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ABSTRACT

Extracted xylan from beech dissolving pulp and eucalyptus kraft pulp 
was precipitated on unre  ned, bleached, once- dried softwood kraft 
pulp and sul  te pulp. The temperature, pH, ionic strength, xylan 
concentration, pulp consistency, and the dwell time were analyzed 
regarding their in  uence on the adsorption of xylan. Furthermore, 
handsheets were made to investigate the impact of xylan on the tensile 
strength and the tearing resistance of the paper. The swelling behavior 
of the  bers was of interest as well as the determination of the total 
and surface charge of the pulp.
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The xylan content of the  bers could be signi  cantly increased. 
The temperature, xylan concentration and ionic strength showed a 
large in  uence on precipitation. No signi  cant change in the attach-
ment of xylan between neutral and low alkaline level of the pH could 
be noticed. A higher pulp consistency, including a suf  cient mixing 
during adsorption, is favorable. Xylan shows a large impact on the 
tensile strength of the softwood handsheets. The tensile index of the 
handsheets made of the softwood pulp and re  ned at 3.000 revolu-
tions with a PFI mill could be increased by up to 38% compared to 
the reference sample. The xylan- modi  ed samples also showed by 
trend a higher stretch at break of about 0.5%. This could be the result 
of a higher surface area and total charge of the  bers. Thus, enhanced 
swelling is caused leading to softer and more  exible  bers. These 
effects provoke a larger area in molecular contact. On the other hand, 
the trend of the tear index of the softwood handsheets with an 
increased amount of xylan declines stronger after a longer time period 
of re  ning.

Keywords: Xylan, adsorption, HPLC, 1H NMR spectroscopy, 
strength properties,  ber charge.

1 INTRODUCTION

Xylan is one of the most common native biopolymers in higher plants and wood, 
e.g. hardwoods contain up to 35% of xylan [1]. In xylan the xylose units are 
covalently linked by - (1,4)- glycosidic bonds to a homopolymer backbone. 
Compared to cellulose, wood xylans are branched with various side groups. 
4- O- methyl- - D- glucurono- D- xylan (MGX) is the main hemicellulose compo-
nent in hardwoods, on which 4- O- methylglucuronic acid residues (MeGlcA) are 
irregularly attached to the backbone by - (1,2)- glycosidic bonds. Furthermore, 
native hardwood xylans contain O- acetyl groups and can also exhibit small 
amounts of rhamnose and galacturonic acid. In contrast, softwoods have a 
considerable quantity of (arabino)glucuronoxylan (AGX). The backbone is 
branched by - L- arabinofuranose residues, which might also have a slight amount 
of O- acetyl groups. In addition, AGX is more heavily substituted by MeGlcA 
than the MGX [1–4].

Chemical pulping leads to an increased dissolution rate of xylans with increasing 
temperature during the early stage of the cook [5–7]. Further, hydrolysis and 
peeling reactions take place, changing the chemical structure of xylan in the 
cooking liquor and can also reduce the molecular weight. Moreover, the concen-
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tration of cooking chemical, e.g. NaOH in the kraft process, is decreasing at the 
end of cook, which will lead to a reduction of dissolved xylan as well [1, 8–16]. 
The elimination of MeGlcA from the backbone results in a lower solubility and 
promotes deposition of dissolved xylan onto cellulose to a certain amount [17–20]. 
However, the dissolution of xylan is higher than the redeposition and causes a 
reduction in paper strength [21–24].

A large number of experimental studies have been performed in the past, e.g. 
[25–33], to enhance the yield after cooking by adsorption of the dissolved xylan 
and to understand the mechanism(s) and the driving variables, e.g. temperature, 
pH, ionic strength, xylan concentration, or dwell time, during redeposition. The 
improvement of the strength properties of the paper was also of interest. Never-
theless, the mechanism of the deposition of xylan is not clearly understood. 
Henriksson and Gatenholm [30] assumed, that the adsorption of xylan onto cellu-
lose is not just a crystallization, but also a process of changes in the solubility and/
or colloidal stability of xylan as well as the af  nity between xylan and cellulose. 
Linder et al. [34] proposed, that colloidal dissolved molecules and aggregates of 
xylan can diffuse to and then adsorb onto cellulose surfaces. Moreover, they 
noticed a growth of xylan aggregates, due to the autoclave treatment by either 
chemical changes of the structure of xylan—lowering the solubility—or by 
physical factors.

