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SUMMARY

A novel thermophilic fungus, Thermomyces lanuginosus SSBP, isolated locally
produced a high level of extracellular xylanase (1095 U/ml) under shake-flask
conditions using a medium of coarse corn cobs as a carbon source, and yeast extract
as a nitrogen. Application of this enzyme to bagasse pulp in a pretreatment process
increased the brightness by 1.34 points over the control at 65°C and pH 6.0.
Spectrophotometric analyses of the enzyme filtrates revealed the release of
chromophoric material, lignin derived compounds (LDC’s) and reducing sugars (RS)
with corresponding increase in brightness and decrease in kappa number of bagasse
pulp. Evaluation of this xylanase in elemental chlorine-free (ECF) bleaching
produced ClO; savings of 20% on bagasse pulp. In comparison commercial
xylanases Ecopulp TX-200C and Xylanase P reduced the ClO; consumption by 20
and 33%, respectively. TCF bleaching with these enzymes was less efficient than
ECF bleaching. Negligible difference in the physical properties of xylanase
pretreated and control bagasse pulp samples were detected. In CEH bleaching of
bagasse pulp Cartazyme 9704-E produced the highest brightness gain of 2.8 points
over the control. This enzyme at a charge of 5 U/g pulp had the ability to reduce the
chlorine consumption by 25% and proved to be the most efficient xylanase in CEH
bleaching of bagasse pulp. Xylanase produced by 7. lanuginosus and other
thermophilic fungt under SSF conditions indicated a vast difference in enzyme titres.
Strain F 980 was the most efficient producer of xylanase (6037 U/g bagasse pulp),
however, bleaching of bagasse pulp with SSF samples revealed that strain ATCC
36350 displayed the most effective bleach enhancing ability. This strain reduced the
Cly consumption by 30% in CEH bleaching at SSF/raw pulp ratio of 1:50. Purified
xylanase from T. lanuginosus, A. pullulans, and T. viride pretreatment on alkali-
extracted hemicellulose and commercial birchwood xylan produced varying degrees
of RS release. A. pullulans xylanase was the superior enzyme on xylan substrates as
well as on bagasse pulp. The xylanases when treated in combination on these
substrates produced the highest concentration of RS, with the commercial xylan being
more susceptible to xylanase hydrolysis. The combined xylanase treatment of
bagasse pulp displayed synergistic effects in CEH bleaching producing brightness
gains of 2.2 points and reduction in Cl, consumption of 30%. SEM of bagasse pulp
pretreated with 7. lanuginosus xylanase showed a great degree of surface
modification of the pulp with evidence of a noticeable “tearing-off” effect. TEM
showed penetration of xylanase through the primary and secondary cell walls with a
homogenous distribution of the enzyme. This demonstrates the ability of T.
lanuginosus xylanase to penetrate bagasse pulp fibres with efficient access to xylan
located in the inner layer of the cells, which could subsequently enhance chemical
bleaching. Current data indicated the bleach enhancing effect of xylanases on bagasse
pulp with concomitant reductions in chemical consumption during ECF and chlorine
bleaching, and significant brightness gains in TCF bleaching. This project has
demonstrated the important bleach enhancing potential of xylanases in bleaching of
bagasse pulp and warrants investigation on a larger scale.






Currently, bleaching of pulp types uses high concentrations amounts of chlorine and
chlorine chemicals, viz: chorine dioxide and hypoclorite. By products from using these
chemicals are chlorinated organic substances, some of which are toxic, mutagenic,
persistent, bioaccumulating and cause numerous harmful disturbances in biological
systems (Bajpai and Bajpai, 1997). The options open to pulp mills considering a change
to chlorine-free bleaching are oxygen delignification, extended cooking, and substitution
of chlorine dioxide for chlorine, hydrogen peroxide and ozone. These alternatives
involve process modifications and/or additional capital investment to modify the
operating plant set-up. This has therefore provided an opportunity for the application of

enzymes in the pulp and paper industry.

Until a few years ago the use of enzymes in the pulp and paper industry was not
considered technically or economically feasible. The enzymes were not readily available,
except for limited use in the modification of starch for paper coatings. However, research
by various groups in several commercial companies has lead to the development of
enzymes that offer significant benefits for the industry. Currently, the most important
application of enzymes is in the prebleaching of kraft pulp. Enzymes provide a very
simple and cost effective way to reduce the use of chlorine, chlorine compounds, and
other bleaching chemicals. Enzymes also offer a simple approach that allows for a higher
brightness ceiling to be achieved. Xylanases have been found to be most effective for
this purpose and this technology is now in use at several mills worldwide. This
technology has been successfully transferred to full industrial scale in just a few years

(Bajpai, 1999). The virtue of enzyme technology lies in its potential to supply more



specific reactions, to provide less environmentally deleterious processes, to save energy,

and to be used where non-biological chemistry is impractical (Eriksson, 1991).

Within a short period of time (1988-1991), xylanase prebleaching technology has become
one of the solutions considered by the pulp and paper industry to give an innovative,
environmentally and economically acceptable answer to the pressures exerted on chlorine
bleaching by regulatory authorities in Western countries and by more demanding,
environmentally minded consumers. New, much lower limits of adsorbable organo-
halogen (AOX) levels in pulp mill effluents and the fast development of totally chlorine-
free (TCF) and low AOX pulp markets led to quick responses from the industry in
Canada and Northern Europe. Presently, more than 20 Scandinavian and North
American mills are bleaching on a full scale with xylanases (Lavielle, 1992; Bajpai and

Bajpai, 1992, Viikari et al., 1994).

South Africa is a major international producer of pulp and paper products. Of the five
major pulp and paper companies in South Africa, the South African Pulp and Paper
Industry (Sappi) supplies half the countries requirements and is the largest papermaker on
the African continent (Christov and Prior, 1998). Among the many agricultural fibres
used for pulp manufacuture, sugar cane bagasse stands out because it appears to become a
major raw material for the pulp and paper industry. Bagasse is readily available and
easily accessible in many counties of the world, and it is especially abundant in some of
the wood-poor countries. Sappi Fine Papers (Stanger) produces pulp from bagasse fibres

under the soda process, which is then bleached in a CEH bleaching sequence. The



bleaching process utilizes elemental chlorine at a concentration of 49 kg/ton of air-dried
pulp thereby contributing to effluents containing chlorinated organic compounds. The
problems encountered with the use of chlorine are: corrosion of storage tanks, high losses
in pulp yield and extensive emissions of chlorine in the bleach plant effluent. During
recent years, substantially large sums of money have been expended to improved effluent
treatment methods but with no significant contributions to improving the quality of the
effluent. The current effluent treatment method at this mill is the use of flocculant K 300,
which is aluminium based together with a flocculant aider AP 161 in aerated lagoons.
The characteristics of the effluent and stipulated concentration of the residual chemicals
are as follows: Supended solids: < 70 ppm, COD: < 390 ppm, O, absorption: < 90 ppm,
Na: < 275 ppm and conductivity: < 220 ppm. The concentration of Cl; used in the
bleaching process is approximately 49 kg/ton of air-dried pulp. The mill has been
keeping within these guidelines, however, on average these values do exceed the normal
limits. In this regard a biotechnological approach to the bleaching process has been
suggested in view of improving the bleaching process with subsequent improvement to

the effluent.

Unlike conventional wood species, bagasse has several inherent drawbacks, the most
prominent of them being that it suffers rapid discolouration during storage, resulting in
pulp with a low initial brightness (Prasad et al., 1996). The low initial brightness of
bagasse pulp has created a harsh bleaching sequence utilizing extensive quantities of Cl,.
In response to environmental concerns and stringent emission standards, modifications of

the production process at the pulping and bleaching stages will be implemented in the



near future. Most of the published studies on enzyme treatment of pulps have focussed
on either hardwood or softwood (Shah et al., 1999). To the best of our knowledge there
are limited published reports on xylanase pretreatment of bagasse pulp. Preliminary
studies indicated that the application of xylanase to bagasse pulp improved the brightness
and reduced kappa number significantly with concomitant release of reducing sugars and

chromophoric material (Madlala et a/., 2001).

The objectives of this study were to:

(1) optimize xylanase pretreatment conditions on bagasse pulp;

(1)  determine the effect of xylanase pretreatment on the brightness, kappa number,
removal of chromophoric material and reducing sugars present in bagasse pulp;

(1i)  Assess the effectiveness of xylanase pretreatment when incorporated into an
elemental chlorine-free (ECF) and total chlorine-free (TCF) bleach sequence;

(iv)  Evaluate the effect of xylanases on an equal cost basis in CEH bleaching sequence

(v) Evaluate xylanase production levels by thermophilic fungi under SSF conditions
and subsequent CEH bleaching of bagasse pulp

(vi) Examine the effect of purified xylanases on fibre-bound and isolated
hemicellulose of bagasse pulp

(vii) Immunolocalize the purified Thermomyces lanuginosus xylanase on bagasse pulp
to visualize accessibility of the enzyme to the hemicelluloses and examine surface

modification of the fibres.



An overview of international research on the use of enzymes in biobleaching, and future
prospects/developments in this area are discussed. Data obtained from the above
investigations will provide relevant information on establishing the feasibility of

incorporating an enzyme process for bleaching of bagasse pulp.



CHAPTER TWO: LITERATURE REVIEW

2.1 THERMOPHILIC FUNGI

Among the eukaryotic organisms, only a few species of fungi have the ability to thrive at
temperatures between 45 to 55°C. Such fungi comprise thermophilic and thermotolerant
forms, which are arbitrarily distinguished on the basis of their minimum and maximum
temperature of growth (Cooney and Emerson, 1964). Thermophilic fungi are the chief
components of the microflora that develops in heaped masses of plant material, piles of
agricultural and forestry products, and other accumulations of organic matter wherein the
warm, humid, and aerobic environments provides the basic conditions for their
development (Maheshwari et al., 2000). The extracellular enzymes of thermophilic fungi
are appreciably thermostable. Currently, enzymes from thermophiles are being favoured,
with prospects in biotechnology, and one of the most widely studied fungi of

thermophilic origin is the Thermomyces lanuginosus strain.

2.1.1 Thermomyces lanuginosus

Thermophilic hyphomycetes and their distribution in diverse habitats are now well
documented (Cooney and Emerson, 1968). The worldwide distribution of 7. lanuginosus
is a result of the common occurrence of self heating masses of organic debris. The
fungus has been isolated in the British Isles, Denmark, Italy, USA, Canada, Nigeria,
Ghana, South Africa, India, Indonesia, Brazil and Japan (Emerson, 1968). Colonies of 7.

lanuginosus are fast growing, reaching 2.5 to over 5 cm on various media at 45-50°C in 2



days. Colonies appear white and felty at first, less than 1 mm high, but soon turn grey or
greenish grey, beginning at the centre of the colony. Gradually the colony turns purplish
brown, at this time, the agar substratum stains are deep pink or wine colour, due to
diffusible substances secreted by the colony. Mature colonies appear dull dark brown to

black (Cooney and Emerson, 1968).

2.2 BAGASSE

Sugar cane, Saccharum officnarum, is grown in most of the tropical and subtropical
countries for its high sucrose content. Following the processing of the cane in the sugar
mill through a series of pressers and difussers to remove the sugar juice, the fibrous
bagasse residue is normally burned in the sugar mill boilers. In this way, the sugar mill is
completely self sufficient in steam and power. Nevertheless, bagasse in many areas of
the world has greater economic value-if it is processed into pulp, paper, paperboard
and/or reconstituted panelboard. In fact, bagasse appears to satisfy the requirements for a

successful papermaking raw material better than any other crop fibre (Atchison, 1993).

Despite these favourable factors, however, and despite research and developmental
efforts for more than one hundred years, progress has been very slow toward the
successful commercial utilization of bagasse. The slow progress is the result of three
principle factors:

1) Although fibres of bagasse are fine, strong, flexible and suitable for the

manufacture of many grades of paper, about 30 % of the weight of the bagasse consists of



pith or parenchyma cells and about 5 % of dense epidermal material. Neither of these
components is fibrous in nature and, when left in the pulp, they have a deleterious effect
on its quality.

i) In the early efforts to utilize bagasse, no satisfactory storage method was
developed and huge losses were suffered from deterioration between sugar cane grinding
seasons.

iil) In addition to these problems, the greatest single obstacle to rapid progress was

the use of bagasse by people who lacked understanding of its properties and limitations.

This had led to research and development institutions and large industrial companies to
concentrate their efforts on overcoming the technical obstacles, which had held back the
use of bagasse. These efforts resulted in greatly improved methods of storing, preparing,
depithing, handling, and pulping bagasse, which drastically improved the economics of
its use. Furthermore, the quality of the pulp was vastly improved (Atchison, 1993). The
chemical composition of bagasse pulp is essential in determining the type of pulping and
bleaching process to be undertaken. Bagasse pulp differs from the typical hardwood and
softwood pulp in the concentration of hemicelluloses, lignin and cellulose. In order to
pursue a biotechnological approach to the pulp and paper industry, the chemical
characteristics and composition of the raw material have to be investigated and

researched to provide maximum benefits achieved by the technology.
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23  XYLANS

Xylan is the major component of the plant cell wall and the most abundant renewable
hemicellulose (Whistler and Richards, 1970). Xylans are structurally of mixed
composition, thus the enzymatic degradation of the substrate to its monomer, xylose, is a
complex process involving a battery of enzymes (Biely, 1985; Zimmerman, 1992).
Endo-xylanase and -xylosidase have the most important activities among the xylanolytic
enzymes involved in xylan hydrolysis, while the side chain cleaving enzymes like o-
arabinofuranosidase, o-glucuronidase, and acetylxylan esterase play important roles in
the removal of side substituents of heteroxylans. Xylanases are the most studied enzymes
among hemicellulases since their substrate xylan constitutes the largest portion of
hemicelluloses in plants. The interest in xylanases has increased greatly in the last
decade due to their potential biotechnological applications, especially in the paper

industry (Viikari et al., 1994; Yang et al., 1992; Daneault ef al., 1994).

2.3.1 Structure and occurrence of xylan

Hemicelluloses are noncellulosic polysaccharides that are found in plant tissues
(Woodward, 1984). In the cell walls of plants, xylan is the most common hemicellulose
polysaccharide, representing more than 30% of the dry weight (Joseleau et al., 1992).
Xylans are comprised of 1,4-linked B-D-xylopyranosyl residues (Whistler and Richards,
1970). Most xylans occur as heteropolysaccharides, containing different substituent

groups in their backbone chain and in the side chain (Biely, 1985; Puls and Poutanen,
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1989). The common substituents found on the backbone of xylan are acetyl, arabinosyl,
and glucuronosyl residues (Whistler and Richards, 1970). Homoxylans, on the other
hand, consist exclusively of xylosyl residues. This type of xylan is not widespread in
nature and has been isolated from esparto grass (Chandra et al., 1950), tobacco stalks

(Eda et al., 1976), and guar seed husk (Montgomery et al., 1956).

24 HARDWOOD HEMICELLULOSE

Xylan is the major polyoses component in hardwoods and in woody parts of
dicotyledonous annual fibre crops. The xylan of hardwoods is comprised of 0-acetyl-4-0-
methylglucuronoxylan (Fig. 2.1). The sugar cane bagasse xylan is similar to that found in
hardwoods, with acetic and glucuronic acid side linkages attached to the main xylan
chain. Hardwood xylan consists of linear chains of about 200 D-xylopyranose units,
connected by B-(1-4) glycosidic bonds (Timell, 1964). About one in every 10 xylose
residues contains a B-(1-2) — linked 4-0-methyl-D-glucuronic acid residue, at least 7 out
of 10 xylose residues are esterified with an 0-acetyl group at C-2 or C-3 (Lindberg ef al.,
1973). The presence of these acetyl groups is responsible for the partial solubility of

xylan in water (Whistler and Richards, 1970).
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2.5 SOFTWOOD HEMICELLULOSE

Softwoods are composed of arabino-4-0-methylglucoronoxylans (Fig. 2.2). They have a
higher 4-0-methylglucuronic acid content than do hardwood xylans. The 4-0-
methylglucuronic acid residues are attached to the C-2 position. Softwood xylans are not
acetylated, and instead of acetyl groups they have a-L-arabinofuranosidase units linked
by a-1,3-glycosidic bonds to the C-3 position of the xylose (Puls and Schuseil, 1993).
The arabinosyl substituents occur on almost 12% of the xylosyl residues (Wong et al.,
1988). The ratio of B-D-xylopyranose, 4-0-methyl-a-D-glucuronic acid, and L-
arabinofuranose is 100:20:13 (Puls and Schuseil, 1993). Softwood xylans are shorter
than hardwood xylans, with a degree of polymerization (DP) between 70 and 130. They

are also less branched (Zimbo and Timell, 1967).

2.6 THE XYLANOLYTIC ENZYME SYSTEM

Due to the heterogeneity of xylan, its hydrolysis requires the action of a complex enzyme
system (Fig. 2.3). This is usually composed of -1.4-endoxylanase, B-xylosidase, o-L-
arabinofuranosidase, a-glucuronidase, acetylxylan esterase, and phenolic acid esterases.
All these enzymes act cooperatively to convert xylan to its constituent sugar. The
presence of such multifunctional xylanolytic enzymes systems is quite widespread among

bacteria and fungi (Wong et al., 1988; Coughlan and Hazlewood, 1993).
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Table. 2.1 Production characteristics of xylanases from thermophilic moulds

Organism Substrate Temperature pH Max Prod Time Mode of Reference
U/ml (days) cultivation
Allerscheria terrestris Cellulose 45 6.5 266 LF 3 Grajek, 1987
Aspergillus fumigatus Wheat bran 45 - 10 SSF 3 Kitpreechavanich, 1984
Humicola lanuginosa Wheat bran 45 - 2050 SSF 4 Kitpreechavanich, 1984
Malbranchea pulchella Xylan 42 6.5 18.4 LF 4 Matsuo et al., 1977
Melanocarpus albomyces Sugar cane 40 6.0 22,5 LF 3-4 Maheshwari and Kamalam,
bagasse or 1985
Xylose
Mucor pusillus Cellulose 45 6.5 2 LF 3 Grajek, 1987
Sporotrichum thermophile Wheat straw or 45 - 28.5 LF 3 Margaritis, 1983
wheat bran 15.0
Sporotrichum sp. Wheat straw 45 5.0 - - 3 Dubey and Johri, 1987
Talaromyces Xylan 50 - - SSF 3 Yoshioka et al., 1981
byssochlamydoides
Talaromyces emersonii - 45 4.5 - SSF& LF Tuohy et al., 1994
Thermoascus aurantiacus Sugarbeet 45 6.5 9.67 SSF 6 Grajek, 1987
Thermoascus aurantiacus Xylan 45-50 4.0 - LF 4 Gomes et al., 1994
Thermoascus aurantiacus Xylan 45 - - LF 10 Tan et al., 1987
Thermomyces lanuginosus Corn cob - - - 7
Thermomyces lanuginosus Xylan followed 50 6.0 9168 LF 5-6 Gomes et al., 1993a; Gomes
by barley husk 6.5 9502 etal., 1993b
(nKat/ml)
Thielavia terrestris 1 % Solkafloc 48 4.0 18.8 LF 1.4 Merchant et al., 1988
BW 200
Torula thermophila Cellulose 45 6.5 87 LF 3 Grajek, 1987

8l
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In practical process conditions, some properties of the enzymes, such as substrate
specificity and the pH and temperature optima, are of utmost importance. Enzymes with
high pH and temperature optima have been isolated and tested for improving the
bleachability of the pulps (Davis et al., 1992; Jager et al., 1992). Similar to the fungi
xylanolytic degradation also extends across bacterial gene lines involving both Gram
positive and Gram negative staining aerobic and anaerobic microbes (Uffen, 1997). The use
of microorganisms at temperatures above 50°C and in alkaline conditions is especially
desirable for pulp treatment in the paper industry. For this purpose, hyperthermophilic
eubacteria have been isolated that grow anaerobically at temperatures above 80°C. Several
alkali-tolerant strains of Bacillus species have been used for production of xylanases with
pH optima around 9 (Bajpai, 1997). The most thermostable xylanases, with a half-life of
90 min at 95°C, have been produced by Thermotoga strain (Simpson et al., 1991). The
pH range has been increased to about 8 to 9 and the temperature range to 75°C in some

commercial preparations (Bajpai, 1997).

Multiple xylanases have also been purified from culture filtrates of 4. niger (Wong et al.,
1988), A. oryzae (Bailey et al., 1991), A. kawachii (Ito et al., 1992), A. awamori (Kormelink
et al., 1993) and other fungi, as well as bacteria (Wong et al., 1988; Viikari et al., 1993). By
production of multiple xylanases the microorganisms may maximize the utilization of
xylans with different structures (Buchert et al., 1994). The synthesis of multiple xylanases
as distinct gene products by one microorganism was revealed on the basis of their different
physicochemical properties, such as molecular mass and isoelectric point, rather than on the

basis of different catalytic properties. A careful comparison of xylanases by Wong et al.
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However, SSF has been found to prove more economical on account of the following:

1) Better mycelium and substrate contact results in greater bioconversion of the
substrate.
11) Wood shavings and/or loosely ground agro-residues can be used in contrast to

finely powdered substrate required for liquid state culture.

111) The organism colonizing the solid state is forced to produce greater amount of
specific enzymes and this, therefore results in smaller levels of other extracellular
proteins, on account of limited moisture. This makes the purification of the
desired protein relatively simpler (Grajek, 1987b).

Submerged fermentation was found to be more suitable for xylanase production by H.

lanuginosa and Sporotricum thermophile, while Thermoascus aurantiacus produced

higher enzyme titres by solid-state fermentation (Grajek, 1987b). Melanocarpus
albomyces 11S-68 also produced higher titres in solid-state fermentation than in
submerged fermentation (Jain, 1995). Furthermore, the authors found a distinct
difference in temperature and pH optima depending upon the method of cultivation of the
fungus employed. The use of abundantly available and cost effective agricultural
residues, such as wheat bran, corn cobs, rice bran, rice husk, and other similar substrates,
to achieve higher xylanase yields using SSF allows reduction of the overall
manufacturing cost of biobleached paper. Several workers have also showed a high yield
of xylanase at various moisture levels in SSF studies. In SSF using wheat bran and
eucalyptus kraft pulp as the primary solid substrates, Streptomyces sp. QG-11-3 (Beg et
al., 2000) produced maximum xylanase yield at substrate-to-moisture ratio of 1:2:5 and

1:3, respectively. However, on increasing or decreasing the moisture level, the xylanase
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yield marginally decreased. In contrast, a lower solid substrate-to-moisture level of 1:1
has been reported for maximum xylanase production by Bacillus sp. A-009 (Gessesse and
Mamo, 1999). An improvement in xylanase production by fungal mixed culture
(Trichoderma reesei LM-UC4 E 1, Aspergillus niger ATCC 10864, and 4. phoenicis QM
329) using SSF has also been reported (Gutierrez-Correa and Tengerdy, 1998). A higher
xylanase yield using SSF compared with submerged fermentation using wheat straw and
sugar cane bagasse has been reported from thermophilic Melanocarpus albomces 11S-68

(Jain, 1995).

2.8 BLEACHING OF PULP

There are a number of processes, and hybrid processes, used for the pulping of
lignocellulosic materials to obtain fibres for making paper and board products (Smook,
1992). At present chemical pulping of wood commonly applies the kraft process, which
uses sulfide in alkali to remove lignin and yield a particularly strong pulp. However, this
process leaves behind small amounts of modified lignin that are mainly responsible for
the dark colour of the pulp (Hartler and Norrstrom, 1969; Schwartz et al., 1940; Pigman
and Csellak, 1948). The removal of this residual lignin is traditionally achieved using a
chlorine-based bleaching sequence, where chlorine gas (C) is used during prebleaching to
chlorinate lignin for subsequent extraction (E) under alkaline conditions, and chlorine
dioxide (D) is used to oxidize the remaining residual lignin to brighten the pulp (Reeve,

1989). A final pulp brightness of 90% ISO is sought for many fine paper products.
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Since reports of the toxic nature of certain organochlorine compounds (Kringstad and
Lindstrom, 1984), there have been movements to minimize their generation during pulp
bleaching by substituting chlorine gas with chlorine dioxide or by eliminating the use of
chlorine containing compounds (Pyke and Mckenzie, 1996). Bleaching without chlorine
gas has been termed “elemental chlorine free” (ECF), while that without chlorine
containing chemicals as been termed “totally chlorine-free” (TCF) (Johnson, 1994). The
former has been dependant on the use of expensive chlorine dioxide while the latter has
been dependant on oxygen based reagents such as oxygen (O), ozone (Z) and peroxide
(P). Although the use of oxygen reagents avoids the need to handle corrosive chlorine
based reagents, it is presently less selective and efficient so that the target brightness for
TCF bleaching tends to be slightly lower, 75-85% ISO (Kukkonen and Reilama, 1993).
The modification of process conditions and the use of additives are two strategies being
tested to improve both TCF and ECF bleaching processes. Enzymes have been
recognized as a biotechnological alternative that warrants consideration along with other

chemical alternatives (Forber, 1992a, b).

2.9 BRIEF HISTORY OF XYLANASE-AIDED BLEACHING

2.9.1 Discovery and laboratory research

The first report on the possibility that xylanase (X) can enhance the bleaching of kraft

pulp was presented in Stokholm in 1986, at the Third International Conference on

Biotechnology in the Pulp and Paper Industry (Viikari e al., 1986). The pretreatment of
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pulp with crude hemicellulases, prepared from a fungus and an actinomycete, was found
to improve peroxide delignification of birch and pine kraft pulp, reducing the amounts of
lignin remaining in the pulp as measured by kappa number. (DC)E delignification (using
chorine dioxide and chlorine with subsequent alkaline extraction) was also enhanced,
permitting reduction in the amount of chlorine use in the prebleaching stage. Subsequent
work using partially purified enzymes suggested that xylanase, and not other
hemicellulases or debranching enzymes, is mainly responsible for the observed increase
in pulp delignification as well as in pulp brightness (Kantelinen et al., 1988). Although
more recent work has shown that mannanase also contributes to the bleaching of
softwood pulps (Suurnakki et al., 1994; Allison et al., 1996; Gubitz et al., 1996), the
ability of xylanase to enhance the bleaching of kraft pulp has been verified using
genetically cloned xylanases that have no other known enzymatic activity (Paice et al.,
1988; Senior and Hamilton, 1993). Laboratory studies by many other workers have now

confirmed the occurrence of xylanase aided bleaching (Viikari et al., 1994).

2.9.2 Mill trials and current status

Since the first mill trial in 1988, there have been more than 75 trials in Canada and
Europe (Jurasek and Paice, 1992). Most of these trials used chlorine based bleaching
sequences (Koponen, 1991; Lavielle et al., 1992; Pedersen et al., 1992; Turner et al.,
1992; Dunlop-Jones and Gronberg, 1995), although some TCF trials were also reported
(Gronberg er al., 1995; Lundgren et al., 1994). Only a few of these trials were reported

in detail and the results tended to be encouraging in terms of both chemical savings and
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Table 2.3 Effect of xylanase treatment on conventional bleaching for various k factors and

chlorine dioxide substitution (Senior and Hamilton, 1992)

Control Treated
ClO, substitution (%)  kfactor  Final brightness (% ISO) k& factor  Final brightness (% ISO)
10 0.200 90.0 0.05 90.0
0.233 90.2 0.10 90.8
0.266 90.3 0.15 91.8
40 0.150 89.2 0.05 90.0
0.173 90.0 0.10 90.8
0.200 91.0 0.15 91.8
70 0.200 90.0 0.05 88.7
0.233 90.6 0.10 90.0
0.250 90.9 0.15 90.3
100 0.150 83.5 0.10 87.4
0.173 853 0.15 87.4
0.200 87.0

Evaluation of xylanases on nonwoody fibre material in TCF bleaching has received
enormous attention over the recent years. In totally chlorine-free bleaching sequences,
the addition of enzymes increases the final brightness value, which is a key parameter in
marketing of the chlorine-free pulps. In addition, savings in the TCF bleaching are
important with respect to both costs and strength properties of the pulp. Raugauskas et
al. (1994) examined the effect of xylanase pretreatment on bleaching efficiency for a
variety of non-chlorine bleaching agents. It was found that xylanase pretreatment of
softwood kraft pulps can enhance the bleaching efficiency of non-chlorine based
bleaching agents. Optimal biobleaching results were obtained with ozone, which
exhibited enhanced bleaching selectivity and brightness gains. Xylanase petreatment also

improved brightness and delignification of peracetic acid bleached pulp (Table 2.4)
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Table 2.4 Effect of xylanase treatment on bleaching efficiency of peracetic acid and ozone

(Bajpai and Bajpai, 1997)

Bleaching treatment Kappa number Brightness (%) Viscosity (m Pa s)
Brownstock 223 24.0 14.2
Xylanase-treated 217 26.8 15.1
brownstock

X(PAA-2% charge) E 7.2 51.4 7.6
(PAA-2% charge)E 3.8 49.4 78
X(PAA-3.9% charge)E 5.4 51.4 7.4
(PAA-3.9% charge)E 6.3 48.7 7.8
X(PAA-4.4% charge)E 5.8 51.2 8.9
(PAA-4.4% charge)E 6.2 49.8 8.5

Bleached with 1.2%
ozone/Ph 2.5

Xylanase treated 9.9 - -

Control 11.6 - -

Followed by caustic

extraction:

Xylanase treated 6.3 10.3 48
Control 7.6 9.4 44

Bleached with 0.6%
ozone/pH 2.5

Xylanase treated 15.2 - -

Control 15.8 - -

Followed by caustic

extraction:

Xylanase treated 11.2 12.1 38
Control 12.5 11.4 36
Bleached with 0.6% ozone

pHS.0

Xylanase treated 15.0 - -

Control 16.1 - -

Followed by caustic

extraction:

Xylanase treated 12.2 12.2 36
Control 13.9 17.7 32
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et al., 1996a). Further improvements desired for xylanase technology include, enzymes
that are effective at higher pH’s, cost less, or have greater and more consistent effects on

pulp brightness (Tolan et al., 1995).

