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Fiber Modification of Unbleached Kraft Pulp with
Laccase in the Presence of Ferulic Acid
Hui Li,a Shiyu Fu,b,* and Lincai Peng a
Unbleached kraft pulp fibers were modified with laccase and ferulic acid
(FRC) to improve their physical strength properties in paper products.
The optimal conditions of laccase-FRC modification were examined in
terms of the physical properties of pulps. The effects of laccase-FRC
modification on the carboxyl group content and surface lignin content of
pulps were investigated. The surface morphologies of laccase-FRCmodified pulp fibers were observed by atomic force microscopy (AFM).
The carboxyl group and surface lignin contents for laccase-FRC-modified
pulps increased compared to the control pulp. AFM phase images
showed that the laccase-FRC-modified fiber surfaces were covered with
large granular substances from the products of FRC grafting and lignin
polymerization/condensation reactions. The observed strength
improvements of laccase-FRC-modified pulp could be attributed to the
grafting of FRC onto the fibers, the higher carboxyl group content of the
modified fibers, and the formation of covalent bonding between the fibers
via radical coupling.
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INTRODUCTION
Enzymatic fiber modification has been established as an important area of
research for improving the processing and properties of lignocellulosic materials (Park et
al. 2006). Chemical modification involves harsh reaction conditions, loss of desirable
components, and the potential use of hazardous chemicals, whereas enzymatic
modification conditions are often milder, less damaging for the fibers, and more environmentally compatible (Zhang et al. 2013; Aracri et al. 2011). Enzymatic modification
of fibers can be achieved by glucohydrolysis and oxidative enzymes (Kenealy et al.
2006). One notable oxidative enzyme is laccase, which is a multi-copper-containing
oxidoreductase. This particular oxidoreductase catalyzes the oxidation of phenolic
compounds, aminophenols, polyphenols, polyamines, and lignin-related molecules while
concomitantly reducing oxygen to water (Couto and Herrera 2006).
In the last few decades, laccase has been widely used in the pulp and paper
industry for pulp biobleaching (Fillat and Roncero 2009). Although there have been
many thorough investigations of the potential applications of laccase in the biobleaching
process (Aracri et al. 2012; Fillat et al. 2010), the current focus on laccase has shifted
toward pulp fiber modification (Liu et al. 2013). Laccase and laccase-mediator systems
can modify the fiber with a view to improve its chemical or physical properties by
enzymatic activation of high lignin-containing fibers (Mocciutti et al. 2008; Chen et al.
Li et al. (2013). “Modification with laccase and FRC,”
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2012). Lund and Felby (2001) found that wet tensile strength was significantly improved
when the unbleached high-yield kraft pulp was modified with a laccase-mediator system.
It has been reported that laccase oxidation of pulp fibers increased the amount of
carboxyl groups contained on the original fibers (Mohandass et al. 2008). This
modification was shown to improve fiber swelling and flexibility, which may be
beneficial in the bonding of pulp fibers in paper to increase paper strength (Witayakran
and Ragauskas 2009). Chen et al. (2012) showed that the carboxyl group content and
physical strength properties of old corrugated container pulp increased when modified
with laccase or a laccase-HBT (1-hydroxybenzotriazole) system.
In addition, laccase has been shown to have the potential to graft several lowmolecular weight compounds onto high lignin content pulp fibers. These grafts improved
physical strength or imparted new properties to the pulp fibers (Chandra et al. 2004; Liu
et al. 2009; Chen et al. 2010; Aracri et al. 2011; Fillat et al. 2012). Chandra et al. (2004)
found that the burst and tensile strengths of high-kappa kraft pulp increased when gallic
acid was grafted onto pulp fibers with laccase. Liu et al. (2009) showed that the wet
tensile strength of unbleached kraft pulp modified with laccase-syringate was twice as
high as that modified with laccase. Chen et al. (2010) reported laccase-mediated grafting
of histidine onto old newspaper pulp fibers; the authors found an increase in the carboxyl
group content and tensile strength of the treated pulp. Fillat et al. (2012) successfully
prepared antimicrobial paper through the grafting of low molecular weight phenols onto
unbleached flax fibers by laccase treatment.
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Fig. 1. Formation of free radicals from ferulic acid catalyzed by laccase

