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Using an enzyme-based stage involving a xylanase (X) or laccase (as part of a laccase-mediator system,
L) in a bleaching process can help reduce reagent consumption and hence its environmental impact. In
this work, both types of enzymes were applied to eucalypt pulp. The influence of process variables in
the laccase-mediator treatment (viz. laccase dose, HBT dose and reaction time) was assessed by using a
three-variable sequential statistical plan. The effect of a pretreatment with X on the previous variables
was also assessed. Kappa number and brightness models for the L stage and XL sequence were found

Iéfgg‘;:;g;:ing to perform disparately, which suggests the formation of lignin derivatives interfering with brightness
Laccase measurements. The L system oxidized readily accessible lignin within the first hours of treatment and
Modelling affected the contents in cellulose and hexenuronic acids (HexA) of the resulting pulp. Xylanase facilitated
Toxicity access of the laccase-HBT system to lignin and HexA in cellulose fibres. The L treatment increased effluent
Xylanase properties such as Microtox toxicity, COD and colour, and led to strong inactivation of the enzyme. The

increased toxicity of the effluents was due to HBT; based on statistical data, however, the effect can be

reduced by lowering the mediator dose.

© 2010 Published by Elsevier B.V.

1. Introduction

The bleaching plant is among the sections in the pulp and paper
industry which have undergone the greatest changes in response to
environmental concerns arising from the formation of chlorinated
dioxins and other chlorinated compounds during pulp production.
Such concerns have brought about a major technological revolu-
tion in the pulp and paper industry which has led to the production
of elemental chlorine free (ECF) and totally chlorine free (TCF)
pulp [1,2]. The use of biotechnological methods in industrial pro-
cesses can provide enormous benefits. Xylanases (X) are hydrolytic
enzymes that catalyse xylan degradation. Their favourable effect
has been ascribed to partial removal of xylans from fibre surfaces
and to fibres thus being made more accessible to the reagents in
subsequent bleaching stages [3,4]. The industrial implementation
of xylanases is simple and economically feasible [5,6]. The use of
laccases in the form of laccase-mediator systems (LMS) provides an
effective alternative to xylanases acting directly on lignin. However,
LMS must be fine-tuned before their final industrial implementa-
tion. Thus, their application conditions must be optimized in order
to reduce enzyme and mediator consumption, and also reaction
times. 1-Hydroxybenzotriazole (HBT)is currently deemed the most
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effective mediator [7-11]. Carefully designed statistical plans have
been used for dye decolourization [12,13] and also to optimize LMS
usage in the bleaching of softwood kraft [14] and flax [15-17] pulp.
Recently, the laccase-mediator system was optimized for applica-
tion to eucalypt kraft pulp after alkaline extraction [18].

In this work, the influence of process variables in an LMS treat-
ment (viz. laccase and HBT doses, and reaction time) was evaluated
in eucalypt kraft pulp subjected to the same enzyme stage. Models
for predicting kappa number and brightness in the pulp were con-
structed and the effects of a xylanase pretreatment assessed. Also,
pulp viscosity and hexenuronic acid content, and various effluent
properties, were determined at different points of the process in
order to evaluate the environmental impact of LMS.

2. Materials and methods
2.1. Raw material

The raw material used was oxygen-delignified kraft pulp from
Eucalyptus globulus produced by the Torraspapel S.A mill in
Zaragoza, Spain. Before treatment, the pulp was washed with a
solution consisting of 50mM Tris-HCl buffer at pH 7 at room
temperature for 30 min. The initial kappa number, brightness
and viscosity of the pulp after washing were 8.4, 51.2% ISO and
972 +20mLg!, respectively. The initial hexenuronic acid (HexA)
content was 38.0 + 1.1 umol g~! oven-dried pulp (odp).
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Table 1
Variables distribution with the factor of each level.
Variables -1 0 +1
X1 Laccase dose (Ug~! odp) 1 10.5 20
X2 HBT dose (% odp) 0.5 1.5 2.5
X3 Reaction time (h) 1 4 7

2.2. Xylanase pretreatment (X stage)

The enzyme used in the X stage was a xylanase from the
bacterial strain Bacillus sp. BP-7 that was isolated and character-
ized in previous work [19]. The X treatment was conducted by
using 3U xylanaseg~! odp in Tris-HCl buffer pH 7 and pulp of
10% consistency at 50°C for 2 h. The resulting pulp was washed
with decalcified water three times and distilled water once. The
final kappa number, brightness, viscosity and hexenuronic acid
(HexA) content of X pulp were 8.4, 53.7% 150, 986 +31mLg~! and
32.5+0.8 wmolg~! odp, respectively.

