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methylimidazolium chloride†
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In this study, three carbon-based solid acid catalysts were prepared via the one-step hydrothermal

procedure using glucose and Brønsted acid, including sulfuric acid, p-toluenesulfonic acid, or

hydrochloric acid. The as-synthesized catalysts were tested for their ability to convert cellulose into

valuable chemicals. The effects of Brønsted acidic catalyst, catalyst loading, solvent, temperature, time,

and reactor on the reaction were investigated. The as-synthesized C–H2SO4 catalyst containing

Brønsted acid sites (–SO3H, –OH, and –COOH functional groups) demonstrated high activity in the

transformation of cellulose into valuable chemicals with the yield of total products of 88.17% including

49.79% LA in 1-ethyl-3-methylimidazolium chloride ([EMIM]Cl) solvent at 120 °C in 24 h. The recyclability

and stability of C–H2SO4 were also observed. A proposed mechanism of cellulose conversion into

valuable chemicals in the presence of C–H2SO4 was presented. The current method could provide

a feasible approach for the conversion of cellulose into valuable chemicals.
Introduction

Research on the transformation of available carbohydrates into
valuable chemicals has received much attention over the past
decade.1–5 The transformation of cellulose based on agricultural
residues into useful chemicals has been studied extensively for
practical applications.6–8 Facing the shortage of fossil fuels and
uctuating prices of gasoline, the development of clean, safe,
and sustainable alternative energy sources has become an
urgent mission.9–11 Among the new kinds of energy resources,
biomass feedstocks are essential sources that are expected to
bring many benets in the future as it is the most widely
abundant resource on earth.12–14 Substituting conventional
energy sources with biomass is a potential solution to lower
dependence on coal, oil, and gas and environmental pollution.
The conversion of carbohydrates into valuable manufacturing
chemicals such as 5-hydroxymethylfurfural (HMF), 2,5-difor-
mylfuran (DFF), levulinic acid (LA), formic acid (FA), 2,5-
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furandicarboxylic acid (FDCA), furfural (Fur) has been investi-
gated extensively in the past decade.4,15–26 Formic acid is
a chemical that is used to make formaldehyde, rubber, plasti-
cizers, pharmaceuticals, and textiles, among other things.
Furthermore, using FA as a hydrogen storage material for
automotive applications or as an internal hydrogen source for
bio-based processes is gaining popularity.27,28 One of the most
interesting products is LA, which is the platform chemical for
various high value-added products.29 LA is the starting point for
several chemicals from elds as diverse as solvents and fuels,
polymers and plasticizers, food additives, pharmaceuticals. In
the pharmaceutical industry, calcium levulinate is a calcium
supplement enhancing bone formation and muscular excit-
ability. In agriculture, its derivate d-aminolevulinic acid is
a biodegradable herbicide,30 levulinate potash can be used as
a highly effective fertilizer.31 LA can be converted from different
biomass raw materials,32,33 especially from cellulose. Over the
past decade, several studies have employed homogeneous
acidic catalysts for the production of LA (e.g., hydrochloric acid,
nitric acid, sulfuric acid, .).34–37 However, these acids suffer
from disadvantages, such as difficulty in recovery, equipment
corrosion, and environmental pollution. Consequently,
a variety of solid acid catalysts have received much attention in
LA production from different feedstocks, including acidic TiO2

nanoparticles,38 and sulfonated carbon.39 Based on LA synthesis
processes, high temperatures and long reaction times are also
required for LA generation from cellulose using solid catalysts.
RSC Adv., 2023, 13, 7257–7266 | 7257
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Cellulose has become the focus material in many studies
thanks to its low cost and abundant quantity. Swatloski and
coworkers40 reported an exciting result for cellulose dissolution
with 1-ethyl-3-methylimidazolium chloride ([EMIM]Cl). Several
studies have indicated the role of liquid acids in hydrolyzing
cellulose in the industry.10 However, these liquid–acid catalysts
demand a special method in the form of neutralization, which
involves costly and inefficient catalyst extraction from products
and leads to unrecyclable sulfate waste. Therefore, the use of
recyclable strong solid acids has been encouraged in response
to the criteria of green and sustainable chemistry. Comparative
studies of different solid acid catalysts showed that carbon
materials with acid sites could be considered the most prom-
ising cellulose depolymerization catalysts as their unique
properties include high thermal and chemical stability, low
cost, recyclability, and high surface area.41–44

