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investigation of highly selective
solid acid catalysts with sodium lignosulfonate for
hydrolysis of hemicellulose in corncob†

Xun Li,‡a Fengyao Shu,ab Chao He,b Shuna Liu,‡b Noppol Leksawasdi,c

Qiong Wang, *b Wei Qi, *b Md. Asraful Alam,b Zhenhong Yuanbd and Yi Gaoe

Saccharification of lignocellulose is a necessary procedure for deconstructing the complex structure for

building a sugar platform that can be used for producing biofuel and high-value chemicals. In this study,

a carbon-based solid acid catalyst derived from sodium lignosulfonate, a waste by-product from the

paper industry, was successfully prepared and used for the hydrolysis of hemicellulose in corncob. The

optimum preparation conditions for the catalyst were determined to be carbonization at 250 �C for 6 h,

followed by sulfonation with concentrated H2SO4 (98%) and oxidation with 10% H2O2 (solid–liquid ratio

of 1 : 75 g mL�1) at 50 �C for 90 min. SEM, XRD, FT-IR, elemental analysis and acid–base titration were

used for the characterization of the catalysts. It was found that 0.68 mmol g�1 SO3H and 4.78 mmol g�1

total acid were loaded onto the catalyst. When corncob was hydrolyzed by this catalyst at 130 �C for

12 h, the catalyst exhibited high selectivity and produced a relatively high xylose yield of up to 84.2% (w/

w) with a few by-products. Under these conditions, the retention rate of cellulose was 82.5%, and the

selectivity reached 86.75%. After 5 cycles of reuse, the catalyst still showed high catalytic activity, with

slightly decreased yields of xylose from 84.2% to 70.7%.
Introduction

Due to the emergence of environmental and energy issues,
researchers and biofuel stockholders have devoted signicant
attention towards the conversion of lignocellulose into biofuels
and high-value compounds.1–3 Acid-catalyzed hydrolysis has
been considered as one of the most efficient pretreatment
approaches for delignication of lignocellulose by deconstruc-
tion of the complex structure to release the high yield of C5/C6
sugars for the preparation of important derivatives, such as
bioethanol and high-value-added chemicals.4,5 Liquid acid
catalysis is the commonly adopted method for the pretreatment
or hydrolysis of lignocellulose; however, this method is not only
corrosive and non-recyclable but also leads to the further
degradation of sugars.6–8
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Research on the preparation of solid acid catalysts and their
utilization in lignocellulose conversion has been carried out in
recent years with the hope of solving the problems brought on
by liquid acid catalysis.9 At present, the commonly used solid
acids can be divided into the following categories: zeolite
molecular sieves,10 heteropoly acids,11 metal oxides and their
complexes,12 inorganic acid salts,13 strong acid cation exchange
resins14 and carbon-based solid acids.15

Research on carbon-based solid acids has received wide atten-
tion due to the relatively higher catalytic efficiency, good stability,
environmental friendliness, low price and renewability16 of these
catalysts. The carbon-based solid acid is a new type of solid acid
obtained by introducing sulfonic acid groups onto the carbon
material.17 Due to the rich presence of acidic functional groups
(–SO3H, –COOH, –OH), carbon-based solid acids can efficiently
adsorb the b-1,4 glycosidic bond and can subsequently depoly-
merize it effectively.18 This characteristic mitigated activation
energy greatly enhances the efficient hydrolysis of cellulose.16,19

Suganuma17 used sucrose and glucose as raw materials and sub-
jected them to carbonization at 300 �C and subsequent sulfonation
to obtain a solid acid catalyst. Lian20 prepared a new catalyst via
hydrothermal carbonization of fructose and sulfosalicylic acid,
which resulted in a reduced sugar yield of 60.7% for the hydrolysis
of cellulose at 130 �C for 90 min in ionic liquid. Shen21 prepared
a solid acid by sulfonation of carbonized starch and polyvinyl
chloride. The corresponding yield of glucose was 44.76% for
cellobiose hydrolysis at 120 �C for 6 h.
This journal is © The Royal Society of Chemistry 2018
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Due to the complicated structure of lignocellulosic biomass,
unsatisfactory results were oen obtained in the application of
carbon-based solid acids for lignocellulose saccharication or
fractionation. Zhang prepared the solid acid catalyst Fe3O4/C–
SO3H to catalyze corncob hydrolysis; 44.3% xylose yield was
obtained at 160 �C for 16 h.22 Xu23 used glucose and p-toluene-
sulfonic acid as raw materials to prepare solid acid (Gp–SO3H–

H2O2) for corncob hydrolysis and obtained a 77.5% xylose yield
under the optimal condition. Zhong24 prepared the SO4

2�/Fe2O3

solid acid catalyst and catalyzed the hydrolysis of wheat straw;
63.5% of xylose was obtained aer the treatment of hydrolysate
with 1 M H2SO4 at 100 �C for 1 h.

