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Abstract

A variety of enzymes are available for the surface modification of cellulosic fibers, both
in the area of textile applications and for pulp and paper applications. Enzymatic treatment
conditions are milder, less damaging for the fiber, and are environmentally friendly while
producing effects comparable to chemical treatments. Surface modifications can be achieved
by oxidative and/or hydrolytic enzymes. Some of the enzymatic processes have recently
attained commercial importance and more systems are being developed. The following
chapter will review current research in the application of oxidoreductases and hydrolases
that are valuable for textile and forest products industries.
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12.1 Introduction

Fibers derived from plants have a surface chemistry that is inherent in the
structure and the source of the material. These fibers will often have a set of
properties, such as water-binding capability, flexibility, rigidity, hydrophilic and
hydrophobic regions, and the ability to adhere to themselves and other materi-
als, which is dependent on the structure and assembly of the major components
of'the fiber (hemicellulose, cellulose, and lignin). For economic or supply avail-
ability concerns, it is often desirable to modify these properties, thus altering
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the fiber or its surface, to suit the end-product. A variety of chemical techniques
have been developed to achieve this goal.

One way of changing fiber surface properties is to remove components of
the fiber. The first steps in both the textile and the pulp and paper industries are
usually processes to separate the cellulosic material from non-cellulosic impu-
rities. The well-known processes of kraft or sulfite pulping result in a cellulosic
fiber with good paper strength and little lignin or hemicellulose content. The
fiber is bludgeoned into the suitable form for the product. In the textile indus-
try, scouring and bleaching processes remove oils, fats, pectin, hemicellulose,
and coloring matter and render the fiber material clean, water absorbent, and
prepared for further modification, such as dyeing.

Another possibility to alter a fiber is to add components. Pulps with high
cellulosic content, for example, can be made into cellulose acetate films and
carboxymethylcellulose derivatives depending on whether the carboxylic acid
of the added acetyl group is involved in an ester or is free to react in an aqueous
solution. The result of these additions is a more soluble fiber in the case of
carboxymethylcellulose or a more insoluble fiber in the case of cellulose acetate.
Acetyl esters of wood created with acetic anhydride can make the wood more
dense and more hydrophobic [1]. Attachment of carboxylic acids also affects
the strength of paper. The presence of carboxylic acids [2—4] and the effect of
different cations [5—7] bound to the dissociated acid have been shown to have
significant effects on the strength of paper. Cellulosic fibers for textile uses
can be modified by addition of hydrophobic groups for water repellency, cross-
linking agents for improved performance, or softeners for enhanced hand, for
example [8].

A third method of fiber alteration is to change the nature of fiber functional
groups; for instance, by oxidation reactions to increase the acidic groups avail-
able for better bonding in the case of pulp fibers [2]. A variety of bleaching
techniques can be used to remove color from pulps used for writing papers by
either oxidative or reductive methods [9—-14]. As a result of bleaching, the chro-
mophore is removed, altered, or destroyed, although in some cases brightness
reversion may occur [10, 15, 16].

Chemical treatments of fiber involving harsh reaction conditions or highly
reactive chemicals create problems with non-specific reactions, potential haz-
ards to the user, and cost in yield of the products or loss of desirable com-
ponents. Such conditions can cause a reduction in degree of polymerization,
loss of hemicellulose, and oxidation reactions at end-groups so that the fiber
negatively changes its properties and loses strength. It is of utmost importance
to maintain mild conditions for modification of cellulosic surfaces when the
fiber integrity is to be maintained [17]. As a consequence of these limitations
of chemical systems and the nature of the fiber, the use of enzymes to perform
some of these reactions has been investigated [18-21].
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Enzymes, applied at mild conditions, have the advantage of being specific
to their substrates and more easily controlled, and they are viewed as environ-
mentally friendly and less damaging to the fiber [18, 20, 22]. The disadvantages
with enzymes are that they are often not robust enough for the process [23]; they
are expensive, especially when used in a single step without enzyme recycle,
and frequently, they are not available in commercially useful quantities [18].

Enzymatic surface modifications of fibers can be created by oxidative and/or
hydrolytic enzymes. Oxidoreductases, such as peroxidases, laccase, and cel-
lobiose dehydrogenase, all have uses in the modification of fiber surfaces [10,
18-21]. Likewise hydrolases, such as cellulases, hemicellulases, pectinases,
amylases, lipases, and proteases, are able to modify fiber surfaces [18-20, 22].
Attachment of various functional groups or enzymes by the use of cellulose-
binding domains (CBDs) is also becoming more common [24, 25]. We will
review recent research on enzymatic modifications of fibers for the textile and
forest product industries, including results from experiments performed in our
laboratories.

