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Abstract
In this study, suitability of xylano-pectinolytic enzymes in pulping of wheat straw has been explored. The suitable biopulping
conditions were optimized, with xylanase dose of 400 and pectinase dose of 120 IU/g wheat straw, 1:10 (g/ml) material to liquid
ratio, 55 °C temperature, 3 h treatment time, 0.75% Tween 80 and pH 8.5. Enzymatic pretreatment efficiently increased the
pulpability of wheat straw, generated pulp with higher yield, lower kappa number (15.67%) and rejections (59.65%) in compar-
ison with chemical pulp. The brightness of pretreated wheat straw pulp with enzyme was 16.04% higher than that of the non-
enzyme treated wheat straw pulp. The biopulping resulted in 12% reduction of pulping chemicals along with more residual alkali
content, in order to achieve similar optical and chemical properties as obtained by 100% chemically treated pulp. Physical
properties of pulp also improved after enzymatic pretreatment, increasing burst index (26.50%), tear index (18.22%) and
breaking length (5.56%). The enzyme plus chemical (88% pulping chemicals) treated pulp showed improvement in brightness
and whiteness, with reduction in yellowness at all bleaching stages. In comparison with chemically bleached pulp, biopulp with
reduced alkali dose (88%) had higher breaking length (6.63%), double fold number (51.28%), tear index (2.83%), burst index
(24.31%), along with increased viscosity (6.12%) and Gurley porosity (27.50%). These results clearly suggest that biopulping of
wheat strawwith xylano-pectinolytic enzymes can reduce chemical loading during soda-anthraquinone pulping and also improve
the quality of paper. This is the first report demonstrating the biopulping of wheat straw using crude xylano-pectinolytic enzymes.
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Introduction

Increasing public awareness towards the effect of pollution
and the associated need for environmental protection has in-
creased interest in the use of renewable lignocellulosic bio-
mass. Large quantity of agrowaste from non-woody plants,
such as wheat straw, is generated annually worldwide, which
can be a long-term substitute to well-established wood fibre
feedstock for paper production (Fang and Shen 2018). The

ever expanding demand of worldwide market and ecological
contemplations will presumably prompt the utilization of rap-
idly growing annual fibres. Moreover, an approach based on
the utilization of agrowaste would not require much capital
investment. Wheat (Triticum aestivum) is one of such biomass
species, which is grown worldwide for staple food purpose.
Wheat straw comprises cellulose (31–44%), xylan (18–20%),
lignin (16–24%), pectin, and ash (Carvalheiro et al. 2009).
Wheat straw has currently taken position as an important feed-
stock for the production of paper and pulp, and soda-
anthraquinone (AQ) process is one of the key pulping tech-
niques in the paper and pulp sector for manufacturing of pulp
from wheat straw. Due to increasing environmental pressures
in recent times, it has become important to look for alternative
eco-friendly approaches to mitigate wastewater emissions
from bleaching and pulping plants in paper industry, by mak-
ing more stringent regulations to improve environmental con-
servation. Such pressures have led to the development of
many strategies and methods designed for enhancing the
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pulping process and decreasing lignin portion entering the
pulp plant. Reducing the kappa number of the pulp by improv-
ing the efficacy of the pulping technique will result in a sig-
nificant decrease in the quantity of chemical compounds re-
quired for pulp bleaching and a subsequent reduction in the
pollutants released (Segura et al. 2016). Lignocellulosic bio-
degradation has been increasingly emphasized and a great
deal of attention has been paid to the development of new
environmental friendly technologies for the processing of pulp
and paper. Enzymatic pretreatment has been observed to en-
hance the dissemination of sodium hydroxide in both soft-
woods and hardwoods and also improve traditional wood chip
pulping as well as pulp uniformity (Woldesenbet et al. 2012).
Manufacturers use enormous quantity of chemicals in tradi-
tional papermaking processes, which ultimately creating toxic
waste water disposal problems (Ayyachamy and Vatsala
2007; Verma and Satyanarayana 2013). The focus of research
nowadays is to determine the effectiveness of enzymes in the
processing of lignocellulosic biomass before chemical pulping
and the effect of this process on the final properties of pulp. It
has been reported in the literature that the enzymatic pretreat-
ment improves traditional chemical pulping and also increases
the degree of delignification (Liu et al. 2017a).