2.10 DIFFERENT RESPONSES OF XYLANASES IN PULP BLEACHING

There are many variables in a pulp bleaching sequence, ranging from differences in the
feedstock to those in the combinations of chemicals. Each variable could alter the effects
observed with xylanase treatment, thus providing alternative views to the mechanisms of
xylanase aided bleaching. The difficulties encountered when elucidating the mechanisms
with which xylanase enhances pulp bleaching include, differences associated with wood
species, pulping processes, bleaching agents and enzyme preparations (Wong ef al.,

1997a).

2.10.1 Wood species

Compared to softwood kraft pulp, hardwood kraft pulp contains more xylan, more
carboxylic acid groups and surface charge (Laine et al., 1994; Buchert et al., 1997) and
smaller xylan macromolecules (Eremeeva et al., 1995; Wong et al., 1996). Relatively
more lignin-xylan complexes, where lignin and xylan are covalently linked, seem to
occur in hardwood pulps while more lignin-cellulose complexes occur in softwood pulps

(Karlsson and Westermark, 1996). There is a tendency for hardwood kraft pulp to show
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higher benefits with regard to chlorine savings (Munk ef al., 1993; Hamilton et al., 1996)
during xylanase-aided bleaching. Some variation in response has also been reported
among hardwood (Farrell ez al., 1996a) and softwood (Suurnakki et al., 1996; Wong et
al., 1996) species, as well as among feedstocks from different plantations of Eucalyptus
globulus (Nelson ef al., 1995). These differences may be partly attributed to differences
in xylan solubilization from pulp, which may in term be related to the amounts of
accessible xylan present, the ion composition (Buchert et al., 1995a) and buffering

capacity that could moderate enzyme-fibre interactions, or the wood’s response to kraft

pulping.

2.10.2 Pulping processes

Xylanase-aided bleaching appears most effective on pulp produced by a conventional
batch process where there is substantially more redeposited xylan (Kantelinen et al.,
1993). Although the effects of the enzyme may be smaller, these effects have been
observed in continuous cooked pulps such as those produced by MCC (modified
continuous cook) (Suurnakki et al., 1994; Allison et al., 1996; Suurnakki et al., 1996) and
EMCC (extended MCC) (Suurnakki et al., 1994), and in low kappa pulps such as those
produced by extended cooking (Allison et al., 1995), superbatch (Yang et al., 1994),
kraft-anthraquinone (Saake et al., 1995) and prehydrolysed kraft (Chang and Farrell,
1996) processes. Pulps from other pulping processes have also been reported to be
responsive to xylanase treatment: alkaline sulphite-anthraquinone-methanol (ASAM) and

pre-hydrolysed ASAM pulps that are produced using processes designed to preserve
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carbohydrates (Saake et al., 1995), acid sulfite pulp that was alkaline extracted or oxygen
delignified before bleaching (Christov and Prior, 1994; 1996a, b), organosolv pulp (Leite
et al., 1995; Gliese et al., 1996), soda pulp (Orgill and Pichler, 1992), and even
themomechanical pulp (Grant, 1996; Gronberg ef al., 1995). More work is however
needed to confirm these findings. In particular, xylanase treatment did not significantly
enhance the bleaching of acid sulfite pulps in other studies (Buchert et al., 1995a;
Frithauf et al., 1996), and such results are expected due to the high degradation of xylan
in its pulping process (Buchert et al., 1995a). Furthermore the mechanisms with which
xylanase enhances the brightening of non-kraft pulp types may be quite different from

those occurring in kraft pulp.

2.10.2.1 Dependence on kappa number and brightness

Xylan content of pulps produced by different kraft conditions tended to decrease with
lower kappa numbers (Johnson, 1994). There was however no clear relationships
between the response of pulps at different kappa numbers to xylanase-aided bleaching.
Brighter pulps that have been partially bleached with oxygen (Suurnakki er al., 1996;
Allison et al., 1995, 1996) or peroxide (Wong et al., 1997b; Nelson et al., 1995)
remained responsive to xylanase treatment. When the oxygen delignified pulps were
compared with extensively cooked kraft pulps having the same kappa number, their
bleachability after xylanase treatment appeared greater (Suurnakki et al., 1994). Indeed,
Alison et al. (1995) reported that oxygen delignified pulps derived from radiata pine

become more responsive with lower kappa numbers while kraft pulps become less
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responsive. It would seem that the delignification process is more important than the

kappa number of the pulp.

2.10.2.2 Dependence on pulp washing

Immediately after pulping, washing can remove as much as 30% of the bulk lignin found
in the secondary walls, with minimal effect on the lignin present in cell corners (Choi et
al., 1976). The leaching of lignin is increased with increasing temperature (Hagstrom-
Nasi et al., 1987; Smith et al., 1993), increasing pH (Li et al., 1996), increasing pH
beating (Abe, 1987), and decreasing ionic strength (Hagstrom-Nasi ef al., 1987; Favis et
al., 1983). Lignin leaching seems associated with the leaching of carbohydrates,
particularly xylan (Li ef al., 1996), and with an increase in the water retention value of
the pulp (Wilcox and Goring, 1990). The decrease of lignin content as a result of pulp
washing can be measured as a drop in kappa number (Allison ef al., 1993a,b), by as much
as 4 units (Allison and Clark, 1994). Its occurrence means that a proper control is
required before any enhancement in pulp bleaching can be reliably attributed to the action
of xylanase. Furthermore Tolan and Canovas (1992) suggested that pulp washing may
remove enzyme inhibitors occurring in the black liquor or help stabilize enzymes at high
temperatures, although Farrell et al. (1996b) have indicated that it has minor impact on
enzyme performance. Inconsistent results have also been reported on the effects of
washing the pulp after enzyme treatment. In contrast to findings by Pedersen et al.

(1992), Senior et al. (1992), as well as Tolan and Canovas (1992) reported that the
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washing of enzyme treated pulp is not necessary for the subsequent enhancement of pulp
bleaching.

2.10.3 Bleaching agents

Xylanase-aided bleaching has been tested in numerous chlorine based, ECF and TCF
bleachng sequences (Viikari et al., 1994, Farrell et al., 1996a; Daneault et al., 1994),
including those that use recently advocated chlorine-free reagents such as ozone
(Ragauskas et al., 1994; Pham et al., 1995), dimethyldi-oxirane (Nelson et al., 1995), iso-
urea peroxide (Hamilton et al., 1996), peroxide activated with nitrilamine (Nelson ef al.,
1995), oxone, performic acid (Ragauskas ef al., 1994), and peroxymonosulfate (Allison et
al., 1996). There have been suggestions that the enzyme stage is more effective before
acidic oxidation stages with chlorine, ozone or peracetic acid than before alkaline
oxidation stages using oxygen or peroxide (Allison et al., 1993b). Bleaching sequences
that yield higher final brightness are also thought to benefit less from enzyme treatment
(Vicuiia et al., 1995; Leduc et al., 1995). However, although the magnitude of the
brightness gain becomes smaller with higher pulp brightness, there remains a large
potential for chemical savings (Senior and Hamilton, 1993; Dunlop-Jones and Gronberg,
1995). A description of the functions, advantages and disadvantages of bleaching

chemicals is summarized in Table 2.5.
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Table 2.5 Functions, advantages and disadvantages of bleaching chemicals (Singh, 1993)

Oxidant Function Pulp Advantages Disadvantages
type’
Chlorine Oxidize and C Effective, economical Organochlorine
chlorinate lignin deligninfication, good particle  formation; highly
removal corrosive
Hypochlorite Oxidize, decolourize C Easy to make and use; Can cause loss of
and solubilize lignin Low cost pulp strength;
chlroform formation
Chlorine dioxide 1) Oxidize, solubilize C Achieves high brightness Must be made on-
and decolourize without loss of pulp strength; site; cost; some
lignin good particle bleaching organochlorine
2) In small amounts formation; highly
with Cl,, protects corrosive
against cellulose
degradation
Oxygen Oxidize and C Low chemical cost; provides Requires significant
solubilize lignin chloride-free effluent for capital equipment
recovery when used in large
amounts; potential
loss of pulp strength
Hydrogen Oxidize and Cc/M Easy to use; low capital cost High chemical cost;
peroxide decolourize lignin poor particle
bleaching; can cause
loss of pulp strength
Ozone Oxidize, decolourize C Effective, provides chloride- Must be made on-
and solubilize lignin free effluent for recovery site; cost; poor
particle blaeching
and pulp strength
Reductant Reduce and M Easy to use; low capital cost Limited
hydrosulfite decolourize lignin in effectiveness; cost
high-yield pulps Effcetive and econimical
Alkali: sodium Hydrolyse C Darkens pulp
hydroxide chlorolignin and
solubilize lignin
Chelants Remove metal ions C Improves peroxide Cost
EDTA or DTPA selectivity and efficiency
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2.10.3.1 Oxygen delignification

Extensive use of oxygen will be favoured to obtain high pulp brightness when less
chlorine or chlorine containing agents are used (Collodette et al., 1994; McDonough,
1995). Oxygen delignification has been considered as an extension of pulping because
the filtrate is sent back to the chemical recovery cycle of the kraft process, and as
bleaching stage because it brightens the pulp substantially. It is considered as bleaching
stage here because fibres rather than wood chips are being delignified. Besides
enhancing subsequent bleaching of oxygen delignified pulps, the xylanase stage has been
reported to directly yield a small drop in kappa number (Nelson et al., 1995). Reports
have also indicated that xylanase treatment can be applied successfully before oxygen

delignification (Roncero et al., 1996; Vidal et al., 1997).

2.10.3.2 Chlorine dioxide bleaching

The effectiveness of xylanase pretreatment appears dependant on the degree of
substitution of elemental chlorine by chlorine dioxide, with the response of hardwood
pulps being better at low substitution (du Manoir ef al., 1991). The response of certain
softwood pulps was found to be best at 100% substitution (Senior and Hamilton, 1993)
but not in pulp derived from radiata pine (Allison et al., 1993b). There can be substantial
savings in chlorine dioxide (15-35%) when xylanase is used to achieve target brightness
desired from an ECF sequence (Senior ef al., 1992; Lahtinen et al., 1993; Vicufia et al.,

1995), and this has been confirmed in mill trials (Pedersen et al., 1992; Jean et al., 1994).
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The brightness gains achieved with low levels of DED bleaching (<80% ISO, gain > 5%
ISO) are generally much higher than those achieved with high levels (90% ISO, gain <
2% 1SO). There are also results that suggest the existence of a higher brightness ceiling
for enzyme treated pulps (Munk et al., 1993; Hamilton er al., 1996). Other results
indicate that the chemical savings can be obtained at either the prebleaching or the

brightening stages of the bleach sequence (Gibson, 1992; Aumont, 1996).

2.10.3.3 Peroxide bleaching

Similar to oxygen, peroxide has been found to be useful in ECF and TCF bleaching
sequences, being used both as an alkaline bleaching stage or as a reinforcement for
alkaline extraction. As high as 4% ISO brightness gain (Tolan, 1992; Suurnakki et al.,
1996) and 30% saving in peroxide (Dunlop-Jones and Gronberg, 1995) have been
reported after xylanase treatment. A chelation stage (Q) is important for peroxide
bleaching because it removes metal ions that cause decompostion of peroxide. Since
chelation is applied at a pH and temperature stability for the activity of many commercial
xylanases, the two treatments have been successfully combined into one stage (Allison et
al., 1996) although it has been suggested that certain xylanases are inhibited by chelating

agents (Gubitz et al., 1996).

The brightness gains after low levels of peroxide bleaching are generally similar to those
after high levels, and there are claims that the xylanase treatment raises the brightness

ceiling of peroxide bleaching (Tolan, 1992; Pham et al., 1995). The systematic study of
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the QPP bleaching of hardwood and softwood krat pulps also indicate that enzyme stage
is equally effective at the beginning or end of the bleaching sequence (Wong et al.,
1997¢). This study showed that the lignin solubilized and that which became extractable
after xylanase pretreatment was smaller in size, but larger in quantity, than the respective
lignin fractions after xylanase post treatment (de Jong et al., 1996). These results
therefore suggests that xylanase attacks a target that is not very amenable to peroxide
bleaching and corroborate an early report that the location of the enzyme stage does not

seem to be very important in TCF bleaching sequences (Ledoux et al., 1993).

2.10.4 Enzyme preparations

2.10.4.1 Purified xylanases

Xylanases are known to differ in their structure as well as in their activity under a variety
of pH and temperature conditions. Several reports have revealed that xylanases can vary
in their ability to enhance pulp bleaching (da Silva et al., 1994; Elegir ef al., 1996). An
interesting physicochemical property of fungal and bacterial xylanases seems to be the
strong relationship between their molecular weight (MW) and isoelectric points (pI). In
Table 2.6, the physicochemical properties of purified xylanases are presented. Almost 70
% of the acidic endoxylanases have molecular weight values above 30,000. However, it
should be mentioned that there are several exceptions to .this general pattern and
endoxylanases with low pl and low MW values have been reported, and vice versa

(Sunna and Antranikian, 1997).



Table 2.6 Physico-chemical properties of purified endoxylanases (Sunna

and Antranikian, 1997)

Organism Growth Optimal Optimal pH pl MWw Km Vmax
temperature(°C) temperature (°C) (mg/ml) (U/mg)

Aspergillus awamori CMI 24 55 5.5-6.0 5.7-6.7 39.0 1.00 1.00 x 10

142717

Aspergillus kawachii 30 60 5.5 6.7 35.0 N.D N.D

Aureobasidium pullulans 28 54 4.8 9.4 25.0 7.20 2.65x 10°

Y-2311-1

Humicola grisea var. 40 70 5.5 N.D 25.5 3.30 2.29 x 10?

thermoidea

Trichoderma reesei Rut 30 N.D 5.0-5.5 9.0 20.0 3.80 1.41x 10°

C30

Thermomyces lanuginosus 50 70 6.5 3.9 23.6 3.26 6.3 x10°

SSBP

Bacillus sp. NIM 59 48-50 55-60 7.0 9.2 22.0 N.D N.D

Bacillus 60 75 6.5 7.0 43.0 1.63 2.88 x 107

Stearothermophilus T-6

Streptomyces sp. T7 50 60 4.5-5.5 7.8 21.8 10.00 7.60 x 10°

Streptomyces 50 60 7.0 8.0 33.0 N.D N.D

thermoviolaceus OPC-520

Thermotoga maritime SB$ 80 105 5.4 5.6 40.0 0.29 4.76 x 10°

6¢
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Most characterized endoxylanases are optimally active at temperature ranges between 45
and 75°C, and only a small number of purified bacterial and fungal endoxylanases show
maximal activities at temperatures above 80°C, with xylanases from the genus

Thermotoga being one of them (Sunna and Antranikian, 1997).

The use of purified xylanases for pulp bleaching have to date been done with enzymes
belonging to family 11, one of two structural families of xylanase distinguished using
amino acid sequences (Henrissat and Bairoch, 1993). The T Ilanuginosus purified
xylanase clearly demonstrated an increase of 4.5 brightness points on bagasse pulp in
DED bleaching, corresponding to 18 % chlorine dioxide savings in the bleach sequenece
(Bissoon et al., 2002). Evaluation of the strength properties of the pulp after full
bleaching revealed negligible differences in comparison to the control. Two Family 11
xylanases, both isolated from the fungus Trichoderma reesei, have been examined
extensively. Their optimum pH for activity on soluble xylan differed from that for
activity on pulp. One enzyme was found more effective in solubilizing sugars from pulp
and in enhancing pulp bleaching, and more tolerant to the removal of metal ions from
pulp (Buchert and Viikari, 1995). Part of these differences may be attributed to charge
interactions between pulp and enzyme (Buchert ef al., 1993). With these considerations,
it is clear that enzyme assays which use soluble xylan as the substrate are not very useful
for evaluating the effectiveness of xylanase in enhancing pulp bleaching. Even the use of
dyed pulp to measure xylanase activity on insoluble substrates (Freiermuth et al., 1994)

may not be adequate for this purpose.
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2.10.4.2 Commercial xylanases

Commercial enzymes vary with respect to the activities and optimum conditions of their
constituent xylanases. In addition they may also differ in the formulation used for their
stabilization, in the amounts of contaminating cellulase (Tolan, 1995) and other
enzymatic activities, and perhaps more importantly in the cost of their production and
subsequent cost to mills. It is therefore of no surprise that some differences among
commercial enzymes have been reported in their effectiveness for enhancing pulp
bleaching (Nelson et al., 1995; Leduc et al., 1995; Bajpai et al., 1994; Clark and Allison,
1996). This variation among enzyme preparations also seems to depend on the type of
pulp (Wong et al., 1996; Allison et al., 1993a) as well as the bleaching sequence (Leduc
et al., 1995). A list of industrial suppliers of commercial xylanases used for prebleaching
is represented in Table 2.7. Cost benefits during mill applications should be the ultimate
comparison of commercial enzymes because there is no other simple basis for
standardization. Moreover reports in the literature seldom associate the identity of
commercial enzymes with their corresponding data, or characterize their enzymatic and

non-enzymatic components.
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2.10.4.3 Enzyme dosage

In general the effects that xylanase has on pulp bleaching increase with enzyme dosage
until a threshold is reached (Brown et al., 1994; Skerker et al., 1991; Buchert et al.,
1992b; Clark and Allison 1996). This threshold depends on the type of pulp (Allison et
al., 1993a), the chemical loadings in the bleaching sequence (Brown ef al., 1994), and no
doubt on whether the conditions of the enzyme stage favour enzyme activity. Generally
the optimal enzyme dose lies within the range of 2-5 IU of enzyme per gram of dry pulp

(Bajpai, 1999).

2.10.4.4 Other enzyme applications

Although initial results were inconclusive because of a concomitant solubilization of
xylan macromolecules (Clark et al., 1991), more recent work indicates that certain
mannanases can enhance the bleaching of softwood kraft pulp (Yu et al., 1998; Cuevas et
al., 1996; Farrell et al., 1996a), but not hardwood kraft pulp were glucomannans occur in
very small amounts. Although there seems to be a great range in the effectiveness of
different mannanases (Allison ef al., 1996; Clark et al., 1991), certain mannanases appear
to be more effective on pulp with lower kappa numbers and the increase in pulp
brightness seem associated with very small decreases in kappa number (Suurnakki et al.,
1996). After oxygen delignification, the effects of mannanse seems particularly strong in
superbatch pulp (Suurnakki et al., 1994) but weak on MCC pulp (Allison et al., 1996).

Additive effects between certain mannanases and xylanases have been reported in






45

2.11 PROPOSED MECHANISMS OF XYLANASE-AIDED BLEACHING

A number of hypotheses have been proposed to explain the effect that xylanase
pretreatment has on subsequent bleaching of kraft pulp (Buchert et al., 1994; Viikari et
al., 1994). The early hypothesis that xylanase attacks redeposited xylan was readily
accepted because it is highly plausible that redeposited xylan entraps residual lignin and
thus interferes with chemical bleaching. Irrespective of their physical distribution across
the fibre wall, xylan substrates may be in one of the four forms which are xylan derived
chromophores, lignin-xylan complexes, physical entrapment of lignin and fibre swelling

(Wong and Saddler, 1992) as shown in Fig. 2.4 .

2.11.1 Xylan-derived chromophores

Xylose and xylan macromolecules are known to be modified during alkaline cooking to
produce coloured (de Jong et al., 1997) and partly aromatic (Gellerstedt and Li, 1995)
structures. Xylan derived chromophores may therefore occur in kraft pulp and their
removal may be more effectively achieved using xylanase than bleaching chemicals.
Recent work has already found that methyl-glucuronic acid substituents on xylan are
converted to hexenuronic acid (Teleman et al., 1996), a modified component that is
thought to contribute to kappa number and brightness reversion in kraft pulp (Buchert et

al., 1997).
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Xytanase treatment Chemical tleaching Bleached libres

Xylan—derived chromophares

nalzriols solubilized

Fig. 2.4 Proposed mechanism of xylanase-aided bleaching (Wong ez al., 1997)
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2.11.2 Lignin-xylan complexes

There is some evidence that lignin-carbohydrate linkages occurring in kraft pulp
(Yamasaki er al., 1981; Wong et al., 1996) restrict the removal of residual lignin
(Yamasaki et al., 1981). Xylanase cleavage of the carbohydrate portion of lignin-xylan
complexes could facilitate subsequent chemical delignification by releasing the lignin
component (Yang and Eriksson, 1992) or by reducing the overall size of macromolecules

containing residual lignin.

2.11.3 Physical entrapment of lignin

Deposits of xylan may physically entrap residual lignin on fibre surfaces (Kantelinen et
al., 1993). Not only would its removal facilitate the diffusion of residual lignin out of the
fibre matrix, it may also enhance the accessibility of this lignin to bleaching chemicals.
A similar hypotheisis has arisen from past work on the topochemistry of kraft pulping, in
which xylan in situ was thought to hinder the delignification process (Kerr and Goring,
1975). In this scenario, the removal of xylan would leave behind pores having sizes

similar to those of the macromolecules removed.
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2.11.4 Fibre swelling

Adsorptive interactions between cellulose and xylan may contribute to the integrity of
pulp fibres (Roberts et al., 1990). The removal of xylan accessible to xylanase may
disrupt fibre structure to a degree that facilitates subsequent removal of the residual lignin
(Clark et al., 1991). In this scenario, fibre swelling generates pores that are longer than
the xylan macromolecules removed. A portion of the residual lignin in kraft pulp is
already known to be larger than 20 000 to 40 000 molar mass (Wong et al., 1996), the
typical size of xylanase enzymes (Coughlan and Hazlewood, 1993; Viikari et al., 1993).
There is also evidence that during the course of the kraft cook, there is a slight increase in
fibre swelling at the beginning and a subsequent decline below the original fibre

dimensions (Stone and Scallan, 1968).

2.12 MATERIALS SOLUBILIZED FROM PULP AFTER ENZYME

TREATMENT

2.12.1 Carbohydrate and lignin

Only a portion of the xylan in lignocellulosic substrates and kraft pulps is accessible to
hydrolysis by xylanase (Buchert et al., 1992a; Viikari ef al., 1994). The inaccessibility of
the remaining xylan has often been attributed to the location of xylan within the pulp
fibre matrix. For xylanase-aided bleaching, as little as 1% of hardwood kraft pulp (Pham

et al., 1995) and 0.4-2% of softwood kraft pulp (Saake et al., 1995; Suurnaki et al., 1996)
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needs to be solubilized, representing less than 16% of the residual xylan. The sugars
solubilization of carbohydrate during xylanase treatment are predominant composed of
xylan derived residues (Buchert ef al., 1996; Allison ef al., 1996). The arabinose:xylose
ratio in the solubilized oligosaccharides may differ from that in the pulp, suggesting that a
certain class of pulp xylan is being attacked (Suurnaki ef al., 1994). The profile of these
oligosaccharides is dependant on the enzyme (Elegir et al., 1996) or the pH (Elegir ef al.,
1995) used in the treatment. The solubilization of carbohydrate during xylanase
treatment is associated with the solubilization of apparent lignin that absorbs in the UV
range from 230-280 nm (Wong et al., 1997b). Infrared spectroscopy of the filtrates from

enzymic hydrolysis also suggested the presence of lignin (Pham et al., 1995)

2.12.2 Chromophores

Extensive work has been done on examining the solubilization of colour by measuring
absorbance around 460 nm because the wavelengths near 457 nm are used for the
determination of pulp brightness (Patel ef al., 1993, Garg et al.,1996). In other attempts
to measure chromophores, filtrate absorbance was monitored in the UV range at 237,
254 and 350 nm (Garg et al.,1996, Shoham et al., 1993). Two reports suggested that
there is a direct correlation between the solubilization of chromophores absorbing at 237
nm (Garg et al., 1996) and 465 nm (Dunlop et al., 1996) and the brightness achieved after

bleaching with chlorine based reagents.
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by increasing chemical loading. These claims have not been fully accepted because the
extent of chemical bleaching was not examined thoroughly, and because the use of
various chemical combinations or additional chemical stages could also increase the
brightness ceiling. However, the reports indicating that xylanase can directly brighten
peroxide bleached pulps (Wong et al., 1997c), suggests that this matter should be
examined more closely, particularly in chlorine bleached pulps. Xylanase treated pulp
has also been reported to be less prone colour reversion (Bajpal er al., 1994) This has
been associated with a decrease in the amount of charge groups on fibre surfaces
(Buchert er al., 1995b), which may in turn be associated with the acidic substituents in

xylan.

2.13.3 Porosity

When the wall thickness of kraft fibres was measured after xylanase treatment, no
indication of fibre swelling was found (Kibblewhite and Clark, 1996). Using nitrogen
porosimetry, however, a decrease in the mean pore radius of kraft pulp was found after
treatment with crude xylanase (Mora ef al., 1986). The reliability of both of these
techniques can be questioned because drying the pulp was required before measurements.
Porosity determination under aqueous conditions would seem more appropriate because
these conditions are present during pulp processing. To date conflicting results have been
obtained when the water retention of pulp was measured after xylanase treatment. If
there is an increase in fibre porosity, it remains unclear whether these pores are larger

than the xylan macromolecules removed during enzyme treatment (Wong et al., 1997b)
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2.13.4 Other physical properties

The viscosity of pulp may increase with xylanase treatment because xylan has a molar
mass that is generally lower than that of cellulose, so that its removal leaves behind
cellulose that has a higher viscosity (Paice er al., 1988; Senior et al., 1992). Therefore
the conventional relationship, where higher pulp strength is observed with higher pulp
viscosity, might not hold for xylanase treated pulp. Moreover, after bleaching to the
same brightness, changes to pulp strength are only indirectly related to the action of
xylanase the lower chemical loadings required can reduce damage to pulp strength and
modify refining properties. After bleaching with the same chemical loadings, most
reports claim little change to papermaking properties while some indicate an
improvement to the tear index (Chauvet ef al., 1987; Roncero ef al., 1996). A difficulty
in evaluating the effects of xylanase is the possible presence of contaminating cellulolytic
activity in the enzyme preparation, which can have detrimental effects on the pulp (Tolan,

1995).

2.13.5 Alkaline extractability

After xylanase treatment, there is an increase in the amount of xylan that can be extracted
in alkali (Saake et al., 1995) and DMSO (Allison ef al., 1995). There is also an increase
in the extractable lignin as detected in the extract by absorbance at 280 nm (Suurnakki ez
al., 1994; de Jong et al., 1996), as well as in the pulp by a drop in the kappa number

(Allison and Clark, 1994). The enzyme seems to improve lignin extractability more in
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hardwood kraft pulp than in softwood and oxygen delignified softwood kraft pulps
(Wong et al., 1997b). The increase in lignin extractability is an excellent explanation for
the ability of xylanase to enhance pulp bleaching. However the xylanase treatment of
peroxide bleached pulp can increase pulp brightness while the increase in lignin
extractability is relatively small. (Wong et al., 1997c). These recent results suggest that
although xylanase can increase lignin extractability in unbleached pulp, this phenomenon

might not be necessary for xylanase enhancement of peroxide bleaching.