2.3. Laccase-mediator treatment (L stage)

The enzyme used was commercial laccase from Trametes villosa
(NS-51002) supplied by NOVOZYMES® (Bagsvaerd, Denmark). The
mediator, HBT, was obtained from Sigma-Aldrich. Enzymatic runs
were performed in a pressurized reactor at 590 kPa, 30 °C and a stir-
ring rate of 60 rpm, using 50 mM sodium tartrate buffer at pH 4 and
5% consistency. A few drops of 0.05% w/v of the surfactant Tween
80 were also added. For each experiment 25 g odp of eucalypt pulp
were treated. The experimental design used involved the laccase
dose, mediator dose and reaction time as variables.

2.4. Experimental design

Enzyme treatments were applied in accordance with a 23 exper-
imental design involving three variables at two levels each and
three replicates at the central point, which required a total of 11
tests. Based on previous results for flax [15] and eucalyptus pulp
[18], the tentative optimum ranges for the independent variables
were taken to be 1-20U g1 odp (x1), 0.5-2.5% odp (x;) and 1-7h
(x3). The minimum effective HBT dose was 0.5% odp—no reaction
occurred at lower proportions [16]. The results for the variables
were coded as —1 or +1 (Table 1), both for direct comparison of
coefficients and for easier understanding of the effect of the vari-
ables on the responses. The independent variables were zeroed at
the central point. The results of the three replicates at the central
point, and their variance, were used in combination with the vari-
ance of the saturated model to calculate Snedecor’s F-value in order
to determine whether the variance was homogeneous or hetero-
geneous. The variance was homogeneous in all cases, so a linear
model was constructed, its significant terms identified and poten-
tial curvature detected. Linear multiple regression was applied
by using an Excel spreadsheet to implement the stepwise back-
ward regression method and discard all terms with a probability
p<0.05.

2.5. Pulp properties

Treated pulp samples were characterized in terms of kappa
number and brightness according to ISO 302 and 3688, respectively,
using 2 replicates for the former and 3 for the latter. The standard
deviation was 0.1 for both.

Pulp viscosity and the hexenuronic acid content were deter-
mined at low (1U laccaseg~! odp, 0.5% HBT odp, 1h), medium
(10.5Ulaccase g~! odp; 0.5% HBT odp, 4 h) and high levels (20 U lac-
caseg~!, 2.5% HBT odp, 7 h) of the operating conditions. Viscosity

was measured in accordance with ISO 5351-1 and the hexenuronic
acid (HexA) content with UV detection [20].

2.6. Effluent properties

The toxicity, chemical oxygen demand (COD), colour and resid-
ual enzyme activity of the effluents were also determined at low,
medium and high levels of the process variables for L and XL
sequences. Toxicity, however, was also assessed at some additional
points of the process in order to evaluate the effect of an increased
HBT dose on it.

Effluent toxicity was determined with the Microtox method,
which measures light reduction caused by the microbe Vib-
rio fischeri in contact with toxins (UNE-EN ISO 11348-3). One
equitox-m3 is defined as the reciprocal of the wastewater dilution
(expressed in parts per one) resulting in 50% inhibition within
15min under typical biotesting conditions. Toxicity measure-
ments were colour-corrected as per the recommendations of Azur
Environmental, the manufacturer of the MicrotoxOmni equipment
used. COD and colour values were calculated in accordance with
ASTM D1252-00 and ASTM D1029-00, respectively. Absorbance
data were obtained at 600 nm for COD and 465nm for colour.
The enzymatic activity of laccase was defined as the amount
of enzyme needed to convert 1 pumol of the substrate ABTS per
minute. Oxidation of ABTS was followed by an increase in the
absorbance at 436 nm (e436 =29300M~! cm~1) as measured on a
Shimadzu 1603 UV-vis spectrophotometer. The reaction mixture
contained 5 mM ABTS, 100 mM sodium acetate buffer at pH 5 and
10-50 pL of enzyme solution. Two replicates for toxicity, COD and
residual enzyme activity were performed and four replicates for
colour.

3. Results

The first pulp properties to be optimized were kappa num-
ber and brightness. The results of these properties from L and XL
sequences are shown in Table 2.

3.1. Modelling

Experimental data were fitted to a second-order polynomial
equation with the kappa number (Ygy) and brightness (Yg;) as
responses. A preliminary test with the four models (viz. kappa num-
ber and brightness in the L and XL sequences) revealed that the
quadratic term was significant (p <0.05). Two additional tests were
therefore required in order to identify the variables possessing a
significant term and ensuring their accurate discrimination. A sec-
ond analysis of the modelling equations provided the following
responses, where all significant terms had p <0.05:

