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charification of hemicellulose and
cellulose of corncob in a one-pot system using
catalysis of carbon based solid acid from
lignosulfonate

Qiong Wang,†ab Longjun Chang,†b Wen Wang, a Yunzi Hu,a Jun Yue, c

Zhongming Wang,a Cuiyi Liang*a and Wei Qi *a

The drive towards sustainable chemistry has inspired the development of active solid acids as catalysts and

ionic liquids as solvents for an efficient release of sugars from lignocellulosic biomass for future biorefinery

practices. Carbon-based solid acid (SI–C–S–H2O2) prepared from sodium lignosulfonate, a waste of the

paper industry, was used with water or ionic liquid to hydrolyze corncob in this study. The effects of

various reaction parameters were investigated in different solvent systems. The highest xylose yield of

83.4% and hemicellulose removal rate of 90.6% were obtained in an aqueous system at 130 °C for 14 h.

After the pretreatment, cellulase was used for the hydrolysis of residue and the enzymatic digestibility of

92.6% was obtained. Following these two hydrolysis steps in the aqueous systems, the highest yield of

total reducing sugar (TRS) was obtained at 88.1%. Further, one-step depolymerization and

saccharification of corncob hemicellulose and cellulose to reducing sugars in an IL-water system

catalyzed by SI–C–S–H2O2 was conducted at 130 °C for 10 h, with a high TRS yield of 75.1% obtained

directly. After recycling five times, the solid acid catalyst still showed a high catalytic activity for sugar

yield in different systems, providing a green and effective method for lignocellulose degradation.
Introduction

Lignocellulosic biomass is a non-edible, renewable and abun-
dant natural resource consisting of cellulose, hemicellulose,
and lignin, which has signicant potential for the sustainable
production of biobased chemicals and fuels by innovative bio-
renery approaches.1–3 However, this potential remains largely
unexploited and is still not economical for the biofuel industry
due to the lack of economically feasible and eco-friendly strat-
egies that can achieve a signicant release of high-quality sugar
platform from lignocellulose.4,5

From the aspect of the reaction pathway, the transformation
of lignocellulose into biofuels or chemicals mainly involves two
stages, releasing of cellulose and hemicellulose into reducing
sugars, and the subsequent transformation of these sugars into
chemicals and biofuels.6 Due to the tightly and recalcitrantly
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connected matrix of cellulose, hemicellulose and lignin,
necessary pretreatment procedures have been recognized as
a critical step before the enzymatic hydrolysis.7,8 Various
approaches including diluted liquid acid, ionic liquid, alkaline
or base, hot water or steam, ammonia explosion, etc. have been
developed to accomplish the pretreatment step.9,10 Among
them, diluted liquid acidic pretreatment is one of the most
common methods, which can decrease the biomass recalci-
trance effectively and release a partial amount of sugars from
raw biomass simultaneously.11 Even though diluted liquid
acidic pretreatment is an easy and low-cost approach, it has
various drawbacks such as low selectivity of sugar, wastewater
discharge and equipment corrosion. Solid acid pretreatment
can address some of these problems by the employment of mild
operating conditions with various advantages of a high selec-
tivity, an easy separating process of products, and the option of
catalyst reusability.12–14

The hydrolysis of wheat straw with solid acid catalyst SO4
2−/

Fe2O3 was researched by Zhong et al.,15 although the 63.5% of
hemicellulose hydrolysis yield was obtained at 140 °C for 4 h,
cellulose and lignin were kept inactive, thus leading to large
amounts of sugar unexploited from the perspective of bio-
renery. Xu et al.16 used glucose and p-toluenesulfonic acid as
raw materials for catalyst preparation, and the 78.0% of xylose
yield was achieved when hydrolysis of corncob was carried out
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Simplified block flow diagram of the two saccharification
processes; two-step process (left) and one-step process (right).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

1/
7/

20
25

 3
:5

5:
34

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
at 140 °C for 14 h, however, the hydrolysis activity to cellulose
was low. Besides, a carbon-based solid acid was synthesized by
a simple one-step hydrothermal carbonization method using
microcrystalline cellulose and sulfuric acid for corncob hydro-
lysis, the yield of xylose was 78.1% with an enzymatic digest-
ibility of the pretreated residue of 91.6%.17 The above studies
indicate that the solid acid catalyst has high catalytic activity for
the hemicellulose, but poor activity for cellulose.

