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1. Introduction

Wood, agricultural fiber residues (agrifibers), and other woody
plants are composite materials whose main components are poly-
saccharides (cellulose and hemicelluloses) and lignin (Sjostrom, 1993;
Ververis et al., 2004; Reddy and Yang, 2005). These lignocellulosics
constitute an abundant, renewable source of raw material for a wide
array of products such as paper and paperboards (Roberts, 1996;
Ververis et al., 2004), composite boards such as medium-density
fiberboard (MDF) and particleboard, and other adhesively bonded
composites such as plywood widely used in the construction and
furniture industries (Maloney, 1996; Sellers, 2001; Reddy and Yang,
2005). Regarding lignocellulosic composites, large amounts of in-
creasingly more expensive petroleum-derived adhesives are needed
for their manufacture. In addition, formaldehyde emissions during
production and end-use of MDF, particleboard, and other adhesively
bonded products glued with formaldehyde-containing adhesives such
as urea-formaldehyde are a concern for the manufacturers and con-
sumers (Maloney, 1996; Sellers, 2001). The stringent environmental
and human health safety regulations and mounting raw material costs
have prompted research into reducing the amount of harmful and/or
expensive adhesive components and replacing synthetic adhesives
with more environmentally-friendly and safer alternatives. In terms of
paper products, which may be prepared without adhesives but often
require costly resin additives for enhancing wet strength (Roberts,
1996), savings in raw material and chemical costs can be achieved if the
basis weight of the products can be reduced without compromising
product quality. Alternatively, the durability of the products at a given
basis weight could be increased by suitable chemical modification of
the fibers.

In the quest for novel adhesion solutions and strength additives for
lignocellulosic composite and paper products, a common theme is the
attempt to increase the bonding between the fibers or other con-
stituent particles by their chemical modification. An overwhelming
majority of the studies in this area are based on oxidative modification
of lignin in the particles themselves and/or using added cross-linking
material such as technical lignins derived from the paper industry. The
activation of lignin for bonding can be carried out by oxidation with
phenol-oxidizing enzymes (laccase and peroxidases) derived from
white-rot fungi or other sources or by using the fungi as such. The
objective of the present review paper is to summarize and evaluate the
state-of-the-art of the field of lignocellulosic composite and paper
products prepared using enzymatic activation of lignin for adhesion
improvement. Although modification of lignin for improving adhesion
of wood composites with thermosetting adhesives has also been
investigated (Fackler et al., 2008), applications involving synthetic
adhesives are beyond the scope of this review.

2. Enzymatic modification of lignin
2.1. Chemical structure of lignin

Lignin is an amorphous, phenolic macromolecule found in the cell
walls of vascular plants (Sjostrom, 1993). It is made up of p-
hydroxyphenyl (H), guaiacyl (G), and syringyl (S)-type phenylpropane
units bearing 1-3 free or etherified hydroxyl groups, respectively
(Fig. 1). The phenylpropane units are connected by different types of
carbon-carbon (e.g. 5-5") and ether (e.g. 3-0-4) linkages. Softwood
and hardwood lignins are mainly of the G and GS types, respectively,
while grasses and other non-wood lignocellulosic plants may contain
a significant proportion of H-type lignin.

2.2. Modification of lignin by laccase and peroxidases

Laccase and peroxidases are phenol-oxidizing enzymes produced
by fungi (particularly white-rot) and certain plants, bacteria, and
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Fig. 1. Lignin phenylpropane units.

animals. White-rot fungi are basidiomycetes playing an important role
in the biodegradation of wood and other lignocellulosic materials
(Li, 2003; Regalado et al., 2004). The enzymes expressed by white-rot
fungi are able to degrade all the main components of lignocellulosics,
i.e., cellulose, hemicelluloses, and lignin (Enoki et al., 1988). From the
point of view of adhesive applications based on enzymatic treatments
of lignocellulosic materials, which are all more or less based on the
enzymatic oxidation and subsequent cross-linking of lignin and/or
other plant-derived phenolics such as tannins, it is of interest to
examine how the chemical structure of lignin changes upon exposure
to laccase (Leonowicz et al., 2001; Li, 2003) and peroxidase (Li, 2003;
Regalado et al., 2004). These two types of phenol-oxidizing enzymes
catalyze the one-electron oxidation of phenolic groups to phenoxy
radicals. They differ in that while laccase catalyze the oxidation of
phenolic substrates by dioxygen (0,), peroxidases such as lignin
peroxidase (LiP) and manganese peroxidase (MnP) require hydrogen
peroxide as substrate (Fig. 2). The peroxidases most commonly used
for modification of lignocellulosic materials are LiP, MnP, and horse-
radish peroxidase (HRP).

Unlike many other peroxidases, LiP is able to catalyze the oxidation
of not only phenolic but also non-phenolic aromatic substrates
(Li, 2003), giving rise to aryl cation radical intermediates (Kawai
et al.,, 1987; Higuchi, 1989). Non-enzymatic transformations of lignin
radicals may result in depolymerization of the lignin macromolecules,
formation of phenolic hydroxyl groups via cleavage of carbon-carbon
and ether bonds, and other reactions (Kirk and Chang, 1975; Enoki
et al., 1988; Nagieb et al., 1988; Higuchi, 1989; Hatakka et al., 1996).
The lignin radicals may also combine, resulting in repolymerization
(Hatakka et al., 1996). The investigations of Hatakka et al. (1996) with
technical lignins showed the net effects of laccase or MnP treatment in
terms of molecular weight and functional group content to be strongly
dependent on the reaction parameters such as enzyme dose.

The substrate range of phenol-oxidizing enzymes such as laccase
and MnP can be extended to non-phenolic (etherified) lignin units by
using redox mediators such as 2,2'-azinobis-(3-ethylbenzenthiazo-
line-6-sulfonic acid) (ABTS) and 1-hydroxybenzotriazole (HBT).
These small molecules are first oxidized by laccase and can then
diffuse to cell walls of lignocellulosic materials, where they oxidize
lignin phenolic hydroxyl groups and are often themselves regenerated
in the process (Bourbonnais and Paice, 1990; Call and Miicke, 1997; Xu
et al, 2002; Li, 2003). The mediators thus help overcome the
accessibility problem faced by bulky phenol-oxidizing enzymes,
which can usually act only on phenolic hydroxyl groups located at
the surface of lignocellulosic materials and are unable to penetrate
into the cell walls.

