
Instituteof Paper Science and Technology
Atlanta, Georgia

IPST Technical Paper Series Number 744

Investigations into Laccase-Mediator Delignification of Kraft Pulps

J. Sealey, A.J. Ragauskas, and T.j. Elder

August 1998

Submitted to

Holzforschung

Copyright®1998bytheInstituteofPaperScienceandTechnology

ForMembersOnly



INSTITUTE OF PAPER SCIENCE AND TECHNOLOGY
PURPOSE AND MISSIONS

The Institute of Paper Science and Technology is an independent graduate school, research organization, and information
center for science and technology mainly concerned with manufacture and uses of pulp, paper, paperboard, and other forest
products and byproducts. Established in 1929, the Institute provides research and information services to the wood, fiber, and
allied industries in a unique partnership between education and business. The Institute is supported by 52 North American
companies. The purpose of the Institute is fulfilled through four missions, which are:

· to provide a multidisciplinary education to students who advance the science and technology of the industry and who rise
into leadership positions within the industry;

· to conduct and foster research that creates knowledge to satisfy the technological needs of the industry;

· to serve as a key global resource for the acquisition, assessment, and dissemination of industry information, providing
critically important information to decision-makers at ali levels of the industry; and

· to aggressively seek out technological opportunities and facilitate the transfer and implementation of those technologies in
collaboration with industry partners.

ACCREDITATION

The Institute of Paper Science and Technology is accredited by the Commission on Colleges of the Southern Association of
Colleges and Schools to award the Master of Science and Doctor of Philosophy degrees.

NOTICE AND DISCLAIMER

The Institute of Paper Science and Technology (IPST) has provided a high standard of professional service and has put forth
its best efforts within the time and funds available for this project. The information and conclusions are advisory and are
intended only for internal use by any company who may receive this report. Each company must decide for itself the best
approach to solving any problems it may have and how, or whether, this reported information should be considered in its
approach.

IPST does not recommend particular products, procedures, materials, or service. These are included only in the interest of
completeness within a laboratory context and budgetary constraint. Actual products, procedures, materials, and services used
may differ and are peculiar to the operations of each company.

In no event shall IPST or its employees and agents have any obligation or liability for damages including, but not limited to,
consequential damages arising out of or in connection with any company's use of or inability to use the reported information.
IPST provides no warranty or guaranty of results.

The Institute of Paper Science and Technology assures equal opportunity to all qualified persons without regard to race, color,
religion, sex, national origin, age, disability, marital status, or Vietnam era veterans status in the admission to, participation in,
treatment of, or employment in the programs and activities which the Institute operates.



Investigations into Laccase-Mediator Delignification of Kraft Pulps

By J. Sealey 1, A.J. Ragauskas l, and T.J. Elder 2

_Institute of Paper Science and TechnOlogy, Atlanta, Georgia, U.S.A.

2School of Forestry, Auburn University, Auburn, Alabama, U.S.A.

Summary

The structure activity effects ofN-hydroxy benzotriazole and phthalimide

derivatives as mediators for laccase were studied. Using a softwood kraft pulp it

was shown that the N-hydroxy unit must remain structurally intact for efficient

laccase mediator delignification to occur. It was also found that the N-

hydroxybenzotriazole structure was very sensitive to substituent effects with

respect to laccase-mediator delignificati°n. Computational results from PM3

indicate that the bond dissociation energy, and electronic factors of the radical

may contribute to the efficiency of the mediator for LMS delignification.
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Introduction

Bleaching of kraft pulps has changed substantially over the last decade in

response to environmental and societal issues. Despite these advances, it is

anticipated that fin-ther changes in pulp bleaching will occur as new technologies

are developed that offer the opportunity for improved environmental and cost

performance properties. The use of biological treatments for bleaching kraft pulps

provide an alternative means of bleaching kraft pulps that could potentially yield

distinct operating benefits. Indeed, xylanase (Santiago et al., 1995) and cellulase

(Eriksson and Adolphson, 1997) are two bio-based commercial products that are

currently employed for the production of paper.

Over the past decade the use of oxidative enzymes as replacements for

chemical bleaching agents has shown significant advancement (Paice et al., 1994).

Of the many oxidative enzymes under study, laccase has recently drawn the

attention of several investigators. Although the redox chemistry of laccase has

been extensively studied in wood formation (Dean and Eriksson, 1994 ) and

degradation (Eriksson et al., 1990), it has been only over the last decade that a

potential role for this enzyme has been proposed for bleaching kraft pulps.

