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THE EFFECT OF HEMICELLULOSE EXTRACTION ON FIBER 
CHARGE PROPERTIES AND RETENTION BEHAVIOR OF KRAFT 
PULP FIBERS 
 
Katja Lyytikäinen,a,* Esa Saukkonen,b Isko Kajanto,b and Jari Käyhkö a 
 

The integrated forest biorefinery (IFBR) concept provides a promising 
opportunity for the development of the pulp and paper industry. One 
proposed next generation technology for an integrated forest biorefinery 
is the extraction of hemicelluloses, allowing the co-production of pulp and 
different hemicellulose-based chemicals. In addition to paper properties, 
hemicelluloses are known to be important for the function of cationic 
papermaking additives, because they are the main source of charged 
groups in fibers. This paper shows that the alkaline extraction of 
hemicelluloses from bleached kraft pulp decreases both the total and 
surface charge of the pulps. It was found that the decreased fiber charge 
leads to increased filler retention with fixed retention aid dosage. The 
reduction observed in the fiber surface charge for alkali-extracted pulp 
was mainly attributed to the decrease in the amount of anionic groups 
located in fines.  
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INTRODUCTION 
 

The conventional pulping processes only take a partial advantage from the wood 
material. A significant part of the material is dissolved during the cooking and bleaching 
stages and sent to the recovery cycle, where it is converted to energy through burning. 
However, the heating value of hemicelluloses is only about half of that for lignin 
(Vakkilainen 1999). From this point of view, it could be economically viable to convert 
the hemicellulose fraction to various value-added products, such as alcohols, carboxylic 
acids, lactones, and esters, just to mention a few (van Heiningen 2007).  

Recently, several technologies for the removal of hemicelluloses from wood 
material prior to cooking have been under investigation (Al-Dajani and Tschirner 2008; 
Yoon et al. 2008; Mao et al. 2008). For hardwoods, one of the most promising 
fractionating technologies is the alkaline extraction, as it allows the recovery of xylan in 
nearly undegraded form, which is important for its usability in production of different 
chemicals (van Heiningen 2007). It is well known that pulping dissolves and degrades 
hemicelluloses, which end up in the black liquor where they are difficult to separate. In 
addition, it has been reported that by removing the hemicelluloses prior to cooking, the 
following pulping and bleaching stages will benefit. For example, less alkali may be 



 

PEER-REVIEWED ARTICLE  bioresources.com 
 

 
Lyytikäinen et al. (2011). “Hemicellulose, charge, retention,” BioResources 6(1), 219-231.  220 

required for cooking to a certain kappa level, the rate of delignification may be increased, 
or the bleaching chemical consumption may be reduced (Amidon et al. 2006; Al-Dajani 
and Tschirner 2008; Yoon and van Heiningen 2008; Kautto et al. 2010). 

The extraction of hemicelluloses from wood chips always yields an extraction 
product that is a mixture of the various compounds naturally present in wood. When an 
extraction product with higher purity is targeted, a similar type of extraction can be 
applied for a bleached pulp. It was recently reported that the extraction of bleached birch 
kraft pulp with strong alkali followed by precipitation or ultrafiltration yields an 
extraction product where 98-99% of the carbohydrates consist of xylan with a very 
narrow molar mass distribution. By this method, about 30 to 60% of the hemicelluloses 
originally present in wood can be removed in a relatively short time (Fuhrmann and 
Krogerus 2009; Talja et al. 2009).  

In papermaking, the hemicelluloses are of great concern from many perspectives. 
Most importantly, they are the main constituents in the fiber cell wall that contribute to 
the electrostatic character of the fibers. In both softwoods and hardwoods, the fiber 
charge mainly originates from 4-O-methyl-α-D-glucopyranosyluronic acids bound to the 
xylan backbone. An anionic charge is generated when these groups are ionized under 
prevailing conditions (Sjöström 1989). Thus, the removal of hemicelluloses from wood 
chips or bleached pulps can be expected to have a significant influence on the charge 
properties of the cellulosic fibers.   

For the retention of cationic papermaking additives, the amount of charged groups 
located on the fiber surface or near the surface (so called subsurface) is most important. 
The strength of the fiber-fiber bonds and the paper tensile properties are also most 
affected by the surface charges. On the other hand, a number of charged groups in the 
fiber wall remain inaccessible, and some groups are only accessible to smaller molecules. 
The charged groups accessible to Na+ are especially important for fiber swelling. 
(Sjöström 1989; Wågberg and Annergren 1997; Chen et al. 2005; Torgnysdotter and 
Wågberg 2003).  

The purpose of the present study was to find out how the alkaline extraction of 
hemicelluloses from bleached kraft pulp affects fiber charge properties and retention 
behavior of the pulp.   
 
 
EXPERIMENTAL 
 
Materials 
Chemicals 

Polybrene and poly-diallyldimethylammonium chloride (p-DADMAC) were 
purchased from Sigma-Aldrich, Finland. Potassium polyvinyl sulfate (KPVS) was 
provided by Wako Pure Chemical Industries Ltd., Germany. Polybrene and KPVS were 
delivered as powders and p-DADMAC as a 20 wt% concentrate.  
  
Pulps 
 Dried industrial elemental chlorine free (ECF) bleached birch kraft pulp was used 
as a reference pulp (also denoted as normal pulp). The “hemi-poor pulp” was prepared by 
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subjecting the dried unrefined reference pulp to alkaline extraction (1.0 M NaOH, 25 °C, 
2 h). The extraction was carried out at the VTT Technical Research Centre of Finland. 
After extraction, the pulp was separated from the extraction liquor and centrifuged to 
reach a dry matter content of ca. 35 %. The chemical compositions of the pulps are given 
in Table 1.  
 
Table 1. Chemical Compositions of the Hardwood Kraft Pulps  
Component Reference Hemi-poor 
Cellulose 74.8 85.3 
Xylan 23.6 13.0 
Glucomannan 1.1 1.1 
Lignin 0.4 < 0.4 
 
Wet-end additives 
 The filler used in the study was IntracarbTM 60, provided by Imerys. This medium 
coarseness ground calcium carbonate (GCC) has a steep particle size distribution, and it 
contains a low amount of dispersant. According to the manufacturer about 60% of the 
filler particles are smaller than 2 μm in diameter. 

The retention polymer used in this study was cationic polyacrylamide (C-PAM, 
Fennopol K3400R, Kemira).  

 
Methods 
Pulp characterization 

The polyelectrolyte adsorption technique was selected for the determination of 
fiber charge characteristics because with this technique both total and surface charge of 
the fibers can be evaluated. The experimental procedure is widely used and well 
described in several references (Wågberg et al. 1985, 1989; Laine et al. 1996; Fardim et 
al. 2002; Horvath et al. 2006) 
 Prior to the polyelectrolyte adsorption experiments, the pulp samples were diluted 
with deionized water to a consistency of about 10 g/L. The pH of the pulp suspensions 
was then adjusted to about 2 in order to remove any sorbed metal ions and to convert the 
carboxyl groups to their H-forms. The pulp suspension was kept in these conditions for 
15 minutes and then washed with deionized water until the conductivity of the filtrate 
was under 5 μS/cm and the pH was about 5. After this, the pulp carboxyl groups were 
converted into their Na-form through treatment with 0.001 M NaHCO3 (10 minutes in 25 
°C) and an addition of NaOH in order to adjust the pH of the suspension to 9. These 
conditions were kept for 30 minutes, after which the pulp suspension was again washed 
until the filtrate had a conductivity of about 5 μS/cm and pH of about 7. Finally the pulp 
suspension was diluted with deionized water to a consistency of 5 g/l.  
 For polyelectrolyte adsorption, 0.5 g of o.d. pulp sample in its Na-form and 100 
mL of cationic polyelectrolyte solution was placed into the beaker. Polybrene with a 
charge density of 5.35 · 10-3 eq/g and molecular weight of 8,000 g/mol was used for 
determining the total charge, and p-DADMAC with a charge density of 6.19 · 10-3 eq/g 
and molecular weight of 200,000 to 350,000 g/mol for determining the surface charge. At 
least five experiments with varying polyelectrolyte concentrations were performed in 
order to build the adsorption isotherms. After 60 minutes equilibration, the excess 
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polyelectrolyte was back titrated with 0.0025 N KPVS solution using a Mütek PCD 03 
streaming current detector for the endpoint determination. All adsorption experiments 
were performed at room temperature and pH 8.  
 The water retention value (WRV) of the pulps was determined according to ISO 
23714:2007. The fiber coarseness and width were determined by fiber analysis with a 
Kajaani FS 300 instrument. Pulp carbohydrate composition was determined using high 
performance anion-exchange chromatography (HPAEC-PAD) following acid hydrolysis 
(SCAN 71:09).  
 