The adhesive effect obtained when lignocellulosic materials are
treated with phenol-oxidizing enzymes and then pressed into
composite or paper products is usually attributed, at least partly, to
cross-linking of lignin-based radicals (Fig. 3; see Sections 3-6).
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Fig. 2. Laccase- and peroxidase-catalyzed oxidation of phenols.

2.3. Modification of lignin by brown-rot fungi

Brown-rot fungi are a type of basidiomycetous microorganisms
able to effectively depolymerize and remove cellulose and hemi-
celluloses from lignocellulosic materials, as well as oxidizing lignin at a
slower rate (Kirk, 1975; Enoki et al., 1988; Goodell, 2003). Some brown-
rot fungi are able to produce laccase (Lee et al, 2004). As a
consequence, brown-rotted wood comprises mainly modified lignin.
These properties make it worthwhile to look at brown-rot fungi as a
potential means for producing reactive lignin from wood and other
lignocellulosic raw materials for adhesive and other applications. The
fungi cause extensive demethylation of methoxyl groups of (particu-
larly phenolic) lignin units; aromatic hydroxylation takes place as well.
As a result, brown-rotted lignin (BRL) is high in phenolic hydroxyl
groups. The carboxyl content of BRL is also significant, due in part to
oxidation of initially formed catechol groups and in part to side-chain
oxidation (Kirk, 1975; Jin et al., 1990). Kirk (1975) found the phenolic
and carboxyl group contents of BRL to be more than twice as high as
those of the corresponding milled wood lignin (MWL), while the BRL
contained only two thirds of the methoxyl groups found in the MWL.

In terms of the suitability of BRL treated with a phenol-oxidizing
enzyme as an adhesive for lignocellulosic composite materials, some
of its characteristics should promote radical formation in the lignin

and should thus have a positive impact on adhesion. The increased
phenolic hydroxyl content is evidently one of them. The presence of
carboxyl groups increases the water solubility of lignin and may thus
be beneficial during enzymatic treatment; however, the carboxyl
groups may also reduce the dimensional stability of the composite
product. Aromatic ring cleavage reduces the number of aromatic
radicals (potential cross-linking sites) that can be formed and may
thus detract from the adhesive properties of BRL.

3. Manufacture of binderless fiberboard from enzymatically
pre-treated lignocellulosic fibers

3.1. Activation of fibers by enzymatic pre-treatment before pressing

In the thermomechanical pulping for the manufacture of fiber-
board, the raw material such as wood chips or saw dust is pre-heated
at elevated temperature and pressure (~170 °C; ~0.8 MPa) to facilitate
fiber separation during the refining stage. Under these conditions, the
wood lignin is plasticized and fiber separation occurs along the highly
lignified middle lamella region (Back and Salmén, 1982). As a
consequence, the surface of the separated fibers is rich in lignin
(Widsten et al., 2001, 2002a). In addition, the high-temperature
defibration results in lignin depolymerization via cleavage of ether
bonds connecting the lignin phenylpropane units (Widsten et al.,
2001, 2002a). The depolymerized, water-extractable lignin fraction
has a high content of phenolic hydroxyl groups (Widsten et al., 2001,
2002a) and is crucial for the reactivity of lignin toward phenol-
oxidizing enzymes such as laccase in terms of oxidation of phenolic
hydroxyl groups to phenoxy radicals (Widsten et al., 2002b, 2003a).
Low-molecular weight phenols in the extract have been suggested to
function as an oxidation mediator enabling radical formation in fiber
domains not directly accessible to bulky laccase molecules
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Fig. 3. Coupling reactions of phenoxy radicals on lignocellulosic substrates treated with phenol-oxidizing enzymes.
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(Hassingboe et al., 1998). A large increase in radical formation was
obtained when laccase was applied together with the synthetic
mediator ABTS (Hassingboe et al., 1998). Felby et al. (1997) found the
properties of boards prepared from water-extracted and laccase-
treated beech fibers to be inferior to those of boards made from
unextracted and laccase-treated fibers. Widsten et al. (2003b, 2004)
found the properties of hardwood and and softwood MDF to improve
with an increase in radical formation in the fibers on laccase
treatment. The formation of covalent interfiber bonds by radical
coupling during pressing has been suggested to be a major contributor
to the improved adhesion effect obtained (Felby et al. 1997; Widsten et
al. 2003b; Felby et al., 2004). Increased surface compatibility and
entanglement of surface molecules due to deposition of lignin
extractives on the surface of fibers incubated with laccase have also
been suggested to improve adhesion (Felby et al., 1997; Felby et al.,
2004).

3.2. Effect of pre-heating temperature and wood type on fiberboard
properties

The amount of depolymerized lignin present in the fibers increases
with an increase in wood pre-heating temperature; it also varies from
species to species and at a given defibration temperature, hardwood
lignin is depolymerized to a greater extent than softwood lignin
(Widsten et al., 2001, 2002a). This is probably due to the greater
thermolability of the 3-aryl ether linkages of syringyl units present in
hardwood as compared to the mainly guaiacyl-type softwood lignin
(Domburg et al., 1974). The amount of water-extractable aromatic
material and the number of phenolic hydroxyl groups in birch fibers
increased from 1.5 to 4.2% and 0.2 to 0.43 mmol/g, respectively, when
the pre-heating temperature increased from 171 to 196 °C (Widsten
et al, 2001). In the case of spruce, the change of pre-heating
temperature from 171 to 202 °C resulted in respective increases
from 0.8 to 1.5% and from 0.20 to 0.31 mmol/g (Widsten et al., 2002a).
Widsten et al. (2002b, 2003a) found the formation of phenoxy radicals
and the internal bond (IB) strength of fiberboards (Widsten et al.,
2003b, 2004) to increase with increasing pre-heating temperature on
laccase treatment of birch and spruce fibers. An increase in pre-
heating temperature thus clearly renders wood fibers more reactive
toward laccase and improves the board properties.