Kappa number model for L

Yine = 6.95 — 0.35x1 — 0.27x5 — 0.54x3 — 0.18x1x3
+0.18x1X2x3 — 0.77x3 + 1.3x3 (1)

with R2=0.99.
Brightness model for L

Yoy = 58.85 +2.25x1 + 0.39%; + 2.4x3 — 4.77x3

—4.45x2 +5.56x3 (2)
with R2 =0.99.
Kappa number model for XL
Yinx. = 5.25 — 0.26x1 — 0.23x; — 0.56x3 + 0.65x3 (3)
with R2=0.94.
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Table 2
Applied conditions of L experiences and kappa number and brightness results after L and XL sequences.
X1 X2 X3 Laccase dose (Ug™1) HBT dose (%) Time (h) L XL
Kappa number Brightness (%ISO) Kappa number Brightness (%1SO)
-1 -1 -1 1 0.5 1 8.3 50.3 7.1 50.4
1 -1 -1 20 0.5 1 8.4 54.8 6.2 554
-1 1 -1 1 2.5 1 8.1 50.6 6.5 54.0
1 1 -1 20 2.5 1 7.3 55.5 6.0 54.9
-1 -1 1 1 0.5 7 7.9 54.6 5.9 57.2
1 -1 1 20 0.5 7 6.5 59.5 5.2 58.2
-1 1 1 1 2.5 7 71 56.2 5.1 59.3
1 1 1 20 25 7 6.3 60.0 5.1 60.2
0 0 0 10.5 1.5 4 7.0 59.3 5.4 59.7
0 0 0 10.5 1.5 4 7.1 58.2 5.0 58.3
0 0 0 10.5 1.5 4 6.8 59.1 53 58.4
1 0 0 20 1.5 4 6.6 56.3 5.7 57.7
0 -1 0 10.5 0.5 4 6.5 54.0 5.5 56.3
Brightness model for XL models provide an accurate depiction of the actual process. The
) models for the L stage exhibited better fitting than those for the XL
Yerisoyxt = 58.46 + 1.04x1 + 1.04x; + 2.52x3 — 2.23x7 (4) sequence.
with R? =0.89.

In the previous equations, x; =(L — 10.5)/9.5 (L denoting the lac-
case dose,inUg™1),x, =(M — 1.5)/1, (M denoting the HBT dose, as a
percentage) and x3 =(t —4)/3 (t being the reaction time, in hours).
As can be seen from the R? values obtained, the fit was quite good
in all cases.

3.2. Model fitting

Experimental kappa number and brightness values were com-
pared with the calculated values provided by the models (Fig. 1).
The differences were all minimal and fell within the acceptable
ranges in the respective ISO standards. Therefore, the proposed

Predicted kappa number

5 T T T T
5 6 7 8 9 10

Predicted kappa number

4 5 6 7 8
Experimental kappa number

3.3. Models for L pulp

Fig. 2 shows the predicted response surfaces for kappa number
and brightness obtained from Eqs. (1) and (2) at a constant laccase
dose. Both properties were influenced by the three variables, the
reaction time having the strongest effect and the mediator dose
the weakest. The laccase dose exhibited a linear influence on kappa
number (Fig. 2a) and a quadratic influence on brightness (Fig. 2b).
On the other hand, the mediator dose and reaction time exhibited
a quadratic influence on both pulp properties.

The proposed models were used to identify the points leading to
the smallest kappa number and highest brightness. In those cases
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Fig. 1. Experimental vs. predicted results of kappa number (a) and brightness (b) for L sequence and of kappa number (c) and brightness (d) for XL sequence, with its

corresponding errors.
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Fig. 3. Brightness vs. kappa number of L and XL pulps.

where a quadratic term for some variable had any effect, the inflec-
tion point was estimated from the derivative of the model with
respect to the particular variable, and the equation equalled to zero.
The combination of a laccase dose of 20U g~ odp, an HBT dose of
2.5% odp and a time of 4.6h (20, 2.5, 4.6) was expected to pro-
vide the smallest kappa number (5.5), and that of a laccase dose of
13Ug ! odp,an HBT dose of 1.5% odpand 7 h (13, 1.5, 7) the highest
brightness (67.1%ISO). Although the HBT dose used in both was in

—— KN LX,=+1
=== KN XL X,=-1

Kappa number

laccase dose

Brightness (%150

Brightness (%1S0)

X-time

)and x; =—1 ().

its high or middle segment of variation, it was scarcely influential,

which suggests that it can be reduced without detracting from the
results.

3.4. Effect of an enzyme pretreatment with xylanase

XL pulp had a kappa number 1-2 units smaller than L pulp,
but similar brightness (Fig. 3). In order to evaluate the effects of
xylanase on the different variables of the LMS treatment, the mod-
els obtained for pulp samples subjected to an L stage and an XL
sequence were compared (Fig. 4). Based on the XL models, the point

at (20, 2.5, 5.3) provided the smallest kappa number (4.6) and that
at (8.3, 2.5, 7) the highest brightness (62.1%ISO).