To achieve the saccharication of hemicellulose and cellu-
lose in one step, many kinds of solvents were tested. Deep
eutectic solvents (DES), frequently considered to be in the same
category as Ionic liquids (ILs) as solvents, have received signif-
icant attention as solvents for the conversion of lignocellulosic
biomass.18 However, they are mostly applied in the elds of
lignocellulosic pretreatment,8,19 and the studies aiming at the
one-step saccharication of hemicellulose and cellulose viaDES
have rarely been reported. Thanks to the properties of low vapor
pressure, low ammability, thermal stability, superior solvation
effect, tunable physicochemical properties, etc., ILs have always
been a research hotspot in recent years.20–22 It's revealed that the
enzyme toxicity of imidazolium-based ILs have a close rela-
tionship with their structure, such as the type of anions and the
length of alkyl chain.23 For example, the inhibitory effect of
anions of N-methylimidazolium-based ILs on lactic dehydro-
genase enzyme follows the order: CF3SO3

− > BF4
− > Br− > Cl−,

and the longer the alkylated side chain, the severer the inhibi-
tion.24,25 Ben Hmad et al. reported that a novel endoglucanase,
a halophilic enzyme, retained its 80% activity in 10% 1-butyl-3-
methylimidazolium chloride ([BMIM][Cl]).26 Therefore, engi-
neering IL-tolerant enzymes is a feasible strategy to make ILs
biocompatible for high-efficiency biomass deconstruction and
bioconversion.27

Imidazolium-based ILs are known as the most well-
investigated ILs, Rinaldi et al.28 investigated the hydrolysis of
spruce wood in 1-butyl-3-methylimidazolium chloride ([BMIM]
[Cl]) catalysed by a sulfonated resin (Amberlyst 15DRY) and
obtained a total reducing sugar (TRS) yield of ∼22% at 100 °C
for 5 h. Guo et al.29 prepared a superparamagnetic cellulose-
derived solid acid catalyst by incomplete hydrothermal
carbonization of cellulose followed by Fe3O4 graing and –SO3H
group functionalization for the hydrolysis of rice straw, and
a TRS yield of 35.5% was obtained at 150 °C for 2 h in [BMIM]
[Cl]. Besides, Babool wood (Acacia nilotica) pretreated by 1 M
H2SO4 was hydrolyzed in [BMIM][Cl] catalyzed by H2SO4-modi-
ed activated carbon, ultimately realizing the maximum TRS
yield of 83.7% in 60 min at 120 °C. However, the employment of
homogeneous mineral acid and the tedious two-step reaction
procedures are expected to be improved.30 In another study, Bai
et al.31 studied the hydrolysis of rice straw in [BMIM][Cl] cata-
lysed by a black liquor-derived carbonaceous solid acid and
achieved a TRS yield of 36.6% at 140 °C for 150 min. Cheng
et al.32 synthesized a chitosan-based solid acid catalyst immo-
bilized with Fe3+ to hydrolyze bamboo powder in [BMIM][Cl],
and a 73.4% of TRS yield was obtained at 120 °C for 24 h.
Furthermore, Si et al.33 used Tween 80 to improve the bamboo
hydrolysis catalyzed by a sulfonated chitosan based solid acid in
[BMIM][Cl] and a TRS yield of 68.0% was achieved at 120 °C
© 2023 The Author(s). Published by the Royal Society of Chemistry
aer 24 h. Hu et al.34 used a chlorine-doped magnetic carbon
solid acid with chlorine groups as cellulose-binding domains
and sulfonic groups as cellulose-hydrolyzing domains for the
hydrolysis of rice straw-derived cellulose in [BMIM][Cl], and
a TRS yield of 73.2% was obtained at 130 °C aer 4 h.