In this study, we used sodium lignosulfonate, a waste
material from sulphite pulp, to prepare highly selective carbon-
based solid acid catalysts, which can directly catalyze hemi-
cellulose from biomass into xylose. Moreover, this study is
different from the reported studies on random acquisition of
xylo-oligosaccharides during the hydrolysis of lignocellulose
catalysed by carbon-based solid catalysts. Recently, researchers
found that lignosulfonates were rich in aromatic ring structures
and could be modied to produce an effective carbon-based
solid acid catalyst.25 Zhu26 approached cellulose hydrolysis by
lignosulfonate-based solid acid and obtained a total sugar yield
of 44.2%. However, there are few publications regarding
lignosulfonate-derived carbon-based solid catalysts for ligno-
cellulose hydrolysis.

We used sodium lignosulfonate as the carbon base and
prepared three kinds of solid acid catalysts. The solid acid
catalysts were used for corncob hydrolysis, and a high yield
(84.2%) of xylose was directly obtained with a few by-products
under mild reaction conditions. The retention rate of cellu-
lose in the residue was 82.5%. This process fully utilized
lignosulfonate by-products of sulte pulp to prepare a carbon-
based solid acid catalyst with high catalytic activity and selec-
tivity for the hydrolysis of hemicellulose to xylose. The high
retention of cellulose is also an important resource for ethanol
and a platform for chemicals production.
Experimental
Materials

Sodium lignosulfonate (96%, 534.15 MW) was purchased from
Shanghai Macklin Biochemical Ltd (China). Sulfuric acid (AR),
hydrochloric acid and hydrogen peroxide (30 wt%, AR) were
obtained from Guangzhou Chemical Reagent Factory (China).
D-Xylose (AR) and calcium carbonate (AR) were purchased from
Tianjin Fuchen Chemical Reagent Factory (China). All reagents
were used without purication. Corncob powder was acquired
from a farm in Shandong Province, China. It was ground into
particles with a size of 40–60 mesh and then oven-dried at 80 �C
for 12 h.
Preparation of catalyst

Under a nitrogen atmosphere, sodium lignosulfonate (denoted
as Sl) was carbonized at 200–300 �C for 2–8 h in a homemade
tube furnace (shown in Fig. S1†). Aer carbonization, the
This journal is © The Royal Society of Chemistry 2018
powder was washed with deionized (DI) water until the ltrate
was colorless and then, the ltrate was dried at 105 �C over-
night. This black powder was denoted as Sl-C.

One gram of Sl-C was mixed with 50 mL of 6 M hydrochloric
acid on a shaking table (QHZ-3B) at 150 ppm and at 30 �C for
4 h.27 It was then washed with a large amount of DI water until
the pH was neutral and then, it was dried at 105 �C for 6 h. This
sample was denoted as Sl-C-H.

One gram of Sl-C and 20mL of H2SO4 (98 wt%) were added to
a 75 mL thick-walled pressure bottle (Beijing Synthware Glass
Co. Ltd.) and reacted at 130 �C in an oil bath for 10 h. Then, the
powder was washed with DI water until the pH was neutral. The
product was dried in an oven at 105 �C for 6 h and was denoted
as Sl-C-S.

One gram of Sl-C-S and H2O2 (0–30 wt%) were mixed in the
solid/liquid ratio of 1 : 25–1 : 125 (m : v) and reacted for 30–
150 min at 30–70 �C in a 150 mL thick-walled pressure bottle
(Beijing Synthware Glass Co. Ltd.). Then, the powder was
treated via the procedures described above and denoted as Sl-C-
S-H2O2.

Hydrolysis of corncob

First, 0.3 g of catalyst, 0.3 g of corncob and 30 mL of DI water
were loaded into a 75 mL thick-walled pressure bottle, and this
solution was maintained at 130 �C in an oil bath for 12 h. Then,
the solution was centrifuged at 8000 rpm for 3 min. Part of the
supernatant was treated with 4 wt% H2SO4 to depolymerize the
oligosaccharides. Next, 5 mL of the untreated supernatant and
5 mL of the 4 wt% H2SO4-treated supernatant were neutralized
with CaCO3, and they were then analyzed by high-performance
liquid chromatography (HPLC).

