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Abstract Cellulose was treated with different extracellular
microbial enzymes. The treatment of cellulose with the
enzymes can improve alkaline solubility. Both endogluca-
nase and crude cellulase decreased the average degrees of
polymerization (DP ) and improved the alkaline solubility
of cellulose most efficiently. The composition of the en-
zyme, the type of cellulosic materials, pretreatment, and
the treatment conditions are the key factors for its effective
processing, using the enzymes to improve on alkaline solu-
bility of cellulose. The improvement in the alkaline solu-
bility is caused by the decrease in DP and hydrogen bond
because of enzymatic hydrolysis.

Introduction

Cellulose is the most abundant and renewable biopolymer
on Earth (Schurz 1999). It is a demand for the environ-
mentally friendly processes of regenerated cellulose. Acid
and high-temperature degradations are unsatisfactory be-
cause waste impurities in cellulosic materials generate un-
wanted byproducts under the harsh conditions. Due to the
potential benefits in cellulosic materials, the enzymatic
modification of cellulose is a challenge in their applica-
tions. (Amano and Kanda 2002; Bhat 2000) Currently, the
most widely exploited cellulase applications are in the tex-
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tile industry, for example, stonewashing of jeans and fin-
ishing of cotton fabrics (Cortez et al. 2001; Pere et al. 2001).
In the pulp and paper industry, cellulases and hemicellu-
lases are used to improve the running ability of paper
machines and enhance the deinking of recycled fibers (van
Wyk and Mohulatsi 2003; Bhat 2000; Subramaniyan and
Prema 2002).

Extracellular microbial enzymes have the potential to be
powerful tools for modifying cellulose (Rabinovich et al.
2002; Schulein 2000; Bhat 2000). Cellulases are the en-
zymes which hydrolyze the 3-1,4 linkages in cellulose. A
cellulosic enzyme system consists of three major compo-
nents: endo-f-glucanase (EC 3.2.1.4), exo-f3-glucanase
(EC 3.2.1.91), and (3-glucosidase (EC 3.2.1.21). The first
two enzymes act directly on cellulose, generating mainly
cellobiose and glucose as reaction products. The cellobiase
hydrolyze cellobiose to glucose. Endoglucanases and cel-
lobiohydrolases degrade soluble cellodextrins and amor-
phous cellulose. However, it is only the cellobiohydrolases
that degrade crystalline cellulose efficiently.

To date, many studies on the action of cellulases or pu-
rified cellulases on the cellulose revealed that the enzymes
degrade cellulose (Gan et al. 2003; Bhat 2000). Thus, the
effect of extracellular microbial enzymes on properties of
cellulose need further study. The aim of the present study
was to investigate if the treatment of cellulosic materials
with different enzymes would improve the alkaline solu-
bility or be highly reactive of them.

Materials and methods
Dissolving pulp

The dissolving pulps were obtained from eucalyptus
(hardwood) in Brazil and fir (softwood) in Canada. The
linter pulp was obtained from Baoding Swan Co., Ltd. in
China. The characteristics of the materials are presented in
Table 1. Prior to enzymatic treatments, the materials were
disintegrated in an apparatus at respective consistency and
agitated with 3,000 rpm for about 1 h.
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Table 1 Characteristics of

the materials Materials DP  o-cellulose Ash content Fe Alkali absorption Swelling
(%) (%) (ppm) velocity (mm/5 min) capacity (%)
Linter pulp 971 983 0.06 9 41x40 237
Hardwood pulp 806  96.2 0.03 11 41x40 350
Softwood pulp 756 92.8 0.09 7 35%33 408

Enzymes

Crude cellulase was derived from Humicola insolens. The
monocomponent endoglucanase was prepared and purified
from a genetically modified Aspergillus microorganism.
The monocomponent cellobiohydrolase was prepared and
purified from H.insolens. Xylanase prepared from a mod-
ified Bacillus sp. Mannase was purified from 7richoderma
reesei.

The activities of enzymes are shown as international
units (IU), in which one unit of activity is defined as the
amount of enzyme required to liberate 1 pumol of product
per minute.

