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ABSTRACT 
 
Altering the surface properties of pulp can enhance binding, increase paper strength, and decrease the cost of fiber. 
In this study, we modified lignocellulosic materials (bark and pulp) with laccase and selected substrates to change 
the nature of the pulp surface. Modified pulps were evaluated by the amount of methylene blue (a cationic dye) that 
would bind to the pulp and the acid–base and dispersive results of inverse gas chromatography (IGC) analysis. 
Combinations of laccase and substrates that altered various surface properties of the pulp were determined. 
Methylene blue binding increased for many of the substrates but did not correlate with the IGC-determined acid–
base characteristics of the pulp, indicating involvement beyond cation binding. Substrates that altered the surface 
characteristics of loblolly pulp were used on a thermomechanical spruce pulp. The treated spruce pulps were 
analyzed for handsheet strength and binding characteristics. Modest strength improvements were observed in some 
of the treatments. Laccase treatments to alter pine bark were also explored. 
 
INTRODUCTION 
 
Surface characteristics of pulp fiber influence the strength of the paper produced from the pulp and often determine 
which products the fiber might be used for. Alteration of the fiber to contain carboxylic acid groups or other ionic 
groups and grafting of different polymers onto the pulp can change the range of products in which the fiber can be 
used. Aside from fiber length and morphology related issues, any fiber could be tailored for any purpose if we 
understood how to systematically modify the fiber. Altering the surface properties to enhance binding, increase the 
strength, and decrease the cost of fiber are identified as objectives in fiber engineering [1]. 
 
Enzymatic methods of altering fibers have been sought because these methods are catalytic, use less chemicals, are 
deemed more controlled, and are less likely to damage the fiber than chemical methods. Laccase, manganese 
peroxidase, and peroxidase have all been used to modify polymers by free radical based mechanisms. Manganese 
peroxidase generates Mn+++ from hydrogen peroxide. The enzyme requires Mn++, a chelator and hydrogen peroxide, 
and can oxidize target molecules at a distance from the enzyme. The direct oxidation of a polymer by laccase or 
peroxidase requires contact with the polymer. To overcome this contact problem, laccase was reacted with soluble 
diffusible substrates (mediators) to generate long-lived radicals that can oxidize targets at a distance from the 
enzyme [2,3]. Laccase-mediator systems have been described that assist with delignifying and bleaching of pulps [4-
6]. 
 
Several researchers have explored the use of laccase to modify the surface characteristics of lignocellulose [7-10]. 
Particle boards, liner boards, and composites have been made with laccase and phenolic-containing compounds as 
the adhesive [11-13]. Thermomechanical pulps (TMP) and high lignin pulps have been treated with laccase, which 
improved strength and decreased the need for bleaching chemicals [14-16]. Chandra and Ragauskas [17] reported 
strength increases by grafting laccase substrates onto linerboard softwood kraft pulp. They used guaiacol sulfonate, 
tyrosine, and 4-hydroxyphenylacetic acid with laccase, but there was strength improvement only with the addition of 
4-hydroxyphenylacetic acid. The strength increase was attributed to the addition of carboxylic acids groups to the 
surface of the fiber. 
 
Laccases have been purified from a variety of sources and have a vast substrate range [18,19]. The individual 
enzymes have different oxidative capabilities [19,20] and, depending on the amino acid sequence, will oxidize a 
greater variety of substrates than other enzymes [21,22]. The vast substrate range, the nature of free radical 
reactions, and the complexity of polymers like lignocellulose have made it impractical to predict the products that 
can be formed by these reactants. Only in carefully defined conditions where the substrates have relatively few 
resonance structures can a predictable product be obtained in high yield [23,24]. 



 
The vast substrate range of laccase can also be oxidized by manganese peroxidase. Manganese peroxidase is 
commercially available in much smaller amounts and has not yet been made as a commodity enzyme. While Mn+++ 
will also oxidize the same substrates as laccase, the generation of Mn+++ by manganese peroxidase has the additional 
requirements of a chelator and hydrogen peroxide addition or generation. There have also been reports of laccase 
generating Mn+++ if sufficient oxalate is present. 
 