Characterization of catalyst

The functional groups of the catalysts were analyzed by Fourier-
transform infrared spectroscopy (FT-IR) using a TENSOR 27
spectrometer (Bruker) in the range of 400�4000 cm�1. The
powder X-ray diffraction patterns were obtained in the 2q range
of 5–80� with a scanning step of 0.0167� using a PANalytical
X'Pert PRO (Cu Ka1 radiation), operating at 40 kV and 40 mA.
The surface morphology of the catalyst was observed by scan-
ning electron microscopy (SEM, S-4800, Hitachi, Japan). The C,
H, N, and S elemental contents were detected by an elemental
analyser (Vario EL cube, Germany). The acid functional groups
in the catalyst were determined by acid–base titration.23 First,
the total amount of acid in the catalyst was titrated as follows:
0.25 g catalyst was added to 40 mL of 0.05 M sodium hydroxide,
and this solution was put on a shaking table for 4 h at 50 �C to
react HO� and the acid group on the catalyst. Aer centrifuga-
tion at 8000 rpm for 3 min, 10 mL of the supernatant was
titrated with 0.05 M hydrochloric acid to evaluate the total
amount of acid in the catalyst. The catalyst (0.25 g) was also
added to 40 mL of 0.05 M sodium chloride under the same
conditions to fully exchange Na+ and H+ on the SO3H group.
Aer centrifugation at 8000 rpm for 3 min, 10 mL of the
supernatant was titrated with 0.05 M sodium hydroxide to
evaluate the concentration of SO3H groups on the catalyst.
RSC Adv., 2018, 8, 10922–10929 | 10923
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Fig. 1 Xylose yields from corncob hydrolysis catalysed by three
catalysts.
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Analytical methods

The chemical composition of the raw material was analyzed
according to the standard laboratory analytical procedures
(LAP) for biomass analysis provided by the US National
Renewable Energy Laboratory (NREL).28 The analysis revealed
that the corncob was composed of 35.07% glucan, 34.54%
xylan, and 14.14% lignin (dry weight basis).

The xylose and by-products were identied by HPLC (Waters
2695) using a Shodex SH-1011 column, and 5 mM H2SO4 was
employed as the mobile phase with a ow rate of 0.5 mL min�1

at 50 �C. Calibration curves were established for quantitative
calculations.

The xylose yield (Yx), xylose conversion rate (Cx) and xylose
selectivity (Sx) were calculated by eqn (1), (2) and (3).

Yxð%Þ ¼ mass of xylose in the hydrolysate

mass of xylose in corncob
� 100% (1)

Cxð%Þ ¼
mass of xylose in corncob�mass of xylose in the residue

mass of xylose in corncob

� 100% (2)

Sxð%Þ ¼ Yx

Cx

� 100% (3)

The crystallinity calculation equation is as follows:29

CrI ¼ Icrystallineð002Þ � Iamorphousð101Þ
Iamorphousð002Þ � 100% (4)

here, CrI is the crystallinity of cellulose, Icrystalline(002) is the
strength of the crystalline region (2q ¼ 22.5�) and
Iamorphous(101) is the strength of the amorphous region
(2q ¼ 17.5�).
Table 1 Elemental analyses and acid–base titration results of the three
solid acid catalysts

Catalyst
Sulfur
content (%)

Oxygen
content (%)

–SO3H
content
(mmol g�1)

Total acid
content
(mmol g�1)

Sl-C-H 0.971 29.755 0.30 2.15
Sl-C-S 2.706 37.664 0.70 4.40
Sl-C-S-H2O2 2.364 39.359 0.68 4.78
Results and discussion
Evaluation of catalyst activity