12.2 Oxidative enzymes and their applications

12.2.1 Laccases for pulp and paper modification

Laccases are enzymes that catalyze the oxidation of a variety of pheno-
lic and similar compounds [26, 27] and are implicated in the degradation of
lignin [28]. Laccases have been identified in both fungi and bacteria [29]. The
enzymes abstract an electron from substrates containing phenolic or aromatic
nitrogen, which produces a free radical, and reduce oxygen to water, as shown in
Figure 12.1 for hydroquinone. Laccases can degrade model lignin compounds
[30-32] and have been useful in the removal of lignin from pulps [33]. Remov-
ing lignin is important for the properties of chemical pulps (improved flexibility,
better fiber to fiber bonding, increased sheet strength) and the brightness of the
paper. In addition to delignification, laccases are able to bleach, oxidize, and
graft materials onto the fiber surface [19, 28, 34].

laccase non-enzymatic
1/2 0,

Figure 12.1. Enzymatic abstraction of electron from hydroquinone
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Delignification of pulps and various mediator combinations with laccases
have been studied by many authors [19, 28, 35—41]. Delignification is most
prominent when the lignin content of the pulp is high [33]. For effective deligni-
fication, laccase requires the addition of a mediator [42]. The mediator oxidizes
lignin at a distance from the enzyme and also reacts with compounds that are
not substrates for laccase. As depicted for hydroquinone (Figure 12.1), laccase
abstracts an electron from a suitable substrate with the reduction of molecular
oxygen. The enzymatic free radical products may undergo further oxidative
and non-enzymatic reactions, including polymerization and dismutation [41,
43].

The reaction and decay of the free radicals generated in a complex sub-
strate such as lignin are difficult to foresee, and the products of the reaction
are complex. The complexity of the products of the laccase reaction depends
in part on the resonance structures of the free radical, the solubility of the
product, other compounds available to react with the radical, and the longevity
of the radical [41, 44]. Despite this complexity, carefully designed reactions
can predict the reactions taking place and obtain product in reasonable yield
[45].

Mediators are substrates of laccase able to react with structures that the lac-
case enzyme cannot oxidize [30, 46]. Mediators can be long-lived free radicals
or transition metal complexes [38, 47]. They can be natural products of fungi
or other chemicals [48]. The use of laccase in bleaching and delignification
requires mediators, and commercial application is hampered by the lack of an
inexpensive source [42, 49]. New mediators and laccase substrates are being
sought and reported [27, 41].

The laccase mediator for bleaching may have different effects depending
on the material being bleached or delignified [S0-53], the enzyme used [27],
and the mediator employed [46]. The mechanism of laccase mediator reactions
has been investigated—some proceed by a radical hydrogen atom transfer (us-
ing mediators, 1-hydroxybenzotriazole, violuric acid, or hydroxyphthalimide)
while the most often reported mediator, 2,2’-azino-bis(3-ethlybenzthiazoline-
6-sulfonic acid), can proceed via an electron transfer mechanism [43].

The reaction of laccase on fiber can create a variety of effects. Wood-
based products can be oxidized, providing better strength in composites [54],
papers and fiberboards [55-57], and reducing energy costs [58]. For example,
reactions of laccase with radiata pine chips resulted in energy savings during
mechanical refining and a stronger handsheet from the pulp [58]. Laccase treat-
ment was shown to increase the strength of various fiberboards [59, 60] and
paper [55].

A relatively new area for laccase application is the grafting of materials to
lignocellulose [61, 62]. The laccase reaction with lignin builds up a phenoxy-
radical charge in the material [62]. The radicals in these polymers appear to be
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either long-lived or are rapidly regenerated by the enzyme. These radicals have
been used to graft various materials onto the fiber, including carbohydrates
[62], acrylates [63, 64], and acrylamides [65, 66]. Other polymeric materials
[54, 62] can also be attached, thus modifying the fiber surface. The addition of
polymers changes the material properties of the cellulosic material, increasing
its strength or water-holding capacity.

Exploration of the vast substrate range of laccase and the effects of different
substrates on a lignocellulose product are in its infancy [67]. Phenolic acids
can be attached to pulps using laccase and various substrates such as gallic acid
[68], 4-hydroxybenzoic acid [69], and 4-hydroxyphenylacetic acid [67, 70].
The attachment of the phenolic acids increases the burst and tensile strength
of test handsheets, presumably by the presence of the organic acid. However,
the attachment of phenolic materials that alter the surface characteristics of
fiber, such as resorcinol, phloroglucinol, and catechol, does not increase the
strength of handsheets [67]. The effect of laccase treatment of substrates must
be empirically derived because of reactions with oxygen and other radicals
generated in the reaction, polymerization of the substrate, and condensation
onto lignocellulose. The nature of the laccase substrate can only suggest that a
particular effect on the surface chemistry may be obtained.

