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Abstract

Industrial eucalypt (E. globulus L.) kraft pulp was treated with two commercial xylanase preparations Ecopulp® TX-200A and Pulpzyme®
HC (endo-1,4-B-xylanase activity; EC 3.2.1.8) and bleached by totally chlorine-free (TCF) three-stage hydrogen peroxide bleaching sequence,
without oxygen pre-delignification. The effect of enzymatic stage on pulp properties and bleachability has been studied and compared with
reference (control) pulps, processed without enzyme addition. The similar mode of enzymatic action was noted for both xylanase preparations.
Final brightness of 86% ISO was achieved after complete bleaching. Direct bleaching effect caused pulp brightening (by 1.2-1.5% ISO) and
delignification (by 7-10%) immediately after the enzymatic stage. The maximal bleach boosting was shown after the first peroxide stage and then
diminished, despite the progressive increase in delignification over the control. The loss in efficiency of xylanase treatment by the end of peroxide
bleaching was associated with specific behavior of xylan-derived chromophores, i.e., hexenuronic acids.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Biobleaching, i.e., enzymatic pulp pre-treatment (pre-
bleaching) with xylanases (endo-1,4-B-xylanase activity, EC
3.2.1.8.) before chemical bleaching, is an alternative and
cost-effective way to reduce consumption of chlorine-based
bleaching chemicals in pulp mills and to minimize thereby
formation of toxic chlorinated organic substances in bleach
mill effluents [1,2]. Mill scale trials showed that xylanase pre-
treatment results in up to 20-25% savings in total active chlorine
for hardwoods and 10-15% for softwoods with simultaneous
decrease in AOX (adsorbable organic halides) by 12-25% [3].
Xylanase treatment can substantially improve the final bright-
ness of bleached pulps, along with a decrease in bleaching costs,
when combined with non-chlorine bleaching chemicals (hydro-
gen peroxide and ozone) within TCF (totally chlorine free)
bleaching sequences [4].

The role of xylanases in pulp bleaching is to enhance the
effect of bleaching chemicals through the limited hydrolysis
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of the xylan network (bleach boosting) rather than to attack
directly the lignin-based chromophores and to remove lignin
[5]. The bleachability improvement of traditional alkaline pulps
was suggested to be due to selective hydrolysis of reprecip-
itated xylan from the fibre surface and pores and therefore
to improved fibre permeability, what increases the accessibil-
ity of lignin to bleaching reagents and facilitates the removal
of lignin degradation products into the bulk solution [2,6], or
to enhanced extractability of lignin—carbohydrate complexes
(LCC), what facilitates the pulp delignification during sub-
sequent chemical bleaching steps [7]. The xylanase-assisted
removal of carbohydrate-derived chromophores (such as hex-
enuronic acids) can also affect the pulp bleachability [8].

The short-rotation (8—12 years) intensively managed planta-
tions of Eucalyptus globulus L. are nowadays the main source
of industrial wood for production of market hardwood bleached
kraft pulp in Portugal and Spain [9]. In Portugal, the E. glob-
ulus wood covers about 80% of total raw material needs for
commercial kraft pulp production [10]. Despite a large body
of reported data concerning different aspects of xylanase-aided
ECF (elemental chlorine free) and TCF bleaching of various
wood (and non-wood) species, there is a lack of information
about the actual effect of xylanases during the long-term per-
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oxide bleaching directed at a target brightness of fully bleached
pulps (85% ISO and more).

The fate of xylanase bleach boosting effect during three-stage
hydrogen peroxide bleaching of E. globulus kraft pulp was stud-
ied in terms of change in pulp properties and bleachability over
the control after each subsequent bleaching stage. The results of
this study are reported in the present paper.

2. Materials and methods
2.1. Materials

Industrial unbleached kraft pulp produced from eucalypt
wood (E. globulus 1.) was obtained from the Portucel mill
(Setubal, Portugal). The pulp had 41.3% ISO brightness, 3.4% of
residual lignin (as Klason and acid-soluble lignin) and an intrin-
sic viscosity of 1348 mlg~!. Before bleaching, the pulp was
thoroughly washed with deionized water to remove all residual
black liquor.