Carbon-based solid acid catalysts containing Brønsted acidic
sites (–SO3H, –COOH, and –OH) have been demonstrated as
effective solid catalysts for the conversion of cellulose.45–47 The
catalytic effect demonstrated the signicant ability of hydrolysis
of cellulose; the large effective area and acid groups supported
the hydration of monosaccharides to furanic compounds.48 The
cellulose hydrolysis reaction in the presence of carbon-based
solid acid provided a glucose yield of 40% with high selec-
tivity.49 Recently, the hydrolysis of cellulose was carried out in
ionic liquids, in which cellulose was dissolved in ionic liquids
and then hydrolyzed.50,51 The ionic liquids supported the
dissolution of cellulose by disrupting the crystalline structure of
cellulose and made the b-1,4-glycosidic bonds more favorable
for hydrolysis. Ignatyev and coworkers reported Smopex-101
hydrolyzed cellulose in [BMIM]Cl.52 According to previous
studies, [BMIM]Cl and [EMIM]Cl ionic liquids are two suitable
solvents to dissolve cellulose as well as convert cellulose into
some basic products.53,54 In addition, [BMIM]Cl ionic liquid is
more expensive than [EMIM]Cl. When compared to economic
efficiency, we choose [EMIM]Cl to conduct research. Besides,
the carbonaceous catalysts were used for the hydrolysis of
hemicellulose to monosaccharides and the dehydration of these
compounds to furfural and HMF.55–57

In this study, we report amethod for the conversion of cellulose
into valuable chemicals in a one-pot reaction using Brønsted
acidic carbon materials in ionic liquid 1-ethyl-3-
methylimidazolium chloride ([EMIM]Cl) as catalytic systems.
Among three Brønsted acidic carbon materials, C–H2SO4 was
prepared via direct hydrothermal carbonization of glucose, citric
acid, and sulfuric acid for 4 h at 180 °C providing the highest
activity in the conversion of cellulose into organic compounds.
These results motivated us to continue investigating the synthesis
of organic products from cellulose and agricultural by-products.

Materials and methods
Materials

D-Glucose monohydrate (>99%), cellulose (>99%), HMF (>99%),
DFF (>99%), FA (>99), LA (>99%), Fur (>99%), FDCA (>99%),
choline chloride (>99%), citric acid monohydrate (>99%), oxalic
acid dihydrate (>99%), malonic acid (>99%), fumaric acid
7258 | RSC Adv., 2023, 13, 7257–7266
(>99%), adipic acid (>99%), [EMIM]Cl (98%), p-toluenesulfonic
acid (>99%), sulfuric acid (98%), hydrochloric acid (36%), THF
(>99%) were obtained from Sigma-Aldrich. All chemical
substances were used without any further purication.

Preparation of Brønsted acidic carbon materials

Brønsted acidic carbon materials were synthesized by one-step
hydrothermal carbonization using the procedure reported by
Xiao and coworkers with a little modication.58 The mixture of
the D-glucose (10 g), citric acid monohydrate (4 g, 20 mmol),
Brønsted acid (p-toluenesulfonic acid (TsOH), sulfuric acid
(H2SO4) or hydrochloric acid (HCl), 10 mmol), and 80 mL
distilled water was charged in a 100 mL Teon-lined stainless-
steel autoclave. The mixture was heated at 180 °C for 4 h in
an oven. Black carbonaceous materials were obtained by ltra-
tion and washed several times with distilled water and followed
by methanol, and then dried at 80 °C for 6 h. Three samples
were prepared through this procedure including C–TsOH, C–
H2SO4, and C–HCl, which had synthesized yields per 100 g of D-
glucose of 36.3, 38.1, and 34.5 wt%, respectively.