12.2.2 Textile fiber applications of laccases

Laccases have also found applications in textile processes. The introduc-
tion of a more user-friendly laccase formulation to the textile-finishing market
spurred an interest in its use for treatment of indigo-dyed cotton denim. Sev-
eral reports of laccase bleaching appeared in the literature by the turn of the
last century [71]. Laccase was applied together with a suitable mediator to
create a bleached-out look to jeans, which was fashionable at that time. In
this process, the indigo chromophore was transformed into isatin [71], and
backstaining was reduced or avoided. This process worked especially well for
indigo while laccase was found to be ineffective for bleaching undyed cotton.
Tzanov et al. [72] developed a laccase pre-treatment that, when followed by
a traditional hydrogen peroxide bleach, resulted in a whiter cotton fabric than
possible without the pretreatment.

Lignin probably plays an importantrole in the reaction mechanism of laccase
bleaching. Raw cotton probably could not be satisfactorily bleached using only
laccases because cotton has little lignin. Ossala and Galante [73] published a
comparative study on scouring of flax rove with a variety of enzymes. They
found, however, that laccase performed the least effective of all investigated
enzymes. Hydrolases, such as pectinase, gave superior results.

Similar to the case with the pulp and paper industry, laccases have been
tested in reactions to both bleach and graft materials to textiles. Shin and
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Cavaco-Paulo [74] made use of the laccase reaction by in situ dyeing of wool
fibers with laccase and small phenols as substrates. Similar reactions were
patented by Aaslyng et al. [75] for human hair.

12.2.3 Peroxidase applications for pulp

Manganese peroxidase, lignin peroxides, and other peroxidases have also
been used for pulp-bleaching reactions [18]. The use of peroxidases requires
the addition of hydrogen peroxide, which at high concentrations also inhibits
the enzyme. One approach is to meter in the hydrogen peroxide at low con-
centrations, matching the consumption rate with the supply rate. Another is to
use an enzyme like glucose oxidase or another hydrogen peroxide generating
system at levels that produce the needed amount of substrate. The generation
or metering of hydrogen peroxide alleviates the inhibition of the enzyme.

The requirement of an additional substrate such as manganese is a small
problem for the marketable use of these enzymes compared to the lack of
commercially available amounts of the enzymes. Laccases, even with the re-
quirement for mediators, have been favored since they have been relatively
easy to produce in heterologous expression systems. Peroxidases have long
been available, but the use of manganese peroxidase and lignin peroxidase has
been limited by the lack of commercial quantities of these enzymes.

Research on the use of manganese peroxidase has indicated a variety of
potential applications. Manganese peroxidase has been used for the bleaching
of chemical pulps [76], delignification of pulps [77], and treatment of pulps
to lessen electrical refiner energy and improve handsheet strength [78]. Lignin
peroxidase is promising since it can react with non-phenolic components of
lignin and does not require the addition of manganese. The commercialization
of processes using lignin peroxidase has been hampered by the recalcitrant
heterologous expression of the enzyme.

Textile applications of peroxidases for bleaching of cotton and of lignin-
containing fibers, such as linen, are being explored, with limited success [79].
Possible options are combining compatible oxidoreductases or applying the
enzymes in suitable sequences of optimum pH and temperature. For example,
the application of manganese peroxidase in the first step followed by glucose
oxidase results in slightly higher whiteness levels than the application of glucose
oxidase alone. Such process modifications might have a greater potential than
does treatment with only one peroxidase. However, the process costs are still
high and might not be economically justified at present.

Cellobiose dehydrogenase has also been explored to modify the structure
of lignocellulosic materials. While under certain conditions cellobiose dehy-
drogenase can catalyze lignin degradation [80], the cost and action of this
enzyme will probably prohibit commercial application in pulp bleaching and
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delignification [81]. The modification of carbohydrate by creating carboxylic
acids is a potential cost-effective application of cellobiose dehydrogenase [81].

12.2.4 Glucose oxidase bleaching of textile substrates

Flavo-enzymes, such as glucose oxidase, have long been regarded as uneco-
nomical and ineffective for textile applications except for their incorporation
in laundry formulations [82] for stain removal and as anti-redeposition agents
[83].