The aim of this work was to examine the potential of
xylanase and pectinase pretreatment in wheat straw soda-AQ
pulping. This type of work has not been reported in the liter-
ature until date.

Materials and methods

Materials

The microbial strain used for this study was Bacillus pumilus
AJK (MTCC 10414), producing xylanase and pectinase en-
zymes concurrently in the same production media. The wheat
straw samples were collected from local fields of Kurukshetra,
India and washed with water, dried overnight, until consistent
weight was obtained. Birchwood xylan and pectin were pur-
chased from Sigma (USA). Other chemicals used were pur-
chased from Himedia (India).

Enzyme production and activity estimation

Production of xylanase and pectinase enzymes was done
under submerged fermentation condition using the proto-
col, as given by Kaur et al. (2017). The xylanase and
pectinase activity was determined by measuring the release
of reducing sugars (xylose equivalent) and (galacturonic
acid equivalent), respectively after enzyme-substrate reac-
tion using 3,5-dinitrosalicylic acid (Miller 1959). Enzyme
activity assays were performed by the protocol as de-
scribed by Kaur et al. (2010).

Biopulping

Before chemical pulping, wheat straw samples were treated
with the crude xylano-pectinolytic enzymes. Xylanase and
pectinase pretreatment conditions were optimized with differ-
ent material to liquor ratio (1:5–1:20 g/ml) and xylanase-
pectinase enzyme dosage ranging from 20 to 500 and 6 to
150 IU/g wheat straw, respectively. Similarly, the pH of the
biopulping media varied from 7.5 to 10.0, treatment tempera-
ture ranging from 45 to 65 °C and treatment time varying from
60 to 360 min, were also optimized in order to check the
efficiency of xylano-pectinolytic enzymes on pulping. The
wheat straw particle size was kept nearly 2 mm. To improve
the pulping ability of these enzymes further, various concen-
trations of Tween-80 (0.1–2.0%) were also optimized. For the
control experiments, enzymes were inactivated by boiling and
then parallel used for the biopulping studies. After each enzy-
matic treatment, the wheat straw samples were washed with
water thrice in order to remove the components of the enzy-
matic media and dried at 45 °C. All tests were conducted in
triplicates.

Chemical pulping

Wheat straw pulping experiments were conducted in an oil
bath rotating digester using the following conditions: alkaline
load parameter (13.6–16%), period taken to attain maximum
temperature 90 min, holding time at maximum temperature
20 min, maximum temperature 160 °C, 0.05% anthraquinone
and liquor to wheat straw ratio 4:1 (v/w).Wheat straw samples
were pulped with variable doses of NaOH (13.6% to 16%) in
order to study the reduction in amount of pulping chemicals
required after enzymatic pulping. After cooking, the residual
NaOH content (TAPPI T625 cm-14 2014), kappa number of
the pulp samples (TAPPI T236 om-99 2004), total solids and
pH of spent black liquor were determined. The pulp samples
were washed thoroughly with tap water and screened with a
laboratory flat screen. Parameters such as unscreened pulp
yield, rejects, screen pulp yield and pulp brightness were also
checked.

Bleaching of biotreated and chemically treated wheat
straw soda-AQ pulps

After pulping, the control (100% chemicals) and enzymatical-
ly pretreated samples with 12% reduced chemical dose were
bleached using conventional bleaching series DoEPD1D2,
where Do, D1 and D2 denote for chlorine dioxide stages and
EP denotes for alkali peroxide bleaching stage. The chlorine
dioxide dose was optimized at the various kappa factors by
using equation, as given by Hise (1996). After completion of
each bleaching stage, bleached pulp liquor was analysed to
determine the percentage of ClO2 consumption. The pulp
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samples were washed at each point and the optical properties
and kappa number were analysed.

Handsheet formation and testing

Using TAPPI T205 sp-02 (2002), both control and enzymat-
ically pretreated pulp samples were used to make handsheets
after completion of pulping and bleaching stages. These
handsheets were used to measure optical parameters such as
brightness, yellowness and whiteness using method TAPPI
T217 wd-77 (2004) and physical properties like burst index
(TAPPI T403 om-10 2010), breaking length (TAPPI T494
om-01 2001), tear index (TAPPI T414 om-04 2004), viscosity
(TAPPI T230 om-99 1976), double fold number (TAPPI
T511 om-02 2002), pulp freeness (SCAN-C 19:65 1999)
and Gurley porosity (TAPPI T460 om-02 2002).

