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ifferent pretreatments on the
synergistic effect of cellulase and xylanase during
the enzymatic hydrolysis of sugarcane bagasse

Chao Huang,abcd Cheng Zhao,ae Hailong Li,abcd Lian Xiong,abcd Xuefang Chen,abcd

Mutan Luoae and Xinde Chen *abcd

Sugarcane bagasse (SCB) substrates with different chemical compositions were prepared by different

pretreatments including dilute acid (DA), acidic sodium chlorite (ASC), alkali solution (AS), and alkali

hydrogen peroxide (AHP). The compositions and chemical structures of pretreated SCB were

characterized by HPLC, FTIR, XRD, and SEM. The addition of xylanase can significantly boost cellulase to

hydrolyze cellulose and xylan especially for AS and AHP treated substrates. The obvious linear

relationships between lignin removal and substrate digestibility were observed. ASC treated substrates

obtained the highest digestibility (98.87%) of cellulose due to sufficiently removing lignin from SCB,

whereas AHP treated substrates achieved the highest digestibility (84.61%) of xylan by cleaving the acetyl

group on xylan and extending delignification. It was found that the synergistic effects between cellulase

and xylanase were substrate and time specific. The better degree of synergy for the sugar production

was in the initial hydrolysis stage but decreased in the later hydrolysis stage.
1. Introduction

Lignocellulosic biomass is currently considered as a low cost
and renewable source,1 which can be used to produce fuels and
chemicals via chemical or physical pretreatment followed by
enzymatic hydrolysis and microbial fermentation.2 The enzy-
matic hydrolysis process is the limiting step for the bioconver-
sion of lignocellulosic biomass due to the complexity of its
structure.3 To overcome the recalcitrant nature of biomass
materials and enhance the enzymatic hydrolysis process,
various pretreatment strategies have been developed already.4,5

In general, these pretreatments aim to change the physi-
ochemical structure of lignocellulosic biomass to increase the
accessibility of cellulase to their substrate.6 Among various
pretreatments, dilute acid (DA) pretreatment is currently one of
the most probable strategies for the commercialization of bio-
fuel production from lignocellulosic biomass.7 In DA pretreat-
ment, xylan is solubilized and converted into mainly xylose
from lignocellulosic biomass. However, the retained lignin aer
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DA pretreatment can strongly hinder enzyme accessibility to the
cellulose for sugar production.8 Acidic sodium chlorite (ASC)
pretreatment has been commonly used to prepare hol-
ocellulose, since it can selectively remove lignin from lignocel-
lulosic biomass with minor effects on the structure of cellulose
and xylan.9 Alkali solution (AS) pretreatment can efficiently
break the crosslinking bonds between lignin and hemicellulose,
which is an effective method to improve the enzymatic hydro-
lysis of lignocellulosic biomass.10 Alkali hydrogen peroxide
(AHP) pretreatment can improve the digestibility of lignocellu-
losic biomass signicantly because it not only removes lignin
but also deconstructs the cell walls.11 Although DA, ASC, AP, and
AHP show great potential for lignocellulosic biomass pretreat-
ment, little study gives systematical comparison of these four
different pretreatments.

In a typical lignocellulosic biomass, cellulose microbrils
are imbedded in xylan, which are highly cross-linked and
taking shape a network by diferulic bridges.12 The addition of
xylanase to degrade the xylan is an alternative approach to
make cellulose more accessible to cellulase, and to obtain
more sugars simultaneously.13 Therefore, the synergistic
utilize of cellulase with xylanase has become an attractive
approach for efficient hydrolysis of lignocellulosic
biomass.14–16 Although many studies have been carried out on
the synergistic hydrolysis of lignocellulosic biomass by cellu-
lase and xylanse, the mechanism behind this synergistic effect
during the hydrolysis of pretreated lignocellulosic biomass
was still unclear, obviously preventing further development of
this technology.17–20
RSC Adv., 2018, 8, 30725–30731 | 30725
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In this work, sugarcane bagasse (SCB) substrates with
different chemical compositions were prepared by different
pretreatments including dilute acid (DA), acidic sodium chlo-
rite (ASC), alkali solution (AS), and alkali hydrogen peroxide
(AHP). The compositions and chemical structures of untreated
and pretreated SCB were characterized by HPLC, FTIR, XRD,
and SEM. Furthermore, the synergistic effects of commercial
cellulase and xylanase during the hydrolysis of various pre-
treated SCB were investigated. By this study, valuable informa-
tion about the pretreatment of lignocellulosic biomass and
further enzymatic hydrolysis can be provided.