HOH,C
2 +enz-FAD  HOMQ
m + enz- FADHZ (reduced enzyme)

-D-Gl 4-D-Gluconolactone
P-D-Glucose enz-FAD + H,0,

H,0, non-enzymatic (reoxidized enzyme)
hydrolysis

D-Gluconic acid

Glucose oxidase specifically oxidizes 3-D-glucose to 6-D-gluconolactone,
releasing hydrogen peroxide, which then can be used for bleaching of cellulosic
materials. A closed-loop process using glucose-rich effluents from enzymatic
desizing and scouring in conjunction with bleaching whitened cotton to a level
close to that of chemically bleached material [84]. A similar bleaching process
was established using glucose oxidase immobilized on alumina or glass support,
which increased the stability of the enzymes and offers the possibility of enzyme
recycling to reduce the cost of the process [85].

We performed bleaching studies involving the treatment of unbleached linen
fabric with laccase alone and in combination with glucose oxidase. Laccase
was first applied as the sole enzyme with minimal gain in whiteness. Adding
glucose oxidase in a second step and finally, in the third step, raising the pH and
temperature to 10.5 and 90°C, respectively, resulted in whiteness levels nearly
comparable to that of chemically bleached linen [79, 84].

12.3 Hydrolases

12.3.1 Xylanase for pulp and paper applications

Oxidative enzymes are not the only useful enzymes in the modification of
pulp and paper. Perhaps the most successful enzymatic application in the pulp
and paper industry has been the use of xylanase to assist in bleaching of kraft
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pulps. Xylanases have been shown to aid in the bleaching of many different
softwoods and hardwoods [18, 86]. Both chemical and mechanical pulps have
benefited by xylanase treatment [18]. Since the first description of the use of
xylanase to boost the bleaching of pulps [87], there has been an acceleration
in the identification of new xylanases and continuing research into developing
xylanases that are more suitable for the elevated temperatures, alkaline pH, and
other conditions (presence of proteases) in the stages where the enzyme is used
[18, 86, 88-90].

In bleaching, xylanase acts by cleaving the xylan, producing shorter, easier
to remove oligosaccharides, which aids in the removal of colored compounds
[91-94] and bleach-consuming chemicals such as hexenuronic acid [95-98].
In addition, the removal of xylan enhances the removal of lignin, which is
also a major contributor to color in the pulp. Synergistic action was noted
when different xylanases were used [99] or a combination of xylanase and
oxidative enzymes [100]. Xylanase treatment decreases the amount of bleaching
chemicals required to attain the desired brightness. Again, as with laccase,
several reviews have been published on the use of xylanases in enhancing pulp
bleaching [18, 19, 101].

Other hydrolases have also been reported as suitable for the bleaching of
paper pulps. Cellulases have been useful in the removing colored material
from recycled yellow pages and print in recycled pulps [102]. Mannanases and
xylanases can act synergistically to aid in bleaching some pulps [103—-109].
These enzymes do not work on all pulps since there are considerable variations
in the type of pulp (mechanical, thermomechanical, kraft, sulfite, or recycled
fiber) as well as in the tree species used in the pulping process [18]. Different
enzymes will often work better on a specific pulp, so the appropriate enzyme
and dose are determined by empirical testing.

Xylanases have also been included in the enzymatic scouring formulation
for raw cotton to reduce the amount of seed coat fragments. Immature cotton
fibers and seed coat fragments are problems for the textile industry because they
cannot be dyed, especially with dyes applied at neutral pH, and thus remain as
small spots. Seed coat fragments and immature cotton fibers, which are low in
cellulose, can be removed to a great extent by a harsh chemical scouring process
under alkaline conditions. Enzymatic scouring with pectinases and cellulases,
however, is specific for pectins and cellulose, respectively, thus ineffective on
both seed coat fragments and immature cotton. The addition of xylanases has
been helpful to some extent [79].

Lipases are used in both the pulp and paper and textile industries. Lipases
remove pitch from pulps [20, 110]. Pitch deposits are imperfections in the
paper caused by fats and resins. These deposits can accumulate and cause
problems during the papermaking process and limit the value of the paper.
Lipase treatment of the pulp cleaves the triglycerides and allows the fatty acids
to be removed with other waste in the rinse water.
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Cellulases have been applied in the pulp and paper industry with great
caution [111]. The degradation of the cellulosic fibers must be avoided, but
enzymes can be used to remove the cellulose that does not provide value to the
product. Cellulases have been particularly effective in improving the drainage
[102, 112—-114] and deinking of recycled fiber [115-120] as well as cellulose
fabrics [121]. Cellulases have also been used successfully followed by per-
oxide bleaching for low-quality recovered paper containing unbleached and
mechanical fibers which are a major obstacle in recycling lower quality paper
mixes [122]. Hemicellulases, lipases, and esterases have also been employed
in deinking of recycled fiber [119].

