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Abstract

This research was carried out with an objective to examine the efficacy of ultrafiltered xylano-pectinolytic enzymes in pulping of
sugarcane bagasse. Maximum biopulping was achieved with enzyme dose of xylanase (175 IU / g bagasse) and pectinase (75 IU /
g bagasse) at treatment period of 180 min. The temperature, pH, and bagasse to liquid ratio for biopulping experiments were kept
constant at 55° C, 8.5, and 1:10 (g/ml), respectively. The ultrafiltered biopulping improved chemical pulping, resulted in 25.11%,
9.17% increase in brightness, unscreened pulp production and 11.81, 59.50, and 49.14% decrease in total solids, rejections. and
kappa number, respectively. The bagasse biopulping also resulted in 15% decrease of alkali load to attain similar kappa number
and optical properties as obtained under 100% alkali dosage. Ultrafiltered biopulped-unbleached samples showed significant
increase in breaking length (13.55%), burst index (40.21%), tear index (19.04%), double fold (42.5%), Gurley porosity (28.21%)
and viscosity (13.37%) in comparison with non-enzymatically treated control pulp samples. In comparison with non biotreated-
bleached pulp samples, ultrafiltered biopulped-bleached samples also resulted in higher burst index (56.80%), breaking length
(17.38%), double fold (39.58%), tear index (3.38%), viscosity (30.68%), and Gurley porosity (52.50%). This environmentally
sustainable ultrafiltered biopulping approach for sugarcane bagasse has the potential to decrease the demand of chemicals,
ultimately pollution along with enhance the quality of paper.

Keywords Xylano-pectinolytic enzymes - Reducing sugars - Soda-anthraquinone pulping - Bleaching - Burst index - Breaking
length - Double fold - Viscosity - Tear index

Introduction researchers to look for suitable additional non-woody material

resources for pulp and paper manufacturing. In addition to
The market for pulp continues to grow rapidly across the  search for new raw materials, biodegradation of lignocellu-
globe. The boom in the paper production has shown no signs  losics has been steadily stressed (Fahmy et al. 2017), and
of slowing down, due to population explosion. It is expected =~ much focus has now been given to the development of new,
that the demand for raw material would surpass the supply of  eco-friendly technology for the production of pulp and paper
pulp, from highly limited forest resources. This has led the  (Bajpai 2015; Soderholm et al. 2019). The use of agro-waste
for the production of paper is an environment friendly ap-
proach (Sadh et al. 2018). Many types of non-wood lignocel-
lulosic farming by-products have been studied; the most
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cellulose, 22.5% xylan, and 20% lignin as structural polymers
(Ferreira-Leitdo et al. 2010; Kim and Day 2011). Mamaye
et al. (2019) reported that high cellulose, along with fiber
dimension characteristics, makes sugarcane bagasse suitable
for paper industry.

In pulp and paper industry, lignin removal by chemical
pulping and bleaching is done. Since these processes consume
large amounts of chemicals, the paper production is allied with
generation of large amount of pollution and consumption of
water (Hubbe et al. 2016). The effluents generated from the
paper industry contain many hazardous compounds like chlo-
rinated phenolic compounds, resins acids, phenolic carboxylic
acids, and hydrocarbons (Tripathi et al. 2020). The paper in-
dustry has been consistently looking for eco-friendly biologi-
cal substitute, for chemicals used in the paper making process,
in order to reduce consumption of pulping chemicals and also
to get better quality pulp. The alternative and environmental
friendly approach for pulping with bacterial enzymes can be
used to improve the quality of paper as well as to reduce
environmental pollution. Process of making pulp using
ultrafiltered xylano-pectinolytic enzymes can be useful bio-
technological approach. Biopulping shows the future direction
of development of sustainable pulping technology.

In this study, emphasis was on the use of ultrafiltered
xylano-pectinolytic treatment prior to chemical pulping of sug-
arcane bagasse, with an aim to reduce toxic pulping chemical
consumption along with production of better quality paper.
This type of work has not been reported in the literature till date.

Materials and methods
Microorganism and other materials

In this investigation, the bacterial strain Bacillus pumilus AJK
(MTCC Accession No. 10414) was used for simultaneous
production of xylano-pectinolytic enzymes. All chemicals
used in this work were of analytical reagent grade. Agro-res-
idues, such as citrus peel and wheat bran used for enzymes
production, were procured from local market. The sugarcane
bagasse samples were collected from local market of
Kurukshetra, India, and were depithed manually. Depithed
bagasse samples were chopped in small pieces (23 in.),
washed thrice times to clean dirt, air dried till constant weight
was obtained, and were placed in plastic bags till further use.