Characterization techniques

The neutralization titration method of every functional group
over carbonaceous solid acid catalysts prepared above was
similar to the study of Wang et al.59 with a little modication of
conditions, and the detailed method was as follows. Tomeasure
the total functional groups (–SO3H, –COOH, and –OH groups),
NaOH (1 N, 40 mL) was added to a vessel with a catalyst (80 mg).
The mixture was stirred at room temperature for 24 h, and the
reaction mixture was centrifuged to separate the solid. The
supernatant solution was titrated by HCl (0.1 N) aqueous solu-
tion using phenolphthalein as an indicator. The content of the –
SO3H group was determined by adding NaCl (1 N, 40 mL) to the
catalyst (80 mg), and the reaction mixture was stirred for 24 h at
room temperature. Aer centrifugal separation, the superna-
tant solution was titrated by NaOH (0.01 N) using phenol-
phthalein as an indicator.

Fourier-transform infrared spectroscopy (FT-IR) were recor-
ded on a Bruker's VERTEX 70 series FT-IR spectrometers and
Shimadzu IRPrestige-21, with a measuring range of 600–
4000 cm−1. The crystallinity of the synthesized powders was
analyzed using Bruker-D8 Advance powder X-ray diffractometer
(P-XRD, CuKa radiation, l = 0.15418 nm) with a step size and
a time per step xed at 0.01 and 0.25 s, respectively. Thermal
gravimetric analysis (TGA) was recorded on a TGA Q500 V20.13
Build 39 instrument, heated to 800 °C (10 °C min−1) in an air
atmosphere. Scanning electron microscopy (SEM) image and
Energy dispersive X-ray (EDX) spectra were measured on
a Hitachi S4800 (Japan) instrument, with magnication 500–
5000 times, an acceleration voltage of 10 kV. The concentration
of sulfur was determined by inductively coupled plasma mass
spectrometry (Agilent ICP-MS 7700x instrument).

Preparation of deep eutectic solvents (DESs)

DESs were prepared based on the study of Abbott and
coworkers.60 The choline chloride and HBD (citric acid (C),
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra00177f


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 6
/1

9/
20

26
 4

:5
1:

36
 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
oxalic acid (O), malonic acid (M), fumaric acid (F), or adipic acid
(A)) with 1 : 1 molar ratio were heated by a magnetic stirrer for
2 h at 110 °C until they formed a homogeneous colorless liquid.
DESs were used directly as solvents for the conversion of
cellulose without purication. The obtained DESs are denoted
as DES-C, DES-O, DES-M, DES-F, and DES-A, respectively.
Cellulose transformation in C–H2SO4/DESs

In a typical experiment, cellulose (162 mg), DES (4 g), and C–
H2SO4 (10 mg) were put into the reaction vessel. The reaction
mixture was stirred with a magnetic bar at a temperature of
120 °C in an oil bath for 18 h. Aer completion of the reaction,
samples were diluted with distilled water to analyze by the
HPLC method.
Cellulose conversion by C–H2SO4/[EMIM]Cl

In a typical experiment, cellulose (162 mg), [EMIM]Cl (1 g, 7
mmol), and C–H2SO4 (0, 1, 5, 8, 10, and 20 mg) were put into the
reaction tubes with a magnetic bar. The mixture was heated to
120 °C in an oil bath with a magnetic stirrer. Samples were
taken from the reaction mixture at a period of time for HPLC
analysis to study the effect of catalyst, reaction times, and
reaction temperatures on the yield of the product.
Recycling and reuse of C–H2SO4/[EMIM]Cl