The endoglucanase (CMCase), xylanase, mannase, and
filter paper activities were measured on carboxymethyl-
cellulose (1% CMC, Sigma), xylan (1% birthwood xylan,
Sigma), galactomannan (1% local bean, Sigma), and filter
paper (No. 1 Whatman), respectively, using methods de-
scribed previously (Sharrock 1988; Wood and Bhat 1988).

The amount of reducing sugar release was estimated by
the dinitrosalicylic acid method, with glucose as a standard.
(Wood and Bhat 1988).

Enzymatic treatment of pulp

The enzyme concentration added to the pulp treatments
was based on the mass of oven-dry pulp. All enzyme
treatments were incubated at 50°C under continuous agi-
tation at 175 rpm and at respective pulp consistency in 50
mM phosphate buffer (pH 7.0), but mannase treatment was
in acetic acid and sodium acetate buffer (pH 5.0). Boiling
for 15 min to inactivate the enzyme terminated reactions.
Control pulp treatments were run in parallel under similar
conditions, except that no enzyme was added.

Analyses of pulp

The viscosity and characteristics of the pulp were mea-
sured according to the related methods of the Internation-
al Standards Organization (ISO)/TC6 (5351/1, 1762,535).
The carbohydrate composition of the samples was ana-
lyzed by high-performance liquid chromatography (HPLC)
after acid hydrolysis (Olkkonen et al. 2000).

Determination of the degrees of polymerization (DP )

The degrees of polymerization were measured viscosimet-
rically in CuEn (copper ethylene diamine solution), and
the obtained intrinsic viscosities were converted into the
respective values of DP in the following equation (Brown
and Wikstrom, 1965):

—=50.905

DpP = 0'75[n]CuEn (cm3gil)'

Alkaline solubility of the pulp

The solubility of the reference and enzyme-treated pulps
was determined by a modification of the method. The pulps
were dissolved under vigorous stirring (1,500 rpm) in 9%
(wt.) sodium hydroxide at —5°C at 5% pulp consistency for
3 h. Thereafter, the solutions were centrifuged at 1,000xg
for 10 min. The dissolved part was discarded, and the
undissolved part was washed with 9% sodium hydroxide
and centrifuged at 1,000xg for 10 min. The washed cel-
lulose was treated with 3% hydrochloric acid and then
washed with deionized water in ceramic sinter. The sol-
ubility (S) of cellulose was calculated from the following
equation (Cao and Tan, 2002):

S=(W-Wy)/Wx100%, where

W is the weight [dry weight (dw)] of enzymatically treated
or control cellulose sample, and

Wy is the weight (dw) of undissolved cellulose.

Determination of the degree of crystalline of cellulose

The crystalline structure of the cellulose component, which
was obtained under both control and enzymatic treatments,
was measured by X-ray diffraction. After freeze-drying,
two slices of pulp were prepared by pressing from every
sample and tested for reproducibility. Samples were scanned
and recorded using the D/max-2400 X-ray diffractome-
ter (RIGAKU) with a D-5000 rotating anode X-ray genera-
tor from10 to 40 of 20 (scattering angle), using Cu/Ka
radiation generated at 30 mA and 40 kV.
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The crystalline indices of cellulose samples were cal-
culated from the X-ray diffraction patterns by the following
equation (Rogovina et al. 1989):

Xe = (Iooz — Lam) /To02 * 100%,

where

Ipp> is the peak intensity from the (002) lattice plane
(26=22.6°), and
I, 1s the peak intensity of amorphous phases (26=19.0°).

Apparent crystallite size (ACS) was estimated through
use of the Scherrer equation (Yen and Mo, 2001):

ACS = 0.89 % 1/Bcosb,

where

A is the wavelength of the incident X-ray (1.5418A),

0 is the Bragg angle corresponding to the (002) plane,
and

3 is the half-height width of the peak angle of the 002
reflection.

