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Abstract: The correlation between catalytic performance
and the structure of a carbon-based solid acid (G/F-1/x),
an amorphous carbon-bearing SO3H group, was investi-
gated. Concentrated sulfuric acid was used to carbonize
and sulfonate the mixed graphene and fructose powder
for the preparation of carbon-based solid acid catalysts
with different cross-linked structures. The results showed
that the catalyst with a higher fructose loading amount
presented higher catalytic performance. The catalytic
performance improvement could be attributed to a high
density of SO3H groups and the fast diffusion of reactants
and products enabled by a flexible carbon network. The
best furfural yield was obtained up to 69.4% when the
weight of graphene and the fructose loading ratio was 1:4.

Keywords: carbon-based solid catalysts, poor-cross-linking,
furfural

1 Introduction

Solid acid catalysts have been widely used in the che-
mical industry because they are easy to recycle and reuse
[1]. In addition, carbon-based solid acid catalysts have
attracted the attention of researchers due to their easily
accessible preparation resources as a wide range of biomass,
stable products with excellent catalytic activity, and ease
of structural modification as well as regulation [2–4].

Specifically, the amorphous carbon structure formed by
incomplete carbonization of lignocellulose is used as an initial
carbon matrix, and, following with acid modification, it
becomes carbon-based solid acid catalysts with a graphite-
like structure. These catalysts are widely used in hydrolysis,
esterification, and dehydration condensation reactions [5–11].

Suganuma et al. found that this type of solid acid
catalyst consisted of multiple graphite layers superim-
posed into sheets that were connected through methy-
lene groups [12]. The smaller the size of the graphite sheet
(carbon flakes formed by the incomplete carbonization of
sugars), the more the active sites modified at the edge of
sheets that are available for chemical reactions [13]. Lou
et al. studied the effects of carbonization temperature and
time length on the structure of carbon-based solid acid
catalysts. Their study suggested that changing the pre-
paration conditions of solid acid catalysts from biomass
would significantly lead to alterations in catalysts’ struc-
ture and subsequently affect their catalytic performance
[14]. However, Nakajima and Hara reported that, within a
certain temperature range, although an increase in the
carbonization temperature would result in variable cross-
links but has no effect on the size of the carbon flakes
[15]. This meant that differences in catalytic performance
due to changes in the carbonization temperature prob-
ably occurred because of the variations in cross-linking
between the carbon flakes rather than changes in the size
of the carbon flakes. Therefore, in order to reveal the
deep-seated mechanism of the influence of the carbon
layer structures on the catalytic efficiency of the carbon-
based acid catalysts, we designed a series of catalysts with
different patterns of cross-linking between the carbon
layers and studied their catalytic efficiency as well.

Direct carbonization and sulfonation of sugar mate-
rials using concentrated sulfuric acid is a well-known
simplified method for preparing carbon-based solid acid
catalysts [16]. Given that the carbonization ability of con-
centrated sulfuric acid is not as good as calcination at
high temperatures, the carbon frame body of the pre-
pared carbon-based solid acid catalyst is usually fragile.
Additionally, the structure is often unstable and the
degree of graphitization is low. As speculated in the
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study, due to these shortcomings of sulfuric acid, the
amorphous carbon structure obtained by carbonization
using the concentrated form of the acid would rarely
form graphite flakes with a complete crystalline structure.
Instead, the structure would mainly consist of cross-linked
aromatic carbons and short-chain alkanes.

Therefore, in this study, a series of solid acid cata-
lysts with various degrees of graphitization were pre-
pared by mixing different proportions of graphene and
fructose before carbonization and sulfonation using con-
centrated sulfuric acid. The relationship between the cat-
alytic activity and the structural softening of the carbon-
based solid acid catalysts was then evaluated.

Furfural (FF) is generally produced from the hydrolysis
of pentosane through the action of an acid to form pentose,
which is then dehydrated and cyclized. The main rawmate-
rials for the production of FF include corncobs aswell as other
agricultural and sideline products. FF is the most important
derivative of the furan ring system and could be synthesized
through several methods. It is widely used in synthetic plas-
tics, medicine, pesticides, and other industries. Additionally,
many derivatives could be obtained from FF through oxida-
tion, condensation, and other reactions on account of its
active chemical properties. In this study, a reaction from
xylose to FF was chosen as the model reaction [17].