In this study, corncob hydrolyses respective in an aqueous
solution and [BMIM][Cl] with carbon-based solid acid prepared
from sodium lignosulfonate were investigated, where hemi-
cellulose and cellulose were hydrolysed to reducing sugars
directly and simultaneously by the catalysis of a carbon-based
solid acid. In the previous study, we studied the preparation of
this catalyst (SI–C–S–H2O2) for the hydrolysis of hemicellulose in
corncob, which claried that the phenolic hydroxyl and carboxyl
sites acted as binding regions, and the sulfonic groups acted as
hydrolysis regions, and achieved a relatively high xylose yield of
84.2% at 130 °C for 12 h.35 In this paper, we rst used SI–C–S–
H2O2 to catalyze corncob hydrolysis in a water system, followed
by an enzymatic hydrolysis. Further, we investigated the case of
SI–C–S–H2O catalyzing one-step depolymerization of corncob to
reducing sugars in an IL–water system. As shown in Fig. 1,
neither the employment of surfactants nor the excessive solid
acid consumption was required. Herein, this study provides
a high-efficiency way for lignocellulosic conversion, which allows
the one-step saccharication of hemicellulose and cellulose
without a time-consuming enzymatic hydrolysis.

Experimental
Materials

[BMIM][Cl] (purity 99%) was purchased from Lanzhou Green-
chem ILs, China. Sodium lignosulfonate (96%) was purchased
from Shanghai Macklin Biochemical Ltd, China. Corncob was
obtained from a farm in Shangdong province, China and oven-
dried to a constant weight at 80 °C for 12 h containing 35.1%
cellulose, 34.5% hemicellulose and 14.1% lignin. It was ground
into particles with a size of 40–60 mesh. Cellulase (190 FPU g−1)
was obtained from Imperial Jade Bio-Technology Co., Ltd,
China. All other chemicals were obtained from Guangzhou
Chemical Regent Factory, China.
RSC Adv., 2023, 13, 28542–28549 | 28543
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Preparation of solid acid catalyst

Under nitrogen (N2) protection, sodium lignosulfonate was
carbonized at 250 °C for 6 h in a tube furnace and then washed
with a large amount of deionized water until the ltrate was
colorless and then dried at 105 °C overnight. One gram (1.0 g) of
carbonized solid and 20 mL concentrated sulfuric acid (H2SO4)
were added to the thick wall pressure bottle (Beijing Synthware
Glass Co. Ltd. China) and reacted at 130 °C for 10 h and the
resulting powder was washed with deionized water until the pH
became neutral. It was dried in an oven at 105 °C for 6 h, and
denoted as Sl–C–S. One gram (1.0 g) of Sl–C–S sample and 75 mL
10.0% H2O2 were reacted at 50 °C for 90 min and the same
treatment method as above and denoted as Sl–C–S–H2O2. There
are three main functional groups (–OH, –COOH and –SO3H) in
Sl–C–S–H2O2, and its total acid amount is 4.8 mmol g−1.35
Hydrolysis of corncob

For the two-step process (Fig. 1), 0.2 g catalyst, 0.2 g corncob,
and 20 mL deionized water were loaded in a 75 mL thick wall
pressure bottle and kept at 130 °C in an oil bath for 14 h. Aer
completing the reaction, the reactant was centrifuged at
8000 rpm for 3 min and the supernatant for analysis was
sampled and analyzed. The solid was dried overnight at 50 °C
and 200 mesh sieves were used for screening and separating the
catalyst and the residue. The corncob residue was then added
into 100 mL conical asks containing 40 mL 0.05 M sodium
citrate buffer (pH = 4.8). The solid concentration was 5.0% (w/
v), and the cellulase loading was 40 FPU per g cellulose. The
enzymatic hydrolysis was performed at 50 °C, 150 rpm for 72 h.
The concentration of 0.5 g enzymatic hydrolysate was diluted 10
times with deionized water at each interval of 12 h and then
analyzed by HPLC.

For the one-step process (Fig. 1), 0.05 g catalyst, 0.0125–0.1 g
corncob and 0–0.4 g water and 2 g ionic liquid ([BMIM][Cl]) were
loaded in a 35 mL thick wall pressure bottle and reacted at 115–
160 °C in an oil bath for 4–14 h. Aer the reaction was complete,
the mixture was cooled and 10 mL water was added into the
tube which was then shaken for 1 min to obtain an even mixing.
The solution obtained was centrifuged at 8000 rpm for 3 min
and the supernatant was sampled and analyzed. The solid was
dried overnight at 50 °C and screened by a 200-mesh sieve for
the catalyst recovery assessment.

