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bstract

Pycnoporus cinnabarinus laccase was compared with commercial laccases from Trametes villosa and Myceliophthora thermophila in terms
f stability and mediator oxidation rates. Because of its high thermal stability and efficiency oxidizing 1-hydroxybenzotriazole (HBT), the P.
innabarinus laccase was selected for totally chlorine free (TCF) bleaching of paper pulp, using HBT as mediator. Inactivation of laccase by HBT
50% in 4 h) decreased 20% in the presence of eucalypt kraft pulp. Laccase–HBT delignified (four points-decrease of kappa number with respect
o the control) and bleached eucalypt pulp (6% ISO brightness increase) and subsequent alkaline treatment with hydrogen peroxide enhanced
ulp brightness in 16% ISO. Short enzymatic treatment applied between oxygen delignification and peroxide bleaching stages enabled to obtain
final pulp with 90.3% ISO brightness and kappa number 5. The most significant improvement of pulp properties was produced during the first
h of laccase–HBT treatment, and no differences between enzyme performances at 65 and 50 ◦C were seen. Determination of hexenuronic acids,

hich contributed up to 50% to kappa number value after laccase-mediator treatment of eucalypt kraft pulp, provided a more realistic estimation
f the final delignification rate that attained 81%. FTIR analysis of residual lignins from the treated pulps revealed strong modifications during
accase–HBT treatment.

2006 Elsevier Inc. All rights reserved.
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. Introduction

Enzymes constitute environmentally friendly alternatives to
he use of chlorinated chemicals in pulp and paper manufactur-
ng. Several pulp mills in Europe and North America already
ncorporate enzyme-aided processes to reduce consumption of
hemicals and contamination in their bleaching sequences by
sing xylanases [1]. These enzymes hydrolyze the xylan repre-
ipitated on the surface of cellulosic fibres after kraft cooking,
ontributing to release lignin, but the effect on pulp bleachability
s limited. On the other hand, the efficiency of fungal laccases in
he presence of mediators, the so-called laccase-mediator sys-

ems, to delignify different types of pulps has been demonstrated
2–5], being the most promising enzymatic systems for environ-
entally sound bleaching. The most effective laccase mediators

∗ Corresponding author. Tel.: +34 918373112; fax: +34 915360432.
E-mail address: susanacam@cib.csic.es (S. Camarero).

i
A
i
p
c
i
m

141-0229/$ – see front matter © 2006 Elsevier Inc. All rights reserved.
oi:10.1016/j.enzmictec.2006.03.019
riazole; Eucalypt kraft pulp; TCF-bleaching

escribed elsewhere for pulp delignification are those contain-
ng an N–OH functional group, like 1-hydroxybenzotriazole
HBT) [2,6]. The application of laccases in industrial bleach-
ng sequences would not significantly increase costs since lac-
ases use oxygen as electron acceptor and could be produced
n large amounts at reasonable price. However, there are several
onstraints that should be overcome before the industrial imple-
entation of the laccase-mediator systems, such as the choice

f the best enzyme and mediator in terms of efficiency, cost and
nvironmental safety.

Kraft pulping represents more than 50% of the worldwide
ulp production. Eucalypt wood provides a fibre of strategic
nterest for Spain and other Southern countries in Europe and
merica, and is having increasing interest for pulp and paper

ndustry due to its excellent characteristics for writing and

rinting paper, tissue paper, etc. The laccase from Pycnoporus
innabarinus is compared here with two commercial laccases,
n terms of their thermal and pH activity and stability for enzy-

atic pulp bleaching. Then, it is used to delignify (and bleach)

mailto:susanacam@cib.csic.es
dx.doi.org/10.1016/j.enzmictec.2006.03.019
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ucalypt kraft pulp in combination with oxygen and peroxide
reatments, resulting in significantly higher brightness and lower
appa number values than obtained when applying only chem-
cal bleaching agents.

. Materials and methods

.1. Pulp samples

Eucalyptus globulus kraft pulps were produced at the ENCE mill in Pon-
evedra (Spain). Brown (unbleached) pulp with 15.8 kappa number, 36.7% ISO
rightness and 1239 mL/g viscosity, and oxygen delignified pulp with 9.7 kappa
umber, 61.0% ISO brightness and 963 mL/g viscosity were used for the opti-
ization of laccase–HBT treatment.