Fourier transform infrared spectra spectroscopy

Fourier transform infrared spectra (FTIR) were obtained
with a PerkinElmer 2000 FTIR system spectrometer. The
wave number range scanned was 4,000-350 cm ', After
milling, the powder of the samples was compacted into
KBr disks and analyzed.

Determination of cellulose accessibility

In the heterogeneous phase, the chemical reactions are
influenced by the accessibility of the reagents to cellulose.
The IR spectroscopy method was used for the determina-
tion of cellulose accessibility (Kamide 2001):

A = T1429/1303,

where

Iy 479 1s the intensity of the band at 1,429(cm7] (CH2
scissoring), and

Igo; is the intensity of the band at 893(cm ! (asymmetric
out-of-phase ring stretching).

Result and discussion
Enzymes activities
Before evaluating the enzymes for their potential to modify

the pulp properties, the enzymes were assessed for their
ability to hydrolyze standard substrates (Table 2). Crude

Table 2 The specific activity of enzymes

Enzymes CMCase Mananase Xylanase Filter paper
(IU/mg)  (IU/mg) (IU/mg)  (IU/mg)
Cellulase 2.07 Bdl 63.2 0.21
Endoglucanase 1.57 Bdl 0.12 Bdl
Cellobiohydrolase 0.06 Bdl Bdl Bdl
Xylanase 0.5 Bdl 847 Bdl
Mannase 0.05 87 Bdl Bdl

Bdl Below detection limit

cellulase contains high levels of xylanase activity. The
endoglucanase also contains low, but significant, levels of
xylanase activity. The mannase and xylanase contain very
low levels of CMCase activity.

Effects of materials on the DP and alkaline solubility
of the pulps

The changes of the viscosity average degree of polymer-
ization (DP ) and alkaline solubility of the samples are
shown in Table 3. After treatment with cellulase and
endoglucanase, the DP of the hardwood pulp and the
softwood pulp decrease rapidly, and alkaline solubility
increased observably. The DP values of linter show a
slight decrease, but an insignificant change in alkaline
solubility is observed. The treatments with endoglucanase
bring out a lower DP and a higher alkaline solubility than
the treatment with cellulase for all samples. The results
indicate that wood pulp is effectively treated by enzymes in
the view of the changes in the DP and alkaline solubility.

Effects of enzymes on the DP and alkaline solubility
of the pulp

Both endoglucanase and crude cellulase decrease the DP
of cellulose and improve the alkaline solubility, even at low
enzyme dosages, as seen in Table 4. Cellobiohydrolase has
a less pronounced effect on the DP and alkaline solubility.
The observed changes in the DP and alkaline solubility

Table 3 The DP and alkaline solubility of the pulps with enzymatic
treatment

Linter Hardwood Softwood
Enzyme DP S (&) DP S (&) DP S (%)
Cellulase 786 18 626 31 584 52
Endoglucanase 739 25 585 39 549 58
Control 968 8 802 18 753 21

The treatments of cellulose were performed at 3% substrate
consistency at 50°C for 2 h, with dosage of the enzymes at 2.5 mg/g
pulp (dw)
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Table 4 DP and alkaline solu-

bility of the softwood pulp with Enzyme Cellulase Endoglucanase Cellobiohydrolase

enzymatic treatment Dosage (mg g ')  0.10 050 250 0.0 050 250 0.0 050  2.50
DP 706 645 566 686 590 483 745 714 672
S (%) 27 39 55 32 50 70 22 27 34.5
Enzyme Xylanase Mannase Control
Dosage (mg g ') 5.00 5.00 0.00

The treatments of cellulose were pDp 753 753 753

performed at 3% substrate con- S (%) 21 1 1

sistency at 50°C for 2 h

were in keeping with the specific activities of CMCase of
endoglucanase and cellobiohydrolase. Table 4 shows the
DP decrease with the increase in enzyme dosage. The im-
provement of alkaline solubility accords with the decrease
in the DP of cellulose.

However, as was expected, the DP of the samples are
not affected by the xylanase and mannase treatments. The
alkaline solubilities of the pulps are also unaffected in the
xylanase and mannase treatments from Table 4. This is in
accordance with the results of many studies (Rahkamo
et al. 1998a,b; Rahkamo et al. 1996).