To analyze the amount of oligosaccharide, the supernatant
was treated by 4.0 wt% H2SO4 to depolymerize oligosaccharide
into monosaccharide in an autoclave at 121 °C for 60 min. Aer
cooling, the solution was neutralized with CaCO3, followed by
centrifugal treatment to separate the supernatant.36 The
concentration of glucose and xylose in the treated and
untreated hydrolysate was analyzed by high-performance liquid
chromatograph (HPLC).
Fig. 2 Schematic representation of two-step saccharification of
corncob at the optimal reaction conditions.
Hydrolysis of cellobiose

A total of 0.05 g catalyst, 0.05 g cellobiose and 0–2.0 g water or
ionic liquid were added into a 35 mL thick wall pressure bottle
and reacted at 130 °C in an oil bath for 8 h. Aer completing the
28544 | RSC Adv., 2023, 13, 28542–28549
reaction, the mixture was cooled and 10 mL water was added
into the tube which was then vigorously shaken for 1 min to
achieve an even mixing. The solution was then centrifuged at
8000 rpm for 3 min. A part of the supernatant was withdrawn
and analysed by HPLC.
Analytical methods

Glucose and xylose were identied by HPLC (Waters 2695) with
a Shodex SH-1011 column. Total 5 mM H2SO4 was employed as
the mobile phase with the ow rate of 0.5 mL min−1 at 50 °C.
Calibration curves were established for quantitative
calculations.

The yields of xylose and glucose were calculated by the
following eqn (1):

Yieldmonosaccharideð%Þ ¼ N

M
� 100% (1)

where N is the quantity (mol) of each monomeric sugar in the
hydrolysate, and M is the quantity (mol) of the corresponding
monomeric sugar in the corncob.

The enzymatic digestibility of the pretreated corncob was
calculated according to the following eqn (2):

Enzymatic digestibilityð%Þ ¼ n

m
� 100% (2)

where n is the quantity (mol) of glucose in the enzymatic
hydrolysis hydrolysate, andm is the quantity (mol) of glucose in
the pretreated corncob.

The yield of TRS was calculated according to the following
eqn (3):

YieldTRS ¼ A

B
� 100% (3)

where A is the obtained TRS in hydrolysate, B is the TRS in
corncob.
Results and discussion
Two-step saccharication in an aqueous system

A two-step method to sequentially obtain the C5 and C6 sugars
was adopted at rst, as shown in Fig. 2. In the 20 mL aqueous
system with 0.2 g catalyst and 0.2 g corncob, the maximum
xylose yield (83.4%) in the hydrolysate was achieved at 130 °C
aer 14 h. Meanwhile, a little glucose was released from the
corncob with a yield lower than 10.0%. Then the residue was
sent to the enzymatic hydrolysis step, resulting in a 92.6% of
enzymatic digestibility. Thus, a total reducing sugar (TRS) was
obtained as 88.1%.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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One-step saccharication: effect of ionic liquid on the
decomposition of corncob

Based on the research above, just a small amount of cellulose
has been decomposed in the aqueous phase. In order to get
xylose and glucose in high yields in one hydrolysis step (i.e.,
without the subsequent enzymatic hydrolysis step), the ionic
liquid was applied, given its solvability of cellulose. At rst,
the effect of water content on the yield of TRS catalyzed by Sl–
C–S–H2O2 in BMIM][Cl] was studied, as shown in Fig. 3. It was
indicated that water content had a signicant effect on the
decomposition of corncob, thus the amount of added water
visibly affected the TRS yield. The results showed that the TRS
yield increased with increasing water content and a maximum
TRS yield of 68.7% was obtained when 3.0% (w/w%) water was
added. Further addition of water over 3% into the reaction
system led to a decrease in the glucose yield. The reason was
due to the presence of water not only can decrease the
viscosity of the ionic liquid which could accelerate the mass
transfer between the reactants, but also could be conducive to
the dynamic equilibrium of hydrolysis processes at a low
water content.28 With a further increase in the water content,
the viscosity of the solvent and the dissolving ability of ionic
liquid for cellulose were of decreasing and the catalyst activity
was reduced by hydration of the acid sites.37,38 The hemi-
cellulose could be hydrolyzed easily in the aqueous system,
thus the increase in water content resulted in a higher yield of
xylose.