2.14 OTHER INDUSTRIAL APPLICATIONS OF HEMICELLULASES

Applications of hemicellulases have also been found in the food and feed industry. Most
of these applications don’t require the utilization of highly purified enzymes. In fact,
some applications are enhanced by the presence of other enzyme activities (Wong and
Saddler, 1992). It has been suggested that, in the food industry, hemicellulases may be
used along with pectinases and cellulases for the maceration of fruit and vegetable
materials (Biely, 1985), and for clarification of juices and wines (Zeikus et al., 1991).
The use of hemicellulases has also been suggested for the extraction of coffee (Godfrey,
1983) and starch (Biely, 1993), plant oils (Godfrey, 1983) and starch (Biely, 1993), and
for the modification of textile (McClearly, 1986) and staling (Reichelt, 1983) properties
of baked products. The use of xylanases to modify the properties of dough and its
resulting baked products have also been reported (Maat ef al., 1992). There are reports
on the use of xylanases as a supplement to improve the nutritional value of rye, so as to

promote the use of this grain in chick feed (Godfrey, 1983).
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2.15 SCOPE OF THE PRESENT STUDY

The forestry industry makes a significant contribution to the South African economy.
Reducing the environmental impact of mill effluents has been a major concern for the
pulp and paper industry in recent years. Kraft pulps have traditionally been bleached
using chlorine and chlorine-containing chemicals, releasing effluents that contain
organochlorine.  Chlorine-free bleaching represents an alternate for eliminating
undesirable chlorinated compounds. Xylanase enzymes have been found to be most

effective for this purpose.

A Thermomyces lanuginosus strain was isolated from soil produced high levels of
xylanases on various carbon sources (Singh et al., 2000a). It is imperative, not only from
an academic viewpoint that xylanase application in a laboratory scale bleach process be
investigated. Xylanases have great potential in industrial application and could provide
an alternative to chemical bleaching, with reduced chloroorganic compounds in process
waters and improved pulp properties. Application of xylanases in mill trials have proven
to reduce the consumption of chlorine and chlorine-containing bleaching agents. Sappi
Fine Papers (Stanger, South Africa) has been experiencing extensive problems with
effluent treatment, high losses in pulp yield and the corrosive nature of harsh chemicals
utilized in the bleach process. Hence the objective of this research was to examine the
bleach boosting effect of xylanases on bagasse soda pulp with the aim of improving pulp
properties and reducing chemical consumption during elemental chlorine (EC), ECF,

TCF bleach sequences. In addition to submerged fermentation an alternate xylanase
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production method (SSF) was evaluated with subsequent chemical bleaching conducted
on bagasse pulp. Morphological studies together with immunolocalization of T.
lanuginosus xylanase on bagasse pulp was performed to determine the extent of enzyme
accessibility on the pulp. These analyses together with the evaluation of the bleach
boosting potential of the xylanases provided in depth knowledge on the potential

application of xylanases in the bleaching of bagasse pulp.
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CHAPTER THREE: OPTIMIZATION OF Thermomyces lanuginosus XYLANASE

PRETREATMENT CONDITIONS ON BAGASSE SODA PULP

3.1 ABSTRACT

A locally isolated thermophilic fungus, Thermomyces lanuginosus SSBP produced a high
level of extracellular B-xylanase (1095 U/ml) under shake-flask conditions using a medium
of coarse corn cobs as a carbon source, and yeast extract as a nitrogen source. The enzyme
filtrates were analysed for LDC’s, chromophoric material and RS, while kappa number and
brightness changes were evaluated on the pretreated bagasse soda pulp. There was a gradual
increase in the release of LDC’S, chromophoric material and reducing sugars with
increasing temperature up to 65°C. The enzyme was most effective at pH 6.0 and 65°C,
producing a direct brightening gain of 1.34 points over the control. The kappa number was
reduced by 0.6 points at pH 4.0, 5.0 and 6.0, and 0.4 points at pH 7.0 immediately after
xylanase treatment, indicating removal of lignin from the pulp. Extraction with NaOH after
Xylanase treatment improved the brightness by 3.8 points, demonstrating the removal of
material in the pulp contributing to the low initial brightness. Bleaching of the enzyme
treated pulp with H,O; increased the to levels of 60 %, with brightness gain of 3.1 points

over the control.
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3.2 INTRODUCTION

In modern biotechnology a wide range of enzymes are industrially exploited, not for total
degradation, but for overall modification of structures in textile, feed and forest industries
(Juracek and Paice, 1992). Until recently, in the pulp and paper industry, the use of
enzymes was not considered technically or economically feasible and suitable enzymes
were not readily available, except for limited use in the modification of starch for paper
coatings. However, research by scientific institutions and enzyme producers has led to the

development of enzymes that offer significant benefits for the industry (Bajpai, 1999).

With the current trends to employ “clean technologies” xylanases have come into focus for
their potential application in reducing the consumption of chlorine based chemicals required
for bleaching of pulp (Bajpai and Bajpai, 1997). The use of xylanases as bleach boosters is
a recent application of biotechnology to the pulp and paper industry. The positive results
obtained with these enzymes, which significantly increase fibre bleachability (Pham et al.,
1995; Roncero et al., 1996), seem to be a consequence of the enzymatic removal of xylan
from the fibre surface, which facilitates chemical bleaching of lignin derived substances

(Roncero et al., 2000).

With xylanase pretreatment of pulps, mills have reported savings of 8 to 15 % of the total
amount of chemicals across the bleach plant (Bajpai and Bajpai, 1997). Decrease in
adsorbable organic halogens (AOX) levels of 12 to 25 % in the effluent, increased tear

strength and an increase in pulp throughput have also been reported as benefits achieved



58

with xylanase pretreatment. (Shah ef al., 2000). These positive effects have generated

global interest for the industrial application of Xylanases in pulp bleaching.

Various explanations have been proposed with regards to the mechanism of xylanase
pretreatment on pulp. It may degrade the xylan in the fibre pores, thus enhancing the flow
of bleaching chemicals into the fibre. Alternatively, it may break down the lignin-
carbohydrate bonds, improving the extractability of soluble lignin (Viikari et al., 1996; Li et
al., 1996). With the cost of enzyme production decreasing appreciably, the implementation
of this technology has become a commercial reality and a large number of mills are already

using xylanases on a regular basis (Viikari et al., 1994; Tolan et al., 1996).

Information about the nature of the chromophores responsible for the colour in kraft pulps is
limited. Researchers have assumed that colour is attributable to residual lignin, however,
there is increasing evidence that modified carbohydrates contribute to kappa number, and
perhaps pulp colour (Wong ef al., 1997). Controversy exists concerning the relative merits
of different enzyme preparations for treating kraft pulps. Paice et al., (1992) have found that
xylanases are more effective than mannanases in enhancing the bleaching of both hardwood
and softwood pulps, despite the fact that xylans constitute only a small fraction of
hemicellulose in softwoods. Moreover, the efficacy of enzyme treatment was associated
with a drop in the average DP rather than with the solubilization of xylan (Paice et al.,
1992). A significant role for xylan-derived chromophores would ensure that xylanase has a

unique role in pulp bleaching.
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The South African Pulp and Paper has recognized the implementation of biotechnology to
existing bleaching processes on account of environmental problems associated with
chemical bleaching. In view of the foregoing, the aim of this study was to optimize
pretreatment conditions of xylanase from 7. lanuginosus on bagasse pulp. It is well
documented that xylanases release lignin derived compounds, chromophoric material and
reducing sugars with consequential decreases in kappa number and increases in brightness
of pulp types. In this regard the enzyme pretreated pulps and filtrates were analysed and
evaluated at various conditions and the optimized conditions were based on the criteria

mentioned above.
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3.3 MATERIALS AND METHODS

3.3.1 Strain and maintenance
T lanuginosus (designated as SSBP) was isolated from soil at the University of Durban-
Westville, identified by the council for Scientific and Industrial Research, and deposited in
the Industrial Biotechnology MIRCEN Culture Collection, Bloemfontein (Accession
number PRI 0226). The strain was grown at 50°C on potato dextrose agar and stored either

at room temperature or at 4°C and subcultured every 3-4 weeks

3.3.2 Xylanase production
An agar block (1 cm?) of an actively growing 5 day old culture of T lanuginosus strain
SSBP was used to inoculate the growth medium (100 ml) in 300 ml Erlenmeyer flasks. The
medium comprised of 3.14 g coarse corn cobs (carbon source), 3.02 g yeast extract and 0.5
g KH,PO4 per 100 ml distilled water, adjusted to pH 6.5 and autoclaved for 15 min at
121°C. Inoculated flasks were continuously shaken at 150 rpm on a rotary shaker at 50°C
for 7 days. All experiments were run in triplicate. After the incubation period the growth
medium was filtered and centrifuged at 13 000g for 5 min. The supernatant liquid was used

as the crude enzyme for pretreatment of bagasse pulp.
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3.3.3 Xylanase assay
Xylanase was assayed according to Bailey ef al. (1992) by incubating the diluted crude
extract (100 pl) in sodium citrate buffer (pH 6.5) at a temperature of 50°C for 5 min using a
substrate solution of 1% birchwood xylan (Roth 7500, Karlsruhe, Germany). One unit of
enzyme activity is defined as the amount of enzyme that catalyses the release of one pmole
of xylose equivalent per minute under the assay conditions. All assays were conducted in

triplicate from triplicate independent samples.

3.3.4 Pulp type

Bagasse unbleached soda pulp was obtained from SAPPI Fine Papers (Stanger). The
pulp had an initial solid consistency of 12%, kappa number of 8.76 and brightness of
39.3%. This brown stock was thoroughly washed with water until a neutral pH in the
wash waters was obtained thereafter a final wash with distilled water. The excess water
was filtered with the moisture content of the washed pulp being 84 % (w/w). The pulp

was then stored in sealed plastic bags at 4°C and until use.

3.3.5 Xylanase pretreatment of bagasse pulp
3.3.5.1 Temperature optimization
Washed unbleached bagasse pulp equivalent to 10 g of dry weight was placed in plastic
bags to which the xylanase diluted in distilled water (pH 6.5) to attain a concentration of
20 U/g pulp was added. The total weight of the reaction mixture was brought to 100 g by
the addition of distilled water (pH 6.5), to a final pulp consistency of 10 %. The bags were

incubated at temperatures from 50°C to 75°C at increments of 5°C. Controls were carried
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out in a similar manner using inactivated xylanase (boiled). The pulp was mixed with
kneading at 30 min intervals for 3h, after which pulp was filtered through filter paper
(Whatman No 1) using a buchner funnel. The filtrate and pulp were retained for analysis

as described below.

3.3.5.2 pH optimization
The enzyme pretreatment was carried out as described in section 3.3.5.1 at pH values
from 3 to 11. Pretreatment was carried out homogenizing the pulp in distilled water

followed by incubation at the optimum temperature determined above.

3.3.6 Analyses of pulp filtrates
The enzyme-mediated release of lignin-derived compounds (LDC’S) and chromophoric
material form pulp was monitored in filtrates by measuring the absorbance at 280 nm and
465 nm, respectively (Wong et al., 1997¢). The filtrates were adjusted to pH 7.0 prior to
the measurement. The amount of reducing sugars (RS) released from pulp was
determined spectrophotometrically at 540 nm according to the DNS method (Miller,

1959).

3.3.7 Extraction with NaOH and H,O; bleaching
Enzyme pretreated bagasse pulp (5g d/w) was placed in plastic bags and treated with 5%
NaOH for lhr at 70°C with a final pulp consistency of 10%. A further 5 g of enzyme
pretreated pulp was bleached with 1.5% H,0, (30%), 0.7% NaOH (10%), and 0.5%

MgSQ4. 7H,0 (10%), for 3h at 70°C with a consistency of 10%. After incubation, the



pulp was filtered and the filtrate was retained for analyses as described above. The pulp
was washed several times with distilled water and thereafter handsheets were prepared

and analysed for brightness.

3.3.8 Analyses of pulp properties
After enzyme treatments, pulp samples were analyzed for kappa number using the TAPPI
test method T 236 cm-85, and brightness was measured with the Color Touch 2

brightness machine (Technidyne Corp, New Albany, Indiana, USA)
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34  RESULTS

3.4.1 Production of xylanase by T. lanuginosus SSBP
T. lanuginosus SSBP produced 950 U/ml of B-xylanase in a medium containing coarse
corn cobs, yeast extract and KH;PO4 under shake-flask cultures after an incubation
period of 7 days. The enzyme solution had a total protein content of 8.5 mg/ml with a

specific activity of 112 U/ml.

3.4.2 Xylanase-mediated release of chromophores and lignin derived
compounds (LDC’s)

The enzyme filtrate was analyzed for the presence of chromophores (A 465 nm) and
LDC’s, (A 280nm). There was a gradual increase in the amount of chromophoric material
detected in the filtrate with increasing temperature up to 65°C (Fig. 3.1). The absorbance
at 465 nm varied between 0.23 and 0.30 at 50 and 65°C, representing a 35 % increase in
chromphore release at the higher temperature. On the other hand temperature variance
did not appear to have a significant effect on the release of LDC’s (Fig. 3.2). There was
only a 4 % increase in LDC’s from 50 to 75°C. However, the absorbance values of the
filtrates containing the active enzyme were significantly higher than that with the inactive

enzyme.
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Fig. 3.1 Influence of temperature on the release of chromophoric compounds (A 465 nm) from
bagasse pulp pretreated with T. lanuginosus crude xylanase at pH 6.5
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Fig. 3.2 Influence of temperature on the release of LDC’s (A 250 .m) from bagasse pulp treated
with 7. lanuginosus crude xylanase at pH 6.5
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3.43 Xylanase-mediated release of reducing sugars

There was an increase in reducing sugar concentration with increasing temperature,
between 50 and 60°C, however, this concentration decreased at temperatures beyond
60°C (Fig. 3.3). A peak concentration of 0.31 mg/g reducing sugar was obtained at 60°C,
and RS concentration at 65°C was 0.3 mg/g, while 0.175 mg/g was detected at 75°C.
There was a slight increase in RS content of the control samples with increasing

temperature but at values incomparable to that achieved with the active enzyme.
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Fig. 3.3 Influence of temperature on the release of RS from bagasse pulp treated with T.
lanuginosus crude xylanase at pH 6.5
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3.4.6 Evaluation of xylanase pretreatment of bagasse pulp at varying pH
values
3.4.6.1 Xylanase-mediated release of chromophoric material from

bagasse pulp

From the data obtained the optimum temperature for xylanase pretreatment on bagasse
pulp was 60°C. This temperature was used for optimizing the pH pretreatment
conditions, and the pH varied between pH 3 and 11. The enzyme-mediated release of
chromoporic material was constant between pH 5 to 8, with maximum chromophoric
material released between pH 6-7 (Fig. 3.6). Treatment at pH values below 5 and above

8 seemed to be relatively ineffective in releasing colour material from the pulp.
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Fig. 3.6 Influence of pH on the release of chromophoric compounds from bagasse pulp treated
with 7. lanuginosus crude xylanase at 60°C
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3.4.6.2 Xylanase-mediated release of LDC’S from bagase pulp

The enzyme-mediated release of LDC’s was constant over a broad pH range between pH
5 and 8 (Fig. 3.7). The optimum pH range for the release of LDC’s was between pH 5
and 7, with a maximum absorbance detected at pH 6.0. At pH values below 5 and above
9, the amount of LDC’s present in the filtrate decreased significantly. Control samples
displayed a constant release of LDC’S between pH 4 and 11, which was 46 % less than

that achieved with the crude enzyme.

~0— xylanase
—&— control

Absorbance at 280 nm
o

Fig. 3.7 Influence of pH on the release of lignin derived compounds from bagasse pulp treated
with T. lanuginosus crude xylanase at 60°C
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3.4.6.5 Effect of xylanase pretreatment on kappa number of bagasse

pulp

Xylanase pretreatment showed similar kappa number reductions between pH 4 to 8. The
enzyme reduced the kappa number by 0.6 points, at pH 4, 5 and 6, and 0.4 points at pH
7.0 (Fig. 3.10). At pH 3 the kappa number was reduced by 0.15 points, and at pH 9 to 11
the reduction in kappa number was 0.2 points, illustrating minimal effect of the enzyme

in kappa number reduction of bagasse pulp at these respective pH values.

O xylanase

B4 control

Kappa number

Fig. 3.10 Influence of pH on kappa number of bagasse pulp treated with 7. lanuginosus crude
xylanase at 60°C
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3.4.7 Effect of pH and temperature on the release of LDC’S, chromophoric
material and reducing sugars from bagasse pretreated with T.

lanuginosus xylanase

In order to clearly define the optimum conditions for xylanase pretreatment of bagasse
pulp, pH and temperature conditions were further analyzed in a narrow range of 5 to 7
and 55 to 70°C, respectively. In terms of RS release a temperature and pH range of 60 to
65°C and 55 to 6.0 was the most effective (Table 3.1). Analysis of the LDC’s indicated a
pH optimum of 6.0 and a optimum temperature range between 60-65°C (Table 3.2). The
chromophoric material released also showed a similar profile as the LCD’s (Table 3.3).
Evaluation of the effect of the enzyme on the brightness showed conclusively that the pH
and temperature producing the highest brightness gain was 6.0 and 65°C, respectively

(Table 3.4). A brightness gain of 1.34 points was achieved during these conditions.

Table 3.1 Influence of temperature and pH on the release of RS from bagasse pulp treated with T.

lanuginosus crude xylanase

pH Temperature (°C)

55 60 65 70
5.5 0.322 0.326 0.337 0.307
6.0 0311 0.328 0.335 0.278
6.5 0.298 0.302 0.315 0.254
7.0 0273 0.277 0.296 0.231

Xylanase treatment conditions:Consistency: 10%; Time: 3h
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Table 3.2 Influence of temperature and pH on the release of LDC’s (A 230 nm) from bagasse pulp

treated with 7. lanuginosus crude xylanase

pH Temperature (°C)

55 60 65 70
5.5 3.996 4.132 4.167 4.022
6.0 4.103 4.186 4,196 3.925
6.5 4.178 3.982 3.921 3.841
7.0 3.847 3.643 3.514 3.687

Xylanase treatment conditions:Consistency: 10%; Time: 3h

Table 3.3 Influence of temperature and pH on the release of chromophoric compounds (A 465 nm)

from bagasse pulp treated with 7. lanuginosus crude xylanase

pH Temperature (°C)

55 60 65 70
5.5 0.301 0.302 0.321 0.287
6.0 0.314 0.342 0.344 0.256
6.5 0311 0.307 0.305 0.243
7.0 0.294 0.276 0.240 0.223

Xylanase treatment conditions:Consistency: 10%; Time: 3h
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Table 3.5 Influence of pH and temperature on the brightness of bagasse pulp treated with T.

lanuginosus crude xylanase followed by NaOH extraction

pH Temperature (°C)

55 60 65 70
5.5 51.02 50.63 50.40 50.00
6.0 51.21 51.55 51.70 50.75
6.5 51.43 51.56 51.40 50.54
7.0 50.21 50.25 50.07 49.64

Xylanase treatment conditions: Consistency: 10%; Charge: 20 U/g; Time: 3h
NaOH extraction conditions: Consistency: 10%; Temperature: 70°C; Charge: 5%, Time: 1h
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Xylanase treatment conditions: Consistency: 10%; Charge: 20 U/g; Time: 3h
NaOH extraction conditions: Consistency: 10%; Temp: 70°C; Charge: 5%; Time: 1h

Fig. 3.11 Influence of pH and temperature on the brightness of bagasse pulp treated with 7.

lanuginosus crude xylanase followed by NaOH extraction
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Table 3.6 Influence of pH and temperature on the brightness of bagasse pulp treated with T.

lanuginosus crude xylanase followed by H,O, bleaching

pH Temperature (%)

55 60 65 70
5.5 60.21 60.54 60.34 60.21
6.0 61.32 61.55 61.64 60.23
6.5 61.44 60.94 61.49 59.98
7.0 59.42 59.52 59.78 59.32

Xylanase treatment conditions: Consistency: 10%; Charge: 20 U/g;Time: 3h
H,0, bleaching conditions: Consistency: 10%; Temperature: 70°C; H,0, (1.5%); NaOH (0.7%); MgSO4

7H,0 (0.5%); Time: 3h

Brightness gain (points)
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Fig. 3.12 Influence of pH and temperature on the brightness of bagasse pulp treated with T.

lanuginosus crude xylanase followed by H,O, bleaching
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3.5 DISCUSSION

Thermomyces lanuginosus SSBP is a thermophilic hyphomycete, producing a range of
thermostable extracellular enzymes which include B-xylanases, c-galactosidase, o-L-
arabinofuranosidase, esterases and (B-mannanase (Singh ef al., 2000a). In the present
study.this organism produced up to 950 U/ml of xylanase activity in shake-flask cultures
at 50°C after a 7-day incubation period. However, xylanase activity of 3 600 U/ml was
previously reported for this strain (Singh et al,, 2000a). A report by Bennet er al. (1998)
indicated a production level of 2840 U/ml by T. lanuginosus ATCC 46882 when grown
on corn cobs. According to Gomes et al. (1993) various factors including the surface
area, pore size, maturity and geographical origin of the corn cobs affect the production
levels of xylanase. Nevertheless, T. lanuginosus SSBP produced the highest xylanase

activity among the Thermomyces strains investigated to date (Singh ef al., 2000a).

T. lanuginosus SSBP has been reported to produce xylanase which is very active at high
alkaline pH values (5.5-9.5) and has an optimum temperature of 70°C (Singh et al.,
2000b). These two characteristics allow the enzyme to be extremely stable since
xylanases with high thermostability and pH stability are of particular interest for
enzymatic hydrolysis of xylan in pulp bleaching. 7. lanuginosus SSBP xylanase has
similar properties to many of the commercial xylanases currently available to the pulp
and paper industry. Primalco Ltd has genetically modified a Trichoderma strain to
produce a hemicellulose enzyme that tolerates higher temperature and alkalinity.

Ecopulp TX-100 can operate at 85°C and at a pH of 4.5 to 8.5, well within the 60 to 90°C
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The xylanase had minimal effect on the kappa number of bagasse pulp, with similar
reductions detected at 50 to 60°C. Direct delignification of pulp by xylanase has often
been overlooked because the enzyme is not expected to act directly on residual lignin.
There is however, a small but measurable drop in the kappa number of kraft pulp
immediately after xylanase treatment (Nelson ef al., 1995; Gellerstedt and Li, 1995; Li et
al., 1996) and further decreases could be achieved using additional xylanase treatment
(Munk et al., 1993). Other analytical methods are required to verify the occurrence of
direct delignification because the specificity of kappa number determination of lignin has
been questioned (Gellerstedt and Li, 1995; Buchert er al., 1995). Besides being
inaccurate for samples with small quantities of lignin, the measure of acid insoluble
lignin also requires careful consideration because adsorbed proteins may also register
(Gellerstedt and Li, 1995). However, it should be noted that adsorbed xylanase is quickly

removed with subsequent chemical bleaching (Bernier et al.,1994).

The enzyme filtrate analyses revealed that the enzyme removed the optimal amount of
lignin material (A3 nm) between pH 5 to 8, while the release of chromophoric material
was optimal at pH 5 to 7. Xylanase treatment performed at pH values less than 4 and
above 8 were not considered favourable since considerably less amounts of UV and
visible light absorbing material were released. The reducing sugar analyses indicated that
the enzyme was effective in removing most of the accessible hemicelluloses in the pulp at
pH 5 to 7. A drop in reducing sugar was prevalent in the filtrate at pH values below 5
and above 7. Similarly, brightness levels showed maximum increases between pH 5 to 7,

while kappa number reductions were stable between pH 4 to 8, illustrating no direct
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correlation between kappa reductions and brightness increases. This verifies the
assumption that other compounds apart from lignin contributes to the low brightness of

bagasse pulp.

In order to verify these results pretreatments were performed between pH 5 and 7 at
increments of 0.5 pH points at 55 to 70°C, followed by extraction with NaOH and
bleaching with H,O,. Examination of the enzyme filtrate, and pulp after treatment at the
above conditions showed optimum conditions for xylanase pretreatment as pH 6.0 and
65°C. This was confirmed by chemical treatment, which was performed following
xylanase pretreatment. The enzyme rendered the bagasse fibres more amenable to the
extraction of the residual lignin by NaOH with brightness gains of 3.8 points over the
control. Bleaching with a one step H,O, stage improved the brightness by 3.1 points at

pH 6.0 and 65°C over the control, to final brightness levels of 61 %.

One of the impediments to elucidating the mechanisms of xylanase aided bleaching is the
lack of convenient methods for distinguishing xylan-derived from lignin-derived
chromophores. This difficulty was well illustrated by a recent report concerning the
hexenuronic acid substituents that are formed on Xxylan under alkaline conditions
(Buchert et al., 1995). This modified carbohydrate, carrying one double bond, seems to
contribute to the kappa number of low kappa pulps and to colour reversion in kraft pulp.
Since hexenuronic acid persists under alkaline peroxide, it would be present for removal
by xylanase at the beginning and at the end of such a bleaching sequence, thereby leading

to minor brightness gains and kappa drops in both cases. Xylanase is more effective than
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CHAPTER FOUR: EVALUATION OF THE BLEACH ENHANCING EFFECT
OF XYLANASES ON BAGASSE SODA PULP IN AN ELEMENTAL
CHLORINE-FREE (ECF) AND TOTAL CHLORINE-FREE (TCF) BLEACH

SEQUENCE

41  ABSTRACT

In this study crude xylanase from Thermomyces lanuginosus SSBP and three
commercial xylanases (Xylanase P, Ecopulp TX-200C and Cartazyme NS-10) were
evaluated in both ECF (DED) and TCF (X-OqPaP) bleaching to enhance the
bleachability of bagasse pulp. The enzyme pretreatment was carried out at charges of
1, 5 and 10 U/g dry weight pulp under optimized conditions. The final brightness
achieved with 10 U of xylanase P, Ecopulp TX-200C, T. lanuginosus xylanase and
Cartazyme NS-10 at the highest chlorine charge (D,: 6.57%; D,: 3.285) applied was
85.4%, 85.1%, 84.8% and 84.7%, respectively. In all instances, however the
biobleaching effect induced due to xylanase pretreatment was dependant on both the
enzyme and chlorine dioxide charges used. Xylanase P was able to reduce the
consumption of chlorine dioxide by 33% while, T. lanuginosus xylanase, Ecopulp TX
200C and Cartazyme NS 10 were equally effective producing chlorine dioxide
savings of 20 %. Mechanically pretreatment of the pulp prior to the ECF
biobleaching slightly increased final brightness, indicating “activation” of the pulp to
facilitate enzyme and chemical bleaching. At similar brightness levels, the TCF
biobleaching was less efficient than the ECF DED biobleaching. Negligible
differences in the physical properties of the xylanase treated and control bagasse pulp

samples were detected.
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42  INTRODUCTION

Growing concerns on environmental issues have prompted governments to develop
stringent regulations against polluting processes. The use of chlorine and chlorine
chemicals during the bleaching process results in the formation of chlorinated organic
substances, some of which are toxic, mutagenic and non-biodegradable (Bajpai and

Bajpai, 1997).

Xylanases hydrolyze the xylans redeposited on pulp fibers during kraft pulping. This
is thought to facilitate the diffusion of lignin fragments degraded and solubilized
during subsequent bleaching (Kantelinen et al., 1993). It has been already
demonstrated that xylanases can enhance the bleaching of kraft pulps on a large scale
without major capital investments (Viikari et al., 1993). Xylanases can provide a cost
effective way to reduce the use of chlorine-containing compounds and other bleaching
chemicals. There are reports of 8 to 15% savings of the total amount of chemicals
utilized in the bleaching process and a decrease in the adsorbable organic halogen
levels of 12 to 25% in the bleach effluent (Bajpai and Bajpai, 1997). Increased tear

strength and pulp throughput have also been reported (Shah et al., 2000).

Several commercially available xylanase preparations, most of which are active at
slightly acidic or neutral pH, have been investigated in pulp bleaching. Pulpzyme HA
(Novo Nordisk, Denmark), produced by Trichoderma reesei, was the first commercial
xylanase to be used in biobleaching. It achieved a 20% kappa number decrease of
oxygen-delignified birch kraft pulp (Zamost er al., 1991). Cartazyme (Clariant) also

improved the brightness of kraft pulps (Garg et al., 1998). There is a tendency for



87

hardwood kraft pulp to show higher benefits with regard to chlorine savings
(Hamilton ef al., 1996) during xylanase bleaching in comparison to softwood pulps.
These differences may be partly attributed to differences in xylan solubilization from
pulp, which may in tern be related to the amounts of accessible xylan present, the ion
composition (Buchert et al., 1995) and buffering capacity that could moderate

enzyme-fibre interactions, or the wood’s response to kraft pulping.