3.5. Effects on viscosity and hexenuronic acids

The viscosity of some pulp samples after the enzyme treatment
(L) was assessed and compared with that of the initial eucalyptus
pulp (972 +£20mLg~! odp). Low levels of the process variables had
no effect on viscosity, whereas medium and high levels reduced it
slightly (by 100mLg~! odp, results not shown).
The effect on HexA was assessed in various pulp samples (Fig. 5).
The laccase-mediator treatment reduced the HexA content of the
pulp after the L stage and XL sequence, whichever the application

conditions. As can be seen from Fig. 5, XL pulp had a lower HexA
content than L pulp.

— BrLX,=0
s Br XL X;=+1

(b)

Fig. 4. Surfaces estimated for kappa number at high HBT dose in L (O) and at low HBT dose in XL (M) (a). Surfaces estimated for brightness at medium HBT dose in L (O) and
at high dose in XL (m) (b).
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Fig. 5. Hexenuronic acids of initial pulps and pulps treated at low, medium and high
application conditions in L and XL sequences.

3.6. Effects on effluent properties

Table 3 summarizes the effects of the L treatment on various
effluent properties. As can be seen, toxicity, COD, colour and lac-
case inactivation increased with increasing value of the process
variables. Also, Microtox toxicity was affected by a rise in HBT dose
from 0.5 to 2.5% odp (see Fig. 6).

4. Discussion
4.1. Models for L pulp

The models used to predict kappa number and brightness
revealed that both properties were affected by the three studied
variables (see Fig. 2a and b). Increasing the laccase dose from 1
to 20Ug~! odp reduced the kappa number; by contrast, bright-
ness only improved at laccase doses up to 13Ug~! odp and then
decreased. As previously suggested by some authors [21], this may
have resulted from the formation of quinones at high laccase levels.
From 0.5 to 1.4% odp of HBT dose, kappa number remained invari-
able; however, it caused brightness to rise. From that threshold to
the maximum mediator dose studied (2.5% odp), the kappa number
decreased but brightness failed to increase further. The effect of the
mediator is difficult to explain. Also, although lignin was partially
extracted in the aqueous medium after L, the overall delignifying
effect was easier to envisage after an alkaline stage. In previous
work involving application of the same experimental after alkaline
extraction [18], the HBT dose exhibited a linear influence on both
properties. This suggests that something (e.g. the presence of lignin
or HBT attaching to pulp fibres) interferes with measurements of
kappa number after L. In any case, it was efficiently removed in the
subsequent alkaline extraction stage.

The reaction time exhibited two intervals of influence. During
the first (from 1 hto 3.4-4.6 h), the kappa number decreased rapidly
while brightness remained constant or decreased only slightly.
During the second (until 7h), brightness increased whereas the

Table 3
Effluent properties at different application conditions.
Low Medium High
Microtox toxicity (Equitox-m?) 10+ 0 12 £1 13+£2
COD (kg Oy-tpulp!) 24 +7 106 + 14 210+ 5

Colour (kg Pt-t pulp—') 1+0
Laccase activity loss (%) 26 +1

16+ 1
90 + 1

28+2
&7 2 1l

[J 0.5% odp O 2.5% odp

20 1

Toxicity (Equitox/m3)
o

A B C
Laccase and reaction time

Fig. 6. Effect of increasing the HBT dose (from 0.5 to 2.5% odp) in the Microtox
toxicity. A: 1U g ! odp laccase dose, 1 h; B: 20U g~ ! odp laccase dose, 1 h; C: 20U g !
odp laccase dose, 7 h.

kappa number remained constant, which indicates that the sys-
tem reached a point beyond which the latter could not be further
reduced.

Some authors believe that all lignin in pulp is available for reac-
tion, while others think that a certain amount always remains
unreacted [22-24]. Our results suggest that all accessible lignin
was oxidized in the first reaction interval but a further increase
in brightness was precluded by the formation of quinones [16,21].
Although no additional lignin was removed during the second
interval, brightness increased by effect of a modification in pre-
viously oxidized lignin or the system removing other coloured
compounds containing carbonyl or carboxyl groups [25,26]. A sim-
ilar effect of the reaction time was recently observed elsewhere
[27].

In this work, effects were assessed after the L treatment in order
to better understand the implications of the enzyme stage, even
though a P or E stage is usually employed to remove insoluble
lignin from pulp [28]. In previous work [18], an alkaline extraction
stage was applied to all pulp samples exhibiting high delignification
(55%) and brightness (70%ISO) after an XLE sequence. The results
confirmed that some lignin fractions insoluble at the pH used in the
enzyme stage remained in the pulp after the L treatment.

The application conditions leading to the smallest kappa num-
ber differed from those providing the highest brightness as a result
of a decrease in kappa number giving rise to no increase in bright-
ness after L. Although such application conditions involved the
highest HBT dose used, this variable had little effect on the mod-
els. This suggests that the mediator dose can be reduced in order
to lessen contamination problems. Reducing the HBT dose to 0.5%
odp was proposed in previous work [18,29].