2 Materials and methods

2.1 Materials

Graphene was purchased from Shenzhen Zhongsenlinghang
Technology Co., Ltd., PR China (bulk density: 0.01–0.02 g·mL−1,
specific surface area: 50–200m2·g−1, particle size: D90
11–15 µm, thickness: 1–3 layers, single layer rate: >80%).
Fructose, H2SO4, xylose, FF, oleic acid, methyl oleate,
and methyl heptadecanoate were purchased from Energy
Chemical Co., Ltd., PR China. Methyl sulfoxide (DMSO),
tetrahydrofuran (THF), methylene chloride (DMC), and
methyl isobutyl ketone (MIBK) were purchased from
Macklin Chemical Co., Ltd., PR China. All reagents used
in this research were analytically pure and used without
further purification.

2.2 Catalyst preparation

To prepare the solid acid catalysts, we mixed 1 g of gra-
phene and a certain mass of fructose thoroughly and
evenly, and then sulfonated the mixture with 10mL of

concentrated sulfuric acid (96% w/w) at 413 K under
a N2 atmosphere. The black powder obtained from
sulfonation was washed and filtered repeatedly with hot
deionized water to remove the residual sulfuric acid till the
pH of the filtrate became neutral. Then, the filter residue
was dried at 353 K for 12 h. These samples were denoted
G/F-1/x, where x (x = 0.5 or 4)was the fructose loadingmass.

2.3 Catalyst characterization

Conventional instrument characterization: scanning elec-
tron microscopy (SEM) images were recorded on a desktop
scanning electron microscope (Phenom Pro-X, CN). FT-IR
spectra were recorded on a Nicolet Nexus 670 with a reso-
lution of 4 cm−1. X-ray diffraction was analyzed on a
Rigaku X-ray diffractometer system (XRD; Rint 2,000,
Rigaku). The Raman spectra were recorded at a wave-
length of 514 nm using the Renishaw inVia Laman micro-
scope (UK) in which the objective was fixed at 4× with a
325 nm notch filter. The BET surface area and nitrogen
adsorption–desorption isotherms were measured with
a volumetric adsorption apparatus (ASAP 2460, USA).
Solid-state NMR spectra were measured using a JNM-
ECZ600R spectrometer (JP). The number of SO3H groups
bonded to the carbon materials was estimated by ele-
mental microanalysis (LECO CS844, USA).

2.4 Acid–base titration analysis

The acid–base titration method was proposed for the
determination of acidity and the acid radical volume of
catalysts. Each titration experiment was repeated three
times and the average value was taken as the experi-
mental results. Phenolphthalein was used as an indicator
in this acid–base titration. The amount of –OH groups is
equal to the total acid amount – (the amount of –SO3H +
–COOH), and the amount of –COOH group is equal to
(SO3H + –COOH) – (–SO3H).

For the total acid titration (–SO3H, –COOH, and
–OH), 30 mg of the catalyst and 50mL of 5 mmol·L−1
NaOH solution were added to a 100mL Erlenmeyer flask
and the reaction was stirred at room temperature for 24 h
or ultrasonically shaken for 1 h. After filtering, 10 mL
of the filtrate was pipetted and transferred to a 50mL
Erlenmeyer flask. The filtrate was then titrated with a
5 mmol L−1 HCl solution and the acid content of the cat-
alyst was calculated referring to the volume consumed.
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To determine the –SO3H content, 30mg of the catalyst
and 50mL of a 2 mol·L−1 NaCl solution were added to a
100mL Erlenmeyer flask, and the reaction was stirred at
room temperature for 24 h or ultrasonically oscillated for
1 h. To determine the total content of –SO3H and –COOH,
30mg of the catalyst and 50mL of a 5 mol L−1 Na HCO3

solution were added to a 100mL conical flask, and the
reaction was stirred at room temperature for 24 h or ultra-
sonically shaken for 1 h. After filtering, 10 mL of the fil-
trate was pipetted and transferred to a 50mL Erlenmeyer
flask. The filtrate was then titrated with 5 mmol L−1 NaOH
solution, and the acid radical content of the catalyst was
calculated referring to the volume consumed.

