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Abstract

A novel sulfated-group-riched sulfonated carbonaceous catalyst with high acidic strength and adjustable ratio of acidic groups
was designed in the paper, where glucose and benzyl chloride were hydrothermally carbonized first followed by sulfona-
tion treatment. Various physicochemical techniques were used to characterize the catalyst such as IR, 13C MAS NMR and
XPS spectra, NH3-TPD, XRD patterns and TG curve. Then, it was applied in the esterification of succinic acid and fructose
dehydration to form HMF. Compared to commercial Amberlyst-15 catalyst, such carbonaceous solid acid exhibited excellent
catalytic activity and thermal stability, which was attributed to its higher amount of sulfonic acid group.

Keywords Hydrothermal carbonization - Heterogeneous catalysis - Etherification - Fructose dehydration

Introduction

The transformation of renewable resources into fuels and
chemicals has aroused increasing attention since it can be
an alternative to the exhausted fossil fuels [1-3]. Traditional
homogeneous Brgnsted acids such as H,SO, and H;PO, are
essential catalysts in the reaction-related biomass conver-
sion. However, such liquid acid catalysts require energy-
inefficient processing for separation and neutralization.
Recently, much attention has focused on solid acid catalysts
since they have advantages of environmental friendly, high
stability and easy recyclability, such as transition metal oxide
or phosphates, H-type molecular sieve [4—6], functionalized
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magnetic nanocomposite [7-10] so on. The use of carbo-
naceous materials as catalysts for various organic transfor-
mations has become increasingly attractive as metal-free
alternatives to inorganic catalysts [11]. Sulfonated carbon
is one type of a solid acid catalyst that has been well studied
because of its easy preparation and tunable surface proper-
ties and has been reported to replace sulfuric acid in many
reactions [12-21].

For example, Zhang’s group reported the sulfonated
CMK-3 showed good catalytic activity in the selective
hydrolysis of cellulose to glucose [22]. The glucose yield
could be up to 74.5%, which is higher than that produced
by molecular sieves. Sarma explored carbon dots decorated
with hydrogen sulfate groups as a photocatalyst for the
dehydrogenative cross-coupling of xanthenes with ketones,
arenes and 1,3-dicarbonyl compounds that showed high
efficiency and selectivity under visible-light irradiation
[11]. Clark prepared a starch derivatives named "Starbon".
The sulfonated carbonaceous materials were obtained and
showed a significant catalytic activity in the esterification
of succinic acid [14, 23]. Succinic acid is usually used to
transform and generate various valuable products and can
be obtained from glucose production. Obviously, sulfonated
carbonaceous materials are also very suitable for catalytic
conversion of biomass.

It is well known that the catalytic activity of the sul-
fonated carbonaceous materials strongly depends on the
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nature of the carbon materials [24, 25]. At present, one
of the most used methods to prepare the highly efficient
carbonaceous solid acid materials is sulfonation of carbon
materials with concentrated or fumed sulfuric acid. The
carbon materials were obtained by treating carbohydrate
or polycyclic aromatic hydrocarbons at high temperature
(400 °C) and inert atmosphere for long time (above 15 h)
[15, 26]. According to previous reports, the carboniza-
tion temperature is a key parameter. Sulfonation of car-
bon materials, which were carbonized at high temperature
(750 °C), could obtain surface amorphous carbon rich in
sulfonic groups, but the sulfonated carbonaceous mate-
rials showed no catalytic activity [27]. This means that
the structure and properties of carbon materials are key
to the preparation of efficient solid acids. Recently, much
attention has been paid to the hydrothermal carbonization
method (HTC) because of its maneuverability [28, 29],
mild operation conditions (160-200 °C) and low opera-
tion cost. More importantly, HTC is an environmentally
friendly method and can be used to prepare carbon materi-
als with controllable functional groups [30, 31].

In this work, we prepared sulfonated carbonaceous
materials with high acidity and adjustable acid content with
glucose and benzyl chloride. It is composed of two steps.
Firstly, carbon materials rich in phenyl groups on the surface
were prepared by treating with glucose and benzyl chlo-
ride in a certain mass ratio mixed at 180 °C for 24 h, and
then, the prepared carbon materials were sulfonated with
concentrated sulfuric acids. The amount of sulfonic group
can be controlled by changing the mass ratio of glucose to
benzyl chloride. The sulfonated carbonaceous materials
showed higher catalytic performance in esterification of suc-
cinic acid with ethanol and fructose dehydration, compared
with sulfonated resin Amberlyst-15 and the traditional H-p
molecular sieve catalysts. It is worth mentioning that other
monosaccharides and polysaccharides and even cellulose
can also be used as precursor materials and can be used for
the controllable preparation of solid acid catalysts.

