content by the acid hydrolysis with 72% H2SO4 following the procedure detailed by
Ferraz et al.[4] Thioacidolysis was performed on 20 mg of extracted milled wood in 10 mL of reagent according
to the method published by Rolando et al.[4] Detailed composition of hemicelluloses from wood and pulps were
determined by acid methanolysis/GC-FID according to the procedure described by Sundberg et al.[6] Xylans
were isolated from wood holocellulose and pulp according to Shatalov et al.[7] Xylans were characterized by
HPLC/SEC and 1H-RMN.
Kraft pulping: Wood chips were submitted to kraft pulping in a rotary digester equipped with 4 independent 1.5L vessels (Regmed, Brazil). Each vessel was loaded with 50 g of wood chips (dry basis) and 200 mL of cooking
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liquor with 18% active alkali (AA) and 30% sulfidity, liquor:wood ratio 4:1, (both calculated on dry wood basis
and expressed as NaOH equivalents). Reactor heating ramp was from 40°C to 80°C in 40 min, then 80°C to
165°C in 120 min, and then the temperature was maintained for 30 min at 165°C. Samples were immerse in
water for 24 h for residual liquor removal and were not fiberized or screened previous the UMSP analysis.
UV microspectrophotometry: Small wood blocks (approximately 1 x 1 x 0.5 mm) were cut from the samples and
dehydrated in a graded series of acetone and embedded in Spurr’s epoxy resin. Sections of 1 µm thick were
prepared from these samples with a diamond knife and transferred to quartz microscope slides. The
topochemical analysis was carried out using a microspectrophotometer (UMSP Zeiss MSP800) equipped with a
scanning stage enabling the determination of image profiles at defined wavelengths using the scan program MSP
Tidas 800 (Zeiss). Wavelengths at 278 - 280 nm were selected for the distribution of hardwood lignin[8-10].
III. RESULTS AND DISCUSSION
Chemical characterization: Chemical composition of the 6 genotypes showed that the samples from GI contain
the highest amounts of glucans and the lowest amounts of lignin, where as the samples from GII have low glucan
and high lignin contents (Table 1). The data concerning the pulp yield and chemical composition of these
samples are consistent with previously published data from another E. globulus sample sets. Xylans content was
slightly lower in genotypes of GI (11.2-11.6%) than in GII (12.6- 14.3%), and no significant differences were
found for the amount of MeGlcA and acetyl groups attached to the xylan chains. The amount of galactose found
was due to the residues of α-D-galactopyranose attached to MeGlcA, as previously reported for Eucalyptus
species[7,11].
Table 1. Wood characteristics of E. globulus genotypes.*

Density (kg/m3)
Glucans (%)
Xylose (%)
Arabinose (%)
Galactose (%)
MeGlcA (%)
Acetyl (%)
Lignin (%)
G-units (µmol/g lig)
S-units (µmol/g lig)
β-O-4 linkages (%)
Extractives (%)

E1
573
53.3
11.6
0.1
0.5
1.2
3.1
24.1
547
2304
60
1.3

Group I
E2
563
53.8
11.6
0.1
0.4
1.6
3.0
24.2
618
2073
57
1.1

E3
547
52.1
11.2
0.2
0.6
1.2
3.1
24.9
511
2258
58
0.8

E4
485
49.2
12.6
0.1
0.4
1.0
3.1
26.9
561
1790
52
1.3

Group II
E5
484
48.7
14.3
0.2
0.7
1.2
3.5
25.8
642
1787
51
1.7

E6
471
48.5
13.8
0.2
0.4
1.2
3.3
26.9
941
1500
52
2.4

* Standard deviations for wood density and chemical characteristics were lower than 3% of the average value.

Kraft pulping: Kraft pulps produced with kappa numbers of 16±1 presented significant differences in the
retention of xylans (in relation with the original amount in wood), which was in the range of 54-59% for pulps of
GI and, 43-51% for pulps of GII. These results indicated that, despite their lower initial amount, the xylans from
genotypes of GI were less degraded than xylans of genotypes from GII, during kraft pulping process. The
formation of HexA from MeGlcA during kraft pulping also stabilizes the reducing ends of xylan chains and
contributes to their retention in pulps. Good correlations were found for the amount of xylans retained in pulp
and the amount of MeGlcA and HexA (determined by 1H-RMN) in wood and pulp (figure 1).

Figure 1. Effect of the MeGlcA/10 xylose units in A) wood and B) pulps, and C) HexA/10 xylose units with the
retention of xylans in kraft pulps of E. globulus. Samples of group I (black filled squares) and group II (black
filled triangles).
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The total yield of thioacidolysis monomers recovered from the uncooked wood chips indicated that the samples
with the lowest lignin levels (GI) led to slightly higher yields of thioacidolysis monomers, suggesting that their
lignin contains more β-O-4 linkages and less-condensed structures (Figure 2A). Syringyl (S) units predominated
in the β-O-4 structures of the lignin of all wood samples as the yields of S-thioacidolysis monomers were 2-3
times higher than those of the yields of G-thioacidolysis monomers (Figure 2B and 2C). S units in β-O-4
linkages were also a contrasting characteristic of the studied genotypes because the GI samples give rise to
higher yields of S-thioacidolysis monomers compared with data from the GII samples (Figure 2B). The total
yield of thioacidolysis monomers detected in the residual lignins from P1 and P2 pulps decreased with pulping,
confirming that β-O-4 cleavage is one of the main reactions in kraft cooking, while more condensed structures
are left in the residual lignin of the produced pulps.[12]

	
  

Figure 2. (A) Yield of thioacidolysis monomers, (B) yield of syringyl thioacidolysis monomers and (C) yield of
guaiacyl thioacidolysis monomers recovered from selected E. globulus genotypes with varied pulp wood quality,
before and after kraft pulping. P0, P1 and P2 denote uncooked wood and pulps sampled at the initial and
intermediary steps of the bulk delignification phase, respectively. Grey bars represent average samples of group I
genotypes and white bars represent samples average of group II. The letters above the bars indicate significant
differences between the groups determined by Tukey test at p<0.05.
Results of UMSP studies: UV spectra recorded from l-µm2 spots localized in the secondary walls of the wood
chips of the studied genotypes are shown in Figure 3. Intense UV absorptions were observed in the range from
274 to 281 nm, which is consistent with UV spectra of guaiacyl-syringyl lignin from angiosperms[13]. The
absorption intensity at 278 nm of the secondary walls of the wood samples were in accordance with the values
previously published for S2 layers of angiosperms that are lower than the values often observed in the guaiacyl
lignins from gymnosperms[14]. UV-microspectrophotometric data of each genotype followed the same trend as
observed for total lignin contents in the samples (Table 1). The GI, with the lowest lignin contents, also
presented the lowest UV absorbance values for the secondary walls at 278 nm. The lower absorbance values at
278 nm obtained for the GI wood samples also corroborate with the higher syringyl contents of these samples
(Figure 2B), since for angiosperms lignins, the absorptivity at the 278 nm region decreases at increasing
OCH3/C9 ratios[15].
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Figure 3. UV spectra from the S2 of fibres from different E. globulus genotypes. At least 15 spectra were
recorded from the S2 layers of each genotype. A) and B) show spectra of uncooked wood samples of group I and
II, respectively.
IV. CONCLUSIONS
Eucalyptus globulus genotypes with high pulp yields were those with high glucan, low lignin contents, high
abundance of syringyl units in β-O-4 linkages. In superior genotypes, lignin distribution in secondary cell wall
showed lower absorbance at 278 nm in comparison with inferior genotypes. Genotypes with high pulp yield also
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presented higher retention of xylans. Retention was associated with high molar mass of xylans and high degree
of substitution with presented a high degree of substitution of xylose residues with methylglucuronic acid in
both wood and pulps, and also a high degree of substitution with methylglucuronic and hexenuronic acids. All
these characteristics provided useful information for the selection and management of the species in clonal
plantations for the pulp and paper industry.
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ABSTRACT
Regenerated cellulose fibers were produced by dry-jet wet spinning from cellulose blends dissolved in ionic
liquid with different molar mass distribution (MMD) but fixed intrinsic viscosity in order to investigate the
influence of MMD on the spinnability and on the mechanical properties of the final fibers. Polymer solutions
were prepared by dissolution of blends, constituted of cotton linters and spruce sulfite pulp, in 1,5diazabicyclo[4.3.0]non-5-ene acetate ([DBNH]OAc) in a vertical kneader. Dynamic shear measurements of the
different polymer solutions were conducted to define their visco-elastic properties and thus the appropriate
spinning temperature needed to establish stable spinning. Blends with a certain share of high molecular weight
cellulose and wider polydispersity index (PDI) showed enhanced spinnability. Higher draw ratios were
accessible and, consequently, stronger fibers were produced.

I. INTRODUCTION
Spinning of cellulose-ionic liquid solutions in the so called IONCELL-F process is presented as an alternative to
the currently used viscose and Lyocell processes for the production of man-made cellulosic fibers. Ionics liquids
are a novel class of solvents which have been proven to be efficient non-derivatizing solvents for lignocellulosic
materials [1]. In a dry-jet wet spinning process a polymer solution is extruded at elevated temperature through a
spinneret via an air gap into a coagulation bath. In the air gap, the fluid filament is drawn which provokes the
orientation of the polymer chains and, thus, affects the properties of the resulting fibers. The final properties of
the fibers are strongly influenced by the chosen spinning parameters (extrusion velocity, draw ratio, air gap) as
well as the properties of the raw material (cellulose and hemicellulose contents, intrinsic viscosity, molar mass
distribution) [2].
The molar mass distribution and the polydispersity index of cellulose dissolved in ionic liquid has a great
influence on the rheological behavior of spinning solutions which is important to consider in order to anticipate
the processability [3]. Further, the strength properties of the produced fibers are highly connected to the intrinsic
characteristics of the original cellulose and to the way the regenerated cellulose chains are oriented during the
regeneration process.
In this study, the influence of the MMD of cellulose on the spinnability of cellulose-[DBNH]OAc and on the
mechanical properties of the regenerated cellulose fibers was investigated.

II. EXPERIMENTAL
Preparation of blends
Five blends of different molar mass distribution but fixed intrinsic viscosity (420 ml/g) were prepared by
combining two pulps presenting different distribution properties. Cotton linters (CL729, CL420, CL415, CL318)
and spruce sulfite pulp (S1521, S577, S218, S174) of different starting intrinsic viscosity were used as raw
materials in this study. The different pulps have been selected in order to form blends with a wide range of PDI.
The blends were prepared by combining the two different pulps in water and by stirring the suspension for 15
min by means of an ultra-turrax disperser. The intrinsic viscosity of the blends was determined according to the
standard method SCAN-CM 15:99 and the molar mass distribution characterized by gel permeation
chromatography (GPC).
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Dissolution in [DBNH]OAc
The different blends (15 wt% concentration except Blend 4 that has also been prepared at 13 wt%) were
dissolved in [DBNH]OAc by means of a vertical kneader at 80 ºC. The cellulose-IL mixture was first
homogenized manually before being transferred in the pre-heated vertical kneader. Temperature, torque moment,
vacuum and revolution per min (rpm) were recorded on-line and plotted as a function of time. A dissolution time
of 45 min at 10 rpm, 80ºC and vacuum of 100 mbar was sufficient for complete cellulose dissolution. The
dissolution state of the cellulose in the IL was checked with an optical microscope. Subsequently, the solutions
were filtered via a hydraulic pressure filtration unit to remove any impurities or un-dissolved particles.
Characterization of cellulose-IL solutions
The rheological behavior of the cellulose-IL solutions was investigated under shear stresses. The visco-elastic
behavior was studied by means of a MCR 300 rheometer from Anton Paar by performing dynamic frequency
sweep measurements at a strain of 0.5% over a range of 0.01-100 s-1 and at temperatures from 70 to 90 °C.
Dry-jet wet spinning of cellulose-IL solutions
Fibers were spun using a dry-jet wet piston spinning unit. The spinning temperature was chosen according to the
rheological behavior of each polymer solutions. The chosen temperature was thus different for each blend but in
the same range from 70 to 85 °C. The extrusion and take-up velocities were the only parameters varied during
the spinning process in order to determine the maximum draw ratio applicable on the fibers. The spinneret (36
holes, diameter of 100 µm, and capillary length of 20 µm), air gap distance (1cm), coagulation bath temperature
(10-15 °C) and immersion depth in the coagulation bath were kept constant.
Testing of regenerated fibers
The quality of the resulting fibers was assessed by using Lenzing Instrument devices (Vibroskop and Vibrodyn
400). They were characterized in terms of linear density (dtex), tenacity (cN/tex) and elongation at break (%).
III. RESULTS AND DISCUSSION
Blend composition and molar mass determination
The composition and the molar mass distribution of each blend are summarized in Table 1. The intrinsic
viscosity of the different blends is very close to the target value 420 ml/g, except for Blend 1 which is slightly
higher. The weight average molar masses (Mw) are comparable. The PDI ranges between 2.0 and 5.9 and
indicates the broadness of the MMD in the blends. The MMD of the different blends, obtained by GPC, are
depicted in Figure 1.
Table 1: Composition and molar mass distribution of each blend.
Composition

Blend 1
22.9
Blend 2
Blend 3
Blend 4
Blend 5

S1521/S157
S577/S174
CL729/CL415
CL420
S1521/CL318

Intrinsic
viscosity
ml/g
477
413
410
424
410

Mn

Mw

Mz
PDI

kDa
44.6
46.6
101.3
104.6
72.2

kDa
236.9
276.5
210.7
209.9
231.0

kDa
1779.4
1101.8
372.9
368.2
1239.5 13.3

5.3
5.9
2.1
2.0
3.2

w
(DP<50)
%
2.4
3.1
2.3
0.1
0.9

w
(DP<100)
%
7.0
7.1
1.0
0.8
2.5

w
(DP>2000)
%
12.1
22.9
18.1
17.9
13.3

Shear rheology of cellulose-IL solution
The understanding of visco-elastic properties of a polymer solution is an essential point for its good
processability. In order to determine the adequate conditions for a successful spinning, visco-elastic properties
of cellulose-IL solutions were assessed by measuring the complex viscosity and the dynamic moduli at different
angular frequency between 70 and 90ºC. Assuming that the Cox-Merz rule is valid for cellulose-IL solution
rheology, the Carreau model has been used to determine the zero shear viscosity. Figure 2 illustrates the zeroshear viscosity and the dynamic moduli as a function of the angular frequency value of the cross-over point
(COP) of the different blends. Despite having similar intrinsic viscosities, the blends show significantly different
visco-elastic behavior. The influence of the MMD on the rheology of cellulose-IL solution is herein
demonstrated. The spinning temperature for each blend-IL solution was determined according to the zero-shear
viscosity, a value of 30000 Pa.s was chosen as reference.
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Figure 1. Molar mass distribution of the blends.

Figure 2. Zero-shear viscosity (full symbols) and
cross-over moduli (open symbols) as a function of
COP-angular frequency.

Dry-jet wet spinning and mechanical properties of regenerated fibers
Table 2 summarizes the spinning temperatures and velocities at which the polymer solutions were extruded, as
well as the maximum draw ratio applied to the fibers at each extrusion velocity. Clear and stable extrusions were
obtained for all cellulose-IL solutions. However, the spinnability, or the ability of the fluid filaments to be
stretched, significantly differed from one to another. An extrusion velocity of 1.6 cm3/min was used as starting
point; in the case of successful spinning, the extrusion velocity was then gradually reduced in order to study the
behavior of the solutions under higher draw ratio (the maximum take-up velocity was 100 m/min). Only Blend 2
showed good spinning ability and could be stretched at very low extrusion velocities (Table 2). Therefore, high
draws could be applied and fiber samples collected. Blends 1, 3, 4 and 5, despite stable extrusions, could be
stretched and taken-up only at low draw ratios; frequent filament breaks in the air gap were observed and
became greater with the increase of the draw ratio preventing the take-up of the filaments. The different
responses of the solutions under similar spinning conditions emphasize the importance of visco-elastic properties
of cellulose-IL solutions and therefore the influence of cellulose molar mass distribution in dry-jet wet spinning.
According to our experiments, the zero-shear viscosity and the angular frequency and dynamic modulus of the
COP of a cellulose-IL solution need to be within specific ranges to obtain successful spinning. A zero-shear
viscosity between 27000 and 30000 Pa.s and a cross-over point located between 0.8 and 1.2 s-1 and 3000 and
5500 Pa, respectively, seem to be required. The importance of this matrix can be observed with Blend 4. Fibers
could be collected at very low draws at a concentration of 13 wt% while no draw at all could be applied at a
concentration of 15 wt%. This slight improvement has been achieved by lowering the dynamic moduli through
the decrease of the concentration while the zero-shear viscosity and angular frequency were kept constant by
reducing the spinning temperature. In terms of MMD, it seems that the spinnability of a cellulose-IL solution is
very sensitive to high molecular weight fraction of the cellulosic solute and to the polydispersity index. A share
of high molecular weight greater than 20% and a PDI higher than 3 appeared to be favorable for successful
spinning.
Table 2. Dry-jet wet spinning conditions for the blends-IL solutions
Tspinning
ºC

Vextrusion
cm3/min

Maximum draw
ratio

Blend 1 – 15 wt%

80

Blend 2 – 15 wt%

77

Blend 3 – 15 wt%

80 – 82

1.6
1.6
1.0
0.8
0.6
1.6

3.0
18.0
23.0
28.3
5.0
-

Blend 4 – 13 wt%

70

1.6

1.5

Blend 4 – 15 wt%

80 – 84

1.6

-

Blend 5 – 15 wt%

75

1.6

3.0

Copia gratuita. Personal free copy

http://libros.csic.es

561

13th European Workshop on Lignocellulosics and Pulp

Figure 3 and 4 represent the mechanical properties of the fibers collected at different draw ratios during the
spinning of the blends. Figure 3 shows the superiority of Blend 2 in terms of spinnability. High quality fibers
(1.4 dtex, 38.1 cN/tex) could be produced at an extrusion velocity of 1.6 cm3/min and draw of 18 while the other
blends could not be highly drawn. Acceptable tenacities were obtained with blend 4 and 5 despite the low draws
applied. However, due to the low draws, the resulting fibers show too high linear densities. During the
regeneration process, in the air gap, the drawing of the fluid filaments provokes the orientation of the cellulose
chains and thus directly influences the final properties of the fibers. Draw increase leads to thinner and higher
tenacity fibers. Figure 4 illustrates the properties of the fibers collected from blend 2 at different extrusion
velocities. The strongest fibers were collected at a velocity of 1 cm3/min and draw ratio of 23.5; fibers with a
titer of 1 dtex and a tenacity of 43.8 cN/tex were produced.
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20
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Figure 3. Titer and tenacity as a function of draw ratio

Figure 4. Titer and tenacity of fibers collected
from Blend 2 as a function of draw ratio

IV. CONCLUSIONS
The influence of the molar mass distribution on the spinnability of cellulose-[DBNH]OAc solutions and on the
mechanical properties of the resulting fibers has been investigated by conducting dry-jet wet spinning
experiments. The importance of the molar mass distribution of cellulose chains in the visco-elastic behavior of
cellulose-IL solutions and thus on the spinnablity have been elaborated. A specific matrix of zero-shear viscosity
and dynamic modulus and angular frequency of the cross-over point in dynamic frequency sweep measurement
appear to be an important requirement for the spinnability of cellulose-IL solutions. A certain high molecular
weight fraction and high PDI of the cellulosic solute seem to favor a good processability and therefore the
production of high quality fibers.
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ABSTRACT
The unspecific peroxygenase (UPO) from Agrocybe aegerita is a highly efficient biocatalyst for oxygen transfer
reactions but its use in synthetic applications is hindered by an unspecific oxidative (peroxidative) activity. To
uncouple the unwanted peroxidative activity from the mono-oxygenase (peroxygenase) activity, a sensitive
colorimetric dual HTS-protocol based on the oxidation of 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid
(ABTS) and the hydroxylation of 5-nitro-1,3-benzodioxole (NBD) was developed. Four mutant libraries with
different mutational rates were constructed from several UPO variants, which were previously evolved for
secretion in Saccharomyces cerevisiae, and screened for improved peroxygenation/reduced peroxidation. After
one round of random mutagenesis and in vivo DNA-shuffling, a mutant with a 5-fold drop in peroxidative
activity and an improvement of 1.7-fold in peroxygenase activity was identified. The evolved variant harbors
T120P mutation, which is close to the heme entrance channel, addressing this region as suitable departure point
for further engineering.
I. INTRODUCTION
The unspecific peroxygenase (UPO) -also referred to as aromatic peroxygenase; EC 1.11.2.1- secreted by the
mushroom Agrocybe aegerita is arousing a big expectation due to its potential uses for many synthetic
applications [1]. Since its discovery almost 10 years ago, UPO has been exhaustively studied but its role in
nature is still unclear (detoxification and conversion of lignin-derived compounds are among the possible
enzymatic targets). The versatile peroxide-dependent monoxygenase activity of UPO based on a two-electron
oxygenation mechanism (in short peroxygenase activity) is extremely attractive as selective
oxyfunctionalizations are among the most important transformations in organic synthesis. Indeed, regio- and
enantio-oxyfunctionalizations has been a forbidden territory for most biocatalysts excluding P450
monooxigenases, but unlike the latter, UPO is soluble and neither require expensive cofactors (NAD[P]H) nor
auxiliary flavoproteins [2]. However, there are two big obstacles for the real exploitation of this versatile
biocatalyst: i) the lack of a suitable heterologous host that guarantees the functional expression of the enzyme
and its further engineering, and ii) the presence of a natural and spontaneous oxidative activity (so called
peroxidative or phenol oxidizing activity), which somehow limits its practical use as many of the aromatic
substrates and oxyfunctionalized compounds converted by UPO are further oxidized by the enzyme giving rise
to a pool of products of different complexity. The heterologous functional expression bottleneck was recently
solved by our laboratory using a strategy that combined several cycles of directed evolution and rational design
to achieve high secretion levels of UPO in Saccharomyces cerevisiae [3, 4]. Yet, enhancing the UPO
peroxygenase activity while reducing (or even removing) its peroxidative activity is a crucial issue. In the current
work, we have constructed and explored several mutant libraries using as departure points different UPOsecretion variants. The error-prone PCR libraries were in vivo shuffled by yeast and screened with the help of a
dual HTS-assay, which has allowed us to identify improved peroxygenation UPO variants.
II. EXPERIMENTAL
UPO mutants (I13D3, M4D8 and M5D2 from the third generation of directed evolution and 2A12 from the
fourth generation) were used as parent types for library construction. These variants are from previous
engineering work carried out on the upo1 gene clone C1A-2 from A. aegerita for functional expression in S.
cerevisiae by directed evolution [3]. NBD (5-nitro-1,3-benzodioxole) was purchased by TCI America (USA).
ABTS (2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)), Taq polymerase and the S. cerevisiae
transformation kit were from Sigma-Aldrich (Madrid, Spain). The zymoprep yeast plasmid miniprep kit and
zymoclean gel DNA recovery kit were purchased from Zymo Research (Orange, CA, USA). The Escherichia
coli XL2-blue competent cells were from Stratagene (La Jolla, CA, USA). The uracil independent and ampicillin
resistance shuttle vector pJRoC30 was from the California Institute of Technology (CALTECH, USA). The
protease deficient S. cerevisiae strain BJ5465 was obtained from LGCPromochem (Barcelona, Spain).
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NucleoSpin Plasmid kit was purchased from Macherey-Nagel (Germany) and the restriction enzymes BamHI
and XhoI were from New England Biolabs (Hertfordshire, UK). All chemicals were of reagent-grade purity.
Library construction for laboratory evolution
PCR products were cloned under the control of the GAL1 promoter of the expression shuttle vector pJRoC30.
BamHI and XhoI were used in order to linearize the plasmid and remove the parental gene. Linearized vector
was loaded onto a low melting point preparative agarose gel and purified with Zymoclean gel DNA recovery kit.
For library 1 (L1, 2,000 clones), I13D3, M4D8 and M5D2 mutants were used as parental types. Error-prone PCR
(epPCR, with Taq DNA polymerase/MnCl2) and in vivo DNA shuffling were used as genetic diversity
generation
tools.
The
primers
used
for
this
purpose
were:
RMLN-sense
(5’CCTCTAATACTTTAACGTCAAGG-3’) and RMLC-antisense (5’-GGGAGGGCGTGAATGTAAGC-3’).
PCR reactions were performed in a final volume of 50 μL containing 90 nM RMLN, 90 nM RMLC, 0.3 mM
dNTPs, 3% dimethylsulfoxide (DMSO), 0.05 U/μL of Taq DNA polymerase, 1.5 mM MgCl2, 0.01 mM MnCl2
and 0.1 ng/μL of plasmids containing I13D3, M4D8, M5D2 and 2A12 (individual PCR reactions for each parent
type). For libraries 2, 3 and 4 (L2, 522 clones; L3, 427 clones; L4, 522 clones), the 2A12 mutant from fourth
round of evolution was used as parental type. Reaction mixture was prepared in a final volume of 50 μL
containing 0.1 ng/μL pJRoC30-UPO1 (mutant 2A12), 3% dimethylsulfoxide (DMSO), 1.5 mM MgCl2, and 0.05
U/μL Taq polymerase (Sigma) and variable concentrations of primers, dNTPs and MnCl2 depending on the
mutagenic library: 250 nM each RMLN and RMLC, 1 mM dNTPs (0.25 mM each) and 0.01 mM MnCl2 for L2;
90 nM each RMLN and RMLC, 0.3 mM dNTPs (0.075 mM each) and 0.01 mM MnCl2 for L3; 90 nM each
RMLN and RMLC, 0.2 mM dATP, 0.2 mM dGTP, 1 mM dTTP, 1 mM dCTP and 0.25 mM MnCl2 for L4. All
PCRs were carried out using a gradient thermocycler (Mycycler, Bio-Rad, USA). The thermal cycling
parameters fixed for the PCRs were: 95°C for 2 min (1 cycle), 94ºC for 45 s, 53ºC for 45 s, 74ºC for 3 min (28
cycles) and 74ºC for 10 min (1 cycle). Purified PCR products were then recombined by in vivo DNA shuffling.
PCR mutated products were mixed equimolarly (200 ng of each product) and transformed together with the
linearized vector (ratio PCR product:vector, 6:1) into S. cerevisiae competent cells using the yeast
transformation kit.
High-throughput dual-screening assay
Individual clones were picked and inoculated in sterile 96-well plates (Greiner Bio-One GmbH, Germany)
containing 50 μL of minimal medium per well. In each plate, column number 6 was inoculated with the
corresponding parental type, and one well (H1-control) was inoculated with untransformed S. cerevisiae cells.
Plates were sealed to prevent evaporation and incubated at 30°C, 220 rpm and 80% relative humidity in a
humidity shaker (Minitron-INFORS, Biogen, Spain). After 48 h, 160 μL of expression medium were added to
each well, and the plates were incubated for 48 h. The plates (master plates) were centrifuged (Eppendorf 5810R
centrifuge, Germany) for 10 min at 3,500 × rpm at 4°C. 20 μL of supernatant were transferred from the master
plate to two replica plates by a robot (Liquid Handler Quadra 96-320, Tomtec, Hamden, CT, USA). 180 μL of
reaction mixture with ABTS or NBD were added to each replica plate. Reaction mixture with ABTS contained
100 mM sodium citrate/phosphate buffer pH 4.4, 0.3 mM ABTS and 2 mM H2O2. Reaction mixture with NBD
contained 100 mM potassium phosphate buffer pH 7.0, 1 mM NBD, 15% acetonitrile and 1 mM H2O2. Plates
were stirred briefly and the initial absorptions at 418 nm (εABTS•+ = 36,000 M-1 cm-1) and 425 (εNBD = 9,700 M-1
cm-1) were recorded in the plate reader (SPECTRAMax Plus 384, Molecular Devices, Sunnyvale, CA). The
plates were incubated at room temperature until a green (ABTS) or yellow (NBD) color developed, and the
absorption was measured again. The values were normalized against the parent type in the corresponding plate.
To rule out false positives, two re-screenings were carried out. Finally a third re-screening was performed in
order to preliminarily characterize the best mutants obtained, Figure 1.
Protein modeling
A structural model of the UPO1 from A. aegerita crystal structure at a resolution of 2.1 Ǻ (Protein Data Bank
Europe [PDB] accession number 2YOR, [5]) was used as scaffold to build protein models, obtained by PyMol
v1.3r1 (DeLano Scientific LLC).
III. RESULTS AND DISCUSSION
Design of a dual HTS-assay for peroxygenation
The improvement of UPO mono-oxygenase activity whilst reducing the peroxidative activity requires a dual
HTS-assay, in which positive selection (for peroxygenation) and negative selection (for peroxidation) can be
simultaneously applied during directed evolution. To design this assay, two colorimetric substrates were chosen:
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (ABTS) for peroxidative activity and the 5-nitro-1,3benzodioxole (NBD) for peroxygenase activity. ABTS has been extensively employed by our laboratory to
screen mutant libraries of different ligninolytic oxidoreductases secreted by S. cerevisiae (medium and highredox potential laccases and versatile peroxidases). With a high affinity to the UPO active site (Km = 27 µM; [3]),
high sensitivity, and low interference with supernatant of culture broth, ABTS was in all likelihood the best
compound to accurately measure peroxidative activity. The oxidation of ABTS to ABTS•+ by UPO produces a
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strong and stable colorimetric response (εABTS•+ = 36,000 M-1 cm-1) which is suitable to screen mutant libraries in
S. cerevisiae. Recently, a peroxygenase-specific colorimetric assay based on NBD was reported [6]. This
compound is hydroxylated by UPO into 4-nitrocatechol (ε425 = 9,700 M-1 cm-1), which can be further converted
at basic pH to strong red (ε514 = 11,400 M-1
cm-1) since the color of 4-nitochatechol is
pH-dependent. Further analysis of the UPO
tolerance towards acetonitrile (ACN)
concentration was necessary since the low
concentration of ACN in the reaction
mixture makes NBD insoluble whereas high
amounts of organic solvent inhibits the UPO
activity. A compromise between substrate
availability and UPO stability was
established with 1 mM NBD and 15 % (v/v)
ACN. Under the aforementioned conditions,
we were capable to perform reproducible
measurements in both kinetic and end-point
mode for ABTS- and NBD-assays without
significant interferences with the culture
broth. The HTS-dual assay was validated by
assessing
the
responses
of
UPO
concentrations from yeast supernatants vs
the two colorimetric assays. Fresh
transformants containing I13D3 mutant were
inoculated, induced for expression and
different volumes of supernatant (0.5 to 20
µL) were tested. A linear relationship
between the amount of UPO and the
responses of both colorimetric assays was
found. To calculate the coefficient of
variation (CV) of both assays, test plates
containing the same parental type in
different wells were prepared. S. cerevisiae
cells harboring the I13D3-pJRoC30
construct were placed on SC selection
Figure 1. Dual high-throughput screening (HTS) assay for
plates. Individual clones were transferred to
Directed evolution towards peroxygenation.
test plates and after inducing expression, the
activities were evaluated from fresh supernatants preparations. The CV for the ABTS and NBD HTS-assays
were 13.5 % and 22 %, respectively.
Library construction and analysis
Four different mutant libraries were constructed and explored using several parental types from different
generations of directed evolution for secretion (i.e. with broad differences in their levels of detected activity).
Mutational rates were adjusted by varying the MnCl2 and DNA template concentrations as well as the dNTPs
composition during the error prone PCR. The mutagenized DNA inserts were not in vitro cloned with the
linearized plasmid but in vivo shuffled by yeast, which promoted the appearance of new crossover events and the
reparation of the whole autonomously replicating plasmid in one single step. Library 1 (L1, ~2,000 clones) was
constructed from parental types I13D3, M4D8 and M5D2, which were subjected to error-prone PCR (with
mutational rate of 1 amino acid per whole protein sequence) and in vivo DNA shuffling. Libraries 2, 3 and 4 (L2,
L3 and L4, ~500 clones each) were prepared from 2A12 mutant testing different mutational rates, Figure 2.
Three consecutives re-screens were used to rule out the presence of false positives. Even though some clones
with important improvements for both substrates were located, the screening was directed to those with reduced
peroxidase activity and increased peroxygenase activity. Systematically, the best 50 clones were picked and
subjected to the first re-screening. Thereafter, the best 10 mutants were selected for a second re-screening, in
which all the mutants were produced at the same metabolic stage. Finally, best variants from each library were
isolated, produced in larger scale and preliminary characterized in terms of thermostabilities (T50), pH profiles
and initial activities. Using this protocol, several variants with improved peroxygenase abilities were identified.
Among then, IAP4 mutant (from L1) showed 5-fold lower peroxidative activity and 1.7-fold higher
peroxygenative activity than the parent type. IAP4 harbors only one mutation in mature protein (T120P).
According to our homology model, this residue is located at the entrance of the heme group becoming even more
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hydrophobic the access to the substrate binding pocket. Although this change did not substantially affect the pH
activity profile, it does exert a negative effect on the thermostability (with a drop in the T50 of 7ºC), which
addresses the significance of this region for the protein stability.

Figure 2. Mutant libraries landscapes. Red, L2; Blue L3; Black, L4. The dashed lines represent the CV in the
corresponding assays and the solid line the parental type activity.
IV. CONCLUSIONS
The synthesis of hydroxylated aromatic compounds for industrial or pharmaceutical purposes has been
traditionally achieved by chemical methods, which show low selectivity generating undesirable by-products. In
the last couple of decades, we are witnessing a growing interest in the use of enzymes for such remarkable
transformations. UPO represents a very promising starting point to engineer aromatic hydroxylations in a high
selective and efficient way as long as its peroxidative activity can be quenched. The HTS assays shown here for
the directed evolution of UPO together with its yeast heterologous expression system are promising
biomolecular tools to convert this enzyme into a true self-sufficient monooxygenase.
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ABSTRACT
Several pulp and paper biorefinery projects are under development. In particular, the extraction of
hemicelluloses using an autohydrolysis step before the production of cellulose fibers is studied. The extracted
hemicelluloses could constitute a major source of sugars, oligomers and polymers for the production of bioproducts, bio-fuels or biomaterials. It has been shown that this hemicelluloses extraction could improve the
manufacturing process of cellulosic fibers, by facilitating the cooking, as well as oxygen delignification and
bleaching. The first part of our study compares different types of cooking (kraft, soda, soda/AQ) on
prehydrolysed and control softwood chips. The prehydrolysis would enable to apply a sulfur free cooking on
softwood wood chips, which is hardly possible on control wood chips.
To understand the reasons for this better cooking ability of softwood chips, some lignin analyses were carried
out. The molecular mass distribution obtained for prehydrolysed and control softwood lignins indicated that only
a slight depolymerisation of the lignin occurred during the autohydrolysis treatment. 13C NMR analysis of the
isolated lignins indicated that after autohydrolysis the lignin contained slightly more aromatic carbons and free
phenolic groups and less secondary hydroxyl groups and aliphatic carbons than the control lignin. Lignin carbohydrate complexes (LCC) were also isolated using a method described in [1].
I. INTRODUCTION
A biorefinery consists in the production of materials and energy. A pulp biorefinery produces fibers, chemicals
(tall oil and turpentine), ethanol, and energy needs for the process. In modern kraft mills, extra energy is
produced and sold to the market. The common process in kraft mills uses Na2S and NaOH as reagents, at a
temperature between 160 and 170°C during a couple of hours. During this process, the main part of lignin and
hemicelluloses of wood are dissolved, which form the effluent of the process called black liquor. This effluent is
concentrated and burned in a recovery boiler to produce the energy. During this stage, chemicals are recovered to
be used again in the process. However the calorific potential of the hemicelluloses is much lower than that of
lignin and a better valorization of the hemicelluloses should be looked for. Autohydrolysis was chosen to extract
part of the hemicelluloses prior to alkaline cooking, and valorize them either by fermentation into ethanol or to
produce chemicals such as surface active agents [2, 3]. It has been shown that prehydrolysis improves cooking
and bleaching [4, 5, 6]. Therefore, sulfur free cooking (like soda cooking) could be considered.
The first objective of this study is to develop a sulfur free cooking of prehydrolysed softwood chips. The
advantage of this type of cooking is that the black liquor will then not contain sulfur and could be used for
another valorization such as gasification [7]. The second objective is to understand the easier ability of the wood
to be delignified after a prehydrolysis. Lignins of control and prehydrolysed chips were extracted and compared
for their chemical composition and molecular weight distribution. The quantification of the linkages between
lignin and carbohydrates (LCC) was also carried out, using a method developed by [1].
II. EXPERIMENTAL
Sulfur free production process - Mixed softwood chips, kindly provide by Fibre Excellence Tarascon, were used
in this study. The composition is 35% Sylvestre Pine, 24% Black Pine, 18% Alep Pine, 16% Spruce, 7%
Douglas fir. The autohydrolysis step was performed in autoclaves placed in a rotating oil bath to adjust the
desired temperature. Autohydrolysis consists in an acidic hydrolysis without addition of any external acid.
Acetic acid released from the wood when it is heated in water is the acid source. The operating conditions were:
liquor to wood ratio of 4, the temperature was 170°C, the time at temperature was 60 minutes. Cooking was
performed in the same rotating oil bath as the prehydrolysis. Two types of cooking were carried out: kraft
cooking, according to the common industrial process, and soda - anthraquinone cooking. The operating
conditions were the same for both types of cooking: liquor to wood ratio of 4, the temperature was 170°C, the
time at temperature was 110 minutes. The amounts of NaOH and Na2S are indicated in the text. The percentage
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of anthraquinone (AQ) varied between 0.1 and 0.2% of the dry mass of wood. After cooking, the pulp obtained
was characterized by its yield and its kappa number, which is proportional to the lignin content, to evaluate the
performance of cooking. The kappa number is determined according to the T 236 cm-85 standard.
Isolation and analysis of lignin and lignin - carbohydrates complexes (LCC) - Extractives were first eliminated
from the wood chips prior to isolation and analysis by acetone extraction. The isolation of lignin was performed
according to Björkman [8]. The method that was used for the isolation of LCC is described in [1]. To perform
13
C NMR, 300 mg of lignin were dissolved in 4 mL of DMSO-d6. An acetylation was performed on both types
of lignin to better determine the different types of hydroxyl groups using the method described in [9] replacing
hydrochloric acid by ethanol and the ice - water mixture by diethyl ether. The molecular mass distribution was
realized on a size exclusion chromatography thanks to the dissolution of lignin in DMAc/LiCl (0.5%). The
standard used is polystyrene.
Analysis of wood - The analyses of different components of wood were performed, especially to know their
proportion in the wood. The determination of the percentage of lignin was carried out as described in the Tappi
Standard T 222 om-02. The saccharides percentages were determined according to T 249 cm-09 and using a high
- performance anion exchange chromatography with pulse amperometric detection (HPAEC PAD) in a Dionex
ICS 5000 apparatus.
III. RESULTS AND DISCUSSION
Sulfur free production process
First of all, an autohydrolysis was performed on the softwood chips and gave a yield of 80.1%. The results
presented in Table 1 show that the percentages of lignin and cellulose in the prehydrolysed wood were higher
than the ones in control wood, which is due to the solubilization of a part of the hemicelluloses during this step.
Table 1. Relative proportions of lignin and carbohydrate content in the control and prehydrolysed chips
Control chips
Prehydrolysed chips
Variation in composition due
to the autohydrolysis, %

Lignin

Cellulose

31.4
36.7

39.6
50.2

+ 16.8%

+ 26.7%

Hemicelluloses*
GGM
Xylans
17.7
11.2
9.0
4.1
- 49.9%

- 63.4%

*: acetyl and methylglucuronic acid groups are not included

Two types of cooking, kraft and soda - AQ, were carried out on both types of wood chips. The yields and the
kappa number are given in Table 2.
Table 2. Kappa numbers and yields obtained after kraft and soda - AQ cooking of control and prehydrolysed
wood chips
Control softwood
Prehydrolysed softwood

Kraft (Na2S 8.1%, NaOH 18.9%)
Yield*
Kappa number
44.0
24.4
34.5
27.9

Soda - AQ (NaOH 27%, AQ 0.1%)
Yield*
Kappa number
46.0
46.6
37.1
31.7

*: yield = yield after prehydrolysis x yield after cooking

The yields of prehydrolysed (PH) chips are lower than the ones of control chips because the yield of the
prehydrolysis is taken into account. It can be seen that even if there is a higher lignin content in the
prehydrolysed chips, the final lignin content is quite the same after a kraft cooking, which implies that a higher
delignification rate was obtained.

Figure 1. Yield versus kappa number for the soda AQ cooking of the softwood prehydrolysed and control chips
(the first number above the point indicates the NaOH %, and the second the AQ %) and kraft control (the
number indicates the NaOH %).
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After a soda - AQ cooking, the prehydrolysed wood chips showed a much higher delignification ability than the
control chips: the kappa number after PH soda cooking was in the same range as the one obtained after PH kraft
treatment, whereas the control wood chips exhibited a much higher kappa number of 46.6. Additional
experiments were made by varying the NaOH and AQ charges, Figure 1. As expected, a reduction in the alkali
charge led to increased kappa number, and increased yield. A previous study showed that pulps from PH wood
chips were also very easy to delignify in a subsequent oxygen bleaching stage and that it could be advantageous,
from a yield point of view, to stop the cooking at a higher kappa, as the oxygen delignifiation is more selective
than the end of a cooking [4]. One could then imagine a process using PH - soda with a high kappa number (65
in this case), followed by oxygen delignification to obtain low kappa numbers.
Analyses of lignin and lignin - carbohydrates complexes
Reasons for the better delignification ability of the prehydrolysed softwood chips to soda AQ cooking could be
either that the lignin has been modified [10], or that some lignin carbohydrate complexes have been hydrolysed
during the acidic treatment. Lignin isolation was performed using a mixture of water - dioxane and hydrochloric
acid. The yield of this isolation was between 70 and 75% for both types of wood. Molecular mass distribution
and 13C NMR analysis were carried out on the two lignins. The molecular weight distribution of prehydrolysed
wood lignin was slightly shifted to the small masses which indicate that only a slight depolymerisation of the
lignin occurred during the prehydrolysis, Figure 2.

Figure 2. Molecular mass distributions of control and prehydrolysed softwood chips
The results of 13C NMR showed that lignin of autohydrolysed wood contained more aromatic carbons and free
phenolic groups and less secondary hydroxyl groups and aliphatic carbons (between 15 and 20% less) than the
lignin of control wood, Table 3. Whether these differences would be enough to explain the efficiency of the
cooking of prehydrolysed wood chips is not sure. For the other functional groups the differences were not
significant.
Table 3. Contents of functional groups of acetylated lignin (for an aromatic unit)
Group/aromatic unit
Aromatic OCH3
Primary OH
Secondary OH
Phenolic OH
Aliphatic C=O of RCOOR’
Cβ of β-β and β-5
Cβ of β-O-4
Overall OH
Condensed aromatic C
Protonated aromatic C
Aliphatic C

Control softwood chips lignin
0.86 (± 0.043)
0.63 (± 0.032)
0.32 (± 0.016)
0.29 (± 0.015)
0
0.03 (± 0.0015)
0.15 (± 0.008)
1.24 (± 0.062)
1.88 (± 0.094)
2.32 (± 0.116)
1.78 (± 0.089)

Prehydrolysed softwood chips lignin
0.89
0.61
0.27
0.36
0.003
0
0.22
1.24
1.95
2.44
1.39

LCC were isolated from control and prehydrolysed wood chips, and the yields of each type of LCC are given in
Table 4. LCC1, LCC2 and LCC3 fractions contain respectively mainly LCC from glucan - lignin, glucomannan
- lignin and xylan - lignin. The results obtained for the control wood used in this study were compared to that of
spruce wood obtained at KTH. Higher yields could be obtained with spruce, but the general tendencies were
about the same at least for LCC1 and LCC2: about 53 - 54% of the LCC can be attributed to glucan - lignin LCC
and 33 - 36% to the glucomannans - lignin LCC. For the xylan - lignin LCC fraction (LCC3) there were more
differences between the wood species: 9% for the mixed softwood and almost 14% for the spruce. One reason
for that could be that the spruce wood contained more xylans than our mixed softwood species.
The proportions of LCC2 and LCC3 decreased after a prehydrolysis, whereas LCC1 increased, which is normal
given the fact that the prehydrolysis eliminated mainly hemicelluloses. The proportion of lignin in LCC1 was
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about the same for the control and prehydrolysed wood chips, and the relative change in carbohydrate in LCC1
was the same as the increase in cellulose content in wood chips, which implies that the cellulose lignin bonds do
not seem to have been significantly affected by the prehydrolysis. The relative change in carbohydrate content in
LCC2 was 45%, which is of the same order than the reduction in GGM in wood chips due to the autohydrolysis.
The lignin content in LCC2 was however higher than for the LCC2 in control wood. The reduction in LCC3
(lignin - xylan) was particularly high. A thorough analysis of the carbohydrate composition of the LCC fractions
is now needed to investigate the effect of prehydrolysis further.
Table 4. LCC yields for control and prehydrolysed softwood chips (the number between brackets indicates the
relative contribution of a given type of LCC: yield LCCi/Yields (LCC1 + LCC2 + LCC3))
Control wood
Lignin content in LCC, %
Data from spruce wood (KTH study, [1])
Lignin content in LCC, %
Prehydrolysed wood
Lignin content in LCC, %
Relative change of carbohydrate content in LCC%
due to autohydrolysis, %
Relative change of lignin in LCC due to autohydrolysis

LCC1
42.4 (54.4%)
19.7
49.5 (53.1%)
19.3
55.9 (69.1%)
20.9
+ 25.1%

LCC2
28.3 (36.3%)
41.1
30.9 (33.2%)
29.2
23.0 (28.4%)
58.7
- 45%

+ 26%

+ 9.4%

LCC3
7.3 (9.3%)
52.0
12.8 (13.7%)
42.7
2.0 (2.5%)
Non determined

Total
78.0
93.2
80,9

-

V. CONCLUSIONS
The implementation of a prehydrolysis before the cooking on softwood allowed a better delignification of the
wood. Thus, it could be possible to replace the traditional kraft cooking by a sulfur free cooking, a soda anthraquinone cooking for instance. To understand the influence of prehydrolysis on cooking, a study of lignin
and lignin - carbohydrates complexes (LCC) was performed. The size exclusion chromatography and 13C NMR
did not show big differences between the lignins of control wood and of prehydrolysed wood. Yields of LCC
indicated a loss of lignin - hemicelluloses complexes, particularly for the xylan - lignin complexes. Lignin cellulose complexes did not seem to be degraded by the prehydrolysis. The next steps will be to continue the
analyses on LCC and to show that cellulose of suitable properties, either for paper application or for textile
application, can be obtained from these pulps.
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ABSTRACT
As renewable and biodegradable nanofillers, cellulose nanocrystals (CNC) are currently attracting and will
continue drawing attention both from academic and industrial sectors. In the last decade, there has been growing
interest in incorporating polysaccharide-based nanocrystals into biopolymers as efficient reinforcing materials,
affording higher toughness, thermal stability and barrier properties[1,2]. On the other hand, graphene has emerged
as a material of enormous scientific interest due to its exceptionally high surface area and mechanical, thermal
and electron transport properties, among many others. In the field of nanocomposites, these atomically thin
carbon sheets have proven to be very promising additives that can significantly improve several physical
properties of host polymers at extremely small loadings[3]. Here, we present an innovative route to prepare CNC
and graphene based biocomposites where the nanofillers are produced by a method recently reported[4].
Specifically, CNC-modified graphene were produced by CNC-assisted liquid phase exfoliation of graphite, a
method that allows stabilization of resulting graphene flakes in aqueous dispersions at high concentrations.
Incorporation of these CNC-modified graphene fillers in a polymeric matrix produced significant enhancement
of the resulting biocomposite properties.

I. INTRODUCTION
In the last few decades, the use of naturally occurring polymers derived from renewable resources has gained
increasing attention due to their availability and renewability besides economical reasons. Cellulose stands out
among biomaterials as it is considered the most abundant renewable polymer on Earth[5] and can be
biosynthesized by a number of living organisms ranging from higher to lower plants, some amoebae, sea
animals, bacteria and fungi[6]. Due to the hierarchical structure and semicrystalline nature of cellulose,
nanoparticles such as microfibrillated cellulose (MFC) can be extracted from this naturally occurring polymer.
MFC are commonly obtained by mechanical treatment of native cellulose fibers consisting of alternating
crystalline and non-crystalline domains and cellulose nanocrystals or nanowhiskers are the result of submitting
microfibrils to a strong acid hydrolisis treatment, allowing dissolution of amorphous domains [7]. Cellulose
nanocrystals have been extensively investigated in the preparation of polymer nanocomposites[8]. Impressive
mechanical properties and reinforcing capability, abundance, low weight, and biodegradability of cellulose
nanocrystals make them ideal candidates for processing polymer bionanocomposites, above all those based on
biodegradable polymers.
As well as reinforcing nanomaterial, cellulose nanocrystals have been recently reported[4] to effectively stabilize
graphene aqueous dispersions prepared by liquid phase exfoliation of graphite. Graphene, a single layer of
carbon atoms arranged in a hexagonal lattice, has been widely used in the preparation on conductive polymer
nanocomposites. However, preparation of graphene polymer nanocomposites require the application of chemical
or physical methods for a good dispersability of graphene in hydrophilic polymeric matrix[9]. CNC-assisted
liquid phase exfoliation of graphite has been suggested as a simple, economic and non-toxic method to prepare
highly stable aqueous dispersions of graphene.
On the other hand, poly(vinyl alcohol) (PVA), a highly polar, water-soluble polymer, has been widely utilized in
polymer blends with natural polymeric materials. In addition to being compatible with many biopolymers, such
as cellulose or chitosan, PVA is also biodegradable[10]. The preparation of graphene oxide or graphene
nanoplatelets/PVA composites has been reported, in all cases resulting in nanocomposites with improved
mechanical, thermal or electrical properties.
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Here we show a simple and environmentally friendly method to prepare graphene-cellulose nanocrystals/PVA
biocomposites by direct incorporation of previously exfoliated graphene with cellulose nanocrystals into PVA.
To the best of our knowledge, there are no previous reports on PVA nanocomposites with the two nanomaterials.
Interestingly, the combination of graphene and cellulose in PVA had a pronounced synergistic effect on the
properties of the nanocomposite material. The investigation of the thermal properties of the novel
nanocomposites was carried out.
II. EXPERIMENTAL
Materials
Triton X-100 was purchased from Panreac and high purity graphite powder (SP-1) was obtained from Bay
Carbon Inc. Microcrystalline cellulose and Mowiol 4-88 (Mw ~31,000) PVA, were purchased from SigmaAldrich.
Preparation of nanofillers
Prior to the preparation of biocomposites, cellulose nanocrystals (CNCs) and cellulose-nanocrystals-stabilizedgraphene (GR-CNC) were prepared. CNCs were extracted from microcrystalline cellulose (MCC) by acidic
hydrolysis with sulfuric acid, according to a protocol reported elsewhere[12]. GR-CNC nanofillers were prepared
by CNC-assisted liquid phase exfoliation of graphite, following a protocol recently reported[4]. Briefly, graphite
(4 mg mL-1) and CNCs (16 mg mL-1) were co-dispersed in Millipore water and sonicated (tip sonicator Hielscher
UP400S, 0.5 s pulse, 70% amplitude) for 4 h in an ice bath to avoid overheating. Unexfoliated graphite was
removed by centrifugation at 4500 rpm for 1.5 h. The resulting dark black dispersions were very stable, with
negligible levels of sedimentation over periods of months. For comparative purposes, CNCs previously
dispersed in water and sonicated for four hours and graphene produced using the organic surfactant Triton X100
(GR-T) and the same conditions as for CNC-GR, were also prepared.
Preparation of GR-CNC/PVA nanocomposites
For the fabrication of GR-CNC/PVA biocomposite, 5 g of PVA were dissolved in 150 mL of distilled water at
100 ºC and the solution was subsequently cooled to room temperature. Then, 1 wt% of GR-CNC was added to
the polymer solution while stirring. For film formation the blend was poured into a Petri dish and allowed to dry
at room temperature until reaching a constant weight.
A series of PVA biocomposite films with different nanofillers at the same loading level (1 wt%) were similarly
prepared for comparison, namely CNC/PVA and GR-T/PVA. As a reference sample, a neat PVA film was
prepared following the same procedure.
The resulting films were of excellent quality, transparent (although those containing Graphene were slightly
greyish) and apparently uniform to the naked eye.
Characterization
Melting temperatures (Tm) of the biocomposites were determined with a Pyris Diamond DSC (Perkin Elmer) at
a scan rate of 10 °C min-1 over the temperature range 25-220 °C. The measurements were carried out using 5.00
+ 0.50 mg samples under a nitrogen atmosphere (50 mL min-1). The glass-transition temperature (Tg) and the
melting temperature (Tm) were recorded as the onset and the peak maximum temperature on the second heating
process, respectively. Relative crystallinity of PVA in blends was calculated from the area of the melting peak on
the basis of the heat of fusion of 100% crystalline PVA (138.6 J g-1) [11]. Thermogravimetric analysis (TGA) was
performed on a TGA Q500 (TA instruments) at a heating rate of 10 °C min-1 in a nitrogen atmosphere until 600
ºC and then in air until 800 ºC.
III. RESULTS AND DISCUSSION
Exfoliation of graphene
The exfoliation of graphite was supported by several techniques. UV–Vis absorption spectra for Triton X-100
and CNC-stabilized graphene dispersions obtained under identical exfoliation conditions were comparable, both
featuring a band centred at max = 269 nm (that can be attributed to  transitions of aromatic C–C bonds), in
agreement with max reported for reduced graphene oxide dispersions[13]. Raman spectroscopy was additionally
used to further corroborate graphite exfoliation. Figure 1 shows representative FE-SEM images of GR-CNC
samples obtained with different CNC concentrations.
Depending on the initial CNC:graphite ratio, the relative percentage of CNC in produced GR-CNC flakes varies.
This concentration was estimated from the weight loss in the temperature range 130–575 ᴼC measured by TGA,
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which for the case of GR-CNC used as nanofillers here was 95:5 (CNC:GR). The same dispersant:graphene ratio
was used for Triton-stabilized graphene (TR-GR).

Figure 1. FESEM (a, b) images of graphene flakes produced at 10:1 graphite:CNC concentration ratio.
Properties of PVA nanocomposites
The thermal stability of the nanocomposites was assessed by thermogravimetric analysis (TGA). Thermograms
showed several weight losses for the degradation of neat PVA and the biocomposites. Both pure PVA and its
biocomposite decomposed in a two-step process, and the TGA curve of the bionanocomposite was shifted
towards a higher temperature when compared to that of pure PVA.
On the other hand, DSC was performed for the different PVA biocomposites films. Table 1 shows themelting
temperature (Tm) and degree of crystallinity for the prepared biocomposites. It was observed that the melting
temperature and the degree of crystallinity of CNC/PVA nanocomposites decreased compared to GR-T/PVA,
GR-CNC and neat PVA. Disorder and decrease of PVA nucleation in the presence of CNC has already been
reported in the case of CNC-filled PVA produced by casting evaporation technique [14]. Such effect is ascribed to
stronger interactions between the cellulosic surface and polymeric matrix for the latter. These interactions most
probably restrict the capability of the matrix chains to form large crystalline domains. However, the presence of
a small loading (0.05 wt%) of graphene, both in GR-CNC/PVA and GR-T/PVA seems to counteract this effect
as the degree of crystallinity is slightly increased.
Table 1. Melting temperatures (Tm) and degree of crystallinity (c)a for PVA bionanocomposites.
Nanocomposite
composition
PVA
GR-T/PVA
CNC/PVA
GR-CNC/PVA

Tm (ºC)

H (J g-1)

191.6
191.6
188.8
188.7

21.57
19.25
16.3
18.8



c

0.16
0.14
0.12
0.14

 = (Hm)/ (H0m x ), with H0m , is the heat of fusion for the 100% crystalline polymer, , is the
weight fraction of polymeric material in the bionanocomposite (1%).

a c

IV. CONCLUSIONS
CNC-assisted liquid phase exfoliation of graphite has been used to prepare highly stable aqueous dispersions of
graphene. We have successfully prepared PVA biocomposites by direct incorporation of these aqueous
dispersions of graphene in a water solution of PVA and subsequent casting evaporation process. This method has
proven to be simple, clean and environmentally friendly for the production of PVA biocomposites films.
Assessment of the thermal properties showed that GR-CNC nanofiller had a synergistic effect in the thermal
stability of PVA. DSC analysis revealed that the incorporation of GR-CNC nanofiller can improve the
crystallinity of the biocomposite compared with the addition of plain CNC nanofillers that avoid the formation of
large crystalline domains. The presence of graphene can partially counteract this effect favouring the nucleation.
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ABSTRACT
The revalorization of agricultural wastes is attracting the attention of researchers and manufacturers. One of the
many ways to carry out this revalorization is the pulping and bleaching of those residues for papermaking.
Spain annually produces more than 300 thousand tonnes of Citrus sinensis (orange tree) trimmings. If they are not
re-used, they end up being open-burnt. Chemical composition of these residuals is similar to that of common
hardwoods.
The kraft process is the most used method to obtain pulp for papermaking purposes, but the use of sodium sulphide
and the burning of the black liquor are related to some environmental problems. A lot of research has been carried
out to evaluate alternative methods to remove lignin, such as soda-anthraquinone and Organosolv processes.
Nowadays, most of the bleaching plants work on ECF (elemental chlorine-free) bleaching methods. Although
chlorine dioxide is less harmful than elemental chlorine, it also creates halogenated pollutants. This can be avoided
by the development of total chlorine-free methods, such as hydrogen peroxide bleaching.
The work aims to obtain bleached pulp that is environmentally friendly in three ways: first, by using agricultural
wastes (orange tree trimmings) as the raw material; second, by using Organosolv pulping, and third, by bleaching
the pulp with hydrogen peroxide. A design of experiments was used to discuss the influence of peroxide
concentration, time and temperature on the yield, brightness, viscosity and Kappa number of pulps.

I. INTRODUCTION
The manufacturing of fibre-based products from agricultural wastes has been a field of interest for the past decades.
The reasons for this trending research are the expectation of the reduction of the availability of wood in the future,
the demand of certain countries where wood is a scarce resource, the care for environmental impact, and the
convenience to discover different new properties, be it mechanical or optical [1].
European production of pulp from wastes such as bagasse and cereal straw accounted only for 211,000 tonnes in
2012, making it the 0.6% of total pulp production, 18.2% less than the previous year, according to CEPI’s report
[2]. However, China’s non-wood pulp production was as high as 12.4 million tonnes in 2011, according to FAO’s
survey [3]. Finland is the greatest alternative pulp producer in Europe, Spain being the second. Cereal straw,
bamboo and bagasse are the most usual alternative raw materials. Many other plants or parts of plants are being
studied for papermaking purposes, namely esparto grass [4], hemp core [5], cotton stalk [6].
In Spain, the total production of trimmings implies a large wood potential, over 6.5 million tonnes. This includes
trimmings from sweet orange tree (Citrus sinensis) with a potential from 300 to 400 thousand tonnes, mainly
located in Eastern and Southern Spain. Orange tree pruning has been recently used by González et al. [7] to make
paper and evaluate the influence of cooking conditions. This material consists mainly of 73% of holocellulose and
20% of lignin [8].
As it is known, the kraft process is the main method to obtain cellulosic pulp for papermaking purposes, but the
use of sulphur salts is related to contamination problems and bad odours. Organosolv pulping, using various
organic solvents that selectively dissolve lignin, stands as one of the most popular alternative ways. It allows for
higher yield values, since it is less-damaging to cellulose and hemicellulose, and lignin recovery. As a major
drawback, in the current market it cannot be obtained enough profit from pure lignin yet [9].
To achieve the brightness usually required by printing paper or market pulp, a bleaching process is needed.
Generally speaking, bleaching is more selective towards lignin removal than cooking, but also more expensive per
unit of lignin removed, and it requires an already-cooked pulp. Traditional bleaching processes used to be based
on elemental chlorine, related to various pollution problems. This reagent was progressively displaced by chlorine
dioxide, less hazardous, since its first use in 1946 [10]. Stages involving ClO2 are present in the majority of
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bleaching plants today [11], but a next step is being taken by trying new bleaching processes only with oxygen,
ozone and/or hydrogen peroxide [12] These reagents do not form chlorinated organic derivatives needing to be
removed [13].
The aim of this work is to study the influence of three variables (temperature, time, reagent concentration) in a
one-stage bleaching process with hydrogen peroxide. The convenience of this bleaching process to remove lignin
and increase brightness of cellulosic pulp obtained from orange tree trimmings through Organosolv pulping, using
ethanolamine as the solvent, is discussed.

II. EXPERIMENTAL
Harvesting and pulping
Trimmings were harvested from orange trees grown in the East of Spain. An ethanolamine commercial solution
was purchased from Panreac.
First, the wood fraction of orange tree trimmings, i.e., stems whose diameter was greater than 5 mm, was separated
from the rest, washed, crushed, and then cooked to obtain the pulp. Cooking was performed in a stainless steel
batch reactor. Liquor to solid ratio was held at 6. Cooking liquor consisted of ethanolamine (60%) and water
(40%). Temperature was held at 180 ºC thorough the process. After 60 minutes of cooking, the resulting pulp was
washed, pressed, crumbled and stored at temperatures below 10 ºC. Prior to bleaching, the pulp was disintegrated
in a lab disintegrator ENJO model 692.
Bleaching
Peroxide bleaching of Organosolv pulp was performed following a fractional experimental design: 3 factors, 3
levels, and 15 different runs. The factors selected were: peroxide concentration, temperature, and bleaching time.
In each essay, a pulp sample was mixed with deionized water, hydrogen peroxide, sodium hydroxide, magnesium
sulphate and diethylentriaminepentaacetic acid (DTPA). The pulp sample and the bleach liquor were placed in a
polyethylene bag, which was sealed and kept at the desired temperature by means of a water bath. Consistency
was held at 10% for all the experiments. Amounts of NaOH, MgSO4 and DTPA added per gram of oven-dry pulp
were held constant (1.8%, 0.2% and 0.5%, respectively).
The hydrogen peroxide concentration was 2%, 6% and 10%, on the basis of oven-dried pulp weight. Bleaching
temperature was 55, 70 and 85 ºC. Duration of peroxide bleaching was 30, 90 and 150 minutes. Once bleaching
was complete, the sample was quenched to room temperature, washed, filtered, air-dried and weighted.
Analytic method
Up to six handsheets were made from unbleached pulp and from the bleached pulp obtained through each of the
experiments. Standard ISO 5269-1:1998 was followed. Handsheets were pressed at 130 kPa and dried at 140 ºC
for 10 minutes. The grammage of the handsheets was 60 g/m2 approximately. Brightness was determined according
to ISO 2470-2 standard.
Microkappa number was measured according to TAPPI standard UM 246, for both the unbleached pulp and the
one-stage bleached samples. Intrinsic viscosity was determined following UNE 57-039.

III. RESULTS AND DISCUSSION
Table 1 shows the normalized values of independent variables and the four dependent variables, according to the
proposed experimental design. The codes for the normalized factors are X P (peroxide concentration), XT
(temperature) and Xt (time). Yield is expressed as the weight of oven-dried bleached pulp per weight of oven-dried
pulp prior to bleaching. Each experiment was replicated enough times that relative standard deviation was less
than 6% for intrinsic viscosity and Kappa number, and less than 2% for ISO brightness.
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Table 1. Properties of unbleached pulp and properties of bleached pulp for different conditions. BR: ISO
brightness. KN: Kappa number. IV: intrinsic viscosity. YI: Yield.
Code
Unbleached
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

XP
-1
1
1
1
-1
-1
-1
-1
0
1
-1
0
0
0
0

XT
-1
1
-1
-1
1
1
-1
-1
0
0
0
1
-1
0
0

Xt
-1
-1
1
-1
1
-1
1
-1
0
0
0
0
0
1
-1

BR (%)
34,5
72,9
70,0
68,3
68,2
67,5
67,4
67,6
67,3
68,3
68,8
67,6
68,1
67,9
68,4
67,0

KN
49,8
38,5
40,6
43,2
42,3
44,2
44,8
44,1
44,5
42,6
41,9
43,7
41,8
42,1
41,5
44,6

IV (mL/g)
286
192
184
211
215
246
234
246
250
200
184
219
188
234
211
223

YI (%)
-90
90,1
93,8
89,6
94,2
94,3
95,7
95,5
92,4
93,5
94
94,4
94,3
93,7
92,8

Kappa number and yield were found to decrease mainly with peroxide concentration, although time and
temperature also showed significant negative influences. A low Kappa number is associated with low values of
intrinsic viscosity, because of the degradation of carbohydrates. Nonetheless, viscosity of the most severe-treated
sample is not the lowest. This is probably due to the removal of hemicelluloses [14].
Comparing with unbleached pulp, even a mild bleaching process raises brightness greatly. Such a high increment
in brightness corresponds to a low decrement in Kappa number. This is due to the mechanism of peroxide hydrogen
bleaching: brightness gain is mainly caused by the oxidation of lignin’s chromophoric groups, rather than the
removal of lignin itself [15]. However, very severe conditions cannot achieve brightness values higher than 71.1%.
Brightness was found to increase with time, temperature and, especially, peroxide concentration.
That could only be achieved by additional bleaching stages. A regression for ISO brightness was performed,
considering individual and binary influences that were statistically significant:
BR  67.8  1.073XP  0.652XT  0.487Xt  0.455XP 2  0.805XP X T  0.308XP X t  0.287XT 2  0.321Xt 2

The correlation coefficient R2 was 0.84. Figure 1 shows response surfaces relating brightness to normalized values
of temperature and peroxide concentration (A), and to normalized values of peroxide concentration and time (B).

Figure 1. Response surfaces for ISO brightness. A) Bleaching time is 90 minutes. B) Temperature is 70 ºC.
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IV. CONCLUSIONS
One-step alkaline bleaching with hydrogen peroxide, using DTPA as activator, achieved a high brightness gain in
Organosolv pulp from orange tree trimmings, although delignification was poor. For brightness values above 71%,
a multi-stage bleaching process is necessary. Temperature, peroxide concentration and duration of the process
affected brightness positively. Temperature and concentration showed negative influences over Kappa number
and yield. Viscosity usually decreased with those factors, due to the partial degradation of carbohydrates, but it
was found to increase in certain cases, due to the removal of hemicelluloses.
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ABSTRACT
Due to the current energetic and environmental crisis, and to the increase of value and use limitations of wood
fibres, a lot of attention is being led to the search of new and cleaner extraction methods. The objective of the
research is the recovery or production of cellulose from new sources, such as: agro-industrial wastes, annual
plants, bagasse and even mud and bacteria. However, few works consider the use of algae for that goal.
Algae, besides being a new, cheaper and more sustainable raw material, lack lignin or show scarce amounts of it.
This low or non-existent lignin content grants improved economic and environmental performance.
It has been proved that cellulose from algae has the required properties for its use in papermaking, and there are
patented methods and works regarding the manufacturing of paper and paper-related products from algal fibres.
Besides the profits implied by the suppression of the pulping and bleaching stages, cellulose from macroalgae
shows an exceptionally low degree of hornification, which delays its degradation upon use, improving its
utilization as reinforcing fibres in the manufacturing of both virgin and recycled paper.
The aim of this work is to optimize the process of extraction of cellulose from Ulva sp. A design of experiments
with three factors (hydrogen peroxide concentration, temperature, and time) was carried out. The influence of
these variables in the capabilities of algal cellulose as reinforcing fibre in the paper industry is studied.

I. INTRODUCTION
While wood is still the main source of cellulose, a great amount of research has been conducted lately into new
ways to obtain this polymeric material from alternative sources and by alternative methods [1-5]. Most of the
attention is paid to annual plants and agricultural wastes, but other raw materials should be taken into
consideration. Among them, algae stand as simple and feasible sources of cellulose fibres. Unlike wood, algae
do not need expensive (and usually polluting) cooking and screening processes to obtain a cellulose-concentrated
product. Lignin content is a major limitation when obtaining cellulosic pulp from higher plants, thus the lack of
lignin in seaweed eases the extraction and use of cellulose. Some lignin-like compounds at low concentrations
have been found [6], and even a very low content of true lignin [7].
Seaweed in the division Chlorophyta, or green algae, has cell walls constituted by up to 70% of cellulose.
Species in the genus Ulva, also known as sea lettuce, are particularly interesting for papermaking, to be used as
reinforcing fibres, due to ease of extraction and availability. Algae belonging to the genus Ulva are very common
worldwide, fast colonizers of coastal sites and tolerant to severe conditions [8]. Ulva sp. have been studied for
different applications: manufacturing of composites [8]; removal of copper from aqueous streams [9]; oil
extraction [10]; bioindication of metal contamination in water [11]. However, to the best of our knowledge, little
research has been done to evaluate their potential applications for papermaking since Monegato and Nicolucci
[12] invented a method to manufacture paper from seaweed, mainly Ulva rigida, along with bleached woodpulp. Later, You and Park [13] invented a method to manufacture paper from Rodophyta algae.
Obtention of cellulose from seaweed can be performed by means of acids, alkalis, enzymes, selective solvents
and/or several oxidants, such as ozone, hydrogen peroxide and hypochlorite. Extraction with hydrogen peroxide
is a minimal environmental impact method. This reagent is widely used in bleaching processes, since it is an
efficient oxidizer of colouring compounds [14], namely lignin in vascular plants, chlorophyll in seaweed.
In this work, algal samples from genus Ulva were analysed chemically to determine their content of
holocellulose, lignin and extractives. Algae underwent an extraction process with hydrogen peroxide with no
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prior treatment, following an experimental design with three factors and three levels. Brightness and mechanical
properties (breaking length, elongation, tear index, burst index) were measured. The influence of temperature,
hydrogen peroxide concentration and time through the extraction process was evaluated. Also, results are
compared to those obtained for conventional pine kraft pulp and pine sulphite pulp.

II. EXPERIMENTAL
Materials
For this work, seaweed was harvested by hand at the beach “La Cachucha” (Puerto Real, Cadiz, Spain) in March
of 2013. Samples were exhaustively washed with freshwater and screened in order to isolate Ulva sp. from other
algae, sand and impurities of any kind, and dried at 40 ºC for three days.
Commercial benzene and ethanol (95%) were purchased from Sigma-Aldrich. A solution consisting of 2
volumes of benzene by 1 volume of ethanol was prepared. Sulphuric acid (72%), glacial acetic acid (99.7% at
least) and sodium chlorite (0.1 N) solutions were obtained from Panreac. Solid MgSO4 and solid NaOH were
supplied by Panreac too, while solid diethyltriamminpentacetic acid (DTPA) was purchased from Fluka.
Chemical characterization of the samples
Extraction ethanol-benzene was performed according to TAPPI standard method T264 cm-97. Standard method
T222om-06 for the determination of the content of acid-insoluble lignin was followed. Holocellulose content
was determined according to Wise and Murphy (1946), using sodium chlorite and acetic acid as reagents [15].
Cellulose extraction
The reagent used was prepared by dissolving NaOH, MgSO4 and DTPA in a solution of hydrogen peroxide. Per
gram of o.d. sample, 0.018 g of NaOH, 0.005 g of DTPA and 0.002 g of MgSO4 were added to enhance the
process and preserve the cellulose chains.
Experiments were planned following a design with three factors: temperature, time, and percentage (in weight)
of hydrogen peroxide in relation to o.d. sample. Table 1 shows the codes adopted for the independent variables
and the normalized values. The criteria used to discern statistically-significant data from non-significant values
were: having a Snedecor F-value greater than 4 and having a Student t-value greater than 2. Only significant data
were fitted.
Each Ulva sp. sample were put in a polyethylene bag, along with the required addition of reagents, and distilled
water was poured into the bag until the consistency of the mixture was 10%. Each sample was held at constant
temperature for the desired time, then quenched, washed, and screened.
Table 1. Experimental planning for the cellulose extraction process.
Independent variable
Code
Normalized values
-1
0
Peroxide hydrogen (%)
Xp
1
2
Temperature (ºC)
XT
50
60
15
30
Time (min)
Xt

1
3
70
45

Formation and characterization of handsheets
Samples that had undergone extraction were mixed at a 50:50 ratio with pine kraft pulp. Handsheets were
obtained from each of the mixed samples according to ISO 5269-1:1998. Brightness was determined according
to the standard method ISO 2470-2:2008. Elongation and breaking length were measured by means of equipment
from HT Hounsfield according to UNE 57054 and UNE-EN ISO 1924-2:2009 standards. Tear index was
determined by a MESSMER tester according to UNE-EN 21974:1996 standard. Burst index was measured by a
METROTEC tester according to UNE-EN ISO 2758:2004 standard.

III. RESULTS AND DISCUSSION
Chemical analysis of the raw material
Results of the determination of the amount of extractives in ethanol-benzene, lignin and holocellulose are shown
in Table 2. Compared to wood or, generally speaking, higher plants, algae show a very low content of undesired
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components, such as lignin-like compounds and extractives. This makes unnecessary a treatment prior to the
cellulose extraction process, unless very pure cellulose is to be obtained. Holocellulose content is around 10-30%
lower than that of conventional wood and most of annual plants. This is made up by those materials usually
needing to undergo delignification processes that also remove a large amount of cellulose and hemicellulose.
Table 2. Chemical characterisation of Ulva spinulasa.
Holocellulose (%)
46,89
Extractives in ethanol-benzene (%)
2,00
Acid-insoluble lignin-like compounds (%)
2,47
Characterization of handsheets
The ISO brightness and mechanical properties of the handsheets for each of the experiments planned are shown
in Table 3. The addition of treated seaweed samples to pine kraft pulp resulted in an increase of tear index, and a
decrease of the rest of the properties measured.
Table 3. Average value and standard deviation for the physical properties of paper sheets.
BR
TI
EL (%)
BL (m)
BI (kN/g)
AV
SD
AV
SD
AV
SD
AV
SD
AV
SD
PKP
25.03
0.22
14.04
1.03
0.32
0.09
7723
46
5.1
0.07
PSP
16.90
0.16
15.50
0.94
0.24
0.04
3756
28
4.3
0.1
1
12.43
0.65
30.36
1.82
0.5
0
1846
184
1.66
0.05
2
12.75
0.96
25.97
0.15
0.36
0.02
1321
82
1.22
0.02
3
13.27
0.23
26.52
0.07
0.7
0.03
2273
20
1.87
0.12
4
11.36
0.42
25.88
1.05
0.97
0
3004
21
2.16
0.07
5
12.89
1.3
24.8
1.68
0.53
0.04
1301
2
1.17
0
6
14.4
1
25.36
2.35
0.39
0.01
1630
25
1.65
0.01
7
13.3
0.62
26.14
0.24
0.5
0
1971
139
1.69
0.05
8
12.8
0.29
23.29
1.29
0.62
0.01
1934
11
2.06
0.02
9
14.48
0.41
27.55
0.67
0.55
0.04
2143
31
1.39
0.01
10
11.5
0.39
34.62
0.45
0.41
0.04
1620
142
1.42
0.11
11
12.55
0.11
21.92
1.34
0.49
0.05
2090
149
2.23
0.03
12
13.09
0.39
25.62
0.04
0.6
0.01
1728
24
1.29
0.02
13
12.31
0.34
20.52
0.06
0.71
0.01
2208
80
1.91
0.08
14
14.3
0.29
27.14
0.25
0.48
0.05
1730
26
1.17
0.09
15
13.81
0.21
27.71
0.31
0.64
0.11
2716
35
1.93
0.02
Abbreviations: PKP: pine kraft pulp; PSP; pine sulphite pulp; AV: average value; SD: standard deviation; BR:
brightness; TI: tear index; EL: elongation; BL: breaking length; BI: burst index.
Essay

Fitting and modelling
Average values found for each of the dependant variables selected in the design of experiments were adjusted to
a polynomial model. Non-significant influences were neglected, which includes ternary and cubic influences.
The results of multiple regressions upon brightness, tear index, elongation, breaking length and burst index and
are shown in the next equations, along with the correlation coefficient in each case.
BR  13.02 0.002XP  0.024XT  0.02XPXT  0.025XT  0.079Xt

r2=0.917

TI  25.4971.04Xt  0.769Xt XT  0.822XPXT  2.45XT  0.754Xt

r2=0.923

EL  0.56 0.121Xt  0.08XT  0.02Xt XT  0.017XPXT  0.042XT  0.082Xt - 0.011XP

r2=0.875

BL  1967 58.8Xt 172XT 196XP  29.2Xt XT 162XPXT - 78.5XP

r2=0.738

BI  1.675 0.294XP Xt

r2=0.911

2

2

2

2

2

2

2

2

As expected, higher brightness values are obtained for larger additions of hydrogen peroxide. Medium
temperature and long-time extraction are also advised. To optimize tear index, we recommend high temperature,
2% hydrogen peroxide to o.d. sample, and a time of 30 minutes. The best performance in tensile properties is
achieved at low concentrations of hydrogen peroxide, 15 to 30 minutes of extraction and medium-to-high
temperature. For burst index, low peroxide concentration (1%) and short extraction processed are advised.
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IV. CONCLUSIONS
Ulva sp.’s cellulose content is lower than that of vascular plants, but, given the low content of undesired
compounds to remove prior to extraction, it can be concluded that its chemical composition provides ease to the
manufacturing of cellulosic products.
Comparing sheets from pine kraft pulps to sheets consisting of both pine kraft pulp and algal cellulose, it can be
seen that the incorporation of algal fibres greatly enhances tear resistance and elongation, but worsens the
performance in tensile and burst essays. Although these properties were decreased, it should be noted that they
are still acceptable for many applications, and this method implies notorious savings in terms of costs of raw
materials, energy, reagents, and equipment. Brightness values were found to be low, as the remaining
chlorophyll has a large colouring power.
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ABSTRACT
A cold holocellulose treatment (CH) was studied on a bleached Eucalyptus kraft pulp to see whether the chlorite
reaction on pulp at room temperature, slightly acidic pH and high reactant charge (313 % active chlorine) could
degrade cellulose. Indeed Ragauskas and col. (2010) reported some cellulose depolymerization by chlorite
treatments at 70°C and reinforced conditions compared to the classical so-called holocellulose treatment,
although lignin was found to protect cellulose. In our study, cellulose depolymerization was followed by
measuring the TAPPI viscosity and by multidetection size-exclusion chromatography. It could not be clearly
concluded that the CH treatment induced some cellulose degradation. This study opens the way to the set-up of
inert delignification procedures to be applied on raw or processed lignocellulosic samples from biorefinery
studies.

I. INTRODUCTION
During wood biorefinery studies, one main parameter to be monitored is the degree of polymerization (DP) of
cellulose in the raw material and during the applied processes. Size-exclusion chromatography (SEC) coupled to
multidetectors – differential refractometry (DRI) and light-scattering (LS) – is the preferred characterization
method used in several laboratories. Prior to SEC, samples are either directly dissolved in LiCl-DMAC or
derivatized to form cellulose tricarbanilates (CTC’s) which are soluble in THF or LiCl-DMAC. This method is
well reported on pure cellulose like cotton or low-viscosity chemical pulps that contain few amounts of
hemicelluloses and no trace of lignin. It is less applicable on samples that contain significant amounts of lignin
and hemicelluloses, like partially bleached wood chemical pulps. Its application remains virtually impossible on
raw vegetal or much lignified pulps like mechanical pulps. The quality of dissolution may also depend of the
cellulose DP, small chains being more easily dissolved or derivatized than long chains. However, even for welldissolved pulps, artefacts can be observed on the chromatograms, like irregular elution caused by the formation
of molecular aggregates between cellulose chains or interactions with the SEC columns. Aggregates are detected
by peaks in the high molar mass region of the chromatograms with very high light-scattering signals. They may
also cause poor column resolution with tailing chromatograms, exhibiting rather constant molar masses in the
tailing part, as measured by the detectors. Aggregates may result from polar interactions or cross-linking
between cellulose chains in which the residual hemicelluloses and lignin bonded to hemicelluloses play a role.
Therefore a rigorously correct analysis of the cellulose degree of polymerization should require a complete
elimination of lignin and few or no hemicelluloses remained in the sample prior to direct dissolution or
derivatization into CTC’s.
Lignin extraction and purification from raw or processed lignocellulosic samples that contain important amounts
of lignin and hemicelluloses, without affecting the DP of cellulose, is not straightforward. Highly lignified
samples can originate from plants or wood samples, untreated or treated during biorefinery studies, or from
papers containing mechanical pulps or semi-chemical pulps, such as old patrimonial papers manufactured during
the XIXth century. Even in the more recent studies that deal with the effect on cellulose of purification methods
for lignocellulosic samples [1-3], only CUED viscosities or SEC with simple DRI detection that relies on
standard calibration, but not highly precise measurements such as SEC-multidetection, has been reported.
Chlorite delignification of kraft pulps at slightly acidic pH, 70°C, reaction time 2h, is the so-called
“holocellulose test”. Delignification in one step is not fully achieved on plants and wood samples, and several
studies have reported the use of reinforced conditions: repeated stages at 70°C, prolonged time, high reactant
charge introduced in several steps [1, 2] [4, 5]. However, by testing some reinforced procedures on poplar milled
wood (unpublished results), we found that serious degradation of the TAPPI viscosity occurred. This was also
confirmed by molar mass distribution (MMD) measurements by SEC-multidetection on the fully-delignified
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samples, which revealed abnormally small DP’s of cellulose (lower than that of kraft pulps). This at least
confirmed the observation of Hubbell and Ragauskas [1] who treated pure cellulose samples by reinforced
holocellulose at 70°C and found some protection effect of added dissolved lignin.
In this paper, we investigated a cold holocellulose (CH) procedure reported in 1997 by Lapierre and Bouchard
[6]. We measured the TAPPI viscosity and the MMD of cellulose tricarbanilates by SEC-multidetection during
successive CH treatments with or without insertion of an alkaline extraction (E) treatment between the chlorite
stages. We used a SEC-multidetection system that includes differential refractometry, UV, dual-angle lightscattering (LALS/RALS) and viscometry, allowing the quantification of the MMD, intrinsic viscosity,
hydrodynamic radius and gyration radius of the CTC’s.

II. EXPERIMENTAL
An industrial south-American Eucalyptus kraft pulp (ECF bleached) was used as cellulosic substrate containing
hemicelluloses (mostly xylans) and no lignin, with no further treatment (except washing with deionized water
and air drying). CUED viscosity was measured by the TAPPI standard procedure. Viscosity-average degree of
polymerization in CUED (DPv) was calculated from TAPPI viscosity using a conventional formula.
Cold holocellulose (CH) treatment was made according to the method described in [6]: 1 g (on dry basis) of wet
pulp sample is placed in a glass flask. 50 mL of a solution containing 0.442 mol/L of sodium chlorite and 0.167
mol/L of pure acetic acid (pH of about 3.6) is added. The flask is tightly closed and left for reaction in a dark box
at room temperature during 16 h. After reaction, the pulp is washed with a large volume of deionized water. A
part of the pulp is dried at room temperature for viscosity measurement; the remaining is kept undried for solvent
exchange with pure DMAC and phenylisocyanate derivatization followed by SEC measurement.
Alkaline extraction (E) was made in polyethylene bags immersed in a water bath in the following conditions: 2%
NaOH/pulp, 10% solids consistency, 70°C, and 2 h.
Cellulose derivatization to form CTC’s followed a procedure modified from Berggren et.al. [7]. Solvent
exchange with pure/dry DMAC is applied on the wet pulp sample (100 mg o.d. basis). DMAC-LiCl (6% LiCl)
and phenylisocyanate are added and the reaction is carried out in closed stirred flasks at 40°C. It is stopped after
5 days with an excess of MeOH. Dilution in DMAC and final dilution in THF allow reaching a CTC
concentration of about 1 mg/mL for SEC injection. The SEC system includes a Malvern GPCmax system
equipped with DRI, UV, LALS, RALS and viscometer detectors, 3 PLGEL mixed-B columns and a precolumn,
all kept at 35°C. The system was eluted with THF at a flow rate of 1 mL/min. Data were treated with OMNISEC
4.5TM from Malvern Corporation.

III. RESULTS AND DISCUSSION
The measured CUED viscosities and mean chromatographic data are reported in Table 1. It is shown that a
single or two successive CH treatments did not affect the TAPPI viscosity of the pulp, while three treatments
induced a slight decrease of the viscosity. With an E treatment after CH, a more significant viscosity decrease
was induced, but viscosity kept rather stable after an end CH treatment. Tendencies shown by the
chromatographic analysis appear slightly different, since it might be concluded that either very little or no
degradation would be induced by the repeated cold holocellulose and E treatments. The peak degree of
polymerization data exhibit a slight decreasing tendency, slightly more pronounced when E is applied. Weightaverage DP data (DPw) tend to correlate the latter. Since the DPw is mostly affected by the high molar mass
population, the biggest molecules might suffer little damages. However, variations of the weight-average
intrinsic viscosity <[η]> or weight-average hydrodynamic radius <Rh> appear at the limit of significance.
Variations of the weight-average gyration radius <Rg> appear to be slightly more pronounced than for <Rh>.
However the calculation of Rg with a dual-angle light-scattering detector may not be very accurate. It is
interesting to note the rather constant values obtained for the identified MHS-law parameters K and a, very close
to previously calculated values on cotton pulps. The DPv of the CTC’s was recalculated from K, a and [η]. As
for the DPpeak and DPw values, it exhibits a slightly decreasing tendency with the multiplication of the applied
treatments. The polydispersity (DPw/DPn) appears to be rather constant, except for (CH + E). Here again,
variations can be assumed at the limit of significance since the precision depends on column resolution, partly
affected by the presence of a small population of molecular aggregates. Data treatment of the chromatograms has
been made using linear interpolation of the Log M vs. retention volume curves, which usually provides only an
approximate evaluation of the DPn. Moreover, the low molar mass region is affected by the presence of
hemicelluloses which lowers the value of DPn and increase the polydispersity.
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TAPPI viscosity (mPa.s)
DPv in CUED calculated
from TAPPI viscosity*
Peak DP
DPw
DPn
Polydispersity
(DPw/DPn)
<[η]> (dL/g)
<Rh> (nm)
<Rg> (nm)
MHS-law parameters
(Log K; a)**
Recalculated DPv from
MHS-law parameters

Untreated pulp
10.8
949

CH
11.0
960

CH+CH
10.8
951

CH+CH+CH
10.4
925

CH + E
10.2
912

CH+E+CH
10.2
915

1541
2416
391
6.2

1690
2601
427
6 .1

n.d.
n.d.
n.d.
n.d.

1640
2564
419
6.1

1550
2516
452
5.6

1430
2453
402
6.1

4.58
40.6
80.2
(-3.559;
0.703)

4.32
41.4
74.7
(-3.683;
0.714)

n.d.
n.d.
n.d.
n.d.

4.26
40.9
70.4
(-3,503;
0.685)

4.32
40.9
69.3
(-3.662;
0.713)

4.06
39.1
65.8
(-3.690;
0.716)

1940

2150

n.d.

2080

2050

1920

log 0.75×( 954×log T −325 ) 

*Calculated by the formula: DPv = 10
** Mark-Houwink-Sakurada law: DPv =

0.905

(T = TAPPI viscosity)

 [ η] 


M monomer  K 

1/a

1

(a; K: MHS-law parameters)

Table 1. CUED viscosities and size-exclusion chromatographic data of the different samples.
Results for molar mass distribution and Rh vs. Log M curves are presented in Figures 1 and 2. The MMD curves
appear to be quite well reproducible and superimposed. DP values can be calculated from M by dividing by 519,
the molar mass of the CTC repeating unit. The main peak at 105.9 Da (DP of about 1500) represents the main
cellulose population. A second peak that appears as a shoulder at 106.7 – 106.8 Da corresponds to high molar mass
molecules (DP of about 104), likely to be molecular aggregates. This peak exhibits a rather similar intensity on
the different curves and seems not to be affected by the CH or E treatments. At 104.8 Da (DP of about 80), the
peak corresponds to the small chains of hemicelluloses, which appear to be rather stable and therefore not
eliminated during the treatments.
1,0

untreated pulp

0,9

CH

0,8

CH+CH+CH

0,7
0,6

CH+E

0,5

CH+E+CH

0,4
0,3
0,2
0,1
0,0
3,5

4

4,5

5

5,5

6

6,5

7

7,5

Figure 1. Molar mass distribution curves (dW/d Log M vs. Log M) of the different samples.
The evolution of the hydrodynamic radius vs. Log M curve (Figure 2) also exhibits quasi-perfect
superimposition of the curves, which shows no change in the molecular conformation of cellulose during the
different treatments. Similar superimposition of the curves was observed for the [η] vs. Log M curves (not
represented), from which Rh was calculated by the Einstein law:   
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untreated pulp

2,0

CH
1,8

CH+CH+CH

1,6

CH+E
CH+E+CH

1,4
1,2
1,0
0,8
4,7

5,2

5,7

6,2

6,7

Figure 2. Log Rh vs. Log M curves of the different samples.

IV. CONCLUSIONS
Repeated holocellulose treatments, applied on a bleached Eucalyptus kraft pulp at room temperature, high
chlorite charge (313% active chlorine), with or without alkaline extraction, appear to be quite innocuous for the
cellulose degree of polymerization and preservative for hemicelluloses. CUED viscosity and SEC-multidetection
measurements exhibited slightly different results and tendencies, from which no evidence for significant
degradation of the pulp was found, but possibly, a slight tendency for very few depolymerization of cellulose.
This work is a preliminary step for further studies on inert delignification treatments to be applied on lignified
samples from biorefinery studies. The cold holocellulose procedure appears to induce very little or no cellulose
degradation, contrary to reinforced hot holocellulose procedures described in the literature.
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ABSTRACT
Although the production of viscose fibres has been known for more than a century now, improvements are still
of high economical interest, such as increasing the fibre yield or the isolation of by-products of high added value.
The pulp components are exposed to varying conditions during the manufacturing process. Strong alkaline
conditions are applied during steeping to dissolve most of the hemicellulose and to activate the cellulose for
subsequent xanthation. Additionally, the carbohydrate fractions are subjected to alkaline degradation reactions of
varying extent.
A comprehensive kinetic model was developed for process simulation of alkaline cellulose degradation
comprising primary and secondary peeling, stopping and alkaline hydrolysis.
For this purpose a TCF bleached beech sulfite dissolving pulp was treated with sodium hydroxide at 40, 50 and
60 °C for time periods up to 80 hours. Oxygen was excluded to inhibit undesired oxidation of the substrate. An
attempt of detailed characterisation of all obtained fractions was made using both, established and novel
analytical methods. Molar mass distribution, carboxyl and carbonyl group content of the alkali insoluble fraction
were determined and confirmed the assumptions of the model. Further, a variety of alkali soluble degradation
products was identified.
In the last step of the viscose process, cellulose fibres are regenerated in an acidic spinning bath. Viscose
samples of different composition were prepared and spun in a lab scale spinning machine under standardized
conditions. Further, the never dried viscose fibres with different hemicellulose contents were subjected to long
term degradation in a standard spinning bath at 50 °C. The changes in fibre properties and the gain of the TOC in
the solution were monitored.

I. INTRODUCTION
During the viscose process, carbohydrates are exposed to extreme conditions concerning the pH. Especially
cellulose is subjected to a broad range of different types of reactions, mostly leading to undesired yield loss. In
the first step the pulp is mixed with alkali to dissolve the remaining hemicellulose and to convert cellulose I into
cellulose II in order to enhance the reactivity. Under alkaline conditions an enolate group is formed at the
reactive reducing end group of a cellulose molecule, leading to endwise degradation due to chemical peeling (elimination). As a result a shortening of the molecule and the elimination of the soluble isosaccharinic acids
occurs. Stopping is a competing reaction to peeling and leads to an alkali stable metasaccharinic acid (3-deoxyD-gluconic acid) end group [1]. At higher temperatures and pH values alkaline hydrolysis may occur as a third
possible reaction [2]. It results in random chain scission and forming of new reducing end groups that undergo
secondary peeling. So far, secondary peeling has not been considered in the models present in the literature.
The strong acidic conditions during spinning lead to cellulose bond cleavage due to hydrolysis. Under strong
acidic conditions, the amorphous parts of the cellulose are degraded in the first place. After prolonged treatment
times, the reaction proceeds, until the Level-off-DP is reached [3]. The residual crystalline fraction is degraded
with a markedly lower reaction rate. Hemicellulose is assumed to degrade by a similar mechanism with a much
higher reaction rate due to its amorphous character [4].
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II. EXPERIMENTAL
Alkaline treatment
A TCF bleached beech sulfite pulp was treated with sodium hydroxide at 40, 50 and 60 °C for time periods up to
40 hours to derive the time dependence of the cellulose degradation. An initial ten minutes steeping by vigorous
stirring was applied to remove residual hemicelluloses and ensure a homogenous cellulose suspension in the
aqueous lye. Oxygen was excluded to inhibit undesired oxidation of the substrate. The insoluble cellulose was
separated, washed neutral and air dried. The resulting filtrate contained acid precipitable hemicelluloses (fraction) as well as soluble cellulose degradation products (-fraction). The formation and properties of the solid
residue as well as the degradation products in the lye were monitored.
Acidic treatment
Viscose dope was prepared from the same pulp as used for the steeping experiments. The fibers were spun into a
standard spinning bath, collected, washed neutral and stored cooled. Additionally to common fiber composition,
xylan enriched fibers were prepared by using hemicellulose rich lye as dissolving lye. The never dried fibers
were, again, treated with standard spinning bath at 50 °C for time periods up to 260 hours in Erlenmayer flasks.
After a certain time period, the fibers were separated from the solution, washed neutral and their mass and
intrinsic viscosity was determined after air drying. The TOC of the remaining solutions was measured.

III. RESULTS AND DISCUSSION
Alkaline reaction kinetics
As already mentioned, no appropriate model describing the cellulose reactions, including secondary peeling was
present in the literature. Therefore a suitable solution for the problem had to be found. In our approach, the
fraction of degraded cellulose units may be calculated with following equations

1
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2
2
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2
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,   1 k h  k s  and   k h  2 R0 k p  k s
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where
is the first-order rate constant for the peeling reaction,
is the first-order rate constant for the
stopping reaction and
represents the rate constant of alkaline hydrolysis [5, 6].
Based on the model, further calculations enable to determine the contribution of the particular reaction type [7].
The results for our data are visible in Figure 1. The relevance of secondary peeling for the cellulose yield loss is
increasing with treatment time, whereas primary peeling does not longer proceed after the formation of
metasaccharinic acid at the reducing end.

Degraded material
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Figure 1. Partition of degraded cellulose respectively the reaction type; solid lines – primary peeling, dashed
lines – secondary peeling, dotted lines – alkaline hydrolysis
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Figure 2. Fractional distribution of the solid residue and degradation products dependent on the treatment
temperature; a: 40 °C; b: 50 °C and c: 60 °C in wt%.
Besides the investigation of insoluble cellulose, the influence of the treatment conditions on the lye soluble
residues was examined. A fractionation of the dissolved matter was accomplished by changes in the pH to lower
values. The amount of the fractions was indirectly determined by TOC-analysis of the lye and the acidic
solution. The mass balance of the entire system was obtained by calculation of the yields of all of the fractions
and their sum for each experiment. The following assumptions were made for the mass calculation: the fraction was considered to be consisting of anhydroxylan units with a conversion factor of TOC/xylan = 0.4545
and the -fraction was treated as anhydrocellulose with a factor of TOC/cellulose = 0.4440. The addition of the
insoluble cellulose yield and the soluble components resulted in a recovery rate of 100 % with a deviation of 
2 %. The distribution of all fractions for the different temperatures is illustrated in Figure 2.
Acidic reaction kinetics
Viscose Fibers with comparable DP and different hemicellulose content were subjected to degradation in a
standard spinning bath. The reaction rates were calculated with the equation introduced by Calvini [3]

(

)

(

)

where
is the initial degree of polymerization,
the Level-off degree of polymerization.

)(

(

)

is the degree of polymerization at the time and

is

A LODP of 90 was determined for the fibers. The same model was used for both, standard and xylan enriched
fibers, as hemicellulose was assumed to follow a similar degradation mechanism [4]. Slightly higher reaction
rate constant was determined for the hemi-rich fibers (k = 9.3*10-3 h-1) in comparison with the standard
(k = 6.6*10-3 h-1). The progression of the chain scissions is illustrated in Figure 3. Hemicellulose is known to
degrade with a higher rate compared to cellulose. Yet, in this case, the higher reaction rate could not be ascribed
to xylan degradation, since its DP was significantly lower and the amount present was small.
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Figure 3. Kinetics of fiber degradation after acidic treatment (a) and the corresponding TOC formation in the
solution (b)
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Therefore, higher cellulose accessibility was assumed, as a consequence of xylan dissolution and the resulting
gaps [8]. A negligible increase in degradation products concentration was determined in the solutions after
standard fiber treatment. This seems reasonable, since no significant yield loss was observed, even after long
treatment times. Degradation of xylan enriched fibers resulted in higher TOC increase in the liquid phase, due to
a higher hemicellulose loss reaction rate.

IV. CONCLUSIONS
A novel model was developed, describing cellulose degradation in alkaline media, including secondary peeling:


it enables a detailed description of cellulose reactions



contribution of the particular reaction type may be calculated



improved steeping process control

Standard viscose fibers and xylan enriched fibers were subjected to acidic degradation in spinning bath:


good agreement for description of the reaction kinetics with an existing model



higher degradation rate of xylan enriched fibers due to higher cellulose accessibility



increased reaction rate leads to enhanced formation of degradation products
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ABSTRACT
Wood material is difficult to digest by enzymes during enzymatic hydrolysis to obtain fermentable sugar and
ethanol because of its complex chemical composition and physical structure. Steam explosion (SE) is a promising
pretreatment that increases the enzymatic accessibility by chemical and physical effects. In this process wood is
treated with high pressure steam for a certain time. After this treatment step, the pressure is reduced rapidly which
causes the vapour inside the wood to expand and exert pressure on the cell walls. This pressure causes alteration in
cell structure which increases enzyme penetration. Existing literature on the steam explosion process provides
limited information about the parameters that should be considered for SE equipment design. In this study, we
have performed experiments on single wood pieces to study the effectiveness of the explosion step. Mercury
porosimetry analysis is performed to characterize the structural changes in steam exploded wood. It has been
found that the ratio of area of steam discharge valve to volume of steam treatment vessel (A/V) is an important
parameter that can affect the explosion step. A large increase in average pore diameter of steam exploded wood is
observed with increase in A/V ratio. Efficient explosion depends on pressure decrease rate inside wood chip and in
the vessel. Net pressure experienced by cells in the wood is the difference between pressure inside the wood cells
and the pressure in the vessel at any instant. A/V ratio is an important parameter that should be considered during
the steam explosion equipment design.
I. INTRODUCTION
Fermentable sugar obtained by enzymatic hydrolysis of untreated wood is almost negligible because of complex
chemical composition and physical structure of wood [1]. A pretreatment process which increases the accessibility
of enzymes to hemicelluloses and cellulose is thus necessary. The steam explosion (SE) pretreatment is the most
widely employed pretreatment for lignocellulosic biomass [2]. Grous et al. [1] found remarkable increase in
glucose yield in steam exploded wood as compared to unexploded wood.
The SE process is a combination of both chemical and physical effects. First wood chips are treated with steam at
high pressure and temperature for certain time (2 - 20 min) which causes the chemical linkages between lignin and
polysaccharides to cleave. Then the pressure is rapidly decompressed inducing physical effects where the vapours
inside the wood expand and exert stresses on the cell walls [3]. These physical effects cause an increase in pore
size of the wood [4] and cracks in the cells and rupture in pits which increase the effectiveness of the SE process
[5].
The SE process is optimized if both chemical and physical effects are optimized. Several studies have been
conducted to find the conditions (time and temperature) to optimize chemical effects for obtaining high yield for
different biomass [6], [7]. Maximum efficiency of steam explosion process is obtained if the physical effects are
also optimized [8], [9]. The stresses experienced by the cells during rapid decompression depend on the net
pressure difference ΔP exerted on the cell walls. The ΔP can be calculated by the difference in pressure inside and
outside the wood.

The pressure inside the wood is the saturated steam pressure at the corresponding temperature [10]. The
temperature inside wood chips is controlled by heat and mass transport mechanisms and depends on the
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permeability of the wood material and surrounding pressure. There is no study available to calculate the change
in pressure inside the wood during rapid decrease of vessel pressure.
The outside pressure is the vessel pressure. The ΔP is high if the pressure in the vessel decreases at high rate. The
present study focuses on the parameter that influences the pressure decrease rate in the vessel. This parameter is
the ratio of the area of steam discharge valve to volume of steam treatment vessel (A/V).
II. EXPERIMENTAL:
Two steam explosion vessels, with A/V = 0.13 m-1 and A/V = 0.28 m-1, were built. In these vessels, experiments
with single wood chips could be performed. During the SE experiments the wood pieces were contained inside a
wire frame in which they were free to move and expand due to vapour expansion but not escape from the frame
and collide with the walls of the equipment.
Wood pieces with dimensions of 60 mm x 20 mm x 4 mm of Norway spruce (sapwood) were used as samples.
These were divided into two parts (small pieces with dimension 30 mm x 20 mm x 4 mm). These small wood
pieces were taken from the same annual rings which make the samples comparable. The wood pieces were
impregnated in water under 5 bar pressure at room temperature for 24 hr before SE. Experiments were performed
with saturated steam at 10 bar (180 OC) with treatment time of 10 min. After the experiments mercury porosity
analysis was performed to analyze the effects of steam explosion on available pore size.
Mercury porosimetry analysis of wood
Mercury porosimetry is a useful technique for structural characterization of wood [11]. This technique can be
used to find sample’s total pore volume, porosity and pore size distribution. The pore diameter is calculated by
the Washburn equation [12]:

is contact angle = 130O and

where is the pore diameter, is the surface tension = 0.485 N/m,
An average pore diameter is calculated as

is pressure.

where V is total intrusion volume and A is total pore area.
III. RESULTS AND DISCUSSION

Figure 1. Incremental intrusion volume for different pore size in wood
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Figure 1 illustrates pore size distribution for steam exploded wood in two different steam treatment vessels. There
are significant differences in intrusion volume for different A/V ratio. Also an increase in average pore diameter is
observed with increase in A/V ratio. Average pore diameter of two samples increased from 770 and 940 µm at
A/V = 0.13 m-1 to 1420 and 1140 µm at A/V = 0.28 m-1. Thus A/V ratio is an important parameter in steam
explosion equipment design. The increase in A/V ratio causes the pressure in the vessel to decrease faster. Below
we have calculated the effect of A/V ratio on pressure decrease in the vessel.
Pressure in vessel
As the explosion starts the pressure in the vessel decreases rapidly and the flow can be shown to enter the choked
(sonic) flow regime. This occurs when the ratio of source pressure to the downstream pressure is equal to or
greater than
, where k is specific heat ratio. For steam, k = 1.3 and the term becomes 1.83.
Thus if the vessel pressure is higher than 1.83 atm (usually the case), and the decompression pressure is
atmospheric pressure, the condition for choked flow is fulfilled. At this condition the pressure in the vessel can
be calculated using expression [13]:

For vessels with A/V = 0.13 or 0.28 m-1, discharge coefficient = 0.59 [14], with initial pressure of 10 bar at t = 0;
the vessel pressure decrease with time as shown in Figure 2.

Figure 2. Pressure decrease in steam explosion vessel with time
It can be seen that the pressure decrease is faster for large A/V ratio. If the pressure decrease from the vessel is
faster, then the ΔP will be higher. In order to obtain maximum effect from the explosion step, the pressure
release rate in the vessel must be high. For batch steam explosion equipment this can be achieved by increasing
the A/V ratio.
IV. CONCLUSIONS
Steam explosion increases digestibility of the wood material by chemical and physical effects. The process is
optimized if both effects are optimized. The rapid decrease of pressure during the explosion step causes the
increase in pore size of the wood. In order to obtain maximum effects from the explosion step, pressure release
rate in the vessel must be high. For the batch steam explosion process, the pressure release rate increases with
increase in the ratio of area of steam discharge valve to volume of steam treatment vessel. Badly designed steam
explosion equipment may cause less pressure difference on cell walls resulting in no effect of explosion and no
opening of structure.
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ABSTRACT
The present study focuses on the extrusion of olive tree pruning biomass in a one-step alkaline-extrusion process,
in order to fractionate biomass and improve sugar production. In this work, a range of pretreatment conditions
(temperature, catalyst concentration and screw speed) were evaluated according to different parameters:
composition of pretreated substrates, glucose and xylose recovery, degradation products generation, enzymatic
hydrolysis yield and overall sugars yield. Results show that enzymatic digestibility is remarkably improved by
extrusion although not significant variations are found on the chemical compositions of material extruded at
different conditions. The maximum glucose sugar production value, after pretreatment and enzymatic hydrolysis,
was close to 210 g/Kg raw material, which corresponds to about 69 % of the theoretical production yield.
I. INTRODUCTION
Olive tree pruning (OTP) biomass is a large available renewable agricultural residue in the Mediterranean
countries with no industrial applications. In Mediterranean areas, the residual biomass from olive pruning
reaches an average 1.31 t ha-1 in annual and 3.02 t ha-1 in biennial pruning [1]. A typical OTP lot includes
leaves (around 25% by weight), thin branches (around 50% by weight), and thick branches or wood (25% by
weight), although the proportions may vary depending on culture conditions, tree age, production and local
pruning practice. This biomass constitutes an important energy and chemicals source that, till date, is not being
used. This residue contains variable amounts of carbohydrate as well as phenolic and terpenic compounds, etc.,
which makes it an interesting source for bio-refinery products [2]. The composition of OTP biomass permits to
develop a multiproduct industry that takes advantage of the various components in biomass and their
intermediates therefore maximizing the value derived from the biomass feedstock.
As an alternative, olive tree pruning residues may be used as raw material for ethanol production or other added
value products from sugars. Due to the recalcitrant nature of the lignocellulose, a pretreatment step is required
for increasing fermentable sugars in the hydrolysis step. It is necessary to choose pretreatment conditions that
produce highly digestible solid material resulting in high sugar yields from enzymatic hydrolysis and at the same
time preventing the degradation of soluble sugars, so maximizing overall sugar yield. Many pretreatment
methods have been evaluated for ethanol production [3]. . Extrusion process is a novel and promising physical
pretreatment method for biomass fractionation that offers several attractive features when compared to other
pretreatment technologies. In extrusion pretreatment, the materials are subjected to heating, mixing and
shearing, resulting in physical and chemical modifications during the passage through the extruder [4]. Screw
speed and barrel temperature are believed to disrupt the lignocellulose structure causing defibrillation and
shortening of the fibers, and, in the end, increasing accessibility of carbohydrates to enzymatic attack [4]. The
different extrusion parameters must be taken into account to achieve the highest efficiency in the process. Recent
studies showed a significant improvement on sugar recovery from switchgrass [4], corn stover [5], Miscanthus
(M. sacchariflorus) [6], pine wood [7] and barley straw [8] through enzymatic hydrolysis.
II. EXPERIMENTAL
OTP was collected after fruit-harvesting, air-dried at room temperature to equilibrium moisture content of about
10%, and milled using a hammer mill to a particle size smaller than 4 mm. fraction 1-4 mm was utilized.
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Extrusion was performed in a twin-screw extruder (Clextral Processing Platform Evolum® 25 A110, Clextral,
France), composed of 6 modules of 100 mm length each. The screw profile has been previously described [8].
Operating conditions were set to achieve moderate values of NaOH/DM ratio, 5 and 10 % (w/w), barrel
temperature (70, 90 and 110 ºC) and screw speed of 70 and 150 rpm. Run pretreatments were performed in
triplicate. After extrusion, solid extruded material was recovered and washed thoroughly with distillate water
until neutral pH. The filtrate was also collected and their content in total soluble solids and sugars were analyzed.
A portion of washed solid extrudate was dried and analyzed for carbohydrates and lignin composition.
The washed water-insoluble residue of pretreated OTP was enzymatically hydrolyzed by the novel enzyme
preparations Cellic CTec2 and Cellic HTec2, both from Novozymes. The assays were run in 50 mM sodium
citrate buffer (pH 5) at 50 ºC, 150 rpm, for 72 h and 5% (w/w) substrate consistence. Samples were withdrawn,
centrifuged at 9300 g for 10 min and the supernatants were analysed for sugars concentration measured by
HPLC as described elsewhere [8]. Additionally, blanks of the enzyme mixtures were analyzed by HPLC to
subtract the sugar content present in the enzyme preparations used. Enzymatic hydrolysis yields (EH) were
calculated as the glucose/xylose release during enzymatic hydrolysis divided by the potential glucose/xylose
(calculated based on the glucan/xylan content in the insoluble solid), and expressed as percentage. Average
values of the three replicates were presented.
Raw material and solid fraction obtained after pretreatment (WES) composition were determined according to
National Renewable Energy Laboratory (NREL) analytical methods for biomass [7].
III. RESULTS AND DISCUSSION
OTP biomass has 22.3% of cellulose and 17.4% hemicellulose (o.d.w.). Acid insoluble lignin content (AIL)
accounts for 14.6%. Considering acid-soluble lignin content (fraction of lignin that is solubilized during the
hydrolysis process used to determine AIL), the total lignin value increases up to 17.8%. Acetyl groups represent
about 2.3% of raw material and 4.1 % total ash. It is worth noticing that this lignocellulosic residue has an
extractive content of 24.5%, which includes 6.2% of glucose (mostly as oligosaccharides, mainly starchyose and
raffinose). Other sugars were present in the water extract in trace amounts. The proportion of the extractive
fraction was greater than that reported for other agricultural residues like barley straw. The high proportion of
extractives could be related to a higher content of leaves in the raw material.
In order to evaluate the efficiency of extrusion as a method to fractionate olive tree punning and so affect the
enzymatic digestibility of the carbohydrates, changes in the composition of washed extruded solid (WES)
obtained at different pretreatment conditions with respect to the raw material were measured. In addition, filtrate
fraction was analyzed for sugar composition.
The sugar compositions in the filtrate fraction are depicted in Figure 1. The sugar content ranged from 6.9 to
11.8 g/100 g OTP. It is worth noting that glucose is the most abundant sugar in the liquid fraction at any
condition. Considering that non-structural derived glucose was present at high proportion in the aqueous extract
fraction of raw material, it is likely that the most part of this component was transferred to liquid fraction after
one-step alkaline-extrusion process. The second major sugar found in filtrates was mannitol, sugar concentration
of this sugars ranged from 1.65 to 3.5 g/100 g OTP. This component, with interesting applications in the food
and pharmaceutical industries, is also present in olive tree leaves [10].
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Figure 1. Sugars composition in filtrate (g/100 g OTP). Screw speed: A) 70 rpm and B) 150 rpm
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The alkali-extrusion pretreatment resulted in cellulose and hemicellulose enriched-solid (results in Table 1).
Glucan (values ranging from 31.4 to 38.8 %), is the main component of WES. Hemicellulose content in WES
ranges from 21.2 to 26.5 %, while AIL was 24.4-27.3%. The recovery of glucan is in the range 92-100 % in the
solid fraction. Xylan recovery in both liquid and the solid fraction varies from 95 to 100%. High values of
hemicellulose-sugars recovery in the pretreated solid would be interesting to increase the total fermentable
sugars production by enzymatic hydrolysis.
The main objective of pretreatment is to alter the structure of the fibers in order to increase the accessibility of
enzymes to cellulose. So, the effect of temperature, alkali concentration and screw speed on the enzymatic
digestibility of the solid fraction obtained after extrusion pretreatment was evaluated and results are shown in
Table 1. EHG yield depends on the barrel temperature and in general, EHG yield increases as the temperature
rises. The untreated raw material displayed maximum EHG yield about 8 % after 72 h enzymatic hydrolysis in
tests performed in parallel to pretreated substrates and 13-15% EHG yield when extrusion pretreatment was
undertaken with water instead of alkali (data not shown). The alkali extruded samples exhibited a higher
digestibility, yielding up to 65%. The EH yield increased with NaOH loading and barrel temperature, but screw
speed effect was not significant.
Table 1. Composition of washed extruded solid (WES), glucan enzymatic hydrolysis yield (EHG, %), xylan
enzymatic hydrolysis yield (EHX, %), overall glucose yield (g.Kg-1 OTP) and overall xylose yield (g.Kg-1 OTP)
Screw
speed
(rpm)

Temperature
(ºC)

70
70

Composition content (%)
NaOH
g/100g
biomass
5

90
110
70

150

90
110

Glucan

Hemicellulose

Lignin

Enzymatic
hydrolysis yield
(EHG, %)

Enzymatic
hydrolysis yield
(EHx, %)

Overall
glucose
yield
g.Kg-1
OTP

Overall
xylose
yield
g.Kg-1
OTP

31.7

21.4

24.4

27.0

24.3

126.3

32.8

10

31.4

22.3

24.5

46.0

42.3

161.4

61.3

5

35.3

21.2

25.5

28.7

31.1

128.3

41.0

10

32.7

22.2

25.1

35.1

34.2

144.4

48.1

5

38.3

24.5

25.8

33.1

35.7

154.6

49.7

10

37.0

26.0

25.2

46.7

49.5

194.7

83.9

5

33.8

23.6

25.2

29.2

22.1

121.8

28.5

10

34.9

23.3

24.8

51.7

57.0

163.4

74.7

5

34.5

22.9

24.6

22.7

40.9

107.3

50.6

10

37.2

22.9

24.7

58.3

63.2

190.7

86.5

5

38.8

26.5

24.5

32.4

33.9

137.7

48.7

10

36.4

23.7

27.3

65.8

69.4

210.1

95.4

On the other hand, xylan conversion yield increases also in all temperatures tested as alkaline concentration
raises, attaining values 70% of theoretical in WES at 110ºC and 10 NaOH/g DM and 150 rpm. In untreated
material yield was 3%. It means that the digestibility of xylan is greatly improved by one-step alkaline extrusion
pretreatment by deconstructing lignocellulose matrix and facilitating the xylanases enzymes. Similar results in
xylan hydrolysis were reported on barley straw using the same equipment, where the hydrolysis yield for xylan
resulted in 71% of theoretical [8].
In order to optimize the overall process, attention must be paid to several partial objectives, e.g. both cellulose
and hemicellulose recovery in the solid residue in the pre-treatment step, and hydrolysis yield in the enzymatic
step, some of which may interact with each other. Overall sugar yield, calculated in relation to the raw material
for the two phases: pretreatment and enzymatic hydrolysis, is the major indicator of the potential amount of
sugars that could be used for ethanol production. Overall sugar yields were evaluated and results are shown in
Table 1. At the best conditions (150 rpm, 110ºC, 10 g NaOH /100 g DM) an overall yield of glucose of 210.1
g/Kg OTP and 95.4 g xylose/Kg OTP was obtained. A 68.7% of total glucose is available after one-step
extrusion pretreatment and enzymatic hydrolysis yield. The maximum sugars recovery recorded in this study was
comparable to those obtained in this study was similar to those obtained in pine were a maximum of 66.1% of
sugars was obtained (150 rpm 180ºC, 25% moisture) [7].
IV. CONCLUSIONS
ü

Extrusion pretreatment has been proved as a method to improve fermentable sugars production by
enzymatic hydrolysis of olive tree pruning biomass.
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ü

Alkali concentration and temperature have significant effect in enzymatic digestibility.

ü

One-step alkaline –extrusion process followed by enzymatic saccharification leads to a glucose yield
equivalent to 68% of potential glucose present in raw material.
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ABSTRACT
There are more than 700 species of eucalypts worldwide although only a few are suited and used as pulpwood.
In this work we compared the delignification yield and Kappa number of pulps obtained from 12 eucalypt
species. We also conducted and compared the chemical analysis regarding ash, extractives, lignin and
holocellulose contents, as well as carbohydrate composition. Samples of E. globulus, E. botryoides, E.
sideroxylon, E. viminalis, E. grandis, E. rudis, E. maculata, E. camaldulensis, E. saligna, E. resinifera, E.
propinqua and E. ovata, with six years of age, were collected from an eucalypt arboretum in Portugal. In terms
of yield and kappa number the highest and lowest results were obtained for E. globulus (η=49%, K=12) and E.
camaldulensis (η=38%, K=23), respectively. The chemical analysis showed significant variation among species,
which in some cases reached differences in the order of magnitude of six to seven times. The overall results
suggest that E. globulus is the best species among the 12 in terms of the pulping characteristics studied. E. ovata,
E. sideroxylon, E. viminalis, E. grandis and E. saligna also showed good results.