This work studies the deposition of different xylans on the surface of 
bleached, once- dried softwood kraft and sul  te  bers to improve their mechanical 
strength properties. The main aim is to analyze the driving forces for the 
adsorption of xylan onto cellulose to identify conditions resulting in the highest 
xylan adsorption. The in  uence of the zeta potential of the different xylans and 
the  bers during adsorption is of interest. Further, the total charge and surface 
charge of the modi  ed and unmodi  ed pulp samples were determined. Ef  cient 
retention with respect to possible sites of xylan addition in the mill is also taken 
into account.

2 EXPERIMENTAL

Adsorption experiments have been performed to analyze the in  uence of six vari-
ables on the adsorption behavior of xylan onto cellulose  bers. Two different pulps 
were used, unre  ned, once- dried, bleached soft wood kraft pulp (a mixture of pine 
and spruce) and a sul  te pulp (a mixture of soft and hardwood). The pulp samples 
were evaluated regarding their chemical composition, mechanical strength proper-
ties, and suspension properties. The experiments and analysis were done with the 
softwood kraft pulp. The sul  te pulp was used to investigate  rst  ndings on 
another type of pulp with different surface and mechanical characteristics.
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2.1 Pulp preparation

Dry softwood kraft pulp (bale form) was soaked in deionized water for at least 
4 h and disintegrated for 25 min (ISO 5263- 2:2004). After the removal of  nes, 
using a 100 m mesh, the pulp was thickened to a dry content of about 20% and 
stored in a refrigerator until use.

The same procedure was done with the sul  te pulp (sheet form). Only the time 
for the disintegration was reduced to 10 min (ISO 5263- 1:2004).

2.2 Xylan preparation

For the investigations two different xylans (powder form) were used. Xylan 1 
(X1) was extracted from a beech sul  te dissolving pulp and xylan 2 (X2) from 
eucalyptus kraft pulp.

The chemical composition of both xylans—depolymerized by acid 
methanolysis—was determined by gas chromatography, as can be seen in Table 1. 
The xylose content was about 90% for both xylans, whereas X1 had a higher content 
of uronic acid residues (MeGlcA) of about 4.8%, compared to 3.7% for X2. Further, 
X1 had a small amount of mannose (0.4%) and X2 consisted 0.4% galactose. In both 
xylans, a small amount of glucose (X1 (0.8%) and X2 (0.2%)) was present. During 
the alkaline xylan extraction process most likely degraded and therefore short- 
chained cellulose is dissolved. In the following washing steps, where the pH is signif-
icant lowered, these cellulose molecules are again able to precipitate and deposit with 
the xylan. This might be the reason for the small amount of glucose in the extracted 
xylans, determined via acid methanolysis and gas chromatography.

Differences could be found in the molecular weight of both xylans. The molec-
ular weight (weight average) of X2 (17.9 kDa) was almost twice as high as that of 
X1 (9.0 kDa), as can be seen in Table 2.

Table 1. Chemical composition of the used xylans, depolymerized by acid 
methanolysis and determined via gas chromatography

X1 X2
Monomer % %
MeGlcA  4.8  3.7
Arabinose  0.1  0.0
Galactose  0.0  0.4
Glucose  0.8  0.2
Mannose  0.4  0.0
Rhamnose  0.0  0.0
Xylose 90.6 89.4
total 96.7 93.9
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The xylans were added to NaOH (1 mol L–1) and stirred for 15 min (X1) and 
25 min (X2), respectively, and heated to about 55ºC to ensure a complete dissolution. 
However, in case of X2, undissolved parts were still remaining, resulting in a turbid 
solution. Before usage, the solution was cooled to room temperature.

2.3 In  uencing variables on adsorption

The variables temperature (T), duration time of adsorption (t), pH, ionic 
strength (IS), xylan concentration (XC) in the pulp suspension, and the pulp 
consistency (C) were adjusted to different values to investigate their in  uence on 
the assembly of xylan on the pulp  bers. The set values of the variables can be 
seen in Table 3.

2.4 Adsorption experiments

The adsorption experiments at 40ºC and 80ºC were performed with Erlenmeyer 
 asks, which could be sealed with a stopple and a bail. The trials at 140ºC were 

carried out using lab- scale steel autoclaves.
First, the pulp was put into a  ask. A certain amount of NaCl was dissolved in 

deionized water to set the IS to the given value. The water was added to the pulp 

Table 2. Molecular weight of the used xylans, determined by size- exclusion 
chromatography.