Experiments
Chemical reagent

Activated carbon with surface area of 1041 m? g~! (calcu-
lated by the Brunauer—-Emmett—Teller (BET) method) and
pore volume of 1.05 mL g~! was purchased from Shanghai
Tangxin Corporation. Glucose, benzyl chloride, succinic
acid, concentrated sulfuric acid, ethanol and other regents
were obtained from Shanghai Chemical Co. All chemicals
were of A. R. grade and used as received without further
purification.
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Synthesis of SO;H-functionalized solid acid
catalyst

SO;H-functionalized solid acid catalyst was synthesized
via two steps; the detail procedure is as follows: 4 g of glu-
cose and a certain amount of benzyl chloride were mixed
together by grinding, and then, the mixture were trans-
ferred to a Teflon-lined stainless-steel autoclave (25 mL
capacity). After reaction at 180 °C for 24 h, the autoclave
was cooled down to room temperature. The brown solid
product (noted as SAC-4-X, X represents the amount of
benzyl chloride) was washed several times with diluted
water and ethanol and then dried in an oven overnight.
Finally, 1 g of solid carbon was added into 5 mL concen-
trated sulfuric acid and reacted at 180 °C for 24 h mixed
uniformly. After cooling, the solid product (noted as SAC-
4-X-SO3H) was carefully removed out from the container
and washed with water/ethanol followed drying overnight.
For comparison, the AC-SO;H were also prepared. The
precursor of this carbon is pine wood, and the activation
agent is H;PO,.

Characterization

The powder X-ray diffraction patterns were collected
in 0-20 mode using a Bruker D8 Focus diffractometer
(CuKal radiation, k=1.5406 A), operating at 40 kV and
40 mA (scanning step: 0.02°per step). Nitrogen sorption
isotherms were measured at 77 K with a Micromeritics
ASAP 2020 sorption analyzer. Before the measurements,
the samples were degassed at 90 °C in vacuum for 6 h.
The BET method was utilized to calculate the specific
surface areas. Fourier transform infrared spectroscopy
(FT-IR) was carried out on a Nicolet Nexus 670 FT-IR
spectrometer in the range of 400-4000 cm™'. The sam-
ples were ground along with KBr and then pressed into
thin wafers for IR analysis. Thermal gravimetric analysis
(TG) and differential thermal gravimetric analysis (DTA)
of the as-synthesized samples were performed at a heat-
ing rate of 10 °C min~! from 40 to 700 °C in flowing air
by using WCT-2 thermal analyzer (PerkinElmer Pyris,
Champaign, IL, USA). The sulfur element content was
measured by energy-dispersive spectrometer (EDS) in
the scanning electron microscope (SEM) (JSM-6360LV).
X-ray photoelectron spectroscopy (XPS) analysis was
performed on a Thermo ESCA LAB-250 spectrometer,
using monochromatic Al-K radiation source (1486.6 eV,
pass energy 20.0 eV). The temperature-programmed des-
orption of ammonia (NH;-TPD) was used to measure
the surface acidity. Solid-state 13C MAS NMR analy-
sis was performed on a Bruker Avance 500 MHz NMR
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spectrometers. Surface acid amount of samples (SAC-4-
X-SO;H) was measured through Boehm titration method
[32] to determine the type and amounts of its surface acid
radical groups.

Catalytic performance
Succinic acid and ethanol esterification reaction

0.1 g catalyst (SAC-4-2-SO;H), 1 mmol succinic acid (SA,
0.118 g) and 80 mmol anhydrous ethanol (EtOH, 4.6 mL) were
added to a 25-mL round-bottom flask; then, the reaction mix-
ture was stirred magnetically and refluxed at 80 °C. After 4 h,
the reaction mixture was separated with centrifugal machine,
and the supernatant fluid was analyzed by gas chromatogra-
phy (GC). The conversion of succinic acid was calculated by
normalization method. Product composition was determined
by gas chromatography-mass spectrometry (GC-MS). Cata-
lyst was collected by centrifuged separation and then washed
with water and ethanol several times and then dried at 90 °C
overnight. The dried catalyst was added into the fresh reactant
with the same ratio, and then, the activity measurement was
taken. The process was repeated several times, and the cata-
lytic stability was obtained.