I. INTRODUCTION
There are more than 700 species within the Eucalyptus genus, most with origin in Australia, and a few species
from Indonesia and Papua New Guinea. Worldwide, Eucalypts are among the most important hardwoods,
accounting for 18 million ha over 90 countries, spanning from temperate to subtropical and tropical regions.
Eucalypt plantations managed as short-rotation constitute the major source of wood for the pulp and paper
industry, and despite the genus variability only four species and their hybrids (E. grandis, E. urophylla, E.
camaldulensis and E. globulus) comprise 80% of the world plantations [1], with a few others also used for
pulping purposes (E. saligna, E. nitens, E.viminalis).
In the extensive literature about Eucalypts, the less used species have received comparatively less attention. Most
of the existent studies compare species with potential for pulping or biomass, by focusing on the morphological
and anatomical characteristics [2,3,4], chemical composition or delignification process [5,6]. Chemical
composition affects wood potential for pulp and paper [7] and thus provides an indication of the chemical
likeness between different species. Pulp yield and degree of delignification (kappa number) are two keyparameters that describe the potential of wood in papermaking industry based on kraft cooking [6].
The objective of this study is to compare the chemical composition, pulp yield and kappa number of six year’s E.
globulus, E. botryoides, E. sideroxylon, E. viminalis, E. grandis, E. rudis, E. maculata, E. camaldulensis, E.
saligna, E. resinifera, E. propinqua and E. ovata. These results will provide a baseline for comparison between
kraft pulping potential of the species.

II. EXPERIMENTAL
Sampling
Wood samples from 12 eucalypt species (E. botryoides, E. camaldulensis, E. grandis, E. globulus, E. maculata,
E. ovata, E. propinqua, E. resinifera, E. rudis, E. saligna, E. sideroxylon, E. viminalis) with six years of age,
were collected from an arboretum located in the campus fields of the School of Agriculture, University of Lisbon
(ULisbon), at Tapada da Ajuda, Lisboa, Portugal (38°42´N; 09°10´W). The stem was debarked, the wood from
the base height was chipped, fractionated using a knife mill, screened to a size ranging between 2 and 10 mm
and homogenized in single lots.
Chemical Analysis
The samples from homogenized lots were milled, sieved and the 40-60 mesh fraction used for the summative
chemical analysis.
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Ash content was determined by TAPPI standard method T15 os-58. Extractive content (successively in
dichloromethane, ethanol and water) was obtained using extraction thimbles in a Soxhlet apparatus for no less
than 16h for each solvent. The thimbles were oven-dried and weighted after each extraction determining the
extractive content by weight variation. Holocellulose was determined by using the modified chlorite method [8]
and the insoluble and soluble lignin content was determined according to TAPPI standard methods T222 om-88
and UM 250 om-83, respectively. Holocellulose and lignin were determined in extractive-free wood samples. All
summative chemical analysis results were reported as percentage of initial mass.
Determination of the neutral monosaccharides and acetate content in wood was based on the monomers present
in the hydrolysate from the lignin analysis, through a Dionex ICS-3000 High Pressure Ion Chromatographer,
using an Aminotrap plus Carbopac SA10 column. The results were reported as percentage of total sugars.

Kraft Pulping
Kraft pulping was conducted in stainless steel microdigestors (ca. 100ml) under rotation in an oil bath. The
conditions used for the pulping of five grams of oven-dried wood were: liquid to wood ratio of 4:1, active
alkalinity and sulfidity as Na2O of 22% and 30%, respectively, 165ºC maximum temperature, five minutes to
achieve maximum temperature and 60 minutes of reaction time under isothermal conditions. The solid residue
was defibrated and thoroughly washed with hot and cold water till neutral pH. All the species were pulped in
triplicate. Yield was determined after weighing the oven-dried pulp and kappa number was achieved using
TAPPI Useful Test Method UM.

III. RESULTS AND DISCUSSION
Chemical Analysis
The summative chemical analysis of the 12 species of eucalypts is shown in Table 1. The ash content varied
from 0.4% for E. grandis, E. propinqua and E. sideroxylon to 2.2% for E. maculata with the remaining varying
between 0.6% and 0.8%. Regarding extractives content E.camaldulensis showed the highest amount (18.9%),
over three times the lowest value found for E. globulus and E. viminalis (6.1%). Apolar extractives (soluble in
CH2Cl2) were the least predominant (0.4-1.2%), as opposing to ethanol extractives (2.3-14.8%), with exception
for E. globulus with water extractives exceeding the ethanol’s. Lignin content varied among the species of
almost 10% with E. maculata showing the lowest value (21.6%) and E. resinifera the highest (30.8%).
Holocellulose content showed also a high variation with E. camaldulensis and E. globulus with the lowest
(55.4%) and highest (70.1%), respectively.

E. globulus

E. botryoides

E.sideroxylon

E. viminalis

E. grandis

E. rudis

E. maculata

E. camaldulensis

E. saligna

E. resinifera

E. propinqua

E. ovata

Table 1. Summative chemical analysis of the 12 species of eucalypts.

Ash

0.6

0.6

0.4

0.6

0.4

0.7

2.2

0.8

0.8

0.6

0.4

0.6

Extractives
CH2Cl2

6.1

9.7

13.5

6.1

6.7

14.5

10.0

18.9

10.1

8.2

8.8

6.4

0.4

0.4

0.7

0.8

0.7

1.2

1.1

1.1

0.9

0.9

0.6

0.9

EtOH

2.3

5.8

10.8

2.9

4.2

10.7

6.5

14.8

7.2

5.2

6.7

2.8

H2O

3.4

3.5

2.0

2.3

1.8

2.7

2.4

3.0

2.0

2.1

1.5

2.7

Lignin

24.8

27.1

26.6

26.8

27.8

26.8

21.6

24.0

26.6

30.8

29.9

26.0

Klason lignin

21.1

24.3

23.3

23.2

25.1

23.4

18.5

21.8

23.7

28.1

27.7

22.2

Soluble lignin

3.7

2.8

3.2

3.6

2.7

3.5

3.1

2.3

2.9

2.8

2.2

3.8

Holocellulose

70.1

64.7

61.1

68.1

66.8

59.0

64.8

55.4

64.2

61.0

62.7

68. 3
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Table 2 presents the results for the carbohydrate composition in relation to the proportion of neutral
monosaccharides and acetates. The acetate derives from the depolymerization of the hemicelluloses and the
hydrolysis of the acetyl groups [9]. The percentage of glucose varied between 61.0-68.6% and xylose from
21.6% to 28.2%. This gives an approximate idea of the cellulose to hemicellulose ratio within the different
species: E. sideroxylon and E. propinqua showed the lowest and highest ratio of glucose/(xylose+acetate) of 1.7
and 2.4, respectively.

E. globulus

E. botryoides

E.sideroxylon

E. viminalis

E. grandis

E. rudis

E. maculata

E. camaldulensis

E. saligna

E. resinifera

E. propinqua

E. ovata

Table 2. Monosaccharides and acetates percentage in relation to total sugars in the 12 eucalypt species studied.

Arabinose

1.1

1.1

1.1

1.1

1.1

1.1

1.1

1.2

1.1

1.2

1.1

1.0

Galactose

1.1

1.1

2.2

1.1

1.1

2.2

1.1

1.8

2.3

2.4

2.1

1.0

Glucose

64.3

68.2

61.0

63.1

68.0

65.5

63.3

62.3

65.0

63.5

68.6

63.6

Xylose

25.4

22.3

27.7

26.1

22.7

23.5

26.1

26.4

23.8

24.9

21.6

28.2

Acetates

8.1

7.3

7.9

8.5

7.1

7.7

8.5

8.3

7.8

8.0

6.6

6.1

Kraft Pulping
The results for pulp yields and respective kappa number of the pulps are shown in Figure 1.
E. globulus pulping resulted in the highest yield (49.3%) and lowest kappa number (12) as opposed to E.
camaldulensis which only reached 37.8% yield with kappa number of 23. E. ovata appears to be the next best
species in terms of the pulping characteristics studied, with E. sideroxylon, E. viminalis, E. grandis and E.
saligna also showing good results. E. rudis and E. camaldulensis pulps were obtained with low yield and high
kappa number, according to the low holocellulose content and large amount of extractives [10]. E. resinifera and
E. propinqua were pulped to a kappa number around 19, probably due to high initial lignin content.

50
40
30
20

Yield (%)

10

kappa number

0

Figure 1. Yield and kappa number for the kraft pulping of 12 species of eucalyptus
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IV. CONCLUSIONS
The 12 species of eucalypts showed a large variation regarding the chemical composition, which could in part
explain the variation of the results of yield and kappa number. Eucalypts with excessive extractives in their
composition will produce pulps with low yield and high kappa number. Eucalyptus globulus showed the best
results in terms of yield and kappa number under the experimental conditions used but E. ovata, E. syderoxylon,
E. viminalis, E. grandis and E. saligna also showed good pulping potential.
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ABSTRACT
We present a mathematical model for the yield loss and decline in polymerization of carbohydrates. The model
is applicable to the treatment of cellulose and hemicellulose in alkaline media and it features the actions of
peeling, stopping and alkaline hydrolysis on the polymer chains. The reaction rates are estimated by fitting the
model to experimental data. Experiments conducted at several temperatures enable the evaluation of activation
energies for the reactions. The peeling reaction is further divided into primary and secondary peeling, depending
on whether it originates from an initial reducing end group or from a reducing end group created by alkaline
hydrolysis. We are able to evaluate the impact of the different processes on degradation and the portion of
polymer chains possessing reducing end groups.
I. INTRODUCTION
Background
Peeling, stopping and alkaline hydrolysis are central reactions involved in the degradation of chain molecules
such as cellulose, (galacto)glucomannan (GGM) and xylan. There are several studies on the interplay between
those reactions in the context of disposal of nuclear waste, where the focus has been on the degradation of
cellulosic material under moderate ambient conditions over the course of thousands or millions of years.
However, it seems that modeling of the same reactions under conditions relevant to biorefineries has received far
less attention. In the present study a mathematical model incorporating peeling, stopping and alkaline hydrolysis
is employed to describe the degradation of carbohydrates in biorefineries during alkaline treatment. Cellulose
and hemicelluloses consist of long chains of monosaccharide units. If a chain has a reducing endgroup (REG),
the end monosaccharide unit can be eliminated from the chain by the peeling reaction. The subsequent element
in the chain then forms a new reducing end group admitting further peeling. The peeling reaction plays a central
role in the degradation of the polysaccharide chains and the resulting loss of yield in the kraft pulping process.
The stopping reaction terminates the endwise peeling by transforming a reducing end group to a nonreducing
one. These two reactions alone would after some time lead to a situation where all the reducing endgroups have
been eliminated and degradation has terminated. However, the reaction of alkaline hydrolysis alters the scene by
eliminating a non-end element, thus cleaving the chain in two. One of the new chain end units then becomes a
reducing end group susceptible to the peeling reaction. Peeling descending from initially existing reducing end
groups is classified as primary peeling whereas peeling with first origin in a reducing endgroup created by
alkaline hydrolysis as secondary peeling. Similarly the REGs are called primary or secondary depending on their
source.
Kinetic model
The joint effect of the different end reactions on a carbohydrate was described with the following system of
differential equations [1]:

 dR
 dt = −k s R + kh (Γ0 − P − H )
 dP
= kP R

 dt
 dH = kh (Γ0 − P − H )
 dt

(1)

Here R is he amount of REGs, P the material degraded by peeling and H the material degraded by alkaline
hydrolysis. The amount of initial material is denoted by Γ0 and the reaction rates for peeling, stopping and
alkaline hydrolysis by kp, ks and kh respectively. The system of differential equations was transformed to a
second order differential equation, which was solved analytically. From this solution the amount of nondegraded
material was calculated by subtracting the expressions for P and H from Γ0.
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Fitting the mathematical model to the experimental data gives estimates for the reaction rates. The presence of
several different temperatures in the experimental data enables the calculation of the frequency factors and
activation energies for the reactions according to the well-known Arrhenius equation.
The equation system can be modified to describe separately the portions of primary and secondary peeled
carbohydrate material.
Model for the degree of polymerization
A peeling reaction reduces the polymer chain length by one element, whereas an alkaline hydrolysis reaction
apart from removing one element from the chain also splits the chain in two parts, thus on the average reducing
the chain to half of its previous length. Hence, the degree of polymerization (DP) can be expressed as a function
of the amount of material degraded by the endwise reactions:

DP =

DP0 − P − AH
1 + AH

(2)

Here DP0 designates the initial degree of polymerization. In this context P stands for the number of peeled off
chain elements and AH for the number of chain elements removed by alkaline hydrolysis. These quantities are
calculated from the solution of Equation system (1) with Γ0 interpreted as the initial DP. Now, fitting the
expression for DP to experimental data enhances the evaluation of the kinetic parameters obtained from the yield
loss fit.
II. EXPERIMENTAL
Two categories of data were utilized in this study. Firstly, raw material from Scots pine was subjected to kraft
treatment [2], producing degradation data on glucomannan, xylan and cellulose. Secondly, soda-anthraquinone
treatment of cotton linters [1], in addition to generating cellulose degradation data, as a result of the absence of
lignin, also allowed for an evaluation of the degree of polymerization.
Kraft treatment of Scots pine
The wood material was chipped and screened according to SCAN-CM 40:01. Subsequently, the screened chips
were milled with a Wiley mill to pass through a 1 mm slot screen. The experiments were conducted in a 10 L
batch reactor at a liquor-to-wood-ratio 200:1. The hydroxide ion concentration levels were 0.5 and 1.55 M. For
the lower [OH-] level the temperature was 160 °C and for the higher [OH-] level the each cook underwent one of
the temperatures 130, 140, 150 or 160 °C. Addition of NaCl fixed the ionic strength at a constant level of 2.00 M
[Na+]. For all cooks the sulfidity was kept at 33%. At each hydroxide level – temperature combination a series
of approximately ten cooks of increasing duration were made – the shortest lasting under ten minutes the longest
a few hours. Both the wood residue and the black liquor were analyzed for carbohydrate content.
Soda-anthraquinone treatment of cotton linters
Cotton linter pulp was grinded in a Wiley mill with mesh size 0.5 mm. Within the soda-anthraquinone treatment
three types of experiments, with regard to acid pretreatment and stabilization, were carried out: 1) no
pretreatment (CL), 2) pretreatment with oxalic acid (OA) and 3) pretreatment with oxalic combined with
borohydride stabilization attempted in-situ in the alkaline degradation stage (OA+BH). The acid pretreatment
took place at a 15 ml/g liquid-to-solid ratio and a temperature of 110 °C. The isothermal duration was 80 min.
The alkaline degradation trials were conducted at a temperature of 160 °C, a liquid-to-solid ratio of 40 ml/g, an
alkali concentration of 20 g/l and the addition of dispersed 0.1 g/l AQ.
III. RESULTS AND DISCUSSION
Apart from the endwise degrading reactions, which remove one element a time from the polymer chains, the
carbohydrates in the kraft cooking experiment can also be dissolved into the black liquor in longer fragments. To
be able to fit the model expression for the remaining carbohydrate to the data it is assumed that the endwise
reactions proceed with the same reaction rates in the black liquor as in the wood residue. The model was then
fitted to the joint amount of carbohydrate in the wood residue and the black liquor. Figure 1 shows the fit for
GGM and xylan Table 1 shows the estimated activation energies and frequency factors related to the various
reactions.
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Figure 1. Fit of kinetic model to the amounts of a) GGM and b) xylan remaining in either the wood residue or
the black liquor at different temperatures.
To further analyze the dissimilarity between GGM and xylan we divide the degraded material into groups
according to the generating reaction, distinguishing between primary and secondary peeled material. Figure 2
shows the cumulative amounts of primary peeled, secondary peeled and alkaline hydrolysis degraded material.
We observe that in the case of the GGM the primary peeling is extensive, but almost all of it takes place during
the first half an hour, indicating fast peeling and stopping reactions. After the primary reducing end groups have
been consumed by the stopping reaction, degradation is dominated by secondary peeling. For xylan the regimes
of primary and secondary peeling are more interlaced and the primary peeling is more temperature dependent
than for GGM. This indicates slower peeling and stopping reactions with a longer lasting supply of primary
reducing end groups. The amount of material explicitly degraded by alkaline hydrolysis is minor, but alkaline
hydrolysis is crucial for the secondary peeling in creating new reducing end groups.
Table 1. Estimated kinetic parameters in the Arrhenius equation related to the endwise reactions

Reaction
Peeling
Stopping
Alkaline
hydrolysis

Parameter (Unit)
A (min-1)
Ea (kJ/mol)
A (min-1)
Ea (kJ/mol)
A (min-1)
Ea (kJ/mol)

GGM
11700
25.5
290
26.7
982
62.4

Xylan
2.9 x 1014
120
1.2 x 108
80
636
57

Cellulose
1.69 x 1013
98
8.54 x 1011
106
6.64 x 1015
175

Figure 2. Degradation of a) GGM and b) xylan subdivided into portions contributed by primary peeling (solid
lines), secondary peeling (dashed lines) and alkaline hydrolysis (dotted lines close to zero)
For the alkaline treated cotton linters experimental data on the degree of polymerization was available. Further,
both the amount of remaining carbohydrate material and the degree of polymerization can in the mathematical
model be expressed as functions of time with the reaction rate constants of the various end wise reactions and the
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initial amounts of reducing end groups as parameters. Consequently, it is possible to perform a simultaneous fit
to the degradation data and the DP data. Figure 3 shows such fits for differently treated cotton linter pulps and
Table 2 the corresponding estimated parameters. The estimations of the amounts of REGs are in accordance
with the fact that acid treatment breaks the chains creating new REGs whereas stabilization turns reducing end
groups into nonreducing ones.

Figure 3. Simultaneous fit to a) degradation and b) DP data for untreated cotton linter pulp (CL), cotton linter
pulp pretreated with oxalic acid without stabilization (OA) and cotton linter pulp pretreated with oxalic acid and
stabilized with borohydride (OH + BH).
Table 2. Estimated kinetic parameters as well as the initial amount of reducing and nonreducing end groups
obtained from simultaneous degradation and DP data fit.

Pretreatment
Untreated
Oxalic acid
Stabilization

kp
(h-1)
2474
3189
5341

ks
(h-1)
26.2
36.2
36.0

kh
(h-1)
1.72E-4
1.43E-4
8.79E-5

REG

NREG

5.99E-4
2.06E-3
6.48E-4

9.15E-4
2.09E-4
2.36E-3

IV. CONCLUSIONS
A mathematical model capable of describing the endwise degradation reactions in alkaline treatment of pulp was
introduced. The model distinguishes between primary and secondary peeling and demonstrates the differences in
degradation conduct between the carbohydrates. For GGM primary peeling dominates initially, but ceases
rapidly, whereas secondary peeling proceeds at a constant rate. Temperature affects secondary peeling but not
primary peeling. For xylan the duration of primary peeling is longer and both primary and secondary peelings
are affected by temperature. For the yield loss alkaline hydrolysis is relevant through the production of new
reducing end groups. The degradation model can further be combined with a model of DP. In the case of the
cellulose of the cotton linter pulp the simultaneous fit shows that pretreatment with oxalic acid increases both the
peeling and the stopping rate and also the initial number of REGs due to cleavage of the polymer chains.
Stabilization further increases the peeling rate coefficient, but this is prevailed by the decreased number of
reducing end groups.
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ABSTRACT
Lignocellulosic substrates were obtained using two alternative methods of hardwood cooking: neutral sulphite
pulping and pulping with green liquor pretreatment in industrial and laboratory conditions. The reactivity was
obtained using two Penicillium verruculosum enzyme preparations. It was demonstrated, that cooking methods
provide differences in morphological structure of fibers. Green liquor pretreated hardwood pulp possesses higher
reactivity for enzymatic hydrolysis. Conversion degree of glucanes to glucose is equal to 76-78 % under enzyme
dosage 9,4 FPU/g substrate. Pulp beating improves reactivity of lignocellulose matrix and in twain reduces the time
for achievement of maximum conversion yield. Saccharification of substrate produced by neutral sulphite pulping is
limited by low cellulose availability. It is induced by fiber swelling limitation and composition of residual lignin.
I. INTRODUCTION
The realization of biorefining technologies providing enzymatic hydrolysis of cellulose-containing materials allows
to obtain monosaccharides which further might be used as a final products or as a raw-materials for production of
ethanol or butanol, organic acids, amino acids and other useful products. New preparations with high content of
cellulases and xylanases are produced by genetic engineering for plant material saccharification [1].
Neutral sulphite pulping and green liquor (sodium carbonate and sodium sulfide) pulping are used for industrial
production of hardwood semichemical pulp. Neutral sulphite semichemical (NSSC) pulp and green liquor
pretreatment (SCGL) semichemical pulp are used for production of paper and cardboard. The advantages of
semichemical pulp production using green liquor are cost cut out for cooking liquor preparation and simplification
of spent liquor regeneration.
The development of a new process, which utilizes green liquor as a pretreatment for the production of ethanol is
described in article Jin et al. [2]. The low pH prevents the random hydrolysis of polysaccharides and secondary
peeling reactions during the pretreatment, resulting in higher retention of the polysaccharides in pulp. The yield of
pulp produced by the green liquor pretreatment process is about 80% with nearly 100% cellulose and 75% xylan in
retention in mixed southern hardwood [2]. Residual lignin content in chemical pulp plays an important role on the
efficiency of enzymatic hydrolysis. Noncellulosic compounds of semichemical pulps such as hemicelluloses and
lignin may limit access of biocatalysts for cellulosic fibrils. Enzymatic hydrolysis of semichemical pulps is under
research.
II. EXPERIMENTAL
Semichemical pulp
SCGL pulp 1 was laboratory obtained. Aspen cooking was carried out using glycerine bath in following conditions:
penetration at 110 °С during 15 min, cooking at 170 °С during 35 min, green liquor consumption was 8 % (in terms
of Na2O). After cooking chips were separated by beating on laboratory mill for fibers production, washed with
water, dewatered to level of dry solids 20-25 % and kept at 4 °С. Pulp yield was 78,0±0,2 % based on dry weight of
wood, number kappa was 110±2. SCGL pulp 2 was obtained after beating of SCGL pulp 1 on Jokro mill to 70 °SR.
SCGL pulp 3 was obtained from SCGL pulp 1 after beating on Jokro mill to 30 °SR and handsheets production.
Sample mass produced on Rapid Koten sheet-making apparatus was 125 g/m2.
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Number kappa of NSSC pulp 1 was 106, freeness – 14°SR. This sample was pulp produced from aspen and birch
mixture using neutral sulphite pulping in industry. NSSC pulp 2 was obtained after beating of NSSC pulp 1 to
freeness value 22 °SR on industrial disk mill.
Characteristics of semichemical pulp fibers were studied on Fiber Tester (Lorentzen & Wettre Company).
Semichemical pulps samples were freeze-dried on Labconco apparatus (FreeZone 2,5L) and photographed on
electron microscope ZEISS «SIGMA VP». Samples were covered with gold and palladium mixture to thickness of 5
nm using Q150TES apparatus (Quorum).
Enzymes and enzymatic hydrolysis
The laboratory fungal preparations, produced by P. verruculosum were used. B151#3.147.2 preparation contained
cellulase complex and preparation F10#3.201.2 contained Aspergillus niger β-glucosidase (80%). Detailed
characteristics of the preparations were reported previously [1]. Filter paper activity was measured towards
«Whatman» filter paper (England) (FPU/g) using Ghose method [3] and dinitrosalicyl acid method for reducing
sugars (RS) analysis.
Enzymatic hydrolysis of substrates with concentration 100 g/l (reduced to dry matter) was carried out at 50 ?С using
thermostatic cells at stirring rate 250 rpm. Substrate sample and 0,1 М sodium acetate buffer were placed in the cell
(рН 5,0). Dosage of the P. verruculosum B151 preparation was 10 mg of protein per 1 g of dry substrate, P.
verruculosum F10 preparation dosage was 0,88 mg per 1 g of dry substrate. After 48 hours samples were centrifuged
(10000 rpm, 3 min) and RS content was measured by Somogyi-Nelson method. Glucose was measured by glucose
oxidase and peroxidase test.

III. RESULTS AND DISCUSSION
Semichemical pulp cooking with green liquor was carried out at pH media closed to neutral. Thus the destruction of
polysaccharide complex including cellulose and xylan decreased. Hard wood delignification during green liquor
pulping corresponds to mechanism, which is equal to kraft pulping mechanism. During aspen and birch mixture
pulping with such yield of semichemical pulp about half of the lignin from raw-material was removed. Residual
lignin content was about 14,1–15,4 %. In comparison, during mixture of mostly oak and sweet gum pulping with
yield of 77–78%, the lignin content was higher, and equal to 17–18% [2].
SСGL pulp 1 fibers preserved form and entirety of external walls and substantially had not fibrils (Figure 1).
Production SСGL pulp 2 including beating to 70 °SR provided decreasing of the average length and width of the
fibers, increasing of fine fraction yield and breaking value. Influence of beating on semichemical pulp was studied
using scanning electron microscopy of freeze-drying sample. Essential destruction of external cell walls, fragments
separation and release of internal fiber layers were observed (Figure 1). Appearance of additional defects in
structure of SСGL pulp 2 fibers provided new sites for biocatalysis.
Biocatalysts based on recombinant fungi P. verruculosum in small dosages allowed to provide high RS yield due to
balanced composition of enzyme complex. SСGL pulp 1 sample had high reactivity corresponding to 53%. The
result was achieved using enzyme dosage 9,4 FPU/g. Enzymatic hydrolysis of SСGL pulp 2 practically stopped after
24 hours at reactivity 56 % (Figure 2). At the same time SСGL pulp 1 conversion occurred partially and needed time
increase up to 48 hours for hydrolysis to be completed. Maximum conversion degree measured respectively RS for
SСGL pulp 2 was higher than for SСGL pulp 1 sample by 6 % (Table 1).
Additionally SСGL pulp produced from birch was used as a substrate for reference. SСGL pulp had yield, which
was equal to 76,7 % based on wood. After 48 hours enzymatic hydrolysis RS yield to SCGL from birch was smaller
on 0,8–1,6 % than SCGL pulp 1 from aspen.
Basic cellulosic part in semichemical pulp was enzymatically hydrolyzed. High content of the residual lignin in
semichemical pulps was not a problem for destruction of polysaccharides. Glucose yield reduced to dry matter of
raw-material (aspen) was 37–38 % (Table 1).
During enzymatic hydrolysis of SСGL pulp conversion degree of aspen glucans (cellulose and glucomannan [4]) to
glucose was 76–78 %. In the article [2] similar saccharification degree for hardwood SСGL pulp was achieved using
enzyme dosage 40 FPU/g substrate.
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SCGL2

SCGL 1

Figure 1. Scanning electron microscopy of SСGL pulp fibers.

Figure 2. Hydrolysis yield for SСGL pulp (% from initial substrate mass, on dry weight of wood).

Table 1. Reactivity of the semichemical pulps after 48 hours hydrolysis with P. verruculosum B151 and
P. verruculosum F10 preparations.
Semichemical
RS yield,
Glucose yield,
Glucose yield,
Pulp yield,
pulp sample
% based on dry
% based on dry
% based on dry
% on dry weight
weight of wood
weight of pulp
weight of pulp
of wood
SСGL pulp 1
78
53
47
37
SСGL pulp 2
78
56
49
38
SСGL pulp 3
78
31
29
23
NSSC pulp 1
77
31
23
18
NSSC pulp 2
77
35
26
20
SСGL pulp 3 sample was handsheeted. Irreversible changes of the structure happened during fiber drying, which
had negative influence on enzymatic hydrolysis of polysaccharides. The reactivity of SСGL pulp 3 decreased to 31
% (Table 1).
Additionally industrial NSSC pulp produced from aspen and birch mixture was used as a substrate for reference.
SСGL pulp and NSSC pulp had similar yields, which were equal to 77–78 % based on wood. Other parameters –
number kappa, lignin and xylan content in these semichemical pulps hadn’t got significant differences.
After chips separation for fibers production the NSSC pulp surface had slight development, fibrillation was absent
(Figure 3). Mechanical treatment during beating to 22 °SR provided increasing of microdefects, partial destruction
of external fiber cell walls. Reactivity of NSSC pulp 1 was average - 31% (Table 2). After beating NSSC pulp 2
still had average reactivity, which was equal to 35 % (Table 1).
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NSSC 2

NSSC 1

Рис. 1. ФотографииволоконNSSCpulp
Figure 3. Scanning electron microscopy of NSSC pulp fibers.
Lignin sulphanation with sulfo-groups addition occurs during neutral sulphite pulping. Partially carbohydrates
sulphanation leads to carbohydrate-sulfonic acid formation. Sulfo-groups create steric hindrance for biocatalysis
limiting enzymes contact with substrate. Green liquor provides more alkaline media than neutral sulphite liquor and
leads to higher fiber swelling of semichemical pulp. It is documented by the phenomenon evidence that average
fiber width of SСGL pulp was more than by 4–6 % higher in comparison with average fiber width of NSSC pulp.
Microcapillary structure development improves enzyme diffusion to substrate inside the fiber cell walls and
increases biocatalytic destruction of semichemical pulp polysaccharides.
It is important that SСGL pulp 3 after drying was hydrolyzed with the same degree as a wet NSSC pulp. It
demonstrated differences in structure and properties of the fibers of these two semichemical pulp types.
IV. CONCLUSIONS
Green liquor application for semichemical pulp production in combination with following enzymatic hydrolysis for
glucose production is a new advanced approach for hardwood biorefining. This technology allows to convert a part
of industrial capacities on substrate production for enzymatic saccharification in pulp and paper industry.
Enzymatic preparations based on Penicillium verruculosum fungi are effective biocatalysts for hardwood
semichemical pulp hydrolysis. The advantages of SСGL pulp as a raw-material for saccharification have been
revealed. Significant swelling of fibers in alkaline media, which improves enzyme diffusion to substrate in internal
structure of cell walls have been demonstrated. The beating of SСGL pulp additionally increases its ability to
biocatalytic influence and in twice decreases process time. Conversion degree of glucans to glucose was 76-78 % at
enzyme dosage 9,4 PFU/g substrate.
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ABSTRACT
The separation and quantification of monomeric carbohydrates today is mainly done by means of gas and liquid
chromatography, requiring derivatization in several cases. The accurate determination of the sugar composition
and content in plant material is of great importance, e.g. in industrial routine analysis.
In this study, it is demonstrated that the modern variant of Thin Layer Chromatography (TLC), mostly denoted
as High Performance TLC (HP-TLC), is a highly advantageous method that stands fully emancipated among
other separation techniques. We established a method for the quantification of the most common sugars
appearing in plant hydrolysates (e.g. glucose, galactose, mannose, xylose and arabinose). To benchmark this
method we compared it with GC-MS and HPLC-RI. Plant hydrolysates are often difficult to analyze by GC or
HPLC due to a highly complex matrix which may falsify the results. With HPTLC such matrix-associated
problems can be easily avoided since the disturbing compounds are directly removed on the plate.

I. INTRODUCTION
The need for fast and accurate analysis methods of plant-derived low-molecular weight carbohydrates is
associated with the fact that the development of biorefineries is rapidly progressing: crude oil as a starting
material, for a vast number of applications, will be more and more replaced by renewable materials in the future.
For this purpose, either the polymeric constituents are used directly (cellulosic products) or they are hydrolyzed
(e.g. glucose production for subsequent fermentation). Since plant material can differ strongly in its composition,
fast and robust screening methods are of great importance. A disturbing matrix, consisting of dissolved lignin,
furfural, formic and acetic acid, sugar acids, various oils and other products can falsify results or even can clog
columns or capillaries which lead to increased maintenance needs and costs.
Quantification of the sugar components after hydrolysis is nowadays mainly done by chromatographic methods.
Gas chromatography (GC) and liquid chromatography (LC) with all their inherent benefits - and some inherent
drawbacks - are by far the most common methods for the quantification of plant-derived sugars. These well
established methods are still time consuming and expensive when it comes to analysis of high sample numbers..
The first chromatographic method and actually the one which gave chromatography its name (the separation of
colored plant components on paper was called "color writing": chromatography) was TLC, which after the
advent of instrumental separation techniques has unfortunately been increasingly neglected, and has only
recently been revived. HPTLC is an enhanced TLC method which includes fully automated steps using high
performance silica layers for increased sensitivity.
To test the capability of HPTLC for quantifying wood sugars, different layers, impregnation techniques and
eluents were tested. For evaluating the feasibility of this method we compared the results obtained with standard
HPLC and GC-MS methods for carbohydrate quantification.
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II. EXPERIMENTAL
HPTLC
Planar chromatography was performed on impregnated HPTLC plates silica gel 60 (20 x 10 cm, layer thickness
0.2 mm, Merck). For the impregnation of the HPTLC layers the plates were dipped for 15 min in a sodium
phosphat buffer (pH 6.2, 0.1 M). After drying in an oven (100 °C, 1 hour) the plates were stored in a desiccator
over saturated LiCl solution (RH 11%). Samples and standards were applied by an Automatic TLC Sampler 4
(ATS 4, Camag, Muttenz, Switzerland), using the following settings for 20 tracks per plate: band length 8.0 mm,
track distance 10.0 mm, dosage speed 150 nL/s, application position x-axis 10 mm and y-axis 8 mm, needle
heating 40°C. The application volumes for the standard solutions were 5, 10, 15 and 20 µL / band and for the
sample solutions 2, 3.5 and 10 µl / band. The instrument was controlled by winCATS 1.3.1.2. Chromatography
was carried out on in an Automated Developing Chamber (ADC2, CAMAG) using acetonitrile: 1-pentanol:
water 4:1:1 (v/v/v) up to a migration distance of 70 mm, drying time was 5 min. For the second development
exactly the same conditions were used and mobile phase was renewed before each development step. For postchromatographic derivatization the following reagent was employed: 70 ml aniline solution and 70 ml
diphenylamine solution (both 2% in acetone) were mixed and 10 ml phosphoric acid, 85% was added. The plate
was manually immersed in the reagent for 1 second. Then, the plate was heated on a plate heater for 3 min at
120°C. Plate images were documented using the Camag TLC visualizer. Exposure time was 20 ms, gain 1 (white
light, transmission mode). Quantitative evaluation of the image was done by Camag VideoScan 1.02.00 via peak
height. For evaluating different layers, eluents and impregnation techniques the CAMAG Vario System was
used.
HPLC
Sugars were quantified on a Dionex UltiMate 3000 HPLC system (Dionex, Sunnyvale, CA, USA) equipped with
a Bio Rad HPLC Carbohydrate Analysis Column Aminex HPX-87P 300mm x 7.8mm column kept at 80 °C and
a HP 1100 Series G1362A RID Refractive Index Detector (Hewlett-Packard, Palo Alto, CA, USA). The mobile
phase was pure water at a flow of 0.6 mL/min. Calibration was performed externally relative to sorbitol as the
internal standard. All standards were purchased from Sigma-Aldrich. Data was recorded with Dionex
Chromeleon 6.8.
GC-MS
Sugars were derivatised according to the ethoximation-silylation approach [1]. The derivatized samples were
diluted with ethyl acetate and filtered prior to injection. Aliquots of 0.2 ml were introduced into the splitless
injector with an Agilent GC Sampler 120GC/MS analysis was performed on an Agilent7890A gas
chromatograph coupled with an Agilent 5975C mass selective detector. Column: HP-5 MS (30m 0.25 mm
0.25mm; J&W Scientific, Folsom, CA, USA); carrier gas: helium, injector: 2801C; column flow: 0.9 ml/min;
purge flow: 32.4 ml/min, 0.6 min; oven program: 50°C (2 min), 5°C/min, 280°C (20 min); MS: EI mode,70 eV,
source pressure:1.13 10–7 Pa, source temperature: 230°C. Scan range was set from 50 to 950 Da.

III. RESULTS AND DISCUSSION
Quantification of plant-derived carbohydrates needs methods which are reliable, especially in routine analysis, as
e.g. for control of fermentable sugars in samples. Methods which are simple, rapid and capable of being run in
large numbers are of particular interest. Paper chromatography (PC) and TLC have been extensively used in the
analysis for sugars [2]. However, quantification of sugars is mainly done by GC oder LC approaches. HPTLC
offers a lot of benefits when compared to other methods: low running costs, high sensitivity, high throughput or
the ability to simultaneously isolate and identify the sugars,to name but a few.
One drawback of the HPTLC method is that mobility of sugars on silica layers depends mainly on the molecular
weight and the number of hydroxyl groups, and diastereomers are thus poorly resolved [3]. Therefore the
selectivity of commercially available layers has to be adjusted. Preliminary tests showed that impregnation with
phosphate buffer gave the best selectivity for aldohexoses, arabinose and xylose (fig. 1). However, two
developments of the chromatogramm after separation are necessary to get appropriate Rf values. Using the ADC
device for plate developing, the error of a two-step development remains negligible since all the steps are fully
automated, which largely improves reproducibility. The total run time of the whole chromatographic procedure
is less than 1.5 h.
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Figure 1. HPTLC chromatogram of wood-hydrolyzate sugars.

Since carbohydrates have no chromophores or fluorophores attached, a postchromatographic derivatisation is
necessary for the detection on silica layers. Three different derivatisation approaches were investigated. With paminobenzoic acid all sugars showed a blue fluorescence when inspected at 366 nm. The thymol-dye has the
benefit to distinguish sugars by color, with aldohexoses giving orange spots, arabinose a blue and xylose a
brown spot. However, the signal-to-noise ratio was best in th ecase of the anilin-diphenylamine dye. This dye
was used for quantification. The possibility of using different derivatisation methods is also an asset of (HP)TLC
since this delivers agood optical impression of a sample as required for automated processing. For a first proof
of concept, the whole image was processed by the VideoScan software (CAMAG). The use of a TLC scanner,
for densitometric analysis with defined wavelength sensitivity, further improved the overall performance.
Although the relative humidity is said to be less critical when using polar eluents [4], we settled that an increased
humidity worsens the separation and shape of the spots. Therefore, a well controlled environment is a necessary
prerequisite for such a separation.
For comparing results obtained by HPTLC with alternative methods, samples were also analyzed according to
common HPLC and GC-MS methods. Focusing on the analysis time, the HPTLC method is by far the fastest
method. Table 1 gives an overview of results obtained by these three different methods. The findings of sugars
were comparable for all three methods, despite for mannose in sample A, xylose in sample B and glucose in
sample C which had standard deviations above 10 %. However, it is more difficult to determine which method
delivers the most accurate results. Matrix interference is by far most problematic for the HPLC method. For GCMS analysis of carbohydrates a derivatisation step is needed, which is time demanding and error-prone. Also the
processing and interpreting of partly very complex GC spectra (due to the presence of isomers and anomers) can
be tedious.

Table 1. Example of results obtained by HPTLC, HPLC and GC/MS

Sample A

Ara
Gal
Glu
Man
Xyl

Sample B

Sample C

HPTLC

HPLC

GCMS HPTLC HPLC

GCMS HPTLC

HPLC

GCMS

[g*l-1]

[g*l-1]

[g*l-1]

[g*l-1]

[g*l-1]

[g*l-1]

13.9

12.8

-

-

-

23.9

22.0

28.3

28.3

-

-

-

29.6

46.2

47.1

20.8

32.5

11.9

38.9

115.9

112.3

44.4

95.1

93.4

27.8

49.3

-

1.2

-

-

34.6

54.1

57.3

60.4

231.6

248.6

2.1

0.4
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[g*l-1]

[g*l-1]

10.12

28.5

7.6

-

613

8

-

13th European Workshop on Lignocellulosics and Pulp

As shown in fig. 2 the HPTLC method can be extended to analyze additional compounds, which were also
abundant in such hydrolyzate samples for instance cellobiose, sucrose, or sugar acids can be easily covered with
this system.

Figure 2. Extension of the HPTLC method to compounds other than monomeric pentoses and hexoses;
in this example: sucrose, cellobiose and gluconic acid.

IV. CONCLUSIONS
The performance of HPTLC for quantification of monosaccharides and related compounds in real-world wood
hydrolyzate samples was investigated. The aim of this study is to develop a fast quantification method for woodderived carbohydrates.
We demonstrated the usefulness of planar chromatography in routine quantification of sugars derived from plant
hydrolyzates. Especially in industry (e.g. for control of fermentation processes) the accurate quantification of the
sugar content is of great importance. As matrix problems are a minor issue in HPTLC, the method is very
flexible with regard tosample origins and impurities. Within two hours, 16 samples can be analysed, which is by
far superior to HPLC or GC-MS. The comparison with those methods that are conventionally normally used for
quantification of wood sugarsshowed HPTLC to stand fully emancipated among alternative separation
techniques. A full validation of the HPTLC method is still in progress, but so far the results are quite promising
that a quantification of sugars in plant material by HPTLC can compete with other chromatographic techniques.
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ABSTRACT
The aim of this research was examination of content of pinosylvins in wood of three pine species (Pinus nigra,
P. sylvestris and P. pinaster) originating from different locations in Europe. European black pine (Pinus nigra)
trees were cut-down in SW Slovenia, Scots pine (Pinus sylvestrias) in Finland, and Pinus pinaster trees were
sampled in NW Spain. Samples of sapwood, heartwood, and dead and living knots were sequentially extracted in
a Soxhlet apparatus with cyclohexane and then with acetone/water. The content of lipophilic and hydrophilic
extractives was determined gravimetrically. The content of pinosylvin (PS) and pinosylvin monomethyl ether
(PSMME) were analysed by HPLC. Content of PS and PSMME was highest in dead and linving knots in all
investigated species. P. sylvestris exhibited higher content of pinosylvin than other two species. On the other
hand, heartwood of P. nigra contained more PSMME than P. sylvestris and P. pinaster.

I. INTRODUCTION
Woody biomass represent increasingly important source of products other than wood, including structural
polymers of the cell walls, cellulose, lignin and hemicelluloses, and extracellular low molecular weight
compounds, which are referred to as extractives. Extractives comprise compounds that are involved in primary
metabolism of living cells as well as the compounds that are usually characterized as secondary metabolites or
natural products. The later have important ecological functions in the living tree including protection against
colonization by microorganism and protection against attack by herbivores and insects.
Composition of wood extractives is species specific and highly variable among species, growth sites and within
the tree. It has been demonstrated recently that heartwood and especially knots of softwood and broadleaved
species represent rich source of phenolic compounds [1, 2, 3]. Knots of softwood contain mostly lignans,
oligolignans and stilbens, whereas flavonoids were found in hardwood tissues. Stilbene pinosylvin and its
monomethyl ether are the characteristic compounds of heartwood and knots of the genus Pinus (1).
Pinosylvins exhibited antimicrobial activity against a battery of both gram positive and negative bacteria, yeasts,
and filamentous fungi [4, 5]. The antimicrobial effects of pinosylvin were even more prominent than those of a
related stilbene, resveratrol, well known for its various bioactivities [5]. Extracts obtained from pine knotwood
showed also cytotoxicity against a mouse hepatoma cell line [4]. It was concluded that pinosylvin could have
potential as a natural disinfectant or biocide in some targeted applications [5]. Optimal extraction procedures [6]
as well as pine species, growth sites and tissues containing high concentration of pinosilvins should be identified
for eventual industrial recovery of pinosylvin from pinewood. The aim of this research was examination of
content of pinosylvins in wood of three pine species (Pinus nigra, P. sylvestris and P. pinaster) originating from
different geographic and climatic locations in Europe, namely Slovenia, Finland, and Spain.

II. EXPERIMENTAL
European black pine (Pinus nigra) trees were cut-down in SW Slovenia, Scots pine (Pinus sylvestris) in Finland,
and Pinus pinaster trees were felled in NW Spain. Discs were removed from the stems at about 1 m above the
ground and bolts containing bases of dead and living branches from the upper parts of trees. These tissues will be
referred to as dead and living knots. Samples of sapwood, heartwood, and dead and living knots were isolated,
air dried, milled, and extracted in a Soxhlet apparatus. Lipophilic compounds were extracted with cyclohexane
and hydrophilic compounds with acetone/water (95:5 v/v)
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The content of lipophilic and hydrophilic extractives was determined gravimetrically by drying until constant
weight. The content of pinosylvin (PS) and pinosylvin monomethyl ether (PSMME) were analysed by Thermo
Fischer Scientific Accela HPLC modular system (Waltham, USA), equipped by Accela 600 quarter pump and
Accela photo-diode array detector (PDA). Extractives were separated on the Accucore PFP column (Thermo
Fischer Scientific) with dimensions of 2.1mm × 150 mm and the particle size of 2.6 µm. The column was
thermostatted on 30°C. The mobile phase was consisted of water with 0.1% of formic acid (v/v) as solvent A and
methanol containing 0.1% of formic acid as solvent B. The 10 minutes gradient from 5 to 65% of solvent B was
applied for elution, where mobile phase flow rate was defined at 400 µL/min. The detection wavelength was
adjusted to 275 nm. Quantitative analysis based upon three point calibration curve, consisting of standard
solutions. Chromatograms were evaluated by ChromQuest 5.0 software. Peak identification was achieved by
comparison of retention times and UV spectra of separated compounds with analytical standards. The content of
pinosylvins was expressed in mg of compound per gram of dry wood (mg/g).

III. RESULTS AND DISCUSSION
Gravimetric determination of lipophilic and hydrophilic extractives (Figure 1) showed that knots contain
essentially more extractives than sapwood and heartwood. Knots contained more lipophilic extractives than
heartwood, whereas dead knots contained more lipophilic extractives than living knots in the three investigated
pine species. The amount of lipophilic extractives was largest in P. nigra, whereas P. pinaster revealed the
lowest values.
The content of hydrophilic extractives revealed the same distribution pattern among tissues in the investigated
trees. Pinus sylvestris contained more hydrophilic extractives than P. nigra and P. pinaster.

Figure 1. The contents of lipophilic and hydrophilic extractives in different tissues of Pinus nigra, P. sylvestris
and P. pinaster. DK = dead knot, HW = heartwood, LK = living knot, SW = sapwood.
Pinosylvin (PS) and pinosylvin monomethyl ether (PSMME) were present in both the cyclohexane and the
acetone extract (Table 1). Only small amounts of pinosylvin were extracted by cyclohexane from knots (0.30
mg/g dw) comparing to acetone extracts where up to 35.0 (mg/g) of pinosylvin was found in dead knots. P.
sylvestris from Scandinavia revealed highest values of PS. As well, the amount of PSMME extracted by
cyclohexane was largest in P. sylvestris and only small amounts were found in P. pinaster. In the acetone
extracts, the amount of PSMME was slightly larger in P. nigra than in P. sylvestris.
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Table 1 Content of pinosylvin (PS) and pinosylvin monometyl ether (PSMME) in extracts of various tissues of
Pinus nigra, P. sylvestris and P. pinaster obtained by sequential extraction, first with cyclohexane and thereafter
with acetone/water. DK = dead knot, HW = heartwood, LK = living knot, SW = sapwood.

Extraction with
cyclohexane
PSMME
PS
(mg/g)
(mg/g)

Extraction with
acetone/water
PSMME
PS
(mg/g)
(mg/g)

P. nigra
SW

0,15

n.d.

0,18

0,23

HW

20,18

0,07

44,08

20,44

DK

46,16

0,34

54,02

22,34

LK

34,16

0,39

48,84

15,78

n.d.

n.d.

0,13

0,07

HW

18,76

0,10

15,94

17,60

DK

54,49

0,47

44,85

35,17

LK

40,54

0,16

33,16

23,00

P. pinaster
SW

0,14

n.d.

n.d.

n.d.

HW

0,30

n.d.

6,06

5,91

DK

0,92

0,54

2,47

1,08

LK

0,89

n.d.

2,61

0,87

P. ylvestris
SW

IV. CONCLUSIONS
This study confirmed the known variability in content of pinosylvins within the tree, i.e. knots represent the
richest source of valuable bioactive phenolic compounds. These preliminary results indicate, that heartwood of
P. nigra contain more PSMME than P. sylvestris and P. pinaster. On the other hand, P. sylvestris form
Scandinavia revealed highest content of PS than other two species. Our study demonstrated considerable
variability in content of pinosylvins among three pine species from different locations in Europe.
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ABSTRACT
A separate activation treatment of 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) prior to the TEMPO-mediated
oxidation of pulp and a novel titration method for oxidized TEMPO (TEMPO +) is introduced. TEMPO can be
activated without NaBr in neutral conditions using high enough concentrations of HOCl. The formation of
TEMPO+ was verified with the novel iodometric titration method. The new method provides useful information
on the activation of radical TEMPO in the absence of NaBr (bromide interferes with the titration). Oxidation of
pulp at slightly alkaline conditions (pH 8) began immediately after adding the activated catalyst and NaOCl. A
carboxylate content of 0.7 mmol/g pulp was achieved by using 2.3 mmol NaOCl per g pulp with less than 3
hours reaction time.
I. INTRODUCTION
TEMPO-mediated oxidation of alcohols to aldehydes and further to carboxylates was introduced in 1980`s [1-3].
Later the method was applied for the oxidation of cellulose [4]. Preparation of nanofibrillated cellulose (NFC)
through TEMPO-mediated oxidation of cellulosic fibers was reported some years later [5, 6] and has been
studied widely since then. TEMPO-mediated oxidation can be used for easier disintegration of chemical pulps to
form a transparent gel of NFC [7, 8]. The energy consumption in the production of NFC can be reduced from
700-1400 MJ kg-1 to less than 7 MJ kg-1 by applying the TEMPO-mediated oxidation for wood pulps [9]. The
most common oxidation process of pulp is based on the use of NaBr/TEMPO/NaOCl at pH 10 [7, 10]. The
reaction rate of bromide-free TEMPO-mediated oxidation (e.g. electro-mediated TEMPO-oxidation or acidneutral TEMPO/NaOCl/NaClO2 oxidation) is clearly too low for industrial purposes. However, a process
without bromide would be more attractive since its presence in the waste water stream is highly undesired [11].
Activation of TEMPO, which is the commercially available stable radical compound, to the more reactive
oxoammonium cation (TEMPO+) must take place to oxidize the hydroxymethyl groups in cellulose.
In this study we introduce a separate activation step for TEMPO prior to the oxidation of cellulose. The
conversion of TEMPO to TEMPO+ by HOCl, which is the main form of hypochlorite at pH < 7.5, is effective in
HOCl concentrations higher that those during the following pulp oxidation.
II. EXPERIMENTAL
Materials
Dried bleached birch pulp from a Finnish pulp mill was used as the raw material in the TEMPO-mediated
oxidations. TEMPO (Sigma Aldrich (St Louis)) and 13 % NaOCl solution (Merck (Darmstadt, Germany) were
used as the catalyst and stoichiometric oxidant, respectively. Orthoboric acid (22 g, VWR (Leuven, Belgium))
and NaOH pellets (1.8 g, VWR (Leuven, Belgium)) were diluted to 2000 ml of distilled water to prepare a borate
buffer (pH 8.3). NaClO2 (Sigma Aldrich (Germany)) was used to convert the residual aldehydes in the oxidized
pulp to carboxylates. The pulp oxidations were carried out in a Büchi reactor (volume 1.6 dm3) equipped with a
Metrohm 718 Stat Titrino titrator to control pH during the oxidation. 1 M NaOH (Merck, (Darmstadt, Germany))
and 1 M HCl (Merck (Darmstadt, Germany)) were used to control pH. The carboxylate contents of the oxidized
pulp were determinated by conductometric titration with Metrohm 751 GPD Titrino titrator and Tiamo 1.2.1.
software.
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Activation of TEMPO
A stoichiometric excess of NaOCl was mixed with solid TEMPO in water and the pH was adjusted to neutral.
The solution was mixed in a closed vessel until TEMPO was completely dissolved. In reference, TEMPO was
activated with NaOCl in the presence of NaBr at pH 10.
Oxidation of bleached pulp
Aqueous pulp suspension and the activated TEMPO solution were mixed well in a closed vessel and added to the
Büchi reactor (continuous mixing, temperature 25 °C, volume of pulp solution 1.2 dm 3). NaOCl solution was
added to the reactor with a pump and pH was adjusted to 8 by 1 M NaOH added with an automatic titrator. The
reaction was monitored by iodometric titration for active chlorine until all HOCl was consumed. The pulp was
washed through a wire cloth. The carboxylate content (SCAN-CM 65:02) and the CED viscosity (SCAN-CM
15:99) were analyzed from the washed pulp samples.
Conversion of residual aldehydes to carboxylates
After the washing, the acidity of the pulp suspension (1 % consistency) was adjusted to pH 3 by 1 M HCl.
NaClO2 (10 mM concentration) was added to the solution and conversion was executed in the Büchi reactor (2
hours, 50 °C). The washing and the analysis of the pulp were conducted according to the same procedures
described in the previous section.
HOCl and TEMPO+ titration
The titration is based on the method of Wartiovaara [12] except for the analysis of TEMPO +. The liberated
iodine was titrated with Na2S2O3 using starch as an indicator. The iodometric titration is based on the following
reaction (Eq. 1):
S4O62- + 2 I-

I2 + 2 S2O32-

(Eq. 1)

First, borate buffer (pH 8.3) was added to two sample containers. Then, DMSO was added to one of the sample
containers. A known amount of the sample solution together with an excess amount of KI was added to both of
the containers. Both samples were titrated against Na2S2O3 using starch as an indicator. The following reactions
occur under the neutral medium:
HOCl + H+ + 2 I+

-

2 TEMPO + 2 I

Cl- + I2 + H2O

(Eq. 2)

2 TEMPO* + I2

(Eq. 3)

Because DMSO reacts rapidly with HOCl, the consumption of thiosulphate in the presence of DMSO
corresponds to the amount of TEMPO+ present (Eq. 1 and Eq. 3). The titration result without DMSO gives the
total amount of HOCl and TEMPO+ (Eqs. 1-3).
III. RESULTS AND DISCUSSION
Activation of TEMPO to form TEMPO+ was monitored with iodometric titration with added DMSO as a
function of reaction time using stoichiometric amounts of TEMPO and NaOCl at two concentrations (Figure 1).
The reaction was carried out at pH 8.3 (borate buffer) at room temperature. Most of TEMPO (85 %) was
converted into TEMPO+ during 4 hours reaction time at 10 mM added concentration of TEMPO and NaOCl.
The halftime of the reaction was < 30 min at this concentration. At 2 mM added concentration of TEMPO and
NaOCl the reaction was very slow and the conversion into TEMPO+ was only 40 % after 4 hours reaction time.
Clearly, a separate activation treatment of TEMPO in concentrated solution is an effective pretreatment for the
bromide-free TEMPO-mediated oxidation.
Consumption of NaOCl during the activation of TEMPO (2 mM) was monitored by iodometric titration at
several concentration levels of NaOCl (Table 1). Because NaOCl undergoes also self-decomposition, blank
solutions of NaOCl without added TEMPO were titrated correspondingly. NaOCl consumption by TEMPO
activation was calculated by correcting the values for the self-decomposition of NaOCl under similar conditions,
assuming that the self-decomposition and consumption by TEMPO+ formation are additive. The rate of the selfdecomposition is proportional to the square of the concentration of HOCl [13]. The thus measured stoichiometry
of HOCl consumed relative to TEMPO+ formed was 1:1.5. Because of the non-additivity of the two reactions,
the actual ratio must be smaller, most probably 1:2 similar to the stoichiometry proposed in literature [11].
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Figure 1. Formation of TEMPO+ in treatment of equimolar amounts of NaOCl and TEMPO at pH 8.3 (borate
buffer) at room temperature. The consumption of thiosulphate in iodometric titration in the presence of DMSO
(shown) corresponds to the amount of TEMPO+ formed.
Table 1. Formation of TEMPO+ (stoichiometry by Eqs.1 and 3) and consumption of NaOCl (corrected for selfdecomposition) in reaction of 2 mM TEMPO with NaOCl at pH 8.3 (borate buffer) for 120 min at room
temperature.
[NaOCl]/[TEMPO]
[TEMPO+] (mM)
[NaOCl] (mM)

0
0
0

0.25
0.124
0.082

0.5
0.23
0.15

0.75
0.37
0.28

1
0.52
0.32

1.5
0.73
0.47

2
3
6
1.05 1.41 1.93
0.65 0.96 1.37

Bromide-free TEMPO/NaOCl (pH 8) and NaBr/TEMPO/NaOCl treatments (pH 9-10) with and without a
separate TEMPO activation step were applied to oxidize birch pulp to high carboxylate content (Table 2).
Formation of the oxoammonium cation (TEMPO+) in the separate TEMPO activation stage was verified by
iodometric titration. Bromine compound formed in the presence of NaBr interfered with TEMPO + in the
iodometric titration and therefore TEMPO+ could not be quantified in the presence of NaBr. When NaBr was not
used, the separate activation step reduced the oxidation time from 317 min to 170 min. On the other hand, there
was no benefit from the preactivation in the NaBr/TEMPO/NaOCl system, which was much faster than the
bromide-free oxidation.

Table 2. Effect of preactivation of TEMPO on oxidation of bleached kraft pulp. The oxidation was carried out at
pH 8 (without NaBr) or at pH 9-10 (with NaBr). All oxidations were performed at 4 % pulp consistency at 25
°C.
Preactivation
Yes
No
Yes
No
Radical TEMPO activator
NaBr/NaOCl NaBr/NaOCl
NaOCl
NaOCl
TEMPO (mM)
2
2
2
2
TEMPO (mmol/g)
0.05
0.05
0.05
0.05
NaOCl (mmol/g)
2.4
2.4
2.3
2.3
Molar ratio (activator/TEMPO)
2.0
2.5
TEMPO+ formed (mM)
nd
nd
1.75
Reaction time (min)
28
28
170
317
COOH (mmol/g)
0.79
0.88
0.70
0.74
after aldehyde conversion
0.99
0.98
0.92
0.92
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IV. CONCLUSIONS
TEMPO+ titration seems to be a valuable tool to study the chemistry of the bromide-free TEMPO-mediated
oxidation. A separate activation step by NaOCl prior to the TEMPO-mediated oxidation increases the reaction
rate of bromide-free oxidation drastically. However, in the case of NaBr/TEMPO/NaOCl oxidation there is no
clear benefit to use a separate TEMPO preactivation.
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ABSTRACT
The effect of hydroxide [OH-] and sulfite [SO32-] ion concentration on the polysaccharide degradation and
dissolution behavior during alkaline sulfite anthraquinone (ASA) pulping was investigated by a comprehensive
characterization of the solid residue and black liquor samples. At a constant temperature of 160 C, two cooking
series were studied at a liquor-to-wood ratio of 200:1 comprising low, L-ASA (0.50 M [OH-] + 0.375 M [SO32-])
and high, H-ASA (1.55 M [OH-] + 1.163 M [SO32-]), concentrations of active cooking chemicals. In both cases,
an anthraquinone (AQ) charge of 3 % on wood was applied, which represents an AQ concentration of 0.15 g /L,
typical for a commercial cook. Contrary to the expectations, L-ASA cooks revealed rapid delignification,
expressed in an H-factor of only 350 to achieve a kappa number-60 pulp. Thus, under H-ASA conditions, the Hfactor could only moderately be reduced to 300 to attain the same kappa number. However, H-ASA cooks
resulted in a slightly higher yield of 1-2% on wood than the L-ASA cooks but only until a kappa number of
about 60 was reached. With progressing delignification the yield advantage was gradually lost. The higher pulp
yield at H-ASA conditions was due to an improved galactoglucomannan (GGM) retention, which was
approximately 2% on wood above kappa number 60 and approximately 0.5% on wood below kappa number 60.
The xylan content, on the other hand, was found to be 1% on wood lower under H-ASA conditions, which may
be attributed to an increased solubility of short-chain polysaccharides at high alkali concentration.
I. INTRODUCTION
In chemical pulping, kraft pulping has retained its dominant position as a method of choice owing to fast
delignification producing fibers with high strength properties. In addition, the kraft process and its various
modifications ensure the utilization of a wide raw material range including softwood and hardwood species.
However, as a disadvantage during kraft pulping, substantial yield losses take place owing to unwanted
carbohydrate degradation reactions. Today, the industry is struggling with pulp overproduction, thus further
savings are pursued through better raw material utilization, or in other words, increasing pulp yield. Parallel to
kraft pulping, sulfite pulping has developed many modifications, which are mainly characterized by different
bases and pH-ranges. Neutral and alkaline sulfite processes, however, require the use of cations, such as sodium,
which form soluble sulfites under these conditions [1, 2]. Increased alkalinity in sulfite processes has ensured
the utilization of a wider raw material range, while tolerating even coniferous species containing a notable
amount of extractives. Later, it was noticed that the addition of anthraquinone (AQ) substantially accelerated
delignification, which was the major disadvantage compared to the kraft process. In the resulting alkaline sulfite
anthraquinone process, ASA, the delignification rate was significantly accelerated [3, 4]. However, an additional
increase in temperature or longer pulping time compared to kraft pulping was still necessary to obtain a fully
bleachable pulp grade. Owing to the presence of AQ, not only the delignification rate was enhanced, but also the
retention of hemicelluloses, in particular of galactoglucomannan (GGM), was improved, thus resulting in a
higher pulp yield at a target kappa number. The objective of this study was to investigate the effect of the [OH-]
and the [SO32-] concentrations on the polysaccharide preservation and the rate of delignification. Following the
observations from McDonough et al., it is expected that an increase of both active chemical concentrations will
result in an increased rate of delignification [5].
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II. EXPERIMENTAL
To diminish the effect of mass transfer and the rapid consumption of cooking chemicals, experiments were
conducted with wood meal and liquor-to-wood ratio of 200:1. At a constant temperature of 160 C, low and high
chemical concentration levels were studied during alkaline sulfite anthraquinone (ASA) pulping, namely L-ASA
(0.50 M [OH-] + 0.375 M [SO32-]) and H-ASA (1.55 M [OH-] + 1.163 M [SO32-]) in the presence of 0.15 g/L
anthraquinone (3% on wood). Pinus sylvestris L. raw material from southern Finland was milled to pass through
1mm hole screen and air-dried. Wood meal, together with cooking liquor and AQ was charged into the reactor.
The reactor was flushed with nitrogen and pressurized to 0.5 MPa. After 5 minutes, the pressure was released
and the reactor was heated to 160 C temperature in 20 minutes. After the preset time at temperature, the pulp
suspension was cooled in the reactor, filtered with a 6 m pore diameter tissue filter and washed with deionized
water. Wood residue was acetone extracted (SCAN 49:03) and analyzed for chemical composition [6, 7]. The
dissolution of hemicelluloses was evaluated according to the carbohydrate composition of black liquors.
III. RESULTS AND DISCUSSION
Wood residue
In respect to the delignification rate and the pulp chemical composition, comparison is made to previously
published data on kraft and kraft-AQ pulping using exactly the same raw material and otherwise similar pulping
conditions [8]. Based on the previous study, the chemical concentration of the active cooking chemicals had a
pronounced influence on the rate of pulping. Therefore, the acceleration of the delignification rate through high
concentrations of [OH-] and [SO32-] was surprisingly insignificant and not expected, since in a similar
comparison of kraft-AQ cooks it was shown that under high alkali (1.55 M [OH-]) concentration the
delignification rate was substantially higher than under moderate alkali (0.50 M [OH-]) concentration. The low
effect of high [OH-] and [SO32-] concentrations on the delignification rate was also reflected in the H-factors to
obtain a kappa-60 pulp, which was 300 for H-ASA and 350 for L-ASA, respectively. The delignification,
however, slowed down under L-ASA compared to H-ASA conditions when continuing to kappa number 30,
which was also apparent in a higher H-factor of 750 compared to only 600 for the latter conditions (Figure 1).
Interestingly, at a constant 0.50 M [OH-] in a comparison between kraft, kraft-AQ and ASA process, L-ASA had
the fastest delignification rate, while the opposite behavior was observed at a constant 1.55 M [OH-], where the
delignification in H-ASA proceeded even slower than in an analogous kraft process. In general, the GGM
preservation accounts for the major part of the yield increase in alkaline processes of softwoods where AQ has
been added. It was shown that a high and constant [OH-] throughout the cook, e.g. 1.55 M [OH-], effectively
stabilizes the reducing end groups of GGM due to a higher stopping rate, thus resulting in less unwanted
degradation reactions [8, 9]. A similar behavior was observed also during the ASA process. In terms of pulp
yield, H-ASA was found to be advantageous during the initial delignification, resulting in a notable pulp yield
increase owing to better GGM preservation (Figure 2). Interestingly, the GGM stability under H-ASA
conditions decreased when cooking proceeded to a lignin content below 10% on pulp (Figure 3). In addition to
the enhanced GGM preservation, regardless of the chemical concentration, the ASA process was found to be
beneficial in preserving cellulose and xylan in pulp compared to kraft and even kraft-AQ (Table 1).
Black liquor
Under alkaline conditions, degradation and dissolution account for pulp polysaccharide losses in the resulting
pulp. The degradation pathway by endwise peeling reactions is by far the most important loss reaction during
alkaline treatment of polysaccharides. As a result of the end-group cleavage, various acids are formed, such as
glucoisosaccharinic and xyloisosaccarinic acids (Gisa, Xisa), formic, acetic, lactic, 2-hydroxybutanoic and 2,5dihydroxypentanoic acids in the case of pine wood [10]. The extent of degradation and dissolution is mainly
influenced by the pulping liquor composition; however, in order to initiate dissolution of a polymer, the chain
length needs to be adjusted to the power of the solvent (sodium hydroxide). Thus, with increasing [OH-] the
solubility of hemicelluloses with increasing chain lengths increases. Similar to pulp polysaccharides, dissolved
polysaccharides are unstable at alkaline conditions and thus susceptible towards further degradation. Previously
it has been shown that elevated chemical concentration in kraft pulping liquor increase the amount of dissolved
polysaccharides [8]. It was also suggested that in the presence of AQ, a further increase of the amount of
dissolved polysaccharides could be explained by the enhanced stability of the soluble fraction. The amount of
dissolved hemicelluloses is comparable for kraft-AQ and ASA at 0.50 M [OH-] throughout the cook (Figure 4).
However, at 1.55 M [OH-], the extent of dissolution during H-ASA is significantly lower than in kraft or kraftAQ as shown in Table 1. This can be explained by a higher hemicellulose retention in the solid residue for the
kappa number-60 pulp, however, not for the kappa number-30 pulp.
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Figure 1. Delignification rate. Abbreviations: Kraft
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Figure 3. GGM preservation as a function of pulp
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Table 1. Wood residue and black liquor composition at kappa number 60 and 30 (corresponding to a pulp
Klason lignin content of 9.0% and 4.5%, respectively). *[8]
-

-

0.50 M [OH ]

-60 ( -30)

1.55 M [OH ]

Pulping process

Kraft*

Kraft + AQ*

L-ASA

Kraft*

Kraft + AQ*

H-ASA

AQ charge (g/L)

-

0.15

0.15

-

0.15

0.15

660 (1270)

410 (870)

300 (480)

230 (390)

350 (650)

1480 (2370)

H-factor

Wood residue (% on wood)
Cellulose
Galactoglucomannan

37.0 (35.2)

37.7 (36.8)

38.3 (38.0)

36.4 (35.4)

38.0 (37.3)

38.3 (36.8)

5.2 (4.6)

9.5 (8.2)

8.7 (7.3)

6.4 (5.5)

8.6 (7.5)

9.3 (7.8)

Xylan

3.4 (2.9)

3.7 (2.8)

4.2 (2.8)

1.9 (1.1)

2.3 (1.4)

3.1 (2.2)

Lignin

4.6 (2.0)

5.1 (2.2)

5.2 (2.3)

4.5 (2.0)

5.0 (2.2)

5.1 (2.2)

Total Polysaccharides

45.6 (42.7)

50.9 (47.8)

51.2 (48.1)

44.7 (42.0)

48.9 (46.2)

50.7 (46.8)

Wood residue yield

50.2 (44.7)

56.0 (50.0)

56.4 (50.4)

49.2 (44.0)

53.9 (48.4)

55.8 (49.0)

0.2 (0.3)

0.3 (0.3)

0.3 (0.3)

Black liquor (% on wood)
Cellulose

0.1 (0.1)

0.1 (0.1)

0.2 (0.1)

Galactoglucomannan

0.7 (0.9)

1.4 (1.7)

1.3 (1.1)

2.5 (2.9)

3.3 (4.4)

2.2 (2.6)

Xylan

1.4 (1.1)

2.6 (2.3)

2.6 (2.9)

3.9 (3.8)

4.0 (4.5)

3.4 (3.0)

Total dissolved polysaccharides

2.2 (2.1)

4.1 (4.1)

4.1 (4.1)

6.6 (7.0)

7.6 (9.2)

5.9 (5.9)

56.5 (55.4)

56.6 (52.7)

Polysaccharides in wood residue and in black liquor (% on wood)
Total polysaccharides
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IV. CONCLUSIONS
The increase of the [OH-] from 0.50 M to 1.55 M at a constant [SO32-]/[OH-] of 0.75 in high liquor-to-wood
ASA cooking has a surprisingly low effect on the delignification rate, which is in contrast to kraft-AQ cooking
under otherwise comparable conditions. Obviously, the high AQ charge, caused by the high liquor-to-wood
ratio, affects the pulping reactions in a more pronounced way in ASA than in kraft cooking. The delignification
rates in ASA cooking are higher than in kraft-AQ cooking and almost not affected by the [OH-] in the high
kappa number range. Only at kappa numbers below 60-80, the delignification velocity is progressively
increasing at high [OH-] in reference to the low [OH-]. Similar to kraft cooking, high [OH-] promotes the
stabilization of GGM. However, the stabilizing effect of high [OH-] towards GGM diminishes with decreasing
kappa number. Overall, the L-ASA pulps reveal a composition and a yield comparable to the kraft analogue at
both kappa number levels, however, with a slightly lower GGM-to-xylan ratio. At high [OH-], ASA cooking
results in a higher pulp yield (+1.9%) than kraft-AQ when cooking to kappa number 60. However, the overall
carbohydrate yield is almost identical for both processes owing to the higher amount of dissolved
polysaccharides in the case of kraft-AQ cooking. However, cooking to kappa number 30 affords a much higher
intensity in the case of H-ASA (H-factor 650) than for kraft-AQ cooking (H-factor 390), which might be the
reason for the lower total polysaccharide yield of the former due to enhanced degradation reactions.
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ABSTRACT
2D excitation-emission fluorescence spectra of wide range of lignin preparations and lignin containing materials
in solid state were recorded using the Horiba Fluorolog-3 double monochromator luminescent spectrometer. The
presence of long wavelength emission bands in visible region of spectrum is shown for solid lignin samples,
which is not usual for polymer solutions. The obvious dissimilarity in excitation-emission spectra and
fluorescence intensities for lignins of different origin is demonstrated. These facts are of great significance for
the rapid identification of lignins and their determination in lignocellulosic materials. Effect of lignin functional
composition on its fluorescent properties and the role of carbonyl groups in fluorescence quenching are studied.
The excitation energy transfer in lignin macromolecules is discussed.
I. INTRODUCTION
Natural lignin and related aromatic compounds are characterized by a rather intense fluorescence – the quantum
yields for them can reach a few tenths. The excitation source may be the absorption of UV-radiation, and some
chemical reactions, which are taking place during the biosynthesis of lignin in plants and manufacturing
processes of delignification of wood in pulp production. The study of photoexitation of lignin and properties of
natural polymer in exited states is also of great importance of understanding the processes of photoyellowing and
photoaging of lignocellulosic materials, and developing the new technologies of pulp bleaching. [1]
The emission intensity and position of bands in the spectrum of lignin and lignin model compounds are
depended on the molecular structure comprising a fluorophore and its nearest environment. [2] Removal of the
carbonyl groups in macromolecule of natural polymer did not change maximum of excitation and emission band
position, but intensity of fluorescence increased dramatically. [3]
Different researchers were studied fluorescent properties of lignin and lignin model compounds in a solvent
medium. In general, lignin fluorescence was revealed at excitation range of wavelength from 240 to 350 nm. [4,
5] Also were studied cellulosics and bleached kraft pulps using fluorescence spectroscopy, but lignin
fluorescence in solid state did not research. [6, 7]
Given the foregoing, the purpose of this study is estimate role of functional composition of lignin and influence
of medium on its fluorescent properties.
II. EXPERIMENTAL
As objects of study, we chose dioxane lignin extracted from spruce wood by the method of Pepper, reduced
dioxane lignin (NaBH4-reduction), lignin alkali (Sigma Aldrich) and kraft lignin extracted from black leach from
production of sulphate spruce pulp at Arkhangelsk Pulp and Paper Mill (Arkhangelsk, Russia).
Fluorescence spectra were collected using a Fluorolog-3 spectrofluorimeter (Jobin Yvon Horiba, France)
equipped with a 450 W xenon lamp, a photomultiplier tube and detection system based on single photon
counting. Before measurement the sample was compressed into a tablet and located in sample holder. The
spectral slit width in the excitation and emission monochromator was 3 nm. The sample surface was at an angle
of 35° with respect to the excitation beam to avoid self-absorbtion.
N,N-dimethylformamide is good solvent of lignin which significantly influence the processes its dissociation.
Concentration of solution of lignin in N,N-dimethylformamide was adjusted so that optical density did not
exceed 0.1 to avoid inner filter effect. Immediately before measurement solution in 1 cm quartz cuvetts were
bubbled with argon to remove dissolve oxygen, which is known as a phenol fluorescence quencher. The spectra
of solution are obtained in similar conditions that solid sample.
III. RESULTS AND DISCUSSION
Fluorescence spectra at room temperature of lignin samples in solid state are presented in Figure 1.
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The fluorescence intensity and wavelength of maximum emission are dependent on the origin of the lignins.
Maximum intensity of fluorescence is obtained for dioxane lignin and kraft lignin at wavelength excitation 450
nm. Maximum emission for reduced dioxane lignin is shifted at wavelength excitation 370 nm and observed
modification of shape excitation-emission region. For lignin alkali is obtained two maximum intensity of
fluorescence at 350 and 450 nm. This is due to different content of carbonyl groups in lignins.

a)

b)

c)

d)
Figure 1. 2D excitation-emission spectra of lignin samples recorded in the solid state in front face mode:
a) dioxane lignin; b) reduced dioxane lignin; c) lignin alkali; d) kraft lignin.
Color changes from red to violet are showed an increase in fluorescence intensity.

Carbonyl group content was determined by oximation method and shown in Table 1.
Table 1 – Content of carbonyl group in lignin samples
Dioxane lignin, %
Reduced dioxane lignin, %
6.58±0.12
0.83±0.04

Lignin alkali, %
1.83±0.14

Sulphate lignin, %
4.84±0.15

Removal of the carbonyl groups in the lignin by borohydride reduction change the position of emission
maximum and intensity of the fluorescence increased dramatically. The mechanism of energy transfer is the
following: one fluorophore is absorbed energy at excitation source and emitted it; next fluorophore absorbed
emitted energy from first group and fluorescent at more long wave region. Last fluorophore in lignin, emitted
energy at 600 nm is carbonyl group conjugated with aromatic ring.
Fluorescence spectra solutions of lignin in N,N-dimethylformamide are shown in Figure 2.
Excitation-emission region has a similar shape for four samples. Maximum intensity of fluorescence (400 nm) is
obtained at wavelength excitation 370 nm.
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a)

b)

c)

d)
Figure 2. 2D excitation-emission spectra solution of lignin samples:
a) dioxane lignin; b) reduced dioxane lignin; c) lignin alkali; d) kraft lignin.
Color changes from red to violet are showed an increase in fluorescence intensity.

Spectra are shows that in an aprotic solvent the quenching of fluorescence due to solvation effects.
IV. CONCLUSIONS
2D excitation-emission spectra different lignins in solid state are obtained. Carbonyl groups conjugated with
aromatic ring in lignin are responsible for long wave fluorescence at 600 nm. Shown that lignin in solid state and
solution of lignin had a different band position and intensity of fluorescence due to solvation effects.
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ABSTRACT
Laccases from wood-rotting fungi are of great interest as “green” biocatalysts for the development of
lignocellulose biorefineries, due to their oxidative versatility and low catalytic requirements. However, for their
industrial application, enzymes active and stable under operational conditions are desired. Recombination of
related genes can lead to hybrid mutants with improved properties that could not have been predicted
beforehand. In this work, we describe the construction and preliminary characterization of “swapped” mutants
obtained by exchanging the cupredoxin domains of two different laccases.
I. INTRODUCTION
Laccases are blue multicopper oxidases with huge biotechnological applicability, capable of oxidizing many
different aromatic compounds using oxygen as co-substrate and generating water as the only by-product. These
enzymes typically present three cupredoxin domains (D1, D2 and D3) and four copper atoms (one T1 Cu, one
T2 Cu and two T3 Cu), although two-domain laccases lacking D2 and that form trimers have also been
described. The Cu atoms are coordinated by ten histidine and one cysteine residues located in domains D1 and
D3. Substrate oxidation takes place at the T1 Cu site and, after the monovalent oxidation of four substrate
molecules, the abstracted electrons are transferred to the T2 and T3 Cu sites, where one molecule of O2 is
reduced to two molecules of H2O. The substrates susceptible to be oxidized by laccase are determined by the
redox potential of the T1 Cu and by the size and properties of the substrate binding pocket, which is delimited by
residues from domains D2 and D3.
Laccases from white-rot fungi, the only organisms able to completely degrade lignin, are of special interest due
to their high-redox potential which, in principle, broadens their substrate range. Directed evolution, which
mimics the natural evolution process of mutation, recombination and selection in the laboratory, is a very
powerful tool for the design of tailor-made enzymes appropriate for industrial purposes. Recently we have
described the engineering of chimeric laccases by random DNA shuffling, using as parent types two high-redox
potential laccase variants previously evolved in vitro: OB1, evolved from PM1 basidiomycete laccase (PM1L),
and 3PO, evolved from Pycnoporus cinnabarinus laccase (PcL) [1, 2]. The new chimeric variants, functionally
secreted by S. cerevisiae, presented novel properties different from those of both parent types, such as varied pH
activity profiles, increased stability and/or modified affinities towards phenolic substrates, even though the
exchanged sequence blocks were relatively small [3]. All the recombination events in the selected chimeric
laccase sequences were found in D1 and D3 domains, where the conserved signatures for Cu binding are located.
In the present work we describe the construction of new hybrid laccases by “domain swapping”, this is, by
exchanging the second cupredoxin domain (D2) between the evolved laccase variants OB1 and 3PO. This way
we obtained two variants: OB1::3PO (OB1 with D2 from 3PO) and 3PO::OB1 (3PO with D2 from OB1), which
have been preliminarily characterized.
II. EXPERIMENTAL
Construction of swapped mutants
By studying structure models of 3PO-PcL and OB1-PM1L, cross-over points were selected in loops between
domains, taking into account that no polar contacts were broken between surrounding residues (distance < 5 Å).
Swapped mutants were obtained by PCR overlap extension. All PCR conditions are described in [3]. Individual
domains from each parent were amplified and purified products were mixed and assembled in a primer-less
PCR. This reassembly product was amplified by PCR and co-transformed together with the linearized expression
vector in competent S. cerevisiae cells [1-3].
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Laccase production
Culture media and conditions used for yeast growth and laccase production are described previously [1-3].
Briefly, laccase production was carried out by growing cells in 30 mL of expression media in 100 mL flasks with
agitation, until maximum activity was reached. Laccase activity was monitored by measuring ABTS oxidation at
418 nm (ε = 36000 M-1 cm-1) in acetate buffer pH 5. Cultures were then centrifuged and supernatants containing
secreted laccase were filtered and concentrated through 10,000 MWCO membranes.
Characterization of swapped mutants
For the laccase mutants described in this work and parent types 3PO and OB1, T50 (10 min), pH activity profiles,
and KM values for ABTS and DMP were studied, following the procedures described previosuly [1-3].
III. RESULTS AND DISCUSSION
Construction and production of swapped laccase mutants
Swapped laccase mutants OB1::3PO and 3PO::OB1 were obtained by PCR overlap extension (Figure 1). The
effect of temperature on the production of swapped laccases by S. cerevisiae was studied by carrying out
fermentations at 20 and 30 ºC, which were the optimum temperatures for production of parent laccases 3PO and
OB1, respectively. For both swapped mutants, maximum production was achieved at 20 ºC, though laccase
activity in the culture was much lower than that obtained with parent types: around 120 U/L for OB1::3PO and
45 U/L for 3PO::OB1 (compared to 350 and 1000 U/L reached with 3PO and OB1). We checked whether
domain swapping affected the high redox potential of the new laccases by assessing their ability to oxidize
violuric acid [4], and both mutants retained activity over this substrate.
PCR 1

PCR 3

D1

D2

PCR 3’

D2’

Product 1’

D3

Product 3’

D1’

D3’

D2’

D2

Product 2’

Product 2

D2’

Reassembly PCR and
amplification
D3

D3’

PCR 2’

Amplification of
cupredoxin domains
Product 3

D1

D1

D1’

D3

PCR 2

Product 1

PCR 1’

D1’

D2

D3’

Figure 1. Schematic representation of the construction of swapped mutants. cDNA sequences of both parents are
represented in white and gray and the expression vector is represented in black.
Characterization of swapped laccase mutants
Although parent laccases 3PO and OB1 presented similar properties, the swapped mutants obtained in this work
were quite different. Regarding the optimum pH for ABTS oxidation, OB1::3PO mutant presented a slightly
more acidic activity profile, with maximum activity at pH 2, whereas 3PO::OB1 mutant presented no activity at
this pH and retained the same relative activity as parent types at higher pH values. In the case of DMP,
OB1::3PO showed the same activity profile as parent OB1, but 3PO::OB1 had a significant loss of activity at pH
values below 5 (Figure 2). This type of profile was also found in another laccase mutant, 2C4, obtained from the
random chimeragenesis of laccases 3PO and OB1 [3]. This chimera was in its most part identical to OB1 and it
incorporated two small fragments from 3PO in the third cupredoxin domain. One of these fragments included
mutation P394H from 3PO parent, contiguous to the His395 residue that coordinates T1 Cu. During the
laboratory evolution of PcL, its pH activity profile shifted from acidic to more neutral values, and this mutation
was selected and maintained from the second generation onwards [2]. We believe that mutation P394H is
responsible for the shift in optimum pH in 3PO, 2C4 and 3PO::OB1. However, in 3PO laccase, residues from D2
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located in the surroundings of residue 394 in the protein’s tridimensional structure may modulate the effect of
this mutation in such a way that the loss of activity at acidic pH is not so severe.
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3PO
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Figure 2. pH activity profiles of swapped laccase variants and parent types for ABTS and DMP.
Concerning thermostability, variant OB1::3PO showed an important increase in its T50 (10 min) of 7 ºC, whereas
for 3PO::OB1 it decreased in 5 ºC, respecting parent type laccases (Table 1). In the case of mutant OB1::3PO,
the exchange of D2 for that of 3PO involves the introduction of a new glycosilation site in residue Asn 215. In
order to check if the increase in thermostability was due to a higher degree of glycosilation, Asn 215 was
substituted for a Gly residue originally found in OB1. Mutant OB1::3PO-N215G however showed the same T50
as OB1::3PO, suggesting that the increase in thermostability is in fact due only to new stabilizing interactions
introduced by domain swapping. Besides T50, the deglycosilated mutant behaved in the same manner as
OB1::3PO for the properties studied in this work.
Table 1. T50 values for swapped laccase mutants and parent types. Values represent the temeprature at which
laccases retain 50 % of intial activity after a 10 minute incubation.
Clone
T50 (10 min) (ºC)

3PO
70.8 ± 0.2

OB1
71.4 ± 0.3

3PO::OB1
65.8 ± 0.2

OB1::3PO
78.1 ± 0.6

OB1::3PO-N215G
78.6 ± 0.2

Finally, KM values for ABTS and DMP at pH 5 were obtained (Table 2). Mutant 3PO::OB1 presented an
important loss of affinity towards both substrates, with increases in KM values of approximately 5-fold for ABTS
and 12-fold for DMP. On the other hand, for OB1::3PO mutant KM values were not so different from those of
parent types. In the case of ABTS, it presented a KM more similar to that of parent 3PO, whereas KM for DMP
was closer to the one of parent OB1.
Table 2. KM values (µM) for ABTS and DMP for swapped mutants and parent types obtained at pH 5.
Clone
ABTS
DMP

3PO
42.9 ± 1.3
243.5 ± 6.7

OB1
9.1 ± 0.5
93.1 ± 3.3

3PO::OB1
204.7 ± 13.0
3005.3 ± 161.8

OB1::3PO
53.2 ± 5.2
133.8 ± 4.6

OB1::3PO-N215G
52.8 ± 4.2
120.9 ± 5.2

In the swapped mutants, the residues from D2 that delimit the substrate binding pocket are exchanged (Figure
3). Thus 3PO::OB1 mutant holds the same binding pocket as OB1, whereas the residues of OB1::3PO binding
pocket are the same as in 3PO. D2 from 3PO presents three large hydrophobic phenylalanines while D2 from
OB1 presents three small residues that enlarge the substrate binding pocket: one hydrophobic alanine and two
polar residues, a threonine and a serine. However, since the mutations introduced by domain swapping are so
numerous (69 % amino acid sequence identity in D2 versus 81 % in D1 and 79% in D3), it is not likely that
changes in affinity of the mutants are caused by these substitutions alone.
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Figure 2. Model structures for mutants OB1::3PO (A) and 3PO::OB1 (B). Close-ups of the substrate binding
pockets of 3PO parent (C), OB1 parent (D), OB1::3PO mutant (E) and 3PO::OB1 mutant (F) are shown.
IV. CONCLUSIONS
One of the aims of directed molecular evolution in protein engineering is to enhance the applicability potential of
enzymes, making them more stable under operational conditions. Throughout the natural evolution of enzymes,
natural selection drives the preservation of advantageous mutations while random genetic drift contributes with
neutral mutations to sequence divergence. In this manner, neutrality relates to numerous genotypes
accommodating the same phenotype. The results presented here demonstrate that it is possible to "play" with
this neutrality in the lab without affecting the function and structure of the protein. So far, the exchange of the
second cupredoxin domain between two high-redox potential laccases led to the substitution of amino acids that
in principle are not determinants for enzyme activity but changed the protein properties, including an unexpected
increase in stability.
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ABSTRACT
Laccases are multicopper oxidases able to catalize the oxidation of a variety of aromatic compounds without any
other requirement than oxygen from air. In previous studies we have highlighted the biotechnological potential
of fungal laccases to improve the utilization of plant biomass in the modern biorefineries. In this context, lignin
derived compounds that are released during lignocellulose processing can be used as redox mediators of
laccases, promoting degradation reactions catalyzed by the enzyme, or as bioactive precursors for the enzymatic
synthesis of natural products. However, the industrial implementation of these enzymes is hampered by the lack
of powerful expression systems to produce fungal recombinant laccases and the need for active and stable
enzymes under the harsh operational conditions.
Recently, we developed fungal laccases of high-redox potential functionally expressed in S. cerevisiae by
directed molecular evolution. Using these platforms as the starting points for further engineering studies, in
combination with ad-hoc high-throughput screening methods, we have developed a more robust laccase with
improved catalytic activity towards phenolic compounds under preferred pH conditions.
I. INTRODUCTION
Laccases (EC 1.10.3.2, p-diphenol oxidase) catalyze the oxidation of substituted phenols, polyphenols, aromatic
amines and other aromatic compounds without any other requirement than oxygen from air. As a result, these
multicopper oxidases are valuable green biocatalysts for several industrial sectors such as textile, food, wood and
pulp or organic synthesis. Laccases are widely distributed in nature. Above all, the high-redox potential laccases
(E0 ≈ + 0.8 V) secreted by white-rot fungi exhibit the highest biotechnological applicability due to the wider
range of potential reducing substrates used. Besides, the enzyme applicability potential is notably broadened in
the presence of redox mediator compounds which, once oxidized by the enzyme, act as electron shuttles and
promote the oxidation of recalcitrant substrates and complex polymers.
In previous studies we have highlighted the biotechnological potential of fungal laccases in the presence of
lignin-derived phenolic compounds acting as redox mediators for improving the utilization of plant biomass in
the modern lignocellulose biorefineries [1]. Moreover, the synthesis of a variety of new added-value products
from cellulose and lignin can be obtained using laccase as biocatalyst and these phenols as precursors. One
example is the enzymatic functionalization of cellulosic pulp to confer new properties to paper by grafting of
phenolic derivates to fibers surface [2]. It is worth mentioning these phenolic compounds might be easily
obtained from the processing of the lignocellulosic materials [3], pulping and thermo-chemical pretreatment for
ethanol production [4].
The implementation of these fungal laccases as industrial biocatalysts is still about to happen due to the harsh
industrial operational conditions and the lack of efficient expression systems to produce the recombinant
enzymes. However, protein engineering by directed evolution can help us overcome these obstacles. In recent
studies, we developed high-redox potential laccases functionally expressed in S. cerevisiae with improved
catalytic efficiencies towards phenolic and non-phenolic compounds [5, 6]. We have engineered a chimeric
laccase by in vitro and in vivo DNA recombination of these two fungal laccases (from Pycnoporus cinnabarinus
and PM1 basidiomycete). The use of high-throughput screening methods precisely designed for this purpose [7]
allowed us to obtain a more robust laccase, with improved catalytic activity towards lignin-derived phenolic
compounds under chosen pH conditions.
II. EXPERIMENTAL
Laccase production and purification
Culture media and conditions used for yeast growth and laccase production are described previously [5]. Briefly,
S. cerevisiae cells were grown in 300 mL of expression media in 1 L flasks with agitation until maximum
activity was reached. Then, cultures were centrifuged and supernatants were filtered and concentrated through
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10,000 MWCO membranes. Laccase was purified by HPLC using two steps of anionic exchange and a final step
of molecular exclusion, using 20 mM Bis-Tris buffer, pH 6, and NaCl for elution (detailed protocols for laccase
purification are described in [5]. Throughout production and purification, laccase activity was measured with 3
mM ABTS (ε418 = 36,000 M-1 cm-1) in acetate buffer pH 5.
Characterization of laccases
Procedures for determining pH activity profiles, T50 and kinetic constants are described previously [5]. To
determine laccase temperature stability, dilutions of 0.1 U/mL were prepared in 100 mM acetate buffer, pH 5,
and incubated at different temperatures. For pH stability, dilutions were prepared in 100 mM Britton and
Robinson buffer at different pH values and incubated at room temperature. Aliquots were taken at different timepoints and residual activity was measured in the plate reader with ABTS.
III. RESULTS AND DISCUSSION
The combination of random in vitro and in vivo DNA shuffling of the two parental laccases genes previously
evolved in the lab [5,6] rendered a set of laccase mutants whose activities were screened using a multiple
colorimetric high-throughput screening assay. Diverse protein block exchanges and different properties were
found among the active laccases secreted by S. cerevisiae [8]. Some of these new laccases showed improved
thermal stabilities respecting the parental types, and they also presented different substrate affinities for the
model phenolic compound 2,6-dimethoxyphenol -DMP- (Table 1). Laccase 3A4 exhibited significantly higher
T50 value than both parental types, with increases of up to 3 ºC over that of the most stable parent type. Besides,
it showed a significant improvement of substrate affinity for DMP, for which we selected this laccase for further
characterization studies.
Table 1. Thermal stabilities (T50, 10 min) and Michaelis constant for DMP oxidation of several laccases
engineered by chimeragenesis of two fungal laccases previously evolved in the lab (P1: evolved PM1L; P2:
evolved PcL).
Laccase

T50 (ºC)

KM (µM)

P1

73.3

93.1 ± 3.3

P2

70.9

243.5 ± 6.7

7D5

74.9

361.4 ± 12.0

2C4

75.5

777.8 ± 22.2

3A4

76.1

61.8 ± 4.8

4A11

76.6

86.2 ± 2.9

450

50
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35
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400
350

Activity (Abs/min)

OD (600 nm)

Yeast cells expressing 3A4 mutant were cultured in flasks (in the presence of CuSO4 and ethanol as laccase
inducers) and up to 300 U/L of laccase 3A4 were obtained (Figure 1).
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Figure 1. Optical density (A) and laccase activities (B) from the liquid cultures of S. cerevisiae cells expressing
the 3A4 laccase or the parent laccases (P1: evolved PM1L; P2: evolved PcL) grown at 20ºC.
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The enzyme was purified and characterized. Laccase 3A4 displayed sharper acidic optimal pH than the parent
laccases, especially for the oxidation of ABTS. Only 40 % ABTS activity was retained at pH 5 compared to the
70–80 % of the parental types (Figure 2).
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Figure 2. Optimum pH of 3A4 laccase for the oxidation of ABTS (A) and DMP (B) compared with those of the
laccases used in this study as parent types (P1: evolved PM1L; P2: evolved PcL).
3A4 laccase showed improved thermal stability at long times (8h) when compared with those of the parent types
and in particular its stability at acidic pH was notably improved respecting the parent types (Figure 3).
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Figure 3. Thermal stability of 3A4 laccase (8h) and pH stability (6h). (P1: evolved PM1L; P2: evolved PcL)
Finally, the catalytic efficiency of 3A4 laccase towards phenolic compounds raised around 3 fold for DMP and
up to 7 fold for sinapic acid respecting the parent types (Table 2). All these properties may be of much interest
for processes such as the enzymatic detoxification of thermo-chemically pretreated lignocellulosic biomass by
removing the phenols that inhibit the fermentation stage for second generation bioethanol production [9].
Table 2. Kinetic constants of 3A4 laccase engineered by chimeragenesis of two fungal laccases previously
developed in the lab (evolved PM1L and evolved PcL).
ABTS
kcat (s-1)
P1 (evolved PM1L) 185

DMP

Sinapic acid

KM
(mM)

kcat/KM

kcat (s-1)

KM
(mM)

kcat/KM

kcat (s-1)

KM
(mM)

kcat/KM

0.006

29365

125.0

0.14

893

129.0

0.073

1778

P2 (evolved PcL)

482.6

0.024

19944

196.9

0.213

923

191.1

0.023

8459

Chimeric
3A4

140

0.011

12652

166.2

0.064

2618

141.0

0.011

12605

laccase

Further attempts for improving 3A4 laccase efficiency towards phenols, by using random mutagenesis, were not
successful. Only minor laccase improvements towards acetosyringone and syringaldehyde were found. On the
light of these results a semirational approach is being currently undertaken by mutating specific 3A4 laccase
residues, to attain an outstanding biocatalyst to be used for aiding the utilization of lignocellulose biomass in
different industrial processes.
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IV. CONCLUSIONS
We have engineered a laccase by random DNA shuffling of two high-redox potential fungal laccases from
basidiomycetes PM1 and Pycnoporus cinnabarinus. The enzyme holds higher thermal stability, increased
stability at acidic pH and improved catalytic efficiency towards phenolic compounds. The design of laccases a la
carte, with improved activities/specificities towards natural phenolic compounds released during lignocellulose
processing represents a valuable step forward for the utilization of these enzymes to aid the conversion of plant
biomass into chemicals, materials and biofuels.
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ABSTRACT
A variety of acid-base conjugate ionic liquids were prepared by combining a range of bases and superbases with
acetic and propionic acid. Cellulose dissolving capability was obtainable only with conjugates containing
superbases. Proton affinities were calculated for all of the bases. A range, within which cellulose dissolution
occurred, when combined with acetic or propionic acid, was defined for further use. This was above a proton
affinity value of about 240 kcal mol-1 at the MP2/6-311+G(d,p)//MP2/ 6-311+G(d,p) ab initio level.
Rationalising this allowed us to determine that cation acidity contributed considerably to the ability of ionic
liquids to dissolve cellulose and not just the basicity of the anion.
I. INTRODUCTION
Cellulose is a prime candidate for the production of renewable materials, chemicals and energy. The inter- and
intramolecular H-bonding network in cellulose makes it insoluble to conventional nondestructive molecular
solvents. In 1934, Graenacher demonstrated that molten salts, such as the alkylpyridinium chlorides, are capable
of dissolving cellulose.1 This was extended to ILs by Swatlowski in 2002, with the use of dialkylimidazolium
chlorides.2 One disadvantage of this and other imidazolium-based ILs is the solubility of oligomeric
lignocellulosic materials in both IL and polymeric lignocellulose non-solvents (regeneration solvents).
Distillation has also been proven to be possible for these structures but only under short-path and high-vacuum
conditions. Recently, we published the combination of 1,1,3,3-tetramethylguanidine (TMG) and organoacids,
such as acetic and propionic acid, in the preparation of distillable ILs (DILs), which were capable of dissolving
cellulose.3 Herein we would like to describe the further development and understanding of these acid-base
conjugates, as potential structures for lignocellulose processing.
II. EXPERIMENTAL
A series of acid-base conjugates were prepared from a range of bases and propionic acid, as can seen from Table
1: Equimolar equivalents of the acid and base were mixed in screw-cap vials. The materials were characterized
using NMR, IR, mp, X-ray crystal structure determination and dissolving pulp (Bahia eucalpytus pre-hydrolysis
kraft pulp) solvation capability, where appropriate. Proton affinities (∆HPA, MP2/6-311+G(d,p)//MP2/6311+G(d,p)) were calculated, using GAMESS4 2009, as a measure of basicity of the unconjugated bases. The
capability of each synthesized acid-base conjugate to dissolve cellulose was qualitatively tested by heating and
stirring the mixtures in an oil bath at 85oC overnight. The dissolution was evaluated visually and using optical
microscopy. The results by Hauru et al.5 on the Kamlet-Taft (KT) parameterization of different potential solvents
for cellulose have already suggested that the β−α value (net basicity = basicity-acidity) was a better discriptor
for the cellulose dissolving capability of a solvent system than the β value alone. To compare this with our
computational results, KT parameters for a short series of propionate ILS were evaluated. These parameters,
combined with values from the literature, can be seen from Table 2.6
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Table 1. Qualitative dissolution capability, viscosities and melting points for different bases and superbases,
arranged in order of increasing proton affinity (∆HPA), combined with propionic acid (1:1). Below a ∆HPA
value of -240 kcal mol-1, the ionic liquids no longer dissolve cellulose.
Acid

Base ∆HPA
(kcal/mol)

RT Viscosity
(cP)

IL
m.p.
o
( C)

Pulp
Dissolution

Propionic
Propionic
Propionic
Propionic
Propionic
Propionic
Propionic
Propionic
Propionic
Propionic
Propionic
Propionic
Propionic

-262.90
-253.90
-251.02
-248.88
-246.44
-246.14
-244.88
-238.01
-235.93
-232.16
-228.88
-227.58
-220.68

111
458
9430
135
201
8360
-

< RT
51
< RT
45
< RT
< RT
63
74
< RT
70
< RT
< RT
< RT

Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
No
No
No
No
No

Base

[emim]:
HMPI
MTBD
DBU
DBN
DMP
TMG
DMAP
Hünigs base
DIPA
EIM
DEA
Pyridine

[emim]: - [emim]-carbene, HMPI - N,N,N,N,N,N- hexamethylphosphorimide triamide (phosphazene), MTBD - 7-methyl-1,5,7triazabicyclo[4.4.0]dec-5-ene, DBU - 1,8-diazabicyclo[5.4.0]undec-7-ene, DBN - 1,5-diazabicyclo[4.3.0]non-5-ene, DMP - 1,2-dimethyl1,4,5,6-tetrahydropyrimidine, TMG - N,N,N,N-tetramethylguanidine, DMAP - 4-(dimethylamino)pyridine, Hünigs Base - N,Ndiisopropylethylamine, DIPA - N,N-diisopropylamine, EIM - 1-ethylimidazole, DEA, N,N-diethylamine

Table 2. Kamlet-Taft parameters for selected propionate room-temperature ionic liquids
(RTILs) or electrolytes at 20oC.5
RTIL

ET(30)[a]

π*

α

β

β -α

B: -∆HPA [kcal mol-1]

50.1
50.3
51.3
52.6
51.3
53.2
-

1.01
0.96
1.02
1.04
1.07
1.00
0.85[c]
0.79
0.85[d]
0.76

0.50
0.54
0.56
0.64
0.53
0.71
-

1.09
1.09
1.08
1.11
1.03
1.16
0.79[c]
1.00
0.71[d]
0.60

0.59
0.56
0.52
0.47
0.50
0.46
-

262.90
262.90
246.14
246.44
246.44
244.88
238.01
235.93
230.31
220.68

[emim][OAc]5
[emim][CO2Et]
[DMPH][CO2Et]
[DBNH][CO2Et]
[DBNH][CO2Et][b]
[TMGH][CO2Et]5
[DMAPH][CO2Et]5
[HünigsH][CO2Et]
[eimH][CO2Et]5
[PyrH][CO2Et]

[a] Dimroth-Reichardt polarity scale, [b] 60 wt % solution of [DBNH][CO2Et] in 40 wt % of DMSO, [c]
Values were determined at 70 oC, [d] Values were determined at 25 oC.

III. RESULTS AND DISCUSSION
When propionic acid was combined with the differing range of bases, it was found that the combination of
propionic acid with superbases (∆HPA < -240 kcal mol-1) afforded ILs that were capable of dissolving cellulose
(Table 1). Those bases, which were less basic than the superbase series either did not ionise or could not
dissolve cellulose. As the basicity of the unconjugated base is also a measure of the acidity of the cation, these
indicate that too acidic cations prevent cellulose dissolution by increased H-bond donation to the anion (Scheme
1). This stabilization of charge on the anion prevents H-bond breakage between cellulose chains once a certain
threshold has been reached (Figure 1). This threshold corresponds to the enthalpy gain contribution to the Gibbs
free energy of dissolution. Degree of H-bond donation between cation and anion seems to be critical for both
cellulose dissolution and distillation of the resulting ILs. Distillability of [DBNH][CO2Et] was demonstrated
using a kugelrohr (170 oC, 5 mbar). 1H NMR showed high cation purity after distillation. X-ray crystal structures
were determined for suitable crystals (Figure 2). These showed strong interactions with the carboxylate anions
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and the N-H positions on the protonated bases. The TMG-based structure ([TMGH][CO2Et]) forms a dimer ionpair in the crystal lattice,3 as does the HMPI structure ([HMPIH][CO2Et]). Both form 12-membered cyclic
structures holding the dimer ion pairs together, with H-bonding between ions.
Figure 1. Acidic cation-anion interaction reducing the enthalpy gain upon cellulose dissolution (left).
Illustrative MP2 surface charge-density for an optimised [DBNH]+---[OAc]----Glc conjugate (right).

Figure 2. X-ray structures for [TMGH][CO2Et] (a), [DBUH][CO2Et] (b), [DBNH][OAc] (c) and
[MTBDH][OAc] (d).
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One drawback of the new cations is that superbases are prone to hydrolysis, which could complicate matters
when recycling the ionic liquid. However it was found that after hydrolysis of [DBNH][OAc] it was possible to
convert the hydrolysis product back to the ionic liquid by adding excess DBN, Amberlyst 15 and heating under
vacuum (Figure 3).
Figure 3. Hydrolysis of [DBNH][OAc] and dehydration back to the starting ionic liquid.

IV. CONCLUSIONS
New low-viscosity ILs, based on the conjugation of DBN with propionic or acetic acid, have been developed that
can rapidly dissolve cellulose. These are comparable to [emim][OAc] in their abilities to dissolve cellulose. They
are also distillable, allowing for purification at conditions of around 170 oC and > 5 mbar.
Hydrolysis of superbase-derived ionic liquids may be problematic for recycling the mixtures but the hydrolysis
product can be converted back to the starting ionic liquid under vacuum conditions. It was found that H-bond
donation from the IL cation to anion is critical for cellulose dissolution capability of an IL. The more acidic the
cation, the less likely the IL will be able to break H-bonds between cellulose chains. This is expected to be the
major contribution to enthalpy gain in the Gibbs free energy of dissolution of cellulose.
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ABSTRACT
The paper presents the studies on the efficiency of mechanical pretreatment of lignocellulosic materials
i.e. sorghum and miscanthus for the production of 2nd generation of biofuels. The energy consumption required
for disintegration of sorghum and miscanthus biomass was measured; their fractions were evaluated by sieve
analysis. Also enzymatic hydrolysis was tested and the reducing sugar content was determined with the use
of Miller’s method. The results of the tests allowed for selection of efficient and economically viable method of
pretreatment of the sorghum and miscanthus biomass for the production of bioethanol.
I. INTRODUCTION
Bioethanol produced from plant biomass is a renewable and basic alternative source of energy, which is used
both as fuel and in chemical, cosmetic and pharmaceutical industries. The main source for the production of 1st
generation of bioethanol is grain of cereals and maize, potatoes, sugar beet and others. However the use of these
crops for bioenergy is controversial as it causes reductions in the cultivation area for food and feed production.
Taking into account domestic climatic conditions, lignocellulosic plants such as sorghum and miscanthus can
become an alternative for bioenergy production.
Sorghum, similarly to maize, sugar cane and proso millet is classified in the Panicoideae family, Poaceae,
in genus Sorghum [1]. Sorghum biomass contains high amounts of monosaccharides, what indicates its high
usability for obtaining bioethanol [2]. Miscanthus is characterized with high growth of biomass, what leads
to possible improvement of the cost-efficiency of the production of 2nd generation biofuels [3].
Considering high energetic value of combustion of sorghum and miscanthus and high yield of biomass, both
plants can be used as raw material for production of biofuel.
It should be noted that lignocellulosic biomass is characterized with complexity of its chemical composition,
as it contains in its structure a polymeric complex called lignocellulose, which is relatively difficult for
biodegradation.
For bioethanol production raw material is as much important as optimal bioprocessing technology. Its efficiency
can be increased by optimization of technological parameters. Lignocellulosic material must be subjected to
pretreatment i.e. disintegration, saturation with diluted acids and pressure steam explosion. Processing of the
material will allow for effective hydrolysis of the hemicellulose and will prepare cellulose for enzymatic
treatment, what will ensure proper and efficient course of the following stages of bioethanol production
i.e. enzymatic hydrolysis and fermentation.
The first stage of the pretreatment is mechanical processing involving disintegration of the plant material, most
commonly done by grinding, what allows for improvement of cellulose accessibility to cellulolytic enzymes and
thus increases monosaccharides that are further decomposed by distillation yeasts in fermentation process [4-5].
Mechanical pretreatment does not cause separation of specific fragments of the lignocellulosic complex, but
leads to decreasing the particle sizes and consequently to lowering the resistance of transported mass and heat,
change in macro and microscopic structure of the biomass, what generally has positive effect on the efficiency
of the whole process of biofuel production [6-7]. Therefore, mechanical processing of the biomass is significant
for the rate and degree of enzymatic hydrolysis of the cellulosic fraction.
Moreover, it is advisable to take into account the economic aspect of mechanical processing, as optimization
of physical processes, which are energy consuming in their nature, will contribute to reduction of costs of the
production of 2nd generation biofuels.
II. EXPERIMENTAL
The aim of the study was determination of the efficiency of mechanical processing of sorghum and miscanthus
biomass during preparation of the materials for bioethanol production.
The materials used in the study were:
- Sucrosorghum 506 – from Experimental Farm of INF&MP in Sielec Stary (Poland),
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- Miscantus Giganteus – from Institute of Plant Genetics of Polish Academy of Sciences in Poznan.
The raw material was subjected to crushing on the crusher for branches, and then dried at the temperature
of 50°C for the period of 24 hours. The material prepared in that way was transferred for further processing
on mills.
Percussive mills with sieves of the mesh size: 1, 1.8, 3 and 4 mm were used.
The measurement of the electrical energy consumption was performed on samples of crushed sorghum and
miscanthus biomass of 200 g each, on every sieve, with the use of the analyser of the electric horsepower.
Furthermore, a sieve analysis of the sorghum and miscanthus biomass, for every sieve, was made with the use
of a rotary laboratory shaker with the use of the sieve set of mesh diameters at: 5, 4, 3, 2, 1, 0.5 and 0.1 mm.
The determinant of the mechanical processing efficiency of the sorghum and miscanthus biomass is the content
of reducing sugar determined according to Miller’s method in an enzymatic hydrolysis test [8]. This test was
performed with the use of the enzymatic preparation CELLUCLAST 1.5L (Novozymes) which cellulolytic
activity is at 700 EGU/g. The vegetable raw material was incubated at 40°C in 0.05 M the citrate buffer of pH
4.8 for 2 hours. Then, absorbance measurement was made against the reference sample at the wavelength of 530
nm. The reading of the values on the reducing sugar content was done from the reference absorbance curve for
glucose.
The selection of a suitable method of the disintegration of the sorghum and miscanthus biomass will have
a bearing on the efficiency of the entire process of the energy production from these raw materials.
III. RESULTS AND DISCUSSION
In the study, the raw materials were subjected to the disintegration on the percussive mill (mesh size – 1, 1.8, 3
and 4 mm) and then electrical energy consumption was measured.
The average consumption of electrical energy per 100 g of the raw material in the percussive mill amounted
to 0.0075 kWh. The mean duration of disintegration of the sample was about 2 minutes. For the sorghum
biomass, the demand for energy was linearly decreasing in time, depending on the mesh size and it ranged
between 0.023 kWh (the mesh - 1 mm) and 0.014 kWh (the mesh - 4 mm). In case of miscanthus the lowest
energy consumption occurred for the biomass ground with the use of the sieve with mesh size at 1 mm and it
amounted to 0.008 kWh.
Furthermore, the study included the sieve analysis of the sorghum and miscanthus biomass disintegrated with the
percussive mill for every mesh size – 1, 1.8, 3 and 4 mm. The results of the sieve analysis are presented
in Table 1.
Table 1. The sieve analysis of the sorghum and miscanthus biomass

The sieve analysis of the sorghum and miscanthus permitted the comparison of the decomposition of individual
fractions of the biomass, what is an important element in the choice of the method of mechanical pretreatment.
In terms of further processing the best particles are as small as possible with homogenous size.
The obtained results allow for observing that:
- the distribution of specific fractions of sorghum and miscanthus is similar,
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- the highest amount of fractions at 0.1-0.5 mm and 0.5-1 mm was found for mesh sizes at 1, 1.8 and 3 mm,
while for the mesh diameter 4 mm the distribution of specific fractions was similar – at about 30% in fractions:
0.1-0.5 mm, 0.5-1 mm and 1-2 mm.
In order to determine the efficiency of the mechanical processing of the sorghum and miscanthus biomass, the
content of reducing sugar was measured by Miller’s method in the enzymatic hydrolysis test of the fractions
obtained after disintegration of raw materials on the percussive mill for every mesh size – 1, 1.8, 3 and 4 mm.
Table 2 presents differences in the quantity of reducing sugar in tests on the sorghum and miscanthus biomass
subjected to action of the enzymatic preparation CELLUCLAST 1.5L and in control tests – without the use
of the enzyme.
Table 2. The reducing sugar content in the sorghum and miscanthus, for mesh sizes – 1, 1.8, 3 and 4 mm
Content of reducing sugar [mg/g]
Raw material

Mesh size [mm]

S
o
r
g
h
u
m

M
i
s
c
a
n
t
h
u
s

Enzyme

Control

Difference

1

58.9

31.6

27.3

1.8

74.3

32.8

41.5

3

76.4

45.0

31,4

4

76.9

53.9

23.0

1

18.9

2.4

16.5

1.8

24.4

9.0

15.4

3

18.3

5.8

12.5

4

19.0

6.6

12.4

The values of the reducing sugar in tests on the sorghum and miscanthus biomass ground on the percussive mill
with sieves – 1, 1.8, 3 and 4 mm, obtained as the difference of the content of sugars determined in tests with the
use of the CELLUCLAST 1.5L enzyme and control tests – without the use of the enzyme, allowed for selection
of the optimum fractions of the raw materials. For the sorghum biomass, it was the fraction ground on the sieve
with mesh size at 1.8 mm (the difference in sugar content of 41.5 mg/g), and for the miscanthus biomass it was
the fraction obtained with mesh size of 1 mm (the difference in sugar content of 16.5 mg/g). The differences in
the reducing sugar quantity in these fractions suggest that the raw material processed in this way is most
susceptible to the enzymatic hydrolysis. This is an important factor as the fraction size of the raw material will
influence significantly further stages of the pretreatment i.e. the treatment with acids and the pressure steam
explosion, because it will permit more effective loosening of the lignocellulosic structure and thus more effective
preparation of the raw material for the enzymatic treatment.
Furthermore, it is notable that the selected fractions are characterized with the lowest energy consumption during
their disintegration and this will contribute to lowering the costs of the mechanical pretreatment of the sorghum
and miscanthus biomass.
IV. CONCLUSIONS




The use of the percussive mill, due to time, efficiency and energy consumption is advisable and allows for
analysing disintegration with sieves of different mesh sizes – 1, 1.8, 3 and 4 mm, what leads to differentiation
in the electrical energy consumption needed for disintegration of both sorghum and miscanthus.
The content of reducing sugar determined with Miller’s method in ground sorghum and miscanthus biomass
showed that an effective method of the disintegration of raw materials was grinding on the percussive mill:
for sorghum with mesh at 1.8 mm, and for miscanthus with mesh at 1 mm, what is justified also from the
economic point, because it requires the lowest energy consumption for the process.
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ABSTRACT
Cellulose phosphate aerogels of low DS have shown promise when tested for hemocompatibility aiming at
biomedical applications. However, insufficient macroporosity as well as lacking mechanical strength are the
limiting factors that hitherto prevented the respective aerogels from being used as cell scaffolding materials in
bone tissue engineering.
The current paper demonstrates that these limitations can be overcome by creation of a secondary void system
consisting of interconnected, large macropores (≤ 300 µm) and by reinforcing the obtained macroporous
composite aerogel with biocompatible biopolymers, such as PMMA or cellulose acetate. This has been
accomplished by a) preparation of a temporary templating scaffold composed of fused spheres of a suitable
polymer, b) filling the voids of the templating network with a solution of cellulose in a suitable solvent, c)
cellulose coagulation, d) removal of the temporary templating porogens scaffold, e) phosphorylation, and f)
reinforcement. The obtained aerogels have been characterized with regard to their material properties (density,
morphology, specific surface area, mechanical stability under uniaxial compression) and biocompatibility
(viability and distribution of mesenchymal stem cells, biomineralization).

I. INTRODUCTION
Functional scaffolds for bone tissue engineering have to fulfill numerous demands regarding their
biocompatibility, resorbability, porosity characteristics and mechanical properties. An interconnected pore
network with a micro-structured surface is required for cell migration and diffusion of physiological nutrients
and gases to cells, removal of metabolic by-products from cells, in vitro cell adhesion, in-growth and in vivo
neovascularization.
Cellulose, either in its native form, e.g. bacterial cellulose (BC), or as the readily shapeable cellulose II
polymorph, is considered to be a promising cell scaffolding material, as respective aerogels form hierarchical
fibrous networks that contain micro-, meso- and macropores. [1]. However, despite the use of high purity BC in
a range of tissue engineering applications, e.g. [2-4], both bacterial cellulose and regenerated cellulose require
chemical modification prior to implant applications, due to its potential inflammatory response via the
alternative pathway and the insufficient binding and crystallization tendency of hydroxyl apatite, which impedes
both quantitative biomineralization and osseointegration of the cellulosic scaffold [5-7]. Cellulose phosphate
aerogels of low degree of phosphorylation (DS ≤ 0.20) obtained from NMMO·H2O solutions showed good
hemocompatibility and ability to induce formation of a thin hydroxy apatite layer under simulated physiological
conditions. [8]
For bone tissue engineering, interconnected macropores larger than 75 µm are crucial to promote osteogenesis
[9-12]. The mesh size of cellulose fibrils in gel networks is much lower (>10 µm). However, spherical pores of
these dimensions have previously been introduced into cellulose gels using porogens [13, 14]. Even without the
introduction of macropores, the innately low elastic modulus and yield strength of cellulosic aerogels under
compressive strain are a major drawback to applications in bone tissue engineering. Our group previously
achieved reinforcement of the microfibrillar network structure by precipitation of a second polymeric constituent
therein, ideally merging the cellulose fibrils at their contact points. [15]
In the present work, cellulose (phosphate) aerogels are reinforced by introducing a secondary biocompatible
polymeric constituent, such as polylactic acid (PLA), cellulose acetate (CA), poly(methyl methacrylate)
(PMMA) or sodium polyphosphate (SPP), into the cellulose fibril network, according to liquid or supercritical
antisolvent precipitation techniques. To achieve an interconnected hierarchical porosity ranging from single-digit
nanometers to several hundred micrometers, porogens were used as a scaffold during cellulose coagulation.
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II. EXPERIMENTAL
Preparation of cellulose-based aerogels
Cotton linters (Mw143.2 kg/mol), in their native or phosphorylated form were dissolved either in an ionic liquid
(EMIM acetate:DMSO, 30:70, RT, 2h) or a salt hydrate melt (Ca(SCN)2·4H2O, 140°C, 2h). Cellulose was
coagulated and washed using water or ethanol.
Cellulose and cellulose phosphate aerogels have been reinforced by introducing a secondary organic polymer
constituent. Prior to reinforcement, the cellulose gels were transferred to the solvent used to dissolve the
secondary reinforcing polymer. Thereafter, the cellulose lyogels were immersed in the respective reinforcing
polymer solutions, which were loaded into the voids of the cellulose fibril network. After a residence time of at
least 24 hours, the samples were removed from the loading bath. Precipitation was carried out using either a
liquid or a supercritical gas. Reinforcement conditions for selected reinforcing polymers are summarized in
Table 1.