The purpose of this work is to survey an array of laccase substrates to determine if they can be grafted onto fiber 
with laccase to alter the surface characteristics of pulp fiber. Changes were determined empirically since the 
complexity of possible reactions is great. Once potential changes were identified, handsheet strength was used to 
determine if there is a benefit from the treatment. Further work will focus on conditions where beneficial changes 
have been observed. 
 
Materials and Methods 
 
Dry TMPs (mature loblolly pine (Pinus taeda)) were obtained through the U.S. Department of Agriculture at 
Pineville, Mississippi. Labels 4, 8, and 12 bar indicate the steam pressure used during the TMP process. Spruce 
(Picea glauca) chips were refined at 103 kPa followed by atmospheric refining to 350 or 44 mL Canadian Standard 
Freeness (CSF). Spruce pulps (350 mL CSF) were further refined after enzyme treatments using a PFI (Testing 
Machines Inc., New York) mill to reduce the freeness. Laccase NovoSample 51002 was obtained from Novozymes 
(Denmark). 
 
PULP TREATMENTS 
 
Dry loblolly pine pulp samples (2 g) were weighed into Erlenmeyer flasks, 75 mL deionized water was added, and 
the mixture was stirred for at least 3 h at room temperature to ensure complete wetting. Sodium tartarate buffer (5 
mL, 200 mM, pH 5) and laccase (5µL, 1 unit) were added and stirred for 20 to 25 min before 1 mL substrate (0.3 M) 
was added. After approximately 25 min of stirring, another 20-µL laccase was mixed in. The samples were stirred 
for 1 to 2 h at room temperature and then loosely covered with foil and placed in the refrigerator for 15 to 17 h. 
After warming to room temperature, the supernatant solution was filtered off and the pulps washed three times with 
1.5 L of distilled water. Finally, they were strained through a sieve and dried in the freeze-drier for at least 48 h. 
They were then stored in a dessicator until analyzed. Laccase activity was determined using a YSI oxygen meter 
with a temperature controlled stir cell. 
 
Spruce pulps were treated at 12% consistency with 300 units manganese peroxidase per 120 g wet pulp. Malonate 
pH 5 buffer (50 mM) was used with 0.1 mM MnSO4 and 0.8 mM H2O2 (added slowly with time) at 37°C for 24 h. 
The conditions described by Chandra and Ragauskas [17] were used to treat spruce pulp with 4-hydroxyphenylacetic 
acid and laccase. For the resorcinol, phloroglucinol, and catechol treatments, 315 g of delatent spruce pulp (27% 
solids) was weighed into plastic bags and mixed with 50 mL 200 mM tartarate buffer pH 4.6. Laccase (0.4 mL) was 
added to 50 mL of distilled water, and 150 mL more water was added. The solution was incubated at 37°C for 1 h. 
Substrates (50 mL water containing 0.7 to 1 g) were added at hourly intervals and the contents of the bag were 
mixed. After three substrate additions, the bags were incubated for 18 h, diluted to 2.2 L with hot water, and 
disintegrated in a handsheet disintegrator for 5,000 revolutions. The pulps were filtered and submitted for handsheet 
tests. A portion of the pulp was freeze-dried. The freeze-dried material was bleached (at a final consistency of 
~10%) using 5% H2O2 (on dry pulp) in 0.2% MnSO4 and 4% Na2SiO3 at pH ~11 for 2.75 hours at 70°C. The 
bleached pulps were suspended in hot water, disintegrated as above, and submitted for paper tests. 
 