Microscopic analysis of biopulped wheat straw

Untreated and enzymatically treated wheat straw samples
were also microscopically analysed.

Results and discussion

Optimization of biopulping process

The operational conditions which affect on the efficiency of
soda-AQ biopulping were optimized. Biopulping is affected
by different parameters like material to liquor ratio, enzyme
dose, pH, temperature, treatment time and use of surfactants.
To get the final optimized conditions, evaluation of
biopulping was done by measuring the reducing sugars in
biopulp free filtrates (Miller’s method 1959) and simulta-
neously measuring the absorbance of hydrophobic com-
pounds at λ 465 nm (Patel et al. 1993), lignin compounds at
λ 280 and 400 nm (Khandeparkar and Bhosle 2007) and phe-
nolic compounds at λ 237 nm (Khandeparkar and Bhosle
2007). Biopulping efficiency at 10% wheat straw consistency
was found to be maximum (Table 1). Maximum sugar release
and enhanced UV absorption characteristics were achieved at
pH 8.5 (Table 1). Xylanase dosage of 400 IU and pectinase
dosage of 120 IU showed maximum efficacy after a treatment
temperature of 55 °C and 180 min treatment time (Table 2).
Enzyme dose beyond these value and enzyme booster doses
did not enhance efficiency of biopulping (Table 2). No report
on biopulping of wheat straw is available in the literature for
comparison purpose. Liu et al. (2017a) used material to liquid
ratio 1:7 (Kg/L), temperature 55 °C, initial pH 9.0, pectinase
dosage 60 IU/g of oven-dried bagasse and total time 60 min
for biopulping of sugarcane bagasse. Tween 80 at a concen-
tration of 0.75% (v/v) was adequate to release maximum
sugars from wheat straw (Table 3). Under the optimum

conditions, the enzymatic pretreatment released reducing
sugars 10.462 + 0.05 mg/g of oven-dried wheat straw, with
UV-visible absorbance (at 10 times dilution) of 0.9962 (at λ
237 nm), 0.9061 (at λ 280 nm), 0.2806 (at λ 400 nm) and
0.0958 (at λ 465 nm), respectively (Table 3).

Microscopic pictures of raw and enzymatically treated
wheat straw samples also supported the effectiveness of
biopulping with xylano-pectinolytic enzymes. The cell walls
of enzymatically hydrolysed wheat straw sample were found
disintegrated, indicating that the cell walls have been degraded
by the enzymes. The surface of raw samples was relatively
smooth and showed no destruction as compared with enzy-
matically treated samples (Fig. 1).

Comparison of chemical pulping and bio-chemical
pulping

Wheat straw samples treated with xylano-pectinolytic en-
zymes resulted in 12% reduction in pulping chemicals (alkali
dose) along with 7.60% higher pulp yield and 12.69% lower
total solids as compared with chemical pulp (100% alkali
dose) (Table 4). Residual alkali content was also higher in
biopulped samples. Liu et al. (2017b) have reported 1% de-
crease in alkali charge, after chemical pulping of pectinase-
treated sugarcane bagasse as compared with non-enzyme-
treated bagasse. This biopulping process using xylano-
pectinolytic enzymes makes the process environmentally
friendly. The explanation for reducing alkaline usage to 88%
relative to the control is the synergistic activity of xylanase
and pectinase, which break the xylan and pectin present in the
wheat straw fibre and increase the passage of pulping
chemicals into the wheat straw lignin layer.

Enzymatic treatment of wheat straw resulted in 15.67%
reduction in kappa number over control (non-enzyme
treated) after pulping (Table 4). The enzymatic treatment en-
hanced delignification efficiency, as it increased the porosity
of wheat straw, which facilitated the diffusion and percolation
of chemicals into wheat straw and the extraction of degraded
lignin during successive chemical pulping. Kappa number of
pectinase pretreated sugarcane bagasse was lowered by 17.8%
after pulping as compared with control (Liu et al. 2017b).

The brightness and residual alkali increased by 16.04% and
2.538-fold, respectively, and rejects decreased by 59.65%, in
enzyme plus chemically treated pulp as compared with chem-
ical pulp (Table 4).