2. Experimental
2.1 Materials

SCB was purchased from a sugar factory in Yunnan Province,
China. It was rst dried in an oven at 80 �C, and then smashed
into powder (40–80 mesh) for use. Cellulase complex (92.44 FPU
mL�1) was obtained from Imperial Jade Bio-Technology Co.,
Ltd. (Yinchuan, China). Food grade xylanase (3310.70 IU g�1)
was purchased from SUNSON Industry Group Co., Ltd (Beijing,
China).

2.2 Pretreatment of SCB

For the preparation of DA treated substrates, the SCB was pre-
treated using 1% H2SO4 at 120 �C for 1 h with a solid to liquid
ratio of 1 : 10 (g mL�1) in 0.5 L high pressure reactor. For the
preparation of ASC treated substrates, the SCB was delignied
with 0.6 g g�1 dry matter of sodium chlorite and 0.6 mL g�1 of
dry matter of acetic acid at 70 �C for 4 h with a solid to liquid
ratio of 1 : 32 (g mL�1) in 1 L ask. For the preparation of AS
treated substrates, the SCB was pretreated using 1.5% NaOH at
70 �C for 4 h with a solid to liquid ratio of 1 : 20 (g mL�1) in 1 L
ask. For the preparation of AHP treated substrates, the SCB
was pretreated using 1.5% NaOH and 3% H2O2 at 70 �C for 4 h
with a solid to liquid ratio of 1 : 20 (g mL�1) in 1 L ask. The
pretreated SCB substrates were ltered to separate solids from
liquids through a ltration, followed by washing with tap water
until reaching neutral, and then the solid residue was dried at
80 �C for use.

2.3 Chemical characterization

The chemical composition of untreated and pretreated SCB was
determined following the standard analytical procedure devel-
oped by National Renewable Energy Laboratory (NREL).21 The
concentrations of the sugars in the acid and enzymatic hydro-
lysates were determined by HPLC using a Bio-Rad Aminex HPX-
87H column (300 � 7.8 mm) and refractive index detector. The
analytical column was eluted at 0.5 mL min�1 with 5 mM
H2SO4, at 55 �C.

2.4 Structural characterization

FT-IR spectra of untreated and pretreated SCB samples were
collected on a TENSOR 27 FT-IR spectrophotometer over the
wavenumbers of 4000–400 cm�1 at a resolution of 4 cm�1. The
crystallinity of untreated and pretreated SCB samples was
30726 | RSC Adv., 2018, 8, 30725–30731
measured by X-ray diffraction (XRD) using a PANalytical
X'PertPro MPD diffractometer operating at 40 kV and 40 mA.
The samples were scanned in a 2q range from 5� to 80� at
2� min�1. The calculation of crystallinity index (CrI) was derived
from the XRD spectra according to CrI ¼ (I200 � Iam)/I200.22 The
surface characteristics of untreated and pretreated SCB samples
were observed by scanning electron microscope (S-4800, Hita-
chi, Japan) operated at 2.0 kV. The oven-dry samples were
coated with platinum prior to SEM analysis.

2.5 Enzymatic hydrolysis

The enzymatic hydrolysis of the pretreated SCB samples (2%,
w/v) was carried out in 150 mL Erlenmeyer asks containing
50 mL citrate buffer solution (50 mM) with cellulase (25 IU g�1

dry substrates) and xylanase (400 IU g�1 dry substrates) at 50 �C
on a rotary shaker set at 150 rpm. The hydrolysates were
terminated by boiling in a water bath for 10 min, and then the
samples were analyzed by HPLC. The digestibilities of
substrates were calculated according to the following equations:

Cellulose digestibility ð%Þ

¼ cglucose � 0:9þ ccellobiose � 0:95

csubstrate � cellulose content in substrate
� 100

Xylan digestibility ð%Þ

¼ cxylose � 0:88

csubstrate � xylan content in substrate
� 100

where cglucose, ccellobiose and cxylose were the glucose, cellobiose
and xylose concentration in hydrolysate, g L�1; csubstrate was the
substrate loading, g L�1.

2.6 Degree of synergy

The calculation of the degree of synergy (DS) was determined
according to the following equations:

DS ¼ c1þ2

c1 þ c2
(3)

where c1+2 is the sugar (glucose or xylose) concentration
produced during hydrolysis when cellulase and xylanase are
both added. c1 and c2 are the sugar (glucose or xylose) concen-
tration produced, respectively, when cellulase and xylanase are
added individually during hydrolysis.