METHYLENE BLUE BINDING 
 
Known weights of pulp (up to 150 mg) were placed in 50-mL centrifuge tubes with 5 mL 1 M borate buffer (pH 8.5) 
and five clean steel balls. The tubes were then mixed to break clumps. Aqueous methylene blue (35 mL of 1 mM) 
was added and tubes tumbled for 1 h. Samples (1.5 mL) were removed and centrifuged at 20,000×g for 5 min. Two 
dilutions of 0.5 mL into 5 mL H2O + 0.125 mL 1 N HCl were made and mixed. Two (0.2 mL) samples from each 
dilution were analyzed at 610 nm on a Molecular Devices (Sunnyvale, CA) Spectra Max Plus microtiter plate 
reader. Micromoles of dye adsorbed by pulp equals 35×(1 - Asample/Ablank). Determination of the binding of methylene 



blue was by plotting the amount of dye bound compared with the weight of pulp and determining the slope of the 
line (with at least three points). 
 
INVERSE GAS CHROMATOGRAPHY 
 
Approximately 1 g of pulp was packed into stainless steel chromatographic columns of 0.5-m length and 0.63 mm in 
diameter. A Hewlett Packard (Palo Alto, CA) 5790A gas chromatograph was used with helium as carrier gas at a 
flow rate of 15 mL/min. The temperature of the flame ionization detector was set to 200°C and the injector at 150°C. 
Measurements were performed at five different oven temperatures from 40°C to 80°C in 10°C increments. For the 
reference line, five n-alkanes were used (n-pentane to n-nonane), and as polar probes tetrahydrofuran, acetone, and 
chloroform were selected as the basic, amphoteric, and acidic probe, respectively. Results for the dispersive 
component were obtained according to Felix and Gatenholm [25] by plotting RTlnVn with 2Na(γl

d)1/2, with Vn the net 
specific retention volume, a the surface area occupied by the probe, γl

d the dispersive energy of the probe, R the gas 
constant, and T the temperature. The plot of RTlnVn with 2Na(γl

d)1/2 gives a straight line. From the slope of this line, 
the surface energy of the substrate can be determined at each temperature. Polar probes deviate from the straight 
relationship due to specific interactions, including Lewis acid–base interactions. If the vertical distance of each of 
the polar probes is measured to the straight line, the free energy of sorption can be determined and plotted as a 
function of temperature. The slope of that line is related to the free enthalpy of adsorption–desorption. Donor (DN) 
and acceptor (AN) numbers of the polar probes are available in the literature. A plot of the free enthalpy of sorption 
with DN/AN allows the determination of acidity (KA, slope) and basicity (KD, intercept) of the substrate. 
Determinations were made for two independent samples and results averaged. 
 
PAPER TESTING 
 
Handsheets (60 g/m2) were made according to TAPPI standards T 205 sp-95. Burst, tear, and tensile strength were 
determined according to TAPPI standards T 403 om-97, T 414 om-98, and T 494 om-96, respectively. 
 
Bark Reactions 
 
Southern pine bark was milled, extracted, activated, and reacted with bisaminopropylethylenediamine (BAPED). 
Laccase (10 µL) was reacted with 0.5 to 0.7 g bark in 5 mL of 40 mM tartarate buffer pH 5.0 for 30 min at room 
temperature. Phloroglucinol (1 mL of 0.3 M in ethanol) or catechol (1 mL of 0.3 M) were added and incubated 3 h at 
room temperature, followed by 18 h at 5°C. The particles were rinsed and recovered by filtration and then freeze 
dried. They were tested for the ability to remove phosphate from solution. 
 
Atomic Force Microscopy 
 
Contact–friction images were created using silicon nitride cantilevers (Nanoprobes, Digital Instruments, Santa 
Barbara, CA, USA) of nominal 0.58 N/m spring constant mounted in a Nanoscope III MultiMode SPM (Digital 
Instruments) with an extender electronics module mounted on a pneumatic vibration isolation table. The SPM was 
equipped with a J vertical scanner with scan size of 125 by 125 µm and vertical range of 5 µm. All imaging was 
performed under controlled relative humidity (50±2% relative humidity) by flushing nitrogen through a humidity 
generator (Model RH1500, VTI, Miami, FL, USA) into the sample chamber, which was enclosed with a Humplug 
(BioForce Laboratory, Ames, IA, USA). A single pulp fiber was glued to a glass slide using a thin line of epoxy 
(clear 2-ton epoxy). The pulp fiber was then placed in the glue using a 20-µm platinum wire attached to a three-
dimensional translator stage in a procedure similar to that reported previously [26]. The epoxy was allowed to cure 
for 24 h before imaging. 
 