The effectiveness of xylanases have been well documented for wood pulps, however,
very little attention has been given to the application of xylanases to non-woody
materials such as bagasse pulp. A recent report by Jain ef al., 2001 indicated a
xylanase mediated reduction of CI of 9 kg/ton pulp of kraft bagasse pulp, which
corresponds to 18% savings in chemicals when bleaching was performed to achieve
brightness levels of 83 to 85% ISO. The strength properties of the enzyme treated
pulp sheets were increased by 20% while the BOD, COD and AOX levels of the
bleach effluent was reduced by 25%. This study verified the significant biobleaching

potential of xylanases on non-woody fibre material.

We have demonstrated that crude xylanase preparations form 7. lanuginosus SSBP in
the form of culture supernatants can be used to remove chromphores and xylan from
pulp types and therefore improve the brightness of pulp (Madlala et al., 2001). The
successful application of purified xylanase from 7. lanuginosus SSBP on bagasse pulp
has also been demonstrated by Bissoon et al. (2002). However, the incorporation of
xylanases in ECF and TCF bleaching processes is of great significance in
demonstrating reductions in chemical consumption induced by these hydrolytic

enzymes. The aim of this study was to evaluate and compare the bleaching potential
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of T. lanuginosus SSBP xylanase and three commercial xylanase preparations in ECF

and TCF bleaching of bagasse soda pulp.
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43  MATERIALS AND METHODS

43.1 Pulp

Unbleached bagasse soda pulp was prepared as described in section 3.3.4.

4.3.2 Enzymes and enzyme assays
T. lanuginosus xylanase and three commercial enzymes, Xylanase P (logen Corp.,
Canada), Ecopulp TX-200C (R6hm Enzyme, Finland) and Cartazyme NS-10
(Clariant, UK), were evaluated in bleaching of bagasse pulp. All four xylanases
belonged to family 11 of glycosyl hydrolase, of which three commercial xylanases
were produced from genetically modified Trichoderma reesei (Xylanase P and
Ecopulp TX-200C) and Bacillus strains (Cartazyme NS-10). The xylanase activities
were determined according to the method of Bailey et al (1992) as described in

section 3.3.3.

4.3.3 Optimization of xylanase pretreatment conditions on bagasse pulp

Washed unbleached bagasse pulp equivalent to 5 g of dry weight was placed in plastic
bags to which the xylanases diluted in distilled H,O of varying pH were added. The
enzyme equivalent to 5 U/gram dry weight pulp was added to the experiment bag and
thoroughly mixed. The bags were incubated at varying temperatures from 50°C to 75°C
as described in section 3.3.5. The optimum conditions for the use of each enzyme
preparation (Table 4.1) were determined based on the release of R.S from the pulp (data

not shown).
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Table 4.1 Optimized conditions used for xylanase pretreatment on bagasse soda pulp

Enzyme Temperature (°C) Time (h)  Consistency(%) pH
T. lanuginosus xylanase 65 2 10 6.0
Xylanase P 60 2 10 5.0
Cartazyme NS-10 60 2 10 8.0
Ecopulp TX-200 C 65 2 10 7.0

Washed unbleached bagasse pulp was treated with various xylanases at charges of 1,
5 and 10 U/g under the optimum pH and temperature conditions for each enzyme at a
10 % pulp consistency for 2h. Boiled enzyme (inactive) was used as control. After
the incubation period, the pulp was filtered and washed. Pulp and enzyme filtrates

were retained for further analyses.

4.3.4  Mechanical treatment of pulp
Prior to the application of each xylanase at a charge of 1 U/g, washed unbleached
bagasse pulp was pretreated mechanically using a pulp homogenizer (Heidolph,
Germany). Pretreatment was carried out at 26 000 rpm, room temperature and 1.5%

pulp consistency for 15 min.

4.3.5 Analyses of pulp filtrates
The enzyme mediated release of ultraviolet light (UV) absorbing and chromophoric
material as well as reducing sugars from pulp was monitored in filtrates as described

in section 3.3.6.
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4.3.6 Chemical bleaching of bagasse pulp
Xylanase pretreated pulp was subjected to ECF bleaching under conditions described
in Table 4.2. Chlorine dioxide charges were based on kappa factors (kf) of 0.3, 0.4,

0.5, 0.6 and 0.75. The conditions for TCF bleaching are shown in Table 4.3.

4.3.7 Pulp properties

The kappa number and physical properties of bagasse pulp were determined as

described in section 3.3.8.

Table 4.2 Conditions used for ECF bleaching of bagasse pulp

Bleaching step Charge (%)  Temperature (°C) Time (h) Consistency (%) pH
Chlorine dioxide (D) kappa no x kf 70 1 10 3.0
Alkali extraction (E) 2.5% NaOH 70 2 10 -

Chlorine dioxide (D;) 0.5xD, 70 3 10 4.0

Table 4.3 Conditions used for TCF bleaching of bagasse pulp

Bleaching step Charge Temperature (°C) Time (h) Consistency (%) pH

Oxygen (O) 1.2% NaOH,; 95 1 10 >10.
400 kPa O, 0

Chelated peracetic 0.3% Pa; 75 2 10 8.5

acid (qPa) 0.3% H,0,

Hydrogen peroxide (P) 3% H,0;; 75 3 10 11.0

1.8% NaOH




4.4 RESULTS

4.4.1 Analyses of enzyme filtrates
Xylanase P was most effective in releasing RS, UV and visible light absorbing
material from bagasse pulp while Ecopulp TX-200C, T. lanuginosus xylanase and
Cartazyme NS-10 followed in decreasing order of efficiency (Table 4.4). The amount
of UV absorbing material detected in the filtrates was significantly greater than that of
the visible light absorbing material. The concentration of material released from pulp
increased with increasing enzyme charges. Xylanase P at a charge of 10 U/g was able
to release 62% and 69% more UV and visible light absorbing material, respectively,

and 2.14 fold more RS than the control.
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Table 4.4 Analyses of enzyme filtrates following xylanase pretreatment of bagasse pulp

Enzyme Charge (U/g) A280 nm Aggsum RS (mg/g)
1 3.90 0.18 0.32
T. lanuginosus xXylanase 5 4.16 0.19 0.37
10 4.29 0.21 0.43
1 435 0.20 0.34
Xylanase P 5 4.50 0.21 0.42
10 4.64 0.24 0.59
1 4.20 0.19 0.30
Ecopulp TX-200C 5 4.37 0.20 0.37
10 4.50 0.22 0.45
1 3.96 0.18 0.30
Cartazyme NS-10 5 4.21 0.20 0.36
10 4.31 0.22 0.40
Control 0 2.86 0.15 0.19
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4.4.2 Impact of xylanase pretreatment on kappa number and brightness
of bagasse pulp

Xylanase pretreatment at a charge of 1 U/g had no effect on the kappa number of
bagasse pulp with the exception of xylanase P (Table 4.5). An increase in the enzyme
charge to 10 U/g produced a minimal decrease in kappa number with reductions of 4
%, 6%, 7 % and 12% achieved with T. lanuginosus xylanase, Cartazyme NS-10,
Ecopulp TX-200C and Xylanase P, respectively. Of the four enzymes under study,
Xylanase P and Ecopulp TX-200C produced directly brightening effects under all
enzyme charges investigated. At 10 U/g, Xylanase P was the most effective enzyme
increasing the brightness by 2.2 brightness points while Cartazyme NS-10 and
Ecopulp TX-200C and T. lanuginosus xylanase produced brightness increases of 1.4,

1.8 and 1.6 points over control, respectively.

Table 4.5 Impact of xylanase pretreatment on kappa number and brightness of bagasse pulp

Enzyme Charge (U/g)  Kappa no reduction (%)  Brightness increase (points)
1 0.0 0.0
T. lanuginosus Xylanase 5 0.0 0.5
10 4.0 1.6
| 5.0 0.6
Xylanase P 5 8.0 1.3
10 12 22
1 0.0 0.4
Ecopulp TX-200C 5 5.0 1.0
10 7.0 1.8
| 0.0 0.0
Cartazyme NS-10 5 0.0 0.6

10 6.0 1.4
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4.4.3 ECF biobleaching of bagasse pulp
Xylanase P was the most efficient enzyme to enhance bleachability of bagasse pulp.
The biobleaching effect induced by this enzyme was between 0.3 and 1.6 points
brightness gain over control at a kf of 0.75 (Fig. 4.1) and between 4.9 and 8.2 points
when pulp was bleached at a kf of 0.3 (Fig. 4.2). Ecopulp TX 200-C, Cartazyme NS
10 and T. lanuginosus xylanase at a charge of 10 U/g and kf of 0.75, improved the
brightness by 1.2, 0.9 and 1 point, respectively. At the kf factor of 0.3 the brightness
gain produced by Ecopulp TX-200C, Cartazyme NS 10 and T. lanuginosus xylanase
was 4.9%, 31.0% and 31.2% less than that achieved with Xylanase P. Brightness of

the bleached pulp progressively increased with the increase of the enzyme charges.

Ot u/g
@5 U/g
B 10 U/g

0.5

Brightness gain (points)

Xylanase P Ecopulp TX-200C Cartazyme NS10 T .lanuginosus
Xylanase

Enzyme

Fig. 4.1 Influence of Xylanase P, Ecopulp TX-200C, Cartazyme NS 10 and 7. lanuginosus
xylanase on the brightness of bagasse pulp in X-DED bleaching at kf of 0.75
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Fig. 4.2 Influence of Xylanase P, Ecopulp TX-200C, Cartazyme NS 10 and T lanuginosus
xylanase on the brightness of bagasse pulp in X-DED bleaching at kf of 0.3

Using Xylanase P, the bagasse pulp could be bleached with a kf of 0.5 to the same
brightness value of 83.8 % as the control bleached with a kf of 0.75 (Fig. 4.3). This
represents a reduction in the chlorine dioxide consumption of 33.3 %. The brightness
gain induced by T. lanuginosus xylanase, Ecopulp TX 200C and Cartazyme NS 10,

on the other hand, could be translated into chlorine dioxide savings of 20 %.
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Fig. 4.3. Reduction of chlorine dioxide consumption following X-DED bleaching using T
lanuginosus xylanase, Ecopulp TX 200C and Cartazyme NS 10 at a charge of 10 U/g

Mechanical pretreatment of pulp prior to xylanase treatment (1 U/g) rendered the pulp
more susceptible to bleaching in comparison to pulp that was not pretreated
mechanically. The brightness increase induced by Xylanase P, Ecopulp TX-200C,
Cartazyme NS 10 and T. lanuginosus xylanase on the mechanically pretreated pulp

was 0.3, 0.4, 0.2 and 0.3, respectively (Fig. 4.4).
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Fig. 4.4 Influence of xylanase treatment (1 U/g) on mechanical pretreated bagasse pulp in

XDED bleaching at a kf of 0.75

4.4.4 TCF biobleaching of bagasse pulp
With the application of Xylanase P, the brightness of bagasse pulp was improved by
up to 2.3 points (Fig. 4.5) to a final brightness of up to 71.9%. For comparison, using
Xylanase P in the ECF bleaching, a brightness increase of 8.2 points was gained to
produce a final brightness of 76.1% (Fig. 4.2). T. lanuginosus xylanase, Ecopulp TX-
200C and Cartazyme NS-10, when used at 10 U/g, brightened pulp by 2.0, 2.2 and 1.9
points, respectively (Fig. 4.5). At a charge of 1 U/g Xylanase P, Ecopulp TX-200C,
Cartazyme NS 10 and 7. lanuginosus xylanase improved the brightness by 1.4, 1.5,

1.2 and 1.2 points respectively.
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Fig. 4.5 Influence of Xylanase P, Ecopulp TX-200C, Cartazyme NS 10 and 7. lanuginosus
xylanase in TCF (X-OqPaP) bleaching of bagasse pulp

4.4.5 Physical properties
Analysis of the physical properties of bagasse pulp indicated minimal changes of the
enzyme treated pulp compared to the control (Table 4.6). Xylanase P and Ecopulp
TX-200C, however, did increase the tensile strength of the paper with a corresponding
increase in the amount of energy required to rupture the test strip. The percentage
stretch of the paper strips was marginally lower with the enzyme treated samples. The
stretchability values obtained with Cartazyme NS-10 were lower than the three
xylanases under study. The viscosity of the enzyme treated pulp was decreased
minimally. However, there were no significant changes in the physical properties of

bagasse pulp with the incorporation of xylanases into the bleach sequence.




99

Table 4.6 Effect of xylanase pretreatment on the physical properties of bagasse pulp

*Enzyme Tensile strength(N/15mm)  Stretch(%) TEA(J/m®)  Viscosity(mPa's)
Control 13.76 2.72 13.83 48.4
Xylanase P 14.12 2.55 14.56 46.9
Ecopulp TX-200C 13.87 2.58 14.03 472
Cartazyme NS-10 13.56 2.31 13.65 47.3

T. lanuginosus 13.34 2.35 13.54 46.5
xylanase

*Enzyme charge: 10 U/g, D;: 6.57% ClO,E: 0.7% NaOH, D,: 3.285% CIO,
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4.5  DISCUSSION

The bleach boosting effects of xylanases on kraft pulps (Kantelinen et al., 1992;
Hortling et al., 1994; Viikari et al., 1994), and dissolving pulps (Christov and Prior,
1996; Bucchert et al., 1995; Scott et al., 1998) are well documented. However,
xylanase pretreatment of non-woody material such as cereal straw (Sabharwal and
Young, 1996), ramie fibres (Zheng et al., 2000) wheat straw (Jimenez et al., 1999)
and bagasse pulp (Kulkarni and Rao, 1996; Shah er al,, 1999) has only recently

received attention.

In view of producing a pulp of high brightness with minor impact to the environment
the evaluation of xylanases in ECF and TCF bleaching processes have been
investigated. Xylanase P, when compared to Ecopulp TX-200C, T. lanuginosus
xylanase and Cartazyme NS-10 at equal enzyme doses as U/g, was the most efficient
bleach-enhancing enzyme on bagasse pulp in both ECF (DED) and TCF (OqPaP)
bleaching. In DED bleaching (kf of 0.75), a brightness gain of 1.6 points over control
could be attained using Xylanase P. Overall, Ecopulp TX-200C T. lanuginosus
xylanase and Cartazyme NS-10 followed Xylanase P in order of decreasing

biobleaching efficiency.

Xylanases do not directly attack the lignin, the use of xylanases is an indirect
bleaching method. This could explain the insignificant reductions in kappa number
immediately after enzyme treatment with all the xylanases in this study. Previously,
kappa reduction has been attributed to lignin removal, however, recent studies

indicate that hexeneuronic acid (Hex A), accounts for a significant fraction of the
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oxidizable components in kraft pulps (Gellerstedt, 1996). A report by Jeffries and
Davis (1998) showed that there is an excellent correlation between xylanase activity
and Hex A release, but the kappa number did not correlate directly with either of these
factors. These findings indicate that other materials released during enzyme treatment
also contribute to kappa reduction. It therefore, emphasizes the importance of
assessing the properties of various xylanases from different sources, since the
reduction of kappa number depends on the origin and processing of the pulp type,
access of xylanase to the xylan substrate, and the nature of the enzymes themselves

(Jeffries and Davis, 1998).

Xylanase P was able to reduce the use of chlorine dioxide by 33% as compared to a
20% reduction of the chlorine dioxide consumption achieved with the other three
enzymes. These results compare favourably with laboratory trials conducted by
Allison et al. (1993) with a thermophilic xylanase, Cartazyme HT, on kraft pulp in the
conventional (DED) bleach sequence, in which brightness improvements of 3.5 points
was correlated to reduced chlorine dioxide consumption of 19 to 24 %. Similar
chemical savings were achieved a highly thermostable and alkalotolerant xylanase
(90°C, pH 10.0) from Thermotoga maritima pretreated on hardwood kraft pulp in
DEDED bleaching. The xylanase reduced the chlorine dioxide consumption by 25 %

at a target brightness of 86.7 % ISO (Shah et al., 2000).

In this study it was noticed that the biobleaching effect induced by xylanase
pretreatment depended on both the enzyme and chlorine dioxide charges used. The
use of high kappa factors were required for a satisfactory bleaching which could be

due to a low initial brightness and a relatively low brightness ceiling of bagasse pulp.
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The xylan content of pulps play a significant role in xylanase induced bleaching. This
was confirmed by Wong et al. (2001) in which Irgazyme 40-X4 was tested on pine
kraft pulps. For the low and high xylan pulps, the results indicated that the response
of the former to xylanase-aided bleaching was smaller than that of the latter. The low
xylan pulp showed CIO, savings of 6 to 7 % for achieving 85 % ISO brightness with
xylanase pretreatment, while the high xylan pulp showed savings of 11 %. The
efficient bleach boosting capabilities of the xylanases even at high kappa factors could

be attributed to the high xylose content of approximately 20% present in bagasse pulp.

Mechanical pretreatment of the pulp prior to ECF biobleaching did produce an
increase in final brightness, indicating “activation” of pulp to enzyme and chemical
bleaching. Further studies on optimization of the parameters during mechanical
pretreatment have to be performed to confirm the results obtained thus far. However,
it appears that mechanical pretreatment could play an important role in improving the

accessibility of the hemicelluloses in the pulp to xylanases.

Analysis of the physical properties of bagasse pulp indicated minimal changes of the
enzyme treated pulp compared to the control. Xylanase P and Ecopulp TX-200C
however, did increase the tensile strength of the paper with a corresponding increase
in the amount of energy required to rupture the test strip. The percentage stretch of
the paper strips was slightly lower with the enzyme treated sample with stretchability
values obtained with Cartazyme NS 10 lower than the other xylanases under study. A
recent report by Jain et al. (2001) showed an improvement in burst and tensile
strength by 20 % on xylanase pretreated kraft bagasse pulp. Findings by Prasad et al.

(1996) revealed a slight decrease in strength properties of xylanase pretreated bagasse
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pulp. Contrary to this, Beg et al. (2000) reported a 63 and 8 % increase in tensile
strength and burst factor, respectively with the application of a thermostable xylanase
from Streptomyces sp. QG-11-3 on eucalyptus kraft pulp. This concludes that the
effects of xylanases on the physical properties of the paper depends on the pulp type

investigated.

The lower viscosity of the enzyme treated pulps could be attributed to the presence of
low levels of cellulase activity. This could also be attributed to activities of other
hemicelllases present in the enzyme suspension since the xylanases under study are
not purified. A report by Kulkarni et al. (1996) on the treatment of crude xylanase on
bagasse pulp indicated that the viscosity of the enzyme treated samples were
unaltered. However, Goncalves et al. (2001) indicated an increase in viscosity of
ethanol/water bagasse pulp using xylanase from Thermomyces lanuginosus 10C-4145
and Cartazyme (Sandox). In the present study xylanase pretreatment displayed

minimal changes on the physical properties of bagasse soda pulp after final bleaching.

At similar brightness levels, the TCF biobleaching in sequence X-OqPaP appeared as
less efficient than the ECF biobleaching in terms of biobleaching effect. The final
brightness obtained with the control samples was on average 69.5%. However,
Xylanase P, T. lanuginosus xylanase, Ecopulp TX 200C and Cartazyme NS 10
improved the brightness by 2.35, 2.0, 2.2 and 1.85 points, respectively. These results
corroborate with reports by Nelson et al. (1995) that different xylanase preparations
can vary in their ability to enhance peroxide bleaching of pulps. The potential of
hydrogen peroxide as a bleaching agent has been the subject of several recent studies

(Jimenez et al., 1999; de la Rosa et /., 2001 and Hernadi et al.,2001). A recent report
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by Roncero et al. (2000) showed that the application of Pulpzyme HHC to eucalyptus
kraft pulp in a TCF bleach sequence (X-OZRP) improved lignin removal with better
preservation of carbohydrates, giving rise to pulps with higher brightness. Xylanase
treatment enhanced brightness by 3 points and without xylanase pretreatment, it was
necessary to increase ozone consumption by 37 % to obtain the same final results.
Similarly, Kulkarni and Rao (1996) reported a 2.5 % increase in brightness on
bagasse pulp when bleached with an alkaliphilic thermophilic Bacillus sp. NCIM
xylanase in a TCF (X-PHH) sequence. The impact of xylanases on kenaf AQ pulp, a
nonwoody material was also clearly demonstrated in a TCF bleaching sequence using
oxygen, hydrogen peroxide and ozone (de la Rosa et al., 2001). Similarly, xylanase
treatment of straw pulp by Thermotoga maritima improved the brightness by 7% in
TCF bleaching (Hernadi et al., 2001). These reports on xylanase treatment of non-
woody material as well as our present study on bagasse soda pulp signifies the

potential interest of implementing enzyme application in TCF bleaching.

The leading motivations for the use of xylanases in the pulp and paper industry are
increasing pulp throughput and obtaining a marketing advantage. Cost savings, pulp
quality, and environmental benefit are cited in decreasi‘ng order (Tolan et al., 1995).
The results obtained indicate that xylanase pretreatment has a great potential in
improving the bleachability of bagasse pulp especially in an ECF bleach sequence.
The use of xylanase could result in improved bleachability of bagasse pulp.
Alternatively, a decrease in chemical consumptions of ClO, could be obtained to

attain a target brightness while still maintaining the desired physical properties.
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CONCLUSIONS

Comparison of enzyme efficiency in this work was based on equal activity
unit enzyme charges on pulp (U/g) rather than equal enzyme costs therefore
conclusions drawn herein do not represent a commercial evaluation of enzyme
products or enzyme manufacturers.

Xylanase P was the most efficient enzyme in ECF and TCF bleaching
followed by Ecopulp TX-200C, Cartazyme NS 10 and T. lanuginosus
xylanase in decreasing order of efficiency.

In DED bleaching Xylanase P reduced the ClO; consumption by 33%, while
Ecopulp TX-200C, Cartazyme NS 10 and T. lanuginosus xylanase produced
reductions of 20%.

Mechanically pretreated pulp produced an enhanced biobleaching effect.
Xylanase-mediated changes to the physical properties of bagasse pulp were

negligible.

The evaluation of the bleachboosting efects of xylanases in CEH bleaching of bagasse

pulp is presented in chapter five
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CHAPTER FIVE: COMPARISON OF THE BLEACH ENHANCING EFFECT OF

XYLANASES ON BAGASSE PULP IN CEH BLEACHING

5.1 ABSTRACT

The bleach boosting effect of Xylanase P, Ecopulp TX 200C, Cartazyme NS 10,
Cartazyme 9704-E, Pulpzyme HC and T. lanuginosus SSBP xylanase was investigated on
bagasse-soda pulp in the CEH bleach sequence. These xylanases were evaluated on a
cost rather than charge basis. The enzymes showed different degrees of bleachability on
the pulp resulting in differences in chlorine saving during the bleaching process.
Xylanase P (10 U/g) and Cartazyme 9704-E (5 U/g) were the most efficient xylanases
reducing the chlorine consumption between 20 to 25 % in CEH bleaching. Cartazyme
9704-E produced the greatest gain of 2.8 brightness points over the control, followed by
Xylanase P, which improved the brightness by 2.6 points. In terms of economical
efficiency, Cartazyme 9704-E proved to be the best xylanase on bagasse soda pulp.
Kylanase P, Ecopulp TX 200C, Pulpzyme HC, T. lanuginosus SSBP and Cartazyme NS-
10 followed in decreasing order of efficiency. Cartazyme 9704-E (3.75 U/g) had the
ability to reduce the hypochlorite consumption by 33.33 % while still maintaining a

higher brightness than the control sample.
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5.3 MATERIALS AND METHODS

5.3.1 Pulp
Two bagasse soda pulp batches were used in the bleaching process. Batch 1 was
thoroughly washed with distilled water and the kappa number and brightness was 9.42
and 39.70 %, respectively. The second batch of pulp was not washed and the kappa

number and brightness was 8.89 and 42.00 %, respectively.

5.3.2 Xylanase source
Six xylanase preparations were investigated in this study. The commercial xylanase
sources are as follows: Xylanase P (Togen Corp, Canada); Pulpzyme HC (Novozyme);
Ecopulp TX-200C (Roéhm, Europe); Cartazyme NS 10 and 9704 E (Clariant). T

lanuginosus xylanase was produced in shake-flask cultures as described in section 3.3.2.

5.3.3 Xylanase Assay
Xylanase assay was performed according to Bailey et al. (1992) as described in section

3.33.

5.3.4 Treatment of bagasse soda pulp (Batch 1)
5.3.4.1 Xylanase pretreatment of bagasse soda pulp
The pretreatment conditions for the xylanases on bagasse soda pulp are described in
Table 5.1. The xylanases applied to bagasse soda pulp were based on equivalent costs

rather than equal charges.
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5.3.5 Chemical bleaching of bagasse pulp
Conditions for CEH (C: chlorine; E: NaOH hydroxide; H: sodium hypochlorite)
bleaching of bagasse pulp are described in Table 5.2. The Cl, charges were subsequently

reduced to evaluate the bleach boosting capabilities of the xylanases.

Table 5.1 Conditions for xylanase pretreatment of bagasse soda pulp

Enzyme Activity ~ Charge pH Temperature  Time  Consistency
(U/ml) (Ulg) O (min) (%)

T. lanuginosus 1095 5,10 6.0 65 120 10

SSBP xylanase

Xylanase P 84 620 5,10 5.0 60 120 10

Pulpzyme HC 15310 2,4 7.0, 8.0 60 120 10

Ecopulp TX-200C 14 390 3,6 6.5,7.0 65 120 10

Cartazyme NS-10 11436 2,4 7.0 65 120 10

Cartazyme 9740 E 23713 25,5 6.0,65,70 70 120 10

Table 5.2 CEH bleaching conditions for bagasse soda pulp

Treatment Charge Time Temperature Consistency
(%) (min) 0 (%)
C 3.5 active Cl 45 45 3.4
E 4.5 NaOH 90 70 12

1.5 active Cl 135 70 12
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5.3.6 Treatment of bagasse soda pulp (Batch 2)

5.3.6.1 Optimization of chlorine charges during CEH bleaching
The second batch of bagasse pulp was used to optimize the Cl, charges to achieve a target
brightness of 80%. The charges under investigation were between 3.25 and 5 % active
Cl,.

5.3.6.2 Xylanase treatment of bagasse soda pulp
Only Cartazyme 9740 E was evaluated on batch 2 bagasse soda pulp. The enzyme
pretreatment was carried out as described in section 5.3.4.1 with a few modifications as

described in Table 5.3.

Table 5.3 Pretreatment conditions of Cartazyme 9740-E on bagasse soda pulp

Enzyme Charge pH Time Temperature Consistency
(Ulg) (min) 0 (%)
Cartazyme 9740-E 1.25,2.5, 6.0, 6.5, 90 60 10
3.75 7.0

5.3.7 Chemical bleaching conditions
The CEH bleaching conditions for batch 2 was performed as described in section 5.3.5.
However, the Cl, charge used was 4.75 % active Cl,. The enzyme pretreatment was
evaluated at reduced Cl, charges (15 %, 20 % and 25 % reduction) as well as reduced H

charges (16.67 % and 33.33 % reduction) in the CEH sequence.

5.3.8 Pulp properties

The brightness of bagasse pulp was determined as described in section 3.3.8
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54  RESULTS
5.4.1 Effect of xylanases in biobleaching of bagasse soda pulp

The xylanases under investigation had significantly different activities ranging from 1095
U/ml for T. lanuginosus SSBP xylanase to 84 620 U/ml for Xylanase P. These enzymes
showed different degrees of enhancing the bleachability of bagasse soda pulp. The
approximate final brightness achieved with the control samples at a Cl, charge of 3.5 %
was between 75 to 76 %. Xylanase P improved the brightness over the control by 2.3 and
3.5 brightness points to 77.8 and 78.2 % with 5 and 10 U/g respectively (Table 5.4 and
Fig 5.1). This increase in brightness produced savings of 20 and 25 % Cl, with the
application of 5 and 10 U/g, respectively, while still maintaining brightness levels similar
to the control. Any further reductions in Cl, did produce brightness values lower than the

control samples.

