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a b s t r a c t

Flax pulp was bleached by using an enzyme treatment with laccase (L stage) in the presence of HBT
as mediator in order to replace toxic chemicals (e.g. chlorine or chlorine dioxide) with environmentally
friendly catalytic biotechnological products in the bleaching process, achieving a clean process technology
in the pulp and paper manufacture. The operating conditions for the laccase–HBT system were optimized
by using a sequential statistical plan involving four variables (laccase dose, HBT dose, treatment time and
oxygen pressure), their influence on the properties of the pulp after the L stage was examined. The main
objective was to minimize the reagent doses and the reaction time to make more suitable the industrial
application.

A mathematical model for predicting the kappa number in terms of the process variables was developed.

-Hydroxybenzotriazole dose
accase dose
athematical model
xygen pressure
reatment time
ptimization
equential statistical plan

The kappa number decreased with increase in the value of each variable down to a minimum level of 6.9,
which was obtained with a laccase dose of 13 U g−1, an HBT dose of 2%odp and a treatment time of 6.5 h.
The model predicted a limiting laccase dose of 13 U g−1 above which no additional reduction in kappa
number would be obtained. By contrast, oxygen pressures of 0.2–0.6 MPa in the reactor had no effect on
brightness or kappa number. Brightness was not correlated with the kappa number due to the formation
of chromophores in the pulp at the beginning of the enzymatic treatment. The LP biochemical sequence

rightn
allows obtaining a final b

. Introduction

Current interest in the use of biotechnology in pulp and paper
roduction processes has been boosted by the potential of bio-

ogical treatments to meet the present environmental restrictions.
heir use in bleaching processes appears to hold great promise since
hey could replace toxic chemicals (e.g. chlorine or chlorine dioxide)
iving rise to environmentally friendly bleaching processes. Appli-
ations in pulp bleaching processes appear to hold special promise.
hus, xylanase enzymes have been industrially implemented with
ubstantial savings in bleaching treatments, and reduced invest-
ent costs and contents in halogenated compounds in the resulting
ffluents [1–4]. Oxidative enzymes such as laccases, manganases
eroxidases and lignin peroxidases have been extensively stud-

ed in this respect over the past 20 years and found to provide
mproved efficiency in the bleaching of kraft pulp and savings in
eagents [5–7]. Enzyme-based biobleaching treatments are still

∗ Corresponding author. Tel.: +34 937398210; fax: +34 937398101.
E-mail address: roncero@etp.upc.edu (M. Blanca Roncero).
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ess of 75.2%ISO.
© 2009 Elsevier B.V. All rights reserved.

under development; some, however, are nearly ready for industrial
implementation.

Based on the specific literature published over the last decade,
pulp bleaching with manganese peroxidases and laccases in the
presence of a mediator has very good prospects. Laccase-mediator
systems have enabled the development of efficient TCF bleaching
sequences and they save reagents, bleach pulp and reduce its kappa
number [5,8–12]. However, the high cost and contaminating power
of mediators have led researchers to search for alternative sub-
stances or find a way to improve their recovery [13]. Therefore, an
optimization of the process variables of laccase-mediator system is
required for their future industrial application.

Oxidative enzymes have scarcely been used to bleach non-wood
pulp [14–18]. Most studies in this context have focused on the influ-
ence of laccase-mediator systems in reactions with lignin model
compounds for short times, and have failed to examine cellulose
degradation via viscosity measurements [19–21].
Regarding the influence of the oxygen concentration on the effi-
ciency of laccase-mediator systems, some authors have noted that,
in pressurized reactors, raising such a pressure in the system leads
to increased delignification of the pulp [6,16,20,22]. Also, using
a pressurized reactor rather than atmospheric pressure has been

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:roncero@etp.upc.edu
dx.doi.org/10.1016/j.cej.2009.05.036
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ound to boost delignification and reduce the viscosity of flax pulp
fter an LP sequence [18,23].