Comparative analyses of the catalytic activities of the three
catalysts (Sl-C-H, Sl-C-S, Sl-C-S-H2O2) were carried out. The
carbonization reaction using each of the three catalysts was
carried out at 250 �C for 6 h, and the subsequent oxidation
process comprised 1 g of Sl-C-S reacted with 75 mL 10% H2O2 at
50 �C for 90 min. To evaluate the catalytic activity of each
catalyst, the reaction conditions did not facilitate complete
reaction for any of the catalysts. As shown in Fig. 1, for Sl-C-H,
the direct xylose yield was 21%, and the xylose yield was 62%
aer 4 wt% sulfuric acid treatment, indicating that most of the
xylan in hemicellulose was hydrolyzed into xylo-
oligosaccharides. For Sl-C-S catalysis, the xylose yield
increased from 58.2% to 77% before and aer 4 wt% sulfuric
acid treatment, indicating that there was still a signicant
amount of xylo-oligosaccharides produced. From this, it could
be seen that both of these two catalysts were less selective for
the hydrolysis of hemicellulose to monosaccharides (xylose).
However, for the catalytic hydrolysis of Sl-C-S-H2O2, the yield of
10924 | RSC Adv., 2018, 8, 10922–10929
xylose did not changemuch before and aer 4 wt% sulfuric acid
treatments, only changing from 78% to 84.2%, which indicated
the high selectivity of Sl-C-S-H2O2 for the hydrolysis of hemi-
cellulose to monosaccharides (xylose), and the selectivity
reached 86.75% aer calculation.

Small amounts of by-products such as glucose, arabinose,
furfural, glucuronic acid and acetic acid were also detected
(Fig. S2†) in hydrolysate. As reported, the presence of these by-
products was inevitable during the hydrolysis of lignocellu-
lose.4,24 Furfural was the degradation product of xylose or xylo-
oligosaccharide. According to the eqn (3), the selectivity of
xylose was calculated to be 86.75%. The selectivity of total
saccharides (xylose and xylo-oligosaccharide) was calculated to
be 93.65%, which also indicated the high selectivity of the
catalyst during the hydrolysis of corncob.

To identify the relationship between the components of the
three catalysts and the xylose yield, elemental and total acid
analyses were performed. As shown in Table 1, the solid acid Sl-
C-H revealed the weakest acidity, which accounted for the least
effective catalytic performance. Upon comparison of the
chemical formula of Sl-C-S (CH0.787O0.505S0.016) with that of Sl-C-
H (CH0.841O0.344S0.006), it was observed that the sulfur content of
Sl-C-S was signicantly higher than that of Sl-C, which was due
to the SO3H groups introduced by the reaction between Sl-C and
concentrated sulfuric acid. The sulfonic acid group was the
most effective group for corncob hydrolysis;18 thus, the catalytic
activity of Sl-C-S was higher than that of Sl-C-H, resulting in
a further increase in xylose yield. Aer the oxidation reaction,
the chemical formula of Sl-C-S-H2O2 was CH0.769O0.539S0.016.
The oxygen content of Sl-C-S-H2O2 was the highest among the
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 X-ray diffraction patterns of the catalysts.
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three catalysts. This may be due to the introduction of carbox-
ylic acid groups and hydroxyl functional groups during the
oxidation reaction by hydrogen peroxide, which could also
account for its highest total acid content.

Characterization of catalysts

The surface morphologies of Sl, Sl-C-H, Sl-C-S and Sl-C-S-H2O2

are shown in Fig. 2. From the SEM micrographs, it could be
found that there were obvious changes through every step in the
syntheses of the catalysts. The smooth surface of Sl is shown in
Fig. 2(a). Aer carbonization at 250 �C, surface cracks appeared
as shown in Fig. 2(b), which was attributed to the breakage of
chain structures such as ether linkages.27 Aer the sulfonation
reaction with concentrated sulfuric acid (Fig. 2(c)), the particle
size decreased and the particles tended to aggregate. Moreover,
many gullies and pores on the surface of the catalyst were
observed. However, the H2O2 oxidation did not signicantly
change the surface structure (Fig. 2(d)), indicating that this type
of oxidation process had less impact on the surface morphology
of the catalyst.

The XRD patterns of Sl-C-H, Sl-C-S and Sl-C-S-H2O2 are
shown in Fig. 3. It could be observed that there was no great
difference between the skeleton structures of these three cata-
lysts. The XRD patterns of all three catalysts had two diffraction
peaks. One broad diffraction peak was observed at a 2q angle of
10–30�, which was attributed to the (002) plane of the amor-
phous carbon framework. Another weak diffraction peak was
observed between 35� and 50� which was ascribed to the (101)
plane of the amorphous carbon framework corresponding to
the a-axis direction of the graphite structure.30 Aer the sulfo-
nation reaction, the peak at 10–30� became weaker, reecting
further dehydration by concentrated acid.26

The FT-IR spectra of Sl and the three catalysts are shown in
Fig. 4. The peak at 1217 cm�1 in the raw materials arose from the
stretching vibration of the ether bond (C–O–C). However, this peak
disappeared aer the carbonization process, which was due to the
high-temperature fracture of the ether bond and the correspond-
ing production of small molecules. The characteristic peak at
Fig. 2 Scanning electron microscopy images of the catalysts. (a) Sl, (b)
Sl-C-H, (c) Sl-C-S, (d) Sl-C-S-H2O2.