Production of xylano-pectinolytic enzymes and activ-
ity estimation

For xylanase and pectinase production, medium (50 ml in
250 ml Erlenmeyer flasks) contained citrus peel (1 g), wheat
bran (1 g), peptone (0.25 g), 10 mM MgSO,, and pH 7 and
was autoclaved for sterilization. Inoculum (2% v/v) of 21-h

old was used, and flasks were incubated at temperature 37 °C
for 60 h at 200 rpm (Kaur et al. 2017). Crude enzyme prepa-
rations were obtained after centrifuging the inoculated mate-
rial at 10,000 rpm for 10 min, and the crude enzymes were
further used for ultrafiltration step.

Activity of xylanase and pectinase was measured as report-
ed by Kaur et al. (2011), by estimating the reducing sugars
released from substrates, 2% birchwood xylan, and 1% pectin,
using Miller (1959).

Ultrafiltration of xylano-pectinolytic enzymes

Extraction of clear crude enzymes was done by microfiltration
unit (Model Quixstand system from GE Healthcare
Biosciences Ltd., Hongkong) using autoclavable and
CIPable polysulfone membrane cartridge with a pore size of
0.2 wm, membrane area of 110 cm2, 30 cm nominal flow path
length and operated at 5 psi transmembrane pressure. For
preparation of ultrafiltered enzymes extract, microfiltered
crude extract was passed through 1KDa NMCO ultrafiltered
membrane and used further for experiments after discontinu-
ous diafiltration and concentration.

Biopulping treatment

In order to find out the efficacy of ultrafiltered xylano-
pectinolytic enzymes in biopulping, for effective removal of
non-cellulosic impurities from the sugarcane bagasse, parame-
ters such as retention time and enzymes dose were checked. All
experiments were carried out at bagasse to liquid ratio of 1:10
(g/ml), pH 8.5, and temperature 55 °C. The different enzyme
doses of xylanase and pectinase ranging from 50:21 to 250:107
(IU/g bagasse) and retention time ranging from 60 to 360 min
were checked, so as to find out most effective conditions. In
order to stop the enzymatic reaction, biopulped samples were
washed three times with hot water and kept at 37 °C for drying.
Similarly, the control samples were prepared by providing the
same conditions to sugarcane bagasse samples, but without
adding enzymes in them. Each experiment was repeated five
times and in each repeat, each sample in triplicates was tested.

Evaluation of biopulping conditions

The effect of ultrafiltered enzymes during biopulping was
evaluated by measuring the reducing sugar content in filtrates
obtained after treating sugarcane bagasse samples with en-
zymes, by Miller’s method (1959). The release of lignin, phe-
nolic compounds, and hydrophobic compounds was also
checked in filtrate samples by measuring optical density at
wavelengths 209, 280, and 320 nm for lignin (Nissen et al.
1992; Khandeparkar and Bhosle 2007), at 237 and 465 nm for
phenolic (Gupta et al. 2000; Khandeparkar and Bhosle 2007)
and hydrophobic compounds (Patel et al. 1993), respectively.
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Each experiment was repeated five times, and in each repeat,
each sample in triplicates was tested. Microscopic images were
also taken for evaluating the effect of ultrafiltered biopulping on
sugarcane bagasse samples as compared with raw samples.

Production of chemical pulps

After biopulping of sugarcane bagasse, merging of biopulping
with chemical pulping was done and exact reduction in alkali
consumption after biopulping treatment was checked by de-
creasing pulping chemical dose gradually, step by step. For
chemical pulping, ratio of bagasse to liquid 1:5 (g/ml), alkali
dose (13.2-16%), temperature 168 °C, heating time 90 min,
holding time 45 min and anthraquinone 0.05% were used. In
order to study the effect of ultrafiltered enzymes on the
pulpability of sugarcane bagasse samples, both non-biopulped
(control) and biopulped sugarcane bagasse samples were fur-
ther subjected to same pulping conditions (16% alkali load) and
the reduction in alkali dose, in case of biopulped sugarcane
bagasse samples were also checked from 100 to 83% as com-
pared with control. Analysis of residual alkali content, pH, and
total solids content in black liquor was done by method TAPPI
T625 cm-14 (2014). Pulp samples were washed thrice with
water and further used for measuring unscreened pulp yield
(Young 1997) and Kappa number by TAPPI Method T-236
om-99 (2004). Screened pulp was used for evaluating pulp
viscosity (TAPPI T230 om-99 1999) and physical and optical
properties. Each experiment was repeated five times, and in
each repeat, each sample in triplicates was tested.