.2. Enzymes

P. cinnabarinus laccase, produced by Beldem (Andenne, Belgium) from the
onokaryotic hyperproducing strain ss3 [7], was compared with two commer-

ial laccases from Trametes villosa and Myceliophthora thermophila supplied
y Novozymes (Denmark). Laccase activity was determined by measuring
he oxidation of 5 mM 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)
ABTS) buffered with 100 mM sodium acetate (pH 5) at 24 ◦C. Formation of
he ABTS cation radical was monitored at 436 nm (ε436 = 29,300 M−1 cm−1).
ne unit of enzyme activity was defined as the amount of enzyme that trans-

orms 1 �mol of substrate per minute. All spectrophotometric measurements
ere carried out on a Shimatzu UV–vis 160.

.3. Enzyme stability and optimal pH and temperature

Laccases (800 mU/mL initial activity) were incubated in 100 mM
itrate–phosphate–borate buffer (pH range from 2 to 10) during 24 h at 24 ◦C
o determine their stability at those pH. The activities of the respective laccases
t different times were determined with 5 mM ABTS as substrate, in sodium
cetate buffer, pH 5, as described in Section 2.2.

The optimum pH was investigated in the same range (pH 2–10). The initial
ctivity of each enzyme at the different pH was analyzed using 5 mM ABTS, in
00 mM citrate–phosphate–borate buffer, as substrate.

Thermal stability was determined using the same dose of enzyme in 100 mM
itrate–phosphate–borate buffer (at pH 4 for P. cinnabarinus and T. villosa lac-
ases, and pH 7 for M. thermophila laccase) at different temperatures (30, 40,
0, 60, 70 and 80 ◦C) during 24 h.

The optimum temperature for the three laccases was measured in the same
ange of temperatures (30–80 ◦C) in 100 mM acetate buffer, pH 5, as described
n Section 2.2.

.4. Oxidation of HBT/ABTS

Oxidation of HBT (from Sigma–Aldrich) by P. cinnabarinus, T. villosa and
. thermophila laccases was assayed with 600 mU/mL of enzyme in 100 mM

odium tartrate buffer (pH 4). Two different HBT concentrations were assayed:
.33 mM HBT, the molar concentration used in the bleaching assays, or 100 mM,
ear saturating concentration (more concentrated solutions are difficult to han-
le). Oxidation of 3.3 mM ABTS with 5 mU/mL of laccase in the same buffer
as assayed for comparison.

.5. Laccase inactivation by the mediator

Activity of P. cinnabarinus laccase (600 mU/mL initial activity) was fol-

owed during 12 h at 50 ◦C, in 50 mM sodium tartrate buffer (pH 4) in the
bsence or presence of 3.33 mM HBT. The effect of pulp was evaluated by
ollowing the activity (20 U initial activity/g of pulp) during 4 h in the presence
1.5% w/w, equivalent to 3.33 mM) or absence of HBT using 1 g (dry weight)
f brown kraft pulp (3% consistency) at 50 ◦C, in 50 mM sodium tartrate buffer
pH 4).

N
1
t
a
t
s
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.6. Laccase-mediator treatments

Optimization of the laccase-mediator treatment was carried out in dupli-
ate with 10 g (dry weight) of brown pulp at 3% consistency in 50 mM sodium
artrate buffer (pH 4), using 20 U/g of P. cinnabarinus laccase and 1.5% or 3%
w/w) HBT (all relative to pulp dry weight). Tween 80 (0.05% w/v) was added as
urfactant. The treatments were carried out in flasks under O2 atmosphere (con-
inuous bubbling) in a thermostatic shaker, at 160 rev/min and 50 ◦C, for 12 h.
s controls, pulps were treated under identical conditions but without enzyme.

.7. Combination of enzymatic and chemical treatments

The laccase-mediator treated eucalypt pulp was extracted with alkali (1.5%
aOH, for 1 h at 60 ◦C and 5% consistency) or treated with hydrogen peroxide

3% H2O2 in 1.5% NaOH, for 2 h at 90 ◦C and 5% consistency).
A complete bleaching TCF sequence was also performed onto both brown

nd oxygen-delignified eucalypt kraft pulps treated with laccase-mediator (10%
onsistency), where a chelation treatment, using 0.3% diethylentriaminepen-
aacetic acid (DTPA from Sigma–Aldrich; 1 h at 85 ◦C, pH 5–6), was included to
mprove the performances of the hydrogen peroxide (3.0% H2O2, 1.5% NaOH,
.1% SO4Mg and 0.5% Si2O3Na2). This peroxide treatment was applied in two
teps, the first one under pressurized oxygen (2 h at 105 ◦C, under 6 kg/cm2 O2

ressure) and the second one under atmospheric pressure (3.5 h at 98 ◦C).