For comparison, the performance of other catalyst such as
Amberlyst 15, AC-SO;H, SAC-4-0-SO;H and H-p zeolite, as
well as a blank control experiment, was also carried out under
the same reaction conditions.

Fructose dehydration to form HMF reaction

0.25 g of catalyst (SAC-4-2-SO;H), 0.5 g of fructose, 8 ml
of acetone solvent (acetone), and 2 ml of dimethyl sulfoxide
(DMSO) were added in a 50-mL round-bottom flask, under
nitrogen protection, and magnetic stirring at 130 °C for 1 h
in oil bath. After the completion of the reaction, the prod-
uct obtained after centrifugal supernatant fluid for high-per-
formance liquid chromatography (HPLC) analysis. Fructose
conversion rate and the yield of results were calculated by
external standard method. Centrifugal catalyst was washed by
water and ethanol several times after and then dried at 80 °C
overnight. The dried catalyst was added into the fresh reactant
by the same ratio.

Comparison experiment: under the same reaction con-
ditions, we also evaluated the reactivities of other cata-
lysts: Amberlyst-15, AC-SO;H, as well as a blank control
experiment.

H OH
4 Hydrothermal
Carbonization

Scheme 1 The proposed synthetic route of the catalyst

1600 1200 800 400

Wavenumbers(cm™)

2000

Fig.1 The IR spectra of carbonaceous catalyst a SAC-4-2 and b
SAC-4-2-SO;H

Results and discussions
Characterization

Scheme 1 illustrates the preparation process and the pos-
sible mechanism of the materials. Firstly, the dehydra-
tion reaction occurred between the glucose and obtained
hydrothermal carbon. At the same time, the Williamson
esterification reaction happened between benzyl chloride
and the surface hydroxyl of hydrothermal carbon and
then produced the carbonaceous materials rich in phenyl
groups. This can be determined by IR spectrum, as shown
in Fig. 1a. The absorption peaks at 698 and 730 cm™' can
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be attributed to the C—H bending vibration of benzene
ring, and peaks at 1495 and 1602 cm™' are attributed to
the C=C stretching vibration of the benzene ring. The aro-
matic ring offers a wide range of active site for sulfona-
tion. The solid acid catalyst rich in sulfonic groups can be
obtained by sulfonating the carbon rich in phenyl groups
with concentrated sulfuric acid.

Figure 1b shows infrared spectrogram of SAC-4-2-SO;H.
Absorption peaks at 1007, 1031 and 1122 cm™! belong to
—SO;H [12], while those at 834 and 1602 cm™! absorption
peak position belong to the benzene ring. This suggests that
—SO;H was assembled into the carbon skeleton.

Figure 2 shows the '*C MAS NMR spectra of SAC-4-2
and SAC-4-2-SO;H. The peak of 128 ppm for the SAC-4-2
is attributed to Ar—C=C-Ar [33], which indicates that dur-
ing the first step of the synthesis process the carbon material
successfully bonded to the benzene rings. The peaks at 25
to 50 ppm belong to the unconsumed glucose. Peaks at 127
and 141 ppm for SAC-4-2 and —SO;H indicate the existence
of unsulfonated and sulfonated polycyclic aromatic hydro-
carbons [26], consistent with the possible mechanism of the
synthetic route.

XPS further demonstrates the existence of sulfonic group
in the catalyst. As shown in Fig. 3, the strong S2p peak at
168.2 eV belongs to —SO;H group [24]. This indicates that
almost of S all in the samples exist in the form of -SO;H.
However, there is a weaker peak at 169.8 eV (peak area no
larger than 10%), suggesting the existence of small amounts
of —-O-SO;H [34].