Table 5.4 Effect of Xylanase P pretreatment at pH 5.0 and 60°C on the final brightness of
bagasse soda pulp at reduced Cl, charges in X-CEH bleaching

Charge pH  Temperature Brightness at reduced Cl, charges
(Ulg) O (%)
0 -15 -20 -25 -30 -35
5 5.0 60 77.8 76.8 75.6 74.8 73.0 70.9
10 5.0 60 78.2 77.0 76.4 75.4 73.1 71.5
Control 5.0 60 75.5 - - - - -

Brightness of unbleached pulp: 39.7%; Kappa number of unbleached pulp: 9.4
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Table 5.5 Effect of Cartazyme NS-10 pretreated at pH 7.0 and 65°C on final brightness of
bagasse soda pulp at reduced Cl, charges in X-CEH bleaching

Charge pH  Temperature Brightness at reduced Cl; charges
(U/g) °C) (%)
0 -15 -20 -25 -30 -35
2.0 7.0 65 76.5 75.6 743 73.3 71.5 70.5
4.0 7.0 65 774  76.6 753 74.2 73.1 71.2
Control 7.0 65 75.9 - - - - -

Table 5.6 Effect of T. lanuginosus SSBP xylanase pretreated at pH 6.5 and 65°C on final
brightness of bagasse soda pulp at reduced Cl, charges in X-CEH bleaching

Charge pH Temperature Brightness at reduced Cl, charges
(Ulg) (°C) (%)

0 -15 -20 -25 -30 -35
5 6.5 65 77.2 76.0 74.1 71.3 70.5 70.0
10 6.5 65 77.9 76.7 75.5 72.7 71.9 71.4
Control 6.5 65 76.3 - - - - -

Pulpzyme HC was evaluated at pH 7.0 and 8.0. At pH 8.0, the enzyme appeared to be
less efficient in improving the final brightness than ph 7.0 (Table 5.7 and Fig 5.2). On
the other hand, enzyme treatment at pH 7.0 did produce Cl, savings of 15 % at a charge
of 4 U/g, achieving a final brightness of 76.7%, which was 0.4 points higher than the
control. The Cl, savings and final brightness obtained with Pulpzyme HC was
comparable to results obtained with Cartazyme NS-10 and 7. lanuginosus SSBP

xylanase.
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Table 5.7 Effect of Pulpzyme HC pretreated at 60°C and varying pH (7 to 8) on the final

brightness of bagasse soda pulp at reduced Cl, charges in X-CEH bleaching

Charge pH  Temperature Brightness at reduced Cl, charges
(Ulg) (°C)
0 -15 -20 25 -30 -35
2.0 7.0 60 77.1 75.5 74.3 73.1 71.7 70.8
4.0 7.0 60 78.0 76.7 75.1 74.2 72.1 71.1
2.0 8.0 60 76.2 74.7 73.5 72.8 71.5 70.3
4.0 8.0 60 77.1 75.3 74.3 73.1 71.0 70.4
Control 7.0 60 76.3 - - - - -
Control 8.0 60 76.1 - - - - -
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Fig. 5.2 Evaluation of the bleach enhancing effect of Pulpzyme HC pretreatment at pH 7.0 and

60°C on the brightness of bagasse soda pulp at reduced Cl, charges in X-CEH bleaching
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Evaluation of Ecopulp TX-200C on bagasse soda pulp was carried out at pH 6.5 and 7.0.
The enzyme induced similar effects to that of Cartazyme NS 10, T. lanuginosus SSBP
xylanase and Pulpzyme HC. Ecopulp TX 200C exhibited greater bleach enhancing
capabilities at pH 6.5 than pH 7.0 with 1.3 and 1.7 brightness points increase over the
control at full Cl; charge and enzyme charges of 3 and 6 U/g, respectively (Table 5.8 and
Fig. 5.3). The enzyme was also efficient in reducing the Cl, consumption by 15 % at a

charge of 6 U/g.

Table 5.8 Effect of Ecopulp TX 200C pretreated at varying pH (6.5 to 7.0) at 65°C on final
brightness of bagasse soda pulp at reduced Cl, charges in X-CEH bleaching

Charge pH  Temperature Brightness at reduced Cl, charges (%)
(U/g) °C) 0 -15 -20 -25 -30 -35
3.0U 6.5 65 717.6 76.0 75.2 74.0 723 70.6
6.0U 6.5 65 78.5 76.6 76.1 75.0 73.3 71.2
30U 7.0 65 77.0 753 74.4 72.4 71.4 70.4
6.0 U. 7.0 65 77.4 75.5 74.8 73.3 713 70.4
Control 6.5 65 76.3 - - - - -

Control 7.0 65 75.9 - - - - R
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Fig 5.3 Evaluation of the bleach enhancing effect of Ecopulp TX-200C pretreatment at pH 6.5
and 65°C on brightness of bagasse pulp at reduced Cl, charges in X-CEH bleaching

Cartazyme 9704-E pretreatment was performed at pH 6.0, 6.5 and 7.0 at charges of 2.5
and 5 U/g. Pretreatment at the respective pH’s did reduce the chlorine consumption by
15 %, with 5 U/g producing higher brightness values than the control. (Table 5.9, Fig 5.4,
5.5, 5.6). At pH 6.0, Cartazyme 9704-E improved the brightness by 0.3 and 1 point at
charges of 2.5 and 5 U/g, respectively, with a reduced Cl, charge of 15 %. Similarly, at
pH 6.5 and 7.0, the enzyme improved the brightness by 0.7 and 1.5; and 0.9 and 1.4 at
charges of 2.5 and 5 U/g, respectively. At a charge of 5 U/g, Cartazyme 9704-E was able
to reduce the Cl, consumption by 20 % when pretreatment was carried out at pH 6.0, 6.5
and 7.0. It appears that pH 6.5 is the optimum on bagasse pulp inducing a reduction of

25 % Cl, while still maintaining brightness at the control level.
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Table 5.9 Effect of Cartazyme 9704-E pretreated at varying pH (6.0 to 7.0) and 70°C on the final

brightness of bagasse soda pulp at reduced Cl, charges in X-CEH bleaching

Charge pH Temperature Brightness at reduced Cl, charges
(U’g) 0 (%)
0 -15 -20 -25 -30 -35
2.5 6.0 70 78.0 76.1 75.3 73.9 72.9 71.5
5.0 6.0 70 78.4 76.8 76.2 74.9 73.9 72.1
2.5 6.5 70 71.8 75.6 73.9 72.8 71.7 70.4
5.0 6.5 70 78.0 76.4 76.0 74.9 73.5 72.7
2.5 7.0 70 76.7 76.3 75.2 74.1 72.4 70.9
5.0 7.0 70 77.2 76.8 75.8 74.1 72.9 71.2
Control 6.0 70 75.8 - - - - -
Control 6.5 70 74.9 - - - - -
Control 7.0 70 75.4 - - - - -
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Fig 5.4 Evaluation of the bleach enhancing effect of Cartzyme 9704-E pretreatment at pH 6.0 and

70°C on brightness of bagasse soda pulp at reduced Cl, charges in X-CEH bleaching
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Fig. 5.5 Evaluation of the bleach enhancing effect of Cartazyme 9704-E pretreatment at pH 6.5
and 70°C on brightness of bagasse soda pulp at reduced Cl, charges in X-CEH bleaching
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Fig 5.6 Evaluation of the bleach enhancing effect of Cartazyme 9704-E pretreatment at pH 7.0
and 70°C on brightness of bagasse soda pulp at reduced Cl, charges in X-CEH bleaching



120

A comparison of the efficiency of the xylanases on bagasse pulp in terms of enzyme costs

indicated that Cartazyme 9704-E and Xylanase P were most effective in reducing the Cl,

consumption during X-CEH bleaching (Table 5.10).

The other xylanases under

investigation did not produce significant brightness increases resulting in Cl, savings of

up to 15 % in the bleach sequence.

Table 5.10 Potential benefits from biobleaching of bagasse pulp (X-CEH) with xylanases used at

equal enzyme cost

Enzyme Charge Conditions Benefit
(Ulg)
pH Temperature Time Brightness ~ Savings Cl,

(°C) (h) gain (points) (%)
Cartazyme 9704E 2.5 U/g 6.0 70 2 23 15-20
Cartazyme 9704E 5.0 U/g 6.0 70 2 2.8 20
Cartazyme 9704E 2.5 U/g 6.5 70 2 2.6 15-20
Cartazyme 9704E 5.0U/g 6.5 70 2 2.7 20-25
Xylanase P 5.0U/g 5.0 60 2 2.1 20
Xylanase P 10 U/g 5.0 60 2 2.6 20-25
Ecopulp TX-200C 3.0 U/g 6.5 65 2 1.2 10-15
Ecopulp TX-200C 6.0 U/g 6.5 65 2 2.1 15-20
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5.4.2 Optimization of Cl, charges in the bleaching of unwashed bagasse

soda pulp in CEH bleaching
The chlorine charges applied to bagasse soda pulp were between 3.25 and 5 % active
chlorine in the CEH bleach sequence (Table 5.11). An increase in the Cl, charges
produced corresponding increases in the final brightness of the pulp. At a charge of 5 %
Cl, the final brightness achieved was 81.31 %. A target brightness of 80 % was required
and the ClI, charge of 4.75 % produced an absolute brightness of 79.87 %. This charge

was used in the subsequent bleaching experiments.

Table 5.11 Brightness of bagasse soda pulp after CEH bleaching at various Cl, charges

Cl, charge (%) Brightness (%) Mean Brightness (%)
5.00 81.27 81.31
5.00 81.35
4.85 80.65 80.53
4.85 80.41
4.75 79.94 79.87
4.75 79.79
4.60 79.26 79.15
4.60 79.04
4.50 78.45 78.55
4.50 78.64
4.00 77.30 77.11
4.00 76.92
3.85 76.58 76.79
3.85 76.99
3.75 76.86 76.55
3.75 76.24
3.60 76.02 76.00
3.60 75.98
3.50 75.66 75.80
3.50 75.94
3.25 74.36 74.23

3.25 74.10




122

5.4.3 Evaluation of the bleach enhancing effect of Cartazyme 9704-E on
unwashed bagasse soda pulp

The unwashed bagasse soda pulp was pretreated with Cartazyme 9704-E at various
charges (1.25, 2.5 and 3.75 U/g) and pH 6.0, 6.5, and 7.0. The optimized Cl; charge of
4.75 % was used in the X-CEH bleaching sequence. Pretreatment at pH 6.0 improved the
brightness by 0.3 and 0.4 points with enzyme charges of 2.5 and 3.75 U/g, respectively
(Table 5.12; Fig. 5.7). The absolute brightness achieved with the enzyme at pH 6.0 with
charges of 2.5 and 3.75 U/g was 80.9 and 81 %, respectively. These charges reduced the
Cl consumption by 25 % and still maintained a higher brightness than the control

samples.

Table 5.12. Effect of Cartazyme 9704-E pretreated at pH 6.0 and 70°C on the final brightness of
unwashed bagasse soda pulp at reduced Cl, charges in X-CEH bleaching

Enzyme charge Brightness at reduced Cl, charges (%)

(Ulg) 0 -15 -20 -25
Control 80.6 ND ND ND
1.25 81.7 80.9 80.5 80.5
2.50 81.8 81.5 81.0 80.9
3.75 82.2 81.7 81.0 81.0

ND: not determined
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Fig. 5.7 Evaluation of the bleach enhancing effect of Cartazyme 9704-E pretreatment at pH 6.0
and 70°C on brightness of unwashed bagasse soda pulp at reduced Cl, charges in X-CEH
bleaching.

Pretreatment of bagasse soda pulp with Cartazyme 9704-E at pH 6.5 and 7.0 produced
similar increases in brightness and Cl, saving with all charges under investigation (Tables
5.13 and 5.14 and Fig 5.8 and 5. 9). At pH 6.5 and a charge of 3.75 U/g, the enzyme
reduced the Cl, consumption by 25 % while still achieving a brightness of 81.3 %, which
was 1 point higher than the control (Table 5.13, Fig 5.8). Even at a charge of 1.25 U/g,
the enzyme could produce Cl; saving of 25 %, maintaining the brightness of the control.
Pretreatment carried out at pH 7.0 produced absolute brightness values of 80.7, 81.1 and
81.3 % with 1.25, 2.5 and 3.75 U/g, respectively in comparison to the 80.35 % achieved

with the control (Table 5.14, Fig 5.9).
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Table 5.13 Effect of Cartazyme 9704-E pretreatment at pH 6.5 and 70°C on the final brightness
of unwashed bagasse soda pulp at reduced Cl, charges in X-CEH bleaching

Enzyme charge Brightness at reduced Cl, charges (%)
(U/g) 0 -15 -20 -25
control 80.3 ND ND ND
1.25 81.6 81.2 80.8 ‘ 80.2
2.50 82.0 81.3 81.2 80.8
3.75 824 81.3 81.1 81.3

ND: not determined
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Fig. 5.8 Evaluation of the bleach enhancing effect of Cartazyme 9704-E pretreated at pH 6.5 and
70°C on brightness of unwashed bagasse soda pulp at reduced Cl, charge in X-CEH bleaching
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Table 5.14 Effect of Cartazyme 9704-E pretreatment at pH 7.0 and 70°C on brightness of
unwashed bagasse soda pulp at reduced Cl, charges in X-CEH bleaching

Enzyme charge Brightness at reduced Cl, charges (%)
(U/g) 0 -15 -20 -25
Control 80.35 ND ND ND
1.25 81.6 81.3 81.2 80.7
2.50 81.9 81.3 81.5 81.1
3.75 81.9 81.8 81.6 81.3

ND: not determined
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Fig. 5.9 Evaluation of the bleach-enhancing effect of Cartazyme 9704-E pretreatment at pH 7.0
and 70°C on brightness of unwashed bagasse soda pulp at reduced Cl, charges in X-CEH
bleaching
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Fig. 5.10 Evaluation of the bleach enhancing effect of Cartazyme 9704-E pretreatment at pH 6.5
and 70°C on the brightness of unwashed bagasse soda pulp at reduced hypochlorite charges in X-
CEH bleaching
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5.5  DISCUSSION

Historically, chlorine has been the cheapest and the best agent for bleaching of chemical
pulps. However, the needs of the pulp and paper industry have changed, and the
economic superiority of chlorine has been eroded. The discovery of certain dioxins that
seem to be generated in the bleach plant effluent has forced pulp and paper companies

into seeking alternatives to chlorine (Ragauskas ef al.,1994).

Although chlorine is highly versatile, corrosion of storage tanks and extensive emissions
of chlorinated organic compounds in the bleach plant effluent can occur. The use of
xylanolytic enzymes in pulp bleaching has been considered as one of the most important
new biotechnological applications of these enzymes (Viikari et al., 1994). To our
knowledge, there are no reports on the evaluation of xylanases on non-woody materials

such as bagasse pulp in a CEH bleach sequence and this is the first report thereof.

The bleach boosting potential of Xylanase P, Ecopulp TX 200C, Cartazyme NS 10,
Cartazyme 9704-E, Pulpzyme HC and T. lanuginosus SSBP xylanase was investigated on
bagasse-soda pulp in CEH bleaching. These xylanases were investigated on an equal cost
rather than on equal charge basis. The xylanases showed different degrees of
bleachability on the pulp with significant differences in chlorine saving during the
bleaching process. Pretreatment of batch 1 bagasse soda pulp with xylanases revealed
that Xylanase P (10 U/g) and Cartazyme 9704-E (5 U/g) were most efficient, reducing
the chlorine consumption between 20 to 25 %. The final brightness after CEH bleaching

was approximately 76 % and all the xylanases under investigation produced a higher final



129

brightness than the controls with full Cl, charges. Cartazyme 9704-E produced the
greatest gain of 2.8 brightness points over the control, followed by Xylanase P, which
improved the brightness by 2.6 points. Ecopulp TX 200C, Pulpzyme HC, T. lanuginosus
SSBP and Cartazyme NS-10 followed in decreasing order of efficiency. Ecopulp TX
200C achieved a reduction of 20 % Cl, while Pulpzyme HC, T. lanuginosus SSBP

xylanase and Cartazyme NS-10 reduced by Cl; charge by 15 %.

Previous reports by Bajpai et al. (1994) revealed that pretreatment of eucalyptus kraft
pulp with commercial xylanases, (Pulpzyme HA, Novozyme 473 and VAI xylanase), in
the CEH bleaching sequence resulted in a 31 % reduction in chlorine consumption at the
chlorination stage. In the same study, it was also shown that pretreatment with
Cartazyme HS-10 reduced the chlorine consumption by 31%, and brightness increased by
2.5 points. At a constant chemical dose, the final brightness of the pulp was increased by
4.9, 3.0, and 2.1 points with Cartazyme HS-10, Novozyme 473 and VAI xylanase,
respectively, in the CEH sequence. This report is comparable to the present X-CEH

bleaching of bagasse pulp with respect to Cl, saving.

Crude xylanase preparations from two fungal strains, TNPL 193 and TNPL 293,
displayed an improvement in the bleachability of bagasse mechanical pulp with
improvements in brightness of 2 to 3 points following peroxide bleaching (Prasad ef al.,
1996). Similarly Kulkarni et al. (1996) reported an increase in brightness of 2.5 points by
a xylanase (10 U/g) from an alkaliphilic thermophilic Bacillus sp. NCIM 59 on

unbleached bagasse pulp. A recent report by Shah et al. (1999) also revealed the
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effective release of LDC’s and chromophoric material from bagasse pulp, corresponding
to brightness increases with a xylanase from an alkalophilic Bacillus sp. SAM-3. The
influence of xylanase on kraft bagasse pulp was also recently evaluated in CEH bleaching
(Jain et al., 2001). The authors reported savings of elemental chlorine up to 18% in
conventional CEH bleaching adopted in majority of Indian paper mills, with gain in pulp
brightness to a level of 2.5 to 3.5% ISO, and reduction in AOX levels of 20 to 25% in CE

stage bleach effluents.

The evaluation of Cartazyme 9704-E (pH 6.5; 3.75 U/g) showed a brightness
improvement of 1.0 point to 81.3 % on unwashed bagasse pulp with Cl, savings of 25 %,
implying that the Cl, charges could be reduced further while still maintaining brightness
values similar to the control. In comparison, pretreatment of the washed bagasse soda
pulp produced Cl; saving of 25 % with the same final brightness as the control indicating
that further reductions of Cl, produced brightness values lower than the control. It
therefore appears that the unwashed bagasse soda pulp is more susceptible to xylanase

pretreatment than the washed sample.

Pretreatment with Cartazyme 9704 (3.75 U/g) in X-CEH bleaching at reduced
hypochlorite charges also displayed a 33.33% reduction in hypochlorite consumption
while still maintaining a higher brightness than the control. Even at low enzyme charges
the xylanase was able to achieve hypochlorite savings of 16.67 %. Cartazyme 9704-E

appears to have great potential in CEH bleaching of bagasse-soda pulp. The enzyme has
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shown significant increases in brightness with concomitant reductions of Cl, and

hypochlorite during CEH bleaching.

Implementation of enzyme technology to the bleach process appears to be the way
forward in terms of producing pulps, which are environmentally friendly, and process
waters, which can be fully recyclable. It has been reported that reducing chemical
consumption during the bleaching process significantly reduce AOX levels by 5 to 20%
in bleach plant effluents (Senior and Hamilton, 1992). Many North American and
European mills have performed mill trials with xylanases and some have incorporated the
enzyme into routine production operations (Wright, 1998). As a part of promoting
“cleaner” and environmentally friendly technologies in the pulp and paper industry,
biotechnology has been identified as one of the promising and up-coming production
paper production options. Enzymatic prebleaching of bagasse soda pulp has been a
priority area and the evaluation of various Xxylanase enzyme preparations available
globally as well as that developed indigenously in this study has resulted in immense
enthusiasm among leading researchers in the pulp and paper industry. The pulp and
paper industry recognizes the importance of biotechnology in the bleach process, and it
appears that this technology will play a major role in bleaching processes in the near

future.
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5.6 CONCLUSIONS

1) The xylanases displayed different degrees of bleachabillity on bagasse soda pulp
in X-CEH bleaching.

i1) The unwashed bagasse soda pulp was more susceptible to xylanase bleaching than
the washed pulp

1i1) In terms of economical efficiency Cartazyme 9704-E proved to be the best
Xylanase followed by Xylanase P, Ecopulp TX-200C, Pulpzyme HC, T
lanuginosus xylanase, and Cartazyme NS-10 in decreasing order of efficiency.

iv) Cartazyme 9704-E displayed the ability to reduce the Cl, and hypochlorite

consumption by 25 and 33.33%, respectively.

The production of xylanase by SSF and bleaching abilities of these samples are evaluated

in chapter six.
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CHAPTER SIX: IN SITU SOLID SUBSTRATE FERMENTATION (SSF) AND

UTILIZATION OF XYLANASE IN BLEACHING OF BAGASSE SODA PULP

6.1 ABSTRACT

Production of xylanases by nine thermophilic fungi under solid substrate fermentation
(SSF) was evaluated. SSF with Thermomyces langinosus SSBP was carried out under
conditions of varying initial pH and moisture. The optimum pH and moisture content
of bagasse pulp for xylanase production by SSF was 7.0 and 83%, respectively. Time
course experiments revealed a steady increase in xylanase production until day four,
indicating that a four-day incubation period was sufficient for optimal production of
xylanases by T. lanuginosus SSBP. All the fungal strains investigated produced
significantly higher xylanase levels than T. lanuginosus SSBP under SSF similar
conditions. The strain that appeared to be the most effective was F 980 producing
6037 U xylanase/g bagasse pulp. Evaluation of the bleach enhancing ability of these
xylanases indicated strain ATCC 36350 as most efficient, improving the final
brightness by 2 points to 84.7 %. T. lanuginosus SSBP followed with an improving
of 1.9 points over the control at SSF/raw pulp ratio of 1:50. These two organisms
produced similar effects on bagasse soda pulp at all SSF/pulp ratios investigated.
Strain F 980 was the highest enzyme producer during SSF (6037 U/g), however the
bleach-boosting capability was less effective compared to the other strains. Strain
ATCC 46882 and ACTT 36350 reduced the Cl; consumption by 20 and 30 % at

SSF/raw pulp ratios of 1:400 and 1:50, respectively in X-CEH bleaching.
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6.2 INTRODUCTION

Hemicellulose is one of the most abundant organic substances, accounting for 5-50%
of the dry weight of plant materials (Dekker and Lindner, 1979) and xylan is the most
common component of hemicelluloses (Puls and Poutanen, 1989). The endo-$3-1,4-
xylanases are mainly responsible for the enzymatic hydrolysis of xylan and have
attracted considerable research interest because of their potential industrial application

(Royer and Nakas, 1989).

Xylanases are currently produced mostly by submerged fermentation (SF), a relatively
expensive process even when high producing genetically engineered strains are used
(Sheehan and Himmel, 1999). An alternative technology for enzyme production is
SSF. SSF is generally defined as the growth of microorganisms on solid materials in
the absence or near absence of free water. The substrate, however, must contain
enough moisture, which exists in absorbed form within the solid matrix (Pandey,
1992). The history and developments in SSF have been reviewed by several authors
(Aidoo et al., 1982; Cannel and Moo-Young, 1980, Stanton, 1978). Selection of a
suitable microorganism is one of the most important criteria in SSF. Several groups
of microorganisms can grow on solid substrates, and filamentous fungi have the best
capability to grow in the absence of free water. However, the vast majority of wild
type microorganisms are incapable of producing commercially acceptable yields of

the product (Pandey, 1992).

Recent increased awareness of the importance of biological materials as renewable

resources has stimulated interest in SSF. SSF holds tremendous potential for the



production of xylanases (Panday et al.,1999). The selection of a particular strain,
however, remains a tedious task, especially when commercially significant enzyme
yields are to be achieved. Pure cultures are generally used in industrial SSF processes
to improve the control of the substrate utilization and end-product formation. In
nature, SSF is often carried out by mixed cultures in which several microorganisms
show development and symbiotic cooperation (Pandey, 1992).  Agro-industrial
residues are generally considered the best substrates for SSF processes, and enzyme

production by SSF is not an exception to that (Panday et al.,2000).

The use of abundantly available and cost effective agricultural residues, such as wheat
bran, corn cobs, rice, bran, rice husk, and bagasse and other similar substrates, to
achieve higher xylanase yields using SSF allows reduction of the overall
manufacturing cost of biobleached paper. SSF is attractive because it presents many
advantages, especially for fungal cultivations (Weiland, 1988). In SSF, the
productivity reactor volume is much higher compared to that of submerged culture
(Grajek, 1987). Also, the operation cost is lower because simpler plant, machinery
and energy are required (Roche et al., 1994). The disadvantages in large scale
process development centre on problems of heat transfer, scale up and process control
(Rathbun and Shuler, 1980). Despite these problems, the Japanese researchers have
been successful in developing large-scale solid-state fermentations for food and

enzyme manufacture (Yamada, 1977).

This study describes the impact of pH and moisture content during SSF on bagasse
soda pulp on xylanase production by T. lanuginosus SSBP. A comparison of xylanase

production levels among 9 thermophilic fungal strains were also evaluated. Samples
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of the fermented pulp were used in X-CEH bleaching to examine the bleaching-

enhancing abilities of these xylanases.
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6.3 MATERIALS AND METHODS

6.3.1 Fungal isolates

The microorganisms under study in SSF on bagasse soda pulp were thermophilic
fungi. Thermomyces lanuginosus SSBP was provided by Dr S. Singh (ML Sultan
Technikon), while the remaining strains were provided by Dr G. Szakacs (Technical
University of Budapest, Department of Agricultural Chemical Technology, Budapest,

Hungary). The list of the fungal strains investigated is shown in Table 6.1.

Table 6.1. Fungal strains used in the production of xylanase by SSF

Strain Source of Isolation

T lanuginosus SSBP Soil, South Africa

CBS 22463 N/A

ATCC 46882 N/A

ATCC 36350 Bangalore, India

F980 Soil, South Africa

F40 Grape marc compost, Hungary
F31 Soil, Jordan

F80 Soil, Zambia

F 48 Grape marc compost, Hungary

N/A: not available

6.3.2 Growth medium
The growth medium used in SSF for xylanase production consisted of: 5 g/l NH4 NO3
as nitrogen source, 5 g/l KH,PO4 1 g/l NaCl, 1 g/l MgS04.7H,0. To this was added 1
ml mineral solution 1 (consisting of 1.6 g/l MnSOy 3.45 g/l ZnSO,. 7H,0 and 2.0 g/l
CoCl,.6H,0) and 1 ml mineral solution 2 (consisting of 5 g/l FeSO4.7H,0). Washed

bagasse soda pulp was used as substrate for the SSF process.
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6.3.3 Growth conditions
SSF of bagasse pulp with T. lanuginosus SSBP was carried out under varying pH and
moisture contents. A mass of 5 gram dry weight bagasse soda pulp was used, and
fermentations were performed in 500 ml erlenmeyer flasks. The pH varied between
5.0 to 9.0 while the moisture content of the samples was adjusted to 80, 83.3 and 86%
by the addition of 25ml, 30m! and 35ml growth medium, respectively. The pH of the
samples was adjusted slightly higher than the required pH prior to autoclaving to
account for acid production during the autoclaving process. The growth medium was
thoroughly mixed with the pulp and autoclaved for 30 min at 120°C. The flasks were
inoculated with one-third fungal growth from a petri plate of a five-day old culture.
Replicate flasks were incubated at 45°C for a period of 4 days. SSF on bagasse soda
pulp with the other thermophilic strains were carried out at pH 7.0, 45°C; and

moisture content of 83% for a period of 4 days.

6.3.4 Enzyme extraction
The harvesting of the enzyme was carried out by adding to the fermentation flask a
0.1% solution of Tween 80. A volume of 75 ml Tween 80 was added to the SSF with
an initial moisture content of 80 %. Similarly, when SSF was performed at 83 and 86
% moisture contents, 70 and 65 ml Tween 80 was added, respectively. The flasks
were left to stand for an hour with occasional stirring. Thereafter the supernatant was
separated from the pulp by centrifugation at 10 000 rpm for 10 min. The supernatant
was analysed for xylanase activity using the DNS method by Bailey et al. (1992) as

described in section 3.3.3.
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6.3.5 Preparation of SSF samples for biobleaching
The enzymes from replicate flasks after the 4 day incubation period were not
harvested. However, the entire contents from the flasks were transferred to foil boats,
and left at room temperature for two days to dry. The dried samples were used in the
pretreatment of bagasse soda pulp in CEH bleaching. Pretreatment of bagasse soda
pulp performed at various SSF/raw pulp ratios and chemical bleaching conditions are

described in Table 6.2.