In a previous study [24] was examined the influence of oxygen
ddition on the efficiency of a laccase-mediator system applied to
ax pulp at atmospheric pressure. The results show that supplying
he medium with oxygen and increasing the oxygen concentra-
ion in it, influence the kinetics of the process. For this reason, it
as decided to carry out the laccase-mediator treatments in an

xygen-pressurized reactor. However, other variables must to be
aking into account in order to optimize the laccase-mediator sys-
em. Therefore, the aim of this study was to establish the influence
f process variables on pulp properties after a laccase-mediator
reatment. The process was optimized under more industrially fea-
ible conditions, regarding mediator dose and treatment time, in an
xygen-pressurized reactor. For this purpose, a sequential statisti-
al plan was used to study the influence of four operating variables
n the efficiency of the laccase-mediator treatment (viz. the lac-
ase and mediator doses, treatment time and oxygen pressure in
he reactor) on various properties of the resulting pulp (brightness,
appa number and viscosity) measured after the enzyme treat-
ent.

. Materials and methods

.1. Raw material

Unbleached alkaline flax (Linum usitatissimum) pulp with
6.5%ISO brightness, 10.5 kappa number and 952 mL g−1 from
soda anthraquinone cooking process was provided by CELESA

actory (Spain) and subjected to acid washing. The flax used
s raw material contained approximately 15% core fibers. The
ommercial enzyme was laccase from Trametes villosa supplied
y Novozymes® (Ref. NS-51002) with an activity of 39.4 U mL−1

nd the mediator hydroxybenzotriazole (HBT) from Fluka (Ref.
4802).

The enzymatic activity of laccase was defined as the amount
f enzyme needed to convert 1 �mol of the substrate ABTS per
inute. Oxidation of ABTS was followed by an absorbance increase

t 436 nm (ε436 = 29,300 M−1 cm−1) in a UV–vis Shimadzu 1603
pectrophotometer. The reaction mixture contained 5 mM ABTS,
00 mM sodium acetate buffer at pH 5 and between 10 and 50 �L
f enzyme.

.2. Selection of the high optimization level

The aim of this study was to identify the high level of each vari-
ble to be used in the optimization of the laccase-mediator system
or bleaching flax pulp. The chosen level should allow large enough
ifferences in pulp properties to be observed. To this end, a pressur-

zed reactor at 0.6 MPa was used in conjunction with high laccase
nd mediator doses (25 U g−1 and 3%odp, respectively) for 1, 4 or
h. This set-up was used to examine the L stage, and the LE and LR

equences.

.3. Experimental design

Enzyme treatments were sequentially conducted according to a
4 factorial design with three replications at the centre point and
n 8-point star. The four variables (factors) studied were examined
ver the following ranges: X1 (laccase dose) from 1 to 20 U g−1,

2 (HBT dose) from 0.1 to 2%odp, X3 (treatment time) from 0.5 to
.5 h and X4 (oxygen pressure in the reactor) from 0.2 to 0.6 MPa. In
rder to ensure experimental stability and, because the statistical
tudy was expected to encompass all tests included in the sequen-
ial design, all 27 treatments in the L stage were performed together
neering Journal 152 (2009) 322–329 323

at the beginning of the study. The different pulp and effluent anal-
yses were performed in accordance with the statistical results of
the sequential design. The experimental results were processed by
using the analytical tool “Regression” in the software Excel and the
“backward stepwise regression” method.

2.4. Laccase-mediator treatment (L stage)

Treatments were performed on an amount of 40 g of initial pulp
at 3%odp consistency, using a 50 mM sodium tartrate buffering
solution at pH 4 at 30 ◦C that was supplied with Tween 80 sur-
factant. All tests were carried out in a pressurized reactor. The
four variables used in the experimental design were the laccase
and mediator doses, treatment time and oxygen pressure; the val-
ues used are stated in their respective sections. Control test was
performed in the absence of enzyme and mediator, using a treat-
ment time of 6.5 h and oxygen pressure of 0.6 MPa, which were the
respective maximum values employed in the statistical plan. This
test was intended to expose the effect of temperature, oxygen pres-
sure and washing of the pulp in the absence of the laccase-mediator
system.

2.5. Alkaline extraction (E stage)

The pulp samples obtained from the L stage were subjected to
alkaline extraction (E stage). This treatment was intended to elim-
inate residual lignin not dissolved by the enzyme treatment or
removed by the subsequent washing. The E stage was performed
in a “Datacolor Easydye AHIBA” individual oscillating reactor. An
amount of 5 g of pulp at 5%odp consistency was treated with
1.5%odp NaOH at 90 ◦C for 120 min in each test.