3.3. Properties of fiberboards prepared from enzymatically pre-treated
fibers

The preparation of fiberboards from enzymatically/fungally trea-
ted fibers has been investigated on a laboratory- and pilot-scale. In the
laboratory-scale experiments by Felby et al. (1997) and Kharazipour
et al. (1997, 1998), fibers were either incubated with laccase (Felby
et al., 1997; Kharazipour et al., 1997) or peroxidase (Kharazipour et al.,
1998) at low consistency in a water medium at a suitable pH or laccase
solution was sprayed onto the fibers (Kharazipour et al., 1997). The
activated fibers were formed into mats and their water content
adjusted to the desired level for wet- or dry-process boards, after
which the mats were pressed into 3-6 mm thick fiberboards with
densities in the MDF (0.7-0.8 g/cm?) or high-density fiberboard (HDF,
hardboard) (>0.8 g/cm?) range. Unbehaun et al. (2000) manufactured
dry-process MDF from rape seed and pine fibers treated with laccase
or enzyme culture media but provide no experimental details. The
methods employed in the pilot-scale studies differ in regard of the
treatment method (mixing/spraying, addition point). In the study by
Widsten et al. (2003b, 2004), laccase was applied by spraying it onto
the fibers in the refiner blowline as the fibers were in a fluffed state;
the fibers were then air-formed into mats which were hot-pressed
into 12-mm MDF. In another pilot-scale study by Felby et al. (2002),
laccase was applied during the atmospheric refining stage, after which
the fibers were incubated in a rotary bin, dried, air-formed and cold-

pressed into mats, and finally hot-pressed into 8-mm HDEF. The best
results in terms of IB strength obtained in the above-mentioned
studies are shown in Table 1.

Laboratory-scale fiberboard production from enzymatically trea-
ted fibers has also been undertaken by other research groups using
either laccase or enzyme culture media for incubation. Kithne and
Dittler (1999) sprayed unspecified lignocellulosic fibers with a
commercial laccase or a mixture of brown-rot and white-rot fer-
mentation media, malt solution, and effluent from fiberboard pro-
duction. The boards prepared with the fungus-malt-effluent mixture
had significantly higher mechanical strength and dimensional
stability in percentage terms (only relative values were reported)
than control boards made from enzymatically treated fibers and con-
trols. Compared to them, the boards made from laccase-treated fibers
displayed ~50% lower IB strength and equal dimensional stability.
Korner et al. (2001) fermented wood (mainly spruce) chips, treated
with a fungicide, with the brown-rot fungus Coniophora puteana
before defibration. The fibers were dried to a moisture content of 11%
and fabricated into dry-process MDF with target density of 0.700 g/
cm?>. The boards prepared from chips fermented for 9 h showed ~180%
better modulus of rupture (MOR), ~280% better modulus of elasticity
(MOE), and 60% lower thickness swell (TS) than those made from non-
fermented chips (only relative values were given). In addition, the
refining energy was reduced by 40% on 13-h fermentation. Cao et al.
(2007) prepared wet-process MDF from pine (Pinus kesiya) fibers
incubated with laccase. The optimal incubation conditions in terms of
IB strength were pH 3.0, 50 °C, 2 h, and a laccase dose of 20 U/g fiber.
Similar results were obtained with eucalypt fibers by Wei et al. (2007).
The optimal incubation conditions in this case were pH 4.5, 40-45 °C,
1-2 h, and a laccase dose of 20 U/g fiber.

Although the large variability of raw material type and incubation
and production conditions complicates the comparison of the work
carried out by different research groups, while other studies provide
little or no experimental data or only relative values for board pro-
perties, some general conclusions can be made. A comparison of the
properties of enzymatically glued boards with the specifications of the
European standard EN 622-5 for the different thickness ranges of 1.8-
12-mm dry-process general purpose MDF for use in dry conditions
(e.g., IB 0.60-0.65; thickness swell 15-45%) shows that none of the
boards with densities in the MDF range comply with all the re-
quirements for mechanical strength and dimensional stability. While
sufficient IB strength can be achieved, the thickness swell and/or
bending strength criteria are not met. In terms of higher density boards
(0.87-1.04 g/cm?), boards of high mechanical strength and sufficient
dimensional stability meeting European norms for HDF (EN 622-2)
have been made on laboratory- and pilot-scale. For patents in the area,
see Kharazipour et al. (1993) and Qvintus-Leino et al. (2003).

3.4. Evaluation of the different fiberboard production methods

The method employed in the laboratory-scale studies in which the
fibers are first produced in a normal manner and then incubated for an
extended period before being fabricated into boards would require
major changes to the current industrial manufacturing practices and
therefore does not seem industrially viable. Regarding the methods
used on a pilot-scale, the application of enzyme in the atmospheric
refining stage during the fiber production (Felby et al. 2002) has
the advantage that the fibers are not subjected to high temperatures,
which may result in premature radical cross-linking and deactivate
the enzyme. Nevertheless, the separate incubation stage required
reduces the attractiveness of this approach. An advantage of the
method of spraying the enzyme onto fibers in the refiner blowline (i.e.,
at the UF resin application point) (Widsten et al., 2003b, 2004) is that
it requires no changes to existing manufacturing facilities and equip-
ment. A drawback of this method is that the conditions prevailing in
the blowline (high-temperature and low fiber moisture content) may
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Table 1
Fiberboards prepared from enzymatically activated wood fibers
Enzyme Fiber Pre- Incubation conditions Pressing conditions Board properties Reference
heating
P, t, Fiber/ T, t,h pH Enzyme Mat water ¢, T, P, o, Thickness, 1B, MOR, MOE, 24 h
MPa min  water °C dose, content, ¥ min °C MPa g/cm® mm MPa MPa GPa TS, %
U/g
Laccase Mixed® 0.8-1.0 n/a 36%wfv 35 12 50 26900 De-watered 5 190 1.0 0.78 5.4 0.95 23 Kharazipour
SP 504" (buffer) fibers et al. 1997
Laccase Mixed® 0.8-1.0 nfa  34/66 RT 12 20-25 5 190 1.0 077 6.0 0.59 22 Kharazipour
SP 504" (sprayed) et al. 1997
Laccase Beech 5%, wlv 20 1 45 35 33 5 180 n/a 1.04 3 1.55 57 Felby et al.
SP 504° (water) 1997
Laccase Beech 5% wlv 20 1 45 35 12 5 200 n/a 0.90 3 157 446 3.36 19 Felby et al.
SP 504" (water) 1997
Laccase? Beech 0.85 4 45(55 50 05 70 24 11-13 34 200 njfa 087 8 093 46.0 3.95 46  Felby et al.
(water)® 2002
Laccase® Aspen 12 4 Dry n/a nfa 12 7 5 170 njfa 075 12 102 161 217 33
fibers®
Laccase® Birch 1.2 4 Dry nfa nfa 6 6 47 190 nja 071 12 086 19.8 2.73 39
fibers’
Laccase® Spruce 1.6 4 Dry 0.6 7 41 170 nf/a 091 12 126 235 3.7 39
fibers"
Trichoderma Pine Dry 0.8 016 ~19 ~75 Unbehaun
reseei fibers et al. 2000
medium
Laccase Rape Dry 0.8 018 ~13 50 Unbehaun
straw fibers et al. 2000
Trametes Rape Dry 0.8 035 20 50 Unbehaun
versicolor straw fibers et al. 2000
medium
Peroxidase  Mixed® 0.8-1.0 n/a 6.6%, w/v RT 4 7.0 4200 De-watered 5 190 10 0.8 5 0.63 417 4.02 28 Kharazipour
SP 502% (buffer) fibers et al. 1998