.8. Evaluation of pulp properties

Pulp brightness, kappa number (as estimation of lignin content) and vis-
osity (determined as the intrinsic viscosity of a sample of cellulose dissolved
n a diluted solution of cupri-ethylenediamine) were estimated by ISO standard

ethods [8]. The content of hexenuronic acids (HexA) in pulps was measured by
pectrophotometric quantitation of the furan derivatives produced by the acidic
ydrolysis of hexenuronic acids [9]. The contribution of lignin to kappa number
as calculated from the following equation:

a = 0.086 HexA + Kr

here the real kappa number, which corresponds to the lignin content (Kr), is
alculated from the difference between the apparent kappa number measured by
tandard methods (Ka) and the kappa number due to hexenuronic acid content.
he latter is estimated after calculating the corresponding conversion factor
ccording to the contribution of 0.86 units to the kappa number by every 10 �mol
f HexA.

Two selectivity indexes were calculated on the basis of decrease of kappa
umber (SlcK) or increase of brightness (SlcB) with respect to integrity of initial
ulp estimated from cellulose viscosity, according to the following equations:

lcK =
(

Ki − Kf

Vi − Vf

)

lcB =
(

Bf − Bi

Vi − Vf

)

here Ki and Kf correspond to initial and final kappa number, Bi and Bf to initial
nd final brightness and Vi and Vf to initial and final pulp viscosity, respectively.

.9. Spectroscopic analysis of residual lignin in the brown and
leached pulp

Residual lignins were isolated from brown and bleached pulps by enzy-
atic hydrolysis of cellulose with Trichoderma reesei cellulase (Econase CEP,

rom AB-Enzymes) and Aspergillus niger �-glucosidase (Novozym 188, from
ovozymes), for 48 h at pH 5 (50 mM sodium acetate buffer), 50 ◦C, and

80 rpm, using 5% pulp consistency [10]. These residual lignins contained con-
aminating protein from the enzymatic hydrolysis, and were purified using an
lkaline protease from Bacillus licheniformis (Subtilisin type VIII, Sigma) in
he first purification step, and dimethylacematide (DMAC) and NaOH for the
ubsequent solvent extraction purification.
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FTIR spectra were obtained with a Bruker IF-28 spectrometer using 1 mg of
ignin in 300 mg of KBr. A total of 50 interpherograms were accumulated, and
he spectra were corrected by baseline subtraction between valleys ca. 1850 and
00 cm−1.

. Results

.1. Comparison of three fungal laccases
The stability and optimal temperature and pH of the P.
innabarinus laccase were compared with those of two commer-
ial fungal laccases from T. villosa and M. thermophila. Laccases
rom P. cinnabarinus and T. villosa were highly stable in a wide

F
t
o
(

ig. 1. Comparison of pH stability (left) and temperature stability (right) of laccases f
) laccases. Enzyme stability towards pH was estimated at 24 ◦C in 100 mM citrate–p
hermostability was calculated after incubation of laccases in 100 mM citrate–phosp

or M. thermophila laccase) at different temperatures (30–80 ◦C), during 1 (�), 2 (�
Technology 39 (2006) 1319–1327 1321

H range from 4 to 9 (Fig. 1A and B). In contrast, M. ther-
ophila laccase was unstable below pH 6 (Fig. 1C) but highly

table at alkaline pH, showing total activity after 24 h at pH 10
compared to 40% and 20% of initial activity of the other two
accases). The three laccases were completely inactivated after
4 h at pH 2, and only P. cinnabarinus laccase was 100% stable
t pH 3 for 24 h.