Effects of enzyme hydrolysis on the DP and alkaline
solubility of the pulp

Figure 1 shows the decrease in the DP of cellulose treated
with cellulase, endoglucanase, and cellobiohydrolase. Every
curve has a different characteristic. In the experiments
with cellobiohydrolase, the decrease in DP is limited to
15%. In the case of endoglucanase, cellulose was hydro-
lyzed strongly at the beginning, with a slow up to some
degree in the hydrolysis as time increases. In the treatment
with cellulase, the decrease in DP is moderate in the be-
ginning of the degradation of cellulose and afterwards be-
come lower.

The changes of cellulose under the enzymatic treatment
were caused by the mechanism of its hydrolysis. Cello-

400.0
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Fig. 1 Effect of enzymes on DP of the pulp. m indicates endoglu-
canase; 4, cellulase; and A, cellobiohydrolase. Dosage of the en-
zymes is 2 mg/g pulp (dw) and substrate concentration is 3%

biohydrolase does degrade cellulose by an endwise one,
therefore causing only a slight diminution of DP . On the
contrary, endoglucanase cleaves the cellulose chains sta-
tistically, provoking a relatively strong degradation. The
crude cellulase is a multicomponent enzyme and comprises
the two enzymes, which act synergistically.

After enzymatic treatment, the alkaline solubility of the
samples was investigated. As seen in Fig. 2, endoglucanase
is found to be the most efficient in improving the alkaline
solubility among the enzymes. Endoglucanase improves
strongly the alkaline solubility just in the beginning of the
treatment, and the improvement of the alkaline solubility
stops in some degree of hydrolysis. However, cellobio-
hydrolase has a less pronounced effect on the alkaline
solubility. It is found that the alkaline solubility of the
samples increase rapidly with the addition of the treatment
time within 5 h, and the enzymatic treatment time has a
little effect on the alkaline solubility over 6 h.

Effect of pretreatment before enzymatic treatment
on the DP and alkaline solubility of the pulp

Before enzymatic treatment, the pulp was disintegrated
under vigorous stirring (3,000 rpm) for 1 h. The necessity
of the pretreatment of pulp before enzymatic treatment is
shown in the results presented in Table 5. Some additives
for improving the mechanical pretreatment of the pulp were
also used (Table 5). It was found that alkaline solubility of

Alkaline Solubility, %

Time, hr

Fig. 2 Effect of enzymes on alkaline solubility of the pulp. Symbols:
m, Endoglucanase. ¢, Cellulase. A, cellobiohydrolase. Dosage of the
enzymes: 2 mg/g pulp (dw). Substrate concentration: 3%
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Table 5 Influence of mechanical pretreatment on the properties of
the softwood pulp

Pretreatment Original Cellulase treatment*

No No Poly (ethoxy

mechanical additives alkylamine)
DP 756 745 584 584
Alkaline 10 10 52 62

solubility (%)

The treatments of cellulose were performed at 3% substrate
consistency at 50°C for 2 h, with dosage of the enzymes at 2.5 mg/g

pulp (dw)

the dissolving pulp was enhanced, while the viscosity was
similar by adding poly(ethoxy alkylamine). As a nonionic
surfactant, it contains many polar groups and is water-
soluble. The poly(ethoxy alkylamine) can permeate pulp
and activate cellulose. Pretreatment of pulp should be one
of the key factors for alkaline solubility of the cellulose,
and the function of poly(ethoxy alkylamine) is to reduce
surface tension, improve cellulose surface spreading and
sticking, and enhance alkaline solubility.

It is known that there are three processes before the
enzymatic hydrolysis of cellulose: the diffusion of enzyme
in the liquid, the transference of enzyme from liquid to the
surface of substrate, and the enzymatic absorption of
cellulose and the form of the enzyme—cellulose complex.
The sample, without disintegration, hinders the transfer-
ence of enzyme so that the enzyme does not sufficiently
touch the substrate. Finally, it affects the hydrolysis of
cellulose.