3. Results and discussion
3.1 Chemical compositions of pretreated SCB

As shown in Table 1, the chemical compositions were different
depending on various pretreatments. Four types of pretreated
substrates were generated using DA, ASC, AS, and AHP
pretreatments. Compared to the lignin content of raw material,
the lignin content of DA treated substrates increased to 23.73%,
whereas the lignin content of ASC, AS, and AHP treated
substrates reduced to 1.78%, 8.85%, and 3.97%, respectively.
The acetyl group of pretreated SCB from DA, AS, and AHP were
completely removed, whereas the ASC pretreated SCB retained
81.34% of acetyl group in SCB. For DA pretreatment, the
This journal is © The Royal Society of Chemistry 2018
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Table 1 The effect of different pretreatment methods on chemical composition of SCB

Pretreatments Glucan (%) Xylan (%) Arabinan (%) Acetyl (%) Klason lignin (%) Solid recovery (%) Lignin removal (%)

Untreated 36.53 22.95 2.08 3.47 21.65 100.00 0
DA 50.37 13.94 0.00 0.00 23.73 70.15 23.10
ASC 48.49 24.42 2.41 3.86 1.78 73.1 93.98
AS 57.78 23.82 1.97 0.00 8.85 60.03 75.46
AHP 64.83 22.86 2.15 0.00 3.97 55.65 89.80
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hemicellulose was hydrolyzed into xylose, arabinose, and acetic
acid, whereas 96.73% of cellulose and 76.9% of lignin in SCB
were still reserved. ASC selectively removed 93.99% of lignin
and retained 97.04% of cellulose and 77.79% of xylan in SCB. AS
removed 75.46% of lignin and 37.69% of xylan from SCB,
whereas AHP removed 89.8% of lignin and 44.57% of hemi-
cellulose from SCB.
3.2 Structural characterization

The structural modications of DA, ASC, AS, and AHP treated
substrates were investigated by FT-IR (Fig. 1). The broad band at
3401 cm�1 was attributed to the stretching of OH group and that
at 2904 cm�1 is due to the C–H stretching.23 The absorption at
1736 cm�1 and 1250 cm�1 is due to the stretching of C]O
ester,23,24 indicating the presence of acetyl groups of hemi-
cellulose. The absorption at 1510 cm�1 is resulted from C]C
aromatic skeletal vibrations of lignin.23,24 The absorption at
1161 cm�1 and 897 cm�1 assigned to the C–O–C stretching at
the b-glycosidic bond present in cellulose and xylan.23 The
disappearance or weaken of the absorption at 1736 cm�1 and
1250 cm�1, which indicated that acetyl groups and part of
hemicellulose were removed from SCB by DA, AS, and AHP
pretreatment. Obviously, the ASC treated substrates preserved
most of the acetyl groups of hemicellulose. The disappearance
or weaken of the absorption at 1510 cm�1, indicates deligni-
cation of SCB by ASC, AS, and AHP pretreatment. However, this
Fig. 1 FT-IR spectrum of untreated (a), ASC (b), DA (c), AHP (d), and AS
(e) pretreated SCB.

This journal is © The Royal Society of Chemistry 2018
absorption is strong in DA treated substrates, suggested that DA
pretreatment is ineffective for the removal of lignin. The results
are in well agreement with the chemical compositions analysis.

The crystalline structure and crystallinity index are believed
to be inuential factors affecting the enzymatic digestibility of
lignocellulosic biomass.25 As shown in Fig. 2, the diffraction
peaks at 2q of 16.3�, 22.09� and 34.7� were attributed to the
cellulose. The minor diffraction peaks at 26.64� and 29.4� were
assigned to quartz (JCPDS, no. 65-0466) with SiO2 as the main
ingredient and aragonite (JCPDS, no.47-1743) with CaCO3 as the
main ingredient, respectively.26 The untreated and pretreated
SCB exhibited a predominance of type I cellulose, suggesting
that the crystalline structure of cellulose was not changed by
these pretreatments. The crystallinity index indicates the rela-
tive amount of crystalline cellulose in the sample. The CrI of
untreated SCB was 49.17%, and increased to 56.45%, 54.79%,
57.41%, and 57.91% aer pretreated by DA, ASC, AS, and AHP
respectively. The crystallinity index of DA treated substrates
enhanced signicantly due to the solubilization of amorphous
hemicellulose. The crystallinity index of ASC treated substrates
increased because of the oxidation of amorphous lignin. For AS
and AHP treated substrates, the increased crystallinity index
was due to the removal of both hemicellulose and lignin.