On the other hand, P. cinnabarinus and M. thermophila lac-
ases showed higher thermal stability than T. villosa laccase.

ull or almost full activity was observed after 1 h at 60 ◦C for

he two former laccases (Fig. 1D and F), whereas the activity
f T. villosa laccase began to decrease significantly at 50 ◦C
only 30% of activity remained after 8 h) (Fig. 1E). This laccase

rom P. cinnabarinus (A and D), T. villosa (B and E) and M. thermophila (C and
hosphate–borate buffer (pH 2–10) after 0 (�), 8 (�) and 24 h (�) of incubation.
hate–borate buffer (pH 4 for P. cinnabarinus and T. villosa laccases, and pH 7
), 4 (�), 8 (�) and 24 h (©).
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Fig. 2. Arrhenius plots showing the straight-line relationships between the 50%
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Fig. 3. Optimal pH (A) and temperature (B) of P. cinnabarinus (�), T. villosa
(
n
t
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eactivation times (t1/2) of M. thermophila (�), P. cinnabarinus (�) and T. villosa
�) laccases compared with the exponential of the inverse of temperature, 1/T
K−1).

as completely inactivated after 1 h at 70 ◦C, whereas M. ther-
ophila and P. cinnabarinus laccases showed, respectively, 50%

nd 20% of the initial activity. Thermal deactivation of the three
accases followed the exponential decay model as a function
f time. The deactivation constants (Kd) for each temperature,
btained from the slopes of the adjusted straight-lines, were
otably higher in the case of T. villosa laccase for temperatures
bove 50 ◦C. The enzymes half-life (t1/2), which corresponds
o the time period necessary for the residual enzyme activity to
ecrease to 50% of its initial value at a certain temperature, were
alculated and Arrhenius plots were drawn for comparison of the
ffect of temperature on the t1/2 of each laccase (Fig. 2), permit-
ing the calculation of the corresponding deactivation energies
Ed). The Ed of the three laccases are shown in Table 1 together
ith their respective T50, temperature needed for 50% deactiva-

ion of the enzyme (in 1 h). The values for both Ed and T50 were

igher for M. thermophila laccase > P. cinnabarinus laccase > T.
illosa laccase, showing the order of their thermal stabilities.

The three laccases showed their optimal activity in the range
f pH 3–4.5 (Fig. 3A), although M. thermophila laccase dif-

able 1
eactivation energies (Ed) and temperatures needed for 50% deactivation (T50)
f laccases from M. thermophila, P. cinnabarinus and T. villosa

accases Ed (kJ mol−1) T50 (1 h) (◦C)

. thermophila 123 70
. cinnabarinus 118 66
. villosa 106 61

t
H
f
h
t
t
t
u
T
fi
b
w

�) and M. thermophila (�) laccases. Laccase activity as a function of pH was
ormalized to the optimum pH. Increase of laccase activity as a function of
emperature was referred to the activity found at 30 ◦C.

ered from the other laccases in its capacity to work at pH
.5–8. The activities of the M. thermophila and P. cinnabarinus
accases increased with temperature in the range of 40–90 ◦C,
owever this was not the case with the T. villosa laccase
Fig. 3B).

Comparison of HBT oxidation by the three laccases showed
hat P. cinnabarinus and T. villosa laccases efficiently oxidized
BT whereas laccase from M. thermophila did not. The two

ormer laccases showed similar HBT oxidation rates, slightly
igher for P. cinnabarinus laccase. When assaying 3 mM HBT,
he molar concentration to be utilized in the bleaching assays,
he activity of P. cinnabarinus and T. villosa laccases decreased
o values around 16–18% with respect to the activities obtained
sing 100 mM HBT (a concentration near saturating conditions).

he activities with 3.3 mM HBT were maintained during the
rst 3 h of reaction. On the contrary, no HBT oxidation could
e observed by M. thermophila laccase throughout 6 h period. It
as possible to conclude that P. cinnabarinus laccase exhibited
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etter properties than the two commercial laccases for enzymatic
ulp bleaching, and therefore, it was selected for TCF bleaching
f eucalypt kraft pulp in the presence of HBT.

Oxidation of HBT by P. cinnabarinus laccase is notably
oorer than ABTS oxidation and requires significantly higher
ubstrate concentrations to saturate the enzyme, according to
he respective Km, in the mM range for HBT and �M for ABTS
11]. For this reason, the presence of HBT might not interfere
n the measurement of laccase activity using ABTS as substrate
see Section 3.2).