Effect of enzymatic treatment on the crystal structures
of cellulose

Figure 3 shows typical X-ray diffraction intensity profiles
of the original and the hydrolyzed cellulose samples. For
softwood cellulose by enzymatic treatments with cellulase
and endoglucanase, the peak for the plane (002) (26=22.5°)
in the intensity profiles of all the treated cellulose becomes
sharper than that of the original samples, and the shoulder
of the peak around 26=20° has a tendency to increase in
intensity. It shows that the enzymes preferentially attack the
crystal planes (002) for cellulose I in Fig. 3. These results
indicate that the number of small crystallites decreases
during enzymatic hydrolysis. The separation of the two
peaks observed at 20=14.7° and 16.3° [(10I) plane] be-
comes better for softwood cellulose by enzymatic treat-
ments with cellulase and endoglucanase. It is found that
the crystallinity of samples was not affected by the xy-
lanase or mannase treatment.

The crystallinity index and the ACS of cellulose in-
creased during hydrolysis in Table 6. The increase in the

10 20 30 40
28, °

Fig. 3 Effects of the different enzymatic treatments on cellulose
(softwood) crystallinity [The enzymatic treatments of cellulose were
performed at 4% substrate consistency at 50°C for 4 h, with dos-
age of the enzymes at 2.5 mg/g pulp (dw)]. a indicates xylanase;
b, mannase; ¢, cellulase; d, endoglucanase; and e, control

crystallinity index and that in ACS of cellulose are good
evidence that the amorphous portion of the cellulose was
more readily and quickly hydrolyzed than the crystalline
portion. The crystallinity of cellulose was not affected by
the xylanase or mannase treatments, but cellulase has the
most pronounced effect on the crystallinity of cellulose.

Comparing with the ball-milling method, which can
transform the crystalline of cellulose (Ago et al. 2004;
Stubicar et al. 1998), both endoglucanase and cellulase
decrease the DP of cellulose and increase the crystallinity
of partially crystalline cellulose.

Table 6 The crystallinity index and ACS of softwood cellulose
with enzymatic treatment

Enzyme Cellulase Endoglucanase Xylanase Mananase Control
Crystallinity 80.41 75.62 71.5 70.5 70.74

index (%)

ACS (nm) 6.52 5.74 5.1 5.0 5.02

The treatments of cellulose were performed at 4% substrate
consistency at 50°C for 4 h



Fig. 4 FTIR of cellulose
(hardwood) with treatment of
enzymes. (The treatments of
cellulose were performed at 3%
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substrate consistency at 50°C \ \ W,
for 2 h with dosage of the \ M
enzymes at 2.5 mg/g pulp (dw). b v
a indicates control; b, xylanase; R
¢, mannase; d, cellulase; and a =
e, endoglucanase V |
')
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Effect of enzymatic treatment on the molecular
structures of cellulose

All the FTIR spectra in Fig. 4 indicate that enzymatic
treatments have some effects on the structure of cellulose.
The FTIR spectra show characteristic cellulose peaks
around 1,000-1,200 cm'. The band near 1,160 cm ' is
representative of the antisymmetric bridge stretching of
C-0O-C groups in cellulose and hemicellulose, and the
band near 1,318 cm ™' could be ascribed to CHz—wagging
vibrations in cellulose and hemicellulose. The §93-cm ™
band, which is characteristic for anomere C-group defor-
mation and ring valence vibration, especially in hemi-
celluloses (Baeza and Freer 2001), was reduced after
enzyme treatment. There was also a substantial reduction in
the band at 1,635-1,640 cm ™', which has been attributed to
C=0 groups.