4.2. Effect of an enzyme pretreatment with xylanase

The favourable effect of xylanase has been widely ascribed to its
removing xylans, thereby breaking the link between cellulose and
lignin and facilitating removal of the latter in subsequent bleach-
ing stages [3,30-33]. As can clearly be seen from Fig. 3, xylanase
decreased the kappa number.

The proposed models were used to assess the effects of xylanase
on the different process variables (Fig. 4a and b). The kappa number
and brightness models for the L sequence were both more complex
than those for the XL sequence. This suggests that xylanase makes
fibres more accessible for penetration of the laccase-mediator sys-
tem.

The effect of the laccase dose on kappa number and brightness
was not affected by xylanase. Thus, the kappa number exhibited
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a similar, linear influence in both models, while brightness only
increased up to a laccase dose of 13U g~ ! odp and decreased above
that level. This result can be ascribed to the formation of lignin
derivatives such as quinones at high laccase doses.

The effect of the mediator dose in decreasing the kappa number
in the L sequence was only observed over the range 1.4-2.5% odp,
and that in increasing brightness from 0.5-1.4% odp. On the other
hand, the effect of HBT in decreasing the kappa number and increas-
ing brightness in the XL sequence was observed over the mediator
range 0.5-2.5% odp. These results can be ascribed to the xylanase
pretreatment facilitating penetration of HBT into pulp fibres.

In both models, the reaction time exhibited two intervals of
influence. During the first few hours (1-5h), the system oxidized
reactive or readily accessed lignin; during the last few (5-7h), a
kappa number limit was reached where this property levelled off.
During the first interval, the decrease in kappa number was more
marked in the L sequence. However, the smallest kappa number
obtained was smaller in XL (4.6) than it was in L (5.5). This sug-
gests that the xylanase pretreatment makes previously unreached
lignin more accessible. A similar effect of xylanase was previously
observed with ozone as reagent [4].

Fig. 4a shows the calculated response surfaces for the kappa
number in the L and XL sequences at a constant mediator dose that
was the highest (x, = +1; 2.5% odp) for the L sequence and lowest
(x2 =—1; 0.5% odp) for the XL sequence. Although the HBT dose was
lower in XL than in L, the kappa number predicted by the model
was also smaller for XL. A similar effect was observed in the laccase
dose and reaction time. Fig. 4b shows the calculated surfaces for
brightness in the L and XL sequences at a constant HBT dose (x)
with brightness at its highest level in both L (x, =0; 1.5% odp) and
XL (xp =+1; 2.5% odp). Unlike kappa number, brightness was not
increased by the XL sequence. At any rate, the ultimate effect of L
was delignification rather bleaching.

The xylanase pretreatment made fibre more accessible for
penetration of laccase and HBT. This facilitated oxidation of
some previously inaccessible lignin, which resulted in a smaller
kappa number in all XL pulp samples. Moreover, the use of an
X pretreatment allows similar brightness and a smaller kappa
number to be obtained by using 30% less laccase (14.3Ug~! odp),
80% less HBT (0.5% odp) and a 45% (4h) shorter reaction time
[18].

4.3. Effects on viscosity and hexenuronic acids

The laccase-mediator treatment produces free radicals (OH®)
which not only facilitate delignification, but also can act unselec-
tively on cellulose; in fact, hydroxyl radicals cause the formation of
carbonyl groups which can break the cellulose chain and reduce
its degree of polymerization in subsequent alkaline stages [34].
A slight decrease in viscosity (100mLg~! odp) was observed at
medium to high levels of the process variables. In any case, oxida-
tive alteration of cellulose by the laccase-mediator system can be
reversed by using of a reducing stage [8,15,35].

Hexenuronic acids were also analysed under the different
application conditions studied on account of their increasing signif-
icance to bleaching processes and paper properties [36,37]. HexA
decreased by effect of both X and L. During X, the HexA content
decreased by 15% owing to the removal of xylans. Such a content
was also decreased by the L stage, to an extent dependent on the
particular application conditions. Thus, increasing the values of the
process variables in L from low to medium or medium to high levels
reduced the HexA content of pulp in the L stage and XL sequence.
Furthermore, the X pretreatment stage boosted HexA removal by
the laccase-HBT system. Using high levels of the process variables
in Lreduced the HexA content by 10%; however, the X pretreatment
stage (XL sequence) boosted HexA removal to 35%.

4.4. Effects on effluent properties

As can be seen from Table 3, Microtox toxicity was not signifi-
cantly affected by the increase in the values of the process variables
in L. HBT is potentially toxic to the environment by itself [38] or
through its reactions products [17,39,40]. This led us to examine
its effect under variable application conditions (Fig. 6). Raising the
HBT dose from 0.5 to 2.5% odp increased toxicity in all instances.
This was probably the result not only of the presence of the medi-
ator (HBT), but also to the formation of degradation by-products
that are even more toxic than the mediator itself.