Bleaching of enzymatically treated and control
sugarcane bagasse soda-anthraquinone pulps

After pulping, both control samples (100% chemically treat-
ed) and biopulped samples (15% reduced alkali dose used)
were bleached using conventional bleaching sequences (i.e.,
D-0, EP, D-1, D-2). Here D-0, D-1 and D-2 stages represent
for chlorine dioxide bleaching and EP denotes for alkali per-
oxide bleaching stage. The chlorine dioxide dose was calcu-
lated at the various kappa factors by using equation, as given
by Hise (1996). After completion of each stage of bleaching,
bleached pulp liquor was analyzed for measuring the percent-
age consumption of ClO,. Pulp was washed at each stage,
followed by analysis of optical properties, kappa number,
and strength properties. Each experiment was repeated five
times, and in each repeat, each sample in triplicates was tested.

Testing of biopulped-unbleached and biopulped-
bleached handsheets

Formation of handsheets of 100% chemically treated pulp
samples and biopulped samples (with 15% reduced alkali
dose) was done by TAPPI method T205 sp-02 (2002), for
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measuring further various strength related studies. Schopper-
Riegler number (°SR) of pulp was analyzed by using SCAN-
C 19:65 (1999). Analysis of handsheets for physical properties
like burst index, breaking length, tear index, Gurley porosity,
double fold, and optical parameters was done by TAPPI T403
om-10 (2010), TAPPI T494 om-01 (2001), TAPPI T414 om-
04 (2004), TAPPI T460 om-02 (2002), TAPPI T511 om-02
(2002), and TAPPI T217 wd-77 (2004), respectively.

Microscopic analysis of biopulped sugarcane bagasse

Raw and biopulped sugarcane bagasse samples were also mi-
croscopically examined (magnification 400X) for analyzing
the effect of biopulping.

Results and discussion
Evaluation of biopulping

Ultrafiltered xylano-pectinolytic enzymes has been used for
evaluation of biopulping conditions by measuring the reduc-
ing sugar content in biopulp-free filtrate samples, by Miller
(1959). The release of lignin, phenolic, and hydrophobic com-
pounds was checked in filtrates of biopulped samples by mea-
suring optical density at A 209 nm-A 280 nm-A 320 nm, A
237 nm, and A 465 nm, respectively. All experiments were
performed at bagasse to liquid ratio of 1:10 g/ml, pH 8.5. and
temperature 55 °C. Xylanase and pectinase dose of 175 and
75 1U/g of oven-dried sugarcane bagasse, respectively, and
were adequate for efficient treatment (Fig. 11). The best reten-
tion time for sugarcane bagasse pulping with ultrafiltered
xylano-pectinolytic enzymes was found to be 180 min (Fig.
lii). Release of reducing sugar content was nearly
80.39 + 4 mg/g of oven dried sugarcane bagasse. UV-
Visible absorption profile of bio-pulp filtrates for lignin con-
tent, phenolic compounds, and hydrophobic compounds at A
209 nm-A 280 nm-A 320 nm, A 237 nm, and A 465 nm, re-
spectively, is shown in Fig. 2. The ultrafiltered enzymatic
treatment also resulted in the release of impurities like lignin,
hydrophobic, and phenolic compounds in biopulp filtrates,
which is due to the degradation of xylan and pectin from
sugarcane bagasse. Effectiveness of biopulping with
ultrafiltered xylano-pectinolytic enzymes also supported by
microscopic images of raw sugarcane bagasse and ultrafiltered
biopulped sugarcane bagasse samples (Fig. 3).

Comparison of biopulping with chemical pulping

To analyze the effect of enzymatic biopulping over chemical
pulping, both non-biopulped (control) and biopulped samples
of sugarcane bagasse were subjected to chemical pulping un-
der the same conditions (Table 1). Reduction in kappa number
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(49.14%) along with 25.11% increase in brightness was ob-
tained in biopulped samples. Residual active alkali of black
liquor were also increased from 1.10 to 2.52 (g/1 as NaOH),
and total solids reduced to 11.81% in case of sugarcane ba-
gasse ultrafiltered biopulped samples as compared with con-
trol pulp samples. Biopulping also resulted in screened pulp
yield increase by 12.22%, rejects decrease by 59.50%, and
viscosity values increased by 13.37%. These results illustrate
that ultrafiltered xylano-pectinolytic enzymatic pulping could
be an effective solution for reducing the alkali dose during
chemical pulping. The exact reduction in alkali dose due to
biopulping step was determined by treating biopulped sam-
ples with different alkali doses (i.e., 83, 85, 90, 95, and 100%)
and 15% reduction in alkali dose along with higher pulp yield
obtained (Table 1). These results concluded that biopulped
samples require less alkali dose due to the removal of non-
cellulosic impurities, which further increase the access of

120 180 240 300 350
Treatment time (min)

(i)

pulping chemicals to lignin layer, in enzymatically treated
samples as compared with control samples.