Retention tests and furnish properties 
 A moving belt former (MBF) was used for testing the retention behavior of the 
two pulps. MBF is a dynamic sheet former that simulates the drainage conditions in a real 
paper machine through pulsating vacuum assisted water removal.  More information 
about the operational principle of the MBF device is provided elsewhere (Paltakari and 
Paulapuro 2002; Räisänen et al. 1993). 
 The furnish used in the retention tests contained only hardwood kraft pulp and 
filler (GCC, 30 % addition based on o.d. pulp). In addition, the cationic retention 
polymer, C-PAM, was injected into the MBF sheet mold automatically 10 seconds before 
the sheet forming. The properties of the furnishes are given in Table 2.  
 
Table 2. Properties of the Pulp and Filler Blends Used in MBF and RPA Trials   
 Reference Reference, 

fines-free 
Hemi-poor Hemi-poor, 

fines-free 
Zeta potential, mV -56.2 -65.7 -62.6 -72.6 
Conductivity, mS/cm 0.188 0.178 0.188 0.179 
Cationic demand, µeq/l 43.2 24.7 30.2 25.7 
pH 8.6 8.4 8.5 8.4 
Consistency, g/l 4.7 4.6 4.7 4.4 
 
 The laboratory sheets prepared with the MBF device are 0.190 m x 0.190 m in 
their dimension. The sheets were dried in a rotary drum (90 °C, 3 h) and tested for their 
grammage (ISO 536:1995) and ash content (ISO 1762:2001).  
 The system zeta potential of the furnishes was measured using a Mütek SZP-06 
device. The cationic demand of the filtrates passing through a 200-mesh wire was 
determined using a Mütek PCD 03 streaming current detector.   
 A retention process analyzer (RPA) equipped with a commercial wire cloth was 
used as an additional tool for the investigation of filler retention in the presence of C-
PAM. 500 ml of the furnish (for properties, see Table 2) was transferred to a mixing 
vessel at rotational speed of 800 rpm. After a set time, the retention polymer (C-PAM) 
was dosed into the vessel and the time-recorder started. The retention phenomenon was 
monitored by recording the change in turbidity as a function of time. The measurement 
principle is described elsewhere (Saharinen 1998).  
 
Pulp fractionating 

A Dynamic Drainage Jar (DDJ) equipped with a 200-mesh wire was used for 
separation of fines from Valley beaten (°SR 30) pulps. The fractionating was carried out 



 

PEER-REVIEWED ARTICLE  bioresources.com 
 

 
Lyytikäinen et al. (2011). “Hemicellulose, charge, retention,” BioResources 6(1), 219-231.  223 

at a consistency of about 10 g/L. The separation cycle was repeated 5 times, i.e. until the 
filtrate was sufficiently clear. It was determined that about 95 % of the fines present in 
the beaten pulps could be collected by this way. The long fiber fraction resulting from the 
separation is denoted as “fines-free pulp”.  

 
 
RESULTS AND DISCUSSION 
 
Fiber Charge Properties 
 The unbeaten pulps, beaten pulps, and beaten pulp fractions, i.e. fines and the 
corresponding long fiber fractions, were analyzed for their surface and total charge using 
the polyelectrolyte adsorption technique. The °SR values for the unbeaten pulps were 18 
and 14 for the reference pulp and hemi-poor pulp, respectively. The results from the 
surface charge measurements are shown in Fig. 1. 
 

  

 
Fig. 1.  The surface charge of the unrefined and Valley refined hardwood kraft pulps (A) and 

the fractions of the refined pulps (B) 
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According to Fig. 1 A, the charge accessible to p-DADMAC (denoted here as 
surface charge) increased considerably due to refining for both pulps. This increase is 
mainly attributed to the increase in specific surface area of the pulp samples. Valley 
beating is known to simultaneously induce both internal and external fibrillation of the 
fibers, as well as the generation of fines (Kang and Paulapuro 2006). The opening of the 
fiber structure means that more carboxyl groups can be neutralized by p-DADMAC 
molecules.  

The apparent surface charge of the hemi-poor pulp seemed to be slightly lower in 
comparison to the normal pulp (Fig. 1 A). Further analysis of the pulp fractions revealed 
that there was practically no difference in the surface charge density of the fines-free 
pulps. However, the surface charge of the fines fraction was significantly reduced when 
the hemicelluloses are removed (see Fig. 1 B). In general, the fines showed a higher 
surface charge than the fibers, mainly because the accessibility of the charged groups in 
the fines is higher than in the fibers, but also because the chemical composition may 
differ between the two fractions (Mosbye et al. 2002; Liimatainen et al. 2009).  

It can be hypothesized that if the removal of xylan from the cell wall of dried 
fibers increases the fiber wall porosity and/or the surface roughness, then the adsorption 
of high-molecular weight polymer should increase. The adsorption of cationic polyelec-
trolytes is known to be influenced by the nanoporous structure of the substrate, i.e. the 
larger the cell wall pores, the more and the faster the cationic polyelectrolyte can 
penetrate into them (Wågberg and Ödberg 1989; Wågberg 2000; Alince 2002; Hubbe et 
al. 2007). So far, there has not been published data concerning the effect of alkaline 
extraction of dried and bleached fibers on fiber wall structure. However, it was recently 
reported for never-dried unbleached kraft pulp that the alkaline extraction of 
hemicelluloses produced fibers with more porous surface structure (Wan et al. 2010). On 
the other hand, in cases where the hemicelluloses are removed from the pulp fibers before 
drying, a more compact fiber wall structure may also be formed (Moss and Pere 2006).  

Whereas the fiber cell wall structure has a great impact on the adsorption of high-
molecular weight polyelectrolytes, it should not have any contributions to the total charge 
determined by the adsorption of lower-molecular weight polymer. The results from the 
total charge measurements are shown in Fig. 2.  

According to Fig. 2 A, the total charge was virtually the same for unrefined and 
refined pulps. Thus, it is evident that the increase in specific surface area had no 
influence on the adsorption of Polybrene. This is in agreement with previous results by 
other authors, according to which the fiber total charge is only affected by the chemical 
composition of the fibers and not the physical state of the cell wall (Herrington and 
Petzold 1992; Bhardwaj et al. 2004).  

The results shown in Fig. 2 B reveal that the hemicellulose extraction reduced the 
amount of charged groups both in fines free pulps and fines. The difference seems to 
have been somewhat larger for the fines, indicating that the hemicellulose extraction 
might have removed the charged groups more effectively from the fines than from the 
long fibers. In other words, for reference pulp the fines fraction was clearly more charged 
than the fiber fraction, while this difference was much smaller for hemi-poor pulp.  
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Fig. 2.  Total charge of the unrefined and Valley refined hardwood kraft pulps (A) and the 

fractions of the refined pulps (B) 
 

The results of the total charge measurements support the hypothesis, according to 
which the similar apparent surface charge for the long-fiber fractions from normal and 
hemi-poor pulp was mainly due to the higher accessibility of charged groups in hemi-
poor fibers. Unfortunately, no analysis for fiber wall porosity was available at this point. 
However, the water retention value (WRV) and the ratio of coarseness to fiber width 
showed indications about the increased fiber wall porosity due to hemicellulose 
extraction (Table 3), i.e. the WRV value is increased and the coarseness-to-width ratio 
decreased due to hemicellulose extraction.  
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Table 3.  Properties of Unrefined, Refined, and Fines-Free Pulps. Fines 
Separated from Valley Refined Pulp in °SR 30  

 Reference pulp Hemi-poor pulp 
 Unrefined Valley 

refined 
Fines-free Unrefined Valley 

refined 
Fines-free 

WRV, g/g 1.04 1.77 1.55 1.08 1.86 1.64 
Coarseness- 
to-width ratio, 
g/m2 

6.17 6.07 4.56 5.85 5.43 4.33 

 
According to the WRV measurements, the water-uptake of the hemi-poor fibers 

was somewhat higher than that of reference fibers, in spite of the decreased anionic group 
content. The WRV includes all the different types of water that the fiber may hold and is 
thereby affected by both the ionic charges and fiber wall porosity (Salmen and Berthold 
1997). Thus the higher WRV value for hemi-poor pulp might be an implication about 
increased fiber wall porosity.   