X1 X2
Molecular weight kg mol–1 kg mol–1

number average 4.6 5.6
weight average 9.0 17.6

Table 3. Values of the investigated variables during adsorption.

Variable Unit Values
C % 1.0; 2.5; 5.0; 10
IS mol L–1 0.25; 1; 2
pH 7; 10; 12.6
t h 0.5; 1; 2; 3
T ºC 40; 80; 140
XC % 4; 8; 16; 32
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and the suspension was mixed, in order to separate the  bers. Then, the xylan 
solution was added to the suspension and the  nal pulp consistency was reached. 
Before the dosage of xylan, the pH of the solution was adjusted with H2SO4. The 
 ask was sealed, heated to the desired temperature and placed in a heated water 

bath. In case of the trials at 140ºC, the same procedure was performed in auto-
claves. For heating up, the autoclaves were sealed and a heater band was placed 
around. After the desired adsorption time, the pulp was washed with deionized 
water until the conductivity was below 10 S cm–1.

2.5 Chemical analysis of the pulp

The chemical composition of the pulp samples, before and after adsorption, were 
analyzed by high- pressure liquid chromatography (HPLC) and 1H nuclear 
magnetic resonance (NMR) spectroscopy.

2.5.1 High- pressure liquid chromatography

Before the analysis, the pulp samples were milled, dissolved and degraded to 
their sugar monomers in a two- stage hydrolysis by H2SO4, according to Sixta 
et al. [35].

A known pulp mass equivalent to approximately 40 mg was placed in a 10 mL 
centrifuge tube and 0.5 mL of 72.3% H2SO4 was added. The slurry was stirred for 
3.5 h at around 25ºC. Then, 8.5 mL of deionized water was added, the tubes were 
sealed and placed in a heatable rotator at 110ºC ± 1.0ºC for 90 min. The tubes 
were removed and chilled in a water bath to room temperature.

Before the HPLC analysis, a certain amount of the hydrolyzed sample was 
diluted with 0.1% w/w of NaOH to a ratio of 1:50 w/v. This was done to set the 
pH in the neutral range in order to avoid deposits in the separation column. A 
further part of the hydrolyzed sample was diluted with deionized water to analyze 
the content of furfural, which is formed during the dissolution and degradation of 
xylan. Afterwards, the samples were transferred to a cuvette and analyzed. For the 
separation of the sugar monomers a Dionex CarboPac™ PA10 (4 × 250 mm) was 
used. The detection of the monomers was accomplished with pulsed ampero-
metric detection (Dionex ED40).

2.5.2 Nuclear magnetic resonance spectroscopy

The milled pulp samples were hydrolyzed in a two- stage hydrolysis by H2SO4 to 
their sugar monomers. The acid hydrolysis was performed as described by Bose 
et al. [36]. They tested different hydrolysis conditions on two softwoods and 
analyzed the hydrolyzed samples, until the results appeared to be representative of 
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the expected carbohydrate composition. Compared to the hydrolysis of pulp for 
the HPLC analysis, the conditions are different, in terms of the sulfuric acid 
concentrations, reaction times, and temperatures. This preparation method was 
adapted also for time saving reasons. However, the results (see section 3.1) show 
similar trends as for the HPLC analysis.

A known pulp mass equivalent to approximately 0.5 g was placed in a 50 mL 
glass bottle and 16 mL of 72% H2SO4 was added. The slurry was stirred with 
magnetic agitation for 2 h at around 25ºC. Then, 21 mL of deionized water was 
added and the bottles were sealed and transferred to a water bath at 80ºC for 1 h. 
The bottles were allowed to cool to room temperature.

The NMR measurements were performed at 10ºC with a Varian 500 spectrom-
eter (500 MHz 1H frequency). The 1H spectra were acquired with a spectral 
width of 16 ppm, 90º pulse angle, 2.048 s acquisition time and the relaxation 
delay was set to 2 s. The data were processed in TOPSPIN v3.1 from Bruker. 
600 L of the hydrolyzed sample was transferred to a NMR tube and 60 L of a 
standardizing solution was added, see [36]. After the measurement, the C1-  and 
C1-  peaks of the sugars were integrated, using the anomeric ( / ) ratio, according 
to Robyt [37].