Initially, the use of laccase as a bleaching agent was not actively pursued since the

enzyme does not readily degrade lignin because its size does not permit diffusion

through pulp fibers (Jurasek, 1995). StUdies by Bourbonnais and Paice (1992)



demonstrated that this size limitation could be circumvented if the bleaching

reaction was performed in the presence of 2,2'-azino-bis(3-ethylbenzthiazoline-6-

sulfonic acid) (ABTS). ABTS is believed to act as a type of cofactor in which

laccase oxidizes ABTS and the oxidized ABTS diffuses into the fiber wall and

oxidizes lignin. The reduced ATBS eventually diffuses from the fiber, gets re-

oxidized by laccase and then _rther oxidizes lignin in the pulp. The chemical

factors contributing to the laccase/ABTS delignification effect have been

extensively examined. Recently, several other mediator structures (Amann, 1997;

Call and Mucke, 1996) have been reported to enhance laccase delignification of

kraft pulps. Although the relative efficiency of many of these mediators remains

to be established, in our hands (see FigUre 1) we have observed that N-

hydroxybenzotriazole is a better mediator for laccase delignification of kraft pulps

than ABTS (Sealey and Ragauskas, 1998).

Recently, the mechanism by which laccase/N-hydroxybenzotriazole (LMS

system) delignifies kraft pulps has come under increasing scientific investigation

(Bourbonnais et al., 1997a,b; Sealey and Ragauskas 1997; Poppius-Levlin et al.,

1997; Potthast et al., 1997). In this report we present our findings on the

structural activity correlation between delignification and structural modification

of N-hydroxyb enzotriazo le.



Experimental

Materials and Methods

All reagent and specialty chemicals including N-hydroxybenzotriazole,

benzotriazole, N-hydroxymethylbenzotriazole, 6-trifluoro-methylhydroxy-

benzotriazole, N-hydroxypthalimide, N-hydroxymethylpthalimide, 3-hydroxy-

1,2,3-benzotriazin-4(3H)-one and 2-hydroxy-benzimidazole were commercially

obtained and used as received. An industrial southern U.S.A. softwood kraft pulp

was employed for all biobleaching studies; prior to use, the pulp was extensively

washed until the effluent was pH neutral and colorless. The kappa number of the

washed pulp was 26.8 and its viscosity was 31.9 cP. 1-Hydroxy-4-methoxy-

benzotriazole and 1-hydroxy-4-methylbenzotriazole were prepared following the

procedure of Konig and Geiger (1970). Laccase, isolated from a Polyporus

fungus, was provided by Novo Nordisk. The enzyme was frozen to -20°C until

use. Once thawed, the activity of the enzyme was measured, and the proper dose

was added to the pulp.

Laccase activity measurements

The activity of the laccase was measured by monitoring the rate of oxidation of

syringaldazine by UV/Vis. The change in A530n m of 0.001 per minute per mL of

enzyme solution in 100 mM potassium phosphate buffer (2.2 mL) and 0.216 mM



syringaldazine in methanol (0.3 mL) was set to one unit (U) of activity. This test

was performed at 23°C.

LMS delignification

A 1 litre pressure reactor containing 10% consistency pulp (10 g, o.d.) was

warmed to 45°C. The mediator (1.48 x 10-3mol) was added to the pressure

reactor, and the mixture was stirred for 3 minutes. The pH was then adjusted to

4.5 with glacial acetic acid and the laccase solution (3.00 mL, 1,752 x 103 U) was

added to this mixture. The pressure vessel was then sealed, pressurized with

oxygen (145 psi), and then stirred for 24 h. The pulp was then removed from the

reactor, washed with water, and alkaline extracted with 2% NaOH, at 70°C, for 1

hour in a sealed bag at 10% consistency The extracted pulp was washed with

water, air dried, and analyzed for kappa number. The kappa number measurement

was performed in accordance with TAPPI Useful Method UM-246 (Tappi, 1991)

and each measurement was performed in duplicate (standard deviations + 2%).