2.6. Reductive treatment (R stage)

This stage was intended to avoid degradation of carbohydrates
in subsequent alkaline stages by effect of the potential formation
of carbonyl groups in cellulose during the enzyme treatment. Pulp
was adjusted to 5% consistency in a polyethylene bag and supplied
with 2 g of solid NaBH4. The reaction was allowed to develop for
30 min, the bag being shaken by hand at 5 min intervals.

2.7. Hydrogen peroxide stage (P stage)

Two pulp samples obtained from the L stage were subjected to
hydrogen peroxide stage. The P stage was performed in a “Data-
color Easydye AHIBA” individual oscillating reactor. An amount of
5 g of pulp at 5%odp consistency was treated with 3%odp de H2O2,
1.5%odp de NaOH, 1%odp de DTPA, 0.2%odp de MgSO4 at 90 ◦C for
120 min in each test.

2.8. Pulp properties

The pulp samples obtained from the L and P stage were analyzed
for brightness, kappa number and viscosity according to the appli-
cable ISO standards, ISO 2470, ISO 302 and ISO 5351-1, respectively.

3. Results and discussion

3.1. Control test
A comparison of the properties of the initial pulp and control
pulp (kappa number of 8.7 and viscosity of 947 mL g−1) reveals that
the latter reduced the kappa number. Therefore, some lignin in the
pulp may have been dissolved by effect of the temperature and
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Table 1
Kappa number, brightness and viscosity in L stage and LE and LR sequences in the preliminary study.

Time Kappa number Brightness (%ISO) Viscosity (mL g−1)

L LE LR L LE LR L LE LR

I 39.8 41.3 932 ± 9 858 ± 6 961 ± 3
1 49.7 41.3 904 ± 22 745 ± 5 907 ± 46
4 54.7 45.5 860 ± 16 736 ± 17 930 ± 16
7 57.4 46.4 820 ± 30 671 ± 11 890 ± 12
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3.3. Statistical analysis

The four variables were normalized to three different values (−1,
0 and 1) for implementation of the factorial design. Table 2 shows

Table 2
Normalized values of the process variables in the L stage.

Variables Factors Normalized values
nitial 10.5 ± 0.1 8.2 ± 0.3 8.9 ± 0.0 36.5
h 9.0 ± 0.3 4.5 ± 0.1 7.0 ± 0.1 41.3
h 7.6 ± 0.2 3.0 ± 0.1 5.2 ± 0.1 38.8
h 7.8 ± 0.2 2.4 ± 0.4 5.4 ± 0.1 41.5

xygen pressure used or in the subsequent washings. Pulp viscosity,
owever, was not affected by the control treatment.

.2. Selection of the high optimization level

Such a level was adopted from tests performed in a reactor at
.6 MPa, using a laccase dose of 25 U g−1, a mediator dose of 3%odp
nd a treatment time of 1, 4 or 7 h. The degree of delignification of
he pulp was calculated from the following equation:

egree of delignification (%) = KN0 − KNf

KN0
100 (1)

here KN0 initial kappa number and KNf final kappa number after
or LE.

As can be seen from Table 1, the kappa number changed simi-
arly as a function of time in the three studied sequences (L, LE and
R). Thus, it exhibited a decreasing trend during the first 4 h of treat-
ent, and a slight change between the 4th and 7th hour in LE—but

one in L or LR. Subjecting the initial pulp to an E stage (without L
tage) the kappa number was reduced by 1.8 units. Therefore, some
ignin present in the initial pulp must have been dissolved in the
lkaline extraction stage. With an L stage, the degree of delignifi-
ation of the pulp after LE exceeded that obtained after L by 22%
hroughout the treatment (from 43 to 51%). Therefore, the L stage
lters lignin in such a way that it is rendered insoluble at pH 4 in L
nd at neutral pH during the subsequent pulp washings, but soluble
n the alkaline extraction stage.

Pulp brightness behaved differently after the L stage and the LE
nd LR sequences (Table 1). In previous studies [24], the brightness
ecrease at the beginning of the treatment was related to the for-
ation of chromophoric groups in the pulp. The alkaline pH used

n the E and R stages altered previously formed groups or resulted
n pulp delignification—and in increased brightness as a result. As

ith the kappa number, the greatest increase in brightness was
btained within the first 4 h of treatment.