Table 6.2 Conditions for X-CEH bleaching of SSF samples on bagasse soda pulp

Treatment Charge Time Temperature pH  Consistency
(min) 0 (%)

SSF/ Raw pulp 1:50, 1:100, 1:200, 1:400 180 60 6.0 10

Cl, (chlorine) 475 % 45 45 ND- 32

E (NaOH) 45 % 90 70 ND 12

H (NaOCl) 1.5% 135 70 ND 12

ND: not determined

6.3.6 Brightness of pulp sheets

Brightness was measured as described in section 3.3.8
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6.4 RESULTS
6.4.1 Optimization of SSF conditions for the produciton of xylanases by

T. lanuginosus SSBP

Solid substrate fermentation with 7. lanuginosus SSBP was carried out under
conditions of varying initial pH and moisture content while the temperature remained
unchanged at 45°C. The xylanase production under these conditions varied drastically
between 400-900 U/g (Table 6.3). The optimum pH and moisture content for
xylanase production was 7.0 and 83 %, respectively (Fig 6.1). At acidic pH values,
the xylanase production levels were low. However, as the pH was increased towards
neutral values (pH 7.0) the production levels increased significantly obtaining a two
fold increase as compared to production levels at pH 5.0. Any further increase in the
pH beyond pH 7.0 reduced the xylanase production levels appreciably. The moisture
content of the fermentation also contributed to the levels of xylanase produced (Table
6.3, Fig. 6.1). It appeared that the moisture content of 83 % was appropriate for the

optimal production of xylanases from T. lanuginosus SSBP (1060 U/g).



141

Table 6.3 Effect of pH and moisture content of bagasse soda pulp on xylanase production

(U/g) by T. lanuginosus SSBP after 4 days at 45°C under SSF conditions

pH Moisture content (%)

80 83 86
5.0 360 440 406
5.4 398 463 480
6.0 495 568 510
6.4 739 744 646
7.0 843 985 845
7.5 801 862 798
8.1 740 720 680
8.4 620 626 600
9.0 515 560 528

080%
W 383%
86%

Xylanase activity (U/g)

Fig. 6.1 Effect of pH and moisture content of bagasse soda pulp on xylanase production by T.
lanuginosus SSBP after 4 days at 45°C under SSF conditions
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6.4.2 Time course of xylanase production by T. lanuginosus SSBP under

SSF
The time course experiment revealed a steady increase in xylanase production until
day four, thereafter the rate of production remained constant indicating that the four
day incubation period was sufficient for optimal production of xylanases by T
lanuginosus SSBP (Fig. 6.2). The xylanase concentration on day four was 1060 U/g.
It can be concluded that the optimized conditions for xylanase production by T.

lanuginosus SSBP was pH 7.0, moisture content of 83% and incubation period of four

days.

1200 1060

1060 1070
960 v

Xylanase activity (U/g)

Incubation period (days)

Fig. 6.2 Time course of xylanase production by T’ lanuginosus SSBP on bagasse soda pulp at

45°C, pH 7.0 and moisture content of 83% under SSF conditions
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6.4.3 Production of xylanases by thermophilic fungal strains under SSF
All the fungal strains investigated produced significantly higher xylanase levels than
T. lanuginosus SSBP under similar SSF conditions. The strain that appeared to be the
most effective was F 980 producing 6037 U xylanase/g bagasse pulp (Fig. 6.3). Strain
ATCC 46882 also produced significantly high xylanase levels of 5098 U/g. The
remaining strains produced xylanase levels in the range of 3000-4000 U/g, with strain

F 80 being the least efficient xylanase producer with a concentration of 2958 U/g.

Xylanase activity U/g

CBS ATCC ATCC F48 F980 F40 F3l F 80
22463 46882 36350

Fungal strains

Fig. 6.3 Xylanase production levels by thermophilic fungal strains on bagasse soda pulp at

45°C, pH 7.0 and moisture content of 83% under SSF conditions
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6.4.4 Evaluation of SSF xylanases on bagasse pulp in X-CEH bleaching
The SSF pulp samples were bleached in X-CEH bleach sequence at various SSF/raw
pulp ratios. The final brightness of the control sample in the CEH bleaching was 82.7
%. Strains ATCC 46882, ATCC 36350 and ATCC 22463 improved brightness by 1.8,
2.0 and 1.8 points to 84.5, 84.7 and 84.5 %, respectively (Table 6.4, 6.5, 6.6, and Fig.
6.4). At higher SSF/raw pulp ratios (1:400), the xylanases still produced higher
brightness values than the control, with strain ATCC 46882, ATCC 36350 and ATCC

22463 improving the brightness by 1.2, 1.1 and 0.9 point respectively.

Table 6.4 Influence of SSF xylanase produced by ATCC 46882 on brightness of bagasse pulp
bleached in sequence X-CEH

SSF/raw puip Brightness Brightness gain over control
(wiw) (%) (points)
Control 82.7 0.0
1:50 84.5 1.8
1:100 84.4 1.7
1:200 84.0 1.3
1:400 83.9 1.2

Table 6.5 Influence of SSF xylanase produced by strain ATCC 36350 on brightness of
bagasse pulp bleached in sequence X-CEH

SSF/raw pulp Brightness Brightness gain over control
(wiw) (%) (points)
Contro} 82.7 0.0
1:50 84.7 2.0
1:100 84.4 1.7
1:200 84.0 1.3

1:400 83.8 1.1
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Table 6.6 Influence of SSF xylanase produced by strain ATCC 22463 on brightness of
bagasse pulp bleached in sequence X-CEH

SSF/raw pulp Brightness Brightness gain over control
(wiw) (%) (points)
Control 82.7 0.0
1:50 84.5 1.8
1:100 84.2 1.5
1:200 83.9 1.2
1:400 83.6 0.9

Strains F 980, F 48 and F 80 improved brightness by 1.6, 1.7 and 1.4 points,
respectively at the SSF/raw pulp ratio of 1:50 (Fig. 6.4). The final brightness after X-
CEH bleaching was 84.3, 84.4 and 84.1 % with strain F 980, F 48 and F 80,
respectively (Table 6.7, 6.8, and 6.9). At a SSF/raw pulp ratio of 1:100 brightness
increases of 1.4, 1.6 and 1.3 points were achieved with strain F 980, F 48 and F 80,
respectively. Even at ratios of 1:200 brightness increases were 0.9 points and higher

with all fungal strains.

Table 6.7 Influence of SSF xylanase produced by strain F 980 on brightness of bagasse pulp
bleached in sequence X-CEH

SSF/raw pulp Brightness Brightness gain over control
(Wiw) (%) (points)
Control 82.7 0.0
1:50 84.3 1.6
1:100 84.1 1.4
1:200 83.9 1.2

1:400 83.8 1.1
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Table 6.8 Influence of SSF xylanase produced by strain F 48 on brightness of bagasse pulp
bleached in sequence X-CEH

SSF/raw pulp Brightness Brightness gain over control
(wiw) (%) (points)
Control 82.7 0.0
1:50 84.4 1.7
1:100 84.3 1.6
1:200 84.1 1.4
1:400 83.8 1.1

Table 6.9 Influence of SSF xylanase produced by strain F 80 on brightness of bagasse pulp
biobleached in sequence X-CEH

SSE/raw pulp Brightness Brightness gain over control
(W/w) (%) (points)
Control 82.7 0.0
1:50 84.1 1.4
1:100 84.0 1.3
1:200 83.6 0.9
1:400 83.2 0.5

T. lanuginosus SSBP xylanase improved the brightness by 1.8 points to a final
brightness of 84.5 % at the SSF/raw pulp ratio of 1:50 (Table 6.12; Fig. 6.5). Strain F
31, at the same ratio improved the brightness by 1.7 points while strain F 40 produced
a moderate 1.4 point increase (Fig. 6.5). The superiority of T. lanuginosus SSBP
xylanase was noted at all SSF/raw pulp ratios investigated. This strain improved the
brightness of bagasse soda pulp by 1.5, 1.2 and 1.0 point at ratios of 1:100, 1:200 and

1:400, respectively (Fig. 6.5 t0 6.7).
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Table 6.10 Influence of SSF xylanase produced by strain F 31 on brightness of bagasse pulp
bleached in sequence X-CEH

SSF/raw pulp Brightness Brightness gain over control
(w/w) (%) (points)
Control 82.7 0.0
1:50 84.4 1.7
1:100 84.1 1.4
1:200 83.8 1.1
1:400 83.6 0.9

Table 6.11 Influence of SSF xylanase produced by strain F 40 on brightness of bagasse pulp

bleached in sequence X-CEH

SSF/raw pulp Brightness Brightness gain over control
(wiw) (%) (points)
Control 82.7 0.0
1:50 84.1 1.4
1:100 83.9 1.2
1:200 83.7 1.0
1:400 83.3 0.6

Table 6.12 Influence of SSF xylanase produced by strain 7. lanuginosus SSBP on brightness

of bagasse pulp bleached in sequence X-CEH

SSF/raw pulp (w/w) Brightness (%) Brightness gain over control
(points)
Control 82.7 0.0
1:50 84.5 1.8
1:100 84.2 1.5
1:200 83.9 1.2

1:400 83.7 1.0
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Fig. 6.4 Influence of SSF xylanases produced by thermophilic fungal strains on brightness of
bagasse pulp bleached at SSF/raw pulp ratio of 1:50 in sequence X-CEH
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Fig. 6.5 Influence of SSF xylanases produced by thermophilic fungal strains on brightness of
bagasse pulp bleached at SSF/raw pulp ratio of 1:100 in sequence X-CEH
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Fig. 6.6 Influence of SSF xylanases produced by thermophilic fungal strains on brightness of
bagasse pulp bleached at SSF/raw pulp ratio of 1:200 in sequence X-CEH
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Fig. 6.7 Impact of SSF xylanases produced by thermophilic fungal strains on brightness of
bagasse pulp bleached at SSF/Raw pulp ratio of 1:400 in sequence X-CEH
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6.4.5 Influence of SSF samples bleached in CEH sequence at reduced Cl,

charges

Strains ATCC 36350 and ATCC 46882 were evaluated at reduced Cl, charges with
SSF/raw pulp ratios of 1:50 and 1:400 in CEH bleaching. Both strains were efficient
in reducing the Cl; consumption by 20% (1:400) maintaining a brightness gain of 0.5
and 0.4 points over the control (Fig. 6.8). Further reductions in Cl, produced
brightness levels lower than the control reference. However, at the SSF/raw pulp ratio
of 1:50, the samples improved the brightness significantly with a concomitant

reduction of Cl, by 30% (Fig. 6.9).

OATCC 36350
o B ATCC 46882
80
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=
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-1.5 -

Fig. 6.8 Influence of SSF samples produced by strain ATCC 36350 and ATCC 46882 at
SSF/raw pulp ratio of 1:400 on brightness of bagasse pulp bleached in sequence X-CEH at

reduced Cl, charges



151

OATCC 36350

B ATCC 46882
&b
jot
<
S
2.2
£ 8
E N’
.20
ol
m
v L_@ﬁ
-30 -35

Cl, reduction (%)

Fig. 6.9 Influence of SSF samples produced by strain ATCC 36350 and 46882 at SSF/raw
pulp ratios of 1:50 on brightness of bagasse pulp bleached in sequence X-CEH at reduced Cl,

charges
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6.5 DISCUSSION

With recent advances in SSF technology and the availability of substrate and process
selected strains, SSF is becoming a viable alternative for enzyme production. SSF has
been used since antiquity, however during the past decade, there has been a significant
improvement in the understanding of SSF processes, with the description and
modelling of biological and physical phenomena, which led to the economic and

practical advantages of SSF being recognized (Durand et al., 1997).

T. lanuginosus strain SSBP produced copious amounts of xylanase under submerged
cultivation, however production of xylanases under SSF conditions have not been
investigated with this strain. Temperature, moisture, humidity, aeration, and pH are
the most important factors, which govern monitoring and controlling of SSF (Pandey,
1992). 1In this study two parameters, pH variation and moisture content, were
evaluated during the fermentation process. This strain produced the highest
concentration of xylanases at pH 7.0 and moisture content of 83 % on bagasse soda
pulp. At acidic pH values, the xylanase production levels were low, however, at
neutral values (pH 7.0) the production levels increased two fold compared to
production levels at pH 5.0. The optimum pH for submerged fermentation (SF) with
this organism was reported as 6.5 (Singh et al., 2000a), indicating that SSF and SF

processes differ with respect to optimal xylanase production levels.

The quantity or properties of the products synthesized by SSF differ from those
produced by SF processes. An example of this is a fungal glucosidase produced by

SSF exhibited greater degree thermotolerance than the glucosidase produced by SF
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(Deschamps and Huet, 1984). Furthermore, some fungi are unable to sporulate viz.,.
Penicillium sp or produce only low amounts of spores in liquid media viz., C.
minitans (McQuilken et al., 1997). Therefore spore production by SSF seems the

appropriate method in these cases.

The moisture content in SSF is a crucial factor that determines the success of the
process. The importance of moisture level in SSF media and its influence on
microbial growth and product biosynthesis may be attributed to the impact of
moisture on the physical properties of the solid substrate (Raimbault and Alazard,
1980). A higher than optimum moisture level causes decreased porosity, alteration in
particle structure, lower oxygen transfer, and enhancement of aerial mycelia
(Feniksova, 1960). Likewise, a lower moisture level than optimum leads to reduced
solubility of the nutrients of the solid substrate, lower degree of swelling, and a higher

water retention (Raimbault and Alazard, 1980).

In SSF using wheat bran and eucaylptus kraft pulp as the primary solid substrates,
Streptomyces sp. QG-11-3 (Beg et al., 2000) produced maximum Xxylanase yield at
substrate to moisture ratio of 1:2.5 and 1:3, respectively. However, on increasing or
decreasing the moisture level, the xylanase yield marginally decreased. In contrast, a
lower solid substrate to moisture level of 1:1 has been reported for maximum xylanase
production by Bacillus sp. A-009 (Gessesse and Mamo, 1999). An improvement in
xylanase production by fungal mixed culture (Trichoderma reesei LM-UC4 E 1,
Aspergillus niger ATCC 10864, and A. phoenicis QM 329) using SSF has also been

reported (Gutierrez-Correa and Tengerdy, 1998). A higher xylanase yield using SSF
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compared with submerged fermentation with wheat straw and sugarcane bagasse has

been reported from thermophilic Melanocarpus albomyces 11S-68 (Jain, 1995).

Time course experiments indicated a four-day incubation period for optimal
production of xylanase by T. lanuginosus (1060 U/g). The time taken for maximal
production of xylanase varies from 24 h to 30 days depending upon the culture
conditions and the organism applied (Ghosh and Nanda, 1993; Rana et al., 1996).
Thermoascus aurantiacus produced maximum xylanase activity (365.8 U/ml) in
liquid medium in 10 days at 45°C on solka floc, while on solid substrate (aspen wood
xylan) it required 4 weeks to achieve this level (Yu et al., 1987). However, optimum
xylanase production by a thermophilic Bacillus licheniformis A99 under SSF required

a 72 h incubation period.

The 8 thermophilic strains investigated produced significantly higher xylanase levels
than the 7. lanuginosus strain under similar conditions. The strain that appeared to be
the most efficient producer was F 980 (6037 U/g). Reports of other thermophilc
fungal production of xylanases include Humicola lanuginosa, 2050 U/ml, Aspergillus
SJumigatus, 10 U/ ml, (Kitpreechavanich, 1984), Sporotrichun thermophile 15 U/ml
(Yoshioka et al., 1981), Thermoascus aurantiacus 9.67 U/ml, (Grajek, 1987) and T.

aurantiacus 6193 U/g (Kalogeris et al., 1998).

The evaluation of SSF samples in bleaching experiments is a relatively new approach
to the application of biotechnology in the bleaching process and to our knowledge this
is the first report on the application of SSF samples to enhance the bleachability of

bagasse soda pulp. T. lanuginosus SSF sample displayed an improvement in
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brightness of bagasse soda pulp by 1.9 points to a final brightness of 84.52 % at a
SSF/raw pulp ratio of 1:50. This organism was effective at all the SSF/raw pulp ratios
investigated. Although strain F 980 produced the highest level of xylanase during
SSF, xylanase of this strain was not the most efficient brightness enhancer of bagasse
soda pulp. This confirms our findings that the level of xylanases produced does not
necessarily have a direct correlation with the bleach boosting capabilities of the SSF
sample. Strain ATCC 36350 displayed the greatest bleach enhancing abilities,
reducing the Cl, consumption by 30% with a final brightness higher than the control.
This data illustrates the importance of the potential application of SSF samples to the
bleaching of bagasse pulp in CEH bleaching, and could pave the way to new and

improved bleaching methods.

Bleaching with SSF samples provides an alternative to enzyme-aided bleaching with
significant brightening effects on chemical CEH bleaching of bagasse soda pulp. SSF
offers distinct advantages over SF including economy of the space needed for
fermentation, simplicity of the fermentation media, no requirement for complex
machinery, equipment and control systems; greater compactness of the fermentation
vessel owing to a lower water volume; greater product yields; reduced energy
demand; lesser volume of solvent needed for product recovery; superior yields,
absence of foam build up and easier control of contamination due to low moisture
level in the system (Arima, 1964; Satyanarayana, 1994; Babu and Satyanarayana,

1995; Narahara et al., 1982; Lonsane et al., 1985).

SSF also has some limitations such as a limited choice of organisms capable of

growth at a reduced moisture level, exacting demand for monitoring and control of
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parameters such as temperature, pH, humidity, air flow, free oxygen transfer, and
removal of CO; generated during fermetation, and the need for pretreatment of certain
solid substrates (Raimbault and Alazard, 1980; Narahara et al., 1980; Lonsane et a!.,
1985). SSF production of xylanases is an innovative technology where the fermented
substrate is the enzyme source, can be used directly in bleaching processes without a
downstream processing. This study has shown the potential of production of
xylanases by SSF, and more importantly the efficient bleach enhancing abilities of

these SSF samples on bagasse-soda pulp.

6.6 CONCLUSIONS

i) The optimal production of xylanase (1060 U/g) under SSF by T. lanuginosus was at
pH 7.0, moisture content of 83% after a period of 4 days.

i) The levels of xylanase produced do not necessarily have a direct correlation
with the bleach boosting capabilities of the SSF sampie.

iii) Strains ATCC 36350 and ATCC 46882 were efficient in reducing the Cl,
consumption by 20% and 30% when bleached with SSF/raw pulp ratios of
1:400 and 1:50, respectively.

iv) SSF samples can provide enormous potential application in CEH bleaching of
bagasse pulp, improving the final brightness with subsequent reductions in Cl,

consumption.

The effects of purified xylanases on isolated and fibre-bound hemicellulose of bagasse

soda pulp is presented in chapter seven.
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brightness gain of 2.2 points to 87.5 % at full Cl, charge and reduced the Cl,
consumption by 30 % while still maintaining a final brightness 0.9 points higher than the
control. The synergistic effect of the xylanases was evident during the biobleaching of
bagasse pulp. Xylanase pretreatment of the alkaline-extracted bagasse pulp revealed
minimal savings of Cl, with a saving of 10 % achieved with 4. pullulans xylanase. A.
pullulans xylanase was the most efficient enzyme on xylan substrates as well as on

bagasse pulp.
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7.2  INTRODUCTION

The composition and structure of xylan are more complicated than that of cellulose and
can vary in various wood species. In hardwoods, the major hemicellulose component is
the O-acetyl-4-O-methylglucuronoxylan, whereas in the softwood species the O-acetyl-
galactoglucomannan is the prominent one (Fengel and Wegener, 1984). The enzymatic
degradation of xylan would require the use of endo-xylanases, enzymes, which can
randomly split and solubilize xylan polymer. As a result, the penetration of bleaching

chemicals into pulp fibres could be improved and therefore lignin removal facilitated.

The mode of action of several endoxylanases has also been studied using both kinetic and
end product analysis techniques (Dekker and Richards, 1975; Comtat and Joseleau,
1991). However, few published studies compare the performance of various xylanases
on a given substrate. There is also little information on the effect that xylan structure has
on the activities of different xylanases. White e al. (1998) compared four xylanases in
pulp-bleaching applications, and determined that their performances were quite different.
It has already been reported that xylanases belong to the glycosyl hydrolase families 10
and 11 (Gilkes et al., 1991). They differ in their efficiency to degrade isolated
acetylglucuronoxylans (Biely et al., 1997) or to increase bleachability of kraft pulps

(Clarke et al., 1997).

Bagasse pulp contains approximately 30 to 35% hemicelluloses (Blake et al. 1971), while

hardwood and softwood pulps contain approximately 15 to 30% and 7 to 12%
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hemicelluloses, respectively (Beg et al., 2001). Mild treatment of bagasse pulp or
hemicelluloses extracted from bagasse pulp with dilute acids produces a mixture of
monosaccharides, mainly pentoses, with D-xylose being the main component (Lee and
Lin, 1978; Gong et al., 1980). Selective hydrolysis of plant materials is possible because
the hemicellulose fraction is hydrolysed preferencially (Lee and Lin, 1978). Hardwood
kraft pulp contains more xylan, and smaller xylan macromolecules than softwood kraft
pulps (Wong et al., 1996). There is a tendency for hardwood kraft pulp to show higher
benefits with regard to chlorine savings during xylanase aided bleaching (Karlsson et al.,
1996). The bleach enhancing affects of xylanases on pulp types has been attributed to the
hydrolysis of hemicelluloses from pulp. Restrictions in the pentosan removal from pulps
have been assigned to retarded accessibility and chemical modification of residual
hemicelluose (Paice and Juracek, 1984). The extent of xylan hydrolysis in pulps is
dependant on the substrate specificity of the particular enzyme used (Guibitz et al., 1997,
Christov et al., 1999) as well as chemical composition and physical state of the xylan

substrate (Christov et al., 1997).

It has been demonstrated that xylanases can produce bleach-boosting effect on bagasse
soda pulp (Bissoon et al., 2001; Madlala er al., 2000). However, little is known with
regards to the correlation between xylan removal and brightness gains from bagasse soda
pulp. This study investigates the effects of three purified family 11 xylanases from
Trichoderman viride, Aureobasidium pullulans and Thermomyces lanuginosus SSBP on
extracted and fibre bound xylan from bagasse pulp as well as comercially available

birchwood xylan in relation to their biobleaching effects.
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7.3  MATERIALS AND METHODS

7.3.1 Purified xylanases
The purified xylanases used in this study are Trichoderma viride, Aureobasidium

pullulans and Thermomyces lanuginosus SSBP, belonging to the Family 11 xylanases.

7.3.2 Xylanase and protein assays
Xylanase was routinely assayed by measuring the RS released from birchwood xylan as
described in section 3.3.3. The pH and temperature optima of these xylanases have been
determined as shown in Table 7.2. Protein was quantified according to the method of
Bradford (1976) using a commercially available assay kit (Bio-Rad, Munich, Germany)

calibrated with bovine serum albumin.

7.3.3 Extraction of hemicelluloses from bagasse soda pulp
For chemical removal of hemicelluloses, pulp (100 g) was extracted with 4 000 ml of 20
% degassed KOH under stirring over night (Karlsson et al., 2001). After extraction, the
sample was washed with approximately 2 000 ml 20 % alkali and then with plenty of
water to neutral pH and dried. The combined alkaline filtrate and washings were then
acidified with acetic acid to pH 4.5. Hemicelluoses were precipitated with ethanol (three
times the volume of the extract) and the resulting precipitate was then centrifuged off and
washed twice with 1 000 ml ethanol. Water was then added and the precipitate was

freeze dried.
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7.3.4 HPLC analyses of pulp
The monosaccharide content of pulp was determined by high performance anion
exchange chromatography coupled with pulsed amperometric detection (HPAEC-PAD).
Pulp samples were hydrolyzed in two steps with sulphuric acid (Wright and Wallis,
1996), neutralized to pH 7.0 and filtered through a 0.45 pum membrane filter.
Monosaccharides were separated on a Dionex Carbopac PA-10 column, preceeded by a

Carbopac PA-10 guard column, at a flow rate of 1.0 ml/min and 25°C for 40 min.

7.3.5 Enzymatic treatment of isolated hemicelluloses from bagasse pulp and
commercial xylan

Commercial birchwood xylan (Roth, Karlsruhe) and the extracted hemicellulose from

bagasse pulp were treated with the three purified xylanases individually and in

combination. A 1% substrate solution was used and enzyme charge of 5 U/g xylan

applied. The treatment was performed for a period of 24 h, with samples removed and

analysed for RS at 0, 1, 2, 3, and 24 h of incubation.

7.3.6 Enzymatic treatment of untreated bagasse soda pulp and alkali-
extracted pulp

Duplicate samples of extensively washed pulp (5 g dry weight) of 10% consistency were

treated with purified xylanases (5 U/g pulp and 5 U/g xylan in pulp) at the respective

optimum conditions. After incubation with enzymes, the samples were heated in boiling

water bath for 10 min to denature the enzymes and then filtered through membrane filters

(0.45 um) using small syringes. The filtrates were analysed for reducing sugars.
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7.3.7 Reducing sugars

Reducing sugars were determined as described in section 3.3.6

7.3.8 Bleaching conditions

The chemical bleaching conditions on bagasse soda pulp are described in Table 7.1.

Table 7.1 Conditions for CEH bleaching on bagasse soda pulp.

Treatment Charge Time Temperature Consistency
(%) (min) °C) (%)
C 4.75 45 45 32
E 4.5 90 70 12

H 1.5 135 70 12
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7.4  RESULTS
7.4.1 Properties of purified xylanases

The xylanases of T. viride and A. pullulans had a pH and temperature optimum of 4.5,
and 50°C respectively, while T. lanuginosus xylanases showed maximum activity at pH
and temperature of 6.0 and 60°C, respectively (Table 7.2). The enzyme activities varied
significantly with 7. lanuginosus having the lowest activity of 65 U/ml, followed by A.
pullulans and T. viride with activities of 136 and 587 U/ml, respectively. These
optimized conditions were implemented during the pretreatment of bagasse soda pulp.

No cellulase activity was detected in the enzyme suspensions.

Table 7.2 Characteristics of purified enzymes

Source of xylanase pH  Temperature Activity Activity Protein
°C) (nkat/ml) (U/ml) (mg/ml)
T viride 4.5 50 9785 587 0.78
A. pullulans 4.5 50 2245 136 0.62
T. lanuginosus SSBP 6.0 60 1085 65 0.35

7.4.2 Sugar analyses of pulps
Relative sugar composition of untreated bagasse soda pulp and the alkali-extracted pulp
was analysed and compared (Table 7.2). The untreated bagasse soda pulp contained 12.5
% xylose of which 4.6 % still remained in the extracted pulp. Mannose and galactose
were detected at low quantities in the untreated pulp with no trace amounts of these
monosaccharides detected in the extracted pulp. On the other hand arabinose at a

concentration of 1.3 % was present in the untreated pulp whereas 0.4 % was detected
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after extraction. The glucose concentration in the extracted pulp was higher than in the

untreated pulp.