Table 1: Selected loading and precipitation conditions.
Reinforcing polymer
PLA
CA
PMMA
SPP

Loading solvent
THF
Acetone
Acetone
Water/urea

Loading temperatur (°C)
50°C
RT
RT
RT

Antisolvent
EtOH
scCO2
scCO2
EtOH

ScCO2 precipitation and drying (Separex, France) were carried out using the following conditions: Constant
scCO2 flow (40 g/min) at 10 MPa and 40°C (2-3 hours), slow (<0.1 MPamin-1), and isothermal depressurization.
Macroporous cellulosic aerogels have been prepared by filling a template of porogens (paraffin wax or PMMA
spheres) with the respective cellulose solution and subsequent regeneration of cellulose. The porogens were
extracted with THF (paraffin) or acetone (PMMA).
Characterization
Scanning electron microscopy (SEM) of gold-sputtered samples was performed on a Tecnai Inspect S50
instrument under high vacuum and an acceleration voltage of 5.00 kV. Compressive tests were performed on a
Zwick/Roell Materials Testing Machine Z020 in a 500 N load cell. Yield strength (RP0.2) was defined as the
stress at 0.2% plastic deformation. Nitrogen adsorption/desorption isotherms at 77 K have been obtained on a
Micromeritics ASAP 2020 analyzer. All samples were degassed in vacuum prior to analysis.

III. RESULTS AND DISCUSSION
The internal morphology of the composite aerogels as investigated by SEM revealed that small, isolated PLA
particles were precipitated at low polymer concentrations of the loading bath, whereas a continuous,
interpenetrating PLA network was obtained at concentrations above 8% (w/v). In contrast, CA and PMMA were
deposited as thin films on the cellulose fibrils, affording a reinforcing effect already at low concentrations. At
higher concentrations, the microstructure of the composite aerogels was comparable to CA and PMMA-based
open porous films obtained by scCO2 processing [16].
The mechanical response profiles towards compression stress showed a higher stiffness (elastic modulus) and
strength (yield strength at 0.2% compression stress) for CA and PMMA reinforced aerogels compared to
unmodified cellulose aerogels already at low concentrations of the loading bath, and did so increasing with
higher contents. The highest increase in specific modulus (density normalized Young’s modulus) compared to
pure cellulose aerogels was achieved for composites obtained from loading bath containing 8% (w/v) (4.8-fold)
and 12% (w/v) PMMA (5.5-fold). PLA had a reinforcing effect only once an interconnected PLA network had
been formed. While the incorporation of PLA caused a reduction of specific modulus at lower concentrations
(increase in density without a reinforcing effect), it increased once the interpenetrating network was established
throughout the cellulose network.
The increase in density due to the introduction of a second polymeric component usually causes a reduction of
the specific surface area. However, in most cases a maintenance or even increase in the surface-area-to-volume
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ratio (SA:V) was observed, which, in conjunction with the SEM micrographs, confirms the preservation of an
open porous morphology throughout the antisolvent precipitation and drying procedures.
Homogeneous percolation of the secondary polymer network inside the cellulosic aerogel has been demonstrated
for one of the composite aerogels (cellulose-PMMA) by re-dissolving cellulose with EMIM acetate. The
obtained self-standing, largely homogeneous PMMA scaffold confirms that cellulose aerogels can be used as a
templating temporary scaffold for the preparation of open-porous materials from other sources as well.
The application of paraffin wax or PMMA microspheres as porogens during cellulose coagulation allows
tailoring the hierarchical pore structure that contains interconnected macropores of controllable size (up to 300
µm, Figure 1) next to meso- and micropores found in the walls of the macrovoids.

Figure 1: SEM images of a cellulose aerogel with pore sizes ranging from single-digit nanometer to several
hundred micrometers. Interconnected macropores were obtained using 200-300µm paraffin wax spheres as
porogens (pore templates). Right: Breaking edge illustrating the inner morphology of the hierarchical, openporous scaffold.

IV. CONCLUSIONS
Biocompatible macroporous and mechanically stable cellulose-based aerogels for bone tissue engineering were
prepared by i) introducing phosphate groups to render cellulose hemocompatible in terms of homeostasis and
inflammatory response and to promote the formation of hydroxyapatite and thus osteogenesis; ii) porogens to
obtain interconnected macropores and to control their size distribution to optimize the scaffold morphology with
regard to cell adhesion, ingrowth, and proliferation; and iii) reinforcing the fragile lightweight cellulose
(phosphate) based materials with an intercalating secondary, biocompatible polymeric component under
preservation of the hierarchical, interconnected pore system.
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ABSTRACT
Pinosylvin and pinosylvin monomethyl ether (PMME) are naturally occurring compounds found in the heartwood of Scot pine (Pinus sylvestris). They are protective stilbenoids, suggested to act against any fungal
infection. Pinosylvin is structurally very similar to resveratrol, a stilbene compound commonly known as the
miracle molecule in red wine because of its wide range of pharmacological actions (anti-aging, anti-diabetic,
anti-inflammatory, anti-oxidation, cardio- and neuro-protector, etc.). The aim of this project was to elucidate
whether pinosylvin and some derivatives can have similar properties as resveratrol, and could thus be used as
bioactive agents in food applications. The project focused on elucidating the anti-microbial potential of the
pinosylvins and some derivatives as natural biocides against a wide range of food-associated pathogens and
spoilage organisms. Moreover, their role in the human xenobiotic and cancer metabolism was studied in situ
using three cell models; enteric-, placental- and hepatic-cell lines. The results showed that pinosylvin was the
most effective stilbene against Listeria and Salmonella, followed by PMME and pinosylvin monoethyl ether
(PMEE). However, PMME and PMEE were more effective against Candida than pinosylvin. Other derivatives
showed very little antimicrobial activity. Their effect in the xenobiotic and cancer metabolism was cell line-,
compound- and dose-dependent, pinosylvin and PMME showing surprisingly different effects from those of
resveratrol.

I. INTRODUCTION
Pinosylvin (3,5-dihydroxystilbene) and its monomethyl ether (3-hydroxy-5-methoxy-stilbene) are naturally
occurring compounds found in the heart-wood of Scot pine (Pinus sylvestris). They are protective stilbenoids,
suggested to act against any fungal infection (Plumed-Ferrer et al. 2013). Pinosylvin is structurally very similar
to resveratrol (3,5,4´-trihydroxystilbene, Fig. 1), a stilbene compound commonly known as the miracle molecule
in red wine because of its wide range of pharmacological actions (anti-aging, anti-diabetic, anti-inflammatory,
anti-oxidation, cardio- and neuro-protector, etc.). The aim of this project was to elucidate whether pinosylvin and
some derivatives can have similar properties as resveratrol, and could thus be used as bioactive agents in food
applications. The project focused on elucidating the anti-microbial potential of the pinosylvins and some
derivatives as natural biocides against a wide range of food-associated pathogens and spoilage organisms.
Moreover, their role in the human xenobiotic and steroid metabolism was studied in situ using three cell models;
enteric-, placental- and hepatic-cell lines.

Pinosylvin

Resveratrol

Pinosylvin monomethyl ether

Figure 1. Chemical structure of resveratrol, pinosylvin and pinosylvin monomethyl ether

Copia gratuita. Personal free copy

http://libros.csic.es

651

13th European Workshop on Lignocellulosics and Pulp

II. EXPERIMENTAL
Tested compounds
A total of 13 compounds were tested for the antimicrobial assay: Pinosylvin (PS); 7,8-dihydropinosylvin (DPS);
Pinosylvin monomethyl ether (PMME); Pinosylvin 3,5-dimethyl ether (PDME); Pinosylvin 3,5-diethyl ether
(PDEE); Pinosylvin monoethyl ether (PMEE); Pinosylvin 3,5-distearate (PDST); Pinosylvin 3,5-diacetate
(PDAC); Pinosylvin monosuccinate (PMSC); Pinosylvin 3,5-dibutyrate (PDBT); Pinosylvin 3,5-diglutarate
(PDGT); Pinosylvin 3,5-disuccinate (PDSC); Pinosylvin 3,5-diacetate 7,8-oxide (PDACOX).
DPS: Pinosylvin was dissolved in ethanol and 5% Pd/C was added. The mixture was hydrogenated for 72h
under 5 atm of H2. The mixture was filtered and the solvent removed to give the final product.
PDME, PDEE, PMEE: Pinosylvin was dissolved in acetone and the corresponding alkyl iodide (2-6 eqv) was
added followed by K2CO3 (8 eqv). The mixture was stirred for 24h and then extracted wit
dichloromethane/water. The residue was purified with column chromatography.
PDAC, PDBT, PDST, PDGT, PMSC, PDSC: Pinosylvin was mixed with the corresponding anhydride or acyl
chloride (2-3 eqv) in pyridine. The mixture was stirred (1-40h) in room temperature and then the product was
precipitated with cold water, filtrated and washed with water and diluted HCl. The residue was purified by
column chromatography to give the final products.
PDACOX: Compound 1 was dissolved in dichloromethane and mCPBA (3eqv) was added. The mixture was
stirred for 72h and the solvent was removed and the residue purified by column chromatography.
Three compounds were used for the gene expression assay: PS, PMME and resveratrol. Resveratrol was
purchased from Sigma-Aldrich (Steinheim, Germany).

Microbial strains and culture conditions
The microbial strains used included a gram-positive bacteria, Listeria monocytogenes L211 (The Finnish Food
Safety Authority (EVIRA), Helsinki, Finland), a gram-negative bacteria, Salmonella infantis EELA 72 (EVIRA)
and a eukaryotic yeast, Candida tropicalis 4068 (Valio, Espoo, Finland). Listeria was grown in trytone soy agar
or broth at 37 °C, Salmonella in blood agar and brain heart infusion broth at 37 °C, and Candida in OGYE agar
or broth at 30 °C. All media were purchased from Lab M Ltd., UK.

Antimicrobial assay
The antimicrobial effects of the pinosylvins and pinosylvin derivatives on the microbial strains were determined
using a Thermo Bioscreen C automatic turbidometer (Labsystems Oy, Helsinki, Finland). Four different
concentrations of the compounds were assessed: 0.25, 0.5, 0.75 and 1 mM for Listeria and Salmonella, and 0.1,
0.25, 0.5, and 1 mM for Candida. The preparation of the test cultures and the practical performance of the assays
have been described in Välimaa et al. 2007. The growth inhibition was calculated by subtracting the percentage
of turbidity of the test culture from that of the control.

Cell lines and cell culture
Three cell lines used in this study are Caco-2 human colorectal adenoma cell line (ATCC HTB-37), JEG-3
human choriocarcinoma cell line (ATCC HTB-36) and HepG2 human hepatoma cell line (ATCC HB-8065). All
cell lines were grown in 6-well plates, seeded at 1-2 million cells/well (in triplicates) and incubated at 37 °C in
5% CO2 humidified incubator. Caco-2 cells were additionally differentiated for 14 days before the test started.
Caco-2 and JEG-3 cells were grown in DMEM (Dulbecco´s Modified Eagle´s Medium, Biowhittaker)
supplemented with 10% (v/v) heat inactivated fetal bovine serum, 1% L-glutamine (x100), 1% (v/v) nonessential amino acids and 1% penicillin/streptomycin (x100). HepG2 cells were grown in MEM (Minimum
Essential Medium Eagle, Sigma-Aldrich) supplemented with 10% (v/v) heat inactivated fetal bovine serum, 1%
L-glutamine (x100) and 1% (v/v) non-essential amino acids. All reagents were purchased from EuroClone
(Siziano, Italy).

Cells were incubated with different concentrations (0.1-100 mM) of PS, PMME and resveratrol for 8 hours.
After incubation, cells were washed with PBS and lysed with Trizol for 5-10 min.
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RNA isolation and RT-PCR
Total RNA was extracted with Trizol followed with centrifugation in chloroform, isopropanol precipitation and
75% ethanol washing. The RNA pellet was diluted with DEPC-H2O and treated with DNase (Ambion Turbo
DNA-free kit). Complementary DNA (cDNA) was synthesized as described in Storvik et al. 2011. The
expression of CYP1A1 gene was monitored and normalized with -actin as reference gene. Each sample was
measured in triplicate.

III. RESULTS AND DISCUSSION
Antimicrobial assay of pinosylvins and some derivatives against food pathogens
Pinosylvin and 12 pinosylvin derivatives were tested for their antimicrobial effect against different model
microorganism (Listeria as a gram-positive, Salmonella as a gram-negative and Candida as a eukaryotic yeast),
being all common food pathogens. PS has two hydroxyl groups (Figure 1), while the pinosylvin derivatives had
one or both hydroxyl groups replaced by a methyl ether, ethyl ether, stearate, acetate, succinate, butyrate, or
glutarate group. Concentrations considerably lower than the ones used with commercial disinfectants were
chosen.
The results showed that PS was the most effective stilbene against Listeria and Salmonella, followed by PMME
and PMEE (Table 1). However, PMME and PMEE were more effective against Candida than PS. This might
probably be due to their increased polarity and thus increased capacity to penetrate the bacteria cell wall or
membrane. On the other hand, PDME and PDEE had no inhibition effects against the microorganisms tested
(Table 1) suggesting that at least one hydroxyl group is needed for their antimicrobial activity. All the other
derivatives showed none or very little antimicrobial activity (not shown).

Table 1. Antimicrobial activity of pinosylvin and 5 pinosylvin derivatives (MIC, mM)
Compounds

Listeria

Salmonella

Candida

Pinosylvin (PS)
0.75
0.5
0.25
7,8-dihydropinosylvin (DPS)
>1
>1
1
Pinosylvin monomethyl ether (PMME)
>1
0.5
0.1
Pinosylvin 3,5-dimethyl ether (PDME)
>1
>1
>1
Pinosylvin 3,5-diethyl ether (PDEE)
ND
ND
> 0.5*
Pinosylvin monoethyl ether (PMEE)
1
>1
0.1
Minimum inhibitory concentration (MIC) considered when the % of inhibition was 50 or higher.
ND, not detected because of interfering background.
* Concentrations higher than 0.5 mM were not detected due to interfering background.

Effects of pinosylvin on xenobiotic and carcinogen metabolims
Pinosylvin is chemically very similar to resveratrol (Figure 1), a well-known polyphenol associated with life
extension, cancer prevention, cardiovascular and neurodegenerative diseases, diabetes and inflammation.
Resveratrol has been shown to modulate the expression of the CYP450 enzyme system. CYPs are key factors for
human health, specifically CYP1A1, which has been showing a dual activity. CYP1A1 is involved in the
metabolism of xenobiotics (pharmaceuticals, pesticides, food contaminant, etc.), acting as a detoxifying enzyme.
However, it is also a carcinogen activator. Resveratrol has been shown to both, activate (acting as xenobiotic)
and inhibit (acting as anti-cancer) the expression of CYP1A1 in a dose-dependent manner. The effects of
resveratrol, PS, and PMME in the xenobiotic and cancer metabolism have been shown to be cell line-,
compound- and dose-dependent, pinosylvin and PMME showing surprisingly different effects from those of
resveratrol. Specifically, in colorectal epithelial cells (Caco-2), no significant differences were found between
the three compounds or between the different concentrations tested (Figure 2). In the placental cells (JEG-3), a
clear down-regulation of all three compounds occurred with the increased in concentration (Figure 3) suggesting
that all these compounds might have an effect reducing the cancer activators. In the hepatic cells line (HepG2),
resveratrol and PS did not show significant differences between different concentrations. However, an extremely
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high over-expression occurred with PMME at high concentrations, suggesting that at those concentrations, this
compound could have an important effect on the xenobiotic metabolism.

Figure 2. CYP1A1 expression in Caco-2 cells
after 8 h of exposure.

Figure 3. CYP1A1 expression in JEG-3 cells
after 8 h of exposure.

Figure 4. CYP1A1 expression in HepG2 cells after 8 h of exposure.

IV. CONCLUSIONS
1- PS, PMME and PMEE have the potential to be natural biocides against a wide range of food-associated
pathogens and spoilage organisms.
2- PS and PMME in the xenobiotic and cancer metabolism have been shown to be cell line-, compoundand dose-dependent, these compounds showing different effects from those of resveratrol in some cells
lines. More information is needed in order to conclude whether in vivo PS and PMME would act
differently than resveratrol.
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ABSTRACT
The material utilization of lignin for high value products is one attempt to enhance the efficiency of
lignocellulosic biorefineries. Lignin could function as a structural backbone in phenol formaldehyde resin
prepolymers. However, the low number of reactive sites with respect to phenol-formaldehyde chemistry hinders
effective condensation reactions. Organosolv, Kraft, soda and sulfite lignin were phenolated to increase their
cross-linking ability. The products were characterized concerning their functional groups by 31P-NMR
spectroscopy as well as sulfur and ash content. The results revealed that the degree of phenolation differs
significantly due to structural features of the lignins. Additionally, the cross-linking ability of phenolated lignin
was studied by synthesizing a lignin phenol formaldehyde resin and comparing its wood bonding properties with
plain PF and LPF with unmodified lignin.

I. INTRODUCTION
Thermosetting resins require numerous reactive sites to achieve a high cross-link density. The approach to
partially substitute phenol formaldehyde (PF) resoles with lignins results in a decrease in the number of reactive
functionalities. The comparable low reactivity of lignin is already established during shikimate biosynthesis
resulting in lower free ortho-positions and no free para-positions in the phenolic ring. To overcome this obstacle,
several methods have been reported to increase lignin reactivity [1]. The hydroxymethylation of lignin does not
directly increase the number of reactive sites, but sterical hindrances and competing reaction with phenol are
lowered. Demethylation of lignin is another promising approach with high potential. However, the reagents
applied (halide or sulfur compounds) are undesired for future applications, and catalytic pathways do not yet
exist. A demethylated lignin can also be prepared by combining oxidation and reduction of the aromatic ring.
This method however still lacks suitable reagents and reaction control. Alternative to the methods above, which
focus on the functionalization of the aromatic moiety, the reactivity in the side chain of lignin could be used. The
direct reaction of lignin model compound guaiacylglycerol-β-guaiacyl ether with phenol was intensively studied
by Lin et al. [2]. They found that the dominant reaction product result from condensation of phenol and
guaiacylglycerol-β-guaiacyl in its Cα. Furthermore, they reported the cleavage of β-O-4- and Cβ-Cγ-bonds to
generate new reactive sites. This pathway to increase lignin reactivity was investigated by Alonso et al. for
ammonium lignosulfonate [3]. They revealed that long reaction time, high temperature and low lignosulfonate
concentration are optimal (160 min, 110-160°C, 30%). Cetin and Özmen investigated the application of
phenolated Alcell® lignin in particleboards and found that a higher fraction of lignin could be added to PF resin
upon phenolation compared to plain lignin [4,5]. However, it remains unresolved how lignin source and
structural features affect the degree of phenolation. In this study, a comparison of different lignins in the
phenolation reaction (see Figure 1) is presented towards the improvement of lignin-PF resins. Furthermore, one
could deduce the reactivity of the lignins for other nucleophiles than phenol in similar reactions.

Figure 1. Schematic representation of the phenolation of lignin
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II. EXPERIMENTAL
Lignins: Organosolv lignins were produced at Thünen Institute of Wood Research (Hamburg, Germany) by
ethanol water pulping of beech wood, pine wood and wheat straw as described in Table 1 followed by
precipitation of the black liquor in water, filtration and vacuum drying over P 2O5. The other lignins were
obtained from Stora Enso (spruce/pine, Kraft), Suzano (eucalyptus, Kraft), Tembec (softwood, sulfite-NH4) and
Green Value (wheat, soda).
Table 1. Pulping conditions of organosolv lignins
Liquor ratio

Wheat straw

Time
[h]
2

H2SO4
[% of dry mater]
2

EtOH : H2O

1:4

Temperature
[°C]
180

Pine wood

1,5

1:4

170

1

1:1

Beech wood

1,5

1:4

170

0,5

1:1

1:1

Phenolation of Lignins: Phenolation of lignins was performed by treating 1 g of lignin with 2 g (21 mmol) of
phenol and 108 µL (2 mmol) conc. H2SO4 at 110°C for 20 minutes. The reaction mixture was quenched with 25
mL acetone-H2O (9:1) and precipitated into the 4-fold amount of dilute H2SO4 (pH 1). The precipitate was
collected on a PES membrane (0.45 µm pores), washed with water until neutral and dried over P2O5 in vacuum.
All lignins had excellent solubility in phenol, except for the sulfite lignin. Here, 0.8 mL of water was required to
obtain a homogenous mixture. Further adaptations were necessary in case of sulfite lignin, including T=90°C,
quenching with water, precipitation and washing with iso-propanol and RC-membrane filtration.
Ash removal: Kraft lignins were dissolved in the 10-fold amount of acetone-water (8:2) and the solution was
precipitated into the 4-fold amount of dilute H2SO4 (pH 1). The precipitate was collected on a PES membrane
(0.45 µm pores), washed with water until neutral and dried over P 2O5 in vacuum.
Reduction of sulfur content in Kraft lignin: A quantity of 2 g softwood Kraft lignin was dissolved in 50 mL of
1 M NaOH and treated for 24 h with 200 mg (5.3 mmol) of NaBH4 under nitrogen at RT. The purification was
performed like mentioned above.
31

P-NMR spectroscopy: The structural features of lignin were characterized by means of 31P-NMR spectroscopy
on a Varian Mercury 400 MHz Spectrometer following a published procedure [6]. Acquisition parameters
included: 25°C, 11990 Hz spectral window, 256 scans, acquisition time 1.0 s and a 20 s delay between pulses.
Wood bonding: Organosolv and phenolated organosolv lignin were co-condensed in phenol formaldehyde resins
(20wt % pure lignin, P : F : NaOH = 1 : 2 : 0.4) and compared to plain PF resin regarding the wet internal bond
strength of particleboards (8 wt% of resin, 3 wt% K2CO3, core layer particles, 16 mm board thickness,
Siempelkamp laboratory press, press temperature 220°C, press time 240 s) following EN 1087-1.

III. RESULTS AND DISCUSSION
The approach to increase the number of reactive sites was studied for three different lignin sources (hardwood,
softwood, annual plants). In each category, an organosolv lignin was compared to the typical technical lignins.
The results in Figure 2 show the number of reactive sites of the lignin educts in comparison to the phenolated
lignin products based on 31P-NMR measurements of the hydroxyl groups (counting one reactive site for
guaiacyl OH and two for p-hydroxyphenyl OH).
Across all organosolv lignins, hardwood showed the highest degree of phenolation with about 7.7 mmol reactive
sites per gram. Thus, the number increased by the factor of 10.5 compared to the lignin educt. Furthermore, the
achieved number equals half of the reactive sites of 2,4,6-tris(hydroxymethyl)phenol, the most reactive
constituent of pure PF resin with 16.3 mmol/g. The other lignins showed a minor increase, which could partially
be attributed to acid-catalyzed condensation reactions and to low molecular lignin fractions not precipitated
during work up. Sulfite lignin showed the lowest degree of phenolation. This finding can be related to the low
solubility of ammonium lignosulfonate in phenol, thus water as co-solvent and a decrease in reaction
temperature <100°C were required.
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Figure 2. Comparison of number of reactive sites of the lignin educts and the phenolated lignin products
based on 31P-NMR measurements
To elucidate other factors affecting the reactivity, the number of aliphatic hydroxyl groups of the lignin educts
was compared to the number of aromatic hydroxyl groups introduced upon phenolation (equivalent to phydroxyphenyl). The results illustrated in Figure 3 show that for both functional groups, similar values were
measured. The exception of the lignosulfonate might again be related to the unfavorable reaction conditions due
to solubility problems. Both Kraft lignins showed lower p-hydroxyphenyl-OH compared to the aliphatic
hydroxyl groups. The mismatch in hydroxyl groups found for the lignins from annual plants might be attributed
to p-hydroxyphenyl units that were already present in the lignin educt (cf. Figure 2). However, it can be
assumed that the large differences in the degree of phenolation were mainly related to variations of the amount
of aliphatic hydroxyl groups in the lignin educts which in turn depends on the intensity of the pulping (cf. Table
1). Thus, the major mechanism of lignin phenolation is in accordance with the results found for the model
compounds [2]. However, it should be noted that the 31P-NMR results are given per gram, thus higher values for
phenol-OH are realistic, when correlated to a lignin-C9 unit. This indicates that other reactive sites beyond
aliphatic hydroxyl groups are involved as well, e.g. cleavages of β-O-4 and Cβ-Cγ-bonds [2].

Figure 3. Correlation of phenol-OH (product) with aliphatic OH (educt)
Beside the aliphatic hydroxyl groups, the influence of two major differences between Kraft and organosolv
lignin was investigated, namely the ash and sulfur content (Figure 4). For hardwood lignin, it was found that a
large reduction in the ash content resulted in an increase in the degree of phenolation. Whereas the minor change
in the ash content of the softwood lignin did not show this effect. It can be assumed that the ash present in the
samples reduced the action of the sulfuric acid catalyst during phenolation. The large reduction of the sulfur
content of lignin did not result in a significant change in the degree of phenolation.
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Figure 4. Influence of ash content (A) and sulfur content (B) of lignin educts on the degree of phenolation
for hardwood and softwood Kraft lignin.
The wet internal bond of particleboards bonded with the different resins is listed in Table 2. It can be seen that
the resin with phenolated organosolv lignin (pOSolv PF) resulted in higher bond strength, which might be
attributed to the more intense chemical incorporation in the resin network.
Table 2. Wet internal bond strength (IB) of PF resins with/without organosolv and phenolated organosolv lignin
including categories of particleboards (EN 312: P5 - load-bearing humid, P7 - heavy load-bearing humid)
wet IB [N/mm²]

PF
0.31

OSolv PF
0.18

pOSolv PF
0.22

P5
0.14

P7
0.23

IV. CONCLUSIONS
In view of functional substitution of phenol formaldehyde resins by lignin, the chemical activation of lignin to
increase the number of reactive sites was investigated. The phenolation of lignins from different sources was
studied resulting in remarkable differences between hardwood, softwood and annual plants, as well as between
organosolv and technical lignins (Kraft, sulfite, soda). The difference could be mainly attributed to the number of
aliphatic hydroxyl groups of the original lignins. Additionally, a reduction of the ash content was beneficial,
whereas a reduction of the sulfur content did not result in improvement. In conclusion, it could be shown that
hardwood organosolv lignin is extraordinarily suitable for chemical activation by phenolation. Applying this
activation, a remarkable improvement of the particleboard’s wet IB strength by about 20 % was achieved.
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ABSTRACT
The investigation on the reaction of enzymatic oxidation of different lignin types by hydrogen peroxide in the
presence of horseradish peroxidase in water-DMSO binary solvents was done. By UV-VIS spectrophotometry
and size-exclusion liquid chromatography it was shown that enzyme exhibit its activity in lignin oxidation in the
presents up to 30% DMSO. It was found that oligo- and polymeric fraction of lignin as well as monomeric
phenols may undergo the enzymatic oxidation. The calibration curves for initial reaction speed, maximum
optical density of the reaction solution and lignin concentration were obtained for dioxane lignin and Kraft-lignin
samples. Obtained results are promising for the determination of lignin in aqueous-organic media using enzyme
biosensors.
I. INTRODUCTION
Nowadays the objective of monitoring water quality industry is a very relevant. At pulp and paper mills toxic
phenolic compounds are found throughout the process technology in water. After removal of easily oxidized
monomeric phenols effluents contain large amounts of lignin substances that are accumulated in the aquatic
environment. Their destruction by ultraviolet radiation from the sun, microorganisms and air oxidation creates a
constant background of toxic components in the reservoir and reduces the level of oxygen in it [1, 2, 3].
Therefore, determination of oligo- and polymeric lignin compounds is relevant for technological process
optimization as well as environmental monitoring [4]. The use of enzyme-based biosensors is one of the
promising directions of the analysis which can help improve the rapidity of analysis, and increase the sensitivity
and selectivity [5].
Horseradish peroxidase as a classical plant peroxidase is a high stability, high-pH optimum peroxidase. It has
ability to directional oxidation of phenolic compounds without a mediator or second substrates. This enzyme is
widely used in analytical purposes - in ELISA, in the construction of enzyme electrodes [1] and as a biomarker.
Native horseradish peroxidase catalyses the oxidations of a wide range of phenolic substrates [2, 3] in presence
of hydrogen peroxide. For the oxidation of water-immiscible high molecular weight phenolic compounds the use
of aqueous-organic mixed solvents is promising. Dimethylsulfoxide (DMSO) is a well-known solvent for lignin
compounds [4]. The possibility of oxidation of phenolic compounds by horseradish peroxidase in aqueousorganic media was shown in [5, 6, 7].
The aim of this work was to study the process of enzymatic oxidation of lignin in water-DMSO binary solvent
and to study the possibility of determining lignin substances by enzyme-based methods. Horseradish peroxidase
(HRP), EC 1.1.11.7 - heme- containing enzyme belonging to the class of plant peroxidases was chosen as the
object of research.
II. EXPERIMENTAL
Commercial type C2 horseradish peroxidase (BBI Enzymes) with a spectral purity index Rz = 2.30 was used as
enzyme. Enzyme activity was determined by the rate of oxidation reaction of guaiacol by hydrogen peroxide.
The concentration of hydrogen peroxide was monitored by 230 nm absorption band (molar absorptivity 72.7
M-1cm-1) using a UV-VIS spectrophotometer Specord300 (Analytik Jena). Guaiacol (Sigma-Aldrich) was used
as a substrate. All reagents qualification was "purris".
In our previous work [7, 8, 9] the optimal parameters of the enzymatic oxidation of lignin model compounds was
determined. Reaction of peroxidase oxidation of lignin ( 5…500 * 10-3 g/l ), by hydrogen peroxide ( 0.1 * 10-3M)
was performed at 25°C (thermostatted) in 0.1 M pH6.0 phthalate buffer solution and in a presence of 30%
DMSO wt. The process was initiated by the adding horseradish peroxidase (0.015 mg/mL) solution in 3 ml of
the reaction mixture. Spectra recording and kinetic curves were obtained on double-beam spectrophotometer
Specord300 (Analytik Jena). The reaction rate was measured by absorbance at absorption band of the product of
the enzymatic oxidation of guaiacol. Initial reaction rate was calculated as the slope of the initial linear part of
the kinetic curve.
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Analysis of the molecular weight distribution was carried out by size exclusion chromatography using HPLC
system LC- 20 (Shimadzu, Japan) equipped with a pump LC- 20 ADsp, autosampler SIL-20A, column oven
CTO-20A, spectrophotometric detector SPD-20A. Separation was performed on a Styragel column (300 * 4.6
mm), filled with 5 um styrene-divinylbenzene gel particles (Waters, USA) at 50°C. Dimethylformamide was
used as eluent with the addition of lithium bromide (0.05M) for suppressing polyelectrolyte effects. Sample
volume was 10 ul with approximate concentration 1 mg/ml. System calibration was carried out using polystyrene
standards with monodisperce distribution in a range from 100 Da to 100 kDa. Detection was performed at
280nm band. Data was collected and processed by WinGPC software (PSS, Germany).
Spruce dioxane lignin and sodium wheat straw lignin was isolated in laboratory, spruce Kraft lignin and
lignosulfonate was obtained from pulp and paper plant were used as model substrates of the enzyme samples
were used. Reaction mixture was prepared using a lignin - DMSO solution with concentration 10 g / liter, which
was added to the reaction mixture to obtain the desired concentration of lignin. In the presence of hydrogen
peroxide without the enzyme reaction mixture was stable for more than three hours. After adding a horseradish
peroxidase to a reaction mixture an increase of absorbance at 400 ... 600 nm was observed. During the enzymatic
oxidation reaction a maximum at 490 nm band, which is absent in the original spectra, was clearly seen and then
it was used in the future calculation of the reaction rate.
III. RESULTS AND DISCUSSION
According to science resources, the enzymatic oxidation of phenols is followed by polymerisation reactions. In
Figure 1 the diagram of peroxidase-catalyzed oxidation of guaiacol in the presence of horseradish peroxidase is
presented.

Figure 1. Peroxidase-catalyzed oxidation of guaiacol [10].
In a range of lignin concentrations 5 ... 500 mg/l the initial reaction rate and dependences of initial reaction rate
and maximum optical density of the reaction mixture from lignin concentration was determined and plotted
(Figure 2).
For dioxane lignin and Kraft lignin samples the increasing of the optical density during reaction was found. With
sodium lignin and lignosulfonate no signs of reaction were observed. This can be explained by an ionic form of
phenolic OH groups of lignin in the enzyme’s pH optimum. In the lignin concentration range from 5 to 100 mg/l
linear dependences of the initial speed and the maximum absorbance from the lignin concentration (Figure 2)
was obtained. These dependences can be described by equations: V0 = a · C and Dmax = b · C, where V0 is the
initial reaction rate (a.u.·s-1), Dmax is maximum optical density of the reaction mixture (a.u.), a and b is angular
coefficient and C is the lignin concentration (mg/l).
The angular coefficients a and b are given in Table 1. Deviation of the experimental points from the linear
dependence at high concentrations of lignin is due to saturation of the substrate-binding site of the enzyme. The
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data obtained provide the prerequisites for the development of the method for determining the content of lignin
after its transfer into the water- DMSO solution.
0,16

0,0025

0,14
Optical density, a.u.

Initial reaction rate,
-1
a.u. · s

0,002
1
0,0015
2
0,001

1

0,12
0,1
0,08

2

0,06
0,04

0,0005

0,02
0

0
0

100
200
300
400
Lignin concentration, mg/l

0

500

100
200
300
400
Lignin concentration, mg/l

a

500

b

Figure 2. Dependences of initiall reaction rate (a) and maximum optical density (b) from: Kraft lignin
concentration (1); dioxanlignin concentration (2)
Table 1. Angular coefficients a and b for different lignin types
Coefficient

Dioxanlignin

Kraft lignin

a

4,16·10-6

6,42·10-6

b

3,63·10-4

1,06·10-3

In addition for dioksanlignin sample change of the molecular weight distribution during reaction was studied by
exclusion chromatography. Results indicate a decrease of low molecular weight fractions amount. Also some
increase in the average molecular weight accompanied with reducing of polydispersity index was found (Table
2).
Table 2. Characteristics of molecular-mass distribution of dioxanlignin sample
Sample
Characteristic
intact

oxidized

Mn

1540

2030

Mw

4660

5480

Mz

9040

10100

Polydispersity index

3,0

2,7

This suggests joint processes of oxidation and polymerization of lignin by peroxidase, as well as reactivity of
both low molecular weight and high-molecular lignin fragments.
IV. CONCLUSIONS
It was shown that the enzyme shown activity in the oxidation of lignin substances with a significant content of
DMSO in the solution (30%). It was found that both monomeric phenols and oligo-and polymer fraction of
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soluted lignin shows possibility of the enzyme-catalytic oxidation. The results show development prospects of
enzyme biosensors in aqueous-organic media for the determination of lignin.
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ABSTRACT
The aim of this study was to disperse nanofiblillated cellulose (NFC) homogeneously within a hydrophobic
polymeric matrix. In order to acquire the nano-reinforcement component in dried form with hydrophobic surface
characteristics, NFC aqueous suspension was dried by the means of a freeze drying procedure and afterward
heterogeneously acetylated using different reaction times and catalyst concentrations with the aim to find
optimal reaction conditions. The non-modified and acetylated NFC powders were characterized by attenuated
total reflection infrared spectroscopy analysis (ATR-IR) and field emission scanning electron microscopy (FESEM). Afterward nanocomposite films containing 2, 5 and 10 wt% of unmodified and acetylated NFC were
prepared by solution casting of mixtures of poly(lactic acid) (PLA) solution and cellulose nanofibre suspension
in chloroform. The mechanical properties of the composites were evaluated using tensile tests measurements.

I. INTRODUCTION
During the past decades environmental concerns are favourable for eco-friendly innovations, and hence,
nanotechnology shows vast potential in finding new uses for cellulosic materials [1]. In biosynthesis, cellulose
polymers aggregate to form substructures, nanofibrils, which in turn aggregate to form cellulosic fibres. Using
new effective methods these fibrils with a diameter ranging from 20 to even 100 nm and length of several
micrometers, can be disintegrated from fibres to form uniform nanosized material ideal for incorporation into
other materials as a reinforcing agent. However, as for any nanoparticle, the main challenge is related to their
homogeneous dispersion within a hydrophobic polymeric matrix [2-5]. Hydrophilic character of the
nanofibrillated cellulose (NFC) represents a major obstacle for its use in combination with hydrophobic
polymers. With a chemical modification of the NFC surface, its hydrophilicity and a tendency toward
hornification can be drastically reduced [2, 3].

II. EXPERIMENTAL
Materials
Poly(lactic acid) (PLA), trade name Ingeo™ Biopolymer 2003D (D-lactide of 4 to 5%, density of 1.24 g/cm3
and a melting point of 145-160 ºC), from Natureworks™ was used as a matrix material. Nanofibrillated cellulose
(NFC) was supplied by the Centre for Biocomposite and Biomaterial Processing, University of Toronto, Canada,
as a water suspension of cellulose nanofibrils with diameters in the range of 20 to 60 nm, with a solid content of
1.6 wt%. Acetic anhydride (Ac2O, ≥99%), N,N-dimethylformamide (DMF, anhydrous, 99.8%), pyridine
(anhydrous, 99.8%), toluene (99.5%), chloroform (anhydrous, ≥99%, with 0.5-1.0% ethanol as stabiliser),
ethanol (96%) and acetone (99.5%) were all purchased from Sigma-Aldrich (Steinheim, Germany).

Pre-treatment and the acetylation of NFC
Prior to freeze drying, the NFC suspension was frozen using liquid nitrogen and then lyophilised (LyoQuest
freeze dryer, Telstar). The pressure within the freeze drying system was set to 0.040 mbar, the temperature of the
plates to 22 °C and the temperature of the condenser to -50 °C. The dried forms of NFC were dispersed into
DMF at a concentration of 1 wt% using homogenisation (Ultra Turrax T 25 basic, IKA-Werke, Staufen,
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Germany) and high intensity ultrasonication (Ultrasonic Vibra cell VC500 (Sonics and Materials, USA), 19 mm
needle probe tip, 60% output amplitude). The DMF/NFC suspensions obtained are hereafter referred to as freeze
dried (NFCFD) nanofibrillar cellulose.
A 100 mL suspension of DMF/NFC (1% based on the dry weight) was mixed with 35 mL of acetic anhydride. A
predetermined amount of pyridine (catalyst) was added into the beaker and mixed thoroughly with the reaction
mixture under slow homogenisation. The pre-treated NFC sample was added into a round-bottomed flask
equipped with a condenser and a magnetic stirrer. The reaction was performed under a nitrogen flow and kept at
the required temperature of 105 ± 5 °C. At specific reaction intervals samples were withdrawn from the reaction
mixture. A series of acetylated products A_NFCFD, with different degrees of substitution (DS) were obtained.

Preparation of PLA/NFC nanocomposites
Films were prepared through solvent casting method. PLA pellets were primarily dissolved in CHCl 3 at a
constant stirring for 10 h. Separately NFC/CHCl3 dispersions (with unmodified and modified NFC) were
prepared using homogenization and high intensity ultrasonication process. NFC dispersions were then added into
a PLA solution and homogenized/ultrasonicated. The resulting solutions were casted into Petri dishes and
chloroform was allowed to evaporate.

Characterisation of the unmodified and acetylated NFC
The infrared spectra of the unmodified and acetylated NFCFD were recorded using a Spectrum One FTIR
spectrometer (Perkin Elmer, USA) in attenuated-total-reflection (ATR) mode on a ZnSe crystal. The spectra
were collected at a resolution of 4 cm-1, over the range from 650 to 4000 cm-1. Bands of FT-IR spectra were
assigned according to Tingaut et al. (2010)[3], Adebajo and Frost (2004) [6] and Sun et al. (2002) [7]. The acetyl
content (Ac %) of the modified NFCs was determined according to Tingaut et al. (2010) [3] using FT-IR
calibration curves.
For the FE-SEM analysis (Zeiss ULTRA plus, Germany) a droplet of the 0.5 wt% suspensions of NFCFD and
A_NFCFD in CHCl3 was deposited on a glass plate and dried. Samples were coated with a highly conductive film
of gold.
The tensile properties were evaluated with Zwick/Roell Z005 testing device according to ASTM D882. The
crosshead speed was maintained at 50 mm·min–1 during testing. The testing samples were cut from the neat PLA
and nanocomposite sheets, containing unmodified and modified NFC into a 15 mm wide and 85 mm long tapes.
The results presented in this paper are the average values of six individual specimens.

III. RESULTS AND DISCUSSION
During freeze drying of NFC bulk material did not form [8]. The generated end-product was in the form of
coarse powder (Figure 1a). Freeze dried NFC was composed of agglomerated fibrillar fragments in the form of
convoluted plates with barely identifiable nanofibrils (Figure 1a). Examination of freeze dried NFC at higher
magnifications revealed that nanofibrils (35 nm) and ribbon like structures (1.2 μm) were connected to form an
open porous structure (Figure 1a). The structure of freeze dried NFC sample significantly differed from
acetylated NFCFD (A_ NFCFD) samples (Figure 1b), the acetylated nanofibrillar units became visible already
after 60 min of reaction. Longer reaction times did not essentially change the morphology of acetylated NFC FD.
FT-IR spectrum of A_NFCFD exhibited pronounced acetylation peaks. The intensity of three main ester bands
increased with increasing reaction time. We did not observe the typical twin bands of acetic anhydride, which
indicated that there was no reactant present in acetylated NFCs. The absence of a peak at 1700 cm-1 for a
carboxylic group in the spectra of the acetylated samples also indicated that the acetylated products were free of
the acetic acid by-product, as reported by Sun et al. [7].
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Figure 1. FE-SEM images of unmodified (a) and acetylated NFCFD at 1200 min, pyridine concentration of 3 %.

Degree of substitution for acetylated NFCFD materials increased with reaction time, the DS values increased
rapidly during the first hour of acetylation. After 900 min, the DS values started to reach a constant value
(equilibrium). The high degree of substitution (DS) of NFCFD can be ascribed to the low quantity of water in the
starting material [9]. Additionally, we assumed that the drying pre-treatment significantly increased the swelling
ability of the cellulose and the diffusion rate of the acetic anhydride and pyridine. Despite the fact that the
pyridine is highly effective catalyst for acetylation reaction [10, 11] higher pyridine concentration has no impact
on the DS.

Tensile strength (MPa)

50,0
40,0
30,0
20,0
10,0
0,0
0

2
5
10
% of A_NFCFD in PLA

Figure 2. Tensile strength of nanocomposites as a function of concentration of A_NFCFD.

The mechanical properties of the composites were evaluated using tensile tests measurements (Figure 2). As
compared with neat PLA, a gradual increase in modulus of elasticity (E’) and tensile strength (σ) was noted upon
the incorporation of acetylated nanofibers (Figure 2), while for unmodified NFCFD the reinforcing effect was not
that significant.
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IV. CONCLUSIONS
It was proved that acetylation reaction is a highly efficient in modifying the surface of NFC with various DS,
which exhibit higher thermal stability than unmodified samples. A gradual increase in modulus of elasticity (E’)
and tensile strength (σ) was noted upon the incorporation of acetylated nanofibers in PLA matrix. The addition
of modified NFCFD importantly altered the elongation at break of the resulting nanocomposites, meaning that
chemical affinity of the nanofibrils to the matrix is essential in order to achieve a good polymer-matrix
interaction.
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ABSTRACT
Alkali treatment of birch kraft pulp was applied to increase the pulp reactivity during 2,2,6,6-tetramethyl-1piperidinyloxy (TEMPO) catalyzed oxidation, which is a process commonly applied to prepare nanofibrillated
cellulose (NFC). TEMPO was activated with HOCl prior to the oxidation instead of using NaBr as a cocatalyst.
Commonly, the lack of bromine increases the oxidation time and decreases the formation of carboxylic groups.
By applying the alkali treatment, the reaction time of the TEMPO catalyzed oxidation could be shortened from
2.5 hours to 0.5 hours when the pulp was treated with 1 M NaOH prior to the oxidation. The alkali treatment was
effective at room temperature and required only a few minutes incubation time. Furthermore, the alkali treatment
enabled production of a pulp with carboxylate content as high as 1.6 mmol/g with NaOCl dosage of 4.4 mmol/g
pulp. The changes in the cellulosic raw material during the alkali treatment were evaluated by water retention
value (WRV) and carbohydrate analysis.

I. INTRODUCTION
The catalytic conversion of the primary hydroxyl groups to carboxylates via aldehydes has been studied widely
during the last two decades. TEMPO catalyzed oxidation of pulp has been shown to be an efficient chemical
pretreatment for the production of nanofibrillated cellulose (NFC) [1]. The TEMPO oxidized pulp can be
converted to NFC by merely a mild homogenization. The reduction in the energy consumption of the
homogenization is determined by the carboxylate content obtained during the oxidation of the pulp. Commonly,
radical TEMPO is activated with NaBr that is used as a cocatalyst in stoichiometric oxidation of pulp with
NaOCl at pH range from 10 to 11 [1]. However, some procedures without the cocatalysis by NaBr have been
introduced, such as an electromediated oxidation [2] and an acid-neutral process applying
TEMPO/NaOCl/NaClO2 [3]. Even though these bromine-free oxidations can produce pulps with high
carboxylate contents, the reaction is slow in comparison with the bromine assisted TEMPO catalysis.

Strongly alkaline pretreatments of cellulosic raw materials have been studied widely since the mercerization
process was developed. To date, such pretreatments are used in many chemical processes, including the
production of carboxymethyl cellulose and viscose for textile fibers. Mercerization causes native cellulose or
cellulose I to become swollen and after washing to shrink back to another allomorph, cellulose II. The most
severe changes in the crystallinity of cellulose occur under the conditions of mercerization, corresponding NaOH
concentrations above 8-9% [4]. However, alkaline treatment of pulp alters the pulp properties by increased
swelling already at mild conditions [5]. Mild alkaline treatments are used for several purposes, including
regaining the bonding properties of recycled pulps and improving the prospects of natural fibers in composites.
Swelling is diffusion controlled and occurs in only a few minutes. The maximum extent of swelling is reached
at high alkaline concentration, around 10% NaOH, slightly depending on the cellulosic raw material [6]. In
addition, temperature has a significant effect on the phenomenon as swelling is favored under low temperature
[7]. In novel processes’ point of view, swelling improves cellulose accessibility and, thus, makes it more reactive
in many heterogeneous chemical and enzymatic treatments.

II. EXPERIMENTAL
Materials
Never-dried and industrially dried bleached birch kraft pulps were obtained from a Finnish pulp mill. The
chemicals used for the oxidations were TEMPO (Sigma Aldrich (St. Louis, USA)), 13% NaOCl (VWR (Radnor
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(PA), USA)), NaClO2 (Sigma Aldrich (St. Louis, USA)), 1 M NaOH (Merck (Darmstadt, Germany)), 1 M HCl
(Merck (Darmstadt, Germany)), and H2SO4 (Emsure (Darmstadt, Germany)). An 8 M NaOH solution was
prepared from solid NaOH pellets (VWR (Leuven, Belgium)) to adjust the alkalinity in the pretreatments of the
pulps. Water was purified in a Milli-Q system (Millipore Corporation, resistivity 18.2 M cm) for reagent
solution preparations. Deionized water was used for all washings.

Alkali treatment of pulps
The treatments were executed at room temperature (RT). First, an 8 M NaOH solution together with water was
added to the pulp to obtain the desired alkalinity and pulp consistency of 5%. The pulp suspension was stirred
with a mechanical stirrer throughout the reaction time. After the desired reaction time, the pulp was washed
immediately with deionized water to pH 9. The pH of the suspension was measured with a pH meter (Mettler
Toledo) at 5% pulp consistency. Finally, the pulp was manually pressed to a dry matter content of approximately
20% and homogenized mechanically.

TEMPO catalyzed oxidation of pulps and conversion of residual aldehydes to carboxylates by chlorous acid
The oxidations were performed in a Büchi reactor (volume 1.6 dm3), with a Metrohm 718 Stat Titrino titrator for
the pH adjustment. TEMPO was mixed with an excess of NaOCl in water and the pH of the TEMPO solution
was adjusted to 7.5 with H2SO4. First, the pulp (48 g dry matter content) and the activated TEMPO (2.4 mmol)
were mixed well in a closed vessel. Then, the pulp suspension and water were added to the Büchi reactor to
make a total volume of 1.2 dm3. The reactor was provided with a continuous mixing and temperature control at
25 °C. NaOCl (58-218 mmol) was added to the reactor with a pump during 5-32 min and the acidity was
adjusted to pH 9 with 1 M NaOH. After the addition of NaOCl, pH was kept constant (pH 9) by adding 1 M
NaOH with the automatic titrator. The oxidation rate was followed by iodometric titration until all active
chlorine was consumed. The standard deviation for the oxidation time was determined from four parallel
measurements. After the reaction, the pulp was washed with deionized water. To convert the residual aldehydes
to carboxylates, the oxidized pulp suspension at 1 % consistency was adjusted to pH 3 with 1 M HCl. NaClO2
was added to the suspension (1 mM final concentration) which was then mixed in the Büchi reactor for 2 hours
at 50 °C. Finally, the pulp was washed with deionized water. The carboxylate content of the pulps was
determined by a conductometric titration, which was conducted according to the standard SCAN-CM 65:02.
The titration was executed using an automatic titrator (Metrohm 751 GPD Titrino) together with Tiamo 1.2.1.
software. The standard deviation is according to the standard.

Pulp characteristics
The pulp characteristics were evaluated by WRV and carbohydrate composition. Prior to the WRV analysis, the
pulp samples were converted to their Na+-form. All of the treatments were done at 1% consistency. First, the
samples were converted to their protonated form under 0.01 M HCl for 1 hour. Then, the samples were washed
twice with water. Conversion to Na+-form was done in 0.001 M NaHCO3 for 2 hours with pH adjusted to 9.5-10
with 0.1 M NaOH. Then, the samples were washed with water until the conductivity of the slurry was less than 5
µS/cm. The WRV analysis was done according to the standard SCAN-C 102 XE with a Jouan GR 4.22
centrifuge. The standard deviation was determined from four parallel measurements. The carbohydrate
composition of the pulps was determined by quantitative saccharification upon acid hydrolysis according to the
standard procedure [8]. The monosaccharides were determined by high performance anion exchange
chromatography with pulse amperometric detection (HPAEC-PAD) in a Dionex ICS-3000 system (Sunnyvale
(CA), USA). The content of xylan was calculated from the monosaccharide content using a correction factor [8].
The standard deviation was determined from four parallel measurements.

III. RESULTS AND DISCUSSION
NaOH concentration during the alkali treatment
The progress of the catalytic oxidation was monitored by iodometric titration of the residual NaOCl in the
reaction mixture. Without any pretreatment of a never-dried birch kraft pulp its oxidation was relatively slow. A
short pretreatment of the pulp with 0.25 M NaOH did not change the reactivity. When 0.5 M or higher
concentration of NaOH was applied in the pretreatment, a marked increase in the reaction rate was observed.
Thus, the total reaction time, corresponding to the time needed to consume all NaOCl, could be reduced from 2.5
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to 0.5 h by applying a pretreatment with 0.75 M NaOH at RT (Figure 1). A similar 80% reduction of reaction
time took place when a dry birch kraft pulp was pretreated with 1 M NaOH prior to the catalytic oxidation at RT.

COOH content (mmol/g pulp)
after TEMPO catalyzed oxidation
and treatment with chlorous acid

160
1.3

140
120
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80
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40
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1.0
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TEMPO catalyzed oxidation time (min)

180

1.4
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Figure 1. Effect of NaOH concentration in alkali treatment (15 min at RT) of never dried birch pulp (5 %
consistency) on its TEMPO (0.05 mmol/g) catalyzed oxidation with NaOCl (2.4 mmol/g). The carboxylate
content of the pulp is shown after the oxidation and a post-treatment with chlorous acid that converts aldehydes
to carboxylic acids (circle). The total reaction time (square) refers to the time during which NaOCl was fully
consumed. Pulp consistency was 4 % and reaction temperature 25 °C during the TEMPO catalyzed oxidation.

When the TEMPO oxidized pulps were post-treated with chlorous acid, almost 20% higher carboxylic acid
contents were measured for the pulps treated with 1 M NaOH or higher (Figure 1). The observed increase in the
total amount of the oxidized hydroxymethyl groups after the treatment with concentration higher than 0.5 M
NaOH indicated an increase in the accessibility of cellulose, which levelled off at around 1 M NaOH
concentration. Since the changes in the supramolecular structure of cellulose should occur only at concentration
above 2 M NaOH, the increased reactivity with the milder treatments could not be related with any
interconversion between the allomorphs of cellulose [4].

NaOCl dosage during TEMPO catalyzed oxidation
A never-dried birch kraft pulp pretreated with 1 M NaOH for 15 minutes at RT and then washed to pH 9 was
oxidized with varying NaOCl dosage (2.4-4.5 mmol/g) to obtain pulps with varying carboxylate contents. The
oxidation rate of the pretreated pulp remained high when NaOCl dosage was increased from 2.4 to 3.1 mmol/g.
However, further oxidation of the pulp slowed down when higher NaOCl dosages were applied (3.8-4.5
mmol/g), indicating that the number of available unreacted hydroxymethyl groups was reduced. The alkaline
pretreatment of pulps enabled reaching very high carboxylate contents without using bromide in the catalytic
oxidation. When NaOCl dosage of 4.5 mmol/g was applied, the final carboxylate content was above 1.6 mmol/g.
Previously, the traditional TEMPO catalyzed oxidation with NaBr as cocatalyst and applying NaOCl dosage of 5
mmol/g has produced carboxylate contents ranging from 1.25 to 1.5 mmol/g for bleached hardwood pulp [1].
However, the reaction time (240 min) is still longer compared to the bromine-aided oxidation (125 min) [1]. The
reaction time is significantly shorter than the previously reported bromine-free alternatives with reaction times
up to 80 hours [3].

Pulp characteristics
WRV of dry birch kraft pulp increased by 12% when it was treated with 1M NaOH for 15 min at RT. However,
treating the never-dried birch kraft pulp with NaOH concentrations higher than 1 M (15 min at RT) decreased its
WRV by up to 15% (Figure 2). The xylan content of both pulps was significantly decreased by alkali. Since the
alkali treatment activated both the dry and never-dried pulps towards the TEMPO catalyzed oxidation, it seems
obvious that the increase in the accessibility of cellulose was affected more by the dissolution of xylan than fiber
wall swelling that correlates with WRV. The changes in WRV could be explained by the dissolution of the
highly accessible xylan and reversible aggregation of microfibrils in alkali.
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Figure 2. Effect of alkalinity (15 min treatment) on the residual xylan content (circles) and WRV (squares) of
never-dried birch kraft pulp in aqueous suspension at RT.

IV. CONCLUSIONS
An alkali treatment was introduced as a means to improve bromine-free TEMPO catalyzed oxidation of
cellulosic pulps. A very short pretreatment of a never-dried birch pulp with 0.75 M NaOH at RT was shown to
decrease the oxidation time from 2.5 hours to 0.5 hours. In addition, a carboxylate content as high as 1.6 mmol/g
was reached when the dosage of hypochlorite was 4.5 mmol/g. Thus, the alkali treatment enabled a bromine-free
oxidation with slightly better oxidation outcome compared to the conventional TEMPO catalyzed oxidation.
Similar benefits were recorded for both dry and never-dried birch pulps. Hemicellulose content decreased for
both dry and never-dried pulps as a function of the alkalinity and the removal of xylan seemed to be partly
responsible for the increased reactivity of cellulose. Surprisingly, WRV was shown to increase for the dry pulps
but to decrease for the never-dried pulps.
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ABSTRACT
A methodology for the evaluation of the antioxidant activity of plant derived monomeric and polymeric
phenylpropanoids was developed. The joined experimental (tests with DFPH●, ABTS●+, O2●-, ROO● radicals)
and theoretical (quantum chemistry calculations) studies allowed establishing the structure-activity relationships
and elucidating the mechanisms of diarylheptanoids reactions with different oxidants. The antioxidant properties
of 50 lignin samples differed by botanical origin (annual plants, coniferous trees, deciduous trees) and by the
isolation technique (delignification by alkali, kraft process, Bjorkman method, solvolysis, fast pyrolysis,
hydrolysis, isolation by ionic liquids) were compared. The structure and functionality of these lignins was
characterized, using analytical pyrolysis (Py-GC-MS-FID), FTIR, EPR, DSC, TG, UV/VIS spectroscopy, SEC,
titrimetric methods. The “structure – (antioxidant) activity” relationships (SAR and QSAR) of lignins were
rationalized, using pair correlation, partial correlation and multivariate regression analyses, including CCR –
correlated components regression. It was established that the main structure factors and mechanisms governing
the radical-scavenging activity are the same for the acyclic diarylheptanoids (DAHs) and the polymeric
phenylpropanoids – lignins.

I. INTRODUCTION
Different materials, food products, means for human health care, etc. undergo oxidative degradation. In order to
protect their properties and prolong their shelf life, antioxidants have to be added to almost all oxidizable organic
substrates. In June 2013, the antioxidant market was 1.5 billion USD [1]. The use of a traditional synthetic
antioxidant is not safe from the ecological point of view, and it can threaten humans health. For example, an
antioxidant can migrate from the packaging and get into the food. There is an increasing discontent of the society
with synthetic antioxidants for food, because their safety is doubtful. Due to their biodegradability and
significantly lower toxicity, naturally originated antioxidants, in particular, polyphenols, can be a good
alternative to the synthetic ones [2,3].
Despite the huge number of researches devoted to antioxidant activity of plant polyphenols, their results often
are not comparable. Besides, the possible correlations between the antioxidant properties of monomeric and
polymeric polyphenols are poorly considered. The aim of the present work was characterization the structure –
antioxidant activity relationship for lignins and diarylheptanoids for future development of a theoretic basis for
effective application of these plant polyphenols as antioxidants for living organisms and variety of materials.
II. EXPERIMENTAL
Materials and methods of analysis
The DAHs under study were isolated from the bark of Latvian hardwood trees and purified as previously
described [4]. The 50 technical lignins under study were obtained from different botanical sources and in
different processes of phytomass chemical processing. To characterize the composition and chemical structure of
the samples, the Py-GC-MS-FID, FTIR and UV/VIS spectroscopy methods were used. The Py-GC-MS-FID
method was adjusted for the characterization of lignin structural descriptors. For the determination of the content
of the functional groups (hydroxy-, methoxy- groups), titrimetric methods (conductometric titration, the method
of Ceizel-Fibek-Schwapahh) were used. For the determination of the size of the π-conjugated systems, the EPR
method was used. To characterize the distribution of molecular mass, size exclusion chromatography was used.
To characterize the thermal stability and determine the glassing temperature of the lignins, the DSC and TG
methods were used.
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Characterization of antioxidant activity
For the investigation of the structure and antioxidant activity relationships of low-molecular and high-molecular
plant polyphenols, the methods of the deactivation of DPPH● and ABTS●+ radicals were adjusted. Radical
scavenging activity against DPPH●, ABTS●+ radicals was measured spectrophotometrically as described in [5,6].
At the same time, for the evaluation of the ability of antioxidants to protect the substrate from oxidation,
competitive methods, such as the ORAC (oxygen radicals absorbance capacity) method and the method of the
deactivation of O2•-, generated in the fermentative system, were chosen. ORAC assay was performed according
to the method described in [7]. For the evaluation of the possibility to use the polyphenols under study as
antioxidants in different areas, their action in real chemical and biological systems was investigated. To
investigate the influence of the lignins under study on the thermo-oxidative destructions of the polyurethane
(PU) films, lignins and their fractions were inducted in the films in the content of 2.5 % (by mass) and
thermogravimetric analysis was made in oxidative atmosphere [8]. The compounds under study were tested as
inhibitors of rapeseed oil, using OXIPRESS equipment.
Determination of qualitative (SAR) and quantitative (QSAR) structure-antioxidant activity relationships
For the rationalization of the antioxidant activity of diarylheptanoids and obtaining valuable information about
the mechanisms of their reactions with radicals, the molecular modelling methods, which allow characterizing
the main descriptors, connected with the antioxidant activity of polyphenolic compounds (dissociation enthalpies
of O-H bonds, the energies of deprotonation and ionization), were used. For calculation of energies and
geometry optimization, the DFT B3P86/6-31+G(d,p) and DFT ωB97XD/6-31+G(d,p)//ωB97XD/6-31G(d)
schemes were chosen. All calculations were carried out with the Gaussian09® software from Gauss Inc, USA.
For the rationalization of the structure and antioxidant activity relationships of lignins, the correlation, partial
correlation and multivariate regression analyses were used, including CCR – correlated components regression.
The calculations were made, using SPSS Statistics 21 and XLSTAT 2013.
III. RESULTS AND DISCUSSION
Structure-antioxidant activity relationships for diarylheptanoids
The structures of the diarylheptanoids, used in the antioxidant activity study, are shown in the Figure 1.

Figure 1. Structures of the diarylheptanoids
The highest antioxidant activity in ABTS●+ and DPPH● test was shown by oregonin and hydroxyoregonin. In
ORAC test, hydroxyoregonin had the highest antioxidant activity among the studied alder bark DAHs, while the
activity of oregonin and plathyphyloside was lower (Table 1). In comparison with IC50 - the concentration of the
antioxidant, needed to reduce by half the initial concentration of the radical, RDI - the number of deactivated
radicals, calculated per number of phenolic hydroxyl groups, gives more trustworthy information about the
redox-reactivity of diarylheptanoids under study and enhances the contribution of other structural properties, in
addition to phenolic hydroxyl groups. The values of RDI, which are > 1, show that the formed phenoxyl radicals
take part in the reactions with radicals as secondary antioxidants. RDI<1 shows that not all oregonin and
hydroxyoregonin phenolic hydroxyl groups (Table 1) take part in the reaction with ABTS●+ radicals.
The results of the calculations of the thermodynamic descriptors have shown that PCET is the main mechanisms
of the diarylheptanoids reactions with free radicals. The comparison of the results of the ABTS●+ test with the
values of the calculated thermodynamic descriptors allowed to evaluate the contribution of the SPLET
mechanisms in the antioxidant activity of diarylheptanoids.
The results of the DPPH● test together with the calculated BDE values allowed to establish the structureantioxidant activity relationships of diarylheptanoids in the reactions by PCET mechanism.
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Table 1. Antioxidant activity of diarylheptanoids in ABTS●+, DPPH● and ORAC tests.

Compound

IC50 - the concentration of the
antioxidant, needed to reduce by
half the initial concentration of
the radical, mmol•L-1

RDI-the number of
deactiveted radicals per one
group of DAH

Oregonin
Hydroxyoregonin

ABTS●+
6.5±0.3
5.6±0.2

DPPH●
10.7±0.4
10.0±0.4

ABTS●+
0.71±0.04
0.82±0.04

Platyphylloside

5.8±0.3

Non-active

1.52±0.08

Curcumin

6.9±0.2

34.5±0.8

1.2±0.06

DPPH●
1.22±0.06
1.33±0.06
Nonactive
0.80±0.04

TEAC- Trolox
equivalent antioxidant
capacity, mmol•L-1
(concentration of the
antioxidant, in which it
shows the same activity,
as 1 mmol•L-1 Trolox
ORAC
0.18± 0.02
0.13 ± 0.03
0.22± 0.02
0.28 ± 0.02

The positive influence on the antioxidant activity of o-methoxy groups, as well as the negative influence of the
carbonyl groups of the aliphatic chain, was confirmed. The found relationships are useful for further searching of
natural polyphenols for healthcare and healing, working out of purposeful methods for their modification, and
synthesis of novel preparations for pharmacy and veterinary. The results of the present study were used for
development of two new market products containing the diarylheptanoid fraction of Alnus spp. bark: a cosmetic
after sun cream and a dietary supplement.
Structure-antioxidant activity relationships for lignins
Antioxidant activity of different lignins is close to that of the reference antioxidant Trolox and to that of active
low-molecular polyphenols. The TGA data clearly testified the antioxidant effect of polymeric fractions
(obtained by the sequential extraction of lignins by organic solvents as propanol and methanol soluble fractions)
of LignoBoost kraft lignins and BioligninTM, which revealed itself in increasing temperatures of starting (Tstart)
and maximal development (Tmax) of PU thermo-oxidative destruction as well as decreasing the process rate on
the first stage of PU thermo-oxidative degradation. The data of DTA also confirmed the changes in thermooxidative behavior of model PU films: the exothermal maximum connected with oxidizing of PU destruction
volatile products shifted to the high temperature region by 25-30 K. The oligomeric fraction (obtained by the
sequential extraction of lignins by organic solvents as dichloromethane soluble fraction) of softwood LignoBoost
kraft lignin and pyrolysis lignins showed high antioxidant activity in the rapeseed oil oxidation test.
In the studies of the structure-activity relationships, the antioxidant activity was expressed as the number of
deactivated radicals per one phenolic hydroxyl group of lignin. To establish SAR, partial correlation analysis
was used (Table 2).
Table 2. Partial correlation analysis results
Pearson’s correlation coefficient* (n=50, α=0.05)

The parameter, which characterizes the structural
properties

DFPH●
Relative content of G+S phenols, %
0.52
0.53
CH2-groups in the α-position of the side chain, %
Oxygen-containing groups in the side chain, %
-0.42
-0.40
Size of the π−conjugated systems, n C
0.15
Double bonds in the α-position of the side chains, %
Carbohydrates, %
-0.21
(ArC1+ArC2)/ArC3
0.17
-OCH3/FPV
0.14
Mw, g/mol
0.04
*Values, which are marked with bold, significantly differ from 0, α=0.05.

ABTS●+
-0.20
0.33
-0.25
-0.50
0.21
-0.61
0.77
0.01
-0.08

In the case of lignins, the structural parameters, which influence the antioxidant activity in the DPPH● tests, can
easily be explained by means of the SPLET mechanism. The factors, which determine the antioxidant activity in
the ABTS●+ test, show the contribution of other mechanisms.
For the QSAR studies, the multivariate “Correlated Component Regression” (CCR) analysis was used. The
following structure-activity relationship equation was obtained on the basis of the DPPH● test results:
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Y1 = -3.08+0.043×X1+0.018×X2-0.018×X3-0.014×X7+0.24×X8

(1.1.),

●

where Y1 –number of the deactivated DPPH radicals per 1 phenolic hydroxyl group; X1 – relative content of
G+S phenols, %; X2 – relative content of the phenylpropane units with CH2-groups in the α-position of the side
chains, %; X3 – relative content of the phenylpropane units with oxygen-containing groups in the side chains, %;
X7 – size of the π−conjugated systems (the number of atoms); X8 – OCH3/FPU (Figure 2).

Figure 2. Predicted and experimental RDI values in the DPPH● test
IV. CONCLUSIONS
The joined theoretical and experimental studies allowed establishing structure-antioxidant activity relationships
of the bark diarylheptanoids and obtaining information about the mechanisms of their antioxidant action.
Relative low-molecular and high-molecular polyphenols have similar structure-antioxidant activity relationships
and mechanisms of action. The most important structural properties, which influence the antioxidant activity of
lignins by PCET mechanism, are: o-methoxy groups, CH2-groups in the α-position of the aliphatic chain,
carbonyl groups in the aliphatic chains, and the size of π-conjugated systems. The most important structural
properties, which influence the antioxidant activity of lignins by single electron transfer mechanisms (SPLET,
ET-PT – electron transfer-proton transfer), are ether bonds in the aliphatic side chains, the content of
carbohydrates, the number of the methoxyl groups per phenylpropane unit, and the size of π-conjugated systems.
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ABSTRACT
Hemicelluloses constitute 25-30% of the wood in conifers and have a large potential value as natural polymers in
applications as hydrogels and packaging films, and have also various bioactive properties and might find use as
food additives and pharmaceuticals.
Ground spruce sapwood of different particle sizes were subjected to a series of consecutive two-stage extractions
with plain water at a liquid/wood ratio of 4, at different temperatures in the range from 150°C to 180°C using an
Accelerated Solvent Extraction (ASE) apparatus. The aim was to find optimal conditions for extraction of acetylgalactoglucomannans (GGM) in native polymeric form in high yield.
The total yields of dissolved material (TDS) after two-stage extraction with a total extraction time of 1 hour
amounted, irrespectively of the time ratios between the 1st and the 2nd extraction, to 110 mg/g, 170 mg/g, 220
mg/g and 260 mg/g at 150°C, 160°C, 170°C and 180°C, respectively.
The partial release of acetic acid lowered the pH of extracts and catalyzed not only hydrolytic cleavage of
polymeric carbohydrates, but also further deacetylation of GGM, which leads to a lower water solubility and
even to re-adsorption of GGM to the cellulosic matrix of wood fibers.
Polymeric GGM was precipitated by adding ethanol to the water extracts. The yield of polymeric GGM was
quite similar for the different extraction temperatures. By extraction at 150°C, 52% of TDS consisted of
polymeric GGM (ca 6% based on wood) while at 180°C only 27% of TDS was precipitable polymeric GGM
(7% of wood).
I. INTRODUCTION
Since the last decade there is a renewed and growing interest in forest biomass utilization mainly because of the
anticipated future shortage and high price of oil. The modern biorefinery concept, however, can provide even a
broader spectrum of products which may give enough profit to ensure long-term success. Besides biofuels,
biomass-derived specialty chemicals and pharmaceuticals, there is a growing interest in natural biopolymers as
alternatives to synthetic polymers [1]. To extract such biopolymers from wood in intact form requires a deeper
knowledge of the physico-chemical phenomena during the extraction processes.
Accelerated Solvent Extraction (ASE) is a very efficient extraction technique that enables convenient sequential
extractions on the same sample with high repeatability at extraction temperatures up to 200°C.
Water as solvent for wood extraction is attractive because it is truly “the green door to natural products”. Much
effort have been made to explore hot-water extraction of hemicelluloses, mainly of xylans from hardwood
species ([2]. Softwood species, such as Norway spruce, are a promising source for another abundant type of
hemicelluloses, the galactoglucomannans (GGM) [3].
Because extraction involves both physical and chemical processes, finding the means to provide the best masstransfer, i.e. extraction yield, conditions with minimum damage of the native polymer structures in wood is a
great challenge. In contrast to common hydrolysis/autohydrolysis processes, it is necessary to prevent chemical
reactions of the native hemicelluloses, in particular their acid-catalyzed hydrolytic depolymerisation and
deacetylation. Therefore, careful control of pH, temperature and time is needed [4-5].
The proton concentration (pH-value) is the most critical factor determining the initiation/catalysis of these
hydrolytic reactions. It is important to keep the end pH of water extracts in a narrow range about 4, also because
alkali-induced hydrolysis of acetyl groups occurs already at pH 5 [4]. If the galactoglucomannans are
deacetylated they will become less soluble in water and cannot anymore be extracted in polymeric form. In order
to keep pH during water extraction at the desired level buffering agents may be added [5].
In case of extraction with plain water (no buffers added, autohydrolytic pH drift occurring) it is necessary to
control the extraction process by optimizing the temperature and time, and to have an enough small wood
particle size.
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The aim of this study was to isolate the principal hemicellulose in spruce wood, i.e., GGM, in high yield and
with preserved structure, i.e., with high-molar-mass and high acetyl content.

II. EXPERIMENTAL
A mature, healthy Norway spruce tree was felled in South of Finland, and part of the stem at the height between
0.7 m – 2.2 m above the ground was taken for study. Handmade chips from sapwood were air-dried overnight,
ground and screened into fractions of different particle size. The fraction with the particle size 0.25-1.0 mm was
used in the study. Some comparative extractions were performed with the particle size fraction 0.05-0.1 mm.
Accelerated Solvent Extraction (ASE-350) (Dionex, Sunnyvale, Calif.) apparatus equipped with 100-ml Zr-type
cells was used for hot-water extractions. Approximately 20 g o.d. ground wood was extracted at the pressure 10
MPa at temperatures of 150°C - 180°C with 1 hour total extraction time. After extraction, the water extracts were
cooled to room temperature and their end pH-values were measured.
Total Dissolved Solids (TDS) in water extracts were determined gravimetrically by freeze-drying of
corresponding aliquots to a constant weight. The amount of acetyl groups spit off from wood during hot-water
extraction was determined by analysis of acetic acid in extracts by HPLC using a reversed-phase a Synergi
Hydro-RP 80R column (Phenomenex®) and a RI detector [4]. Monosaccharides in the extracts were determined
by GC after silylation of freeze-dried aliquots [6]. Total carbohydrates in the water extracts and the isolated
products were analysed by GC after freeze-drying, acid methanolysis and silylation [7]. Polymeric non-cellulosic
carbohydrates were isolated from water extracts by precipitation in ethanol:water (85:15% v/v) [8]. Molar-mass
characteristics of precipitated carbohydrates were determined by SEC-HPLC equipped with MALLS
(miniDAWN, Wyatt Technology) and RI detectors as described earlier [4]. Lignin and lignin-like substances in
water extracts were measured by UV absorption at 280 nm in acetic acid (AcOH) with acetyl bromide (AcBr)
[9]. Aliquots of total water extracts, including some lignin precipitated during cooling, were freeze-dried and
then dissolved in AcOH with AcBr.

III. RESULTS AND DISCUSSION
The total yield of dissolved material (TDS, determined gravimetrically) increased along the extraction time and
temperature (Figure 1). At 180°C about 4% of the wood material was dissolved already during the first minute
of extraction, which was four times higher than that at 150°C. TDS amounted to about 21% wood at 180°C and
30 min extraction time. The yield did not increase further, but actually even decreased slightly. The total yield of
dissolved material after 60 min extraction at 150°C was about 9% of wood. With fine wood particles (0.05-0.1
mm) the yield at 150°C and 60 min was about 40% higher than of that obtained by extraction of larger wood
particles (0.25-1 mm).
End-pH profiles exhibited a corresponding pattern, so that higher temperatures resulted in lower pH values
(Figure 2). At 180°C the pH level decreased dramatically with extraction time, to the level of 3.3 after 60 min.
During extraction at 150°C the pH value decreased much less than at higher temperatures, down to 3.7 after 60
min. The pH profile obtained with fine wood particles was very similar to that for larger wood particles. The
amount of polysaccharides precipitated in ethanol from water extracts obtained at 180°C had a maximum yield
after 15 min extraction, amounting to ca 6.6% of wood (Figure 3). Extended extraction resulted in severe
depolymerisation of the non-cellulosic carbohydrates, thus lowering the yield of polymeric precipitates. After 60
min extraction the yield was only 1.2% of wood. In the extracts obtained at 170°C and 160°C the highest yield
of polysaccharides (ca 6.0% of wood) was obtained after 30 min and 40 min extraction, respectively. In the
extracts obtained at 150°C, a yield of 4.7% was obtained after 60 min extraction. However, by extraction of finer
wood particles (0.05-0.1 mm) the yield of precipitated polysaccharides increased up to 6.8% of wood, i.e. more
than 40%. This is in agreement with our early findings [10]. In extracts obtained at different temperatures and
times, 50-52% of TDS (4.7-6.6% of wood) were polymeric non-cellulosic carbohydrates, mainly GGM. The
portion of polymeric carbohydrates in TDS can be increased to about 60% (6.8% of wood) by extraction of fine
wood particles. The molar-mass characteristics of the precipitated polysaccharides were strongly influenced by
the temperature, extraction time and pH profile (Fig. 4). Decreasing the temperature from 180°C to 150°C will
increase the molar mass substantially. During extraction up to 30 min at 180°C the average molar mass (Mw)
decreased from 35 kDa to 7.0 kDa (Figure 4). After 30 min extraction probably induces secondary reactions
resulting in formation of some aggregates, because Mw increased again to 16 kDa for 60 min extraction time.
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As expected, due to relatively high pH-values and lower depolymerisation rate the average molar mass of
precipitated carbohydrates was relatively high at 150°C; the Mw value decreased along the extraction time from
47 kDa to about 12 kDa. This is also true for the polysaccharides obtained by extraction of the fine wood
particles.

Figure 1. Total Dissolved Solids released
from ground spruce wood by hot-water
extraction at different temperatures.

Figure 2. End pH of water extracts obtained
from ground spruce wood at different
temperatures.

Figure 3. EtOH-precipitated polymeric
GGM from extracts obtained from ground
spruce wood at different temperatures.

Figure 4. Molar mass Mw of precipitated
polymeric GGM from extracts obtained from
ground spruce wood at different
temperatures.

The pH profile during hot-water extraction is related to the kinetic profile of the autohydrolysis of acetyl groups,
as seen in the amounts of free acetic acid released. The acetyl groups in spruce wood are mainly found at C-2
and C-3 in mannose units of the galactoglucomannans.
At 150°C, 160°C and 170°C the release of acetic acid increased steadily, and were after 60 min extraction 1.4
mg/g, 3.0 mg/g and 4.0 mg/g of acetic acid/wood, respectively. However, at the most severe conditions, 180°C
and 60 min, about half of the acetyl groups in spruce wood, i.e. 9.9 mg/g acetic acid/wood, were hydrolyzed.
The amount of lignin and lignin-like substances extracted at 180°C increased with time steadily from 1.0% to
5.4% of wood. However, at 150°C, the release of lignin and lignin-like substances after 60 min of extraction
was low and amounted only to 1.8% of wood.
The yield of total dissolved carbohydrates also increased at higher temperatures. At 180°C, however, a notable
degradation of pentoses and hexoses occurred. About half of the dissolved carbohydrates were hydrolysed at
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180°C to monosaccharides. Moreover, also hexosans also were hydrolysed. Almost no hexosan degradation was
observed at 150°C.
The content of non-cellulosic carbohydrates, including GGM, in all precipitates obtained from spruce extracts at
different temperatures was determined by acid methanolysis and GC in range between 88% and 92% (calculated
as anhydro-sugars).
The carbohydrate composition in the EtOH-precipitated polysaccharides was almost similar for all temperatures
and times. Hexoses C-6 (mannose, galactose and glucose) from GGM were the main sugar units in the
precipitates, comprising 76-78% of polysaccharides. Pentoses (arabinose and xylose) from xylan and, probably
also from arabinogalactan, comprised 6.8-8.0% of the polysaccharides. The content of uronic acid units was
between 3.7% and 4.0%. The main uronic acid unit was galacturonic acid derived from pectins.

IV. CONCLUSIONS
Extraction of ground spruce sapwood with plain water by Accelerated Solvent Extraction at 150-180°C enabled
isolation of galactoglucomannan with a DP about 60 in a yield of 7% of the wood (40% of the GGM in the
wood).
By applying lower temperatures, 150-160°C, and fine wood particles (0.05-0.1 mm) it is possible to obtain
polymeric GGM with a higher molar mass without substantial loss in yield.
Lower temperatures are also preferred because of less degradation in the residual wood.
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ABSTRACT
The chemical composition of the lipids in wheat straw was studied in detail by gas chromatography and mass
spectrometry. The predominant lipids identified were series of long-chain free fatty acids (25% of total extract),
followed by series of free fatty alcohols (ca. 20%). High molecular weight esters were also found (11%),
together with lower amounts of other aliphatic series such as n-alkanes, n-aldehydes and glycerides (mono-, diand triglycerides). Relatively high amounts of β-diketones (10%), particularly 14,16-hentriacontanedione, which
is the second most abundant single compound among the lipids in wheat straw, were also identified. Finally,
steroid compounds (steroid hydrocarbons, steroid ketones, free sterols, sterol esters and sterol glycosides) were
also found, with sterols accounting for nearly 14% of all identified compounds.
I. INTRODUCTION
Plant biomass is the main source of renewable materials in Earth and represents a potential source of renewable
energy and biobased products. Biomass is available in high amounts at very low cost (as forest, agricultural or
industrial lignocellulosic wastes and cultures) and could be a widely available and inexpensive source for
biofuels and bioproducts in the near future. The high abundance, wide availability and very low-cost of some
agricultural wastes, as cereal straws, makes them excellent raw materials for future biorefineries. Among them,
wheat straw has the greatest potential of all agricultural residues because of its wide availability and low cost [1].
Wheat straw contains 35–45% cellulose, 20–30% hemicelluloses, and around 15% lignin, which makes it an
attractive feedstock to be converted to ethanol and other value-added products [2]. Wheat straw also contains
significant amounts of lipids (ca. 1-2% by weight) that can be extracted to produce high-value waxes [3].
Studies concerning the composition of lipids in wheat straw have been relatively scarce, although some papers
have been published in this regard [3,4]. In the present work, a thorough and comprehensive characterization of
the lipophilic extractives in wheat straw has been performed by gas chromatography-mass spectrometry (GCMS) using medium-length high temperature capillary columns with thin films, which enables the elution and
analysis of a wide range of compounds from fatty acids to intact high molecular weight lipids such as sterol
esters, sterol glycosides or triglycerides [5]. The knowledge of the precise composition of the lipophilic
extractives in wheat straw will help to maximize the exploitation of this important agricultural waste.
II. EXPERIMENTAL
Samples
Wheat straw (Triticum durum var. Carioca) was harvested from an experimental field in Seville (South Spain) in
June 2009. Wheat straw was air-dried and the dried samples were milled using a knife mill, and subsequently
extracted with acetone in a Soxhlet apparatus for 8 h. The acetone extracts were evaporated to dryness, and
resuspended in chloroform for chromatographic analysis.
GC-MS analyses
The GC-MS analysis were performed on a Varian Star 3400 gas chromatograph coupled with an ion-trap
detector (Varian Saturn) equipped with a high-temperature capillary column (DB-5HT, 15 m × 0.25 mm i.d., 0.1
μm film thickness). Helium was used as carrier gas at a rate of 2 mL/min. The samples were injected directly
onto the column using a SPI (septum-equipped programmable injector) system. The temperature of the injector
during the injection was 60 ºC, and 0.1 min after injection was programmed to 380 ºC at a rate of 200 ºC min-1
and held for 10 min. The oven was heated from 120 ºC (1 min) to 380 ºC (5 min) at 10 ºC min-1. The
temperature of the transfer line was set at 300 ºC. Bis(trimethylsilyl)trifluoroacetamide (BSTFA) silylation were
used to form the TMS-derivatives. Compounds were identified by comparing their mass spectra with mass
spectra in the Wiley and NIST libraries, by mass fragmentography and, when possible, by comparison with
authentic standards. Peaks were quantified by area, and a mixture of standards (octadecane, palmitic acid,
sitosterol, cholesteryl oleate, and sitosteryl 3β-D-glucopyranoside) with a concentration range between 0.1 and 1
mg/mL, was used to elaborate calibration curves.
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III. RESULTS AND DISCUSSION
The total acetone extractives of wheat straw accounts for 2.7% of dry material. However, the lipohilic content,
estimated as the chloroform solubles is lower and accounts for 2% while the rest (0.7%) correspond to polar
compounds. This content is similar to that reported in other grasses and nonwoody materials [6,7].
The lipophilic extracts from wheat straw were analyzed (as TMS-ether derivatives) by GC-MS using mediumlength high-temperature capillary columns with thin films, according to the method previously described [5].
The GC-MS chromatogram of the TMS-ether derivatives of the lipid extracts from wheat straw is shown in
Figure 1.The identities and abundances of the main lipid compounds identified are detailed in Table 1.
The predominant lipids present in wheat straw were series of fatty acids that accounted for 25% of all identified
compounds, followed by series of free fatty alcohols (ca. 20%). High molecular weight esters of long-chain fatty
acids esterified to long-chain fatty alcohols were also found in significant amounts (11%). Additionally, lower
amounts of other aliphatic series such as n-alkanes, n-aldehydes and glycerides (mono-, di- and triglycerides),
were also observed. Important amounts of β-diketones (10% of all identified compounds) were also found in the
extracts of wheat straw. Steroid compounds (hydrocarbons, ketones, free sterols, sterol esters and sterol
glycosides) were also present among the lipophilic extracts of wheat straw in important amounts, with sterols
accounting for nearly 14% of all identified compounds.

Figure 1. GC-MS chromatograms of the lipid extracts from wheat straw, as TMS-ether derivatives. F(n): n-fatty
acid series; Ak(n): n-alkane series; Ac(n): n-fatty alcohol series; Ad(n): n-aldehyde series; E(n): high molecular
weight ester series; n denotes the total carbon atom number. SE: sterol esters; Trigl: triglycerides. Other
compounds reflected are: 1: campesterol; 2: stigmasterol; 3: sitosterol; 4: 14,16-hentriacontanedione; 5:
campesteryl 3β-D-glucopyranoside; 6: stigmasteryl 3β-D-glucopyranoside; 7: sitosteryl 3β-D-glucopyranoside.
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Aliphatic series
Free fatty acids were the most predominant series, accounting for 2080 mg/Kg. The series ranges from
tetradecanoic acid (C14) to tetratriacontanoic acid (C34), with a strong even-over-odd carbon atom number
predominance, and palmitic acid being the most predominant. The unsaturated oleic and linoleic acids were also
found in important amounts. Free fatty alcohols were the second most abundant class of aliphatic series in wheat
straw, accounting for 1615 mg/Kg. Free fatty alcohols were found in the range from n-docosanol (C22) to ntriacontanol (C30), with a strong even-over-odd carbon atom number predominance, and n-octacosanol being the
most predominant homolog in the series. The series of n-alkanes was present in lower amounts (371 mg/Kg) and
ranged from n-tricosane (C23) to n-tritriacontane (C33), with a strong odd-over-even atom carbon number
predominance and nonacosane being the predominant homolog, followed by hentriacontane. Finally, minor
amounts of n-aldehydes (99 mg/Kg) were identified from n-eicosanal (C20) to n-dotriacosanal (C32), with a
strong even-over-odd atom carbon atom predominance and n-octacosanal being the major compound. The
distribution of aldehydes parallels that of free alcohols, as usually occurs in the plant kingdom and observed in
other plants [6], suggesting that aldehydes are intermediates in the biosynthesis of alcohols from fatty acids [8].
The series of high molecular weight esters occurred in important amounts (915 mg/Kg). This series was found in
the range from C38 to C48 with a strong predominance of the even atom carbon number homologues, and the C44
and C46 analogs being the most abundant ones. A close examination of each chromatographic peak indicated that
they consisted of a mixture of esters of different long-chain fatty acids esterified to different long-chain fatty
alcohols. The identification and quantitation of the individual long-chain esters in each chromatographic peak
was resolved based on the mass spectra of the peaks [6]. Quantitation of individual esters was accomplished by
integrating the areas in the chromatographic profiles of the ions characteristic for the acidic moiety. The
esterified fatty acids ranged from dodecanoic acid (C12) to octacosanoic acid (C28) and the esterified fatty
alcohols from octadecanol (C18) to triacontanol (C30). According to our analyses, the predominant high molecular
weight ester in wheat straw was C44, which was mostly constituted by hexadecanoic acid, octacosyl ester.
Finally, glycerides (mono-, di- and triglycerides), were also found among the lipophilic extractives in wheat
straw, although in lower amounts. Monoglycerides accounted for 127 mg/Kg, and ranged from 2,3dihydroxypropyl tetradecanoate to 2,3-dihydroxypropyl triacontanoate, with a strong even-over-odd carbon atom
number predominance, and with 1-monopalmitin being the most abundant. The unsaturated monoglycerides 1monoolein and 1-monolinolein were also present in minor amounts. Diglycerides were also found in low
amounts (85 mg/Kg), the most abundant being 1,2-dipalmitin and 1,3-dipalmitin. Finally, triglycerides were also
identified and accounted for 198 mg/Kg, dioleoylpalmitin being the most abundant.
β-diketones
The analysis of the lipophilic extractives of wheat straw revealed the presence of important amounts (883
mg/Kg) of a compound with a β-diketone structure. The identification of this compound was achieved based on
its mass spectrum. The molecular ion at m/z 464 indicates that this is a hentriacontanedienone, and the fragments
at m/z 250 and m/z 278 that arise from the McLafferty rearrangement at both sides of the diketone group
followed by loss of water [9] clearly indicate that the structure of this β-diketone is 14,16-hentriacontanedione.
14,16-hentriacontanedione was the second most abundant single compound among the lipophilic extractives in
wheat straw. Minor amounts of 12,14-tritriacontanedione were also present among the lipophilic compounds of
wheat straw. β-Diketones are relatively common constituents of plant waxes and have been identified in the leafs
of different grasses, including wheat straw [7,10].
Steroid compounds
Different classes of steroid compounds were present in the extracts of wheat straw, namely steroid hydrocarbons,
steroid ketones, sterols, sterol glycosides and sterol esters. Free sterols were the most abundant steroid
compounds, accounting for 1135 mg/Kg. Sitosterol was the most important sterol, together with campesterol and
stigmasterol. Minor amounts of sterols were found esterified forming sterol esters (70 mg/Kg), sitosteryl
palmitate being the most important one. Sterol glycosides were also identified in important amounts (680
mg/Kg). Sitosteryl 3β-D-glucopyranoside was the most predominant with lower amounts of campesteryl and
stigmasteryl β-D-glucopyranosides. The identification of sterol glycosides was accomplished (after BSTFA
derivatization of the lipid extract) by comparison with the mass spectra and relative retention times of authentic
standards [11]. Steroid ketones were observed in low amounts (88 mg/Kg) and consisted mainly of stigmasta4,22-dien-3-one, stigmasta-3,5-dien-7-one, ergost-4-ene-3,6-dione, stigmast-4-ene-3,6-dione, ergostane-3,6dione, stigmastane-3,6-dione, stigmasta-4,22-diene-3,6-dione, and stigmast-22-ene-3,6-dione. Finally, minor
amounts of steroid hydrocarbons (16 mg/Kg) were also identified, stigmasta-3,5-diene being the most important
one, and with lower amounts of ergosta-3,5-diene, stigmasta-3,5,22-triene, stigmasta-4,22-diene and stigmasta3,5,7-triene. Most probably, these steroid hydrocarbons might arise from degradation of free and conjugated
sterols, either within the plant or during the lipids isolation and/or analysis.
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Table 2.Composition and Abundance (mg/Kg fiber, d.a.f.) of Main Lipids
Identified in the Extracts of Wheat Straw
Compound
n-Fatty acids
n-Fatty alcohols
n-Alkanes
n-Aldehydes
High molecular weight esters
Monoglycerides
Diglicerides
Triglycerides
β-Diketones
Steroid hydrocarbons
Steroid ketones
Sterols
Sterol glycosides
Sterol esters

Abundance
2080
1615
371
99
915
127
85
198
883
16
88
1121
680
70

IV. CONCLUSIONS
The present paper provides a detailed description of the lipophilic compounds in wheat straw, which is a highly
valuable information for a more complete industrial utilization of this lignocellulosic material.
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ABSTRACT
Grape stalks are the massive by-product of winemaking composed essentially of cellulose (ca 30%),
hemicelluloses (ca 20%), lignin (ca 18%), tannins (ca 16%) and proteins (ca 6%) and could be an
interesting source of solid biomass for energy needs. Among others agriculture residues (e.g. wheat straw
or corncobs), grape stalks contain the relatively low ash content (2.90%), which is, however, ten times
higher than in softwoods (e.g. spruce or pine). In this work grape stalks were evaluated for the first time
as a pelletized solid fuel and compared with those produced from softwood. It was found that the specific
energy consumption for pelletizing of grape stalks was approximately 25% lower when compared to that
for softwood sawdust. The bulk density of produced grape stalks pellets (670 kg/m3) was similar to that of
pellets produced from softwoods (660 kg/m3), whereas the particle density was slightly higher for grape
stalks than for softwood pellets (1129 against 1098 Kg/m3). The durability of pellets from grape stalks
and softwood was practically the same: 95.8% and 95.6%, respectively. The grape stalks’ higher heating
value was of 16.7 MJ/kg, which is slightly lower than that obtained for softwood (18.2 MJ/Kg).

I. INTRODUCTION
The present global energy model is mainly based on the use of fossil fuels. However, the growing demand
for energy, the high dependence on fossil fuels and the negative impacts on the environment has led the
European Union (EU) to review its energy policy strategies. Several reasons have prompted the EU to
revise this policy, including: increased use of renewable energy sources in order to reduce carbon dioxide
(CO2) emissions, the need to reduce on imported energy sources and the diversification of energy sources
and increased international cooperation [2]. The Energy Policy Strategy for 2020 of the European
Commission predicts increased use of renewable resources in the energy system. The projections based
on renewable energy in the EU includes biomass, which should represent more than 50% renewable
energy supply in the EU-27 in 2020 [3]. The utilization of biomass as an alternative to fossil energy
sources has emerged recently for domestic heating and electric energy production. Within classes of
biomass, forest biomass and agricultural biomass take prominent roles. Agriculture biomass such as,
residual stalks, straw, leaves, roots, husk, nut or seed shells, is widely available, renewable, and virtually
free. Despite there is an emerging trend in the use of biomass and conversion technologies (combustion,
gasification, pyrolysis, pelletization, etc.), the agriculture biomass is still largely under-utilized
(abandoned in fields and in water lines or burned openly in the fields), especially in countries lacking
strong regulatory instruments to control polluting practices [4]. These polluting practices are damaging to
the environmentally and to human health (propagation of odors and fires, disease transmission,
contamination of soils and aquifers, etc) and for this reason it is urgent to valorize this type of biomass.
The potential of biomass from agricultural sector as an energy source, including the by-products of wine
making process, is not enough studied. In particular, grape stalks are the massive by-product of
winemaking composed by cellulose (ca 30%), hemicelluloses (ca 20%), lignin (ca 18%), tannins (ca 16%)
and proteins (ca 6%) [5]. In apriori, this agricultural residue could be an interesting source of solid
biomass for energy needs. Hence the main goal of this work was the evaluation of grape stalks as a
pelletized solid fuel.
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II. EXPERMENTAL
2.1. Raw materials
Grape stalks of the variety Vitis vinifera L. (Touriga Nacional) used to produce pellets in this study were
supplied by Tavfer Group (Quinta do Serrado in Penalva do Castelo in Dão Region of Portugal). The raw
material was collected after mechanical destemming, which separate the grapes from woody fraction
(grape stalks), and was dried at room temperature. Softwood (essentially spruce) sawdust with small
proportion of pine sawdust of ca 1mm fraction were prepared in the laboratory.
2.2 Chemical analyses
The elemental composition, the ash content, the moisture content and the sulphur content of grape stalks
biomass were determined according to EN 15104:2010, EN 14775:2009, EN 14774-1: EN 15289
standards, respectively.
2.3 Pelletizing and pellets analysis
Before pelletizing, grape stalks were grinded in a hammer mill AGICO TSF420C with screening hole
diameter of 3.5 mm. The biomass was granulated using a flat die laboratory press KAHL 14-175. The die
hole diameter was 6.0 mm and the channel length of 24 mm. The pellets were produced without any
additives or adhesives. The durability and bulk density values of pellets obtained were determined
according to EN 15210-1:2009 and 2011 EN 15103:2009, respectively. The higher heating values (HHV)
were determined according to ISO 1928:2009 using PARR 1341 Oxygen Bomb calorimeter. TGA and
DTA analyses were realized for samples grinded in a ball Mixer mill Retsch MM 200 and dried in an
oven using the Mettler Toledo Star System TOA/SDTA 851 at a heating rate of 10 K/min, air flow rate of
50 mL/min and sample weight of ca 8 mg.

III. RESULTS AND DISCUSSION
3.1 Element composition of grape stalks and fuel characteristics
Table 1 shows the results on elementary analysis and heating values of grape stalks and commonly used
in the European market softwood sawdust (spruce/pine mixture) taken for the comparative reasons. In
addition, the literature data on grape pomaces have been also presented. The contents of C and H detected
for grape stalks are quite similar to those observed for softwood. The nitrogen content in grape stalks is
slightly higher than for spruce wood, but lower than that reported for grape pomaces by other researchers
(Table 1). Hence, it could be expected that grape stalks will not cause problems of excessive NOx
emissions. The sulfur content observed for the grape stalks is very low compared to the percentages
reported by other authors for grape pomaces. The low sulfur content avoids the generation of
toxic/corrosive SOx emissions derived from sulphur during the combustion process. The ash content in
grape stalks was of 2.9%, a much higher value when compared to woods, but a rather low value when
compared to typical agriculture residues such as wheat straw [1]. Note worthy that the heating values of
grape stalks and softwood sawdust were close each other (Table 1).
Table 1. Quality parameters on DM of biomass used for the pelletizing.

Characteristics

Softwood

Grape stalks

Carbon content, %
Hydrogen content, %
Nitrogen content, %
Sulphur content, %
Ash content, %
Higher heating value , MJ/kg
Lower heating value. MJ/kg

49.6
6.4
0.2
<0.05
0.37
19.6
18.2

50.1
6.1
1.1
<0.05
2.90
19.1
17.8
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Other literature references
Grape pomace
Grape pomace
[6]
[7]
47.2
42.9
6.33
9.28
2.37
2.05
0.14
0.17
5.30
7.47
18.20
19.54
16.37
-
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Thermogravimetric analysis has been employed to study the thermal behaviour of biofuels. The thermal
analysis in air atmosphere (Figure 1) revealed three major stages of weight loss for grape stalks and
softwood sawdust. The first stage takes place at temperatures around 373 K and is attributed to the water
evaporation present in the sample, while the second stage (523-632 K) and the third stage (632-725 K)
corresponds to the phases of combustion process. The first combustion phase was assigned to gasification
stage accompanied by volatile combustion (oxidation) in gaseous phase (523-632 K) and the second to
the heterogenic oxidation of charcoal residue (632-725 K). The maximum rates of volatile combustion
and charcoal residue oxidation were achieved at ca 583 K and ca 663 K for grape stalks and at ca 593 K
and ca 723 K for softwood, respectively. It was suggested that the complete thermodegradation of grape
stalk proceeds faster than spruce wood and the char combustion proceeds at lower temperature.
According to DTA analysis (curves are not shown) the total amount of heat released by volatile
combustion of grape stalks was almost 30% less than that released by combustion of softwood, whereas
the total amount of heat released by char oxidation was similar for both types of biomass sources. The
incomplete combustion of volatiles at grape stalks combustion was suspected.
120
2
Spruce wood
Grape stalk

80

Spruce wood
Grape stalk

1,6

dm/dt, mg/min

Residue, %

100

60
40

1,2
0,8
0,4

20

0

0
300

400

500

600

700

800

900

400

500

600

700

800

T, K

T, K

Figure 1. TGA (left) and DTG (right) curves of grape stalks and spruce wood in air.
The results of analyses on densified/pelletized biomass obtained in this study are summarized in Table 2.
Under optimized conditions of pelletizing, the moisture content in grape stalks pellets was higher than in
pellets from softwood though been in the optimal range of moisture content for biomass (between 10 and
20%). The water content is an important parameter because it has an influence on the basic parameters of
fuel, such as calorific value, combustion efficiency, temperature of combustion, and also affecting the
storage conditions and durability [8].
Table 2. Physical characteristics of grape stalks and spruce pellets.

Parameters

Softwood pellets

Grape stalk
pellets

Water content, %
Higher heating value, MJ/kg
Lower heating value, MJ/kg
Length, mm
Diameter, mm
Bulk density, kg/m3
Particle density, kg/m3
Energy density, MWh/m3
Durability, %
Specific energy consumption for
pelletizing on DM, kWhe/kg

8.10
18.2
16.6
16.7±2.5
6.06±0.04
660±10
1098±47
3.05
95.6

12.6
16.7
15.3
17.4±1.2
5.89±0.07
670±2
1129±47
2.85
95.8

0.137

0.110
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The grape stalks pellets have shown that its particle density, bulk densities and durability values are
similar to pellets produced from softwood sawdust. The HHV of grape stalk pellets was 16.7 MJ/kg, a
slightly lower value than that one obtained for spruce wood pellets (18.2 MJ/kg). The lower value can be
explained by higher content of water (12.6%) and ash (near 3%). Interestingly, the specific energy
consumption for pelletizing of grape stalks is approximately 25% lower when compared to that for
softwood sawdust. The lower specific energy consumption for pelletizing together with the low cost of
the raw material acquisition makes grape stalks one of the promising raw materials for the pelletized fuel
from agricultural biomass.

IV. CONCLUSIONS
The physical properties and energetic value of pellets from grape stalks were evaluated and compared
with those of pellets prepared from softwood sawdust. For the main physical properties (bulk/particle
density and durability) and heating value, pellets from grape stalks were very close to pellets prepared
from softwood, but required almost 25% lower energy for pelletizing. Last fact together with low cost of
raw material make grape stalks as an attractive raw material for the production of granulated solid fuel
However, the increased ashes content could affect the operating comfort for end users in the residential
heating sector and the comparative environmental impact (e.g. emission factors) from grape stalks pellets
burning need to be evaluated.
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ABSTRACT
In this work, approximately200 different genotypes of Eucalyptus globulus with age between 6 and 8 years old
from two different provenances in the Biobio Province (Chile) were sampled for chemical characterization. A set
of 50 samples was characterized by acid hydrolysis (Klason method) and the other 150 samples by analytical
pyrolysis (Py-GC/MS). Chemometric analyses of the data were performed using Principal Component Analysis
(PCA) and Partial Least Squares regression (PLS). By this procedure, it was possible to establish predictive
models for the chemical composition based on the combination of the information generated by pyrolysis and
PLS. By PCA, it was also possible to segregate the samples by provenance based solely on the analytical
pyrolysis data. The application of this methodology allowed the use of the technique as a tool for fast
determination of chemical composition and classification of wood for breeding programs and industrial uses.

I. INTRODUCTION
Eucalyptus genus is an important raw material for the pulp and paper industry worldwide and, specifically in the
case of Chile,E. globulus is the main species. Its main characteristics are fast growth, high quality of fiber and
pulp, and easy adaptation to new agricultural land [1]. Actually, genetic improvement programs for E. globulus
in Chile were based mainly on volumetric growth and form of tree. Remarkable efforts have been dedicated to
select and develop genotypes with emphasis on increasing yield and quality of pulp. The selection and use of
highly sensitive analytical techniquesto determinechemical composition and structural differences in wood
coming from different genotypes is a need in clonal selection programsfor tree improvement. Due to the great
number of samples generated in these studies it is necessary to develop rapid prediction methods of the most
important features. In this work, analytical pyrolysis [2] was used as a tool for chemical characterization of
different genotypes of E. globulus. The information generated was analyzed by chemometric tools [3] with the
aim todetermine not only the chemical compositionbut also the classification of the samples based on the
provenance site.

II. EXPERIMENTAL
Eucalyptus globulus samples (200genotypes) were obtained from commercial plantations (Figure 1) located in
(A) coast and (B) middle valley of the Bio-Bio Region (southern of Chile).

Figure 1. Sampling sites of commercial plantations of Eucalyptus globulus in the Bio-Bio Region.
Incremental cores of each tree were obtained at diameter breast height (DBH) and were ground to 40/60 mesh
and extracted with 90% acetone. For Klason analysis, 150 mg of milled wood and 1.5 mL 72% H2SO4 was
added to a test tube and hydrolyzed in a water bath at 30°C for 1 h [4]. The acid was diluted to a final
concentration of 4% and the mixture was autoclaved at 121°C for 1 h.The residue material was cooled and
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filtered on Gooch No. 4. The solids were dried to constant weight at 105°C and the result reported as insoluble
lignin. The concentration of the soluble lignin was determined by measuring absorbance at 205 nm and using the
value of 110 L / g.cm and the absorptivity of the soluble lignin [5].The concentration of monomeric sugars in the
soluble fraction was determined by HPLC using a BioRad HPX-87H column at 45°C, with 0.005 mol / L of
sulfuric acid at 0.6 mL/min.Analytical pyrolysis was performed using a CDS AS-2500 autosampler for 36
samples (CDS Analytical). Approximately 100 μg was weighed into a quartz tube of 2 mm x 40 mm. Pyrolysis
was carried out at 550°C for 10 s.The pyrolysis chamber was maintained at 250°C and purged with helium gas in
order to transfer the products of pyrolysis to the column of the gas chromatographer (Agilent 6890). The column
was of fused silica (DB-1701, 60 m x 0.25 mm x 0.25 mm thickness) coupled to an Agilent 5973N mass
detector. The chromatograph was programmed from 50°C (4 min) to 280°C at a rate of 4°C/min. The final
temperature was maintained for 15 minutes. The injector temperature was 250°C while the GC/MS interface was
maintained at 280°C.The generated fragments are separated by gas chromatography and the products identified
by mass spectrometry. In the pyrograms obtained from the different samples it was possible to identify
compounds associated to the lignin and carbohydrates degradation [6].The Unscrambler 9.7 software (CAMO)
was used to perform chemometrics and multivariate analysis of each chemical property measured and to classify
the samples by provenance.
III. RESULTS AND DISCUSSION
A typical pyrogram obtained for the eucalyptus samples analyzed is shown in Figure 2. Based on the chemical
characterization by the Klason method and with the data of the pyrograms, multivariate regression analysis were
performed and allowed the development of prediction models for the amount of glucose, xylose and lignin for
the samples of the difference provenances, as shown in Figure 3 for site A and Figure 4 for site B.

Figure 2. Typical pyrogram obtained for the Eucalyptus globulus genotypes.

Prediction models with high correlations for the three chemical properties were obtained by the PLS analysis of
the pyrolytic data. For site A, correlations for calibration and validation models were, respectively, 0.92 and 0.76
(glucose),0.89 and 0.56 (xylose),0.96 and 0.62 (lignin). For site B, correlations for calibration and validation
models were, respectively, 0.87 and 0.63 (glucose), 0.84 and 0.70 (xylose), 0.82 and 0.72 (lignin).

b

a

c

Figure 3. Multivariate calibration (PLS) for (a) glucose, (b) xylose and (c) lignin for samples of site A.
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a

b

c

Figure 4. Multivariate calibration (PLS) for (a) glucose, (b) xylose and (c) lignin for samples of site b.

The prediction models based on analytical pyrolysis were applied for all the samples and the range of chemical
characteristics determined is shown Table 1. A wide variation in the main chemical traits is observed, showing
that is possible to use this information for further genetic improvement of the species.
Table 1. Range of values for the chemical characteristics for Eucalyptus globulus samples from sites A and B.

A

B

Glucose(%)

47- 52

47-60

Xylose (%)
Lignin (%)

21-27

14-22

23-28

21-35

All the chemical data obtained were also analyzed by PCA, and it was possible to obtained a clearly separation
of the sample from sites A and B based solely in the chemical information from the analytical pyrolysis and
multivariate analysis using 2 principal components that explained more than 90% of the variance (Figure 5).

A

B

Figure 5. Principal component analysis (PCA) of Eucalyptus globulus samples from sites A and B using data
obtained by analytical pyrolysis and PLS.
IV. CONCLUSIONS
•

Py-GC/MS associated with chemometric tools is a method able to be used for predicting chemical
properties of wood.

•

High correlationsfor calibration and validation were found for glucose, xylose and lignin content in
Eucalyptus globulus after multivariate regression of analytical pyrolysis data.

•

Py-GC/MS and multivariate methods were useful for classification of wood samples based on site
origin and can a tool for ranking and selection genotypes for improvement and industrial use.
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ABSTRACT
The effects on fibre surface produced by the laccase-mediator system on softwood sulphite fibres were analysed
in terms of surface crystallinity using thermogravimetric analysis. The starting pulp presented low content of
lignin and hemicelluloses and these characteristics were clearly reflected on TGA graphs, indicating a clean and
crystalline surface. Unbleached sulphite pulps were subjected to a biobleaching process using the well-know
laccase-mediator system (LMS). From all studied mediators, violuric acid, VA, was the most efficient
biobleaching compound. By contrast, HBT also provided a good delignification but affected negatively the fibre
“surface”. The natural mediators, SA and PCA were not grafted on sulphite pulp unlike what have been observed
with other raw materials. These observations led to the development of an extended biobleaching sequence
named LVAQPo, using a laccase from Trametes villosa in combination with VA as a mediator. The
characterization of treated pulp in terms of dissolving pulp characteristics showed that this enzymatic sequence
could satisfy the market-like requirements. In addition, TGA results showed that the introduction of an
enzymatic stage let to reduce the adverse effect caused by a hydrogen peroxide treatment in terms of pulp
crystallinity.
I. INTRODUCTION
Recently, several studies have shown that enzymatic and chemical bleaching treatments modify the structure and
ultrastructure of fibres surfaces. These investigations suggested that laccase-mediator system is able to interact
on fibre surface in several ways: can produce deposits on fibre surface as a result of mediator condensation, can
promote the grafting of the mediator on lignin surface or can lead to oxidative degradation of lignin. The
adsorption of laccase on fibre surface has been proved by Saarinen et al. [1] using a quartz crystal microbalance,
and by Barneto et al. [2] using XPS (X-ray photoelectron spectroscopy) and thermogravimetry analysis (TGA).
XPS technique shows an increasing of nitrogen in fibre surface after enzyme treatment, and TGA provides
information on the thermal degradation behaviour of surface and interior of cellulose, showing an increase of
cellulose that degrades at low temperature.
In order to understand the effect of laccase adsorption on the thermal degradation of pulps, it is necessary to take
into consideration that fibre contains amorphous and crystalline celluloses. In higher plants, cellulose is present
as long bundles of cellulose polymer chains called microfibrils. In each one, there are crystalline and amorphous
zones. Within crystalline cellulose region (so-called cellulose crystallite), cellulose chains form planes in which
equatorial hydroxyl groups of pyranose rings are hydrogen bonded. The amorphous cellulose, which consists of
non-ordered cellulose chains, is mainly located between cellulose crystallites in microfibrils. Studying the
thermal degradation of bleached pulp, two phases are clearly observed. First, amorphous cellulose is degraded
(close to 300 ºC) and subsequently crystalline cellulose, yielding fast mass loss at higher temperature (close to
350 ºC). Differences or changes of surface and interior cellulose are reflected in the thermal degradation profiles.
Therefore, TGA is an interesting technique to monitor changes that cellulose surface fibres underwent during
pulping and biobleaching processes [3]. In the present work, thermogravimetric analysis was used to evaluate the
alterations of surface fibre during an enzymatic bleaching treatment of sulphite pulps [4].
Initially, the potential of different compounds, namely 1-hydroxybenzotriazole (HBT), violuric acid (VA),
syringaldehyde (SA) and p-coumaric acid (PCA) in combination with a laccase from Trametes villosa were
extensively studied. Then, an extended biobleaching sequence, termed LVAQPo, was developed in order to meet
dissolving pulp characteristics by means of enzymatic treatments.
II. EXPERIMENTAL
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Raw material
Unbleached sulphite cellulose obtained from a mixture of 60% spruce (Picea abis) and 40% pine (Pinus
sylvestris) and cooked at Domsjö mill (Sweden) was used as a raw material. The carbohydrate composition of
the initial pulp, determined by high-performance liquid chromatography (HPLC), were as follows: 90.2 ± 0.38%
glucan, 4.3 ± 0.1% mannan, 2.1 ± 0.06% xylan, 0.8 ± 0.0% glucuronic acid, 0.04 ± 0.01% acetyl groups and 1.6
± 0.1% klason lignin.
Biobleaching treatments
Unbleached sulphite pulps were subjected to an enzymatic stage (L) followed by a chemical bleaching stage (P)
resulting in a biobleaching sequence named LP.
In the enzymatic stage (L), a commercial laccase from Trametes villosa was used in combination with the natural
mediators, syringaldehyde (SA) and p-coumaric acid (pCA), and the synthetic mediators, 1hydroxybenzotriazole (HBT) and violuric acid (VA). All treatments, at 5% pulp consistency, were conducted in
an pressurized oxygen reactor (0.6 MPa), at stirring rate of 30 rpm, using 50mM sodium tartrate buffer at pH 4, a
laccase dose of 20U/g odp (oven dried pulp) and a dose of 1.5% odp of each mediator, at 50ºC for 4h. A few
drops of the surfactant Tween 20 (0.05% w/v) were also added. The sequence was completed with a chemical
bleaching stage involving alkaline peroxide bleaching procedure. Fibre samples, at 5% consistency, were treated
with 2% odp H2O2, 1.5% odp NaOH, 1% odp DTPA and 0.2% odp MgSO4 in a Datacolor Easydye AHIBA
oscillating individual reactor at 90ºC for 2h [4]. After each stage, residual liquors were collected for subsequent
analysis, and pulp samples filtered and extensively washed for further processing. A conventional hydrogen
peroxide bleaching treatment, i.e. a P stage applied directly to the starting pulp, was also performed in order to
compare the bleaching efficiency of the laccase–mediator system in combination with a hydrogen peroxide
bleaching stage. Complementary, a laccase control treatment named KL, with no presence of mediator. Finally,
an extended biobleaching sequence, LVAQPo (being Q a chelating stage and P a hydrogen peroxide stage
reinforced with pressurized oxygen) was intensely studied.
Characterization: surface and bleaching properties.
The effects of the respective bleaching treatments produced on fibre surface were analysed by thermogravimetric
analysis (TGA). Additionally, the crystallinity of the different pulps was determined by X-Ray Diffraction
(XRD) measurements. The experimental XRD signal was fitted by means of gaussian distributions, which
include amorphous background. Therefore, the crystallinity values were calculated as the ratio between the area
of the crystalline cellulose peaks and the total area, which includes the amorphous background contribution.
In terms of bleaching properties, the pulp changes resulted from the bleaching treatments were evaluated via
kappa number, cellulose integrity (viscosity), ISO brightness and colour coordinates (CIE L*a*b*), and alpha
cellulose, according to ISO 302:2004, ISO 5351:2004, ISO 2470:2009 and TAPPI method T-203 cm-99.
III. RESULTS AND DISCUSSION
In the present work, natural and synthetic mediators in combination with a Trametes villosa laccase were applied
to softwood sulphite fibres in order to assess their potential for meeting dissolving pulp characteristics.
In terms of cellulose integrity, the enzymatic treatment caused no significant change in viscosity, which was only
6% lower after the L stage, with respect to initial pulp (Table 1). This finding reflects that the incorporation of
LMS treatment boosted biodelignification (i.e. diminution of the lignin content) without degrading carbohydrate
chains. However, after a hydrogen peroxide (P) stage, the degradation of cellulose was more pronounced, which
in turn resulted in a greatest reduction of lignin content and a marked increase of ISO brightness (data not
shown). As known from the literature, viscosity is an important parameter for dissolving pulp applications.
Importantly, during the viscose process, final quality rayon requires viscosity values in the 200–300 mL/g range
[5]. Relevantly, all treated pulps, at the end of the bleaching sequence (i.e. L stage followed by a P stage)
presented higher values of viscosity (data not shown). In terms of ISO brightness, a brightness loss was observed
after the laccase treatment (L) for all tested compounds. These observations may indicate the coexistence of
lignin removal with condensation and oxidation of compounds from the mediator effluents or formation of
chromophores groups in the pulp. Nevertheless, this negative effect was overcome due to a hydrogen peroxide
stage, but with the important benefit that higher values of brightness than a conventional hydrogen peroxide
stage were achieved. Altogether, VA exhibited the best results in all studied properties and was suggested as a
potential industrial application.
Table 1. Viscosity and ISO brightness results obtained after an enzymatic stage (L) for each mediator. Initial
value is also included.
Viscosity (mL/g)
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ISO brightness (%)

© CSIC © del autor o autores / Todos los derechos reservados

13th European Workshop on Lignocellulosics and Pulp

Initial

511 ± 19

61.25 ± 1.0
L stage

KL

492 ± 6

60.85 ± 0.2

PCA
SA
HBT

494 ± 18
490 ± 20
480 ± 2

51.20 ± 0.5
52.10 ± 0.2
55.60 ± 0.3

VA

509 ± 8

56.70 ± 0.4

The respective characteristics of initial unbleached sulphite pulp were clearly reflected in thermogravimetric
curves. As can be seen from Figure 1, initial pulp presented a sharp peak around 300-350ºC indicating high
content of crystalline cellulose. Furthermore, the absence of a shoulder at low temperatures (~250ºC) pointed out
the low content of hemicelluloses, which is consistent with carbohydrate composition of pulp. According to our
results, the action of tartrate buffer on softwood sulphite pulps is proposed as a cleaning effect on fibre surface
(i.e. peaks are shifted to higher temperatures) rather than being adsorbed on pulp surface, as other authors
described elsewhere [3, 6]. On the contrary, the respective enzymatic treatments shifted all the
thermogravimetric curves to lower temperatures and as a result the amount of crystalline cellulose was reduced.
In particular, the damages on pulp surface provided by laccase-HBT treatment were significantly greater than
pulps treated with the other mediators. According to Barneto et al. [2], the laccase-HBT system partially oxidizes
the external cellulosic layer, changing hydroxyl groups to carbonyl groups, disordering crystalline surface and
increasing the paracrystalline cellulose content (i.e reduction of peak height).