Pulp viscosity after L stage and LE sequence decreases with
reatment time (Table 1). Alkaline extraction stage produces a vis-
osity decrease of 150 mL g−1 regarding L stage in the first hour
f treatment. The L stage can have a twofold effect on cellulose in
ulp, namely: (a) direct degradation and (b) alteration of functional
roups in it and facilitation of its oxidation in a subsequent alkaline
reatment. Because viscosity measurements are made in an alka-
ine medium, those made after the L stage actually measured the
xtent of degradation caused by both effects. The reductive stage
R) facilitated reduction of the functional groups in cellulose that
ere oxidized during L; as a result, no degradation of the previ-

usly modified cellulose occurred in the subsequent alkaline stages.
hese results agree with other authors [14,18].

The viscosity remained virtually constant after LR (Table 1).
here was, however, a slight decrease (from 930 to 890 mL g−1) dur-

ng the first 7 h of treatment. Also, the viscosity values exceeded

hose obtained after the L stage. Applying a reductive stage in the
leaching sequence should thus allow part of the viscosity lost dur-

ng the enzyme treatment to be recovered. Therefore, the viscosity
oss in the L stage was a result of the two above-described effects.

graphical comparison of the pulp properties after each sequence
Fig. 1. Relationship between pulp properties in the preliminary study.

reveals correlation between the increase in brightness and reduc-
tion in kappa number after the LR and LE sequences (Fig. 1). No
such correlation seemingly existed after the L stage. The reduction
in kappa number resulted in decreased viscosity after the L stage
and the LE sequence. However, the reduction in kappa number after
LR was accompanied by no change in viscosity.

The values of the variables used in the statistical plan should
result in a fairly large difference between the responses obtained
with high and low levels of the variables. Also, the responses should
fall in the region of greatest slope change from a level to the next.
Because properties varied especially markedly during the first 4 h of
treatment, shorter times (0.5–6.5 h) were chosen in the statistical
plan. Two of the aims of optimizing the laccase treatment were
to reduce the reagent doses – both the enzyme and the mediator
are expensive – and avoid the toxic effects of the mediator. Both
brightness and the kappa number changed markedly in the tests
(to 2.4 and 57.4%ISO, respectively, after the LE sequence). This led
us to also lower the high optimization levels for the enzyme and
mediator doses to 20 U g−1 and 2%odp, respectively.
−1 0 1

Laccase dose (U g−1) X1 1 10.5 20
HBT dose (%odp) X2 0.1 1.05 2
Time (h) X3 0.5 3.5 6.5
Oxygen pressure (MPa) X4 0.2 0.4 0.6
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Table 3
Kappa number and brightness of the pulp after L stage.

X1 X2 X3 X4 Ref. Kappa number Brightness (%ISO)

−1 −1 −1 −1 L 1 9.5 ± 0.1 38.6
1 −1 −1 −1 L 2 9.6 ± 0.0 37.3

−1 1 −1 −1 L 3 9.9 ± 0.2 38.6
1 1 −1 −1 L 4 8.6 ± 0.1 36.3

−1 −1 1 −1 L 5 9.5 ± 0.0 39.9
1 −1 1 −1 L 6 8.8 ± 0.2 37.7

−1 1 1 −1 L 7 8.6 ± 0.1 36.9
1 1 1 −1 L 8 7.2 ± 0.1 38.7

−1 −1 −1 1 L 9 10.1 ± 0.1 39.5
1 −1 −1 1 L 10 8.7 ± 0.1 38.7

−1 1 −1 1 L 11 9.5 ± 0.2 38.2
1 1 −1 1 L 12 9.1 ± 0.1 36.8

−1 −1 1 1 L 13 9.1 ± 0.2 39.1
1 −1 1 1 L 14 9.0 ± 0.1 35.6

−1 1 1 1 L 15 9.1 ± 0.1 36.1
1 1 1 1 L 16 7.2 ± 0.2 38.7
0 0 0 0 L 17 7.7 ± 0.3 –
0 0 0 0 L 18 8.0 ± 0.0 –
0 0 0 0 L 19 8.0 ± 0.0 –

−1 0 0 0 L 20 9.7 ± 0.1 –
0 −1 0 0 L 21 9.5 ± 0.0 –
0 0 −1 0 L 22 9.2 ± 0.0 –
0 0 0 1 L 23 8.2 ± 0.0 –
1 0 0 0 L 24 6.7 ± 0.1 –
0 1 0 0 L 25 6.4 ± 0.1 –
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tributed around a straight line, the differences between the two
ranging from −24 to 12%. In addition, the points in the normal
probability graph Z:N(0,1) vs. residuals fitted a straight line (Fig. 2c).
Based on these results, the model was deemed statistically accurate.