Computational Modeling

Computational work on the mediator compounds was performed at the semi-

empirical level, using the PM3 Hamiltonian operator and full geometry

optimizations (Stewart, 1990). Open-shell structures were optimized using the

Unrestricted Hartree-Fock method, followed by a single-point calculation with the



half-electron approximation. The former method converges more rapidly, while

the latter provides energies that can be compared with closed-shell structures. All

calculations were done using Sybyl under license from Tripos Associates, running

on a Silicon Graphics Indigo workstation in the School of Forestry at Auburn

University.

Results and Discussion

The bleaching effect of N-hydroxybenz°triazole and laccase (Potthast et al., 1997)

has been suggested to occur due to the in-situ formation of a N-hydroxy radical,

as shown in Figure 2.

To explore the structural requirements of this mediator for laccase catalyzed

delignification of kraft pulps we elected to explore the use of structural analogues

of N-hydroxybenzotriazole. The mediators studied in this report are shown in

Figure 3.



For the most part, the mediators that were examined for a LMS stage were chosen

so as to evaluate the importance of the N-hydroXy group and proposed stability of

the N-hydrox y radical as it affects the delignification properties of the LMS

process. The efficiency of the laccase-mediator delignification process was

explored by treating a southern softwood kraft pulp with standardized LMS

biobleaching conditions for 24 h. Typically, a pulp slurry (10% csc) was

preheated to 45°C, the mediator was added and the mixture was pH adjusted to

4.5 using glacial acetic acid. This mixture was vigorously stirred for 3 min prior

to the addition of the enzyme. The pulp slurry was then sealed, pressurized to 10

barr 02, and stirred for 24 hr at 45°C. After treatment the pulp was filtered,

washed with water, and the fibers were extracted with an aqueous 0.5 N NaOH

solution for 1 h at 70°C. The alkaline-extracted pulp was filtered, washed with

water, air-dried, and its physical properties were determined.

Preliminary experiments summarized in Table 1 indicated that if either the

mediator or the laccase was omitted from the LMS-stage, minor amounts of lignin

were removed from the pulp presumably due to alkaline leaching. Nonetheless,

examination of the extent of delignification when both laccase and N-

hydroxybenzotriazole are present confirmed previous claims to this biobleaching

system (Call and Mucke, 1996).



Interestingly, the use of compounds 2 or 3 as a mediator for laccase failed to yield

any significant delignification of the kraft pulp. Clearly, the failure of 2 to act as

an effective mediator for delignification supports the proposed mechanism of

delignification involving a N-hydroxy radical. Presumably the insertion of a

methylene group between the nitrogen and the hydroxy group raises the energy of

activation for formation of the N-hydroxy radical too high so as to allow for its

formation by laccase. The necessity of the N-hydroxy group is fin'ther validated

by the observation that 1-H benzotriazole (compound 3) is also inactive as a

mediator for laccase. Recently, Sealey and Ragauskas (1997) and others (Potthast

et al., 1997, (Bourbormais et al., 1997a) have reported that N-hydroxybenzo-

triazole is converted into 1-H benzotriazole during a LMS-stage and clearly this

conversion is detrimental towards the overall delignification effect.

Biobleaching experiments also demonstrated that 3-hydroxy-l,2,3-

benzotriazin-4(3H)-one or 2-hydroxybenzimidazole were ineffective as mediators

for delignification of kraft pulps with laccase. Although several factors may be

contributing to the lack of delignification with these two mediator structures, it

appears that the laccase/N-hydroxybenzotriazole biobleaching system has rather

high structural specificities for delignification to occur.



To explore the influence of the aromatic ring on the delignification

properties of N-hydroxybenzotriazole, we examined the use of triazole

derivatives 6 to 8. The introduction of a strong electron withdrawing group on the

aromatic ting, such as trifiuoromethyl, was detrimental with respect to the

delignification process. Compound 7, with a 5-methyl group, was an active

mediator for the delignification of kraft pulps but not as effective as N'

hydroxybenzotriazole. Interestingly, the use of additive 8, with a 5-O-methoxy

group, raised the apparent kappa number of the pulp after the LMS-stage. This

was tentatively attributed to the generatio n of a reactive intermediate that coupled

to the kraft pulp thereby affording a higher kappa number than the initial value.