COD also increased with increasing value of the process vari-
ables (Table 3), possibly through the formation of certain products
during the reaction and, as pointed out by some authors [17], as a
result of using commercial laccase. Effluent colour was insubstan-
tial at low levels of the process variables (Table 3), but substantial
at medium and high levels. This can be ascribed to the forma-
tion of coloured oxidation products of the mediator and also to
an increased content of degraded lignin in the effluents. HBT in a
laccase-mediator system is partially converted into benzotriazole
(BT) [7,41,42], which might be responsible for the increased red
colour of the effluents at long treatment times.

Based on the results (Table 3), laccase was strongly inacti-
vated specially at high levels of the process variables. This can
be produced by the oxidized HBT—in fact, laccase is known to be
inactivated by oxidized species of some mediators [17,43-45].

The effect of the X pretreatment stage on the effluent proper-
ties was also analysed. Results showed that the effluent properties
were not significantly affected by the xylanase pretreatment stage.
Toxicity, COD, Colour and the laccase activity loss ranged from
6 to 13 Equitox-m3, 38-143 kg O,-t pulp~1, 1-28 kg Pt-t pulp~! and
36-98%, respectively. These properties showed similar trends than
in the L sequence.

Kappa number and brightness were slightly affected by the
increase in HBT dose. Also, low HBT doses were recently found to
provide pulp with good properties [18]. The use of an HBT dose of
0.5% odp reduces laccase inactivation and effluent toxicity, thereby
facilitating recycling.

5. Conclusions

The influence of LMS process variables (viz. laccase and HBT
doses, and reaction time) was examined in eucalyptus kraft pulp,
and so were the effects of a xylanase pretreatment. The application
of models for kappa number and brightness showed the two prop-
erties to behave differently, and suggest the formation of lignin
derivatives that interfere with brightness measures. All reactive
lignin was removed during the first few hours of treatment, the
residual lignin being inaccessible to the reagents. LMS was found
to affect the properties of the resulting pulp and its content in
hexenuronic acids (HexA), and a xylanase pretreatment to facili-
tate access of laccase and HBT to previously inaccessible lignin and
HexA.

As regards effluent properties, Microtox toxicity rose with
increasing HBT dose. COD and colour increased with increasing
values of the process variables in L, and laccase was strongly inacti-
vated during the treatment. The ability to use a lower HBT dose can
help reduce laccase inactivation and effluent toxicity, thereby facil-
itating recycling and making the process more environmentally
friendly.

Acknowledgements

This work was funded within the framework of Spain’s MEC
(CTQ2009-12904) project and the BIORENEW Integrated Euro-



592 C. Valls et al. / Journal of Hazardous Materials 177 (2010) 586-592

pean Project (NMP2-CT-2006-026456). Torraspapel S.A. (Zaragoza,
Spain) and Novozymes (Bagsvaerd, Denmark) are gratefully
acknowledged for supplying the pulp and enzymes used, respec-
tively.

References

[1] D. Ibarra, S. Camarero, J. Romero, M.J. Martinez, A.T. Martinez, Integrat-
ing laccase-mediator treatment into an industrial-type sequence for totally
chlorine-free bleaching of eucalypt kraft pulp, J. Chem. Technol. Biotechnol. 81
(2006) 1159-1165.

[2] M.B. Roncero, T. Vidal, Optimization of ozone treatment in the TCF bleaching
of paper pulps, Afinidad 64 (2007) 420-428.

[3] A.L. Torres, M.B. Roncero, J.F. Colom, F.I]. Pastor, A. Blanco, T. Vidal, Effect of a
novel enzyme on fibre morphology during ECF bleaching of oxygen delignified
Eucalyptus kraft pulps, Bioresour. Technol. 74 (2000) 135-140.

[4] M.B. Roncero, A.L. Torres, J.F. Colom, T. Vidal, Effect of xylanase on ozone
bleaching kinetics and properties of Eucalyptus kraft pulp, J. Chem. Technol.
Biotechnol. 78 (2003) 1023-1031.

[5] J.C. Turner, P.S. Skerker, B.J. Burns, J.C. Howard, M.A. Alonso, ].L. Andres, Bleach-
ing with enzymes instead of chlorine-mill trials, Tappi J. 75 (1992) 83-89.

[6] C.Popovici, M. Messier, L. Thibault, D. Charron, Multiples avantages du xylanase
dans une usine nexfor papiers fraser de pate kraft de feuillus, Pulp Pap. Can.
105 (2004) 278-281.

[7] R.Bourbonnais, M.G. Paice, B. Freiermuth, E. Bodie, S. Borneman, Reactivities of
various mediators and laccases with kraft pulp and lignin model compounds,
Appl. Environ. Microbiol. 63 (1997) 4627-4632.