Figure 1. Changes in the thermal degradation pathway for the initial pulp during the biobleaching process at
10ºC/min in an air atmosphere. Mass loss rate was normalised to the initial mass of sample
The effect of a full-biobleaching sequence (LVAQPo) on fibre surface was also studied using thermogravimetric
analysis. In the course of biobleaching process, pulp underwent surface changes (Figure 2), appearing a
drastically reduction of cellulose that degrades at high temperature and an increase of cellulose that degrades at
low temperature when a hydrogen peroxide treatment is introduced. Overall, the LVAQPo sequence offered
biobleached fibres with dissolving pulp characteristics and with better surface features than commercial
dissolving pulps.
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Figure 2. DTG curves for pulps in different steps of biobleaching process. Heating rate 20 ºC/min. Environment:
air. LVA (enzymatic treatment), LVAQPo (enzymatic stage and pressurized hydrogen peroxide stage), KQPo
(control treatment), Po (conventional treatment) and commercial bleached dissolving pulp.
IV. CONCLUSIONS
Natural and synthetic mediators used in combination with Trametes villosa laccase were evaluated in terms of
bleaching and fibre surface properties. In contrast to other pulps, the natural mediators were not grafted on the
sulphite fibres and did not produce a delignification effect. These observations were also confirmed by TGA
analysis since no changes on fibre surface were detected. Synthetic mediators, SA and VA, contributed to
delignification being the latter the best. Moreover, according to TGA results, VA exhibited better fibre surface
characteristics than HBT. Complementary, a completed biobleaching sequence was conducted and compared
with a simple hydrogen-peroxide treatment in terms of dissolving pulp characteristics, showing that this
enzymatic sequence could satisfy the market-like requirements.
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ABSTRACT
Unbleached sulphite cellulose was subjected to an LQPo biobleaching sequence with the intention to elucidate
the potential of LMS as an alternative to conventional bleaching processes. The enzymatic stage (L) was
performed with the presence of Trametes villosa laccase and violuric acid. This enzymatic stage was followed by
a chelating stage (Q) and then by a hydrogen peroxide stage reinforced with pressurized oxygen (Po). The
outstanding results obtained with laccase-violuric acid system fulfil the characteristics of commercial dissolvinggrade pulp (high reactivity, high ISO brightness, preserved cellulose integrity and low content of hemicellulose).
Additionally, the enzymatic treatment saved 2h of reaction time and about 70% of hydrogen peroxide
consumption, relative to a conventional hydrogen peroxide sequence (Po).
I. INTRODUCTION
According to FAO (2012) [1], demand for dissolving pulp has grown rapidly in latest years and the prospective
consumer markets indicate that this trend will continue in the next decades. Importantly, these pulps have
traditionally been used in the production of viscose filament and viscose staple fibres. But, the recent interest in
this high-purity bleached pulp can be attributed to the new end-uses that have provided, such as cellulose based
casings and sponges, thickeners in food and paints, capsules for medicine, among others. In addition, agricultural
restrictions on cotton cultivation and the fact that dissolving pulp can be an environmentally friendly alternative
to synthetic fibers have also contributed to this market upturn.
Dissolving pulps are characterized by a high content of cellulose, low amount of hemicellulose (<10%) and
traces of residual lignin, extractives and minerals. These particular features can be obtained by a sulphite or a
pre-hydrolysis kraft cooking process. However, these two long-established procedures present some
disadvantages in terms of economic cost, chemical consumption and production rate [2]. Hence, the increasing
interest to convert paper-grade pulps into dissolving-grade pulps. There are new alternatives that have been
studied in order to carry out this modification, in particular, biotechnological procedures using cellulases and
xylanases [3,4,5]
Based on the above observations, the aim of this work was to explore new bleaching possibilities of unbleached
sulphite cellulose using the well-known Laccase-Mediator System. This biobleaching sequence was proposed as
a potential alternative to traditional bleaching process.
II. EXPERIMENTAL
Raw material
Unbleached sulphite cellulose obtained from a mixture of 60% spruce (Picea abis) and 40% pine (Pinus
sylvestris) and cooked at Domsjö mill (Sweden) was used as a raw material. The main characteristics of the
starting pulp were as follows: 5.3 ± 0.12 kappa number, 58.65 ± 0.6% ISO brightness, 552 ± 8mL/g viscosity
and no presence of hexenuronic acids (HexA). Carbohydrate contents, as determined by high-performance liquid
chromatography (HPLC), were as follows: 90.2 ± 0.38% glucan, 4.3 ± 0.1% mannan, 2.1 ± 0.06% xylan, 0.8 ±
0.0% glucuronic acid, 0.04 ± 0.01% acetyl groups and 1.6 ± 0.1% klason lignin.
Biobleaching sequence: LQPo
A biobleaching sequence named LQPo was performed. In the first stage, a laccase from Trametes villosa in
combination with violuric acid (synthetic mediator) were used. The enzymatic treatment, at 5% pulp consistency,
was conducted in an oxygen pressurized reactor (0.6 MPa), at stirring rate of 30 rpm, using 50mM sodium
tartrate buffer at pH 4, a laccase dose of 20U/g odp (oven dried pulp) and 1.5% odp of mediator at 50ºC for 4h.
Then, treated pulp was washed with deionized water and was followed by a Q stage involving the use of
chelating agents to reduce the contents in metal ions (Fe2+, Cu2+, Mn2+) capable of degrading the bleaching
agents and cellulose during the subsequent peroxide bleaching treatment. The biobleaching sequence was
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completed with a chemical bleaching stage involving alkaline hydrogen peroxide bleaching procedure (Po). The
treatment was carried out at 5% consistency in oxygen pressurized (0.6 MPa) reactor, using a stirring rate of 30
rpm under the following conditions: 1.5% odp NaOH, 0.3% odp DTPA and 0.2% odp MgSO 4 at 90ºC for 4h.
This stage was performed in three consecutive steps (Po1 = 1h, Po2 = 1h, Po4 = 2h) each involving the addition of
10% odp H2O2 and no interstep washing. The mentioned biobleaching sequence was compared with a
conventional hydrogen peroxide treatment (Po) where the enzymatic stage was omitted, in order to elucidate the
effect of an enzymatic stage (L) for a prospective industrial application. A control sequence with no presence of
laccase neither mediator was also performed (KQPo) as a reference[6].
Pulp characterization
On one hand, treated pulps were characterized via bleaching properties: kappa number, viscosity, ISO
brightness, brightness stability (aging treatments), hydrogen peroxide consumption and effluent properties
(colour, toxicity and residual laccase activity). On the other hand, pulps were evaluated in terms of dissolving
pulp characteristics: carbohydrate composition, cellulose reactivity, alpha cellulose and alkali solubility.
III. RESULTS AND DISCUSSION
Table 1 shows the values of kappa number and ISO brightness for the respective bleaching treatments.
Concerning brightness results, despite the drop in brightness observed after the enzymatic stage (L), the laccase–
VA system was more efficient in raising pulp brightness at the end of the whole sequence than was the control
sequence (KQPo) or even the conventional bleaching sequence (Po). In fact, the control and conventional
sequence required three additions of H2O2 and 4h of reaction while the enzymatic sequence needed only one
addition of H2O2 and 1h of reaction to reach similar values. In terms of lignin content, the laccase–VA system
efficiently reduced kappa number from 5.3 to 2.3 after the enzymatic stage. The kappa number reduction can be
directly ascribed to the removal of residual lignin, since the starting pulp contained low amount of xylan (2%),
so the presence of no hexenuronic acids did not contribute to these results. The enzymatic sequence (LQPo)
caused 56% delignification after the L stage; however, the buffering stage of the control sequence (KQPo) also
afforded 13% delignification with respect to the initial pulp. Therefore, the actual delignification contributed by
the laccase–mediator stage in the LQPo sequence was about 43%. The delignifying effect of Po 1 step with
respect to the previous stage in the LQPo sequence was 79%. The marked decrease obtained after Po 1 step was
directly due to the laccase–VA system since the control sequence (KQPo) only provided 56% delignification
after KQPo1. The conventional hydrogen peroxide process (Po) caused 61% delignification at Po 1 relative to the
initial pulp, but failed to reach the same brightness level as the LQPo1 sequence. This result further confirms the
boosting effect of L stage and the alkaline pH used in the Po stage facilitated the dissolution of degraded lignin.

Table 1. Kappa Numbre values (± confidence interval) and ISO Brightness values (± confidence interval) for
LQPo (enzymatic sequence), KQPo (control sequence) and Po (conventional bleaching sequence).
Initial

L/K
Q
Po1
Po2
Po4

KN : 5.3 ± 0.12
LQPo
KN
ISO Br (%)
2.3 ± 0.06
55.45 ± 0.4
2.5 ± 0.07
56.85 ± 1.0
0.5 ± 0.33
84.20 ± 0.2
0.6 ± 0.37
87.50 ± 0.1
0.2 ± 0.00
89.15 ± 0.1

ISO Br (%): 58.75 ± 0.6
KN
4.7 ± 0.18
4.2 ± 0.19
1.9 ± 0.24
1.1 ± 0.00
1.0 ± 0.21

KQPo
ISO Br (%)
55.0 ± 1.0
57.85 ± 0.5
77.95 ± 0.1
83.06 ± 0.1
84.40 ± 0.2

Po
KN
2.1 ± 0.35
1.9 ± 0.04
1.5 ± 0.00

ISO Br (%)
76.10 ± 0.3
81.80 ± 0.3
84.0 ± 0.05

Figure 1 depicts the evolution of ISO Brightness values when treated pulps are subjected to a moist heat aging
treatment. The particular characteristics of starting pulp (i.e. no presence of hexenuronic acids and low content of
lignin) showed high brightness stability when were thermally aged [7]. Concerning this observation, the control
treatment (K) only suffered 0.3% brightness loss but, the LVA treatment underwent a 10.1% brightness loss.
These results suggested that the enzymatic treatment generated amounts of chromophores or oxidizable
structures, which in turn resulted in increased reversion of optical properties. However, the final brightness loss
detected for LVAQPo4 and KQPo4 after an aging treatment, was very similar in both cases (13.0% and 12.2%,
respectively), suggesting that the chromophore groups created during the laccase treatment were removed or
modified along the hydrogen peroxide stage (Po). Importantly, the enzymatic biobleaching sequence achieved
the highest brightness value (89% ISO) and without detriment to brightness stability.
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Figure 1. Effect of accelerated ageing by moist heat treatment on ISO brightness for initial pulp, L (enzymatic
treatment), KQPo4 (control sequence) and LVAQPo4 (enzymatic sequence).

As can be seen from Figure 2, the highest viscosity loss was detected by the enzymatic sequence (LQPo) after
the Po stage; however this sequence gained the highest brightness value (~90%). Moldes et al. [8] reported that
in the case of laccase treatment in combination with HBT or VA, during the P stage, the hydrogen peroxide is
consumed mainly to oxidize chromophoric groups and as a result a brightness improvement is detected.
Conventional bleaching sequence used the first addition of hydrogen peroxide to remove lignin and a decrease
on viscosity was not produced. Viscosity is an important parameter for dissolving pulp applications. During a
viscose process it is necessary to decrease viscosity around 200–300 mL/g with a pre-aging stage because too
high viscosity affects the cellulose processability. The enzymatic sequence did not provide excellent levels of
viscosity (343 ± 13 mL/g) and limits its applications for certain final applications [9, 10, 11]. In terms of reacted
cellulose, no important differences between bleaching treatments were observed. However, the obtained values
were similar to reported by other authors elsewhere [3, 4]. According to Gehmayr and Sixta [5], the reactivity
measured by Fock test describes the amount of pulp which was dissolved in the viscose-like solution.
Consequently, the results are strongly influenced by the pulp viscosity and the amount of alkali soluble
hemicellulose.
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Figure 2. Viscosity and reactivity values for the different bleaching treatments. Initial (unbleached sulphite
pulp), KQPo4 (control sequence), LVAQPo4 (enzymatic sequence) and Po4 (conventional bleaching treatment).
Taking the above results together, it is therefore possible to conclude that the introduction of an enzymatic stage
during the bleaching process, led to obtain biobleached dissolving pulps with commercial specifications.
IV. CONCLUSIONS
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The main objective of this study was to obtain high-quality cellulose meeting industrial specifications of
dissolving grade-pulp by means of an enzymatic treatment during the bleaching process.
The introduction of an enzymatic stage (L) in a bleaching sequence provided important benefits that were
reflected during a Po stage. Specifically, L stage reduces 2h of reaction time and let to save about 70% of H 2O2
dose, for a target brightness value of 84% ISO and with respect to a conventional hydrogen peroxide treatment
(Po), where the enzymatic stage (L) was omitted. In addition, under this brightness value, the enzymatic
sequence did not cause significant cellulose degradation and reached a final viscosity value (413 ± 0.85 mL/g)
similar to conventional and control treatments. The particular characteristics of the starting pulp provided high
brightness stability when a moist heat treatment was applied. Relevantly, the incorporation of an enzymatic stage
did not negatively affect brightness stability. Although the proposed biobleaching sequence needs to be
optimized in terms of H2O2 charge, the use of LMS in combination with unbleached sulphite cellulose offered a
good alternative for traditional bleaching processes since the properties of the final treated pulps fulfil the
requirements for dissolving pulps.
V. ACKNOWLEDGEMENT
This work was supported by the Spanish MICINN BIOFIBRECELL-CTQ2010-20238-C03-01 and
BIOSURFACEL CTQ2012-34109. The authors are grateful to the consolidated group with the Universitat de
Barcelona (UB) AGAUR 2009SGR 00327. The authors would like to knowledge DÖMSJO (Sweden) for
providing the starting pulp and Novozymes (Denmark) for kindly supplying the laccase.
VI. REFERENCES
[1] FAO. Food and Agriculture Organitzation of the United Nations. In: http://faostat.fao.org. Accessed
September 2012.
[2] Hillman, D. Do Dissolving Pulps Really Dissolve?. Paper Asia. 2006, 12-18
[3] Ibarra, D.; Köpcke, V.; Ek, M. Exploring enzymatic treatments for the production of dissolving grade pulp
from different wood and non-wood paper grade pulps. Holzforschung. 2009, Vol. 63, 721-730.
[4] Köpcke V.; Ibarra D.; Ek M. Increasing accessibility and reactivity of paper grade pulp by enzymatic
treatment for use as dissolving pulp. Nordic Pulp Paper Research Journal, 2008, 23:363-368.
[5] Gehmayr, V.; Sixta, H. Pulp properties and their influence on enzymatic degradability. Biomacromolecules.
2012, 13, 645–651.
[6] Quintana, E.; Valls, C.; Vidal, T.; Roncero, M.B. An enzyme-catalysed bleaching treatment to meet
dissolving pulp characteristics for cellulose derivatives applications. Bioresour. Technol. 2013, 148, 1–8.
[7] Cadena, E.M.; Vidal, T.; Torres, A.L. Influence of the hexenuronic acid content on refining and ageing in
eucalyptus TCF pulp. Bioresour. Technol. 2010, 101, 3554–3560.
[8] Moldes, D.; Vidal, T. Laccase-HBT bleaching of eucalyptus kraft pulp: Influence of the operating conditions.
Bioresour Technol. 2008, 99:8565-8570.
[9] Henriksson G.; Christiernin M.; Agnemo R. Monocomponent endoglucanase treatment increases the
reactivity of softwood sulphite dissolving pulp. Journal Industrial Microbiol Biotechnology. 2005, 32:211-214.
[10] Kvarnlöf N.; Germgård U.; Jönsson L.J.; Söderlund C. Enzymatic treatment to increase the reactivity of a
dissolving pulp for viscose preparation, Appita J. 2006, 59:242-246.
[11] Batalha L.A.R.; Colodette J.L.; Gomide J.L.; Barbosa L.C.; Maltha C.R.; Gomes F.J.B. Dissolving pulp
production from bamboo. BioResources. 2011, 7:0640-0651.

698

© CSIC © del autor o autores / Todos los derechos reservados

13th European Workshop on Lignocellulosics and Pulp

PHENOLIC COMPOSITION AND ANTIOXIDANT ACTIVITY OF CYNARA
CARDUNCULUS L. VAR. ALTILIS (DC) EXTRACTS
Patrícia A. B. Ramos*1,2, Sónia A. O. Santos1, Ângela R. Guerra2, Olinda Guerreiro2, Carmen
S. R. Freire1, Maria F. Duarte2, Armando J. D. Silvestre1
1

CICECO and Department of Chemistry, University of Aveiro, 3810-193 Aveiro, Portugal; 2Centro de
Biotecnologia Agrícola e Agro-Alimentar do Alentejo (CEBAL) / Instituto Politécnico de Beja
(IPBeja), 7801-908 Beja, Portugal (*patriciaaramos@ua.pt)

ABSTRACT
The phenolic composition of stalks, capitula and leaves of Cynara cardunculus L. var. altilis (DC) from south
of Portugal was determined by analyzing their methanol/water/acetic acid (49.5:49.5:1) extracts, through high
temperature-ultra high pressure liquid chromatography coupled to tandem mass spectrometry (HT-UHPLCMSn). From the twenty eight phenolic compounds identified, eriodictyol hexoside was referenced for the first
time as C. cardunculus L. component, and six as cardoon components, namely 1,4-di-O-caffeoylquinic acid,
naringenin 7-O-glucoside, naringenin rutinoside, naringenin, luteolin acetyl-hexoside and apigenin acetylhexoside. Stalks outer part and capitula florets extracts showed the highest hydroxycinnamic acids and
flavonoids contents, respectively. 1,5-di-O-caffeoylquinic acid represented the most abundant hydroxycinnamic
acid, while apigenin glucuronide, apigenin 7-O-glucoside and apigenin 7-O-rutinoside were the main flavonoids.
Finally, stalks outer part and capitula receptacle and bracts extracts showed the strongest antioxidant activity, by
using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) scavenging effect assay, which was mainly related to phenolic
compounds, particularly to hydroxycinnamic acids.

I. INTRODUCTION
Cynara cardunculus L. (Asteraceae) is a Mediterranean species that includes three varieties: the ancestor wild
cardoon (var. sylvestris (Lamk) Fiori) and their cultivated forms, known as artichoke (var. scolymus (L.) Fiori)
and cultivated cardoon (var. altilis DC). Wild cardoon grows naturally in the Iberian Peninsula, north Africa,
west Turkey and Macaronesia, while artichoke production is distributed worldwide, with particular importance
in Italy, Spain, France and Turkey, owing to the economic value of the edible immature capitula. Additionally,
cultivated cardoon production is located in Spain, Italy, France and south of Portugal, once the blanched fleshy
stems and leaf petioles are much enjoyed in regional plates. Since cardoon is rich in cellulose and
hemicelluloses, several industrial applications have been studied, namely pulp for paper production, power and
biodiesel generation [1]. Traditionally, capitula cardoon is used in Portugal and Spain for the manufacturing of
DOP cheeses. Moreover, infusions of cardoon and artichoke leaves are used in folk medicine, due to their
hepatoprotective, choleretic and anti-cholestatic benefices [2]. These biological activities have been mostly
attributed to the phenolic compounds, especially to caffeoylquinic acids (e.g. 5-O-caffeoylquinic and 1,3-di-Ocaffeoylquinic acids) [3] and flavones (e.g. luteolin and luteolin 7-O-glucoside) [2]. Furthermore, artichoke and
cardoon extracts, containing phenolic compounds, have also shown antimicrobial [4], antioxidant [4-7], antiinflammatory [8] and antitumor [9, 10] activities.
Nevertheless, a detailed chemical characterization of phenolic compounds in cardoon extracts is scarce [4, 5, 1012], especially in what concerns to cultivated cardoon. The detailed knowledge of the chemical composition of
cultivated cardoon extracts can contribute to valorize this crop, prompting the economic development of
Mediterranean countries. In this way, the present work aims to determine the phenolic composition of
methanol/water/acetic acid (49.5:49.5:1) extracts of stalks (outer and inner parts), capitula (receptacle, bracts and
florets) and leaves of cultivated cardoon from south of Portugal, by using high temperature-ultra high
performance liquid chromatography-diode array detection (HT-UHPLC-DAD) and tandem mass spectrometry
(MSn) analysis. Moreover, the antioxidant activity is evaluated by the DPPH scavenging assay.

II. EXPERIMENTAL
Extraction
C. cardunculus L. var. altilis (DC) was collected in June 2010 at the Experimental Center of the Agriculture
School from Instituto Politécnico de Beja, south of Portugal. Outer and inner parts of stalks, receptacle, bracts
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and florets of capitula, and leaves were milled and submitted to Soxhlet extraction with dichloromethane for 7 h
to remove the lipophilic fraction, as reported elsewhere [13]. Then, the extraction of phenolic compounds was
carried out according to the procedure of Santos, et al (2013) [14]. The extracts were kept at room temperature,
protected from the light until analysis.

HT-UHPLC-DAD-MSn analysis
Cultivated cardoon extracts were previously dissolved in HPLC grade methanol/water mixture at 10 mg/mL,
and then filtered through a 0.2 μm PTFE syringe filter. Methanol/water extracts (5 μL) were injected in the
HPLC system equipped with an Accela 600 LC pump, an Accela autosampler (16ºC) and an Accela 80 Hz photo
DAD. The separation of compounds was carried out on a Hypersil Gold RP C18 column (100 x 2.1 mm; 1.9 μm
particle size, Thermo Fisher Scientific, San Jose, CA, USA), maintained at 45ºC. The mobile phase was
constituted by (A) water:acetonitrile (99:1, v/v) and (B) acetonitrile, both with 0.1% of formic acid. A gradient
elution program was applied from 3% to 100% B at a flow rate of 0.48 mL/min, during a 38 min period. The
chromatograms were recorded at 280, 330 and 350 nm and UV/Vis spectra recorded from 210 to 600 nm. Pure
standards were used for the quantification of phenolic compounds. The HPLC system was coupled to a LCQ
Fleet ion trap mass spectrometer (ThermoFinnigan, San Jose, CA, USA), equipped with an electrospray
ionization source and operated at the negative ionization mode. The operational conditions were according to the
procedure of Santos, et al (2013) [14].

Antioxidant activity
The antioxidant activity of cultivated cardoon extracts was evaluated through the DPPH scavenging assay,
following the procedure of Santos, et al (2013) [14]. The inhibitory concentration providing 50% DPPH
scavenging effect (IC50) was determined. Ascorbic acid and 3,5-di-tert-4-butylhydroxytoluene (BHT) were used
as antioxidant reference compounds from natural and synthetic origin, respectively.

III. RESULTS AND DISCUSSION
Phenolic composition by HT-UHPLC-DAD-MSn analysis
The methanol/water/acetic acid (49.5:49.5:1) extracts of cultivated cardoon were analyzed by HT-UHPLCDAD-MSn. Twenty eight phenolic compounds were identified, based on their UV spectra and MSn
fragmentation, by comparing with pure standards or, when these were not available, with literature data.
Eriodictyol hexoside (Figure 1) was reported for the first time as C. cardunculus L. component. Additionally,
six of these compounds were described for the first time as cardoon components (Figure 1), namely: 1,4-di-Ocaffeoylquinic acid, naringenin 7-O-glucoside, naringenin rutinoside, naringenin, luteolin acetyl-hexoside and
apigenin acetyl-hexoside.

Figure 1: Structures of phenolic compounds identified in C. cardunculus L. var. altilis (DC) extracts.
Abbreviations: Glc, glucosyl; Rha, rhamnosyl.
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Content (mg/g extract)

The total content of phenolic compounds in cultivated cardoon extracts ranged from 10.4 mg/g in leaves to 63.5
mg/g in stalks outer part (Figure 2). Stalks outer part extract showed the highest hydroxycinnamic acids content
(59.1 mg/g), while capitula florets extract displayed the highest flavonoids content (30.7 mg/g), besides
coumarins (1.2 mg/g) (Figure 2). Extracts of capitula receptacle and bracts, and stalks inner part also presented
considerably high hydroxycinnamic acids contents. Finally, leaves extract was mainly constituted by flavonoids
(10.2 mg/g). Dicaffeoylquinic acids (Figure 2) were the most abundant hydroxycinnamic acids, particularly in
capitula receptacle and bracts (28.8 mg/g), mainly represented by 1,5-O-dicaffeoylquinic acid.
Dicaffeoylsuccinoylquinic acids (Figure 2) were only detected in stalks extracts (16.1-18.5 mg/g). Moreover,
apigenin derivatives (Figure 2) were the major flavonoids, especially in capitula florets (19.3 mg/g). Apigenin
glucuronide, apigenin 7-O-glucoside and apigenin 7-O-rutinoside represented the major flavonoids. Naringenin
derivatives (Figure 2) were only detected in capitula florets extract (7.6 mg/g), while luteolin derivatives
(Figure 2) were the most common flavonoids in leaves extract (5.7 mg/g).
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Figure 2: Phenolic composition of C. cardunculus L. var. altilis (DC) extracts. Abbreviations: C, coumarins;
F, flavonoids; HA, hydroxycinnamic acids.
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least active. Additionally, these
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Stalks
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contents, as shown by the linear
correlation between the IC50 and the Figure 3: Antioxidant activity of C. cardunculus L. var. altilis (DC)
total content of phenolic compounds extracts, determined by the DPPH scavenging assay.
(r=-0.897). More specifically, it is
mainly related to hydroxycinnamic acids content (r=-0.990), as well as to the monocaffeoylquinic acids content
(r=-0.996) and the dicaffeoylquinic acids content (r=-0.961). Contrary, IC50 values of the DPPH scavenging
effect increased with the total contents of flavonoids, luteolin and apigenin derivatives. In fact, previous studies
showed that apigenin glycosides were less active to scavenge DPPH free radicals compared to caffeoylquinic
acids [6].
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IV. CONCLUSIONS
The present work details the phenolic composition of C. cardunculus L. var. altilis (DC) extracts from south of
Portugal, using HT-UHPLC-DAD-MSn analysis, as well as the antioxidant activity, using the DPPH scavenging
assay. From the twenty eight phenolic compounds identified, eriodictyol hexoside was reported for the first time
as C. cardunculus L. component, and six as cardoon components, namely 1,4-di-O-caffeoylquinic acid,
naringenin 7-O-glucoside, naringenin rutinoside, naringenin, luteolin acetyl-hexoside and apigenin acetylhexoside . Extracts of stalks (outer and inner parts) and capitula receptacle and bracts were mainly constituted by
hydroxycinnamic acids, where dicaffeoylquinic acids were the most abundant compounds of this family.
Capitula florets extract was rich in flavonoids, mainly represented by apigenin derivatives. Luteolin derivatives
were the main phenolic compounds present in leaves extract. Stalks outer part extract was the most active to
scavenge DPPH free radicals, mainly due to their phenolic content, particularly to hydroxycinnamic acids
content. In this way, the extraction of phenolic compounds from cultivated cardoon can be integrated in an
industrial value chain, involving energy, food and pharmaceutics, for the economic development of
Mediterranean countries.
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ABSTRACT
Laccases can functionalize paper pulps with phenolic compounds but little is known about the formed linkages.
Treatment of a high-kappa sisal pulp with Trametes villosa laccase and ferulic acid resulted in strong increases
of kappa-number and acid-group content. This suggested extensive incorporation of ferulic acid, as confirmed by
pyrolysis in the presence of tetramethylammonium hydroxide. The coupling linkages were investigated by 2DNMR of the lignin isolated from pulps. The aromatic region of the spectra showed incorporation of the cinnamic
molecule, representing ~4% of the lignin content. Interestingly, the spectra revealed that ferulic acid is C4etherified. The aliphatic region of the spectra showed that ferulic acid also incorporates as the corresponding β-β'
dilactone (another ~4% of the total lignin) with characteristic 13Cα-1Hα and 13Cβ-1Hβ correlations. The lignin
composition and interunit linkages in the treated pulps were only slightly modified revealing that the main effect
of the treatment was ferulic acid biografting.
I. INTRODUCTION
Laccases are multi-copper oxidases widely distributed in fungal and plant species, where they play multiple
functions. Laccases present broad substrate specificity including substituted phenols, aromatic amines and thiols
and many others, which are converted into reactive radicals using oxygen as the electron acceptor. By virtue of
these characteristics, laccases are being intensively investigated as eco-friendly biocatalysts for a wide array of
biotechnological applications [1]. Within the pulp and paper field, a novel subject of research is the application
of laccase-catalyzed radical coupling reactions to modify lignocellulosic fiber chemistry with a view to altering
paper properties [2]. Two main approaches are used for laccase-assisted modification of lignocellulosic fibers: i)
laccase-mediated cross-linking of lignin molecules in situ; and ii) coupling of low molecular weight (generally
phenolic) compounds onto fibers (biografting). The second approach provides a versatile method for
functionalizing lignocellulosic fibers and imparting desirable properties to pulps. Although much research has
been carried out to explore the potential of biografting for tailoring the properties of lignocellulosic materials,
few of them have assessed the mechanistic aspects of this process and the nature of the chemical bonds formed
and they mainly involved the use of lignin model compounds due to the complexity of the lignin polymer. In the
present study, a high-kappa pulp from sisal was treated with laccase and trans-ferulic acid (FA) according to the
conditions reported by Aracri et al. [3]. After extensive washing, the treated pulp was directly analyzed by
pyrolysis, in the presence of tetramethylammonium hydroxide (TMAH) [4], to confirm the FA incorporation.
Then, in order to gain additional information on the amount of FA incorporated with respect to pulp lignin, and
identify the lignin-FA linkages formed in the biografting reaction, analysis of the lignin isolated from treated
pulp was performed by HSQC (heteronuclear single quantum correlation) 2D-NMR spectroscopy.
II. EXPERIMENTAL
2.1. Enzyme, chemical and pulps
Laccase from Trametes villosa was kindly provided by Novozymes (Bagsvaerd, Denmark) and the chemicals for
enzyme assay were purchased from Sigma-Aldrich. Pulp was obtained from a laboratory cooking of sisal (Agave
sisalana) fiber bundles kindly supplied by Celesa mill (Tortosa, Spain). Refined pulp samples were treated in an
oxygen-pressurized (0.6 MPa) reactor at 5% consistency [3], using 50 mM sodium tartrate (pH 4), 40 U/g
laccase and 3.5% (w/w) FA (all relative to pulp dry weight). Tween 80 (0.05% w/v) was added as surfactant.
Treatments were conducted for 4 h at 30 rev/min shaking, and 50 °C. After treatment, the pulp samples were
filtered in a fritted glass funnel and washed with de-ionized water until a colorless, neutral filtrate was obtained.
Pulp properties were analyzed after Soxhlet extraction with acetone aimed at removing the fraction of FA that
failed to covalently bind to fibers [5]. Kappa number was determined according to the standard methods ISO 302
and cellulolytic enzyme lignins were isolated by enzymatically saccharifying polysaccharides as described by
Chang et al. [6].
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2.2. Analytical pyrolysis and NMR analysis
Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) was performed in the presence of TMAH.
Approximately 0.1 mg of milled pulp was mixed with 1 µL of TMAH (25%, w/w, methanol solution). The
pyrolysis was carried out at 500 ºC, using an EGA/PY-3030D micro-furnace pyrolyzer (Frontier Laboratories
Ltd.) connected to an Agilent 7820A gas chromatograph using a DB-1701 fused-silica capillary column (60 m x
0.25 mm i.d., 0.25 μm film thickness) and an Agilent 5975 mass detector (EI at 70 eV). The oven was
programmed from 45 ºC (4 min) to 280 ºC (10 min) at 4 ºC min-1. Helium was the carrier gas (2 mL min-1).
For NMR analysis of isolated lignins, around 20 mg of the isolated lignin was dissolved in 0.75 mL of DMSOd6. 2D-NMR HSQC spectra were acquired at 25ºC on a Bruker AVANCE III 500 MHz spectrometer fitted with
a cryogenically cooled 5 mm TCI gradient probe with inverse geometry. The 2D 13C-1H correlation spectra were
carried out using an adiabatic HSQC pulse program. The central solvent peak was used as an internal reference
(δC/δH 39.5/2.49) and 2D-NMR cross-signals were assigned and integrated as in previous publications [7,8].
III. RESULTS AND DISCUSSION

a)

75
50
25

40

50

Retention time (min)

100

b)

75
50
25

40

50

Retention time (min)

Relative abundance (%)

100

Relative abundance (%)

Relative abundance (%)

The laccase-FA treatment increased the kappa number of sisal pulp by 11 units relative to control (laccase
alone). To confirm the enzymatic incorporation of FA, the acetone extracted pulps were analyzed by pyrolysis in
the presence of TMAH. Pyrolysis/TMAH of laccase-FA treated sisal pulp released important amounts of the
methyl derivative of FA, which was detected in the m/z 222 ion chromatographic profile (Fig. 1c) but which was
absent from the pyrograms of both the untreated (control) pulp and the pulp treated with laccase alone (Fig. 1a
and b). This fact confirms that the cinnamic FA molecule was successfully incorporated by the laccase into the
sisal pulp. Its relative abundance was ~10% of the total degradation products in the laccase-FA treated pulp.
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Figure 1. Pyrolysis/TMAH of sisal pulp control (a), laccase alone (b) and treated with laccase-FA (c). Selectedion (m/z 222) chromatographic profiles.
Since the aim of the study was to get further information of the laccase biografting of phenols onto pulp, the
lignins were enzymatically isolated from the laccase-FA treated sisal pulps and subsequently analyzed by 2DNMR spectroscopy. The HSQC spectra of the lignins isolated from the laccase-FA treatment (and the respective
untreated control pulp) are shown in Fig. 2. The main cross-signals in the aromatic/unsaturated region (δC/δH
98−148/5.2−8.7 ppm) of the spectra of the lignins isolated from the laccase-FA treated sisal pulp, and the
untreated control (Fig. 2d and b, respectively) corresponded to the aromatic rings of the G and S lignin units,
and the FA attached to the lignin (in the laccase-FA treated pulp). Signals for the Cα–Hα and Cβ–Hβ correlations
in the FA cinnamic structure were observed at δC/δH 144/7.5 and 117/6.4 ppm, respectively. Interestingly, the
latter olefinic signal was displaced with respect to the position found in the spectrum of free FA (116/6.4 ppm)
and matched with that reported for 3,4-dimethoxycinnamic acid [9]. The presence of this signal, (and the absence
of the above-mentioned Cβ–Hβ correlation signal characteristic of free FA), clearly indicated that FA is C4etherified during its incorporation onto the sisal lignin.
The main cross-signals in the aliphatic-oxygenated region of the spectra (δC/δH 45-95/2.5-6.0/ppm) of the lignins
isolated from the laccase-FA treated sisal pulp, and the untreated control (Fig. 2c and a, respectively)
corresponded to side chains of lignin and FA-derived structures (in the laccase-FA treated pulp) forming
different inter-unit linkages and end-units (Fig. 2, structures A to I). Moreover, a comparison of the aliphatic
region of the 2D-NMR spectra revealed that FA also incorporates to lignin (in the laccase-FA treated pulp) as the
corresponding β-β' dilactone dimer (structure CL) with characteristic Cα-Hα and Cβ-Hβ correlations at δC/δH
82/5.7 and 48/4.2 ppm, respectively [9]. A semiquantitative estimation of the different (i) lignin (S, S' and G)
and etherified FA units and (ii) lignin (A to I) and FA dilactone side-chain structures, in the HSQC spectra of
control (Fig. 2a and b) and laccase-FA treated (Fig. 2c and d) pulps is provided in Table 1.
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Figure 2. HSQC spectra of the lignins isolated from sisal pulp treated with laccase-FA and the respective control
without enzyme. The aliphatic-oxygenated and aromatic regions of the control pulp are shown in a and b,
respectively. The aliphatic-oxygenated and aromatic regions of the laccase-FA treated pulp are shown in c and d,
respectively. Main substructures identified: (A) β-O-4' ether structure; (B) phenylcoumaran; (C) resinol; (CL)
FA dilactone; (F) spirodienone; (I) trans cinnamyl end-group; (FA) etherified trans ferulic acid; (G) guaiacyl
unit; (S) syringyl unit; (S') Cα-oxidized syringyl unit.
Table 1. Quantification of main lignin structures and units, and FA-derived structures in
control and laccase-FA treated sisal pulps, as estimated from HSQC spectra (Fig. 2).
Control pulp
Treated pulp
Lignin substructures (%)1
β-O-4' (A)
88
90
Phenylcoumaran (B)
2
1
Resinol (C)
4
3
Spirodienone (F)
3
2
Cinnamyl alcohol end-group (I)
3
3
Lignin units (%)2
Syringyl units (S)
85
77
Oxidized syringyl units (S')
3
6
Guaiacyl units (G)
11
17
Ferulic structures/units (%)
FA dilactone structures (CL)1
0
7.0 (4.52)
2
Etherified ferulic acid units (FA)
0
4.2
1

Percentage of side-chains (A+B+C+F+I); 2Percentage of lignin (S+S'+G)
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The values obtained showed over 4% etherified FA referred to the lignin content in the lignin isolated from the
laccase-FA treated pulp. Moreover, the aliphatic region of the spectrum of the lignin isolated from the laccaseFA treated pulp revealed that a similar percentage of the lignin-linked FA (~4% referred to the lignin content
estimated by NMR) is coupled to a second FA molecule forming a dilactone structure (CL in Fig. 2). Slight
differences in lignin composition, in terms of S and G units were observed, including higher amounts of S' and G
units and lower amounts of S units in the lignin from the laccase-FA treated sisal pulp. Concerning the different
interunit linkages in sisal lignin, the percentage of side chains involved in β-O-4' linkages (88-90%), resinols (34%), spirodienones (2-3%) and phenylcoumarans (1-2%) were very similar in the treated and the control pulps,
and the same happened for the cinnamyl end-groups (3%) (Table 1).
IV. CONCLUSIONS
Laccase is highly efficient in incorporating FA on high lignin sisal pulp, as shown by the increases of kappa
number (11 points). Such modification confers new properties to pulps, and the aim of the present study was to
elucidate the chemical linkages formed during FA biografting. Pyrolysis/TMAH demonstrated that FA in the
pulp is linked by covalent bonds. 2D-NMR of the enzymatically isolated lignins confirmed that grafting is
produced on the lignin component of the pulp. Moreover, information on the linkage types formed during
laccase grafting of phenols onto pulp was provided by both the aromatic/unsaturated and aliphatic-oxygenated
regions of the NMR spectra. While the former showed significant amounts of FA etherified (to lignin) at its C4
position, the latter revealed formation of a similar amount of FA dilactone structures from coupling at the side
chain level. Although minor modification of the lignin composition was observed after the laccase-FA treatment,
we could conclude that biografting is the predominant modification during sisal pulp treatment with laccase-FA.
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ABSTRACT
Brewer´s spent grain (BSG) is the major by-product generated by the brewing industry. BSG is rich in
carbohydrates, lignin, proteins and lipids, and has a high potential as source of food, energy and chemicals. In
this work, the composition and structural characteristics of the lignin from BSG have been studied in detail by
Py-GC/MS and 2D-NMR. The data demonstrated that this lignin is a p-hydroxyphenyl-guaiacyl-syringyl (H-GS) lignin, with a predominance of G units (S/G ratio of 0.4). 2D-NMR indicated that the main substructures
present include β–O–4´ alkyl-aryl ethers followed by small amounts of phenylcoumarans and resinols.
I. INTRODUCTION
Brewer´s spent grain (BSG) is the solid residue obtained from barley (Hordeum vulgare L.) after mashing and
filtration from the brewing process. BSG basically consists of the husk–pericarp–seed coat layers that covered
the original barley grain [1]. BSG represents up to 30% (w/w) of the starting malted grain, which makes this a
readily available, high volume and low cost by-product within the brewing industry, and a potentially valuable
resource for industrial exploitation. BSG is a lignocellulosic material containing cellulose (17-25%), noncellulosic carbohydrates (25-35%), protein (15-24%) and lignin (8-28%), with lower amounts of lipids (10%)
[1,2]. For an appropriate valorization of BSG as a source for added-value products, the complete characterization
of the different components present is of high interest. Previous studies have mostly dealt with the composition
of carbohydrates, proteins, lipids and p-hydroxycinnamic acids [2,3]. In comparison, studies concerning the
composition and structure of lignin in BSG have been relatively scarce and mostly limited to its interactions with
gastrointestinal microbiota [4]. In this paper, an in-depth and complete characterization of the lignin polymer of
BSG has been performed. For this, a ‘milled-wood’ lignin (MWL) preparation was isolated according to
traditional lignin isolation procedures, which was subsequently analyzed by Py-GC/MS and 2D-NMR.
II. EXPERIMENTAL
Samples
BSG was obtained from Adnams brewery (Southwold, UK) and was kindly provided by Prof. Craig B. Faulds
(INRA, Marseille). Klason lignin content was estimated as the residue after sulphuric acid hydrolysis of the preextracted material according to the TAPPI method T222 om-8. The Klason lignin content was then corrected for
proteins, determined from the N content and using a 6.25 factor, and ash, estimated as the residue after 6 h of
heating at 575 ºC. The acid-soluble lignin was determined, after the insoluble lignin was filtered off, by UVspectroscopic determination at 205 nm wavelength using 110 L cm-1 g-1 as the extinction coefficient.
Milled-wood lignin’ isolation
The lignins were obtained according to the classical procedure, and the detailed protocol has been explained
somewhere else [5,6]. The final yields were 10% of the original Klason lignin content.
Analytical pyrolysis
Pyrolysis of MWL (approximately 100 μg) was performed with a 3030 micro-furnace pyrolyzer (Frontier
Laboratories Ltd.) connected to an Agilent 7820A GC using a DB-1701 fused-silica capillary column (60 m x
0.25 mm i.d., 0.25 μm film thickness) and an Agilent 5975 mass selective detector (EI at 70 eV). The pyrolysis
was performed at 500 ºC. The oven temperature was programmed from 45 ºC (4 min) to 280 ºC (10 min) at 4 ºC
min-1. Helium was the carrier gas (1 mL min-1). Peak molar areas were calculated for the lignin-degradation
products, the summed areas were normalized and expressed as percentages.
NMR spectroscopy
2D-NMR spectra were recorded at 25 ºC on a Bruker AVANCE III 500 MHz instrument, equipped with a
cryoprobe. MWL (40 mg) was dissolved in 0.75 mL of dimethylsulfoxide (DMSO)-d6. The central solvent peak
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was used as internal reference (DMSO δC/δH 39.5/2.49). The HSQC (heteronuclear single quantum coherence)
experiment used Bruker’s “hsqcetgpsisp2.2” pulse program (adiabatic-pulsed version) with spectral widths of
5000 Hz and 20,843 Hz for the 1H- and 13C dimensions. The number of transients was 64, and 256 time
increments were always recorded in the 13C dimension. The 1JCH used was 145 Hz. Processing used typical
matched Gaussian apodization in the 1H dimension and squared cosine-bell apodization in the 13C dimension.
Prior to Fourier transformation, the data matrices were zero-filled up to 1024 points in the 13C-dimension. 2DNMR cross-signals were assigned by literature comparison [5-7]. A semiquantitative analysis of the HSQC
correlation peaks was performed using Bruker’s Topspin 3.1 processing software. Relative abundances of interunit linkages were estimated from Cα–Hα correlations, and the relative abundance of side-chains involved in
different substructures and terminal structures were calculated. In the aromatic/unsaturated region, C2−H2 from
G and C2,6−H2,6 from S lignin units were used to estimate their abundances.
III. RESULTS AND DISCUSSION
The Klason lignin content of the BSG was relatively low (8.8%) compared to previous published data for the
same sample (16-20.1%). The main reason for this discrepancy is that previous works did not consider the high
amounts of proteins and ashes when quantifying the Klason lignin content, which was corrected here. In this
work, we have thoroughly studied the lignin composition and structure of BSG. For this purpose, a ‘milledwood’ lignin (MWL) preparation was isolated and was then analyzed by Py-GC/MS and 2D-NMR.
Py-GC/MS
The pyrogram of the MWL from BSG is shown in Figure 1. Pyrolysis released phenolic compounds that are
derived from p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) lignin units. The most predominant phenolic
compounds were phenol (1), guaiacol (2), 4-methylphenol (4), 4-methylguaiacol (6), 4-vinylphenol (10), 4vinylguaiacol (11), syringol (15), trans-isoeugenol (19), 4-methylsyringol (20), 4-vinylsyringol (26),
guaiacylacetone (27) and trans-4-propenylsyringol (33). The high levels of phenol, 4-methylphenol and 4vinylphenol released, together with the presence of indol, indicates a major contribution from proteins. In
addition, the high amounts of 4-vinylphenol released upon pyrolysis, as also occurs in other grasses, also point to
the presence of p-coumarates esters, which decarboxylates under pyrolytic conditions [5-9]. Similarly, 4vinylguaiacol (11), which is present in high abundance, also arises from ferulates after decarboxylation upon
pyrolysis. A rough estimation of the S/G ratio (by using the molar areas of all G- and S-derived compounds,
except 4-vinylguaiacol, that also arises from ferulates, and its respective 4-vinylsyringol), indicate a S/G ratio of
0.4. The occurrence of p-hydroxycinnamates in BSG was assessed by pyrolysis in the presence of TMAH [5-9].
Previous studies have indicated that p-coumarates in grasses are esterified to the lignin side-chains, and more
specifically acylates the γ-OH of the lignin side-chain [5,6,10,11].
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Figure 1. Py-GC/MS of the MWL isolated from BSG.
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2D-NMR
The MWL from BSG was also analyzed by 2D-NMR. The side-chain (δC/δH 69−88/3.8−5.6) and the aromatic
(δC/δH 90−150/5.8−8.0) regions of the spectrum are shown in Figure 2. The main substructures present are also
depicted in Figure 2. The spectrum shows prominent signals corresponding to β–O–4′ aryl-ether linkages (A),
together with smaller signals for phenylcoumarans (B), resinols (C) and dibenzodioxocins (D). The main crosssignals in the aromatic region of the HSQC spectra corresponded to the aromatic rings of the H, G and S lignin
units, and the p-hydroxycinnamates ferulates and p-coumarates. Strong signals corresponding to C3,5–H3,5 and
C2,6–H2,6 correlations in “H-lignin” units were observed, confirming that the high abundance of ‘H-units’
observed upon pyrolysis was also due to the presence of proteins. Interestingly, in this region of the HSQC
spectra, it was also possible to detect two characteristic signals at δC/δH 94.1/6.56 and 98.8/6.20 corresponding to
the C8−H8 and C6−H6 correlations of tricin (T), a flavone that is apparently incorporated into the lignins in some
grasses [6], and that also occur in other monocotyledons, as in the lignin of coconut coir [7].
The relative abundances of the main lignin inter-unit linkages, the molar abundances of the different lignin units
(H, G and S), and p-coumarates, ferulates and tricin, are shown in Table 1. The main substructure present in the
lignin of BSG was the β–O–4′ aryl ether, that accounts for 91% of all inter-unit linkages, followed by smaller
amounts of phenylcoumaran that involved 6.8% of all linkages and resinols with 2.2%. The lignin S/G ratio
determined upon NMR (0.4) was similar to that obtained upon Py-GC/MS.
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Table 1. Structural Characteristics (Lignin Inter-Unit Linkages, Aromatic Units, pCoumarates and Ferulates Content) of the MWL Isolated from Brewerʹs Spent Grain
Abundance
Lignin inter-unit linkages (%)
β–O–4´ aryl ethers (A)
72
5
Cα-oxidized β–O–4´ aryl ethers (Aox)
Phenylcoumarans (B)
12
Resinols (C)
6
Dibenzodioxocins (D)
5
Lignin aromatic units
H (%)
31
G (%)
51
S (%)
18
S/G ratio
0.35
p-Hydroxycinnamates
p-Coumarates (%)
2
Ferulates (%)
7
p-Coumarates/Ferulates ratio
0.28
Tricin
6

IV. CONCLUSIONS
Py-GC/MS and 2D-NMR analysis of the MWL isolated from BSG indicated that it is a H:G:S lignin with a S/G
ratio of 0.4, and with some amounts of associated p-coumarates and ferulates. The main lignin inter-unit linkages
present was the β–O–4′ aryl ether, followed by smaller amounts of phenylcoumaran and resinols. The flavone
tricin was incorporated into this lignin, as also occurs in other grasses.
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ABSTRACT
The delignification of eucalypt feedstock during enzymatic pretreatment with the laccase from Myceliophthora
thermophila, in conjunction with methyl syringate as mediator, when applied in a multistage sequence consisting
of successive enzymatic and alkaline extraction stages, directly on the ground lignocellulosic material was
thoroughly studied by two-dimensional nuclear magnetic resonance (2D NMR) of the whole wood (at the gel
stage) after each step of the sequence. The 2D NMR analyses of eucalypt feedstock after the enzymatic
pretreatment, revealed the removal of guaiacyl and syringyl lignin units (with preferential removal of the former)
and aliphatic (mainly -O-4'-linked) side-chains of lignin without a substantial change in polysaccharide crosssignals. However, the most noticeable modification was the formation of C-oxidized syringyl lignin units in the
enzymatic steps that were partially removed in the alkaline extraction stages. This study revealed that the first
cycle of pretreatment of eucalypt with M. thermophila laccase and methyl syringate did not produce any
delignification effect and consequently did not increase the saccharification yields. However, at the end of the
whole sequence (4 cycles), a high delignification (50%) of eucalypt feedstock and increases (40%) in glucose
yield after enzymatic hydrolysis was attained with this laccase-mediator pretreatment.
I. INTRODUCTION
Biotechnology can contribute to plant biomass deconstruction in lignocellulose biorefineries for the sustainable
production of chemicals, materials and fuels, by providing biocatalysts being able to degrade or modify lignin
[1]. Physical, chemical and biological pretreatments are being studied for deconstructing lignocellulosic biomass
and removing lignin. Most biological pretreatments for delignifying lignocellulosic materials employ lignindegrading fungi from the group of white-rot basidiomycetes but such pretreatments require long application
periods. In the present study, eucalypt (Eucalyptus globulus) wood was treated with the so-called laccasemediator system [2], which has been often investigated for paper pulp delignification [3]. The eventual
modification of cell-wall polymers during the enzymatic treatment of the whole plant material was analyzed by
heteronuclear single-quantum correlation (HSQC) solution NMR of gels prepared by lignocellulose swelling in
dimethylsulfoxide-d6 [4,5]. In addition to lignin removal, the effect of the enzymatic treatments on sugar yield
from the pretreated eucalypt feedstock was assessed.
II. EXPERIMENTAL
Wood, enzyme and mediator
Eucalypt (E. globulus) wood chips from ENCE (Pontevedra, Spain), were air-dried and grounded and then finely
milled in a planetary mill using an agate jar and agate ball bearings. The total ball-milling time for the samples
was 5 h. A commercial (recombinant) fungal laccase from the ascomycete Myceliophthora thermophila,
provided by Novozymes (Bagsvaerd, Denmark), was used in this study. Its activity was measured as initial
velocity during oxidation of 5 mM 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) to its cation
radical (436 29 300 M-1·cm-1) in 0.1 M sodium acetate (pH 5) at 24ºC. The laccase activity of the enzyme
preparation was 945 U/ml. One activity unit (U) was defined as the amount of enzyme transforming 1 µmol of
ABTS per min. Methyl syringate (MeS) was used as mediator.
Laccase-mediator treatments
The eucalypt samples were treated with the M. thermophila laccase in the presence (and absence) of MeS, as
mediator. Laccase doses of 50 U·g-1 were assayed, together with 3% MeS, both referred to wood dry weight. The
treatments were carried out in pressurized bioreactors placed in a thermostatic shaker at 170 rev·min -1 and 50 ºC,
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using 10 g (dry weight) samples at 6% consistency (w:w) in 50 mM sodium dihydrogen phosphate (pH 6.5)
under O2 atmosphere (2 bars) for 24 h. After the treatment, the samples were filtered through a Büchner funnel
and washed with water. In a subsequent stage, samples at 6% consistency (w:w) were submitted to a peroxidereinforced alkaline extraction using 1% (w:w) NaOH and 3% (w:w) H2O2 (with respect to sample dry weight) at
80 ºC for 90 min, followed by water washing. Cycles of four successive enzyme-extraction treatments were
applied. Treatments with laccase (50 U·g-1) alone (without mediator) and controls without laccase and mediator,
were also performed (followed in both cases by the corresponding alkaline extractions). Klason lignin content
was estimated according to T222 om-88 [6].
Saccharification of treated wood
The laccase-pretreated samples were hydrolyzed with a cocktail of commercial enzymes (Novozymes,
Bagsvaerd) with cellulase (Celluclast 1.5 L; 2 FPU·g-1) and β-glucosidase (Novozym 188; 100 nkat·g-1)
activities, at 1% consistency in 3 mL of 100 mM sodium citrate (pH 5) for 72 h at 45 ºC, in a thermostatic shaker
at 170 rev·min-1. The different monosaccharides released were determined as alditol acetates [7] by GC. An HP
5890 gas chromatograph equipped with a split−splitless injector and a flame ionization detector was used. The
injector and detector temperatures were set at 225 and 250 °C, respectively. Samples were injected in the split
mode (split ratio 10:1). Helium was used as the carrier gas. The capillary column used was a DB-225 (30 m ×
0.25 mm i.d., 0.15 μm film thickness). The oven was temperature-programmed from 220 °C (held for 5 min) to
230 °C (held for 5 min) at 2 °C min−1. Peaks were quantified by area and glucose, xylose and arabinose were
used as standards to elaborate calibration curves.
2D NMR spectroscopy
For gel-state NMR experiments, ∼100 mg of ball-milled wood samples after the several steps of the whole
multistage sequence were directly transferred into 5-mm NMR tubes, and swelled in 1 mL of dimethylsulfoxided6, forming a gel inside the NMR tube [4,5]. HSQC 2D-NMR spectra were acquired at 25ºC on a Bruker
AVANCE III 500 MHz spectrometer fitted with a cryogenically cooled 5 mm TCI gradient probe with inverse
geometry (proton coils closest to the sample). The 2D 13C-1H correlation spectra were carried out using an
adiabatic HSQC pulse program (Bruker standard pulse sequence ‘hsqcetgpsisp2.2’) and the following
parameters: spectra were acquired from 10 to 0 ppm (5000 Hz) in F2 (1H) using 1000 data points for an
acquisition time of 100 ms, an interscan delay (D1) of 1 s, and from 200 to 0 ppm (25,168) in F1 ( 13C) using 256
increments of 32 scan, for a total acquisition time of 2 h 34 min. The 1JCH used was 145 Hz. Processing used
typical matched Gaussian apodization in 1H and a squared cosine bell in 13C. The central solvent peak was used
as an internal reference (δC/δH 39.5/2.49). The 13C-1H correlation signals from the aromatic region of the
spectrum were used to estimate the lignin composition in terms of G, S and oxidized S (S') units, and those of the
aliphatic-oxygenated region were used to estimate the inter-unit linkage and end-unit abundances. The S lignin
content in the laccase-mediator treated sample was corrected for the contribution of MeS to the 106/7.3 ppm
signal, which was estimated from the integral of its characteristic signal at 52/3.8 ppm.
III. RESULTS AND DISCUSSION
Lignin modification along the M. thermophila laccase-MeS pretreatment
The modification of lignin structure during the laccase-mediator treatment of eucalypt wood was studied after
each of the 8 stages, including 4 enzymatic treatments under oxygen (stages 1,3,5 and 7) followed each of them
by an alkaline peroxide extraction (stages 2, 4, 6 and 8). With this purpose, all the pretreated eucalypt samples
(and the corresponding controls) were analyzed by 2D NMR at the gel state. The initial wood sample (without
any treatment) was also analyzed (Figure 1, left). The main lignin structures identified are shown in Figure 1
(right). The aliphatic-oxygenated region of the HSQC spectrum of the initial eucalypt wood shows signals of
lignin and carbohydrates, the latter mainly corresponding to xylan (X) and acetylated xylan (X') units. In this
region, signals of side-chains in β-O-4' alkyl-aryl ether lignin substructures (A), including Cγ-Hγ, Cβ-Hβ and CαHα correlations (Aγ, Aβ and Aα, respectively) were observed. The Cβ-Hβ correlations gave two different signals
corresponding to β-O-4' substructures where the second unit is an S unit or a G unit (Aβ(S) and Aβ(G)). Other less
prominent signals for resinol (β–β') substructures (C) were also observed in the spectrum, with their Cα–Hα, Cβ–
Hβ and the double Cγ–Hγ correlations (Cα, Cβ and Cγ). The main signals in the aromatic region of the HSQC
spectrum corresponded to the benzenic rings of the S and G lignin units. The S-lignin units showed a prominent
signal for the C2,6-H2,6 correlation (S2,6), while the G-lignin units showed different correlations for C2-H2 (G2),
C5-H5 (G5) and C6-H6 (G6). Signals corresponding to C2,6-H2,6 correlations in Cα-oxidized S-lignin units (S'2,6)
were also observed although in low amount. From the integrals of the above signals an S/G ratio around 3.5, and
a large predominance of β-O-4' ether linkages, together with some resinols, were estimated for lignin in E.
globulus wood.
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Figure 1. HSQC NMR spectra of whole eucalypt wood (initial sample) swollen in dimethylsulfoxide-d6 (left)
and main lignin structures identified (right): (A) β-O-4' lignin substructures (including a second S or G unit);
(C) resinols; (G) guaiacyl units; (S) syringyl units; and (S') Cα-oxidized S units.
In the pretreatment of eucalypt wood with M. thermophila laccase in the presence of MeS (Figure 2), an evident
modification of lignin structure was produced. This included the complete absence of G units and resinol
substructures, together with a high decrease in β-O-4' alkyl-aryl ethers, after two cycles of laccase-mediator
treatment and alkaline extraction (stage 5), although the most remarkable decreases in these units and
substructures were already observed after the first cycle of treatment (stage 3) at the same time that the signals
corresponding to β-O-4' substructures where the second unit is a G unit (Aβ(G) ) disappeared. Likewise, the most
remarkable increase in Cα-oxidized lignin units (S') was also observed in stage 3. Interestingly, the amount of
these oxidized lignin units decreased in all cases with the alkaline extraction (stages 2, 4, 6 and 8).

a

Cβ

δC

Aγ

60

MeO

Cγ
X3′ X2′ X4 X3
Cα

Aβ(S)

100

X1

S'2,6

G2

X2′

X4
Aβ(G)

Cα

90

60

120

7

6

e

5

4

Aγ

60

100

6

5

f

4

5

4

60

X2
X4

3

X3

S'2,6

S2,6

S2,6

S'2,6

110
120
6

g

5

4

δH

3

Aγ

60

X2
X4

X3

110

G6

120
6

5

h

4

S2,6

S'2,6

3

δH
δC

MeO
Aγ
Aα

70

60

X2
X4

80

Aβ(S)

100

100

X1

X5

Aα

70

90

X1

90

G2

7

δC

MeO

80

Aβ(S)

80

Aβ(S)

X5

Aα

90
100

100

X1

70

X3

G5/6

7

δC
Aγ

X4

90

G6

δH

MeO

80

X1

6

3

60

X2

80

G2

120

Aα

X3

G5/6

70

X2
X3

Aβ(S)

7

S2,6

X5

Aα

S2,6

S'2,6

Aγ
X5

Aβ(S)

110

X5

X4

X4

δC

MeO

70

X2

90

X1

d

60

X5

X3′ X2′

80

Aβ(S)

S2,6

7

δC

MeO

Aγ

X3

G6

δH

3

δC

MeO

Aα

G5/6
G6

c

70

G2

110

G5/6

S'2,6

δC

Aγ

X2

Cγ

X3′

80

Cβ

X5

Aα

70

X2

Aβ(G)

S2,6

MeO

X5

Aα

S'2,6

b

100

S'2,6

S2,6

70
80

Aβ(S)

90

X1

X3

90
100

X1

110

110

110

110

120

120

120

120

δH

7

6

5

4

3

δH

7

6

5

4

3

δH

7

6

5

4

3

δH

Figure 2. HSQC NMR spectra of whole eucalypt samples from a multistage enzymatic sequence, including four
treatments with M. thermophila laccase-MeS and four alkaline extractions: a), c), e) and g) Samples from first,
second, third and fourth enzymatic pretreatment with laccase and MeS (stages 1, 3, 5 and 7, respectively); b), d), f)
and h) Samples from first, second, third and fourth alkaline peroxide extractions (stages 2, 4, 6 and 8, respectively).
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The 2D NMR analyses of eucalypt samples treated with M. thermophila laccase alone (followed by alkaline
peroxide extractions) (data not shown) revealed a decrease in the β-O-4' alkyl-aryl ethers and resinol
substructures along the sequence showing the sharpest decrease in the second enzymatic treatment (stage 3).
Concerning lignin units an increase in the S/G ratio was observed along the sequence, which was especially
significant along the third and fourth cycles of treatment. One effect of the enzymatic treatment with M.
thermophila laccase (not observed along the control sequence) was the increase in C-oxidized lignin units (S')
produced in the enzymatic stages 3, 5 and 7. In the aliphatic oxygenated region of the spectra of control samples,
acetylated xylan units (X´) decreased considerably after the first alkaline extraction (stage 2) and completely
disappeared with the second alkaline extraction (stage 4) while the non-acetylated ones (X) remained. The β-O-4'
alkyl-aryl ethers and resinol substructures decreased slightly along the sequence and after the last stage the lignin
in control were mainly constituted by the former substructures although the latter were still present (data not
shown). The most significant effect of the control pretreatment conditions was the increase in the S/G ratio along
the sequence that particularly took place in the oxygen stages and was especially evident in the stage 7.
Saccharification of wood pretreated with M. thermophila laccase-MeS
The pretreatment of eucalypt wood with M. thermophila-MeS produced a decrease in lignin content after the
four cycles of about 50%. This decrease in lignin content paralleled the increase in enzymatic saccharification
yield of glucose of almost 40%. The pretreatment with the laccase alone produced a decrease of lignin content of
about 20% and an increase of glucose release of 9%. On the other hand, the lignin content and saccharification
yield with the laccase alone or in the presence of mediator were not modified after the first cycle of pretreatment.
IV. CONCLUSIONS
This work shows the potential of an oxidative enzymatic pretreatment using a recombinant laccase in the
presence of a phenolic mediator to delignify and improve cellulase saccharification of a hardwood feedstock
(eucalypt wood) when applied directly on the ground lignocellulosic material, and reveals the main chemical
changes in the pretreated material, and its recalcitrant lignin moiety, behind the above results.
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ABSTRACT
The IONCELL-P(ulp) process is a method that selectively extracts hemicelluloses from bleached paper grade kraft
pulp, using a mixture of ionic liquid and water. The selectivity is achieved by tuning the ionic liquid’s solvent
properties by the addition of water. The IONCELL-P method refines the paper grade pulp to high purity dissolving
pulp and polymeric xylan with no yield losses or polymer degradation. In this study, the IONECELL-P process
was applied on both softwood and hardwood pulps and the purified cellulose fractions were evaluated for cellulose
triacetate production. Also, the effect of endoglucanase pretreatment was investigated in order to see whether i)
the pulp viscosity could be adjusted for the following process steps before the hemicellulose extraction and ii) if
decreasing the pulp viscosity would open the fibre structure and thus enhance the extraction.
The hemicelluloses could be efficiently extracted from all the tested kraft pulps (birch, eucalyptus and pine), but
the selectivity was better with hardwoods. With the pine pulp, both xylan and glucomannan were decreased down
to 0.9 and 2.2 wt %, respectively, but the relatively high residual glucomannan content prevented good quality
cellulose acetate production. The endoglucanase pretreatment was damaging the dissolution selectivity, preventing
the possibility to open up the fiber structure for the extraction or adjusting the pulp intrinsic viscosity before the
IONCELL-P process.

I. INTRODUCTION
The market for cellulose based products is expanding. While the sales figures for paper are declining, the demand
for high purity cellulose for various applications is predicted to rise significantly. Thus, the pulp industry needs to
shift its production focus from paper grade to dissolving pulp, aiming for new products such as regenerated
cellulose fibers and cellulose derivatives.[1]
In our recent studies we have shown that ionic liquids can be used to produce high purity cellulose from birch
paper grade pulp, when mixed with a co-solvent.[2] This method, called IONCELL-P(ulp) process, allows the
almost quantitative extraction of hemicelluloses without any polymer losses or degradation. Meanwhile, the
cellulose retains its cellulose I crystalline form. In addition, the polymeric hemicellulose can be utilized as raw
material for new products increasing the value of the overall process. Thus, IONCELL-P represents an attractive
alternative to the currently used process steps of dissolving pulp production, e.g. pre-hydrolysis or cold-caustic
extraction.
In the present study we compare softwood paper grade pulp in the IONCELL-P process to the previously published
results of hardwood paper grade pulps and examine the reactivity of the obtained high purity cellulose
fractions.[2,3,4] The reactivity of the IONCELL-P treated hard and softwood pulps is tested by heterogeneous
acetylation to produce the acetic acid soluble cellulose triacetate. Finally the quality of the prepared cellulose
acetate solutions are compared to ones made from commercial acetate grade pulps by measuring the yellowness
and transmittance of the solutions.
II. EXPERIMENTAL
The tested pulps were bleached birch, eucalyptus and pine kraft pulps, containing 25.4 wt %, 16.6 wt % xylan, and
8.1 wt % xylan and 7.1 wt % glucomannan, respectively. The applied ionic liquids were 1-ethyl-3methylimidazolium dimethylphosphate ([emim][DMP]) purchased from IoLiTec and 1-ethyl-3methylimidazolium acetate ([emim][OAc]) from BASF.
In the IONCELL-P process the pulp is treated with a mixture of ionic liquid and water at 60°C for 3h. The dissolved
hemicelluloses are then removed via filtration and the cellulose fraction is first washed with the mixture of the
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ionic liquid and water and then two times with hot water in order to remove all the dissolved hemicelluloses and
finally the ionic liquid. The dissolved hemicellulose fraction is first precipitated by adding more water that acts as
anti-solvent when it is added excessively. Then the hemicelluloses are collected via centrifugation and washed two
times with hot water. The IONCELL-P process is described in more detail by Froschauer et al.[2] The water
content of the solvent system was optimized for each tested pulp. The gravimetric yield and sugar compositions
were determined for both the cellulose and dissolved hemicellulose fractions. The molar mass distributions of the
pulps and purified cellulose fractions were determined via gel permeation chromatography (GPC) according to
Borrega et al.[5] The intrinsic viscosities of the extracted pulps were adjusted by sulfuric acid treatment to values
which are suitable for cellulose triacetate production. The acetylation was done via a method described by Testova
et al with acetic anhydride in acetic acid.[6]
The effect of decreasing pulp intrinsic viscosity before the fractionation process was investigated for the pine pulp.
The pulp viscosity was adjusted from 893 ml/g to 660 ml/g and 450 ml/g, with endoglucanase, Ecopulp R treatment
(AB Enzymes Oy), and the enzyme dosages were optimized to 0.04 and 0.22 mg protein per g of dry pulp,
respectively. The treatment conditions were as follows: temperature 50 °C, retention time 120 minutes and pulp
consistency 6 %. Initial pH of the treatment was adjusted to pH 5 with sulfuric acid. After the treatment the pulp
was dewatered. Then the enzyme was deactivated by suspending the pulp in hot water (95 °C) for 20 minutes, at
4 % consistency. Then the pulp was dewatered again and (in order to remove the inactivated enzyme) the pulp was
washed twice with cold deionized water, each time with ten times the equivalent amount of the absolutely dry
pulp’s weight.

III. RESULTS AND DISCUSSION
The extraction results under optimum conditions are presented in Figure 1. It was remarkable that when the
process was optimized for the individual pulps, all the pulps were extracted most efficiently at the same water
content (15 wt % for [emim][OAc] and 6.5 wt % for [emim][DMP]) of the solvent system. Another significant
finding was that the most potent ionic liquid depended on the used pulp. The solvent system using [emim][DMP]
was the most efficient and selective solvent for hardwood pulps, resulting in residual xylan contents of 1.3 and 2.4
wt % for birch and eucalyptus, respectively, while the system using [emim][OAc] was a better for pine. However,
the difference between the ionic liquids on pine pulp was mostly seen in the extraction efficiency of the
glucomannan.
The extraction efficiency did not depend on the amount of the extractable hemicelluloses. The birch pulp that
contained 25 wt % of xylan was purified as effectively as the eucalyptus pulp that contained 16.6 wt % of xylan.
All the purified pulps presented similar GPC characteristics (Figure 2) after the extraction. Based on the molar
mass distributions of the purified pulps, the purification is possibly limited by some overlap between the molecular
weights of hemicellulose and cellulose. This would support our theory, that the extraction is dependent on the size
of the polymers. In that case the residual hemicelluloses are the size of low molar mass cellulose polymers. Still
the residual hemicelluloses cannot be removed by decreasing the water amount of the solvent system, as this
decreases the selectivity of the process, which leads to the partial dissolution of cellulose and insufficient
hemicellulose removal during filtration.[5]

Figure 1. The residual hemicellulose contents and dissolved cellulose fractions of the tested pulps as wt % of the
bleached pulp.
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Figure 2. The molar mass distributions of the pulps before and after the IONCELL-P process. Birch and pine
pulps are extracted with [emim][OAc] containing 15 wt % of water and the eucalyptus pulp with [emim][DMP]
containing 6.5 wt % water.
The pine pulp intrinsic viscosity was decreased via endoglucanase pretreatment, but instead of opening up the pulp
structure to enhance the hemicellulose removal, the IONCELL-P process suffered from a loss of extraction
selectivity. The decrease in the intrinsic viscosity was directly proportional to the celluloses losses, again
supporting the theory that the selectivity is dependent on the polymer size (see Figure 3).

Figure 3.The effect of enzymatic viscosity adjustment of the pulp on the selectivity of the IONCELL-P process.
Cellulose triacetate was prepared from purified eucalyptus and pine pulps and compared to commercial acetate
grade pulps. The residual xylan of the eucalyptus remained at 2.2 wt % after viscosity decreasing acid treatment,
but its triacetate still had yellowness and transmittance values comparable to the one prepared from commercial
eucalyptus pulp that contained 1.8 wt % xylan. The IONCELL-P treated eucalyptus pulp reached the hemicellulose
level of the commercial acetate grade eucalyptus pulp when it was first pretreated with endoxylanase and viscosity
decreasing acid treatment, resulting in superior yellowness and comparable transmittance values to the commercial
pulp.[5] On the other hand, the relatively high glucomannan content of pine wood had an adverse effect on the
quality of the produced cellulose triacetate, when compared to the commercial pine pulp that contained only 0.8
wt % of xylan and 0.7 wt % of glucomannan. The yellowness and transmittance results are presented in Figure 4
as a function of residual hemicelluloses.
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Figure 4. Yellowness and transmittance of the prepared cellulose acetates as function of residual hemicelluloses.

IV. CONCLUSIONS
From our results it can be seen that even though the optimum co-solvent content of a selected ionic liquid may be
comparable for hardwood and softwood, other factors, like efficiency of the ionic liquid itself can differ strongly
depending on the used pulp. The efficiency was evaluated based on the amount of dissolved cellulose and residual
hemicelluloses. The difference in used ionic liquid was highlighted with pine pulp glucomannan.
Comparing the different pulps, it can be seen that it is not the amount of extractable hemicelluloses, but the nature
of the pulp polymers that limit the extraction efficiency. The GPC results show that the smaller polymers are
readily extracted, while the larger (cellulose) polymers remain undissolved. Moreover, the results indicate that the
residual hemicelluloses are probably overlapping with the molecular weight of the cellulose fraction. If this
overlapping is increased with endoglucanase pretreatment, the selectivity of the process suffers severely. As
glucomannan was more difficult to remove than xylan, an endomannanase pretreatment could be introduced into
the process for the pine pulp in order to enhance the glucomannan removal and reach the purity of acetate grade
pulp.
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ABSTRACT
Wheat straw, as one of the most abundant agricultural residues in Europe, was subjected to alkaline pulping,
microwave-assisted alkaline pulping and natural pulping using formic acid and hydrogen peroxide. The obtained
lignins were characterized by means of KLASON-lignin, FT-IR spectroscopy, molecular weight determination,
elementary analysis and different wet chemical methods. The emphasis here was on their structural differences,
especially the content of functional groups like total hydroxyl, phenolic hydroxyl, carboxyl, carbonyl and
methoxyl groups.
In addition, numerous agricultural residues, for example barley straw, maize straw, sunflower stalks and horse
manure, were characterized and subjected to alkaline pulping, which was carried out based on the optimum
parameters found for wheat straw: θ = 160 °C, t = 30 min and c(NaOH) = 3 wt%. As they showed different
suitability for carbohydrate and lignin separation using this pretreatment, modification of parameters were
necessary for other starting materials. The resulting lignins were characterized with the methods described
above. By this, lignin with interesting structural features could be proposed for further studies.
I. INTRODUCTION
Second-generation bioethanol uses agricultural residues, as they are abundant and have no application in food
industry. Before hydrolysis and fermentation, the lignocellulosic material needs to be pretreated in order to
increase accessibility and to remove potential enzyme inhibitors [1]. Lignin, which is often a byproduct of the
pretreatment procedure, could be used for several applications, for example as binder, as additive in asphalt or
for the production of basic chemicals.
As lignin structure is strongly dependent on the used biomass, pretreatment procedure and pretreatment
parameters, obtained lignins can vary in composition and hence, in their utilization possibilities. Microwaveassisted alkaline pulping has been studied for wheat straw regarding the enhancement of pulp hydrolysis [2,3].
As this is an interesting approach, due to shortening of reaction time and lowering the energy consumption
compared to conventional alkaline pulping, further studies on the effect on lignin are necessary.
In order to understand the effect of different raw materials used in a pretreatment process, extensive studies have
been conducted with e.g. wheat straw, switchgrass, corn stover and sunflower stalks [4–8]. Unfortunately, these
often focus on pulp properties or are not comparable as different pulping procedures or parameters were used.
In this study, different agricultural residues were subjected to alkaline pulping using the same parameters. The
aim is, on the one hand, to find lignins of unusual composition and, on the other hand, to find lignins, which
seem to be very similar and thus, could be substituted by one another in a future application. Furthermore, three
pretreatment procedures were used for wheat straw to show the influence of natural pulping and microwaveassisted alkaline pulping in comparison to conventional alkaline pulping on lignin composition.
II. EXPERIMENTAL
The following agricultural residues served a raw material for the conventional alkaline pulping procedure:
pretreated alfalfa (pa), miscanthus (mi), wheat straw (ws), barley straw (bs), oat husk (oh), maize straw (ms),
horse manure (hm), coconut shell powder (cp), hemp shives (hs), sunflower stalks (ss), canola straw (cs). Wheat
straw was furthermore subjected to microwave-assisted alkaline pulping and natural pulping.
Alkaline pulping was carried out using an autoclave of 2-L capacity. The parameter used were as follows:
liquid/solid ratio: 6.1 mL/g, c(NaOH) = 3 wt%, T = 160 °C, t = 30 min. Microwave-assisted alkaline pulping
was conducted using a CEM microwave system (MDS 2000) with following parameters: liquid/solid
ratio: 6.1 mL/g, c(NaOH) = 3 wt%, power = 609 Watt. After pulp removal, lignin was separated by precipitation
at pH 1, followed by washing with hydrochloric acid (0.1 M) and dialysis. Natural pulping was carried out at
Saxon Institute for Applied Biotechnology, Leipzig University following a procedure described by Siegle [9].
The pretreatment was performed in a 3 L round bottom flask with reflux condenser at the following parameters:
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liquid/solid ratio: 27 mL/g, c(HCOOH): 60 wt%, maximum temperature: 101 °C, time at maximum temperature:
60 min. After separation of pulp, lignin was precipitated in water.
Lignin was determined as the residue after sulfuric acid hydrolysis in two steps according to TAPPI method
T222 om-88 [10]. Carboxyl and phenolic hydroxyl groups were determined by nonaqueous potentiometric
titration according to [11]. Carbonyl groups were determined after oximation using hydroxylammonium chloride
following the procedure suggested by [12]. Methoxyl groups were determined according to [13].
Total amount of hydroxyl groups was determined after acetylation. 0.5 g lignin was weighed into an Erlenmeyer
flask and 10 mL of pyridine (distilled) and 10 mL of acetic anhydride (distilled) were added. The flask was
closed under a nitrogen stream and left in a shaking device at 40 °C for eight hours. Lignin was precipitated in
100 ml of 0.1 M hydrochloric acid and washed thoroughly to remove residual pyridine and separated over a glass
frit (porosity G4). 60 mg of acetylated lignin and 4 ml of sulfuric acid (50 %) are heated under reflux for one
hour. After rinsing the condenser the acetic acid is distilled by short-path distillation and finally titrated with
sodium hydroxide (0.05 M) and phenolphthalein.
Elementary analysis was carried out on a Hekatech EA 3000 Euro Vector CHNSO. FT-IR spectra were obtained
on a Nicolet 210 using KBr pellet technique. Spectra were measured between 400 and 4000 cm-1 at a resolution
of 4 cm-1 with 100 scans.
III. RESULTS AND DISCUSSION
Wheat straw lignin obtained by alkaline pulping, microwave-assisted alkaline pulping and natural pulping
Lignin was separated from wheat straw (composition: 48.9 % cellulose, 27.3 % hemicelluloses and 22.8 %
lignin) after alkaline, microwave-assisted alkaline and natural pulping. Yield, expressed as lignin content of the
precipitation product in relation to lignin content of wheat straw, and purity of the separated products are shown
in Table 1. The highest yield was obtained by alkaline pulping using an autoclave, followed by microwaveassisted alkaline pulping and finally by natural pulping. No significant difference was found for the purity of
lignin derived by both alkaline procedures, as the only parameter influencing their purity was found to be the
concentration of sodium hydroxide used (data not shown), being the same for both procedures. However, the
purity of NP-lignin was found to be considerably higher due to its lower content of carbohydrate impurities.
Table 1 Yield and KLASON-lignin content of precipitation product obtained by alkaline pulping (AP),
microwave-assisted alkaline pulping (AM) and natural pulping (NP)

Alkaline pulping (AP)
Microwave-assisted
alkaline pulping (AM)
Natural Pulping (NP)
* in relation to wheat straw

Yield of precipitation
product* [%]
22

KLASON-lignin content of
precipitation product [%]
65.9

17

66.9

51

11

82.4

39

Yield of lignin** [%]
64

** in relation to KLASON-lignin content in wheat straw

These carbohydrate impurities are also reflected in the content of aliphatic hydroxyl shown in Figure 1, which
was found to be lower for NP-lignin compared to both alkaline lignins. Furthermore, alkaline pulping leads to
more reactive lignin than natural pulping, since alkaline lignin contains more phenolic hydroxyl groups as the
cleavage of α-ether-linkages is particularly promoted by neighbouring group participation in alkaline media [14].
Given that NP-lignin contains less phenolic hydroxyl groups and methoxyl groups as alkaline lignin, it might be
more cross-linked due to condensation reactions. This is supported by its comparatively high molecular weight
ranging between 7000 and 14500 g/mol (AP-lignin: 3000 – 6500 g/mol), depending on pulping parameters.
Furthermore, the content of carbonylic groups differs significantly. Though alkaline treatment promotes the
formation of carbonylic groups, this does not seem to be as crucial as oxidation by performic acid generated
during natural pulping treatment.
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Figure 1 Content of functional groups in lignin obtained by alkaline pulping (AP), microwave-assisted alkaline
pulping (AM) and natural pulping (NP)
Lignin of agricultural residues obtained by alkaline pulping
Pretreated alfalfa (pa), miscanthus (mi), wheat straw (ws), barley straw (bs), oat husk (oh), maize straw (ms),
horse manure (hm), coconut shell powder (cp), hemp shives (hs), sunflower stalks (ss), canola straw (cs) were
submitted to alkaline pulping. The highest lignin yields were attained for pretreated alfalfa, miscanthus, wheat
and barley straw, though the maximum amount was separated from coconut shell powder (data not shown). High
purities were obtained for lignin from sunflower stalks, hemp shives and coconut shell powder containing
KLASON-lignin of 90.4, 89.0 and 86.5 %, respectively.
Figure 2 shows the content of functional groups of the separated lignins in comparison to the commercial Kraftlignin Indulin AT (IAT). Their composition is strongly dependent on the raw material used. The overall content
of functional groups varies between 9.9 mmol/g for pretreated alfalfa and 13.2 mmol/g for hemp shives.
Furthermore, lignin from coconut shell powder was found to be remarkable, having a high overall functional
group and phenolic hydroxyl content in addition to a low amount of methoxyl groups.
The degree of oxidation and aromatization is shown in Figure 3. With its high degree of aromatization and the
described composition of functional groups the lignin from coconut shell powder is of special interest. As
expected, lignin from similar botanical origins showed similar H/C and O/C ratios. It is worth noting, that lignin
from pretreated alfalfa showed a very low degree of aromatization, despite its low content of aliphatic hydroxyl
and carbohydrate impurities.
However, the degree of aromatization as well as the content of carbonyl groups was confirmed by FT-IR
spectroscopy (data not shown).

Figure 2 Content of functional groups in lignin from
different agricultural residues
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Figure 3 Van-Krevelen diagramm obtained by
elementary analysis (assignment adapted from [15])
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IV. CONCLUSIONS
1.

Reduction of pulping time by using microwave-assisted pulping is possible obtaining lignin with similar
purity and composition, but lower yield compared to conventional alkaline pulping.

2.

Lignins with purities of > 85 % were separated from sunflower stalks, hemp shives and coconut shell
powder by alkaline pulping.

3.

Following lignins are suggested for detailed studies: lignin from coconut shell powder, pretreated alfalfa,
sunflower stalks
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ABSTRACT
The content and distribution of pinosylvin stilbenes in Scots pine (Pinus sylvestris) wood, sampled in Latvia,
have been investigated. Results indicated that heartwood from pines grown in the wet forests have higher
pinosylvins content than for trees grown in the dry forests. Our results showed that contents of pinosylvin and
pinosylvin monomethyl ether in heartwood varied in the range of 0.1-2.0% (w/w), depending on the height of
sampling from the ground. The highest content of pinosylvins was observed for the samples taken at 0.5 m
height of tree from ground. Comparison of pinosylvins content in the heartwood of 90 and 60 years old pine
trees has shown that for the latter it is higher (0.86 and 2.0 % w/w, respectively). Screening of pinosylvins
content in pine trees, using boring technique, (heartwood was taken at the hight 0.5 m from 30 pine trees of 5060 years old grown in wet forests) showed that pinosylvin and pinosylvin monomethyl ether content can achieve
more than 2% on wood dry mass. All heartwood hydrophilic extracts showed antioxidant activity close or higher
than the reference sample Trolox (water-soluble analog of vitamin E). The crude ethylacetate and ethanol water
extracts of heartwood were purified by preparative liquid chromatography. The results showed that pinosylvin
with a higher purity (> 85%) can be obtained from water ethanol extract, but pinosylvin monomethyl ether with
higher purity (> 95%) can be obtained from ethyl acetate extract. The analysis of extracts from industrial waste
of wooden windows frames (Scots pine taken from Latvian forests) manufacture demonstrated that these waste
have good prospects for pinosylvins production due to the pinosylvins yield was of 2% w/w).
I. INTRODUCTION
Forests are covering more than 40% of the Latvian territory. Two-thirds of the Latvian forests consist of Scots
pine. In the next 50 years pine will remain the leading tree species in Latvia and will be widely available. During
recent years pine wood is considered as an abundant source of biologically active compounds, in particular
stilbenes. Large amount of bioactive compounds are present in wood knots of several trees species. Pinosylvins
possess potent anti-fungal activity against a wide assortment of fungi and is secreted in situations in which the
tree is susceptible to infection by fungal agents. Pinosylvins are structurally similar to the anti-cancer stilbene
resveratrol. It may be assumed that this structural similarity has also to be accompanied by anticancer activity.
The bioactivities of pinosylvins make them exceptionally interesting as active compounds with many potentially
beneficial effects [1].
The aim of this work, carrying out in the frame of the ERA-NET Project „PINOBIO”, was evaluation of
heartwood of pine growing in Latvian forests as a source of pinosylvin stilbenes. Using the methodology
developed by scientists of the Abo Academy University (Finland), the heartwood samples of pine trees differing
by age, growth location and conditions (wet and dry forests) were analyzed regarding the content of pinosylvin
stilbenes. The evaluation of industrial pine wooden waste available as residue after window frames
manufacturing from Scots pine taken from Latvian forests was also in focus of the present study.
II. EXPERIMENTAL
The heartwood samples were taken during forest felling from healthy Scots pine trees grown in dry and wet
forest. The samples were cut into small discs of 5cm height, then air-dried at room temperature, milled to 50
mesh using Retch equipment and further air-dried to moisture content of about 10 %. Heartwood samples were
taken at different heights (0.5 m, 2.5 m and 4 m). Industrial wastes (pine wood chippings with knots) were taken
from two different windows producers. The special sorting did not used, all samples under study contained
heartwood and knots.
Screening of pinosylvins content in pine trees were performed using boring technique. Samples were taken from
50 – 60 years old 30 Scots pine trees (wet forests) at the height 0.5 m. Pines were sampled in April, 2013.
Samples were taken in double. One sample was separated into heartwood and sapwood, second was milled
without separation.
Extraction procedure
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Extraction was made with ASE apparatus (ASE 350, Dionex Corp.), the lipophilic extractives were first
extracted with hexane (solvent temperature 90°C, three 5-min static cycles), then more hydrophilic extractives
were extracted with ethylacetate or ethanol water (E/W) mixtures in the same conditions. The yields of
extractives were determined gravimetrically after freeze drying.
High performance liquid chromatography analysis (HPLC)
HPLC analysis was performed with an HPLC Agilent Technologies 1100 Series coupled with a UV diode - array
detector. The separation of the analytes was done with a column Zorbax Eclipse XDB - C18, 4.6 x 250 mm.
Elution was carried out with a flow rate of 1 mL/min using the following solvent systems: solvent A =
water/methanol/formic acid (974 : 25 : 1v/v) and solvent B = methanol/formic acid (999 : 1 v/v). The elution
conditions were: 0 - 20 min from 60 % B to 80 % B; 20 - 25 min 100% B; 25 - 30 min from 100 % B to 60 % B.
The operating conditions were: column temperature 30°C; injection volume 20 µL and detection wavelenght 300
nm. The calibration curves were made by diluting pinosylvin and pinosylvin monomethyl ether standard
solutions with methanol water solution to give concentration of the standard in the range 10 - 100 mg/L. The
curves were plotted from chromatograms as a peak area vs. concentration of the standard.
Total soluble phenolic compound content
The content of total phenolic compounds in the extracts was determined spectrophotometrically by the FolinCiocalteu method with gallic acid as reference. Results are given in gallic acid equivalent (mg GAE g-1 of dry
extract).
Purification of crude extracts
The crude (ethyl acetate and ethanol water 60 : 40) extracts of heartwood were purified by SP1TM Purification
System using Biotage column KP - C18 - HS (12 x 150 mm, 35 - 70 µm) and after freeze drying analysed with
HPLC - DAD as described above.
Assessment of antioxidant activity
Testing radical scavenging activity was performed against stable radicals 2,2-azino-bis(3-ethylbenzthiazoline-6sulphonic cation radical (ABTS•+). ABTS•+ was produced by reacting 2,2-azino-bis(3-ethylbenzothiazoline-6sulphonic acid) (ABTS) with potassium persulfate (K2S2O8). The ABTS•+ solution was produced reacting 50 mL
of stock solution with 200 L of 70 mM K2S2O8 water solution. The mixture was left to stand in the dark at room
temperature for 15–16 h before use. For the evaluation of the antioxidant capability, the ABTS•+ solution was
diluted with PBS to obtain the absorbance of 0.800 ± 0.030 at 734 nm. 0.03 mL of the sample solution in DMSO
were mixed with 3 mL of the ABTS•+ solution in the 1 cm path length microcuvette. The absorbance at 734 nm
was read at ambient temperature after 10 min. PBS solution was measured as a blank sample.
III. RESULTS AND DISCUSSION
We have made pinosylvin stilbenes analysis (total was examined 60 wood samples) of different morphological
parts of pine wood, highest values of pinosylvins content are showed in Table 1. The pine heartwood was chosen
as the object for studies of pinosylvins obtaining, because extracts from heartwood contained less impurities.
Table 1. Content of pinosylvin (PS) and pinosylvin monomethyl ether (PSMME) in Latvian pine; %, w/w o.d.
Sample
Pine 60 years, dry forest
Pinosylvin
Pinosylvin monomethyl ether
In Total
Pine 60 years, wet forest
Pinosylvin
Pinosylvin monomethyl ether
In Total
Pine 90 years, wet forest
Pinosylvin
Pinosylvin monomethyl ether
In Total

Content of PS and PSMME, % w/w o.d.
Heartwood
Knots
In extract
In sample
In extract
In sample
10.94
0,20
4.78
0.62
28.65
0,53
16.40
2.14
39.59
0.73
21.18
2.76
17.3
22.0

0.60
0.70

6.60
21.30

1.03
3.34

39.3

1.30

27.90

4.37

18.7
15.1
33.8

0.48
0.38
0.86

-

-
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Results indicated that heartwood from pines grown in the wet forests have higher pinosylvins content.
Comparison of pinosylvins content in the heartwood of 90 and 60 years old pine trees has shown that for the
latter it is higher (0.86 and 2.0% w/w, respectively). Compared with knots, the amounts of pinosylvin stilbenes
in heartwood were lower, but stilbenes were of higher purity in extracts (40%, w/w). This observation is in
compliance with the results obtained in [2].
The screening of pine heartwood samples from wet forest showed that pinosylvin and pinosylvin monomethyl
ether content varied depending on the height of sampling and can achieve more than 2 % on heartwood dry mass
at the height of 0.5 m (Figure 1).
Wet forest

Dry forest
PMME

PSMME

4,0 m

4,0 m

PS

PS

IN TOTAL

Height

Height

IN TOTAL

2,5 m

2,5 m

0,5 m

0,5 m

0

0.5

1

1.5

2

0

2.5

%, (w/w)

0.5
% (w/w)

1

Figure 1. Pinosylvin (PS) and pinosylvin monomethyl ether (PSMME) analysis of Latvian pine heartwood;
content %, w/w) and distribution
Our results for the distribution of pinosylvin and pinosylvin monomethyl ether are close to reported data for
Norwegian pines [3]. The highest content of pinosylvins was observed for the samples taken at 0.5 m height of
tree. Variations of the pinosylvin stilbenes content within tree and between trees were high. We found that the
pinosylvin content in pine heartwood ethanol water extracts was on average 14 - 25 % (w/w), pinosylvin
monomethyl ether 16 - 30 % (w/w).
The concentration of pinosylvin and pinosylvin monomethyl ether was higher in heartwood than in heartwood
+ sapwood, the same results was obtained for extracts. Experimental data indicated that for getting of more
pinosylvins with lower impurity from pine wood, it is better to take only heartwood. The extract of heartwood
of trees grown in wet forest showed the highest radical scavenging activity in the ABTS•+ test that was on the
level of the reference antioxidant Trolox, it is higher then reported for Pinus pinaster wood extracts obtained by
supercritical CO2 (one third of trolox) [4].
To isolate pure pinosylvin (PS) and pinosylvin monomethyl ether (PMME) we used reverse phase or normalphase preparative chromatography. The experiment showed that both these chromatography methods can be
used for PS and PSMME isolation (HPLC purity
85% in each case). The results showed that pinosylvin with
a higher purity (> 85%) can be obtained from water ethanol extract, but pinosylvin monomethyl ether with
higher purity (> 95%) can be obtained from ethyl acetate extract.

≥

The analysis of extracts from industrial waste of wooden windows frames manufacture demonstrated that these
waste have good prospects for pinosylvin stilbenes production because summarized PS and PMME yield was of
1.9 % w/w o.d. (Table 2).
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Table 2. Content of phenolic compounds in industrial samples
Gravimetric yield, % w/w
Industrial
sample
1
2

Hexane
extract

E/W
60:40

5.92
12.24

2.88
4.27

PSMME
(%, w/w)
0.910±0.003
1.290± 0.005

PS
(%, w/w)
0.509±0.002
0.641±0.002

Total
(%, w/w)

Total phenols
(g
Gal.Acid/100g
extract)

1.419±0.005
1.931±0.007

21 ± 2
27 ± 2

Differences between industrial samples taken from different producers were extracts yield that could be
explained by the differences between heartwood, sapwood and knots content in under study samples.
It was found that the stability of pinosylvins content in wood at room temperature is rather high (Table 3).
Table 3. Pinosylvins content (%, w/w) in milled wood sample during storage at room temperature and in 60%
ethanol water solution during storage at 4°C.
Storage
Wood sample
1 day
150 days
Ethanol water extract
1 day
205 days

Summary content of PS and PSMME, % of o.d. sample
1.38
1.30
0.184
0.182

The ethanol water extract (containing 34 % w/w pinosylvins) is quite stable in 60 % ethanol water solution
stored at 4°C. The chromatography study revealed that there was no apparent degradation of pinosylvin and
pinosylvin monomethyl ether. However the storage under low temperature is preferable.
IV. CONCLUSIONS
The data obtained have shown that the tree growing in wet forest characterized with enhanced content of
pinosylvins in heartwood in comparison with trees growing in dry forest. According to literature data
approximately average content of pinosylvins in the pine wood is about 0.01 - 1 % (w/w). Summarizing the
results, the heartwood of Latvian pine trees of approximately 60 years old growing in wet forests is a prospective
source for pinosylvin stilbenes obtaining (1.3 – 2%, w/w). Pinosylvin stilbenes could be isolated with good yield
from industrial waste from wooden windows frames (pine) manufacture.
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ABSTRACT
The aim of the study was to compare three different nanostructurated cellulose (NSC) preparation methods: the
thermocatalytic method, regeneration of nanoparticles from ionic liquids and traditional acid hydrolysis. The
thermocatalytic method: materials were impregnated with a weak acid (HCl) solution and thermally treated, then
dispersed in water medium in a ball mill; thermocatalytically destructed pulp was also oxidized with 2,2,6,6tetramethyl-piperidinyl-1-oxyl (TEMPO). Acid hydrolysis was carried out in the traditional way with 64%
H2SO4, followed by dialysis. The regeneration method was performed with BmimCl, Bmim HSO4 and Bmim
PO4Me2 ionic liquids (IL). Bmim HSO4 was found as the most appropriate. Particles obtained were analyzed
with Malvern “ZetaNanosizer”, atomic force microscopy (AFM) and x-ray diffraction (XRD). NSC cellulose
particles obtained by all methods exhibited a rod like shape, in the size range of 100-1000 nm (Nanosizer). AFM
studies showed somewhat smaller dimensions. Crystallinity degree of NSC by XRD showed 48% in the case of
the thermocatalytic method, 60% after TEMPO modified and 78% in the case of the traditional acid hydrolysis
method. Regeneration from ILs yielded NSC with the highest crystallinity degree of 82%.
I. INTRODUCTION
Nanocellulose has gained attention due to its nanoscale dimensions and superior properties. Finding the most
appropriate method is an urgent theme in this study of cellulose processing. The aim of the study was to compare
three different nanocellulose preparation methods: the thermocatalytic method, regeneration of nanoparticles
from ionic liquids and the traditional acid hydrolysis.
The hydrolysis method with following mechanical treatment is applied to obtain cellulose fibrils from different
cellulose materials. In sum, these mechanical operations can be accompanied by chemical treatments, to remove
the amorphous material. Likewise, an increase of the interfibrillar repulsive forces can be achieved through
oxidation (usually employing 2,2,6,6-tetramethyl-piperidinyl-1-oxyl radical (TEMPO) region selective
oxidation) [1].
Discovering and applying of ionic liquids (IL) as a new eco-friendly solvent in cellulose dissolution and
processing have been initiated in recent age. Good dissolution and regeneration of cellulose in alkyl substituted
imidazolium IL’s have been reported [2]. In addition, the ability of IL’s to modificate cellulose, both physically
and chemically [3], even to nanoparticles in case of specific IL and sonification, is shown [4].
Acid hydrolysis is used to obtain crystalline particles from a variety of cellulose sources. The process
preferentially removes (hydrolyzes) the amorphous regions within the cellulose nanofibrils. Sulfuric acid is most
typically applied as it creates a negative surface charge on the particles, but other acids are also employed. The
mechanism of acid hydrolysis is incompletely understood. The acid hydrolysis process is reported in detail
elsewhere [5, 6].
II. EXPERIMENTAL
Thermocatalytic method
In compliance with the thermocatalytic method elaborated at the Latvian State Institute of Wood Chemistry [7],
polysaccharide-containing materials were impregnated with small quantities of a weak acid (HCl) solution and
thermally treated at elevated temperature. Then the partially destructed materials were dispersed in water
medium in a ball mill. This process utilizes very small quantities of acid, which is partly evaporated during the
heating. The remaining acid can be washed out or left within the fibers. The drawback of the method is a rather
intense milling. This method is very efficient when larger volumes of cellulose nano/micro particles have to
prepared in laboratory scale.
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TEMPO catalyzed oxidation
To oxidize the thermocatalytically destructed pulp sample, it was disintegrated at 4000 RPM during 2 min in 1%
water suspension. After draining on a Buehner funnel, cellulose fibers were transferred to stock and filled with
distillate water. TEMPO and NaBr were added to the fiber suspension with constant stirring until the solids
dissolved. The reaction started with the addition of NaOCl. After 1.5 h, 0.5M NaOH was added for 1.5 h (at pH
11) and then 0.5M HCl for 1h (pH 6). The reaction was performed by stirring constantly at +4oC. To prepare
NSC gel after draining and washing with distillate water, the pulp sample was dispersed with water at high shear
stress in a ball mill for 3 h [8].
Traditional acid hydrolysis
Traditional acid hydrolysis of birch bleached kraft pulp was carried out with 64% H 2SO4 at an initial
concentration of cellulose of 0.08 g/ml. The mixture was treated at 45°C for 15 min. Hydrolysis was stopped by
adding 500 ml of cold water. After hydrolysis, the resulting suspension was centrifuged and dialyzed against
water for 14 days.
Regeneration from ionic liquids
Microcrystalline cellulose, obtained by the thermocatalytic method [9] from bleached (using H 2O2, and NaOH
liquid to pulp ratio 16.7 ml/g) kraft pulp of aspen hybrid (Populus tremuloides Michx. X Populus tremula L.),
was mixed (10% w/w) and dissolved in three types of ILs (1-butyl-3-metylimidazolium chloride BmimCl; 1butyl-3-metylimidazolium hydrogen sulfate Bmim HSO4 and 1-butyl-3-metylimidazolium dimethyl phosphate
Bmim PO4Me2). The cellulose solution was stirred continuously in an oil bath in the temperature range of 70°100°C for 1 to 3 h. The reaction was quenched by adding deionized water to the mixture. Sonification was
applied in the cellulose regeneration stage. The suspension was washed with deionized water, and centrifugation
was used to isolate cellulose nanoparticles.
The hydrolysis of microcrystalline cellulose by BmimHSO4 is found to be rather similar to acid hydrolysis. In
this reaction, the ionic liquid is expected to react with microcrystalline cellulose in a similar manner as acids in
acid hydrolysis. IL causes the hydrolytic cleavage of glycosidic bonds that results in the rearrangement of the
interlinking chain ends [6]. The dissolution process of microcrystalline cellulose did not provide any difficulties
– the regeneration step (adding of cold water and sonification) caused the formation of an emulsion, and particles
appeared in the shape of a white precipitate.
In the case of BmimCl, the regeneration process depended on the temperature of the mix of cellulose and IL, and
water applied. If both liquids were hot and pre-filtration took place before regeneration, an emulsion was formed
and particles appeared in the form of a white precipitate. In another case, adding water caused the formation of
non-crystalline aggregates in the solution. It has been reported [10] that gelation processes start in the solution of
cellulose in BmimCl and water, which continue with the preparation of flexible gel materials from these
aggregates.
In the case of BmimPO4Me2, when water was added, one-piece gel-type material was formed, even sonification
did not cause its decomposition in particles.
Methods of NSC characterization
Characterization of the nanostructured cellulose samples was carried out by a Malvern “ZetaNanosizer”, atomic
force microscopy (AFM) and x-ray diffraction (XRD).
III. RESULTS AND DISCUSSION
Regeneration of cellulose nanoparticles from ionic liquids
The dissolution process of cellulose in ILs was attributed to their ability to break the network of hydrogen bonds
existing in cellulose [11].
We conclude that the process strongly depends on the above mentioned parameters and if NSC is the preferred
outcome, temperature and other parameters should be precisely provided. In the case of BmimHSO4, the
regeneration process provides NSC.
The aim of using BmimPO4Me2 for our experiments was to examine the ability to regenerate cellulose in
nanoparticles from the IL solution. In that respect there is limited information about detailed process parameters
of dissolution of cellulose in phosphate-based ILs. A material was obtained in accordance with [12], where
preparing one-piece (film) product from the BmimPO4Me2/cellulose solution is reported.
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Deliberating on the primary aim of this study, we conclude that BmimHSO4 is the most appropriate type of the
ion liquid for the preparation of cellulose nanoparticles.
Characterization of particles obtained
On the average, the cellulose nanoparticles obtained by acid hydrolysis and regeneration from IL, and TEMPO
modified NSC cellulose particles exhibit a rod like shape. The dimensions of the cellulose particles were found
to be in the size range of 100-1000 nm. The results of the Zeta-nanosizer measurement of NSC are summarized
in Table 1.
Table 1 The size and charge of nanostructured cellulose particles
Thermocatalytic
TEMPO
NSC
modified NSC

IL method
NSC

Acid hydrolysis
method NSC

Average size of
particles, nm

308

102

439

679

ζ potential, mV

-20.4 ± 0.2

-29.4 ± 0.5

-20.7 ± 0.2

-18.0 ± 0.2

AFM images of NSC showed both nanorods and abundant nanoparticles whereas uniformly shaped nanorods
were observed for TEMPO-modified NSC (Figure 1a). AFM height profiles and distribution showed abundant
nanoparticles of NSC obtained by the thermocatalytic method (Figure 1b). It was shown that crystallites were
broken by prolonged mechanical treatment. The observation of both nanoparticles and nanorods in TEMPO
modified NSC showed more heterogeneous morphology.

3 µm

3 µm

Figure 1. AFM images of TEMPO modified NSC (a) and thermocatalytic NSC (b) .
AFM height images exhibited thermocatalytically obtained NSC nanoparticles to be 83 ± 4 nm and TEMPO
modified NSC 48 ± 2 nm (Table 2). TEMPO modified NSC nanorods appeared to be bimodally distributed to
lengths of 167 ± 10 nm and 331 ± 23 nm.
Table 2 Size of NSC as determined by AFM
Sample

Size, nm

TEMPO NSC

Thermocatalytic NSC

Abundant nanoparticles

48

± 2

Nanorod length 1

167

± 10

Nanorod length 2

331

± 23

Nanorod diameter

32

± 2

Abundant nanoparticles

83

± 4

The crystallinity degree was calculated, and it is shown in Table 3. It can be seen that cellulose in the
nanoparticles obtained by the IL and acid hydrolysis methods had much higher crystallinity than cellulose in raw
pulp fibers. The crystallinity degree calculated from XRD patterns of cellulose in the pulp sample was
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59%.When applying the thermocatalytic method by weak acid treatment and ball mill grinding, the process
produced NSC with a lower crystallinity degree of 48% due to prolonged mechanical treatment. The NSC
isolated by traditional sulfuric acid hydrolysis and the IL method yielded the highest crystallinity degree in the
range of 78-82%. As a result of the TEMPO oxidation of thermocatalytically obtained NSC, the CrI gave a
considerably higher crystallinity degree around 60%. However, TEMPO oxidized cellulose from various sources
has been previously reported to show unchanged crystallinity [10].
Table 3 Crystallinity degree of NFC by XRD

Crystallinity
degree, %

Bleached
pulp

Thermocatalytic
NSC

TEMPO
modified NSC

IL method
NSC

Acid hydrolysis
method NSC

59

48

60

82

78

IV. CONCLUSIONS
The ongoing investigation to find original and efficient methods for preparing cellulose nanoparticles has
attracted considerable attention. Nevertheless the matter should be conceived as being still in its infancy and
hence the need exists of further research involving both novel strategies and the optimization of those outlined
here. The obvious next effort should focus on systems bearing a green character, an economically viable
application potential and also ability of process transfer to pilot-scale amounts.
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ABSTRACT
Versatile peroxidase (VP) is a high redox-potential peroxidase of biotechnological interest due to its
ability to oxidize a wide range of substrates including phenolic and non-phenolic aromatics, and dyes.
The ability of VP from the white-rot fungus Pleurotus eryngii to oxidize water-soluble technical lignins
(lignosulfonates) was demonstrated using electron paramagnetic resonance (EPR) and stopped-flow rapid
spectrophotometry. In addition, the electron transfer reaction produced between the peroxidase and the
lignin macromolecule was for the first time unequivocally related to the presence of a solvent-exposed
tryptophan residue (Trp164) using mutated variants. Finally, the tryptophan radical formed after VP
activation by H2O2 was identified as catalytically active, since it was reduced during lignosulfonate
oxidation, as shown by EPR spectroscopy.
I. INTRODUCTION
Around 20% of the total carbon fixed in nature is incorporated into lignin [1]. It is the only biomass
component with an aromatic origin, and a valuable raw material [2]. Lignin can be an important source of
aromatic chemicals and polymers with numerous applications. The only organisms being able to
significantly modify and degrade lignin in nature are the white-rot fungi, acting through a battery of
oxidoreductases secreted to the extracellular medium [1]. One of these enzymes is versatile peroxidase
(VP), which is able to oxidize lignin and a variety of other recalcitrant substrates.
During the catalytic cycle, VP at resting state (containing a Fe3+-heme) is activated by H2O2 yielding
Compound I (CI) (with an Fe+4=O - porphyrin radical complex). CI catalyzes a one-electron substrate
oxidation and forms Compound II (CII) which contains an Fe+4=O complex. Through another oneelectron substrate oxidation the resting state is recovered. Moreover, VP oxidizes high redox-potential
compounds through an exposed catalytic tryptophan which forms a radical (both in the CI and CII
transient states) on the surface of the protein through an electron transfer from this residue to heme [3].
In this work, the ability of VP to act on lignin was investigated using water soluble lignosulfonates (LS).
LS are technical lignins obtained in the paper pulp industry through the sulphite pulping of wood, being
commercialized for a wide range of applications. LS representative of two types of wood were used in
this study: one from Picea abies (softwood) which contains a high proportion of monomethoxylated
(guaiacyl, G) lignin units and other from Eucalyptus globulus (hardwood) which has both
monomethoxylated and dimethoxylated (syringyl, S) lignin units. The main aim of the work was to study
the ability of VP to oxidize LS, and investigate the role played by the putative catalytic tryptophan during
the oxidation.
II. EXPERIMENTAL
Enzyme production
VP from P. eryngii and its W164S and R257A/A260F mutated variants [4,5] were produced in
Escherichia coli as follows. pFLAG1 expression plasmid containing the mature protein-coding sequence
of VPL2 was transformed into E. coli W3110. The cells were grown in Terrific Broth medium until OD ̴
1.Then protein expression was induced by addition of 1mM IPTG and cells were further grown for 4
hours. The apoprotein accumulated as inclusion bodies and was recovered in a solution containing 8 M
urea, 1 mM DTT and 1 mM EDTA in 50 mM Tris-HCl, pH 8. The subsequent in vitro reactivation
process was carried out overnight in a solution containing 0.16 M urea,15 µM hemin, 5 mM CaCl2, 0.1
mM DTT, 0.5 mM GSSG and 0.1 mg/ml protein concentration in 20 mM Tris-HCl, pH 9.5. Finally,
native VP and its variants were purified by anion exchange chromatography (Resource Q column, GE
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Healthcare) using a 0-0.3 M NaCl gradient. The Rz (A410/A280 ̴ 4) of the variants was indicative of the
purity of the proteins. The UV-vis spectrum was checked in order to confirm the correct folding of the
reactivated enzymes.
Lignosulfonates
Two types of LS were selected for this study, softwood LS from P. abies and hardwood LS from E.
globulus, both kindly provided by Borregaard (Sapsborg, Norway). LS were prepared by a first dialysis in
10 mM EDTA, 50 mM Tris, pH 8, with the aim of removing Mn2+ traces, and then a second one in milliQ water to remove salts and EDTA.
Transient-state kinetics
Reduction of CI and CII of native VP, and its W164S and R257A/A260F directed variants, by LS was
measured using a stopped-flow equipment (Bio-Logic) with a three-syringe module (SFM300)
synchronized to a diode array detector (J&M) and BioKine software.
CI reduction experiments were carried out mixing the variants (1µM final concentration) with H2O2 (1µM
final concentration) in 0.1 mM sodium tartrate, pH 3.5. After 0.6 s, CI was formed. Next, LS were added
at different concentrations and the reaction was followed at 416 nm (isosbestic point of VP CII and
resting state). CII reduction was studied by mixing a solution of enzyme and ferrocyanide (both at 1µM
final concentration) with H2O2 at equimolar ratio. The solution was aged for 6 s and CII formation was
achieved. Then an excess of LS was added (different concentrations) and the reaction was followed at 406
nm (Soret maximum of resting enzyme).
All kinetic traces exhibited single-exponential character from which pseudo first-order rate constants
(k2obs and k3obs for CI and CII reduction, respectively) were calculated. Plots of k2obs vs LS concentration
fitted to a linear or hyperbolic model from which apparent second-order rate constants (k2app) were
obtained. On the other hand, plots of k3obs vs LS concentration were fitted to a Michaelis-Menten model
from which KD3 (dissociation constant) and k3 (first-order rate constant) were obtained. R257A/A260F CII
reduction kinetics were fitted to a sigmoid model from which k3 and K0.5 (equivalent to KD3) constants
were obtained. The corresponding k3app rate constants were calculated with the equation: k3obs =
(k3/KD3)[S]/(1+[S]/KD3).
Electron paramagnetic resonance (EPR) spectroscopy
EPR measurements were performed in solutions containing 0.16 mM VP, 1.3 mM H2O2 and 0.64 or 1.92
mM softwood LS in 50 mM sodium tartrate, pH 3. The reactions were initiated by addition of H2O2 and
stopped by immersion in liquid nitrogen after 2 s or 10 s reaction. CW-X-band (9 GHz) EPR
measurements were carried out with a Bruker E500 Elexsys Series using the Bruker ER 4122 SHQE
cavity and an Oxford helium continuous flow cryostat (ESR900).
III. RESULTS AND DISCUSSION
The kinetic constants for LS oxidation under transient-state conditions were obtained from
spectrophotometric measurements (Figure 1, Table 1). Native VP was able to oxidize LS from softwood
and hardwood with similar efficiency, although some differences were observed in CII reduction. The
dissociation constant (KD3) using hardwood LS was 3.4 lower than for softwood LS, indicating a higher
affinity of the enzyme for the hardwood LS. This improvement in affinity was compensated with a similar
decrease in the first-order rate constant (k3) for the oxidation of this LS, this being the reason that finally
explain the similar efficiency in the oxidation of both LS.
Besides native VP, two variants were tested for the oxidation of LS. In the W164S variant the exposed
catalytic tryptophan [4], was substituted by a serine with the intention to remove this catalytic site. As
expected, the variant without catalytic tryptophan showed kinetic constants impaired for the oxidation of
both LS, meaning that the electron transfer between VP and LS was reduced. In the case of softwood LS,
k2app (CI reduction) was impaired 2.3 times and k3app (CII reduction) 4.3 times. The worsening in the
constants was more accentuated in the case of the hardwood LS oxidation, where the k2app and k3app values
experienced 12-fold and 150-fold decreases, respectively. These results are in agreement with data
obtained for this variant oxidizing simple high redox-potential compounds, which evidenced a 17-50-fold
k2app decrease depending on the substrate tested, whereas k3app was 175-fold reduced or the activity was
even not observed [5]. Electron transfer between synthetic lignin (DHP) and LiP had been previously
shown [6] but this is the first time that electron transfer between peroxidase and lignin is established
being this ability related unequivocally to the presence of the catalytic tryptophan since the removal of
Trp164 led to an enzyme with impaired lignin oxidation.
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EPR spectra of VP reactions with different equivalents of softwood LS (after enzyme activation by H2O2)
were obtained in order to know which radicals were formed during the reaction (Figure 2). It was found
that when a low amount of LS was present in the reaction (4 equivalents, referred to the amount of
enzyme), a mixed radical signal centered on both the catalytic tryptophan and LS was detected after 2 s
reaction. This signal remained finally located on the Trp164 residue when the reaction time was increased
to 10 s. By contrast, when a higher amount of LS was present in the reaction (12 equivalents), the
tryptophan radical signal was substituted by the LS radical signal. These data evidenced that the
tryptophan radical formed after VP activation by H2O2 was the responsible for LS oxidation, and that LS
oxidation led to the formation of a substrate radical. This is the first direct proof of the fact that the
tryptophan radical formed in VP is catalytically active since its reduction was observed when LS was
oxidized, as previously demonstrated for the radical formed in LiP [7].
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Figure 1. Kinetics of reduction of CI (A, C) and CII (B, D) of native VP (●)and its W164S (○)and
257A/A260F (■)variants by softwood (A, B) and hardwood (C, D) LS. Means and 95% confidence limits.
Table 1. Transient-state kinetic constants for reduction of CI and CII of native VP and its W164S and
R257A/A260F variants by softwood and hardwood LS. k3(s-1), KD3 (µM), k2appand k3app(s-1mM-1).
CI reduction

VP
W164S
R257A/A260F

Softwood

Hardwood

k2app
1410 ± 30
660 ± 90
3680 ± 150

k2app
1240 ± 50
140 ± 3
4020 ± 130

CII reduction
Softwood
k3
48 ± 2
40 ± 1

KD3
194 ± 21
11 ± 1

Hardwood
k3app
250 ± 20
70 ± 10
3540 ± 70

k3
14 ± 1
34 ± 3

KD3
57 ± 7
10 ± 1

k3app
250 ± 20
2 ± 0.2
3260 ± 240

The second VP variant analyzed was R257A/A260F, which harbors two mutations near the catalytic
tryptophan and showed improved kinetic constants for the oxidation of some lignin model compounds
under transient state conditions [5]. Interestingly, this variant also showed enhanced catalytic constants
for the oxidation of LS. An 11-fold improvement in the apparent second-order rate constant (k3app) was
observed using both LS as substrates, indicative of a higher efficiency in the oxidation. CI reduction was
similarly improved, although the increases in k2app were not as high (2.6-3.3-fold increment). The
improvements achieved were mainly due to changes in the dissociation constant (KD3) which suffered a
17-fold and 6-fold decrease for softwood LS and hardwood LS respectively, indicative of a higher affinity
for LS. The results achieved for LS oxidation by this variant show that the efficiency of the electron
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transfer from the catalytic tryptophan depends on its surface environment and can be improved by
modifying it.
VP:H2O2:LS(1:8:12)

VP:H2O2:LS(1:8:4)-10s

VP:H2O2:LS(1:8:4)-2s

Magnetic Field (G)

Figure 2. EPR spectra of the reaction of VP, H2O2 and softwood LS at different molar ratios and times.
IV. CONCLUSIONS
The ability of VP to oxidize softwood and hardwood lignin was demonstrated by stopped-flow rapid
spectrophotometry using water soluble lignosulfonates. In this way, the electron transfer produced
between VP and lignin was established, and this ability was for the first time unequivocally related to the
presence of Trp164 using site-directed variants. Moreover, the EPR experiments showed Trp164 as
catalytically active since its reduction happened concomitant to the oxidation of LS. Finally,
improvements in the oxidation of LS after the R257A/A260F double mutation illustrated the relevance of
the Trp164 environment in the activity of the enzyme.
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ABSTRACT
The conversion of lignin into value-added products is traditionally hampered by its stochastic structure and its
complex reactivity. In this work, is for the first time reported the allylation reaction and the aromatic Claisen
rearrangement of the allyl group on lignin as potential chemical modification aimed at the development of new
lignin-based materials and the improvement of its compatibility and ease of processing. In particular, the Claisen
rearrangement of lignin was foreseen as a valuable approach to release phenols in an already chemically
modified lignin giving additional reactive sites for further transformation. Finally, a screening of the antioxidant
activity of reference, allylated, and Claisen rearranged lignins was carried out. Rearranged lignins exhibited
satisfying antioxidant activities if compared to the reference ones.
I. INTRODUCTION
Lignin is the second most abundant polymer in the world after cellulose and it constitutes about 15-25% of the
dry weight of woody plants [1]. Between 40 and 50 million tons/year of lignin are produced worldwide as a
mostly non commercialized waste product (www.ili-lignin.com). Even if a major part of industrial lignin is still
incinerated for the production of process steam and energy, attempts to valorize lignin waste produced by
industry go back to the first half of 1900 [2].
The highly and heterogeneous functionalization extent of lignin macromolecules enables a variety of chemical
modifications, chain extension, and polymerization to be conducted opening the avenue to the development of
new lignin-based materials. Chemically, lignin has a variety of functional groups, namely hydroxyl, methoxyl,
and carboxyl groups. Phenolic hydroxyl groups in the aromatic rings are the most reactive functional groups in
lignin and can significantly affect the chemical reactivity of the material. To improve upon this limitation,
different types of modifications have been proposed with the aim to increase lignin chemical reactivity, reduce
the brittleness of derived polymers, increase its solubility in organic solvents, and improve its ease of processing.
Within these research topics, the present work is focused on the study of lignin allylation reaction and
subsequent Claisen rearrangement of the allyl group as potential chemical modifications aimed at the
development of new lignin-based materials. In particular, the Claisen rearrangement of lignin was foreseen as a
valuable approach to release phenols in an already chemically modified lignin giving additional reactive sites for
further transformation.
II. EXPERIMENTAL
Lignin allylation: method A. In a round bottom flask, oven-dried lignin (1 g) was solubilized in 40 mL of an
acetone/0.5 M aqueous NaOH (1:3) solution. Excess allyl bromide was then added and the mixture was reacted
at 40°C. After 5 hs acetone was rotary evaporated and the crude was acidified to pH 2 adding 37% HCl
dropwise. Allylated lignin was recovered by Buchner filtration.
Lignin allylation: method B. In a round bottomed flask equipped with a condenser, oven-dried lignin (100 mg)
was refluxed in acetone in the presence of excess allyl bromide and potassium carbonate. After 8 hs, the mixture
was poured dropwise, under vigorous stirring, into an Erlenmeyer flask containing cool acidic water (pH=1).
Allylated lignin was collected by Buchner filtration and air dried.
Claisen rearrangement. In a round bottom flask equipped with a magnetic stirrer and a condenser, 100 mg of
allylated lignin was refluxed in 10 mL of dimethylformamide (DMF) for 15 hs. DMF was then removed by
freeze-drying.
Radical Scavenging Activity Evaluation. The radical scavenging activity of reference, allylated, and Claisen
rearranged Protobind1000® lignin was determined by means of a spectroscopic assay involving the consumption
of the stable free radical originated by DPPH (2,2-diphenyl-1-picrylhydrazyl) in a methanolic solution. The
colorimetric assay was performed according to a published method [3].
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III. RESULTS AND DISCUSSION
Lignin P1000 allylation
Two different strategies for hydroxyls allylation were tested on P1000® lignin. The one designed as Method A
involved the reaction of lignin with excess allyl bromide in aqueous NaOH 0.5 M in the presence of about 25%
v/v acetone to reduce the precipitation of allylated products during the reaction. According to the procedure
designed as Method B, lignin was reacted with excess allyl bromide in the presence of K 2CO3 as deprotonating
agent in acetone.
Table 1. Distribution of labile hydroxyl groups in reference and allylated P1000 ®, as found by
quantitative analysis.