2.6 Physical strength properties of the handsheets

Handsheets from pulp without additional xylan—reference sample—and after 
adsorption were made with a Rapid- Köthen sheet former (DIN EN ISO 5269- 
2:2004). Two different adsorption conditions (low: IS = 1 mol L–1, XC = 8%; 
high: IS = 2 mol L–1, XC = 32%) were chosen for the softwood kraft pulp. In case 
of the sul  te pulp only one adsorption condition was investigated (IS = 1 mol L–1, 
XC = 4%). The other variables were kept constant (T = 80ºC, t = 1 h, pH = 7 and 
2.5% pulp consistency). After adsorption the pulp was washed to remove free and 
unbound xylan from the suspension. Then, the  bers were re  ned in a PFI mill 
(ISO 5264- 2:2011) at 1.000 and 3.000 revolutions. Handsheets were made and 
conditioned (DIN EN 20187:1993) before the tensile index and stretch at break 
(ISO 1924- 2:2008 and ISO 1924- 3:2005) and also the tear index (DIN EN 
21972:1998) were determined.

2.7 Pulp and suspension properties

The impact of xylan on the swelling behavior of the modi  ed and unmodi  ed 
pulp samples was analyzed by measuring the water retention value (WRV). 
Another focus was the determination of the in  uence of xylan on the  ber charge 
and charge density of the pulp by quantifying the surface and total charge as well 
as the zeta potential.
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2.7.1 Fiber charge

The surface and total charge of unre  ned pulp samples with and without 
additional xylan were determined.

The total charge was analyzed by conductometric titration, according to Katz 
et al. [38]. First, the pulp was transferred to its hydrogen form by using 1 mol L–1 
of HCl until the pH was 2.00 ± 0.01 and kept constant for 30 min, as described by 
Horvath et al. [39, 40]. Subsequently, the pulp was washed with deionized 
water until the conductivity was below 5 S cm–1. The polyelectrolyte adsorption 
was carried out similar to the method developed by Winter et al. [41]. Before 
the titration, a certain amount of NaCl and HCl, both 0.01 mol L–1, were 
added to minimize the effect of a Donnan equilibrium. After the procedure, the 
pulp was removed from the suspension and dried, in order to determine the 
dry weight.

For the analysis of the surface charge, the pulp was  rst transferred from 
its hydrogen form to its sodium form by using 1 mmol L–1 of NaHCO3 and 
1 mol L–1 NaOH until the pH was 9.00 ± 0.01, kept constant for 30 min [39] 
and washed with deionized water until the conductivity was below 5 S cm–1. A 
certain amount of polydiallyldimethylammonium chloride (polyDADMAC) was 
added and stirred for 30 min. Afterwards, the  bers were separated from the 
suspension and dried, in order to analyze the dry weight. The  ltrate was titrated 
to measure the amount of polyelectrolyte adsorbed on the  ber surface, according 
to Terayama [42].

2.7.2 Zeta potential

For the determination of the zeta potential the measurement device Mütek SZP 04 
was used. Therefore, the streaming potential of the liquid phase was acquired, 
passing the surface of the  bers, due to a back pressure. The  bers were mixed in 
supply water with a conductivity of 500 S cm–1 to a pulp consistency of 0.3%. 
Before the analysis, the suspension was allowed to form a shot plug of  bers at the 
wire for 30 s.

2.7.3 Water retention value

The water retention value (WRV) of the softwood pulp samples was analyzed 
according to ISO 23714:2007. In case of the sul  te pulp, the time during the 
hydro- extraction was reduced to 15 min.
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3 RESULTS AND DISCUSSION

3.1 Chemical analysis of the pulp samples

The xylan content of the softwood kraft pulp was increased due to adsorption. The 
amount of redeposited xylan on the  bers depends on the adjustment of 
the six investigated variables. The  ndings of the determination by HPLC and 
1H NMR spectroscopy are represented in Table 4, where the conditions of the 
experiments are shown in the left columns and in the right columns the 
total amount of xylan of the softwood kraft pulp samples before and after 
adsorption are represented. Both measurement methods, HPLC and 1H NMR 
showed a similar development of the amount of xylan on the  bers after 

Table 4. Comparison of the results of the total amount of xylan of the softwood kraft 
pulp samples before and after adsorption trials, determined by HPLC and 1H NMR 
spectroscopy