Unless otherwise indicated, the boards were prepared on a laboratory scale.

2 Expressed per g of fiber in units for laccase and peroxidase units (PODU) for peroxidase.

b From Trametes (Coriolus) versicolor.

80% spruce and pine, 20% beech.
From Myceliophtora thermophila.

Pilot-scale production: enzyme added by spraying in the refiner.

c
d
¢ From Trametes hirsuta; Pilot-scale production: enzyme added during atmospheric refining at 60 °C; water sprayed in blowline; incubation in rotary bin.
f
g

From Basidiomycete; H,0, concentration 10 mM in peroxidase solution (300 PODU/ml).

reduce radical formation and stability in the fibers and deactivate the
enzyme. However, the experimental results clearly show that laccase
is able to function and/or survive at these harsh conditions to an
extent large enough to significantly improve board properties. The
higher defibration temperature required to produce fiber reactive
enough toward laccase when this method is used is a limiting factor
for production plants unable to raise the pre-heating temperature to a
suitable level. Regarding energy consumption, the cost of the elevated
pre-heating temperature should be more than offset by diminished
energy demand during refining. The cost of enzyme should not be
prohibitive as the pilot-scale studies show that even laccase doses as
low as 0.6 U/g fiber are feasible.

Based on the above, the potentially most practical production
method for plants able to elevate the pre-heater temperature to
above-standard levels would seem to be the process involving the
application of enzyme in the blowline so that a separate incubation
stage can be avoided. However, to bring all board properties up to
standards, optimization of production parameters may not be enough
but a suitable (low-cost) additive able to improve the dimensional
stability without impairing mechanical properties may be required.
Future studies could address this topic.

4. Manufacture of particleboard using enzymatically activated
lignin as an adhesive

4.1. Technical lignins

Technical lignins such as kraft lignin (KL), lignosulfonate (LS), soda
lignin (SL), and organosolv lignin (OSL) are isolated from the spent

pulping liquors of kraft, sulfite, soda and organosolv pulping
processes, respectively. These lignins as well as spent sulfite liquor
(SSL) have been pre-treated with phenol-oxidizing enzymes for use as
particleboard adhesives, or could be considered for this purpose. The
adhesive effect is largely attributed to an oxidative activation (radical
formation) of the lignin in the adhesive and on the surface of the wood
particles followed by cross-linking via radical coupling during
pressing into boards (Haars et al., 1989; Hiittermann et al., 1989).
The reactivity of technical lignins toward phenol-oxidizing enzymes is
expected to depend on their 1) molecular weight distribution, 2)
water-solubility, 3) content of phenolic hydroxyl groups, and 4)
number of available phenoxy radical cross-linking sites (phenolic
hydroxyls+unsubstituted carbons ortho to a phenolic hydroxyl)
(Hiittermann et al., 1989). Some properties of technical lignins are
given in Table 2. SSL consists of LS (~55%), sugars (~25-30%), and other
inorganic and organic substances (Sjostrom, 1993). The content of
phenolic hydroxyl groups may also increase during treatment with
phenol-oxidizing enzymes (Section 2.2).

4.2. Properties of particleboard prepared with enzymatically pre-treated
lignin

Despite the higher phenolic hydroxyl content of KL vs. LS (~0.6 vs.
~0.4/Cy unit), the published work has focused mainly on the use of LS
and SSL from the sulfite pulping process. A possible reason for the
absence of work with KL is its water-insolubility which reduces its
reactivity toward laccase (Hiittermann et al., 1989). This applies also to
other essentially water-insoluble lignins (Table 2) such as soda lignin,
OSL (not widely available commercially), and MWL (prepared for
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Table 2
Selected properties of technical lignins
Lignin type Lignin  Water Phenolic  Radical Poly- Reference
and source content, solubility hydroxyl cross-  dispersity
% groups/C9 linking (Mw/Mn)
unit sites/C9
unit?

Pine kraft 93 2% 0.57-0.62 091 4.32 Cook and
lignin (Indulin (25 °C) Sellers 1989
AT, Westvaco
Co.)
Red oak 92 5% 0.60-0.65 0.63 2.46 Cook and
organosolv (25 °C) Sellers 1989
lignin
Hardwood soda/ Low 0.77 0.85 Pizzi et al,,
anthraquinone 1989
lignin
Lignosulfonate Very 0.3-0.4 Fengel and

high Wegener

1984; Pizzi
1994

2 No. of free phenolic hydroxyl groups+no. of unsubstituted carbons ortho to a free
phenolic hydroxyl group. The latter is obtained by multiplying the average number of
free phenolic hydroxyls by the no. average no. aromatic hydrogens/C9 unit (Cook and
Sellers 1989) (assuming that C2 and C6 are unsubstituted and C2 is substituted by the
phenylpropane side-chain).

laboratory-scale investigations only). To overcome the solubility
problem, laccase treatments have been carried out using immobilized
laccase in organic solvent/water mixtures. However, the cost of the
organic solvent and the reduced activity and stability of laccase in
many organic solvents, and the need to immobilize the laccase
(Hiittermann et al., 1989) reduce the attractiveness of this approach.
LS, on the other hand, is water-soluble because of its sulfonic acid
groups.