Ferulic acid (FRC) is a low-molecular weight phenolic compound. Compared
with other low-molecular weight phenols such as vanillic acid, syringate, and gallic acid,
FRC should be easy to graft to the fibers catalyzed by laccase because of conjugated –
Cα=Cβ−structure on slide chain with benzyl rings which can make FRC form free radicals
easily (Fig. 1). In this study, unbleached kraft pulp was modified with laccase and FRC in
an attempt to enhance its physical strength properties. The modification of pulp
properties was evaluated by measuring changes in the physical and chemical properties of
pulp fibers. The optimal laccase-FRC modification conditions with respect to the physical
strength properties of pulp were investigated. The effects of laccase-FRC modification on
the carboxyl group content and the surface lignin content of pulp were also examined.
The effects of laccase-FRC treatment on the surface morphologies of pulp fibers were
studied by AFM (atomic force microscopy). The aim of this study was to obtain a
detailed understanding of fiber modification by laccase in the presence of FRC.
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EXPERIMENTAL
Materials
Unbleached eucalyptus kraft pulp with a kappa number of 35.2 was prepared with
a kraft cooking process. Prior to modification, the pulp was refined using a PFI mill until
its beating degree was 45ºSR. Laccase produced by Flammulina velutipes (Fv) and
analytical grade FRC were purchased from Shanghai Aladdin Reagent Co., Ltd
(Shanghai, China). The laccase activity was determined by monitoring the oxidation rate
of 2,2'-azinobis-(3-ethylbenzyl thiozoline-6-sulfonate) (ABTS) according to Mansfield
(2002). 1 IU of laccase activity is defined as the amount of laccase that oxidizes 1 μmol
of ABTS substrate per minute. The laccase activity used in this study is 20 IU/mL.
Enzymatic Modification of Pulp Fibers
Laccase (0, 5, 15, 25, and 35 IU/g) and FRC (0%, 0.5%, 1.0%, 1.5%, and 2.0% on
dry pulp) were mixed with eucalyptus kraft pulp (5% consistency) buffered at various pH
levels (3.0, 4.0, 5.0, and 6.0) with 50 mM sodium acetate buffer. The pulp slurry was
magnetically stirred in a water bath at 50 ºC under an oxygen atmosphere (continuous
bubbling) for various reaction times (1, 1.5, 2, and 2.5 h). After modification, the pulp
samples were filtered and washed with deionized water until the filtrate was colorless.
Pulp samples were treated under the same conditions but without both laccase and FRC
were used as controls.
Handsheet Formation and Paper Testing
Handsheets with a grammage of 100 g/m2 were made using a semiautomatic sheet
former equipped with circulation water. Prior to paper testing, the handsheets were kept
at constant temperature and humidity (23 ºC, 50% relative humidity) for at least 24 h. The
dry tensile strength, wet tensile strength, tear strength, and burst strength were measured
according to TAPPI methods T494, T456, T414, and T403, respectively.
Analysis of Pulp Properties
Determination of the carboxyl group content of pulp was performed in accordance
with TAPPI standard T237. The detailed procedure was described by Chen et al. (2012).
The reported results are the average of three measurements. Acid-insoluble (Klason
lignin) lignin was determined according to T 249.
X-ray Photoelectron Spectrometer (XPS) Analysis
The surface chemical composition of samples was analyzed by XPS (Axis Ultra
DLD, Kratos Analytical, UK) equipped with a monochromatic A1 Kα X-ray source,
operated at 150 W, and the pass energy was 40 and 160 eV for high- and low-resolution
spectra, respectively. A Gaussian curve fitting program was used to deconvolute the C1
carbon (C-C, C-H and C=C functional groups) signal at 284.6 eV. The chemical shifts
relative to C1 used in the deconvolution were 1.7±0.2 eV for C2(C-O), 3.1±0.2 eV for
C3(C=O or O-C-O), and 4.3±0.2 eV for C4 (O-C=O). All samples before XPS analysis
were subjected to acetone extraction to remove pulp extractives. The surface lignin
content of the fibers was calculated from the O/C atomic ratios using the equation
described by Ström and Carlsson (1992),
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where lignin represents the surface lignin content of the pulp fiber. Values of 0.33 and
0.83 were used for (O/C)lignin and (O/C)pure-pulp, respectively, according to Ström and
Carlsson (1992).
Atomic Force Microscopy (AFM) Analysis
The surface morphologies of control and modified fibers were observed using a
Nanoscope IIIa AFM (Veeco Co., USA). The samples for AFM were those used for XPS
analysis. The instrument was operated in tapping mode with silicon cantilever tips. No
image processing except flattening was made. The scan size was 2 μm× 2 μm. Software
version 5.12r3 (Veeco Co., USA) was used for online recording and offline analysis.