Compared with the hydrolysis results in the aqueous phase,
the hydrolysis of corncob in ionic liquid produced a large
amount of gluco-oligosaccharide in ionic liquid. The reason was
that the ionic liquid had a good solubility of cellulose, the
hydrogen bonds between the cellulose molecules were inter-
rupted,39 making cellulose to be more easily hydrolyzed and
thus the yield of glucose was higher.
Fig. 3 Effect of water content on TRS yield obtained by hydrolysis of
corncob with Sl–C–S–H2O2 (reaction conditions: 130 °C for 8 h,
0.05 g corncob, 0.05 g catalyst, 2 g [BMIM][Cl]).

© 2023 The Author(s). Published by the Royal Society of Chemistry
One-step saccharication: effect of reaction condition on the
sugar yield in ionic liquid

The effects of temperature and time on the corncob hydrolysis
in ionic liquid were found to be more pronounced than that in
the aqueous solution. As can be seen from Fig. 4, when the
hydrolysis was conducted at 115 °C, the yield of TRS was
continuously increased with the reaction time and reached
a maximum of 35.5% at 14 h. As the reaction temperature
increased to 130 °C and 145 °C, the yields of TRS started to
increase within a certain period of time, but gradually
decreased aer reaching a peak value. The maximum TRS yields
of 75.1% (at 10 h) and 41.7% (at 6 h) were achieved, respectively.
However, the yield of TRS was decreased continuously as the
reaction time increased at temperatures higher than 160 °C. It is
speculated that the maximum yield had been reached before 4 h
under this temperature. To conclude, the hydrolysis rate was
enhanced with the increase of reaction temperature, conse-
quently, the time to achieve the maximum TRS yield was
shortened.

In general, the variation of TRS yield was contributed by two
competitive reactions: a positive increase derived from the
decomposition of polysaccharides, and a negative decrease
resulted from a further degradation of intermediates into for-
mic acid, furfural, 5-hydroxymethylfurfural, and other byprod-
ucts.31,35,37,38 Under the investigated reaction temperature levels,
the TRS yield increased at the initial reaction period, due to the
hydrolysis rates of cellulose and hemicellulose being higher
than the sugar degradation rates. However, with the build-up of
sugar concertation in the course of the reaction, the sugar
degradation became more signicant at a longer reaction time,
leading to a decline in the TRS yield aerward.

Fig. 5 showed the inuence of catalyst dosage on the TRS
yield. Only a very low yield of 4.0% of TRS was observed at 14 h
without the adding of the Sl–C–S–H2O2 catalyst. The reason for
the formation of a small amount of reducing sugars is due to the
Fig. 4 Effects of reaction temperature and time on TRS obtained by
corncob hydrolysis catalyzed by Sl–C–S–H2O2 (reaction conditions:
0.05 g corncob, 0.05 g catalyst, 0.06 g H2O and 2 g [BMIM][Cl]).

RSC Adv., 2023, 13, 28542–28549 | 28545
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Fig. 5 Influence of catalyst amount on TRS yield obtained by corncob
hydrolysis catalyzed by Sl–C–S–H2O2 (reaction conditions: 130 °C,
0.05 g corncob, 0.06 g H2O and 2 g [BMIM][Cl]).
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formation of H+ from water in the reaction system worked as
catalysts for the hydrolysis of corncob.40 The results showed that
the catalyst dosage was positively correlated with the hydrolysis
rate in a certain range. TRS yield gradually increased from
17.3% at 4 h to 47.7% at 14 h with 0.0125 g of catalyst. TRS
yields reached up to 69.5% (12 h) and 75.1% (10 h) aer the
addition of 0.025 g and 0.05 g catalysts to the reaction mixture,
respectively. However, TRS yield declined when the catalyst
amount was further raised to 0.1 g. An excessive amount of
catalyst used in this reaction will lead to the degradation of part
of TRS into other by-products.40,41