The acid amounts in the sample are determined by the
Boehm titration method with different reagents; sulfur
content is measured by EDAX energy spectrum, as listed
in Table 1. We can see that the sulfur content in the sam-
ples calculated by EDAX is higher than that obtained by
the titration method. This shows that a small number of

127

128
141

139

T T T

250 200 150 100 50 O
d(ppm)

Fig.2 The '*C MAS NMR spectra of carbonaceous catalyst a SAC-
4-2 and b SAC-4-2-SO;H
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sulfonic groups in the sample are unable to be used, which
may be embedded inside the sample. On the other hand,
the sulfur and sulfonic group contents increased with the
increase of adding amount of benzyl chloride. Especially
for the sample SAC-4-0-SO;H without adding benzyl chlo-
ride in the synthesis, it has extremely low content of sulfur
(0.38 mmol g™!) and sulfonic group (0.36 mmol g!). This
suggests that the presence of aromatic ring is a key factor
for the preparation of solid acid catalyst with high content
of sulfonic groups. Sample SAC-4-2-SO;H has roughly the
same amount of sulfonic group as SAC-4-3-SO;H, which
suggests that the addition of 2 g of benzyl chloride was
enough for the complete reaction with surface hydroxyls.
In addition, it also means that the amount of sulfuric group
can be adjusted by controlling the amount of added benzyl
chloride. Because of the existence of other acidic groups
such as carboxyl and hydroxyl groups, the total acid content
from NaOH titration is higher than the total sulfonic acid
content. Because different acidic groups possess different
acid strengths, the acid distribution can be determined by
Boehm titration, and the results are shown in Table 1. A
work reported recently proposed that coexistence of various
functional groups on the surface may be beneficial for some
catalytic reactions [16].

NH;-TPD-MS further identified the acid strength of the
sample [35]. As shown in Fig. 4, the NH; desorption could
happen in the high-temperature range of 600-750 °C, sug-
gesting the existence of strong acid site. Besides, the des-
orption peak for NH; in 100-500 °C also showed that the
catalyst is abundant in weak acid and medium strong acid,
which is consistent with the result from titration.

Obviously, the initially added benzyl chloride contributes
to the production of a large number of phenyl carbon materi-
als on the surface. X-ray diffraction pattern of the catalyst
is also slightly affected. As shown in Fig. 5, both SAC-4-
0-SO;H and SAC-4-2-SO;H have a wide diffraction peak

% (Raw data)

e | —— % (-SOH)
3 —<— Y% (Peak 2)

160 162 164 166 168 170 172 174 176
Binding Energy (eV)

Fig.3 The S2p XPS spectra of SO;H-functionalized solid acid cata-
lyst SAC-4-2-SO;H
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Table.1‘ Surfac.e areas and » Catalysts Sger (M%) S content Total acid density —SO;H groups —COOH
chemistry of different catalysts (mmol g~1)* (mmol g~1)® (mmol g~')° groups
(mmol g_l)Cl
SAC-4-0-SO;H 12 0.38 4.02 0.36 3.53
SAC-4-1-SO;H <1 2.09 4.38 1.04 2.93
SAC-4-2-SO;H <1 2.82 4.44 1.38 2.06
SAC-4-3-SO;H <1 2.85 4.59 1.39 2.20
“Based on EDX of element S
"Determined by titration using NaOH
“Determined by titration using NaCl exchange and subsequent titration
dObtained by subtracting the titration results of NaCl from the value of NaHCO,
SAC-4-O-SOSH

100 200 300 400 500 600 700
Temperature("C)

Fig.4 The NH;-TPD results of SO;H-functionalized solid acid cata-
lyst SAC-4-2-SO;H

in 10° to 30°, which could be attributed to (002) plane of
amorphous carbon. However, the peak positions of the two
samples are different. For sample SAC-4-0-SO;H, the peak
is positioned at about 20°, while for SAC-4-2-SO;H, it is at
25°. This shows that although the material is amorphous, the
addition of benzyl chloride is beneficial for the stacking of
(002) plane and even more advantageous for the next step
of sulfonation process, which could bring into more sulfonic
groups. This may be another reason for the preparation of
solid acid catalyst with high acid strength and acid amount.

TG analysis was used to study the thermal stability of
the catalyst. Figure 6 shows TG curves of SAC-4-2-SO;H
under the air flow condition. Before 100 °C, the mass loss
ratio was about 16%, which was due to the desorption of
water in the catalyst, indicating that the catalyst is highly
hydrophilic, which is consistent with other reports [26]. The
catalyst within the temperature range 100-260 °C has no
apparent mass loss, less than 4%, showing that the catalyst
is very stable in this temperature range. With the rising of
temperature, catalyst amounts also constantly decrease and
burn out to CO,, SO, and H,O at about 550 °C. These data

2-theta(degree)

Fig.5 The XRD patterns of SO;H-functionalized solid acid catalyst
SAC-4-0-SO;H and SAC-4-2-SO;H

show that compared with the general application tempera-
ture for sulfonic acid resin (< 150 °C), the current catalysts
exhibit higher thermal stability [36].