RESULTS AND DISCUSSION
Effect of Laccase-FRC Modification Conditions on the Strength Properties
of Pulp
Table 1 shows the effect of laccase dose on the physical properties of pulp.
Compared to the control sample, all the physical strength indices of the pulp increased
with increasing laccase dose. When the laccase dose was 15 IU/g, the dry and wet tensile
indices reached their maximum value, increasing by 4.2% and 56.9% compared to the
control, respectively. Meanwhile, both the tear and burst indices reached their optimal
values, increasing by 6.5% and 3.7%, respectively, compared to the control. When the
laccase dose exceeded 15 IU/g, the dry tensile index showed little change and the wet
tensile index decreased. Therefore, the optimal laccase dose for laccase-FRC modification was judged to be 15 IU/g.
Table 1. Effect of Laccase Dose on the Physical Properties of Pulp
Laccase dose
Dry Tensile Index
Wet Tensile Index
(IU/g)
(Nm/g)
(Nm/g)
control
81.43
2.58
0
81.58
2.61
5
82.66
3.97
15
84.87
4.05
25
84.72
3.58
35
84.58
3.14
FRC dose 1%, treatment time 2.0 h, pH 4.0

Tear Index
2
(mN•m /g)
8.46
8.23
8.93
9.01
9.15
9.11

Burst Index
2
(kPa•m /g)
4.89
4.90
5.02
5.07
5.13
5.08

The increasing degree of wet tensile strength was higher than that of dry tensile
strength, which is consistent with the findings of Aracri et al. (2011), who studied the
effects of laccase-catalysed grafting of ferulic acid on physical properties of sisal pulp
fibers (Table 1). It was reported that dry tensile strength in paper originates mainly from a
large number of hydrogen bonds between adjacent fibers, whereas wet tensile strength is
related to bonds being resistant to water sorption like covalent and ionic bonds or creation
of a polymer matrix around fibers (Lund and Felby 2001). The reason why the increment
Li et al. (2013). “Modification with laccase and FRC,”
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of dry tensile strength was lower than wet tensile strength is probably due to lower
increased inter-fiber bonding levels and there was not enough to cause the large
improvement of dry tensile strength, whereas the minor increase in bonding has a
significant positive impact on wet tensile strength at low levels of bonding (Page 1969).
In addition, it is worth noting that the tear and burst indices of modified pulps were
slightly improved compared to the control. Chandra et al (2004) reported that the burst,
dry tensile, and wet tensile strength of laccase-gallic acid modified high kappa number
(91) kraft pulp increased by 34%, 20%, and 72%, respectively, compared to the control.
The authors concluded that lignin was the major target for the fiber modification. The
kappa number of kraft pulp used in this study is 35.2, and we assumed that the relative
low lignin content is the main reason for the small increase in tear and burst strength
properties.
Table 2 shows the effect of FRC dose on the physical properties of the pulp. The
dry tensile, wet tensile, tear, and burst indices of the pulp all improved with the increase
in FRC dose. The dry tensile, wet tensile, and burst indices reached their maximum
values when the FRC dose was 1%. When the FRC dose exceeded 1%, there was little
change in both the dry tensile and wet tensile indices. Therefore, 1% was chosen as the
optimal FRC dose for laccase-FRC modification. Moreover, compared to the control
sample, the dry tensile, wet tensile, tear, and burst indices of the pulp modified with
laccase alone (15 IU/g laccase dose) increased by 2.0%, 5.8%, 1.8%, and 1.4%,
respectively, while these indices of pulp modified with laccase-FRC (1% FRC and 15
IU/g laccase dose) increased by 4.1%, 56.9%, 6.5%, and 3.7%, respectively. These
results indicated that the physical properties of pulp were significantly improved when
modified with laccase and FRC.
Table 2. Effect of FRC Dose on the Physical Properties of Pulp
Dry Tensile Index
Wet Tensile Index
(Nm/g)
(Nm/g)
control
81.43
2.58
0
82.09
2.73
0.5
83.13
3.54
1.0
84.87
4.05
1.5
84.51
4.01
2.0
83.76
4.02
Laccase dose 15 IU/g, treatment time 2.0 h, pH 4.0
FRC dose (%)