Assignment
(mmol/g)

P1000®
Ref

Aliphatic OH
Cond + S-OH
G-OH
P-OH
COOH

1.70
2.00
1.12
0.48
1.07

P1000®
Allylated
Met.A
1.18
n.d.
n.d.
n.d.
0.80

31

P NMR

P1000®
Allylated
Met. B
0.89
0.38
0.20
0.12
0.02

The Table 1 reports the 31P NMR quantification of different hydroxyl groups present in purified lignin and in
allylated lignin. The aliphatic OH groups remain present in high amount after allylation with both methods. The
first method has allowed the modification of 80% of the phenolic units while for the second reaction method all
the available phenols present have been allylated. The acid moieties are almost totally disappeared in the B
method while in the A method they have been modified in a small percentage. 31P NMR is an indirect method for
evaluating the occurred allylation because it allows quantifying the residual hydroxyl groups after the
functionalization reaction, while the allylated ones have been calculated by difference.
The direct evidence of the allylation reaction has been obtained by 13C NMR spectroscopy. The 13C NMR
spectra of acetylated lignin and acetylated allylated P1000 (method A) have been collected and reported in the
Figure 1.
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at these functionalities. The spectrum also shows a decrease of intensity of CH3 in α-position to carbonyl (19
ppm). All these peaks are presented in the 13C NMR spectra of allylated lignin. Moreover it is possible to
observe the peaks related to the allyl chain (γ at around 138 ppm, β around 117 ppm and α with different peaks at
73, 70 and 69 ppm related to the different kind of phenolic units present in the lignin structure).
Claisen rearrangement
The Claisen Rearrangement is a [3,3]-sigmatropic reaction in which an allyl ether is thermally converted to an
unsaturated carbonyl compound. In the case of the aromatic Claisen Rearrangement it is accompanied by a
rearomatization. The etherification of alcohols or phenols and their subsequent rearrangement makes possible an
extension of the carbon chain of the molecule (Figure 2).

Figure 2. Mechanism of Aromatic Claisen rearrangement of allylated lignin.
In Figure 3 the 31P-NMR spectra of reference, allylated, and rearranged P1000® lignin are reported. Starting
from P1000 reference lignin, it is possible to observe the different derivatized -OH groups (namely aliphatic,
syringyl and condensed, guaiacyl, parahydroxycumaryl and carboxylic acids). After allylation as told before it
possible to observed the total disappearing of phenol (method A). After thermal rearrangement of allylated lignin
in DMF a signal related to condensed or syringyl units appeared in the spectrum.
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Figure 3. 31P NMR spectra of reference, allylated, and rearranged P1000 ® lignin showing the interchange of
guaiacyl phenols into syringyl-like phenols after Claisen rearrangement.
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As experimental screening, the DPPH assay for antioxidant activity has been performed. The radical scavenging
activity of pristine, allylated, and Claisen rearranged Protobind1000 ® lignin was determined by means of a
spectroscopic assay involving the consumption of the stable free radical originated by DPPH (2,2-diphenyl-1picrylhydrazyl) in a methanolic solution. The inhibition percentage (% I) of the free radical DPPH• was
calculated according to the following formula:
% I = [(A0-A) / A0] × 100
where A0 is the absorbance of the DPPH reference solution and A is the absorbance of the DPPH solution in
present of different amount of lignins after 15 minutes of reaction. The obtained data were plotted on a log doseinhibition curve and the resulting linear calibration curves were used to derive the half maximal inhibitory
concentration IC50 reported in Table 2.
Table 2. Radical scavenging activity of reference, allylated, and Claisen rearranged P1000 ® lignin, expressed as
IC50 concentration. The total phenols concentration is also reported.

IC50
(ug/mL)

PhOH
(mmol/g)

P1000® Ref

10.0

3.60

P1000® allyl

398.1

0.00

P1000® rearr

50.1

1.35

As observed from the data, after allylation and Claisen rearrangement the antioxidant properties of lignin
preparation has been recovered. In this work, the Claisen rearrangement of lignin was foreseen as a valuable
approach to release phenols in an already chemically modified lignin. Available phenols could act both as
potential chain extension or cross-linking sites and antioxidants, attaining a tailor-made lignin derivative of
controlled properties.
IV. CONCLUSIONS
Allylation is a straightforward reaction and provides a versatile product, prone to several chemical modifications,
as typical of double bonds. On the other hand, the Claisen rearrangement can be used as a simple reaction to
introduce C–C bonds and release phenolic groups and results, as is the case of the pristine allylated lignin, in a
still reactive, chemically modified lignin, but having in addition a certain degree of antioxidant activity.
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ABSTRACT
Industrial recycled pulp (RP) was subjected to ultra high pressure (UHP) treatment and cellulose
structural changes were assessed by X-Ray Diffraction (XRD), solid state 13C NMR and FTIR
spectroscopy. The interactions between water and cellulosic fibers were also evaluated by calorimetric
analysis, sorption isotherms, H/D exchange, surface energy evaluation, -potential and capillarity.
Cellulose rearrangement upon UHP treatment led to small increase of its crystallinity degree and average
crystallite width. Forced fiber hydration by UHP led to the formation of strongly bound water and an
increased fibrils hydration thus decreasing substantially the pulp hornification. An increased isosteric heat
of sorption, specific area of recycled fibers, integral heat of wetting, and capillary absorption was found.
The structural changes observed represent a significant beneficial effect on papermaking properties, on
the lifetime and the end life disposal of UHP-processed recycled fibers. The study of the papermaking
properties of UHP-treated recycled pulp is in progress.
I. INTRODUCTION
Hydrostatic UHP treatment applied to virgin cellulosic pulp induces structural changes in supramolecular
structure of cellulose and hemicelluloses [1]. The rearrangement of cellulose crystallites and forced
hydration of cellulose fibrils leads to better accessibility of pulp components towards chemical reagents
and enzymes and to radical improvement of papermaking properties. In particular, UHP treatment reduces
drastically pulp’s hornification culprit to the loss of hydration abilities [1]. This point may be important
regarding recycled pulp, which brings economic and environmental benefits, when compared to virgin
fibers, but exhibits known drawbacks such as the loss of hydration/swelling capacity (hornification) and
mechanical properties [2]. Hornification is responsible for the loss of fiber properties, resulting from
consecutive processing/stress to which fibers are submitted during their life cycles, such as wetting,
drying, printing, storage, repulping and deinking. Although impurities, such as inks (mostly
hydrophobic), calcium salts of fatty acids, non-ionic surfactants, dispersants, stikies, glues, dirt, etc., still
remain attached to fibers and affect greatly fibers properties, hornification is essentially responsible for
the loss of paper strength suffered by fibers throughout their life cycle. It causes irreversible structural
changes, such as porosity loss (surface area), loss on hydration ability, and turning fiber stiffer.
The main goal of this work was to study the structural changes occurring upon UHP treatment of recycled
pulps through the prism of eventual diminishing of hornification effect and papermaking benefits.
II. EXPERIMENTAL
Eucalyptus globulus bleached industrial kraft pulp, EP, and Industrial Recycled pulp, RP, were kindly
supplied by Renova FAP, S.A. RP and EP were analysed for ash (NP 3192), extractives (TAPPI T204
om-88 norm), intrinsic viscosity (SCAN-CM 15:18 norm), carbonyls [3, 4], carboxyls (T 237 om-1993),
neutal sugars [5] and acid methanolysis for hemicelluloses analysis [6]. Residual lignin and hexeuronic
acids were also analysed according known procedure [7]. EP and RP dispersions (2% consistency) were
sealed in plastic flasks, submitted to hydrostatic high pressure (400MPa, 15min, 20ºC), filtered, dried at
room conditions and then stored in sealed plastic bags. Handsheets were prepared according to ISO
5269/2 norm.
Structural changes were monitored by X-ray diffraction scattering analysis at 4-40º (2) and scanning
steps of 0.02º/scan on pulp pellets. Cross Polarization/Magic Angle Spinning (CP/MAS) 13C RMN
spectra were registered on a Bruker Avance 400 spectrometer (magnetic field of 9.4 T). The H/D
exchanged pulps were analysed on a FTIR spectrometer Mattson 7000. RP and EP suspensions of D2O
and pulp were submitted to UHP treatment while blank tests remained dispersed in heavy water for an
equal amount of time. Samples were then filtered and left over room conditions. All samples were then
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dried at 105ºC and stored on a desiccator over P 2O5. Pellets of KBr and pulp (ca 2mg pulp per 300mg
KBr) were prepared and submitted to FTIR analysis.
Capillarity rise was tested following NP 686, 1990 standard. Contact angle analysis was performed on
handsheets using the sessile drop method for water, formamide, and diiodomethane standard liquids. The
surface energy (s) and its corresponding polar (sp) and dispersive (sd) components were determined
following the Owens-Wendt-Rable-Kaeble (OWRK) model [8]. Surface texture parameters were also
acquired by microtopographic analysis (scanning area 4.8x4.8 mm2, resolution of 2μm). Samples charge
was analysed by zeta potential measurements with disposable plastic cells. Gravimetric Water
Sorption was performed to determine moisture sorption isotherms (25, 30 and 35ºC), for different values
of relative humidity. Samples were dried, beforehand, over P 2O5 and then placed on closed flasks
containing the saturated salt solutions (controlled HR%), over controlled temperature environment. The
samples were weighted periodically until equilibrium.
Calorimetric analysis was carried out on a thermally isolated container with 200g of water and 2g of
pulp using a thermometer of ±0.01 ºC accuracy.
III. RESULTS AND DISCUSSION
Composition analysis showed that recycled pulp (RP) had general composition very similar to that of
hardwood pulp (EP) though a small contribution of softwood pulp is possible due to the detected presence
of mannan (Table 1). Hence, RP and EP were considered as analogs. A relatively high content of ash in
RP is due to the residual fillers still not eliminated during pulp purification (Table 2). Residual lignin and
hexeuronic acids content were not possible to determine in RP most likely due to interference from the
concomitant impurities. As could be expected, RP polysaccharides revealed to be more degraded than in
virgin EP, as follows from data on their intrinsic viscosity and oxidized groups (Table 2).

Sample
RP
EP

Table. 1 Results on sugars analyses by H2SO4 hydrolysis and acid methanolysis.
Neutral sugars (wt%)
Monosaccharides from acid methanolysis (wt%)
Glc Xyl Arab Man Gal Glc Xyl Arab GalA 4-O-Me-GlcA Gal Man
78.8 17.7 0.54 2.8 0.19 43.8 43.5 0.6
0.3
0.8
1.0 9.9
75.4 24.6 Tr.
Tr.
Tr. 34.7 62.6 0.0
0.4
0.8
0.8 0.7
Table. 2 General analysis on RP and EP samples.
Sample
Ash content (%)
Extractives (in acetone)
Intrinsic viscosity (ml/g)
Carbonyls (mmol/100g pulp)
Carboxyls (mmol/100g pulp)
Residual Lignin
Hexeuronic acids

RP
1.83
0.15
540
1.26
7.0
-

EP
0.14
0.24
925
0.76
6.80
0.11
5.2

Table. 3 Results of pulp analyses by XRD and solid-state 13C NMR
13

XRD
Sample
R
R HP
E
E HP

2002(º) 2040(º) D002(nm)
22.54
22.54
22.54
22.52

34.54
34.62
34.60
34.60

4.485
5.212
5.029
5.641

b(nm) DC(%)
1.0380
1.0300
1.0357
1.0362

70.9
71.5
71.1
71.7

C NMR
Crystallinity index
(%)
46,5
48,2
45,4
46,0.

Structural changes induced by UHP in RP and EP cellulose were assessed by XRD and solid-state 13C
NMR (Table 3). A very similar increase on average crystallite width (D002) and the degree of crystallinity
(DC) was observed in cellulose of both pulps. The rearrangements suffered by cellulosic chains, leading
to the convergence of conveniently orientated fibril, yielding larger crystallizes, are the explanation found
to explain such results [1]. Forced hydration upon UHP treatment resulted on the formation of strongly
bound water, which was confirmed by FTIR spectra of pulp samples subjected to H/D exchange with
heavy water (Figure 1). The chacteristic OD band at ca 2490 cm-1 remained after rehydration of RP with
H2O and oven-drying at 105ºC after the UHP treatment only. A small peak at ca 2940 cm-1 remained after
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rehydration and drying of non-pressurized EP, which is explained by irreversible changes suffered by
pulp during the drying process, which hindered the H/D exchange (resistant OD)[9, 10]. Besides, a OD
peak shoulder at ca 2450 cm-1 suggests stronger binding interactions in the case of virgin fibers after UHT
treatment.

(a)
(b)
Figure. 1 – FTIR spectra of deuterated samples before (RP and EP) and after UHP (EP HP and RP HP) treatment.

Zeta potential measurements revealed a decrease from -19.5 to -2.5 mV for RP sample and from -15.4 to 9.9 mV for EP. These features may be tentatively explained by the presence of strongly bound water on
the fiber surface affecting the increase of Stern layer. Capillarity tests revealed an increase of the capillary
for RP upon UHP, from 49.5mm to 55.0mm bringing further confirmation that UHP rearrangements
induce fibrils disaggregation. Virgin fibers, however, didn’t manifest significant changes in capillarity
tests showing 126-130 mm. The paper sheets prepared from UHP treated pulps revealed slightly increased
surface roughness and contact angle with water for RP or it small decrease for EP (Table 4). The
ambiguous enhancement of hydrophobic character of paper surface after UHP pre-treatment of RP may
be due to the hydrophobic inorganic/organic impurities still attached to its fiber walls [2].
Table 4. Surface parameters determined by contact angle and surface texture analyses.
Dispersive,
Roughness
Water contact angle
Surface energy, (s) Polar, (sp)
Sample
(sd)
(º)
(mJ/m2)
(mJ/m2)
(m)
(mJ/m2)
RP
RP HP
EP
EP HP

43,9±1,1
47,7±1,3
54,5±1,5
43,1±1,3

4.44
4.55
4.10
4.53

53.6
50.9
49.5
54.5

37.3
28.0
23.4
32.6

16.3
22.9
26.1
21.9

Sorption isotherms exhibited a huge increase of water sorption after UHP treatment of RP (Figure 2a).
This might be associated with forced hydration of hornified fibers leading to disaggregation of fibrils and
substantial development of available surface area necessary for the formation of monolayer similar of that
in virgin fibers. In contrast to RP, EP showed after UHP treatment a sorption isotherm with less
monolayer capacity (Figure 2b). The last phenomenon may be addressed to highly increased amount of
strongly bound water in virgin fibers after UHP treatment that diminished the monolayer capacity.
Noteworthy the perfect simulation of sorption isotherms while fitting to Guggenheim-Anderson-de Boer
(GAB) model describing multilayer adsorption and condensed film formation in the temperature range of
25-35 ºC.
The isotherm sorption studies were complemented by the determination of integral heat of wetting (Hw).
Thus, Hw of RP increased from 43.4 J/g to 50.9 J/g while subjecting pulp to UHP treatment and
indicated an increased number of free cellulose hydroxyl groups available for interaction with water. The
decrease in Hw found for EP after the pulp processing by UHP (from 53.5 J/g to 42.8 J/g) was in
agreement with the diminishing of sorption capacity in monolayer suggested, based on isotherms analysis
(Figure 2b).
The results on Hw are in tune with calculated total heat of sorption, Qs, as presented in Figure 3. Hence
Qs of RP in monolayer increased substantially when fibers were previously subjected to UHP treatment.
This was not a case for the EP, which showed any significant increase of Qs after UHP treatment of pulp.
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(a)
(b)
Figure.2- Moisture sorption isotherm for UHP treated and non-treated pulps at 25ºC.

Figure 3. Total heat of sorption as a function of moisture content for UHP treated and non-treated pulps.
IV. Conclusions
The effect of UHP treatment on structural changes and hydration of cellulose in recycle pulp have been
demonstrated. UHP pre-treatment induced structural changes in cellulose supramolecular structure and
forced hydration of fibrils resulted in their disaggregation and introduction of strongly bound water. This
set of phenomena enables the regeneration of recycled fibers enhancing their hydration properties highly
degraded before due to hornification. UHP technology appears to be a powerful tool to enhance recycled
fibers properties and eventually to prolong their lifetime.
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ABSTRACT
Lignocellulosic biomass is a renewable feedstock, which can be converted to fuels or chemicals. The use of ionic
liquids (IL) as green solvents for the pretreatment of this biomass is considered a promising alternative. Recent
studies show the possibility to isolate the carbohydrates components of biomass dissolved in IL. In this work, a
solution of Pinus radiata wood in 1-butyl-3-methylimidazolium chloride (BmimCl) ionic liquid with
5 % (wt/wt) was preheated at 120 ºC and 1 h. Then, the 10 % (wt/wt) hydrochloric acid was added to this
reaction mixture and the hydrolysis was carried out at different temperatures (80, 100 or 120 ºC) for 7 h. The
samples were analyzed by HPLC to determinate the concentration of monosaccharides and degradation products.
The best operating conditions to achieve the highest monosaccharides yield are 100 ºC and 3 h.
I. INTRODUCTION
Bioethanol produced from lignocellulosic biomass is referred to as ‘second generation’ biofuel, which presents
advantages over conventional biofuels from the environmental and economic aspects [1]. Biomass is an
attractive feedstock due to the fact that it is sustainable and CO2 neutral [2]. The production of lignocellulosic
ethanol is a process divided into four steps: 1) pretreatment, 2) hydrolysis, 3) fermentation, and 4) distillation
[3]. Thermal or chemical pretreatment of lignocellulosic biomass to access to sugars from cellulosic and
hemicellulosic components is required, overcoming its recalcitrance [4].
The ionic liquids (ILs) have shown great potential for pretreatment of biomass. ILs have been recognized as
efficient and green solvent due to their minimal vapour pressure and low volatility at room temperature. The
pretreatment reduces the crystallinity of cellulose to improve the enzimatic hydrolysis for obtaining fermentable
sugars. In addition, it can deslignify the lignocelullosic biomass and recover the lignin as co-product [5].
A recent approach to sugar production is the use of ILs as medium reaction to obtain sugars and other
compounds using acid as catalysts. Thus, the hydrolysis of biomass is carried out ‘in situ’ with the addition of
the mineral acid, after dissolving lignocelullosic materials in imidazolium chloride ILs [6].
The aim of this work has been to study the influence of temperature and time on the acid-catalyzed hydrolysis of
softwood specie dissolved in 1-butyl-3-methylimidazolium chloride IL. In addition, the generation and evolution
of degradation products has been analyzed.
II. EXPERIMENTAL
Materials
The scheme of the experimental procedure in this work is shown in Figure 1. Pine wood employed (Pinus
radiata) was supplied by CIFOR-INIA (“Instituto Nacional de Investigación y Tecnología Agraria y
Alimentación”). The ionic liquid 1-butyl-3-methylimidazolium chloride (BmimCl, 99 %) was purchased from
Iolitec. Wood chips were pretreated in order to promote their solubility in the ionic liquid [7]. Firstly, pine wood
was extracted with acetone and water to remove the wood extractives. The resulting extractive free wood was
milled to particle size 150 µm, and dried in a vacuum oven at 60 ºC for 24 h.
Procedure for Pinus radiata hydrolysis
Pinus radiata wood powder (0.250 g) and 1-butyl-3-methylimidazolium chloride (BmimCl) ionic liquid (5 g)
was dissolved in 25 mL flask, and was preheated at 120 ºC for 1 h in an orbital shaker (RS900, Barnstead Stem).
At this moment, the hydrochloric acid solution 10 % (wt/wt) was added for beginning the hydrolysis. This
process was carried out in the orbital shaker at different temperatures (80, 100 and 120 ºC). Aliquots were taken
at 0.25, 0.5, 1.5, 3, 5 and 7 h of reaction.
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Analysis method
The concentration of sugars and degradation products in the aliquots were determinated by HPLC (Agilent 1260
liquid chromatography) using a Refractive Index detector and a Phenomenex ROA Organic Acid column. These
analyses were carried out using 0.005 M H2SO4 as mobile-phase and a flow rate of 0.6 mL/min. The column
compartment temperature was 60 ºC.

Figure 1. Scheme of the experimental procedure
III. RESULTS AND DISCUSSION
The glucose formation and decomposition in the hydrolysis carried out for 7 h at a temperature range of 80120 ºC are shown in Figure 2. The initial rate of formation of glucose increased with increasing temperature.
This behavior can be explained due to the increment of temperature produces the viscosity reduction of the
mixture. Then, it facilitates the dissolution of wood and improves the hydrolysis [2,8]. Li et al., 2008 [9]
explained that the formation of the solution of biomass and ionic liquid induces that H+ is more accessible to the
β-glucosidic bonds of the lignocelullosic materials, overcoming the physical barriers for hydrolysis. In addition,
the dissociation of the anion Cl- and the electron-rich aromatic system of cation Bmim+ weaken the glycosidic
linkage to improve hydrolysis. In the reactions at 100 and 120 ºC, high glucose concentrations of 3.6 and 3.4 g/L
were reached at 3 h and 0.5 h, respectively. After these maximum, the concentration decreases due to the
decomposition of glucose. However, this decrease is higher for reaction at 120 ºC than at 100 ºC. These
maximum concentrations correspond to a glucan yield of 15.7 % and 14.6 %, respectively.

Figure 2. Glucose concentrations in the hydrolysis at 80, 100 and 120 ºC.
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Figure 3 presents the concentration of sugar from hemicellulosic components of wood released in acid-catalyzed
hydrolysis. These monosaccharides which appeared in the hydrolysate are xylose and arabinose. As can be seen,
the trend of these components is the same that glucose and depends on the temperature. For xylose, the
maximum concentration of 0.8 g/L (6.7 % of xylan yield) was reached at 100 and 120 ºC, at 3 and 0.5 h,
respectively. However, for arabinose, the highest concentration of 0.13 g/L (21 % of arabinan yield) was
achieved at 0.5 h and 100 ºC. This can be explained because rate of decomposition is faster than the formation
when temperature and time are upper.

Figure 3. Sugars concentrations in hydrolysis at 80, 100 and 120 ºC: a) Xylose, b) Arabinose.
In the present work, we observed that the degradation products were negligible when the operating conditions
used were lower than 100 ºC and 3 h. However, when the experimental conditions were severe, as shown
Figure 4, then, hydroxymethylfurfural (HMF) and furfural appeared. The maximum sugar concentrations under
these hydrolysis conditions were 3.4 g/L of glucose (14.7 % of glucan yield) and 0.8 g/L of xylose (6.7 % of
xylan yield) at 0.5 h. The concentrations of these sugars decrease from this point, as a result of the
transformation into subproducts. HMF and furfural were generated from hexoses (glucose) and pentoses (xylose)
by reactions of dehydration. The trends of these dehydration products are similar and both reached a maximum
of concentration at 1.5 h of reaction (1.8 g/L HMF and 0.3 g/L furfural). Moreover, HMF and furfural reduce
their concentrations by reactions of rehydration into levulinic and formic acids after these maximums. Therefore,
the components produced as dehydration products (HMF and furfural) are subject to decomposition, which occur
at the same time that sugar descomposition [10]. Sievers et al., 2009 [2] observed the trend of furfural and HMF
were comparable; however, furfural yield was lower than HMF as in the present work.

Figure 4. Monosaccharides and decomposition products concentrations at 120 ºC.
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IV. CONCLUSIONS
This study shows that the combination of 1-butyl-3-methylimidazolium chloride (BmimCl) ionic liquid and
hydrochloric acid as catalyst is effective for hydrolysis of Pinus radiata into sugars. Note that under mild
conditions, temperature and time lower than 100 ºC and 3 h, the decomposition products are negligible. Thus, the
best operating conditions to achieve the highest monosaccharides are 100 ºC and 3 h. Under this reaction
conditions, the yields for glucan, xylan and arabinan are 15.7 %, 6.4 % and 4.0 %, respectively.
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ABSTRACT
Nanobiotechnology has emerged as a fundamental domain in modern science, with metallic nanoparticles (NPs)
being one of the largest classes of NPs studied, due to the wide-spectrum of possible applications in several
fields. The use of plant extracts as reducing and stabilizing agents in their synthesis is an interesting and reliable
alternative to conventional methodologies. However, the role of the different components of such extracts in the
metal ions reduction/stabilization has not yet been clearly understood and addressed. Here we studied the
behaviour of the main components of an E. globulus bark aqueous extract during metal ions reduction, followed
by advanced chromatographic techniques, allowing establishing their specific role in the process. The obtained
results showed that phenolic compounds, particularly galloyl derivatives, are the main responsible for the metal
ions reduction, while sugars are essentially involved on the stabilisation of the NPs.

I. INTRODUCTION
The recent advances in the field of Nanoscience and Nanotechnology lead to a variety of physical and chemical
strategies for the selective preparation of inorganic NPs with precise control over the shape and dimensionality
[1]. Among the chemical methodologies, the most commonly used are based on soluble metal salt precursors and
different reducing agents, which can act also as stabilizers to avoid coalescence of the NPs. Most of the reducing
agents as e.g. hydrazine, sodium borohydride or N,N-dimethylformamide, are commonly associated with
environmental risks and toxicity [2]. The green synthesis of metal NPs has been studied as a reliable and
promising alternative to overcome the use of these harmful substances [3]. Green synthetic processes comprise
either microorganisms such as bacteria or fungi, as well as plant biomass and several plant extracts. The use of
plant extracts from different plant parts, including leaves, fruits, seeds, and bark, revealed more advantageous
than microorganisms, due to the simplicity, easier scale-up, and cost-effectiveness [4]. Despite the remarkable
number of reports found in literature regarding the synthesis of metal NPs using distinct plant extracts[5], a
precise understanding of their formation mechanism and the clear-cut role of the natural compounds involved in
this process is still imprecise. Some works have put forward hypothetical mechanisms proposing that the
reduction of the metal ions to metal NPs may be due to the distinct compounds present in the extracts, such as
reducing sugars, phenolic compounds and proteins [4]. However, these generic suggestions have been based
essentially on qualitative routine-based spectrophotometric analysis, as FTIR, colorimetric assays or UV
spectroscopy, which cannot unambiguously differentiate the presence or absence of the different families of
compounds in the extracts and resulting NPs.
In this vein, and considering the relevance of such fundamental knowledge, particularly on the optimization and
control of the final properties of the NPs and on the up-scaling of these green processes, in the present study we
intended to clarify the role of the different components of a plant extract in NPs formation mechanism and
kinetics and stabilization. Here, an aqueous extract of Eucalyptus globulus bark, a typical residue from the pulp
and paper industry, well recognized for its high content on phenolic compounds [6] was chosen as reducing and
stabilizing system for silver (Ag) and gold (Au) NPs synthesis. The clear identification of the natural reducing
agents, involved on the formation of the metal NPs, was achieved by qualitative and quantitative analysis of
sugars and phenolic compounds present in the plant extracts before and after Ag and Au synthesis, by using
advanced chromatographic techniques.
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II. EXPERIMENTAL
Eucalyptus globulus bark extraction: About 20 g of bark were submitted to water extraction at 100 ºC for 2
minutes under constant stirring. The suspension was then filtered and the extract was used as reducing and
stabilizing agent for Ag and Au NPs synthesis.
Preparation of the metal NPs: Typically, 100 mL of the bark extract were added to 300 mL of 1 mM AgNO 3 or
1mM HAuCl4 aqueous solutions, under stirring. A brownish yellow colloid was obtained in case of Ag NPs,
while for Au NPs a deep-red colloid was achieved. After 1 h, the metal NPs were removed from the initial
solution by high speed centrifugation. The bark extract after the reduction was analysed directly after the
centrifugation while the NPs were washed several times. The assays with standard compounds were carried out
by replacing the bark extract by the same volume of aqueous solutions of: 1) glucose, fructose, gallic acid,
ellagic acid and isorhamnetin, individually, 2) the mixtures of the compounds belonging to the same family
(phenolic and sugars) and 3) the mixture of all standard compounds. In all cases the concentrations were
equivalent to those found in the initial extract.
Analysis of protein content by Nitrogen (N) elemental analysis: The N content of the bark extract (before and
after the NPs biosynthesis) was determined on a freeze dried aliquot by elemental analysis, and converted into
protein content using the standard 6.25 conversion factor.
Analysis of sugars by HPLC-RI: The monosaccharides content present in E. globulus bark extract (before and
after Ag and Au NPs synthesis) was determined on HPLC system with a refractive index detector, using a 10 μm
ion-exchange column, 300 × 7.5 mm, equipped with a 30 x 8 mm pre-column.
Analysis of phenolic compounds by HPLC-DAD-MS: The separation of the compounds was carried out on a
HPLC system equipped with DAD detector, by using a C-18 column (150 x 2.1 mm x 5 μm) as reported
elsewhere [6].

III. RESULTS AND DISCUSSION
Synthesis of Au and Ag NPs using E. globulus bark extract
In this study, comparative experiments using E. globulus aqueous
extracts as reducing and stabilizing agent in the preparation of Ag and
Au hydrosols were carried out in order to elucidate the role of the
different components of plant extracts in green processes. As expected,
the obtained Au colloidal solution showed the typical absorption band
at around 530 nm without any significant shift over time, excepting a
gradual increasing of intensity, most noticeable in the first minutes of
reaction. Similarly, the addition of the E. globulus extract to the silver
salt solution leads to the formation of Ag NPs, however following a
slower kinetic. One hour after the addition of the extract, the UV-Vis
spectrum shows two weak and broad absorbance bands at around 375
nm and 445 nm. Figure 1 shows the STEM images of the Au and Ag
NPs obtained by reduction with E. globulus bark extract, after 1 hour
of reaction. The Au NPs exhibit a homogeneous distribution of welldefined nanoparticles predominantly with spherical morphology, with
a narrow size distribution (average diameter of 18±3 nm). Contrarily,
the Ag NPs showed a spherical and polydisperse distribution with
average diameters in the range 15 to 73 nm. The crystalline structure
of the obtained Au and Ag NPs was confirmed by XRD of dried
samples.

Figure1. STEM images of (a) Au and (b)
Ag NPs, with the respective histogram of
size distribution, obtained after reduction
(1 h) with the E. globulus aqueous extract.

Identification of the biomolecules responsible for Au and Ag NPs
synthesis and stabilization using E. globulus bark extract
In order to assess the role of the different extract components in the Au and Ag green synthesis and stabilization,
the protein content, the composition of phenolic compounds and sugars of the bark extracts was investigated
before and after the NPs formation.
The role of proteins: Several authors have attributed the reducing capacity of plant extracts in NPs synthesis to
proteins, despite the fact that most of the extracts used have been obtained employing conditions (e.g. absence of
a proper buffer and/or mechanical processes suitable to disrupt the cell walls) that commonly do not allow
proteins removal or promote their degradation. Nonetheless, we decided to verify the presence of proteins in the
extracts studied here and to access their possible participation in the NPs synthesis. The protein content of the E.
globulus bark extract, determined by elemental analysis, represented about 0.8 wt.% of the total extract, which
corresponds to a concentration of about 19.0 µg mL -1 of aqueous extract. This value is extremely low (four and
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nineteen-fold lower than the phenolic compounds and sugars content, respectively). Additionally, this value is in
a range of concentration that was previously reported not to have a linear relationship with Au NPs synthesis [8].
Moreover, the protein content determined by elemental analysis was probably overestimated because other
extract components could also contribute to the nitrogen content. This result clearly suggested that, in the
conditions studied, proteins are not involved in metal ions reduction. However, they might play an important role
on the stabilization of the NPs.
The role of sugars: Only detected two monosaccharides in the E. globulus extract, namely glucose and fructose,
representing 127.7 and 233.7 μg mL-1 of aqueous extract, respectively. These concentrations are in the same
range of those reported for several other plant extracts [9], commonly used in the biogenic synthesis of NPs.
After the Ag and Au NPs synthesis a considerable decline in both monosaccharides content in the extracts was
observed. Glucose concentration decreased to 52.7 and 71.4 μg mL-1 of extract after Ag and Au NPs synthesis,
respectively, while fructose content decreased to 114.4 and 119.7 μg mL-1 of extract (Figure 2). This first
outcome suggested the involvement of these reducing sugars in the reduction process of Ag + and Au3+ or on the
stabilization of the obtained NPs. Indeed, the participation of reduction sugars, as glucose, in reduction of metal
ions in NPs synthesis using plant extracts have been previously suggested and several mechanisms have been
proposed [10]; however most of the authors neglects the co-existence of other reducing agents in these type of
plant extracts. Thus, in order to verify the specific role of glucose and fructose on the NPs synthesis, standard
solutions with the same concentration as observed in the bark extract (130 and 230 g mL-1 of extract for
glucose and fructose, respectively) were also tested. After one hour of reaction, no metal ions reduction was
perceived with glucose or fructose standard solutions, or even when the two reducing sugars were mixed
together. This behaviour could be essentially related with the relatively low concentration of these reducing
sugars in the bark extract. These results indicated that sugars are essentially involved on the NPs stabilisation, as
will be discussed below.
The role of phenolic compounds: 16 Phenolic compounds were identified in the aqueous extract of E. globulus
bark. Most of them were previously described as constituents of this Eucalyptus species [6] or even on plant
tissues of other Eucalyptus species [11]. The phenolic fraction of E. globulus bark aqueous extracts is mainly
composed of galloyl-glucose, ellagic
acid and isorhamnetin derivatives. The
total amount of quantified phenolic
compounds account for 70.27 μg mL-1,
with an isomer of isorhamnetinpentoside, gallic acid and galloyl-bisHHDP-glucose
as
the
major
components among the 16 compounds
identified, with concentrations of
14.27±0.55, 11.13±0.43 and 10.27±0.25
μg mL-1 of the aqueous extract,
respectively.
After Ag NPs synthesis the content of
phenolic compounds decreased down to
Figure 2. Abundance of compounds identified in E. globulus bark extract
37.97 μg mL-1 (Figure 2), being this
before and after NPs synthesis
decline
more
accentuated
for
isorhamnetin and phenolic acids derivatives, with decreases of 54 and 48%, respectively. Specifically, an isomer
of isorhamnetin-pentoside and gallic acid were the compounds whose concentration diminished most. In contrast,
after Au NPs synthesis the majority of the phenolic compounds present initially in the E. globulus bark
disappeared (accounting only for 4.36 μg mL-1), being detected only quinic acid, HHDP-glucose, galloylglucose,
gallocatechin dimer and galloyl-bis-HHDP-glucose. These results indicated that phenolic compounds have a
dominant role on this green process of producing NPs.
In this sense, in order to confirm their specific starring role in NPs synthesis, gallic and ellagic acids and
isorhamnetin standards were tested individually, using equivalent concentrations to those found in the bark
extract. In the Ag NPs synthesis, gallic acid showed the faster redox kinetics. In the Au NPs synthesis, after the
addition of gallic acid, the colour of the HAuCl4 solution changed in a few seconds from light yellow to pink,
identically to that observed in the case of the E globulus extract, indicating the successfully synthesis of Au NPs.
However, no metal reduction was even observed when ellagic acid or isorhamnetin were added to gold hydrosol.
These observations established undoubtedly that phenolic compounds, and in particular derivatives of gallic acid,
are the main responsible for metal ions reduction in both Au and Au NPs synthesis using E. globulus bark
extracts. It must be noticed that non oxidation products of phenolic compounds have been detected in the
E. globulus bark extract after NPs synthesis. This may be related with the fact that these components are
certainly aggregated at the surface of Ag and Au NPs; but also with the possibility that they cannot be detected
by HPLC-MS at the conditions used (e.g. due to their higher polarity).
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The combined role of sugars and phenolic compounds: To understand the possible combined effect of the main
monossacharides and phenolic compounds identified in E. globulus aqueous extract, a mixture of glucose,
fructose, gallic and ellagic acids and isorhamnetin were testedin the production of Au and Ag NPs. After the
addition of the mixture, a prompt formation of Ag and Au NPs was observed, with the appearance in both cases
of the correspondent UV absorption bands.
The NPs obtained using the sugars and phenolic standards mixtures showed to be more stable than those formed
after the addition of the standard phenolic compounds mixture alone, with the zeta potential values changing
from 36.2 (with phenolic compounds) to 40.4 mV (with phenolic and sugar compounds) in Au NPs and from
24.4 to 30.3 mV for Ag NPs. This trend suggested that, in the studied conditions, reducing sugars have a more
significant effect on the NPs stabilization, and particularly in the case of Ag NPs, which is in agreement with the
higher decrease of glucose in the extract after the Ag NPs synthesis.

IV. CONCLUSIONS
We established a strategy to identify the natural reducing agents involved on the formation of Ag and Au NPs
when plant extracts are applied in their green synthesis. This study relied on the identification of sugars and
phenolic compounds present in E. globulus aqueous extract before and after Ag and Au NPs synthesis using
advanced chromatographic techniques. An evaluation of the proteins content of the extract was also carried out.
Evidence of the role of these components in NPs synthesis, as well as in their stabilization, was provided by
using different sugars and phenolic compounds standard solutions. We have demonstrated that glucose and
fructose, the main sugars present in plant extracts, have a negligible responsibility in both Ag and Au NPs
synthesis; however these sugars could be aggregated at the NPs surface turning them more stable. In opposition,
gallic acid, and galloyl derivatives, showed to be the main responsible for the Ag and Au hydrosols reduction,
allowing a quick formation of NPs. In addition, ellagic acid and isorhamnetin show to have a decisive role on the
stabilization of Au NPs. Considering that the composition of plants water extracts is broadly similar in what
concerns to the main families of components present, these conclusions are expected to be extrapolated to the
vast majority of extracts used in this context. In this perspective, we anticipate that these results can be a driving
force to the optimization of green synthesis of metal NPs in order to a better control of their properties.
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ABSTRACT
The effect of two different physico-mechanical treatments, refining and cryogenic grinding, in sugarcane bagasse
samples was studied in this paper. Three different chemical composition samples were employed: raw fibers,
hydrothermally pretreated and organosolv delignified bagasse. Refining process was performed in a laboratory
centrifugal Jokro mill, being the refining time the only process variable. Cryogenic grinding was carried out
under established conditions to pulverize the wet samples. Glucose yield by enzymatic hydrolysis and porosity
results were related. Refining process provided increases until 60% in porosity, resulting in glucose yield
increments of until 60%, 100% and 200% (delignified pulp, raw bagasse and hydrothermal bagasse,
respectively) regarding unrefined materials. The highest glucose yield was obtained for organosolv pulp after
refining at 60 minutes, correspondent to 72%. In contrast, cryogenic grinding doesn’t change significantly the
porosity of the materials, what results in inexpressive increasing in enzymatic digestibility.
I. INTRODUCTION
The use of sugarcane bagasse as energy feedstock is encouraged by its position as the greatest Brazilian
agroindustrial surplus. Its use for cellulosic ethanol production needs previous reduction on recalcitrance of
biomass. When bagasse is submitted to chemical treatments, the lignin-carbohydrate matrix becomes more
susceptible to enzymatic hydrolysis as a result of changes in the chemical composition and physical structure,
such as lignin and hemicelluloses removal and/or decrease in degree of polymerization and increase in surface
area and porosity. However, there’s a need for a further increase in digestibility yields of biomass, providing
higher concentrations of fermentable sugars. In order to improve accessibility to cellulose without using
chemical reagents, different physico-mechanical treatments have been studied for the ultrastructure modification
of lignocellulosic materials concerning the defibrillation and the increase in active surface area.
Refining is a mechanical treatment that shears and compresses the fibers in aqueous medium and provokes
delaminations that modify the cell wall morphology and increases the degree of hydration of biomass substrate,
affecting the binding forces between the fibers which change the material porosity. Physical modifications,
which occur in fibers structure, increase the chemical fiber components accessibility. Chemical treatments
promote the cell wall disintegration by partial removal of major components, creating spaces between cellulose
microfibrills, which can be further defibrillated by refining [1,2,3,4].
In this context, this paper proposes the use of two different physico-mechanical treatments, refining and wet
grinding, combined with mild chemical pretreatments, in order to increase the fibers active surface area to
hydrolytic enzymes using environmentally friendly treatments.
II. EXPERIMENTAL
Raw Material
Raw bagasse was washed in flowing water using a 40 mesh sieve. The retained fibers were used in following
experiments, storing the collected pith.
Chemical Pretreatments
Hydrothermal pretreatment was carried out in a 20L laboratory rotate digester AU/E-20 (Regmed), rotating at a
speed of 6 rpm. The reaction was performed at 160°C, 30 minutes and solid : liquid ratio 1:10 (g of fibers : mL
of water). The cellulignin obtained was washed in flowing water until neutral pH.

Copia gratuita. Personal free copy

http://libros.csic.es

751

13th European Workshop on Lignocellulosics and Pulp

Organosolv pulping was carried out in a 7,5L stainless steel reactor (Parr Instruments Company) at 190°C and
120 minutes using a solvent mixture of ethanol : water (1:1 v/v) at solid : liquid ratio 1:10 (g/mL). The pulp was
defibrated with 1% NaOH in a laboratory disintegrator, and then washed in flowing water until neutral pH.
Chemical compositions of raw and pretreated materials were determined by National Renewable Energy
Laboratory’s (NREL) Laboratory Analytical Procedures [5,6].
Physico-Mechanical Treatments
Refining process was performed in a laboratory centrifugal Jokro mill JK-21 (Regmed), acting in planetary
movement at 150 rpm and low solid consistency (6%), being the refining time the studied process variable
(number of equipment revolutions), ranging between 6.7 and 120 minutes (1000 to 18000 revolutions).
Cryogenic grinding was carried out in a 6970EFM Enclosed Freezer Mill - 6970D (SPEX Sample Prep.),
pulverizing the wet samples (about 70% moisture) at cryogenic temperatures by the action of a steel impactor
driven by electromagnets. The equipment parameters adjusted for the process was: 10 minutes of precooling, 6
grinding cycles of 2 minutes and grinding rate of 6 cps.
Enzymatic Hydrolysis
Enzymatic hydrolysis were performed using a mixture of commercial enzyme preparations, Celluclast 1.5L
(cellulose), with an activity loading of 10 FPU/g substrate, and Novozym 188 (-glucosidase), with an activity
loading of 20 IU/g substrate. Hydrolysis experiments were carried out with solid content of 10% (w/w) substrate
in citrate buffer (pH 4.8). All samples were incubated at 50°C in an air incubator shaker of 150 rpm for 72h with
aliquots collected each 24h. Hydrolysate analysis was performed by HPLC.
Substrate Characterization
The thermoporometry analysis was performed by differential scanning calorimetry in a TA Q200 instrument
with RCS90 cooling unit (TA Instruments). The morphologies of selected substrates were examined using an
optical microscope Axio.Imager A2 with the AxioCam MRm camera and magnification of 100x (Carls Zeiss).
III. RESULTS AND DISCUSSION
The chemical composition of raw bagasse (B), hydrothermal bagasse (H) and organosolv pulp (O) are shown in
Table 1. The mass yield obtained in hydrothermal pretreatment and organosolv deslignification were 79% e
55%, respectively.
Table 1. Chemical composition and total mass balance of the tree studied bagasse samples (B, H and O).
Sample

Extractives (% )

Ashes (% )

Cellulose (% )

B

1.2 ± 0.2

0.5 ± 0.0

44.1 ± 0.4

Lignin (% ) Hemicelluloses (% )
22.3 ± 0.1

31.8 ± 0.7

Total (% )
99.8 ± 0.9

H

n.d.

0.4 ± 0.0

56.2 ± 0.1

24.9 ± 0.1

19.3 ± 0.1

100.7 ± 0.1

O

n.d.

0.6 ± 0.1

82.5 ± 0.2

5.0 ± 0.4

13.4 ± 0.1

101.5 ± 0.0

*n.d. = not determined.
The results of enzymatic digestibility after the physico-mechanical treatment for the three samples (B, H and O)
are shown in Figure 1, which relates glucose yields with the hydrolysis reaction time.
It could be noted from de obtained curves for the three studied materials an increase in glucose yield according
to the increase in refining times in Jokro mill; the obtained values were higher as longer the enzymatic
hydrolysis time, reaching the highest values at the 72th hour of reaction. Hydrothermal bagasse (H) and
organosolv pulp (O) refined at a low process time (6.7 minutes) showed increments about 50% on glucose yield
regarding unrefined materials. In contrast, cryogenic grinding provided a significant gain of enzymatic
digestibility just for hydrothermal bagasse (28% in 72h of hydrolysis), whereas for raw bagasse (B) the process
was unfavorable (decrease of 45% in glucose yield).
For the raw bagasse samples (B) (untreated and mechanically treated), the highest obtained value was 16% (72
h) at 100 minutes of refining, correspondent to 100% increase in glucose yield with respect the hydrolysis of
unrefined material (7.8%).
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Figure 1. Glucose yield according to enzymatic hydrolysis time, obtained for the three studied samples (B, H
and O), either unrefined( ), refined at different times (6.7 min =
; 13.3 min =
; 20.0 min =
; 26.7
min =
; 33.3 min =
; 40.0 min =
; 60.0 min =
; 80.0 min = ; 100.0 min = ; 120.0 min =
)
and cryogenically ground ( ).
The variation in enzymatic digestibility for hydrothermal bagasse (H) was more expressive than for raw bagasse,
providing a glucose yield of 51% (72h) when refined at 120 minutes, which corresponds to an increase about
200% concerning the unrefined material. Organosolv pulp (O) refined by 20 minutes provided a glucose yield of
69%, an increment about 53% with respect to the unrefined sample and about 604% e 123% with respect to the
raw bagasse (B) and hydrothermal bagasse (H) refined at the same conditions. The higher response of chemically
pretreated materials may be justified by the high removal of hemicelluloses (about 52% for (H) and 77% for (O))
and lignin (about 12% for (H) and 88% for (O)), what reduces the material recalcitrance and provides an increase
in active surface area and porosity, supporting the delamination and hydration process induced by refining.

Figure 2. Cumulative pore size distribution determined by thermoporometry obtained for the tree studied
samples (B, H and O), either unrefined (
), refined at different times (6.7 min =
; 20.0 min =
; 60.0
min =
; 80.0 min =
; 120.0 min =
) and cryogenically ground (
).
Thermoporometry graphs obtained for the three studied samples (B, H and O), showed in Figure 2, denote wet
porosity increasing, represented by cumulative water increase in larger pore diameters, with refining time. On
the other hand, cryogenically ground samples shows porosities close to or lower than unrefined samples,
justifying the enzymatic digestibility observations. Both raw bagasse (B) and hydrothermal bagasse (H), refined
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at 120 minutes, showed porosity increments about 50%, related respectively to 100% and 200% glucose yield
increments. The higher glucose yield reached in the study was 72% (72h of hydrolysis) from O - 60 minutes
Jokro refined - whose porosity increment was 33%.
Optical microcopy images obtained from unrefined organosolv pulp (O), Jokro refined at 60 minutes and
cryogenically ground illustrate the physico-mechanical treatments effects. While Figure 3-(A) shows sugarcane
bagasse vegetal fibers, the Figure 3-(B) shows the disruption and delamination of fibers walls by refining
process. Furthermore, it can be observed in Figure 3-(C) that cryogenic grinding promotes just the “cut” of
fibers to produce smaller particles.

(A)

(C)

(B)

Figure 3. Optical microscopy from (A) fibers of organosolv pulp (O), (B) organosolv pulp refined for 60
minutes and (C) organosolv pulp cryogenically ground.
IV. CONCLUSIONS
The improvement in enzymatic digestibility can be reached by physical structure modifications caused by
mechanical treatments. The refining in Jokro mill is an efficient treatment, providing increases up to 200% in
enzymatic hydrolysis, obtained for hydrothermal bagasse, related to porosity increment about 50%. A Jokro
refined organosolv pulp (60 minute) exhibited a high porosity increment (33%) and, consequently, the higher
glucose yield (72%). Oh the other hand, cryogenic grinding didn’t promote significant increments in porosity,
being inefficient in increase of the active surface area. It follows that refining causes an opening in the physical
structure of cell walls, facilitating the enzymatic digestibility, which is not observed in conventional grinding
process, even if they do not involve the material drying.
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KRAFT LIGNIN DEPOLYMERISATION BY BASE CATALYSED DEGRADATION
(BCD) - THE EFFECT OF PROCESS PARAMETERS ON CONVERSION DEGREE
AND STRUCTURAL FEATURES OF BCD-FRACTIONS
Detlef Schmiedl1*, Sarah Böringer1, Rainer Schweppe1, Tiina Liitiä2, Stella Rovio2, Tarja
Tamminen2, Jorge Rencoret3, Ana Gutiérrez3, José C. del Rio3
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Fraunhofer Institute for Chemical Technology, Pfinztal, Germany; 2VTT-The Technical Research
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ABSTRACT
The objective of the study is the generation of oxy-aromatic compounds (monomer, oligomer) from EucalyptusKraft-lignin via multi-stage processes. These processes (1st base catalysed degradation & 2nd separation of the
organic phase from reactor water) have to be feasible in bio refineries & in new Pulp-mill bio refineries as a new
technology module. The Eucalyptus-Kraft-lignin (Suzano Pulp & Paper) was used for catalyzed conversion into
oxy aromatics. Subsequently, the effect of process parameters: catalyst & catalyst conc., mineral content, p:
250bars, 15min), T:350°C)) was investigated. Liquid-liquid extraction of reactor water (pH=3) was
performed with MIBK for isolation of the monomer rich phase. The BCD fractions (oils) & (tars) were
characterized regarding their yields via carbon balance, & their composition. A characterization of the monomer
composition was done (GC-MS/FID & EA (CHONS), 31P-NMR, 2D-NMR (HSQC), TGA). Types of monomers
were summarized into groups (guaiacols (G), syringols (S), catechols (C )). Oligomer degradation products in
the oil were characterized by Infusion MS Ion Trap & the composition of the oligomer phase by PyGC-MS, SEC,
EA, 31P-NMR, 2D-NMR (HSQC) & TGA. On the one hand, depending on the botanical source & the lignin
recovery process (Organosolv, Kraft etc.), useful lignins differ in their structure (inter unit linkages) & monomer
composition, mineral & sulphur content, MW, MN. These substrate factors effecting the degradation process
during the catalysed cleavage of aryl-aryl-ether & aryl-methyl-ether bonds. On the other hand, process factors e.
g.: p, , , catalyst conc. & type of alkaline elements have a main effect on the cleavage processes, on the yield
& composition of the monomer rich phase (oil), on the molecular characteristic (Mw, Mn, OH-number (aliphatic
& phenolic -OH)) of the oligomer rich phase (tar) & on the carbon balance. To get an overview about the main
& side effects in such complex situation, the study on the Kraft-lignin was done using DoE (Box-Behnken). A
detailed evaluation regarding the main & side effects of process factors on the yield of oil & tar, on the
concentration of (G), (S) & (C ) in the oil phase, on the carbon balance, on MW & MN of the tars as well on
functional groups (OH-number, differentiated into aliphatic & phenolic), presence of inter unit linkages &
methoxy groups will be given.
I. INTRODUCTION
Depletion of crude oil, an increase in the greenhouse gas concentration, economical/ecological challenges of the
pulp & paper industry force into the utilization of lignocellulose biomass. Only by economical biomass
conversion processes the production of sustainable bio-based materials, chemicals, & semi-finished chemical
goods will be reasonable. Lignin (renewable resource) contains aromatic structures, & has sustainable &
economical potential in bio based chemicals & materials. Lignin depolymerisation for the generation of phenolic
building blocks has been investigated over some decades. The degradation of lignin (Kraft-lignin, Organosolvlignin) in alkaline, hot compressed solution, so called “base catalysed degradation - BCD” is based on the
selective catalytic cleavage of inter unit linkages (-O-4, -O-4, 4-O-5) & methyl-aryl-ether bonds in the
presence of strong bases (e.g. NaOH, KOH) [1-5]. Under defined conditions the generation of a monomer rich
phase (BCD-oil) & an oligomer rich phase (BCD-tar) is possible. A detailed study was done regarding the BCD
of Eucalyptus-Kraft-lignin (25wt. % of ash), supported by DoE (Box-Behnken). The high mineral content of the
lignin was used as additional catalytic active component. The experiments were done in a plug flow reactor at
selected T 300, 325 & 350°C, with selected additional NaOH of 1, 2 & 3wt.-% as well as at selected reaction
times of 5, 10 & 15min respectively. The pressure was ~ 200-250bars. The BCD-oil & BCD-tar phases were
analysed by weight, EA (CHONS), 31P-NMR, 2D-NMR (HSQC) & TGA. Additionally, the BCD-oils were
analysed by GC-MS/FID (composition of monomer oxy aromatic compounds (G, S, C)) & by infusion MSD Ion
Trap (APCI negative) (oligomer composition). Furthermore, the acetylated BCD-tars were analysed by SEC
regarding their molecular weight (MN, MW). The 3D assessment of the complex data sets was supported by the
software Statgraphics centurion XV. Based on the analysis results the carbon balance was used for the
description of the conversion degree into BCD-oil and BCD-tar over the test cube.
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II. EXPERIMENTAL
GC-MS/FID: Monomers were determined according a method describe in [5].
Elemental analysis (NCHS & O): EA was performed according a method described in [5].
31
P-NMR- Analysis: OH-Number was determined according a method described in [6].
2D-NMR- Analysis (HSQC): 2D-NMR-analysis was done according a method described in [7].
SEC-Analysis: MN &MW of acetylated samples were determined according a method described in [8].
III. RESULTS AND DISCUSSION
Depending on the process parameters the Kraft-lignin could be converted into 15-20% of BCD-oil & 30-75% of
BCD-tar (by carbon balance, Figure 1. & 2.). The liberation of primary monomer cleavage products (G & S) &
the formation of secondary monomer cleavage products (C) depend significantly on T,  & the concentration of
NaOH. The highest amounts of C (approx. 4.5wt. % of lignin) were generated at the process parameter
combination: T: 350°C, t: 15min & 3wt.-% of NaOH (Figure 3.).
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Figure 1. Conversion degree-Carbon balance of used lignin over the BCD-oil (z-axis: 10 - 25%) depending on
process parameters (y-axis: T: 300-350 [°C], : 5-15 [min], NaOH- [%]: 1% left, 2% centre, 3% right.
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Figure 2. Conversion degree-Carbon balance of used lignin over the BCD-tar (z-axis: 25 – 85%) depending
on the process parameters (y-axis: T: 300-350 [°C], : 5-15 [min], NaOH- [%]: 1% left, 2% centre, 3% right.
31

P-NMR analyses on selected BCD-oils show an increase in the phenolic OH-number depending on BCD
process conditions. 31P-NMR analyses on corresponding BCD-tars illustrate more or less the same trend in the
phenolic OH-number. The used Kraft-Lignin showed a lower phenolic OH (Table1.). The stronger the process
conditions (01: 5min, 300°C  08: 5min, 350°C  03: 15min, 350°C,const.NaOH:2%) the higher the phenolic
OH number, indicating additional de-methylation. An additional de-methoxylation is remarkable. Para-hydroxy
phenolic units were also formed (Table 1.). During the BCD aliphatic OH-groups were lost (Table 1.).
Table 1. Results of 31P-NMR of Eucalyptus-Kraft-Lignin & of some BCD-oils & tars regarding aliphatic &
phenolic OH-number & their distribution into condensed & S, G, C, para-hydroxy-phenyl.
sample
Cond. &
Guaiacols
Catechols
para-OH
Aliphatic
Phenolic
Total
Syringols
-OH
-OH
-OH
-OH
-OH
-OH
-OH
mmoles/g
mmoles/g
mmoles/g
mmoles/g
mmoles/g
mmoles/g
mmoles/g
K-Lignin
2.10
0.69
1.58
2.79
4.37
BCD oil 01
3.30
2.0
0.29
0.20
0.24
5.78
6.02
BCD oil 08
2.88
3.18
0.63
0.39
0.20
7.08
7.28
BCD oil 03
1.26
6.74
0.58
0.80
0.16
9.39
9.55
BCD tar 01
2.64
0.72
0.61
0.27
0.15
4.24
4.39
BCD tar 08
2.39
1.00
1.19
0.38
0.10
4.96
5.06
BCD tar 03
1.16
1.23
1.70
0.62
0.04
4.71
4.75
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Figure 3. Yield of G (z-axis: 0 - 5wt.-% of lignin), S (z-axis: 0 - 5wt.-% of lignin) & C (z-axis: 0 - 5wt.-% of
lignin) depending on the BCD process parameters (T [°C],  [min], Conc. NaOH.
TG-Analyses on BCD-oils illustrate that ~ 50-65 wt.-% of the samples are volatile up to a temperature of 250°C.
The residues represent the non-volatile, oligomer fraction in BCD-oils. Infusion MSD Ion Trap analysis on
BCD-oils illustrates a complex picture of single charged & multi charged oligomer molecules in the scanning
range from 225 to 500amu.
Kraft-lignin & BCD-oils

Kraft-lignin & BCD-tars

Figure 4. 2D-NMR (HSQC, C/H ppm) Spectra of Eucalyptus-Kraft-Lignin, BCD-Oils 01, 08, 03 (left) & of
BCD-Tars 01, 08, 03 (right), (LE01 LE08 LE03: points in DoE, Box -Behnken), generated by BCD.
2D-NMR analyses (HSQC) on some BCD-oils illustrate the absence of inter-unit linkages -O-4 & -` (Figure
4.). 2D-NMR analyses (HSQC) on selected BCD-tars show that the presence/absence of inter unit linkages of the
type -O-4 & -` depends on the process conditions (Figure 4.). The results of SEC on Kraft-lignin & on BCDtars illustrate a significant reduction on MW: 700-1300g/moles & MN: 300-360g/moles as well as on MW/MN: 2.
The Kraft-lignin showed following values for MW: 8569g/moles, MN: 1351g/moles, MW/MN: 6.3 (Figure 5.).
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Figure 5. Result of SEC (MN, MW) on BCD-tars depending on parameters,  [min], T [°C] & NaOH [wt.-%].
IV. CONCLUSIONS
BCD of hard wood Kraft-lignin leads to the formation of primary cleavage products (guaiacols, syringols) &
secondary cleavage products (catechols, p-OH-phenolics) by additional de-methylation & de-methoxylation. The
formation of the monomers depends on the process parameters: T,  & catalyst conc.. The inter-unit linkages (O-4, 4-O-5, -`resinol) are not more present in BCD-oils & in the oligomer BCD-fractions depending on the
process parameters. The formed oligomer material shows lower MW, MN & MW/MN than the Kraft-lignin, &
contains very high amounts of “phenolic-OH”- functional group. The “aliphatic OH”-group will be lost during
BCD of lignin. The oligomer main product (BCD-tar) shows also interesting structures for material applications.
The properties are adjustable by process parameters. Further investigations are necessary.
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ABSTRACT
In this paper the novel method for the synthesis of microspheres from lignin co-polymerised with styrene (St)
and divinylbenzene (DVB) is presented. The copolymers were obtained by the emulsion-suspension
polymerization at constant mole ratio of tetrafunctional monomer divinylbenzene (DVB) to styrene St (1:1 w/w)
and different amounts of lignin. Thermal stabilities and degradation behaviour of the obtained microspheres were
studied by means of thermogravimetric (TG/DTG/DSC) analysis. Due to the presence of the specific functional
groups and well developed porous structure the obtained Lignin-St-DVB microspheres have potential application
as specific sorbents for the removal of phenolic pollutants from water by using e.g. Solid Phase Extraction (SPE)
technique.

I. INTRODUCTION
Lignin is one of the main components of the lignocellulosic material. Various technical lignins are currently
available in large quantities and considered as a low value by-products from the pulp and paper industry.
However, lignin possesses structural features which make it promising starting material for chemical
modifications, leading to the preparation of valuable polymeric materials with special properties [1]. Kondo et al.
reported the method of preparation and ozonation of allilated lignins to obtain their epoxy derivatives [2]. Epoxy
resins from the carboxylic acid system consisting of ester-carboxylic acid derivatives of alcoholysis lignin and
ethylene glycol were successfully prepared by Hirose et al. [3]. Another possible way of lignin modification is
the reaction with acrylic or methacrylic acid. As the result of the introduction of vinyl groups into lignin
structure, new derivatives, capable for further polymerization can be obtained.
In this paper the novel method of the synthesis of microspheres from lignin or lignin vinyl derivatives copolymerised with styrene (St) and divinylbenzene (DVB) is investigated. Due to the presence of different
functional groups e.g. hydroxyl, carbonyl and thiol, the obtained microspheres have a potential application as
sorbents for environmental pollutants. For chromatography purposes particles of sorbents should possess
uniform spherical form. Such shape improves the efficiency of sorption process, as flow resistance for mobile
phase and widening of chromatographic band due to diffusion are minimised. Equally important is also porous
structure of polymeric microspheres. Well-developed surface area and presence of micro- and meso- pores
provide effectiveness of sorption processes [4]. Thermal properties are crucial feature of polymer-based
materials because the heat resistance determines the scope of application the sorbents used in different
chromatographic techniques (GC, SPE-HPLC or SPME).

II. EXPERIMENTAL
Scheme of lignin modification is presented in Figure 1. According to a first method, lignin was reacted directly
with acrylic acid in the presence benzene, sulphuric acid and hydroquinone at reflux temperature for 5 h. The
obtained modified lignin was washed and dried. In the second method, lignin was derivatized with
epichlorohydrine and acrylic acid. Lignin reacted first with epichlorohydrine in presence of propan-2-ol, and
then an aqueous solution of NaOH was dropping out for 30 min. The lignin with introduced epoxy groups, was
filtered off, washed and dried. To the epoxy-lignin (LE), acrylic acid, triethylbenzylammonium chloride and
hydroquinone were added and heated at 90-95oC for 5 h. The course of the modification of lignin was controlled
by Attenuated Total Reflectance (ATR) spectroscopic method. Copolymerisation of styrene with divinylbenzene
and lignin or lignin derivatives was performed in the aqueous medium in suspension-emulsion procedure [5].
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Figure 1. Chemical structure of monomers and copolymerization scheme.

Lignin was added to the monomers before polymerization in three forms: a) unmodified (L-OH) (0, 1, 3 and 6
g), b) modified with acrylic acid (LA), c) modified with epichlorohydrin and then with acrylic acid (LEA). The
reaction mixture was stirred at 350 rpm for 18 h at 80 oC. Figure 1 presents chemical structure of monomers and
lignins used in synthesis. The weight ratios of various types of the lignin derivatives for the syntheses are listed
in Table 1.
Tabela 1. Experimental parameters of the synthesis

Copolymer

L-OH

LA
LEA
[g]
St-DVB*
0
St-DVB-L1
1
St-DVB-L3
3
St-DVB-L6
6
St-DVB-LA
3
St-DVB-LEA
3
*St and DVB amounts were the same in each case: 8 g St and 10 g DVB
ATR-IR spectra were obtained on a Bruker FTIR spectrophotometer TENSOR 27. The porous structure of
copolymers was characterised by nitrogen adsorption at 77K using an adsorption analyser ASAP 2405
(Micrometrics Inc., USA). Thermal stabilities and degradation behaviours of copolymers were studied by means
of TG/DTG/DSC analyses (STA 449 F1 Jupiter, Netzsch, Selb, Germany). Analyses were carried out in helium
atmosphere in temperature range of 50 to 800°C.

III. RESULTS AND DISCUSSION
Figure 2 shows that the obtained copolymers possess spherical shape. Figure 3 presents the exemplary sample of
St-DVB copolymers without lignin (1), and obtained with different amounts of unmodified lignin (2 - 1g, 3 - 3g
of 4 - 6g).
By means of ATR spectroscopy the changes in the lignin structure introduced during chemical modification were
confirmed. In Figure 4, ATR spectra for unmodified lignin (L) and its derivative obtained in reaction with acrylic
acid (LA) are shown. Disappearance of signals of hydroxyl and methoxyl groups (4 peaks in the range of 10001300 cm-1) in lignin spectrum and appearance new peaks at 1175 cm-1 and 1720 cm-1 which correspond to the
ester and carbonyl species vibrations, confirm the correct course of modification.
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1
Figure 2. Microspheres St-DVB-L1

2

3

4

Figure 3. Photos of St-DVB with lignin

In Table 2 characterization of the porous structure of the St-DVB and its lignin copolymers obtained by the
nitrogen adsorption-desorption method is presented. The largest specific areas and pore volumes are observed for
the copolymers obtained in syntheses No. 1 (St-DVB) without the addition of lignin. Comparing with parent StDVB copolymer for samples containing modified lignin decrease of specific surface area and total pore volume
are observed. Probably, some pores are blocked by lignin derivatives. This assumption seems to confirm the fact,
that for St-DVB-lignin copolymers mean pore width is about 11 nm, whereas for St-DVB copolymers 15,6 nm.
1

Table 2. Porous structure parameters of the
St-DVB copolymers

Transmitance [%]

0.9

Copolymer
0.8

St-DVB
St-DVB-L1
St-DVB-L3
St-DVB-L6
St-DVB-LA
St-DVB-LEA

1720 cm-1

L (Lignin)
LA

0.7

1175 cm-1
0.6
2000

1600

1200
Wavenumber cm-1

SBET
[m2/g]

VTOT
[cm3/g]

W
[nm]

235
166
154
149
196
105

0.84
0.41
0.36
0.25
0.66
0.12

15.6
10.9
11.0
8.0
11.9
10.0

800

Figure 4. ATR spectra
The DSC curves (Figure 5) show similarity in thermal behavior of all the studied copolymers. A slight increase
of decomposition temperature is visible by increasing the amount of lignin. The endothermic peaks at 415.0427.4°C are related to the thermal degradation of copolymers.
Some additional results obtained from TG/DTG analysis are presented in Table 3. According to this data thermal
decomposition of lignin starts at 113°C and the most intensive mass changes proceed in two stages at 309 and
390°C with mass loss ca 20 and 10%, respectively. After the reaction with acrylic acid thermal behaviour of
lignin has been changed. Decomposition of LA material starts at 159°C. It also proceeds in two stages, but the
course of process is different. First stage is in the range of 200-300°C, while the second proceeds in the range of
350-450°C. It means LA is more thermally stable than unmodified lignin.
Thermal decomposition of St-DVB copolymer is quite different. In the range of 125°C to 250°C only 3% of
mass is lost by this material. It is connected with evaporation of unreacted monomers. The main thermal changes
proceed in the range of 300 to 500°C. Similar thermal behaviour is observed for polymers St-DVB containing
lignin component. Nevertheless influence of the lignin additives can be noticed. St-DVB-L3 and St-DVB-LA are
more thermally stable than unmodified St-DVB, their initial decomposition temperatures are about 10 oC higher.
The temperatures of maximum rate of mass loss (T peak2) also possess higher values. The obtained residue in form
of chars after thermal treatment of St-DVB-L3 and St-DVB-LA was about 5%.
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0.2

exo

0

DSC /(mW/mg)

-0.2

-0.4

-0.6

St-DVB
St-DVB-1L
St-DVB-3L
St-DVB-6L
St-DVB-LA

-0.8

-1
320

360

400
440
Temperature /oC

480

520

Figure 5. DSC analysis
Table 3. Results from the thermo-gravimetric analysis (TG) for chosen materials.
Material
L
St-DVB
St-DVB-3L
St-DVB-LA
LA

Tinitial
[ºC]
113.1
125.4
133.9
135.7
158.9

Tpeak1
[ºC]
309.3
152.4
166.6
163.3
246.4

Wloss1
[%]
21.28
2.84
0.38
1.32
14.24

Tpeak2
[ºC]
390.3
418.6
430.5
424.9
389.2

Wloss2
[%]
10.26
90.65
91.14
91.13
27.53

Residue at
800ºC
29.75
4.53
5.42
4.63
41.95

IV. CONCLUSIONS
 Vinyl derivatives of lignin were successfully prepared by reaction with acrylic acid (LA) and in twostep reaction with epichlorohydrin and acrylic acid (LEA) which was confirmed by ATR spectra.
 Polymeric porous materials in form of microspheres were prepared from lignin derivatives
copolymerized with styrene and divinylbenzene.
 Surface area and total pore volume for copolymers containing lignin were smaller in comparison to
parent St-DVB copolymer.
 Some advantageous influence of lignin and lignin derivatives on thermal properties of the presented
lignin-containing St-DVB microspheres was observed.
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ABSTRACT
The low temperature dilute sulfuric acid hydrolysis has been employed for selective single-stage conversion of
agro-crop hemicelluloses (consisted mainly of xylan) to monomeric sugars, viewing as entry point to complex
biorefining scheme with separate processing/utilization of different carbohydrate streams. The combined severity
parameter (CS), applied in the range of 1.07-2.44, was used to assess the effects of hydrolysis conditions on
selectivity and efficiency of xylan conversion to xylose as well as on enzymatic digestibility improvement of
insoluble solid residue for bioethanol production. Two potential energy crops – giant reed and cardoon,
possessing different morphological features, were chosen as model biomass feedstocks. The maximum xylose
recovery in solution of 0.94 and 0.86 was achieved at CS 1.90 and 1.97, respectively for giant reed and cardoon,
with formation of only 2.4-2.7% glucose, 0.9-1.4% furfural, 0.3-0.7% 5-hydroxymethylfurfural and 2.9-3.7%
acetic acid. At these optimal CS levels, the enzymatic cellulose saccharification of 0.51 and 0.64, for giant reed
and cardoon respectively, was observed under standard NREL conditions. The digestibility was further linearly
increased to 0.73 and 0.98 with increase in hydrolysis severity up to CS 2.44, while substantial loss in xylose (up
to 40%) and formation of toxic furan substances (up to 4.8-5.3% furfural) had also place. The essential effect of
stem morphology on established correlations was noted.

I. INTRODUCTION
The integrated upgrading of low-cost lignocellulosic biomass feedstocks, such as agro-based crops and residues,
into transportation fuel and high-value products within a multi-product biorefining concept is viewed now as a
more reliable way to ensure the sustainable bio-based economy [1,2].
Such Mediterranean perennial herbs as giant reed (Arundo donax L.) and cardoon (Cynara cardunculus L.),
possessing remarkable characteristics of biomass yield and quality, are being considered now among the most
promising non-food agro species for industrial utilization, and as a particularly attractive feedstocks for
biorefinery schemes [3,4].
The main chemical constituents of lignocellulosic biomass (cellulose, hemicellulose and lignin) form complex
and rigid cell-wall structure, recalcitrant to chemical and enzymatic degradation. The development of effective
and selective methods of biomass fractionation is a challenge of primary importance in biorefining technology.
Since the carbohydrate portion reaches up to 80% of lignocellulosic biomass, sustainable separation and
conversion of hemicelluloses and cellulose would define the commercial viability of the whole biorefining chain
[5]. The agro-based hemicelluloses are basically composed (by 90-95%) of xylan polysaccharide, which can be
used as a valuable source of xylose for many (bio)chemical technologies, e.g., for biotechnological production of
xylitol. For selective conversion of hemicellulosic xylan to monomeric sugars, the dilute acid hydrolysis was
proved to be the most reliable and easily performed low cost method [6]. The yield of xylose is strongly
dependent on the type of raw material and operation conditions. The high efficiency and selectivity of process
can be provided under controlled hydrolysis conditions. After selective xylan hydrolysis, the remaining solid
residue, consisting essentially of cellulose, can be used for bio-ethanol production. Since hemicelluloses removal
destroys the lignin-carbohydrate matrix shielding cellulose micro-fibrils [7], the dilute acid pre-hydrolysis can
substantially improve enzymatic digestibility (saccharification) of cellulose, being an important pre-treatment
step and entry point to complex biorefining scheme.
The effect of selective hydrolytic removal of hemicellulosic xylan on enzymatic digestibility of energy crops
giant reed and cardoon for bioethanol production has been studied and is discussed in the present
communication.

Copia gratuita. Personal free copy

http://libros.csic.es

763

13th European Workshop on Lignocellulosics and Pulp

II. EXPERIMENTAL
The cardoon (Cynara cardunculus L.) and giant reed (Arundo donax L.) biomass was sampled respectively from
the university experimental plantation field (Institute of Agronomy, Lisbon) and the naturally growing crop
population (Tapada da Ajuda, Lisbon). The air-dry whole stems of both crops were manually stripped of leaves,
milled and screened to uniform particle size of 40-60 mesh and stored in sealed plastic bags at room temperature
until using.
Commercial enzymatic preparations Celluclast 1.5L (cellulases from Trichoderma reesei) and Novozyme-188
(β-glucosidases from Aspergillus niger) were purchased by Sigma Co. Enzymatic activity (FPU/mL and
pNPGU/mL, respectively) was determined before enzyme application.
Dilute sulfuric acid hydrolysis was performed in stainless steel digesters rotated in an oil bath, as described
elsewhere [8,9]. Insoluble solid residue was separated by vacuum filtration, thoroughly washed by deionized
water to neutral pH and kept frozen for subsequent analysis and enzymatic saccharification. Hydrolysate was
combined with washing waters and analyzed on degree of monosaccharide recovery and degradation.
The enzymatic digestibility of insoluble residue after acid hydrolysis was performed by NREL standard [10].
The release of soluble sugars was determined by HPLC and corrected by blank tests on substrate and enzymes.
The enzymatic digestibility (saccharification) was defined as a ratio of cellulose digested to cellulose loaded
(g/g).
Residual lignin in process solids was determined as acid-insoluble (Klason) lignin after two-step acid hydrolysis,
according to NREL standard [11].
The concentration of monosaccharides and their degradation products in liquid process steams was quantified by
HPLC using Aminex HPX-87H column (Bio-Rad, Hercules, CA, USA) operating at 50ºC, in combination with a
cation H+-guard column (Bio-Rad, Hercules, CA, USA). The mobile phase was 5mM sulfuric acid and the flow
rate 0.4 ml min−1.
Xylose recovery after acid hydrolysis was defined as a ratio of xylose content in solution to xylose content in
untreated biomass. Acid hydrolysis selectivity was defined as a ratio of xylose to glucose in solution.

III. RESULTS AND DISCUSSION
Following the multi-stage fractionation scheme, the whole stem material of two potential European energy agrocrops giant reed and cardoon was pre-hydrolyzed by acid for hemicellulosic carbohydrates recovery and
valorization prior to cellulose conversion to fuel bioethanol The low temperature (below 150ºC) dilute sulfuric
acid hydrolysis has been designed to produce a high quality xylose-enriched organic substrate for xylitol
production and reactivity (digestibility) improvement of insoluble xylan-free residue in the following enzymatic
saccharification by cellulases. The combined severity parameter (CS) was applied to assess the effects of
hydrolysis conditions (time, temperature and acid concentration), combined into a single reaction ordinate, on
selectivity and efficiency of xylan conversion to xylose as well as on enzymatic digestibility of residual cellulose
to glucose:
CS = Log RO – pH
RO = t · exp[(T – 100)/14.75
where RO is severity factor; t is reaction time (20-70 min); T is reaction temperature (120-150ºC); pH was
calculated from the acid concentration (0.2-1.8%).
As can be seen from Fig. 1, under tested range of combined hydrolysis severity of 1.04-2.44, the maximum
xylose recovery in solution of 0.94 and 0.86 (94% and 86% of total) was achieved at CS 1.90 and 1.97,
respectively for giant reed and cardoon, showing very good correlation of experimental data (R2=0.93 and
R2=0.90). Under these levels of CS, only limited cellulose hydrolysis (formation of 2.4-2.7% glucose) and
monosaccharide decomposition (formation of 0.9-1.4% furfural, 0.3-0.7% 5-hydroxymethylfurfural and 2.93.7% acetic acid) was observed, providing high process selectivity.
To examine the effect of single-stage selective xylan-to-xylose hydrolysis on enzymatic digestibility of
remaining cellulose for bioethanol production, the insoluble residues with different degree of xylan removal
were saccharificated by commercial cellulase preparations under standard NREL conditions. As shown in Fig. 2,
under optimum hydrolysis conditions providing maximum monomeric xylose recovery at solution (at CS 1.90
and 1.97), the enzymatic digestibility (or cellulose-to-glucose conversion) of 0.51 and 0.64 (51% and 64% of
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total cellulose conversion) can be obtained for giant reed and cardoon, respectively, versus 0.09 and 0.19 for
untreated material.
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Figure 1. Effect of combined severity of single-stage dilute sulfuric acid hydrolysis of giant reed (left) and
cardoon (right) on monomeric xylose recovery in solution.
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Figure 2. Correlation between monomeric xylose recovery during single-stage dilute sulfuric acid hydrolysis of
giant reed (left) and cardoon (right) and enzymatic digestibility of insoluble residue.
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Figure 3. Effect of combined severity of single-stage dilute sulfuric acid hydrolysis of giant reed (left) and
cardoon (right) on enzymatic digestibility of insoluble residue.
Generally, the low temperature dilute sulfuric acid hydrolysis performed at the CS range 1.04-2.44 improved
linearly the following enzymatic digestibility of pre-hydrolyzed giant reed and cardoon up to 0.73 and 0.98 (73%
and 98% of cellulose conversion to glucose), respectively (Fig. 3), being obviously very effective pre-treatment
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method for bioethanol production. However, the substantial degradation of xylose (up to 40%) and the formation
of toxic substances (up to 5% of furfural) occurred when the hydrolysis was performed at levels CS over 1.90
and 1.97, respectively for giant reed and cardoon, thereby reducing significantly the commercial value of the
hemicelluloses. To gain the most benefits of hemicellulose and cellulose portions in biorefining technology, the
enzymatic saccharification of insoluble crop residues obtained after acid pre-hydrolysis at CS 1.90 and 1.97,
respectively for giant reed and cardoon, must be improved by process optimization.
The comparison between two tested crops revealed substantial effect of crop morphology on biorefining results.
The less dense cardoon stalks showed higher readiness and thus effectiveness to enzymatic hydrolysis. At the
same time, the anatomic heterogeneity of cardoon whole stalks, consisted of centrally located pith and
surrounding fibro-vascular bundles, affected the process uniformity (topochemical effect) leading to significant
dispersion of experimental data and difficulties in process modeling, as compared with giant reed.

IV. CONCLUSIONS
The single-stage low temperature dilute sulfuric acid hydrolysis can be very effective entry point for integrated
fractionation of agro-crop lignocellulosics, such as energy crops giant reed and cardoon, providing selective
conversion of xylan into monomeric xylose and significantly improving the enzymatic digestibility of cellulose.

V. ACKNOWLEDGEMENT
Financial support was provided by FCT (Portugal) within research contract PTDC/AGR-CFL/103840/2008.

VI. REFERENCES
[1] Kamm, B.; Kamm, M. Biorefineries – Multi Product Processes. Adv. Biochem. Eng. Biotechnol. 2007, 105,
175–204.
[2] FitzPatrick, M.; Champagne, P.; Cunningham, M.F.; Whitney, R.A. A biorefinery processing perspective:
Treatment of lignocellulosic materials for the production of value-added products. Biores. Technol. 2010, 101,
8915-8922.
[3] Lewandowski, I.; Scurlock, J.M.O.; Lindvall, E.; Christou, M. The development and current status of
perennial rhizomatous grasses as energy crops in the US and Europe. Biomass Bioenergy 2003, 25, 335–361.
[4] Fernández, J., Curt, M.D.; Aguado, P.L. Industrial applications of Cynara cardunculus L. for energy and
other uses. Ind. Crops Prod. 2006, 24, 222-229.
[5] Zhang, Y.H.P. Reviving the carbohydrate economy via multi-product lignocellulose biorefineries. J. Ind.
Microbiol. Biotechnol. 2008, 35, 367–375.
[6] Martin, C.; Alriksson, B.; Sjode, A.; Nilvebrant, N.-O.; Jonsson, L.J. Dilute sulfuric acid pretreatment of
agricultural and agro-industrial residues for ethanol production. Appl. Biochem. Biotechnol. 2007, 136, 339-352.
[7] Zhang, Y.-H.P. Reviving the carbohydrate economy via multi-product lignocellulose biorefneries. J. Ind.
Microbiol. Biotechnol. 2008, 35, 367-375.
[8] Shatalov, A.A.; Pereira, H. Biorefinery of energy crop cardoon (Cynara cardunculus L.) - Hydrolytic xylose
production as entry point to complex fractionation scheme. J. Chem. Eng. Proc. Technol. 2011, 2, 118-125.
[9] Shatalov A.A.; Pereira H. Xylose production from giant reed (Arundo donax L.): Modeling and optimization
of dilute acid hydrolysis. Carbohydr. Polym. 2012, 87, 210-17.
[10] Selig, M.; Weiss, N.; Ji, Y. Enzymatic saccharification of lignocellulosic biomass. Laboratory analytical
procedure (LAP), NREL/TP-510-42629, 2008.
[11] Sluiter, A.; Hames, B.; Ruiz, R.; Scarlata, C.; Sluiter, J., Templeton, D.; Crocker, D. Determination of
structural carbohydrates and lignin in biomass. Laboratory analytical procedure (LAP), NREL/TP-510-42618,
2008.

766

© CSIC © del autor o autores / Todos los derechos reservados

13th European Workshop on Lignocellulosics and Pulp

INTEGRATED UPGRADING OF AGRO-CROP LIGNOCELLULOSIC BIOMASS
FOR PRODUCTION OF HIGH GRADE CELLULOSE FIBERS
Anatoly A. Shatalov*, Helena Pereira
Universidade de Lisboa, Instituto Superior de Agronomia, Centro de Estudos Florestais (CEF),
Tapada da Ajuda, 1349-017 Lisboa, Portugal (*anatoly@isa.utl.pt; anatoly@isa.ulisboa.pt)

ABSTRACT
Integrated upgrading of the potential European energy agro-crops giant reed and cardoon has been carried out for
valorization of the main chemical constituents of the whole stem biomass. After selective single-stage hydrolytic
conversion of hemicellulosic xylan to monomeric xylose for enzymatic xylitol production, the high purity
dissolving grade cellulosic fibers were produced by sulfur-free soda-AQ pulping technology. Response surface
methodology was employed for statistical pulping modelling and optimization. The effect of principle process
variables on such pulping outputs as pulp yield, Kappa number, brightness, viscosity, α-cellulose content and
lignin recovery was assessed and modelled using 24 central composite rotatable design (CCRD). Cellulosic fibers
having 96-98% of α-cellulose and DP 2500-2700 were obtained for both crops under optimized conditions.
About 80-85% (as a max) of total crop lignin was recovered from the black pulping liquor, as a high purity
precipitated technical lignin.

I. INTRODUCTION
The multi-product biorefining of lignocellulosic biomass with complete fractionation and co-utilization of the
principal chemical components has been the focus of much attention for the last few years, as a more potential
biorefinery scheme [1,2]. The agro-based lignocellulosics, such as industrial crop residues and perennial
herbaceous species (grasses), represent abundant and cheap feedstock for biorefining technologies. Among a
group of the more potential perennial herbs evaluated as energy crops in Europe, the particular attention has been
given to giant reed (Arundo donax L.) [3] and cardoon (Cynara cardunculus L.) [4]. The remarkable biomass
productivity of giant reed and cardoon combined with high ability to intensive cultivation and appropriate
chemical composition made these herbs as the most promising energy crops for industrial utilization and
particularly attractive lignocellulosic feedstock for biorefinery.
In biorefinery of fiber agro-crops (such as giant reed and cardoon) the isolated cellulose can be used as a
valuable source of fibers, alternatively to ethanol production. After selective hemicellulose (basically xylan)
removal and appropriate delignification, the high purity dissolving grade pulps can be produced, substantially
enhancing the economy of biorefinery process. Nowadays, the dissolving grade pulps with 92-96% of αcellulose are commercially produced from woody species using pre-hydrolysis kraft or acid sulfite processes
followed by elemental chlorine-free (ECF) bleaching [5]. The application of sulfur-free delignification in
combination with totally chlorine-free (TCF) bleaching would be a significant step in meeting environmental and
economic concerns related to conventional industrial technologies.
The production of high-grade cellulosic fibers by soda-AQ pulping of pre-hydrolyzed (xylan-free) stem material
of giant reed and cardoon has been studied as an integrated stage of complex upgrading scheme. The principal
results on pulping modelling and optimization are discussed in the present communication.

II. EXPERIMENTAL
The air dried stems of giant reed and cardoon, sampled respectively from the naturally growing native crop
population and the university experimental plantation field, were manually stripped of leaves, milled, screened
and stored in sealed plastic bags until using.
The selective hydrolysis (removal) of hemicelluloses (consisted by 90-95% of xylan) was performed before
pulping, using previously established optimum reaction conditions, as described elsewhere [6,7].
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The soda-AQ pulping of pre-hydrolyzed (xylan-free) crop stems was carried out in stainless steel digesters
rotated in an oil bath. The process variables were reaction time (80-160 min), reaction temperature (150-170ºC),
alkali (NaOH) concentration (14-26% oven-dry material) and AQ concentration (0.1-0.3% oven-dry material).
Residual lignin was determined as a Kappa number according to TAPPI T 236 cm-85. Pulp intrinsic viscosity
was measured in CED solution according to SCAN-cm 15:88. ISO Brightness and DIN yellowness index were
measured by CM-3630 spectrophotometer (Minolta). The α-cellulose content was determined according to T 203
om-93 TAPPI standard.
Response surface methodology (RSM) [8] was employed for statistical data treatment and conditions
optimization (Statistica 6.0, Statsoft, USA). The statistical significance of regression coefficients and effects was
checked by analysis of variance (ANOVA).

III. RESULTS AND DISCUSSION
According to pre-defined fractionation scheme with separate utilization of hemicelluloses and cellulose fractions,
the stem material of both giant reed and cardoon was hydrolyzed by diluted sulfuric acid under moderate
reaction conditions specifically designed for selective single-stage conversion of polymeric xylan to monomeric
sugars [6,7]. Under established optimal reaction conditions, the xylose recovery of 94% and 86%, respectively
for giant reed and cardoon, was achieved in solution with only limited cellulose hydrolysis and monosaccharide
decomposition to furans. The insoluble residue after selective hydrolysis (removal) of hemicelluloses from both
crops hold only 0.2-0.5% of residual xylan, indicating almost total (by 98.5-99.5%) xylan removal during
hydrolysis. The content of cellulose accounted for 53% and 65% of the insoluble residue, respectively for giant
reed and cardoon. Only 6-8% of total crop cellulose was dissolved during hydrolysis, representing the less
ordered amorphous cellulose fraction. Exploring the fiber properties of residual high molecular cellulose portion,
the insoluble residue after acid hydrolysis of both crops was used for production of high purity dissolving grade
pulps. The sulfur-free soda-AQ pulping process, as the most successfully and frequently used for agro-crop
biomass approach, was chosen as a basic technology for dissolving pulp production.
Optimization of soda-AQ pulping was done using response surface methodology (RSM) [8]. The 24 central
composite rotatable design (CCRD) was applied to optimize the effect of the principal independent process
variables such as alkali concentration (X1), AQ concentration (X2), reaction temperature (X3) and reaction time
(X4) on the main reaction responses (outputs) such as residual lignin in pulp (as Kappa number) (Y1), pulp
brightness (Y2), pulp yield (Y3), pulp viscosity (Y4), α-cellulose content (Y5) and lignin recovery from spent liquor
(Y6).
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Figure 1. Pareto charts of standardized effects affecting degree of pulp delignification (left) and CED intrinsic
viscosity (right) during soda-AQ pulping of pre-hydrolyzed (xylan-free) giant reed stems.

The standardized pulping effects, sorted by their absolute magnitude in relation to the statistical significance (p)
level of 0.05, are shown on the Pareto graphs (Fig. 1). As was expected, the alkali concentration in reaction
solution had critical importance on degree of pulp delignification (and brightening as well) during soda-AQ
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pulping of pre-hydrolyzed crop stems. The ANOVA of estimated linear and quadratic effects of alkali
concentration showed absolute confidence interval of 100% (p=0). The interaction effect between alkali
concentration and temperature also revealed some importance for delignification results (p=0.026). At the same
time, the degree of cellulose degradation, expressed as pulp intrinsic viscosity in CED solution, was mainly
affected by process temperature, followed by alkali concentration. The effect of process duration (time) as well
as the interaction effect between alkali concentration and temperature also showed some equal significance for
cellulose degradation. The effect of AQ concentration was found to have some statistical significance only for
pulp brightness (p=0.018).
The second-order polynomial model was fitted to experimental data to define the optimum set of reaction
conditions by multiple regression analysis. The model equations for prediction of pulping outputs were obtained
using statistically significant regression coefficients. The response surfaces illustrating the modeled effects of
pulping conditions on Kappa number and intrinsic viscosity of produced pulps are shown in Fig. 2.

Figure 2. Response surfaces and contour plots of modeled delignification (left) and cellulose degradation (right)
under variable conditions of soda-AQ pulping of pre-hydrolyzed (xylan-free) giant reed stems.
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As can be seen from Fig. 2, under desirable ranges of independent process variables providing maximum
expected degree of pulp delignification (up to 4-5 Kappa number), the CED intrinsic viscosity of 600-750 ml/g
(or DP 2075-2700) of produced cellulosic pulps can be expected, what is fairly high for dissolving grade pulps.
The soda-AQ pulping of pre-hydrolyzed cardoon, generally, showed similar to giant reed tendency, despite some
deviations in numerical values.
The partial differentiation of the fitted polynomial functions in respect to each process variable gave the set of
optimal reaction conditions at extreme points of the surface plots. The control pulping experiments performed
under found optimum reaction conditions resulted in pulps with Kappa 4.2-4.8; ISO brightness 50-52%; CED
intrinsic viscosity 700-750 ml/g and α-cellulose content 96-98%, exhibiting very good correlation between
predicted and experimental data and providing the validity test of the developed statistical model.
Completing the full biomass fractionation, the precipitated technical lignin was recovered from the black liquors
after soda-AQ pulping of pre-hydrolyzed giant reed and cardoon. About 80-85% (as a max) of total lignin was
recovered for both crops, substantially increasing the commercial viability of the entire biorefining sequence.

IV. CONCLUSIONS
The effective integrated upgrading of agro-crop lignocellulosic biomass, such as energy crops giant reed and
cardoon, can be realized by combination of low-temperature dilute sulfuric acid hydrolysis followed by soda-AQ
delignification. After statistical modelling and optimization of each separation process, the xylose-enriched
organic substrate for biotechnological xylitol production, the dissolving grade cellulosic fibers and the
precipitated technical lignin can be produced with high yield and quality.
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ABSTRACT
Global paper and paperboard consumption is over 450 million metric tons per year and is expected to increase in
the future. Currently, wood-based fibers are a primary source of raw material for papermaking. Pulp and paper
industries are energy intensive using large volumes of water and releasing many tons of carbon dioxide (CO 2).
Fiber represents a very large portion of the cost to manufacture pulp and paperboard. As society becomes more
conscious of environmental concerns and responsible resource utilization, pulp and paper manufacturers
constantly strive to seek lower cost solutions for natural fibers. This presentation addresses the use of
filamentous algae such as Cladophora as an alternative low-cost, renewable and sustainable fiber for
papermaking.
Green Cladophora alga, one of the photosynthetic aquatic species having cellulosic or fibrous characteristics,
was collected from Lake Winnebago in Neenah, WI. Unlike conventional mechanical or chemical pulping, the
algal sample was subjected to a fast biological process for releasing cementing materials embedded in
filamentous Cladophora algae using anaerobically digested sludge collected from Appleton Wastewater
Treatment Plant, Appleton, WI. This biopulping stage took place at 35 o C and completed within two weeks.
The biogas generated in the process could be collected for use as a fuel, which prevents it from causing
atmospheric pollution. At the end of the biopulping, the green Cladophora sample was washed with tap water
and bleached using 1% sodium hypochlorite. Standard handsheets with a basis weight of 60 g/m2 were made
with algal fiber inclusion up to 30% and the remaining is balanced by Eucalyptus pulp. The results indicate
handsheet tensile, tear and burst indexes increased proportionally as the amount of Cladophora in the fiber blend
was increased. A plausible explanation to the unexpected strength development may be attributed to the
presence of algae micro fibrillation. The SEM data for the samples comprising Eucalyptus and Cladophora
supports this observation.

I. INTRODUCTION
Cladophora is well known as one of the nuisance algae present in the aquatic environment globally. Mihranyan
[1] offered a comprehensive summary of the beneficial utilizations of Cladophora in animal food, plastics, paperbased battery, etc. One of the attractive characteristics from Cladophora algae is high cellulose content [2],
which supports an idea to use it as one of non-woody raw materials in the pulp and paper industry in order to
replace or reduce a consumption of tree-based commodity fibers.
Non-woody material pulping methods outlined by Sridach [3] are suitable for Cladophora pulping and the earlier
studies [4] focused on using conventional mechanical or chemical pulping method to generate algal pulp for
paper and paper product manufacturing. In this paper, we describe a fast biological pulping process for releasing
cementing materials embedded in filamentous Cladophora algae using anaerobically digested sludge, which is
evolved from basic principles detailed by Manilal [5] and Aykroyd [6].
Cladophora pulp obtained from anaerobic sludge digestion was used for handsheet making and the results
indicate handsheet tensile, tear and burst indexes increased proportionally as the amount of Cladophora in the
fiber blend was increased. A plausible explanation to the unexpected strength development may be attributed to
the presence of algal micro fibrillation.

II. EXPERIMENTAL
Anaerobic Biopulping
A schematic description of anaerobic biopulping apparatus is shown in Figure 1, where Cladophora sample,
collected from Kimberly Point Park, Neenah, WI was loaded into the vessel after nitrogen purging (5 minutes) of
anaerobically digested sludge, collected from Appleton Wastewater Treatment Plant, Appleton, WI. The whole
vessel was housed in a chamber, capable of maintaining 35 oC through anaerobic sludge digestion of Cladophora
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sample. The methane generated during the sample biopulping was released continuously with a gas regulator.
At the end of two weeks biopulping, the green Cladophora sample was washed with tap water and bleached
using 1% sodium hypochlorite (Clorox bleach).

Figure 1.

Anaerobic Biopulping Apparatus

Handsheet Study
Handsheets were prepared according to a modified method, which is approved by Kimberly-Clark in 2007. The
major difference, in comparison to TAPPI T205 [7], is that the sheet is pressed one at a time and only once
without a plate during K-C sheet making. The sheet is then dried by steam instead of air dried with a plate. All
other general procedures are the same unless otherwise noted. A total of twenty five grams of the mixed pulp
materials (Cladophora algal and Eucalyptus pulps, respectively) at given ratios was weighed, considering
respective moisture in the algal pulp and Eucalyptus pulp (Aracruz, Brazil). The two fibrous materials were
soaked in British disintegrator and disintegrated for 5 minutes. The resulted slurry about 2 liters was further
diluted to 4000 mL, where 480 mL of the pulp slurry was taken to make a 60 g/m 2 handsheet. For each sample
code, five handsheets were made for tensile, tear and burst index measurements.
All testing was done under laboratory conditions of 23.0 ± 1.0 oC, 50.0 ± 2.0 % relative humidity, and after the
sheet had equilibrated to the testing conditions for a period of not less than four hours. The testing was done on
a tensile testing machine maintaining a constant rate of elongation, and the width of each specimen tested was
2.54 cm. The specimens were cut into strips having a 2.54 ± 0.04 cm width using a precision cutter. The “jaw
span” or the distance between the jaws, sometimes referred to as gauge length, was 12.7 cm. The crosshead
speed was 1.27 cm per minute. A load cell or full scale load was chosen so that all peak load results fall between
about 20 and about 80 percent of the full scale load. Suitable tensile testing machines include those such as the
Sintech QAD IMAP integrated testing system (Rockford, IL), recording at least 20 load and elongation points
per second.
Scanning electron microscopy images of the handsheets containing Cladophora fibers were obtained using a
JSM-6490LV scanning electron microscope (Peabody, MA). The surface images were generated at 300X
magnifications for all samples that were coated with gold of about 15 nanometer thickness prior to taking any
observations. The cross-sectional images were generated at 500X magnifications for all samples. The crosssection of the sample was prepared by cleaving the sheet with a fresh and ultra-keen razor blade at liquid
nitrogen temperatures. The sample was mounted with double-stick tape and metalized with gold using a vacuum
sputter for proper image in the SEM.

III. RESULTS AND DISCUSSION
Algal Fiber Characterization
The cleaned algal sample after anaerobic sludge digestion was tested for fiber length, width and distribution, etc.
using MorFi (Fiber Quality Analyzer). Average Cladophora algal fiber arithmetical length is 0.61 mm and
weighted Cladophora algal fiber length is 0.94 mm. The Cladophora algal fiber width is 45.5 µm. The fiber
coarseness is 0.366 mg/m and fiber curl is 11.8%.
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Tensile Index
Three codes of the handsheet sample were made at Eucalyptus/Cladophora algal fiber ratios of 90/10, 80/20 and
70/30, including one control handsheet comprising 100% Aracruz Eucalyptus. Figure 2 is a plot, which
represents tensile index values as amount of Cladophora algal fiber is increased from nothing up to 30%
inclusion. Normally, inclusion of non-woody fiber such as wheat straw or corn stover [8] would decrease tensile
index of the composite handsheet. However, tensile index clearly to increases as more Cladophora algal fiber is
added into the handsheets. A plausible explanation to the unexpected strength development may be attributed to
the presence of algae micro fibrillation.

Tensile Index (N.m/g)
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Figure 2.

Tensile Index for Handsheets of Eucalyptus and Cladophora algal Fiber
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Similar to the plot shown in Figure 2, tear index values are presented in Figure 3A, where the tear index is also
increased as an inclusion of Cladophora algal fiber is increased. The tear index value for Eucalyptus/Cladophora
(90/10) is 3.5, which is unexpectedly higher than Eucalyptus/Cladophora (80/20).
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Figure 3B.

Burst Index

Burst Index
Figure 3B displays handsheet burst index values as Cladophora algal fiber is increased up to 30%. There is an
initial decrease in burst index at 10% Cladophora algal fiber and then this value increased to the same level as
the control sample. It is 10% greater than the control sample when Cladophora algal fiber is added at 30% in the
handsheets.

SEM Study
Scanning electron microscope (SEM) images of a series of handsheets containing Eucalyptus and Cladophora
algal fibers at ratios of 90/10, 80/20 and 70/30 were obtained using JSM-6490LV scanning electron microscope
under the following operating conditions: Accelerating voltage was 10 kilovolts, Spot size was 40, and working
distance was 20 millimeters. Presented here is for the handsheet, containing 70% Eucalyptus and 30%
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Cladophora. It is visible from Figure 4A (handsheet surface SEM) that Cladophora algal fiber is much larger
than Eucalyptus. Figure 4B is a cross-sectional view, showing a well-mixed fiber configuration in the
handsheet.

Figure 4A.

Surface SEM

Figure 4B.

Cross Sectional SEM

IV. CONCLUSIONS
Algae as a natural and low-cost fiber or wood fiber substitute shows promising results. Anaerobic biopulping of
Cladophora can be done without releasing any unwanted chemicals commonly used in other pulping methods.
The presence of Cladophora algal fiber increased tensile, tear and burst indexes for Eucalyptus-based
handsheets. The higher of Cladophora algal fiber in the handsheet, the more pronounced effect can be observed.
This behavior may be attributed to Cladophora algal micro fibrillation. The SEM data indicate Cladophora has
larger fiber dimension in comparison to Eucalyptus pulp.
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ABSTRACT
A wide range of phenolic compounds simulating structural fragments of lignin is investigated using the
differential scanning calorimetry method. The data on the fusion points, specific enthalpy and entropy of fusion
were obtained. The dependences of the isobaric heat capacity on temperature were established. A comparison of
the experimental values of the isobaric heat capacity at 298 K with the theoretical values calculated by the group
additivity method were done. The relationship between the structure of lignin model compounds and their
thermochemical properties is discussed.

I. INTRODUCTION
Currently, data on the thermochemical properties of lignin and its model compounds presented not enough.
However, parameters such as enthalpy, entropy of fusion, isobaric heat capacity are very important for further
investigation of these compounds and understanding the nature of the their interaction with solvents. Differential
Scanning Calorimetry (DSC) is one of the most convenient methods for studying these parameters. Results of
lignins study by DSC method are shown in some papers [1-5]. However, the complex lignin structure makes it
difficult for study and does not allow to distribute conclusions obtained for a particular sample for other types of
lignins. In this connection it is interesting to study the lignin model compounds having a different structure as
well as various functional groups. Previously, substances of similar structure have been successfully investigated
by DSC method [6-8]. The authors of paper [6] successfully used the DSC method for analysis of polycyclic
aromatic hydrocarbons. The heat capacities of same organic substances in the liquid state were analyzed in paper
[7]. Results of the ferulic acid as pharmaceutical ingredient study contained in [8] are very interesting. Several
studies compared the experimental and of calculated values of thermodynamic characteristics of the organic
substances [9-11]. Methods of calculations used for a long time and allow to calculate some characteristics of the
compounds through their additive components. These studies are very important and interesting. However, most
authors did not consider these compounds as lignin models.

II. EXPERIMENTAL
Thirteen lignin model compounds with different chemical structures (aldehydes, ketones, acids, phenols and
alcohols) were investigated. Compounds with guaiacilic, syringilic and other structures were taken: 2,6dimetoxyphenol, acetosyringone, vanilin, veratrumaldehyd, vanillic alcohol, vanillic acid, acetovanillone,
syringaldehyde, coniferyl aldehyde, p-coumaric acid, trans-cinnamic acid, ferulic acid, syringic acid. All
substances are ALDRICH or SIGMA-ALDRICH production and have high purity (not less than 98%). Research
have been performed using differential scanning calorimeter DSC Q2000 (TA Instruments, USA). 5-10 mg of
the sample were placed in an aluminum pan. All measurements were performed in the linear mode of heating up
to a temperature which is 20 oC higher than the expected temperature of fusion, heating rate is 10 degrees per
minute. The experiment was performed in argon atmosphere. Pre-calibration was carried out, it includes the
determination of the resistance and capacitance of the cell. Calibration includes an experiment with an empty cell
and calibration sapphire samples. Cell constant calibration was performed with a sample of indium. Control of
DSC system, data collection and processing was performed using software «TA Instrument Explorer» and «TA
Universal Analysis». Specific enthalpies of fusion were calculated by integrating the peak in the DSC-curve.
Specific entropy of fusion values were calculated from the Gibbs equation:

II. RESULTS AND DISCUSSION
Fusion temperatures as well as the specific enthalpy and entropy of fusion were obtained, Table 1.
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Table 1. Temperature, enthalpies and entropies of fusion for lignin model compounds
Compound

Tfus/K

fusHm/kJ

mol-1

fusSm/J

mol-1 K-1

2,6-dimetoxyphenol

327.3 ± 0.3

16.2 ± 0.3

48.38

acetosyringone

398.0 ± 0.2

27.2 ± 0.3

66.23

vanilin

355.1 ± 0.9

20.3 ± 0.6

56.56

veratrumaldehyd

316.8 ± 0.3

18.6 ± 0.4

58.73

vanillic alcohol

384.0 ± 0.4

26.5 ± 0.2

68.39

vanillic acid

482.9 ± 0.1

21.2 ± 0.9

48.44

acetovanillone

386.0 ± 0.8

22.6 ± 0.9

58.42

syringaldehyde

384.6 ± 0.8
345.9 ± 0.5
353.0 ± 0.5

28.6 ± 0.6

72.67

20.6 ± 0.5

-

p-coumaric acid

492.0 ± 0.8

41.8 ± 0.8

84.85

trans-cinnamic acid
ferulic acid

406.0 ± 0.9

18.3 ± 0.4

44.93

444.9 ± 0.1

30.5 ± 0.9

70.08

coniferyl aldehyde *

syringic acid

482.0 ± 0.2
20.7 ± 0.5
* specific enthalpy of coniferyl aldehyde was calculated as the total for the two peaks

42.85

The differences in fusion enthalpies obtained for acids can be explained by the presence of intermolecular
hydrogen bonds, the breaking of which requires additional energy. The maximum value was observed for the pcoumaric acid. Its molecule has a phenolic hydroxyl in addition to carboxyl. Fusion enthalpy for ferulic acid is
less than p-coumaric because methoxy group increases the formation of intramolecular hydrogen bonds and
decreases intermolecular ones. Fusion enthalpy of vanillin and syringic acid are even less. It can be assumed that
a carboxyl group connected to the propane chain forms stronger bonds than the one which is connected directly
to a benzene ring. The minimum fusion enthalpy value was obtained for trans-cinnamic acid, because of its
benzene ring has no other groups capable of forming hydrogen bonds. Very similar fusion enthalpies were
obtained for most aldehydes and ketones. Higher values were obtained for acetosyringone and syringaldehyde.
Alcohols fusion enthalpies were higher than those aldehydes, ketones and acids. Comparatively small enthalpies
of fusion defined for phenols, it must be assumed that phenolic hydroxyls form less strong hydrogen bonds. Two
peaks was found for coniferyl aldehyde (Figure 1). Since the sample is a mixture of cis- and trans-isomers, such
effect may be related to their different fusion temperatures.

Figure 1. DSC-curve for coniferyl aldehyde
The dependences of the isobaric heat capacity on temperature are established. These dependencies are describes
of third-degree polynomial most adequately: Cp = a + bT + cT2 + dT3 The coefficients of equation Cp = f (T) are
shown in Table 2.
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Table 2
Coefficients of equation Cp = a + bT + cT2 + dT3
Compound
a
b
4
2,6-dimetoxyphenol
-2.33 10
2.31 102
4
acetosyringone
-3.67 10
3.57 102
3
vanilin
-3.56 10
3.41 10
veratrumaldehyd
-1.88 105
1.87 103
vanillic alcohol
-4.77 103
4.35 10
vanillic acid
-1.69 103
1.48 10
acetovanillone
-4.41 103
4.17 10
syringaldehyde
-1.58 103
1.54 10
coniferyl aldehyde *
-6.30 104
6.07 102
p-coumaric acid
6.36
-6.89 102
trans-cinnamic acid
-1.56 103
1.58 10
ferulic acid
3.80
-4.49 102
2
syringic acid
5.21
-5.62 10
* - standart error; r – correlation coefficient

c
-7.56 10-1
-1.15
-1.04
-6.17
-1.28 10-1
-3.72 10-2
-1.27 10-1
-4.47 10-2
-1.94
-1.72 10-2
-4.53 10-2
-5.49 10-3
-1.25 10-2

d
8.29 10-4
1.23 10-3
1.08 10-4
6.80 10-3
1.27 10-4
3.21 10-5
1.32 10-4
4.51 10-5
2.07 10-3
1.70 10-5
4.46 10-5
2.31 10-6
1.10 10-5

0.09
0.09
0.31
0.11
0.66
2.84
0.49
0.18
0.60
2.77
0.63
2.89
1.71

r
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99

The authors of papers [9-11] have calculated some characteristics theoretically using additive methods. They
investigate a some solid aldehydes, similar in chemical structure of lignin models. The paper compares the
theoretical and experimental values of the heat capacity. We performed a similar comparison for the studied
lignin model compounds. Results of the comparison of the experimental values of the isobaric heat capacity at
298 K, obtained by DSC with the theoretical values calculated by the method proposed by the authors of [9],
[11] are shown in Table 3.
Table 3
Calculated and experimental values of the lignin model compounds isobaric heat capacity
, J mol-1 K-1
Compound
experimental
calculated
2,6-dimetoxyphenol
233.95
225.07
acetosyringone
259.61
259.52
vanilin
196.15
196.37
veratrumaldehyd
232.21
234.67
vanillic alcohol
217.24
213.67
vanillic acid
251.01
216.37
acetovanillone
194.00
206.73
syringaldehyde
241.12
249.16
coniferyl aldehyde
363.93
239.17
p-coumaric acid
131.59
206.38
trans-cinnamic acid
317.43
191.89
ferulic acid
258.24
181.20
syringic acid
172.18
269.16
As can be seen from the table, the difference between calculated and experimental values for aldehydes (except
coniferyl), ketones, alcohols and phenols are small. Very large differences observed for acids. It is possible that
intermolecular hydrogen bonds and the formation of dimers influence significantly to the heat capacity.

IV. CONCLUSIONS
1.

Fusion temperatures and specific enthalpies for model lignin compounds were determined. Specific
entropies of fusion were calculated .

2.

The dependences of the isobaric heat capacity on temperature were established.

3.

It was shown that the formation of intermolecular and intramolecular hydrogen bonds influences
significantly to the substance formation enthalpy as well as to the heat capacity. This can explain the
differences between the calculated and experimental values of the heat capacity. This is typical for
acids. Small differences between theoretical and practical values were obtained for other compounds.
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ABSTRACT
The modification of aspen microparticles (<100 mk), obtained by milling aspen sawdust after its low
temperature hydrolysis with dilute hydrochloric acid, was performed by the ammoxidation method using
ammonium hydroxide and persulphate ammonium as an oxidizing agent at normal pressure and room
temperature. The effect of the ammonium hydroxide concentration and the ratio of its volume to the mass of the
oxidising agent on the nitrogen fixation and the yield of the modified particles was studied. The formation of salt
and amide bonds in the aspen wood as a result of its ammoxidation was found. The ammoxidised microparticles
were used as a filler in the composite materials based on recycled polypropylene. The mechanical properties of
the obtained composites as well as their contact angles and water sorption were discussed.
I. INTRODUCTION
Nowadays, wood-polymer composites are increasingly applied in different functional areas. The use of
lignocellulosic materials as a filler in composite materials is evidently beneficial in terms of their good
mechanical properties with a low specific mass, economic and environment aspects [1, 2]. However, to improve
the compatibility between the synthetic polymer and the lignocellulosic filler for obtaining wood-polymer
composites with high-performance properties, the surface modification of lignocelluloses is necessary. The
lignocellulosic modification can be realised by various techniques, the main of which being the treatment with
alkali (mercerisation), acetylation, benzylation, graft copolymerisation, treatment with fatty acids, peroxide,
anhydride, permanganate, silane and plasma [3]. Each of the offered methods has its own advantages as well as
drawbacks represented by the costs, complicated techniques, usage of organic solvents, etc.
Owing to the efficiency and high yield of the end product, and the simplicity of the implementation of the
modification process, the low content of by-products and the use of water as a reaction medium, ammoxidation
method of wood and its components can be one of the promising ways of its modification [4, 5].
The aim of the work was to apply the ammoxidation method for modification of aspen wood microparticles and
to study the mechanical properties and hydrophobicity of recycled polypropylene-based composites filled with
the ammoxidated particles.
II. EXPERIMENTAL
The hydrolysed aspen wood microparticles with the size <100 mk obtained by the procedure described in the
previous work [6] were used for modification by the ammoxidation method. Ammoxidation was carried out at
normal pressure and room temperature by adding the aspen microparticles to a NH4OH solution at stirring and
then, after obtaining a stable suspension, the required amount of persulphate ammonium was applied as an
oxidising agent. The studied concentration of the NH4OH solution was 5% and 20%. The value of the ratio of its
volume to the mass of the oxidising agent (ml/g) in the suspension was varied in a wide range. The
hydromodulus (mass ratio of sawdust particles to the NH4OH solution, g/g) was equal to 1:50. The duration of
modification was 120 h. After the treatment, the ammoxidated particles were washed to a neutral medium and
dried over prolonged periods at 60oC, and then for 3 h at 105oC. The elemental composition of the microparticles
was determined by Elementar Analysensysteme GmbH (Germany). Changes in the functional composition were
identified by Fourier Transform Infrared (FTIR) using a spectrophotometer (Perkin-Elmer Spectrum One, USA)
with KBr tablets. For making composites, recycled polypropylene (RPP) was used as a thermoplastic polymer
matrix. It had a density of 0.9 t m-3 and a melt flow index of 5.2/10 min (230oC, 2.16 kg). The wood polymer
samples were prepared from a blend of powder RPP with the aspen microparticles, using a twin extruder and a
moulding machine (HAAKE MiniLab II with MiniJet II, Thermo Scientific “HAKKE”) at temperatures of 170180oC. The microparticles content in the composites was 30 mass %. For the wood particles and the composite
samples, contact angles were measured in distillate water by the Washburn sorption method and the Wilhelmy
method, respectively, using a Kruss K100 tensiometer. Before measuring, all the samples were conditioned.
Water sorption of the composite samples was determined using a desiccator method at a humidity of 98% and a
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temperature of 20 ± 2o C. Mechanical tests for the composite samples were carried out according to ASTM D638
and EN ISO 178, using a universal machine “Zwick” (Germany).
III. RESULTS AND DISCUSSION
Figure 1 shows the values of the content of the incorporated N and the yield of the N-modified particles
depending on the ratio of the NH4OH solution volume to the mass of persulphate ammonium in the reaction
mixture. It can be seen that, with increasing this ratio, namely, decreasing content of the oxidising agent in the
mixture, irrespective of the concentration of the ammonium hydroxide solution, the amount of fixed nitrogen in
the lignocellulosic matrix decreases from 2.1% to 1.1% in the 5% NH4OH solution and from 3.4 to 2.8% in the
concentrated solution of ammonium hydroxide. At the same time, with decreasing content of the oxidising agent
in the mixture, the yield of the modified particles increases.
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Figure 1. Effect of a ratio of NH4H/oxidiser on nitrogen content and yield of the modified microparticles
depending of NH4OH solution concentration: 5% (on the left) and 20% (on the right).
It also follows from Figure 1 that the higher concentration of the NH4OH solution, the greater amount of
nitrogen can be introduced into the wood microparticle. The maximum content of nitrogen in the microparticles,
treated with a 20% solution of H4OH in the presence of the oxidiser, is almost 1.6-1.8-fold higher than that in the
particles treated with a 5% ammonium hydroxide solution, and the yield of N-modified particles is lower by 1518%.
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Figure 2. FTIR spectra of initial and modified aspen microparticles and their differential spectrum.