[8] S. Camarero, O. Garcia, T. Vidal, ].C. del Rio, A. Gutierrez, ].M. Gras, R. Monje,

M.J. Martinez, A.T. Martinez, Efficient bleaching of non-wood high-quality

paper pulp using laccase-mediator system, Enzyme Microb. Technol. 35 (2004)

113-120.

C. Sigoillot, S. Camarero, T. Vidal, E. Record, M. Asther, M. Perez-Boada, M.J.

Martinez, J.C. Sigoillot, M. Asther, J.F. Colom, A.T. Martinez, Comparison of dif-

ferent fungal enzymes for bleaching high-quality paper pulps, J. Biotechnol.

115 (2005) 333-343.

[10] D. Moldes, M. Diaz, T. Tzanov, T. Vidal, Comparative study of the efficiency
of synthetic and natural mediators in laccase-assisted bleaching of eucalyptus
kraft pulp, Bioresour. Technol. 99 (2008) 7959-7965.

[11] U.Fillat, M.B. Roncero, Biobleaching of high quality pulps with laccase mediator
system: influence of treatment time and oxygen supply, Biochem. Eng. J. 44
(2009) 193-198.

[12] S.V. Srinivasan, D.V.S. Murthy, Statistical optimization for decolorization of
textile dyes using Trametes versicolor, J. Hazard. Mater. 165 (2009) 909-914.

[13] A.P.M. Tavares, R.O. Cristévdo, J.M. Loureiro, R.A.R. Boaventura, E.A. Macedo,
Application of statistical experimental methodology to optimize reactive
dye decolourization by commercial laccase, ]. Hazard. Mater. 162 (2009)
1255-1260.

[14] E.S. Chakar, A.J. Ragauskas, N. Nilvebrant, Biobleaching of high lignin content
kraft pulps via laccase-mediator systems, TAPPI Pulp Conf. 1 (1998) 10.

[15] O. Garcia, S. Camarero, J.F. Colom, A.T. Martinez, M.J. Martinez, R. Monje, T.
Vidal, Optimization of a laccase-mediator stage for TCF bleaching of flax pulp,
Holzforschung 57 (2003) 513-519.

[16] U.Fillat, M.B. Roncero, Effect of process parameters in Laccase Mediator System
delignification of flax pulp. Part L. Pulp properties, Chem. Eng. J. 152 (2009)
322-329.

[17] U.Fillat, M.B. Roncero, Effect of process parameters in Laccase Mediator System
delignification of flax pulp. Part Il. Impact on effluents properties, Chem. Eng.
J. 152 (2009) 330-338.

[18] C. Valls, M.B. Roncero, Using both xylanase and laccase enzymes for pulp
bleaching, Bioresour. Technol. 100 (2009) 2032-2039.

[19] 0O.Gallardo, P. Diaz, F.L]. Pastor, Cloning and characterisation of xylanase A from
the strain Bacillus sp. BP-7: comparison with alkaline pl-low molecular weight
xylanases of family 11, Curr. Microbiol. 48 (2004) 276-279.

[20] X.S. Chai, ].Y. Zhu, J. Li, A simple and rapid method to determine hexeneuronic
acid groups in chemical pulps, J. Pulp Pap. Sci. 27 (2001) 165-170.

[9

[21] ES. Chakar, AJ. Ragauskas, Formation of quinonoid structures in
laccase-mediator reactions, ACS Symp. Ser. 785 (2001) 444-455.

[22] G.Eriksson,]. Gierer, Studies on the ozonation of structural elements in residual
kraft lignins, J. Wood Chem. Technol. 5 (1985) 53-84.

[23] H. Kaneko, S. Hosoya, K. Liyama, J. Nakano, Degradation of lignin with ozone:
reactivity of lignin model compounds toward ozone, ]. Wood Chem. Technol. 3
(1983) 399-411.

[24] P. Tessier, M. Savoie, Chlorine dioxide bleaching kinetics of hardwood kraft
pulp, Tappi J. 83 (2000) 1.

[25] O. Garcia, S. Camarero, J.F. Colom, A.T. Martinez, T. Vidal, Formation of car-
bonyl groups in cellulose by a laccase-mediator system, in: 9th ICBPPI, 2004,
p. 185.

[26] K. Poppius-Levlin, M. Wang, T. Tamminen, B. Hortling, L. Viikari, M.L. Niku-
Paavola, Effects of laccase/HBT treatment on pulp and lignin structures, J. Pulp
Paper Sci. 25 (1999) 90-94.

[27] A. Oudia, ]. Queiroz, R. Simdes, The influence of operating parameters on the
biodelignification of Eucalyptus globulus kraft pulps in a laccase-violuric acid
system, Appl. Biochem. Biotechnol. 149 (2008) 23-32.