Given the rather stringent limitations placed on the N-hydroxy

benzotriazole structure for effective delignification to occur during a LMS stage

we explored several alternative N-hydroxy mediator structures. One of our first

candidates to be examined was N-hydroxyphthalimide. Literature results by Ishii,

et al. (1996) have shown that this reagent can be employed as a co-oxidant in the

presence of Co(acac) and oxygen. A variety of structures have been oxidized by

this system including benzylic alcohols, and pr/mary and secondary alcohols. The

active oxidizing agent in this system is believed to be the N-hydroxy radical of N-

hydroxyphthalimide. Given the clear similarities with the proposed mechanism

for delignification by laccase and N-hydroxybenzotriazole, it was of interest to

determine ifN-hydroxyphthalimide could act as a mediator for laccase.



Employing the same pulp and experimental conditions as described above, the

kraft pulp was treated with N-hydroxyphthalimide and laccase for 24 hr.

Following the usual alkaline extraction procedure, we determined that the pulp

had experienced a 28% decrease in kappa number. Although this is not as

substantial a decrease in kappa number as observed with N-hydroxybenzotriazole,

it is certainly much more than was observed with any other benzotriazole

derivative. Interestingly, insertion of a methylene group between the nitrogen and

the hydroxy group of N-hydroxyphthalimide halted the delignification capabilities

of this mediator (see Table 1, compound 10). These results support the

suggestion that effective delignification with N-hydroxy mediators requires a

covalent bond between these two functional groups.

To determine if a simpler pyrrolidine or maleimide structure could act as

an effective mediator for laccase, we examined the biobleaching chemistry of

additives 11 and 12 (see Table 1). In each case, we were unable to measure any

significant delignification in the laccase mediator bleaching treatment.

Presumably, the N-hydroxy radical generated in this process needs the additional

delocalization capabilities available in N-hydroxyphthalimide to become an

effective delignification agent.

Computational Modeling

The calculated bond dissociation energies for the dehydrogenation of mediator



compounds (Figure 2) are as shown in Table 2. This is, of course, a

thermodynamic term describing the energy required for the generation of the free

radicals. The additional values reported in Table 2, the energy of the singly

occupied molecular orbital (SOMO), charge, spin density and SOMO density, alt

refer to the mediator radicals and are measures of reactivity toward the substrate.

Given the intrinsically soft nature of radicals (Fleming 1976), it is proposed that

their reactions are under frontier orbital control, in this case relying on the

interaction of the SOMO of the radica 1with the HOMO (highest occupied

molecular orbital) of the substrate. If Creosol is considered as a lignin model, with

a HOMO energy of-8.783 eV, it can be seen that all of the SOMO energies of the

mediators are lower, such that the higher values of the latter will minimize the

HOMO-SOMO gap, promoting the reaction in question. Furthermore, in frontier

molecular orbital theory, the magnitude of the orbital coefficients for the reactive

center, as measured by the SOMO density, is reported as an important factor in

determining relative reactivity. More familiarly, total charge may be taken as a

measure of nucleophilicity and the spin density is an assessment of amount of

unpaired spin character at the site of reaction. For these radical species, charge,

SOMO density, and spin density were measured at the atom from which the

hydrogen was removed (i.e., the nitrogen in compound 3 and oxygen in all other

compounds).



Among compounds 1-5, it was found experimentally that only N-

hydroxybenzotriazole was an effective delignification agent. In accord with this

result, the bond dissociation energy for compound 1 is the lowest among these

compounds, the SOMO-HOMO energy gap is the smallest, the SOMO density is

largest, and it has the largest partial negative charge. Interestingly, the unpaired

spin density of compound 1 is the lowest among compounds 1-5. This may be

indicative of increased delocalization of the single electron that is less likely

among the other compounds.

The SOMO energies of compounds 6-8, relative to N-hydroxybenzotriazole, are

in concert with the predictions of frontier molecular orbital theory, in which

electron withdrawing groups and electron donating groups will lower and raise

this energy term, respectively. Compound 7 was found to be an active compound

and indeed its bond dissociation energy is °nly slightly below (1), while both the

SOMO energy and partial negative charge are both slightly larger than those for

compound 1. The observed behavior of compound 8 is somewhat puzzling since,

based on the theoretical results, it is comparable and, in some cases, better than N-

hydroxybenzotriazole. Perhaps these data are consistent with the proposed

formation of reactive intermediates that might couple with the lignin to give an

elevated kappa number.



Within the phthalimide compounds, the most efficacious with respect to

delignification is compound 9, which among its analogues (9-12) has the lowest

bond dissociation energy, largest partial negative charge. Indeed the values

reported for compound 9 are not markedly different from N-hydroxybenzotriazole

itself. Compound 9 also has the lowest spin density which again may be

interpreted in terms of increased delocalization as proposed earlier.