.2. Laccase inactivation

Enzyme inactivation by the oxidized species of some medi-
tors is a general drawback of the laccase-mediator systems.
efore initiating the bleaching experiments with eucalypt pulp,
volution of the activity of P. cinnabarinus laccase was followed
long 12 h incubation period, in the presence or absence of HBT.
ifty percent of residual laccase activity remained after 12 h
t 50 ◦C in the absence of HBT. However, in the presence of
.3 mM HBT (the molar concentration to be used in pulp treat-
ents), laccase was strongly inactivated, and only 9% activity

ould be recovered after 12 h of incubation (Fig. 4A). The most
mportant inactivation of laccase by HBT (more than 50%) was
roduced during the first 4 h. In order to determine the extension
f inactivation of the enzyme that would be produced during pulp
reatment with laccase–HBT, residual activity was measured in
he presence of 1.5% (w/w) HBT (equal to 3.3 mM) and kraft
ulp (Fig. 4B). In the presence of pulp, the inactivation of laccase
y HBT was lowered around 20% compared to results obtained
hen pulp was not present.

.3. Effect of the enzymatic treatment

The capability of the laccase–HBT system to delignify and
leach eucalypt kraft pulp was determined by treating brown
ulp with P. cinnabarinus laccase in the presence of HBT.
accase treatment (12 h) was assayed with two different HBT
oncentrations (1.5% and 3% w/w) and followed by alkaline
xtraction. The kappa number (an estimation of the lignin con-
ent in pulp), brightness and viscosity (an estimation of the

ntegrity of cellulose) of the resulting pulps are shown in Table 2.
he enzymatic treatment produced four points decrease of kappa
umber and 6% ISO brightness increase (with respect to the con-
rol pulp without enzyme).

s
n
w

able 2
roperties of eucalypt brown pulp after laccase–HBT treatment (using two different

reatment

After alkaline extraction

Brightness (%ISO) Kappa number Viscosity

nitial brown pulp 38.6 ± 0.1 14.4 ± 0.1 1227 ± 1
ontrol pulpa 45.4 ± 0.0 13.1 ± 0.0 1249 ± 0
accase + 1.5% HBT 51.4 ± 0.0 8.9 ± 0.0 1021 ± 6
accase + 3% HBT 46.7 ± 0.8 9.6 ± 0.4 1056 ± 4

a Control pulp: pulp treated under the same conditions (1.5% HBT, pH 4, 50 ◦C, an
f laccase alone (�), laccase with HBT (�), laccase in the presence of brown
ucalypt kraft (�) and laccase with HBT in the presence of brown eucalypt kraft
ulp (©), are indicated.
A hydrogen peroxide treatment after the enzymatic treatment
ignificantly extended pulp bleaching attaining 16% ISO bright-
ess increase (whereas the four-point reduction of kappa number
as maintained). Final viscosity was 120 points lower than in the

concentrations) followed by alkaline extraction or alkaline hydrogen peroxide

After H2O2 treatment

(mL/g) Brightness (%ISO) Kappa number Viscosity (mL/g)

.0 54.5 ± 0.2 11.5 ± 0.1 1056 ± 11.0

.0 57.6 ± 0.0 11.1 ± 0.0 1051 ± 0.0

.0 73.6 ± 0.4 7 ± 0.2 932 ± 23.0

.0 70.2 ± 1.1 7.1 ± 0.4 941 ± 11.0

d 12 h) without laccase.
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Table 3
Effect of laccase–HBT treatment on oxygen-delignified eucalypt pulp, and after subsequent chelation and peroxide treatment

After enzymatic treatment After chelation and H2O2 treatments

Brightness (%ISO) Kappa number Viscosity (mL/g) Brightness (%ISO) Kappa number Viscosity (mL/g)

Initial oxygen pulp 61.0 ± 0.0 9.7 ± 0.0 963 ± 0.0 85.8 ± 0.0 6.3 ± 0.0 771 ± 0.0
C a 0.0 86.5 ± 0.9 6.2 ± 0.0 649 ± 28.0
L 0.0 90.1 ± 0.4 5.0 ± 0.1 589 ± 13.0

◦C, and 12 h) without laccase.
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Table 4
Comparison of final pulp properties when applying the laccase–HBT treatment
before or after oxygen delignification, followed (in both cases) by chelation and
peroxide treatments

Brightness
(%ISO)

Kappa
number

Viscosity
(mL/g)

Controla-oxygen 85.1 6.4 914
Laccase-oxygen 87.5 5.3 866
Oxygen-controla 85.1 5.8 728
Oxygen-laccase 90.3 5 682