The results from the total charge measurements are in agreement with the 
polysaccharide compositions of the fines-free pulps and fines (Table 4).  
 
Table 4.  Polysaccharide Compositions (%) of the Pulp Fractions Separated 

from Valley Refined Pulps in °SR 30 using DDJ-device Equipped with 
76 μm (200-mesh) Openings 

Component 
Normal pulp Hemi-poor pulp 

Fines-free Fines Fines-free Fines 
Cellulose 77.5 72.7 86.9 85.8 
Xylan 21.8 26.5 12.5 13.4 
Glucomannan 0.7 0.9 0.6 0.7 
 

As shown in Table 4, the fines from normal pulp contained more xylan than the 
corresponding fiber fraction (26.5 % vs. 21.8 %, respectively). However, in hemi-poor 
pulp the xylan content was nearly similar for both fibers and fines (12.5 % vs. 13.4 %, 
respectively). The glucomannan content was low for the fractions of both pulps.  

In the light of the results from the charge measurements and chemical analysis, it 
seems that the fines are more effectively extracted than the long fibers when bleached and 
dried kraft pulp is used as a starting material for the extraction. This can be an important 
finding with regard to the retention behavior of the extracted pulp, as it is generally 
known that most of the cationic papermaking additives preferentially adsorb on pulp 
fines.  

 
Retention tests 

The retention behavior of the hemicellulose-extracted pulp was compared with 
that of the reference pulp by using the Moving Belt Former (MBF) as a primary tool. 
Figure 3 shows the filler retention for the systems, where 30% ground calcium carbonate 
was included in the furnish. Cationic polyacrylamide was used as a retention aid with a 
fixed dosage of 0, 200, or 400 g/t. The retention tests were also carried out with fines-free 
pulps.  
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Fig. 3.  Effect of hemicellulose extraction and presence of fines on filler retention with varying 

C-PAM dosages. 30% ground calcium carbonate was included in furnish. The 
injection of C-PAM took place 10 seconds before drainage. Sheets were prepared 
using the Moving Belt Former.  

 
Figure 3 shows that with fixed retention aid dosage (200 or 400 g/t) the filler 

retention was notably better for hemi-poor pulp than for the reference pulp. However, 
when the fines were removed, the filler retention increased and there was virtually no 
difference between the two pulps (filler retention app. 40% with C-PAM dosage of 200 
g/t and app. 57% with C-PAM dosage of 400 g/t). A possible explanation for the 
improved filler retention of the hemi-poor pulp is that the fines with reduced charge 
adsorb less cationic retention aid, which is then more effectively used for retaining filler.  
 In the absence of the retention aid, the filler retention was relatively low, and 
furthermore, it was even lower for hemi-poor pulp than for normal pulp. However, when 
fines were removed, the filler retention seemed to decrease, and in this case it was similar 
to or even slightly higher for hemi-poor pulp in comparison to reference pulp. In earlier 
investigations, it has been shown that the quality of fines influences the adsorption of 
calcium carbonate fillers onto the fines surfaces and makes contributions to filler 
retention, both in the absence of and presence of retention polymer (Lin et al. 2007; 
Liimatainen et al. 2009).  
 A similar phenomenon as seen in Fig. 3 can also be seen in Fig. 4, where the filler 
retention is presented against time. The measurement was taken with the retention 
process analyzer (RPA). The same furnishes used in the MBF trials were also used in this 
investigation (see Table 2 for furnish properties). The RPA retention measurement is 
based on the continuous monitoring of turbidity, which also makes it possible to evaluate 
the shear sensitivity of the filler flocs formed.   

According to Fig. 4, the maximum retention level was reached in approximately 6 
seconds after the C-PAM injection, after which the shear forces started to decompose the 
flocs. It is well known that the filler retention is sensitive to shear, especially when a 
linear polyelectrolyte is used as a retention aid instead of a polymer with more branched 
structure (Shin et al. 1997; Lee et al. 2006). 
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The maximum retention values were higher for hemi-poor pulp than for normal 
pulp with the investigated retention aid dosages, 200 and 400 g/t. No significant 
differences seem to have occurred in the shear-sensitivity of the formed flocs, as the 
curves are similar in their shape.  
 

 
 
Fig. 4.  The effect of hemicellulose extraction on retention of ground calcium carbonate (30% 

on pulp) in presence of cationic polyacrylamide. The rotation speed in retention 
process analyzer was adjusted to 800 rpm. The time axis indicates time after C-PAM 
injection.  

 
 
CONCLUSIONS 
 

In this study, the following conclusions can be drawn related to hemicellulose 
extraction and its effects on fiber properties: 
 
1. Alkaline extraction of dried and bleached kraft pulps reduces the amount of charged 

groups in pulps, and especially the charge density of fines.  
2. For fiber fraction, the apparent surface charge, i.e. the charge accessible to high-

molecular weight polymer is not reduced due to alkaline extraction. This may be 
caused by the increased cell wall porosity and/or surface roughness. 

3. The decreased fiber charge in fines contributes positively to filler retention, allowing 
the cationic retention polymer to interact more effectively with the filler. The 
retention behavior is similar for fines-free pulps. 

4. There were no differences, due to extraction of hemicellulose, in the shear-sensitivity 
of the flocs generated as a result of cationic polyacrylamide addition.  
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Many pulp and paper industry companies are strug-
gling with declining profits and challenges to their 

external operations. At the same time, global climate 
change and awareness of the finite nature of fossil fuels 
is propelling the development of green technologies and 
increasing the use of renewable resources in produc-
tion of both fuels and chemicals. Therefore, companies 
in the pulp and paper industry must reconsider current 
strategies. One alternative for increasing the value cre-
ation potential might be to seek sustainable competitive 
advantages from forest biorefining operations [1]. Thus, 
an integrated forest biorefining (IFBR) concept in which 
the biorefining technologies would be integrated with 
existing pulp and paper operations has recently gained 
interest in academia and the industry to achieve more 
efficient use of wood-derived biomass [2]. One suggested 
technology for the next generation IFBR is the integration 
of the hemicellulose extraction process step into an exist-
ing kraft pulp line, allowing the co-production of pulp and 
hemicellulose-based chemicals.

Hemicelluloses are the second most abundant biomass-
based polysaccharide in the world after cellulose. In wood, 
they comprise about one third of the dry weight. The 
predominant type of hemicelluloses in hardwoods is 
O -acetyl- (4-O -methylglucurono)xylan, or simply xylan. 
Thus, an existing fiber line producing bleached hardwood 
kraft pulp represents an attractive source for the industrial-
scale production of xylan. Consequently, several options for 
extracting xylan from the kraft pulp mill material streams 
have been proposed: from wood chips by a prehydrolysis 

process before cooking [3,4], from early cooking liquor 
[5,6], from weak black liquor [5,7], from LignoBoost filtrate 
[8], or from bleached hardwood kraft pulp [9,10]. When 
connecting these xylan extraction processes to the kraft 
process, the considerable value potential of utilizing the 
xylan fraction should be realized to maintain an economically 
feasible process.Therefore, when a xylan product of high 
purity is targeted, xylan extraction from bleached pulp 
seems to be the most reasonable option, because no 
expensive purification steps are needed to remove the 
lignin and other contaminants present in the prehydrolyzates 
and cooking liquors.