Two commercial xylanase preparations Ecopulp® TX-200A
(AB Enzymes, Germany) and Pulpzyme® HC (Novozymes
A/S, Denmark) were used for bleaching experiments. Ecopulp®
TX-200A is a thermostable EC 3.2.1.8 xylanase preparation
produced by a strain of non-pathogenic fungi and specially
designed to improve the bleachability of woody kraft pulps
at high temperature. The xylanase activity of the product was
standardized by the supplier to 190,000 TXU g~!. One thermo-
xylanase unit (TXU) is defined as the amount of enzyme
that produces reducing carbohydrates with a reducing power
corresponding to one nanomole of xylose from birch xylan
in one second under assay conditions. The DNS-xylanase
assay was used to determine xylanase activity in citrate phos-
phate buffer at pH 7 [11]. Pulpzyme® HC is an EC 3.2.1.8
xylanase activity produced by submerged fermentation of a
genetically modified Bacillus microorganism. The product was
standardized to 1000 AXU g~! (xylanase unit). One xylanase
unit was defined as the amount of enzyme which under stan-
dard conditions (pH 9.0, 50 °C, 30 min incubation) releases a

defined amount of dye from dyed xylan (remazol-stained wheat
arabinoxylan) [12].

All other chemical reagents were of analytical grade and
purchased from Sigma—Aldrich, Fluka and Riedel-de-Haen
companies.

2.2. Xylanase pre-treatment

The enzymatic pulp pre-treatment was performed under con-
ditions recommended by suppliers (Table 1). 30 g (on oven-dry
basis) of unbleached kraft pulp was thoroughly hand mixed with
the xylanase solution (76 TXU g~! of Ecopulp® or 1 AXU g~!
of Pulpzyme®) at 10% consistency and pH 7 in the double-layer
plastic bags and incubated in a water bath for 3 h at the required
temperature of 65 °C or 60 °C (for Ecopulp® and Pulpzyme®,
respectively). After an enzymatic hydrolysis, the pulps were
carefully washed with deionised water. The reference (control)
samples were treated by exactly the same way, but without
enzyme addition. Two replicate enzymatic as well as control
treatments were performed for each xylanase preparation.

2.3. Peroxide bleaching

The xylanase pre-treated and control pulps were bleached by
three-stage hydrogen peroxide sequence, without oxygen pre-
delignification. For reason of process uniformity, the specific
bleaching conditions (time, temperature and chemical charge)
were kept the same for each peroxide stage (Table 1). The
pulp chelating with ethylenediaminetetraacetic acid (EDTA)
was done before bleaching to remove the transition metals and
therefore to prevent the peroxide decomposition. Epsom salt
(magnesium sulfate) and DTPA (diethylenetriaminepentaacetic
acid) were also used during peroxide bleaching to minimize the
radical-induced degradation reactions of carbohydrates. Perox-
ide bleaching as well as pulp chelating were performed in the
sealed plastic bags plunged into an agitated water bath with
controlled heating. After bleaching, the pulps were thoroughly
washed by deionized water.

Table 1
Bleaching conditions

X (Ecopulp®) X (Pulpzyme®) Q-stage P-stage
Pulp consistency (%) 10 10 3 10
Temperature (°C) 65 60 70 90
Time (min) 180 180 60 180
Enzyme dosage (XU g™ 1) 76% 1° - -
H,0; charge (% oven-dry pulp) - - - 3.0
NaOH charge (% oven-dry pulp) - - - 1.5
EDTA charge (% oven-dry pulp) - - 0.3 -
DTPA charge (% oven-dry pulp) - - - 0.2
MgSOy4 charge (% oven-dry pulp) - - - 0.3¢
pH initial 7.0 7.0 454 -
pH final - - - 10.1-10.4¢

4 TXU per gram of oven-dry pulp.

b AXU per gram of oven-dry pulp.

¢ Magnesium sulfate was applied as MgSO4-7H, 0.
4 pH was adjusted by diluted sulfuric acid.

¢ pH value varies with stage and pulp sample.
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Two replicate bleaching experiments were performed for
each enzyme-treated and control pulp.

2.4. Pulp analysis

Residual lignin content was determined as a Klason and
acid-soluble lignin according to T 222 om-88 and UM 250
TAPPI standards. Pulp viscosity was measured in cupri-
ethylenediamine (CED) solution according to SCAN-CM 15:88
standard. Handsheet formation for physical and reflectance tests
of pulps were performed according to TAPPI T 205 om-88 and
TAPPI T 272 om-92 standards, respectively. Papermaking prop-
erties of pulp handsheets were examined according to TAPPI T
220 om-88 standard. Pulp optical properties, i.e., ISO bright-
ness and DIN 6167 C/2 yellowness index, were measured by
CM-3630 Spectrophotometer (Minolta).