Table 4
Coefficients of the final model (Eq. (4)) as obtained from 27 responses of the kappa
number in the L stage.
0 0 1 0 L 26 6.6 ± 0.0 –
0 0 0 −1 L 27 7.4 ± 0.0 –

he relationship between the process variables and their normal-
zed values in the L stage.

The statistical analysis of pulp properties was based on the
esults of a planned sequence of tests. The experimental design
sed to this end was conducted stepwise in each sequence. Thus,
he results obtained in each stage were used to decide whether the
ext was to be performed.

The first step in a sequential plan is establishing a factorial
esign. The aim is to find a linear model accurately describ-

ng the principal variables (factors) and their mutual interactions
Step 1). To this end, the variance at the centre point and
he residual mean square of the factorial design are subjected
o the homoscedasticity test. If the variance is homogeneous,
hen the model is homoscedastic, that is, the variance is con-
tant throughout the experimental region examined and the
tudy can be extended to the detection of potential curvature
n the fitted data (Step 2). This involves estimating a linear

odel from the terms deemed significant in the previous fac-
orial design and performing replications at the centre point in
rder to check whether any quadratic terms are significant (Step
). If the representative quadratic term is significant, then the
esign is expanded with the test star in order to deconvolute
uadratic terms (Step 4). Finally, the resulting model is verified
Step 5).

.3.1. Statistical analysis of the kappa number in the L stage

.3.1.1. Step 1: kappa number: study of the 24 factorial design. The
4 design was established from tests L 1 to L 16 (see Table 3) and
he probability graph for the saturated model obtained (Eq. (2) and
ig. 2a). Those coefficients falling on the right of the significance
ine in the graph and departing from it were deemed signifi-
ant. This allowed non-significant coefficients for the saturated

odel to be discarded. The model constructed from the coeffi-

ients deemed significant in the previous graphical analysis was
sed to determine the new coefficients for the kappa number and
heir significance (Eq. (3)). All terms in the model were significant
p < 0.05).
neering Journal 152 (2009) 322–329 325

YKN-L = b0 + b1X1 + b2X2 + b3X3 + b4X4 + b12X1X2 + b13X1X3

+ b14X1X4 + b23X2X3 + b24X2X4 + b34X3X4 + b123X1X2X3

+ b234X2X3X4+b124X1X2X4+b134X1X3X4 + b1234X1X2X3X4

(2)

YKN-L = 9.0 − 0.45X1 − 0.33X2 − 0.42X3 − 0.17X1X2 − 0.22X2X3

− 0.13X1X2X3 − 0.22X1X2X3X4 (3)

3.3.1.2. Step 2: study of the variance. In order to detect potential
curvature in a model, variance must be checked in order to verify if
it remains constant throughout the experimental field studied. By
comparing the residual mean square (RMS = 0.48) and variance for
the three centre points (S2

c = 0.03), the model for the kappa number
was found to be homoscedastic (p = 0.80 > 0.05), i.e. the variance was
constant.

3.3.1.3. Step 3: is it influenced by quadratic terms?. In order to facil-
itate detection of potential curvature, the model provided by the
previous 24 factorial design was expanded with the 8 coefficients
previously deemed significant and that representing quadratic
terms. The design matrix contained the central tests L 17 to L 19
(Table 3) and a 24 design with 3 central responses. Based on the
statistical analysis for curvature, the coefficient for the quadratic
terms was 1.0 and significant (p = 0.00). The central tests failed to
identify the individual factor influencing the response in a quadratic
manner; this required using additional tests in the statistical study.

3.3.1.4. Step 4: which factors have a quadratic effect?. In order to
identify those factors exerting a quadratic effect on the response,
the design was expanded with the star points (tests L 20 to L 27)
in order to deconvolute quadratic terms (Table 3). The model thus
obtained using the 24 design with 3 central tests and 8 star points
was also examined.

The final model was constructed from 27 responses and fitted
Eq. (4). The coefficient of determination (R2) was 0.66 and the prob-
ability associated to Fcalc 0.00. Table 4 shows the coefficients of
the model and their significance. The combination of all quadratic
coefficients was 0.96, which is similar to the previously calculated
coefficient representing the quadratic terms.