The surface morphology of untreated and pretreated SCB
was observed by SEM (Fig. 3). The surface of SCB showed a rigid
Fig. 2 XRD spectrum of untreated (a), DA (b), AS (c), AHP (d), and ASC
(e) pretreated SCB.

RSC Adv., 2018, 8, 30725–30731 | 30727
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View Article Online
and highly ordered morphology structure. Aer DA pretreat-
ment, the surface of the DA treated substrates exhibited pores,
but retained the major features of raw material. Aer ASC
pretreatment, the lignin layer was stripped and then the bers
Fig. 3 SEM analysis of untreated (a and b), DA (c and d), AS (e and f), AH

30728 | RSC Adv., 2018, 8, 30725–30731
were exposed. However, the surface of the ASC treated
substrates was still intact, suggesting that the ASC had minor
effect on cellulose and hemicellulose. The surface of AS treated
substrates showed irregular cracks and roughness structure,
P (g and h) and ASC (i and j) pretreated SCB.

This journal is © The Royal Society of Chemistry 2018
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whereas more pores and disrupted structure with exposed
cellulose bers were observed on surface of AHP treated
substrates.

3.3 Enzymatic hydrolysis of pretreated SCB

The enzymatic hydrolysis performance of the untreated and
pretreated SCB is shown in Fig. 4. It was observed that only
13.43% of cellulose and 7.55% of xylan in the raw material were
hydrolyzed aer 96 h incubation. However, the enzymatic
digestibility of cellulose and xylan of DA treated substrates
increased to 19.30% and 14.86% aer 96 h incubation due to
the removal of xylan. The presence of lignin impedes the access
of enzymes to cellulose and xylan.27 Thus, delignication
process is always required before enzymatic hydrolysis. The
digestibility of ASC treated substrates enhanced signicantly
due to the sufficiently removal of lignin. 97.47% of cellulose and
72.69% of xylan in the ACSP treated substrates were hydrolyzed
aer 96 h incubation. AS pretreatment can enhance the removal
of lignin by breaking the ester bonds crosslinking the lignin and
carbohydrates, thus, increasing the cellulose and xylan acces-
sibility.6 73.8% of cellulose and 63.54% of xylan in the AS
treated substrates were hydrolyzed aer 96 h incubation. The
supplementation of an oxidant agent to AS can improve its
enzymatic performance signicantly by deep removal of
lignin.23 91.40% of cellulose and 75.83% of xylan in the AHP
treated substrates were hydrolyzed aer 96 h incubation.
Fig. 4 Enzymatic hydrolysis of untreated, DA, ASC, AS, and AHP pretrea

This journal is © The Royal Society of Chemistry 2018
As shown in Fig. 4c and d, the addition of xylanase into
cellulase could enhance hydrolysis of untreated and pretreated
lignocellulosic biomass. Compare with enzymatic hydrolysis by
cellulase, the digestibility of cellulose in the untreated, DA, ASC,
AS, and AHP treated substrates increased by 45.73%, 11.23%,
19.29%, 62.47%, and 60.48%, respectively, aer 6 h enzymatic
hydrolysis by the cellulases and xylanases. Interestingly, the
digestibility of cellulose in the untreated, DA, ASC, AS, and AHP
treated substrates increased by 39.27%, 6.88%, 1.44%, 4.64%,
and 1.56%, respectively, aer 96 h enzymatic hydrolysis by the
cellulases and xylanases. Furthermore, the digestibility of xylan
in the untreated, DA, ASC, AS, and AHP treated substrates
increased by 41.07%, 17.92%, 15.99%, 65.39%, and 51.80%,
respectively, aer 6 h enzymatic hydrolysis by the cellulases and
xylanases, whereas the digestibility of xylan in the untreated,
DA, ASC, AS, and AHP treated substrates increased by 46.12%,
17.20%, 8.12%, 18.09%, and 11.58%, respectively, aer 96 h
enzymatic hydrolysis by the cellulases and xylanases. These
results indicate that the addition of xylanases can signicantly
boost cellulases to hydrolyze cellulose and xylan in the initial
stage especially for AS and AHP treated substrates. However,
these enhancement effects of the addition of xylanases
decreased dramatically in the later stage of enzymatic hydro-
lysis for pretreated substrates. In addition, it was observed that
the digestibility of cellulose was increased with the digestibility
of xylan in the hydrolysis of SCB substrates.
ted SCB by cellulase (a and b) and cellulase with xylanase (c and d).