2.5 Swelling performance test

About 100mg of the solid catalyst powder was put into
6mm × 30mm liquid-phase inserts of a flat-bottom glass
tube and then centrifuged at 5,000 rpm for 10 min. The
height of the powder (H1) was measured, and then 200 µL
of solvent (water) was added to the glass tube, stirred
with a stainless steel wire, and kept vertically at room
temperature for 24 h, The solution was then centrifuged
again under the same conditions and then the height (H2)
of the powder after swelling was measured. The swelling
degree Q = H2/H1.

2.6 Catalytic activity evaluation

The catalytic performance of the carbon-based solid acid
catalyst samples was examined by performing the con-
version of xylose to FF in water or in mixed liquor in a
hydrothermal reactor with a Teflon inner tube. The solid
loadings of the catalyst, xylose, and liquor were 150mg,
750mg, and 5mL, respectively. The reaction solution
was filtered with a syringe filter head (0.22 µm). The FF
in the filtrate was analyzed by HPLC at 280 nm with an
ultraviolet sensor and C18 chromatography column, and
xylose was analyzed by HPLC with a Refractive Index and
a Bio-red chromatography column. All data were aver-
aged over three runs. The conversion and yield were cal-
culated by the addition of the data measured in both
organic and water phases.

Oleic acid (2.82 g, 0.01 mol), 0.64 g of methanol, and
50mg of the solid catalyst were added to a 50mL round
bottom flask. The mixture was heated at 353 K in an oil
bath (reflux condensation, magnetic stirring at 500 rpm).

After the predetermined time (less than 8 h) of the reac-
tion, samples of the reaction mixture (50 μL) were with-
drawn from the upper phase and centrifuged, and then
the supernatant liquid (5 μL) was mixed with 200 μL of
methylheptadecanoate (internal standard) prior to GC
analysis.

2.7 Reusability of the catalyst

The efficiency of the recycled catalyst was checked by
reapplying it at least five times in the model reaction of
xylose conversion at 423 K for 2 h. The catalyst was inso-
luble and easily separated by simple filtration and then
washed with distilled water and ethanol to remove the
adsorbed reactants and products. The recovered catalyst
was dried each time by heating at 343 K for 12 h in
a vacuum drying oven. Thus, the regenerated catalyst
was reused till the end of the fifth reaction.

3 Results and discussion

3.1 Catalyst characterization

Figure 1 shows that with the increase in the amount of
added fructose, the particle size became larger. In addi-
tion, the surface morphology of the prepared carbon cat-
alysts showed that the particles were more stereoscopic
rather than the representative graphite sheet structure.
To perform SEM analysis, a metal sheet was used to roll
flat each sample powder on the sample stage. As shown
in Figure 1a–e, as the amount of fructose in the raw
material increased, the prepared carbon catalyst became
more rigid and difficult to be flattened using mechanical
force. It is worth noting that the particle size discussed
here is only the macroscopic size and not the microscopic
carbon layer size. We first observed from the visible size
that fructose could play the role of connecting graphite
flakes. The more the fructose added to the raw material,
the harder the carbon material’s morphology. It was con-
firmed from the morphology picture that the smoother
graphite sheet structure would be replaced by the mas-
sive carbon structure.

Figure 2a shows the FT-IR chromatogram of the pre-
pared catalysts. From the infrared spectrum, all the pre-
pared carbon-based solid acid catalysts contain sulfonic
acid groups (1,042 and 1,167 cm−1) and massive hydroxyl
peaks (around 3,400 cm−1). As shown in Figure 2b, according
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to the XRD pattern, the sharp peaks marked as 004 and 002
indicated the presence of crystalline graphite, and the peaks
marked as 100 suggested the presence of an amorphous
carbon structure. The wider the 100 peak width, the larger
the size of the carbon sheet.