To compare the physical properties, both pulp samples
(100% chemically pulped and enzymes treated pulp with
85% pulping chemicals) were subjected to handsheets forma-
tion by using the method TAPPI T205 sp-02 (2002).
Ultrafiltered biopulped-unbleached samples showed signifi-
cant increase in breaking length (13.55%), burst index
(40.21%), tear index (19.04%), double fold (42.5%), and
Gurley porosity (28.21%) in comparison with control pulp
samples (Table 1).

Effect of ultrafiltered biopulping on bleachability of
pulp

After 15% reduction of alkali dose, pulp samples were sub-
jected to bleaching in order to check the effect of ultrafiltered
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Fig. 3 Microscopic images of (i)
Raw sugarcane bagasse sample
and (ii) Ultrafiltered biopulped
sugarcane bagasse sample (mag-
nification 400X)
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Table 1 Physical and optical properties of sugarcane bagasse after ultrafiltered biopulpin
Cooking conditions Pulping chemicals (100%)  (Biopulping + various concentrations of pulping chemicals)

100% 100% 95% 90% 85% 83%
Alkali dose (%) 16 16 15.2 144 13.6 13.2
Anthraquinone (%) 0.05 0.05 0.05 0.05 0.05 0.05
Liquid to bagasse ratio 1:5 1:5 1:5 1:5 1:5 1:5
Temperature (°C) 168 168 168 168 168 168
Heating time (min) 90 90 90 90 90 90
Holding time (min) 45 45 45 45 45 45
Unscreened pulp yield (%)  55.31 £2.3 60.38 £2.4 60.51 +2.5 60.84 £2.5 61.52 +2.5 61.68 £2.4
Rejects (%) 0.9734 £ 0.1 0.3942 + 0.05 0.4544 £ 0.06 0.6541 +0.07 0.7218 + 0.08 0.7861 + 0.09
Screen pulp yield (%) 54.03 £2.3 5979 +£2.5  5993+24  6029+25  60.63+24 60.86 2.4
Pulp brightness (%ISO) 3321 + 1.1 4155+1.2 3898+14 36.11+13 3552+12 3271 +14
Kappa number 20.84 + 0.86 10.6 +0.85 154+0.84 189+0.87 20.78 +0.88 21.77 £ 0.84
Residual alkali (g/l as NaOH) 1.10 + 0.03 2524+0.02 222 +0.03 1.55 + 0.01 1.39 + 0.04 1.08 + 0.02
Total solids (%) 11.77 £ 0.2 1038 £ 0.3 1033 +02 1026 +0.3 10.19 £ 0.3 10.08 + 0.23
pH (black liquor) 11.05 +£ 0.3 1227 +0.2 12.11 £ 0.2 11.8 £0.2 11.56 + 0.1 11.02 £ 0.1
Physical properties Pulping chemicals (100%) Biopulping + 85% concentration

of pulping chemicals

°SR 15 +£0.20 13 +£0.22
GSM 60.1 £0.72 60.0 = 0.73
Bulk 1.77 £ 0.01 1.77 £ 0.02
Breaking length (m) 3012 + 188 3420 + 205
Burst index (kN/g) 291 +0.11 4.08 £0.24
Tear index (mNm?/g) 7.51 £0.32 8.94 + 0.37
Double fold number 40 +£5.0 57 £ 6.0
Gurley porosity (sec) 39 £0.41 50 £0.45
Viscosity (cP) 17.2 +0.16 19.5+£0.22

Table 2 Physical and optical

properties of ultrafiltered biopulp

after bleaching treatment

Parameters

Kappa number

D-0 (ClO, added %)
Cl0O, consumed (%)
Brightness (% 1SO)

EP stage Alkali added (%)

H,0, added (%)
Kappa number
Brightness (% ISO)
Whiteness (CIE)
Yellowness (ASTM)
D-1 (ClO, added %)
Cl0O, consumed (%)
Brightness (% ISO)
Whiteness (CIE)
Yellowness (ASTM)
D-2 (CIO, added%)
ClO, consumed (%)
Brightness (% ISO)
Whiteness (CIE)
Yellowness (ASTM)
Physical properties