Alkaline extraction of xylan from bleached birch kraft pulp 
xylan is reported to yield a high molar weight xylan in a pure 
polymeric form [9,10], which might be advantageous in terms 
of the further processing of xylan. Traditionally, the indus-
trial use of xylan has mainly concentrated on its conversion 
into furfural and xylitol. Xylan and xylan derivatives also have 
been investigated widely as a functional additive in papermak-
ing purposes in the past [11,12] and recently [13-15]. However, 
several other possibilities to exploit this valuable raw mate-
rial have been reported. Besides using xylan for papermaking 
purposes, potential end uses for xylan-based products include 
films and barrier coatings [16-18], hydrogels [19,20], foods 
[21], and even pharmaceuticals [22]. Therefore, alkaline ex-
traction of xylan from bleached birch kraft pulp might pro-
vide significantly improved industrial profitability by offering 
companies new sources of revenue.

In addition to the production of xylan, the integrated alka-
line extraction of bleached pulp allows simultaneous produc-
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kraft pulp – effect of extraction time  

on pulp chemical composition  
and physical properties
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ABSTRACT: In this pilot scale study, we examined the effects of alkaline extraction time on xylan removal, pulp 
and paper properties, and the consequences that need to be addressed when scaling up and intensifying the pro-
cess. Alkaline extraction of bleached birch kraft pulp yields two fractions: pure polymeric xylan and pulp with 
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tion of birch kraft pulp with reduced xylan content. According 
to our previous studies, this fraction could be used to replace 
a part of the unextracted birch pulp in a papermaking furnish 
[23]. To our knowledge, despite many laboratory studies on 
the effects of partial xylan extraction on pulp properties 
[10,24,25] and studies concerning the use of the extracted 
xylan product [11-22,26], the possibility of implementing the 
alkaline extraction process of birch kraft pulp on a larger scale 
has not been published. Although the end application fre-
quently has been addressed, an industrially applicable process 
solution is still lacking. The aim of this study was to explore 
and develop the scale-up and process intensification of an al-
kaline extraction process to a pilot level concept. To produce 
birch kraft pulp with low xylan content to be used as a raw 
material in a papermaking furnish, particular attention was 
paid to the effect of extraction time on xylan dissolution. In 
addition, important aspects were addressed in relation to the 
effect of alkaline extraction on pulp and fiber properties.

MATERIALS AND METHODS
An industrial dried ECF bleached birch kraft pulp containing 
74.6% cellulose, 24.9% xylan, and 0.5% glucomannan was ob-
tained from a Finnish pulp mill. The alkaline extraction was 
carried out on a pilot-scale LC-loop for low consistency flows 
at FiberLaboratory, Mikkeli University of Applied Sciences, in 
Savonlinna, Finland.

Pulp extraction
Two 7.75 m3 pulper batches, each containing 332.5 kg of o.d. 
pulp, were first prepared using a vertical pulper (pulp consis-
tency 4.29%). The two batches were then combined and trans-
ferred to a 30 m3 storage tank.

The alkaline extraction was carried out in the 30 m3 
extraction tank, which was equipped with a Sulzer Salomix 
SLF chest agitator (Sulzer Pumps; Winterthur, Switzerland). 
We first diluted 0.75 m3 of a 50% sodium hydroxide solution 
in the tank with 9 m3 of cold water. When the temperature of 
the alkali solution was decreased to about 25°C, the pulp was 
fed into the extraction tank. Filling the extraction tank with 

the slushed pulp took 6.30 min. When all the materials were 
in the extraction tank, the extraction time count was started. 
The circulation of the pulp from the bottom of the tank to the 
top of the tank (circulation loop) was initiated with a volume 
flow of 33.5 L/s, and the rotor speed of the mixer was adjusted 
to 815 rpm. Other conditions included sodium hydroxide 
concentration in the extraction of 0.56 M, pH of 12.5, 24.1°C 
temperature, 2.6% pulp consistency, and 25.5 m3 total volume 
of the suspension.

After an extraction time of 60 min, the pulp was immedi-
ately washed using a pressure-fed MicraScreen (Andritz; Graz, 
Austria) having 100 micron plate openings. Washing, with a 
volume flow of 33.5 L/s (washing loop), was continued until 
the pH of the pulp suspension was below 10. Figure 1  shows 
the extraction and washing procedure.

Sampling
Pulp samples were collected after 5, 10, 20, 30, 45, and 60 min 
extraction from the circulation loop pipeline of the extraction 
tank (Fig. 1). The pulp samples were washed with tap water 
immediately after sampling using a Büchner funnel equipped 
with a Tamfelt Gapmaster Pro F35654GM commercial wire 
(Metso; Helsinki, Finland). The first filtrate was immediately 
returned to the funnel and rapidly filtrated through the 
formed cake to preserve the fines in the pulp samples. A part 
of the first filtrate was recovered for further investigation. The 
pulp cakes were washed in the funnel with tap water until 
the pH of the filtrate was below 8. To determine the extrac-
tion yield, the pulp cakes were dried at 105°C and weighed. A 
similar washing procedure in the Büchner funnel was per-
formed for the MicraScreen-washed pulp to minimize the ef-
fect of the sampling procedure on comparability of the results.

Methods
We calculated the xylose-to-glucose ratio (XGR) of the pulp 
samples based on the relative monosaccharide composition 
of the pulp samples after acid hydrolysis (SCAN CM 71:09, 
“Carbohydrate composition”). A high pressure liquid chroma-
tography (HPLC) device equipped with a Varian MetaCarb 
87P analytical column (7.8 mm x 300 mm, 20.0 µL) from Agi-
lent Technologies (Santa Clara, CA, USA), and a refractive 
index detector was used for the detection of monosaccharides 
from the hydrolyzates. Before injection into the HPLC device, 
the hydrolyzates were filtered through a 0.2-micron cellulose 
acetate membrane filter and diluted using ultrapure water. 
HPLC separation of monosaccharides was carried out at a col-
umn temperature of 80°C and flow rate of 0.4 mL/min for 35 
min. The injection volume was 10 µL. Ultrapure water was 
used as an eluent in separation.

Fiber properties were determined using an optical fiber 
analyzer. Pulp viscosity was determined according to ISO 
5351:1, “Determination of limiting viscosity number in cupri-
ethylenediamine (CED) solution.” The water retention value 
(WRV) was determined according to ISO 23714, “Determina-
tion of water retention value (WRV),” and the Schopper-

1. The procedure used for the pulp extraction and washing of 
the alkaline extracted pulp.
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Riegler (SR) number was determined according to SCAN-C 
19:65, “Determination of drainability – Part 1: Schopper-
Riegler method.” Handsheet preparation and testing of paper 
properties were performed according to EN ISO 5269-1:1998, 
“Preparation of laboratory sheets for physical testing -- Part 1: 
Conventional sheet-former method,” from pure pulp samples 
without any addition of chemicals. 

The total organic carbon (TOC) in the first filtrates from 
the Büchner filtrations was determined using a TOC analyzer. 
Before the TOC analyses, the pH of the filtrates was adjusted 
to 9 using dilute hydrochloric acid.

RESULTS AND DISCUSSION
Effect of extraction time on xylan dissolution

Figure 2 shows the XGR of the pulp samples and the TOC 
load in the corresponding alkaline filtrates. During the first  
5 min of the extraction, the XGR decreased by 37.5%, from 
0.32 to 0.20. The corresponding yield loss during the extrac-
tion was in the range of 7.0% to 9.7% (Table I ), which is in 
accordance with the results given in a previously published 
laboratory scale study [10]. The XGR shows a slight decrease 
over the period of 5-45 min, while the yield loss shows a  
decrease during this same interval. This might indicate that 
some xylan redeposition was taking place during the extrac-
tion or the Büchner washing procedure used in separation of 
the filtrates. However, the XGR results indicate that practi-
cally the same amount of xylan can be extracted in 5 min as 
in 60 min. A similar effect has been observed when attempt-
ing to upgrade paper-grade pulps to dissolving-grade pulps; 
the decrease in xylan content during the extraction with  
sodium hydroxide [27] or nitren [28] occurs very rapidly.

Our hypothesis concerning the negligible effect of extrac-
tion time on xylan removal is further supported by the deter-
mination of the TOC of the extraction filtrates (Figure 2). The 
slight increase in TOC during extraction could be attributable 
to some cellulose degradation taking place during extraction. 

The TOC content of the filtrate from the pressure-fed screen 
was somewhat higher than that of the Büchner filtrates. This 
can be attributed, at least partially, to the presence of some 
fines in filtrate from the pressure-fed screen.