Conditions Measurement method
C IS pH t T XC HPLC 1H NMR

Unit % M – h ºC % Amount of xylan of the  bers, %

R
S –

2.5
–

0.25
–

12.6
–
1

–
 80

–
–

8.48
7.45

8.42
7.85

with additional xylan X1 X2 X1 X2

A
ds

or
pt

io
n 

ex
pe

rim
en

ts

1.0
5.0

10
0.25  7 1  80 16

12.49
13.65
13.48

11.57
11.97
12.02

11.85
12.34
13.53

11.09
10.93
11.20

0.25 13.40 12.07 12.61 11.64
2.5 1  7 1  80 16 14.71 13.58 13.58 12.50

2 14.84 14.72 14.72 14.28
 7 13.40 12.07 12.61 11.64

2.5 0.25 10 1  80 16 12.76 12.36 12.12 12.01
12.6 10.32 9.81 10.52 10.07

0.5 12.82 11.96 11.56 11.32
2.5 0.25  7 1  80 16 13.40 12.07 12.61 11.64

2 13.46 12.42 14.24 11.22
 40 10.39 10.06 10.42 10.35

2.5 0.25  7 1  80 16 13.40 12.07 12.61 11.64
140 13.25 13.57 13.39 13.49

 8 12.65 12.00 11.43 11.59
2.5 0.25  7 1  80 16 13.40 12.07 12.61 11.64

32 17.42 14.61 16.17 14.56
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adsorption experiments. Differences in the values could be explained by the 
unequal procedures during the hydrolysis, but also by the measurement method 
itself.

The reference sample (RS) of the softwood pulp showed a xylan content of 
about 8.5%. The amount of xylan of the reference sample is decreasing by 
increasing the temperature and the dwell time at a higher temperature level. The 
dissolution of xylan can also be strengthened by bringing the pH to an alkaline 
level. Nevertheless, adding additional xylan to the pulp suspension will result in a 
higher xylan content of the  bers, due to precipitation.

The temperature had a signi  cant in  uence on adsorption. The amount of X2 
could be continuously enhanced by raising the temperature from 40ºC to 140ºC. 
In case of X1, no difference was seen between 80ºC and 140ºC. This may be due 
to an equilibrium between adsorption and dissolution of xylan. Except for the 
conditions at 140ºC the xylan content of the  bers was higher by adding X1 to the 
pulp suspension than X2. This means that the deposition of X1 proceeds faster 
and in case of X2 higher values of the variables need to be adjusted to reach the 
same increase in xylan content. Thus, the molecular weight of xylan (see Table 2) 
has an in  uence on the deposition which could be a result of a higher steric repul-
sion between bigger and longer aggregates/agglomerates and cellulose. Moreover, 
X1 has a higher content of MeGlcA (see Table 1). Therefore, stronger interactions 
can be induced between xylan and the  ber surface. However, a larger amount of 
MeGlcA has an in  uence on the solubility of xylan. Higher temperatures, espe-
cially under alkaline conditions, will affect the chemical structure by splitting off 
MeGlcA. Consequently, a reduction of the solubility of xylan follows. This will 
promote precipitation of xylan on the surface of the  bers [29]. This means in case 
of X1, that more dissolved xylan can adsorb on the  ber surface, since the content 
of MeGlcA is higher. Nevertheless, the temperature dependence of adsorption 
could be due to the decrease in surrounding water forming hydrogen bonds by 
thermal vibration, allowing an intimate contact between the hydroxyl groups of 
xylan and cellulose [26, 28].

The pH is important for an ef  cient xylan precipitation. Lowering the pH from 
12.6 to 10 showed an increase in deposition, whereas a further reduction to a 
neutral pH range brings no further improvement. Hydroxyl groups have a low 
acid strength (pKa = 14 at 25ºC), meaning these groups are ionized only in a 
strong alkaline environment. A decrease in the pH to a neutral level results in 
lower solubility of xylan and electrostatic repulsion and is favorable for the 
precipitation on the  ber surface [43]. Besides the pH value, the ionic strength 
should be increased. The maximum xylan adsorption was reached with the 
highest ionic strength. Cellulose and xylan show similar surface textures of 
hydroxyl groups, indicating likewise surface charges. Moreover, xylan contains 
carboxyl groups. Therefore, the ionic strength should be high enough to diminish 
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electrostatic and steric repulsion between xylan molecules, and between xylan 
and cellulose. In addition, it promotes interactions and associations between these 
interfaces [29, 34, 44].

Table 5 shows the laboratory conditions with the highest xylan adsorption. In 
addition, a high xylan concentration and pulp consistency is favorable for a high 
amount of deposition. From the results, a possible site of xylan addition in the mill 
could be during an oxygen bleaching sequence, where a suf  cient reaction time 
and temperature level are given.