[28] D. Moldes, T. Vidal, Laccase-HBT bleaching of eucalyptus kraft pulp: influence
of the operating conditions, Bioresour. Technol. 99 (2008) 8565-8570.

[29] C. Valls, S. Molina, T. Vidal, J.C. del Rio, J.F. Colom, A.T. Martinez, A. Gutier-
rez, M.B. Roncero, Influence of operation conditions on laccase-mediator
removal of sterols from eucalypt pulp, Proc. Biochem. 44 (2009) 1032-
1038.

[30] M.B. Roncero, A.L. Torres, J.F. Colom, T. Vidal, The effect of xylanase on ligno-
cellulosic components during the bleaching of wood pulps, Bioresour. Technol.
96 (2005) 21-30.

[31] B. Surma-Slusarska, J. Leks-Stepien, TCF bleaching of kraft pulps with laccase
and xylanase, J. Wood Chem. Technol. 21 (2001) 361-370.

[32] 1. Herpoél, H. Jeller, G. Fang, M. Petit-Conil, R. Bourbonnais, J.L. Robert, M.
Asther, J.C. Sigoillot, Efficient enzymatic delignification of wheat straw pulp by
a sequential xylanase-laccase mediator treatment, ]. Pulp Paper Sci. 28 (2002)
67-71.

[33] M.B. Roncero, J.F. Colom, T. Vidal, Influence of the xylanase enzymatic treat-
ments on the carbohydrate composition of pulp for paper manufacture,
Afinidad 60 (2003) 8-15.

[34] M.B. Roncero, J.F. Colom, T. Vidal, Why oxalic acid protects cellulose during
ozone treatments? Carbohydr. Polym. 52 (2003) 411-422.

[35] M.B. Roncero, J.F. Colom, T. Vidal, Cellulose protection during ozone treat-
ments of oxygen delignified Eucalyptus kraft pulp, Carbohydr. Polym. 51 (2003)
243-254.

[36] Z.Jiang, B. Van Lierop, R. Berry, Hexenuronic acid groups in pulping and bleach-
ing chemistry, Tappi J. 83 (2000) 167-175.

[37] A.Forsstrom, E. Wackerberg, T. Greschik, P. Jour, L. Holtinger, High brightness
stability in standard ECF sequences, O Papel 68 (2007) 101-112.

[38] M. Amann, A. Candussio, R. Muller, V. Frey, M.G. Paice, R. Bourbonnais,
S. Labonte, G. Sacciadis, S. Renaud, In situ generation of mediator—a new
concept for laccase-catalyzed delignification of kraft pulp (2000) 1033-
1040.

[39] S. Camarero, D. Ibarra, A.T. Martinez, J. Romero, A. Gutierrez, J.C. del Rio, Paper
pulp delignification using laccase and natural mediators, Enzyme Microb. Tech-
nol. 40 (2007) 1264-1271.

[40] C. Johannes, A. Majcherczyk, Natural mediators in the oxidation of polycyclic
aromatic hydrocarbons by laccase mediator systems, Appl. Environ. Microbiol.
66 (2000) 524-528.

[41] A. Potthast, T. Rosenau, K. Fischer, Oxidation of benzyl alcohols by the
laccase-mediator system (LMS) a comprehensive kinetic description, Holz-
forschung 55 (2001) 47-56.

[42] J.Sealey, A.].Ragauskas, Investigation of laccase/N-hydroxybenzotriazole delig-
nification of kraft pulp, J. Wood Chem. Technol. 18 (1998) 403-416.

[43] D. Ibarra, ]J. Romero, M.J. Martinez, A.T. Martinez, S. Camarero, Exploring
the enzymatic parameters for optimal delignification of eucalypt pulp by
laccase-mediator, Enzyme Microb. Technol. 39 (2006) 1319-1327.

[44] A.Fillat, ].F. Colom, T. Vidal, Exploring enzyme stability during delignification
of flax pulp by laccase and natural mediators, in: 10th ICBPPI, 2007, p. 86.

[45] D. Rochefort, D. Leech, R. Bourbonnais, Electron transfer mediator systems for
bleaching of paper pulp, Green Chem. 6 (2004) 14-24.



	Boosting the effect of a laccase–mediator system by using a xylanase stage in pulp bleaching
	Introduction
	Materials and methods
	Raw material
	Xylanase pretreatment (X stage)
	Laccase–mediator treatment (L stage)
	Experimental design
	Pulp properties
	Effluent properties

	Results
	Modelling
	Model fitting
	Models for L pulp
	Effect of an enzyme pretreatment with xylanase
	Effects on viscosity and hexenuronic acids
	Effects on effluent properties

	Discussion
	Models for L pulp
	Effect of an enzyme pretreatment with xylanase
	Effects on viscosity and hexenuronic acids
	Effects on effluent properties

	Conclusions
	Acknowledgements
	References