Tear Index
2
(mN•m /g)
8.46
8.61
8.87
9.01
9.13
9.07

Burst Index
2
(kPa• m /g)
4.89
4.96
5.05
5.07
5.01
4.98

Table 3 illustrates the effect of treatment time on pulp physical strength. When the
treatment time increased from 1.0 to 2.0 h, the dry tensile, wet tensile, tear, and burst
indices increased by 1.4%, 13.1%, 2.1%, and 2.0%, respectively. However, the changes
in the dry tensile, wet tensile, tear, and burst indices were small when the treatment time
exceeded 2.0 h. Therefore, the optimal treatment time for laccase-FRC modification was
2.0 h.
The effect of reaction pH is summarized in Table 4. It can be seen from this table
that there is almost no obvious change in the dry tensile index, whereas the wet tensile
index increased with increasing reaction pH. The reaction pH was 4.0, the wet tensile
index obtained its maximum value and the tear and burst indices leveled-off at their
maximum values. Therefore, the optimal reaction pH was 4.0.
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Table 3. Effect of Treatment Time on the Physical Properties of Pulp
Dry Tensile Index
Wet Tensile Index
(Nm/g)
(Nm/g)
control
81.43
2.58
1.0
83.71
3.58
1.5
84.69
4.11
2.0
84.87
4.05
2.5
83.51
4.08
Laccase dose 15 IU/g, FRC dose 1%, pH 4.0
Time (h)

Tear Index
2
(mN•m /g)
8.46
8.83
8.79
9.01
8.94

Burst Index
2
(kPa•m /g)
4.89
4.97
5.06
5.07
5.03

Table 4. Effect of Reaction pH on the Physical Properties of Pulp
Dry Tensile Index
Wet Tensile Index
Tear Index
2
(Nm/g)
(Nm/g)
(mN•m /g)
control
81.43
2.58
8.46
3.0
84.65
3.34
8.53
4.0
84.87
4.05
9.01
5.0
84.11
3.88
9.13
6.0
84.69
3.93
8.92
Laccase dose 15 IU/g, FRC dose 1%, treatment time 2.0 h

Burst Index
2
(kPa•m /g)
4.89
5.02
5.07
5.04
5.11

pH

Effect of Laccase-FRC Modification on the Carboxyl Group Content and
lignin content of Pulps
The above experimental results showed that the optimal physical properties of
pulp were obtained when the modification conditions were laccase dose 15 IU/g, FRC
dose 1%, reaction time 2.0 h, and pH 4.0. Therefore, these reaction conditions were
chosen to investigate the impact of laccase-FRC modification on fiber chemistry.
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carboxyl group content
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Klason lignin
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Fig. 2. Carboxyl group contents and klason lignin contents of control and modified pulps

Carboxyl groups are beneficial in the bonding of pulp fibers in paper, which
contributes to paper strength. The carboxyl group contents for control and modified pulps
are shown in Fig. 2. It can be seen that the laccase-modified pulp had higher carboxyl
group content than the control pulp, which is due to the oxidation of lignin by laccase
(Shleev et al. 2006; Betcheva et al. 2007). This was in accordance with the study results
of Chen et al. (2012), who reported an increase in carboxyl group content for laccaseLi et al. (2013). “Modification with laccase and FRC,”
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modified old corrugated container pulp. In addition, FRC-modified pulp yielded similar
carboxyl group content when compared to the control pulp, which suggested that FRC
itself did not react with the lignin in the pulp fibers under the reaction conditions
employed. However, when the pulp was modified with both laccase and FRC, the
modified pulp provided the highest carboxyl group content. These results indicated that
laccase facilitated the grafting of FRC onto lignin-rich fibers, similar to the description by
Witayakran and Ragauskas (2009). In addition, it cannot be ruled out that lignin was
oxidized in the presence of laccase-FRC, resulting in the increased carboxyl group
content. The carboxyl group content of laccase-FRC-modified pulp increased by 20.4%
compared to the control sample. The increase in carboxyl group content facilitated the
bonding of the pulp fibers, resulting in increased paper strength, which is in accordance
with the above experimental results (Tables 1- 4). Furthermore, the Klason lignin
contents of control and modified pulps are also presented in Fig. 2. The results indicate
that laccase-FRC modified pulp had a slight reduction in Klason lignin content when
compared to the control pulp, which is due to the delignification of laccase-FRC system.
The decrease in lignin content resulted in increasing flexibility of pulp, thus resulting in
strength properties improvement of pulp.
Effect of Laccase-FRC Modification on the Surface Lignin Content of Pulp
The surface chemistry of lignocellulosic fiber materials significantly affects the
fiber characteristics and papermaking process. The surface chemical composition of the
pulp may influence its bonding properties, including adhesion and strength, and its
optical properties (Šernek et al. 2004). To further investigate the change in surface
chemistry of the fibers after laccase and laccase-FRC modification, the surface lignin
contents of control and modified fibers were examined using XPS. XPS analysis results
for the control and modified fibers are illustrated in Fig. 3 and listed in Table 5.
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Fig. 3. High-resolution spectra of the C1s peak for control and modified fibers: (a) control fiber,
(b) laccase-modified fiber, (c) FRC-modified fiber, and (d) laccase-FRC-modified fiber
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Table 5. XPS Analysis Results for Control and Modified Fibers
Pulp sample
Control
Laccase
FRC
Laccase-FRC