RESULTS AND DISCUSSION 
 
In initial testing, loblolly pine fiberboard furnishes produced at 4-, 8-, and 12-bar steam pressure were used to 
evaluate laccase activity and alterations in surface properties. These furnishes were easily drained and rinsed, 
allowing for rapid evaluation of various laccase substrates. Laccase was incubated with a sample of each furnish at 
37°C, and the rate and extent of oxygen consumption was measured. Oxygen consumption by laccase was fastest for 
the 12-bar furnish with 12.0 nmoles oxygen consumed per milligram furnish. The 4- and 8-bar furnishes had 4.0 and 



8.4 nmoles oxygen consumed per milligram furnish. The majority of the testing work was performed with the 12-bar 
pulp. 
 
Laccase reactions catalyzed a one-electron oxidation leaving a free radical that can further react with other 
compounds. Depending on the reactants, a variety of products can be produced that may contain anionic groups. 
Anionic groups can be estimated by conductometric titrations, or the binding of cations such as metal atoms or dyes 
(e.g., methylene blue) [27, 28]. Conductometric titrations are very time consuming, and the methylene blue 
adsorption correlated well with conductometric results using pulp [27]. Thus, we modified the method of methylene 
blue adsorption [28] to determine the amount of anions bound to the fiber. 
 
Single measurements of methylene blue sorption on pulp fibers gave different results, depending on the reagent 
preparation and dyeing conditions. Therefore, the assay was adjusted so the sorption of methylene blue to a pulp 
sample could be determined reproducibly. The final form of the assay is described in the methods and uses at least 
three different samples of pulp with increasing weights, all of which adsorb less than half of the methylene blue in 
the assay. 
 
We incubated 12-bar loblolly pine pulp in the presence of laccase with and without various laccase substrates as 
described in the methods. The results of the analysis of these fibers in the methylene blue adsorption assay are 
presented in Table I. Methylene blue is positively charged at pH 8.5, and adsorption can be due to ionic binding to 
negative charges on the pulp. It was expected that the laccase substrates containing acid groups would interact more 
than those without acid groups. Methylene blue binding did not directly correlate with acid content of the substrate. 
Methylene blue also has aromatic character and could be attached by other means. No discernable feature of ring 
substitution on the phenolic ring correlated with methylene blue binding. The presence of oxygen (a necessary 
substrate for laccase-catalyzed reactions) can also change the nature of the products and might be indicated by IGC 
analysis. 
 
Table I. Methylene blue binding of laccase-treated pulps 

Substrate used with 12-bar loblolly pine 
pulp 

Methylene blue binding 
µMoles/g 

2,5 dihydroxybenzoate 149 
Control + laccase 161 
Catechol 183 
Control (no laccase) 188 
Vanillic acid 192 
Hydroquinone 199 
4 hydroxy phenyl urea 204 
Phenol 206 
Isovanillic acid 208 
Guaiacol 208 
Phloroglucinol 209 
3,4 dihydroxybenzoate 218 
4 methyl catechol 231 
4 hydroxy phenylacetic acid 241 
1,2,3 trihydroxybenzene 247 
1,2,4 trihydroxybenzene 276 
Resorcinol 301 

 
 
 
We analyzed many of these pulps by IGC to determine if there was an increase in donor or acceptor character for the 
pulp or if the dispersive characteristics of the pulp were changed in a manner that would be correlated to the 
methylene blue binding results. The average dispersive component (results at all temperatures averaged) determined 
for these pulps by IGC is shown in Figure 1. 
 