This journal is © The Royal Society of Chemistry 2018
1616 cm�1 for the three catalysts was ascribed to the stretching
vibration absorption of the C]Cdouble bond of the aromatic ring,
which indicated that the catalyst body still contained an aromatic
ring in its skeleton structure.15 In comparison to the absorption
peaks in the spectrum of Sl-C-H, the absorption peaks of Sl-C-S at
1169 cm�1 and 1034 cm�1 were different, and this was ascribed to
the corresponding asymmetric stretching vibration and symmet-
rical stretching vibration of –SO3H andO]S]O bonds, indicating
that the sulfonic acid groups were attached to the catalyst
successfully. The stretching vibration peak of C]O at 1705 cm�1

indicated the presence of carboxyl groups. The broad absorption
band at approximately 3419 cm�1 corresponded to the stretching
vibration of the hydroxyl groups.9,31 The FT-IR spectrum of Sl-C-S-
H2O2 showed clearer and stronger signals from acidic functional
groups (–COOH, –OH) than did the FT-IR spectrum of Sl-C-S.

From the results of SEM and XRD, it could be clearly
observed that the surface structures of sodium lignosulfonate-
based solid acids were severely damaged aer carbonization
and sulfonation, but the carbon skeletons of the three solid
acids were almost the same. The FT-IR results revealed the
difference regarding the functional groups among the three
solid acids: different acidic functional groups. Moreover, the
solid acid catalyst had a complex fused ring structure.32 Thus,
during the different preparation processes, the variation of the
functional groups of the three catalysts was exhibited in Fig. 5.
Fig. 4 FT-IR diffraction patterns of the catalysts and raw material.

RSC Adv., 2018, 8, 10922–10929 | 10925
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It was reported that the phenolic hydroxyl groups and carboxyl
groups in the carbon material, which were capable of adsorbing
cellulose and water molecules effectively, and the SO3H groups
bonded to the carbon material could decompose hydrogen bonds
and hydrolyze the b-1,4-glycosidic bonds in the adsorbed cellulose
molecules.18 Based on this report, it could be predicted that the
main catalysis effects of phenolic hydroxyl groups and carboxyl
groups in our carbon-based solid acids were absorbing hemi-
cellulose and water molecules, and the SO3H groups could
decompose the bonds in the adsorbed hemicellulose molecules
and released xylose or xylo-oligosaccharides.

Through the results of Fig. 1 and 5, the relationship between
the properties of the three solid acid functional groups and the
xylose selectivity was analysed. The simplest solid acid Sl-C-H
could be obtained by direct carbonization of Sl and ion exchange
with HCl. However, only a small amount of acidic functional
groups (–SO3H, –OH, –COOH) were attached on the surface of the
solid acid, resulting in the low xylose selectivity of corncob
hydrolysis showed in Fig. 1. To introduce more acidic functional
groups, sulfuric acid was used to sulfonate the Sl-C, introducing
more sulfonic acid groups (–SO3H) onto the catalyst. Furthermore,
the oxidation of Sl-C-S by hydrogen peroxide was carried out to
obtain more carboxyl and hydroxyl groups (–COOH, –OH). The
results were consistent with the performances of Sl-C-S and Sl-C-S-
H2O2 in corncob hydrolysis (Fig. 1), and the results were also
consistent with those of FT-IR analysis (Fig. 4). The oxidation
reaction by hydrogen peroxide was used to introduce more weakly
acidic groups (such as –COOH and –OH) instead of –SO3H, which
was conrmed by no change in the content of –SO3H before and
aer the hydrogen peroxide treatment (as shown in the elemental
analysis in Table 1). However, the weak acidic groups introduced
by the hydrogen peroxide treatment did not result in a remarkable
increase in the total xylose yield (84.2% with Sl-C-S-H2O2 vs. 78%
with Sl-C-S), but signicantly increased the xylose selectivity
(86.75% for Sl-C-S-H2O2 vs. 68% for Sl-C-S); the xylose result for Sl-
C-S-H2O2 is shown in Fig. 1.
Optimization of preparation conditions for Sl-C-S-H2O2

The effects of varying the carbonization temperature of the
corncob hydrolysis are shown in Fig. 6. The xylose yield ob-
tained was treated by 4% H2SO4. The carbonization of sodium
Fig. 5 Reaction formula for catalyst preparation.