The amount of adsorbed xylan also seems to be a function of the availability of 
xylan in the liquid phase. With increasing xylan content in the suspension, the 
amount of xylan of the  bers was promoted, as can be seen in Figure 1. In case of 

Table 5. Conditions with highest xylan adsorption onto softwood kraft  bers

Variable Unit X1 X2

C % 10 10
IS mol L–1 2 2
pH 7–10 7–10
t h 0.5 0.5
T ºC 80 140
XC % 32 32

Figure 1. Relationship between the increase in xylan content of the softwood kraft  bers, 
compared to the reference sample, and the retention of xylan, based on the input, at constant 
adsorption conditions, only varying the input of xylan. Input: a) XC = 8%; b) XC = 32%.
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X1, the amount of xylan of the pulp was around 50% higher compared to the 
reference pulp at an input of xylan of 8%, based on the dry weight of the  bers. 
Increasing the input of X1 to 32%, resulted in a nearly 100% higher xylan content, 
than for the reference sample, while the retention of added xylan was decreasing 
signi  cantly.

3.2 Physical strength properties of the handsheets

Both xylans had a signi  cant in  uence on the strength properties of the softwood 
kraft handsheets and contribute to the mechanisms of bonding within the  ber 
network. The unre  ned pulp samples showed an increase in the tensile strength of 
13% with additional X2, compared to the reference sample. The mechanical treat-
ment of the pulp had a higher in  uence on the handsheets with additional xylan. 
After beating at 3.000 revolutions with the PFI mill, the maximum increase in 
tensile index was 28% (X1) and 38% (X2), compared to the reference 
sample. The results are shown in Figure 2. The coef  cient of variation reaches 
from 2% to 7%.

The molecular weight of the xylan has an impact on the tensile strength of the 
softwood kraft handsheets, since higher values are achieved with X2. The amount 
of additional X1 has to be around four times higher, in order to reach a similar 
tensile strength. Furthermore, the amount of xylan on the cellulose surface is 

Figure 2. Trend of the tensile index of xylan- modi  ed and unmodi  ed softwood kraft 
handsheets. Conditions: low) IS = 1 mol L–1, XC = 8%; high) IS = 2 mol L–1, XC = 32% 

(see section 2.6).
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important. By increasing the xylan content of the softwood  bers, the tensile 
strength is improved.

On the other hand, X1 seems to bring no signi  cant advantage to the tensile 
strength of the sul  te pulp samples. The tensile index of xylan- modi  ed sul  te 
pulp handsheets only increased up to nearly 6% compared to the RS beaten at 
3.000 revolutions with the PFI mill.

However, the mechanical treatment of pulp leads to more  exible and 
softer  bers, due to internal and external  brillation, but also to the production 
of  nes and  ber cutting [45]. Re  ning always has an impact on the drainage 
resistance (ISO 5267–1:1999) of the pulp, which is increasing by raising the 
re  ning energy. Looking at the xylan-modi  ed sul  te pulp, the drainage 
resistance increased faster than the reference sample at a given re  ning energy 
(e.g. 5 SR higher at 3.000 revolutions with a PFI mill). This implies that 
the xylan- modi  ed pulp samples have a lower re  ning resistance, which results 
in enhanced internal and external  brillation, leading to a larger swelling 
behavior of the  bers. Further, a higher production of  nes could be generated 
by cutting  brils and adsorbed xylan off from the  ber surface, as well as 
a stronger reduction in  ber length. The overall result is a denser and less 
opaque paper with a higher internal bond (TAPPI 569 om- 09), compared to the 
unmodi  ed handsheets.

Comparing kraft and sul  te pulps, the re  ning resistance of sul  te  bers is 
in generally lower. The chemical decomposition of lignin in the sul  te process 
starts from the  ber surface in direction to the lumen, whereas in the kraft 
process it takes place the opposite way. This leads to a completely dissolved 
primary cell wall and a strongly affected secondary cell wall in sul  te  bers [1]. 
Therefore, the  ber surfaces from these pulping methods have different character-
istics. The result of beating is a faster increase in  ber  exibility, but also in 
 nes concentration and  ber cutting. This may be a reason for the lower effect of 