As is shown in Fig. 6, the loading of corncob had a signicant
effect on TRS yield when Sl–C–S–H2O2 loading was xed at
0.05 g. When 0.0125 g and 0.025 g corncob were used, the TRS
yields were up to 63.4% and 74.3%, respectively. Aer the
Fig. 6 Effects of corncob concentration on the TRS yields during the
hydrolysis of the corncob catalyzed by Sl–C–S–H2O2 (reaction
conditions: 130 °C, 0.05 g catalyst, 0.06 g H2O, 2 g [BMIM][Cl]).

28546 | RSC Adv., 2023, 13, 28542–28549
loading amount of the corncob was increased to 0.05 g, an
optimum TRS yield of 75.1% was obtained at 130 °C for 10 h. A
further increase of the loading amount of corncob led to
a decrease in TRS yields (70.6%) and the time required to reach
the maximum value was also increased, which is probably
related to the resulting decrease in the mass transfer efficiency.
Therefore, an appropriate substrate loading was conducive to
the formation of TRS in this reaction system.
Hydrolysis of cellobiose

In order to verify whether the ionic liquid also functioned as
a co-catalyst on the hydrolysis of cellulose, hydrolysis experi-
ments of cellobiose has been performed, which was soluble in
both water and ionic liquid. It can be seen from Fig. 7 that, the
yield of glucose obtained by hydrolysis of cellobiose was grad-
ually increased with time, reaching a maximum at 3 h in the
aqueous system. The yield of glucose was gradually decreased
when the reaction time was further prolonged. For ionic liquid,
the glucose concentration was much higher than that obtained
in the aqueous solution, and there was no sign of decline aer
6 h of reaction time. Moreover, the generating rate of glucose in
ionic liquid was 0.0111 g L−1 min−1 which is about 3 times of
that in water phase (0.0031 g L−1 min−1). Based on the above
results, it is speculated that the ionic liquid has a catalytic effect
during cellulose hydrolysis. The specic reaction mechanism
might be that the cation in the ionic liquid displaced the H+ of –
SO3H on the catalysts,42 more H+ was present to favour the
hydrolysis reaction and thus increased the glucose
concentration.
Comparison with other methods

To evaluate the advantages of the method we developed, the
comparison of our method with other methods was investi-
gated, and the results were showed in Table 1. Since the solvent
played a key role in the hydrolysis of biomass materials,
Fig. 7 Hydrolysis of cellobiose to glucose catalyzed by Sl–C–S–H2O2

in water and ionic liquid (reaction conditions: 130 °C, 0.05 g catalyst,
0.05 g cellobiose, 2 g water or [BMIM][Cl]).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Hydrolysis of biomass materials over different catalysta

Solvent Catalyst Biomass Yieldb Temperature Time Reference

H2O SO42−/Fe2O3 Wheat straw 63.5% 140 °C 4 h 15
H2O Gp–SO3H–H2O2 Corncob 78.0% 140 °C 14 h 16
H2O C–SO3H Corncob 78.1% 140 °C 6 h 17
H2O Sl–C–S–H2O2 Corncob 83.4% 130 °C 14 h This work
[BMIM][Cl] Sl–C–S–H2O2 Corncob 75.1% 130 °C 10 h This work
[BMIM][Cl] PCM–SO3H Rice straw 35.5% 150 °C 2 h 29
[BMIM][Cl] ACS Babool woodb 83.7% 120 °C 1 h 30
[BMIM][Cl] BLSCM Rice strawc 63.4% 140 °C 2.5 h 31
[BMIM][Cl] Fe3+-SCCR Bamboo 73.4% 120 °C 24 h 32
[BMIM][Cl] SCCAC Bambood 68.0% 120 °C 24 h 33
ChCl/LAe — Wheat straw 73.4% 150 °C 6 h 44
ChCl/LA:ChCl/FAe — Napier grass 76.5% 120 °C 1.5 h 45
ChCl/OA/EGe — Eucommia ulmoides seed shells 79.7% 100 °C 3 h 46

a The yield indicates xylose, TRS, and hemicellulose removal, with solvent corresponding to water, IL, and DES, respectively. b H2SO4 aqueous
solution was used for the pretreatment of Babool wood. c KOH aqueous solution was used for the pretreatment of rice straw. d Surfactant was
added. e ChCl: choline chloride, LA: lactic acid, FA: formic acid, OA: oxalic acid, EG: ethylene glycol.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