Carbohydrate composition was determined by GC of the
alditol-acetate derivatives of monosaccharides after pulp Sae-
man hydrolysis [13], as described elsewhere [14].

Hexenuronic acid groups in pulps were quantified by selec-
tive hydrolysis in formic acid—sodium formate buffer followed
by UV-spectroscopy (Shimadzu, UV-160A) of the formed 2-
furoic acid at 245 nm [15]. The degree of association between
analytical data on HexA removal and brightness improvement
during bleaching was checked using statistical software SPSS
13.0 for Windows and expressed as the Pearson’s correlation
coefficient (R) at the significance level (p).

At least three replicate analyses were performed in all cases.

3. Results and discussion

To assess the effect of xylanases on peroxide bleachability
of E. globulus kraft pulp, the unbleached industrial euca-

lypt kraft pulp was treated with two commercial xylanase
preparations Ecopulp® TX-200A and Pulpzyme® HC (endo-
1,4-B-xylanase activity; EC 3.2.1.8) and bleached by totally
chlorine-free (TCF) three-stage hydrogen peroxide bleach-
ing sequence (QPPP, where Q is a pulp chelating and P
is a hydrogen peroxide bleaching stage), without oxygen
pre-delignification. The change in pulp properties after each
bleaching stage has been examined and compared with control
samples, processed by exactly the same way but without enzyme
addition.

The hydrogen peroxide bleaching was chosen as a simple to
performance, effective and fairly selective chlorine-free process,
which is generally used as a separate bleaching stage incor-
porated into the multi-stage bleaching sequence for successful
bleaching of industrial pulps. The use of three peroxide stages
intended to achieve the maximum bleaching effect of peroxide
with tested pulps.

3.1. Direct bleaching effect

As would be expected from the known mode of xylanase per-
formance during pulp biobleaching, the direct brightening and
delignification was already observed immediately after the enzy-
matic stage (X-stage), i.e., before chemical bleaching. The gain
in brightness of 1.5 and 1.2% ISO as well as the lignin removal
by 10.5 and 6.9% (as compared with control) was noted respec-
tively for Ecopulp®- and Pulpzyme®-treated E. globulus kraft
pulps (Table 2). The brightness stability (reverted brightness)
and, particularly, intrinsic viscosity of xylanase-treated pulps
was also found superior to control.

The similar direct bleaching effect has been reported for
some other pulps [16—18] and was attributed to an enzymatic
attack of LCC with removal of some lignin fragments and lignin-

Table 2
Results of xylanase-aided three-stage hydrogen peroxide bleaching of E. globulus kraft pulp (X, enzymatic pre-treatment; Q, chelating; P, peroxide bleaching stage)
Ecopulp® X XQP XQPP XQPPP
Control Enzyme Control Enzyme Control Enzyme Control Enzyme

Brightness (% ISO) 42.4 43.9 75.8 719 81.2 82.9 85.0 86.4
Yellowness index 339 323 11.9 9.9 6.0 53 2.7 2.1
Reverted brightness (% ISO)* 41.5 432 74.7 76.7 80.4 82.1 83.6 84.6
Lignin (% on oven-dry pulp) 3.33 2.98 1.95 1.57 1.63 1.24 1.40 1.03

Klason lignin 1.96 1.73 0.71 0.50 0.55 0.30 0.39 0.15

Acid-soluble lignin 1.37 1.25 1.24 1.07 1.08 0.94 1.01 0.88
Intrinsic viscosity (mL g~ 1) 1357 1384 1111 1194 1056 1144 826 789
Pulpzyme® X XQP XQPP XQPPP

Control Enzyme Control Enzyme Control Enzyme Control Enzyme

Brightness (% 1SO) 42.0 432 74.8 76.9 80.1 81.5 84.5 85.7
Yellowness index 342 33.0 12.8 10.9 6.5 59 29 2.3
Reverted brightness (% ISO)* 40.9 423 73.6 75.6 79.2 80.6 84.4 83.1
Lignin (% on oven-dry pulp) 3.06 2.85 1.87 1.60 1.61 1.30 1.29 1.03

Klason lignin 1.72 1.55 0.55 0.41 0.41 0.21 0.31 0.13

Acid-soluble lignin 1.34 1.30 1.32 1.19 1.20 1.09 0.98 0.90
Intrinsic viscosity (mL g~1) 1357 1375 1119 1135 945 959 719 661

The data on two xylanase preparations are presented.