Aer completion of the reaction, valuable products were
extracted by tetrahydrofuran (THF). The remaining [EMIM]Cl
and catalyst were dried at 100 °C for 3 h and used for subse-
quent recycling.
Products analysis

The reaction products were quantied by Agilent Technologies
1260 Innity HPLC with a PAD detector (285 nm, 210 nm). The
column InertSustain C18 (5 mm, 4.6 × 150 mm) was used to
separate the components of the reaction mixture. The column
temperature was maintained at 30 °C. A mixture of methanol
and 2.5 mM sulfuric acid was used as eluent with a ow rate of
0.7 mL min−1.

According to HPLC analysis, the amounts of HMF, DFF, LA,
FA, Fur, and FDCA were calculated as follows:
Fig. 1 Preparation of carbonaceous acidic catalysts.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Yield of product ¼ mol of product

mol of glucose units of initial cellulose

� 100%

Results and discussion
Characterization of catalysts

Three different types of catalysts were synthesized by one-pot
hydrothermal carbonization. To obtain strong acidity on the
surface of catalysts, p-toluenesulfonic acid or sulfuric acid or
hydrochloric acid were mixed in glucose solution to prepare C–
TsOH, C–H2SO4, and C–HCl catalysts, respectively. The proce-
dure for the carbonaceous solid acid catalysts was shown in
Fig. 1. The colors of the three materials were obtained in black
color aer the hydrothermal reaction at 180 °C for 4 h.

The proposed mechanism for the formation of these cata-
lysts is the conversion of glucose to organic substances such as
furfural in the rst step. These compounds can react with citric
acid, TsOH, H2SO4, or HCl to form the corresponding acid
functional groups. Then, polymerization reactions occur,
forming soluble polymers. These polymers, aer being aroma-
tized, gradually aggregate into larger spheres by forming stable
oxygen groups such as ethers or quinones.61 The presence of
citric acid helps to provide the carboxyl acid group and
improves the acidity of the catalyst. The sulfonic acid groups
can also convert to another group, such as sulfonates during
hydrothermal processes.

From the neutralization titration results, the total acid
content of three materials was 2.2, 2.2, and 1.9 mmol g−1 for C–
TsOH, C–H2SO4, and C–HCl particles, respectively. These total
acid contents are similar to previous literature. Wang and
coworkers developed carbon-based solid acid, which was
synthesized from glucose and p-toluenesulfonic acid, and the
acidity was 2.0 mmol g−1.59 Nata and coworkers reported the
preparation of sulfonated carbonaceous material generated by
hydrothermal carbonization of glucose at 180 °C for 4 h in the
presence of acrylic acid and hydroxyethylsulfonic acid, and the
acidity of this material was 2.10 mmol g−1.62

The structure of C–H2SO4 was determined by XRD, FT-IR,
TGA, SEM, and EDX. The FT-IR spectra of catalysts are shown
in Fig. 2a. Upon hydrothermal carbonization of glucose and
acids, these rich carbon materials with functional groups
including phenolic hydroxyl, carbonyl, sulfonic acid groups,
RSC Adv., 2023, 13, 7257–7266 | 7259
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Fig. 2 Characterization of C–H2SO4: (a) FT-IR spectrum, (b) XRD pattern, (c) TGA curve, (d) SEM image, and (e) EDX spectra.
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View Article Online
and carboxylic groups were obtained. The characteristic band at
∼3414 cm−1 in three samples is attributed to the O–H stretch-
ing. The aliphatic C–H band is shown by the band 3000–
2815 cm−1. The absorption band at approximately 1694 cm−1 is
assigned to stretching vibrations of C]O groups, indicating the
existence of carboxylic acid groups. The absorption bands at
approximately 1162 cm−1 and 1020 cm−1 are assigned to
stretching SO3