xylan on paper strength of the sul  te handsheets, as more  nes may be generated 
at a given re  ning energy. On the other hand, the amount of xylan, added to the 
pulp suspension, was only 4% for the sul  te pulp, whereas for the softwood 
kraft pulp 8% and 32% of xylan were added. This will affect the mechanical 
strength properties of the handsheets, since less xylan is involved in the 
binding mechanisms (cf. Figure 2). In case of the unre  ned sul  te pulp, the xylan 
content of the  bers could be increased from 5.2% to 6.6%—determined by 
HPLC—due to adsorption. This shows, that the resulting amount of xylan of 
the sul  te  bers is signi  cantly lower than for the softwood kraft pulp. A result 
could be a harder sul  te  ber, by reason of a reduced swelling behavior 
(detailed explanation in section 3.3). Consequently, the surface may have a 
lower penetration hardness. This will affect the area in molecular contact between 
adjacent  bers. The penetration hardness of the  ber surface can be analyzed 
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by atomic force microscopy and nanoindentation, as described by Persson 
et al. [46]. Furthermore, the properties and conditions of the  ber surface are 
different between sulfate and sul  te pulp and could affect the conditions for the 
precipitation of xylan onto the  bers. These factors will have an in  uence on the 
resulting tensile strength of the paper.

Nevertheless, a higher production of  nes, due to re  ning, may also play a role 
for the xylan- modi  ed softwood kraft pulp, compared to the reference sample. 
Moreover, an enhanced  nes concentration will affect the effective  ber length 
of the pulp. When a critical  ber length is reached, the mechanical properties of 
the paper are reducing. This can be seen in Figure 3, where the tear index 
of the softwood handsheets are represented. The tear index is  rst increasing 
(1.000 revolutions) and with longer re  ning, the values are decreasing. The 
modi  ed handsheets show a faster dropping down of the tear index at 3.000 
revolutions. The reason is a stronger reduction in the effective  ber length of the 
softwood kraft pulp.

3.3 Fiber charge and zeta potential of the  bers

The pulp samples with additional xylan showed higher values for the surface 
and total charge, as can be seen in Figure 4. Both, X1 and X2 increased the 
total charge of the pulp by ~20% from 37.6 eq/g to about 45 eq/g. The increase 

Figure 3. Trend of the tear index of xylan- modi  ed and unmodi  ed softwood kraft 
handsheets. Conditions: low) IS = 1 mol L–1, XC = 8%; high) IS = 2 mol L–1, XC = 32% 

(see section 2.6).
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in surface charge was over 60% from 2.72 eq/g to 4.38 eq/g (X1) and 4.59 
eq/g (X2).
A higher surface charge and charge density implies that stronger coulomb 

forces can be achieved by the addition of cations between two negatively charged 
 bers. Moreover, xylan has an amorphous structure and is able to absorb water, 

resulting in swelling. This leads to more  exible  bers and brings also a jellylike 
character to the xylan (hydrogel). These parts are softer on the  ber surface and 
within the cell wall. Thus, higher and homogeneous areas in molecular contact 
can be achieved between two adjacent  bers and additional van der Waals forces 
as well as hydrogen bonds can be generated [46, 47]. This will result in stronger 
 ber-  ber bonds.

The zeta potential indicates a similar trend. It is increased for the unre  ned 
samples by 1 mV to 3 mV, except for the X1 at low concentration (Table 6).

Figure 4. Trend of the total and surface charge of unre  ned, xylan- modi  ed and unmodi-
 ed softwood kraft pulp.

Table 6. Trend of the zeta potential of xylan- modi  ed and unmodi  ed, unre  ned soft-
wood kraft pulp. Conditions: low) IS = 1 mol L–1, XC = 8%; high) IS = 2 mol L–1, XC = 
32% (see section 2.6)

RS X1 low X1 high X2 low X2 high

Zeta potential in mV –18.0 –17.0 –20.0 –19.1 –19.9
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3.4 Water retention value of the pulp samples

A higher surface charge and charge density of the cellulose surface will lead to 
stronger swelling behavior. This can be seen in the trend of the water retention 
value (Figure 5). The WRV of the softwood kraft pulp samples with additional 
X2 increased faster, compared to the reference sample and to the pulp with
 additional X1. In case of the sul  te pulp, X1 increases the WRV from 1.27 g g–1 
(RS) to 1.31 g g–1. Here, the time was reduced from 30 min to 15 min for the 
centrifugation, due to the generation of heat within the centrifuge. This may have 
an in  uence on the results.