O/C

lignin

0.568
0.553
0.567
0.532

52.4
55.4
52.5
59.6

C 1s total = 100%
C2
C3
54.3
16.6
47.9
21.3
54.5
16.3
44.6
21.8

C1
27.7
29.1
27.8
31.2

C4
1.4
1.7
1.4
2.4

As shown in Table 5, the surface lignin content of the laccase-modified fibers was
higher than that of the control fiber, which indicated the condensation of surface lignin
due to laccase (see Fig. 4a–4b). The condensed lignin on the fiber surface modified with
laccase may act as a wet strength agent during paper forming, which could be one
explanation for the paper wet strength improvement (Lund and Felby 2001). For the
FRC-modified fiber, the surface lignin content of the fibers was nearly identical to that of
the control fibers, which meant that there was no change in fiber surface chemistry. For
the laccase-FRC-modified fiber, the surface lignin content was higher than that of the
control fiber and the laccase-modified fiber. The structure of FRC used in this work is
similar to phenolic end units in lignin. Laccase not only can catalyze lignin on the fiber
surface to form lignin phenoxy radicals, but it also can catalyze FRC to form radicals.
Therefore, when pulp is modified with laccase and FRC, FRC radicals can couple with
lignin radicals on the fiber surface and form a FRC-lignin complex, thereby resulting in
an increase in surface lignin content (see Fig. 4c–4d).
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Fig. 4. Chemical processes in laccase alone and laccase-FRC modification. Med-OH represents
the mediator FRC.