The breaking length, burst index and tear index of pulp
treated with xylano-pectinolytic enzymes were increased by
5.55, 26.50 and 18.22% respectively, when compared with the
chemical pulp (100% alkali dose). The tensile index and burst
index are determined by the fibre average length and the level
of bonding. This indicates that the fibres from wheat straw
biopulp were probably having longer fibre average length
and were more bonded than the fibres from chemical pulp
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(100% alkali dose), leading to higher tear and burst indices of
a sheet. There was also an increase in viscosity and Gurley
porosity of enzyme plus chemically treated wheat straw pulp
by 5.76 and 7.69%, respectively After pectinase pretreatment,
physical strength of the sugarcane pulps was improved, such

as breaking length by 17.1%, burst factor by 16.5%, and tear
factor by 7.0% (Liu et al. 2017a).

After pulping, both enzyme plus chemical pulp (only 88%
alkali dose used) and chemical pulp (100% alkali dose used)
were subjected to bleaching. The enzyme plus chemical (88%

Table 1 Effect of material to liquor ratio (MLR) and pH on wheat straw biopulping

MLR (g/ml) pH Reducing sugars (mg/g) *Absorbance at wavelengths (nm)

237 280 400 465

MLR 1:5 control 8.5 1.217 + 0.01

1:5 test 8.5 2.305 + 0.02 0.3826 0.4327 0.0595 0.0324

Test-control 1.088 + 0.01
1:7.5 control 8.5 1.110 + 0.01

1:7.5 test 8.5 2.596 + 0.02 0.3949 0.4399 0.0763 0.0343

Test-control 1.486 + 0.01
1:10 control 8.5 0.938 + 0.01

1:10 test 8.5 2.853 + 0.02 0.4066 0.4659 0.0797 0.0349

Test-control 1.915 + 0.02
1:12.5 control 8.5 0.898 + 0.01

1:12.5 test 8.5 2.746 + 0.01 0.3893 0.4608 0.0782 0.0341

Test-control 1.848 + 0.02
1:15 control 8.5 0.875 + 0.01

1:15 test 8.5 2.643 + 0.01 0.3803 0.4600 0.0775 0.0338

Test-control 1.768 + 0.01
1:17.5 control 8.5 0.842 + 0.01

1:17.5 test 8.5 2.578 + 0.02 0.3778 0.4575 0.0766 0.0335

Test-control 1.736 + 0.02
1:20 control 8.5 0.785 + 0.01

1:20 test 8.5 2.470 + 0.02 0.3728 0.4557 0.0759 0.0331

Test-control 1.685 + 0.01

Buffer pH 1:10 7.5 control 1.495 + 0.01

1:10 7.5 test 2.518 + 0.01 0.2186 0.3510 0.0413 0.0199

Test-control 1.023 + 0.01
1:10 8.0 control 1.461 + 0.01

1:10 8.0 test 2.901 + 0.02 0.3519 0.4039 0.0561 0.0285

Test-control 1.461 + 0.01
1:10 8.5 control 1.512 + 0.01

1:10 8.5 test 3.366 + 0.02 0.4169 0.4785 0.0795 0.0390

Test-control 1.854 + 0.01
1:10 9.0 control 1.662 + 0.02

1:10 9.0 test 2.861 + 0.01 0.4065 0.4165 0.0687 0.0375

Test-control 1.199 + 0.01
1:10 9.5 control 1.603 + 0.01

1:10 9.5 test 2.676 + 0.02 0.3975 0.4098 0.0575 0.0310

Test-control 1.073 + 0.01
1:10 10.0 control 1.612 + 0.01

1:10 10.0 test 2.391 + 0.02 0.3185 0.3610 0.0465 0.0270

Test-control 0.779 + 0.01

These experiments were carried out at temperature (55 °C), enzyme dose of xylanase (100 IU) and pectinase (30 IU) and treatment time (6 h)

Control = no enzyme added, Test = enzyme added

*Absorbance was taken after 10 times dilution
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Table 2 Effect of different enzyme dose, temperature and retention time on wheat straw biopulping

Enzyme dose (IU/g of oven-dried ma-
terial)

Temperature
(°C)

Retention time
(min)

Reducing sugars
(mg/g)

*Absorbance at wavelengths
(nm)