− and O]S]O, respectively. These signals
conrmed that the –SO3H groups were successfully graed onto
the carbon surface.59 The band at approximately 1600 cm−1

belongs to C]C groups.
The XRD pattern of the catalyst was presented in Fig. 2b. The

result showed no noticeable difference in the crystalline struc-
ture of the three samples. The XRD pattern exhibited a broad
diffraction peak at 2q angle of 15–30°, which was attributed to
(002) planes of amorphous carbon. Besides, the weak diffrac-
tion peak (101) around 45° was also observed due to the axis of
the graphite structure. These diffraction patterns were typical of
amorphous carbon consisting of disordered polycyclic aromatic
carbon sheets.63 TGA was measured to investigate the thermal
stability of the prepared material. As shown in Fig. 2c, the
sample presented a slight weight loss (about 5%) below 200 °C,
which is mainly due to the loss of a small amount of bonded
water. The thermogravimetric curve of the catalyst at higher
temperatures (above 300 °C) showed more signicant weight
loss because of the gradual desorption and thermal decompo-
sition process of organic functional groups. Thus, it could be
concluded that the catalyst was stable up to 300 °C. The EDX
spectra (Fig. 2d) showed the presence of C, O, and S elements. In
addition, ICP-MS revealed that the obtained material had
a calculated sulfur content of 620 mg kg−1. The SEM image of
7260 | RSC Adv., 2023, 13, 7257–7266
C–H2SO4, as depicted in Fig. 2e showed that the resulting
particle was spherical in shape with 5–8 mm diameter size.
Catalytic performance of carbonaceous catalysts

Effect of various carbonaceous catalysts. The conversion
values of cellulose catalyzed by various carbonaceous catalysts
in [EMIM]Cl were investigated in Fig. 3, 4, and 5. The results of
all three gures showed the difference in cellulose conversion
ability with various catalyst dosages, andmost of them provided
the highest yield for 24 h. As clearly shown in Fig. 3, in the
reaction conditions with 10 mg of C–H2SO4, the highest total
yield of the valuable products was 88.17% (8.67% HMF, 0.27%
DFF, 19.89% FA, 49.79% LA, 6.48% Fur and 3.07% FDCA) for
24 h. As shown in Fig. 4, 10 mg of C–TsOH indicated quite good
activity when giving the highest total yield of the products of
76.48% also for 24 h. For C–HCl (Fig. 5), the maximum total
yield obtained was only about 27.59% when using 8 mg catalyst
for 24 h and LA was not observed. The total yield of the desired
products decreased aer 24 h of reaction was observed in the
reactions using low catalyst concentrations (1 mg Fig. 4 and 5 or
5 mg Fig. 4). This phenomenon is due to the long reaction time
and small amount of catalyst, then the main process is poly-
merization or humins generation. Generally, the main product
with the highest content was LA, followed by FA, HMF, and
small amounts of furfuran and FDCA. These results demon-
strated that C–H2SO4 exhibited better catalytic performance
than the others. The rst explanation is that the activity of the
sulfur group dominated the dehydration reactionmore than the
chloride group and the binding of the Cl– group to the carbon
substrate is weaker than that of the SO3H– group, so C–HCl is
less active. The activity of C–TsOH is only slightly lower than C–
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Effect of C–H2SO4 dosage. Reaction conditions: cellulose (162 mg), C–H2SO4 (1, 5, 8, 10, 20 mg), [EMIM]Cl (1 g, 7 mmol), 120 °C.
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H2SO4. The reason might be the difference in the number of
active sites attached to the carbon plate during hydrothermal.
Besides, C–H2SO4 is also more economical because sulfuric acid
is cheaper than p-toluenesulfonic acid. Therefore, C–H2SO4 will
be used for further investigation in this work.
Fig. 4 Effect of C–TsOH dosage. Reaction conditions: cellulose (162 m

© 2023 The Author(s). Published by the Royal Society of Chemistry
Effect of the solvent. The solvent plays an important role in
heterogeneous catalytic reactions. In the current work, the
solvent effects on the hydrolysis-dehydration of cellulose were
shown in Fig. 6. In general, the main products of the reactions
were LA due to the rich Brønsted acid conditions. [EMIM]Cl
g), C–TsOH (1, 5, 8, 10, 20 mg), [EMIM]Cl (1 g, 7 mmol), 120 °C.