In the filtrate sample taken after 60 min of extraction time, 
TOC content was 1.06 g/L. We presume that all of this TOC 
originates from the extracted xylan, and that it would corre-
spond to 63.1 kg of xylan, representing 9.5% of the pulp mate-
rial and 38.1% of the xylan in this pulp. Both of these values 
are in good agreement with the results from the determina-
tion of pulp XGR and yield loss. Thus, it seems that the TOC 
determination used in this study, where pH adjustment is  
required, is able to give a reliable approximation on the extrac-
tion result. These results indicate that a minimum amount of 
xylan is precipitated during the pH adjustment.

Effect of alkaline extraction and washing 	
on fiber characteristics

Table I I  shows the WRV, pulp viscosity, and fiber 
characteristics of the pulp samples determined with the 
optical fiber analyzer. Modern automated optical analyzers 
allow measurements to be performed on a good quantity of 
fibers to give reliable and repeatable results on morphological 
character of fibers [29]. The alkaline extraction had slight 
effects on the morphological character of the fibers. First, the 
average length-weighted fiber length reduced from 0.99 mm 
to 0.97 mm during the alkaline extraction. Second, the fiber 
width seems to increase during the alkaline extraction, which 
is caused by the opening of the inter- and intramicellar 
structure of the cellulose that renders the fibers into a more 
swollen form. Thirdly, the coarseness-to-width ratio was 
reduced, possibly because of the removal of interstitial 
material during the extraction and consequential increase in 
fiber wall porosity. For instance, in alkaline pulping, material 
dissolution causes the pore volume of the fibers first to 
increase and then to decrease as a result of the collapse of the 
pore structure, thus yielding a more compact structure [30]. 
A similar effect likely occurs at the beginning of alkaline 
extraction as well, resulting in lower coarseness-to-width 
ratios after 5 min of extraction compared with other extracted 
samples. Finally, the alkaline extraction caused slight fiber 
deformations, which can be seen as an increase in the fiber 
form alternations in the transverse and longitudinal direction 
(i.e., curl and kink indices). 

2. The effect of extraction time (0-60 min) on the xylose-to-
glucose ratio (XGR) of pulp samples and the total organic 
compounds (TOC) content of corresponding alkaline filtrates. 

Extraction Time (min) Yield Loss (% o.d. pulp)

5 9.7

10 7.3

20 7.0

30 7.4

45 7.8

60 8.1

I. The effect of extraction time (5-60 min) on the yield loss with 
basis of o.d. pulp. 
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WRV and pulp viscosity both are affected by the alkaline 
extraction. WRV increased approximately 20% compared 
with the reference during the first 5 min of extraction, after 
which the WRV remained at the same level. Alkali treatment 
increases the WRV of the pulp, and the results obtained here 
indicate that the penetration of alkali into the fiber cell wall 
takes place almost instantaneously, which is in accordance 
with previous studies [31]. As shown in Table II, the pulp vis-
cosity reaches a maximum value over 20 min to 45 min. At 
the initial extraction, there is practically no influence on pulp 
viscosity, although some hemicelluloses can be extracted. 
However, this is interesting since it reveals that the process 
could be intensified but that the process conditions (e.g., ex-
traction time) are very crucial in terms of end product quality. 
For instance, a small change in the delay time during the ex-
traction from 5 min to 10 min apparently would change the 
pulp viscosity more than 10%. The degree of polymerization 
is substantially lower for hemicelluloses in comparison to cel-
lulose. In this context, it seems reasonable that the increase 
in pulp viscosity at the beginning of the extraction is at least 
partially attributable to the lower content of hemicelluloses 
in the pulp samples. However, the pulp viscosity decreased 
toward the end of the extraction, although no changes in 
xylan content were observed. Consequently, we can assume 
that, because all of the removable xylan has been extracted, 
change in the cellulose form, shifts in the arrangement of cel-
lulose agglomerates, or a decrease in the degree of polymer-
ization of cellulose might occur [32,33].

The amount of primary fines remains at a nearly constant 
level during alkaline extraction. The modest changes in the 
fines content of the pulp samples can be explained by some 
losses taking place in the Büchner filtration of the pulp sam-

ples. However, the pulp fines contents given in Table II reveal 
that the MicraScreen equipment used for pulp washing frac-
tionated the extracted pulp heavily. As a result of the washing 
procedure, the pulp fines content was reduced from about 
1.7% to 0.4%. Because the loss of fines is clearly undesirable, 
some other arrangements in pulp washing should be consid-
ered to preserve the primary fines in the pulp.

Although the pulp fines content was substantially reduced 
by the washing procedure, the WRV was reduced by only 4%. 
Thus, we can conclude that the primary fines do not contrib-
ute significantly to the WRV in this case, and that the increase 
in WRV mainly was the result of an altered fiber structure. 
Normally, the fines fraction of chemical pulp has a high con-
tent of ionic groups, which contributes positively to the water-
binding capacity of the pulp [34,35]. However, according to 
our previous results [36], the fines separated from alkali-ex-
tracted birch kraft pulp contain notably less of these ionic 
groups than the fines from unextracted pulp. Therefore, the 
water-binding capacity of primary fines probably has been 
reduced by alkaline extraction.

Hemicelluloses are the primary source of ionic groups in 
chemical pulp. Thus, the WRV can be expected to decrease 
when the hemicelluloses are partially removed. However, our 
results indicate that a 20.5% increase in pulp WRV can be ob-
served during the first 5 min of extraction, after which the 
WRV remains quite stable. Because the WRV increased de-
spite the partial removal of hemicelluloses, we presume that 
the alkaline extraction used here mainly removed xylan from 
the fiber surfaces. For ECF-bleached birch kraft pulp fibers, it 
has been reported that the surface layer has a higher relative 
content of xylan in comparison with the inner layers [37]. 
When the surface xylan is removed, more of the charged 

Extraction  

Time (min)

Water  
Retention  

Value (g/g)

Fiber  
Lengtha 

(mm)

Fiber  
Width  
(µm)

Finesa 
(%)

Coarseness 
-to-Width  

Ratio 
(g/m2)

Curl  
(%)

Kink  
Index  
(1/m)

Viscosity 
(mL/g)

0 1.17 ± 0.01 0.99 16.00 1.66 7.00 11.2 733 918 ± 13

5 1.41 ± 0.01 0.98 16.03 1.65 4.43 11.3 728 926 ± 13

10 1.38 ± 0.01 0.97 16.09 1.65 6.06 11.3 780 1024 ± 68

20 1.40 ± 0.01 0.98 16.10 1.62 5.90 11.5 797 1130 ± 32

30 1.41 ± 0.01 0.97 16.14 1.65 5.55 11.8 782 1053 ± 51

45 1.42 ± 0.01 0.97 16.15 1.61 5.76 11.8 810 1134 ± 12

60 1.41 ± 0.01 0.97 16.09 1.65 5.32 11.9 817 967 ± 58

60 + washed 1.35 ± 0.01 0.97 16.65 0.38 5.98 16.4 1429 1032 ± 9

Change caused by  
pulp washing with 
MicraScreen, %

-4 ±0 +4 -77 +12 +38 +75 +7

a Length-weighted average.

II. The effect of extraction time and subsequent washing on pulp and fiber properties. The change caused by pulp washing with 
MicraScreen was calculated as the percentage increase/decrease of the 60 min + washed value compared with the 60 min value.
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groups in the fiber wall are exposed, allowing more water to 
penetrate the fiber wall. In addition, the more porous struc-
ture of the fiber wall would lead to increased accessibility of 
the remaining charged groups in the fiber wall. Water is much 
harder to remove from intra- than inter-wall locations [38]. 
Therefore, we can conclude that the location of the hemicel-
luloses remaining within the porous fiber wall after extrac-
tion plays an important role in determining the water binding 
capacity of the extracted fibers.

The washing procedure caused a 38% increase in fiber curl 
and a 75% increase in the kink index. The notably higher in-
crease in the kink index indicates that the shear forces gener-
ated by pumps and other equipment mainly induce clearly 
measurable angles (kinks) in the three-dimensional fiber 
shape rather than merely curling the fibers. This finding is in 
line with the fact that fibers with a low amount of hemicellu-
loses are very susceptible to mechanically induced deforma-
tion and acquire more local fiber wall defects compared with 
pulp with a high hemicellulose content [39-41].