The bands near 3,400 cm ' are representative of OH
vibrations. The band of OH vibrations is wide and moves to
a lower wavenumber (3,370 cm ') because of intermolec-
ular and intramolecular hydrogen bonds. After the enzy-
matic hydrolysis, the bands near 3,400 cm ' became
narrow and moved to a high wavenumber (3,400 cm ).
There is good evidence that a portion of the hydrogen

Table 7 Accessibility of the softwood pulp with enzymatic
treatment

Enzyme Control Xylanase Mannase Cellulase Endoglucanase
Accessibility 1.41 1.40 1.398 1.536 1.713

DP 753 753 753 566 483

Alkaline 21 21 21 55 70

solubility (%)

The treatments of cellulose were performed at 3% substrate
consistency at 50°C for 2 h, with dosage of the enzymes at 2.5 mg/g

pulp (dw)

Bl
‘Wavenumber, cm

bonds are broken in the enzymatic hydrolysis. Such an
effect leads to an improvement on the alkaline solubility of
the pulp while the crystalline index increases. However,
there are no varieties in the treatment with xylanase and
mannase in Fig. 4.

In Table 7, the cellulose accessibility increases in the
enzymatic hydrolysis with crude cellulase and endogluca-
nase. The improvement of alkaline solubility accords with
the increase in the accessibility of cellulose. However, the
accessibility of the samples is not affected by the xylanase
and mannase treatments. It shows that crude cellulase and
endoglucanase treatments improve the chemical activity of
cellulose because enzymatic hydrolysis decreases the DP
of cellulose and breaks a portion of the hydrogen bonds in
cellulose.

Effects of structural properties of cellulose
on alkaline solubility

It shows that there are no obvious differences in carbohy-
drate compositions of the original sample and the dissolved
part of samples from Table 8. It found the correlation
between the decrease in DP and the alkaline solubility in
Fig. 5. At least, in part corresponding to such a DP

Table 8 Carbohydrate composition (% dry weight) of the samples

Samples Original Dissolved part

Glucose Xylose Mannose Glucose Xylose Mannose
Linter pulp  98.2 1.5 0.3 98.0 1.7 0.3
Hardwood  97.4 22 0.4 95.6 39 0.5
pulp
Softwood 932 39 29 92.5 43 32
pulp
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Fig. 5 Relationship of alkaline solubility and decrease of DP. m indi-
cates endoglucanase; ¢, Cellulase; and A, cellobiohydrolase. Dosage
of the enzymes is 2 mg/g pulp (dw), and substrate concentration is 3%

decrease, alkaline solubility increases from about 20 to
over 90%. A portion of the Hydrogen bonds was broken in
the enzymatic hydrolysis. It is one of the key factors for
improvement on the alkaline solubility of the pulp. In terms
of the old and plausible concept (Elias 1984; Yen and Mo
2001), the solubility or swelling ability of polymer is
controlled by the crystallinity. But it does not clarify an
improvement on the alkaline solubility of the pulp while
the crystalline index is increasing (Table 6). Thus, the
improvement in the alkaline solubility is caused by the
decrease in DP and hydrogen bond because of enzymatic
hydrolysis.

Conclusions

The enzymes were assayed and used to modify the
cellulose materials. We have examined the effects of
enzymatic hydrolysis on the viscosity average degree of
polymerization DP , solubility towards aqueous alkali so-
lution, the crystalline, and the variety of hydrogen bonds
analyzed by X-ray and FTIR spectra. The following
conclusions can be summarized briefly from this study:
(1) The softwood pulp is more effectively treated by
enzymes in view of the changes in the DP and alkaline
solubility. (2) Both endoglucanase and cellulase decrease
the DP of cellulose and improve the alkaline solubility of
cellulose at low-enzyme dosages, but cellobiohydrolase
has a less pronounced effect on the DP and the alkaline
solubility. Xylanase and mannase have no effect on the DP
and the alkaline solubility. (3) The crystallinity of partially
crystalline cellulose increases, and the number of small
crystallites decreases during the hydrolysis with endoglu-
canase and cellulase, using X-ray analysis. (4) Hydrogen
bonds of OH groups were partly broken by the treatment
with enzyme. (5) The cellulose accessibility increases in
the enzymatic hydrolysis with crude cellulase and endo-
glucanase. (6) The improvement in the alkaline solubility is
caused by the decrease in DP and hydrogen bond because
of enzymatic hydrolysis.
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