RSC Adv., 2023, 13, 7257–7266 | 7261
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Fig. 5 Effect of C–HCl dosage. Reaction conditions: cellulose (162 mg), C–HCl (1, 5, 8, 10, 20 mg), [EMIM]Cl (1 g, 7 mmol), 120 °C.
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indicated the best activity with the main composition of 46.31%
LA and 12.87% HMF, the DESs showed low and approximately
equal yields of about 22% to 27% LA and very little amount of
HMF (less than 1.36%). This result can be explained by the
better solubility and hydrolysis of cellulose in IL than in
DES.64,65 In addition, the 24 h isothermal TGA at 120 °C of
[EMIM]Cl and DES-C (Fig. S8a, ESI†) showed the weight loss of
about 8% for [EMIM]Cl and 10% for DES-C aer initial 100 min
Fig. 6 Effect of various solvents on cellulose conversion. Reaction
conditions: cellulose (162 mg), C–H2SO4 (10 mg), [EMIM]Cl (1 g, 7
mmol), 120 °C, 18 h.

7262 | RSC Adv., 2023, 13, 7257–7266
heating. As seen in Fig. 8a, the [EMIM]Cl was stable with pro-
longed reaction time, while the weight of DES-C decreased
remarkably to approximately 55% at the end of the period. This
result demonstrated that the [EMIM]Cl was more stable than
DES-C, and the [EMIM]Cl provided better yields of products in
the current work.

Effect of reaction time and temperature. The cellulose
hydrolysis catalyzed by C–H2SO4 in [EMIM]Cl was performed in
conventional heating for various reaction temperatures and
times. The total yield values of products were given in Fig. 7.
When the hydrolysis was conducted below 120 °C, the total
product obtained was very low, just under 5.63%, even when
heated to 24 h. The result could be explained because the energy
supplied to the reaction at these temperatures was not enough
to break b-1,4-glycosidic bonds of cellulose. When the temper-
ature was increased to 120 °C, the total yield was obtained in
61.18% for 18 h and reached 88.17% aer 24 h. However, when
heating the reaction at 140 °C, the total products were only
obtained in 36.68% for 18 h and strongly decreased aer 24 h.
The result could be explained by the polymerization of products
at higher temperatures.

Recycle of the catalytic system. The investigation of the
reusability and stability of the catalyst was shown in Fig. 8. Aer
each reaction run, the mixture of catalyst and [EMIM]Cl was
reused. There was a slight decrease in the total yield of the
products aer each run (88.17%, 83.85%, and 74.69%, respec-
tively), which could be explained by the partial leaching –SO3H
group and the deposition of insoluble humins. The yield of LA
remained above 49.38% aer the rst run and dropped to
40.68% in the following cycle. HMF obtained aer three runs is
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Effect of reaction time and temperature on total yield of products. Reaction conditions: cellulose (162 mg), C–H2SO4 (10 mg), [EMIM]Cl
(1 g, 7 mmol).