Table 7.3 Relative carbohydrate composition in bagasse pulp

Sample Glucose Xylose Mannose Galactose Arabinose
(%) (%) (%) (%) (%)
Untreated bagasse 85.5 12.5 0.6 0.1 1.3
pulp
Alkaline extracted 95.0 4.6 0.0 0.0 0.4

bagasse pulp

The dry weight of the extracted hemicellulose amounted to 25.33 g with 71.98 g of the
extracted pulp remaining, indicating a loss of 2.69 g of pulp during the extraction
procedure (Table 7.4). The freeze-dried extraction had a moisture content of 10.98 %
while the extracted pulp contained 75.05 % moisture. Although a slight loss in yield was
detected during the extraction procedure, xylanase treatment was carried out with respect
to the percentage xylose present in the extracts and pulp rather than dry weight content of

extracted hemicelluloses.
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Table 7.4 Mass of extracted pulp and hemicellulose

Sample Wet weight (g) Moisture (%) Dry weight (g)
Extracted 28.45 10.98 25.33
hemicellulose

Extracted pulp 288.5 75.05 71.98

Total 97.31

7.4.3 Effect of purified xylanases on RS release from extracted
hemicellulose of bagasse pulp and commercial xylan

The three xylanases were evaluated individually and in combination at a charge of 5 U
xylanase/g xylan from the extracted bagasse hemicellulose and commercial xylan from
birchwood. The release of RS was monitored over a period of 24 h with analysis of
samples at 0, 1, 2, 3 and 24 h (Fig. 7.1). There was a gradual increase in the amount of
RS released from the extracted hemicellulose with time. 7. lanuginosus xylanase was the
least efficient of the xylanases under study, with RS sugars at a concentration of 0.19;
0.25; and 0.31 and 0.37 mg/g detected after 1, 2, 3, and 24 h, respectively. A4. pullulans
xylanase produced the highest RS concentration in comparison to the individual xylanase
applications at all incubation periods. After a period of 3 h the RS released by 4
pullulans and T. viride were virtually the same (0.4 mg/g) compared to 25 % reduction
detected with T. lanuginosus xylanase after the same period. The three enzymes in
mixture did produce significantly higher quantities of RS than the individual xylanase
treatments. After an incubation period of 3 and 24 h, 0.55 and 0.90 mg/g RS, was

detected with the enzyme mixture.
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Fig. 7.1 Enzyme-mediated release of RS from extracted hemicellulose of bagasse soda pulp

Xylanase treatment of the commercial birchwood xylan released a higher concentration
of RS in comparison to treatment of the extracted hemicelluloses from bagasse pulp.
There was a corresponding increase in the release of RS with prolonged incubation. A
25.4 % increase in RS released from birchwood xylan in comparison to the alkaline
extracted hemicellulose frorh bagasse pulp with the application of A. pullulans after 24 h
was observed. The enzyme combination also produced a high RS concentration during

all sampling periods.
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extracted pulp did not produce reducing sugars at concentrations of appreciable

importance.

Table 7.5 Effect of purified xylanases on RS release from untreated and hemicellulose extracted

bagasse pulp

Source of RS release (mg/g) from untreated RS release from hemicellulose
xylanase bagasse pulp extracted bagasse pulp
5 U/g pulp 5 U/g xylan in pulp 5 U/g pulp
T. lanuginosus 0.22 0.19 0.05
T. viride 0.27 0.23 0.06
A. pullulans 0.32 0.27 0.06
Enzyme 0.35 0.31 0.07
combination

Time 2h, 10 % consistency

7.4.5 Evaluation of purified xylanases on bagasse pulp in X-CEH bleaching
The xylanases were evaluated in X-CEH bleaching at reduced Cl; charges to determine
the extent of Cl, savings brought about by the enzymes. The final brightness achieved
with the control samples was 85.3 %. At enzyme charges of 5 U/g pulp, reductions of 10
% Cl, was attained with 7. lanuginosus xylanase and 20% with 4. pullulans and T. viride
xylanase (Fig 7.3). Any further reductions in Cl, consumption produced brightness levels
below the control level. At full Cl, charges A. pullulans xylanase produced the highest
brightness gain of 0.9 points in comparison to 0.5 and 0.3 achieved with 7. viride and T.

lanuginosus Xylanase, respectively.
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The enzymes were not as effective on untreated bagasse pulp at charges of 5 U/g xylan in
pulp. Cl savings of 10 % could only be achieved with all three xylanases (Fig. 7.4). The
final brightness of the enzyme treated pulp was 85.5, 85.6 and 86.0 % at full Cl, charges
for T. lanuginosus, T. viride and A. pullulans xylanases, respectively. (Table 7.7). The
brightness gain was 0.2, 0.3, 0.7 with T. lanuginosus, T. viride and A. pullulans

xylanases, respectively.

Table 7.7 Effect of purified xylanases (5 U/g xylan in pulp) on reduction of Cl, consumption
during X-CEH bleaching of bagasse soda pulp

Cl reduction Brightness of pulp treated with purified fungal xylanase (%)
(%) T. lanuginosus T viride A. pullulans

0 85.5 85.6 86.0

10 85.3 85.4 85.7

20 84.8 85.0 85.2

30 84.5 84.7 84.9

Control: 85.3; X charge: 5 U/g xylan in pulp
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Fig. 7.4 Influence of purified xylanases (5 U/g xylan in pulp) on brightness of bagasse soda pulp
in sequence X-CEH at reduced Cl, charges

The combined xylanase treatment each at 5 U xylanase/g pulp produced fairly large
saving of Cl; with concomitant increases in brightness. The enzyme combination
produced a brightness gain of 2.2 points to 87. 5 % at full CI; charge. On the other hand
the Cl, consumption could be reduced by 30 % while still maintaining a final brightness
0.9 points higher than the control (Table 7.8; Fig. 7.5). The enzyme combination
displayed a greater efficiency in improving the brightness of bagasse pulp, with

subsequent higher reductions of Cl, in CEH bleaching.
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Evaluation of the bleach enhancing effect of the xylanase combination at a charge of 5
U/g xylan in pulp displayed less bleach boosting capabilities and consequently less Cl,
savings as compared to the charge of 5 U/g pulp. A 20 % reduction in Cl, could be
achieved with the enzyme combination (Fig. 7.6). The final brightness of the pulp was

86.2 %, 0.9 brightness points higher than the control at full Cl, charge (Table 7.9).

Table 7.9 Effect of combined treatment with purified xylanases from T. lanuginosus, A. pullulans

and T. viride (5§ U/g xylan in pulp) on brightness of bagasse soda pulp in X-CEH bleaching

Cl, reduction (%) Brightness (%)
0 86.2
10 85.7
20 85.4
30 84.1

Control: 85.3%
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Fig. 7.6 Influence of purified xylanase combination (5 U each xylanase/g xylan in pulp) on

brightness of bagasse soda pulp in sequence X-CEH at reduced Cl, charges

X-CEH bleaching was also conducted on the alkali-extracted pulp. All the enzymes
failed to produce Cl; reductions at appreciable levels (Table 7.10). A. pullulans xylanase
reduced the Cl, consumption by 10 % while T. viride and T. lanuginosus xylanase did not
produce Cl, savings (Fig. 7.7). The final brightness attained at full Cl, charge was 86.2,

86.3, and 86.5 % for T. lanuginosus, T. viride and A. pullans xylanase, respectively.
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Table 7.10 Effect of purified xylanases on alkali-extracted bagasse soda pulp in X-CEH

bleaching
Cl; reduction Brightness (%)
(%) T. lanuginosus T. viride A. pullulans
0 86.2 86.3 86.5
10 86.0 86.1 86.2
20 85.7 85.8 85.9
30 85.4 85.6 85.7
Control: 86.2;

X charge: 5 U/g pulp

O 7T lanuginosus
T viride
B A pullulans

0.4 -
0.2 1

-0.2 1
04 1
-0.6 -
-0.8

-1 - Cl, reduction (%)

(points)

Brightness change

Fig. 7.7 Influence of purified xylanases (5 U/g pulp) on brightness of alkali-extracted bagasse
soda pulp in sequence X-CEH at reduced Cl, charges
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7.5  DISCUSSION

Production of xylanase by many microorganisms is generally associated with the
presence of cellulase and vice-versa (Christakopoulos et al., 1996; Sugen and Bhat, 1994,
Khandke et al., 1989). However, the availability of cellulase-free xylanase would be of
remarkable advantage, especially for bleaching of paper pulp (Viikari ef al., 1994). At
least two types of xylanolytic enzymes are needed for the hydrolysis of xylan: endo-1.4-
B-D-xylanase and f-xylosidase. The purification and biochemistry of xylanases from
various fungi has been studied extensively (Lin et al., 1999; Christov et al., 2000; Li et
al., 2000), however, research on the hydrolysis mechanisms is complicated by the

heterogeneity of the substrate.

The properties of the xylans are determined by the origin of the carbohydrate but also to a
great extent by the method of fractionation. Although plant in-situ xylans are insoluble
and closely associated with cellulose and lignin, the practical substrates for hydrolysis
would in most cases be soluble oligomers (Poutanen et al., 1986). Prior to
delignification, extraction of hemicelluloses from plant material with dilute alkali is often
incomplete while after delignification the hemicelluloses can be extracted relatively

easily by a variety of procedures from the hollocellulose complex.

Grouping of microbial endoxylanases according to physicochemical properties led to the
discovery of two endoxylanases, which can be differentiated on the basis of their

molecular mass and pl values (Wong et al., 1988). This grouping correlated well with
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the classification of endoxylanases into families 10 (formerly family F) and 11 (formerly
family G) based on hydrophobic cluster analysis and amino acid sequence homologues
(Davies and Henrissat, 1995). Previous studies with endoxylanases of Streptomyces
lividens (Biely et al., 1993), Trichoderma reesei (Biely et al., 1993) and an endoxylanase
of Cryptococcus albidus (Biely et al., 1997) suggested that high molecular mass/low pl
endoxylanases (family 10) exhibited greater catalytic versatility than low molecular
mass/high pl endoxylanases (family 11), which hydrolyse the naturally occurring
polyaccharides to a greater extent. Also, family 10 xylanases hydrolysed acetyl xylan to
a higher degree and released short acetylated oligosaccharides, whereas the degree of
hydrolysis of acetyl xylan by family 11 xylanases was rather low, and either acetylated
xylobiose (Xyl2) or xylotriose (Xyl3) was hardly found among the products of hydrolysis
(Biely et al., 1993, 1997). This study investigated the effect of purified family 11
xylanases on fibres bound and isolated hemicelluloses in relation to their bleach boosting

capabilities of bagasse pulp.

Alkaline (KOH) extraction of hemicelluloses from bagasse pulp was not complete since
4.6 % of the 12.5 % xylose present in the untreated pulp remained in the extracted pulp.
HPLC analyses indicated that mannose and galactose was successfully removed during
the extraction procedure while 30.80% of the arabinose was detected in the extracted
pulp. Part of the xylose and arabinose was therefore resistant to the extraction method
indicating either inaccessibility of the alkali to the hemicelluloses and/or presence of

recalcitrant lignin-carbohydrate complexes.
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It is well known that the success of enzyme treatments is dependant upon the particular
hydrolysis conditions applied to the substrate. One of the criteria can be used for
evaluation of the degree of substrate hydrolysis is the release of RS after treatment with
enzymes. RS release from pulp caused by xylanases is indicative of the changes in the
pentosan (hemicellulose) content, an important characteristic during the bleaching of pulp
types. Evaluation of the purified xylanases for RS release from extracted hemicellulose
of bagasse pulp indicated that 4. pullulans xylanase was most efficient followed by T.
viride and T. lanuginosus xylanase in decreasing order of efficiency. There was a
corresponding increase in RS release with prolonged incubation periods. The xylanases
when treated in combination, produced the highest levels of reducing sugars detected in
the filtrates, indicating effective combined treatment with pronounced influence in
comparison to the individual enzyme treatments. This demonstrates the cooperative

effects of the xylanases in hydrolyzing the extracted hemicelluloses from bagasse pulp.

Buchert et al. (1992) reported a slight synergism between two xylanases from T. viride
with respect to their action on pine kraft pulp. However, a report by Elegir et al. (1995)
had revealed greater differences using purified xylanases from Streptomyces sp. TUB B-
12-2. The enzymes from T. reesei were mostly active on acetylglucuronoxylan rather
than unsubstituted xylan (Tenkanen et al., 1992). Because xylan in kraft pulp is not
acetylated, the difference in their substrate specificity might not have been enough to
obtain different effect on pulp bleachability. In contrast, Streptomyces sp. TUB B-12-2
xylanases showed greater activity on unacetylated birch xylan than on acetylated xylan;

moreover, their action patterns on xylooligosaccharides were completely different from
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the activity patterns observed with the 7. reesei enzyme. These differences in catalytic
activities could be responsible for their different capabilities in the biobleaching of kraft

pulp and for their apparent synergism (Elegir ef al., 1995).

Study of the xylanase action on commercially available birchwood xylan revealed data
that contrasted to that of the extracted hemicellulllose from baggase pulp. The
commercial xylan was more susceptible to the purified xylanases in terms of RS release
compared to the alkali-extracted hemicelluloses from bagasse pulp. This could be due to
the nonselective hemicellulose extraction method performed, implying that other
extractives and lignins, and the possible presence of residual alkali (KOH) on the

extracted hemicellulose, could be a factor that hindered the enzyme hydrolysis efficiency.

The low activity on the extracted hemicelluloses could be due to the low chain length
which might be too short to be effectively bound to the active its of the xylanases. This
study correlates positively with a report by Bennett ef al., (1998) in which the action of
endoxylanase from 7. lanuginosus ACTT 46882 differed on various xylo-
oligosaccharides. The report stated that the enzyme had the lowest affinity towards Xyl;,
and Xyl; was 250 times less favourable substrate than Xyl, and Xyl4 was around 13
times less preferred substrate than Xyls. The nature of the fragments liberated from 4-O-
methylglucuronoxylan, rhodymenan and O-acetyl-4-O-methylglucuronoxylan indicates

that the xylanase of 7. lanuginosus ATCC 46882 belongs to family 11.
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phenomenon could be ascribed to the low xylose concentration of 4.5 % in the extracted

pulp.

The bleach boosting capabilities of the purified xylanases indicated that 4. pullulans
xylanase was most effective, with T. viride and T. lanuginosus xylanase following in
decreasing order of bleaching abilities. All three enzymes are from family 11 xylanases
indicating a similar pattern of hydrolysis, however, the enzymes did display varying
abilities of hydrolysis on isolated hemicelluloses and bagasse pulp. It is therefore
proposed that the enzymes could have varying degrees of specificity for the
hemicelluloses and 4. pullulans Xylanase could be more specific to the target xylan than
the two other xylanases. Besides the specific mode of action of the individual enzymes
on the pulp, their molecular mass might also be and important factor, considering the

limited accessibility of the hemicellulose in the fibre matrix.

T. viride and A. pullulans xylanase reduced the Cl; consumption in X-CEH bleaching by
20% at the concentration of 5 U/g pulp, while 7. lanuginosus produced a 10 % reduction
in Cly use. The bleach boosting efficiencies of these individual enzymes on bagasse pulp
correlated positively with enzyme treatment on the isolated hemicelluloses and
commercial xylan. Treatment of the pulp at a charge of 5 U/g xylan in pulp produced
minimal savings of Cl, with T. viride and A. pullulans xylanase and no Cl, savings with
T. lanuginosus xylanase, however, slight increases in brightness in comparison to the
control was observed. On the other hand, pretreatment of bagasse pulp with all three

Xylanases in combination at a charge of 5 U/g pulp produced brightness increases of
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bagassse pulp indicating that the removal of hemicelluloses and other extractives
contributed to brightness increase. This therefore confirms the assumption that
hemicelluloses do contribute to the colour of unbleached bagasse pulp, and there is a
correlation between the release of hemicelluloses from bagasse pulp and its bleach
boosting capabilities. This is in contrast to the findings (Buchert ef al., 1995) that the
enzymatic removal of hemicellulose could not improve brightness of softwood sulfite
pulps, suggesting that the wood species and pulping method might impact pulp
bleachabillity. A report by Clark et al., (1991) also revealed no relation between the
extent of hemicellulose removal from radiata pine kraft pulp and improved bleachability.
It was also shown that neither differences in pl values nor those in molecular mass of the
enzymes could explain their different performances on pulp (Viikari et al., 1993; Elegir
et al., 1995). The inefficient bleaching capabilities of the xylanases on the hemicellulose-
extracted bagasse pulp can be ascribed to the low concentration of xylose in the pulp,
with consequential limited hydrolysis, thereby producing a lower final brightness with
minimal savings in Cl,. This may therefore indicate that the hemicellulose in the
untreatred bagasse pulp was a more accessible substrate for xylanases than those of the

alkali-extracted bagasse pulp.

Only 4. pullulans xylanase produced a saving of 10 % Cl, on the alkali-extracted bagasse
pulp, while 7. lanuginosus and T. viride had no impact in Cl, savings. An earlier report
showed that hemicellulose removal from dissolving was improved when xylanase was
supplemented with other hydrolyzing enzymes such as mannanase and endoglucanase

(Gubitz et al., 1997). The endoglucanase treatment probably caused a partial hydrolysis



185

and loosening of the cellulose structure thereby increasing the hemicellulose accessibility
to the synergistic action of xylanase and mannanase on pulp. The extent of xylanase
hydrolysis in pulps was also dependant on the substrate specificity of the particular
enzyme used (Gubitz et al., 1997) as well as the chemical composition and physical state
of the xylan substrate (Christov et al., 1997). The enzyme-mediated removal of xylan
was suggested to increase pulp porosity which renders the fibre structure more permeable
and enables the bleaching chemicals an easier and smoother penetration and access to
lignin (Christov and Prior, 1997). It has also been shown that although dependant on
treatment time and xylanase charge, the enzyme hydrolysis on pulp xylan is limited '
mainly by the partial inaccessibility of the substrate. This could be due to many factors
such as enzyme size (Wong ef al., 1988) median pore size (Suurnidkki et al., 1997), and

accessible surface area of pulp (Stone ef al, 1969).

The isolated hemicelluloses and commercial birchwood xylan was used as model
substrates to find any characteristics of the individual hemicellulases that could be of
importance with regard to their effect in bleaching of bagasse soda pulp. 4. pulluans
xylanases was the most efficient enzyme on isolated hemicelluloses from bagasse pulp,
commercial birchwood xylan and bagasse pulp. This enzyme produced Cl; savings that
could not be achieved by T. lanuginosus and T. viride xylanase alone. Pretreatment with
the enzyme combination produced a prominent increase in reducing sugars detected on
all the substrates under investigation as well as pronounced bleach boosting capabilities,
demonstrating a cohesive mode of action among the enzymes. It is obvious that the

overall hydrolysis of heteroxylans of different lignocellulosic origin represent the sum of
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the action of several different enzyme activities. In addition to the individual xylanolytic
enzymes hydrolyzing the 1,4 glycosidic bonds and acting synergistically to produce
xylose from the B-D-xylosidic backbone, enzymes capable of releasing the substituents
are also required. The absence of [B-xylosidase in these preparations decreased the
effectiveness of hydrolyzing the xylans completely. The enzymes that remove the side-
groups may also have potential in changing the physico-chemical properties of xylans. It
is therefore important to consider the effects of other hemicellulolytic enzymes in
synergy with xylanases to investigate the hydrolysis potential on various lignocellulosic
substrates. The depolymerization of the hemicelluloses analysed as RS correlated well
with the resulting increase in brightness of the pulp. The study demonstrated clearly that
the xylanase mediated release of RS as well as compounds contributing to the low
brightness of the pulp correlated positively with the bleach enhancing effect with

concomitant savings in Cl, consumption in CEH bleaching sequence.

7.6  CONCLUSIONS

1) Birchwood xylan was more susceptible to enzymatic hydrolysis than extracted
hemicelluloses from bagasse pulp

11) A. pullulans xylanase was the most efficient enzyme when applied to xylan and
bagasse pulp, followed by T. viride and T. lanuginosus xylanase in decreasing
order of efficiency.

1ii) The xylanases displayed a greater bleach boosting effect on the untreated bagasse

pulp than on the extracted pulp.
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1v) No synergy among the xylanases was detected during RS release, however
synergy was apparent during biobleaching of bagasse pulp.

V) The enzymes in synergy reduced the Cl, consumption by 30% demonstrating
enormous potential for further investigations of xylanase combinations in
bleaching.

The immunolocalization of purified T. lanuginosus xylanase on bagasse pulp was

evaluated in Chapter eight.
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CHAPTER EIGHT: IMMUNOLOCALIZATION OF A PURIFIED T. lanuginosus

XYLANASE DURING HYDROLYSIS OF BAGASSE PULP.

8.1 ABSTRACT

The extent of diffusion and surface modification of a purified 23.6 kDa xylanase isolated
from Thermomyces lanuginosus on bagasse pulp was evaluated. Polyclonal anti-xylanase
antibodies were raised in two rabbits and in conjunction with immunogold labeling and
microscopic studies enzyme diffusion and degradation studies were performed. The
purity of the xylanase was confirmed by SDS-PAGE and western blots confirmed the
antigen-antibody hybrid on the nitrocellulose membrane. The protein concentration was
0.35 mg/ml with xylanase activity of 65 U/ml. Scanning electron microscopy (SEM) was
carried out immediately after labeling with immunogold particles as well as prior to
labeling after xylanase treatment. The gold labeling could not be visualized under SEM,
however xylanase pretreated bagasse pulp without subsequent labeling revealed distinct
differences in the surface architecture of the pulp in comparison to the control. There
was a noticeable “tearing-off” effect on the xylanase treated sample in comparison to the
smooth compact fibres of the untreated pulp. The degree of abrasion on the fibre surface
was not affected by enzyme concentrations, as negligible differences with the application
of 5, 50 and 100 U xylanase/gram pulp were evident. Transmission electron microscopy
(TEM) revealed xylanase penetration through primary and secondary cell walls into the
lumen of the cells. The distribution of the xylanase was homogenous and rapid since

after 1 h of enzyme treatment with the pulp, immunolabeling was observed both on the
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surface and inside all cell walls. The gold labels were detected prominently on the ends

of the fibres possibly due to easy accessibility of the xylans to the enzyme.
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83 MATERIALS AND METHODS
8.3.1 Preparation of polyclonal serum

The antigen used in the immunization procedure was purified P-xylanase from T
lanuginosus SSBP (Lin, 1999). In order to prepare the antigen for inoculation, 1ml of
Fruends Incomplete adjuvent (Sigma) was stirred vigorously with a glass rod while
adding 1 ml antigen solution dropwise, at a rate of 1 drop per 30 s. The emulsion was
ready for inoculation when a drop of the mixture remained as a bead on a distilled water
surface. Two rabbits were periodically immunized over a three-month period through
intracutaneous injections of the purified xylanase. Serum collected from an initial bleed
served as the control. Secondary bleeding was carried out on a weekly basis for three
weeks after the final immunization. The serum was collected by centrifugation at 1500
xg for 20 min after incubation at 4°C for 2h. The sera obtained was frozen in 2ml

aliquots for use in immunological assays.

8.3.2 Sodium dodecyl sulphite polyacrylamide gel electrophoresis (SDS-
PAGE)

SDS-PAGE was carried out using the Resolute VMP Chamber in a discontinuous buffer
system according to the procedure of Laemmli et al. (1970). Proteins samples, together
together with a molecualr weight protein marker (Pharmacia LKB, Uppsala, Sweden)
were loaded into wells with a Hamilton microlitre syringe. Samples were subjected to
electrophoresis at 30 V overnight using 1x electrode buffer (0.25M Tris.HCI, 1.92 M
glycine, 1% SDS, pH 8.3). Polypeptides in the gel were simultaneously fixed with

methanol/glacial acetic acid and stained with Coomassie Brilliant Blue R250 by
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8.3.5 Preparation of embedded bagasse pulp
Bagasse pulp after 0 min, 30 min, and 300 min of hydrolysis were fixed for 2h in 4%
glutaraldehyde in 0.2 M sodium cacodylate buffer (pH 7.2) at room temperature.
Samples were hydrated in an ethanol series and embedded in LR White resin at 50°C
overnight. LR White-embedded specimens were cut into ultrathin sections which were

collected on nickel grids (Remond-Zilliox et al., 1997).

8.3.6 Immunogold labeling of xylanase
The ultra thin sections on nickel grids as well as xylanase treated pulp were incubated
with 0.2 M BSA (bovine serum albumin) for 15 min. They were then incubated for 45
min at room temperature with the primary antibody in a moisture chamber. After
thorough washing with PBS the sections were incubated for 30 min with a gold-labeled
(10 nm) anti-rabbit immumnoglobulin G conjugate at dilutions of 1:50 and 1:100 in BSA.
The samples were then washed thoroughly in PBS, with final washings with water. The
sections and directly labeled pulp were viewed under TEM and SEM, respectively. All
experiments were accompanied by the following controls: an immunolabeling performed
without the primary antibody and an immunolabeling performed in the absence of
xylanase hydrolysis in order to check that labeling corresponds only to the 7. lanuginosus

xylanase.
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8.3.7 Transmission electron microscopy
After immunolabeling the ultra thin sections were examined under the Phillips CM 120

Biotwin TEM (Holland) at 80 KV.

8.3.8 Scanning electron microscopy
Xylanase pretreated and control handsheet samples were mounted on stubs and sputter-
coated with gold palladium (Polloran 5100 sputter coater, Tokyo, Japan) and processed
for SEM. Samples were viewed using a Hitachi S-570 scanning electron microscope

(Tokyo, Japan) at 10 KV.



196

84  RESULTS
8.4.1 Analyses of purified I. lanuginosus xylanase by SDS-PAGE and
western Blotting
Protein profiles showed one homogenous band representing the purified xylanase with a
molecular weight of approximately 23.6 kDa (Fig. 8.1). The protein concentration was

0.35 mg/ml with a xylanase activity of 65 U/ml.

kDa

45

29

20

6.5

Fig. 8.1 SDS-PAGE of the purified T. lanuginosus xylanase
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Detection with chloronaphthol produced an intense blue-black signal at 23.6 kDa (Fig.
8.2) indicating complete transfer of the purified xylanase onto the nitrocellulose
membrane. The antibodies were diluted at various ratios to optimize the concentration of
the signal produced. This optimized antibody concentration was used during the
immunolocalization of xylanase protein on the bagasse pulp. The colour intensity of the
blot correlates to the concentration of the antibodies with the darker bands indicating
higher antibody concentrations. The optimized antibody concentration used in the

immunolocalization was 1:3000

23.6kDa

1:1000 12000  1:2500 1:3000 " 1:4000

Fig. 8.2 Western blot showing hybridization of the purified xylanase from T. lanuginosus and

polyclonal antibodies at different dilutions
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8.4.2 SEM of xylanase pretreated bagasse soda pulp
The labeled samples had poor resolution and made visualization of the gold labeled
xylanase extremely difficult under SEM. It appeared that the gold labels were not large
enough to be seen under SEM. However, xylanase treated samples without labeling did
show distinct differences in the surface architecture of the pulp in comparison to the
control (Fig. 8.3 a and b). There was a noticeable change in the degree of fibrillation of
xylanase treated pulp in comparison to the control. The smooth surfaces, intact
microfibrils, and compact fibres of the untreated pulp contrast distinctly with the

xylanase treated fibres where a “tearing-off” effect was observed.

The degree of abrasion on the fibre surface was not affected by the enzyme
concentrations, since no significant differences were evident with the application of 5, 50
and 100 U xylanase/g pulp (data not shown). Nevertheless, xylanase pretreament did

produce surface modifications of bagasse pulp without marked fibre disruptions.
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Smooth,
undamaged fibres

“Tearing off” effect

Fig. 8.3 Scanning electron micrographs of bagasse pulp samples showing: (A) Control pulp
sample with smooth undamaged fibres, and (B) xylanase treated bagasse pulp (5 U/g pulp)
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8.4.3 TEM of immunogold labeled xylanase on bagasse soda pulp
Immunolabeling was observed both on the fibre surface and within the cell walls.
Penetration of xylanase was observed through the primary and secondary cell walls into
the lumen, which allowed for interaction of the xylanase with the xylans located within
the cell walls. (Fig. 8.4 a and b). This indicates that the xylanase having a low molecular
weight of (23.6 kDa) was able to penetrate the fibres with relative ease. Localization was
also prevalent on the outer surfaces of the fibres shown as dark spots representing the 10
nm gold particles linked to the secondary and primary antibodies. The absence of gold
labels in the control sample (no xylanase pretreatment) indicated that nonspecific binding

of the gold label during preparation did not occur (Fig. 8.5a).
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Primary cell
wall

‘ ; Secondary cell
A - wall

Lumen

Gold-labeled xylanase

Fig. 8.4 Transmission electron micrograph showing (A) Immunogold localization of T.
lanuginosus xylanase on bagasse pulp (26k). (B) Magnified section of the primary cell wall with
the dark spots indicating the 10 nm particle linked to the xylanase (74k).
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Primary cell
wall

Secondary cell
wall

Lumen

Fig. 8.5 Transmission electron micrograph of untreated bagasse soda pulp showing the absence of

gold label within the fibre (26k).



203

8.5 DISCUSSION

Immunological analyses of the purified xylanase was conducted to investigate the
reactivities of the polyclonal antibodies to xylanase from 7. lanuginosus. Success with
the western blotting was confirmed by a positive signal obtained for the purified xylanase
implying recognition of the specific antigenic epitopes. Polyclonal antibodies bind to
multiple sites on the antigen and therefore have a much higher avidity for the antigen.
Together, multiple antibody-antigen reactions provide a multivalent complex that is
stable during subsequent analysis. However, polyclonal antibodies produce higher
nonspecific backgrounds since multiple interactions lead to the formation of large
complexes that are more apt to trap or bind non-specific proteins. Although monoclonal
antibodies have the advantage of specificity and may solve some of the problems
associated with polyclonal antibodies, their use has several disadvantages, the most
important being affinity. Since the antigen is held by only one antibody-antigen
interaction, the affinity of the antibody for the antigen is critically important (Hudson and

Hay, 1991).