YKN-L = b0 + b1X1 + b2X2 + b3X3 + b11X1
2 (4)

3.3.1.5. Step 5: verification of the final model. Fig. 2 shows the ver-
ification graphs for the model. As can be seen from Fig. 2b, the
residuals distributed according to no well-defined pattern as a func-
tion of the estimated responses. Also, the kappa number responses
predicted by the model, and the experimental responses, dis-
Coefficients Estimated coefficients Standard error t value Significance

b0 7.9 0.23 35.1 0.00
b1 −0.55 0.16 −3.47 0.00
b2 −0.46 0.16 −2.89 0.01
b3 −0.52 0.16 −3.24 0.00
b11 0.96 0.28 3.46 0.00
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ig. 2. Probability graphs of the model for the kappa number in the L stage. (a) Se
esiduals vs. Z in the normal law.

.3.2. Statistical analysis of brightness in the L stage

.3.2.1. Step 1: brightness: study of the 24 factorial design. Because
4−1
he 2 factorial design allowed the establishment of no accurate

odel to predict brightness, a 24 design was tested instead. Such
design was established from tests L 1 to L 8, L 12 to L 14 and
A to L E (see Table 3) and the corresponding probability graph

or the saturated model obtained (Eq. (5) and Fig. 3). The points in

ig. 3. Semi-normal graph of the saturated model for brightness in the L stage.
rmal graph of the saturated model. (b) Residuals vs. estimated kappa number. (c)

the semi-zeta graph grouped in no definite manner. This may have
been the result of (a) heteroscedasticity (a non-constant variance),
(b) the factor having little influence on the response or (c) exces-
sive experimental noise. Available data allowed no accurate model
for brightness after the L stage to be constructed from the process
variables.

YB-L = b0 + b1X1 + b2X2 + b3X3 + b4X4 + b12X1X2 + b13X1X3

+ b14X1X4 + b23X2X3 + b24X2X4 + b34X3X4 + b123X1X2X3

+ b234X2X3X4 + b124X1X2X4+b134X1X3X4+b1234X1X2X3X4

(5)

3.4. Pulp property models

3.4.1. Model for the kappa number in the L sequence
The model relating the kappa number of the pulp after the L

stage to the process variables fitted Eq. (6) and predicted kappa
numbers from 10.4 to 6.9. The variables influencing the kappa num-
ber were X1 (laccase dose), X2 (mediator dose) and X3 (treatment
time). The oxygen pressure in the reactor, X4, had no effect on this
property. The most influential variable in the studied experimen-
tal region was X2 (the HBT dose), with a coefficient of −0.55. All
binary interactions between the variables laccase dose (X1), medi-

ator dose (X2) and treatment time (X3) do not influence the kappa
number. The factor laccase dose had a quadratic influence on the
response (X2

1 ). An increase in the individual factors resulted in a
decrease in kappa number whereas the quadratic terms tended to
increase it.
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Fig. 4. Variation of the kappa number in the L s

KN-L = 7.9 − 0.55X1 − 0.46X2 − 0.52X3 + 0.96X1
2 (6)

here X1 = (L − 10.5)/9.5, L = laccase dose (U g−1); X2
(M − 1.05)/0.95, M = HBT dose (%odp); X3 = (t − 3.5)/3, t = reaction

ime (h).
Fig. 4 shows the surface plots for the model corresponding to

he equation obtained with one of the variables at its low, medium
r high level, and Fig. 5 the contour lines obtained with one of the
actors at its high level, and also the combinations of reagent doses
nd time which afford a given brightness level.

The kappa number decreased to a minimum value with increas-
ng value of each factor beyond which it became slightly greater
Fig. 4b). The smallest kappa number provided by the statistical plan
as 6.9 and corresponded to X1 = 0.29, X2 = 1 and X3 = 1 (viz. a lac-

ase dose of 13 U g−1 an HBT dose of 2%odp and a treatment time of
.5 h). Therefore, the smallest possible kappa number was obtained
t the highest HBT dose and longest time used in the plan. Increasing
he HBT dose and treatment time over the studied ranges decreased
he kappa number irrespective of the particular laccase dose used
Fig. 4a). The model predicted a limiting laccase dose above which

further increase would result in no additional reduction in kappa
umber. This result suggests that some lignin was inaccessible to
he reagents and remained in the pulp, thereby preventing the L
reatment form further reducing the kappa number [25].

ig. 5. Contour lines for kappa number in the L stage as obtained at a treatment time
3 = 1 (6.5 h).
s a function of the factors of the statistical plan.