The Raman spectrogram was typically used in mea-
suring the structure of carbon samples containing polycyclic

aromatic carbon flakes (Figure 2c). As shown in Figure 2c,
the peak around 1,570 cm−1 corresponds to the graphite peak
(or G peak), a typical characteristic of the crystalline carbon.
It was produced by the graphite base surface and acts as a
strong tangential mode absorption band. Generally, the
more developed the layer structure, the sharper the peak.
Besides, the defect peak (or D peak) appearing at 1,350 cm−1

Figure 1: SEM images of the carbon solid acid catalysts prepared with different mass ratios of raw materials: (a) G/F-1/4, (b) G/F-1/3,
(c) G/F-1/2, (d) G/F-1/1, and (e) G/F-1/0.5.

690  Shuanglan Hu et al.



Figure 2: (a) FTIR spectra of the carbon solid acid catalysts prepared with different mass ratios of raw materials. (b) XRD results of the
carbon solid acid catalysts prepared with different mass ratios of raw materials. (c) The Raman spectrum of the carbon solid acid catalysts
prepared with different mass ratios of raw materials. (d) The BET curve of the carbon solid acid catalysts prepared with different mass ratios
of raw materials: (a) G/F-1/4, (b) G/F-1/3, (c) G/F-1/2, (d) G/F-1/1, and (e) G/F-1/0.5.

Table 1: Structural parameters of carbon solid acid catalysts

Sample C/H
ratioa

SO3H density
(mmol·g−1)a

SBET

(m2·g−1)b
Pore
size (nm)b

Nanoparticle
size (nm)b

La
(nm)c

G shift
(cm−1)c

R = I(D)/
I(G)c

G/F-1/4 31.17 0.53 3.4076 10.2979 1760.7795 12.8 1,567 0.902
G/F-1/3 32.54 0.59 7.7804 10.2310 771.1668 12.8 1,572 0.895
G/F-1/2 48.02 0.57 11.3636 9.2345 528.0014 12.8 1,582 0.894
G/F-1/1 56.35 0.61 19.4359 8.2229 308.7065 12.9 1,584 0.914
G/F-1/0.5 61.16 0.72 20.6967 8.7241 289.9008 12.9 1,582 0.911

aThe C/H ratio and the amount of SO3H groups are estimated by elemental analysis.
bThe BET surface area and the nanoparticle size are estimated by BET analysis.
cLa, G shift, and R = I(D)/I(G) are estimated by Raman analysis.
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was attributed to structural defects such as pentagons, hep-
tagons, or other local defects. Then, the crystallization of the
carbon material could be qualitatively characterized by
referring to the intensity ratio of the G peak and D peak,
namely R = I(D)/I(G). Usually, the smaller the R-value we
obtained according to Raman spectra, the more perfect the
crystallization turned to be [18]. However, the I(D)/I(G) value
that stands for the degree of disorder in the carbon mate-
rial presented no significant difference between each other
according to our results (shown in Table 1, column 9).

Table 1 shows that the G position of these carbon
solid acid catalysts shifted from 1,567 to 1,584 cm−1 when
the mass ratio of graphene to fructose changed from 1:4 to
1:2. This was because although the formation of chemical
bonds between the carbon elements was mainly sp2 in
graphene, the weak chemical bonds formed by fructose
would decrease the vibration mode. The fructose addition
would lead to a topological disorder (aliphatic and aro-
matic hydrocarbons) between the graphite sheets. There-
fore, the position of the G peak in the catalysts with a large
proportion of graphite moved toward a smaller value. It
is noteworthy that although the structure difference of
carbon materials could not be determined by the I(D)/I(G)
value, which only represents the degree of disorder, it could
be estimated by the displacement of the G position since
the connection form between carbon layers becomes softer
due to the addition of the fructose raw materials.