Cellulase-assisted deinking can involve the use of other additives such as
surfactants [123—125]. If floatation is the primary method of ink removal, the
cellulase application must be tested to determine if removal of the amorphous
cellulose on ink particles will be advantageous or detrimental to the removal of
the specific type of ink used [126]. The removal of the amorphous regions can
improve the drainage of the recycled fiber and has been used both before and
after refining [19]. Removal of stickies contaminants with cellulase treatment
during the recycling process not only enhanced flotation removal efficiency, but
also allowed the process to be conducted at neutral pH. The enzyme process
resulted in a substantially cleaner process overall [127].

Much research has been published on using enzymes to modify the proper-
ties of textiles. Lipases, amylases, and proteases have been included in a variety
of detergent formulations to aid in removing stains [128—130]. Proteases have
been used for shrink-proofing and softening wool fibers and for degumming
silk [131, 132]. Cellulases are now commercially applied to biopolish and
manually improve cotton [133—138] and to achieve the “peach-skin” effect on
lyocell fibers by fibrillation [139, 140]. The macroscopic effect of cellulases is
the removal of small protruding fibrils from the fiber surface with or without
mechanical impact, thus enhancing softness and color brilliance by an “abra-
sive, bio-polishing” action.

Cotton is usually scoured in an alkaline solution. The process requires a
considerable amount of water and generates waste that must be neutralized and
disposed. Bioscouring using enzymes such as pectinases or a mixture of cellu-
lases, pectinases, and xylanases can be done at neutral pH [141-146]. Because
of the specificity of the enzymes, the fiber damage is minimal. Additionally,
less waste water is generated. The end result is a stronger material with good
absorbency.

12.3.2 CBDs as means of attachment

One new application is to establish the binding of various enzymes and other
materials to cellulosic fibers using the CBDs of fungi and bacteria [147]. The
fungal CBD is relatively short and can be added to the coding sequence of many
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enzymes (both carboxy- and amino-terminal extensions) to provide a functional
domain able to fold properly and bind to cellulose [24, 25]. Bacterial CBDs
are also used, and expression cassettes are available from molecular biology
supply companies; the CBDs from both bacteria and fungi can be incorporated
into the sequence of a protein to be expressed [148].

The simple binding of CBDs is sufficient to alter the dye affinity of cot-
ton [149] and the properties of the pulps to which it is attached [150]. The
addition of CBD increases the strength and drainability of secondary fibers
[151]. As measured by atomic force microscopy, the binding of a CBD de-
creases repulsion between cellulose surfaces [152]. If the CBD is multimeric,
there is also a greater adhesion between cellulose surfaces [152, 153]. CBD
attachment alters the appearance of ramie cotton fibers, greatly smoothing their
appearance.

The binding of different functional groups to cellulose has also been ex-
plored. Combining a CBD with a metal chelating peptide produces a product
with the ability to remove metals [154]. Attaching an indicator enzyme to a
CBD provides a solid-based device to detect the presence of a variety of com-
ponents and is used in diagnostic and research materials [155]. Different CBDs
bind to different regions of cellulose and with varying affinities. The presence
of more than one cellulose-binding module per protein can influence the avidity
with which the protein binds to cellulose.

Natural polymers such as xyloglucan can also be used to bind to cellulose and
provide new chemistries on the surface of cellulosic fibers. Modified xyloglucan
oligosaccharides have been incorporated into xyloglucans using xyloglucan
endoglycosylase [156]. The affinity of xyloglucans for cellulose fibrils has
made them useful in both textiles [156] and papermaking [157]. The alteration
ofthe chemistry present in the xyloglucan will further the use of the xyloglucans
in modifying cellulosic materials.

12.4 Conclusions

Enzymes have provided new products and have improved the quality and
economics of processes in both the textile and forest products industries. In
a capital-intensive industry like pulp and paper, there is a reluctance to use
new processes if they require additional capital investment. The process must
be able to fit the existing equipment. The techniques of molecular biology
and heterologous expression allow the adaptation of enzymes to the process
used. Even with these possibilities, the cost of enzymes is often too high for
the action of the enzyme. New enzymes are being identified by basic research
and genomics studies. The application of new enzymes can be expected when
applied research tests their suitability for given applications.
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