The dispersive component does not correlate with the methylene blue binding of the pulps (r2 < 0.04). The 
dispersive component did decrease with increasing steam pressure (4, 8, and 12 bar) used to treat the pulp. This 



would be expected if the more intensive treatment increased the extractives coating the fibers. Laccase treatment 
without additional substrates decreased the dispersive component further, and with the exception of catechol, the 
addition of substrates also decreased the dispersive component compared with the controls. 
 
Figure 2 shows the surface acid–base characteristics for the pulps analyzed by IGC. Although correlation of 
methylene blue binding with fiber surface KA and KD was not very strong, the trend showed a negative slope for the 
plot of methylene blue binding with KA and a positive slope for the plot of methylene blue binding with KD. All 
substrates other than resorcinol, 4-hydroxyphenylacetic acid, 1,2,3-trihydroxybenzene, and 1,2,4-trihydroxybenzene 
increased the KA of the fiber. 
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Figure 1. Average dispersive component for loblolly pine pulps determined by inverse gas chromatography. 
 
Because methylene blue is a cationic dye, it can also be expected to behave as a Lewis acid. Therefore, we expected 
those fiber surfaces with KA/KD ratios greater than the control (~4) to exhibit a low affinity for methylene blue. 
However, that was not the case because most of the treatments that showed higher capacities for binding methylene 
blue also showed much higher KA/KD ratios than the control. In addition, resorcinol treatment with a KA/KD ratio 
equivalent to the control showed the highest binding capacity for methylene blue. These observations may be 
explained in one of two ways. The first is that methylene blue interacted with the treated fiber surfaces by means 
other than Lewis acid–base interactions. The other explanation is that the treatments resulted in fiber surfaces that 
had poorly developed Lewis acid–base characteristics compared with the control. If the former explanation is true, 
then methylene blue was not a very good choice for probing the acid–base characteristics of the treated fibers. 
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Figure 2. Surface acid-base characteristics, KA and KD for loblolly pine pulps. Substrate name indicates the results 
for 12-bar pulps treated with that substrate. 
 
However, there have been cases where methylene blue has been used successfully to demonstrate the presence of 
anionic sites on thermomechanical pulps. Methylene blue binding might be useful as an indicator of other properties 
in a product derived from the pulp but these have not yet been investigated. The laccase- and resorcinol-treated 
loblolly pine pulps were further examined by atomic force microscopy to determine any structural differences. 
 
The atomic force microscopy (Fig. 3) revealed many small crystalline structures on smooth regions of the laccase-
resorcinol-treated fibers that were not present in the untreated control or the control treated with laccase. These 
crystalline regions were only observed in the laccase-resorcinol-treated material. While these regions might not 
contribute greatly to the overall surface characteristics of the fiber, they might reconcile the methylene blue binding 
results if they bound methylene blue to a greater extent than the rest of the fiber. 
 

 
Figure 3. Atomic force microscopy in the contact mode. Control 12-bar pulp on the right, and laccase-resorcinol-
treated 12-bar pulp on the left. 



 
Several conditions were selected to test the effects of oxidative enzyme treatment on spruce pulps and determine if 
handsheet properties were altered by the treatment. Spruce pulp was treated with manganese peroxidase or laccase 
with 4-hydroxyphenylacetic acid. The pulp was then refined in a PFI mill, and handsheets were made. The results of 
strength testing on handsheets made from these pulps are shown in Table II. 
 
Table II. Handsheet strength properties of treated spruce TMP after refining by PFI mill. 

Pulp treatment Tear indexa 
(mN m2/g) 

Burst indexa 
(kN/g) 

Tensile 
indexa 
(N m/g) 

Canadian Standard 
Freeness (mL) 

Control 3.52 1.54 33.5 65 
MnP + H2O2 + Mn + buffer 3.80 1.64 34.1 69 
H2O2 + Mn  3.51 1.52 33.5 70 
Buffer 3.56 1.50 33.4 71 
Laccase + 4-hydroxyphenylacetic acid 3.61 1.59 32.3 69 

aAverage value for 10 handsheets. 
 