Effect of alkaline extraction and washing 	
on paper properties

Table I I I  shows the properties of handsheets made from 
non-beaten pulps. The results indicate that a shorter 

extraction time would be more favorable in terms of the 
paper properties of non-beaten pulp. The washing 
procedure used here and the resulting removal of primary 
fines had a detrimental effect on the strength properties of 
non-beaten pulp. Before preparation of the handsheets, the 
reference sample (0 min extraction) needed to be wet-
disintegrated according to ISO 5263-1:2004, “Laboratory 
wet disintegration -- Part 1: Disintegration of chemical 
pulps,” to remove fiber bundles. Alkaline extraction was 
found to remove fiber bundles, so the wet-disintegration 
procedure was not required for the extracted samples. This 
observation indicates that if alkaline extraction is performed 
for baled birch pulp, subsequent deflaking of the pulp is not 
needed after slushing and extraction.

Table III demonstrates that paper properties such as 
tensile, tear, and tensile stiffness indices increase at the 
beginning of extraction and decrease toward the end of 
extraction. Despite the slight increase in the initial paper 
properties at the beginning of alkaline extraction, 
development of paper properties during beating is slower 
for pulp with low hemicel lulose content [31,42]. 
Therefore, the beatability of alkaline extracted pulp 
samples likely deteriorated to some extent with shorter 
extraction times.

Property
0  

min
5  

min
10  

min
20  

min
30  

min
45  

min
60  

min

60  
min + 

washed

Change 
Caused by 

Pulp Washing  
with 

MicraScreen, 
%

Apparent bulk-
density, kg/m³

679 690 694 693 691 689 684 675 -1

°SR, - 21 20 20 20 20 20 20 17 -15

Tensile index,  
Nm/g

42.5 
± 3.0

42.0 
± 1.3

43.1 
± 2.5

41.6 
± 1.1

42.1 
± 1.1

39.7 
± 1.7

41.2 
± 1.9

35.1 
± 1.5

-15

Tear index,  
Nm2/kg

7.44 
± 0.47

7.99 
± 0.36

8.22 
± 0.22

7.38 
± 0.42

7.91 
± 0.33

7.00 
± 0.55

6.86 
± 0.45

6.58 
± 0.22

-4

Tensile stiffness  
index, kNm/g

6.28 
± 0.20

6.53 
± 0.20

6.59 
± 0.28

6.24 
± 0.22

6.48 
± 0.17

6.32 
± 0.17

6.36 
± 0.29

5.6 
± 0.24

-12

Stretch, %
2.46 

± 0.31
2.31 

± 0.09
2.43 

± 0.24
2.60 

± 0.18
2.48 

± 0.17
2.30 

± 0.18
2.57 

± 0.23
2.40 

± 0.13
-7

Tensile energy  
absorption index,  
mJ/g

765.7 
± 136.8

720.2
± 43.6

778.1 
± 111.6

799.6 
± 52.3

777.6 
± 66.0

678.8 
± 76.1

786.5 
± 86.8

626.7 
± 46.3

-21

Air permeance  
(Bendtsen),  
µm/Pas

35.3 
± 2.7

34.5 
± 0.8

32.6 
± 0.7

33.8 
± 1.4

35.1 
± 1.0

35.0 
± 0.9

33.4 
± 2.4

40.4 
± 0.0

+20

Light-scattering  
co-efficient, -

32.4 33.2 32.2 33.1 32.7 32.8 32.9 31.6 -4

Opacity, -
75.4 

± 0.34
76.2 

± 0.36
75.4 

± 0.67
75.9 

± 0.75
75.6 

± 0.38
75.7 

± 0.45
75.7 

± 0.57
75.4 

± 1.28
±0

III. The paper properties of handsheets made from extracted pulp samples. The change caused by pulp washing with MicraScreen 
was calculated as the percentage increase/decrease of the 60 min + washing value compared to the 60 min value.
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CONCLUSIONS
We demonstrated a pilot-scale alkaline extraction trial using 
0.56 M sodium hydroxide to remove xylan from birch kraft 
pulp fibers. The effect of the extraction time on the carbohy-
drate composition of the pulp, and on the fiber and paper 
properties, shows the following:

• �Alkaline extraction time has no effect on xylan removal; 
a similar amount is extracted in 5 min as in 60 min.

• �Alkaline extraction of 60 min has only modest effects on 
fiber morphology. However, a 20% increase in WRV oc-
curs during the first 5 min of extraction.

• �Shorter extraction times are beneficial for the paper 
properties of non-beaten pulp, which indicates an op-
portunity for process intensification.

	
The scale-up of the alkaline extraction procedure for 

bleached birch kraft pulp is possible, although the pulp wash-
ing procedure used in our study revealed that the removal of 
sodium hydroxide from the pulp requires optimization. In our 
case, the alkaline-extracted fibers were damaged during 
washing and the primary fines were almost completely lost. 
In addition, if the xylan-rich alkaline filtrates are not used as 
such at the mill, the efficient recovery of xylan from the alka-
line filtrates and reuse of sodium hydroxide in extraction is 
an important aspect for the economy of the process. There-
fore, developments in separation processes are needed for 
achieving feasible recovery of the extracted xylan. However, 
the alkaline extraction of xylan from bleached birch kraft 
pulp could offer a new specialty fiber to be used as a platform 
material for fiber engineering and pure polymeric xylan with 
potential use in high value products. TJ
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Alkaline extraction previously has been investigated 
when attempting to convert paper-grade kraft pulps 
to dissolving-grade pulps. However, after extracting 
the fibers at milder alkaline conditions, the hemicellu-
lose extracted kraft pulp fibers possibly could be used 
as a functional fiber component in the papermaking 
furnish. Therefore, we have chosen this topic to give 
new insights into the effects of alkaline extraction on 
fiber and paper properties. The present study focuses 
on alkaline extraction of bleached birch kraft pulp 
with particular attention to the effect of extraction 
time on xylan dissolution.

The most interesting finding obtained from this 
study was that alkaline extraction time has no signifi-
cant effect on the quantities of xylan removal; a simi-
lar amount was extracted in 5 min and in 60 min, re-
spectively. Also, shorter extraction times are 
beneficial for the paper and fiber properties of non-
beaten pulp. Therefore, the extraction of xylan could 
be considered to be relatively easy to implement in an 
industrial scale when short extraction times are 
required.

The xylan-extracted pulp possibly could be used 
as a specialty fiber in a variety of applications or as a 
component in paper or board, whereas the produced 

xylan could be used in-house or sold for product up-
grading. This kind of approach could entail process 
intensification opportunities or new sources of reve-
nue for pulp and paper industry companies.

The next step in our research is to study the effects 
of the addition of xylan-poor fibers in the papermak-
ing process on wet-end chemistry and end-product 
properties.
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Fig 2 shows the AFM topography, amplitude, and phase 
images in 2D of the never-dried bleached birch kraft pulp 
(a) and the same pulp refined before treatment with 10 
kg/t xylanase (b) and refined during treatment with 10 
kg/t xylanase (c). 