According to the intensity ratio of the G and D bands,
the average size of the carbon flakes in all the samples
was estimated to be around 12.8 nm (La was approxi-
mately 12.8 nm, which stands for the size of the carbon
sheets) [19]. The La value showing no obvious change
indicated that the carbon sheets had not increased in
size under different preparation conditions. However, as
shown in Table 1, the C/H ratio also increased with the
increasing proportion of graphene, which indicated that
there was a change in the links between the carbon
layers. This phenomenon might be caused by the accu-
mulation of carbon layers with different proportions of
graphene. A hypothesis suggests that concentrated sul-
furic acid has a limited carbonization ability during
the preparation process and does not affect the size of
the carbon sheets in the prepared catalyst [20]. This
phenomenon illustrated that under these experimental
conditions, an increase in fructose did not cause a corre-
sponding increase in the size of the carbon flakes but
would result in variations in the type of cross-linking
between the carbon flakes.

The content of sulfonic acid groups will affect the
catalytic efficiency of the catalyst. Based on previous
research studies, sulfonic acid groups tend to attach to

the edge of the carbon layers. The increasing amounts of
sulfonic acid groups in the sample G/F-1/0.5 might be
attributed to the high C content (Table 1, column 3).
Therefore, we speculated that the increasing amount
of graphite has no significant effect on the sulfonic acid
loading of the prepared catalyst. Additionally, there was
no marked change observed in the size of the carbon
layers (measured by the La value) between different cat-
alysts, indicating that no additional carbon layer edges
were formed for acid groups to attach. However, there
was a distinct difference in the acid loading between
these five prepared catalysts The results showed that
the lower the fructose ratio, the higher the content of
sulfonic acid groups. It was mainly because of two rea-
sons. First, in the sulfonation reaction, fructose mainly
would transform to amorphous carbon and the aromatic
hydrocarbon carbon structure. Only a few graphite flakes
transformed from fructose might be obtained among the
ultimate carbon under this moderate carbonization level
in our preparation process. As well known, the sulfonic
acid groups in the catalysts mainly attach to the edge
of the amorphous carbon layer [21] or are embedded
between the graphene sheets [22]. The increase of fruc-
tose is not conducive to the increase of the attached
sulfonic acid groups [23]. Therefore, the higher the pro-
portion of graphene and the lower the proportion of fruc-
tose in the raw materials, the more sulfonic acid groups
will be embedded. Second, when the fructose content in
the raw material is high, the presence of hydroxyl and
carboxyl groups in fructose decreases the carbon content
when calculating the total amount of carbon in the pre-
pared catalyst, When the proportion of carbon element
decreases, the number of carbon atoms available to con-
nect the sulfonic acid group also decreases from the
overall perspective. Suppose we start the preparation at
a fixed mass of carbon resource, namely the mixture of
fructose and graphene, the ratio of carbon elements will
decline with the increasing fructose proportion, and the
catalyst as well as the proportion of sulfonic acid groups
will all decline subsequently. That is to say, the propor-
tions of sulfonic acid groups and carbon elements both
decrease when the proportion of fructose in the raw
material increases, and vice versa.

From the BET analysis (Figure 2d and column 4 in
Table 1), we can see that as the content of graphene in the
raw mixture increased, there was a gradual increase in
the specific surface area of the prepared carbon material.
The specific surface area of all the catalysts did not
exceed the original specific surface area of the manufac-
tured graphene purchased from Shenzhen. As shown in
the results, without high temperatures, the carbonization
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of fructose using concentrated sulfuric acid was not
enough for the formation of a thin graphite sheet struc-
ture in the final catalyst. The role of fructose during the
preparation was to soften the carbon structure of the final
catalysts. This phenomenon is in line with our primary
hypothesis when designing this experiment.

It can be seen from Figure 3a that a peak at 130 ppm,
which represents the polycyclic aromatic carbons, has
been observed in all catalysts. The characteristic peaks
of phenolic OH (150 ppm) and COOH (172 ppm) were also
vaguely visible. These two peaks might be caused by the
oxidation of carbon by sulfonic acid [24–26]. The peaks at
30–110 ppm showed the presence of C–OH and C–O–C
(72 ppm), CH2, and CH– (102 ppm). These peaks might
mainly be formed by fructose during carbonization, oxi-
dation, and sulfonation, so they were more obvious in
(c) G/F-1/2, (d) G/F-1/1, and (e) G/F-1/0.5 samples. From
the size distribution results (Figure 3b), we can see that
most of the catalyst particles are about 600–900 µm in size.