The latter can be caused by the more pronounced destruction of the lignocellulosic matrix in the concentrated
solution of NH4OH, accompanied by a decrease in the content of hemicelluloses and lignin therein. It is known
that the ammoxidation process has a complex chemical nature and is accompanied by both couplings and crosslinking and the reactions of destructive nature. As a rule, the most sensitive to such a type of reactions are the
hydroxyl groups of the wood components – lignin and hemicelluloses, as well as ether and ester bonds in the
lignocellulosic matrix This can be testified by the comparative analysis of FTIR (Figure 2) of aspen
microparticle spectra before and after the ammoxidation. It can be seen that the ammoxidation of aspen particles
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is accompanied by a decrease in absorption in the wavelength ranges 3700-3470 cm-1, 1800-1700 cm-1, 16401610 cm-1 and 1520-980 сm-1 and an increase of adsorption in the wavelength ranges 3470-2940 cm-1, 2900-2500
cm-1, 1690-1640 cm-1 and 1610-1520 cm-1. It is known that, in the region 3700-3470 cm-1, free and bound
hydroxyl groups of lignocellulose are adsorbed; therefore, the decrease of absorption in this region in the FTIR
spectrum of ammoxidated particles can indicate the decrease in the amount of the hydroxyl groups of wood
components as a result of chemical transformations. The decrease in absorption in the region 1800-1700 cm-1
with a maximum at 1734 cm-1 can be connected with the hydrolysis of ester bonds in hemicelluloses (xylan) and
the shift of this absorption peak to the region of lower wavelengths (1610-1600 cm-1) as a result of the formation
of salt bonds. The region 1500-900 cm-1 is characterised by the presence of С-H, C-O, O-H in hemicelluloses
and is assigned mainly to the region of the absorption with the glycosidic bond and glucopyranose ring. A
comparative decrease of absorption in this region with pronounced minima at 1370 cm-1 and 1245 cm-1 conforms
the destruction of ester bonds in the lignocellulosic matrix as a result the ammoxidation and the formation of
carboxylate ions. The observed decrease of absorption in the region 1640-1610 cm can be connected with the
consumption of the carbonyl groups of lignin, capable of forming different types of covalent bonds with
nitrogen: imine, amide, heterocyclic, etc. The increase in absorption in the region 1690-1640 cm-1 with a
maximum at 1666 cm-1 is determined by the presence of C=O and C-N stretching, and C-N-H bending vibrations
in amide I and amide II [4]. A comparative increase in absorption in the region 1600-1520 cm-1 with a maximum
at 1556 cm-1 in the spectrum of ammoxidated particles can be connected with the formation of amide bonds in
the lignocellulosic matrix. The increase of absorption at 1640 cm-1 can indicate the formation of NH4+ salt bonds
in the lignin macromolecules due to the formation of carboxylic groups. At the same time, the analysis of the
main absorption bands in the spectrum of ammoxidated microparticles did not indicate the destruction of the
aromatic rings of lignin.
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Figure 3. Tensile strength, tensile modulus and deformation of RPP and the obtained composites.
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Figure 4. Bending strength, bending modulus and deformation of RPP and the obtained composites.
It is known that the type of the wood filler and its content in a polymer composite material are crucial for its
physico-mechanical properties. Ammoxidation of the initial aspen particles, resulting in the introduction of
amide bonds in the lignocellulosic structure and a drop in the hydroxyl groups’ content, has to favour the
improvement of the compatibility between RPP and the aspen microparticles. Figure 3 shows the values of
maximal tensile strength (a), Young’s modulus (b) and deformation (c) of the composite materials, containing 70
mass % of recycled РР and 30 mass % of the initial and ammoxidised aspen microparticles with the minimal N
content (1.1%). According to the given results (Figure 3), the filling of RPP with the ammoxidised micropaticles
leads to the increase of its tensile strength by 30% and Young’s modulus by 45%, and a twofold decrease of its
elongation. Simultaneously, with filling of RPP with the ammoxidised wood particles, bending strength (Figure
4) is enhanced by 37%, bending modulus increases twice, but the value of maximal deflection decreases by more
than 60%. The improvement of the compatibility of the filler with the polymer matrix, which is reflected in the
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Figure 5. SEM image of composite containing modified aspen particles.
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Figure 7. Water sorption of the composites.

growth of the mechanical properties of the obtained composite, is also testified by its morphology study. The
SEM image of the composite, containing 30% of the modified microparticles, indicates the homogeneity of the
obtained complex structure and its consolidation (Figure 5). The results testify that the purposeful modification
of the aspen microparticles, obtained by the low temperature acid hydrolysis [6], favours the drop in the ability
of the obtained composites to be wetted by water (Figure 6) and to adsorb water vapours (Figure 7).
IV. CONCLUSIONS
Ammoxidation, resulting in the drop of the hydroxyl groups’ content and the formation of amide bonds in aspen
lignocelluloses favours the compatibility between RPP and the aspen microparticles. This is testified by the
improvement of the mechanical properties, the increase of contact angles and the reduction of water sorption by
the obtained composites.
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ABSTRACT
In this work, aspen sawdust, a by-product of the mechanical processing of aspen wood, was studied as a
feedstock for obtaining microparticles as a filler for polymeric composites. It is known that, due to enhanced
energy requirements, milling of untreated wood is not economically beneficial. With the aim to partially destruct
and activate the lignocellulosic matrix for the following modification, low temperature acid hydrolysis of aspen
sawdust under mild conditions was carried out. The effect of the acid concentration, the hydrolysis duration and
the hydromodulus on the components and fractional composition of milled hydrolysed aspen sawdust was
investigated.
I. INTRODUCTION
Lignocellulose is the most abundant renewable biomass, consisting of three polymers, namely, cellulose,
hemicellulose and lignin, which all provide its perfect mechanical properties. In Latvia, aspen trees, along with
pine and birch ones, annually give the highest wood yield. By-products, i.e. sawdust, bark and other wood
biomass residues that are formed during forest management and wood mechanical processing are used mainly
for energetic needs. At the same time, waste lignocellulosics are a feedstock for obtaining various value-added
products. In recent years, intensive studies have been carried out on the application of lignocellulosics as a filler
in wood-polymer composites [1-3] due to their renewability, easy availability, low cost, biodegradability, light
mass, enhanced filling degree, etc. The obtaining of wood-polymer composites occurs by incorporating
lignocellulosics in the form of fibres or particles in a polymer matrix. For the wood polymer composites filled
with lignocellulosic fibres, their length and orientation in the polymer matrix are very important. The properties
of the composites, containing wood microparticles, depend on the particle size, as well as size distribution, shape
and charge. In most cases, smaller sizes of wood particles promote their compatibility with the polymer matrix
and decrease the melt viscosity of the wood-polymer blend during the processing. For obtaining microparticles,
wood has to be milled. However, due to the enhanced energy requirements, the milling of untreated wood is not
economically beneficial, because it requires considerable energy consumption and energy input. With the target
to facilitate and decrease the required energy for chemical and enzymatic processing of wood, various pretreatment technologies are offered [4]. The acid hydrolysis of wood for production of ethanol and other
chemicals is well known [5, 6]. The hydrolysis for bioethanol production can be realised using dilute or
concentrated acids. As a rule, the dilute acid hydrolysis technology applies high temperatures (> 100oC) and
enhanced pressures. The acid pre-treatment of wood at high temperature is used for energy saving in wood
thermomechanical pulping [7, 8]. On the other hand, very scarce information is available on the effect of low
temperature hydrolysis (< 100oC) with dilute acids on the wood composition and properties. Such information is
useful for obtaining wood finest particles for wood-polymer composites, with simultaneous decreasing the
energy input at wood milling and grinding. The cleavage of ether linkages at the wood surface is accompanied
by changes in its functional groups’ composition. The latter enhances the specific surface of the lignocellulosic
matrix and facilitate its accessibility for chemical modifiers.
The aim of the study was to investigate the effect of acid hydrolysis parameters (acid concentration, duration,
hydromodulus) at a low temperature (< 100oC) on the changes in the aspen wood components and fractional
composition after milling, as well as on the time of milling that is equivalent to energy input. The hydrolysis
served as the first step for obtaining wood microparticles for their following modification.
II. EXPERIMENTAL
The aspen sawdust represented a by-product of the mechanical processing of aspen wood (Populus tremula).
The main part of its fractional composition consisted of particles with a size from 1 mm to 0.5 mm (67 mass %).
The elemental composition of the sawdust was determined by an Elementar Analysensysteme GmbH
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(Germany). The composition of the sawdust was determined according to analytical chemical procedures –
Klason and Kürschner ones – for lignin and cellulose, respectively. The content of extractives in the sawdust
represented the sum of the content of the wood substances dissolved in acetone, using a Soxlet extractor, and in
hot water (100oC) during 3 h. The elemental component composition of aspen wood was the following: 48.77%
C, 6.25% H, 44.71% O, 0.11% N and 0.16% S. The content of cellulose, lignin, hemicelluloses, extractives and
ash in aspen wood was 50.52%, 18.45%, 26.12%, 4.51% and 0.4%, respectively. Acid pre-hydrolysis was
carried out by using a 5-L three-neck flask equipped with a return condenser, a thermometer and a stirrer under
the following conditions: 0.05-0.5 g/dl HCl concentration, temperature 60°C and duration 1-7 h at a
hydromodulus (sawdust/water mass ratio) of 1/10, 1/20 and 1/50. After the pre-hydrolysis, the treated sawdust
was separated from the hydrolysate by filtration and dried, at first, at 60oC, and then at 105oC. The mass losses
of the hydrolysed sawdust and the dry matter of the obtained hydrolysates were used for calculating the amounts
of the degraded products. The hydrolysed sawdust milling was carried out with a planetary ball mill (Retsch,
Germany) at 300 min-1 during 15 min. The milled sawdust fractionation was performed by using Pulverizette 0
(Fritsch, Germany) with a set of sieves during 15 min. The size distribution in the particles fraction < 100 mk
was investigated with a laser particle granulometer (Annalizetto-22 NanoTec, Fritsch, Germany). The shape of
the finest microparticles was fixed by transmission electron microscopy (Leo 912 AB Omega microscope, Carl
Zeiss, Germany). The microstructure of the hydrolysed wood particles was examined using a scanning electron
microscope (Tesla, Czech Republic). The UV-spectra of the obtained hydrolysates was performed with the help
of an UV-VIS Spectrometer GenesysTM 10 (Thermo, USA).
III. RESULTS AND DISCUSSION
A study of the effect of the acid concentration on the yield of the extractives, consisting of water-soluble
extractives and lignocellulosic degradation products (low molecular hemicelluloses and lignin fragments), as a
result of the low temperature hydrolysis during 1 h at a hydromodulus of 1/20, shows that, with applying 0.05
g/dl HCl, the amount of the water-soluble products in the hydrolysate increases 1.6-1.8 times (Figure 1).

Figure 1. Effect of acid concentration on
extractives amount in the hydrolysate and
cellulose content in wood.

Figure 2. Hemicellulose content in sawdust
versus extractives concentration in the
hydrolysate.

Figure 3. Effect of acid concentration on
lignin content in wood.

Figure 4. Effect of acid concentration on
oxidation degree of wood.

The highest content of the degraded products is in the hydrolysate obtained by the treatment of the sawdust
with the highest HCl concentration (0.5 g/dl): the amount of the degraded products in the hydrolysate increases
more than twice in comparison with the case of the hydrolysis in water. At the same time, the correlation
between the released extractives and acid concentration has a saturation character. According to Figure 2, the
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main water-soluble degraded products passing to the hydrolysate are hemicelluloses fragments, the amount of
which decreases in the lignicellulosic matrix with increasing concentration of the degraded products in the
hydrolysate. The relative content of cellulose in the hydrolysed residue is enhanced with increasing HCl
concentration (Figure 1). At a lower concentration of the acid, the transition of hemicelluloses’ fragments to
water is dominant, but, at the HCl concentration > 0.15 g/dl, the amount of lignin aromatic fragments in the
hydrolysate starts to increase (Figure 3). The cleavage of the glucosidic linkages in the lignocellulosic matrix
influences the functional groups’ composition. This testifies the increase in the values of O/C with growing
applied HCl concentration (Figure 4).
The UV-spectrum of the hydrolysate obtained with the highest HCl concentration was characterised by
pronounced absorbance bands at 238, 288 and 338 nm, indicating the presence of biphenyl derivatives and
aromatic fragments, containing non-etherified hydroxyl groups, carbonyl and carboxyl groups.
According to Figure 1, the hydrolysis with the HCl concentration more than 0.15 g/dl does not lead to an
essential change in the amount of the released water-soluble degraded products. However, the application of
higher concentrations of HCl increases the content of low molecular lignin fragments in the hydrolysate that is
not rational, taking into account the following modification of the obtained wood microparticles.

Figure 5. Extractives concentration in the
hydrolysate versus hydrolysis time.

Figure 6. Extractives concentration in the
hydrolysate versus hydrolysis hydromodulus.

The results shown in Figure 5 reflect the effect of the hydrolysis duration, using a 0.15 g/dl HCl
concentration, on the yield of the degraded products. It is seen that, with increasing hydrolysis time, the
concentration of the extractives in the hydrolysate grows. It is found that the relative content of cellulose
increases, but the relative lignin content in the sawdust decreases after the hydrolysis time 5 h. The found
correlation of the degraded products’ concentration with time has the same saturation character as the
dependence of the extractives on the acid concentration.
According to Figure 6, with decreasing hydrolysis hydromodulus (mass ratio of sawdust to water) from 1/10
to 1/50, the extractives concentration in the hydrolysate, obtained with a 0.15 g/dl HCl concentration at a
hydrolysis duration of 5 h, remarkably enhances. The components composition analysis of the hydrolysed
residue obtained at a hydromodulus of 1/50 showed that the extractives had mainly the hemicelluloses nature.
However, the use of a hydrolysis hydromodulus of 1/50, in spite of the absent of a large amount of the lignin’s
fragments, is not beneficial, because the hydrolysis requires a considerable consumption of water.
dD/dx

mk

Figure 7. Fractional composition of milled initial,
non-hydrolysed and hydrolysed aspen sawdust.

Figure 8. Size distribution histogram of
hydrolysed aspen microparticles (< 100 mk).

The components composition changes in the lignocellulosic matrix lead to the reduction of its mechanical
strength. This is testified by a pronounced shift in the fractional composition of the milled aspen sawdust,
hydrolysed with a 0.15 g/dl HCl concentration for 5 h at a hydromodulus of 1/20, toward the content of the
microparticles with the sizes < 250 mk (Figure 7) and a 3-fold decrease in the milling time for obtaining the fine
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particles ( < 250 mk), in comparison with the case of non-hydrolysed sawdust. The analysis of the particle size
distribution within the fraction < 100 mk showed that more than 50% of the fraction volume was occupied by the
lignocellulosic particles with sizes of 10-30 mk (Figure 8).

Figure 9. TEM image of the
obtained aspen microparticles.

Figure 10. SEM image of the
obtained aspen microparticles.

The study of the obtained microparticles by TEM revealed the prevalence of two types of the microparticles’
shape, namely, oval and extended ones (Figure 9) with average sizes of 1-2 mk and 6-8 mk , respectively.
The performed low temperature pre-treatment of wood with dilute HCl is gentle and thus has a negligible
effect on the morphology of aspen wood fine fibres that is testified by their SEM image given in Figure 10.
IV. CONCLUSIONS
The optimal parameters of the low temperature hydrolysis of the aspen sawdust with dilute acid for reducing
sawdust particle sizes, with the aim of their further chemical modification, are found. These parameters are
compromised from the point of view of the lignocellulosic matrix destruction and the lignin content. The
pronounced growth of the finest particles in the milled wood and the essential drop of the milling time were
achieved mainly by the partial hydrolysis of hemicelluloses. At the same time, the performed hydrolysis is gentle
and has a negligible effect on the morphology of aspen wood.
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ABSTRACT
A water-soluble cationic cellulose N-chlorobetainate has been synthesized and tested for wastewater treatment
applications. Starting materials, cellulose and betaine are both renewable biomaterials and are not part of the
human food chain. In the synthesis of cellulose N-chlorobetainate, high molecular-weight dissolving pulp was
acylated with betaine in a traditional dimethylacetamide / lithium chloride solvent system with good yield.
Extensive application testing was carried out to examine the performance of cellulose betainate as a flocculant.
Commercial synthetic cationic polyacrylamide and polyamine flocculants were used as reference materials in the
testing. In the fixing test, the cellulose betainate showed very good results: the performance was equal or even
better than that of the reference material. The floc strength of the synthetized material was excellent in
flocculation tests. In the capillary suction test, the performance of cellulose betainate was somewhat lower than
that of the reference material. In all, the cellulose betainate showed excellent flocculation power, and could be
used in wastewater purification applications. These results indicate that conventional synthetic polymers could
be replaced with bio-based polymers in many applications, including flocculation.

I. INTRODUCTION
Municipal and industrial wastewaters can be hazardous to environment if disposed untreated to natural water
bodies. Therefore the effective treatment of wastewaters is imperative. Substantial quantities of water is typically
needed in many operations, such as those associated to pulp and paper manufacturing. Widely-used and
important, yet cost-effective treatment methods for wastewaters are chemical coagulation and flocculation, in
where a rapid solid-liquid separation takes place for large quantities of wastewater. Chemical coagulation is
typically combined with floc formation in a process that involves rapid mixing in a flocculation tank.[1] Small
solid particles then form larger flocs, which can be removed by filtration, flotation or sedimentation. Flocculants,
which are typically high molecular weight polyelectrolytes, and usually cationic polymers, are added with rapid
mixing to enhance flocculation. Flocculants act on a molecular level on the surfaces of the particles to reduce
repulsive forces and increase attractive ones.[2] Moreover, effective agitation is necessary for thorough mixing
of chemicals. Most importantly, however, the properties of flocculants determine the efficiency of a flocculation
process.
The flocculants are either inorganic or organic compounds, latter having an advantage of being effective in very
small doses. Organic compounds can be devided into two different categories: 1) synthetic organic flocculants,
such as polyacrylamide, cationic derivatives of acrylic acid polymers and diallyldimethylammonium chloride
(DADMAC) polymers and 2) natural organic flocculants that are based on naturally occurring biopolymers, such
as cellulose, chitin and starch, as well as their derivatives. The latter are typically biodegradable, and thus they
are gaining more important role as raw materials for flocculants. Being the most abundant biopolymers in the
world, cellulose is a good starting material for products which could replace the existing oil-based synthetically
produced materials. In this work high molecular-weight cellulose was esterified with naturally occurring cationic
betaine (N,N,N-trimethylglycine), which is non-toxic and can be found in plants, microbes and humans.[3] The
goal was to create a novel polyelectrolyte product from dissolving pulp for wastewater treatment applications.
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II. EXPERIMENTAL

Materials
Betaine hydrochloride, LiCl, SOCl2, DMAc (dimethylacetamide), toluene and pyridine were purchased from
Sigma-Aldrich. Betaine hydrochloride and LiCl were used as such. SOCl2 and toluene were distilled prior to
their use. Pyridine was dried with KOH prior to its use. Dissolving pulps produced by Domsjö Fabriker and
Borregaard ChemCell were dried in high vacuum overnight prior to their use. For application testing, the
commercial reference materials, Fennopol K506, Fennopol K3400R and Fennofix 50 were provided by Kemira
Oyj.

Synthesis of cationic cellulose N-chlorobetainate
First, chlorobetainyl chloride was prepared from betaine hydrochloride according to the procedure by Vassel et
al.[4] In a typical procedure, SOCl2 (72 ml) was added into 21.4 g of betaine hydrochloride. The mixture was
stirred at 75 oC for 3 h under argon atmosphere. Next, 134 ml of dried toluene was added and the mixture was
stirred at 75 oC for 5 to 10 min. Mixture was cooled down during which the product crystallized. The tolueneSOCl2-mixture was decanted, new toluene was added and the procedure was repeated two times. The product
was dried in high vacuum, grained under argon atmosphere and used as such. Quantitative yield 24.0 g.
In the synthesis of cellulose N-chlorobetainate both Domsjö and Borregaard dissolving pulps were used as
starting material. The procedure was similar to both dissolving pulp samples. Dissolving pulp sheet was cut to
small pieces and dried in high vacuum prior to use. Cellulose (7.5 g) was added into 375 ml of dry DMAc and
the mixture was heated at 130 oC for 3 hours under argon atmosphere. After cooling down to 90 oC 26 g of dry
LiCl was added and resulting mixture was stirred at room temperature overnight. Into the resulting viscous
homogenous solution 10.5 ml of dry pyridine was added and stirring was continued for 30 min. Powdery
chlorobetainyl chloride (22 g) was added in one portion and resulting mixture was stirred for 2 d at 40 oC using
mechanical stirrer. After cooling the brown gel-like mixture was poured into acetone and filtered. Precipitate was
washed three times with ethanol and dried in high vacuum for several days. The water soluble products made of
Domsjö dissolving pulp (9.22 g, DS ~0.5) and Borregaard dissolving pulp (18.11 g, DS ~1.3) were analyzed
with IR and NMR.

Analytical methods
IR spectra (650-4000 cm-1) were recorded with Bruker alpha-P ATR-FT-IR spectrometer. 1H NMR spectra
were recorded with a Varian Unity INOVA 500 NMR spectrometer (500 MHz 1H-frequency) equipped with a 5
mm triple-resonance (1H, 13C, 15N) z-gradient probehead at 27 °C. Elemental analyses were performed with a
Vario Micro Cube.

Application tests
Capillary Suction Time (CST) is a standardized method to evaluate the time of water draining from the sludge
into a standard board. Testing equipment (Triton CST) and standard boards were manufactured by Triton. Time
is measured with ring electrodes. CST describes how fast the free water of the sludge is penetrating into a board
sheet, with various dosing of the polymer (2–17 mg of dry polymer / g of dry sludge). Tests were carried out
using digested sludge from the Suomenoja wastewater plant. The reference material in the CST tests was
Fennopol K506, which is a cationic polyacrylamide.
Focused Beam Reflectance Measurement (FBRM) is a laboratory test to describe paper machine first pass
retention. FBRM tests were run with Lasentec D600 measuring device, particle/floc size analysed relative to
time. The probe of Lasentec immersed into the investigated solution emits a laser beam. When a solid particle
transcribes the beam, light reflects back to the probe. Lasentec is a time related measurement for flocculation and
floc strength (shear resistance). Neutral pulp was used in the tests and polymer doses were 2–17 mg of dry
polymer / g of dry pulp. The neutral pH pulp (solid contents 5.0 g per kg) consisted of 60% bleached mechanical
pulp (Stora-Enso Kvarnsveden Mill GWD) and 40 % of filler (PCC Albacar 5970 by Specialty Minerals). Tap
water was used in the preparing of the pulp and pH 7.5 was adjusted with acetic acid. In each test point, the pulp
amount was 500 grams and mixing speed was 1500 rpm. Polymer was added at 15 seconds and data collection
time was 2 minutes. The reference material used in the FBRM tests was Fennopol K3400R, a cationic
polyacrylamide.
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The fixing procedure is to add the studied chemical into the pulp, to mix using a blender, filtrate or centrifuge,
and measure the turbidity of the water phase. The addition of cationic polymer fixes pitch onto a fiber surface
decreasing the turbidity of the water phase. The two mechanical pulp samples used in the fixing tests were, as
follows: refined thermomechanical pulp (TMP) from the UPM-Kymmene Rauma Mill and pressure groundwood
(PGW) from the Rhein Papier Plattling Mill. The reference material used in the fixing tests was Fennofix 50, a
cationic polyamine.

III. RESULTS AND DISCUSSION
We investigated the possibility to prepare a cationic cellulose based flocculation chemical where the cationic
substituent would fulfill the environmental restrictions. When evaluating a suitable substituent, few things had to
be considered, which are conceivable attachment to cellulose, eco-friendliness of the substituent and price of the
substituent and the chemistry involved. This evaluation led to betaine (trimethylglycine). Although the synthesis
of highly reactive acid chloride form of betaine has been reported already by Vassel et al.,[4] only few esters of
betaine have been reported, which could be due to a poor solubility of the chlorobetainyl chloride in aprotic
solvents. After several solvent trials, our attention turned to a common cellulose solvent system (DMA/LiCl)
which allowed smooth esterification at close to ambient temperature (Scheme 1). The resulting cellulose Nchlorobetainate with DS values of ~0.5 and ~1.3 for Domsjö and Borregaard cellulose derivative, respectively,
were obtained from the elemental analysis. IR and NMR spectra of the products were measured.

Scheme 1. Synthesis of cationic cellulose N-chlorobetainate.

The products were characterized by measuring viscosities of their water and salt solutions in order to compare
their molecular weights. The charge of the products was measured by streaming current titration. Viscosities of
the products were relatively high and charges in pH 4 were 1.9 meq/g for Domsjö cellulose derivative and 2.6
meq/g for Borregaard cellulose derivative, which is in agreement with the DS values.
The flocculation performance was tested with three different methods: dewatering of sludge with Capillary
Suction Time (CST), flocculation of pulp with Focused Beam Reflectance Measurement (FBRM) and the fixing
test with pulp. In CST tests, both cellulose derivatives exhibited a relatively good dewatering effect at
dewatering time of < 30 seconds. However, the products did not meet the performance of reference
polyacrylamide material, Fennopol 506. However, flocculation tests (FBRM) yielded good results for the
cellulose betainate. Maximum floc size was 35 µm with a dose of 12 mg of dry polymer per one gram of dry
pulp. The floc strength of the cellulose betainate was also very good. After 120 seconds of shearing, the floc size
of the cellulose derivatives kept their floc size much better than the reference polyacrylamide flocculant.
Fixing tests were run with both of the cellulose derivatives with two different mechanical pulp samples:
thermomechanical pulp (TMP) from the UPM-Kymmene Rauma Mill and Rhein Papier Plattling pressurized
groundwood (PGW). Fennofix 50 was used as the reference material. Results of the fixing tests are shown in
Figure 1. Both parallel fixing tests yielded consistent results. The performance of Domsjö cellulose betainate was
equal or better than the reference material with both TMP and PGW. Borregaard cellulose betainate showed
lesser turbidity decrease with both mechanical pulps than the reference and the other cellulose betainate.
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Figure 1. Turbidity decreasing in fixing test with TMP and PGW mechanical pulps

IV. CONCLUSIONS
Successful esterification of cellulose and chlorobetainyl chloride was achieved in a DMA/LiCl. In the
application tests good results were obtained, which indicate that the bio-based polymers could replace the
conventional synthetic polymers as flocculants. Cationic cellulose betainates are potential candidates for
wastewater and paper process applications, such as flocculation, sludge dewatering and fixing.
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ABSTRACT
The applicability of thermal characterization methods for the determination of glass-transition temperature (Tg)
and decomposition temperature (Td) of lignin have been evaluated. Nine laboratories used their respective inhouse and/or common methods to analyse five types of lignin samples; kraft lignin from birch/aspen wood and
pine/spruce, respectively, organosolv spruce lignin, soda wheat straw lignin and enzymatic treated steam
explosion poplar wood lignin. The samples thus represent different raw materials and types of processing of
interest in today’s research and development.
Good reproducibility between the laboratories was observed for the Td irrespective of the lignin sample type and
purity. The determination of Tg was more difficult for lignin samples containing large amounts of non-lignin
components such as ash and/or carbohydrates. Eventual residues from proteins did not appear to obstruct the Tg
(or the Td) analysis. The best agreement between the laboratories for the Tg determination were for the two kraft
lignin samples and the lignin sample obtained from enzymatic hydrolysis of steam explosion lignin. A large
scatter in the data was obtained for the organosolv and soda lignin samples, respectively. The scatter in the Tg
values was considerably less when the common method was used as compared to when all results were included

I. INTRODUCTION
To make a lignocellulose biorefinery concept viable, all raw material constituents of the plant should be
recovered and commercialised. Much attention has been paid to the valorisation of lignin since it is the most
underutilized component in all woody plants. It is well known that the composition of the lignin sample depends
on origin, delignification technique and isolation conditions. The main source of technical lignin is found in the
spent liquor of the kraft paper pulp mill. Even if a pure kraft lignin can be obtained by the LignoBoost method
some carbohydrates, extractives and inorganics still remain. Other types of lignin studied for potential use in the
future is e.g. organosolv wood lignins and soda lignins from annuals. In all cases, non-lignin constituents may be
an obstacle for accurate characterisations of the lignin samples at hand.
Thus, the increasing interest in valorising lignin makes the use of properly analytical methods of great concern.
For evaluation of suitable potential applications and conversions, e.g. adhesives and carbonised products,
thermal properties like the decomposition temperature (Td) and the glass-transition temperature (Tg) are
frequently used. The Td is measured by following the mass loss during heating, and is commonly defined as the
temperature when a specified amount of sample remains. The Tg is the temperature at which an amorphous
polymeric material undergoes a reversible transition from a glassy state to a rubbery state. The change between
the two is observed in a broad temperature range, and the specific Tg is determined by convention either as the
on-set temperature or as the middle point of the temperature range. The most commonly analytical methods used
today is thermal gravimetric analysis (TGA) for Td determination and differential scanning calorimetry (DSC)
for Tg determination. The method used may also differ in the conditions such as drying cycles and different
heating rates. The reported Tg values depend on the sample properties like molecular mass, degree of crosslinks
and extent of polar groups that can take part in hydrogen bonds as well as applied analytical procedure [1]. In
addition it can also be expected that non-lignin constituents will influence the results. This presentation reports
about a comparative study of the glass-transition temperature (Tg) and the decomposition temperature (Td) of
five types of lignin samples performed at nine laboratories. The samples represent different raw materials and
types of processing of interest in today’s research and development; kraft lignin from birch/aspen wood and
pine/spruce, respectively, organosolv spruce lignin, soda wheat straw lignin and enzymatic treated steam
explosion poplar wood lignin.
II. EXPERIMENTAL
The details of the experimental section are described in [2]. Five lignin samples were used; hardwood kraft
lignin from birch/aspen (KLHM), softwood kraft lignin from pine/spruce (KLSM), organosolve spruce lignin
(Orgsolv), Soda lignin from wheat straw (Soda) and enzymatic treated steam explosion poplar lignin (ESEL).
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The lignin content and the carbohydrate content were determined after acid hydrolysis according to Tappi T249cm 00, using the coefficients 128 l g-1 for KLSM and 113 l g-1 for KLHM for determination of the acid soluble
fraction at 205 nm (Theander and Westerlund, 1986). Carbohydrates were determined by HPAEC-PAD. The ash
content was determined after combustion at 525°C essentially according to ISO 1762. The molecular mass
characteristics were determined on acetylated samples in a THF-SEC system, using three Styragel columns
(HR2, HR1, Ultrstyragel 104), and a flow rate of 0.8 ml/min. Polystyrene standards covering the Mp range 1.38
to 115 kDa, were used to determine the relative MMD of the lignins, and evaluations were done with PL Cirrus
GPC software v 3.1.
For the determination of glass-transition temperature (Tg) and decomposition temperature (Td), 1-3mg of lignin
sample were used for each measurement [3]. Prior to the Td determination, the sample was dried at 105°C for 20
min, before quenching to room temperature. The analysis was done by increasing the temperature to 350°C
while recording the mass loss. The reported Td, was defined as the temperature where 95% of the initial dry
sample remained. The Tg determination was made by modulated reversed calorimetry where the temperature is
increased by oscillation of ±3°C every 60 seconds. The drying cycle was 1°C/min to 105°C, isothermal for 20
min, quenched to 20°C, where it was held for 10 min. The following test cycle was 3°C/min temperature
increase to 250°C. Tg was defined as the inflection point of the heat capacity-temperature curve. The described
Tg method were modified by some laboratories and is then denoted “In-house” method in the text, along with a
description of the main deviation.
III. RESULTS AND DISCUSSION
Sample description
In Table 1 show a summary of the main components of the lignin samples. The total lignin is the combined
amount of Klason lignin and acid insoluble lignin. The main part of the lignin sample composition is explained
by the content of total lignin, carbohydrates and ash for the kraft lignins (KLHM and KLSM) and the soda
lignin. However, the Orgsolv sample and the ESEL sample also contain other components. It can be assumed
that the unidentified part of the Orgsolv sample may originate from organically bound and/or inorganic
phosphorus, since phosphinic acid is used as catalyst in the delignification process. The ESEL sample may
contain protein (residues), and thus nitrogen analysis could reveal such indicative information.
The molecular mass characteristics reveal unusual high values for the KLSM sample. Whereas the corresponding
high values for the ESEL sample may be attributed to presence of proteins and the high values for the Soda
lignin sample may be due to presence of hemicelluloses, a reason for the high values of the KLSM sample is not
clear.

Table 1. Table showing the main composition of the lignin samples used and macromolecular characteristics of
the studied lignins. Mw= weight average molecular mass (M), Mn= number average M, PD = polydispersity. For
sample designation, see the Experimental section.
Sample

Sum of main
components

Total
lignin (%)

Carbohydrates (%)

Ash (%)

Mw

Mn

PD
(Mw/Mn)

KLHM

98.2

96.0

1.5

0.7

3300

900

3.7

KLSM

97.7

95.7

1.2

0.8

7000

1400

4.9

Orgsolv

87.5

80.9

3.0

3.6

2300

600

3.7

Soda

96.4

72.5

13.3

10.6

6200

2100

2.9

ESEL

91.2

87.4

0.9

2.9

7100

1300

5.6

Determination of the decomposition temperature (Td)
Seven laboratories analysed the kraft lignin samples and the Orgsolv sample, whereas six laboratories analysed
the samples Soda and ESEL respectively. Five determinations were made except one lab who made two
measurements. In Table 2 the average, temperature range and span, respectively are given. The accuracy of the
determination does not seem to be negatively influenced by the large fraction of non-lignin content of the Soda
and ESEL sample.
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Table 2 The average, temperature range and span of Td measurements on five lignin samples, designation, given
in the Experimental section.
KLHM

KLSM

OrgSolv

Soda

ESEL

251

268

238

249

269

Td range, °C

238-264

251-294

225-250

237-260

260-281

Td span, °C

26

43

25

23

21

Average Td, °C

Determination of the glass transition temperature (Tg)
The Tg measurements were more difficult to perform than the Td determination. One problem that may arise is to
distinguish a clear transition, which of course will make the evaluation hard. The number of successful
measurement of each sample differed between the labs, and in addition not all were using the same method. Six
labs followed the distributed method for Tg determination. The In-house methods differed from the distributed
method mainly with respect to heating rate during the test cycle; 10 to 40°C/min were used by three labs, as
compared to the suggested 3°C/min. The long drying cycle applied by one lab (105°C for 16 hours) did however
not seem to influence the Tg result.
As expected, the Tg determined by the common method scattered less between the laboratories, see Table 3, as
compared to when the results for the in-house methods were included, see Table 4. The Tg of the Orgsolv
sample was most difficult to determine irrespective of method applied, likely due to the deviating lignin
structure/incorporated phosphorus groups. Also the Soda sample which contained a large fraction of both
carbohydrates and ash gave scattered Tg results, indicating the importance of purification prior to Tg
determination to get reliable values for the lignin in the samples.

Table 3. Comparison of the average Tg as determined with a common method. Data from six labs.
KLHM

KLSM

OrgSolv

Soda

ESEL

116

162

122

168

147

Tg range, °C

109-122

155-169

88-172

146-180

144-149

Tg span, °C

13

14

84

35

5

Average Tg, °C

Table 4. Comparison of Tg determined with either a common or an in-house method. Number of participating
labs shown within parenthesis for each lignin sample.
KLHM (9)

KLSM (8)

OrgSolv (9)

Soda (5)

ESEL (7)

115

160

126

155

141

Tg range, °C

92-123

142-169

88-172

128-180

127-149

Tg span, °C

32

28

84

53

22

Average Tg, °C

Two laboratories analysed the samples both with the Innventia method and with their own in-house method. Lab
A made one determination per sample and method. The in-house method for Lab A deviated from the Innventia
method mainly by using about twice as much sample, and the use of silicon oil as an antioxidant and to ensure
good heat transfer. The test cycle included heating at 10 °C/min (cf. 1 °C/min to 105 °C for the Innventia
method). The other in house method (Lab B) differed from the Innventia method with regard to the temperature
programme; by cycling from 25 to 120 °C to -60 °C to 200 °C to -60 °C to 200 °C using a heating/cooling rate
of 10 °C/min. The largest difference between the two methods was obtained for the Orgsolv and Soda sample by
Lab B. No systematic difference between the two pair of methods could however be observed.
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Figure 1. Tg obtained by the Innventia method (black and white) versus In-house method (striped and grey) at
two laboratories. The values from Lab A (black/striped) is based on one measurement and the values from Lab B
(white/grey) is based on five measurements except for Soda and ESEL (n=4).

IV. CONCLUSIONS


Irrespective of lignin sample type and purity, good reproducibility between laboratories seems to be
possible when using the same method for determination of the degradation temperature (Td) of lignin
samples.



The determination of the glass transition temperature (Tg), is more difficult for samples containing large
amounts of non-lignin components such as ash and/or carbohydrates.



No systematic difference could be observed between In-house methods and the Innventia method,
according to data from two labs. Since one of the labs made single measurements, the importance of a
certain method on the obtained Tg value remains to be settled
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ABSTRACT
Mechanochemical treatment of cotton in the presence and absence of styrene was studied with electron
paramagnetic resonance (EPR) spectroscopy, gel permeation chromatography (GPC), ultraviolet resonance
Raman (UVRR) spectroscopy and gas chromatography-mass spectrometry (GC-MS). The well-known
phenomenon of mechanoradical formation in ball milling of cellulose was detected, but the radical content was
significantly lower when styrene was added in the system. Further tests showed that there was no covalent
attachment of styrene to cellulose despite the lower radical content in the presence of styrene. Instead, the
styrene most likely formed homopolymers or homo-oligomers initiated by the cellulosic mechanoradicals.
I. INTRODUCTION
Cellulose, the most common biopolymer in the world, has become increasingly important in the development of
sustainable materials and biofuels, in addition to its traditional uses in pulp and papermaking. Mechanochemical
activation by ball milling may provide useful alternatives for traditional polymer chemistry because it requires
no hazardous solvents and has higher energy efficiency than for example ultrasound or microwave treatments [1,
2]. In this study we have investigated the formation of mechanoradicals in cotton cellulose in the presence and
absence of styrene. Previously a similar approach has been used for bacterial cellulose and methyl methacrylate,
producing block copolymers of the two [3, 4]. The main objective of our work was to see if the well-known
occurrence of cellulosic mechanoradicals in ball milling will cause copolymerization between cotton and
styrene.
II. EXPERIMENTAL
Air-dry cotton linters were torn into small pieces (approx. 0.5 cm x 0.5 cm) by hand and 1.0 g of sample was
placed in a 50-mL ball milling chamber with two stainless steel balls (Ø 9 mm) and 1.0 mL of styrene. The
>99% styrene was purified by running it through an aluminum oxide column before use (both purchased from
Sigma-Aldrich). The milling was done at 25 Hz in a Retsch CryoMill (Retsch, Haan, Germany) equipped with
continuous liquid nitrogen cooling for periods of 20, 30, 40, 50 and 60 min. Pure cotton milled in the same
conditions was used as a control for all subsequent analyses.
Electron paramagnetic resonance (EPR) spectroscopy
Two parallel room temperature samples were prepared for each data point. The EPR spectra were recorded as
first derivatives of the microwave absorption with a Bruker EMX cw EPR spectrometer, operating at X-band
frequencies (9 GHz), equipped with a high-sensitivity (HS) cavity, using 0.318 mW microwave power and 2.5
mT modulation amplitude, and 50-77 scans per sample. Non-saturating conditions were chosen based on a
saturation curve. All signal intensities were obtained by double integration of the (cubically) baseline-corrected
signal with Bruker WinEPR software. The results were then normalized to account for the differences in sample
mass and number of scans.
Gel permeation chromatography (GPC)
GPC analysis was done according to the method used by Borrega et al. [5] through a water – acetone – N,Ndimethylacetamide (DMAc) activation sequence followed by dissolution in 9 % DMAc/LiCl.
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Ultraviolet resonance Raman (UVRR) spectroscopy
The spectra were recorded out of acetone-extracted (5h in a Soxhlet apparatus), air-dried (overnight in room
temperature) powder-like samples that were pressed into a smooth, even layer between two microscope slides
prior to measuring with a Renishaw 1000 UV Raman spectrometer operated by Grams32 (Galactic Industries
Corporation) computer program. The measurement parameters were 244 nm, 10 mW, focusing depth ~30 m
from the sample surface, measuring time 30 s. The sample was rotated continuously to avoid damage from the
laser. An average of two parallel spectra was calculated after normalizing with respect to the cellulose band at
~1093 cm-1.
Gas chromatography-mass spectrometry (GC-MS)
Acid hydrolysis was done as described by Willför et al. [6] by measuring approx. 0.1 g of sample, adding 1 mL
of 72% H2SO4, heating at 30 °C for 1 h, adding 28 mL of ultrapure water, heating in an autoclave to 121 °C for 1
h and filtering through a 0.45 µm GHP filter. 500 µL of hydrolysate was neutralized with 200 µL of pyridine and
left overnight in a fume hood to evaporate. The next day the hydrolysates were dried in a vacuum oven at 40 °C
for a total of 6 h until completely dry.
Trimethylsilylation was done by adding 80 µL of pyridine and 250 µL of freshly prepared derivatization agent
(N,O-bis(trimethyl silyl)-trifluoroacetamide with 5 % of trimethylchlorosilane) to the completely dry samples.
Samples were then sonicated for 30 min and left in room temperature overnight. Parameters for GC-MS analysis
were taken from Laine et al. [7] except for split ratio, which was 1:100 in our case. Data was collected with ISQ
GC-MS (Thermo Fisher Scientific Inc.) and handled with Xcalibur software.
In order to look for styrene moieties attached to cellulose, we looked for fragments of possible monomers or
oligomers of styrene on glucose (Figure 3). The assumption was that the glycosidic bond would be the site of
the breaking, and that styrene would attach either to a carbon or an oxygen atom after the homolysis. Thus we
looked if there were fragments at m/z 77, 91 and 105 present in GC peaks that also yielded typical fragments of
trimethylsilylated pyranoses (m/z 217, 204 and 191 being the most characteristic).
III. RESULTS AND DISCUSSION
Based on the intensity of EPR spectra, the radical contents were significantly higher when there was no styrene
in the system (Figure 1). Both sample types demonstrated a notable increase in radical content over the milling
time, followed by a decrease after reaching a maximum at ~40 min.
The most apparent change in the Raman spectra of cryomilled cotton and styrene was a small but systematic
increase at the aromatic band at ~1605 cm-1 (Figure 2), which may suggest covalent bonding between cellulose
and styrene. However, this hypothesis was further tested with GPC and GC-MS.
At milling levels of 0, 20 and 40 min (both pure cotton and cotton + styrene) there were no significant
differences in Mw distributions or average values (around 200 kg/mol in all tested samples), despite the fact that
the radical contents were highest at ~40 min milling time. Also the polydispersity index remained unchanged, at
1.95 ± 0.11.
Comparison of mass spectra of GC peaks with elution time of about 8.3 min to data available at Mass Bank
indicated that they originated mainly from 1,2,3,4,6-O-pentatrimethylsilyl glucopyranose. No styrene-derived
structures were detected at the cellulose-derived fractions, which leads us to the conclusion that no covalent bond
formation took place between styrene and cellulose. Instead, something other than a copolymerization reaction
must cause the decrease in radical content when styrene is present in the system, possibly homopolymerization
of styrene initiated by the formed mechanoradicals. Mechanochemically initiated homopolymerization of styrene
has been reported also in the case of ball milling of quartz [8].
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Figure 1. Intensities of free radical EPR spectra measured at room temperature after cryomilling cotton with and
without styrene.
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Figure 2. Comparison of UVRR spectra of samples milled for 20, 40 and 60 min in the presence of styrene.

Figure 3. Schematic presentation of a structure that was looked for with GC-MS.
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IV. CONCLUSIONS
Mechanochemical treatment of cotton in the presence of styrene seems to have different outcome to a system of
bacterial cellulose and methyl methacrylate [4]; no copolymer is formed. In our system the milling time was
shorter than in the study of Sakaguchi et al. [4] but the values are not comparable because the milling devices as
well as other details in the experimental setup were different. In our study, special attention was given to samples
milled for 40 min since that was the time that gave the highest radical content. However, copolymer formation
did not occur, meaning that it is more likely that the cellulosic mechanoradicals initiate homopolymerization in
styrene.
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ABSTRACT
Lignocellulosic biomass from different sources such as agricultural products (e.g. wheat), industrial waste (e.g.
woodchips) or household waste (e.g. used paper) can be used as substrate for the production of biofuels,
chemicals or animal feed. There are two basic approaches to convert biomass into low-molecular-weight sugar
polymers: i) physical treatment allowing an improved access of enzymes to cellulosic fibers of lignocellulosic
biomass and ii) enzymatic hydrolysis. The typical chemical composition of lignocellulosic material is cellulose,
hemicellulose and lignin. Xylan is the major component of hemicellulose and the most abundant non-cellulosic
polysaccharide in hardwood and annual plants. Complete degradation of hemicellulose requires a complex
mixture of hemicellulose degrading (e.g. endoxylanases, β-xylosidases) or modifiying (e.g. acetyl xylan esterase,
α-glucuronidase, feruloyl esterase, α-L-arabinofuranosidase) enzymes. Endo-1,4-β-xylanase (EC.3.2.1.8)
catalyzes the hydrolysis of β-1,4-D-xylosidic linkages in xylan. Xylanases isolated from fungi or bacteria have
been widely used in industry (e.g. pulp and paper). In this work we expressed putative xylanases from the rootcolonizing fungus Piriformospora indica using the Pichia pastoris expression system. Enzymes were
characterized with respect to pH and temperature dependencies as well as hydrolysis products in the presence of
xylan as substrate.
I. INTRODUCTION
In nature, plant cell wall decomposition is performed by bacteria and fungi that secrete a wide range of
lignocellulolytic enzymes. Xylanases (endo-β-1,4-xylanases) are increasingly recognized to be important for the
deconstruction of lignocellulosic biomass [1]. Most characterized xylanases belong to the GH families 10 and
11. Enzymes of both families are produced by fungi and bacteria, whereas xylanases indentified so far in plants
exclusively belong to the GH10 family [2,4]. Typically, xylanases of GH family 10 have a comparatively high
molecular masses (of ~35 kDa) and a low pI, while GH family 11 xylanases have a low molecular mass (~20
kDa) with a high pI [6]. GH11 xylanases use exclusively xylan as substrate and hydrolyse only unsubstituted
regions of the sugar polymer, whereas GH10 enzymes exhibit activity on cellulosic substrates and substituted
xylans [8]. Piriformospora indica is a root-colonizing fungus of the order Sebacinales. Recent studies focus on
studying the mutualistic relationship between plants and P. indica. Notably, P .indica promotes plant growth and
increases the resistance against abiotic (salt) and biotic (fungal pathogen) stresses [9]. In this study we
demonstrate that P. indica can also serve as a new source for lignocellulolytic enzymes.
II. EXPERIMENTAL
Pichia pastoris transformation and screening of transformants. The recombinant plasmids were transformed into
P. pastoris X-33 cells using the “Pichia EasyComp Kit” (Life Technologies) following the manufacturer´s
instructions. The transformation reactions were spread on YPDS agar plates containing 100 µg/ml zeocin. Smallscale expression analysis was performed in 24-deep-well plates to detect formation of recombinant protein.
Randomly selected transformants were used for screening of well expressing clones. To this end clones were
inoculated in wells of 24-deep-well plates supplemented with 2 ml of BMMY medium (induction medium
containing 0.6% methanol) and incubated for four days at 28ºC on a rotary shaker (190 rpm). The cell free
supernatants were collected after centrifugation and stored at -80°C until further analysis such as immunological
detection of expressed xylanases, and enzymatic activity assays were performed. Clones showing xylanase
activity were used for large-scale protein production and purification.
Purification of recombinant xylanases. Proteins were purified using Protino Ni-IDA 150 packed columns
(Macherey and Nagel, Germany) according to the instructions of the manufacturer. Purified protein
concentrations were determined by the Bradford assay [3] using bovine serum albumin (BSA) as standard.
Molecular sizes of purified proteins were tested by SDS-PAGE separation followed by western blot analysis.
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Xylanase activity assay. Xylanase activity was analysed by i) DNS assay and ii) Congo Red staining/destaining
of xylan containing agar plates. i) The DNS (3,5-dinitrosalicylic acid) method determines the concentration of
released reducing ends [10]. Activity was determined at 50˚C using 1% (w/v) beech wood xylan (Sigma,
Germany) in 50 mM sodium acetate buffer (pH 6.0). After 15 min the reaction was stopped by adding DNS
reagent, and the reducing sugars released were quantified, using xylose as a standard. ii) Congo Red staining/
destaining of substrate containing agar plates was performed by dropping enzyme solution on LB-agar plates
containing 0.2% beech wood xylan and incubation at 37˚C. After incubation, plates were flooded with Congo
Red staining solution (0.5% Congo Red solution, 10% ethanol) and stained by shaking and destaining with 1M
NaCl solution. A clear zone (yellow halo) around the drops indicated xylanase activity. All enzymatic assays
were performed in triplicate, and results are presented as mean values.
pH optimum, temperature optimum and thermal stability. The effect of pH on xylanase activity was measured at
50°C in a pH range of 3.5 to 10.0 using appropriate buffers, i.e., 50 mM sodium acetate (pH 3.5 - 6.5) and Tris HCl (pH 7.0 - 10.0). The temperature optimum was determined by performing the reaction at different
temperatures ranging from 20°C to 60°C at optimum pH. To evaluate the thermal stability, xylanases were
incubated at the optimum temperature in the absence of substrate for different periods. The residual xylanase
activity was then determined by DNS assay.
Hydrolysis products. Purified enzymes were incubated with 2% beech wood xylan in 50 mM sodium acetate
buffer at determined optimal conditions for 0 h, 0.5 h, 8 h and 24 h. The oligosaccharide composition in the
reaction mixture was analyzed by HPAEC-PAD (ICS-5000 Dionex) equipped with 250 x 3 mm CarboPAC
PA200 column. The column was equilibrated with 100 mM NaOH and elution was performed using a multigradient method with 5 mM - 500 mM sodium acetate and 100 mM sodium hydroxide for 60 min. All analyses
were carried out at a temperature of 30˚C and a flow rate of 0.4 ml/min. Standards were used as follows: 1,4β-Dxylo-oligosaccharides (xylobiose, xylotriose, xylotetraose, xylopentaose, xylohexaose from Megazyme), D-(+)glucose BioUltra and D-(+)- Xylose BioUltra (Sigma).
III. RESULTS AND DISCUSSION
Eighteen putative GH10 and 15 GH11 family xylanases are listed in the CAZY database (www.cazy.org/). Using
computational tools (Uniprot at www.uniprot.org, and Expasy at www.expasy.org/) we selected putative
xylanases of the smallest molecular sizes. According to Pu et al. (2013) [6] small enzymes can easily penetrate
into the structure of the plant cell wall. Amino acid sequence alignments of all potential xylanases using
ClustalW (www.genome.jp/tools/clustalw) demonstrated highly conserved and characteristic motifs of GH11
family members: the amino acid stretch IEYYI and two catalytic Glu residues (Glu131 and Glu 217). The active
site of GH10 family members contains many aromatic residues important for substrate binding [11].
Heterologous expression of xylanases in Pichia pastoris and screening for active enzymes. To achieve maximal
protein expression, we used codon-optimized synthetic open reading frames (without their cognate N-terminal
signal peptides) in frame with a secretion signal peptide (α-MF factor) from Saccharomyces cerevisiae. The cell
free supernatants of selected transformants were assayed for xylanase activity. In Figure 1A yellow halo zones
indicate active xylanases after Congo Red staining/destaining of substrate (xylan or CMC) containing agar
plates. All analysed enzymes were active on xylan agar plates. Additionally xylan from different sources were
tested by the DNS method. The highest activity was observed when beech wood xylan was used as a substrate
(not shown). The concentrations of the purified proteins were around 100 - 200 µg/ml. SDS-PAGE separation
followed by western blot analysis showed the expected molecular weights of all xylanases (Figure 1B).
A
B
xylan

CMC

Figure 1. Analysis of xylanase activities and molecular masses. A. Activity assay. Congo Red staining/
destaining on xylan/CMC-containing agar plates. Formation of yellow halo indicates xylanase acitivity. Circles
indicate areas of a drop of xylanase-containing cell-free supernatant. N, negative control. B. Immunological
detection of xylanase proteins after SDS-PAGE separation. Black arrows indicate protein bands; molecular
weights are given. Lane M, protein marker.
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Effect of temperature on the activity and thermal stability of xylanases. Effects of pH and temperature changes
on the activity of purified xylanases were analyzed using beech wood xylan as substrates. Xylanase XynP2
showed the highest activity at pH 5.5, while XynP1, XynP3 and XynP4 were most active at pH 4.5. Substantial
activity was detected for all enyzmes in the pH range of 4.0 to 8.0 (Figure 2A). Similar results were published
for xylanases isolated from Fusarium proliferatum with highest activities within the acidic region [7]. The
optimum temperature for XynP2 was 45˚C. XynP1 and XynP3 showed the highest activities at 35˚C, and XynP4
showed an optimum at around 30˚C (Figure 2B). Thermal stability analysis showed that XynP2 was the most
stable xylanase (Figure 2C).
A
B

C

Figure 2. Characterization of purified xylanases. A. Effect of pH on xylanase activity. The assay was performed
at 50˚C in buffers with different pH values ranging from 3.5 to 10.0 for 15 min in the presence of 1% (w/v)
beech wood xylan. B. Effect of temperature on xylanase activity. Assays were carried out using 1% (w/v) beech
wood xylan as a substrate at pH optimum and at temperatures ranging from 20˚C to 60˚C. C. Thermostability of
purified proteins. The enzymes were pre-incubated at optimal temperature in the absence of substrate for varying
periods of time. In (A) and (B), the highest activity determined for each enzyme was set as 100%. In (C),
enzyme activity before heat incubation (time point 0 min) was set to 100%. Data are means ± SD (n = 3).
Identification of hydrolysis products. Hydrolysis products generated by the purified enzymes from beech wood
xylan were analyzed by HPAEC-PAD. An extended incubation of enzymes with the substrate led to the
formation of sugar oligomers while polymers decreased. Candidate XynP1 required a longer incubation time
with substrate, after 0.5 h only slightly hydrolysed fractions were detected. After 24 h the following main
hydrolysis products were detected: xylotriose (1.54 µg/ml), xylotetraose (1.39 µg/ml), xylopentaose (1.47 µg/ml)
and xylohexaose (1.08 µg/ml) (Figure 3A). For candidate XynP2 hydrolysis products were detected already
within 0.5 h of incubation with the substrate. Extended incubation increased the amount of hydrolysed fractions.
The main hydrolysis products were xylobiose (9.01 µg/ml) and xylotriose (11.15 µg/ml) (Figure 3B).
Intermediate incubation times for substrate hydrolysis were observed for enzymes XynP3 and XynP4. For
XynP3, the main fractions released after 24 h were xylobiose (4.22 µg/ml), xylotriose (8.13 µg/ml) and
xylotetraose (3.77 µg/ml). The end hydrolysis products of XynP4 were xylobiose (4.98 µg/ml) and xylotriose
(5.99 µg/ml) (Figure 3C, D).
A
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C

D

Figure 3. Analysis of hydrolysis products with beech wood xylan as substrate. Panels A, B, C, and D indicate
hydrolysis product for the enzymes XynP1, XynP2, XynP3 and XynP4, respectively, at the incubation times
indicated; x1, xylose; x2, xylobiose; x3, xylotriose; x4, xylotetraose; x5, xylopentaose; x6, xylohexaose.
IV. CONCLUSIONS
In conclusion, P. indica is a further source of lignocellulolytic enzymes. In the present study we succeeded in
expressing selected P. indica xylanases free of cellulase activity. Further studies aiming at the production of
more thermostable enzymes by genetic engineering are in progress.
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ABSTRACT
An enzymatic stage (X) applied to DEDD/DEDP bleached E. globulus kraft pulp before or after the final D/P
stages allowed a significant improvement in brightness and brightness stability of bleached pulp while
decreasing the consumption of chlorine dioxide or hydrogen peroxide. The industrial DED pre-bleached E.
globulus pulp (87.8% ISO) was subjected to enzymatic treatment with three commercial endo - xylanases of
different origin, designated as X1, X2 and X3. The treated pulps were chemically characterised and analysed on
brightness gain and reversion. The analysis of chromophores was accomplished employing UV-Resonance
Raman and UV–visible Diffuse Reflectance spectroscopy. Isolated xylan from DED and DEDX pulps were
characterised by wet chemistry analyses and 1D and 2D NMR spectroscopy. The molecular weight was assessed
by SEC. The topochemistry of xylanase´s action in X stage was assessed using enzymatic peeling with pure
commercial xylanase of GH10 family. Xylanases X1-X3 hydrolysed primarily non-branched regions of xylan
molecules, whereas xylan hydrolysis profiles in fibre depth varied depending on the xylanase applied. These
findings were discussed in the relation to the xylanase performance in X stage.
I. INTRODUCTION
The pulp bleaching process is a multi-stage technology aiming to increase the reflectance of visible light from
the brownstock wood pulp. This is achieved by removal or modification of chromophore groups which are
assigned to residual lignin and its degradation products, besides to some carbohydrates, extractives and metal
ions complexed with pulp components. The chemistry of the final bleaching process in the production of
bleached chemical pulp has remained a less investigated area mainly because of the difficult assessment of the
nature of the remaining chromophores [1]. In the final bleaching process cellulose and hemicelluloses are
especially vulnerable to oxidation with bleaching reagents. The brightness gain and reversion are also expected
to be sensitive to the oxidation patterns of carbohydrates with these chemicals. Xylan is the most abundant
hemicellulose and it was proved that play an important role in a brightness development and stability [2]. A
xylanase treatment in final bleaching release resistant chromophores attached to the xylan backbone and
contributes in this way to the brightness gain and reduces chemicals consumption [3-5].
An enzymatic stage (X) applied to DEDD/DEDP bleached E. globulus kraft pulp before or after the final D/P
stages provide a positive effect on the brightness and brightness stability of bleached pulp and allow significant
savings in chlorine dioxide or hydrogen peroxide [3]. It was notified, however, that the origin of commercial
xylanase applied in X stage plays an extremely important role. In this work the effect of xylanase origin on
removal of xylan-associated chromophore structures in bleached E. globulus kraft pulp was studied.
Accordingly, an industrial DED pre-bleached E. globulus pulp (87.8% ISO) was subjected to enzymatic
treatment with three commercial xylanases, designated as X1 and X2 (Pulpzyme HC @1000 and HC@2500,
respectively, of Novozyme S/A, both from Baccilus sp.) and X3 (BioBrite@100 of Iogen Corp., from
Trichoderma spp.), under optimised conditions and similar xylanase load in term of AXU/(g of pulp). The
treated pulps were chemically characterised and analysed on brightness gain and reversion (PC number). The
analysis of chromophores was accomplished employing UV-Resonance Raman (UV-RR) and UV–visible
Diffuse Reflectance (UV–vis DR) spectroscopy. Isolated xylans from partially (DED) and fully (DEDX)
bleached eucalypt kraft pulps were characterized employing wet-chemistry methods (1D/2D NMR spectroscopy
and size exclusion chromatography). In addition xylanase action in X stage was assessed using enzymatic
peeling with pure commercial xylanase of GH10 family.
II. EXPERIMENTAL
The starting industrial semi-bleached DED E. globulus kraft pulp (87.8% ISO and 0.46 PC number) was
subjected to enzymatic treatment with xylanases under laboratory conditions.
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Xylanase bleaching
Three commercial xylanases, designated as X1 and X2 (Pulpzyme HC1000 and HC2500, respectively, of
Novozyme S/A, both from Baccilus sp.) and X3 (BioBrite@100 of Iogen Corp., from Trichoderma spp.) were
used under optimised conditions and similar xylanase load in term of AXU/ (g of pulp) in the final bleaching.
The conditions were as follows: xylanase X1( pH = 8; T = 60°C; t = 120min; xylanase dosage = 0.15% odp; ~1,5
U/g odp); xylanase X2 (pH = 7; T = 70°C; t = 60min; xylanase dosage = 0.05% odp; ~5 U/g odp); xylanase X3
(pH = 6; T = 60°C; t = 60min; xylanase dosage = 0.011% odp; ~5 U/g odp). Enzyme solutions were diluted in
water and pH was adjusted with NaOH or HCl solutions. The bleaching trials were run in sealed polyethylene
bags in a reciprocal shaking water bath with temperature control and using 20 g odp at 10% consistency. After
bleaching, the pulps were thoroughly washed with distillate water and finally conditioned in a dark room at 4ºC.
Xylan isolation
The xylan was isolated from DED and DEDX pulps by DMSO extraction. The xylan dissolution was allowed to
proceed at 60ºC for 12h with stirring and temperature control. The suspension was then vacuum filtered and the
filtrate was kept at room temperature in the dark. The filtered pulp cake was inserted into the same flask and the
procedure was repeated with fresh solvent (DMSO). Thereafter, the pulp was carefully washed with water (40
mL) in three consecutive steps. All the filtrates were collected in the same flask. The xylan dissolved in DMSO
was precipitated by addition into a mixture of ethanol (400 mL) and methanol (200 mL) under vigorous stirring.
This solution was later acidified with formic acid (10 mL) to reach a pH~3. The xylan suspension was then
centrifuged and washed with anhydrous methanol (five times) and finally dried in vacuum at room temperature.
Enzymatic accessibility
Five hundred mg of pulp were added with 50 mL of tampon solution in a flask for 12h with stirring. The
suspension was then filtered and the filtrate was put in a reactor with 10 mL of tampon solution. When
temperature stabilized (~45ºC) was added 0.5 mL enzymatic solution. At 0 min collected 200 µL of sample to an
eppendorf, then sample was centrifuged for 1min. In a tube were added 100 µL of sample and 300 µL of DNS
to put in a bath (100ºC) for 5 min. Then was putted a cold bath and added 3 ml distillate water and was analysis
for UV (λ: 540 nm). Measurements were made at 5, 10, 15, 25, 35, 60 and 80 min.
Solid-state characterization
To determine brightness and brightness after reversion, pulp sheets were made according to ISO 3688 Standard.
Brightness was measured according to ISO 2470 Standard using a Lorentzen and Wettre Spectrophotometer
Elrepho SE 070. To study brightness reversion, pulp sheets were submitted to an ageing process at 100ºC and
100% humidity, during 1 h, in a closed vessel (the water is heated until its boiling point producing a vapour
phase with 100% humidity), according to Tappi T280. The sheets were then dried in a ventilated chamber during
1 h, pressed and the ISO brightness after reversion was measured. The lost in brightness can be expressed as the
post colour number (PC number). The bleached pulp samples were pressed into pellets using 100 mg of pulp.
The analysis of chromophores was accomplished employing UV-Ressonance Raman (UV-RR) and UV-visible
Diffuse Reflectance (UV-vis DR) spectroscopy. UV-vis DR spectra were recorder at room temperature on
JASCO V-560 spectrophotometer equipped with JASCO ISV-469 integrating sphere and using BaSO4 standard
as background reference. UV-RR spectra were recorder using a Jobin Yvon (Horiba) LabRam HR 800 microRaman spectrometer@325nm and @442 (He-Cd UV laser, Kimmon IK Series) under backscattering
configuration using a 40xNUV objective.
Wet-chemistry characterization
The xylans were analysis by 1D/2D H NMR spectroscopy and molecular weight distribution by size exclusion
chromatography (SEC). NMR: the xylans were dissolved in D2O and using sodium 3-(trimethylsilyl)-propionated4 as internal standard. The 1H NMR spectra were recorded at ambient temperature on a Bruker AMX 300
spectrometer operating at 300.1 MHz. A relaxation delay of 12 s and r.f. angle of 90º was used and 1000 scans
were collected. Two dimensional 1H–1H TOCSY (Total Correlation Spectroscopy) spectra (τ mix= 0.050 s) were
acquired at a spectral width of 2185 Hz in both dimensions at 50◦C. The relaxation delay was 2.0 s. For each
FID, 128 transients were acquired; the data size was 1024 in t1×512 in t2. The delay between scans was 2 s.
SEC: four mg of xylan were dissolved in 50 µL of 8% LiCl/N, N-dimethylacetamide (DMAc) solution at 105 ºC
during 15 min and then further diluted with 600 µL DMAc. The SEC was carried out on two PLgel 10 µm
MIXED B 300×7.5 mm columns protected by a PLgel 10 µm pre-column (Polymer Laboratories, UK) using a
PLGPC 110 system (Polymer Laboratories). The columns, injector system and the detector (RI) were maintained
at 70 °C during the analysis. The eluent (0.1 M LiCl in DMAC) was pumped at a flow rate of 0.9 mL/min. The
analytical columns were calibrated with pullulan standards (Polymer Laboratories).
Xylan was characterized by acid methanolysis for analysis of sugars. The samples were dissolved by addition of
70µL pyridine. For silylation, 150µL hexamethyldisiloxane and 80µLtrimethylchlorosilane were added and the
samples were shakenwell. GC–MS analysis was performed using a Hewlet-Packard Gas Chromatograph 5890
equipped with a mass selective detector MSD series II, using helium as carrier gas (35 cm/s), equipped with a
DB-1 J&W capillary column (30 m×0.32 mm i.d. 0.25µm filmthickness).

804

© CSIC © del autor o autores / Todos los derechos reservados

13th European Workshop on Lignocellulosics and Pulp

Table 1. Effect of the final X bleaching
stage applied to the industrial DED pulp.

DEDX1
DEDX3
DEDX2

0,6

0,5

Sequence

DEDX1

DEDX2

DEDX3

X charge, % odp

0.15

Brightness ISO, %

89.2

0.05

0.01

k/s

0,4

0,3

0,2

Normalized Raman Intensity

III. RESULTS AND DISCUSSION
Final bleaching stage
DED pulp was bleached in a final stage with xylanase X1 (DEDX1), xylanase X2 (DEDX2) and xylanase X3
(DEDX3). The aim of these bleaching assays was to evaluate the brightness development and stability after an
enzymatic treatment with different xylanases. In previous studies an enzymatic stage applied to DEDD/DEDP
bleached E. globulus kraft pulp before or after the final D/P stages allowed a reduction the requirement for
oxidizing chemicals while increasing brightness and brightness stability of bleached pulp [3]. These observations
suggest that effect of xylanase action and growth of microorganism rendered the pulp fibers more accessible to
chemical bleaching agents. With a final xylanase treatment the achieved brightness is similar, but the brightness
stability is different, as observed in Table 1. Pulp treated by fungi xylanase X3 exhibit slightly higher brightness
and PC number, but to achieve the same brightness a lower xylanase dosage is needed.
In previous studies using UV-RR spectroscopy coupled to UV-vis DR spectroscopy, xylan was highlighted as an
important source of chromophores in bleached eucalypt pulps [6, 7]. Particular selectivity in the detection and
identification of chromophores in pulps is achieved using 325 nm laser beam excitation. This band (325 nm) at
the diffuse reflectance (DR) spectra corresponds to the absorption of polyunsaturated chromophore structures
[7]. The DR spectra of DEDX bleached pulps are presented in Figure 1(a) and showed that DEDX3 pulp has the
highest absorption at 220-350 nm assigned to chromogens, which explains it highest brightness reversion (Table
1). The UV-RR spectra @325 nm (Figure 1 (b)) show a characteristic signal at ca.1600 cm -1 assigned to
polyunsaturated conjugated chromophore structures [6,7]. It was observed that DED pulp treatment by bacterial
xylanase (X2) has reduced the amount of polyconjugated chromophore/chromogen structures detected at ca.
1600 cm-1 in the UV-RR spectra much more than by fungi xylanase (X3). In addition, based on intensity and
shifts of signals in UV-Vis DR and UV-RR spectra, it may be proposed that not only the amount of
chromophores but also their nature in pulps treated with this variety of xylanases is different.
Xylanase treatment (DEDX), independently of xylanase used, led to 1.5-2.0 ISO brightness gain. This finding
confirms once more the role of xylan as a source of chromophores [2, 3]. The hydrolytic action of xylanase is
supposed to remove chromophores attached to xylan backbone. However, the contribution of xylanases from
different donors is not yet clear. Thus, it is important to understand the difference in xylan accessibility towards
xylanases of different origin. Such a study was done using enzymatic peeling of DED and DEDX pulps with
pure commercial xylanase of GH10 family.
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Figure 1.UV-vis DR (a) and UV-RR (b) spectra of the DEDX1,
DEDX2 and DEDX3 bleached pulps.
The content of released xylose during enzymatic peeling by xylanase was assessed as reducing sugars. The
integral curves were differentiated giving rise the velocity profiles upon the hydrolysis of residual xylan in pulps
(Figure 2). It was assumed that bulk accessibility is proportional to the hydrolysis time. The comparison of
xylan removal profiles from DED and DEDX pulps allowed a conclusion that xylan was removed preferentially
from the fiber surface independently of xylanase used. However, it seems fungal xylanase (X3) showed more
efficient hydrolysis of xylan on the outer fibre layers and less efficient in bulk than bacterial xylanase X2. This
finding may explain the higher brightness of DEDX3 than DEDX2 pulp but not the reversion (Table 1).
Wet chemistry and NMR analysis of residual xylans
The quantitative structural features of residual xylans in DED and DEDX pulps were studied by 1H NMR based
on assignments of anomeric signals confirmed by 1H-1H correlation spectra (TOCSY) (Figure 3). Xylans from
pulps subjected to enzymatic hydrolysis possessed not only lower molecular weight (Table 2) but also almost
double degree of substitution with uronic moieties when compared to xylan from initial DED pulp (Table 3).
The last fact may be explained by preferential hydrolysis of non-branched regions of xylan backbone by
industrial xylans X1-X3, which are essentially of GH11 family according to provider’s information. The similar
proportion between xylopyranose and 4-O-methyl--D-glucuronic acid residues in residual xylans after
enzymatic stage, suggested based on 1H NMR data, was confirmed by sugars analysis employing acid
methanolysis (Table 4). At the same time, the molecular weights of xylans isolated from all DEDX pulps were
very similar (Table 2), which can indicate comparable efficiency of X1-X3 in the hydrolysis of xylan in pulp.
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Figure 3. 1H NMR (a) and 2D NMR (b) spectra of the xylan
isolated from DEDX3 bleached pulp (D2O, 30 ºC).

Figure 2. Profiles of xylans (differential curves)
removed during enzymatic peeling by xylanase in
DED, DEDX1, DEDX2 and DEDX3 bleached pulps.

Table 3. Results of linkage analysis of xylan (per 100 Xylp residues).

DED
X1
X3

4)-Xylp(1
100
100
100

MeGlcpA(1
5
9
8

Table 4. Carbohydrate composition of isolated
xylan as revealed by acid methanolysis (mol%).

2)-MeGlcpA-(1
2
4
4

Xyl
4OMeGlcpA
Galp

X1

X2

X3

94
5
1

95
4
1

95
4
1

Table 2. Weight average molecular weight (Mw), number
molecular weight (Mn), and polydispersity (PD)
values of the isolated xylan from SEC analysis.
The observed differences in accessibility of xylans in preXylan
Mw (KDa) Mn (KDa) PD
bleached kraft pulp, while applying xylanases of different origin
15.5
9.2
1.67
(Figure 2), may be due to the presence of concomitant
DED
9.5
6.9
1.39
X1
hydrolytic enzymes (both cellulases and hemicellulases)
9.8
7.1
1.39
X2
promoting the xylanase penetration inside pulp fibers, rather than
9.7
7.8
1.24
X3
due to the differences in xylanase hydrolytic efficiencies.
IV. CONCLUSIONS
A xylanase treatment is a promising tool to improve brightness and brightness reversion of ECF bleached
eucalypt kraft pulp. The different performance of commercial xylanases from different donor cultures in X stage
not necessarily relates to the xylanase hydrolytic efficiency but rather to the presence of concomitant enzymatic
complexes promoting the xylanase penetration inside pulp fibers.
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ABSTRACT
Solutions of seven different alginate samples were analyzed with two different fractionation techniques – gelpermeation chromatography (GPC) and asymmetric flow field-flow fractionation (AsFlFFF), both coupled to
multi-angle laser light scattering (MALLS). GPC analysis was performed in 0.153M NaCl, 0.1M NaNO3 and
0.01M Na-EDTA. The study disproved a significant influence of the mobile phase on the elution pattern of the
alginate. Various AsFlFFF system parameters were tested and optimized, among them cross flow, detector flow
and focus flow rates, and injected sample mass. The data obtained from both studies were compared and showed
good overall agreement. However, AsFlFFF performed better with respect to separation over a wide range of
molar mass due to increased accuracy, particularly in regions which are unfavorable for GPS analysis.
I.
INTRODUCTION
Alginate is a naturally occurring polymer isolated from cell walls of algae. It can be applied to solve a number of
problems that occur in biomedical science and engineering due to its favorable properties, such as
biocompatibility, non-toxicity and ease of gelation. Alginate hydrogels are widely used in wound healing, drug
delivery and tissue engineering. The properties of alginates are governed mainly by its primary structure, i.e. the
ratio between its β-D-mannuronic and α-L-guluronic acid units (M/G ratio), their along-chain pattern, the
molecular weight distribution and polydispersity [1]. Hence, there is a substantial need in fast and simple, yet
effective, methods for routine alginate characterization.
Various fractionation techniques, such as gel permeation chromatography (GPC) or flow field-flow fractionation
(FlFFF) followed by detailed sample analysis with different detectors (differential refractive index, dynamic or
static laser light scattering) provide comprehensive information about molecular weight distribution,
polydispersity index, and hydrodynamic radius of the molecules.
For alginate characterization, GPC methods in combination with multi-angle laser light scattering, UV or
viscosity detection are widely used. The effect of critical parameters, such as ionic strength of mobile phases,
sample concentration, temperature as well as chemical composition of the alginates are discussed in detail in
pertinent literature [2, 3, 4, 5].
As an alternative to gel permeation chromatography, the FlFFF technique was initially introduced already in
1966. Being a powerful tool for sample separation over a wide size range (10-3-102 µm), the method however
requires comprehensive optimisation of experimental conditions for each individual analyte. Thus far, reports
concerning alginate characterization by FlFFF are rather scarce. Investigations have been performed on system
parameters optimizations, such as cross flow rate, carrier liquid concentration and injected sample mass of
sodium alginate solutions [6, 7]. Besides, calcium alginate nanogel particles [8] and metal-alginate complexes
[9] were characterized by asymmetrical FlFFF coupled with MALLS detection. There are no studies so far that
compare different separation techniques for alginate analysis.
The present study provides optimized system parameters for alginate analysis by AsFlFFF, along with a
comparison of the results to those from GPC measurements and a discussion of the pros and cons of the used
analytical methods.
II.

EXPERIMENTAL

Materials
Mobile phase solutions were prepared by dissolving of respective amount of salt in 2L volumetric flask with
deionized water. Stock solution was filtered through a 0.2 µm vacuum filter (VacuCup Supor membrane).
Following solutions were used for alginate analysis: 0.153M NaCl, 0.01M Na-EDTA, and 0.1M NaNO3.
All alginates were present in the form of sodium salts. Typically, a 2 mg/mL solution of alginate was prepared
by direct dissolution in the freshly prepared mobile phase. The samples were stirred for 2 hours to achieve
complete dissolution and filtered through 0.45 µm syringe filter (PTFE Membrane).
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Gel Permeation Chromatography (GPC)
GPC was performed using a Agilent Technologies 1260 Infinity pump equipped with online Dionex DG-1210
degasser and Agilent G1367C autosampler. The samples were chromatographed on two GPC columns (Agilent
PL Aquagel-OH Mixed-H, pore size, 8µm) and monitored by a MALLS detector (Wyatt Technology DAWN
HELEOS with 120mW solid-state laser operating at 658 nm) equipped with online QELS detector (Wyatt
Technology WyattQELS at 100o measuring angle) and a RI detector (Shodex RI-101). Measurements were
performed at room temperature. The following system parameters were used: 0.8 mL/min flow rate; 100 µL
injection volume; 30 min run time. Data collection and molecular weight calculations were performed by
ASTRA software Version 6.0.1 (Wyatt Technology). The refractive index increment (dn/dc) used for
calculations was 0.145.
Asymmetric Flow Field-Flow Fractionation (AsFlFFF)
Sample fractionation was performed by an Eclipse AF4 (Wyatt Technology) separation system consisting of a
flow control system and separation channel. The system was complemented by an Agilent 1260 pump with
Dionex DG-1210 degasser, Agilent Technologies G1367C autosampler, Wyatt Technology DAWN HELEOS as
given above and an RI detector (Wyatt Technologies Optilab T-rEX).
The long channel with 275 mm length was assembled with a 350µm spacer (350W spacer type) and a
regenerated cellulose membrane with a cut-off of 10 kDa (Millipore). Sample injection into the channel was
performed at the flow rate of 0.2 mL/min for 3 min, injection volume 200 µL.
The optimized program for alginate analysis required 45 min to complete. Figure 1 represents the flow diagram.
Detector flow Vd = 1 mL/min and focus flow Vf = 2 mL/min were constant for all the measurements. Within the
first 2 min the system was stabilized under the constant cross flow Vx = 1 mL/min, and then focus flow was set.
The sample injection started after 1 min of focusing and was followed by the sample relaxation phase. Thereon
the sample was eluted from the channel within 15 min, the
cross flow was decreased linearly during this time from 1 to
0.1 mL/min. Then the system was flashed with low cross
flow Vx = 0.1 mL/min to make sure that all sample was
eluted from the channel. This step was followed by channel
elution under zero cross flow with the aim to remove traces
of the sample. As the last step the cross flow was adjusted to
the initial value to stabilize the system for a new run. Data
were collected and analyzed by ASTRA 6.1.0 (Wyatt
Technology) software.
Figure 1. Flow rates changes during the AsFlFFF separation
process.

Diff log Mw

III.
RESULTS AND DISCUSSION
GPC results
Mobile phase selection is a major topic for the method development in GPC, especially when charged
polysaccharides are analyzed due to the interaction processes occurring during chromatography between solvent
or sample and column packing material, even though
2.5
these are not desired. This interaction is often reduced
by increasing the ionic strength of the stock solution. In
order to achieve better separation and peak resolution
A4
2.0
A1
three different eluents were tested: 0.153M NaCl, 0.1 M
A5
NaNO3 and 0.01M Na-EDTA with ionic strengths of
A2
1.5
0.153, 0.1 and 0.085 respectively. The Mn and Mw
A6
values obtained for all solutions are in a good
A7
agreement; no significant differences in the elution
1.0
profiles and sample characteristics were observed.
NaNO3 was selected as mobile phase for further
experiments.
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Figure 2. Differential molar mass distribution of the
samples, alginate samples A1 – A7, eluent: 0.1M
NaNO3.

Calculated molecular weight distributions for all the samples are shown at Figure 2. All the samples are
polydisperse with average molecular weights in the range of 100-185 kDa. Detailed information is given in
Table 1.
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AsFlFFF results
In the normal operation mode based on Brownian motion of the analyte, the elution speed of the particles from
the channel is determined by their diffusion coefficient, which is in direct correlation with particle size. Sample
fractions with higher diffusion coefficient diffuse back into the bulk to a larger extent and experience a higher
velocity vector in the parabolic flow profile of the narrow channel which consequently leads to faster elution
from the channel compared to a fraction with a lower diffusion coefficient. Analyte nature may also cause
interaction with the membrane leading to peak broadening. Sample motion along the channel can be controlled
by method settings. Thus, higher cross flow moves the samples closer to the membrane, where the flow has a
lower speed.
Thereby, the first step toward system optimization was to study the influence of cross flow on alginate retention
time. Experiments were performed with 2, 1.5, 1, 0.5 and 0.1 mL/min constant cross flows. Elution mode with
established constant cross flow lasted 40 min and was followed by elution under zero cross flow to wash out
sample residues. Surprisingly no sample was eluted under Vx = 2, Vx = 1.5 and Vx = 1 mL/min, however, the peak
was observed during the channel washing step. In the case of 0.5 mL/min cross flow, the sample was eluting
constantly in a small portion leading to noisy baselines, yet no reasonable peak was obtained. A broad peak was
observed when the cross flow was 0.1 mL/min, however, data interpretation was not possible due to the peak
overlapping with the channel void peak, its asymmetrical shape and poor resolution.
To improve peak shape and resolution, gradient cross flow was adjusted. The high cross flow (Vx) at the
beginning prevents the peak from being eluted together with the void peak, meanwhile decreased cross flow
provides reasonable elution time and
optimized peak shape. Different speeds of
cross flow were tested, decreasing from 1.5
mL/min to 0 within 8 min (1.875mL/min
flow decreasing rate), 15 min (1.5 mL/min
flow decreasing rate) and 20 min (0.75
mL/min flow decreasing rate). The
elugrams are shown in Figure 3.
As an optimal parameter, a cross flow
decrease rate of 1.5 mL/min was
implemented for further analysis. Other
parameters tested are sample injection
volume, detector and focus flows (data are
not presented here).
Figure 3. Light scattering at 90o and
calculated molar mass for the FlFFF runs
with different cross flow decreasing speed
(sample A7).
Comparison of FlFFF and GPC data for characterization of alginates
The data obtained for all alginate samples after FlFFF analysis together with GPC data are presented in Table 1.
Table 1. GPC and FlFFF results.
GPC Data

FlFFF Data

Sample
Name

Mw, kDa

Mw/Mn

rms radius, nm

Mw, kDa

Mw/Mn

rms radius, nm

A1
A2
A3
A4
A5
A6
A7

164.8 (±0.2%)
182.4 (±0.2%)
161.5 (±0.4%)
123.9 (±0.2%)
176.8 (±0.1%)
167.3 (±0.2%)
103.9 (±0.3%)

1.266 (±0.3%)
1.226 (±0.2%)
1.374 (±0.7%)
1.252 (±0.2%)
1.303 (±0.2%)
1.269 (±0.2%)
1.164 (±0.2%)

57.3 (±3.4%)
62.2 (±2.7%)
70.5 (±3.3%)
55.2 (±3.8%)
103.2 (±2.4%)
57.5 (±4.2%)
40.6 (±9.3%)

189.8 (±0.7%)
284.4 (±9.3%)
227.7 (±8.5%)
355.0 (±8.6%)
249.0 (±6.5%)
284.0 (±6.2%)
165.9 (±7.8%)

2.619 (±1.4%)
3.108 (±12.6%)
4.087 (±11.9%)
6.301 (±12.3%)
2.957 (±11.9%)
3.564 (±9.9%)
2.272 (±11.1%)

46.1 (±26.1%)
54.7 (±16.6%)
43.1 (±22.6%)
52.0 (±19.9%)
43.1 (±26.6%)
40.5 (±21.3%)
37.1 (±32.5%)

As evident from Table 1, the molecular weight data obtained by FlFFF, as well as the polydispersity indices are
higher than those for GPC analysis. A closer look at the molar mass distribution of the same sample (A5)
obtained after different fractionation procedures shows that FlFFF provides more precise information about
molecular distribution, specifically in the range of very low and very high molar masses (Figure 4). In both
cases 80% of the mass of the polymer was in the range between 20 to 220 kDa. However, GPC separation did
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Diff log Mw

not show any fractions in the range below 70 kDa. Meanwhile FlFFF shows two groups of molecular weights
between 20 – 40 kDa (Figure 4, region I) and 40 – 70 kDa (Figure 4, region II). A similar effect was observed in
the region of high molar masses. GPC did not reportthe presence of molecules larger than 900 kDa, but FlFFF
was able to distinguishes regions up to 1000 kDa (Figure 4, region V) and separates them from the small
fractions in one run. Apparently, the contribution of these rather large molecules within the total size distribution
was the reason of overall increased Mw values. A more precise detection of the particles outside average values
subsequently leads to higher PDI numbers.
However, the FlFFF method requires tedious system testing to find a combination of optimal parameters for
every new sample to be analyzed. In this
II.
IV.
I.
III.
V.
respect, GPC is a good alternative for
8x10-6
routine sample analysis providing fast,
7x10-6
reproducible and accurate results. When
FlFFF data
more detailed information about molar mass
-6
GPC data
6x10
variations in the sample is required, or
when some limitations of using a GPC
5x10-6
system have to be overcome, the column4x10-6
free AsFlFFF technique is a powerful tool
for both polymer separation and molar mass
-6
3x10
characterization, especially concerning
-6
samples of high molar mass.
2x10
1x10-6
0
4.5

IV.

5.0

5.5
log Mw

6.0

6.5

Figure 4. Differential molecular weight
distribution of the sample A5 according to
GPC and FlFFF separation.

CONCLUSIONS

In this study seven alginate samples have been analyzed by GPC and FlFFF separation techniques. The data
obtained from both methods are in good correlation. FlFFF separation power allows more precise information
for a wider range of molar masses. However, to achieve the desired fractionation, constant and gradient cross
flows with different rates have to be examined and optimized. GPC is a useful standard technique to obtain basic
information on molar mass characteristics of alginates.
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ABSTRACT
New methods for lignin isolation and purification from spent liquors, which could rapidly provide lignin with high
purity and yield, are currently of great interest for both analytical purposes and industrial recovery to obtain lignins
for added value products.
A novel approach for isolation of lignosulfonate from spent sulfite liquor was established, the sorption on
macroreticular non-ionic poly(methyl methacrylate) particles (XAD-7 resin) and subsequent desorption with organic
solvents to obtain lignosulfonates with high purity. The method proved to be reasonably fast, robust and efficient for
lignosulfonate isolation and subsequent purification.
The isolated lignosulfonate was characterised by spectroscopic, chromatographic and thermogravimetric methods. Its
basic characteristics were compared with that of lignosulfonate purified by an alternative ultrafiltration method.
I. INTRODUCTION
Lignosulfonates (LS) are the major - but by far not the only - component of spent sulfite liquor which is generated in
the sulfite pulping processes. The presence of other components and the difficulties with their neat separation cause
certain limitations in the application of the entire sulfite liquor as well as problems in chemical analysis of LS in
general. Thus, rapid isolation and purification approaches for LS are highly needed.
Currently, several methods for the isolation of LS are available. Among them, the isolation by formation of
lignosulfonate-amine complexes [1, 2], dialysis [3] and ultrafiltration [2] are the most common approaches. These
techniques have certain drawbacks as they require additional purification steps to reach the necessary purity, which is
important for further analytical characterization.
Recently it was proposed to apply polymeric resins of different matrices, for example polyacrylic [4] or polyaromatic
[5-7], for adsorption of phenolic compounds in wastewater treatment, removal of inhibitors from fermentation media,
isolation of high added value products, like ferulic acid etc. [4-8]. Such resins possess high capacity, they are able to
resist elevated temperatures (max. 150oC), and they are stable at the whole pH range. The resins can adsorb polymers
with molar masses (MM) up to 60000 g mol-1and can easily be regenerated and applied repeatedly.
The aim of the present study was to evaluate LS adsorption and desorption on XAD-7 polymer resin at different pH
and adsorbent/adsorbate ratio and, thus, elaborate optimal conditions at which the highest LS adsorption capacity
could be reached.
II. EXPERIMENTAL
Materials and Chemicals
Industrial spent liquor from magnesium-based acidic sulfite pulping was supplied by Sappi Papier Holding GmbH
(Gratkorn, Austria). Macroporous polyacrylate resin Amberlite XAD-7 (20–60 mesh), strongly acidic cationexchange resin Dowex 50WX8 (50-100 mesh), ethanol, diethyl ether, chloroform, sodium hydroxide, sodium
tetraborate anhydrous were obtained from Sigma-Aldrich Co. Other chemicals were of p.a. grade.
Preparation of XAD7 and Dowex50WX8 resins
The XAD-7 resin was washed and Soxhlet-extracted to remove micro particles and low molar mass contaminants
according to [9]. XAD-7 resin was stored in ethanol. Prior to adsorption experiments ethanol was removed from
XAD-7 resin by exhaustive washing with deionized water. The resin was filtrated on a glass filter #3 at constant
reduced pressure (900 mbar). For further adsorption experiments the resin was used in the wet state, because the
complete removal of moisture negatively influences its adsorption capacity [5]. The moisture content was estimated
by oven drying at 100 °C until constant weight was reached. Two parallel experiments yielded 70% moisture
content, which was used for further calculations of the lignosulfonate adsorption.
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The Dowex 50WX8 resin was exhaustively washed with distilled water. The resin was regenerated by stirring with
diluted HCl solution according to following protocol: 0.5 M HCl (10 min, 3 times), then 1 M HCl (10 min, 3 times),
and finally 2 M HCl (10 min, 3 times). The regenerated resin was filtered on a glass filter and stored in a closed
flask. Directly before use the resin was washed with distilled water to neutral pH.
Equipment
The ultrafiltration of LS was carried out on Millipore stirred ultrafiltration cell model 8200 equipped with a
membrane NMWL: 1000 [2], diameter 63.5 mm, at 100 rpm stirring and 3 bar pressure. Approximately 1.5 g of LS
was used in each ultrafiltration process. The volume of LS solution in the cell was kept over 50 ml. The total volume
of the permeate collected was 600 ml. The retentate, which contained purified LS, was quantitatively transferred to a
plastic bottle and freeze-dried. Three parallel experiments were performed.
UV absorption spectra of dissolved LS were determined with a PerkinElmer Lambda 35 UV/VIS spectrometer using
quartz cells.
GC-MS analysis was performed on an Agilent 6890N GC and a Agilent 5975B inert XL MSD quadrupole mass
selective detector (EI, 70 eV) using a Agilent HP-5MS capillary column (30 m x 0.25 mm i.d.; 0.25 μm film
thickness) and helium as carrier gas with a pressure 13.68 psi, flow rate of 1.1 ml min -1 and a split flow rate of 7.5 ml
min-1, split ration 7:1. The column oven temperature profile was as follows: initial temperature 140°C (1 min), raise
up to 210°C with a heating rate 4°C, raise up to final temperature 300°C with a heating rate 30°C min -1. The injector
temperature was 260°C; the temperature of the GC-MS transfer line 290°C, and that of the ion source 230°C.
Thermogravimetric (TG) analysis in air atmosphere was carried out on NETZSCH TG 209 F1 Iris instrument. TG
analysis was performed at temperature range of 25-1000oC; the heating rate was 10 °C min-1, the purge gas velocity
was 30 ml min-1 and the sample weight was 8-10 mg.
Extinction coefficient determination
A buffer solution with pH 12, containing 4.02 g of anhydrous borax Na 2B4O7 and 2.4 g of NaOH in 1 L of distilled
water was used for LS dissolution. A LS stock solution with concentration 0.25 mg ml-1 was prepared. Probes of
stock solution in the range from 0.5 to 5 ml were quantitatively transferred to 25 ml volumetric flasks. The volume in
the flasks was adjusted with the prepared buffer solution. The absorbance of solutions was measured at 280 nm
against buffer solution. The extinction coefficient was calculated from the linear equation of dependence of LS
concentration and UV absorbance [10].
Lignosulfonate adsorption
The industrial LS sample (4 g) with concentration of solids 47.5% was weighed to a beaker. The sample was diluted
approximately five times with deionized water and acidified with 10% sulfuric acid to pH 2. As an alternative,
acidification by treatment with cation-exchange Dowex 50WX8 resin (10 g) which gave pH 1.3, was used.
The sample was quantitatively transferred to a 50 ml volumetric flask and the volume was adjusted with deionized
water. For the experiments on XAD-7 resin capacity, a LS stock solution was prepared in the same way. The LS
solution (50 ml) was quantitatively transferred to a 100 ml glass bottle with a screw cap containing certain amount of
wet XAD-7 resin. The closed bottle was gently shaken in a water bath. The pH of LS solution remained unchanged
after resin addition and upon the adsorption process. Aliquots (85 μl) of the liquid phase were taken every 15 min
during the first two hours, every 30 min during the next 9 hours and then after 12 hours. Each aliquot was transferred
to a 25 ml volumetric flask and dissolved in borax buffer solution with pH 12. The content of LS remaining in the
solution was investigated by measuring the UV absorbance at 280 nm. The extinction coefficient determined for LS
isolated by the XAD-7 adsorption method was applied in calculations.
The amount of LS adsorbed on XAD-7 resin was analysed gravimetrically. XAD-7 resin with adsorbed LS was
filtrated off on a glass filter #3 under reduced pressure (800 mbar). Then the resin was washed first 4 times (10 ml
per 10 g of wet XAD-7 resin) with acidified water (pH level of corresponding experiment) and then 4 times with
deionised water (10 ml per 10 g of wet XAD-7 resin). Each time the resin was transferred to a bottle, gently shaken
during 15 min and then filtered off.
The LS was desorbed from the resin with ethanol. The resin was transferred to a bottle, gently shaken in ethanol (15
ml per 10 g of wet XAD-7 resin) for 30-40 min at 50 °C and filtered on the same glass filter under reduced pressure
(250 mbar). Overall, the resin was washed 4-5 times with ethanol and 1-2 times with deionised water. The ethanol in
the filtrate was partially removed at 40 °C. The remaining water solution of LS was quantitatively transferred to a
plastic bottle and freeze-dried.
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III. RESULTS AND DISCUSSION
Extinction coefficient
The specific extinction coefficient of LS, purified by the XAD-7 adsorption method at optimal conditions, which will
be discussed later, was determined to be 8.79 g-1∙cm-1. This coefficient was used for indirect semi-quantitative
determination of LS remaining in the solution upon the adsorption process.
Lignosulfonate adsorption
Experiments of LS adsorption on the XAD-7 resin revealed that the temperature of the process and the speed of
mixing of LS with resin did not have a strong effect. Moreover, vigorous mixing caused mechanical destruction of
resin beads. pH level, resin capacity and time of contact were found to be the most critical factors.
It is well investigated that the pH level influences the surface charge of the adsorbent and the degree of ionization of
the adsorbate [4-8]. The highest adsorption of aromatic hydrophobic compounds was achieved at pH below 4.
Figure 1 clearly demonstrates that adsorption at the genuine pH 10.7 of LS is very weak. The adsorption pattern at
pH 4 and 2 was rather similar and led to maximum LS adsorption after approximately 8-10 hours. pH 2 was found to
be optimal and was applied for further experiments. The XAD-7 resin capacity at the selected pH 2 and constant LS
concentration and temperature, showed a non-linear dependence of absorbable LS and resin amount (Figure 2). The
optimal adsorbate/adsorbent ratio in a one-stage adsorption process was approximately 1 g of LS per 6 g of XAD-7
resin based on dry weight. The equilibrium was reached after 8-10 hours. Further contact of LS and resin did not
significantly increase the amount of adsorbed LS. The data obtained correlate with those given in the literature [5-8].
However, it is necessary to mention that the data in Figures 1 and 2 give only semi-quantitative values due to the
presence of extractives and polysaccharide degradation products typical for industrial lignosulfonates, which cause
overestimation of UV absorption and, as a consequence, the LS content [4].
Adsorbed LS was quantitatively desorbed with ethanol and analyzed gravimetrically [4]. The highest yield of
lignosulfonate, which is present in acidic form, at optimal conditions was approximately 35.3% based on dry matter
of the original material.
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Figure 1. Effect of pH on the adsorption of
lignosulfonate on XAD-7 resin (6 g base on dry
weight) at 25oC.
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Figure 2. Adsorption of lignosulfonate by different
amounts of XAD-7 resin at pH 2 and 25oC.

Ultrafiltration of LS, as an alternative to XAD-7 adsorption, required more experimental time (12-14 h) and yielded
approximately 45.8% of purified LS based on dry matter. [2]. However, the treatment of the obtained purified LS
with a cation-exchange resin led to substitution of the present magnesium ions for hydrogen ions and hence
decreased the yield to approximately 36.9%, which is again comparable to the results obtained via XAD-7
adsorption.
Characterization of purified lignosulfonate
Purified LS contained less than 0.5% of residual, mainly non-cellulosic polysaccharides, composed predominantly of
galactose, glucose and mannose, as determined according to [11]. Approximately 1.5% of low molar mass
compounds, which comprise various fatty and resin acids (predominantly stearic and dehydroabietic acids).
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IV. CONCLUSIONS
It was demonstrated that industrial lignosulfonate can be
nicely purified by adsorption to XAD-7 resin with
subsequent desorption by ethanol.
The highest adsorption of lignosulfonate was achieved at
pH levels below 4 and after 8-10 hours of contact time
and an adsorbate/adsorbent ratio of 1:6.
At optimal conditions the yield of purified lignosulfonate
was approximately 35% based on dry matter of the
original material. Lignosulfonate isolated by the XAD-7
adsorption method had a very low content of residual
mainly non-cellulosic polysaccharides (<0.5%) and
extractives (<1.5%), and contained no inorganic
thermostable
components.
The
thermo-oxidative
degradation pattern of the purified lignosulfonate was
comparable to that of authentic lignin preparations.
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ABSTRACT
In this study, cellulose nanowishkers (CNW) and poly (vinyl alcohol) (PVA) composite fibers were prepared via
needle-free high voltage, free liquid surface electrospinning with cylindrical electrode. CNW were obtained from
hemp shives as a result of various treatments including steam explosion pretreatment, ball milling and
ultrasonication technologies. The electrospinning of PVA /CNW composite solution has been successfully used
to produce nano- and micro fibers. The goals of this paper are to determine the morphology of electrospun mats
and study the mechanical and optical properties of nanofibre composites.
I. INTRODUCTION
Electrospinning is one of the fast growing nanofibre producing technologies and at the present only a single
method for industrial scale nanofibres production. Although a wide range of application possibilities have
already been proven, nevertheless scientists are trying to find more and more opportunities to produce nanofibres
from biodegradable and non-toxic materials with eco-friendly technologies. Cellulose is the most widely used
biomass material in nature. Major studies have shown that cellulose nanosized particles could be used as fillers
to improve mechanical properties of biocomposites [1-4]. Recently, the production of submicron-scale cellulose
fibers via direct dissolution has been proposed, but this issue remains demanding due to the difficulty of
cellulose dissolution into common solvents [5].
II. EXPERIMENTAL
Hemp shives used in experiments represent the woody parts of stems of plant - Cannabis sativa that is free from
plant fibers. Hemp variety Bialobrzeskie grown on the experimental fields of the Latgalian Agriculture Research
Center LLZC (Latvia, district Vilani). Cellulose nanowhiskers were prepared from hemp shives using steam
explosion (SE) pretreatment, ball milling and ultrasonication as described in our previous research [6].
The PVA powder of molecular weight 145 000 g/mol and hydrolysis grade ~99.0 – 99.8 mol% purchased from
Sigma Aldrich Europe GmbH, Germany.
X-ray XRD patterns were determined on a Bruker D8 Discover diffractometer using copper radiation (CuKα) at
a wavelength of 1.54180 Å. The tube voltage and amperage were set to 40 kV and 40 mA. The divergence slit
was set at 0.6 mm, and the anti-scattering slit was set at 8.0 mm. The diffraction pattern was recorded using a
scanspeed 0.5s/0.02° from 5–45° in 2θ scale and LynxEye position sensitive detector.
The crystallinity index (CI), which is a measurement of the amount of crystalline cellulose with respect to the
global amount of amorphous materials, was evaluated using Segal empirical method. The Segal method is used
for empirical measurements to allow rapid comparison of cellulose samples. The CI has frequently been
determined by means of the empirical Segal equation [7];
𝐶, % =

𝐼𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 − 𝐼𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠
𝑥100
𝐼𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒

The PVA solutions in the concentration 9 and 10 wt% were prepared by dissolving the PVA powder in distilled
water at 90oC for 2 hours with a magnetic stir bar. Distilled water was used as a solvent in all compositions.
After that the CNW were added to the PVA solution in amounts to obtain final nanocomposite concentration 10
wt% relative to mass ratio to PVA, the stirring continued for 2 more hours.
Viscosity of the PVA/CNWs solutions was measured by a HAAKE Viscotester 6 plus (Germany) at the
temperature of 22 ± 0.5oC. The conductivity of the solutions was measured using a conductivity meter (WinLab® DataLine Conductivity Meter) at 22± 0.5oC.
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Electrospinning of the solutions was carried out using NanospiderTM NS Lab 200 (Elmarco, Czech Republic)
electro-spinning equipment on the spun-bonded polypropylene substrate (surface density Q = 21.5 ± 3 g/m2).
Electrospinning parameters were fallowing: distance between spinning and collector electrodes - 12 cm, applied
voltage to ensure spinning 65 kV, speed of substrate 0,2 m/min, speed of the spinning solution feeding roll 4
rpm. The temperature of the environment 22 ± 1 °C and the humidity γ = 35 ± 2%.
Morphology of the PVA and the electro-spun PVA/CNWs blend fibres were studied by Scanning Electron
Microscopy (SEM), Field Emission Gun (Tescan Mira/Lmu, Czech Republic) equipment. A CorelDRAW
Graphics Suite X6 software was used to measure the diameter of electro-spun fibres from micrographs.
To measure light absorbance of PVA and CNW reinforced PVA nanofiber mats, the instrument UV-Visible
spectrophotometer Shimadzu, UV-3700 (Shimadzu Scientific Instruments Kyoto, Japan) with barium sulfatecoated integrating sphere ISR-240A (wavelength range from 400 to 700 nm) was used.
Mechanical properties of the electrospun composite nanomats were measured by Instron Universal Tester
(Model 2519-107) with Bluehill software applying deformation speed 1 mm/min and load 1N. Samples 20 mm
in length and 10 mm
III. RESULTS AND DISCUSSION
X-ray method was used for identification of changes in the amount of crystalline cellulose in SE treated hemp
shives in comparison to untreated shives. From X-ray diffraction patterns in Figure 1(A) can be concluded that
SE hemp shives with following water and alkaline after-treatment crystallinity index increased to 72%,
comparing to 48% of untreated shives associated with removing of amorphous regions, where lignin and polyose
layer such as hemicellulose surrounding the hemp fibres. Figure 1 (B) shows nanowhisker size after following
pretreatments. It is visible from Figure 1 (B) that after several treatments of shives the nanosized particles and
nanowhiskers can be obtained

A

B

Figure 1. X-ray diffraction patterns for untreated and SE treated hemp shives (A); SEM micrograph of CNW
from hemp shives after various treatments (B)
Solution properties have been found to affect the morphology of the fibers. One of the major parameter
influencing the fiber diameter is the solution viscosity. The viscosity of the solution is related to the extent of
polymer molecule chains entanglement within the solution. A higher viscosity results in a large fiber diameter.
The solution viscosity decrease from 856 to 952 mPa.s in result of PVA replacement into spinning mixture with
CNW.
The morphology of pure PVA (A) and PVA/CNWs (B) composite mats produced by electrospinning shown in
Figure 2. No cellulose nanowhiskers appears to be protruding from the outer surface of the PVA fibres,
indicating that they are embedded in PVA matrix and also they may be aligned along the fibre axis during
electrospinning process under the electrical field. Addition of CNW to the PVA solution led decrease nanofiber
diameter from 500 to 300 nm, because CNWs increase electrical conductivity of pure PVA solution from 383µS
to 420 µS. The conductivity of the fiber solution is important to initiate the electrospinning process.
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Figure 2. SEM micrographs of electrospun nanofibre mats (a) PVA and (b)10 wt% CNWs
Figure 3 shows the visible light absorption spectra (Kubelka-Munk) of PVA and PVA/CNW nanomats in the
wavelength range from 400 to 700 nm. The absorption in wavelength range from 400 to 700 nm increases for
PVA/CNW nanomat vindicating the presence of CNW in the electrospun nanomat. It may be attributed to the
presence of small amount of lignin in CNW because of it dark brown color therefore absorbing more light.

Figure 3. Visible light absorbance (Kubelka-Munk) of PVA nanofibre mat and of PVA/CNW nanofibre
composite mat
The tensile strength of PVA and PVA/CNWs nanocomposite mats are shown in Figure 4. Each datum is
obtained by averaging the test results of ten samples. The addition of CNW (10%) results in an increase in
tensile strength from to 1.4 to 8.5 MPa and the Young’s modulus from 0.07 to 0.5 GPa.

Figure 4. Tensile strength (δ, MPa) of pure PVA and PVA/CNWs electrospun fibers (10 wt %)
IV. CONCLUSIONS
Nanofibre mats were produced from electrospinning dispersions of compositions containing poly (vinyl alcohol)
(PVA) and cellulose nanowhiskers (CNW) obtained from hemp shives. The morphology of bicomponent fibers
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depending on composition was examined by SEM. The presence of the cellulose component in the obtained
composite samples is confirmed by visible light absorbance spectra. The intermolecular interactions between the
polymer matrix and the dispersed CNW (10 wt %) played an important role proving mechanical properties of
electrospun composite mats. Electrospun PVA nanofibre composites reinforced with CNW can be used
effectively as reinforcing material in electrospinning. Nanocomposite mats are expected to have potential use in
many particular fields as new functional materials.
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ABSTRACT
Commercial laccase was immobilized on bacterial cellulose membranes. The immobilization conditions such as
enzyme concentration, contact time and pH were optimized in terms of activity recovery of the immobilized
laccase. For this purpose a 33 experimental design and response surface methodology was applied. Enzyme
concentration played a critical role on laccase immobilization. Under optimized conditions the predicted and
experimental response of recovery enzyme activity was equal to 48 and 49 %, respectively. The thermal stability
studies showed a notably increase at 60 and 70 ºC which corresponds to a stabilization factor of 1.79 and 2.11,
respectively. The immobilized laccase presented high operational stability, since it retained 86 % of its initial
activity after 7 consecutive biocatalytic cycles of reaction with ABTS. The kinetic reaction followed the
Michaelis-Menten model and upon immobilization the KM increase 9.9 fold and VM decreased 1.6 fold.
I. INTRODUCTION
Immobilized enzymes have several advantages over free enzymes, such as enzyme stability improvement,
biocatalyst reuse and easier product separation [1]. In order to increase the industrial use of laccases, there is a
high interest in discovering the ideal support
to immobilize such enzymes. Laccases (benzenediol: oxygen oxidoreductases, EC 1.10.3.2) are multicopper
oxidases, belonging to the so called blue oxidases group of enzymes [2]. Numerous potential industrial
applications have been reported for laccases, such as dye decolourization [3-5], pulp delignification [6], soil
bioremediation [7] and detection of specific analytes [8].
Bacterial cellulose (BC) is a singular form of cellulose produced by some bacteria. Namely those belonging to
Gluconacetobacter genus, are able to produce an unique form of cellulose, called bacterial cellulose [9]. Owing
to its unique properties (e.g. high mechanical strength and excellent water absorption capacity), BC is attracting
a lot of interest as a new functional material. Additionally, BC contains a lot of functional groups, which makes
it a potential suport for enzyme immobilization. Because of its singular characteristics which differ from those of
plant cellulose, BC has attracted attention as a new functional material [10].
The aim of the present work was to immobilize laccase onto bacterial cellulose and to optimize the experimental
conditions (enzyme concentration, pH and contact time) by 33 factorial design and response surface
methodologies (RSM). Thermal, operational and storage stability, kinetic properties, as well as structural
characterization were investigated.
II. EXPERIMENTAL
Enzyme and support of immobilization
Commercial laccase was supplied by Novozymes (Denmark). Bacterial cellulose membranes (99 % water
content) were produced by bacteria Gluconacetobacter sacchari, purified and lyophilized as described by
Trovatti et al. [11].
Immobilization of laccase
Lyophilized BC pieces (6 mg) were incubated at room temperature in 0.50 mL of appropriated buffered laccase
solution under stirring at different conditions as explained below (Experimental design). After immobilization,
the supports were washed three times with the same buffer solution used for enzyme immobilization.
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Assay of enzyme activity
Free and immobilized laccase activity was determined using 2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS) as previously reported [12]. Recovery activity of immobilized laccase was calculated from Eq. (1):
𝐴

𝑅(%) = ( 𝑖 ) × 100
𝐴𝑓

(1)

where 𝑅 is the activity recovery of immobilized enzyme (%), 𝐴𝑖 the activity of immobilized enzyme (U.g-1), and
𝐴𝑓 the theoretical activity of immobilized enzyme (Ug-1).
Experimental design and statistical analysis
RSM and a 33 factorial design [13] were employed in this optimization study. The variable levels were: i)
enzyme concentration (LL-1): 0.15; 1.05 and 1.95; ii: contact time (h): 1.0; 3.0 and 5.0; iii) pH 5.0; 7.0 and 9.0.
From the experimental data, analysis of variance (ANOVA) was performed using MATLAB ® software (v8.0,
The MathWorks, Inc., USA).
Characterization of free and immobilized laccase
Thermal stability studies were carried out at 60 and 70 ºC in 0.10 M sodium carbonate/0.10 M sodium
bicarbonate buffer (pH 9.0) and 0.05 M citrate/0.10 M phosphate buffer (pH 5.4), respectively. Immobilized
laccase was incubated in 3.0 mL of the buffer solution. The thermal parameters were calculated according to the
simplified deactivation model proposed by Henley and Sadana (Eq. (2)) [14]:
𝐴 = [100 − 𝛼] × 𝑒 − 𝑘𝑡 + 𝛼

(2)

where A is the residual enzyme activity,  the ratio of specific activity (residual activity), k the thermal
inactivation parameter and t the time. Enzyme’s half-life (𝑡1/2 ) was calculated assuming 𝐴 equal to 50 %.
To evaluate the storage stability, free and immobilized laccase was stored in buffer solution pH 9 at 4 ºC for 42
days. The operational stability was investigated in 7 consecutive operating cycles.
Michaelis-Menten kinetic parameters (𝐾𝑀 and 𝑉𝑚𝑎𝑥 ) were determined by measuring the reaction rates with
ABTS 0.005–0.300 mM for free enzyme and 0.010–1.000 mM for immobilized enzyme.
Immobilized laccase morphology was evaluated by SEM. The presence of functional groups on the support and
on the immobilized enzyme was determined by ATR-FTIR.
III. RESULTS AND DISCUSSION
The first aim of this study was to optimize the laccase immobilization in order to maximize the activity recovery
of immobilized laccase. The values of the independent variables corresponding to the optimal response (Y=47.88
%) were the following: enzyme concentration 0.15 µL.L-1, contact time 4.8 h and pH 5.4. A maximum activity
recovery of 49.30 % was reached under these conditions and was used for further studies.
Thermal stability tests suggest that the heat-deactivation of free and immobilized laccase followed the thermal
deactivation model presented in Eq. (2). The results show that the immobilized enzyme exhibited improved
thermal stability at 60 ºC as compared with the free enzyme. Both free and immobilized laccase were practically
inactivated at 70 ºC. The analysis of kinetic parameters of thermal deactivation can support these results. For
both temperatures, the free laccase showed higher values of the thermal deactivation rate constant (k) than the
immobilized laccase. Consequently, in contrast to the values of k, the values of α, residual activity, improved
after laccase immobilization. At 60 and 70 ºC, the half-life time was higher for the immobilized enzyme (3.6 and
0.3 h, respectively) than for the free one (2.0 and 0.14 h, respectively).
Results from storage stability show that free enzyme retained 99 and 94 % of its initial activity after 7 and 42
days of storage, respectively. On the other hand, the immobilized enzyme maintained 78 and 54 % of its original
activity after 7 and 42 days of storage, respectively. Such results show that free laccase presented better storage
stability than its immobilized form. The operational stability of the immobilized laccase was investigated for 7
consecutive cycles of ABTS oxidation. The relative activity of the immobilized enzyme decreased slightly along
the cycles. The immobilized enzyme maintained 97 and 86 % of its original activity after 5 and 7 cycles,
respectively. This indicates a notable operational stability and reusability of the immobilized biocatalyst.
Enzyme reuse can lead to significant cost reduction, which is of utmost relevance for the industry.
Kinetic parameters of the free and immobilized enzyme were determined by fitting the experimental data to
Michaelis-Menten kinetics model. The KM value increases 9.9 times upon laccase immobilization. Such fact
shows that immobilization caused a decrease in the enzyme’s affinity for ABTS. VM of the free laccase (2.68 µM
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min-1) was found to be higher than that of the immobilized laccase (1.70 µM min -1), probably due to diffusional
limitations between the substrate and the enzyme.
SEM images of BC support particles before (Figure 1a) and after laccase immobilization (Figure 1b) shows that
BC displays its typical tridimensional nanofibrillar structure with numerous open free spaces. After
immobilization, the presence of immobilized laccase on the free spaces in BC structure was demonstrated and it
was clear that the immobilized enzyme was distributed homogeneously by a smooth layer with most of the pore
entrances being blocked. FTIR spectra of BC (Figure c1) and BC after enzyme immobilization (Figure c3)
shows strong bands at 3300, 2800 and 1100 cm-1, typical attributed to the vibrations of OH, CH and C–O–C
groups of cellulose, respectively. On the other hand, the spectrum of laccase presents strong bands at 3300 (OH
and NH), 2800 (CH), 1630 (CONH) and 1100 cm-1 (COC) that reflects the characteristic chemical group
composition of proteins (Figure c2). As, expected, after enzyme immobilization, the spectrum of BC was found
to be a sum of those of BC and laccase (Figs. 6A–C). However, the band associated with the vibrations of the
CONH group is slightly deviated when compared to that of laccase. Such fact may be due to the establishment of
hydrogen bounds and/or interactions enzyme–BC–enzyme during laccase immobilization. Thereby, no new
bands appeared, thus indicating that laccase was not covalently immobilized on BC. Considering such data,
probably laccase was immobilized on the BC support by adsorption.
(a)

(b)

(c)

Figure 1. Transverse SEM micrograph of BC: (a) before immobilization; (b) after enzyme immobilization on
bacterial cellulose. (c) FTIR spectra of: (1) bacterial cellulose particles; (2) laccase; (3) bacterial cellulose
particles after enzyme immobilization on bacterial cellulose.