When laccase and HBT doses are low (X1 = −1, X2 = −1) there is
practically no delignification (Fig. 4a), kappa number is 10.4 at 0.5 h
and decrease to 9.4 at 6.5 h. By other hand, when both doses are
high the kappa number is reduced in the first 30 min to 8.4 h and
to 7.4 at 6.5 h. Independently of the doses, increasing the treatment
time from 30 min to 6.5 h reduced the kappa number by 1 unit (the
curves obtained at the different times were parallel). As can be seen
from Fig. 4b, with a low laccase dose (X1 = −1) and a high HBT dose
(X2 = 1), the kappa number remained unchanged at 9.5 over the first
30 min of treatment. Increasing the time from 0.5 to 6.5 h the kappa
number is reduced to 8.5.

As can be seen in Fig. 4, increasing laccase dose from a low value
resulted in substantial reductions in kappa number. As the dose
was increased and the kappa number approached its limit, obtain-
ing an equivalent reduction required using a substantially higher
enzyme dose. Increasing HBT dose from 0.1 to 2%odp, similarly to
time, reduced the kappa number by 1 unit, the curves obtained
were parallel (Fig. 4).

3.4.2. Determination of the reagent limiting dose
Equation Eq. (7), which was obtained by zeroing the derivative of

the model equation with respect to factor X1, allowed the limiting
laccase dose, X1−lim, above which a further increase would provide
no additional decrease in kappa number to be calculated. Based
on Eq. (7), the limiting dose, X1−lim = 0.29 (13 U g−1), provided the
smallest possible kappa number: 6.9. However, a lower laccase dose
resulted in similar reductions.

X1−lim = −b1

2 b11
= 0.29 (7)

3.4.3. Determination of the reagents optimal doses
Obtaining a kappa number less than 7.0 required using a time

level X3 = 1 and a laccase dose X1 < 1 (Fig. 5). With X3 = 1 and the low-
est possible HBT dose, the laccase dose (X1) should exceed 0.3; also,
the HBT dose (X2) should exceed 0.6. Accepting a 0.5 unit greater
kappa number (i.e. 7.5 instead of 7) would provide a 30% saving
in HBT, since X2 should be −0.3 (0.8%odp) and laccase dose X1 = 0
(10 U g−1).

3.4.4. Brightness in the L sequence
Brightness ranged from 35.6 to 39.9%ISO (Table 3). As noted ear-

lier, no accurate mathematical model for this pulp property could

be established. Pulp brightness was correlated with none of the
process variables. In fact, it was uncorrelated with the kappa num-
ber (Fig. 6) – as is usually the case with conventional bleaching
processes – and hence with the reduction in lignin content of the
pulp. As revealed by the pulp color tests in previous studies [24],
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Table 5
Viscosity after L stage.

Ref. Laccase dose (U g−1) HBT dose (%odp) Time (h) Oxygen pressure (MPa) Viscosity (mL g−1)

Low 0.5 0.1 0.5 0.2 930 ± 38
0.6 939 ± 11

Medium 10 1.1 3.5 0.4 876 ± 16
0.4 857 ± 02

High 20 2 6.5 0.6 843 ± 08
0.2 835 ± 15

I – – 952 ± 10
C 6.5 0.6 947 ± 20

t
w
h
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b
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w
r
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d
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d
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e
k

3

e
l
7
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s
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nitial – –
ontrol – –

he brightness difference between enzyme-treated and initial pulp
as a result of the formation of chromophores during the first few
ours of treatment.

.4.5. Viscosity in the L sequence
Table 5 gives the viscosity values obtained after the L stage

y using the variables at their low, medium and high levels. The
esponse ranged from 835 to 939 mL g−1. Pulp viscosity decreased
ith increasing reagent doses and treatment time. However, the

esults allowed no individual factor to be identified as that result-
ng in the greatest viscosity loss. Such a loss was a consequence of
irect degradation of cellulose, alteration of its functional groups
r both. The greatest viscosity change was 104 mL g−1, which was
eemed inadequate to develop an accurate mathematical model to
redict the viscosity as a function of the variables of the L stage. A
raphical comparison of the pulp properties studied reveals that the
iscosity and kappa number followed a clear-cut trend that fitted a
traight line with a coefficient of determination R2 better than 0.94
Fig. 7); there was thus a linear relationship between both prop-
rties. Therefore, the viscosity may be influenced similarly to the
appa number by the process variables.