3.2 Catalytic activity

The increase in the specific surface area would generally
favor chemical reactions in the water phase. By increasing
the specific surface area, the distribution of reactants on
the pores and surface of the catalyst becomes wider, which
in turn improves the catalytic ability of the solid catalyst
(per unit mass or unit volume) [27]. However, as the

amount of graphene added to the raw materials increased,
the catalytic performance of the prepared catalyst decreased
(shown in Figure 4a). The highest yield of FF was obtained
at 63.8% when the loading of graphene and fructose was 1
and 4 g, respectively. This suggested that these changes
over several orders of magnitude in the specific surface
area were not sufficient to alter the final yield of FF in these
experiments. For example, BET results showed that the
G/F-1/4 catalyst had the lowest specific surface area and
the amount of sulfonic acid group among the five catalysts
tested. But, the G/F-1/4 catalyst also obtained the best FF
yield. As known, the specific surface area of the sugar-based
carbon is significantly smaller than that of graphene, and
there is a gap over several orders of magnitude. In contrast,
the sugar-based catalyst is not inferior in terms of catalytic
performance [5,6,28–30,32–37]. Thus, we speculate that the
variations in the catalytic activity among these catalysts
may be caused by changes in the methylene groups cross-
linked between the carbon sheets.

The swelling of catalysts could facilitate the exposure
of active groups and promote catalytic reactions. According
to the swelling test, the more the fructose content in the
raw material, the more pronounced the swelling effect of
the prepared catalyst. As shown in Figure 5, the volume
of the G/F-1/4 sample increased significantly after being
immersed in water for 24 h. Unlike fructose, the catalyst
from pure graphite does not contain polycyclic aromatic
carbons. When pure graphite undergoes the same experi-
mental process as the mixture of graphite and fructose, the
volume of catalyst barely increases. The swelling property

Figure 3: (a) The C13 NMR spectrum of the carbon solid acid catalysts prepared with different mass ratios of raw materials. (b) Size
distribution results of the carbon solid acid catalysts prepared with different mass ratios of raw materials: (a) G/F-1/4, (b) G/F-1/3,
(c) G/F-1/2, (d) G/F-1/1, (e) G/F-1/0.5.
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difference between these catalysts indicated that the fruc-
tose in the raw materials could increase the ability of the
reaction solvent to enter the catalyst carbon layer, and
thereby further promote the contact between the reaction
substrate and the catalytically active acid center.

We have calculated roughly the content of each
group on the surface of the prepared carbon-based solid
acid catalyst through a potentiometric titration test. Table 2
shows that the more fructose added to the raw material,
the more carboxyl and hydroxyl groups would be pre-
sent on the catalyst surface. It was reported that these
hydrophilic groups are easily combined with hydroxyl-
containing reaction substrates and can play a role in pro-
moting the occurrence of reactions, thereby improving
the catalytic efficiency of carbon-based catalysts. Com-
paring the data in Table 2 with Figure 4a, we found
that the amount of the hydrophilic group content posi-
tively correlated with the catalytic efficiency of the cata-
lyst. The affinity of the hydrophilic group to the substrate
would promote the catalytic reaction. Besides, the carbon
layer structure with hydrophilic groups becomes softer so
that the reaction substrate is more likely to contact the

Figure 4: (a) Catalytic activities of the carbon solid acid catalysts
prepared with different mass ratios of raw materials for the con-
version from xylose to FF. (b) Catalytic activities of the carbon solid
acid catalysts prepared with different mass ratios of raw materials
for methyl esterification of oleic acid. Reaction conditions: (a) 423 K,
150mg catalyst, 5 mL water, 750mg xylose, (b) 353 K, 50 mg cata-
lyst, 2.82 g oleic acid and 0.64 g methanol. Plots and lines repre-
sent the conversion rate of xylose; bars represent the FF yield.

Figure 5: Swelling quantity of the carbon solid acid catalysts prepared with different mass ratios of raw materials. (a) G/F-1/4, (b) G/F-1/3,
(c) G/F-1/2, (d) G/F-1/1, and (e) G/F-1/0.5.