Catalytic performance
Succinic acid and ethanol esterification reaction

Succinic acid, one of the top platform biological molecules,
is an important raw material in the production of profes-
sional and bulk chemicals. Esterification reaction is one of
the most useful reactions in the conversion of dicarboxylic
acid to diester, and diester can be used as intermediates to
produce polymer, fine chemicals, perfumes, plasticizer, sol-
vents and so on. Table 2 compares the conversion of succinic
acid and the selectivity toward diethyl succinate (DIES) with
the catalyzing of various kinds of catalysts under the con-
dition of 4 h reaction in the 80 °C oil bath. Because the
esterification of succinic acid with ethanol is an autocatalytic
reaction (Scheme 2), in order to more accurately show the
catalytic performance of the above catalysts, we also studied
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Fig.6 The TG curve of SO;H-functionalized solid acid catalyst SAC-
4-2-SO;H in a flow of air
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N
O
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e . (0]
succinic acid (SA) ethyl succinate

2 | HO
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=K
O
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(0]
diethyl succinate (DIES)

Scheme 2 Model reaction of the esterification of succinic acid with
ethanol

Table 2 The surface properties of catalysts and their catalytic activi-
ties for the esterification®

Catalysts Sger (M%/g)  Acid Con- Selectivity
density version to DIES (%)
(mmol/g) (%)

SAC-42-SO,H <1 1.8° 99 97

Amberlyst-15 53 4.0° 99 68

AC-SO;H 506 0.0° 98 47

SAC-4-0-SO,H 12 0.6° 99 21

H-p 590 1.0° 99 21

No catalyst - - 17 18

Starbon- 386 - 90 80

400-HSO,!11"
*Reaction conditions: succinic acid:1 mmol; etha-

nol:80 mmol;catalyst:100 mg, 80 °C, 4 h
bSulfonic group density from titration

‘Data from the supplier

@ Springer

the esterification without adding catalysts (other conditions
were unchanged), and the results are listed in Table 2. As we
can see, all of the catalyst for this reaction has high conver-
sion of close to 100%, but selectivity for DIES is very dif-
ferent. SAC-4-2-SO;H shows the highest selectivity of 97%,
and AC-SO;H and SAC-4-0-SO;H show a low selectivity.
The results may be related to the sulfonic group content in
the catalyst. Both SAC-4-0-SO;H and AC-SO;H have rela-
tively low sulfonic group content, while the SAC-4-2-SO;H
has the highest. In other words, the amount of supreme sul-
fonic group is a key factor for the reactivity of sulfonated
carbon material. One possible problem is that Amberlyst-15
contains the highest amount of sulfonic group, but the selec-
tivity to DIES is still below that for SAC-4-2-SO;H. Some
reports suggest that this may be due to differences in surface
chemical properties of catalysts [37]. Finally, H-f molecular
sieves showed the lowest DIES selectivity, which may be due
to its lower acid strength. The reported catalytic activities of
Starbon-400-HSO; [14] are also listed in Table 2. SAC-4-2-
SO;H shows higher conversion and selectivity to DIES com-
pared with Starbon-400-HSO;. The cycling stability of the
SAC-4-2-SO;H catalysts for this reaction has been carefully
studied. After the first cycle of the reaction, the centrifugal

120

I conversion(%)
I sclectivity to DIES(%)

100+

60

40

20+

1 2 3 4 5 6
Run(Times)

Fig.7 The reusability of sample SAC-4-2-SO;H for the esterification
of succinic acid

OH o OH
0 mo A M oH
O
OH HMF
OH
D-Fructose e}
Polymers,Humins
| OH+ HO/\O
o)

Levulinic acid Formic acid

Scheme 3 Model reaction of the dehydration of fructose to HMF
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catalyst after washing with water and ethanol several times
dried overnight at 90 °C in the oven. The dried catalyst was
added into the fresh reactant with the same ratio, reacted for
another five cycles. As shown in Fig. 7, after six cycles, the
activity of the catalyst is not much changed. The succinic
acid conversion is higher than 99% and the selectivity of
DIES is also above 90%. We can see that the catalyst has
good stability.