Xylanase:pectinase 237 280 400 465

Enzyme dose Control (no enzyme added) 55 360 1.535 + 0.01

20: 6 55 360 2.071 + 0.02 0.1875 0.2819 0.0384 0.0251

Test-control 0.536 + 0.01

40: 12 55 360 2.336 + 0.02 0.1959 0.3171 0.0421 0.0281

Test-control 0.801 + 0.01

60: 18 55 360 2.868 + 0.02 0.2001 0.3751 0.0490 0.0301

Test-control 1.535 + 0.01

80:24 55 360 3.202 + 0.02 0.2101 0.4413 0.0551 0.0341

Test-control 1.667 + 0.01

100:30 55 360 3.460 + 0.03 0.2469 0.5662 0.0767 0.0376

Test-control 1.925 + 0.01

200:60 55 360 4.510 + 0.03 0.3415 0.6913 0.0918 0.0519

Test-control 2.975 + 0.02

300:90 55 360 6.243 + 0.04 0.3700 0.9542 0.1760 0.0781

Test-control 4.708 + 0.03

400:120 55 360 8.945 + 0.05 0.7708 1.1275 0.2430 0.1279

Test-control 7.410 + 0.05

500:150 55 360 8.900 + 0.05 0.6680 0.9751 0.2215 0.1113

Test-control 7.365 + 0.05

Booster dose (400:120) 55 360 2.412 + 0.03 0.1821 0.3012 0.0402 0.0267

Temperature 400:120 45 control 360 1.169 + 0.01

400:120 45 test 360 7.609 + 0.05 0.4816 0.2199 0.0753 0.0591

Test-control 6.440 + 0.05

400:120 50 control 360 1.486 + 0.01

400:120 50 test 360 8.371 + 0.05 0.6521 0.8387 0.1746 0.0893

Test-control 6.885 + 0.05

400:120 55 control 360 1.513 + 0.01

400:120 55 test 360 8.887 + 0.05 0.7864 0.9911 0.1997 0.0927

Test-control 7.375 + 0.05

400:120 60 control 360 1.641 + 0.01

400:120 60 test 360 8.154 + 0.05 0.4382 0.5615 0.1699 0.0751

Test-control 6.513 + 0.05

400:120 65 control 360 1.790 + 0.01

400:120 65 test 360 7.069 + 0.05 0.3159 0.2057 0.0934 0.0542

Test-control 5.279 + 0.04

Retention
Time

400:120 55 60 control 1.501 + 0.01

400:120 55 60 test 6.420 + 0.05 0.1232 0.6932 0.1091 0.0761

Test-control 4.910 + 0.04

400:120 55 120 control 1.521 + 0.01

400:120 55 120 test 8.064 + 0.06 0.4192 0.7821 0.1562 0.0819

Test-control 6.543 + 0.05

400:120 55 180 control 1.534 + 0.01

400:120 55 180 test 8.944 + 0.06 0.7612 0.9017 0.2471 0.1121

Test-control 7.410 + 0.05

400:120 55 240 control 1.540 + 0.01

400:120 55 240 test 8.947 + 0.06 0.7567 0.8162 0.2439 0.1009
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chemicals) treated pulp showed an improvement in brightness
and whiteness along with reduction in yellowness at all
bleaching stages (Table 5). In the D0EPD1D2 phase, increase

of 10.97% and 9.66% in brightness and whiteness respective-
ly, along with 14.93% decrease in yellowness observed after
alkali and H2O2 application. Kappa number was also

Table 3 Effect of Tween 80 on
wheat straw biopulping Tween 80 (%) Reducing Sugars (mg/g) *Absorbance at wavelengths (nm)