Only a few reports in the literature on SEM of enzyme treated kraft and sulfite pulps are
available (Christov et al., 1994; Garg et al., 1998). To the best of our knowledge, this
study represents the first report on bagasse pulp. Examination of immunogold-labeled
samples under SEM did not provide conclusive results on the location of the xylanases on
the fibres. Resolution of the labeled xylanase was poor under SEM, however SEM of

xylanase pretreated bagasse pulp prior to labeling did show significant differences in
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fibre morphology in comparison to the control. The visual effects of the xylanase on the
fibres were not evident at lower magnifications, however changes such as “cracks” and
surface fibre “peeling” due to xylanase treatment was evident at higher magnifications.
These results correlate with the findings of Pham et al. (1995) where surface
modifications of kraft pulp after xylanase pretreatment were apparent. The ultrastructure
and physico-chemistry of pulp fibres play a major role in determining the intrinsic
properties of fibre surfaces, particularly inter-fibre bonding during paper-making (Daniel
and Duchesne, 1998). In view of this, a balance has to be achieved in terms of
maintaining the strength properties of the paper, by retaining a certain proportion of the
hemicelluloses as well producing the desired bleach boosting effects. A report by Garg et
al. (1998) revealed a marked disruption and separation of kraft pulp fibres with the
application of xylanases from Strepfomyces thermoviolaceus. This suggests that the
enzyme not only assisted in surface modification but also penetrated pulp fibres allowing
for a much enhanced xylan hydrolysis. The extensive fibre disruption by the S.
thermoviolaceus xylanase reduced pulp strength properties significantly, due to the large
portion of hemicelluloses removed from the pulp In comparison, 7. lanuginosus xylanase
did not produce severe fibre disruptions, however, the fibre surface was visibly affected.
These results could provide some indication of xylanase action on bagasse pulp
suggesting that the enzyme apparently targeted the xylan located on the outer surfaces of
the pulp fibres, thereby increasing fibre pore size, (Kantelinen et al., 1993). It is assumed
that the “cracks” and “tearing-off” effect present on the micrographs probably allow for

increased diffusion of the residual lignin from the exposed pulp fibres.
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SEM studies of xylanase from Streptomyces sp. QG-11-3 revealed that enzymatic
prebleaching of kraft pulp opened up the pulp structure compared with the smooth
surface of the untreated pulp, allowing access of chlorine and other chemicals in the
bleaching process (Beg et al., 2000). When this organism was grown on eucalyptus kraft
pulp, the mycelia penetrated deep inside the fiber and generated perforations at the of
attachment. These observations suggest that the additive effects of xylanase action

rendered the pulp fibres more accessible to chemical bleaching agents.

Transmission electron microscopy was the only way to perform an intrawall exploration
and provided complementary information on the distribution of the enzyme within the
entire thickness of the cell wall. The diffusion of xylanase was rapid, since after 1 hr of
enzymatic hydrolysis, immunolabeling was observed both on the surfaces and inside all
cell walls. The distribution of xylanases was homogenous, with the label being
prominent on the ends of bagasse fibres where the xylans may have been accessible.
Studies by Adolph ef al. (1996) revealed that the localization of xylanase on wheat bran
cell walls, subsequently concluded that the enzyme does not penetrate the cell walls.
Thus the substrate decomposition occurs mainly on the substrate surface. According to
Biely et al. (1985), the localization of xylanolytic enzymes in the cell all of
microorganisms offers a selection advantage, because of the higher local enzyme
concentration. A report by Rémond-Zilliox et al., (1998) showed intense labeling of
xylanases on wheat straw stems, with a heterogenous distribution of xylanases on the
fragments. Labeling was shown to be more prominent on brittle walls, broken lines, and

on the ends of straw fragments possibly due to the presence of large amounts of xylan. In
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Pore sizes in plant cell walls are 3 nm-5 nm (Chesson et al., 1995). Only molecules with
effective diameters inferior to those of the pores, equivalent to a globular protein of
approximately 19-20 kDa, could freely penetrate and diffuse through the wall. The size
of T. lanuginosus xylanase being 23.6 kDa, however, allowed for penetration of the cell
wall, through the pores, possibly due to initial xylanase activity on the fibre surfaces,
resulting in an increase the pore size. A factor that could have hindered the diffusion of
xylanases or modify enzyme distribution within the cell wall network is the lignins
(Rémond-Zilliox et al., 1998). This study did not investigate the effect of lignins on the
diffusibility of xylanases, therefore a future challenge will be to analyse this effect in
more detail. Lignins are intimately associated with hemicelluloses, presenting a physical
barrier for the enzymatic accessibility of hemicelluloses. One characteristic of forage cell
walls is the presence of hydroxycinnamic acids hat bind lignin to xylans via eser and
ether bonds (Lam et al., 1990). Chesson (1981) suggested that accessibility of wall
polysaccharides to enzymes is dictated by the degree to which they are associated with
phenolic polymers. The nature of the complex formed remain unclear, but both a
physical incustation, preventing enzyme access to its substrate, and covalent linkages
formed between phenolic and carbohydrate residues, inhibiting complete degradation of
the polysaccharies, are thought to be important. This study clearly illustrates the degree
of surface modification attributed to the xylanases and penetration of these enzymes

within the cell wall, hydrolyzing the inner xylan substrates.
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CONCLUSION

SEM immediately after xylanase treatment displayed a “peeling” effect on the
fibre surface demonstrating fibre modification, which could subsequently promote
enhanced chemical bleaching of the pulp.

TEM analysis revealed xylanase penetration through the primary and secondary
cell walls into the lumen of the cells, indicating easy penetrability of the enzyme,
possibly due to its low molecular weight of 23.6 kDa.

This is a novel study on bagasse pulp representing the importance of
immunolocalization of xylanases on the pulp to verify the accessibility of these
enzymes to the xylan substrate and subsequently aid in elucidating the mechanism

of xylanase-aided bleaching.
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CHAPTER NINE: GENERAL DISCUSSION

The pulp and paper industry has gone through major technological changes in the last
decades aiming at decreasing the environmental impact associated with their
operations. However, these changes have seemingly not been sufficient to attend the
strict legislation and to satisfy public opinion. Partial or total mill closure seems to be
the current trend in the pulp and paper industry (Ragauskas, 2001)). Interest in using
xylanase enzymes for pulp bleaching has increased dramatically in 1999, and in the
US and Scandinavian countries, environmental concerns has pressured mills to
complete conversion to elemental chlorine free (ECF) bleaching in an economic way.
In addition, weak markets for many pulp and paper products have forced mills to
lower their bleaching costs (Senior et al., 1999). This has paved the way for the use
of enzymes, which can address both needs. Several pulp and paper mills worldwide
are evaluating the closed cycle operation, with the goal of developing cost effective
technologies, which can satisfy market demands, environmental requirements and

public opinion (Tolan, 2001).

South Africa is a valuable international producer of pulp and paper products. The
pulp and paper industry in this country is based on the harvesting of managed forests
and contributes to at least 3 % of the gross national product. Unfortunately, this
industry is also a major polluter. Therefore, the implementation of biotechnology
presents an opportunity to minimise the amount of toxic pollutants generated in the
manufacture of pulp and paper and improve the existing technology in a cost effective
way. (Christov and Prior, 1998) The main cause of concern are the products formed

from using these chemicals which include chlorinated organic substances, some of
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which are toxic, mutagenic, persistent, and bioaccumulating and cause numerous

harmful disturbances in biological systems (Bajpai and Bajpai, 1996).

In Durban (South Africa) where sugar cane is an abundantly grown crop, bagasse is
one of the major cheap raw materials available for paper making. Sappi, Stanger
utilizes this raw material for the production of fine paper and adopts the CEH
bleaching sequence. This produces effluents high in AOX and chloride content, which
has only recently become a concern for the pulp and paper industry. Although
chlorine is a highly versatile bleaching agent, corrosion of storage tanks and extensive

emissions of chlorinated organic compounds in the bleach plant effluent can occur.

Extensive research in biotechnology in the pulp and paper industry has provided a
depth of knowledge in the application of enzymes to pulp and papers industries in
South Africa. The focus of research in this area as well as developmental work has
shifted towards improving the current bleaching process, which includes the reduction
of chemical consumption, with consequent reduction of AOX. A project had been
established to evaluate and compare the bleach enhancing potential of xylanases from
various sources in the existing bleaching process (CEH) as well as other chemical

bleaching sequences (ECF and TCF).

Thermomyces lanuginosus xXylanase

T. lanuginosus SSBP is a thermophilic hyphomycete, producing a range of
thermostable extracellular enzymes, which include B-xylanases, o-galactosidase, a-L-
arabinofuranosidase, esterases and 3-mannanase (Singh et al., 2000a). In the present

study, this organism produced up to 1050 U/ml of xylanase activity in shake-flask
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cultures at 50°C after a 7-day incubation period. The organism produced the highest
xylanase activity among the Thermomyces strains investigated to date (Singh et al.,
2000a) and xylanase, which is very active at high alkaline pH values (5.5-9.0) and has
an optimum temperature of 70°C (Singh et al., 2000b). These two characteristics
make the enzyme extremely stable since xylanases with high thermostability and pH

stability are of particular interest for enzymatic hydrolysis of xylan in pulp bleaching.

T. lanuginosus xylanase pretreatment of bagasse soda pulp

This xylanase was optimized with respect to temperature and pH application on
bagasse pulp and analyses of the enzyme filtrates indicated noteworthy increases in
the reducing sugar, chromophoric material and lignin derived compounds (LDC’S)
released in comparison to the control. This was correlated to direct brightening of the
pulp as well as reduction in kappa number, displaying enzyme-mediated removal of
compounds from the pulp, which contribute to the low brightness of unbleached
bagasse pulp. The enzyme therefore possesses important characteristics required in
enhancing the bleaching of bagasse pulp as displayed by its effects on the physical
properties of the pulp analysed after pretreament. This xylanase was stable on
bagasse soda pulp over a wide pH and temperature range with optimum values of 6.0
and 65°C, respectively. Chemical treatment of the enzyme pretreated pulp showed a
pronounced bleaching effect with the pulp fibres being more amenable to extraction
of residual lignin by NaOH in comparison to the controls. It was also evident that a
single bleaching step with H,0, displayed significant brightness gains of
approximately 3.8 points to absolute brightness values of 61 %. One of the
impediments to elucidating the mechanisms of xylanase aided bleaching is the lack of

convenient methods for distinguishing xylan-derived from lignin-derived
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chromophores. The challenge provides an excellent opportunity for researchers to
reconsider the process determinants, while more thorough analyses are required to
determine whether a common target substrate is responsible for the apparently
different phenomena that are observed under various process conditions. A major
role for xylan-derived chromophores would ensure that xylanase has a unique role in
pulp bleaching. Nevertheless, the direct brightening effects of this xylanase has been
successfully demonstrated which correlated to the release of coloured material

detected in the enzyme filtrate.

The brownstock of bagasse pulp is alkaline (pH 10.5) and it is desired that the enzyme
be active at the ambient pH. During the cooking process of the pulp, extensive
leaching of alkali is evident even after washing and pH adjustment. In order to
achieve a maximum effect, it is essential that the enzyme exert its activity to the
interior of the fibres, therefore a broad pH stability of the xylanases especially in the
alkaline region is advantageous. A favourable characteristic that T. lanuginosus
xylanase possesses is that it is stable over a broad pH range between pH 5 and 9 and
can be easily introduced into the existing operation. The enzyme also displays
thermostability, which is highly attractive characteristic in pulp bleaching. During the
initial bleaching sequence of bagasse pulp the temperature of the brown stock is
between 60 to 70°C, and T. lanuginosus xylanase has an optimum temperature of

65°C, indicating minimal changes to the existing temperature of the brownstock.

Evaluation of xylanases in TCF and ECF bleaching
In view of producing a pulp of high brightness with little or no adverse impact to the

environment the evaluation of xylanases in ECF and TCF bleaching processes have
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been investigated. The xylanases were compared on equal enzyme charges rather
than equal enzyme cost. Xylanase P, when compared to Ecopulp TX-200C, T.
lanuginosus xylanase and Cartazyme NS-10 at equal enzyme doses as U/g, appeared
as the most efficient bleach-enhancing enzyme on bagasse pulp in both ECF (DED)
and TCF (OqPaP) bleaching. In DED bleaching (kf of 0.75), a brightness gain of 1.6
points over control could be attained using Xylanase P. Overall, Ecopulp TX-200C T
lanuginosus xylanase and Cartazyme NS-10 followed Xylanase P in order of
decreasing biobleaching efficiency. This increase in brightness produced by Xylanse
P correlated to a reduction of chlorine dioxide by 33% as compared to 20% reduction
of the chlorine dioxide consumption achieved with the other three enzyme

preparations.

The biobleaching effect induced by xylanase pretreatment depended on both the
enzyme and chlorine dioxide charges used and the use of high kappa factors were
required for satisfactory bleaching. This could be attributed to the low initial
brightness and a relatively low brightness ceiling of bagasse pulp. Implementation of
xylanases in ECF bleaching of bagasse pulp has shown remarkable potential for
reducing the ClO; consumption. On the other hand a higher brightness ceiling
achieved after final bleaching will provide a market for paper products that are

producing in an environmentally friendly manner.

Mechanical pretreatment of the pulp prior to ECF biobleaching produced a slight
increase in final brightness, indicating “activation” of pulp to enzyme and chemical
bleaching. It therefore appears that mechanical pretreatment could play an important

role in improving the accessibility of the hemicelluloses present in bagasse pulp to
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xylanases, however this aspect of the study warrants further investigation. The main
criteria which is of great importance with mechanical pretreatment is the energy cost
and economical feasibility associated with the entire process. Although brightness
gains were observed with the mechanical pretreated pulp, this technology will only be
of benefit to the pulp and paper industry if the costs associated with xylanase
bleaching and mechanical pretreatment are lower than the current operating bleaching

sequences.

Xylanase pretreated bagasse pulp displayed minimal changes to the physical
properties in comparison to the controls. Xylanase P and Ecopulp TX-200C increased
the tensile strength of the paper with a corresponding increase in the amount of energy
required to rupture the test strip. All xylanases however, did decrease the viscosity of
the pulps, which could be due to the presence of low levels of cellulase activity.
However, analyses of the physical properties of bagasse pulp after full bleaching with

xylanase showed negligible changes to the physical properties of the handsheets.

At similar brightness levels, the TCF biobleaching in sequence X-OqPaP was less
efficient than the ECF biobleaching in terms of biobleaching effect. The final
brightness obtained with this sequence did not reach anticipated levels and further
investigations into the chemical charges of the sequence are warranted. However, the
xylanases did display bleach-boosting capabilities in TCF bleaching on bagasse soda
pulp, with Xylanase P being most efficient. The TCF bleaching sequence under
investigation does not provide a suitable alternative to the bleaching process, since
brightness levels achieved after final bleaching was lower than anticipated. It appears

that chlorine free bleaching agents are not as effective as chlorine based bleaching
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agents on bagasse pulp. An alternative is to increase the dose of peracetic acid or
hydrogen peroxide in the sequence, however this will not assist with the initial
objective, which was to reduce the chemical consumption. Nevertheless, this study
indicated that xylanase pretreatment has a great potential in improving the
bleachability of bagasse pulp especially in an ECF bleach sequence, and could result
in improved bleachability of bagasse pulp. Alternatively, a decrease in chemical
consumption was demonstrated, while attaining the target brightness and maintaining

the desired physical properties.

Influence of xylanases in CEH bleaching of bagase soda pulp

To our knowledge there are no reports on the evaluation of xylanases on non-woody
materials such as bagasse pulp in a CEH bleach sequence and this is the first report
thereof. In this study te bleach boosting potential of six xylanases, Xylanase P,
Ecopulp TX-200C, Cartazyme NS 10, Cartazyme 9704-E, Pulpzyme HC and T.
lanuginosus SSBP xylanase on an equal cost basis were investigated on bagasse-soda

pulp in CEH bleaching.

Pretreatment of bagasse soda pulp with xylanases revealed that Xylanase P (10 U/g)
and Cartazyme 9704-E (5 U/g) were most efficient, reducing the chlorine
consumption between 20 to 25 %. The final brightness after CEH bleaching was
approximately 76 % and all the xylanases under investigation produced a higher final
brightness than the controls with full Cl, charges. Ecopulp TX-200C achieved a
reduction of 20% Cl, while Pulpzyme HC, T. lanuginosus SSBP xylanase and

Cartazyme NS-10 reduced by Cl, charge by 15 %.
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Although Xylanase P and Cartazyme 9704-E produced similar Cl, saving, more
enzyme in terms of U/g of Xylanase P (10 U/g) was applied to achieve similar results
as Cartazyme 9704-E (5 U/g). In terms of efficiency from an economical evaluation,

Cartazyme 9704-E proves to be the best xylanase.

Evaluation of Cartazyme 9704-E (3.75 U/g) at optimised Cl, charges (4.75 %) on
unwashed bagasse pulp revealed a brightness improvements 1.0 point to 81.3 % with
Cl, savings of 25 %, implying that the Cl, charges could be reduced further while still
maintaining brightness values similar to the control. It was demonstrated that the
unwashed bagasse soda pulp was more susceptible to xylanase pretreatment than the
washed sample. This phenomenon is difficult to explain, however the use of
unwashed pulp could play an important factor in terms of reducing water consumption
during washing prior to enzyme treatment. This would be an asset to the pulp and

paper industry since excessively large amounts of water are utilized on a daily basis.

Cartazyme 9704 (3.75 U/g) also displayed reduction in hypochlorite consumption by
33.33 % in the XCEH sequence while still maintaining a higher brightness than the
control. Even at low enzyme charges the xylanase was able to achieve hypochlorite
savings of 16.67 %. Cartazyme 9704-E appears to have great potential in CEH
bleaching of bagasse-soda pulp. Implementation of xylanase technology to the bleach
process of bagasse-soda pulp is a promising way forward in terms of producing pulps,
which are environmentally friendly, and process waters, which could be fully
recyclable. Sappi recognizes the importance of biotechnology in the bleach process
and the use of xylanases to the current CEH bleaching conducted at the mill will play

an important role in bleaching of bagasse pulp in the near future.
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Bleaching with SSF xylanase

The bleaching with SSF samples is a relatively new concept in the application of
biotechnology in the pulp and paper industry. With recent advances in SSF
technology and the availability of substrate and process selected strains, SSF is
becoming a viable alternative for enzyme production (Durand et al., 1997). T.
lanuginosus strain SSBP produced copious amounts of xylanase under submerged
cultivation, however production of xylanases under SSF conditions have not been

investigated on this strain.

The evaluation of SSF samples in bleaching experiments is a new approach to the
application of biotechnology in the bleaching process and this is a novel report on the
application of SSF samples to enhance the bleachability of bagasse soda pulp. T.
lanuginosus SSF samples improved the brightness of bagasse soda pulp by 1.9 points
to a final brightness of 84.52 % at a SSF/raw pulp ratio of 1:50. Although strain F
980 produced the highest level of xylanase during SSF, this strain was not the most
efficient brightness enhancer of bagasse soda pulp. This confirms our findings that
the level of xylanases produced does not necessarily have a direct correlation with the
bleach boosting capabilities of the SSF sample. Strain ATCC 36350 displayed the
best bleach enhancing abilities reducing the Cl, consumption by 30% with a final
brightness higher than the control. The data therefore illustrates the important
potential application of SSF samples to the bleaching of bagasse pulp in CEH
bleaching, and could pave the way to new and improved bleaching methods.
Bleaching with SSF samples provide an alternative to direct enzyme-aided bleaching,
producing brightness gains of great importance in chemical CEH bleaching of bagasse

soda pulp. Although this technology has shown promising potential with huge



218

success in bleaching on a laboratory scale, the challenge will be to take it a step

further, conduct mill trials, and evaluate the economics of this bleaching process.

Bleaching with purified xylanases

This study investigated the effect of purified family 11 xylanases on fibres bound and
isolated hemicelluloses in relation to their bleach boosting capabilities of bagasse
pulp.  Evaluation of the purified xylanases on RS release from extracted
hemicellulose of bagasse pulp, and commercial xylan indicated that 4. pullulans
xylanase was most efficient followed by 7. viride and T. lanuginosus xylanase in
decreasing order of efficiency. The commercial xylan was more susceptible to the
purified xylanases in terms of reducing sugar release than the alkali-extracted
hemicelluloses from bagasse pulp. This could be due to the nonselective
hemicellulose extraction method carried out, implying that other extractives and

lignins that could have been removed hindered the enzyme hydrolysis efficiency.

There was a corresponding increase in reducing sugar release with prolonged
incubation periods. The enzymes when treated in combination produced the highest
levels of RS detected in the filtrates, indicating effective combined treatment with
pronounced influence in comparison to the individual enzyme treatments. However,

no synergy was evident in terms of RS release from these substrates.

The low concentration of RS detected in the enzyme treated pulps in relation to the
extracted hemicellulose and commercial xylan could be attributed to the inefficient

accessibility of the xylanases to the hemicelluloses in the pulp in comparison to the
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readily available xylan present in the commercial birchwood xylan and extracted

hemicelluloses.

The bleach boosting capabilities of the purified xylanases indicated that A. pullulans
xylanase was most effective, with T viride and T. lanuginosus xylanase following in
decreasing order of bleaching abilities. T. viride and A. pullulans xylanase reduced
the Cl; consumption in XCEH bleaching by 20% at the concentration of 5 U/g pulp,
while T. lanuginosus produced a 10 % reduction in Cl,. The bleach boosting
efficiencies of these individual enzymes on bagasse pulp correlated positively with

enzyme treatment on the isolated hemicelluloses and commercial xylan.

Treatment of the pulp at a charge 5 U/g xylan in pulp produced minimal savings of
Cly with T. viride and A. pullulans xylanase and no Cl; savings with 7. lanuginosus
xylanase. However, pretreatment of bagasse pulp with all three xylanases in
combination at a charge of 5 U/g pulp produced brightness increases of significant
importance, with reduction in Cl, consumption by 30 %. The xylanase combination
displayed a synergistic effect in the bleaching experiments, with an increase of 2.2
points in comparison to the sum of the brightness gain achieved with each xylanase
amounting to 1.8 points. This phenomenon is of significant interest and the use of
xylanase combinations in the bleaching process could play an imperative role in
bleaching strategies especially if the individual enzymes target different sites on the

xylan chain.

Assessment of the bleach enhancing effects of purified xylanases on the

hemicellulose-extracted bagasse pulp revealed minimal changes in brightness and Cl»
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savings. The initial brightness of the hemicellulose extracted bagasse pulp was higher
than the untreated bagassse pulp indicating that the hemicelluloses and other
extractives removed by the alkali contributed to the low brightness of the pulp. This
therefore confirms the assumption that hemicelluloses do contribute to the colour of
unbleached bagasse pulp, and there is a correlation between the release of
hemicelluloses from bagasse pulp and its bleach boosting capabilities. The inefficient
bleaching capabilities of the xylanases on the hemicellulose-extracted bagasse pulp
can be ascribed to the low concentration of xylose in the pulp, with consequential
limited hydrolysis, thereby producing a lower final brightness with minimal savings in
Cly. It was also demonstrated that xylan content plays a significant role in xylanase
bleaching and the important synergistic effects produced by purified xylanases from

A. pullulans, T. viride and T. lanuginosus in CEH bleaching of bagasse pulp.

SEM and TEM studies of xylanase pretreated bagasse pulp

Only a few reports in the literature on SEM of enzyme treated kraft and sulfite pulps
are available (Christov et al, 1994; Garg et al., 1998). SEM of xylanase pretreated
bagasse pulp prior to labeling did show significant differences in fibre morphology in
comparison to the control. The visual effects of the xylanase on the fibres were not
evident at lower magnifications, however changes such as “cracks” and surface fibre
“peeling” due to xylanase treatment was evident at higher magnifications. T.
lanuginosus xylanase did not produce severe fibre disruptions, however, the fibre
surface was visibly affected. These results could provide some indication of xylanase
action on bagasse pulp suggesting that the enzyme apparently targeted the xylan
located on the outer surfaces of the pulp fibres, thereby increasing fibre pore size,

(Kantelinen et al., 1993). It is assumed that the “cracks” and “tearing-off” effect
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present on the micrographs probably allowed for increased diffusion of the residual
lignin from the exposed pulp fibres, with subsequent bleach enhancing capabilities of

the chemicals.

TEM was the only way to perform an intrawall exploration and provided
complementary information on the distribution of the enzyme within the entire
thickness of the cell wall. The diffusion of xylanase was rapid, since after 1 h of
enzymatic hydrolysis, imnmunolabeling was observed both on the surfaces and inside
all cell walls. The distribution xylanases was homogenous, with the label being
prominent on the ends of bagasse fibres where the xylans may have been accessible.
The level of localization of immunolabeling was very similar, irrespective of the
incubation period employed, indicating that the adsorption of the xylanase was rapid
and that no severe desorption occurred thereafter. The xylanase was localized within
the cell walls, signifying that the small size (23.6 kDa) of the protein allowed its easy
diffusion into the bagasse fibres. Diffusion is often a limiting factor for hydrolysis in
microorganismal attack. The size of T. lanuginosus xylanase being 23.6 kDa, allowed
for penetration of the cell wall, through the pores, possibly due to initial xylanase
activity on the fibre surfaces, resulting in an increase the pore size. SEM and TEM
studies clearly illustrates the degree of surface modification attributed to the xylanases
and penetration of these enzymes within the cell wall, hydrolyzing the inner xylans
substrates within the bagasse pulp fibres, which could subsequently improved

chemical bleaching of the pulp.

An important objective from an industrialists point is keeping the cost of bleaching to

a minimum. The economics of enzyme bleaching is comprised of several cost factors
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which include enzyme production, maintaining the appropriate temperature, the need
for new facilities in the bleaching line and yield loss due to hemicellulose
solubilization. The introduction of xylanases does not require substantial capital and
excessive changes to the existing bleaching process, and the price of current
commercial enzymes does favour its application on a large scale. The target cost of
enzyme application has been said to be about 3.5 US § per tonne in 1995 (Farrell et
al., 1996). This value is expected to decrease further as research in this field develops
and efficient enzyme production strains are adopted. Usually the price of the enzyme
is compared to that of the competing bleach chemicals but factors such as, decreased
AOX loading, retention of viscosity and other technical pulp properties, confer
additional advantages to xylanases and in such a case it is difficult to specify a price
(Buchert et al., 1994). However the environmental implications associated with

enzyme applications outweighs the economic gains of bleach chemicals.

This project has clearly demonstrated the importance of xylanase pretreatment on
bagasse pulp with remarkably significant advantages when incorporated into chemical
bleaching sequences. The enzymes have shown great potential in ECF, TCF and in
the existing CEH bleaching sequence. A relatively new approach to bleaching with
SSF xylanase has also shown impressive bleach boosting potential with possible
implementation in the future. Bagasse pulp appears to be very susceptible to a variety
of xylanases, possibly due to the high xylan content in the pulp. In this regard, the
implementation of xylanase technology to the bleach process should provide benefits
of economic and environmental importance in terms of improving the bleachabilty of
bagasse pulp as well as significantly reducing chemical consumption during

bleaching. It is obvious that there are numerous possibilities for the application of
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xylanase technology in Sappi (Stanger) to the extent that it seems highly likely that
this industry will in the near future become dependant on this environmentally benign

process.

FUTURE WORK

i) A comparison of the bleach enhancing effect of the purified and crude
xylanase from T. lanuginosus warrants further study. This investigation will provide
important information to the relevance of xylanase purification and its application to
pulp.

i) Mechanical pre-treatment appears to play a positive role in pulp activation,
prior to Xylanase treatment. Optimisation of mechanical pre-treatment conditions will
be performed with emphasis on improving the efficiency of xylanase treatment.

iii) TCF bleaching chemicals and sequences will be evaluated and optimised to
produce a final brightness of 80 % on bagasse pulp without affecting the physical
properties of the paper.

iv) Cartazyme 9704-E was the most efficient xylanase in X-CEH bleaching of
bagasse pulp. This xylanase will be investigated on a larger scale with the intention
of introducing the enzyme into a mill trial.

V) The structure of extracted xylan from bagasse pulp will be examined to gain a
clearer understanding of the mechanism of xylanase-aided bleaching on this non-

woody material.
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