Dehydration of fructose to HMF

5-HMF molecule contains an aldehyde and a hydroxym-
ethyl group, and it can be used to synthesize various valu-
able chemicals and novel polymer materials through hydro-
genation, dehydrogenation oxidation, esterification, halide,
polymerization and hydrolysis [38]. Due to its high reactiv-
ity and multiple functional groups, it is a good raw material.
Starting from HMF, a series of value-added products can be
synthesized, such as levulinic acid, 2, 5-dimethylfuran, and
2, 5-furan dicarboxylic acid, which have been widely used
for agricultural chemical fungicide, electrochemical corro-
sion inhibitor, dispersant, cosmetics and spices. Therefore,
HMF is promising to become the new platform compounds
based on biomass resources.

In conclusion, HMF has very high industrial value and
more importantly can be prepared from natural biomass and
thus to be a "green, renewable" platform molecule. There-
fore, in recent years, the synthesis of HMF from biomass
or sugar attracts great attentions (Scheme 3). As is known
to all, good solvent DMSO is the realization of the reaction
[37]. This is because in DMSO, fructose can be dehydrated
easily because of its furan structure; at the same time, some
side reactions can be inhibited, for example, the breaking
down into levulinic acid or formic acid and aggregating into
humin [39, 40]. Because DMSO has a high boiling point,
however, it leads to the difficulty separation in DMSO.
Using low boiling point, solvents can solve the problem in
separation and improve production for efficient solid acid

- Conversion of fructose
100+ -Y|eld of HMF
80
60
X

401
20
0-

SAC-4-2-SO,H Amberlyst-15  AC-SO;H No catalyst

Fig.8 The catalytic activities of different catalysts for the fructose
dehydration
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Table 3 The reusability of .SAC- Run Conversion  Yield of
4-2-SO;H for the dehydration of of fructose HMF (%)
fructose to HMF (%)

1 99 90

2 99 91

3 99 89

4 99 90

5 98 87

catalyst. Here, acetone/DMSO mixture (volume ratio: 8/2)
was used as solvents, and the catalytic properties of several
kinds of catalyst were compared, as shown in Fig. 8. With-
out catalyst, the conversion of the fructose is about 70%,
but because of the side reactions, the selectivity of HMF is
very low. The addition of catalyst can not only improve the
conversion of fructose, but more importantly the selectivity.
Among them, the SAC-4-2-SO;H showed the best catalytic
activity and selectivity. When in 130 °C after 1 h of reaction,
the yield for HMF is as high as 90%, even higher than that
from Amberlyst-15. AC-SO;H shows the lowest catalytic
activity, which may be due to its low quantity of sulfonic
groups. SAC-4-2-SO;H also showed good cycling stabil-
ity; after five cycles, the yield is still as high as 87%, and
catalytic activity has no significant loss, as listed in Table 3.

Besides confined to the above reactions, the synthesis
method has great potential in a lot of acid-catalyzed reac-
tions. In addition, other monosaccharides and polysaccha-
rides (fructose, sucrose, and even cellulose) can replace
glucose to synthesis the catalyst. Sugar/benzyl chloride is
prepared with cellulose/benzyl chloride-sulfonated car-
bon materials, which also showed high catalytic activity in
the esterification reaction. To sum up, this is a simple and
feasible method and can be used for the preparation of all
kinds of efficient and controllable acid amount of solid acid
catalyst.

Conclusions

High acid content and good thermal stability of sulfonated
carbonaceous materials were prepared by the two-step syn-
thesis method. Firstly, glucose and benzyl chloride were
used to synthesize a kind of carbon black surface with
phenyl at high temperature and then sulfonated with con-
centrated sulfuric acid and got the sulfonated carbon mate-
rials. Benzyl chloride has played a very important role in
the process of material synthesis. Benzyl chloride on the
benzene ring will have more sulfonic acid catalyst also more
stable. And the amount of sulfonic group could be adjusted
and controlled by adding the quantity of benzyl chloride.
In a series of acid-catalyzed reaction, compared with the
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Amberlyst-15, the catalyst showed high catalytic activities,
which suggests that it has great potential in green chemistry.
Due to a variety of biomass that can be used as the starting
materials, the current method is not limited to glucose, and
as a result, a useful reference provides the regulation of the
synthesis of carbon-based solid acid catalysts.
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