237 280 400 465

0.1 control 1.565 + 0.01

0.1 test 8.823 + 0.05 0.6921 0.5649 0.1672 0.0549

Test-control 7.258 + 0.04

0.25 control 1.777 + 0.01

0.25 test 9.797 + 0.06 0.7505 0.6115 0.2019 0.0741

Test-control 8.020 + 0.05

0.5 control 1.909 + 0.01

0.5 test 10.871 + 0.06 0.8063 0. 6902 0.2471 0.0832

Test-control 8.962 + 0.05

0.75 control 2.017 + 0.01

0.75 test 12.479 + 0.06 0.9962 0.9061 0.2806 0.0958

Test-control 10.462 + 0.05

1.0 control 2.191 + 0.01

1.0 test 12.212 + 0.06 0.9260 0.8520 0.2913 0.0842

Test-control 10.021 + 0.05

1.5 control 2.360 + 0.01

1.5 test 10.917 + 0.06 0.8405 0.7916 0.2669 0.0814

Test-control 8.557 + 0.05

2.0 control 2.503 + 0.01

2.0 test 9.779 + 0.06 0.7516 0.8023 0.2626 0.0802

Test-control 7.276 + 0.05

These experiments were carried out at pH 8.5, enzyme dose of xylanase (400 IU) and pectinase (120 IU), material
to liquid ratio g/ml (1:10), temperature (55 °C) and treatment time (3 h)

Control = no enzyme added, Test = enzyme added

*Absorbance was taken after 10 times dilution

Table 2 (continued)

Enzyme dose (IU/g of oven-dried ma-
terial)

Temperature
(°C)

Retention time
(min)

Reducing sugars
(mg/g)

*Absorbance at wavelengths
(nm)

Xylanase:pectinase 237 280 400 465

Test-control 7.407 + 0.05

400:120 55 300 control 1.545 + 0.01

400:120 55 300 test 8.940 + 0.06 0.6816 0.9213 0.2213 0.0999

Test-control 7.395 + 0.05

400:120 55 360 control 1.551 + 0.01

400:120 55 360 test 8.952 + 0.06 0.6816 0.9172 0.2137 0.0972

Test-control 7.401 + 0.05

These experiments were carried out at material to liquid ratio g/ml (1:10) and pH 8.5

Control = no enzyme added, Test = enzyme added

*Absorbance was taken after 10 times dilution
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decreased by 11.76%. Compared with chemical pulp (100%
alkali dose), enzyme plus chemical (88% alkali dose) treat-
ment of pulp increased brightness by 2.77%, whiteness by
6.93% and decreased yellowness by 33.15% after stage D1.

Similarly, enzymatic pulping led to a reduction of 11.39% in
yellowness, as compared with chemical pulp (100% alkali
dose) after stage D2, which clearly demonstrates the influ-
ence of xylanase-pectinase synergism in all stages of
bleaching, along with 4.42% reduction in the consump-
tion of ClO2 (Table 5). Pectinolytic pretreatment of

sugarcane bagasse under optimized conditions has led to
an increase of 5.5% in brightness, as compared with
chemically pulped bagasse (Liu et al. 2017a).

In order to study the effect of biopulping on physical prop-
erties of final bleached pulp, both biopulped with (12% re-
duced pulping dose) and chemically treated pulp samples
were compared after bleaching. In comparison with chemical-
ly treated pulp, biopulp with reduced alkali dose (88%) had
higher breaking length (6.63%), double fold number
(51.28%), tear index (2.83%), burst index (24.31%) along

Table 4 Properties of soda-anthraquinone pulp after biopulping treatment of wheat straw samples

Cooking conditions Chemical (without enzymes) Enzyme treated straw (biopulping + various concentration of pulping chemicals)

100% 100% 95% 90% 88% 85%

Alkali dose (%) 16 16 15.2 14.4 14.08 13.6

Anthraquinone (%) 0.05 0.05 0.05 0.05 0.05 0.05

Liquid to material ratio 4:1 4:1 4:1 4:1 4:1 4:1

Temperature (°C) 160 160 160 160 160 160

Heating time (min) 90 90 90 90 90 90

Holding time (min) 20 20 20 20 20 20

Unscreened pulp yield 61.2 + 0.42 64.7 + 0.43 65.2 + 0.46 65.4 + 0.45 65.8 + 0.46 66.0 + 0.47

Rejects (%) 0.57 + 0.04 0.23 + 0.02 0.32 + 0.03 0.38 + 0.03 0.56 + 0.04 0.73 + 0.06

Screened pulp yield
(%)

60.63 + 0.47 64.47 + 0.51 64.88 + 0.50 65.02 + 0.55 65.24 + 0.54 65.27 + 0.52

Pulp brightness (%
ISO)

39.9 + 0.29 46.3 + 0.34 43.8 + 0.32 41.1 + 0.29 39.9 + 0.28 39.1 + 0.27

Kappa number 13.02 + 0.15 10.98 + 0.11 11.55 + 0.12 12.96 + 0.13 13.0 + 0.12 13.54 + 0.13