RSC Adv., 2018, 8, 30725–30731 | 30729
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Fig. 5 The relationships between delignification and digestibility of pretreated substrates.
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The digestibility of cellulose of untreated, DA, ASC, AS, and
AHP treated substrates by cellulase and xylanase were 18.70%,
20.62%, 98.87%, 77.22%, and 92.83%, respectively, aer 96 h
enzymatic hydrolysis. As shown in Fig. 5a, the linear relation-
ships between lignin removal and cellulose digestibility sug-
gested that delignication is essential for efficient enzymatic
hydrolysis of cellulose. Lignin is a physical barrier that prevents
cellulase and xylanase access to cellulose and xylan.28 The
digestibility of xylan of untreated, DA, ASC, AS, and AHP treated
substrates by cellulase and xylanase were 11.03%, 17.41%,
78.59%, 75.03%, and 84.61%, respectively, aer 96 h enzymatic
hydrolysis. As shown in Fig. 5b, the digestibility of xylan of
pretreated substrates increased linearly with the removal of
lignin except for ASC treated substrates in which xylan retained
a considerable portion of side groups such as a-L-arabinofur-
anosyl and acetyl. The digestibility of xylan of ASC and AHP
treated substrates by xylanase were 8.05% and 25.39%, respec-
tively, aer 96 h enzymatic hydrolysis, indicating that the xylan
in ASC treated substrates were harder to be hydrolyzed than the
xylan in AHP treated substrates. It is reported that the presence
of side groups on xylan impeded the xylanase to hydrolysis of
xylan29 and the removal of acetyl groups by AHP increased the
access of xylanase to xylan. Therefore, it is reasonable that the
xylan digestibility of AHP treated substrates was higher than the
xylan digestibility of ASC treated substrates. Previous study
showed that xylan isolated from SCB was substituted with a-L-
Fig. 6 The DS of cellulase and xylanase during the enzymatic hydrolysis o

30730 | RSC Adv., 2018, 8, 30725–30731
arabinofuranoside and 4-O-methyl-a-D-glucuronic acid.30 The
insufficient of xylan-degrading enzymes in cellulase, leading to
the accumulation of substituted xylo-oligosaccharides, might be
the reason why the digestibility of xylan was lower than the
digestibility of cellulose for all pretreated substrates. Therefore,
xylan-degrading enzymes such as a-L-arabinofuranosidases and
a-glucuronidases were required for the completely hydrolysis of
xylan in AHP treated substrates.

The relationships between DS for sugar production and
hydrolysis time is shown in Fig. 6. DS for the production of
glucose decreased with the increased hydrolysis time when AHP
treated substrates were hydrolyzed. DS for the production of
glucose increased slightly and then decreased with the
increased hydrolysis time when DA, AS, and ASC treated
substrates were hydrolyzed. All DS for the production of glucose
were greater than 1.0. DS for the production of xylose decreased
with the increased hydrolysis time when AS and AHP treated
substrates were hydrolyzed. DS for the production of xylose
increased slightly and then decreased with the increased
hydrolysis time when DA and ASC treated substrates were
hydrolyzed. Interestingly, for AS and AHP treated substrates, DS
for the production of xylose reduced to less than 1.0 aer 48 h
enzymatic hydrolysis. These results indicated that pretreatment
methods and hydrolysis time have a signicant impact on the
synergistic hydrolysis of pretreated SCB by cellulases and xyla-
nase. In the initial stage, the addition of xylanase contributed to
f pretreated substrates for the production of glucose (a) and xylose (b).

This journal is © The Royal Society of Chemistry 2018
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the hydrolysis of cellulose by cellulase. Obviously, this critical
step is benecial for further large-scale application of enzymatic
hydrolysis of lignocellulosic biomass in future.

4. Conclusions

SCB substrates with different chemical compositions were
prepared by different pretreatment methods. The obvious linear
relationships between lignin removal and substrates digest-
ibility indicated that delignication is essential for efficient
enzymatic hydrolysis of both cellulose and xylan. Synergistic
effect between cellulase and xylanase were substrate and time
specic. The better DS for the sugar production was found in
the initial stage but it decreased in the later hydrolysis stage.
The highest digestibility of xylan from AHP treated substrates
was only 84.61% suggested that xylan-degrading enzymes such
as a-L-arabinofuranosidases and a-glucuronidases were
required for the completely hydrolysis of xylan from pretreated
substrates.
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