4 Measured after keeping of pulps at 105 °C for 4 h followed by 2 h at room temperature in a dark box.
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associated chromophores [19,20]. The enzyme-assisted removal
of xylan-derived chromophores (e.g., hexenuronic acids) with
dissolved xylooligosaccharide fractions [18] can also con-
tribute to brightness as well as brightness stability improvement
[21]. The dissolution of low-molecular weight (oligosaccharide)
xylan fractions is an obvious reason for elevated pulp viscosity
of enzyme-treated pulps [6,16].

3.2. Bleach boosting

The effect of xylanases on pulp bleaching (i.e., bleach
boosting effect) is normally assessed through examination of
brightness improvement of fully bleached pulps. No reported
data is available about the fate of this effect along the bleach-
ing progress. At the same time, our study showed that the bleach
boosting differs for each bleaching stage and varies substantially
within the bleaching sequence. Thus, the brightness improve-
ment after complete bleaching not always reflects the actual
effectiveness of the applied xylanases, although the final bright-
ness of bleached pulps is undoubtedly the property of main
interest and importance.

As can be seen from Table 2, in the three-stage hydrogen per-
oxide bleaching sequence the maximal xylanase bleach boosting
is achieved after the first peroxide stage, with equal bright-
ness improvement by 2.1% ISO (in comparison with control)
for both tested xylanase preparations. The positive effect of
xylanases was then substantially diminished in the two subse-
quent peroxide stages. The gain in brightness by 1.4 and 1.2%
ISO only (respectively for Ecopulp®- and Pulpzyme®-treated
pulps) was noted after complete bleaching, what was even less of
that achieved through the direct brightening after the enzymatic
stage. The negative impact of consecutive hydrogen peroxide
stages on brightness improvement was also noted for some other
mixed hardwood and pine kraft pulps treated by fungus xylanase
preparation [17].

The reduced gain in brightness at the end of bleaching cannot
be explained by change (or fall) in lignin removal of enzyme-
treated pulps. It is evident from the presented data (Table 2)
that both xylanases enhance pulp delignification during each
peroxide stage causing additional lignin loss by about 11% and
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9% (for Ecopulp®- and Pulpzyme®-treated pulps, respectively)
in comparison with control. Thus, it is most likely that the
polysaccharide-derived chromophores of eucalypt kraft pulps
are responsible for the loss in xylanase efficiency during perox-
ide bleaching.

3.3. Pulp bleachability

The efficiency of active bleaching chemical (hydrogen per-
oxide) to improve pulp brightness and degree of delignification
during bleaching can be assumed as a measure of relative pulp
bleachability. In Fig. 1, the calculated values of lignin removal
and brightness improvement of enzyme-treated and control
pulps are plotted versus hydrogen peroxide charge applied
to each bleaching stage. It is evident that in terms of lignin
removal, the bleachability of xylanase-treated pulps on each
stage of bleaching sequence is substantially higher in compar-
ison with control. The lignin removal by 65.4% and 63.7% vs.
58.0% and 57.9% was noted for enzyme-treated (Ecopulp®-
and Pulpzyme®-treated, respectively) and corresponding con-
trol pulps, within the specified range of peroxide charge of
3-9%.

In terms of brightness improvement, in spite of generally
higher final brightness of enzyme-treated pulps, the bleachabil-
ity of these pulps was superior to control only during the first two
peroxide stages, under peroxide charge of 3% and 6% (Fig. 1,
right). No bleachability improvement over the control was noted
during the last peroxide stage (i.e., the same increase in bright-
ness for treated and control pulps by about 42.5% ISO for both
xylanase preparations), as a result of diminished xylanase bleach
boosting effect discussed in the previous chapter.