°SR

GSM

Bulk

Breaking length (m)
Burst index (kN/g)

Pulping chemicals (100%)

20.84 £ 0.86

2.136
1.932

57.00 £ 2.11

2.44
0.6

43 £0.1

81.62 +3.26
60.42 £ 241
11.50 + 0.46

0.7
0.61

87.74 £ 3.51
78.94 + 3.15
4.81 +£0.19

0.3
0.23

88.75 £3.55
81.76 £ 3.27
3.97 £0.15

Pulping chemicals (100%)

18 £0.17

60.0 £ 0.70
1.72 £0.01
3975 +238.5
2.50 £0.13

Tear index (mNm?/ )
Double fold number
Gurley porosity (sec)
Viscosity (cP)

8.59 £ 0.25
48 £5.0
40 £ 042
8.8 £0.10

Biopulping + 85% concentration
of pulping chemicals

20.78 + 0.88

2.136

1.681

61.52 £2.23

2.44

0.6

3.55+£0.2

83.69 +3.34

65.92 £2.63

9.52 +£0.38

0.7

0.56

88.98 + 3.55

81.39 £3.25

432 +0.17

0.3

0.13

89.11 +3.56

82.50 + 3.3

3.08 +0.12

Biopulping + 85% concentration
of pulping chemicals

17 £ 0.16

60.1 +0.71

1.74 +0.02

4666 + 280

3.92 +£0.24

8.88 £ 0.36

67 +£4.0

61 +0.47

11.5+0.11
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Ultrafiltered biopulping of sugarcane bagasse using xylano-pectinolytic enzymes

Raw sugarcane bagasse

Raw Sugarcane Bagasse

Bagasse after enzyme treatment
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length Increased prie

 Double
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“*Decreased alkali dose
**Decreased pollution

“*Improved paper quality

Fig. 4 A brief summary of the manuscript

biopulping treatment on bleaching properties (Table 2). The
ultrafiltered biopulped samples showed improvement in
brightness (7.93%) along with less consumption of chlorine
dioxide after D-0 stage of bleaching (Table 2). In EP stage of
bleaching, increase of whiteness by 9.10% along with reduc-
tion in yellowness and kappa number by 17.22% and 17.44%,
respectively, in biopulped samples was noticed, as compared
with control pulp samples. Similarly, the ultrafiltered
biopulped samples showed improvement in whiteness
(3.10%) along with reduction in yellowness (10.19%) after
D-1 stage of bleaching (Table 2). After D2 stage of bleaching,
the decrease in yellowness by 22.42% was obtained in
bleached biopulped samples in comparison with control sam-
ples. Consumption of chlorine dioxide was also reduced by
14.47% in biopulped samples. This may be due to the opening
of structure during biopulping, which facilitates effective
delignification by the pulping and bleaching chemicals, due
to the removal of impurities like xylan and pectin, from the
structure of cell wall. This approach also enhanced the overall
optical quality of paper. The effect of ultrafiltered xylano-
pectinolytic treatment on the physical properties of bleached
pulps was also checked. Comparison with samples treated
with 100% chemicals, the biopulped samples with 85% alkali
dose had higher tear index (3.38%), burst index (56.80%),
breaking length (17.38%), double fold (39.58%), Gurley
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porosity (52.50%), and viscosity (30.68%) under convention-
al bleaching conditions (Table 2). No report is available in the
literature for comparison of data on sugarcane bagasse
ultrafiltered biopulping. These results concluded that
ultrafiltered xylano-pectinolytic treatment before the chemical
pulping requires less alkali charge as well as bleaching
chemicals. This enzymatic treatment also resulted in improved
optical and physical properties of both unbleached and
bleached pulp samples. So, this biotechnological approach
seems to be the effective for reducing pollution along with
producing better quality paper. A brief summary of manu-
script is shown in Fig. 4.

Conclusion

This study demonstrates that biopulping with ultrafiltered
xylano-pectinolytic enzymes can produce better quality sug-
arcane bagasse pulp. This ultrafiltered biopulping approach
has potential to improve the pulpability as well as
bleachability, which lowers the demand of both pulping and
bleaching chemicals in paper production. Less chemical con-
sumption, would ultimately lead to reduction of environmen-
tal impact of paper making processes. Thus, biopulping using
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ultrafiltered xylano-pectinolytic treatment is dual benefit ap-
proach for paper and pulp industry in making better quality
paper along with less pollution.
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