10926 | RSC Adv., 2018, 8, 10922–10929
lignosulfonate is a process that includes simultaneous thermal
decomposition and polycondensation reactions.33 It was
observed that when the temperature was below 250 �C, the yield
of xylose increased with the increasing temperature. This was
due to the formation of carbonized amorphous structures,
which accommodated more acidic functional groups (–SO3H,
–COOH, –OH) for the hydrolysis reaction. A further increase in
the temperature resulted in the reduction of the xylose yield,
which was due to the destruction of the optimum carbon
structure, resulting in decreased availability of the active site. To
further verify this result, acid–base titration experiments were
conducted. In Table S1,† it can be observed that when the
temperature was lower than 250 �C, the SO3H and total acid
content were increased, and a further increase in the tempera-
ture resulted in a decreased acid content. It was found that the
effects of the carbonization temperatures were consistent with
the results of the acid–base titration. The optimal carbonization
temperature and reaction time of the hydrolysis process were
determined to be 250 �C and 6 h, producing the optimal xylose
yield of 83.5%.

The effects of H2O2 concentration, oxidation reaction time,
reaction temperature and the solid/liquid ratio on the catalytic
activity of Sl-C-S-H2O2 were studied by a single factor control
method as shown in Fig. S3.† The xylose yield gradually
increased with the increasing H2O2 concentration and reached
the highest level when 10% H2O2 was applied. This was attrib-
uted to the improved availability of carboxylic acid and hydroxyl
functional groups on the catalyst surface during the treatment
process, which could enhance the catalytic activity for the
hydrolysis reaction. Further increasing the H2O2 concentration
beyond 10% did not result in enhancement of the xylose yield.
According to Fig. S3(b),† the highest xylose yield was obtained
when the reaction time was 90 min. The increase of oxidation
temperature could improve the catalytic activity when the
oxidation temperature was below 50 �C. The change in this
effect above 50 �C was due to the rapid decomposition of H2O2

at higher temperature. The effect of the solid–liquid ratio was
similar to that of the reaction time, indicating that excessive
content of H2O2 was not necessary to promote the oxidation
process. Based on this analysis, the optimized reaction
Fig. 6 Effect of carbonization temperature and time on the catalysis of
corncob hydrolysis. Oxidation condition: 1 g of Sl-C-S, 50 mL of 10%
H2O2 at 50 �C for 90 min.

This journal is © The Royal Society of Chemistry 2018
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Table 2 Composition analysis of residues produced after corncob
hydrolysis with the three catalysts

Corncob
residue

Cellulose
(%)

Hemicellulose
(%)

Lignin
(%)

Retention
rate of
cellulose
(%)

Sl-C-H 50.67 � 0.73 16.57 � 0.57 28.57 � 0.31 —
Sl-C-S 55.71 � 1.07 10.16 � 1.03 30.42 � 0.38 —
Sl-C-S-H2O2 58.03 � 0.87 6.97 � 0.88 31.62 � 0.45 82.5
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conditions for the catalyst Sl-C-S-H2O2 were determined to be
10% H2O2, 50 �C temperature, and 90 min reaction time with
a solid–liquid ratio of 1 : 75 g mL�1. The highest yield of xylose
obtained with these conditions was 84.2%.

In the study of hydrolysis of hemicellulose in biomass cata-
lyzed by carbon-based solid acid, Zhang prepared the solid acid
catalyst Fe3O4/C–SO3H to catalyze corncob hydrolysis; only
a 44.3% xylose yield was obtained when the hydrolysis was
carried out at 160 �C for 16 h.22 Xu used glucose and p-tolue-
nesulfonic acid as raw materials to prepare a solid acid (Gp–
SO3H–H2O2),23 and a xylose yield of 78% (aer sulfuric acid
post-hydrolysis) was obtained when the hydrolysis of corncob
was carried out at 140 �C for 14 h. Zhong prepared the SO4