Unlike fiberboard, the published enzymatic applications aiming at
resin substitution in particleboard are all two-component systems;
they are based on the use of technical lignin or other added adhesive.
The use of enzymatically activated LS/SSL for adhesion of particle-
board was first proposed in the patent of Nimz et al. (1972), which
focuses on the use of inorganic oxidants but also mentions the
potential use of enzymes, preferably peroxidases, for lignin oxidation.
No examples of particleboard prepared with enzymatically treated LS/
SSL were provided.

Haars et al. (1989) incubated spray-dried SSL with a culture filtrate
of Trametes versicolor (Table 3). The transverse tensile strength of
particleboards prepared using the activated SSL by pressing at
ambient temperature was equal to or higher than that of boards
prepared with PF or UF resin by pressing at 190 °C; boards made with
non-incubated SSL had 60% lower transverse tensile strength. Despite

their high mechanical strength, the boards made with enzymatically
treated SSL showed poor dimensional stability because of the
hydrophilic sulfonic acid groups in the LS component. An attempt
was made to improve the water resistance by incorporation of water-
insoluble OSL into the formulation. The SSL-OSL boards, however, had
very low mechanical strength.

Hiittermann et al. (1989) manufactured particleboards using
enzymatically treated (culture filtrate of Trametes versicolor) LS or
MWL as the adhesive (Table 3). The transverse tensile strength of the
boards exceeded the European standard as well as that of the controls
prepared with UF resin, and was somewhat higher with the water-
soluble LS than with the water-insoluble MWL. The dimensional
stability, on the other hand, was better with MWL. In both cases, the
dimensional stability of the boards was higher than that of the control
UF-glued boards.

5. Adhesion improvement of paper products by enzymatic
pre-treatment of lignin-containing pulps

5.1. Treatments without added lignin (one-component systems)

The prospect of enhancing the mechanical strength of paper
products by enzymatic treatment of lignin-containing pulp fibers has
sparked research on the topic. Improvement of interfiber bonding
without added lignin or other cross-linking agents by activation of
lignin present in unbleached pulp by treatment with a phenol-
oxidizing enzyme such as laccase is one of the methods investigated.
The number of radicals formed in kraft pulps upon laccase treatment
is directly proportional to their kappa number (Lund et al., 2003). The
lignin located at the fiber surface is particularly prone to oxidation
while the lignin in the inner fiber domains is oxidized at a slower rate
(Lund et al., 2003).

Despite the radical formation, Lund and Felby (2001) found laccase
treatment to have virtually no effect on the dry and wet tensile
strength of kraft paper made from unbleached high-yield kraft pulp
unless the treatment was performed in the presence of an oxidation
mediator. In the latter case, the wet tensile strength of kraft paper was
improved with some mediators such as ABTS while others such as HBT
proved ineffective. Further gains in wet tensile strength were obtained
when heat treatment was combined with the laccase/mediator
treatment. The authors attributed the strength improvements to
polymerization of lignin in the handsheets and to cross-linking of
phenoxy radicals in adjacent fibers. In a study by Wong et al. (1999), a
low dose of laccase/HBT improved the strength of paper made from
high-yield kraft pulp.

In terms of mechanical pulp, Wong et al. (2000) studied the effect
of laccase, cellulose and proteinase treatment on the mechanical

Table 3
Particleboards prepared with enzymatically activated technical lignins
Enzyme Lignin type  Binder amount, % Enzyme dose, U/ml*  Pressing conditions Board properties Reference

t,min T,°C p,g/cm® Thickness, Transverse tensile strength, 24-h TS, %

mm MPa‘“

Trametes versicolor ~ MWL? P 5 RT 0.775 19 0.42 19.9 Hittermann
phenol-oxidizing et al,, 1989
enzymes
Trametes versicolor LS 15° 5 RT 0.774 19 0.47 24.0 Hiittermann
phenol-oxidizing et al., 1989
enzymes
Trametes versicolor ~ Ca**-SSL 320 5 19 0.64 Below std.  Haars et al.
culture filtrate 1989
Trametes versicolor ~ Mg?*-SSL 320 5 19 0.60 Below std.  Haars et al.
culture filtrate 1989

¢ Milled wood lignin (MWL) is not obtained from any commercial pulping process but is prepared in small amounts for laboratory-scale experiments.

b Two parts lignin, one part enzyme solution.
¢ European standard EN 312-4: 0.35 MPa.
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properties of handsheets made from radiata pine pressurized refiner
mechanical pulp. While all three enzymes improved tensile stiffness,
only the laccase consistently improved tensile and burst indices at a
given handsheet density. The presence of an oxidation mediator (HBT)
did not improve the mechanical properties but decreased the
brightness substantially. Felby et al. (1998) prepared handsheets
from laccase-treated unbleached radiata pine thermomechanical pulp
(TMP). The dry tensile index of the paper was lower than that of
controls made from untreated pulp, and the handsheets disintegrated
during cold water soaking so that wet tensile index was unable to be
determined.

A patent by Hansen et al. (1995) deals with production of paperboard
and corrugated medium from unbleached chemical or semichemical
pulp, or recycled fibers. The application of laccase mediator systems to
the manufacture of paper products such as corrugated paperboard or
containers from lignin-containing pulps has been patented by Lund and
Felby (2000).

5.2. Treatments with added lignin (two-component systems)

As with composite boards, the use of technical lignin and other
phenolic cross-linkers of wood or non-wood origin has been
investigated in relation to paper products.