3.4. Bleaching selectivity

The pulp viscosity is a basic and one of the most important
pulp properties that makes it possible to check the extent of
carbohydrate degradation caused by pulping and bleaching and
to predict thereby the quality (first of all the strength proper-
ties) of final fiber products. The change in pulp viscosity with
brightness development and lignin removal defines the selec-
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Fig. 1. Residual lignin removal (left) and brightness improvement (right) of xylanase-treated (Ecopulp®—solid line and Pulpzyme®—dash line) and corresponding
control (untreated) E. globulus kraft pulps during XQPPP bleaching (where X, xylanase treatment; Q, pulp chelating; P, hydrogen peroxide stage) vs. hydrogen

peroxide charge applied to each bleaching stage.
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Fig. 2. Change in intrinsic viscosity of xylanase-treated (Ecopulp®—solid line and Pulpzyme®—dash line) and corresponding control (untreated) E. globulus kraft
pulps with delignification (left) and brightness development (right) during each stage of XQPPP bleaching (where X, xylanase treatment; Q, pulp chelating; P,

hydrogen peroxide stage).

tivity of bleaching process with respect to the main bleaching
objectives—brightening and delignification [22].

In Fig. 2, the intrinsic viscosity of enzyme-treated and control
pulps, measured after each bleaching stage, is shown as a func-
tion of residual lignin content and pulp brightness, respectively.
Obviously, the xylanases substantially improve the peroxide
bleaching selectivity of E. globulus kraft pulp. In the selected
range of residual lignin content of 1.4-3.0% and pulp brightness
of 44-85% IS0, the intrinsic viscosity of both the Ecopulp®- and
Pulpzyme®-treated pulps is always higher in comparison with
control.

At the same time, the dramatic drop in viscosity (over the
control) of both enzyme-treated pulps was observed after more
profound bleaching (ca. 1% lignin and ca. 86% ISO brightness,
Fig. 2) at the end of the last peroxide stage, giving thereby the

Table 3

final viscosity values of fully bleached enzyme-treated pulps
somewhat inferior to those of control (Table 2). Thus, the pos-
itive effect of xylanase treatment on pulp viscosity shown after
an enzymatic and the first two chemical bleaching stages is lost
by the end of complete bleaching. The enhanced degradation of
lignin-associated carbohydrates and cellulose under deep delig-
nification of enzyme-treated pulps within the last peroxide stage
caused the noted decrease in pulp viscosity.

3.5. Carbohydrate degradation

The principal non-cellulosic polysaccharide of E. globulus
L. wood is a branched heteroxylan (2-O-a-D-galactopyranosyl-
4-0-methyl-a-D-glucurono)-p-xylan composed of galactosyl,
4-0-methyl-glucuronosyl and xylosyl residues with molar ratio

Change in carbohydrate composition of E. globulus kraft pulp during xylanase-aided three-stage hydrogen peroxide bleaching (X, enzymatic pre-treatment; Q,

chelating; P, peroxide bleaching stage)

Ecopulp® (neutral sugar composition, % dry pulp) X XQP XQPP XQPPP
Control Enzyme Control Enzyme Control Enzyme Control Enzyme
Rhamnose 0.022 0.020 0.016 0.014 0.014 0.015 0.019 0.018
Fucose 0.008 0.007 0.011 0.005 0.006 0.006 0.005 0.005
Arabinose 0.441 0.451 0.351 0.349 0.324 0.302 0.292 0.230
Xylose 17.103 15.557 16.407 14.402 15.819 13.608 15.336 12.975
Mannose 0.188 0.188 0.186 0.181 0.167 0.175 0.161 0.156
Galactose 0.326 0.276 0.295 0.222 0.264 0.210 0.254 0.196
Glucose 82.552 82.372 82.049 81.881 81.568 80.789 80.935 80.011
HexA (umol g~! dry pulp) 50.45 43.13 44.13 34.69 39.81 32.19 36.60 30.63
Pulpzyme® (Neutral sugar composition, % dry pulp’ X XQP XQPP XQPPP
Control Enzyme Control Enzyme Control Enzyme Control Enzyme

Rhamnose 0.031 0.023 0.027 0.026 0.015 0.015 0.013 0.011
Fucose 0.015 0.006 0.009 0.006 0.005 0.007 0.005 0.005
Arabinose 0.409 0.442 0.385 0.415 0.361 0.365 0.269 0.225
Xylose 16.781 15.802 16.113 14.994 15.586 14.056 15.098 13.348
Mannose 0.196 0.202 0.189 0.210 0.152 0.174 0.145 0.150
Galactose 0.316 0.263 0.273 0.231 0.231 0.207 0.220 0.183
Glucose 82.497 82.445 82.013 81.916 81.836 81.495 80.972 80.619
HexA (umol g=! dry pulp) 49.16 43.69 44.04 35.92 40.19 33.77 37.14 31.88
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Fig. 3. Effect of xylanase treatment on relative (over the control) xylose (or
xylan) removal from E. globulus kraft pulps during each stage of XQPPP bleach-
ing (where X, xylanase treatment; Q, pulp chelating; P, hydrogen peroxide
stage).