IV. CONCLUSIONS
Laccase was successfully immobilized on BC particles. Enzyme concentration was found to have the highest
impact on the activity recovery of immobilized laccase. The predicted activity recovery of immobilized laccase,
the response value, was 47.9% and the experimental one was 49.3% showing a good agreement of the results.
After immobilization, laccase exhibited an improved stability against heat denaturation. The immobilized
enzyme also presented a very successful reusability with no significant loss of activity (14 %) after 7 consecutive
cycles. This study shows that BC is an efficient support for laccase immobilization. The developed
immobilization system provides not only an effective, but also a simple and inexpensive process for different
industrial applications of laccase. From these findings, the use of immobilized laccase on bacterial cellulose
offers an interesting tool for industrial biocatalytic applications.
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ABSTRACT
Currently, cellulose is a raw material used in a lot of industrial processes such as papermaking. Cellulose can be
treated in order to increase its economic value, to favor chemical processes or to decrease the environmental and
economic effect of the use of reagents that can be substituted by treated cellulose.
One of the most interesting treatments of the cellulose is its cationization. Cationized cellulose can be used to
substitute the cationic flocculants used in papermaking. These cationic additives are used mainly to decrease the
overall negative charge of process waters, and therefore increase the attractive force between particles in the
process water.
The cellulose was obtained from cotton linter from Aldrich Sigma. The linter underwent a mercerization in
strong alkali at different temperature and concentration values. Mercerized cellulose was analyzed by X-ray
diffraction in order to determine the relationship between the different cellulose allomorphs and the proportion of
elemental nitrogen incorporated as quaternary ammonium. Later, the mercerized cellulose was cationized by
reaction of OH groups of the carbon 6 of the cellulose with the epoxy formed by alkaline reaction of 3-Chloro-2hydroxypropyltrimethylammoniumchloride (CHPTAC). Cationic demand of the cellulose samples was measured
by colloidal titration with a Mutec sensor.
This work evaluates the relationship between the cationization degree and the cationic demand of various
samples, aiming to obtain the highest possible cationization performance.

I. INTRODUCTION
Cellulose is one of the most abundant raw materials on earth, as the main constituent of plants, particularly the
stalks, stems and woody parts of plants. It is also present in bacteria, fungi, algae and even in animals. Literature
suggests that the cellulose is formed into or out of the plasma membrane [1, 2].
Through the obtaining of cationic derivatives of cellulose pulp, free methoxyl groups of cellulose become alcoxy
groups containing a quaternary ammonium. Due to the substituted nitrogen group, this cellulose derivative has
positive charges, which confers physicochemical properties that enable a number of innovative applications.
The mercerization process causes swelling of the cell walls of native cellulose fibres (cellulose I) with alkali,
leading to cellulose II [3]. Thereby, altering the chemical structure fibre converts native cellulose into a
polymorphic structure, thermodynamically more favourable. This change is irreversible and usually
accompanied by a decrease in crystallinity and a reduction in polymerization degree due to hydrolysis of the
glycosidic bonds [4]. Adding alkali leads to improved properties such as fibre strength, gloss and dye affinity [5,
6]. The improvement of these properties is considerably influenced by the duration of the treatment and the
concentration of alkali solution [7].
Cationization is the reaction of a substrate with an electrophilic reagent containing quaternary ammonium salt.
Cationization of cellulose fibres can improve the absorption of dye [8]. In the case of cotton, this mechanism can
alter the surface electrical properties, which has caused great impact on textile industry [9, 10]. A wide variety of
cellulosic materials has been modified functionally by addition of sodium hydroxide as well as covalent binding
of quaternary ammonium in order to obtain a derivative with an overall positive charge [8].
Cationic starches are widely used in the field of papermaking, due to its capability to improve the mechanical
properties, strength and drainage of the sheets, and retention of fines, fillers and dyes. Also, cationic starches can
be used to decrease of BOD (biological oxygen demand) of the paper mill effluents [11].
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Another application of the cationic starches is as flocculants in wastewater treatment, or as additives in the
manufacture of textiles, cosmetics, detergents and adhesives [12, 13]. In addition, studies on the use of cationic
starches in drug delivery and recovery of oils are booming. The wide use of cationic starch in the industry is also
due to their low cost, excellent properties, and high biodegradability [9]
The objective of this work is to study the relationship between the cationization degree, determined by nitrogen
elemental analysis, and the cationic demand of the different samples studied, to obtain the highest cationization
performance that could lead to develop products to be applied as flocculants, retention agents and
adsorbents. Also, the use of biopolymers is an interesting alternative to the use of chemical because they are a
renewable resource and biodegradable [14].

II. EXPERIMENTAL
Raw material
The raw material used during the experiments was medium cellulose fibre from cotton linter supplied by Sigma
Aldrich. The reagents used in the mercerization process and cationization were sodium hydroxide, isopropyl
alcohol and 3-chloro-2-hydroxypropyltrimethylammonium chloride (CHPTAC), from Aldrich. Copper (II)
Ethylenediamine, purchased from Panreac, was used to determine pulp viscosity.
Mercerization
The mercerization process was carried out using a strong alkali (NaOH) at different concentrations and different
operation times in order to obtain different mercerization grades. Table 1 shows the mercerization times used
thorough the experimentation.

Table 1. Mercerization conditions.
Alkali concentration (% P/V)
10
20
30

Time (min)
60
120
180
A1T1 A1T2 A1T3
A2T1 A2T2 A2T3
A3T1 A3T2 A3T3

The mercetization process was carried out at different sodium hydroxide concentrations (10, 20 and 30%) and
operation times (60, 120 and 180 minutes), with periodic stirring. Next, the treated sample was filtered on a glass
fiber filter with a porosity of 2.7 micrometers, washed with water and ethanol and dried in a vacuum oven at 45 °
C.
Cationization
The cationization-mercerization process was carried out in a three necked round bottom flask mounted with a
variable speed magnetic stirrer and heating mantle. The cationization agent used during the experimentation was
CHPTAC. The alkalized cellulose was dissolved in a mix of sodium hydroxide and isopropyl alcohol in the
flask. When the mixture reached the set temperature (70 °C), cationization agent CHPTAC was added. Next, mix
samples were taken every 30 minutes up to 300 minutes. The samples were filtered on a glass fiber filter of 7
micrometers, washed with water. Table 2 shows the cationization times form each of the samples analyzed.

Sample
Time (min)

Table 2. Cationization time for each sample.
1
2
3
4
5
6
7
8
30 60 90 120 150 180 210 240

9
270

10
300

Sample characterization
The samples obtained were characterized by elemental analysis and cationic demand (zeta potential). Nitrogen
elemental analyses were carried out with carbon, nitrogen and sulfur analyzer LECO CNS-2001. The degree of
nitrogen substitution (DNS) of cellulose was calculated from the nitrogen content (% N) and the molecular
weight of the anhydroglucose unit, 162.15, using equation I:
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DNS =

162 .15 ⋅ % N
1401 − 151 .64 ⋅ % N

(I)

The zeta potential is the electric potential in the interfacial double layer (DL) at the location of the slipping
plane versus a point in the bulk fluid away from the interface. Z potential was measured by an analyzer Zetasizer
Nano from Malvern

III. RESULTS AND DISCUSSION
Elemental analysis
Figure 1 shows the results of the degree of nitrogen substitution calculated from Equation 1, measured for
various concentrations of NaOH versus cationization time.

Figure 1. Degree of nitrogen substitution.
The results shown than the highest degree of nitrogen substitution were found at the highest alkali concentration.
The optimal cationization time was at 240 minutes, after this time the DNS decreased with time. This decrement
could be due to a degradation of cellulose by the alkali solution that affects the DNS of the cellulose treated.
Zeta potential
The Z potential results are shown in the Figure 2. In all cases, the cationization led to an appreciable increase of
the zeta potential value. The highest Z potential obtained was found at the two trials with the highest
cationization times. The Z potential values obtained at the highest cationization time were very similar to those
obtained with the previous trial conditions. That could be due to the maximum DNS% being obtained at 240
minutes and, therefore, without an increment of the %DNS an increase of the Z potential is not possible.

Figure 2. Z potential.
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IV. CONCLUSIONS
The maximum degree of substitution, inside of the experimental interval studied, was obtained with the cellulose
with the lowest crystallinity. This DNS was obtained at high alkali concentrations.
All the trials carried out showed an increase of the cationic characteristics of the cellulose studied. The highest Z
potential was found in the cellulose samples mercerized at the highest mercerization time and alkali
concentration.

V. ACKNOWLEDGEMENT
The authors wish to acknowledge the Ministry of Science and Innovation of Spain for the financial support of
the Project CTQ2010-21660-C03-01 in which the present study is framed.

VI. REFERENCES
[1] Lamport, D. T. A. Cell wall metabolism. Ann. Rev. Plant Physiol. 1970, 21, 235–270.
[2] Breett, C. T.; Waldron, K. Physilogy and Bychemistry of Plant Cell walls. (Black, M.; Charlwood, B. ed.).
London, UK: Echapman& Hall. 1990.
[3] Bel-Berger, P.; Von Hoven, T.; Ramaswamy, G.N.; Kimmel, L.; Boylston, E. Textile Technology:
Cotton/Kenaf Fabrics: a Viable Natural Fabric. J. Cotton Sci. 1999, 3, 60–70.
[4] Buschle-Diller, G.; Zeronian, S.H. 1992. Enhancing the reactivity and strength of cotton fibres. J. Appl.
Polym. Sci. 1992, 45(6), 967–979.
[5]Zuber, M.; Mahmood, K.; Ahmad, I.; Ali, Z.; Umair, M.;Jawwad, M. Modification of cellulosic fibers by UVirradiation . Part II: After treatments effects. Int. J. Biol. Macromol. 2012, 51(5), 743–748.
[6] Sarko, A. Cellulose How much do we know about its structure. In: Wood and Cellulosics: Industrial
utilization, biotechnology, structure and properties (J. F. Kennedy, ed.). Chichester, UK: Ellis Horwood. 1987.
55–70.
[7] Bhatti, I., A., Zia, K., M., Ali, Z., & Zuber, M. Modification of cellulosic fibers to enhance their dyeability
using UV-irradiation. Carbohydr. Polym. 2012, 89(3), 783–787.
[8] Biswas, S.; Huang, X.; Badger, W.R.; Nantz, M.H. Nucleophiliccationization reagents. Tetrahedron Lett.
2010, 51, 1727–1729.
[9] Fang, K.; Wang, C.; Zhang, X.; Xu, Y. Dyeing of cationised cotton using nanoscale pigment dispersions.
Color. Technol. 2005, 121, 325–328.
[10] Hao, L.; Wang, R.; Liu, J.; Liu, R. The adsorptive and hydrolytic performance of cellulase on cationised
cotton. Carbohydr. Polym. 2012. 89(1), 171–176.
[11] Wurzburg, O. B. (1986). Modified Starches: Properties and Uses. . In: O. B. Wurzburg (Ed.), Modified
starches: Properties and uses. Boca Raton: CRC Press Inc. 1986, 113-129.
[12] Solarek, D. B. Cationic starches. In: O. B. Wurzburg (Ed.), Modified starches: Properties and uses. Boca
Raton: CRC Press Inc. 1986, 114–129.
[13] Qin, C.; Soykeabkaew, N.; Xiuyuan, N.; Peijs, T. The effect of fibre volume fraction and mercerization on
the properties of all-cellulose composites. Carbohydr. Polym. 2008,71(3), 458–467.
[14] Zhao, H.; Kwak, J.H.; Zhang, Z.C.; Brown, H.M.; Arey, B.W.; Holladay, J.E. Studying cellulose fiber
structure by SEM, XRD, NMR and acid hydrolysis. Carbohydr. Polym. 2007, 68, 235–241.

826

© CSIC © del autor o autores / Todos los derechos reservados

13th European Workshop on Lignocellulosics and Pulp

RELATIONSHIP AMONG CATIONIZATION DEGREE, CRYSTALLINE
STRUCTURE AND VISCOSITY OF THE CATIONIZED CELLULOSE
Antonio Tijero1*, Mª Dolores Hernández2, Ana Moral 2, Roberto Aguado1, Mª Jesús de la Torre2
1

Grupo de Celulosa y Papel, Chemical Engineering Dpt, Faculty of Chemistry, Complutense University of
*
Madrid, 28040 Madrid, Spain; ( e-mail: atijero@quim.ucm.es)
2
Chemical Engineering Dpt. Experimental Sciences Faculty, Pablo de Olavide University.41013
Seville, Spain

ABSTRACT
Polysaccharides are the most abundant biopolymers in nature and chemical modifications of these can be used in
the development of new materials. These polymers are the principal raw material in papermaking industry and,
due to their anionic character, lead to a decrease in the retention of fines and fillers. The traditional method to
control these issues is by means of the addition of cationic polymers. These cationic additives are used mainly to
decrease the overall negative charge of process waters, and therefore increase the attractive force between
particles in the process water. However, the cationic flocculant added can be the origin of several additional
problems in papermaking. The addition in excess of cationic polyelectrolyte can lead to formation adherent flocs
that decrease the process performance and increase the amount of contaminant in the process waters. The
cellulose studied come from cotton linter supplied by Aldrich Sigma. An alkali mercerization of the cellulose
was carried out followed by a cationization. The mercerization was carried out at different times and sodium
hydroxide concentrations. The linter underwent a mercerization in strong alkali at different temperature and
concentrations, and was analyzed by X ray diffraction in order to determine the relation between the crystalline
structure of the cellulose and the cationization degree reached. The mercerized cellulose was cationized by
reacting with a cationization agent, 3-Chloro-2-hydroxypropyltrimethylammoniumchloride (CHPTAC).
The objective of this study was the evaluation of the properties, cationization degree, crystalline structure and
viscosity related to the sequential process of mercerization-cationization of cellulosic fibers, to develop products
to be applied as flocculants, retention agents and adsorbents.

I. INTRODUCTION
Traditionally, one of the main applications of the cellulose has been papermaking. Cellulose has been widely
studied, but nevertheless, the structural characteristics of cellulose have not been fully identified and knowledge
of them is being improved by the use of new technologies [1]. The use of modified biopolymers is an interesting
alternative to the use of chemical agents due to being a renewable resource [2], thus minimizing costs and
environmental impact. Cationic cellulose derivatives can interact in a similar way to the cationic
polyacrylamides used traditionally in wastewater treatment and therefore could be use as flocculating agents [3].
Through the obtaining of cationic derivatives of cellulose pulp, a nucleophilic addition of alkali-activated
cellulose hydroxyl groups to the epoxy moiety of 2,3-epoxipropyl trimethyl ammpnium chloride takes place.
Due to the substituted group, this cellulose derivative has positive charges, which confers physicochemical
properties that enable a number of innovative applications. The mercerization process causes swelling of the
native cellulose fibre cell walls (cellulose I) with alkali, leading to cellulose II [4] and, therefore, altering the
chemical structure of the fibre, converting native cellulose into a polymorphic structure, thermodynamically
more favourable. This change is irreversible and usually accompanied by a decrease in crystallinity [5] and a
reduction in polymerization degree due to hydrolysis of the glycosidic bonds [5, 6]. Adding alkali leads to
improved properties such as fibre strength, resistance, gloss and dye affinity. [7, 8]. The improvement of these
properties is considerably influenced by the treatment time and the concentration of alkali [9].
Cationization is the reaction of a substrate with an electrophile reagent containing a quaternary ammonium salt.
Cationization of cellulose fibres can improve dye absorption [10]. With cotton, this mechanism can alter surface
electrical properties, which has caused great impact on textile industry [10, 11]. A wide variety of cellulosic
materials has been modified functionally by addition of sodium hydroxide as well as by covalent binding in
order to obtain an overall cationic charge [2].Cationic starches are widely used in the field of papermaking due to
its capacity to improve the mechanical properties, strength and drainage of sheets, retention of fines, fillers and
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dyes. Also, the use of cationic starches can decrease the biological oxygen demand of the paper mill effluents
[13] Another application of the cationic starches is as flocculants in wastewater treatment, or as additives in the
manufacture of textiles , cosmetics, detergents and adhesives [14]

II. EXPERIMENTAL
Raw material
The raw material used in the experiments was medium cellulose fibre from cotton linter supplied by Sigma
Aldrich. The reagents used in the mercerization process and cationization were sodium hydroxide, isopropyl
alcohol and 3-chloro-2-hydroxypropyltrimethylammonium chloride (CHPTAC), purchased from Aldrich.
Copper (II) Ethylenediamine, provided by Panreac, was used to measure pulp viscosity.
Mercerization
Mercerization process was carried out at various strong alkali conditions in order to obtain different degrees of
mercerization. The cellulose used was treated with sodium hydroxide at various concentrations values, 10, 20
and 30%, that corresponding to the acronyms C1, C2 and C3, respectively, and, various times, 60, 120 and 180,
minutes, that corresponding to the acronyms T1, T2 and T3, respectively, with periodic stirring. Next, the treated
sample was filtered on a glass fibre filter with a porosity of 2.7 micrometers, washed with water and ethanol and
vacuum-dried at 45 °C.
Cationization
The cationization agent used was CHPTAC. The cationization-mercerization process was carried out in a three
necked round bottom flask with a variable speed magnetic stirrer and heating mantle. The alkalized cellulose was
dissolved in a mixture of sodium hydroxide and isopropyl alcohol in the flask. When the mixture reached the set
temperature (70 °C), cationization agent CHEPTAC was added. Samples were taken every 30 minutes up to 300
minutes. The samples were filtered on a glass fibre filter of 7 micrometers, washed with water and air-dried.
Sample characterization
The samples were subjected to the following analysis: nitrogen elemental analysis, X-ray diffraction and
determination of viscosity. Nitrogen elemental analyses were carried out with a carbon, nitrogen and sulphur
analyzer LECO CNS-2001.Measurements of X-ray diffraction were carried out with PANanalytica equipment
using X'Pert MPD software. The computer software used for the acquisition, processing and evaluation of data
was DIFFRACplus Diffractometric. The crystallinity index of cellulose is expressed as the unity minus the ratio
of the amount of the amorphous part and the crystalline cellulose area, as show in equation 1. The value of the
diffraction intensity of the amorphous cellulose is taken as 118, and the diffraction intensity of the crystalline
cellulose, 225. Cellulose II is expressed by the intensity of bands, according to the expression of Equation 2.
CI (XD ) = 1 −

ham
ham
(I)
= 1−
hcr
htot − ham

CII =

Ir12 .1
(II)
Ir12 .1 + 0.5 ⋅ (Ir14 .6 + Ir16 .11)

The intrinsic viscosity of the pulps was obtained with an Oswald viscometer following the standard UNE 57-039
[15].

III. RESULTS AND DISCUSSION
Elemental Analysis
Figure 1 shows percentage of crystallinity versus mercerization time with different parameters studied in the
mercerization stage. The crystallinity indexes shown in Figure 1 were obtained from X-ray diffractograms. The
results showed a decrease of Cellulose I with an increase of the alkali concentration and time. The results at 10
and 20 % of alkali concentration show a low variability. The results of the trials carried out at 30% of alkali
concentration showed an increase of the amount of amorphous cellulose with time.
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Figure 1. Crystallinity of the alkalised cellulose
The increase of amorphous cellulose should lead to increase of the cationization capacity of the cellulose. All the
samples were submitted to an elemental analysis in order to obtain the percentage of nitrogen in its
compositions. The best results were obtained in the trials at the highest alkali concentration. Figure 2 shows the
percentage of nitrogen for the cellulose samples at the highest alkali concentration.

Figure 2. Percentage of nitrogen versus cationization time.
The higher the percentage of nitrogen in the cellulose sample analyzed is, the higher the cationization degree is,
since this percentage is due to nitrogenised groups introduced in the cellulose. The best performance was
obtained with cellulose mercerized for three hours. The content of nitrogen reaches its highest value at 100
minutes of cationization and remains relatively constant at higher cationization times.
Viscosity
The results obtained in the measurement of viscosity of cationized and alkalized cellulose are shown in Figure 3.
The viscosity of the solution depends on the molecular weight of the compounds in it. An increase of the
crystallinity does not lead to an increase of viscosity.

Figure 3. Viscosity of alkalised and cationized cellulose.
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IV. CONCLUSIONS
The best results of cationization were obtained with cellulose that had been submitted to a mercerization of 3 h at
high alkali concentration (30%). The best substitution degree and nitrogen percentage were obtained in trials
with high amorphous cellulose content. [1, 2].The amorphous cellulose, being more reactive than the crystalline
cellulose, leads to higher substitution degree. The reaction of substituting is relatively quick, reaching the
substitution degree equilibrium at relatively short cationization times.
The results of viscosity showed an increase of it with the cationization times at all the samples analyzed. This
increment can be due to, with increasing of the alkali concentration and residence time in the cationization
reactor, the cationization degree increasing the rate of formation of (2,3-epoxypropyl)trimethylamonium chloride
with the hydroxide group of the carbon six of the anhydroglucose unit.
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ABSTRACT
The limited availability of cotton linters encourage utilizing wood as a raw material for dissolving pulps with the
highest purity demand, even though the production of wood dissolving pulp is more challenging. The aim of this
study is to develop a simple process that would remove most of the pine wood hemicelluloses during a modified
prehydrolysis only, while avoiding an additional cold caustic extraction step. At the same time the removed
hemicelluloses should be available in the form of intact oligo- and monosugars in the prehydrolysate. Here, a
prehydrolysis with consecutive recirculation and percolation of water is used. The entire process consist only of
four steps; prehydrolysis, Kraft cooking, oxygen stage, and bleaching. The results show that by applying this
method it is possible to produce pulp with a minimum amount of non-cellulosic impurities. However, the
viscosity of the pulp is still unacceptably low due to a very high viscosity loss during the ECF bleaching
sequence applied.

I. INTRODUCTION
Cotton linters is the preferred raw material for the manufacture of cellulose products which do not tolerate
presence of even very small amounts of hemicelluloses or demand very high viscosity. However, the availability
of this raw material is limited and thus it is quite expensive. Alternatively, wood is the most important raw
material for high purity pulps, but the production of dissolving wood pulp meeting all quality requirements at a
reasonable yield is challenging. Today approximately half of the dissolving wood pulp is manufactured by the
prehydrolysis-Kraft (PHK) process, in which the non-cellulosic polysaccharides are removed from wood by the
prehydrolysis before the Kraft pulping. However, conventional application of aqueous-phase prehydrolysis, as
opposed to its steam equivalent, has been limited due to the formation of sticky lignin precipitates. On the other
hand, steam prehydrolysis does not allow the recovery of the hemicellulose-rich dissolved organic fraction. Here,
a prehydrolysis by consecutive recirculation and percolation modes is seen as a process combining the
advantages of both the aqueous-phase in batch and flow-through prehydrolysis. In this process a prehydrolysis in
recirculation mode is performed at elevated temperatures until the removed hemicelluloses start to react to
unwanted degradation products. Subsequent percolation mode with a continuous fresh water feed is then applied
in order to increase the removal of hemicelluloses while avoiding carbohydrate degradation and lignin
recondensation. The aim is to simultaneously achieve increased removal of hemicelluloses and maximize the
utilization potential of the organic fraction in the hydrolysate.
II. EXPERIMENTAL
The prehydrolysis experiments were performed in a 10-liter reactor that allows recirculation and percolation of
liquid. In the prehydrolysis, 750g of OD pine wood chips were treated at temperatures 170 and 200°C. The
liquid to wood –ratio was adjusted so that the chips were covered by liquid during the experiments. The
reference prehydrolysis treatments consist of a hydrothermolysis with water recirculation only (batch mode). The
studied prehydrolysis concept applies combined recirculation/percolation of water. During the percolation mode
fresh water was fed continuously from the top of the reactor. In order to investigate the effects of the
prehydrolysis on wood composition, these experiments were repeated with various treatment times. Samples of
hydrolyzed wood chips were air dried, refined and their carbohydrate and lignin compositions were analyzed
according to method NREL/TP-510-42618 and Janson’s method [1]. These results were then used to determine
suitable conditions for the pulping experiments.
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The aim was to adjust the pulping process conditions so that pulp with Kappa number around 25 and a high
purity in cellulose would be produced. The chosen prehydrolysis conditions for reference experiments (batch
mode) were 90 minutes at 170°C and 15 minutes at 200°C, resulting in P-factors of 1000 and 1300, respectively.
Experiments with consecutive recirculation and percolation of the water were also performed at 170°C and
200°C and the total treatment times were equal to the reference experiments. Kraft cooking was performed in an
air bath digester at 160°C with effective alkali of 22%, sulfidity of 40%, and liquor to wood -ratio of 4:1. When
bleaching the PHK pulp samples, following sequence was applied: First, a two-stage oxygen delignification was
performed in an air bath digester at 120°C. Samples were then bleached by sequence D0-EOp-D1-P. The
conditions of each stage are described in Table 1. The bleached pulp samples are represented by numbers 1, 4,
and 5 in Table 2.
Table 1. Applied bleaching sequence.
Bleaching stage

D0

EOP

D1

P

Consistency, %

10

10

10

10

Temperature, °C

50

80

70

75

Time, min

60

60

120

180

Bleaching chemicals

Kappa factor
active chlorine

0.25

as

Final pH adjusted to 2.3
by using H2SO4

NaOH 20 kg/t

Kappa factor 6.0 as active
chlorine

H2O2 3 kg/t

Final pH adjusted to 3 by
using NaOH

O2 pressure 3bar

H2O2 8 kg/t
NaOH 10 kg/t
EPSOM 0.5kg/t (Mg)

EPSOM 3kg/t

III. RESULTS AND DISCUSSION
The applied prehydrolysis and Kraft cooking conditions and the main pulp properties of the non-bleached
samples are shown in Table 2. With the exception of the H-factor, cooking conditions were similar for all of the
samples, as described above in experimental part. Carbohydrate and lignin compositions of samples 1, 4, and 5
after prehydrolysis and Kraft cook are shown in Figure 1.
Table 2. Prehydrolysis and Kraft cook circumstances and main pulp properties of the non-bleached samples. C
stands for circulation mode and P stands for percolation. Sample number 6 is bleached softwood acetate-grade
pulp.
Prehydrolysis

Kraft cook

Pulp properties

Sample

Temperature, time,
L:W

Temperature,
H-factor

Yield,
%

Kappa
number

Viscosity,
mL/g

Cellulose,
% on pulp

Glucomannan,
% on pulp

Xylan,
% on
pulp

Lignin,
% on
pulp

1

170°C 90 min, 7:1

160°C, 1200

37.3

18

860

93.4

1.3

2.4

2.9

2

170°C 90 min, 7:1

160°C, 1600

34.6

16

795

93.8

1.0

2.5

2.7

3

170°C 60 min(C) +
30 min(P), 53:1

160°C, 1600

34.7

15

725

93.9

1.2

2.3

2.6

4

200°C 15 min, 7:1

160°C, 1600

30.6

25

590

95.0

0.3

1.2

3.5

5

200°C 10 min(C) +
5 min(P), 16:1

160°C, 1600

31.2

25

615

94.9

0.3

1.4

3.3

6

Commercial SW
acetate-grade pulp

826

97.5

0.9

1.6

0.0
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Composition % on initial wood

100

9,1
3,1

3,9
75

50

25

15,4
8,2
28,7

27,0

39,5

5,5

30,4
0,9
0,5
1,1

40,2

2,9

6,2

34,8

41,2

27,2
0,4
0,1
1,1
29,1

0,4
0,1
40,7

1,0

Xylan
Glucomannan
Lignin
Cellulose

29,6

0
Raw material Ref. 170°C, Ref. 170°C Ref. 200°C, Ref. 200°C 200°C, 10+5
90 min
and Kraft (1)
15 min
and Kraft (4)
min

200°C and
Kraft (5)

Sample
Figure 1. Carbohydrate and lignin compositions of raw material (pinus sylvestris) and samples 1, 4, and 5 after
prehydrolysis and Kraft pulping as % on initial wood.
Figure 1 illustrates that at 200°C a remarkable share of the hemicelluloses can be removed after relatively short
prehydrolysis without any significant losses of cellulose or lignin. After 15 minutes of prehydrolysis with
recirculation of water, 62.0% of the hemicelluloses is removed, while after 10 minutes of circulation followed by
a 5 minutes percolation treatment, 65.7% of the hemicelluloses is removed. In order to remove an equal amount
of hemicelluloses at 170°C, a substantially longer treatment time would be needed; after 90 minutes of batch
mode prehydrolysis 50.6% of hemicelluloses is removed. As shown in Figure 1, cellulose and lignin do not
degrade to a large extent during the prehydrolysis and, therefore, most of the organic compounds found in
hydrolysate are originated from the hemicelluloses. When it comes to collection and utilization of the removed
hemicelluloses in hydrolysate phase, higher prehydrolysis temperature might be more favorable due to increased
hemicellulose removal.
Based on the chemical composition of the pulp samples shown in Table 2 and Figure 1, most of the lignin and
remaining hemicelluloses are removed during the Kraft cooking. The results show differences in total yield of
the first two stages caused by the prehydrolysis temperatures. After a prehydrolysis at 200°C and Kraft cooking,
the total yield is almost 4% lower compared to pulps with prehydrolysis at 170°C, even though the H-factors
were similar. However, as regards acetate-grade pulp production, the pulp compositions of the samples with
prehydrolysis at 200°C are more favorable. According to carbohydrate and lignin analyses, higher temperature
during the prehydrolysis results in higher amount of cellulose (95% compared to approximately 94% on pulp)
and lower amount of hemicelluloses (approximately 1.5% compared to 3.5% on pulp) which is a prerequisite for
acetate-grade pulp. The main disadvantage of the used method is the effect of the prehydrolysis on viscosity:
viscosities decrease below the level of commercial dissolving pulp already before the bleaching. The effect of
increased prehydrolysis temperature on higher loss in viscosity is obvious. When comparing the pulps cooked
with H-factor of 1600, after prehydrolysis at 170°C and a Kraft cook viscosity varies between 725 – 795mL/g,
while prehydrolysis at 200°C and Kraft cook results in viscosities around 600mL/g. After the Kraft cooking pulp
samples 1, 4, and 5 were bleached. Table 3 provides the properties of these pulp samples after the bleaching.
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Table 3. Properties of the pulp samples after each bleaching stage.
Oxygen 1

Oxygen 2

D0-EOP

D1-P

Sample

Kappa
number

Viscosity,
mL/g

Kappa
number

Viscosity,
mL/g

Kappa
number

ISObrightness, %

ISObrightness, %

Viscosity,
mL/g

1

10

650

4

485

0.8

83.8

92.2

345

4

12

445

4

365

0.8

82.6

91.8

270

5

14

500

4

400

0.6

84.4

92.0

285

The initial Kappa number of sample 1 was notably lower than the Kappa number of the samples 4 and 5, 18 v.
25, respectively, but already after the oxygen stages the Kappa numbers decrease to same level. When bleaching
is continued, Kappa numbers and ISO-brightness values of all three samples become consistent. Bleachability of
the samples is good and the final ISO-brightness values of about 92% are at the target level. However, viscosity
losses are significant also during the oxygen stages and bleaching. Especially during the oxygen delignification
viscosities of all three samples decrease greatly. The viscosities were relatively low already before bleaching and
the final viscosities around 300mL/g are not on acceptable level for an acetate-grade pulp.
IV. CONCLUSIONS
The main outcome of this study is that by using the developed method it is possible to produce dissolving
softwood pulp with a minimum amount of impurities. However, the level of the viscosity does not yet conform
to the requirements for acetate-grade pulp. Next steps of this study will focus on modifying the bleaching
sequence so that the decrease of viscosity would be avoided. The chemical composition analyses of
prehydrolyzed chips show that most of the softwood hemicelluloses can be removed when using studied
consecutive recirculation/percolation prehydrolysis concept at elevated temperatures. Further investigation to
characterize the constituents of the hydrolysates is needed in order to evaluate the possibilities to utilize this
removed fraction.
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ABSTRACT
The brightness reversion of dissolving eucalypt sulphite pulp under conditions simulating the marine atmosphere
during pulp shipping has been studied. Accelerated aging of seawater sprayed pulp has been monitored by wet
chemical methods (viscosimetry, determination of carbonyl and carboxyl groups) and by UV–VIS Diffuse
Reflectance (UV–VIS DR) spectroscopy and VIS–Resonance Raman (VIS–RR) spectroscopy. The results of this
study clearly showed that the marine atmosphere has a detrimental effect on the brightness stability of bleached
pulps. Pulp cellulose suffered from oxidative depolymerization in the presence of seawater salts under conditions
of wet-thermal aging. This process was accompanied by the formation of new oxidised structures containing
carbonyl and carboxyl groups, which were extensively converted into chromophore structures. The oxidative
depolymerization of cellulose in the presence of seawater upon aging was associated with certain seawater salts,
i.e. mineral components, such as alkaline carbonate salts and transition metal cations provoking base-induced
autoxidation reactions. This work is the first evidence for the increasing of pulp brightness reversion under
conditions of marine atmosphere.
I. INTRODUCTION
Bleached cellulosic pulps are vulnerable to environment conditions during its storage and transportation. Under
increased humidity/temperatures and UV irradiation pulp components suffer a series of autocatalytic reactions
leading to polysaccharide degradation and formation of chromophores (aging), which is highly undesirable for
customers. According to industrial experience the pulp aging during transportation of unprotected pulp bales by
marine transport is particularly noticeable. However, practically nothing is known how marine atmosphere can
enhance the ageing of bleached pulps. The main objective of this work was to evaluate the effect of marine
atmosphere on brightness reversion of bleached pulp using the model pulp samples treated by seawater under
laboratory condition and subsequently subjected to wet-thermal aging.
II. EXPERIMENTAL
Materials
The dissolving TCF bleached sulphite pulp sheets of 91.8% ISO brightness (denominated as P0) supplied by
CAIMA pulp mill (Portugal) were involved in experiences on combined accelerated ageing, i.e. dry assay
(T=70°C for 24 hrs) followed by a wet-thermal step according to TAPPI T260 om-91 (T=100°C and RH=100%
for 1 hour). Dissolving pulp contained less than 0.1% of lignin and less than 3% of pentosans. In order to model
the condition of marine atmosphere, pulp sheets were treated by spray of seawater sampled at the Atlantic Ocean
coast in Portugal. Analysis of the seawater (pH≈8) with salinity of 3.7 wt.% showed the presence of the most
abundant anions (Cl- 58.2 wt.% and SO42- 7.7 wt.%, ) and cations (Na+ 24.0 wt.% and Mg2+ 3.1wt.%). Other
anions (e.g. CO32-, NO3-, Br-, I-, etc.) and cations (Ca2+, K+, Sr2+, etc.) were presented in much lower amounts.
Two levels of seawater spray were applied, one with lower content (ca 4.5 g/m2, P2) and one with higher content
(ca 20.0 g/m2, P3) of salts. For the comparative reason also a spray of distilled water was applied as well (P1).
Methods
The measurement of ISO brightness according to TAPPI T452 om-92 was carried out using an L&W Elrepho SE
070 spectrophotometer. ISO brightness/ISO yellowness was determined for all samples three times: before
aging/after first dry step of aging/after combined aging. Post Color (PC) Number was determined in the relation
to the first dry step of aging process (PC Number I) and to the combined double step aging (PC Number II) [1].
The determination of the intrinsic viscosity of the pulps was performed using a cupriethylenediamine (CED)
solution according to ISO 5351/1. Degree of polymerization (DP) of cellulose chains in pulps were calculated
based on measured intrinsic viscosity values according to equation developed by Evans and Wallis [2]. The
quantification of carbonyl group content was determined according to the Sabolks method [3]. The carboxyl
groups in pulps were determined according to TAPPI T237 om-1993.
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UV–VIS DR spectra of samples were recorded on a JASCO V-560 spectrophotometer equipped with a JASCO
ISV-469 integrating sphere and using BaSO4 standard as a background reference. The measured range was 200–
800 nm with scanning speed of 200 nm/min and bandwidth of 5 nm. The reflectance spectra were also converted
into k/s spectra using known Kubelka-Munk equation.
Micro-Raman spectra of samples were recorded on a Jobin Yvon (Horiba) LabRam HR 800 micro-Raman
spectrometer under backscattering configuration and using 40 × NUV objective. Measurement was performed in
a visible region of the spectrum at @442 nm (He-Cd UV laser, Kimmon IK Series). The recorded spectral range
was 800–1800 cm−1. The spectra were collected during 30 s of acquisition time to avoid photodegradation. For
each pulp sample at least 3 points were analysed in order to obtain an average spectra. The spectral data were
subjected to background correction (linear fluorescence) and normalised to the ca. 1380 cm−1 band [4].
III. RESULTS AND DISCUSSION
Optical Properties
The brightness of initial pulp (P0) before aging was 91.79 ± 0.21% ISO (Table 1) and decreased by 2.13% after
two combined (dry and wet) aging steps (P0-CA). The blank pulp P1, which were sprayed by distilled water,
showed almost the same brightness and yellowness as P0. It was also evidenced that with increasing amounts of
sprayed salts on cellulose its brightness decreases progressively and the yellowness has a contrary growing trend
(Table 2). For a series of samples subjected to wet-thermal aging the brightness decreases in the range from 2.1
to 2.9% and the yellowness increases in the range 25.2 to 29.5%. Between the PC Number I (dry aging step) and
the PC Number II (wet aging step) there is a very good linear relationship: pulp samples after combined aging
have universally double tendency to the brightness reversibility comparing to the same samples after only the
first dry phase of the combined aging. In conclusion, the presence of seawater salts during accelerated aging has
promoted brightness reversion, i.e. the content of chromophores in pulp cellulose was increased. Note worthy the
brightness reversion of pulp was not linearly proportional to amount of sprayed seawater salts, because PC
numbers of P2 and P3 were similar while the amount of sprayed seawater was almost 5 times higher in the case
of P3 than with P2.
Table 1. Effect of seawater on the optical properties of pulps under conditions of wet aging.
NON-AGIED
Sample
P0
P1
P2
P3

ISO Brightness
(%)
91.79 ± 0.21
91.78 ± 0.06
91.27 ± 0.14
90.79 ± 0.14

ISO Yellowness
(%)
4.97 ± 0.07
5.01 ± 0.03
5.22 ± 0.03
5.50 ± 0.07

AFTER COMBINED AGING
(CA)
ISO Brightness ISO Yellowness
(%)
(%)
89.84 ± 0.24
6.22 ± 0.12
89.83 ± 0.12
6.48 ± 0.14
88.69 ± 0.24
6.60 ± 0.08
88.21 ± 0.12
7.12 ± 0.16

PC
number
I

PC
number
II

0.111
0.133
0.152
0.138

0.213
0.275
0.305
0.323

Changes of the Degree of Polymerization, Carbonyl and Carboxyl Content
Accelerated aging of both non-sprayed and sprayed initial pulp P0 with distilled water (P0-CA and P1-CA,
respectively) revealed small increase in carbonyl groups and insignificant cellulose depolymerization (Table 2).
However, pulp samples sprayed by seawater (P2-CA and P3-CA) exhibited after aging rather significant growth
in carbonyl and carboxyl groups and about 15-23% decrease in DP compared to P0. These data evidenced
significant oxidative depolymerization of cellulose upon aging and formation of new oxidised structures in pulp.
Note worthy that the formation of new carbonyl groups in cellulose was less accentuated than carboxyl groups
(e.g. for sample P3-CA the increase of CO groups was of 59% and COOH groups of 208%). Again, as in the
case of brightness reversion of pulp discussed above, the increase in oxidised structures was not proportional to
amount of sprayed seawater salts, because P2-CA and P3-CA showed comparable rise in CO and COOH groups
while the amount of sprayed seawater was almost 5 times higher in the case of P3 than with P2. Randomly
oxidised polysaccharide chains appeared in the presence of seawater salts could suffer extensive hydrolytic
cleavage of weakened glycosidic bonds. The newly formed carboxyl groups have a known catalytic effect in
aging reactions [5]. Oxidised structures containing CO and COOH groups are particularly vulnerable to
formation of chromophores during aging. The positive correlation between oxidised structures in pulp and it
yellowing was previously reported [6]. In fact, a clear correlation between the amount of oxidised structures in
aged pulps (Table 2) and their susceptibility towards brightness reversion have been observed (Table 1).
The oxidation of cellulose could be induced by basic salts presented in seawater, mostly sodium and potassium
carbonates. After drying of seawater, a local concentration of basic salts on the surface of pulp fibres could be
high enough to provoke base-induced autoxidation reactions. However, taken into consideration the diversity of
seawater salts composition, other mechanisms of cellulose degradation under aerobic conditions may be also

836

© CSIC © del autor o autores / Todos los derechos reservados

13th European Workshop on Lignocellulosics and Pulp

proposed (e.g. oxidative catalysis with ferric, copper or strontium salts, with iodine or bromine presented in
seawater or produced by disproportionation reactions, etc.).
Table 2. Results on pulps analysis for intrinsic viscosity, degree of polymerization and oxidised groups (CA–
samples after combined aging).
Sample

Intrinsic viscosity
(cm3/g)

Degree of
polymerization

Carbonyl (CO) content
(mmol/kg)

Carboxyl (COOH) content
(mmol/kg)

P0
P0-CA
P1-CA
P2-CA
P3-CA

498 ± 1
474 ± 1
470 ± 1
429 ± 1
395 ± 1

1732
1640
1624
1468
1339

5.7 ± 0.15
6.4 ± 0.20
6.4 ± 0.25
7.8 ± 0.05
9.1 ± 0.15

41.1 ± 0.30
62.3 ± 0.15
65.1 ± 0.35
119.0 ± 0.20
126.5 ± 0.25

Figure 1. UV–VIS DR spectra of the selected model
pulp samples.

Figure 2. VIS–RR spectra of the selected model pulp
samples.

Analysis of Pulps by UV–VIS DR and VIS–RR Spectroscopy
Aged P0–P3 pulps were analysed by UV–VIS DR and VIS–RR spectroscopy to evaluate the origin of
chromogens/chromophore structures. Thus, absorbance curve of P0 (Figure 1) exhibited three intensive bands at
ca 247, 278 and 328 nm, which were increased after aging of non-sprayed (P0-CA) and, especially, of sprayed
pulps with seawater (P2-CA and P3-CA). The absorption maxima at 247 nm in pulp is frequently assigned to
structures with single double bonds conjugated with carboxyl group ( → * transition), whereas band at ca 280
and 325 nm could be assigned to aromatic structures and to carbonyl/carboxyl-containing structures with
conjugated multiple double bonds, respectively [4]. The strong increasing in absorbance at 247, 278 and 328 nm
upon aging of pulp sprayed with seawater evidences the formation of aforementioned polyunsaturated structures.
At the lowest content of seawater salts applied in pulp P2-CA the band at 278 and 328 nm are increased
significantly, whereas at highest content of seawater salts applied in pulp P3-CA the bands at 247 and 278 nm
were risen pronouncedly, unlike to the band at 328 nm. Hence, structures absorbed at 328 nm were almost
independent on amount of seawater sprayed on pulp before the accelerated aging.
The chromophore structures formed upon aging were also assessed by VIS–RR spectra using laser excitation
beam at 442 nm (@442 nm) just nearby the wavelength normally used for the determination of pulp brightness
at 457 nm (Figure 2). Since cellulose content of samples was presumed to remain nearly constant, all spectra
were normalized to cellulose CH bending band at 1380 cm-1. Chromophores contribute essentially to the VIS–
RR spectra at 1550–1750 cm-1. Two major bands were observed in this region at ca 1595 and at ca 1660 cm-1.
The band about 1600 cm-1 is usually assigned to aromatic/quinonic structures or structures containing multiple
conjugated double bonds with carbonyl groups and the band at about 1660 cm-1 to the structures with double
bond conjugated to carboxyl group (e.g. HexA) or with aromatic structures [4]. Interestingly, the intensity of the
band of 278 nm in the UV–VIS DR spectra (assigned to series of conjugated double bonds or aromatic
structures) correlated well with the band of 1595 cm-1 in the VIS–RR spectra, whereas the band of 247 nm,
correlated with the less pronounced signal of 1660 cm-1 (Figure 2). Hence, the formed chromophore structures
in aged pulps may be assigned to carbonyl groups containing structures with conjugated multiple double bonds
and moieties with double bonds linked to carboxyl groups. Moreover, the amount of these structures increase
drastically after pulp spraying with seawater before the aging tests.
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After cellulose oxidation a variety of oxidized groups may appear at various positions of glucopyranose rings
(most likely at C2, C3 and C6), apart from the terminal positions. At least part of these oxidized structures may
provide a contribution to the band centred at around 1600 cm-1 in Raman spectra due to the formation of
conjugated double bonds formed as a result of tautomerization of carbonyl groups to the corresponding enols [8].
The growing intensity of signal at 1595 cm−1 is coherent with increase of unsaturated and carbonyl structures in
the samples and inversely with pulp brightness, which decreases in order: P0, P0-CA, P2-CA, and P3-CA. The
structures of quinone type derived from hydrothermal degradation products of carbohydrates upon wet-thermal
aging may be suspected [5]. The band at ca. 1480 cm-1 correlate directly with the furan derivates, an eventual
chromogen structure in pulps treated with seawater salts. The bands at ca. 1093 cm -1 and at 1120 cm-1 includes
the contributions of C-O-C and O-C-O stretching of glucopyranosyl unit and β-(1→4) glycosidic linkages in
cellulose (glycosidic O-C-O symetric and asymetric stretching modes of vibrations from carbonyl moieties in its
hemiacetal and hydrate configurations) [4, 7]. A major part of carbonyl groups (both ketone and aldehyde) are
present in oxidized polysaccharides in hydrated or hemiacetal forms [5] thus contributing to the intensity of
bands at ca. 1093 cm-1 and at 1120 cm- [4]. These changes in Raman band intensity (Figure 2) are therefore
proportional to the increase in carbohydrate oxidation after aging of seawater sprayed pulps (Table 2). A very
sharp signal Raman signal at ca 980 cm-1 in P3-CA and less intensive in P2-CA were assigned to 1 vibrations in
SO42- belonging to seawater salts.
IV. CONCLUSIONS
The results of this study clearly showed that the marine atmosphere have a detrimental effect on brightness
stability of bleached pulps. Pulp polysaccharides suffered oxidative depolymerisation in the presence of seawater
salts under conditions of wet-thermal aging with formation of new oxidised structures containing carbonyl and
carboxyl groups. At least part of these oxidised structures has been transformed into chromophore structures
upon aging. The combined spectroscopic analysis of aged pulps by UV–VIS DR and VIS-RR (@442 nm)
showed the appearance of structures containing carbonyl/carboxyl groups coupled with polyconjugated double
bonds including quinone structures. The increase of pulps absorbance at 247 and 278 nm in UV–VIS DR spectra
upon aging corroborated with intensities of bands at ca 1660 and 1600 cm-1, respectively, in VIS-RR (@442 nm)
spectra. The oxidative depolymerization of cellulose in the presence of seawater upon aging was associated with
it certain mineral components, such as alkaline carbonate salts and transition metal cations provoking baseinduced autoxidation reactions.
V. ACKNOWLEDGEMENT
Authors wish to acknowledge the FCT (Fundação para a Ciência e Tecnologia) and CICECO for financial
support within the scope of the project Pest-C/CTM/LA0011/2013. This research work was also supported by
the Slovak Scientific Grant Agency VEGA under contract No. 1/0454/12.
VI. REFERENCES
[1] J.-E. Levlin, J.-E.; Söderhjelm, L. (Eds.) Pulp and Paper Testing. Fapet Oy, Helsinki, 1999, 128–129.
[2] Evans, R.; Wallis, A.F.A. Cellulose molecular weights determined by viscometry. J Appl Polym Sci. 1989,
37(8), 2331–2340.
[3] Obolenskaya, A.V.; Elnitskaya, Z.P.; Leonovitch, A.A. Determination of aldehyde groups in oxidized pulp.
In Laboratory Manipulations in Wood and Cellulose Chemistry. Ecologia, Moscow, 1991, 211–212.
[4] Loureiro, P.E.G.; Fernandes, A.J.S.; Carvalho, M.G.V.S.; Evtuguin, D.V. The assessment of chromophores
in bleached cellulosic pulps employing UV-Raman spectroscopy. Carbohyd Res. 2010, 345(10), 1442–1451.
[5] Rosenau, T.; Potthast, A.; Krainz, K.; Yoneda, Y.; Dietz, T.; Shields, Z.P.I.; French, A.D. Chromophores in
cellulosics: VI. First isolation and identification of residual chromophores from aged cotton linters. Cellulose.
2008, 18(6), 1623–1633.
[6] Barbosa, L.C.A.; Maltha, C.R.A.; Demuner, A.J.; Cazal, C.M.; Reis, E.L.; Colodette, J.L.A. Rapid method
for quantification of carboxyl groups in cellulose pulp. BioResources. 2013, 8(1), 1043–1054.
[7] Edwards, H.G.M.; Farwell, D.W.; Williams, A.C. FT–Raman spectrum of cotton: a polymeric bimolecular
analysis. Spectrochem Acta, Part A. 1994, 50, 807–811.

838

© CSIC © del autor o autores / Todos los derechos reservados

13th European Workshop on Lignocellulosics and Pulp

REMOVAL OF LIGNIN AND HEXENURONIC ACIDS FROM SISAL FIBERS
WITH NOVEL XYLANASES BELONGING TO DIFFERENT GH FAMILIES
Susana V. Valenzuela1*, Cristina Valls2, Mª Blanca Roncero2, Teresa Vidal2, Pilar Diaz1 y F.
I. Javier Pastor1
1

Department of Microbiology, Faculty of Biology. Av. Diagonal 643, E‐08028 Barcelona. 2Department
of Textile and Paper Engineering, Polytechnic University of Catalonia. Colom 11, E‐08222 Terrassa
(*susanavalenzuela@ub.edu)

ABSTRACT
The aim of this study was to evaluate five different preparations of xylanases from Paenibacillus barcinonensis,
a highly xylanolytic species, who is able to grow on xylan as a sole carbon source.
As raw material to assess, fibers from sisal (Agave sisalana) were chosen. Sisal pulps were bleached by an XP
sequence, where X denotes the enzyme treatment and P a hydrogen peroxide extraction stage. Kappa number,
brightness, viscosity and hexenuronic acid content of samples were determined. Sugars released from sisal pulps,
other non-wood fibres and also eucalyptus fibres, by the treatment with the xylanases were also analysed. The
best results were obtained with the GH10 xylanase and with crude supernatants of P. barcinonensis, which
produced a lignin removal of 23% and a reduction of 25% in the hexenuronic acid content of sisal pulps without
a significant loss of viscosity. The xylanases of family GH30 showed good performance, being more efficient
when applied as a single catalytic domain. On the contrary, Xyn11E did not show any significant effect on pulp
properties.
The release of sugars in the effluents from the X stage applied to sisal correlated with the effectiveness of the
xylanases tested. The xylan content of wood and non-wood fibres, the type of xylan and its accessibility also had
an influence on the xylanase activity on pulps.
I. INTRODUCTION
The use of xylanases as bleaching agents of fibers is a sustainable alternative to the traditional chemical
bleaching used in the paper industry. However, the bleaching capacity is not distributed among all of these
enzymes, and generally the xylanases belonging to the GH11 family are considered more efficient than the
members of the GH10 family. Recent reports show that xylanase application in pulps can also reduce the content
of hexenuronic acids (HexA), formed during the alkaline cooking of wood [1]. HexAs can increase kappa
number and brightness reversion, and besides produce a consumption of bleaching reagents and can retain metal
ions [2]. Xylanase-assisted bleaching of wood and non-wood pulps is the focus of several studies designed to
identify the most appropriate enzymes and the optimum conditions of application.
In this study, the effects of five different xylanase preparations from Paenibacillus barcinonensis, were assayed
to remove HexAs and lignin from unbleached sisal pulps. The first xylanase evaluated was Xyn10A [3], which
belongs to the GH10 family of glycosyl hydrolases. This xylanase was cloned by amplification with degenerate
primers designed from the amino terminal sequence of the protein. The second xylanase tested, Xyn30D belongs
to family GH30 and has a modular structure GH30-CBM35 [4]. This xylanase was recently identified by
proteomic analysis of secretome of P. barcinonensis. Xyn30D was assayed as a complete modular protein and,
alternatively, devoid of its carbohydrate binding module CBM35. A fourth xylanase tested was Xyn11E, a new
family GH11 xylanase cloned with primers deduced from the genome of Paenibacillus polymyxa [5]. Finally, the
supernatants of P. barcinonensis grown on rice straw were evaluated as a crude xylanase [6].
Commercial non-wood pulp production has been estimated to account for about 10% of global pulp production
and is expected to increase in the next few years. Sisal (Agave sisalana) is a good candidate for such use because
of its commercial price, ease of availability and renewability [7]. Sisal fibres, moreover, offer attractive
properties, such as their high tear strength, cellulose content, porosity, and folding endurance, for the production
of a variety of specialty and high value papers, such as those used in surgical gauze, filters, condensers or even
for tea bags [8]. Sisal fibers have not been evaluated in detail for its enzymatically assisted bleaching, a fact that
gives more interest to the analysis performed. Our study reports for the first time the application of noncommercial xylanases to sisal fibres.
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II. EXPERIMENTAL
Raw material
Sisal (Agave sisalana) pulps were supplied by CELESA (Tortosa, Spain). Initial pulp properties were 47.8% ISO
brightness, kappa number 8.1, viscosity 778 mL/g and hexenuronic acid content (HexA) 42.0 µmol/g oven-dried
pulp (odp). Flax (Linum usitatissimum), showing 40.1% ISO brightness, kappa number 10.5 and 12.5 µmol
HexA /g odp; and kenaf (Hibiscus cannabinus), showing 35.1% ISO brightness, kappa number 12.9 and 50.1
µmol HexA /g odp were also supplied by CELESA. Eucalyptus (Eucalyptus globulus) kraft pulp, 38.3% ISO
brightness, kappa number 14.3 and 36.5 µmol HexA /g odp was supplied by ENCE (Pontevedra, Spain).
Xylanase treatments
The xylanases (EC 3.2.1.8) assayed were Xyn10A [3], Xyn30D and Xyn30Dcat [4], and Xyn11E [5]. Pba crude
xylanase consisted in the supernatant of cultures of P. barcinonensis grown for 3 days at 37ºC on LB broth
supplemented with 0.5% rice straw. Xylanase treatments (X stage) were performed on 12 g of dried pulp using
10 xylanase Units per gram of odp in 50 mM phosphate buffer, pH 6.0 at 10% consistency. The treatments were
carried out in polyethylene bags at 50 °C for 2 h. The control reaction contained all the components with the
exception of the enzyme. Xylanase activity was determined as described [3].
Bleaching treatment
The X stage was followed by a hydrogen peroxide bleaching stage (P stage). The P stage was carried out using
2% H2O2, 1.5% NaOH, 0.5% DTPA (diethylenetriaminepentaacetic acid) and 0.2% MgSO4 (percentages
referring to odp), at 5% pulp consistency, at 90 °C for 2 h, in an Ahiba Spectradye dyeing apparatus (Datacolor).
Analysis of pulp properties
Kappa number, pulp brightness and viscosity were determined according to ISO 302, ISO 2470-1 and ISO
5351/1, respectively. The HexA content was determined following the Gellerstedt and Li method [9].
III. RESULTS AND DISCUSSION
Xylanase activity on sisal fibres
In a first approach to evaluate the activity of the xylanases belonging to different GH families on sisal fibres, the
effluents obtained from the enzyme treatments (X stage) were analyzed to quantify their reducing sugar content.
Xyn10A and Pba crude xylanase released high amounts of reducing sugars from sisal fibres, Xyn30Dcat and
Xyn11E released lower amounts, while treatment with Xyn30D released only a very small amount of these
sugars (Table 1). The amounts of sugars obtained with Pba crude xylanase was very similar to that obtained with
Xyn10A, which is in line with the fact that it is the predominant xylanase in the supernatants of P. barcinonensis
cultures as it has been shown by SDS-PAGE and zymographic analysis [6].

Analysis of sisal pulp properties
Pulp samples taken after the X and P stages respectively were analyzed in order to evaluate and compare the
ability of the xylanases to increase lignin and chromophore removal. Table 2 shows kappa numbers and
brightness values of the pulp samples after these two stages. Xylanase treatment led to a decrease in kappa
number of most of the samples. These decreases were in accordance with the amount of sugars released by each
enzyme. The maximum effects were obtained with Xyn10A and with Pba crude xylanase, which produced kappa
number decreases of 22 and 21% respectively after the X stage and 23 and 18% respectively after the P stage,
compared to control values. Xyn30Dcat also presented a marked decrease in kappa number (11%) after the P
stage (Table 2).
Brightness analyses of the pulp samples after the X stage showed that treatment with Xyn10A, Pba crude
xylanase and Xyn30Dcat increased brightness by 8.3, 2.8 and 1.5% ISO respectively, compared to control values
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(Table 2). After the P stage, all samples, including controls, showed a notable increase in brightness of around
25% ISO, indicative of the bleaching effect of alkaline peroxide. Xylanase treatment led, in most instances, to an
additional increase in brightness between 0.9 and 2.4% ISO. Surprisingly, yet in accordance with the absence of
any significant contribution to lignin removal, treatment with Xyn11E did not increase pulp brightness, showing
that, contrary to what has been suggested, not all family GH11 xylanases are suitable candidates for bleaching.
Our results show that xylanase effects were less evident after the P stage than they were after the X stage,
probably because of an excess of bleaching agent during the second stage. Nevertheless, the bleaching capacity
of the xylanases could be detected immediately after the X stage by evaluating changes in pulp properties [10].
Xyn10A was found to be the best candidate among those assayed for improving the bleachability of sisal fibres.
However, Pba crude xylanase performed similarly to Xyn10A, the predominant enzyme in the multicomponent
xylanase. Thus, it would be considerably cheaper to use Pba crude xylanase, the supernatant of P. barcinonensis
cultures, than to employ recombinant Xyn10A, due to the costs that its production can imply. A comparison of
Xyn30D and Xyn30Dcat shows that better results were obtained by the latter, which is a truncated derivative of
Xyn30D. As Xyn30D is a modular xylanase containing the carbohydrate-binding module 35 (CBM-35), it is of
greater size (62 kDa) than Xyn30Dcat, which comprises no more than the catalytic module of the enzyme (47
kDa). Even when the catalytic domain is responsible for xylan hydrolysis (and hence its bleaching capability),
the extra size provided by CBM-35 could interfere with xylan accessibility. Previous results from the
performance evaluation of a modular 120 kDa xylanase from P. barcinonensis on eucalyptus fibres showed that
the enzyme did not produce any effects on bleaching [11]. These results suggest that the accessory modules may
decrease the bleaching efficiency of an enzyme, because of the difficulties a larger molecule encounters to access
the lignin trapped in pulp fibres. The lower bleaching capacity of xylanase Xyn30D could also be caused by its
glucuronoxylan binding ability [4] as this might decrease the free diffusion of the enzyme between fibres.
Even when all treatments with recombinant xylanases were cellulase free, the Pba crude xylanase contained a
small amount of cellulase (11.6 U/ml of xylanase activity vs. 0.13 U/ml of CMCase activity). Moreover, enzyme
treatments can cause damage to the structural integrity of the cellulose. For this reason in order to assess the
effect of each treatment on cellulose, the viscosity of the pulps was determined after the P stage (Table 2). In all
cases a small decrease in viscosity was observed.

Hexenuronic acid content of sisal fibres
The HexA content of pulps was measured after the P stage. All xylanase treatments reduced HexA content (Fig.
1). Once more the best results were obtained with Xyn10A and Pba crude xylanase, which reduced the total
HexA of the pulp samples by around 25%. Xyn30D and Xyn30Dcat treatments led to a HexA reduction of
between 11 and 14%, which contrasted with previous findings that report a smaller effect of the xylanases
belonging to family GH30 in HexA removal from eucalyptus fibres [11]. A more detailed analysis with more
xylanases and a wider range of raw materials is needed to clarify the effect of xylanase application on HexA
content of pulps.
Xylanase application on other non-wood and wood fibres
As the amount of reducing-sugar release in the X stage correlated with xylanase bleaching efficiency and their
HexA removal capacity, a further three raw materials were assayed to determine the potential effectiveness of
the xylanases on these fibres. Eucalyptus, flax and kenaf fibres were treated, as above, with the enzymes under
study and the effluents from all treatments were analyzed to measure the amount of reducing-sugar release
(Table 1). Maximum activity on eucalyptus fibres was observed with Xyn10A and Pba crude xylanase, which
released a considerably greater amount of reducing sugars than they did from sisal. Xyn30, Xyn30cat and
Xyn11E presented similar results on eucalyptus as they did on sisal fibres, suggesting a similar behaviour in
bleaching. Xylanase treatment of flax fibres released only small amounts of sugar in each case, which can
probably be attributed to the low xylan content of these fibres. Kenaf fibres, in contrast, recorded slightly better
results than those obtained with sisal, indicating that an enzyme-aided bleaching with Xyn10A or Pba crude
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xylanase could produce promising results. We believe this result is remarkable since to the best of our
knowledge no xylanases have previously been tested in the bleaching of kenaf fibres.

Figure 1. Hexenuronic acids content of pulps.

IV. CONCLUSIONS
Xyn10A from family GH10 was the most efficient xylanase for the lignin removal of sisal fibres and the
reduction of their HexA content. Similar results were obtained with Pba crude xylanase, an enzyme cocktail
which contains Xyn10A as its predominant component. Xylanases belonging to family GH30 were more
efficient when applied as single catalytic domain. By contrast, Xyn11E did not have any significant effects on
pulp properties. The release of sugars in the X stage effluents correlates with the effectiveness of the enzymes
tested. Moreover, the effectiveness of a xylanase depends on the xylan content of fibres and on the type and
accessibility of these xylans.
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ABSTRACT
In this work, a laccase from Cerrena Unicolor (CuL) supplied by Fungal Bioproducts® was firstly applied in
combination with VA in Eucalyptus globulus in order to compare its biobleaching effect with the well-known
laccase from Trametes villosa supplied by Novozymes®. However, the main purpose of this work was to apply
the CuL in presence of two different mediators like VA (as synthetic compound) or p-coumaric acid (PCA),
acetosyringone (AS) or syringaldehide (SA) (as natural compounds). Each compound was applied alone or in
combination with another one in order to find a possible biobleaching or functionalising boosting effect between
them. Concerning the biobleaching effects, the highest delignification and brightness increase was produced with
the VA applied alone. The natural mediators failed to increase delignification and contrary, they hindered the
effect of VA due to possible interactions with the natural phenols and fibres. Concerning the grafting effects, the
highest increase in kappa number and in colour properties was produced with the combination of PCA and AS.
Finally, the best way of applying these mediators, together in one step (LAS+PCA), or in two steps with (LASwashing-LPCA) or without (LAS-LPCA) washing was evaluated.
I. INTRODUCTION
The use of biotechnology to bleach pulp has attracted enormous attention and provided very interesting results. It
has been proven that laccases, in combination with natural or synthetic mediators can make several effects on
wood and non-wood fibres: they can produce an oxidative degradation of lignin (biobleaching effect) [1] or they
can induce the grafting of phenols into fibre surface (biografting or functionalization effect) [2]. Several laccases
have been tested for this purpose being the laccase from Trametes villosa one of the most efficient enzymes [3].
However, new laccases need to be discovered. The synthetic mediator violuric acid (VA) has been evidenced to
be one of the most interesting mediators for producing a biobleaching effect [1, 4]. Due to environmental
concerns, there has been an increased interest in using natural mediators for biobleaching. However, their
effectiveness in producing delignification cannot be compared with the synthetic ones. By contrast, they are
grafted into fibres providing pulps with new functionalities [5].
The main purpose of this work was to apply several combinations of mediators in order to find a boosting effect
between them in producing a biobleaching or a biografting effect. All these treatments were performed with a
laccase from Cerrena unicolor.
II. EXPERIMENTAL
Raw material
A hardwood kraft pulp (Eucalyptus globulus oxygen-delignified) produced by the Torraspapel S.A mill (Spain)
was used. The initial kappa number and brightness after washing were 8.4 and 51.2 % ISO, respectively.
Enzymatic and chemical treatments
Oxygen-delignified eucalyptus pulps were subjected to an enzymatic stage (L) followed by a chemical bleaching
stage (P) resulting in a biobleaching sequence named LP.
In the enzymatic stage (L), laccases from Trametes villosa (TvL) supplied by Novozymes® and from Cerrena
unicolor (CuL) supplied by Fungal Bioproducts® were used. Both laccases were applied with the synthetic
mediator violuric acid (VA) and the CuL was also applied with the natural mediators syringaldehyde (SA),
acetosyringone (AS) and p-coumaric acid (PCA). Enzymatic treatments on pulp were performed in a Datacolor
Easydye individual reactor with a laccase dose of 20 U g–1 odp, 0.5% odp of mediator, 50ºC for 4 h in the
presence of 50 mM tartrate buffer at pH 4 at 5% consistency. A few drops of 0.05% w/v of the surfactant Tween
20 were also added. Combinations between all the mediators were also performed: VA+AS, VA+SA, VA+PCA,
AS+SA, AS+PCA, SA+PCA, being 0.5% odp the dose of applied for each one. The results of each process were
compared with a control treatment with laccase and without mediator (KTvL or KCuL). During the P stage, fibre
samples, at 5% consistency, were treated with 2% odp H2O2, 1.5% odp NaOH, 1% odp DTPA and 0.2% odp
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MgSO4 in a Datacolor Easydye AHIBA oscillating individual reactor at 90ºC for 2h. After each stage, pulp
samples were filtered and extensively washed for further processing.
Pulp properties
Kappa number and brightness were determined according to ISO 302 and ISO 5351/1, respectively.
Colour coordinates (CIE L*a*b*) were also measured.
III. RESULTS AND DISCUSSION
The biobleaching effects produced by the Cerrena unicolor lacase (CuL) were firstly compared with the wellknown and efficient laccase from Trametes villosa (TvL). Both laccases were applied with VA for being this
synthetic mediator one of the best efficient ones [1, 4]. As can be appreciated on Table 1, the addition of VA to
the laccase treatments produced a reduction on kappa number and an increase on brightness after both, the
enzymatic and P stages. This effect was similarly produced by both laccases during the enzymatic stage;
interestingly, after the LP sequence this effect was slightly higher with the CuL. Therefore, it can be assumed
that the CuL was a very efficient enzyme for producing a biobleaching effect.

Table 1. Kappa number and ISO brightness after enzymatic (L) and P stages for both laccases applied with or
without violuric acid (VA) as mediator
L

KCuL
VACuL
KTvL
VATvL

LP

Kappa number

Brightness (%ISO)

Kappa number

Brightness (%ISO)

7.2
6.0
7.8
6.7

51.3
55.5
50.5
54.2

6.3
4.6
6.4
5.1

72.2
79.6
69.1
76.3

Secondly, the CuL was applied in combination with VA and three natural mediators in order to observe an
increased biobleaching effect (Table 2). However, the opposite effect was produced and all the natural mediators
applied in combination with VA reduced brightness after L and P stages in comparison with the VA applied
alone. After P stage, kappa number was increased in all the mediator combinations suggesting coupling of
natural mediators on the fibre surface. The highest increase in kappa number as well as the highest decrease on
brightness was attained with the VA+PCA combination.

Table 2. Kappa number and ISO brightness after enzymatic (L) and P stages when the CuL was applied with VA
combined with natural mediators
Kappa number
Brightness (%ISO)
L
P
L
P
KCuL
7.94
5.22
52.25
66.91
VACuL
7.77
4.14
53.48
78.4
VA+ASCuL
6.58
5.96
47.1
68.84
VA+SACuL
7.52
6.03
47.17
67.62
VA+PCACuL
8.7
6.94
45.09
62.81

When natural mediators were applied alone with the CuL (Table 3) brightness only increased slightly after LP
sequence with SA and AS, but the values obtained failed to attain the brightness levels acquired with VA (78%
vs. 70%). Therefore, the natural mediators cannot be comparable with the VA in terms of biobleaching. On the
other hand, the increase on kappa number produced during the L stage suggested that these mediators were
grafted on the fibre surface. The highest result was obtained with the PCA. In order to find a boosting effect in
functionalising the fibre, combinations of natural mediators were performed. The maximum increase in kappa
number was obtained with PCA combined with AS or SA.
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Table 3. Kappa number and ISO brightness after enzymatic (L) and P stages when the CuL was applied with
several natural mediator combinations
Kappa number
Brightness (%ISO)
L
P
L
P
KCuL
7.94
5.22
52.25
66.91
ASCuL
7.98
6.05
49.3
70.11
SACuL
9.07
6.72
47.4
70.36
PCACuL
10.43
6.6
50.24
67.83
AS+SACuL
7.81
5.91
45.57
66.38
AS+PCACuL
10.64
7.01
47.33
61.6
SA+PCACuL
10.97
6.87
48.51
63.03

Another simple way to observe if the mediator is coupled on the fibre surface are the colour coordinates that can
be expressed as the chroma value (C*). In Figure 1 can be appreciated that all the natural mediator combinations
increased C*, but the highest value was provided by the AS+PCA combination.

17
16

C*

15
14
13
12
11
10

Figure 1. Crhoma value (C*) of pulps treated with the CuL and several natural mediator combinations, after the
enzymatic stage.
Finally, the best way of applying the AS+PCA combination on pulp was evaluated in order to attain the
maximum grafting effects. They were applied together in one step (LAS+PCA), or in two steps with (LAS-washingLPCA) or without (LAS-LPCA) washing. The highest increase in the kappa number property and also in the colour
coordinates was produced when the pulp was washed between the laccase-natural mediator treatments: LASwashing-LPCA.

IV. CONCLUSIONS
In this work the laccase from Cerrena unicolor produced by Fungal Bioproducts® has been shown to be a very
efficient enzyme to be applied with synthetic or natural mediators for biobleaching or functionalizing. The best
biobleaching effect was obtained with the synthetic mediator violuric acid applied alone. However, the best
biografting effect was obtained with the combination of the natural mediators p-coumaric acid and
acetosyringone. Moreover, results can be enhanced if an interstep washing between them is performed.
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ABSTRACT
Selective lignin degrading fungi can be used as pre-treatment to make cellulose in plant cell walls accessible for
rumen microbes. According to previous studies, Ceriporiopsis subvermispora and Lentinula edodes can increase
the in vitro rumen degradability of lignocellulosic biomass in 7 to 8 weeks. To shorten this treatment three
additives, urea (1 µg/g or 10 µg/g), manganese (15 µg/g or 150 µg/g) and linoleic acid (0.5 mM or 1 mM), were
tested during C. subvermispora or L. edodes treatment of wheat straw and wood chips. After 2 and 4 weeks
samples were taken to analyse the in vitro rumen degradability and fibre content. Two weeks of fungal treatment
did not increase the in vitro rumen degradability of wheat straw or wood chips and additives did not have an
effect on this. Addition of manganese (both concentrations) to C. subvermispora on wood chips did result in
more lignin degradation. Linoleic acid (1 mM) and manganese (15 µg/g) enhanced lignin degradation of wood
chips by L. edodes after 2 weeks of treatment. Fungal treatment for four weeks increased the in vitro rumen
degradability. However additives did not enhance this. Urea and manganese did result in higher lignin
degradation after 4 weeks of treatment of wheat straw with C. subvermispora. The cellulose content was not
changed during the fungal treatment, without or with either additive.

I. INTRODUCTION
In plant cell walls lignin is bound to hemicellulose and cellulose, preventing rumen microbes to break down the
carbohydrates. De-lignification is needed to improve the nutritional value of lignocellulosic biomass. Physical
and chemical treatments have proven to be a fast and effective way to improve the cellulose accessibility in
lignocellulosic biomass. However these treatments are expensive, have high energy demands, require special
equipment and toxic waste is produced [1].
Biological pre-treatment using lignin degrading white rot fungi is a cheap and environmentally friendly method.
After colonization, selective fungi produce lignin degrading enzymes and when fruit bodies are formed they start
on the cellulose. The process should be stopped after the lignin degradation and before the cellulose is degraded
and thus becomes available for rumen microbes. Cellulose availability for rumen microbes can be measured in
the in vitro gas production technique, in which rumen fluid is added to the material and due to anaerobic
fermentation by rumen microbes, gas is produced [2]. The amount of gas produced is directly related to organic
matter fermentation in rumen fluid, and is therefore related to a better availability of cellulose and hemicellulose.
Previous experiments have shown that certain white rot fungi are very effective and selective lignin degraders.
Ceriporiopsis subvermispora and Lentinula edodes significantly increased the in vitro degradation by rumen
microbes of wheat straw, rice straw (only C. subvermispora showed significant increases), sugarcane bagasse,
miscanthus (only L. edodes tested) and wood chips (only L. edodes tested) [3][4]. After 7 to 8 weeks of aerobic
fungal treatment the in vitro degradability by rumen microbes reached a plateau. Fungal pre-treatment was
shown to be a successful method for delignification, however it is a time consuming process. Optimization of the
process is needed before fungal pre-treatments can be used in practice. Adding additives can have an effect on
the growth rate and on the enzyme production. Three different additives have been tested. Urea as a nitrogen
source for a faster colonization [5], manganese to stimulate the manganese peroxidase activity, which is involved
in lignin degradation [6], and linoleic acid to stimulate manganese peroxidase to degrade more of the nonphenolic part of the lignin [7]. These additives have been added to C. subvermispora and L. edodes grown on
wheat straw or wood chips. The in vitro rumen degradability and fibre content were measured to see whether
additives enhance the fungal treatment.
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II. EXPERIMENTAL
Fungal treatment
The fungal strains used in this experiment (Ceriporiopsis subvermispora (strain MES 13094) and Lentinula
edodes (strain MES 11910)) were preserved in liquid nitrogen at Wageningen UR Plant Breeding. Initial
culturing of the fungi was done on malt extract agar plates at 24°C until mycelium was covering most of the
plate surface. Pieces of colonized agar culture were added to sterilized sorghum grains and this was incubated at
24°C until all grains were colonized by mycelium. The spawn was kept at 4°C until further use. Wheat straw and
wood chips (oak, Quercus rubra L.) were used as substrates. All substrates were chopped into pieces of about 3
cm. Samples were taken as untreated non-autoclaved control. To the substrates an excess of water was added and
left for 3 days to let the water fully penetrate the material. After the excess of water was removed, substrates
were sprayed with additives dissolved in ethanol (maximum 0.1% ethanol was added). Single additives were
added to all three substrates. Urea was added in concentrations of 1 µg or 10 µg per gram dry substrate,
manganese was added in concentrations of 15 µg or 150 µg per gram dry substrate and linoleic acid in
concentrations of 0.5 mmol or 1 mmol per liter moisture in the substrate. Substrates were weighed into 1.2 L
polypropylene containers with filter cover. To sterilize, the material was autoclaved for 1 hour at 121°C. After
cooling down the containers with sterilized substrate were kept at room temperature until further use. For each
substrate about 5 gram of spawn was added to each 50 gram dry matter and mixed to distribute the spawn
equally over the substrate. The samples were incubated for 0, 2 or 4 weeks at 24°C. All conditions were tested in
duplicate. After incubation the substrate was air-dried at 70°C until a constant weight. The dried materials were
ground through a 1 mm sieve.

Chemical analysis
Fibre analysis was done on air-dried, ground material, according to the Van Soest et al. (1991) method, using
Ankom fiber analyser 2000 [8]. Hemicellulose content was calculated as the difference between neutral
detergent fibre (NDF) and acid detergent fibre (ADF). Cellulose content was calculated as the difference
between ADF and acid detergent lignin (ADL). For dry matter determination air-dried material was dried at
103°C. Ash content was determined by combustion for 3 hours at 550°C in a muffle furnace.

In vitro gas production technique
The in vitro gas production (IVGP) technique was performed according to the procedure described by Cone et al.
(1996) [2]. In summary, rumen fluid from fistulated non-lactating cows was collected. To each 500 mg air dried
sample 60 ml buffered rumen fluid was added. During 72 hours of incubation at 39°C, the amount of gas
produced by anaerobic fermentation was measured. Total gas production was related to organic matter (OM)
content of the samples.

Statistical analysis
Chemical composition and in vitro gas production by the fungal treatment compared to the control of each
substrate were subject to generalized linear model (GLM) analysis in SAS 9.2. Post-hoc multiple comparison
with Tukey’s significant test at level of α = 0.05 was performed to determine the significance between the
treatments. The following model was used:
Yij = µ + αi + ωij
In which Yij is the observation j in treatment i; µ is the overall mean; αi is the fixed effect of treatment i; ωij is the
random error.

III. RESULTS AND DISCUSSION
Untreated wheat straw had an IVGP of 200 ml/g OM, untreated wood chips 85 ml/g OM. Additives did not have
an effect on IVGP of untreated material. Fungal treatment for 2 weeks did not have an effect on IVGP of wheat
straw. Additives did not enhance IVGP or ADL degradation after two weeks of treatment of wheat straw by C.
subvermispora or L. edodes. Wheat straw treated for 4 weeks with L. edodes did increase IVGP with 56 ml/g
OM to 270 ml/g OM (P<0.05). C. subvermispora could not significantly increase the IVGP of wheat straw in a 4
week’s treatment (Figure 1). In literature an increased IVGP of wheat straw was found after 3 weeks treatment
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with L. edodes or C. subvermispora [3]. A different batch of wheat straw used might explain the difference.
Additives could not stimulate the fungi to increase the IVGP. Addition of manganese (15 µg/g) resulted in 30%
and urea (1 µg/g) resulted in 16% more lignin degradation in wheat straw by C. subvermispora after 4 weeks
than without any additive (P<0.05) (Figure 1).
Both C. subvermispora and L. edodes did not decrease the cellulose content of wheat straw throughout the
treatment period.

Figure 1. ADL loss after 2 and 4 weeks of fungal treatment compared to in vitro gas production. Dark grey bars:
ADL loss after 2 weeks of incubation, light grey bars: ADL loss after 4 weeks of incubation, ▲ in vitro gas
production after 4 weeks of treatment. a) wheat straw treated with L. edodes, b) wheat straw treated with C.
subvermispora, c) wood chips treated with L. edodes, d) wood chips treated with C. subvermispora.
IVGP of wood chips did not increase significantly after 2 weeks of treatment as compared to the untreated
control. Additives did not have an effect on the IVGP after 2 weeks. Without additives, the ADL content of
wood chips was not significantly lowered by C. subvermispora or L. edodes as compared to the control.
However when manganese (15 µg/g or 150 µg/g) was added to C. subvermispora on wood chips a lower ADL
content than the control was found after 2 weeks (P<0.05) (Figure 1). Upon adding linoleic acid (1 mM) or
manganese (15 µg/g) to L. edodes on wood chips, a lower ADL content was found than in the control after 2
weeks (P<0.05) (Figure 1). Four weeks of treatment of wood chips with C. subvermispora resulted in a 200%
higher IVGP as compared to the untreated control (P<0.05). Additives did not have an additional effect on the
IVGP or lignin degradation by C. subvermispora grown on wood chips for 4 weeks (Figure 1). L. edodes could
not significantly increase the IVGP of wood chips after 4 weeks of treatment. However addition of manganese
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(150 µg/g) to the culture resulted in more lignin degradation (P<0.05) (Figure 1). The cellulose content did not
change during the treatment of wood chips with C. subvermispora or L. edodes.
Literature describing an additional effect of urea, manganese and linoleic acid on fungal treatments uses a
different fungal strain and/or substrate [5][6][7][9]. Both linoleic acid and manganese target the enzyme
manganese peroxidase. The effect of linoleic acid might be enhanced when manganese is added to the culture
[9]. In future research a combination of both additives will be tested.

IV. CONCLUSIONS
Four weeks of incubation with C. subvermispora and L. edodes improves the in vitro rumen degradability of
wheat straw or wood chips. Additives do not result in a higher in vitro rumen degradability after 2 or 4 weeks of
fungal treatment. C. subvermispora degraded more lignin in wood chips after 2 weeks when manganese (15 µg/g
or 150 µg/g) was added. L. edodes degraded more lignin in wood chips after 2 weeks when manganese (15 µg/g)
or linoleic acid (1 mM) were added. Urea (1 µg/g) and manganese (15 µg/g) did result in a higher lignin
degradation after four weeks of treatment of wheat straw with C. subvermispora. Cellulose content of the
substrate did not change during the fungal treatment. Although in this experiment manganese had the highest
effect, a combination of linoleic acid and manganese might result in an additional effect.
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ABSTRACT
Increasing environmental awareness is advocating the use of cellulosic fiber-based packaging materials.
However, the thermal stability of natural fibers is insufficient for several food packaging solutions. Meanwhile,
an emerging need for reducing energy consumption has drawn the paper industry’s interest toward enzymatic
pretreatments prior to refining of pulp. Despite the industrial utilization of enzymes, the effect of enzymatic
hydrolysis on the thermal stability of paper is still not properly understood.
An evaluation of the properties of a cellulase-treated kraft pulp at high refining degrees revealed various
important aspects relevant for the study of the thermal stability of paper. We were able to show by means of
Schopper-Riegler drainability number, water retention value, fiber width, molar mass distribution, and intrinsic
viscosity that the cellulase treatment affects the depolymerization of cellulose during refining.
The cellulase pretreatment of the bleached softwood pulp changed the thermal durability (at 225 °C) of paper
remarkably. After the thermal treatment the sheets made of the enzymatically treated pulp were weaker and more
brittle than the sheets made of untreated pulp. Overall, our findings contribute to the current understanding of
how enzymatic treatment of chemical pulp affects the thermal durability of paper aiming at food packaging
applications.

I. INTRODUCTION
Natural fiber based webs are becoming an increasingly important raw material for food packaging applications
due to the growing demand of replacing plastics with more sustainable materials. Unfortunately, the insufficient
temperature resistance of cellulosic fibers limits their more extensive utilization in the food industry.
The thermal degradation of cellulose has been widely studied and it is known to proceed via oxidation of the
glucopyranose ring and hydrolysis of glycosidic bonds [1].
Cellulases have been applied to reduce the energy consumption in pulp refining and to improve the strength
properties of paper [2]. However, little is known about the influence of the enzyme treatment of pulp on the
thermal stability of paper. Cellulases catalyze the hydrolysis of cellulose [3] and the mechanical refining process
fractures the cell wall, which has already been weakened by the enzymes, resulting in the strength loss of the
pulp [4].
Herein, we report the effect of cellulase treatment on the thermal durability of a paper, made of bleached
softwood kraft pulp, at high temperature (225 °C). The depolymerization of cellulose during the pulp refining
was followed by measurements of the intrinsic viscosity and molar mass distribution (MMD). Changes in fiber
morphology after the cellulase-assisted refining was monitored with the Schopper-Riegler drainability (°SR)
number, water retention value (WRV) and fiber width. Finally, the thermal degradation of the cellulase-treated
paper was investigated with the tensile strength and stretch.

II. EXPERIMENTAL
Refining of pulp
Metsä Fibre Oy, Rauma mill (Finland) supplied fully bleached (bleaching sequence DEPDP) softwood kraft
pulp. Oy Banmark AB (Finland) provided a commercial mixture of endo-1,4-β-D-glucanase and
cellobiohydrolase with an reported enzyme activity of 90,000 ECU/g.
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Before refining with a conical refiner, the pH of the pulp was adjusted to 5. Prerefining was performed at a
specific energy consumption (SEC) level of 102 kWh/t and a specific edge load of 3.0 J/m, with a rotation speed
of 750 rpm, and pulp consistency of 3.5%. After prerefining the pulp was divided into two batches of which one
was treated with the cellulase solution (250 g/ADt). To activate the cellulase, the EFB pulp was incubated at ~60
°C for 90 minutes before further refining. The primary refining of the pulps was accomplished at the specific
edge load of 1.5 J/m, rotation speed of 1500 rpm and consistency of 3.5%. The target of the refining was to
obtain comparable °SR numbers for the reference and cellulase-treated pulps (determined according to the
standard ISO 5267-1). WRV was measured according to the standard SCAN-C62. The effect of the enzyme
treatment and refining on the fiber width was studied with the Kajaani FS-300 instrument, according to the
standard ISO 16065.
Preparation of paper sheets, their thermal treatments, and properties
Paper sheets were prepared following the standard EN ISO 5269-1:1998. The basis weight of the sheets was
measured according to the standards ISO 5270:1998 and ISO 534:2005. The thermal treatment procedure, based
on a method described earlier [4], was adapted to evaluate the effect of the cellulase treatment on the thermal
durability (20 min at 225 °C) of the paper.
Tensile strength and stretch of the sheets were measured before and after thermal treatments in accordance with
the standards ISO 5270:1998, and ISO 5270:1998 and EN ISO 1924-2:1994, respectively. Deviating from the
standards, the thermally treated paper sheets were not conditioned before the strength measurements.
The intrinsic viscosity of the paper sheets was measured as defined by the standard ISO 5351:2004. The
viscosity-based average DP of cellulose was calculated via the Mark-Houwink-Sakurada equation: ሾߟሿ ൌ
ܭ ܲܦ௩ , where constants Kp = 1.7 ml/g and a = 0.80 were chosen as suggested for the 0.5 M copper(II) ethylene
diamine (CED) solvent. [5] The technical details for molar mass distribution (MMD) determination with gelpermeation chromatography (GPC) can be found in Borrega et al. [6].

III. RESULTS AND DISCUSSION
Table 1 demonstrates that after the cellulase treatment comparable pulp properties were obtained at lower SEC
level during refining. The cellulase-treated pulp showed more extended swelling (fiber width) and retained more
water in the fiber matrix (WRV) than the reference pulp, which can be explained by the loosened structure and
higher amount of accessible hydroxyl groups [7].

Table 1. Characteristics of pulp before and after cellulase treatment and refining.
Refining energy
Pulp type
Reference
Cellulase-treated

Pulp properties

SEC (kWh/t)

°SR

WRV (ml/g)

Fiber width (µm)

0

14

1.2

23.0

605

94

2.3

18.9

102

22

1.6

23.5

404

89

2.7

21.1

The degradation of cellulose was monitored by means of intrinsic viscosity and MMD measurements. Figure 1
shows pronounced mechanical degradation in terms of DP decrease of the cellulase-treated pulp during the
refining. This is in line with the MMD results, which showed expanded polydispersity of the pulp after the
refining. Interestingly, the results indirectly indicate that the refining led to the formation of new reducing end
groups which corroborates with an earlier finding [8] on homolytic chain cleavage of cellulose under intensive
mechanical treatment.
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Figure 1. Decrease in the DP of cellulose and shift in MMD of untreated (circles) and cellulase-treated (stars)
pulps as a function of SEC during refining.
High strength is typically desired for paper-based packages. The stretch of paper is an indicator of fiber web
toughness, while the tensile strength is affected by both inter-fiber bonding and individual fiber strength. Table 2
shows that the tensile strength of paper made of both untreated and cellulose-treated pulps developed as a result
of the extended refining. Contrastively, stretch of the sheet made of the cellulase-treated pulp decreased by the
action of refining.
Table 2. Mechanical properties of paper sheets before and after 20 min thermal treatment at 225 °C.
Paper

Tensile index (Nm/g)

Stretch (%)

Reference, 0 kWh/t

27

3.4

After heat: reference, 0 kWh/t

34

3.0

Reference, 605 kWh/t

99

3.9

After heat: reference, 605 kWh/t

109

1.4

Cellulase-treated, 102 kWh/t

56

3.3

After heat: cellulase-treated, 102 kWh/t

56

1.9

Cellulase-treated, 404 kWh/t

85

2.8

After heat: cellulase-treated, 404 kWh/t

94

1.1

Surprisingly, an increase in the tensile strength of the paper sheets after their thermal treatment was observed,
while the stretch was reduced significantly. These findings may possibly be explained with covalent crosslinking between fibers [9]. Furthermore, the formed cross-links in the sheets of refined pulps seemed to be
sensitive to thermal degradation. The sheet properties summarized in Table 2 along with the DP results in
Figure 1 may indicate that the homolytic cleavage of glucosidic linkages at high refining degrees possibly
affects the thermal durability of the intensively-refined paper particularly.
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IV. CONCLUSIONS
The cellulase-treated fibers were more swollen (increased fiber width and WRV) already prior to intensive
refining. In addition, it was found that the cellulase treatment of pulp enhanced the refining efficiency, indicated
by similar °SR number at lower SEC level. However, the tensile strength of sheets made of cellulase-treated pulp
remained lower than the strength without the enzyme treatment, explained also by lower DP of cellulose after the
cellulase treatment.
The main contribution from this study was to demonstrate how an enzyme pretreatment affects the performance
of paper in food packaging applications where the product is subjected to high temperature. Overall, our results
imply that the thermal durability of paper made of intensively-refined reference pulp was superior to paper of
cellulase-treated pulp.
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ABSTRACT
The composition of extractives in the wound-associated wood and knots of common beech (Fagus sylvatica L.)
was investigated. Low-molecular compounds were extracted from wood by means of cyclohexane and methanol.
Obtained lipophilic and hydrophilic extractives were examined with gas chromatography and high performance
liquid chromatography. Further on, an antifungal potential against Trametes versicolor and Gloeophyllum
trabeum was estimated by the paper disc screening test. The chromatographic analysis of lipophilic extractives
revealed the presence of saturated and unsaturated fatty acids, fatty alcohols and triterpenoids, mainly free
sterols. The largest contents of identified lipophilic extractives were measured in discoloured tissues and knots.
The hydrophilic extractives consisted of mono- and oligosaccharides, sugar alcohols and acids, di- and
tricarboxylic acids, various simple phenols and flavonoids. Catechin was referred to as the dominant and
characteristic compound of beech wood extracts. The largest concentrations of phenolic extractives were
measured in wound-wood, knots, and sapwood whereas the tissues of red heart contained the lowest amounts. A
screening test indicated the fungistatic potential of particular wood tissues in a living tree. A schematic diagram
of distribution of phenolic extractives in the wood of wounded and red hearted beech tree is proposed and the
role of wound-associated tissues is discussed.

I. INTRODUCTION
Common beech represents one of the economically most important deciduous tree species in Europe due to its
prevalence and high application potential. It accounts approximately 32 % of the wood stock in Slovenian
forests. It is also known as the tree species, which is characterized by the formation of facultative discoloration at
the location of ripewood [1]. Discoloration in a beech stem, also called the red heart, is frequently formed as a
negative consequence of mechanical wounding caused by selective harvesting and logging activates in forests.
After all, the negative effects of mechanical injuries can drastically affect the quality of wood biomass and
consequently lower the economic income. Such like traumatic events represents the first phase in a sequence of
complex processes that can lead to spatially defined changes (discolouration, biological decay, tree hollow).
Restriction of these changes can be explained by the concept of compartmentalization, which suggests that living
trees can limit the affected regions by existing and newly formed tissues and by chemical substances on a
minimal volume. For a general description of the complex compartmentalization processes, three basic models
are used, i.e. the conceptual model CODIT [2], model of reaction zones [3] and model of microenvironmental
changes [4]. Furthermore, a compartmentalization in wood of living trees can be understood in the frames of the
passive and active functions of the defense and protective systems as the constitutive protection and induce
defense [5, 6]. These protective and defensive mechanisms in wood are being accompanied by the anatomical
and chemical changes. Besides anatomical specialties, e.g. aspiration of pits, formation of tyloses or suberisation
of cell walls, the chemical aspect is crucial for tree survival after traumatic event. Chemical changes are
associated with the cell necrosis and the consequent formation and accumulation of both low molecular
compounds and phenolic polymers, i.e. extractives. Extractives are the non-structural components of wood and
are from physiological aspect of view interpreted as the primary or secondary metabolites. Regarding the solvent
which are soluble in, extractives can be further divided as the lipophilic and hydrophilic extractives. It is
generally believed that in a living tree lipophilic extractives represent physical protection, e.g. as the
hydrophobic barrier, while the hydrophilic extractives occur as the chemical inhibitors. Lignans, stilbenes and
flavonoids are well known as the compounds with antioxidant, antimicrobial and antifungal properties.
Therefore, extractives have been treated as the substances with very important physiological function in a
survival strategy of living tree.
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The aim of this study was (a) to investigate the composition of lipophilic and hydrophilic extractives in wounded
wood of stem and knots of common beech and (b) to estimate the antifungal potential of hydrophilic extracts of
beech wood against representative white and brown rot fungi.

II. EXPERIMENTAL
Material
Investigation was performed on more mechanically wounded beech trees (Fagus sylvatica L.) fallen in Slovenia.
Discs with a direct injury and discs containing living and dead branches were taken from each harvested tree.
Samples of wound-wood (W), intact sapwood (S), reaction zone (RZ), discolored wood (DW) and knots of
living (LK) and dead branches (DK) were sawn out from the discs and grinded. Before the extraction, samples
were being freeze dried for 24 hours.
Extraction
For the purposes of GC-MS analyses different types of wound-associated stem tissues and knots of beech were
extracted for lipophilic and hydrophilic extractives in a Büchi speed extractor E-916. Sequential extraction was
performed by means of cyclohexane (90°C, 110 bar under N2, two 15 min static cycles) and methanol/water
(95:5 (v/v), 100°C, 110 bar under N2, two 15 min static cycles). Beech wood samples were extracted in a Soxhlet
apparatus as well. Therefore, lipophilic extractives were removed from 2.5 g of wood sample by extraction with
250 mL of cyclohexane for 4 hours, while hydrophilic extractives were subsequently extracted for 6 hours with
250 mL of methanol/water mixture (95:5, v/v). Extracts obtained with the Soxhlet extraction were examined by
HPLC and exposed to wood decaying fungi. The amounts of total lipophilic and hydrophilic extractives were
determined gravimetrically.
Chromatographic analyses
The extractives in wounded wood and knots of beech were chemically characterized by means of gas
chromatography (GC-MS) and liquid chromatography (HPLC). Before GC analysis, all the extracts were
silylated according to Willför et al. [7]. Heneicosanoic acid and betulinol were used as internal standards.
Quantitative evaluation of the separated extractives was performed on an Agilent 7890A GC-FID system
quipped with an Agilent 7693 auto sampler and a HP-5 column (30 m × 0.32 mm i.d.; 0.25 μm film thickness).
The injection volume was 1 µL. Temperature program: 150°C (1 min)→ 4°C/min to 220°C→ 20°C/min to
320°C (6.5 min); flow of helium was 1.4 mL/min, split ratio of 10:1; the injector and FID temperatures were
260°C and 330°C, respectively. The results were expressed in milligrams per gram of dry wood (mg/g). The
identification of lipophilic and hydrophilic extractives was done by an Agilent 5975 GC-MS system, using
similar column and the same temperature program as described above. MS parameters: source temperature
250°C, quadropole temperature 150°C, EI at 70 eV, and mass range 35 - 750 m/z.
The results obtained by gas chromatography were upgraded with the high performance liquid chromatography
(HPLC). Separation was done on a Thermo Accela 600 HPLC-PDA system. Methanol extracts were filtered and
3 µL of each sample was directly injected on an Accucore PFP column (150 × 2.1 mm, 2.6 µm particle size).
The column was heated at 30°C. The mobile phase consisted of water with 0.1 % of formic acid (v/v) and
methanol containing 0.1 % of formic acid. The 10 minutes gradient from 5 - 65 % of methanol was applied.
Flow rate was defined at 400 µL/min. The detection wavelength was adjusted to 275 nm and UV spectra from
200 to 400 nm were recorded for peak identification. Quantitative analysis was based on a calibration curves
consisting of standard solutions. Peak identification was achieved by comparison of retention times and UV
spectra of separated compounds with analytical standards. The content of extractives was expressed in
milligrams per gram of dry sample (mg/g).
Antifungal properties of extractives
The antifungal potential of lipophilic and hydrophilic extractives towards the growth of white rot (T. versicolor)
and brown rot (G. trabeum) fungi was investigated by means of a paper disc screening test. Extracts of sapwood,
wound-wood, reaction zone and knot (K) were applied in the test. Cellulosic antibiotic assay discs were used as
the carriers, where each disc was impregnated ten times with a volume of 100 mL of extract. Cyclohexane and
methanol served as the controls (C). White and brown rot fungal inoculums were placed in the center of the Petri
dish and stored in a growth chamber at 25°C and 75 % relative humidity. Growth of mycelium was monitored
after 3, 4, 7 and 10 days. Fungal growth toward the paper discs with different extracts was visually estimated and
compared to the growth in control direction. Since some of the extractives promotes fungal growth while other
retarded it, the scale chosen covered all possible responses (+, promotes the growth of mycelia; /, normal growth,
no retardation; -, inhibits the growth of mycelia; - -, markedly inhibits the growth of mycelia).
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III. RESULTS AND DISCUSSION
The differences in the content of lipophilic extractives among different types of beech wood were not significant,
whereas the highest amounts of hydrophilic extractives were determined, gravimetrically, in knots and woundwood. Relative high amounts of hydrophilic extractives were characteristic for the intact sapwood as well.
Significantly lower contents of hydrophilic extractives were measured in the samples from the discoloured part
of a beech stem.
The chromatographic analysis of the lipophilic extractives in cyclohexane extracts of beech wood revealed the
presence of saturated and unsaturated fatty acids (palmitic, stearic, behenic, linoleic and oleic acid), fatty
alcohols (behenyl and lingoceryl alcohol) and triterpenoids (squalene, stigmstadiene, β-sitosterol and βsitostanol), among which β-sitosterol was found as the most abundant one. The largest contents of identified
lipophilic extractives were determined for the discoloured tissues and knots, as presented by a Figure 1.

Figure 1. The contents of identified lipophilic extractives as determined by chromatographic analysis. a - c The
different letters at the top of the error bars indicate the statistically significant differences (LSD test at a 95 %
confidence level). (a) Fatty acids; (b) Free sterols.

In comparison to the lipophilic extractives the yield of hydrophilic extractives was significantly larger. The
hydrophilic extractives consisted of mono- and oligosaccharides (trehalose, saccharose and raffinose), sugar
alcohols (erytritol, syringol and arabitol) and inositols, sugar acids (ribonic, threonic, gluconic and glucuronic
acid), di- and tricarboxylic acids (malic, malonic and citric acid), various simple phenols (vanilyl alcohol,
syringol, vanillic acid, syringic acid, gallic acid, sinapyl alcohol and coniferyl alcohol) and flavonoids (catechin,
epicatechin and taxifolin). Chemical analysis of methanol extracts revealed also the presence of unidentified
lignan-type compounds. Catechin was referred to as the dominant and characteristic compound of beech wood
extracts. The largest concentrations of identified phenolic extractives were measured in wound-wood and knots,
as well as in the sapwood, whereas the tissues of discolouration contained the lowest amounts of identified
hydrophilic extractives (Figure 2).

Figure 2. The contents of identified hydrophilic extractives as determined by chromatographic analysis. a - e The
different letters at the top of the error bars indicate the statistically significant differences (LSD test at a 95 %
confidence level). (a) Fatty acids; (b) Sterols.
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Table 1. Inhibition of Trametes versicolor and Gloeophyllum trabeum by cyclohexane and methanol extracts of
different categories of wound-associated wood and knot of beech (Fagus sylvatica L.). Sample abbreviations: C,
control; S, intact sapwood; RZ, reaction zone; W, wound-wood; K, knot.
Extractives
Hydrophilic
Lipophilic

C
/
/

Trametes versicolor
S
RZ
W
-+
-/
-

K
/

C
/
/

Gloeophyllum trabeum
S
RZ
W
K
-/
--/

Chromatographic results were confirmed by the performed paper disc screening test, which indicated the
fungistatic potential of particular wood tissues in a living tree (Table 1). The relevant antifungal potential was
demonstrated by both the lipophilic and hydrophilic extractives of beech wood, the inhibiting effect of the latter
being more pronounced. A clear inhibition was demonstrated in the case of the methanol extracts of woundwood, intact sapwood and knot, especially with regard to the initial stages of development of brown rot fungi G.
trabeum. In spite of the important compartmentalization function of reaction zones in wood of living trees,
extracts of these morphological barriers did not reveal a relevant antifungal effect. Therefore, a function of
physical barriers rather than chemical protection can be ascribed to the reaction zone in a beech tree [8].

IV. CONCLUSIONS
Results of present investigation complement the concept of compartmentalization in the sense that a more
important protective role is attributed to the tissues located at the exposed sites in a living tree, i.e. wound-wood,
older parts of sapwood and bases of living and dead breaches. The extractive compounds which accumulate in
the oldest parts of sapwood are mobilized at the time of formation of reaction zones, which, in the case of beech,
perform the function of a protective physical barrier. A key role for tree survival after mechanical wounding and
an important repairing function can be ascribed to wound-wood. Therefore, the constitutive protection of wood,
which is intensified in tissues that are exposed to the penetration of atmospheric oxygen and invasive organisms,
represents an important part of protective and defensive systems of living trees. The role of phenolic extractives
in these tissues can be understood as the protection for functional and vital parts of trees. Our results also
indicate that different types of wound-associated tissues describes an important source of variability in content of
extractives in the wood of a tree, in addition to regular structures described in literature (heartwood, knots).

V. ACKNOWLEDGEMENT
The authors would like to thank to the COST Action FP0901 and to the Slovenian Research Agency for financial
support.

VI. REFERENCES
[1] Torelli, N. The ecology of discolored wood as illustrated by beech (Fagus sylvatica L.). IAWA Bull. 1984, 5, 121-127.
[2] Shigo, A.L., Marx, H.G. Compartmentalization of decay in trees. USDA For. Serv. Agric. Bull. 1977, 405, 1-73.
[3] Shain, L. Dynamic responses of differentiated sapwood to injury and infection. USA, American Phytopathological Society:
Symposium on wood decay in living trees. 1979, 69, 1143-1147.
[4] Boddy, L., Rayner, A.D.M. Origins of decay in living deciduous trees: the role of moisture content and a re-apprasial of the
expanded concept of tree decay. New Phytol. 1983, 94, 623-641.
[5] Duchesne, L.C., Hubbes, M., Jeng, R.S. Biochemistry and molecular biology of defense reactions in the xylem of angiosperm
trees. In Defence mechanisms of woody plants against fungi, R.A. Blanchete and A.R. Biggs, eds (Berlin: Springer-Verlag). 1992,
133-146.
[6] Franceschi, V.R., Krokene, P., Christiansen, E., Krekling, T. (2005) Anatomical and chemical defenses of conifer bark against
bark beetles and other pests. New Phytologist. 2005, 167, 353-375.
[7] Willför, S.M., Ahotupa, M.O., Hemming, J.E., Reunanen, M.H.T., Eklund, P.C., Sjoholm, R.E., Eckerman, C.S.E., Pohjamo,
S.P., Holmbom, M.R. Antioxidant activity of knotwood extractives and phenolic compounds of selected tree species. J. Agric. Food
Chem. 2003, 51, 7600-7606.
[8] Schwarze, F.W.M.R., Baum, S. Mechanisms of reaction zone penetration by decay fungi in wood of beech (Fagus sylvatica).
New Phytol. 2000, 146, 129-140.

858

© CSIC © del autor o autores / Todos los derechos reservados

13th European Workshop on Lignocellulosics and Pulp

CHIMERIC SIGNAL PEPTIDES FOR THE FUNCTIONAL EXPRESSION OF
ARYL-ALCOHOL OXIDASE IN Saccharomcyes cerevisiae.
Javier Viña-González1, David González-Pérez1, Angel T. Martínez2 and Miguel Alcalde1*.
1

Institute of Catalysis, CSIC, Cantoblanco, 28049 Madrid, Spain; 2Centro de Investigaciones
Biológicas, CSIC, Ramiro de Maeztu 9, 28040 Madrid, Spain (*malcalde@icp.csic.es)

ABSTRACT
Among the ligninolytic oxidoreductases secreted by white-rot fungi, aryl-alcohol oxidase (AAO) plays an
outstanding role as H2O2 supplying enzyme during lignin decay. With high enantioselectivity and broad substrate
specificity, this flavo-enzyme is also a promising departure point for directed evolution studies towards different
biotechnological fates, but the lack of heterologous functional expression levels precludes further advances in the
field. In this study, the native signal peptide of AAO from Pleurotus eryngii was replaced by those of the mating
α-factor, the toxin K1 Killer, as well as combinations of pre- and pro-regions from both leaders to achieve
secretion in Saccharomyces cerevisiae. AAO expression in yeast was measured with the help of an ad-hoc dual
high-throughput screening protocol based on the detection of H2O2 with a chemical and an enzymatic assay (the
latter using horseradish peroxidase). All constructs were successfully processed and secreted by yeast showing
extracellular AAO activities with several aryl alcohols, which opens new paths for future developments.
I. INTRODUCTION
Aryl-alcohol oxidase (AAO, EC 1.1.3.7) is a FAD-containing enzyme sorted in the GMC (glucose-methanolcholine) oxidoreductase superfamily whose members share a canonical ADP-binding domain near the Nterminus [1]. This monomeric flavoprotein is produced by white-rot fungi and plays an essential role during
lignin "enzymatic combustion" in nature. Accordingly, AAO generates H2O2, which is demanded by different
high-redox potential ligninolytic peroxidases to start the plant cell-wall attack. Besides, H2O2 produced by AAO
is an efficient vehicle to generate highly reactive hydroxyl radicals through the Fenton reaction (Fe2+ + H2O2 →
OH•+ OH- + Fe3+): OH• acts as diffusible oxidizer being able to depolymerize lignin and cellulose [2]. It is worth
noting that the hydride abstraction process mediated by AAO shows a high enantio-selectivity, which could be
very valuable in organic synthesis.
Directed molecular evolution has become the favorite strategy to engineer novel enzymes in tune with industrial
standards. Unfortunately, there are no reported data about the engineering of AAO by directed evolution due to
the lack of suitable functional expression systems with which to tackle this approach. Indeed, AAO has only
been heterologous expressed in Aspergillus nidulans, an unsuited microorganism for directed evolution, [3] and
in Escherichia coli as inclusion bodies, which can be in vitro refolded for rational studies although this strategy
is not suitable in the high-throughput frame of a directed evolution experiment [4].
In the current work, the native signal peptide of the AAO was replaced by several signal sequences used for
functional expression in Saccharomyces cerevisiae [5]. We first tested the signal prepro-leader of the mating αfactor of S. cerevisiae, which was successfully used in our laboratory to evolve different ligninolytic
oxidoreductases. Besides, we fused to the AAO both the signal prepro(δ)-leader and the γ-spacer-segment of the
K1 killer preprotoxin, which were previously used for directing β-lactamases secretion in yeast [6]. Engineered
fusion genes contained chimeric versions of the leaders that combined different pre- and pro-regions were also
studied for a successful exocytosis by yeast. Hybrid constructs were evaluated with a dual high-throughput
screening (HTS) assay to detect AAO activity from yeast supernatants permitting directed AAO evolution.
II. EXPERIMENTAL
All chemical were reagent-grade purity. Ferrous ammonium sulfate, xylenol orange, sorbitol, veratryl (3,4dimethoxibenzyl) alcohol, 4-methoxybenzyl alcohol, ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid)), Horseradish peroxidase (HRP) and the Yeast Transformation Kit were purchased from Sigma (Madrid,
Spain). Zymoprep Yeast Plasmid Miniprep, Yeast Plasmid Miniprep Kit I and Zymoclean Gel DNA Recovery
Kit were from Zymo Research (Orange, CA). Restriction enzymes BamHI and XhoI were from New England
Biolabs (Hertfordshire, UK). pJRoC30-αVP (containing α-factor prepro-leader) comes from former work [5];
pflag1-AAO (containing cDNA of AAO from P. eryngii) was donated by Dr. Aitor Hernández-Ortega (CIB,
CSIC, Madrid); and pRE1219 (containing prepro(δ)-leader of K1 killer toxin) and pJRoC30-δN1C2 (containing
the γ-spacer-segment of the K1 killer toxin) were donated by Dr. Susana Camarero (CIB, CSIC, Madrid).
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Fusion genes and signal chimeric leaders
Four fusions were designed to address functional expression in S. cerevisiae using in vivo overlap extension [7].
First, AAO mature protein was fused to the α-factor prepro-leader and also to the prepro(δ)-γ regions of the
preprotoxin K1 killer from S. cerevisiae. In addition, two chimeric signal peptides were constructed and attached
to the AAO: i) the α-factor pre-leader fused to the γ segment of the K1 Killer toxin, (preαproK); and ii) the
prepro(δ) signal sequence of the K1 Killer toxin fused to the α-factor pro-leader (preKproα).
AAO functional expression and HTS-screening assays
For each fusion gene, two 96-well plates were prepared. Individual clones containing the autonomous replicating
vector were picked and cultured in sterile 96-well plates containing 50 μL of minimal medium (SC). In each
plate, well H1 was inoculated with URA3- S. cerevisiae as a negative control. Plates were sealed to prevent
evaporation and incubated at 30°C, 225 rpm and 80% relative humidity in a humidity shaker (Minitron-INFORS,
Biogen Spain). After 48 hours, 160 μL of expression medium were added to each well and cultured for
additional 48 hours. Finally, 20 µL of microcultures were screened for activity with the FOX and HRP assays
describe below, using two different alcohol substrates.
Chemical (direct) assay: FOX (Ferrous Oxidation in Xylenol orange presence)
Aliquots of 20 μL of yeast supernatants were incubated with 20 μL substrate (2 mM 4-methoxybenzyl alcohol or
10 mM veratryl alcohol in 100 mM phosphate buffer, pH 6.0) during 30 min at room temperature. Then 160 μL
of FOX reagent were added to assess H2O2 production with a final concentration of FOX mixture in the well of
100 μM xylenol orange, 250 μM Fe(NH4)2(SO4)2 and 25 mM H2SO4. Plates were recorded in end-point mode at
560 nm using a spectrophotometer SPECTRAmax 384 PLUS (Molecular Devices); it took around 20 min of
incubation to develop an intense colorimetric response. Responses were amplified by adding 100 mM sorbitol as
signal enhancer. All measures were performed by triplicate. In each microtiter plate, columns A, B and C were
employed to prepare a H2O2 calibration curve (from 0 to 8 μM). Detection limits were assessed applying the
Blank determination method on a 96-well plate with triplicate standards (0, 0.5, 1, 1.5, 2, 2.5, 3 y 4 μM H2O2) in
yeast supernatants of URA3-. FOX signal stability was tested with different H2O2 concentrations (0, 2, 4, 6, 8,
10, 15 and 18 µM) throughout 300 min.
Enzymatic (indirect) assay: HRP-ABTS
Aliquots of 20 μL of yeast supernatants were added to 180 μL of HRP-ABTS reagent (final concentrations of
HRP-ABTS reagent in the well: 1 mM 4-methoxybenzyl alcohol or 5 mM veratryl alcohol, 2.5 mM ABTS,
1μg/mL HRP in 100 mM phosphate buffer pH 6.0). The plates were incubated at room temperature and
measured in end-point mode at 418 nm (εABTS•+ = 36,000 M-1 cm-1).
DNA sequencing
All the fusion genes were verified by DNA sequencing (BigDye Terminator v3.1 Cycle Sequencing Kit). The
primers used were common to the four constructions: primers sense, RMLN and AAOsec1F 5’GTGGATCAACAGAAGATTTCGATCG-3’and primers antisense RMLC 5’-GCTTACATTCACGCCCTCCC3’, AAOsec2R 5’-GTGGTTAGCAATGAGCGCGG-3’ and AAOsec3R 5’-GGAGTCGAGCCTCTGCCCCT-3’.
III. RESULTS AND DISCUSSION
Fusion genes and signal chimeric leaders
To direct the secretion of AAO in S. cerevisiae, two different prepro-leaders from the mating α-factor and from
the K1 killer toxin, along with their chimeric combinations, were tailored and attached to the mature AAO. The
mating α-factor signal sequence is formed by 19 and 64 amino acids for the pre- and pro-leader, respectively,
Fig. 1A. The pre-leader initiates endoplasmic reticulum translocation being finally removed by the action of a
signal peptidase. The pro-leader is supposed to be involved in proper folding and maturation before protein is
packed into vesicles for exocytosis. In particular, the pro-leader is processed by the action of KEX2, STE13 and
KEX1 proteases at the Golgi compartment, although the latter is not necessary for heterologous protein
secretion. Likewise, K1 prepro-toxin is leaded by a prepro-sequence of 44 residues (prepro-δ), which follows a
similar processing pathway as described above for the α-factor prepro-leader but without the requirement of
STE13 and KEX1, Fig. 1B. Besides, the prepro-toxin contains an internal γ segment of 85 residues with three
extra KEX2 recognition sites for processing at the Golgi. Bearing in mind the common features of these preproleaders in terms of processing and secretion routes, we decided to create several fusions genes containing single
and combined versions of the genetic elements to study the AAO functional expression in yeast. Accordingly,
four fusions were designed: i) α-AAO formed by AAO fused to the α-factor prepro-leader; ii) K-AAO formed by
AAO linked to the prepro(δ) of K1 toxin and directly attached to a truncated version of the γ segment. The
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truncated segment comprised from position 149 to 170, thereby preserving the three N-glycosylation sites
(N108, N203 and N216), which may be important for a proper processing since it has been reported that longer
K1 prepro-fusions show 10% or even less secretion efficiency compared with shorter γ segment versions [6]; iii)
preαproK-AAO was a chimeric leader formed by the α-factor pre-leader fused to the aforementioned truncated γ
segment; and iv) preKproα-AAO, a chimeric leader formed by the prepro(δ) of K1 toxin linked to the α-factor
pro-leader. In an attempt to promote secretion, all the prepro(δ) containing constructs were modified by site
directed mutagenesis to change the KEX2 recognition site Pro43-Arg44 to Lys43-Arg44, since it has been
reported 50-fold enhancements in the KEX2 catalytic efficiency with such substitutions [8].