The pulps show very different surface features, 
depending on how they were treated. Whereas the 
reference pulp (a), which had been subjected only to the 

 
 

refining and thermal deactivation steps in the absence of 
xylanase, shows a relatively rough surface with no 
ordered fibril orientation, both the xylanase-treated pulp 
samples show a fairly ordered arrangement of outer 
surface fibrils. The nanoscale microfibril structures are 
best visualized in the phase mode (Fig 2, bottom), 
revealing a decrease in diameter of outer microfibril 
aggregates as a result of both xylanase treatments. An  
 
 
  

 
 
Fig 2 - 2D topography (top), amplitude (middle), and phase (bottom) AFM images of fibers (scan size 2 µm x 2 µm) of birch kraft 
pulps after different xylanase treatments: a) no xylanase b) xylanase treatment after refining, and c) refining during xylanase 
treatment. 
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Table 4 - Properties of the pulp and white water samples collected from the machine chest, headbox stock, and wire section. 
 Machine chest Headbox White water 

Pulp 
WRV 
(g/g) 

°SR pH Consistency 
(g/l) 

ζ-
potential 

(mV) 

Consistency 
(g/l) 

Turbidity 
(NTU) 

Cationic 
demand 
(µeq/l) 

A 1.89 16.5 9.6 7.1 -29.5 0.69 3.97 -52 
B 1.96 18.0 9.4 7.0 -30.4 0.72 7.31 -45 
C 1.96 17.5 9.4 7.5 -32.6 1.07 5.41 -53 
D 1.86 16.0 9.4 9.8 -38.0 3.11 16.8 -83 
E 1.95 17.5 9.5 12.0 -39.9 6.00 509 -115 

 
 

average diameter of 15 ± 2 nm was obtained for reference 
pulp (a) whereas the xylanase treated pulps (b) and (c) 
had average fibril diameters of 13 ± 2 nm and 12 ± 1 nm. 
Thus, according to this data, the surface of pulp (c) 
refined during xylanase treatment is most homogeneous 
with respect to the diameter of surface fibrils.  

In Fig 2, the average (RA) and root mean square (RQ) 
roughness values of the pulp samples are also presented. 
Accordingly, it can be concluded that, irrespective of the 
xylanase dosing strategy, xylanase treatment reduces the 
nanoscale roughness of the fiber surface, which is in 
agreement with the determined surface topography. 

Colloidal chemistry and retention behavior 
Table 4 shows the properties of the papermaking furnish 
and white water samples collected during the pilot PM 
trial. The results show that when xylanase treatment was 
applied after refining (pulps B and C), there were only 
moderate changes in the zeta potential of the headbox 
stock and in the consistency, turbidity, and cationic 
demand of the white water. However, when the pulp was 
refined during xylanase treatment, the zeta potential 
changed from -29.5 mV to -38.0 mV (pulp D) and further 
to -39.9 mV when the enzyme was not deactivated (pulp 
E). The white water consistency, turbidity, and cationic 
demand were all significantly affected by the enzyme 
dosing strategy. A significantly increased level of 
turbidity, indicating a greater amount of non-retained 
dissolved and colloidal substances, was seen, in particular 
for the sample refined during the enzymatic hydrolysis 
without the following deactivation step.  

The data for the first pass and filler retention, as well as 
the retention levels of AKD and starch, determined from 
their concentrations in the headbox stock and white water 
samples (Table 5), show that the mildest xylanase 
treatment (2 kg/t, pulp B) led to negligible changes in the 
first pass and chemical retention levels, as expected 
considering the practically unchanged stock zeta potential 
and cationic demand of the white water given in Table 4. 
However, with the higher doses of xylanase (10 kg/t; 
pulps C-E), significant retention losses occurred, 
especially when the pulps were refined simultaneously 
with the xylanase treatment. According to Table 5, there 
is a good correlation between the first pass retention 
(FPR) and filler retention, showing a linear coefficient of 
determination (R2) of 0.99. This suggests that the 
reduction in FPR is due mainly to the reduced filler 
retention rather than to the reduced retention of fines. In 
addition, the change in filler retention is effectively  
 

Table 5 - First pass retention (FPR) and the retention of filler, 
starch, and alkyl ketene dimer (AKD) for enzyme-treated pulps. 
Retention values of AKD and starch are based on their 
concentrations in headbox stock and white water. 

Pulp 
FPR 
(%) 

Filler 
(%) 

AKD (%) 
Starch 

(%) 

A 90.3 71.2 83.3 84.6 

B 89.7 70.8 83.3 79.4 

C 85.7 61.1 68.1 61.6 

D 68.1 26.2 38.4 31.4 

E 53.7 8.5 0.0 15.0 

 
 

reflected in the retention of both AKD and starch, 
showing R2 values of 0.97 and 0.98 with filler retention, 
respectively. It is well recognized that a significant 
portion of these additives is typically adsorbed onto the 
filler and fines fractions due to the greater available 
surface area that they possess than the fiber fraction. 

Strong correlations are evident (Fig 3) when the 
retention levels given in Table 5 are plotted against the 
cationic demand of the corresponding pulp filtrates 
determined in the absence of any additives (data given in 
Lyytikäinen, Backfolk 2015). This indicates that the 
negatively charged xylan-based substances released 
interact with and disturb the function of cationic 
papermaking additives.  

The ash, starch, and filler contents determined for the 
resulting paper products are given in Table 6. The water 
absorption capacity (Cobb60) and HST values are also 
included to present the changes in AKD sizing efficiency. 
When the data given in Tables 5 and 6 are compared, it 
can be seen that the reduced retention levels of filler, 
AKD, and starch were reflected in the composition of the 
papers based on pulps D and E, which were refined 
during xylanase treatment. The Cobb60 value also showed 
a good linear correlation with the AKD content of the 
paper samples (R2 = 0.96). Although the Cobb values 
indicate some minor differences in the sizing degree 
among pulps A-C, the HST values, which are expected to 
be more sensitive to size distribution between filler and 
fiber, reveal that the sizing effect was reduced by even 
the mildest xylanase treatment. 
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Fig 3 - The relation between first pass (FPR), filler, starch and 
AKD retention and the cationic demand of pulp filtrates. 
(Cationic demands of pure pulp filtrates are given in 
Lyytikäinen, Backfolk, 2015). 
 

For pulps D and E, the target filler content (24%) could 
not be reached even though the filler feed was increased 
considerably during the trial, and the resulting paper 
products showed a considerable variation in their ash 
content. For this reason, the value of presenting the 
physical properties of these papers was considered to be 
low, and the data are not included here. 

Discussion 
Effect of xylanase dosing strategy on carbohydrate 
release 
Several studies on the greater efficiency of enzymatic 
hydrolysis after a mechanical pretreatment have recently 
been published (Jones et al. 2013; Miao et al. 2015; Liu 
et al. 2016) but no studies have been found where the 
hydrolysis has been allowed to continue during the kraft 
pulp refining. The present results reveal that the release 
of xylan from a bleached birch kraft pulp can be greatly 
increased if the pulp refining is carried out before the 
xylanase hydrolysis is terminated in the deactivation step 
as rather than treating the refined pulp with xylanase. The 
productivity of the xylanase was further increased when it 
was not deactivated after the set hydrolysis time, 
resulting the release of at the most 69 kg/t of xylose after 
acid hydrolysis. This corresponds to 6.7 wt.% of the 
initial pulp and 28 wt.% of the total pulp xylan content, 
agreeing fairly well with existing knowledge, according 
to which, about one third of the xylan in a bleached birch 
kraft pulp is accessible to enzymatic digestion (Teleman 
et al. 2001).  

Typically, the outermost fiber surface, fines and 
accessible pores have been considered as the main 
locations where the hydrolytic effect of xylanases take 
place. However, since the release of xylan into the pulp 
filtrates was significantly enhanced when refining the 
pulp during the final stage of enzymatic hydrolysis step, 
it might be possible that the applied endo-xylanase is not 
hydrolyzing only the xylan fraction located on the outer 
fiber surfaces but might also be able to weaken the xylan 
located below the fiber surface. When then subjected for  

Table 6 - Ash, starch, and AKD contents and sizing 
characteristics of paper products obtained from the pilot PM. 

 
Ash 
(%) 

Starch, 
kg/t 

AKD, 
kg/t 

Cobb60 

(g/m2) 
HST 
(sec) 

A 24.3 4.7 0.84 30.2 181 
B 24.9 4.6 0.86 30.4 47 
C 25.1 4.4 0.76 35.3 41 
D 19.5 3.2 0.35 119.5 0 
E 11.1 2.1 0.10 129.4 0 

 
mechanical action, such as refining, this weakened xylan 
fraction would probably be released into the pulp 
filtrates.  

Another explanation for the significantly enhanced 
hydrolysis when refining the pulp during the xylanase 
treatment step could be that the mechanical action peels 
hydrolyzed xylan residues away from the fiber surface, 
exposing a new substrate surface for the xylanase to 
attach to and act upon. The GH 11 xylanase applied in the 
present study is known to release mainly xylotriose and 
xylobiose from bleached birch kraft pulp 
(Metsämuuronen et al. 2013). The xylo-oligosaccharides 
formed, particularly xylotriose, are known inhibitors for 
endo-1-4-β-xylanases (Dekker, Richards 1976) and can 
be expected to hinder hydrolysis if they remain on the 
fiber surface. 