Elegir et al. (2007) ultrafiltered black liquor from kraft pulping of
softwood to obtain a low-molecular weight lignin (UFL), which was
incubated with Trametes pubescens laccase and used for adhesion
improvement of linerboard (kraft liner). The laccase was shown to
cross-link the added lignin and the residual lignin in the kraft fibers.
As a result, the wet tensile strength of the linerboard was more than
doubled while other board properties (dry tensile strength, SCT index,
TEA index, Scott bond) were also improved to some extent. The
application of laccase together with a mediator (ABTS) allowed even
higher wet tensile strength to be obtained but also resulted in a
decline in the other board properties.

Yamaguchi et al. (1994) deposited a dehydrogenative polymer
(DHP) consisting of enzymatically polymerized vanillic acid on
laccase-treated TMP. The tensile strength and water resistance of
TMP paper increased, which was ascribed to coupling reactions bet-
ween fiber lignin and DHP, and to an increase in fiber contact area.
Lund and Felby (2001) found the addition of lignin-rich extractives to
laccase-treated high-yield kraft pulp to improve the wet tensile
strength of kraft paper. In another investigation, Felby et al. (1998)
found a paper made from unbleached radiata pine TMP treated with
laccase and phenol-sugar adduct (ferulated arabinoxylan) to have
superior dry and wet tensile index and higher density than controls.
The improved adhesion was ascribed to both chemical and physical
factors.

6. Manufacture of wood laminates using brown-rotted lignin as an
adhesive

BRL has a significantly higher content of phenolic hydroxyl groups
than native wood lignin, which makes it an interesting candidate for
adhesive applications based on the reactions of this functional group.
Jin et al. (1991) rotted Douglas fir and used it as an adhesive for wood
laminates. BRL was used as such or applied together with horseradish
peroxidase or a mixture of horseradish peroxidase and laccase. The
results (Table 4) show that cedar and sweetgum laminates bonded
with BRL and enzymes had considerably higher dry shear strength
than the corresponding laminates glued with BRL only, while no such
improvements were obtained with pine laminates. In most cases, the
incorporation of laccase into the adhesive formulation had a slightly
beneficial effect on laminate strength as compared to laminates
bonded with BRL and peroxidase only. In all cases, hot-pressing after
gluing for 5 min at 149 °C gave markedly better results than cold
pressing for the same time. The hot-pressing also improved the water

resistance of the laminates; cold-pressed laminates disintegrated
rapidly in cold water, whereas those that were hot-pressed survived
for 12 h. The high carboxyl content of BRL was considered to be the
most likely reason for the low-moderate water resistance. Another
problem with the BRL adhesives was the fact that they did not perform
nearly as well as the synthetic adhesives.

7. Conclusions and outlook

Before composite and paper products can be produced industrially
from enzymatically or fungally treated lignocellulosic particles, there
are technological and economical problems to overcome. Prerequi-
sites for industrial implementation include keeping the production
cost of enzymes/fungi low and avoiding incurring high investment
costs from changes to existing production plants to accommodate the
new production methods.

Regarding the manufacture of binderless MDF, the main challenge
is to find a method allowing sufficient dimensional stability to be
obtained without increasing the board density to HDF level. A small
amount of a low-cost additive (with cross-linking properties) may be
needed to achieve this, although the boards are then not truly
binderless. Other than that, there are no great obstacles for the in-
dustrial implementation of binderless MDF production methods as
the enzymatic treatment can be performed without changes to man-
ufacturing plants (see Section 3.4 for a discussion).

As for particleboard, the published two-component production
methods based on phenol-oxidizing enzymes and technical lignins
seem impractical for both economical and technical reasons: the cost
of the technical lignin adhesive may be significant, and the fact that the
incubation of particles has to be carried out as a separate step makes
the methods incompatible with existing manufacturing facilities.
There is also the dilemma that the water-soluble technical lignins
reduce the dimensional stability of the product, while water-insoluble
lignins may not be reactive enough to provide sufficient cross-linking.

In terms of paper products made without additional binder ma-
terial, rather conflicting results have been obtained by different re-
search groups. It does seem, however, that significant wet strength
improvement can be obtained when fibers are treated with a laccase/
mediator system. Naturally, the cost of the mediator has to be weighed
against that of existing wet strength agents. Future investigations
could focus on finding low-cost and effective natural mediators. The
two-component systems containing lignin or other cross-linkable
material seem technically more promising than the one-component
systems but their cost may be prohibitive in relation to existing in-
dustrial methods. Another issue to consider is how to implement the
methods without major changes to the papermaking facilities.

The method of manufacturing laminated wood from brown-rotted
lignin is unsuitable for industrial application as the product properties
are clearly inferior to those obtained with synthetic adhesives. The

Table 4
Dry shear strength (MPa) of three wood species glued with BRL and conventional resins
(parallel 2-ply laminated wood)

Western red cedar  Sweetgum Southern pine
Resin Hot Cold Hot Cold Hot Cold
press press press press press press
Brown-rotted lignin 1.65 112 232 0.29 1.26 D
(BRL)
BRL+HRP+H,0, 2.57 1.64 3.30 1.65 1.10 D
BRL+HRP/L+H,0,  2.63 1.80 3.00 1.92 1.32 D
Phenol- - - - - 2.79 -
formaldehyde
Phenol-resorcinol- - - - - - 341

formaldehyde

Adapted from Jin et al. (1991).
HRP = horseradish peroxidase; L = laccase; D = delaminated during sample cutting.
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fungal treatment may also be too time-consuming and expensive to be
feasible.

References

Back EL, Salmén NL. Glass transitions of wood components hold implications for molding
and pulping processes. Tappi 1982;65:107-10.

Bourbonnais R, Paice MG. Oxidation of non-phenolic substrates. An expanded role for
laccase in lignin biodegradation. FEBS Lett 1990;267:99-102.

Call HP, Miicke I. History, overview and applications of mediated lignolytic systems, espe-
cially laccase-mediator-systems (Lignozym®-process). ] Biotechnol 1997;53:161-202.

Cao Y, Duan X, Cao Y, Lv J, Zhou G. Effect of parameters for laccase treated fiber of Pinus
kesiya var. langbianensis on strength of wet-process fiberboard. P China Assoc Sci
Technol 2007;3:114-8.