Figure 1. Mating α-factor (A) and K1 Killer preprotoxin (B). Yeast mating pheromone α prepro-polyprotein
precursor contains hydrophobic N-terminal pre-sequence (dark green) followed by potentially N-glycosylated
pro-sequence (light green). Killer K1 toxin is derived from a 316 reside preprotoxin. The unprocessed precursor
consist of prepro(δ)-sequence (dark blue), which contains 26 residue signal peptide, and γ segment (light blue)
separating α- and β- toxin subunits.
All hybrid fusions were spliced and repaired in S. cerevisiae. Taking advantage of the high frequency of
homologous DNA recombination of this yeast, overlapping areas of ~40 bp were enough to guarantee a correct
DNA assembly of the different genetic products and the linearized plasmid without altering the ORF. Each
construction was assayed for AAO activity (with the dual chemical/enzymatic HTS-assay described in Methods
Section) in the presence of veratryl alcohol as substrate. The four fusion genes reported detectable levels of AAO
activity in the culture broth and they were consistent between the two colorimetric assays. The secretion levels
relationship between the corresponding constructs was as follows: α-AAO> preαproK-AAO> preKproα-AAO>
K-AAO. To check the constructs, individual plasmids were isolated and sequenced. It was verified that none of
the constructions incorporated mutations neither in the mature protein nor in the prepro-sequences and all the
elements were properly assembled as planned. Fermentations were translated from HT-format to larger volumes
(10 mL) for each construct under study, Fig. 2. Regardless of the substrate (4-methoxybenzyl or veratryl
alcohol), the order of activity between fusion genes was maintained: α-AAO, (1.5 U/L); preαproK-AAO (0.5
U/L); preKproα-AAO (0.35 U/L) and K-AAO (0.06 U/L) (all Units measured with 4-methoxybenzyl alcohol).
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Figure 2. Shake flask fermentation monitorized throughout 70 hours. Growth curve (A), enzymatic activity
through HRP-ABTS method (B) and hydrogen peroxide production measured by FOX assay (C). Construction
α-AAO (triangles) (achieved the highest yields in cell growth and enzymatic activity (OD600 = 36 and 1.5 U/L
after 44 hours), followed by preαproK-AAO (squares), preKproα-AAO (circles) and K-AAO (diamonds). Clone
activity and H2O2 production were evaluated by triplicated.
IV. CONCLUSIONS
We have presented a platform for de directed evolution of AAO from P. eryngii based on: i) the AAO functional
expression in S. cerevisiae and ii) the design of a dual HTS-assay for the detection of AAO activities. Our study
have showed that all the constructions based on α-factor and K1 toxin prepro-peptides as well as their chimeric
versions yielded detectable levels of secreted AAO being valuable departure points for further engineering. This
result indicates that all the fusions were successfully processed and exported by yeast. From a more general point
of view, the engineering of these chimeric leaders opens a novel strategy to secrete foreign proteins so that they
could be tested with other eukaryotic genes not easily handled by S. cerevisiae. Finally, the dual HTS-assay
described in this work (based on the detection of H2O2 produced by AAO regardless of the substrate oxidized)
opens many paths for evolving AAO towards challenging purposes, including the oxidation of secondary
aromatic alcohols.
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ABSTRACT
Recovered fibers can be reused for the manufacture of bright paper, provided efficient fiber discoloration can be
operated in recycling mills. Generally, hydrogen peroxide is applied in alkaline medium as a final bleaching
stage (P) of the deinking line, after paper disintegration and ink removal by flotation. But the efficiency of P
bleaching is often limited because of the low reactivity of H2O2 on the azo (N=N) groups of azoic dyes. The
purpose of the research was to improve the efficiency of the P stage for the removal of these azoic dyes.
The Direct Yellow 11 dye was used as a model azoic dye. ECF-bleached kraft pulp was colored with the dye and
submitted to activated H2O2 discoloration treatments. Pure phenanthroline (Phen) and Copper(II)-Phenanthroline
complex (Cu-Phen) were used as activating compounds, since they had already proven their efficiency during P
stage or O stage (oxygen) delignification of chemical pulps. The herein presented color-stripping tests using
hydrogen peroxide involved the reaction of H2O2 alone, H2O2+Phen and H2O2+Cu-Phen. All the tests were
carried out at near-neutral or alkaline pH for comparison. The results were evaluated in terms of Dye Removal
Index (DRI), cellulose degree of polymerization (DPv) and H2O2 consumption.
Results show the improvement achieved with the use of Copper-Phenanthroline, which is a first step towards
more efficient peroxide bleaching of recycled fibers. However, the use of this activator is responsible for
cellulose degradation, imparted to the formation of hydroxyl radicals. This degradation has to be controlled by
modifying some conditions found to be of key importance, such as the reaction pH.
I. INTRODUCTION
Hydrogen peroxide is commonly used in alkaline conditions in mechanical pulp bleaching. Its anion form, the
perhydroxyl anion HOO- (pKa=11.6), oxidizes the conjugated carbonyls of lignin into carboxylic acids, which
are partially dissolved, leading to a higher brightness of the pulp. Hydrogen peroxide is also used for bleaching
of wood-containing deinked pulps. In this case, it is often combined with a reducing agent - such as sodium
dithionite or formamidine sulfinic acid - in order to achieve better results [1], although these chemicals are more
expensive. Indeed, unlike hydrogen peroxide, they are quite efficient for dye color-stripping.
Dyes absorb the visible light because of their highly conjugated structures, containing several groups with πelectron clouds, such as azoic groups. These structures constitute the chromophore part of the molecule. Most
dyes used in the industry are azoic dyes, such as Direct Yellow 11 (Figure 1). The conjugated structure
constitutes the chromophore part of the molecule and the sulfonic and hydroxyl groups are the auxochrome part.

Figure 1. Molecular structure of the Direct Yellow 11 dye
Direct dyes have a good affinity with bleached and unbleached chemical pulps. They represent more than half of
the dyes present in the pulp and textile industries [2] and they usually contain at least one azo group and some
sulfonic acid groups. Since N=N links are not oxidizable by HOO-, direct azo dyes are not degraded by H2O2.
Several works were conducted on the activation of H2O2 for chemical pulp delignification in alkaline conditions
[3,4], leading to patents [5,6]. They have shown that the action of H2O2 could be enhanced by the action of
copper-phenanthroline complexes. Some studies focused on the catalytic action of Cu-Phen complexes for the
oxidation of lignin by either O2 [7–11] or H2O2 [4,11], especially with lignin model compounds such as veratryl
alcohol. Trials with deinked pulps and dyed pulps were also carried out and showed that the dye removal index –
indicating the loss of color in the CIE L*a*b* color space, as defined by Sharpe and Lowe [12] – was improved
in a P stage activated with a copper-phenanthroline complex [4,13].
The aim of our work was to study the effect of the copper-phenanthroline complex during hydrogen peroxide
bleaching of a bleached chemical pulp colored with the Direct Yellow 11 dye.

Copia gratuita. Personal free copy

http://libros.csic.es

863

13th European Workshop on Lignocellulosics and Pulp

II. EXPERIMENTAL
Pulp dyeing - The Direct Yellow 11 dye used was a commercial liquid dye solution (23%) provided by Clariant.
Two doses were applied on an ECF-bleached eucalyptus kraft pulp (FIBRIA, Brasil, DPv: 1156, ISO brightness:
85.7±0.2): 0.1% concentration on o.d. pulp, corresponding to a standard color depth of 1/25, and 1% on o.d.
pulp. Dyeing was carried out without any fixative agent, at 1% pulp consistency with 30 min contact time.
Color-stripping trials - Commercial chemical products of analytical grade were used: NaOH (99%, reagent
grade, Carl Roth), H2O2 (35%, Carl Roth), CuSO4, 5 H2O (98.0%, ACS reagent, Sigma Aldrich), 1,10phenanthroline (99.0%, Acros Organics). The color-stripping stages were carried out in polyethylene bags at
10% consistency during 1 hour at 80°C. P stages used 2% H2O2 and 0.12% or 1% NaOH (weak and strong
alkaline conditions). Activated P stages (Pact) were carried out using Phen or Cu-Phen complex (previously
dissolved in water), in the same operating conditions as for the P stage (activators were added after NaOH and
before H2O2). 140.9 µmol of Phen were added for the H2O2+Phen trial and 140.9 µmol of Phen and 44.9 µmol of
Cu were added for the H2O2+Cu-Phen trial (one trial used 30 g o.d. pulp). Controls without H2O2 were also
performed: 0.12% and 1% NaOH alone and with the activators.
Characterization - Color-stripping efficiency was quantified by optical measurements on pulp handsheets,
prepared according to TAPPI Standard T 272 sp-12. L*a*b* values were measured on a spectrophotometer
(Elrepho Datacolor) according to ISO 5631-2:2008. The Dye Removal Index (DRI), developed by Sharpe and
Lowe [12], was then calculated. It indicates the percentage of discoloration in the CIE L*a*b* color system.
The degrading effect of the P and Pact stages on cellulose was evaluated by measuring the cellulose
polymerization degree DPv (TAPPI Standard T 230 om-13). The DPv accuracy was estimated to be ±20.
III. RESULTS AND DISCUSSION
Results of all the color-stripping trials are presented in Table 1.
Table 1. Color-stripping efficiency of P, activated P stages and controls
% Dye

% NaOH

Assay

L*

a*

b*

DRI

DPv

% H2 O2 consumed

Final pH

0

/
/

fully bleached ECF pulp
unbleached colored pulp
NaOH
NaOH+Cu-Phen
NaOH+H2 O2

97.1 ±0.0
93.4 ±0.1
92.0 ±0.1
90.5 ±0.0
94.8 ±0.1

-0.3 ±0.0
1.3 ±0.0
4.6 ±0.0
6.2 ±0.0
0.0 ±0.1

5.5 ±0.0
24.3 ±0.2
20.2 ±0.2
18.0 ±0.1
18.8 ±0.3

/
0.0
22.6 ±0.8
28.9 ±0.8
40.4 ±1.4

1156
1191
1145
1040
779

/
/
/
/
100

/
/
11.4
11.9
11.2

NaOH+H2 O2+Cu-Phen

95.1 ±0.1

-0.4 ±0.0

13.9 ±0.1

65.8 ±0.2

676

100

10.5

NaOH+H2 O2+Phen
NaOH
NaOH+Cu-Phen
NaOH+H2 O2

95.8 ±0.1
94.0 ±0.1
93.4 ±0.0
93.2 ±0.1

-0.6 ±0.0
0.8 ±0.0
6.2 ±0.0
0.0 ±0.1

12.9 ±0.1
20.7 ±0.2
18.0 ±0.1
18.8 ±0.3

71.0 ±0.3
26.9 ±1.2
36.3 ±0.8
37.5 ±1.3

728
1208
1122
320

82
/
/
89

11.0
9.5
9.0
6.2

NaOH+H2 O2+Cu-Phen

94.0 ±0.1

0.6 ±0.0

16.0 ±0.1

53.9 ±0.0

289

93

4.7

NaOH+H2 O2+Phen
unbleached colored pulp
NaOH
NaOH+Cu-Phen
NaOH+H2 O2

95.3 ±0.1
87.8 ±0.1
86.2 ±0.1
86.6 ±0.1
89.4 ±0.1

-0.2 ±0.0
9.8 ±0.1
11.2 ±0.1
9.6 ±0.1
6.3 ±0.1

15.9 ±0.1
51.5 ±0.6
47.9 ±0.1
41.6 ±0.1
46.3 ±0.1

57.0 ±0.1
0.0
10.1 ±0.2
31.0 ±0.4
20.8 ±0.3

815
1193
1191
1069
958

92
/
/
/
69

6.8
/
/
12.2
11.2

NaOH+H2 O2+Cu-Phen

91.1 ±0.1

2.6 ±0.1

35.3 ±0.1

54.1 ±0.2

586

99

11.5

NaOH+H2 O2+Phen
NaOH
NaOH+Cu-Phen
NaOH+H2 O2

89.6 ±0.1
88.6 ±0.1
88.2 ±0.1
87.1 ±0.1

4.7 ±0.1
8.0 ±0.1
6.9 ±0.2
7.5 ±0.1

36.2 ±0.2
45.3 ±0.1
44.5 ±0.2
43.7 ±0.1

50.3 ±0.4
22.7 ±0.3
25.3 ±0.6
26.7 ±0.2

704
1203
1200
603

93
/
/
60

11.0
/
/
/

NaOH+H2 O2+Cu-Phen
NaOH+H2 O2+Phen

88.8 ±0.1

4.4 ±0.1

34.6 ±0.1

53.8 ±0.2

294

80

/

88.9 ±0.1

6.0 ±0.1

41.1 ±0.1

36.4 ±0.2

754

55

/

1
0.1

0.12

/

1
1

0.12

Color-stripping of the 0.1% dyed pulp
The pulp was first treated in classical conditions: 2% H2O2 and 1% NaOH (NaOH+H2O2 in the table). Two
controls without H2O2 were carried out: NaOH alone and NaOH+Cu-Phen, to examine the possible colorstripping effect of the complex itself. Activated P stages were performed with the addition of Cu-Phen
(NaOH+Cu-Phen+H2O2) or Phen (NaOH+Phen+H2O2).
With NaOH alone (1% or 0.12%), a slight color-stripping effect was observed (DRI=23% or 27%, respectively),
probably due to the partial solubilization of the dye in alkaline medium. With the complex, the dye removal was
slightly better. In addition to the alkaline effect, the complex itself influenced the color of the pulp. Two
explanations could be given: the color of the complex is responsible for the DRI variation (decrease of the b*
and L* values due to the blue color of the complex) or the complex has a chemical effect on the dye.
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With 2% H2O2 and 1% NaOH, the dye removal surprisingly reached 40%: H2O2 alone had thus a positive effect
although the dye molecular structure does not contain any H2O2 sensitive groups. The dye may have been
degraded by the action of highly oxidative hydroxyl radicals generated in presence of metal ions traces coming
from the pulp and certainly also from the commercial dye solution.
The effect of Cu-Phen or Phen activators was much more important since the DRI reached 66 and 71% for
NaOH+H2O2+Cu-Phen and NaOH+H2O2+Phen respectively. Phen alone activated the P stage as much as CuPhen. The presence of free copper ions in the dyed pulp probably led to the formation of active Cu-Phen
complexes.
In terms of cellulose DPv, as expected, NaOH had almost no effect (DPv=1145 vs 1191 for the unbleached
pulp), whereas NaOH+Cu-Phen induced a slight pulp degradation (DPv=1040). The addition of complex thus
favored cellulose oxidation. H2O2 alone, without activator, had a detrimental effect, which might be explained by
the action of hydroxyl radicals generated by the H2O2 decomposition with metal ions traces, in the absence of
any chelating agent in the pulp. As far as the activated P stages are concerned, the DPv values were lower than
with H2O2 alone. The NaOH+H2O2+Phen treatment was the most interesting one since the DRI was high and
cellulose DPv was not so much affected. The final pH was actually similar to the pH obtained after H2O2
bleaching, leading to similar degradation (DPv=728 vs 779). Regarding the Cu-Phen activated stage, the final pH
was lower, meaning that more acidic molecules were formed. This lower pH is certainly correlated to a higher
generation of hydroxyl radicals due to the higher metal ions content in the pulp with Cu-Phen.
The treatments with 1% NaOH leading to a high H2O2 consumption (82 to 100%), the amount of NaOH was
reduced in order to limit the environmental impact of the bleaching. The assays were thus conducted with 0.12%
NaOH instead of 1%. As observed before, sodium hydroxide alone was still able to dissolve part of the color
(DRI=27 vs 23% with 1% NaOH), although the NaOH concentration was much lower. In the same manner,
NaOH+Cu-Phen had a slight color-stripping effect. The DRI was higher than with 1% NaOH (DRI=36 vs 27%)
and the pH lower. This better result obtained in weaker alkaline conditions may be due to different and more or
less active copper-phenanthroline species, that are known to depend on the pH conditions.
Conventional P stage conducted at low alkalinity (0.12% NaOH) removed 38% of the dye, which was similar to
the 40% obtained with 1% NaOH, although the consumption of H2O2 was reduced. However, much more
cellulose degradation was observed (DPv=320), which could be related to the lower pH (6.2). The colorstripping mechanisms involved with H2O2 in alkaline or acidic/near neutral conditions are probably very
different. With activators (NaOH+H2O2+Cu-Phen and NaOH+H2O2+Phen), the DRI were higher but cellulose
was also more degraded, probably by the action of highly reactive hydroxyl radicals, as already discussed.
To conclude, Cu-Phen added in a P stage improved color-stripping efficiency but it should be used in
conventional alkaline conditions (around 1% NaOH) to avoid any additional cellulose degradation.
Color-stripping of the 1% dyed pulp
Overall, the DRI followed the same trend as for the 0.1% dyed pulp. However, the H2O2 consumption was lower,
probably because of the higher quantity of dye.
The dyed pulp was first treated in standard conditions using 1% NaOH. As discussed before, the dye was partly
dissolved with NaOH alone (DRI=10%) and NaOH+Cu-Phen had a beneficial effect (DRI=31%). With NaOH+
H2O2, the DRI was similar (DRI=21%). Likewise, the activated P stages led to efficient color-stripping
(DRI=54% after Cu-Phen Pact and DRI=50% after Phen Pact).
In terms of DPv, same tendencies were observed: no effect of NaOH (DPv=1191), slight degradation with CuPhen and higher degradation with H2O2 due to the hydroxyl radicals generation in presence of metals coming
from the dyed pulp. However, the 1% dyed pulp was less degraded than the 0.1% dyed pulp (DPv=958 vs 779)
probably because the higher quantity of dye plays a protecting role on the cellulose chains. With the Cu-Phen
activator, the consumption of H2O2 increased up to 99% and the DPv dropped (DPv 586): radicals were certainly
produced in huge quantity. With Phen, the H2O2 consumption was slightly lower (93%) and the DPv higher
(DPv=704), probably due to a lower quantity of copper, inducing lower radical generation.
In weak alkaline conditions (0.12% NaOH), the P stage was not able to efficiently color-strip the pulp
(DRI=27%). However, with the activators, especially with Cu-Phen, H2O2 was more active on both dye
(DRI=54%) and cellulose (DPv=294). As described before, the cellulose DPv was strongly affected as soon as
H2O2 combined with the activator was applied in a near neutral environment. This confirms that Cu-Phen or
Phen should not be used in weak alkaline conditions.
IV. CONCLUSIONS
The activated P stages were efficient: the DRI was improved with the use of Cu-Phen as a hydrogen peroxide
activator. Phenanthroline alone may also be used as an activator since it probably forms Cu-Phen complexes
with copper ions present in the pulp. However, the cellulose degree of polymerization dropped, especially in
weak alkaline conditions. Whatever the conditions used, color-stripping came along with cellulose degradation,
which is illustrated by Figure 2 with the example of the 1% dyed pulp.
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Figure 2. DRI vs DPv after bleaching of 1% dyed pulp
The effect of activated peroxide bleaching of colored pulp is probably mainly due to the generation of hydroxyl
radicals. This very oxidative species also degrades cellulose, which induces a drop in pulp quality. However, it
was shown that a compromise could be found between efficient color-stripping and cellulose preservation. The
activated P stage may be improved by optimizing the dose of NaOH and by protecting cellulose with sodium
silicate or magnesium sulfate.
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ABSTRACT
Photoluminiscent (PL) cellulose aerogels of variable shape containing homogeneously dispersed and surfaceimmobilized alloyed (ZnS)x(CuInS2)1-x/ZnS (core/shell) quantum dots (QD) have been obtained by 1) dissolution
of hardwood prehydrolysis kraft pulp in the ionic liquid 1-hexyl-3-methyl-1H-imidazolium chloride, 2) addition
of a homogenous dispersion of quantum dots in the same solvent, 3) molding, 4) coagulation of cellulose with
ethanol as antisolvent, and 5) scCO2 drying of the resulting composite aerogels. Both compatibilisation with the
cellulose solvent and covalent attachment of the quantum dots onto the surface of the regenerated cellulose was
achieved through replacement of the 1-mercaptododecyl ligands, typically used in alloyed (ZnS)x(CuInS2)1-x/ZnS
QD synthesis, by 1-mercapto-3-(trimethoxysilyl)-propyl ligands.
The obtained materials have densities of 37.9 to 57.2 mg cm-3, and have BET surface areas of 296 to 686 m² g-1
comparable with non-luminiscent cellulose aerogels obtained according to the NMMO, TBAF/DMSO or
Ca(SCN)2 routes. Depending mainly on the ratio of QD core constituents and to a minor extent on the
cellulose/QD ratio, the emission wavelength of the novel aerogels can be controlled within a wide range of the
visible light spectrum. Increasing the QD/cellulose ratio shifts the photoluminescence peak position towards
longer wavelengths and increases the photoluminescence. Reinforcement of the cellulose aerogels and hence
significantly reduced shrinkage during scCO2 drying is a beneficial side effect when using -mercapto-(trialkoxysilyl) alkyl ligands for QD capping and covalent QD immobilization onto the cellulose surface.

I. INTRODUCTION
Quantum dots (QD) are colloidal, mostly semiconductor-based nanoparticles of a size typically being equal to or
smaller than the exciton Bohr radius (ca. 2 to 15 nm). At such small dimensions continuous band structures, such
as those in bulk semiconductors, are no longer possible as quantum confinement of excited electron-hole pairs
(“excitons”) causes quantization of energy levels [1].
The multifaceted response of QDs towards photons of different energy (low energy such as UV, visible light,
NIR radiation: photoabsorption or photosensitation; high energy such as X-rays or -rays: photoelectric
ionization or photon annihilation on an atom nucleus and generation of an electron-positron pair) render QDs
very interesting materials for a wide range of applications [2].
Covalent immobilization of QDs on the surface of suitable matrices is considered to be a prerequisite to many
applications, and a means of reducing the health risk related to respirable particulate matter. By grafting QDs
onto the large inner surface of lightweight aerogels, novel functional materials advantageously employing the
large interconnected porosity and void surface area can be created. Next to opto-electronic or photovoltaic
applications, QD containing aerogels could be used for true volumetric 3D displays as it has been recently
successfully demonstrated for CdSe/ZnS-silica hybrid aerogels or as highly specific sensors reporting the
occurrence of specific biomolecules or gene sequences as it would be required for tracking cancer cells [3].
Covalent immobilisation of QDs equipped with ligands that contain terminal anchor groups on the surface of
aerogels, can be accomplished in two ways by synthesizing QD aerogels from sols of quantum dots, or by
embedding prefabricated QDs in the supporting aerogel matrix of another material [3]. Following these two
ways aerogels from both bacterial cellulose and regenerated cellulose containing homogeneously dispersed and
covalently immobilized alloyed (ZnS)x(CuInS2)1-x/ZnS (core/shell) quantum dots (QDs) have been prepared.
Experimental details and the properties of the obtained materials will be presented.

II. EXPERIMENTAL
Materials: Eucalyptus pre-hydrolysis kraft pulp (hwPHK; TCF bleached; MW 80.3 kg mol-1, CCOA: 4.7 µmol
g-1 C=O, FDAM: 8.8 µmol g-1 COOH; [4].Octadecene, 1-mercaptododecane, toluene, CuI, In(OAc)3, Zn(OAc)2,
1-hexyl-3-methyl-1H-imidazolium chloride (HMImCl) and 3-(mercaptopropyl)-trimethoxysilane (MPtMS) were
purchased from Sigma-Aldrich (Sigma-Aldrich HandelsGmbH, Vienna, Austria). Pressurized CO2 was
purchased from Linde Gas, Austria.
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Preparation and purification of alloyed (ZnS)x(CuInS2)1-x core / ZnS shell QDs of variable shell thickness
and 1-mercaptododecane ligands grafted onto the particle surface was accomplished as described elsewhere
(Wang et al. 2013). For compatibilization of the QDs with ionic liquids and covalent binding onto the cellulose
surface, 1-mercapto-n-dodecyl ligands were replaced by MPtMS via phase transfer. In brief, a solution of 0.05
mL of PtMS in 5.0 mL of HMImCl was added to 5.0 mL of a solution that contained the (ZnS)x(CuInS2)1x/ZnS (alloyed core/shell) nanoparticles solubilized in toluene by the presence of lipophilic 1-mercapto-ndodecyl ligands. The resulting two-phase system was vigorously stirred at ambient temperature for 30 min
whereupon the QDs moved from the supernatant toluene into the lower ionic liquid phase which was then
separated from the supernatant.
Preparation of cellulose-(ZnS)x(CuInS2)1-x/ZnS (core/shell) QD composite aerogels
Eucalyptus prehydrolysis kraft pulp (hwPHK) was dissolved in HMImCl at 100 °C to afford solutions that
contained 1 - 3 wt% of cellulose. Based on microscopic evaluation (Novex B series binocular microscope BBS
Led for bright field contrast) dissolution was assumed to be complete within 2 hours for all variants. The
solutions were cooled down to 60 °C before different aliquots of the suspension of the 3-(trimethoxysilyl)propyl-functionalized (ZnS)x(CuInS2)1-x/ZnS (core/shell) QDs in HMImCl were added dropwise under argon and
vigorous stirring. Then, the solutions containing 0.01-0.3 wt% of QDs were transferred into PTFE molds. Disklike alcogels (Ø 30 mm, height 3 mm) were obtained by coagulation of cellulose with either absolute or aqueous
(50 v%) ethanol and replacing the coagulation media by fresh solvent every four hours for three times at least. If
aqueous ethanol was used for coagulation, the samples were thoroughly equilibrated in absolute ethanol prior to
scCO2 drying (three times, four hours each).
Supercritical CO2 drying: The composite alcogels were placed onto stainless steel filter panels inside the
autoclave (SFP-200, Separex, Champigneulles, France). The system was then pressurized through the bottom
valve with liquid, pre-heated CO2 using a HPLC pump until the operation pressure of 10 MPa was reached. The
top valve was opened and the bottom valve was subsequently switched to the separator, where ethanol and CO2
were separated by an isothermal flash. Drying was accomplished at 40°C using a drying time of 5 hours. Finally
the top valve was closed and the autoclave was depressurized over the separator.
Analytical methods. ATR-FTIR spectra (500–4000 cm-1) of the pure and composite aerogel discs were recorded
on a L128-0099 PerkinElmer Spectrometer (Waltham, MA, USA), fluorescence experiments on a PerkinElmer
LS55.
Transition electron microscopic (TEM) pictures of cellulose-(ZnS)x(CuInS2)1-x/ZnS (core/shell) QD composite
aerogels were obtained on a JEM-2010 FEF (UHR; JEOL, Tokyo, Japan). Scanning electron microscopy(SEM):
Hitachi X-650. Gold sputtering (5 nm) was performed at a voltage of 2.5 kV under argon. Energy-dispersive Xray (EDX): Horiba EX-250 coupled with SEM. X-ray diffractometry of cellulose and cellulose-(ZnS)x(CuInS2)1x/ZnS composite aerogels was performed in reflection mode (Rigaku RINT 2000, Japan) using monochromatic
Cu Kradiation (λ = 0.15406 nm).
Nitrogen sorption experiments at 77 K were conducted on a Micrometrics ASAP 2020 analyzer. Specific surface
areas were calculated from the BET equation, the average pore diameter being evaluated by the BJH equation on
the desorption branch of the isotherm. All samples were kept under vacuum overnight prior to the measurements.
Thermogravimetric analysis (TGA): NETZSCH TG209 F1. A constant heating rate of 20 °C min-1 was used
throughout the entire temperature range studied (25-800°C). Mechanical response to compression stress was
investigated with a Zwick/Roell Materials Testing Machine Z020. A 50 N load cell was used to measure the
force required to achieve a deformation rate of 2.4 mm min‐1.
1
H, 13C, and 29Si NMR spectroscopy was performed on a BrukerAvance II 400 spectrometer with a 5 mm
broadband probe head equipped with z-gradient in DMSO-d6 (1H frequency 400.13 MHz, 13C: 100.61 MHz, and
29
Si: 79.49 MHz) at room temperature with standard Bruker pulse programs.

III. RESULTS AND DISCUSSION
The synthesis of alloyed core / shell QDs according to the applied thermolytic approach involves embedding of
lipophilic ligands such as 1-mercaptododecane and 1-aminooctadecane into both core and shell which promotes
surface deactivation, increased PL lifetimes, quantum yields, and imparts good dispersibility in non-polar
liquids, such as toluene. Grafting of this type of QDs onto the surface of cellulose, however, requires ligands that
carry suitable, reactive groups and – if cellulose-QD composite aerogels are produced by grafting of cellulose in
solution state and subsequent coagulation of the modified cellulose – a solvent that is able to dissolve cellulose
and to disperse QDs at the same time.
These obstacles have been overcome by replacing part of the 1-mercaptododecyl ligands by 1-mercapto-3(trimethoxysilyl)-propyl ligands. It has been accomplished by phase transfer into 1-hexyl-3-methyl-1Himidazolium chloride (HMImCl) which has the capability of both dispersing the QDs after ligand exchange and
dissolving cellulose. The ligand exchange has been accomplished by adding a suspension of the 1868
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Apart from the parameters discusses above, the photoluminescence intensity of both cellulose-(ZnS)x(CuInS2)1(core/shell) QD hybrid alcogels and aerogels can be also controlled by the amount of QDs covalently
grafted onto cellulose. The slight red shift of the PL peak position which increases with the amount of QDs
added has been observed for both alcogels and aerogels and is likely due to QD aggregation by van der Waals
forces.
Grafting of the core/shellQDs onto cellulose aerogels has been demonstrated to reduce shrinkage during both
cellulose coagulation and scCO2 drying leading to higher internal surface areas. Furthermore, increased stiffness
(Youngs modulus, increased capability of absorbing energy by elastic deformation) and strength (measured at
0.2% off-set strain) has been calculated from the results of respective compression tests.
Nitrogen sorption experiments at 77K reveal that the obtained cellulose-QD composite aerogels are dominated
by (narrow-sized) mesopores (IUPAC type IV-a/b). A small fraction of macropores have been shown to be also
present (low BET intercepts, small N2 volumes adsorbed at P/P0 = 0.02; approx. 2-100 cm3 g-1).
x/ZnS

IV. CONCLUSIONS
(ZnS)x(CuInS2)1-x/ZnS (core/shell) quantum dots obtained according to the thermolytic approach have been
successfully subjected to ligand exchange. Replacement of 1-mercaptododecyl ligands by 1-mercapto-3(trimethoxysilyl)-propyl ligands allow covalent binding of the respective QDs to cellulose. Co-dispersion of the
1-mercapto-3-(trimethoxysilyl)-propyl-capped (ZnS)x(CuInS2)1-x/ZnS (core/shell) quantum dots in solutions of
cellulose in ionic liquids, such as HMImCl, at slightly elevated temperature (45-60°C) and subsequent addition
of a cellulose-anti-solvent affords largely transparent, fluorescent organogels. Their photoluminescence can be
tuned within a wide range of the visible light by varying the composition of the core constituents, thickness of
shell and the cellulose/QD ratio. Conversion of the organogels to aerogels by scCO2 drying preserves the PL
properties to a large extent. The weak blue shift caused by scCO2 drying is superimposed by a somewhat less
pronounced bathochromic shift that occurs when increasing the amount of QDs at constant density of the
cellulosic network. Grafting of (ZnS)x(CuInS2)1-x/ZnS (core/shell) quantum dots onto cellulose increases the
mechanical stability of the hybrid aerogels compared to their QD-free counterparts which benefits high pore
surface area, overall porosity, and dimensional stability of the samples during scCO2 drying. Cellulose
organogels and aerogels containing covalently immobilized QDs of group Ia, III and VI elements are expected
to have a large application potential and will be studied further.

V. ACKNOWLEDGEMENT
The financial support by the Chinese Academy of Sciences and the Beijing Institute of Technology (“Advanced
materials based on cellulosic aerogels”) and by the Austrian Science Fund (FWF, Austrian-French Project CAPBone) is thankfully acknowledged.

VI. REFERENCES
1.
2.
3.
4.
5.
6.

Zhang, Y.; Clapp, A. Overview of stabilizing ligands for biocompatible quantum dot nanocrystals. Sensors
2011, 11 (12), 11036-11055.
Juzenas, P.; Chen, W.; Sun, Y.-P.; Coelho, M.A.N.; Generalov, R.; Generalova, N.; Christensen, I.L.
Quantum dots and nanoparticles for photodynamic and radiation therapies of cancer. Advanced Drug
Delivery Reviews 2008, 60 (15), 1600-1614.
Marinov, V.R.; Lima, I.T.; Miller, R. Quantum dot dispersions in aerogels: A new material for true
volumetric color displays. Proc. SPIE 2010, 7690, 76900X.
Liebner, F.; Haimer, E.; Potthast, A.; Loidl, D.; Tschegg, S.; Neouze, M.-A.; Wendland, M.; Rosenau, T.
Cellulosic aerogels as ultra-lightweight materials. Part II: Synthesis and properties. Holzforschung 2009, 63
(1), 3-11.
Wang, H.; Shao, Z.; Bacher, M.; Liebner, F.; Rosenau, T. Fluorescent cellulose aerogels containing
covalently immobilized (ZnS)x(CuInS2)1-x/ZnS (core/shell) quantum dots Cellulose 2013, 20, 3007-3024.
Primeau, N.; Vautey, C.; Langlet, M. The effect of thermal annealing on aerosol-gel deposited SiO2 films:
A FTIR deconvolution study. Thin Solid Films 1997, 310 (1), 47-56.

870

© CSIC © del autor o autores / Todos los derechos reservados

13th European Workshop on Lignocellulosics and Pulp

STABILISATION OF POLYSACCHARIDES DURING ALKALINE
PRETREATMENT OF WOOD FOLLOWED BY ENZYME-SUPPORTED
EXTRACTIONS
Yan Wang1, Shoaib Azhar1, Mikael Lindström1, 2 and Gunnar Henriksson1, 2 *
1

Wallenberg Wood Science Center, KTH Royal Institute of Technology, SE-100 44 Stockholm,
Sweden; 2 Division of Wood Chemistry and Pulp Technology, KTH Royal Institute of Technology, SE-100 44
Stockholm, Sweden

* Corresponding author: ghenrik@kth.se

ABSTRACT
The possibilities to increase the extraction of wood polymers were tested with a prior use of specific enzymes.
An open wood structure is needed for the enzymatic treated which was achieved by extended impregnation of
the wood. However, some of the hemicelluloses, primarily glucomannan, and lignin were lost during the
impregnation. In order to improve the carbohydrate yield in the impregnated wood different glucomannan
modification agents were used. Through the use of additives, most of the glucomannan could be retained in the
wood while still allowing the enzymes to penetrate the wood and attack the polymers. The additives were able to
retain the carbohydrates and increased the extraction yield afterwards from 9 to 12% w/w wood. Gamanase
treatment prior to the extraction increased the extraction yield to 14%. Of the three stabilising agents, sodium
borohydride was the most efficient, providing the highest extraction yields.
I. INTRODUCTION
Nowadays biomass materials are very promising renewable raw material selection to replace the petroleum for
its abundant resources in the nature [1]. Biomass materials are complex in composition, plant materials, for
example, contain three major components: cellulose, hemicellulose, and lignin. All of these three components
have broad use in varying areas. So, if a chemical process uses only one component and the others become
wastes that must be disposed, the process often becomes uneconomic. In traditional wood pulping, for example,
cellulose for cellulose fiber and chemical production is separated from lignin and hemicellulose fractions, which
are usually wasted. New wood production processes should also have to include higher-value uses for the lignin
and hemicellulose. Due to the compact lignin carbohydrate complex (LCC) wood structure, the separation of the
components of lignocellulose materials without intensive use of chemicals and energy, as is done in traditional
wood pulping, is no easy matter. But intensive use of chemicals and energy will result in large damage and lost
of the wood components. A new idea was introduced here, which introduced enzymes to treat the wood before
the components separation [2]. The enzymes are specified and in relatively mild working condition. The
extraction process was done on the hemicellulases attacked materials and the result showed that all enzymatic
treatments increased the yield of extraction and the polymers extracted from the xylanase treated material had
higher degree of polymerization than non-enzymatically treated controls [3]. The chemo-enzymatic extraction
concept was set here to separate the wood components. One problem is however, that the valuable glucomannan
to large extent was degraded during these treatments. The sensitivity of this polysaccharide is probably mainly
due to the “peeling” reaction that degrade the glucomannan from the reducing end [4]. To improve chemoenzymatic extraction process concept, modification of extended impregnation should be done to inhibit the
peeling reaction from the alkaline attack.
Preservation of the glucomannan against alkali degradation can be done with conversion of carbonyl groups with
a reducing or an oxidizing agent to prevent the further peeling reaction [5]. In this paper, we provide insight into
three common chemicals, sodium borohydride (NaBH4), polysulfide (PS), anthraquinone (AQ), which are used
in kraft pulping to see whether they can do the modification on the extended impregnation process. And then we
should demonstrate that after the modified work, if the enzyme also can penetrate into the materials and work on
them.
II. EXPERIMENTAL
Extended impregnation (EI) of 1 kg (o.d. weight) of Norway spruce (Picea abies) chips was carried out in a pilot
scale circulation digester with white liquor, at conditions adapted from traditional kraft cooking process.
Modified extended impregnation of wood chips was performed with the addition of NaBH4, elemental sulphur or
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anthraquinone see Table 1. After impregnation, wood chips were washed with deionised water for more than 12
hours to remove the alkaline residue. Pretreated wood chips were disintegrated through 50,000 revolutions in a
disintegrator designed according to ISO 5263-1:2004.
Table 1. Extended impregnation conditions and additives
L:W

7

-

Extended Impregnation (EI)

Modified Extended Impregnation
Additive charge, %w/w wood

[OH ]

25 g/L

Sulfidity

60 % w/w wood

Maximum temperature

110°C

Impregnation time

120min

NaBH4

3

PS

4

AQ

0.15

The incubation process was performed by suspending 5 mg (dry weight) wet samples of each type of
impregnated wood in 20 mM sodium phosphate buffer (pH 7) with 5 µL Novozym 342 (90 EGU/g) at 40 °C for
5 h in a final volume of 1 mL. Gammanase was used for the treatment of impregnated wood prior to extraction.
A 10 g (o.d. weight) of each tyoe of impregnated wood was incubated with 300 mL of 50 mM (pH 5) sodium
acetate buffer at 60°C for 24 h. Gammanase dosage was 1000 VHCU units /g (1 mL/g). The enzymatic treatment
was terminated by increasing the temperature above 90 °C.
For extraction experiments, a 10 o.d. g of impregnated wood was subjected to a mixture of 50% w/w methanol
containing 5% w/w alkali charge on wood at 130°C for two hours with a liquor-to-wood ratio of 10:1 [9].
Liquid-containing dissolved solids were separated from the wood material by vacuum filtration using a wire
cloth (mesh size: 71 microns) followed by washing with deionised water. Aliquots of the residual wood were
heated at 105 °C to determine the amount of extracted material. The liquids containing dissolved solids were
lyophilized.
Reducing sugar analysis was performed by the method described by Miller [6]. Klason lignin content in the
wood material was measured in accordance with Tappi standard T 222 om-02. Carbohydrate composition of the
filtrates after acid hydrolysis (SCAN-CM 71:09) was analysed using high-performance anion-exchange
chromatography. Molar mass distribution of the lyophilised extracts was determined using a size exclusion
chromatography calibrated with pollulan standards with specific molecular weights ranging from 320 to 400 000
Da.
III. RESULTS AND DISCUSSION
The addition of additives during extended impregnation considerably increased the yield, with sodium
borohydride to be the most efficient as compared to polysulphide and anthraquinone, Table 2. Because the
oxidized structure does possess a double bound oxygen, a peeling type reaction might occur, although more
slowly than in the original structure, whereas the reduced structure contains no double bond that can initiate the
peeling reaction. Thus, reduction is most likely an efficient way to prevent the peeling reaction, as previously
suggested [8].
Even though more glucomannan was retained in the material the enzymes can still penetrate into the wood and
attack the polymers from the released reducing sugar results shown in Figure 2. One possible explanation is that
approximately 20% of the extractable lignin was lost during the impregnation process, as shown in Table 2. The
non-phenolic β-O-4 ethers in lignin are cleaved under alkaline conditions [7], and such a reaction may partly
degrade the lignin-carbohydrate networks in wood, making the structure of the wood “looser” and more flexible,
thereby allowing enzymes to penetrate into the structure and access the polysaccharides. In addition to the lignin
aspect, some hemicelluloses were also lost even in the modified EI. This loss may also lead to the cleavage of
the lignin carbohydrate complex. Due to still more glucomannan was preserved in the modified extended
impregnated samples, the reducing sugar contents from the respective samples were slightly lower than that from
the non-modified extended impregnated sample, except for the AQ-modified material. That may due to the
reduced form of AQ i.e. AHQ, prevented an undesirable side reaction (e.g., condensation) of the lignin, and thus,
the solubilising reactions of delignification were enhanced.
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Table 2. Composition of wood material after extended impregnation with and without additives in %w/w wood
Sample

Yield

Lignin

Ara

Gal

Glu

Xyl

Man

Spruce

(100)

28.3

1.57

2.23

46.89

6.88

13.56

EI

76.6

22.4

0.88

0.77

44.16

4.85

4.01

EI-NaBH4

89.5

23.2

1.03

1.37

48.52

5.91

10.17

EI-PS

80.0

EI-AQ

22.8

81.3

22.7

0.94

100

1.12

0.84

95

0.70

90

After Extended impregnation
45.97
Non-enz. treated, 5.53
extracted residue 5.76
Gamanase treated, extracted residue

45.21

5.68

5.52

Yield %

EI: extended impregnation, EI-NaBH4: extended impregnation
85 with NaBH4, EI-PS: extended impregnation with
elemental sulphur, EI-AQ: extended impregnation with anthraquinone.
80
75
70

The carbohydrates were stabilized by the additives during 65extended impregnation, which were then isolated
during the extraction stage. In cases where no additive was60used, the yield of extracted material was 9% w/w
wood whereas the gamanase treatment did not noticeably affect
55 the extraction yield. However, 11% w/w wood
was extracted from sodium borohydride treated wood, which50increasing to 14% with gamanase treatment. With
Spruce!
EI! w/w
EI*NaBH
EI*PS! 1) EI*AQ!
polysulphide and anthraquinone, the amount of extracted material
was 11-12%
wood4! (Figure
but the
yield was not considerably increased after gamanase treatment. This result may be because the polysulphide and
!
anthraquinone did not preserve as many polysaccharides as in the case of sodium borohydride.
!
!
!

After Extended impregnation
Non-enz. treated, extracted residue
Gamanase treated, extracted residue

95
90

Yield %

85
80
75
70
65
60
55
50

EI!

EI*NaBH4!

EI*PS!

EI*AQ!

! Figure 1. The extraction yields of enzyme-treated and
wood
after
impregnation.
! non-enzyme-treated
! Modified extended impregnation preserved more
! material in the wood, and hence more material was
Reducing)sugar)content/%)

extracted
than from the
wood undergoing extended
reducing!sugar!content/%!
7!
120!
impregnation. Sodium yield/%!
borohydride showed larger
6!
100!
effects
5!

yield/%!

6!

120!
100!

5!

80!

4!

60!

3!

40!

2!

20!

1!
0!

Spruce!

reducing!sugar!content/%!

7!

Reducing)sugar)content/%)

100

Spruce!

EI!

!

EI*NaBH4!

EI*PS!

EI*AQ!

0!

Figure 2. Released reducing sugar analysis and yield
comparison. The yield increased from 76.6% to 80.0%
(PS), 81.3% (AQ) and 89.6% (NaBH4), respectively,
under the same conditions, and the reducing sugar
analysis data indicated that the enzymes could
penetrate and attack the wood.

80!

4!
Because
the mannose content in the impregnated wood was low, i.e., 4%, hence only 13% of mannose was
60!
extracted,
which increased to 20% after the gamanase
treatment (Table 3). Sodium borohydride preserved a
3!
significant amount of mannose in the wood, and hence,
it
was possible to extract a comparatively larger 25% of
40!
2!
mannose,
whereas gamanase treatment increased it to 30%. The material extracted from non-enzyme treated
wood
Da, which means that the opened wood structure enables the
1! has a molecular weight ranging up to 20000 20!
extraction of high molecular weight material regardless of the addition of additives. However, the molecular
0!
0!
weight Spruce!
of the material
extracted
EI!
EI*NaBH4! from
EI*PS! gamanase
EI*AQ! treated wood was not very high, and most of the extracted
hemicelluloses appear in the oligomeric region, with some larger LCCs. This result is most likely because
!
gamanase has degraded the polysaccharides.

Xylose was less extracted from the gamanase-treated samples for all three pretreatment methods. This result is
unexpected and difficult to explain. However, gamanase contains some xylanase activity, and as xylan has a
rather high solubility in alkali, the xylan in the pretreated material might have been partly dissolved and
precipitated and thereby very accessible for enzymatic degradation. Thus, xylanase-free enzyme products might
be interesting for this type of application.
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The lignin content in the extracted material from gamanase-treated wood is also slightly high, which may be
because gamanase can cut glucomannan, producing more free LCCs to be extracted.
Table 3 Amount of lignin and anhydro-monosugars extracted from impregnated wood samples
% based on wood
EI

EI-NaBH4
EI-PS
EI-AQ

Lignin

Ara

Gal

Glu

Xyl

Man

Non-enzyme treated

5.77

0.07

0.09

2.62

0.20

0.53

Gamanase treated

6.77

0.08

0.15

2.10

0.20

0.88

Non-enzyme treated

4.64

0.26

0.48

2.98

1.20

2.51

Gamanase treated

5.86

0.11

0.52

4.36

0.50

3.02

Non-enzyme treated

5.76

0.02

0.53

3.64

1.41

1.54

Gamanase treated

7.27

0.10

0.57

4.08

0.62

1.81

Non-enzyme treated

5.01

0.11

0.09

2.18

1.32

2.18

Gamanase treated

6.40

0.10

0.18

1.16

0.58

2.25

IV. CONCLUSIONS
The three additives successfully achieved the preservation of glucomannan during modified extended
impregnation. The yield increased from 76.6% to 80.0% (PS), 81.3% (AQ) and 89.6% (NaBH4). After the
modification, the impregnated wood was also opened up to enzymes. The additives during extended
impregnation enhance the yields of extracted materials with molecular weight up to 20 000 Da. Gamanase
treatment improved the extraction yield even more, but the polymers are degraded to oligomers or less. Thus, a
monocomponent such as endo-mannanase would be a better option than gamanase.
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ABSTRACT
Antioxidants were grafted to cellulose nanocrystals (CNC), characterized and compounded to polypropylene
(PP). Antioxidizing di-tert-butylphenol groups were covalently bound to previously synthesized carboxymethyl
cellulose nanocrystals via amide formation. Characterization was carried out using fourier transform infrared
spectroscopy, NMR measurements and elemental analyses. Stabilization tests and dispersion of CNC samples
within the PP matrix were verified using oxidative induction time and scanning electron microscopy
measurements. We display that carboxymethyl cellulose nanocrystals do show a weak stabilizing effect while
antioxidant grafted cellulose nanocrystals do not possess this ability with the herein described method of
compound preparation.

I. INTRODUCTION
Cellulose Nanomaterials are of increasing interest for nanocomposites due to their natural abundance and
biodegradability. They are known as fillers and reinforcements for polymers to increase mechanical, thermal and
barrier properties [1]. Furthermore, additivation of cellulose follows the trend to biobased materials and the raw
product is cheap [2]. Physical loss and migration of commercially available additives in polymers is discussed in
literature as it affects the service life of a product [3,4]. Additionally, additives can contaminate its surrounding
area, for example in water pipeline systems or food through packaging [5–7]. In this work additive molecules are
covalently bound to CNC and their migration is hindered. Hence, reinforcing properties are combined with the
immobilization of polymer additives.

II. EXPERIMENTAL
Materials and methods
Solvents and reagents were purchased from standard chemical suppliers. Reagents were of p.a. quality and used
without further purification. Solvents were dried by conventional means if necessary. Cellulose nanocrystals
(CNC) were purchased from the University of Maine process development center in dry form with a purity of 90
to 100 %. Unstabilized PP powder with a melt flow index of 0.02 g min-1 at 240 °C and 2.16 kg was purchased
from Borealis Polyolefine GmbH (Linz, Austria). Fourier transform infrared (FT-IR) spectroscopy was recorded
using a Perkin Elmer Paragon 1000 PC FT-IR spectrometer. Static oxidative induction time (OIT) measurements
were carried out on a Perkin Elmer DSC 8000. Samples were prepared by cutting a cylindrical sample out of
extruded compounds with 5 mm diameter, ~0.5 mm thickness, and 14-16 mg weight. Measurement consisted of
heating from 30 °C to 220 °C at 20 °C min-1, holding for 5 min, cooling to 190 °C at 20°C min -1, and holding 5
min before applying oxygen. The oxidative induction time is indicated by an exothermal reaction. 1H nuclear
magnetic resonance (NMR) spectra were performed on a Bruker Avanve III 300 MHz spectrometer using
standard pulse sequences as provided by the manufacturer. Deuterated solvents were used as internal calibration
standards for NMR spectroscopy. A Zeiss 1540XB CrossBeam equipped with an Oxford Instruments EDX
system was used for scanning electron microscopy (SEM) and energy-dispersive x-ray spectroscopy (EDX). For
SEM/EDX measurements, samples were cut with a knife and the surface spattered with gold. Elemental analyses
were done on a Thermo electron corporation Flash EA 1112 CHNS-O analyzer.

Synthesis of carboxymethyl cellulose nanocrystals (CM-CNC) 2
Cellulose nanocrystals (CNC) 1 (1 g) are dispersed in a mixture of 50 mL isopropyl alcohol and 5 mL H2O on an
ultrasonic bath for 30 min. Sodium hydroxide solution (6 mL, 30 %) is added resulting in a translucent reaction
mixture followed by the addition of 1.8 g chloroacetic acid. The reaction mixture is then stirred for 2.5 h at
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70 °C, neutralized with acetic acid (80 %), filtered and washed with a mixture of methanol and H2O. The
resulting sodium salt is suspended in 0.1 N hydrochloric acid on an ultrasonic bath for 1 h, filtered and washed
with methanol to yield 2 in 90 %.

Synthesis of AO-grafted cellulose nanocrystals (CNC-AO) 4
CM-CNC 2 (145 mg) are dispersed in 5 mL absolute N,N-dimethylformamide (DMF) under Argon on an
ultrasonic bath for 1 h. Dicyclohexyl carbodiimide (610 mg) dissolved in 3 mL DMF is added and the mixture
stirred at room temperature for 5 min followed by the addition of 4-dimethylamino pyridine (95 mg) dissolved in
3 mL DMF and amine 3 dissolved in 5 mL DMF. The reaction mixture is then stirred at room temperature under
Argon for 120 h, filtered and washed eight times with acetone to yield 4 [8].

Preparation of polypropylene compounds
Compounds were prepared with a Thermo Scientific Minilab II Haake Rheomex CTW5 twin-screw compounder
at 175 °C and a speed of 60 min-1 for 5 min mixing time. The ratio of compounded CNC-AO to polypropylene
(PP) was fixed at 0.5 wt.% based on di-tert-butylphenol groups grafted to the CNC [9].

III. RESULTS AND DISCUSSION
Synthesis
Antioxidant (AO) grafted cellulose nanocrystals 4 were synthesized by coupling of an amine functionalized AO
3 to carboxymethyl cellulose. Raw cellulose nanocrystals 1 were converted to carboxymethyl cellulose
nanocrystals 2 with chloroacetic acid (Figure 1).

Figure 1: Synthesis of AO-functionalized CNC via CM-CNC. Reaction conditions: (a) CM-CNC: i-Prop/H2O,
ultrasonic bath (30 min), addition of NaOH (30%), addition of ClCH2COOH, 70 °C, 2.5 h, then HCl (0.1 N) and
ultrasonic bath (60 min) to the corresponding acid; (b) CNC-AO: DMF, DCC, DMAP, r.t., 120 h

Analytics
Fourier transform infrared spectroscopy (FT-IR) is a method to qualitatively characterize functionalized
cellulose. Figure 2 compares pristine CNC with CM-CNC and AO-grafted CNC. AO precursor 3 shows a
characteristic peak for the phenolic hydroxyl group at 3635 cm-1, which is additionally found in 4. Two peaks at
2930 and 2850 cm-1 are associated to the aliphatic groups of 3 and 4. Compared to pristine CNC, CM-CNC 2
show a signal at 1730 cm-1 arising from the C=O stretching vibration of the carboxylic acid group. For CNC-AO
4 the C=O stretching vibration is shifted to 1610 cm-1 according to the conversion from carboxylic acid to amide
group. Additionally, signals at 1540 and 1430 cm-1 corroborate the presence of amide groups. The intactness of
the phenolic AO groups was additionally verified by 1H NMR measurements since 4 is slightly soluble in
DMSO-d6. The degree of functionalization was verified using elemental analysis by evaluation of the nitrogen
content since it is only introduced through AO precursor 3. The degree of substitution is 1 which means one
phenolic AO group per glucose unit.

876

© CSIC © del autor o autores / Todos los derechos reservados

Relative Transmittance / a.u.

13th European Workshop on Lignocellulosics and Pulp

C=O
Phenolic OH
C-N

aliphatic

amide II
C=O

Phenolic OH

CNC 1
CM-CNC 2
CNC-AO 4
AO 3

4000

3500

aliphatic

3000

2500

2000

1500

1000

Wave number  / cm

-1

Figure 2: FT-IR spectra of pristine CNC 1, CM-CNC 2, CNC-AO 4, and raw AO 3.

Analytics of compounded samples
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To determine the stabilizing ability of CNC-AO 4 it was compounded to commercially available isotactic PP and
the oxidative induction time (tOIT) was measured. Pristine CNC, and CM-CNC were also compounded to PP and
compared to non-stabilized PP. Table 1 and Figure 3 illustrate the results of OIT measurements. Surprisingly,
CM-CNC 2 show a weak stabilizing ability whereas AO-grafted CNC 4 do not possess this effect. One possible
explanation is the missing dispersion of CNC in the polymer matrix as SEM images show (Figure 4).

PP
CNC 1/PP
CM-CNC 2/PP
CNC-AO 4/PP
0

1

2

3

4

5

6

7

Oxidative induction time tOIT / min
Figure 3: OIT measurements of compounded samples 1/PP, 2/PP, and 4/PP compared to non-stabilized PP
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Table 1: OIT values for compounded samples 1/PP, 2/PP, and
4/PP compared to non-stabilized PP

Sample

tOIT / min

PP
CNC 1/PP
CM-CNC 2/PP
CNC-AO 4/PP

2.26
1.34
6.41
1.83

Figure 4: SEM image of CNC-AO 4/PP compound,
darker matrix is PP, lighter areas are CNC-AO 4.

IV. CONCLUSIONS
CNC were grafted with an amino-functionalized phenolic AO via carboxymethylation of raw CNC and
subsequent amide formation with DCC/DMAP. Characterization was performed by FT-IR and NMR
measurements which proof the intactness of the phenolic AO group and elemental analyses to determine the
degree of functionalization. Nevertheless, compounded CNC-AO/PP samples do not show stabilizing properties
as OIT measurements illustrate. CNC-AO dispersion in PP compounds is inhomogeneous as SEM images show.
Further research will concentrate on the homogenization of CNC-AO/PP compounds for example through
chemical modification of CNC and thus a better compatibility with the PP matrix.
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ABSTRACT
A comprehensive understanding of the structures of whole lignin in the plant cell wall is extremely significant
for developing effective biomass processing and utilization. In the present study, a robust method based on mild
alkaline preswollen and in-situ enzymatic hydrolysis for the isolation of “swollen residual enzyme lignin, SREL”
from Eucalyptus wood was presented. The SREL obtained was investigated as compared to the corresponding
cellulolytic enzyme lignin (CEL) and alkali lignin (AL). Remarkablely, the yield of SCEL (95%) was
significantly higher than that of CEL (20%) and AL (12%). The isolated lignin polymers have been
comparatively investigated by a combination of elemental analysis, 2D HSQC NMR, 31P-NMR, and GPC
techniques. The major lignin linkages (β-O-4′, β-β′, and β-5′, etc.) were thoroughly assigned and the frequencies
of the major lignin linkages were quantitatively obtained. In particular, p-hydroxyphenyl (H) units were
observed in SREL and AL rather than CEL, suggesting that H-type lignin units, which are difficult to be
extracted with 96% dioxane, could be obtained by this method. Inspiringly, the effective method gives us an
integrated vision to understand the intrinsic structural features of whole lignin from plant cell wall and helps to
develop more effective plant deconstruction or pretreatment strategies in the current biorefinery process.
I. INTRODUCTION
Isolation and structural characterization of lignin has been also extensively investigated and developed in
wood and lignin chemistry. However, the complex and irregular structure of lignin as well as fundamental
chemistry of the lignin during current biorefinery has not been completely elucidated although the primary
structure has been well depicted [1]. Traditionally, isolation methods for structural analysis of lignin have been
proposed during the past decades, such as MWL[2], CEL[3], and EMAL[4]. All the above-mentioned lignin
preparations have played a very significant role in structural elucidation of lignin in wood chemistry. However,
these methods could not provide panoramic structural features of the whole lignin components via an unextracted approach, i.e., in situ approach.
Ideally, it is important to find a pretreatment that two premises should be satisfied simultaneously: 1)
enhancing the enzymatic hydrolysis of the pretreated plant cell wall to remove most of carbohydrates; 2) keeping
the structure of the lignin in the raw material unchanged as far as possible. If the pretreatment exist, the whole
lignin can be isolated as a residue after sufficient enzymatic hydrolysis. Most publications demonstrated that
enzymatic hydrolysis efficiency is related to the crystallinity and accessibility of the pretreated substrates. In
addition, due to the swelling action of alkaline treatments, the aqueous alkaline treatment causes a reduction in
both cellulose crystallinity and crystallite size of the plant cell wall [5]. Under these enlightenments, mild
alkaline treatments and subsequent in-situ enzymatic hydrolysis were applied to the ball-milled plant cell wall to
remove more carbohydrates as far as possible, obtaining swollen residual enzyme lignin (SREL) as residual
lignin, instead of extracting lignin with neutral solvent (i.e. dioxane). Based on the above-mentioned
enlightenments, a new paradigm of lignin isolation method from Eucalyptus wood was proposed for the first
time. In addition, to evaluate the effect of mild alkaline treatments and enzymatic hydrolysis on the structural
features of the SREL, the corresponding alkaline lignin (AL) and cellulolytic enzyme lignin (CEL) isolated
under the same condition was used as a control.
In this study, the lignin preparation obtained from the novel method was scientifically evaluated by comparing
the yield, composition, and structural features of the SREL with those of corresponding CEL and AL. More
importantly, quantitative information, including functional groups, syringyl/guiaiacyl (S/G) ratio as well as
major substructures (β-O-4′, β-β′, β-5′, and β-1′), were obtained according to the advanced 13C, 2D-HSQC, and
31
P-NMR spectra. It is believed that the application of this method in biomass chemistry will enlarge our
understanding of structural features of whole lignin in the plant cell wall.
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II. EXPERIMENTAL
Materials
Eucalyptus sawdust (2×0.5×0.5 cm) was prepared from Eucalyptus grandis × Eucalyptus urophylla wood. The
extractive-free Eucalyptus wood (30 g, 40-60 mesh) was milled (5 h, 450 rpm) in a Fritsch planetary ball mill.
The composition of Eucalyptus was 37.5% glucan, 16.2% xylan, 0.26% arabinan, 0.99% galactan, 32.3% Klason
lignin, 2.0% acid-soluble lignin, which was analyzed by the standard of NREL.
Preparation of Swollen Residual Enzyme Lignin (SREL)
The ball-milled Eucalyptus powder was firstly slowly dissolved into 4% sodium hydroxide (1/25, g/mL) for 24
hour under stirring at room temperature. After the preswollen, the pH value of the mixture solution was directly
adjusted to 4.8 with acetic acid. The resulted mixtures were subjected to enzymatic hydrolysis, with the loading
large amounts of cellulase (50 FPU/g) and β-glucosidase (50 IU/g). The reaction mixture was incubated at 50 °C
in a rotary shaker (200 rpm) for 48 h, afterward, the solution was centrifuged to remove hydrolyzed
carbohydrates, and the residue named “swollen residual enzyme lignin, (SREL)”. The SREL was thoroughly
washed with boiling water (pH=2.0) to eliminate the residual enzyme and free sugars. Eventually, the purified
SREL was freeze-drying.
Isolation of Cellulolytic Enzyme Lignin (CEL) and Alkali Lignin (AL)
The isolation of CEL was according to a previous publication[3], while the alkali lignin (AL) was isolated from
the ball-milled Eucalyptus powder (5 g) at room temperature for 24 h (solid to liquid ratio, 1:25) according to a
previous publication with some modifications[6].
Characterization of Lignin Samples
Carbohydrate analysis, molecular weight, 2D-HSQC NMR spectra were analysed according to a previous
publication[7].
III. RESULTS AND DISCUSSION
Table 1. Yield, carbohydrate contents and the elemental analysis of the lignin preparations
Sample

SREL

CEL

AL

Yield

95%

20%

12%

Carbohydrate

8.7%

13.4%

0.4%

C900 formula

C900H935O332(OCH3)150

C900H895O316(OCH3)139

C900H823O316(OCH3)146

One of the most used methods to isolate wood lignin for structural studies is CEL method. The method uses
cellulolytic enzyme mixtures (containing cellulases and hemicellulases) to remove most of the carbohydrate
fraction prior to lignin extraction with aqueous dioxane. However, the yield of CEL is only 20% based on the
Klason lignin of the Eucalyptus wood. Considering the highest yield of SREL (95%), SREL was an ideal lignin
sample for structural analysis. Surprisingly, after evaluating the associated carbohydrate contents in these lignin
samples, it was found that SREL contained a small quantity of associated sugars (8.7%, w/w), while CEL and
AL contained 13.4% and 0.4% sugars based on dry lignin (w/w), respectively (Table 1). In light of the results
obtained (super-high yield and low associated sugars), it was concluded that SREL can better represent for the
whole lignin in the plant cell wall. After carefully examined the composition of associated carbohydrates, it was
observed that glucose was the major sugar in SREL, while xylose was major sugar in CEL. The differences of
associated sugars could be attributed to the different isolating methods, e.g. the higher content of glucose is
related to the small amount of obstinate cellulose in SREL, while the abundant xylose is ascribed to the potential
lignin-carbohydrate complex (LCC). The elemental composition and methoxy group (OMe) contents of the
lignin samples, together with the calculated approximate C900 formulas, are also listed in Table 1. As shown in
the C900 formulas, the OMe contents in the SREL and AL are higher than that of CEL. The numbers of oxygen
are 332, 316, and 316/C900 and those of OMe groups are 150, 139, and 146/C900 in SREL, CEL, and AL,
respectively. It is known that higher oxygen contents in lignins approximating the theoretical limit of 300/C900
(or above) are indicative for carbohydrate residues originating from lignin-carbohydrate linkages, implying that
the associated carbohydrates in these lignin are potentially originated from LCC linkages. However, the oxygen
content of lignins could be elevated by large amounts of carboxylic group, which are resulted from alkaline
treatments.
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To investigate the composition and detailed chemical structures of the lignin obtained, the lignin samples (SREL,
CEL, and AL) were analyzed with 2D HSQC NMR technique according to the publications[8,9]. The main
structural characteristics of the lignins, including basic composition (S, G, and H units) and various substructures
linked by ether and carbon-carbon bonds (β-O-4′, β-β′, β-5′, and β-1′, etc.), can be observed in the 2D HSQC
spectra. The side-chain and aromatic regions of 2D HSQC spectra and the main substructures are depicted in
Figure 1.With respect to the relative content of different linkage types (not shown), all the lignin samples
display a predominance of β-O-4′ aryl ether units (A, 75.7%–81.1% of total side chains) followed by β-β′
resinol-type units (B; 15.1%–18.8%) and lower amounts of β-5′ phenylcoumaran-type (C; 2.8%–6.7%). It was
observed that the relative content of β-O-4′ linkages is higher in SREL and AL, probably resulting from the
abundant S-type lignin units in these lignin samples. Basically, monolignol addition to a syringyl unit has
essentially only a single pathway available, β-O-4′ linkage [8]. In contrast, the abundance of phenylcoumaran
structures decreased in the order of CEL>SREL>AL, which is most probably related to the decrease in G lignin
observed in these lignin samples.

Figure 2. 2D HSQC NMR spectra and the identified structures of the lignins
31

The P spectra results were listed in Table 3. For SREL, CEL, and AL, the content of S-type OH was less than
that of corresponding G-type OH. This suggested that most of S-type lignin unit involves in the formation of βO-4′ linkage in these lignins and only a small amount of free S-OH could be detected by 31P- spectra. Generally,
cleaved β-aryl ether linkages give raise to phenolic hydroxyl groups, while oxidation reactions may result in
oxidative fragmentation of the lignin macromolecule with concomitant creation of carboxylic acid group. Less
amount of phenolic OH in SREL than CEL suggesting that SREL probably contains more etherified units, that is,
phenolic OH is linked as β-O-4′ linkages and phenyl glycoside linkages. By contrast, the contents of COOH in
SREL and AL were abundant, resulting from the oxidative of aliphatic OH during alkaline treatment, as revealed
by the decreased aliphatic OH in REL and AL. Moreover, non-condensed H-type phenolic OH was found in
SREL and AL rather than CEL, reconfirming the existence of H-type lignin units in these lignins.
Table 3. Quantification of the functional groups by quantitative 31P-NMR method.
Samples
Aliphatic-OH
Condensed S-OH
Non-condensed S-OH
Condensed G-OH
Non-condensed G-OH
Non-condensed H-OH
COOH

SREL
3.74
0.07
0.12
0.03
0.18
0.01
0.13

CEL
5.23
0.02
0.24
0.05
0.43
N.D
0.03

AL
2.90
0.02
0.17
0.04
0.27
0.03
0.19

Figure 3 shows the curves of weight-average (Mw) and number-average (Mn) molecular weights and
polydispersity index (PDI, Mw/Mn) of the lignin samples obtained from Eucalyptus wood. It was found that CEL
has a higher Mw than that of AL and SREL; however, the highest Mw of CEL is probably related to the associated
carbohydrates[10]. By contrast, considering the molecular weight, higher β-O-4′ linkages, and less phenolic OH
of SREL, it was concluded that the isolation of lignin as “SREL” could be serves as an effective method to
prepare lignin samples for structural analysis.
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Figure 3. Molecular weight distributions of the lignins
IV. CONCLUSIONS
It has been demonstrated that preswelling/dissolution pretreatment with sodium hydroxide significantly
improves enzymatic hydrolysis of polysaccharides in ball-milled wood, and thus increasing the yield and purity
of SREL. SREL was demonstrated to be an ideal sample to characterize the structural features of lignin in the
plant cell wall. The data presented indicated that the lignin extracted by this method is a syringyl-rich lignin,
having more abundant β-O-4′ linkages and less phenolic hydroxyl groups. More importantly, H-type lignin units,
which are difficult to be extracted with traditional methods (MWL and CEL) were obtained by this method.
Comparing with the CEL, AL, and SREL preparations, by using various analysis approaches revealed that all
these samples have similar structural features and compositions. Surprisingly, this method also gives some
inspirations for better deconstruction of plant cell wall in an easily approach, which is crucial to pretreated
process in the current biorefinery process.
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ABSTRACT
Calcium oxalate scaling is a major problem in pulping and papermaking. Oxalic acid is coming into the
processes with the wood raw material, especially with the bark, and it is furthermore formed from other wood
components especially in oxidative bleaching stages, e.g. in the alkaline peroxide bleaching of mechanical pulps.
The low solubility of calcium oxalate is a challenge also for oxalate analysis, especially concerning the
pretreatment and storage methods used.
Isolated wood components and representative sugars for spruce wood were treated in a laboratory peroxide-stage
and the oxalic acid formation was analysed with ion chromatography. Sample pretreatment and storage methods
were studied and evaluated both for soluble and total oxalate analysis of pulp samples by ion chromatography.
The major source of oxalic acid formed in the peroxide stage was the lignin, but also uronic acids and xylans
contributed to the formation to a large extent. Considering the bark, in addition to oxalates already present
especially in the outer bark, it also formed more oxalic acid during the peroxide treatment. Effective debarking is
therefore important for preventing oxalate related scaling.
Suitable and simple pretreatment methods were established for analysis of soluble oxalate, as well as for the
acidification of pulp samples prior to total oxalate analysis. Filtration must be done at process temperature
immediately after sampling for getting the soluble oxalate content correct, but afterwards the sample can be
stored in a freezer without problem. Considering the total oxalate analysis, acidification with 2 M HCl to pH 1
under heating and mixing at 70°C for 30 min is sufficient to render all oxalate in soluble form for the analysis.
Frozen pulp samples can be treated the same way, but it is recommended that the pulp sample should be
acidified directly after sampling to make the solubilisation easier. Additionally, if metal ions like calcium are not
of interest, strongly acidic cation exchange resins can be used for oxalate solubilisation with good recovery.
I. INTRODUCTION
Calcium oxalate scaling is a common problem in many pulp and paper mills, as well as in sugar plants,
breweries, other biorefineries, and in the form of urinary and kidney stones also in medicine [1]. In pulping and
papermaking, oxalic acid (OA) is coming into the processes with the wood raw material, especially if it is poorly
debarked, and then it is formed from other wood components especially in oxidative bleaching stages, like in the
alkaline peroxide bleaching of mechanical pulps [2]. Calcium oxalate is actually one of the most problematic
scale salts occurring in pulp and paper production processes. Calcium oxalate scaling in a paper machine system
often leads to disturbances in the process, production losses due to downtime needed for cleaning, as well as
impaired paper quality. Calcium oxalate scale in paper mills is also a source for so-called hickeys, a particular
type of print defect. In many mills, the calcium oxalate phenomenon is well known and a lot of resources are
used to monitor and solve the problem. However, there is still a lack of a thorough understanding of the
formation of the scale salt in pulping and papermaking, and therefore the actions taken are often ineffective. For
monitoring the oxalate balance in the processes or for evaluating the efficacy of chemical anti-scale treatment,
reliable methods for oxalate analysis are a must [3]. Analysing or monitoring oxalate balances between soluble
and precipitated form are important to evaluate the efficiency of anti-scale agents.
In this work, isolated wood components and representative sugars for spruce wood were treated in a laboratory
peroxide-stage and the OA formation was analysed with ion chromatography [2]. The effect of pulp sample
pretreatment and storage methods was evaluated both for soluble and total oxalate analysis by ion
chromatography [3].
II. EXPERIMENTAL
Materials
In total 20 different substances (cellobiose, mannose, glucose, galactose, xylose, arabinose, glucuronic acid,
galacturonic acid, acetic acid, birch xylans (both commercial and laboratory-prepared) and then spruce-related
galactoglucomannans, milled wood lignin, TMP lignin, EMAL lignin, wood resin, hydroxymatairesinol lignans,
inner bark, outer bark, and groundwood pulp) were studied for oxalate formation after alkaline peroxide
treatment [2].
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Alkaline peroxide treatment (P)
The various substances were treated with P-stage chemicals at 2% consistency in test tubes, and the amount of
OA released was determined by ion exchange chromatography (IEC) [2].
Sample pretreatment procedures
Three parallel samples of peroxide-bleached groundwood pulp were kept in process temperature, room
temperature, and in a freezer before filtration and analysis of soluble oxalate [3]. The filtrates were also stored in
a freezer and analyzed after melting. Precipitation of calcium oxalate was induced in a suspension of unbleached
groundwood pulp by adding oxalate and calcium solutions. Different methods were evaluated for recovery of
oxalate for analysis, including acidification with 2 M HCl to different pH values and utilization of acidic cation
exchange resin.
Analyses
All oxalate analyses were carried out by IEC by means of a Dionex DX-500 IEC equipped with an autosampler
and suppressed conductivity detector (details in [2,3]) after filtration of the samples with Whatman ME25
membranes (0.45 µm pore size). The residual peroxide level was determined by Merckoquant® 1.10081.0001
peroxide test strips (Merck KGaA, Darmstadt, Germany) in 100 times diluted samples, which is better suited for
small sample amounts than iodimetric titration.
III. RESULTS AND DISCUSSION
From the monosaccharides, most oxalic acid was formed from the uronic acids, i.e. from galacturonic and
glucuronic acid, during the alkaline peroxide treatment. More oxalic acid was formed from pentoses, i.e. xylose
and arabinose, compared to hexoses, i.e. mannose, glucose, and galactose. These results are due to the fact that
uronic acids and pentoses are more easily degraded than hexoses, and give an indication that xylans and pectins
are a more significant source of oxalate than galactoglucomannans in alkaline peroxide bleaching.
Among the isolated wood components, xylans were the largest single source for oxalic acid formation in the
alkaline peroxide treatment. However, when considering the relatively low xylan content in spruce wood, its
contribution is less significant compared for example to lignin. Both lignin and xylans have been pointed out as
major sources of oxalate in alkaline peroxide bleaching [4, 5]. Spruce bark samples were found to contain large
amounts of native oxalates, and more oxalic acid was further formed in alkaline peroxide treatment. Hence, good
debarking is essential for preventing calcium oxalate scaling. In Figure 1 the relative contributions of different
wood components on oxalic acid formation have been estimated from the results by calculation based on their
average contents in spruce wood. Based on these results it can be concluded that lignin is the principal source of
oxalate in alkaline peroxide bleaching, but the contribution of hemicelluloses and pectins can also be regarded as
significant.

Figure 1. Relative contribution of different wood components on oxalate formation in alkaline peroxide
treatment based on their average content in Norway spruce (The values used in the calculations for the individual
components were the following: cellulose: 40%; lignin: 27.5%; GGM: 17.5%; xylans: 7.5%; wood resin: 1%;
lignans: 1%; pectins: 1.5%; outer bark: 0.2%; inner bark: 0.5%; acetic acid: 2%; groundwood pulp: 100%)
The amounts of soluble oxalate in peroxide-bleached groundwood pulp sample analysed by IC after different
sample pretreatments are listed in Table 1. It can clearly be seen that the amount of soluble oxalate in the sample
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is decreased by the delay and the temperature drop between sampling and filtration. Not even re-heating of the
pulp sample to the process temperature (63°C in this case) can bring the original soluble oxalate back to the
soluble form once it has been precipitated, which is shown here for a frozen pulp sample. It can thereby be
concluded that for reliable determination of soluble oxalate in a specific process stage, the sample filtration has
to be done directly after sampling at the ambient process temperature. Thereafter, the filtrate can be stored in a
freezer without any major impact on analysis result, if the analysis cannot be carried out right away (Table 1).
Table 1. Effect of sample pretreatment procedure on soluble oxalate analysis by IC (peroxide-bleached
groundwood pulp)
Sample

Oxalate, mg/L

Filtrated at 63°C

18.0

Filtrated at 63°C → Frozen → Melted

17.8

Filtrated at 25°C

6.2

Frozen → Heated to 63°C → Filtrated

8.1

Some variation in the results for total oxalate amount in the peroxide-bleached groundwood pulp was observed,
when the end-pH varied in sample acidification with 1 M HCl. Therefore, oxalate recovery experiments with
different acidification procedures were carried out using unbleached groundwood pulp suspension, where
calcium oxalate precipitation was induced by addition of oxalate (50 mg/L) and calcium (200 mg/L) ions. Table
2 summarises the results from the recovery experiments. In the Blank sample that was filtrated in room
temperature without any acidification, only a minor amount of the total oxalate could be analysed, indicating a
strong precipitation of calcium oxalate in the pulp suspension. The analysed oxalate amount gradually increased
with decreased acidification pH (2 M HCl) when the sample was heated and mixed for 30 min at 70°C, the
highest recovery rate obtained at end-pH 1. The effect of acidification pH and temperature on oxalate
solubilisation has been shown in earlier studies for pulp samples [6], urine samples [7], and plant material [8]. A
good recovery of oxalate was also obtained by mixing with acidic cation exchange resin, although the end-pH
was only ~ 2. Drawbacks of using this type of resins are the fairly high consumption and the need to wash the
resin properly before use. Also the analysis of metal ions like calcium in the same sample is not possible as these
are bound to the resin.
Table 2. Effect of sample acidification method on oxalate recovery after induced precipitation from unbleached
groundwood pulp suspension for IC analysis (IE resin=cation exchange resin Amberlite IR-120). (Added oxalate
amount: 50 mg/L; added calcium amount: 200 mg/L. Contribution of pulp to the total oxalate amount ~ 2 mg/L).
Sample

Total oxalate, mg/L

Blank (25°C)

5.7

pH 1.7 (2 M HCl, 70°C)

42.1

pH 1.4 (2 M HCl, 70°C)

49.8

pH 1 (2 M HCl, 70°C)

54.2

IE resin (70°C)

49.5

IV. CONCLUSIONS
From spruce wood components, lignin was found to be the major source of oxalic acid formed in alkaline
peroxide treatment, considering its high content in wood. Large amount of oxalate was also formed from pectic
acids and xylans, but as their content in spruce is much lower, their contribution is at the same level as that for
galactoglucomannans. However, the total amount of oxalic acid formed from hemicelluloses, pectins, and even
lignans can be regarded as significant, especially when they can occur in high concentrations as dissolved
substances in the process waters. This makes them well exposed for bleaching chemicals. A probable reason for
the high oxalic acid formation from xylans is its composition from pentose units, i.e., xylose and arabionose, as
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well as from methyl glucuronic acid side groups. Spruce bark, especially the outer bark, was found to contain
large amount of native oxalates, and a substantial amount of OA was further formed under P-conditions.
Accordingly, a good debarking is an essential part of calcium oxalate scale control in pulp and paper mills.
Proper sample pretreatment procedures are essential for reliable oxalate analysis, especially if the target is to
monitor oxalate solubility and balances in a process. For analysis of soluble oxalate in a pulp or filtrate sample,
the filtration has to be carried out at process temperature directly after sampling. Otherwise the soluble part of
the oxalate will start to precipitate. The membrane filtrate can be acidified with hydrochloric acid to pH<2 to
ensure oxalate solubility and stored in freezer without affecting the results. For total oxalate analysis,
acidification with 2 M hydrochloric acid to pH 1 with heating and mixing at 70°C for 30 min is enough to ensure
that all the oxalate is in soluble form for analysis. This can be carried out also for pulp samples that have been
stored frozen, but it is recommended that also acidification and filtration for total oxalate analysis is done just
after sampling as this will make the solubilization easier. Also strongly acidic cation exchange resins can be used
for oxalate solubilization with good recovery, if analysis of metal ions like calcium is not desired.
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ABSTRACT
Nanofibrillated cellulose (NFC), also termed as cellulose nanofiber, can be prepared by 2,2,6,6tetramethylpiperidine-1-oxyl radical (TEMPO)-mediated oxidation, which introduces anionic carboxylate groups
on the fibril surfaces. Here, we present a novel approach for fabricating NFC/conducting polymer composites
using anionic NFC as a synthesis template and constructing matrix. Firstly, we developed chemo-enzymatic
processes to utilize anionic water-soluble polysaccharides or their derivatives, i.e. κ-carrageenan or TEMPOoxidized spruce O-acetyl galactoglucomannan (GGM) as a template instead of conventional synthetic polymers
for polymerization of aniline. Afterwards, the optimized process was applied to anionic NFC. Moreover, these
templates could be directly processed with polyaniline (PANI) and utilized as construction components of the
final PANI-biocomposites. Another conducting polymer, i.e. polypyrrole (PPy) was synthesized using anionic
NFC as a template. Notably, the resulted NFC/conducting polymer hydrogel can be directly processed to various
forms of biocomposites with good mechanical strength, which may find potential applications in biosensors and
biomedical engineering.
I. INTRODUCTION
Cellulose, the most abundant biorenewable material on this planet with its promising properties such as excellent
mechanical strength and flexibility, biocompatibility, and environmentally-friendly nature, has found its
potential applications in a broad spectrum of areas, e.g. organic electronics, biosensors, and biomedical
engineering [1, 2]. NFC has recently been extensively studied and can be prepared by mechanical, chemical, and
enzymatic treatments. Isogai et al. has developed an oxidation approach using TEMPO to selectively convert
primary hydroxyls exposed on the surface of crystalline cellulose fibrils to anionic carboxylate groups (–COOH)
[3]. High available surface area and high mechanical performance make NFC a good material as loading matrix
and carriers to build up nanostructured composites in the forms of hydrogels [4], aerogels [5], sheets, and fibers
for applications such as cosmetics, water or oil absorbents, electronic actuators, and other functional materials.
Hemicelluloses, the second most abundant biorenewable materials, are water-extractable with controlled pH
values depending on their structures and origins [6]. GGMs, which are the main softwood hemicelluloses and
water soluble, can be isolated from Norway spruce (Picea abies) [7]. The good water solubility of those
polysaccharides has made them easy to be modified in water targeting different applications. One approach to
utilize cellulose and other polysaccharides is to tailor structured composites by incorporating functionalities, e.g.
conductivity, from other composite component while keeping the intrinsic properties of polysaccharides.
Conducting polymers, particularly PANI and PPy, have attracted a lot of attention ascribed to numerous
potential applications in electrical, chemical, biomedical, and sensing materials due to their advantages such as
chemical stability, tunable conductivity, and the ease to synthesize [8]. However, the limited water solubility and
poor mechanical properties are restricting their application potential ability. For instance, the anionic template
polystyrene sulfonate has been used as a template for synthesis of PANI to increase the water solubility of PANI
and to avoid branching caused by the unselectivity of the reaction, which could lower the conductivity of the
resulting PANI [9]. To increase the mechanical properties, formation of composites of polymeric material with
desired mechanical strength may broaden their potential in various applications.
We report new approaches for fabricating conducting biocomposites using anionic NFC from TEMPO oxidation
as a template. A chemo-enzymatic approach was applied to utilize natural polysaccharides as templates instead
of conventional synthetic polymers for laccase-catalyzed polymerization of aniline [10]. Firstly, anionic κcarrageenan (κ-CGN, a naturally occurring anionic polysaccharide from algae) and TEMPO-oxidized GGM
(GGMPolyU) were assessed as anionic templates. Moreover, the study was extended to use anionic NFC as a
template. For the polymerization of pyrrole, anionic NFC was used as a template, while silver nitrate or iron(III)
nitrate or their mixtures were used as oxidants. The resulted conducting composite hydrogel was injectable and
could be directly processed to a flexible free-standing film or other forms of biocomposites with good
mechanical strength, which may find potential applications in biosensors and biomedical engineering [3, 7].
II. EXPERIMENTAL
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Materials
Aniline (99%, Riedel de Haën) and pyrrole (≥98%, Sigma Aldrich) were purified either by extraction or by
distillation prior to use. Laccase from Trametes versicolor (EC 1.10.3.2, 13.6 U/mg), κ-CGN, silver nitrate and
iron(III) nitrate were purchased from Sigma-Aldrich (Steinheim, Germany) without further purification prior to
use. GGM was isolated from a process water of thermomechanical pulping as was previously reported by Willför
et al. [7] Bleached birch kraft pulp was obtained from UPM-Kymmene as a gift.
Preparation of NFC.
Procedures were optimized from [3] and briefly described as follows: Cellulose fibers (2 g) were dispersed in
100 mL distilled water and stirred for 4 h at room temperature and oxidized by adding 32 mg TEMPO (0.1
mmol/g fiber), 200 mg sodium bromide (1.0 mmol/g fiber), and 10% NaClO dropwise (10 mmol/g fiber). The
pH value was kept at 10.5 by the addition of 0.5 M NaOH. The resulted oxidized fibers were purified by
precipitation in ethanol with a ratio of 1:3 (v/v) and thoroughly washed with distilled water by filtration and
further fibrillated by a domestic blender (OBH Nordica 6658, Denmark) for 2 min at an output of 300 W. The
carboxylate content was determined by conductometric titration.
TEMPO oxidation of GGM
Fully oxidized polyuronic acid derivative of GGM (GGMPolyU) was prepared by TEMPO oxidation according to
the method modified by Parikka et al. [11] Shortly, GGM (500 mg) in aqueous solution (50 mL) was oxidized by
adding NaBr (750 mg), TEMPO (5 mg), and NaClO (10-15% solution, pH adjusted to 10, 10 mL) at 2-4 °C. The
pH value of the solution was kept at 10 by adding 0.5 M NaOH. The product was then purified by dialysis
against distilled water (membrane cut-off 12000-14000 g/mol) and freeze-dried.
Synthesis of polyaniline
Polymerization of aniline was performed in aqueous phase containing anionic polysaccharides: κ-CGN,
GGMPolyU, or NFC, respectively [10]. Laccase was used as a catalyst. The pH value was adjusted and kept to 3-4
using phosphoric acid. The reaction mixture was stirred at room temperature for overnight. The resulted darkgreen PANI-based hydrogel was purified by dialysis against 1 mM HCl (pH 3) for three days (membrane cut-off
12000-14000 g/mol).
Synthesis of polypyrrole
Polymerization of pyrrole was performed in aqueous phase containing NFC by oxidation of pyrrole with silver
nitrate or iron(III) nitrate or their mixtures of various composition. The oxidant-to-pyrrole molar ratio was 2.3.
The reaction mixture was left to stand at room temperature for 24 h or for one week in case of oxidation just with
silver nitrate. The product was isolated by filtering through a membrane with 0.2 µm pores (Durapore PVDF,
hydrophilic).
Processing of the conducting composites
For spray coating, an office copy paper was covered by a patterned mask using ELISA microarray as a template.
The PANI composite hydrogel was sprayed using an air-brush. Both PANI-based hydrogels and PPy-based
suspensions were filtrated through a membrane with pore size of either 0.05 μm (Whatman Nuclepore TrackEtch polycarbonate) or 0.22 µm (Durapore PVDF, hydrophilic) and dried in vacuum desiccator at 40 °C.
Conducting films were obtained.
Characterization
UV-VIS spectra were recorded on a Perkin-Elmer Lambda 40 UV/VIS spectrometer for the aqueous solutions at
room temperature. Fourier transform infrared spectroscopy (FTIR) spectra were recorded on an FTIR
spectrophotometer with the ALPHA platinum Attenuated Total Reflectance (ATR) - single reflection diamond
ATR module. The spectra were obtained in the frequency range of 4000–400 cm-1 at a resolution of 2 cm-1 in the
transmittance mode. The electrical conductivity of the samples was characterized by 4-point probe
measurements, in a linear configuration, having a tip spacing of 1.79 mm. A constant bias current was applied
over the sample and the corresponding voltage was measured (Keithley 2400 SourceMeter®). The conductivity
of the samples was calculated using finite-size corrections. The electrochemical characterization on the
biocomposites was performed in cyclic voltammetry mode with an IviumStat potentiostat (Ivium Technologies
BV, the Netherlands) connected to a conventional three-electrode cell, which was equipped with an
Ag/AgCl/KCl (saturated) reference electrode and platinum wire auxiliary electrode. ITO glass with a defined
project area coated by casting the hydrogels of polysaccharide/PANI composites was used as the working
electrode. All measurements were carried out at room temperature in 0.1 M HCl solution containing 0.1 M NaCl
as a supporting electrolyte.
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III. RESULTS AND DISCUSSION
To polymerize PANI, the amount of aniline used in the reactions was adjusted in correspondence to the amount
of anionic groups in the polysaccharide templates (Table 1), which are sulfate in κ-CGN (2.6 mmol/g) and
carboxylate in GGMPolyU (4.5 mmol/g) and NFC (0.8 mmol/g), respectively. The pH value of the reaction was
critical for aniline polymerization using the laccase Trametes hirsuta. It was adjusted to ~2 in κ-CGN reaction
and 3.7 in GGM and NFC reactions. Green color was observed when conducting PANI was formed. The
formation of the conducting form of PANI was verified in the UV-VIS spectra (Figure 1), in which a broad
absorption band between 700-800 nm and a shoulder at 400-420 nm appeared and can be assigned to the polaron
of conducting PANI [12].
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Figure 2. a) A dot array of κ-CGN/PANI maskspray coated on office copy paper with dots (d=7
mm); b). Films of NFC; NFC/PANI (-COOHaniline 1:2); NFC/PANI (-COOH-aniline 1:10)
(from left to right) [10].
In situ polymerization of PPy in the presence of anionic NFC was assessed by FTIR (not shown). The amount of
pyrrole was adjusted in correspondence to the amount of anionic groups of NFC (1.55 mmol/g). After
polymerization, appearance of the bands at 1305 cm-1 assigned to the C–N in-plane bending and 1571 cm-1
assigned to C=N stretching vibration proves the formation of PPy [13].
Figure 1. UV-VIS of PANI polymerized using
different polysaccharide templates: a) GGM; b)
GGMPolyU; c) NFC; and d) κ-CGN[10].

The good water solubility of the PANI-based composites and good dispersibility of the PPy-based composites
prepared using our approaches offers a variety of facile processing means for further application. The hydrogel
of κ-CGN/PANI composite was micropatterned on an office copy paper by mask-spray coating using normal
ELISA microarray plates as template (Figure 2a).
Owed to the high mechanical properties of NFC, both PANI-based hydrogel and PPy-based suspension were
directly processed to films (Figure 2b). In the composite films, the NFC formed a matrix of nanofibers, which
was coated by conducting polymers during synthesis. The conductivity was measured on those resulted films by
a four-point probing method. The highest conductivity of the PANI films investigated was 5x10-3 S/cm for the κCGN/PANI composite at a sulfate-aniline ratio of 1:2. The highest value obtained for GGMPolyU/PANI film
was1.4x10-7 S/cm at a carboxylate-aniline ratio of 1:1. The highest conductivity of NFC/PANI composites was
9x10-7 S/cm at a carboxylate-aniline ratio of 1:10. The conductivity of NFC/PPy composite film reached as high
as 2 x 10-3 S/cm which is in the same range of conductivity values obtained as previously reported for tunicate
cellulose/PPy film (10-3 to 10-4 S/cm) [13].
Moreover, the PANI hydrogel was also deposited on an ITO glass. The cyclic voltammetry profile confirmed the
electrochemical nature of the PANI composite. Two sets of redox peaks at E1/2 = 0.22 V and E1/2 = 0.42 V over
full potential window from -0.2 V to 1.2 V were observed and it is consistent with previous studies on the
conducting PANI in template-growing complexes [14].
Table 1. The conductivity of PANI- and PPy-based composite films.
Samples

Anionic group/Anilne or Pyrrole ratio

Conductivity, S/cm

κ-CGN/PANI

1:1

6x10-7

κ-CGN/PANI

1:2

5x10-3

GGMPolyU/PANI

1:1

1.4x10-7
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-

3x10-8

NFC/PANI

1:10

9x10-7

NFC/PPy

1:10

2×10-3

NFC

IV. CONCLUSIONS
We have developed new approaches for fabricating conducting biocomposites using anionic polysaccharides as
templates. NFC obtained from TEMPO oxidation and other anionic polysaccharides can be used as templates for
laccase-catalyzed polymerization of aniline. NFC can also be used as a template in the polymerization of pyrrole.
The resulted conducting composite hydrogels or suspensions are injectable and can be directly processed to
flexible and conducting films or other forms of biocomposites with good mechanical strength, which may find
potential applications in biosensors and biomedical engineering.
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ABSTRACT
The AVAP® process utilizes SO2-ethanol-water cooking liquor to fractionate lignocellulosics into its three principal
components. In addition to complete conversion of biomass polysaccharides to biofuels, this process is capable of
producing traditional pulp and paper products, dissolving pulp as well as nanocellulose. The advantages of the AVAP®
process are absence of base, higher dissolved sugar yields due to absence of oxidation, higher flexibility in raw
materials (pine and larch are readily digestible), and considerably lower overall duration due to absence of impregnation
stage.
INTRODUCTION
The depletion of conventional petroleum reserves is one of the pressing global issues. Due to the environmental
concerns as well as energy security issues, it is necessary to promote alternative solutions to reduce the consumption of
fossil fuels. Therefore, the routes for conversion of renewable materials are being developed which cover an extensive
range of combined technologies aiming to produce bio-fuels (for example, ethanol or butanol), bio-materials (for
example, fibres, pulp for paper manufacture) and bio-chemicals (for example, lactic, succinic acids, etc.). The
importance of the biorefinery concept is now widely accepted throughout the world. This implies utilization of various
renewable feedstocks (softwoods, hardwoods and annual plants) by applying various technologies. Numerous pathways
are developed to satisfy low energy requirement, low waste generation, high resource efficiency, low operation time and
equipment size, and efficient chemicals recovery [1]. The aim of this emerging bio-industry is to utilize biomass for the
production of bio-based materials as progressive replacement for conventional fuels [2]. Unfortunately, the
conventional acid sulfite and Kraft processes have significant limitations to meet the requirements of the biorefinery
concept [3-4].
In acid sulfite pulping, the cooking liquor contains hydrosulfites (referred to as combined SO2) and sulfur dioxide
(called free SO2). The employed cations are calcium, magnesium, sodium, or ammonium [5]. The recovery of the base
represents a major problem (not possible for calcium, limited recovery rate of about 75-80% for magnesium, [6]). The
sulfite process is suitable for some softwoods (such as spruce, fir, and hemlock), and hardwoods (such as poplar and
eucalyptus). However, resinous softwoods and tannin-containing hardwoods are more difficult to handle. An important
disadvantage of acid sulfite pulping is a wasteful oxidation of monosaccharides by hydrosulfite anions [6]. The Kraft
process suffers from extensive carbohydrate losses, whereby most of the dissolved hemicelluloses are degraded to
hydroxycarboxylic acids. Prehydrolysis-kraft (PHK) process was developed to produce dissolving pulp and also offers
the possibility to recover the hemicelluloses. It consists of two steps: first wood chips are pre-treated in a high
temperature prehydrolysis step to remove hemicelluloses, and, secondly, the hemicellulose-lean wood chips are
subjected to kraft pulping to remove lignin [7]. There are a few serious disadvantages associated with this concept, 1)
the precipitation of sticky lignin while handling the prehydrolysate, 2) highly reactive intermediate products formed
during water prehydrolysis and undergoing condensation reactions, 3) high capital cost due to increased recovery
requirements (the released sugars cannot be recovered since they are displaced to the neutralization liquor and burnt).
This paper describes the advantages of a new Biorefinery technology in comparison to acid sulfite and PHK processes.
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American Value Added Pulping (AVAP®) is a process utilizing SO2-ethanol-water (SEW) solutions to fractionate
lignocellulosic feedstocks into the principal components – cellulose, hemicellulose sugars and lignin, at full yields.
AVAP® pulping was studied as a promising fractionation process to be used as a core component of the forest
biorefinery. The chemistry of the process is close to that of acid sulfite pulping with the difference being that the base is
replaced by ethanol. The presence of SO2 leads to dissolution of hemicelluloses in high yield mostly as monomeric
sugars, while lignin becomes soluble through sulfonation. This process can be considered a hybrid between acid sulfite
and organosolv pulping. The absence of base (such as Na, Mg or Ca) leads to very low hydrosulfite anion
concentrations, which greatly simplifies the recovery cycle. Sulfonation is therefore achieved by sulfur dioxide itself
[8]. Furthermore, ethanol increases the impregnation rate of dissolved SO2 into wood, thereby avoiding the
impregnation stage. In this way the fractionation time of a continuous SEW cook will be very much shorter than the
cover-to-cover cooking time of a batch acid sulfite cooking. The acidity of the SEW cooking liquor at pulping
temperature is similar to that of acid sulfite cooking, due to an increased pKa of SO2·H2O in an ethanol-water solution.
In addition to complete conversion of biomass polysaccharides into bio-fuels and chemicals, this process is capable of
producing high quality traditional pulp and paper products.
A wide range of lignocellulosics including low-quality forest (such as branches and tree tops; softwoods/hardwoods)
and agricultural (such as wheat straw and palm empty fruit bunches) residues is used as feedstock for AVAP®
fractionation, producing relatively pure cellulosic fibers and monomeric hemicellulose sugar solution [9]. Exceptional
ability to delignify softwoods is due to the high nucleophilicity of SO2, while the advantages for annual plants include
efficient chemicals recovery as well as avoiding scaling problems related to alkaline solubilization of silica. The fibers
can then be enzymatically hydrolyzed to produce glucose. Low residual lignin content and increased lignin
hydrophilicity result in high sugar yields at low enzyme charges. The sugars serve as platform for further
biochemical/chemical transformation to value-added products.
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ABSTRACT
The objective of this study was to produce high performance lignin-phenol-formaldehyde (LPF) resin adhesives
and offset the cost of the biorefinery. A new method was applied to calculate the active sites of technical lignin
for substitution of phenol based on quantitative 31P NMR analysis. The results showed that phenol could be
partially replaced by lignin in the range of 10%-60%, and high performance LPF adhesives could be prepared as
compared with control phenol formaldehyde (CPF) resin adhesive. According to the corresponding Chinese
National Standard, the bonding strength and formaldehyde emission of poplar plywoods bonded by the LPF
adhesives can meet the requirement of the first grade and E0 grade of plywood, respectively. NMR analyses
indicated that the LPF and CPF adhesives have similar chemical structure and curing behavior.

I. INTRODUCTION
Phenol-formaldehyde (PF) resin adhesive is widely used in plywood industry. It provides high strength and is
extremely resistant to moisture, which prevents delamination and gives excellent temperature stability. With the
increasing demand for plywood, the requirement for PF adhesive is increasing. However, the phenol is an
expensive and high-toxic substance, which is produced from the non-renewable petroleum resource. In fact, both
the high price and the emission of harmful substances have restricted the utilization of PF adhesive. Lignin is
structurally similar to phenol, which makes it possible for technical lignin to be used as substitute for phenol in
the synthesis of PF resin [1]. Besides, the technical lignin is an abundant, cheap, nontoxic, and renewable
resource. It is obviously that the substitution of technical lignin for phenol in the synthesis of PF resin will not
only alleviate the dependence on petroleum resource but also provide an avenue for high value-added application
of technical lignin.
Various technical lignins have been used for the production of lignin-phenol-formaldehyde (LPF) resin
adhesives and some of the LPF have been produced in pilot scale. However, the low activity and heterogeneity
of technical lignins restrict their large scale application in adhesive industry. Technical lignins have been used in
LPF adhesive with two methods, copolymerization with phenol and formaldehyde or blending with PF resin.
Generally, the properties of the adhesive products, which were produced by lignin as substitution of phenol
directly, were inferior to pure phenolic resin adhesive. In addition, a high substitution rate was also hard to be
achieved. There are two major reasons for these disadvantages; one is the complexity of different technical
lignins and the other is the unreasonable determination of the active sites in lignin. In order to increase the
reaction active of lignin for the PF adhesive synthesis, some modification processes have been applied [2-4].
However, these processes inevitably increased the cost and offset the price advantage of the technical lignins.
Thus, a reasonable method, in which technical lignin is directly used for PF adhesive production with a high
substitution rate, is needed to produce low toxic and high performance LPF adhesives.
In this study, a novel method was applied to calculate the active sites of technical lignin for substitution of
phenol based on quantitative 31P NMR analysis and a reasonable formulation was obtained. The technical lignin
was analyzed by 31P NMR to get the exact amount of different –OH groups of lignin units. Then, the active sites,
which could react with formaldehyde, could be calculated according to the 31P NMR results. A reasonable
proportion between lignin and formaldehyde could be achieved through this method. The LPF adhesives, which
were produced based on the reasonable formulation, were characterized by chemical, structural, and thermal
analyses. The effects of substitution rate on the properties of the LPF adhesives were also investigated.
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II. EXPERIMENTAL
Materials
Technical lignin extracted from corncob was kindly supplied by Longlive Biotechnology Company, Shandong
province, China. The lignin obtained was placed in a vacuum dryer at 50 ºC for 16 h to constant weight before
used. Phenol, formaldehyde solution (37%), sodium hydroxide, and urea were of reagent grade and used as
obtained without purification. The control PF adhesive was purchased from Beijing Taier Chemical Co., Ltd.
Characterization of the Technical lignin
The chemical and structural features of the lignin were determined according to a previous literature [5].
Preparation of LPF adhesives
The total formaldehyde was calculated according to the molar ratio of total phenol to formaldehyde 1:1.8. The
NaOH weight was 20% of the total weight of phenol and technical lignin. The substitution rates were in the
range from 10% to 60%. In the first step, phenol, technical lignin, 1/2 of the formaldehyde, and 1/2 of the NaOH
solution (30% concentration) were mixed in a three flask. The mixture was heated for 1 h at 80 ºC. Then, another
1/2 of the formaldehyde and 1/4 of the NaOH solution were added in the flask for 1.5 h at 80 ºC. Finally, the
temperature of the mixture was decreased to 65 ºC, and then the remaining 1/4 NaOH solution and urea (5% of
total weight of phenol and technical lignin) were added in the flask for 0.5 h. When the reaction was completed,
the LPF adhesive was rapidly cooled to 40 ºC. A LPF adhesive, which regarded lignin as pure phenol completely
with a 40% substitution rate, was also produced as a comparison.
Preparation and characterization of plywoods
The three-layer poplar plywoods (400 mm×400 mm×4.5 mm) were prepared. Wheat flour was added into the
adhesive as filler, and the proportion is 20wt% to the CPF/LPF adhesives. The core veneer was coated with 140160 g/m2 adhesive each sides. The coated veneers were hot-pressed at 145 ºC under 1.0 MPa for 7.0 min. The
bond strength and formaldehyde emission of the plywoods were measured according to the Chinese National
Standard (GB/T 17657-1999).
Characterization of CPF and LPF adhesives
The properties of the adhesives were determined in accordance with the Chinese National Standard (GB/T
14704-2006). The liquid state 13C-NMR spectra and CP/MAS 13C-NMR spectra of the CPF and LPF adhesives
were characterized according to previous papers [5,6].

III. RESULTS AND DISCUSSION
Technical lignin characterization
The technical lignin contained 88.5% acid-insoluble lignin, 4.7% acid-soluble lignin, and 0.3% polysaccharides.
Moisture and ash contents were determined gravimetrically to be 6.45 and 2.12%, respectively. Both Mw and Mn
of the acetylated lignin were relative low (3258 g/mol and 2260 g/mol), which suggested that the technical lignin
used was more suitable for the condensation with phenol and formaldehyde due to the less steric hindrance [7].
Table 1. Characterization of the technical lignin by quantitative 31P NMR spectroscopy.
Parameter
P-NMR analysis (mmol/g)
Aliphatic ―OH
Condensed phenolic―OH in S units
Noncondensed phenolic―OH in S units
Condensed phenolic―OH in G units
Noncondensed phenolic―OH in G units
Noncondensed phenolic―OH in H units
―COOH
Active sites

Technical lignin

31

1.77
0.10
0.55
0.22
0.42
0.65
1.09
1.72

The contents of different hydroxyl groups of the technical lignin were calculated based on previous literatures
and the results are summarized in Table 1 [5]. In this research, the amount of unsubstitude ortho and para sites of
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phenolic hydroxyl groups in lignin units was calculated as active sites. The proportion of 1g lignin equal to pure
phenol could be got based on the value of active sites, which was given in Table 1. The weight of the technical
lignin equal to the weight of pure phenol in each experiment was calculated based on this proportion. The
equaled phenol weight of lignin and the weight of pure phenol used in each experiment were regarded as total
phenol weight. Then a reasonable formulation could be got based on this result for the production of low cost,
low toxic, and high quality LPF adhesive.
Performance of CPF and LPF resins as plywood adhesives
Table 2 shows the properties of the CPF and LPF adhesives. The content of free formaldehyde in the different
LPF adhesives produced according to our reasonable formulation, were lower than that of the CPF adhesive
except for the 60% LPF. However, the contents of free formaldehyde in the LPF adhesives were significantly
lower than the value of 40% LPF-1 adhesive. This indicated that the formaldehyde can fully participated in
hydroxymethylated reaction with an appropriate amount in the synthesis process. The contents of free phenol in
the LPF adhesives were higher than that of the CPF adhesive. This may due to the reduction of formaldehyde
content in our formulation. However, the contents of free phenol in the LPF adhesives were still far below the
limit requirement of Chinese National Standard (GB/T 14732-2006).
With increase of the substitution rate of lignin to phenol from 10% to 60%, the bonding strength of plywoods
decreased from 1.35 MPa to 0.84 MPa. However, the bonding strength can meet the requirement of the first
grade of plywood (≥0.7 MPa). The formaldehyde emissions of plywood samples bonded by the LPF adhesives
were all lower than the value of the CPF adhesive except for 40% LPF-1. These results confirmed that all the
plywoods bonded by the LPF adhesives can meet E0 grade (≤0.5 mg/L). It could be found that the substitution
rate can reach 50% at most, without influencing the properties and applicability of adhesives significantly. Thus,
the 50% LPF adhesive could be regarded as an adhesives product with good comprehensive properties. The LPF
adhesive with 60% substitution rate was difficult in coating on the wood, owing to its high viscosity (17696
mPa•s). These results indicated that the formulation based on accurate analysis of the active sites in lignin with
31
P NMR could produce low formaldehyde emission, high substitution rate, and superior quality LPF adhesives.
Table 2. Various adhesives and their performances.
Adhesive
CPF
10% LPFa
20% LPF
30% LPF
40% LPF
40% LPF-1b
50% LPF
60% LPF
GB/T 14732

pH
12.6
11.3
11.4
11.5
11.5
11.2
11.6
12.1
≥7

Adhesive performances
Viscosity
Solid
Free
132.9
43.96
0.241
54.0
51.35
0.082
115.8
54.12
0.086
283.1
56.23
0.099
415.7
56.29
0.136
722.0
53.87
0.710
1239
58.22
0.181
17696
59.54
0.289
≥60
≥35
≤0.3

Free
0.11
1.68
1.46
1.15
1.41
0.34
1.15
0.96
≤6

Plywood performances
Bonding
Formaldehyde
1.53
0.25
1.35
0.24
1.30
0.20
1.28
0.19
1.15
0.17
1.26
1.29
1.00
0.13
0.84
0.11
≥0.7
≤0.5

a

10% LPF is the adhesive of technical lignin substituted phenol by 10 wt%. The following 20~60% LPF et al.
are the same meaning. b The technical lignin was regarded as pure phenol completely in this experiment.

NMR analysis
Liquid state 13C NMR spectra of the uncured CPF adhesive, the uncured LPF (20% LPF and 50% LPF)
adhesives, and the technical lignin are shown in Figure 1a. The spectra of the uncured LPF adhesives were
similar with that of the uncured CPF adhesive. However, some differences between the two types of adhesives
could also be observed as the co-condensation of lignin. Such as the signals from G units (117 ppm,
unsubstituted position in benzene ring) and -OCH3 groups (56 ppm). The broad signals around 129-131 ppm are
assigned to the ortho and para carbon sites, which have been substituted on the aromatic ring. The peaks around
61-64 ppm and 35-40 ppm are assigned to the methylol groups and the methylene bridges, respectively. These
results indicated that the technical lignin had been embedded into the adhesive system during the synthesis
process of the LPF adhesives.
13

C CP/MAS NMR spectra for the cured CPF adhesive and the cured LPF adhesives are shown in Figure 1b. As
compared with the spectra of the uncured adhesives, the increase of the signals at 35-40 ppm was accompanied
by the decrease of the signals at 61-64 ppm. The peaks of unsubstitued positions at around 117 ppm also
decreased significantly. These results indicated that the polymerization of both adhesives occurred via the
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condensation of methylol groups with active sites to form methylene bridges. The similarity of curing behavior
and cured structure between the CPF adhesive and the LPF adhesives indicated that the formulation which was
used to produce the LPF adhesives in this research was reasonable.

Figure 1. (a) Liquid state 13C NMR spectra of the uncured LPF and CPF adhesives, and the technical lignin; (b)
solid state CP-MAS 13C NMR spectra of the cured LPF and CPF adhesives.

IV. CONCLUSIONS
LPF adhesive with good comprehensive performance can be synthesized according to the formulation based on
quantitative 31P NMR analysis of the technical lignin. The properties of the LPF adhesives and plywoods
prepared could meet the corresponding Chinese National Standard successfully. Both the LPF and CPF
adhesives have similar structure and curing behavior. The LPF adhesive with 50% substitution rate could be
regarded as an ideal product. It is believed that the development of value-added LPF adhesive from lignin will
greatly improve the economics of the biorefinery.
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ABSTRACT
The comparative study of the efficacy of aspen wood biomass pretreatment process followed by enzymatic hydrolysis
was performed. Pretreatment includes semi-coarse milling (200-300um particles) followed by prehydrolysis by aqueous
solutions of sulfuric and nitric acids, and by organosolve. The influence of acid concentration, temperature, organic
phase ratio, and pressure on the efficacy of pretreatment was studied. The increase of organosolve pretreated aspen
wood biomass reactionability was 3,5-4 fold to compare to untreated substrate. Nitric acid pretreatment leads to over 5
fold increase of the substrate reactionability.

I. INTRODUCTION
Aspen is a fast-growing but relatively low value wood culture to compare to pine and fur-tree, that are most abandon in
Russia. Aspen wood has a limited implementation in pulp-and-paper, and is used mainly in production of plywood,
wood particleboards, and matches [1]. Despite of aspen is considered as a low value product and even as a by-product in
industrial forestry, it has a huge potential as a feedstock for biorefinery processes. Variable value-added organic acids,
biofuels, and other building blocks for chemical industry could by obtained through microbiological or chemical
conversion of C5 and C6 sugars derived from plant polysaccharides [2-4]. Efficient biochemical conversion of natural
polysaccharides into fermentable sugars requires pretreatment procedures that lead to cellulose crystallinity index
reduction and partial reduction of lignin content [5]. Typical aspen wood contains 42-50% of cellulose, 19-22% of
hemicelluloses, and relatively low (around 21-22%) percentage of lignin. Such polysaccharides/lignin ratio in addition to
fast-growing makes aspen a promising nonfood feedstock for biotechnological transformation and applications.
The efficiency of different types of woody biomass pretreatment varies in terms of costs and simple sugars yield after
the following enzymatic hydrolysis [6-8]. High efficacy of pretreatment with diluted aqueous solutions of inorganic
acids or with acidic solutions of different organic solvents (mainly alcohols) was shown for woody materials [9,10].
The main goal of the study was to search for optimal aspen wood pretreatment conditions that yield in high simple
sugars content after enzymatic saccharification.

II. EXPERIMENTAL
Pretreatment
Chips of aspen (Populus tremula, collected at Tver’ region, Russia) were milled to form the particles of 200-300 um at
the industrial impeller mill Microxylema IM-450 (“Monolit-stroj”, Russia). 4,5 grams of milled aspen wood (dry
weight) were placed into the high pressure SS container (length 174 mm, diameter 29 mm, net volume 30 cm3, total
volume 55 cm3) and aqueous or water-organic solutions containing different concentration of sulfuric or nitric acid were
added. The containers were tightly stoppered and placed into the bath (approx. 2L) containing preheated paraffin. After
certain time the containers were cooled down in room temperature water. The reaction mixture was centrifuged (10
minutes, 4000g), the precipitate was washed twice with 50% ethanol solution and neutralized by 1M NaOH to the pH
4,8-5,0. The suspension was recentrifuged and precipitate was used for enzymatic hydrolysis.
Enzyme preparations
Lyophilized cultural fluids of Penicillium verruculosum cellulase and -glucosidase strains (В1 #3.147.2 and F10
#3.201.2) were used for enzymatic hydrolysis of pretreated aspen wood. Penicillium cellulase preparations exhibits
higher saccharification ability to compare to commercial Trichoderma cellulases [11,12].
Activities of enzyme preparations
Medium viscosity carboxymethylcellulose sodium salt (CMC, Sigma C4888), birchwood xylan (Xyl, Sigma X0502), 4nitrophenyl -D-glucopyranoside (pNPG, Sigma N7006), chromatography filter paper #1 (FP, Whatman, England),
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microcrystalline cellulose (avicel PH-101, MCC) (Serva, Germany), cellobiose (G2, Merck 2352, Germany) were used
for determination of enzymatic activity [13]. One Unit corresponds to the amount of enzyme which will release 1 µmoL
of reducing sugar equivalents (expressed as glucose) per minute at pH 5.0 and 40 °C or 50 °C. Initial concentration of
polymeric substrates was 5g/L, and 1mM for cellobiose and 4-nitrophenyl -D-glucopyranoside. Protein concentration
in enzyme preparations was measured using Lowry assay.
Enzymatic hydrolysis of pretreated aspen wood
Enzymatic hydrolysis was performed in 50 mL plastic containers using the shaking flask thermostat (50 oC, 250 RPM,
pH 5.0). Reaction mixture (20 mL total volume) consists of 100 g/L of pretreated substrate in 0.1M sodium acetate
buffer. Enzymes content was 10mg of B1 and 3 mg of F10 per 1 gram of substrate (dry weight). Glucose and reducing
sugars concentration were measured in aliquots after 3, 6, 24, and 48 hours using glucoseoxidase/peroxidase and
Nelson-Somogui assays [13]. The reactionability of pretreated substrates mean the reducing sugars and glucose release
after 48 hours of enzymatic hydrolysis.

III. RESULTS AND DISCUSSION
Relatively low reactionability of natural, untreated wood biomass during enzymatic hydrolysis by cellulolytic enzymes
is due to unproductive absorption of enzymes on lignin, screening of cellulose by non-cellulosic polysaccharides, and
resistance of cellulose crystalline regions towards enzymatic attack. Pretreatment methods can resolve the problem of
low reactionability but there is no universal pretreatment method yet suitable due to high variety of the components for
different biomass stocks. Pretreatment method selection or the combination of different methods for particular regional
biomass feedstock and cost-efficient process optimization is usually needed. Energy consumption during pretreatment
as well as the price of enzyme preparation impacts primarily on fermentable sugars net costs. The formation of various
inhibitors during pretreatment process is another considerable issue.
Based on Penicillium verruculosum recombinant strains the highly efficient and relatively low cost cellulase and glucosidase enzyme preparations have been developed. Total and specific enzyme activities of the preparations used are
presented at Table 1. These preparations were used in the process of enzymatic hydrolysis of pretreated aspen wood.
Table 1. Total and specific enzyme activities of P. verruculosum B1 и P. verruculosum F10 preparations.
Substrate

_______________

FP

MCC

CMC

pNPG

G2

Xyl

Enzyme preparation 50ºС, pH5,0 40ºС, pH5,0 50ºС, pH5,0 40ºС, pH5,0 40ºС, pH5,0 50ºС, pH5,0
Total enzymatic activity, U/g of preparation
B1

760

580

15120

1400

605

25030

F10

147

853

4575

35260

46660

620

Specific activities, U/mg of protein
B1

0,92

0,9

18,3

1,70

0,73

30,3

F10

0,19

1,1

5,9

45,5

60,2

0,8

Fine (2-5um) milling and activation is an efficient but expensive and not scalable method for biomass pretreatment. The
combination of low cost coarse milling of biomass followed by diluted acid or organosolve pretreatment was studied.
Sulfuric acid is widely used for pretreatment of various cellulosic substrates – corn cobs, bagasse, straw, and wood.
Diluted acid pretreatment at 100-180 oC leads to partial degradation and dissolution of hemicelluloses as well as partial
decrystallization of cellulosic fibrils that make cellulose molecules more available for hydrolytic enzymes. The
pretreatment of aspen wood with 0.9-12.5% sulfuric acid in the temperature range 120-180oC were performed in our
work. The acid concentration 7% at 140 oC did not lead to any further increase in reactionability and yield in 58 mg/ml
of reducing sugars or 74% of polysaccharide conversion after 48 hours of enzymatic hydrolysis. The conversion rate
decreases to 58%, 55% and 50% at sulfuric acid concentration of 4.4, 2.0 and 0.9% respectively.
In despite of relatively high yield of reducing sugars the yield of former transformation of above sugars to ethanol or
butanol by yeast and bacterial strains was very low probably due to various inhibitors (acetate, furfural) generation at
high concentration of sulfuric acid.
The initial concentration of sulfuric acid could be significantly reduced in case of organosolve pretreatment with ethanol
or butanol as an organic component. The concentration of sulfuric acid at 0.3-0.6% during organosolve pretreatment
provided the conversion of aspen polysaccharides at the range of 56-77% after 48 h of enzymatic hydrolysis.
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The impact of ethanol and butanol concentrations and their ratio in organic phase on the efficacy of organosolve
pretreatment of aspen was studied. In general, butanol acts as a more efficient extracting agent to compare to ethanol,
however different ratio of ethanol/butanol mixtures in organosolve leads to promising results (Figure 1).
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Figure 1. Reducing sugars (RS) and glucose yield, % from total polysaccharides of organosolve pretreated aspen wood
after 48 hours of enzymatic hydrolysis.
Nitric acid could be an alternative to sulfuric acid used widely in biomass pretreatment processes. Sulfuric salts and
sulfonated derivatives of plant polymers could be environmentally unfriendly while nitric derivatives, that is formed in
pretreatment process appears to be the significant nitrogen source for microbial transformation step, following the
enzymatic hydrolysis.
The effect of aspen wood pretreatment with diluted nitrogen acid under various conditions was studied. RS and glucose
yield is shown at Figure 2 for some selected cases. The yield of reducing sugars and glucose after 48 hours of enzymatic
hydrolysis of wood pretreated for 10 minutes by 4.8% nitric acid at 100oC and by 1.0% at 130oC were comparable to the
best results obtained for organosolve pretreated samples (see Figure 1). The increase of pressure inside the reaction
vessel impacts highly in the increase of substrate reactionability. Close to 100% conversion rate of cellulose and
hemicellolose was obtained after 10 minutes pretreatment of aspen with 4% nitric acid at 18-20 bars overpressure. In
general much shorter time is needed for pretreatment with nitric acid to reach plant polymers conversion comparable to
organosolve pretreatment. Temperature and acid concentration windows are much wider for nitric acid pretreatment in
comparison with sulfuric acid or organosolve.

IV. CONCLUSIONS
-

Pretreatment of aspen wood with sulfuric acid appears efficient only at relatively high acid concentration at
temperatures not exceeding 140 oC.

-

Organosolve pretreatment requires much less sulfuric acid to reach the same 3.5-4 fold increase of aspen wood
reactionability in enzymatic hydrolysis processes.

-

Nitric acid pretreatment of aspen is an alternative to sulfuric acid or organosolve pretreatment. 5 fold and over
increase of reactionability of initially milled aspen substrate can be reached.
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Figure 2. Reducing sugars (RS) and glucose yield, % from total polysaccharides of aspen wood, pretreated by nitric acid
after 48 hours of enzymatic hydrolysis.
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