of 1:3:30 and comprised about 20.8% of total carbohydrates
[23,24]. During kraft pulping the structure of heteroxylan is
substantially modified. The intensive chain scission with elim-
ination of side-chains reduces the average molecular weight of
polysaccharide in kraft pulp from 25,600 to 13,700 and gives
the new molar ratio of monosaccharide residues of about 1:4:70
[25].

As can be seen from Table 3, the enzymatic hydrolysis of E.
globulus kraft pulp leads to exclusive removal of heteroxylan-
derived monosaccharide residues, i.e., xylose and galactose,
confirming the high selectivity of the used xylanase preparation
and essential purity from other enzymatic (particularly cellulase)
activities.

The change in xylose content, as a main polysaccharide
constituent, generally reflects the bleaching behavior of the het-
eroxylan as a whole. The enzymatic effect on xylose removal
during three-stage peroxide bleaching is shown in Fig. 3. Itis evi-
dent that xylanase pre-treatment with Ecopulp® is more effective
and dissolves about 9% of xylan vs. 5.8%—for Pulpzyme®. Both
xylanase preparations cause additional xylan removal (over the
control pulps) with each subsequent peroxide bleaching stage,
as an obvious result of facilitated polysaccharide accessibility to
degradation by active oxidation chemicals in bleaching solution.

No apparent correlation was observed between enzyme-
assisted removal (over the control) of neutral carbohydrates
(particularly xylan) and the gain in brightness and delignifica-
tion achieved during peroxide bleaching. A similar observation
was also reported for peroxide bleaching of xylanase-treated
softwood pulps [26].

3.6. Hexenuronic acid profile

In alkaline pulps, about 75-90% of 4-O-methyl-glucuronic
acid side groups (MeGlcA) linked to heteroxylan are lost dur-
ing pulping, and the residual MeGIcA are almost completely
(by 83-88%) converted to unsaturated moiety hexenuronic acid
(HexA or 4-deoxy-B-L-threo-hex-4-enopyranosyluronic acid)
by B-elimination of methanol via the intermediate product
4-O-methyliduronic acid [27,28]. The HexA have significant

1

24 1
o E Ecopulp
204 OPulpzyme

NN B N e R

X XQrP
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Fig. 4. Effect of xylanase treatment on relative (over the control) hexenuronic
acids (HexA) removal from E. globulus kraft pulps during each stage of XQPPP
bleaching (where X, xylanase treatment; Q, pulp chelating; P, hydrogen peroxide
stage).

detrimental effect on the following pulp bleaching causing
increased consumption of bleaching chemicals, decreased pulp
brightness and increased brightness reversion [15,21].

The fate of Hex A during xylanase-aided three-stage peroxide
bleaching of E. globulus kraft pulp is shown in Table 3 and Fig. 4.
As evident, the HexA content was substantially reduced after
enzymatic treatment with both xylanase preparations (by 14.5%
and 11.1% for Ecopulp® and Pulpzyme®, respectively). It was
shown elsewhere that all HexA losses on this stage result from
enzymatic solubilization of HexA-carrying xylooligosaccharide
fractions, i.e., aldohexenuronic acids with degree of polymeri-
sation from 5 to 8 [18]. The more effective HexA removal
from Ecopulp®-treated pulps correlates well with data on xylan
removal and, along with better direct delignification, is a most
probable reason of higher direct brightness and brightness stabil-
ity of these pulps in comparison with Pulpzyme®-treated ones.