(

d
n
s
s
w
o

t
(
n
k
when laccase–HBT system was applied onto brown pulp (Fig. 6).
Moreover, laccase–HBT system was, in general, more selective
during short-term treatments (first 2 h).
ontrol pulp 63.2 ± 0.0 8.5 ± 0.0 963 ±
accase–HBT 67.0 ± 0.0 7.0 ± 0.0 886 ±
a Control pulp: pulp treated under the same conditions (1.5% HBT, pH 4, 50

ontrol pulp. The decrease of viscosity was, however, lesser than
btained after alkaline extraction of the laccase-treated pulp.
o improvement of the above pulp properties was found when
BT concentration was increased to 3% (w/w). Therefore, 1.5%

w/w) HBT was used in the subsequent treatments. Finally, it was
bserved that laccase activity decreased during pulp treatment,
eing 44% of the initial activity after 4 h treatment and 19% after
2 h.

.4. Optimization of pulp treatment conditions

Laccase-mediator treatment was combined with additional
xygen, chelation and peroxide treatments to improve the final
roperties of the eucalypt pulps. Laccase–HBT was firstly
pplied to an oxygen-delignified pulp and followed by chela-
ion (to remove metals destroying H2O2) and peroxide treatment.
ulp brightness, kappa number and viscosity after the enzymatic

reatment and after full bleaching are presented in Table 3. Final
ulp brightness and kappa number were markedly better than
btained in the previous bleaching where only laccase-mediator
nd peroxide treatments were applied (Table 2), but the delig-
ification produced by the enzymatic treatment was lower. In
similar way, loss of pulp viscosity (60-points decrease) was

ower when treating oxygen-delignified pulp than when using
rown pulp (referred both to the controls without enzyme). On
he other hand, residual laccase activity was lower than in brown
ulp treatment (35% of the initial activity after 4 h, and 12% after
2 h).

In order to determine the best point to incorporate the enzy-
atic treatment into an industrial-type TCF bleaching sequence

consisting of oxygen, chelation and peroxide stages), the per-
ormances of laccase–HBT treatment before or after the oxy-
en delignification step were compared. Industrial brown and
xygen-delignified eucalypt kraft pulps were used, respectively.
omparison of the resulting final pulp properties showed sim-

lar decrease of viscosity and similar final kappa number in
oth cases, but the highest brightness was obtained when the
nzymatic treatment was applied after the double oxygen stage
Table 4).

Increase of temperature and reduction of reaction time are
mportant to incorporate the enzymatic treatment into industrial
leaching processes where reaction times are short and tempera-
ures high. Thus, laccase–HBT treatment was assayed at shorter

imes (from 1 to 8 h) using two different temperatures (50 and
5 ◦C), and the evolution of final pulp brightness and kappa
umber was monitored. Fig. 5 shows the final pulp properties
fter different times of laccase-mediator treatment (of oxygen

F
(
(
p

a Control: pulp treated under the same conditions of the enzymatic treatment
1.5% HBT, pH 4, 8 h and 50 ◦C) without laccase.

elignified pulp) followed by peroxide bleaching. The most sig-
ificant enhancement of pulp properties by the laccase–HBT
ystem was produced during the first 2 h of treatment, and no
ignificant differences in final pulp properties were observed
hen the enzymatic treatment was carried out at 65 ◦C instead
f 50 ◦C.

Selectivity of the laccase–HBT treatment was calculated on
he basis of viscosity preservation during the delignification
decrease of kappa number) and bleaching (increase of bright-
ess) process, as regards to initial pulp. Selectivity referred to
appa decrease (SlcK) or brightness increase (SlcB), was higher
ig. 5. Optimization of O–O–L–Q–PoP sequence: Evolution of brightness
%ISO) at 50 ◦C (�) or 65 ◦C (�) and kappa number at 50 ◦C (�) or 65 ◦C
©) during 8 h of treatment, using oxygen-delignified eucalypt kraft pulp in
resence of P. cinnabarinus laccase (20 U/g) plus 1.5% of HBT.
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Fig. 6. Selectivity indexes estimated as kappa number decrease (SlcK, in white
bars) or brightness increase (SlcB, in black bars) with regards to viscosity
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reservation, during the laccase–HBT treatment (1–8 h) of brown pulp (A) or
xygen-delignified pulp (B), followed in both cases by chelation and peroxide
reatments.