Residual alkali (g/l as
NaOH)

2.6 6.6 5.2 4.5 3.8 3.2

Total solids (%) 13.4 13.0 12.3 12.0 11.7 11.5

pH (black liquor) 11.6 12.7 12.2 11.8 11.3 11.0

Physical properties Chemical pulping (without
enzymes)

Biopulping + 88% of pulping
chemicals

Freeness/°SR 22 + 0.20 24 + 0.22

GSM 60.4 + 0.72 60.6 + 0.73

Bulk 1.66 + 0.01 1.68 + 0.02

Breaking length (m) 3817 + 3.2 4029 + 4.3

Burst index (kN/g) 2.34 + 0.02 2.96 + 0.03

Tear index (mNm2/g) 6.53 + 0.06 7.72 + 0.07

Double fold number 38 + 1 40 + 1

Gurley porosity (s) 39 + 0.41 42 + 0.45

Viscosity (cP) 19.1 + 0.16 20.2 + 0.22

Fig. 1 Microscopic pictures of (i)
raw and (ii) enzymatically treated
wheat straw samples
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with increased viscosity (6.12%) and Gurley porosity
(27.50%) (Table 5). These results show that use of xylano-
pectinolytic enzymes prior to chemical pulping of wheat straw
reduces the consumption of alkali charge and also improves
the quality of the paper.

Conclusion

This research concludes that the xylano-pectinolytic pretreat-
ment has the potential to improve wheat straw soda pulping.
The pulp with better optical and physical properties, lower
rejects and kappa number could be generated, with decreased
effective alkali intake after enzymatic pulping treatment.
Xylanase and pectinase pretreated wheat straw samples had
greater ISO brightness, CIE whiteness and lower ASTM
yellowness after bleaching, with better strength properties

than the chemical pulp (100% alkali dose). Enzyme pretreat-
ment can therefore improve the efficiency of wheat straw
soda-AQ pulping, as it reduces the alkali consumption, pro-
ducing less toxic effluent with better quality paper; hence, this
approach may be adopted by paper and pulp industries for
dual benefit.
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Table 5 Properties of soda-
anthraquinone biopulp after
bleaching treatment

Parameters Pulping chemicals (100%) Biopulp + 88% of pulping chemicals

Chlorine dioxide (%) 100% 100%

Kappa number 13.02 + 0.14 12.96 + 0.12

ClO2 added (%) 1.33 1.33

ClO2 consumed (%) 1.24 1.25

Brightness (% ISO) 59.43 + 0.43 60.11 + 0.51

Alkali added (%) 1.8 1.8

H2O2 added (%) 0.5 0.5

Kappa number 3.4 + 0.05 3.0 + 0.04

Brightness (% ISO) 73.23 + 0.60 81.27 + 0.68

Whiteness (CIE) 55.82 + 0.46 61.21 + 0.50

Yellowness (ASTM) 14.66 + 0.24 12.47 + 0.21

D-1 (ClO2 added %) 0.8 0.8

ClO2 consumed (%) 0.74 0.72

Brightness (% ISO) 82.53 + 0.68 84.82 + 0.69

Whiteness (CIE) 71.84 + 0.63 76.82 + 0.62

Yellowness (ASTM) 7.15 + 0.06 4.78 + 0.04

D-2 (ClO2 added %) 0.3 0.3

ClO2 consumed (%) 0.28 0.19

Brightness (% ISO) 84.88 + 0.64 85.71 + 0.63

Whiteness (CIE) 79.72 + 0.62 80.74 + 0.64

Yellowness (ASTM) 4.30 + 0.03 3.81 + 0.03

Physical properties Pulping chemicals (100%) Biopulp + 88% of pulping chemicals

Freeness (oSR) 24 + 0.21 25 + 0.22

GSM 60.8 + 0.71 60.3 + 0.73

Bulk 1.62 + 0.01 1.67 + 0.02

Breaking length (m) 4541 + 3.9 4842 + 4.2

Burst index (kN/g) 2.88 + 0.03 3.58 + 0.04

Tear index (mNm2/g) 6.71 + 0.05 6.90 + 0.06

Double fold number 39 + 1 59 + 2

Gurley porosity (s) 40 + 0.42 51 + 0.47

Viscosity (cP) 9.8 + 0.10 10.4 + 0.11
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