Given the undoubted complexity of the reactions between the mediators and

lignin, it might have been expected that the overall reactivity is controlled by a

J

combination of thermodynamic and kinetic factors. Based on the bond

dissociation energies and other electronic reaction indices it appears that this is the

case. In general, however, among the mediators examined and factors evaluated,

N-hydroxybenzotriazole would have been predicted to be an effective

delignification agent.

Conclusions

The studies presented in this paper highlight the rather stringent requirements for

delignification of kraft pulps with laccase and N-hydroxybenzotriazole like

structures. The results of these investigations support the proposed importance of

N-hydroxy radicals as the active delignification agent for kraft pulps. The



observation that both compounds 7 and 10 were mediators for laccase (albeit less

effective that N-hydroxybenzotriazole) suggest that the steric requirements about

the active site of laccase are not overly specific, which is also consistent with the

ability of the enzyme to oxidize ABTS. Recently, Amann (1997) has reported

that 1-hydroxy-l,3,5-triazaperhydroine-2,4,6-trione and N-hydroxy-N-

phenylacetamide were mediators for laccase with improved delignification

properties for chemical pulps. Results from both the experiment and the

calculation support the suggestion that the steric requirements about the active site

of laccase are not stringent; but that other factors, such as the electronic nature of

the oxygen radical, contribute to the observed delignification properties. In

additional to these considerations the delignification capabilities of a LMS-stage

are also influenced by the overall stability of the mediator and the enzyme as

suggested by Bourbonnais et al., (1997a,b) and Sealey and Ragauskas (1997).

Acknowledgments

The gift of the laccase by Novo Laboratories Inc. is gratefully appreciated.

Portions of this work were used by J.S' as partial fulfillment of the requirements

for the Ph.D. degree at the Institute of paPer Science and Technology. The

continuing support of the Member Companies of lPST for Ragauskas' research is

gratefully appreciated.



References

Amann, M. 1997. The Lignozym Process Coming Closer to the Mill. 9th

International Symposium on Wood and Pulping Chemistry Conference

Proceedings, Montreal, Canada, F4-1.

Bourbonnais, R. and M. Paice. 1992. Demethylation and Delignification of Kraft

Pulp by Trametes versicolor Laccase in the Presence of 2,2'-azinobis-(3-ethyl-

benzthiazoline-6-sulphonate). Applied Microbiology and Biotechnology, 36, 823.

Bourbonnais, R., M. Paice, D. Leech, B. Freiermuth, 1997. Reactivity and

Mechanism of Laccase Mediator for pulp Delignification. Tappi Pulping

Conference: Biological Science Symposium Proceedings, San Francisco, CA,

335-338.

Bourbonnais, R., M. Paice, B. Freiermuth, E. Bodie, and S. Bomeman, Appl.

Environ. Microb., 63 (12), 4627 (1997).

Call, H. and I. Mucke. 1996. The LacCase-Mediator System (LMS)- a new

concept. 6 th International Conference on Biotechnology in the Pulp and Paper

Industry Conference Proceed., Vienna, Austria, 27-32.



Dean, J. and K. Eriksson. 1994. Laccase and the Deposition of Lignin in

Vascular Plants. Holzforschung, 48(suppl.), 21.

Eriksson, K., R. Blanchette, and P. Ander. 1990. Biodegradation of Lignin, in

Microbial and Enzymatic Degradation of Wood and Wood Components Springer

Verlag, New York, 225-332.

Fleming, I. 1976. Frontier Orbitals and Organic Chemical Reactions. John

Wiley and Sons, London, 182-207.

Jurasek, L. 1995. Toward a three-dimensional model of lignin structure. J. of

Pulp and Paper Sci., 21, J274-J279.

Ishii, Y., T. Iwahama, S. Sakaguchi, K. Nakayama, and Y. Nishiyama, Y. 1996.

Alkane Oxidation with Molecular Oxygen Using a New Efficient Catalytic

System: N-Hydroxy-phthalimide (NHPI) Combined with Co(acac)n (n=2 or 3). J.

Org. Chem., 61, 4520-4526.