.5. Lignin in the bleached pulps

It is known that the presence of hexenuronic acid groups in
ulps interfere the estimation of lignin content by kappa num-
er measurement, increasing the apparent kappa number (Ka)
alues. The content of hexenuronic acids decreased slower than
he content of lignin (estimated by Kr) during standard pulp
leaching. In this way, the contribution of hexenuronic acids
o kappa number increased from eucalypt brown pulp (24%) to
CF bleached pulp (49%), especially when an enzymatic treat-
ent being selective for lignin was included (54%).
Residual lignins from the laccase–HBT treated pulps were

solated and analyzed by FTIR spectroscopy for comparison.
he FTIR spectra of eucalypt kraft pulps showed the typical

ignin patterns, with the aromatic bands around 1600 cm−1 and
he characteristic triplet between 1422 and 1504 cm−1 [12],
nd presented a higher intensity of signals assigned to syringyl
S) type lignin units (1331 cm−1 band) than to guaiacyl (G)
nits (1266 cm−1 shoulder) [13]. Strong modification of lignin
as observed after the laccase-mediator treatment compared
ith the corresponding control (oxygen-delignified pulp treated
nder the same conditions without enzyme) (Fig. 7). Impor-
ant increases of the 1660 cm−1 band corresponding to car-
onyl groups conjugated with the aromatic ring was observed.
ecrease of lignin S/G ratio was also observed by the increase
f the band at 1266 cm−1 (G units) and the slight decrease of that
t 1331 cm−1 (S units), together with changes in other bands.

. Discussion

The three laccases under study showed optimal activity in
he acidic pH range as described for other fungal laccases [14].
owever, the capability of M. thermophila laccase to work at

lkaline pH together with its thermal stability would be excel-

ent properties for the enzyme to be applied on industrial pulp
leaching. Nevertheless, its extremely low activity on HBT, in
greement to its reported low redox potential (0.45 V) [6], limits
he applicability of M. thermophila laccase using this mediator.

l
t
t
l

ig. 7. Modification of residual lignin from eucalypt kraft pulps by laccase–HBT
reatment. The 2000–600 cm−1 region of the FTIR spectra of the residual lignins
rom the oxygen delignified pulp after the laccase-mediator treatment (in black)
nd its corresponding control (in grey) are shown.

n the contrary, P. cinnabarinus laccase has one of the high-
st redox potentials (0.8 V) described for a fungal laccase [11]
nabling rapid oxidation of HBT. Moreover, P. cinnabarinus lac-
ase posses high thermal stability, with T50 and Ed values close
o those observed for the highly thermostable M. thermophila
accase. The high-redox potential T. villosa laccase showed, by
ontrast, low thermostability (and activity at high temperature).
or the above reasons, the P. cinnabarinus laccase would be the
nzyme of choice for biotechnological industrial applications as
nzyme-aided TCF pulp bleaching.

HBT radicals inactivate laccase by oxidation of aromatic
mino acid residues on the protein surface [15]. In the present
tudy, the presence of pulp reduced the inactivation of P.
innabarinus laccase by HBT because pulp would act as a reduc-
ng substrate for the nitroxyl radicals [11]. This protective effect
f pulp could be seen despite a decrease around 10–15% of initial
accase activity was produced, probably due to the adsorption
f the enzyme to the pulp surface. Furthermore, in the pres-
nce of brown pulp laccase was inactivated by HBT radicals
n a lesser extend than in the presence of oxygen-delignified
ulp, probably because the higher lignin content would con-
ribute to faster consumption of HBT free radicals [16], enabling
lso higher delignification rates [2]. Laccase–HBT system pro-
uced, in fact, higher delignification rates when applied to brown
ulp (32%) than when applied to double oxygen-delignified pulp
18%) (values referred to their corresponding controls with-
ut enzyme). The decrease of lignin content (kappa number
rom 15.8 to 9.7) occurred during the oxygen treatment, would
imit the degradation to be produced during the following lac-
ase treatment. Moreover, values from Table 2 include alkaline
xtraction of pulp after laccase–HBT treatment, removing the
ignin degradation products that could interfere in the kappa
umber measurement.