Lund and Felby (2001) found that laccase could catalytically polymerize lignin
fragments onto surface lignin or depolymerize lignin via oxidation in the presence of a
mediator. The balance between these two opposing mechanisms depends on the nature of
the redox mediator used. Barneto et al. (2012) reported that FRC acted as a natural
mediator for laccase biobleaching to effectively delignify sisal pulp. In this study, we
Li et al. (2013). “Modification with laccase and FRC,”
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propose that laccase catalyzed the oxidation of FRC into FRC radicals, which have
minimum steric hindrances and can more easily penetrate into the fiber; these FRC
radicals mediate the laccase-catalyzed reaction (see Fig. 4e), and this chemical process
was verified by the above Klason lignin content measurement. Thus, another possible
contribution to the increase in the surface lignin content of laccase-FRC-modified fiber is
that the degradation of lignin in fibers during laccase-FRC modification process makes
the fiber cell wall structure loose, and then degraded lignin fragments are easily released
from the fiber cell wall, which polymerized and precipitated on the fiber surface (Lund
and Felby 2001). This is in a manner similar to added lignin as described by Elegir et al.
(2007), who used laccase and ultra-filter lignin to improve the mechanical properties of
kraft liner pulp. Therefore, the FRC used in this study may have acted not only as a graft
monomer onto the lignin, but also as a laccase mediator.
According to Felby et al. (1997), the observed strength improvement of laccasemodified pulp could also be ascribed to the coupling of phenoxyl radicals of lignin
associated with adjacent fiber surfaces. The FRC-mediated oxidation not only enhanced
the generation of phenoxy radicals on the surface lignin versus laccase alone, but also
grafted FRC onto the fiber, which resulted in the increased carboxyl group content. These
are possible explanations for the strength improvements of laccase-FRC-modified pulp.
The laccase-FRC modification of kraft brownstocks could improve the pulp’s physical
strength, making it useful for numerous packaging products subjected to different types
of mechanical stresses.
As shown in Table 5, the C1 component of the pulp modified with laccase alone
increased from 27.7% (control sample) to 29.1% due to the polymerization of surface
lignin. The C2 component of pulp modified with laccase alone was lower than that of the
control sample, which could be attributed to the coverage of condensed lignin over
hydroxyl from carbohydrate (Liu et al. 2009). Meanwhile, increases in the C3 and C4
components of pulps modified with laccase alone were also found. These changes were
caused by the oxidation of lignin by laccase, which resulted in the increase in carbonyl
and carboxyl groups. For the FRC-modified pulp, the concentrations of the C1-C4
components on the fiber surface remained constant, which further demonstrated that FRC
itself cannot be grafted onto the fiber surface and did not modify the fiber surface. For the
laccase-FRC-modified pulp, the C1 component increased from 27.7% (control sample) to
31.2%, the C2 component decreased from 54.3% to 44.6%, and the C4 component
increased from 1.4% to 2.4%. These results could be caused by the coverage of
polymerized lignin and grafted FRC over hydroxyl from carbohydrate. The significant
increased C3 component showed that FRC accelerated the oxidation of lignin by laccase.
Surface Morphology Analysis of Fiber Modified with Laccase-FRC
To further understand the effect of laccase-FRC modification on the surface
characteristics of the fibers, the fiber surfaces of the control and modified fibers were
observed using AFM. The surface morphological images of control and modified fibers
are shown in Fig. 5. The control fiber surface was fully covered with granular substances
(Fig. 5a) and had a root-mean-square (RMS) roughness of 21.34 nm. The diameters of
these granular substances were approximately 55 nm to 70 nm. These granular substances
were considered to be lignin because Gustafsson et al. (2003) revealed that lignin
appeared as patches or granular phases on the surface of the extracted fiber. For the FRCmodified fiber (Fig. 5b), the surface characteristics of fibers were similar to that of
Li et al. (2013). “Modification with laccase and FRC,”
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control fibers. When the fibers were modified with laccase alone, large granular
substances with diameters of 96 nm to 220 nm appeared on the fiber surfaces (Fig. 5c).
Combining the AFM images and XPS results, we assumed that these larger granular
substances were products of lignin polymerization/condensation. Larger granular
substances were observed when the fiber was modified with laccase-FRC (Fig. 5d); these
larger granular substances may consist of condensed lignin and/or FRC-lignin complex.
The increased amount of large granular substances was in agreement with the increase in
surface lignin content determined by XPS analysis (Table 5). The appearance of these
large granular substances resulted in an increase in the RMS roughness of fiber surfaces.
The surfaces of fibers modified with laccase alone and laccase-FRC had RMS roughness
values of 27.17 nm and 28.43 nm, respectively. The increased RMS surface roughness of
pulp fibers modified with laccase and laccase-FRC could enhance the bonding between
fibers, thus resulting in the better paper strength properties.

(a)

(b)

400 nm

(c)

400 nm

(d)

400 nm

400 nm

Fig. 5. AFM phase images of the control and modified fibers: (a) control fiber, (b) FRC-modified
fiber, (c) laccase-modified fiber, and (d) laccase-FRC-modified fiber

CONCLUSIONS
1. The physical strength properties of unbleached kraft pulps improved after laccaseFRC modification.

Li et al. (2013). “Modification with laccase and FRC,”

BioResources 8(4), 5794-5806.

5803

PEER-REVIEWED ARTICLE

bioresources.com

2. The laccase-FRC-modified pulp yielded a 20.4% increase in carboxyl group content
when compared to the control pulp; the increase in carboxyl groups facilitated
bonding between the modified fibers and resulted in increased paper strength.
3. The surface lignin content of laccase-FRC-modified fibers was higher than that of
laccase-modified fibers, indicating the simultaneous polymerization/condensation and
degradation of the lignin during the laccase-FRC modification. AFM phase images
showed that the surfaces of laccase-FRC-modified fibers were covered with large
granular substance from the products of the grafting and lignin polymerizetion/condensation reactions.
4. Strength improvements of laccase-FRC-modified pulp could be attributed to the
grafting of FRC onto the fibers, increased carboxyl group content of the modified
fibers, and the formation of covalent bonding between the fibers via radical coupling.
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