.4.6. LP sequence
Kappa number and brightness after the LP sequence in those

nzymatic treatments when process variables in L stage are in a low

evel are (5.6 ± 0.1 and 60.7%ISO) and in a high level (2.4 ± 0.1 and
5.2%ISO). A P stage produces an increase in pulp delignification and
rightness regarding enzymatic treatment. Pulp properties after P
tage depends on L stage variables. Differences of 3.2 and 9.5%ISO
n kappa number and brightness, respectively, can be observed

Fig. 6. Brightness vs. kappa number in L stage.
Fig. 7. Viscosity vs. kappa number in L stage. In the figure, X1 = X2 = −1 (©), X1 = X2 = 0
(�) and X1 = X2 = 1 (�).

between both treatments. The LP biochemical sequence allows
obtaining a high final brightness on flax pulp.

4. Conclusions

Flax pulp was bleached by using laccase–HBT system, where
their operating conditions were optimized. The pre-experiences
(high HBT and laccase doses and pressure, and variable treatment
times) revealed that the pulp properties obtained after the L stage,
and the LE and LR sequences, were essentially identical with treat-
ment times from 4 to 7 h. This, together with the need to minimize
the laccase and HBT doses, led us to reduce the reagent doses and
reaction time to be used in the optimization process.

The ranges of the operational variables were: 1–20 U g−1 for
the laccase dose, 0.1–2%odp for the HBT dose, 0.5–6.5 h for the
treatment time and 0.2–0.6 MPa for the oxygen pressure inside the
reactor. A comparison of the properties of the control pulp with
those of the pulp obtained after the L stage revealed that the treat-
ments involving a low laccase and HBT doses resulted in properties
similar to those provided by the control treatment. Therefore, the
laccase-mediator system is ineffective with a laccase dose of 1 U g−1

and an HBT dose of 0.1%odp.
The experimental responses of the statistical study revealed that

changing the oxygen pressure in the reactor from 0.2 to 0.6 MPa

had no effect on delignification; therefore, a pressure of 0.2 MPa
was enough for the intended purpose. The kappa number decreased
with increasing value of each process variable up to a limiting level
of 6.9, which was obtained with a laccase dose of 13 U g−1, an HBT
dose of 2%odp and a time of 6.5 h. The model predicted a limiting
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accase dose of 13 U g−1 above which further increasing it would
esult in no additional reduction in kappa number. On the other
and, the model predicted no limiting HBT dose or treatment time;
herefore, increasing the HBT dose and treatment time above 2%odp
nd 6.5 h, respectively, might in theory reduce the kappa number
elow 6.9. The kappa number obtained in the tests involving some-
hat higher values of the process variables (viz. a laccase dose of

5 U g−1, an HBT dose of 3%odp, a treatment time of 7 h and an oxy-
en pressure of 0.6 MPa) was 7.8, which is higher than the smallest
evel provided by the statistical plan. Therefore, further increasing
he HBT dose and/or treatment time would probably not reduce the
appa number in a substantial manner.

No accurate mathematical model relating the brightness of pulp
o the process variables could be obtained. Unlike conventional
leaching processes, brightness was not correlated with the kappa
umber, nor with the reduction of the amount of lignin in the pulp
s a result. This behavior, and the increased or decreased brightness
f enzyme-treated pulp relative to the initial pulp, was a result of the
ormation of chromophores in the pulp during the first few hours
f treatment.

Pulp viscosity decreased with increasing reagent doses and
reatment time. This viscosity loss was a result of direct degradation
f cellulose, alteration of its functional groups or both. The greatest
iscosity change was 104 mL g−1, which was deemed inadequate to
stablish an accurate mathematical model for viscosity in terms of
he process variables of the L stage.

Pulp properties after P stage depends on L stage variables. Dif-
erences of 3.2 and 9.5%ISO on kappa number and brightness,
espectively, can be observed between both treatments. The LP bio-
hemical sequence allows obtaining a final brightness of 75.2%ISO.
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