On the other hand, a hydrogen peroxide stage after the
nzymatic treatment significantly enhanced pulp brightness and

owered the final kappa number. However, and by contrast
o results obtained with non-wood fibres wherein consecu-
ive laccase–HBT and alkaline peroxide treatments gave excel-
ent final pulp properties [17], the resulting values should be
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onsiderably improved. Combination of laccase–HBT with oxy-
en, peroxide and chelation treatments in the O–O–L–Q–PoP
CF industrial-like bleaching sequence gave the best final pulp
roperties. However, the selectivity of the whole bleaching pro-
ess was higher when the enzyme was applied before the double
xygen. Thus, laccase–HBT is more selective delignifying pulp
han oxygen at high temperature, and what is more important,
his selectivity is transferred and maintained all along the bleach-
ng process. Nevertheless, the higher final brightness attained
fter O–O–L–Q–PoP proves that the laccase–HBT treatment
articularly facilitates the subsequent bleaching with hydrogen
eroxide [5]. Similar brightness and kappa values have been
escribed in TCF bleaching of eucalypt kraft pulps but two lac-
ase stages (L(EO)LQPO) were needed and the viscosity loss
as notably higher [18].
A short and high-temperature laccase-mediator stage would

e advantageous for its industrial application from two points
f view: (i) decreasing the reactor volume required for a more
xtended treatment period; (ii) reducing the need to decrease the
ulp temperature between two high-temperatures stages (e.g.
xygen and chelation stages). It was demonstrated here that the
accase-mediator treatment could be performed with the same
fficiency at shorter times (2 h) and higher temperatures (65 ◦C).
oreover, laccase–HBT system seems to be more selective for

leaching and delignifying eucalypt pulp during the first 2 h.
The kappa number of chemical pulps is usually used to show

he extent of delignification in pulping and bleaching processes.
owever, the kappa number measured by standard (ISO) meth-
ds not only reflects the lignin content but also the carbohydrate
tructures sensitive to oxidation by permanganate, mainly hex-
nuronic acid residues [19]. These hexenuronic acids, derived
rom the 4-O-methylglucuronic acid residues forming xylan
ranches, are produced in notable amounts during kraft cooking
20] and increase the kappa number of these pulps. Therefore, the
appa number recalculated (Kr) by subtracting the hexenuronic
cids contribution reflects more realistically the lignin content
f pulps. In the present study a contribution of hexenuronic acids
o kappa number from 24% to 54% could be observed. The per-
entage increased when lignin content decreased, being a major
ontributor in the bleached pulps, in agreement with related stud-
es [21]. Consequently, the real delignification rate produced
fter laccase–HBT and peroxide stages should be significantly
igher than the estimated by the apparent kappa number (Ka),
ince around 50% of the kappa number value is not due to lignin.
n fact the final delignification of pulp after successive oxy-
en, laccase-mediator, chelation and peroxide stages was 68%
hen estimated from total kappa, but up to 81% when estimated
y the real kappa number (Kr) (both referred to initial brown
ulp). Pulps with high hexenuronic acids content are harder to
leach by chemical reagents [22] and exhibit a higher tendency
o brightness reversion [23,24].

Study of the chemical modification of lignin by laccase–HBT
reatment requires the proper isolation of the residual lignins

rom the so treated-pulps [10]. The higher intensity of S-units
ersus G-units signals found in the FTIR spectrum of the con-
rol pulp lignin is in concordance with the higher abundance of S
nits in eucalypt [25–27]. The decrease of S/G ratio in lignin iso-
Technology 39 (2006) 1319–1327

ated from treated-pulp revealed an easier degradation of S units,
ess condensed than G units, by the laccase-mediator treatment.
he notable increase of the band around 1660 cm−1 is probably
ue to the formation of conjugated carbonyl groups (or quinones)
y oxidation of lignin side-chains during the enzymatic treat-
ent of pulp. Oxidative degradation of lignin side-chains has

een reported during lignin biodegradation [28]. The formation
f quinones during reaction of laccase–HBT with lignin model
ompounds [29] and increase of carbonyl FTIR signals in lignins
rom pulps treated with laccase–HBT have been also described
30].

On the light of the results presented here, and with the aim to
roceed towards the application of laccase-mediator in eucalypt
raft pulp bleaching, short laccase–HBT treatments in reactor
nder industrial-like conditions and optimization of enzyme-
ided TCF bleaching sequence, have been investigated. Eval-
ation of pulp and paper properties and study of the chemical
odifications of lignin produced by the enzymatic treatment

ntegrated in the industrial TCF sequence, are currently being
arried out [31].
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12] Vázquez G, Antorrena G, González J, Freire S. FTIR, H-1 and C-13 NMR
characterization of acetosolv-solubilized pine and eucalyptus lignins. Holz-
forschung 1997;51:158–66.
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