Cook PM, Sellers T. Organosolv lignin-modified phenolic resins. ACS Sym Ser
1989;397:325-33.

Domburg G, Rossinskaya G, Sergeeva V. Study of thermal stability of 3-O-4 ether bonds
in lignin and its models. Proc 4th Int Conf Therm Anal, Budapest 1974:211-20.
Elegir G, Bussini D, Antonsson S, Lindstrom ME, Zoia L. Laccase-initiated cross-linking of
lignocellulose fibres using a ultra-filtered lignin isolated from kraft black liquor.

Appl Microbiol Biotechnol 2007;77:809-17.

European Norm EN 622-5. Fiberboards — specifications. Part 5: requirements for dry
process boards (MDF). 2004.

European Norm EN 622-2. Fiberboards — specifications. Part 2: requirements for
hardboards (consolidated version). 2006.

Enoki A, Tanaka H, Fuse G. Degradation of lignin-related compounds, pure cellulose and
wood components by white-rot and brown-rot fungi. Holzforschung
1988;42:85-93.

Fackler K, Kuncinger T, Ters T, Srebotnik E. Laccase-catalyzed functionalization with 4-
hydroxy-3-methoxybenzylurea significantly improves internal bond of particle
boards. Holzforschung 2008;62:223-9.

Felby C, Pedersen LS, Nielsen BR. Enhanced auto-adhesion of wood fibers using phenol
oxidases. Holzforschung 1997;51:281-6.

Felby C, Olesen PO, Hansen TT. Laccase catalyzed bonding of wood fibers. ACS Sym Ser
1998;687:88-98.

Felby C, Hassingboe ], Lund M. Pilot-scale production of fiberboards made by laccase
oxidized wood fibers: board properties and evidence for cross-linking of lignin.
Enzyme Microb Tech 2002;31:736-41.

Felby C, Thygesen LG, Sanadi A, Barsberg S. Native lignin for bonding of fiber boards-
evaluation of bonding mechanisms in boards made from laccase-treated fibers of
beech (Fagus sylvatica). Ind Crop Prod 2004;20:181-9.

Fengel D, Wegener G. Wood — Chemistry, Ultrastructure, Reactions. New York: Walter
deGruyter; 1984.

Goodell B. Brown-rot fungal degradation of wood: our evolving view. ACS Sym Ser
2003;845:97-118.

Haars A, Kharazipour A, Zanker H, Hiittermann A. Room-temperature curing adhesives
based on lignin and phenoloxidases. ACS Sym Ser 1989;385:126-34.

Hansen TT, Holm HC, Franks NE. A process for production of linerboard and corrugated
medium. Int Pat Appl 13.04.1995 W09509946.

Hassingboe ], Lawther JM, Felby C. Influence of extractives on enzymatic catalyzed
bonding of Norway spruce TMP fibers. Int Conf Biotechnol Pulp Paper Ind, 7th,
Vancouver, BC June 16-19, 1998:A125-8.

Hatakka A, Mettdld A, Toikka M, Hortling B, Brunow G. Modification of lignin by laccase
and manganese peroxidase. In: Srebotnik E, Messner K, editors. Biotechnology in
the pulp and paper industry: advances in applied and fundamental research (Proc.
6th Int. Conf. Biotechnol. Pulp Paper Ind.). Vienna, Austria: Facultas-Universitats-
verlag; 1996. p. 333-8.

Higuchi T. Mechanisms of lignin degradation by lignin peroxidase and laccase of white-
rot fungi. ACS Sym Ser 1989;399:482-502.

Hiittermann A, Milstein O, Nicklas B, Trojanowski ], Haars A, Kharazipour A. Enzymatic
modification of lignin for technical use. Strategies and results. ACS Sym Ser
1989;397:361-70.

Jin L, Schultz TP, Nicholas DD. Structural characterization of brown-rotted lignin.
Holzforschung 1990;44:133-8.

Jin L, Nicholas DD, Schultz TP. Wood laminates glued by enzymatic oxidation of brown-
rotted lignin. Holzforschung 1991;45:467-8.

Kawai S, Umezawa T, Shimada M, Higuchi T, Koide K, Nishida T, Morohoshi N, Haraguchi
T. Ca—Cp cleavage of phenolic -1 lignin substructure model compound by laccase
of Coriolus versicolor. Mokuzai Gakkaishi 1987;33:792-7.

Kharazipour A, Hiittermann A, Liildemann HD. Enzymatic activation of wood fibers as a
means for the production of wood composites. ] Adhes Sci Technol 1997;11:419-27.

Kharazipour A, Bergmann K, Nonninger K, Hiittermann A. Properties of fibre boards
obtained by activation of the middle lamella lignin of wood fibres with peroxidase
and H,0, before conventional pressing. ] Adhes Sci Technol 1998;12:1045-53.

Kharazipour A, Hiittermann A, Kithne G, Rong M. Process for glueing wood chips and
articles produced by this process. Eur Pat Appl 13.10.1993 EP0565109.

Kirk TK. Effects of a brown-rot fungus, Lenzites trabea, on lignin in spruce wood. Holzforschung
1975;29:99-107.

Kirk TK, Chang Hm. Decomposition of lignin by white-rot fungi. Il. Characterization of
heavily degraded lignins from decayed spruce. Holzforschung 1975;29:56-64.
Korner 1, Kithne G, Pecina H. Unsterile Fermentation von Hackschnitzeln-eine Holzbe-

handlungsmethode fiir die Faserplattenherstellung. Holz Roh Werkst 2001;59:334-41.

Kithne G, Dittler B. Enzymatische Modifizierung nachwachsender Rohstoffe fiir die
Herstellung bindemittelfreier Faserwerkstoffe. Holz Roh Werkst 1999;57:264.

Lee KH, Wi SG, Singh AP, Kim YS. Micromorphological characteristics of decayed wood
and laccase produced by the brown-rot fungus Coniophora puteana. ] Wood Sci
2004;50:281-4.

Leonowicz A, Cho NS, Luterek ], Wilkolazka A, Wojtas-Wasilewska M, Matuszewska A,
Hofrichter M, Wesenberg D, Rogalski J. Fungal laccase: properties and activity on
lignin. ] Basic Microb 2001;41:185-227.