Konig, W. and R. Geiger, R. 1970. Eine neue Methode zur Synthese von

Peptiden: Aktivierung der Carboxylgruppe mit Dicyclohexylcarbodiimid unter

Zusatz von 1-Hydroxy-benzotriazolen. Chem. Ber., 103, 788-798.



Paice, M., R. Bourbonnais, I. Reid, F. Archibald, and L. Jurasek. 1994. Oxidative

Bleaching Enzymes: The Next Generation? International Pulp Bleaching

Conference Proceedings, Vancouver, Canada, 211-214.

Poppius-Levlin, K., W. Wang, R. Marjatta, N. Marja-Leena, and L. Viikari.

1997. Biobleaching of Chemical Pulps by Laccase/Mediator Systems. Tappi

Pulping Conference: Biological Science Symposium Proceedings, San Francisco,

CA, 329-333.

Potthast, A., H. Koch, and K. Fischer. 1997. The Laccase-Mediator-System

Reaction with Model Compounds and Pulp. 9th International Symposium on

Wood and Pulping Chemistry Conference Proceedings, Montreal, Canada, F2-1.

Santiago, D., A. Rodriguez, J. Hamilton, D.J. Senior, J. Szwec, and A.J.

Ragauskas. 1995. Applications of Endo-(1,4)-[3-D-Xylanase in the Pulp and

Paper Industry, in Industrial Biotechnological Polymers, Ed. Gebelein, C.G.,

Carraher, C.E., Jr., Technomic Publishing Company, Inc., Lancaster, PA.

Sealey, J. and A.J. Ragauskas. 1997. Fundamental Investigations into the

Chemical Mechanisms Involved in Laccase-Mediator Biobleaching. Sealey, J.;

Ragauskas, A., 9th International Symposium on Wood and Pulping Chemistry

Conference Proceedings, Montreal, Canada, F 1-1-F 1-4.



Sealey, J. and A.J. Ragauskas. 1998. Residual lignin studies of laccase

delignified kraft pulps. Enzyme and Microbial Technology, manuscript accepted

for publication.

Stewart, J.J.P. 1990. MOPAC: A semi-empirical molecular orbital program.

Journal of Computer-Aided Molecular Design. 4(1): 1-105.

TAPPI Useful Methods 1991. Atlanta,: U.S.A., TAPPI Press.



Table 1. Biobleaching results employing a laccase mediator system for

delignifying a 26.8 kappa number softwood kraft pulp _.

Mediator % Delignification Mediator % Delignification

NoMediator 14 6 10

1+noLaccase 9 7 23

1 41 8 -15

2 12 9 28

3 8 10 11

4 12 11 16

5 17 12 10

t% delignification values were determined by measuring the initial kappa number

and the value after LMS.



Table2. Results from computational modeling of potential laccase

mediators.

Compound Bond dissociation SOMO Charge Spin SOMO
energy (kcal/mole) energy (eV) density density

1 79.066 -9.2831 -0.405 0.455 0.234
!

2 104.966 -9.3252 -0.182 0.876 0.007

3 97.112 -10.2602 -0.020 0.719 0.195
!

4 80.842 -9.3055 -0.269 0.601 0.057

5 85.962 -9.7048 -0.347 0.803 0.040

6 80.224 -9.6665 -0.391 0.447 0.238

7 79.219 -9.1807 -0.409 0.430 0.120

8 78.825 -9.0829 -0.413 0.430 I0.180i

9 80.315 -9.7392 -0.365 0.533 0.341

10 97.625 -10.3673 -0.190 0.878 0.018

11 81.011 -9.9004 -0.357 0.541 0.339

12 80.514 -9.9453 -0.358 0.536 0.348

tall calculated bond dissociation energies and other radical properties are based on

the RR'N-Oe species with the exception of proposed mediator 3 for which the

hydrogen of N-1 was removed.



Fig. 1. Comparative study of laccase (400 x 103 units of activity) catalyzed

delignification of a post-oxygen delignified softwood kraft pulp (kappa number:

17.2) employing no mediator, ABTS, and N-hydroxybenzotriazole (1.50 x 10-3

mols mediator). Percentage delignification determined after laccase treatment and

alkaline extraction stage (Sealey and Ragauskas, 1998).

Fig. 2. Proposed active delignification agent for laccase/N-hydroxybenzotriazole

bleaching system (Potthast, Koch, and Fischer, 1997).

Fig. 3. Mediators employed for LMS-stage.
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