Fig. 8 Cellulose conversion towards valuable chemicals in the recy-
cling test. Reaction conditions: cellulose (162 mg), C–H2SO4 (10 mg),
[EMIM]Cl (1 g, 7 mmol), 120 °C, 24 h.
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8.67%, 13.55%, and 8.52%, respectively. The composition of FA
aer three recycling times was 19.89%, 13.21%, and 25.22%,
respectively. The composition of the products through the
Table 1 Comparison of cellulose conversion in various catalytic system

Entry Reaction condition

1 Microcrystalline cellulose (0.5 g), 1-(4-
sulfonic acid) ethyl-3-methylimidazolium
hydrogen sulfate (1.0 g), 0.2 M FeCl2 (1
mL), MIBK (8 mL), 150 °C, 300 min,
101325 Pa

2 Cellulose (50 mg), [C3SO3Hmim]HSO4

(1.000 g), H2O (2.000 g), 160 °C, 30 min,
MW

3 Cellulose (0.05 g), [BSmim]HSO4 (1.5 g),
H2O (0.3 g, 20 wt%), 120 °C, 120 min

4 Cellulose (162 mg), C–H2SO4 (10 mg),
[EMIM]Cl (1 g, 7 mmol), 120 °C, 24 h

© 2023 The Author(s). Published by the Royal Society of Chemistry
recycling times was quite stable, indicating good recyclability
and stability of the catalyst.

The comparison of the current work with the reported liter-
ature on the conversion of cellulose into valuable substances
was presented in Table 1. It can be seen that the catalytic activity
of C–H2SO4 in [EMIM]Cl showed high efficiency in the conver-
sion of cellulose to valuable chemicals. The previous literature
revealed that the conversion of cellulose also afforded products
in high yields, but those procedures still suffered drawbacks,
including the requirement of expensive catalysts, organic
solvents, or high-pressure conditions.

The mechanism of this conversion was proposed in Scheme
1. Kitano and coworkers reported the amorphous carbon could
absorb b-1,4 glucan.41 Thus, we proposed that the mechanism
began with the sorption of cellulose on the catalyst through the
formation of hydrogen bonds between the oxygen of cellulose
and OH groups in the carbonaceous catalyst. As previously re-
ported, hydrogen bonds forming with the oxygen of glycosidic
bond with the OH group of the carbonaceous materials were
more favorable than the inter- and intramolecular hydrogen
bonds of cellulose. Thus, the b-1,4-glycosidic bonds of cellulose
were associated with priority with the acidic sites of the carbo-
naceous material for hydrolysis.41 Hence, the catalytic activity of
the carbonaceous catalyst increased the synergistic effect of
s

Yield (%)

Ref.HMF FA LA

33.86 18.61 5.93 66

— — 55.0 21

4.3 — 39.4 67

8.67 19.89 46.31 This work
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Scheme 1 Proposed reaction mechanism for cellulose hydrolysis-dehydration by C–H2SO4 in [EMIM]Cl.
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adsorption to cellulose on the surface and the strong –SO3H
acidic sites attributed to the hydrolysis of cellulose.41 Based on
the work of Cao et al.68 and our experiment, the mechanism of
solid acid-catalyzed hydrolysis of cellulose in [EMIM]Cl was
started with the Brønsted acid sites on the surface of the catalyst
attacked to the oxygen of the b-1,4-glycosidic bond. Then, the
C–O bond was cleavaged and released glucose molecules. Since
Brønsted acid has a poor effect on the isomerization of glucose
to fructose, the formation of HMF and LA can be explained by
levoglucosan (LGA) intermediate formation.17,68,69 The long
reaction time in the Brønsted acid condition favored the
formation of LA and FA.
Conclusions

We have successfully developed the conversion of cellulose to
valuable chemicals using the catalytic system C–H2SO4/[EMIM]
Cl for the rst time. The yield of total products could reach
88.17% (including 49.79% LA) when using C–H2SO4/[EMIM]Cl
under optimal conditions. Meanwhile, C–HCl gave low yields of
products, which could be explained by the activity of the chlo-
ride group being weaker than that of the –SO3H group in the
hydrolysis/dehydration reaction. The current method showed
that high reaction temperature accelerated the reaction to
provide high yields of products. Nonetheless, excessive-high
temperature resulted in a decrease in product yield due to the
formation of humins. Besides, there was no considerable loss in
catalytic activity in three consecutive cycles, indicating the
reusability and stability of the catalytic system.
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