As could be expected from data on xylan degradation,
the additional (over the control) HexA removal was observed
during the following peroxide bleaching of xylanase-treated
pulps. However, in contrast to xylan, the maximum of HexA
losses (18.7% and 16.5%, respectively for Ecopulp®- and
Pulpzyme®-treated pulps) were observed after the first peroxide
stage with progressive decrease in HexA losses with bleach-
ing extension (Fig. 4). It is obvious that the HexA behavior
during xylanase-aided peroxide bleaching closely matches the
specificity of bleach boosting effect (or xylanase-assisted gain
in brightness) observed in this study. In Fig. 5, the values
of gain in brightness for both Ecopulp®- and Pulpzyme®-
treated pulps achieved after each bleaching stage (including
X-stage) are plotted versus corresponding values of HexA
losses. Correlation analysis using Statistical Package SPSS
13.0 showed a strong positive correlation between these data
sets with the correlation coefficient (Pearson’s coefficient)
R =0.954 at the significance level p=0.01. Considering a fairly
moderate difference in rate of delignification between enzyme-
treated and control pulps at the end of bleaching, the HexA
removal during xylanase-aided peroxide bleaching of E. glob-
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Table 4

Physical properties of xylanase pre-treated fully bleached unbeaten E. globulus kraft pulps, as compared with control (untreated) pulps

Ecopulp® Pulpzyme® Initial pulp?
Enzyme Control A (%)° Enzyme Control A (%)
Burst index (kPam? g~ ') 0.37 0.62 40.3 0.40 0.59 322 0.41
Tensile index (Nmg~!) 8.67 11.60 25.3 8.98 10.13 11.4 10.49
Tear index (mNm? g~ 1) 4.08 4.55 10.3 4.26 4.64 8.2 4.40
Bulk (cm® g~ 1) 2.02 2.01 0.5 2.00 1.94 3.0 1.97

# Unbleached kraft pulp before enzymatic treatment.
b Property loss, %.

ulus kraft pulp seems to be the controlling factor in definition
of final brightness of fully bleached pulps, as it was suggested
above.

3.7. Physical properties

Hemicelluloses improve the inter-fibrillar bonding during
paper-sheet formation and have thereby favorable effect of
mechanical (physical) properties of papermaking fibers [29].
It might be highly expected therefore, that xylan removal dur-
ing enzymatic stage will impair the strength of treated pulps
in comparison with untreated ones. The physical properties of
fully bleached unbeaten E. globulus kraft pulps are shown in
Table 4. As evident, the pulp strength was adversely affected by
the enzymatic treatment with both (Ecopulp® and Pulpzyme®)
xylanase preparations. The loss in bursting and tensile strength
(by 32-40% and 11-25%, respectively) was more notable in
comparison with tear strength (8.2-10.3%), confirming the
previous observations [30]. The difference in strength prop-
erties (particularly in tear) between bleached enzyme-treated
and untreated (control) pulps is normally minimized after pulp
refining [26,31], as a possible result of greater external fibrilla-
tion of treated pulp after enzymatic elimination of re-deposited
xylan on the surface of the fibers [31]. Nevertheless, the physical
properties of xylanase-treated peroxide bleached eucalypt pulps
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Fig. 5. Correlation between gain in brightness (over the control) of xylanase-
treated (both Ecopulp® and Pulpzyme®) E. globulus kraft pulps and relative
(over the control) hexenuronic acids (HexA) removal (R, Pearson’s correlation
coefficient; p, significance level) during each stage of XQPPP bleaching (where
X, xylanase treatment; Q, pulp chelating; P, hydrogen peroxide stage).

are very close to those of initial unbleached pulps (Table 4),
suggesting only limited carbohydrate degradation during entire
bleaching.

4. Conclusions

The beneficial effect of commercial xylanases on bleach-
ability of eucalypt (E. globulus L.) kraft pulp was shown to
be limited when enzymatic pre-treatment was combined with
extended (three-stage) hydrogen peroxide bleaching sequence
(without oxygen pre-delignification). In spite of a generally
higher bleachability and bleaching selectivity of xylanase-
treated pulps, the maximal gain in pulp brightness (or bleach
boosting, as a main objective of xylanase application) could
be achieved only after the first peroxide bleaching stage and
then substantially diminished by the end of the sequence.
The final gain in brightness of fully bleached pulps was
close to that achieved by direct brightening during an enzy-
matic stage, i.e., before chemical bleaching properly. At
the same time, the progressive increase in delignification of
enzyme-treated pulps through bleaching was also noted. A
strong correlation between the remarkable loss in brightness
improvement of enzyme-treated pulps and the bleaching pro-
file of hexenuronic acids underlined the critical importance of
carbohydrate-derived chromophores in definition of final bright-
ness of fully bleached pulps and pointed to HexA as one of
the principal factors affecting bleaching efficiency of xylanase
treatment.
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