Further investigations have to be made, to analyze the in  uence of X1 on the 
WRV on the softwood kraft pulp.

Figure 5. Trend of the water retention value of xylan- modi  ed and unmodi  ed softwood 
kraft pulp. Conditions: low) IS = 1 mol L–1, XC = 8%; high) IS = 2 mol L–1, XC = 32% 

(see section 2.6).

4 CONCLUSIONS AND OUTLOOK

The results showed an increase in xylan content due to adsorption. This leads to 
an enhanced charge density and swelling behavior of the  bers and a higher 
tensile strength of the paper. However, it is still not clearly understood, whether 
xylan is adsorbed on the  ber surface forming a  lm, or also able to diffuse into 
the pores and the  ber wall.

First results, determined by attenuated total re  ectance (ATR) spectroscopy, 
suggest, that adsorbed xylan is irregularly distributed on the  ber surface. 
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Nevertheless, this has to be veri  ed with X- ray photoelectron spectroscopy 
(XPS), low voltage scanning electron microscopy (LV SEM) and atomic force 
microscopy (AFM) using functionalized tips. Moreover, the in  uence of xylan on 
the bonding mechanisms and strength properties of single  ber-  ber joints will be 
analyzed, according to Fischer et al. [48]. Further investigations with the sul  te 
pulp have to be made.
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Lars Wågberg  KTH

I have two questions. The  rst one is, when you lower the pH or increase the 
temperature, do you have any feeling for how the solution properties, or the xylan, 
is changed? Does it precipitate, and what is the size of the precipitates?

Albrecht Miletzky

Well, the solution is getting turbid, so the xylan is precipitating, but we do not 
know yet about the size distribution of the precipitated xylan.

Lars Wågberg

The second question is, did you plot your results of tensile index as a function of 
density for the different treatments? Because that would be really interesting.

Transcription of Discussion
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Albrecht Miletzky

No, we have not done that yet but I will look into it.

Jim De Witt  Sappi

Do you see this material as being more effective as a paper mill or a pulp mill 
additive?

Albrecht Miletzky

Well when you look at the concentration of xylan we added to the pulp, I do not 
think it is compatible with other chemicals, because it is quite high at around 8 %. 
I don’t have any information about possible costs of such a xylan, but maybe there 
are some areas where we can add the xylan; in a pulp mill or in the bleaching 
stage, for example, and you can reduce the energy you need for re  ning.

Jim De Witt

Does it have an effect on the optical properties or brightness of the pulp?

Albrecht Miletzky

A little bit, yes. When you dissolve the xylan into the sodium hydroxide, it is 
getting a little bit yellowish-brownish, and that you will see also on the pulp. 
Brightness is little bit decreased, yes.

Jim De Witt

Do you consider the sodium chloride to be an essential part of putting the xylan 
onto the pulp?

Albrecht Miletzky

Well, it is not essential, we can also use different salts, but when you increase the 
ionic strength, it will diminish the electrostatic repulsion between the xylan and 
cellulose, so it is getting adsorbed more easily.

Jim De Witt

A one molar salt concentration is extremely high, even going through the washing 
stage, with possible consequences in the paper mill.
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Patrick Huber  CTP

You mentioned in your introduction that you wanted to recover the xylan from the 
black liquor, is that correct?

Albrecht Miletzky

Yes, that was done. Lenzing did that for us and we just got the two xylans in 
powder form.

Patrick Huber

But then, if I understood you correctly, in your work you extracted the xylan from 
the pulp?

Albrecht Miletzky

One was extracted from cooking liquor, and the other one was extracted from 
eucalyptus kraft pulp.

Patrick Huber

Okay, so there was one from the liquor and one from the pulp. So could you 
comment on the difference between those two types of xylan and the implications 
for your  ndings?

Albrecht Miletzky

Well one xylan was extracted from the cooking liquor, and the other one was 
extracted from the pulp, because we wanted to investigate two different xylans. 
The xylans differed in their molecular weight and chemical composition.

Patrick Huber

I was wondering if you had measured residual lignin bonded to the xylan, in both 
cases.

Albrecht Miletzky

No, we did not measure the residual lignin of the xylans, but we should check that.
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Patrick Huber

There should be some.

Harshad Pande  Domtar

You said you saw loss of brightness in the handsheets, how much was the loss?

Albrecht Miletzky

We did some adsorption tests with a sul  te pulp from an industry partner and we 
saw a loss in brightness, I think it was from 85% down to 80%.
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