1/
7/

20
25

 3
:5

5:
34

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
hydrolysis of hemicellulose was dominant when the hydrolysis
of biomass was carried out in water.43 Ulteriorly, in [BMIM][Cl],
the cellulose in the biomass can be efficiently dissolved besides
hemicellulose.39

As can be seen from the Table 1, under the moderate
temperature of 130 °C in water, the catalyst prepared in this
work had the highest activity and the yield of xylose was 83.4%.
In [BMIM][Cl], compared with the hydrolysis of rice straw,29,31

although the hydrolysis reaction time was longer in our work,
the hydrolysis temperature was lower and the TRS yield was
much higher. In contrast, the hydrolysis of bamboo at a lower
temperature,32,33 but the corresponding reaction time was much
longer and the yield of TRS was slight lower than ours (75.1%).
Even if the maximum TRS yield of 83.7% in [BMIM][Cl]was
achieved in 60 min at 120 °C by Tyagi et al.,30 the employment of
homogeneous mineral acid and the tedious two-step reaction
procedures are expected to be improved. Besides, DES system
has been frequently investigated to remove hemicellulose,
Fig. 8 Recycle of catalyst to obtain TRS from the hydrolysis of
corncob with carbon-based catalyst (reaction conditions: 130 °C for
10 h, 0.05 g corncob, 0.05 g catalyst, 0.06 g H2O and 2 g [BMIM][Cl]).

© 2023 The Author(s). Published by the Royal Society of Chemistry
extract lignin, and retain cellulose, primarily contributed by the
cleavages of lignin-carbohydrate linkages and b-O-4 bond.44–46

However, few works reported its application in one-step sugar
conversion.

Through the comparison with other reports, our work not
only provided suitable temperature and time for biomass
hydrolysis, but also had a relative high yield of TRS, which
provides an efficient method for releasing sugars from ligno-
cellulosic materials.
Catalyst reusability

In order to further study the recyclability and stability of the as-
prepared catalyst. The catalyst was subjected to 5 cycles of use
under the optimized reaction conditions (130 °C for 10 h, 0.05 g
catalyst, 0.05 g corncob, 0.06 g H2O, and 2 g ionic liquid). Aer
each reaction cycle, 10 g of water was added to the reaction
solution, and the catalyst was separated by centrifugation. The
catalyst was alternately washed with acetone and deionized
water and then dried in an oven at 105 °C for 6 h before its use
in the next cycle. It can be seen from Fig. 8 that the yield of TRS
decreased from 75.1% to 60.2% aer 5 times of cycling, which is
probably ascribed to the mass loss of –SO3H group during the
washing process.34 Aer repeated cycles of reaction, the catalyst
still has good activity. The reusability of the catalyst in the
aqueous also exhibited excellent stability and catalytic activity.35
Conclusions

In this work, a carbon-based solid acid derived from sodium
lignosulfonate was used to hydrolyze corncob and the hydro-
lyzing behaviors in different phases were studied. In the
aqueous phase, the carbon-based solid acid has a high catalytic
activity and selectivity for the hydrolysis of hemicellulose into
xylose (the highest xylose yield is 83.4%) with a high retention
rate of cellulose (86.3%). Aer the enzymatic hydrolysis, a TRS
yield of 88.1% was obtained. In an ionic liquid system, cellulose
and hemicellulose were hydrolysed at the same time with high
RSC Adv., 2023, 13, 28542–28549 | 28547
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efficiency and the yield of TRS was 75.1%. In short, both of the
two strategies were demonstrated to be efficient and environ-
mental to convert biomass into sugars, which shed light on the
sustainable production of biobased chemicals and fuels by
innovative biorenery approaches.
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