2�/
Fe2O3 solid acid catalyst and catalyzed the hydrolysis of wheat
straw at 140 �C for 4 h; the yield of xylose was 63.5% (aer
sulfuric acid post-hydrolysis).24 In our study, the xylose selec-
tivity was signicantly improved, and the reaction condition
was mild.
Characterization of corncob feedstock and residue

The surface morphologies of the corncob raw material and the
corncob residue aer pretreatment are shown in Fig. 7. The
color of the corncob changed from light yellow to dark brown
aer the hydrolysis reaction. Meanwhile, the relatively smooth
and dense surface structure of the feedstock changed to
a structure having irregular gullies with loose holes. This was
mainly due to the decomposition of hemicellulose in the cell
walls to form water-soluble xylose during the catalytic
hydrolysis.

Both the corncob and residue produced a signicant XRD
peak at approximately 22.5�, which was attributed to the 002
plane crystal diffraction peak of cellulose as shown in Fig. S4.†
The diffraction intensity at 2q ¼ 17.5� corresponded to the 101
plane diffraction intensity peak associated with the amorphous
region of cellulose. The diffraction intensity at 2q ¼ 22.5� cor-
responded to the crystalline cellulose. According to eqn (2), the
crystallinity indices of the corncob and the hydrolysis residues
were 31.3% and 41.7%, respectively. The increased crystallinity
Fig. 7 The light and SEM images of corncob and residues: (a) corncob,
(b) SEM of corncob, (c) residue, (d) SEM of residue.

This journal is © The Royal Society of Chemistry 2018
and sharper crystal peaks were both due to the hydrolysis of
hemicellulose, whereas the crystalline cellulose and lignin
remained in the corncob.

When compared with those in the raw material, the relative
contents of cellulose and lignin in the residue increased aer
hydrolysis, whereas the content of hemicellulose decreased
(Table 2). This was because the degree of hydrolysis of hemi-
cellulose was greater than those of cellulose and lignin. As can
be seen in Table 2, the contents of cellulose and lignin in the
corncob residue subjected to catalysis by Sl-C-S-H2O2 were the
highest and reached 58.03% and 31.62%, respectively. These
were compared to the lowest hemicellulose content of 6.97%,
which suggested a greater hydrolysis degree for hemicellulose.
This was consistent with the result shown in Fig. 1, in which the
highest yield of hydrolyzed xylose was obtained using Sl-C-S-
H2O2. By calculation, the retention rate of cellulose was 82.5%,
which indicated that a large amount of cellulose was not
hydrolyzed into glucose.
Reusability of the catalyst

The reusability of the catalyst is an important property for the
economical industrial application of solid acid catalysts.34 To
investigate the reusability of Sl-C-S-H2O2, which was prepared
under the optimum conditions, evaluation experiments were
carried out at 130 �C for 12 h. Aer the hydrolysis reaction, the
catalyst was washed and ltered through a sand-core funnel
several times before drying at 105 �C for 6 h and then, it was
separated by a 200-mesh sieve. It can be seen from Fig. 8 that
Fig. 8 Xylose yields from corncob hydrolysis catalyzed by recycled Sl-
C-S-H2O2.
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the yield of xylose decreased gradually from 84.2% to 70.7%,
and the reduction in the catalytic ability was better than that in
the previous report by Xu,23 who reported that the yield of xylose
decreased from 77.5% to 65.0% aer 4 cycles of usage. The
elemental analysis and acid–base titration results for Sl-C-S-
H2O2 aer reuse are shown in Table S2.† It was found that the
total acid content aer 5 cycles of reuse was still very high, and it
was 90.79% of the initial total acid content.

Conclusions

A novel carbon-based solid acid catalyst with high catalytic
activity, high selectivity and reusability was synthesized from
waste lignosulfonate. The solid acid catalyst synthesized
through the processes of carbonization, sulfonation by
concentrated sulfonic acid and modication by H2O2 was rich
in acidic functional groups such as –COOH, –OH, and –SO3H.
Under the optimized preparation conditions for the catalyst, the
catalyst showed a high catalytic activity and selectivity for the
hydrolysis hemicellulose in corncob with an 84.2% yield of
xylose, 82.5% cellulose retention rate and only a few by-
products. Meanwhile, the catalyst showed good stability and
reusability, as it could be used four times with only a slight
decrease in the catalytic ability. Based on this research, we can
conclude that the synthesized catalyst is excellent for pretreat-
ment of lignocellulose, and it facilitates a new method for
establishing a sugar platform.
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