Li KC. The role of enzymes and mediators in white-rot fungal degradation of lignocellulose.
ACS Sym Ser 2003;845:196-209.

Lund M, Eriksson M, Felby C. Reactivity of a fungal laccase towards lignin in softwood
kraft pulp. Holzforschung 2003;57:21-6.

Lund M, Felby C. Production of paper materials with improved wet strength and use of a
phenol-oxidizing enzyme and a mediator therein. Int Pat Appl 16.11.2000 WO0068500.

Lund M, Felby C. Wet-strength improvement of unbleached kraft pulp through laccase-
catalyzed oxidation. Enzyme Microb Tech 2001;28:760-5.

Maloney TM. The family of wood composite materials. Forest Prod ] 1996;46:19-26.

Nagieb ZA, El-Meadaway SA, El-Gammal AA. Chemical characterization of native and
degraded lignins from both rice straw and cotton stalks decayed by white-rot fungi.
Holzforsch Holzverw 1988;40:33-7.

Nimz H, Razvi A, Mogharab [, Clad W. Bindemittel bzw. Klebemittel zur Herstellung von
Holzwerkstoffen, sowie zur Verklebung von Werkstoffen verschiedener art.
German Pat 03.01.1972 DE2221353.

Pizzi A, Cameron FA, van der Klashorst GH. Soda bagasse lignin adhesives for particleboard.
Preliminary results. ACS Sym Ser 1989;385:83-95.

Pizzi A. Lignin-based wood adhesives. Advanced wood adhesives technology. New York:
Marcel Dekker Inc.; 1994.

Qvintus-Leino P, Widsten P, Tuominen S, Laine ], Kunnas J. Method of producing
compressed layered structures. Int Pat Appl 12.06.2003 W003047826.

Reddy N, Yang Y. Biofibers from agricultural byproducts for industrial applications.
Trends Biotechnol 2005;23:22-7.

Regalado C, Garcia-Almendarez BE, Duarte-Vazquez MA. Biotechnological applications
of peroxidases. Phytochem Rev 2004;3:243-56.

Roberts, JC, editor. Paper chemistry. 2nd ed. London: Blackie Academic and Professional;
1996.

Sellers T. Wood adhesive innovations and applications in North America. Forest Prod ]
2001;51:12-22.

Sjostrom E. Wood chemistry: fundamentals and applications. 2nd ed. San Diego, CA:
Academic Press Inc.; 1993.

Unbehaun H, Dittler B, Kithne G, Wagenfiihr A. Investigation into the biotechnological
modification of wood and its application in the wood-based material industry. Acta
Biotechnol 2000;20:305-12.

Ververis C, Georghiou K, Christodoulakis N, Santas P, Santas R. Fiber dimensions, lignin
and cellulose content of various plant materials and their suitability for paper
production. Ind Crop Prod 2004;19:245-54.

Wei HL, Shi SL, Pei JC. Characterization of enhanced auto-adhesion of eucalyptus fibers
activated by laccase. Trans China Pulp Paper 2007;22:95-8.

Widsten P, Laine JE, Qvintus-Leino P, Tuominen S. Effect of high-temperature fiberization
on the chemical structure of softwood. ] Wood Chem Technol 2001;21:227-45.
Widsten P, Laine JE, Qvintus-Leino P, Tuominen S. Effect of high-temperature

fiberization on the chemical structure of hardwood. Holzforschung 2002a;56:51-9.

Widsten P, Laine JE, Tuominen S. Radical formation on laccase treatment of wood
defibrated at high temperatures. Part 1. Studies with hardwood fibers. Nord Pulp
Paper Res ] 2002b;17:139-46.

Widsten P, Laine JE, Tuominen S. Radical formation on laccase treatment of softwoods
defibrated at high temperatures. II. Studies with softwood fibers. Cell Chem Technol
2003a;36:161-72.

Widsten P, Laine JE, Tuominen S, Qvintus-Leino P. Effect of high defibration temperature
on the properties of medium-density fiberboard (MDF) made from laccase-treated
hardwood fibers. ] Adhes Sci Technol 2003b;17:67-78.

Widsten P, Tuominen S, Qvintus-Leino P, Laine JE. The influence of high defibration
temperature on the properties of medium-density fiberboard (MDF) made from
laccase-treated softwood fibers. Wood Sci Technol 2004;38:521-8.

Wong KKY, Anderson KB, Kibblewhite RP. Effects of the laccase-mediator system on the
handsheet properties of two high kappa kraft pulps. Enzyme Microb Tech
1999;25:125-31.

Wong KKY, Richardson JD, Mansfield SD. Enzymatic treatment of mechanical pulp fibers
for improving papermaking properties. Biotechnol Progr 2000;16:1025-9.

Xu F, Li K, Elder TJ. N-hydroxy mediated laccase biocatalysis: recent progress on its
mechanism and future prospect of its application. Prog Biotech 2002;21:89-104.

Yamaguchi H, Maeda Y, Sakata I. Bonding among woody fibers by use of enzymatic
phenol dehydrogenative polymerization. Mechanism of generation of bonding
strength. Mokuzai Gakkaishi 1994;40:185-90.



	Adhesion improvement of lignocellulosic products by enzymatic pre-treatment
	Introduction
	Enzymatic modification of lignin
	Chemical structure of lignin
	Modification of lignin by laccase and peroxidases
	Modification of lignin by brown-rot fungi

	Manufacture of binderless fiberboard from enzymatically pre-treated lignocellulosic fibers
	Activation of fibers by enzymatic pre-treatment before pressing
	Effect of pre-heating temperature and wood type on fiberboard properties
	Properties of fiberboards prepared from enzymatically pre-treated fibers
	Evaluation of the different fiberboard production methods

	Manufacture of particleboard using enzymatically activated lignin as an adhesive
	Technical lignins
	Properties of particleboard prepared with enzymatically pre-treated lignin

	Adhesion improvement of paper products by enzymatic pre-treatment of lignin-containing pulps
	Treatments without added lignin (one-component systems)
	Treatments with added lignin (two-component systems)

	Manufacture of wood laminates using brown-rotted lignin as an adhesive
	Conclusions and outlook
	References