Effect of xylanase treatment on fiber structure 
No clear correlation was found between the amount of 
xylan hydrolyzed and the subsequent pulp properties. 
However, all the xylanase-treated pulps showed minor 
increases in fiber width, CSA, and volume index, the 
greatest changes being obtained when a low xylanase 
dose was applied after refining (pulp B). These changes 
can be partially ascribed to a ‘ballooning’ effect and to a 
loosened fiber wall structure, which is clearly visible in 
the photomicrographs taken after Simons’ staining. It has 
previously been shown by Ander (2002) that xylanase 
treatment of spruce kraft fibers results in the delamination 
of the fiber wall from the dislocation regions that can be 
expected to be formed during refining, resulting in the 
formation of balloon-like sections along the fiber axis. 

Water retention values of 1.88 g/g, 1.93 g/g, 1.90 g/g, 
1.83 g/g, and 1.38 g/g were previously determined for 
pulps A, B, C, D, and E after washing, respectively 
(Lyytikäinen, Backfolk 2015). Therefore, it appears that 
the xylanase treatment carried out after refining favors 
internal fibrillation and swelling of the fibers whereas the 
refining of pulp during xylanase treatment reduces 
swelling and is likely to primarily peel xylan from the 
fiber surface. The different swelling behavior of the pulps 
refined before or during the enzymatic hydrolysis 
supports the above given hypothesis related to the 
weakening of the xylan structures located below the 
surface. The hydrolysis and release of considerable 
amounts of xylan, containing the majority of the anionic 
substituent groups in birch kraft pulps, from fiber wall 
can be expected to reduce the counterion concentration in 
the cell wall and thus lower the driving force for swelling 
(Wågberg, Annergren 1997). However, if the anionic 
species are associated with the weakened xylan structures 
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and remain below the fiber surface, an increased swelling 
would be expected.  

The complementary studies with AFM revealed nearly 
perpendicular surface fibril angle with respect to the fiber 
axis for both enzyme treated samples b and c irrespective 
of the enzyme dosing strategy, which according to the 
literature should be indicative of S1 layer (Brändström et 
al. 2003; Fahlén 2005). However, since it is known that P 
and S1 layers are typically peeled away early in the 
refining process it is proposed that the rather 
homogeneous and smooth surfaces of enzyme treated 
samples b and c are consisted mainly from S2 layer 
whereas reference sample a still has some loose 
fibrillated remnants of P and S1 layers present on the 
surface, introducing the considerable surface roughness 
clearly visible in AFM height image (upper left corner, 
Fig 2). The reduction in the RA and RQ roughness of 
xylanase-treated hardwood kraft pulps have previously 
been reported by Medeiros et al. (2007) and Saukkonen et 
al. (2014), whereas the adsorption or precipitation of 
xylans onto bleached kraft fibers has been shown to 
increase the surface roughness (Silva et al. 2011). 

The observed decrease in the diameter of outer 
microfibril aggregates can probably be ascribed to the 
removal of xylan from accessible fibril surfaces. 
According to the generally accepted early model 
presented by Fengel (1970), the cellulose microfibrils are 
surrounded by hemicelluloses in the wood cell wall. 
Therefore, since the average diameter of the microfibril 
aggregates on fiber surface was reduced from 15 nm to 
13 nm and 12 nm when refining the pulp before xylanase 
treatment or during the xylanase treatment, respectively, 
it seems that the xylan becomes more effectively and 
evenly peeled away from around the surface fibrils when 
pulp is refined during the xylanase hydrolysis step. A 
type of “peeling” action, which reduces the diameter of 
microfibrils without cutting the fibril length, has 
previously been reported for the endoglucanase treatment 
of bleached reed kraft pulp (Liu et al. 2009). 

Effect of released xylan residues on wet-end 
interactions 
The decrease in the first pass, filler, AKD, and starch 
retention showed a good linear correlation with the 
increasing cationic demand of the pulp filtrates 
determined in the absence of any additives, as illustrated 
in Fig 3. Therefore, it seems that the retention losses are 
mainly a result of the competing charge interactions 
between the dissolved xylan degradation products and the 
cationic papermaking additives. Even a partial 
neutralization of cationic sites in starch, AKD and 
retention polymer by the anionic xylan-based components 
would be expected to diminish the electrostatic 
interaction which is the driving force for the adsorption 
of cationic additives onto the negatively charged fibers, 
and the retention would then decrease. The poor function 
of the retention polymer is also effectively reflected in 
the retention of PCC and bentonite, since these are 
retained mainly through a polymer-bridging mechanism.  

Another factor to consider is that the removal of xylan 
from accessible fiber surfaces reduces the fiber charge 
(Lyytikäinen et al. 2011; Lyytikäinen, Backfolk 2015), 

i.e., the frequency of anionic retention sites in pulps 
becomes lower. In the present trial, most of the cationic 
starch was introduced into the process at the mixing chest 
outlet prior to the addition of AKD and PCC. It can 
therefore be assumed that the wet end starch is first 
adsorbed onto the fibers and fines, further reducing the 
amount of free retention sites in the pulp. After the 
adsorption of starch, the frequency of potential retention 
sites for other cationic additives is thus obviously lower, 
the lower the initial amount of anionic sites in the pulps, 
i.e., the more severe the xylanase treatment. It therefore 
follows that when the cationic AKD particles, and later 
the cationic retention polymer, are introduced into the 
process stream, the probability of collision with an 
anionic retention site is significantly reduced, which 
causes the initial attachment of these additives onto the 
fiber surface to become very slow (Champ, Ettl 2004). 

Compared to the previous retention experiments 
conducted under laboratory conditions (Lyytikäinen, 
Backfolk 2015), a somewhat different retention behavior 
was observed in the present pilot-scale papermaking trial. 
However, in a dynamic environment, the papermaking 
time scale is much shorter than under the semi-static 
conditions employed in the previous work. In addition, 
the mixing of larger volume streams can be expected to 
be much less efficient than the batch mixing of small 
volumes under laboratory conditions. Both these factors 
can be expected to affect the retention kinetics of 
xylanase-modified pulps and thus the charge 
characteristics in both fiber and filtrate phases.  

On the basis of the present work, it is recommended that 
when xylanase-treated pulps are used for papermaking, 
the dissolved hydrolysis products should be removed by 
washing in order to minimize the neutralization of the 
cationic groups in the functional additives. Moreover, the 
retention is expected to be improved if the dosing points 
of cationic additives allow sufficient time for adsorption 
and if more efficient mixing systems can be employed in 
the paper machine. It might also be beneficial to use 
lower doses of more highly charged wet-end starch in 
order to avoid saturation of the fiber surface with starch 
and to increase the tolerance of the starch to dissolved 
xylan-based residues.  

Conclusions 
The simultaneous application of mechanical refining, 
especially with a prolonged hydrolysis time, was found to 
substantially enhance the release of xylan from never-
dried bleached kraft pulp by a commercial 
monocomponent endo-1-4-β-xylanase, but the size of the 
xylanase dose was much less important. The release of 
xylan from the fiber wall had a minor effect on 
dimensional properties of pulps but significant changes in 
nanoscale fiber surface structure were observed. These 
changes were mainly attributed to the loss of P and S1 
layers from fiber surface as a result of xylanase treatment 
and refining steps, causing the initially rough surface to 
become highly homogeneous with respect to the surface 
topography, fibril orientation and diameter of surface 
microfibril aggregates. When the released xylan residues 
were fed into the process waters of a pilot paper machine 
together with the treated pulps, the retention levels were 
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significantly affected. The first pass retention and the 
retention of filler, AKD, and starch were all strongly 
negatively correlated with the cationic demand of the 
pulp filtrates, further confirming the colloidal interaction 
between the cationic additives and the dissolved xylan-
based residues. On the basis of the present study, it is 
suggested that the retention system and chemical addition 
points should be carefully optimized when using 
xylanase-treated pulps in papermaking. 
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