Manganese peroxidase treatment increased the burst index by 6%, the tear index by 8%, and the tensile index by 
2%. The increases were due to the presence of the enzyme; the substrates and buffer alone had no effect. The 
manganese peroxidase treated pulp required less refining to obtain the same degree of freeness, which indicates 
potential energy savings. The laccase treatment with 4-hydroxyphenylacetic acid brought about an increase of 3% 
for the burst and tear index and a decrease of 4% for the tensile index. Chandra and Ragauskas [17] reported an 18% 
increase in the burst index, an 11% increase in the tear index, and about an 8% increase in the tensile index for the 
softwood linerboard pulp treated with laccase and 4-hydroxyphenylacetic acid. 
 
A commercial spruce pulp was obtained and tested for altered properties after treatment with laccase and substrates. 
This pulp was stored at 5°C. The latency was removed. It was treated with enzymes and washed. A portion was then 
bleached with alkaline hydrogen peroxide, and then handsheets were made. The results of handsheet testing of these 
treatments are compared with those for mill-produced handsheets in Table III. The mill strength tests were the 
highest of all the measurements. It is quite possible that application of an enzyme and substrate would give 
substantially different results when applied in a commercial setting where there is little or no washing of the pulp 
and extractives are available for additional reactions by laccase. 
 
Compared with the untreated control, there were small increases in the burst and tensile index for the 
phloroglucinol-treated material without bleaching. Improvements for the tear index after bleaching were noted for 
laccase-treated material and laccase-catechol-treated material. Prior to bleaching, the laccase-catechol-treated pulp 
was very dark. Upon bleaching, most of the color was observed in the rinse water. 
 
Laccase modification of other lignocellulosic materials was also investigated. Southern pine bark treated with 
BAPED is effective at removal of phosphorous from aqueous solutions. The bark was treated with laccase and also 
with phloroglucinol and catechol to try to increase the number of sites on the bark where BAPED could be bound. 
The laccase-treated material decreased the capacity of the bark to remove phosphorous by 31%. The catechol and 
phloroglucinol treatments decreased the capacity by 38% and 45%. Further characterization is necessary to 
determine if the reactions reduced the nitrogen content of the treated bark or if phenolics were bound to the amines 
via free radical additions. 



Table III. Handsheet strength properties of treated and untreated commercial spruce TMP. 
Pulp treatment Tear indexa 

(mN m2/g) 
Burst indexa 
(kN/g) 

Tensile indexa 
(Nm/g) 

Canadian Standard 
Freeness (mL) 

Unbleached pulps 
Mill tests on pulp 8.00 3.87 53.6 44 
Control 6.41 2.98 50.8 48 
Laccase 6.12 2.97 51.4 54 
Laccase + phloroglucinol 6.20 3.04 51.4 51 
Laccase + resorcinol 6.11 2.83 49.3 52 
Laccase + catechol 5.92 2.68 46.2 56 
Bleached pulps 
Control 5.13 3.12 51.1 59 
Laccase 5.41 3.15 51.0 58 
Laccase + phloroglucinol 4.76 3.07 50.3 60 
Laccase + resorcinol 4.89 2.60 45.2 63 
Laccase + catechol 5.30 2.49 41.8 65 

aAverage value for 10 handsheets. 
 
CONCLUSIONS 
 
Laccase and manganese peroxidase are able to generate free radicals in pulps and substrates. The results are 
influenced by the treatment of the pulp prior to enzyme treatment, how the pulp is treated with enzymes, and the 
substrates used. Laccase reactions alter the surface characteristics of the fiber. Some of these alterations resulted in 
increased strength properties or lower energy needs during refining. The reactions with laccase might also be useful 
in the further modifications of lignocellulosic materials. 
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