Table 2: Groups content of the prepared catalysts

Samplea –OH
(mmol·g−1)

–COOH
(mmol·g−1)

–SO3H
(mmol·g−1)

G/F-1/4 0.24 0.13 0.57
G/F-1/3 0.23 0.15 0.63
G/F-1/2 0.22 0.11 0.62
G/F-1/1 0.18 0.09 0.66
G/F-1/0.5 0.14 0.06 0.74

aGroups are estimated by the acid–base titration.
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active acid group. To further verify this hypothesis, we
then applied the esterification reaction as a model reac-
tion later.

Oleic acid is an unsaturated fatty acid with dominant
hydrophobicity. It can react with methanol to produce
methyl oleate. General acid catalysts can catalyze the
esterification reaction. To further study the influence of
the carbon sheet structure and hydrophilic groups of this
type of carbon-based solid acid catalysts, we selected the
esterification reaction of oleic acid and methanol as a
model reaction for research. As shown in Figure 4b,
before the reaction reaches equilibrium, the reaction
rate always increased with the increase of the fructose
content in the raw materials used for the preparation of
the catalyst. The catalyzed esterification reaction obtained
a yield of more than 85% when the reaction equilibrium
conditions were reached. It is known that the main two
factors affecting the reaction rate of the esterification
reaction are as follows: the content of the acidic catalytic
active center and the specific surface area of the catalyst.
According to the researchers cited in ref. [28–30], when
carbon-based solid acid catalysts are used in esterification
reactions, the higher the acidity and the larger the specific
surface area, the more efficient the reaction. As shown in
Table 1, the porous pore diameters of these catalysts pre-
pared were all greater than 8 nm, which almost reached
the minimum pore size requirement for free access of oleic
acid molecules. Therefore, there is no pore size restriction
for the contact between the substrate and the catalytical
active acid center.

The yield change trend of methyl oleate was consis-
tent with that tendency of FF by those catalysts tested.
Against common sense, although these two substrates
had opposite hydrophilicity and hydrophobicity, the cat-
alytic difference for these two reactions was not the oppo-
site. This might be because the number of effective acid
active centers has a greater influence on the catalytic
performance than the characteristics of the product such
as hydrophilicity and hydrophobicity.

It is well known that the position of the sulfonic
acid group would also affect the catalytic performance
of the catalyst. When forming a cationic graphene sheet–
HSO4–H2SO4 complex, even a large amount of sulfuric
acid can be inserted between the large carbon (graphene)
sheets in the well-crystallized graphite [22]. However, if
the reaction substrate is not easily accessible to these
intercalated sulfonic acid groups in the middle of the
sheet, these sulfonic acid groups are still ineffective cat-
alytically active groups for most reactions. It is well
known that the properties of swelling agents would affect
the diffusion of substrates in polymers, and this so-called

“swelling” effect might also function in sulfonated carbon
catalysts. Compared to smaller and more hydrophilic
molecules such as FF and xylose, larger and more hydro-
phobic reactive species such as oleic acid are poor swelling
agents, leading to a more extended induction period asso-
ciated with the catalyst “swelling” requirements [31]. We,
therefore, speculate that the content of ineffective acid
groups has little influence on the catalytic efficiency of
the prepared catalyst. Furthermore, the highly accessible
sulfonic acid groups mainly exist in the soft carbon layer
and the connection layer formed by the fructose raw mate-
rial. Compared to the catalyst samples of the same mass
unit, the sulfonic acid groups of G/F-1/4, which has softer
carbon layers due to the addition of fructose raw materials
according to the above characterization analysis results,
would have more access positions. Of course, too much
fructose added also has disadvantages, such as reduced
stability and decreased specific surface area. In the future,
we need to continue to conduct more in-depth research to
determine the best ratio of raw materials during the pre-
paration process.

3.3 Catalysts reusability

Reusability is an important property for the solid acid
catalyst. In industry, the recycling of heterogeneous acid
catalysts is of great significance to improve profitability
and sustainability. To examine reusability, a five-run con-
secutive recycling experiment was conducted using xylose
as a substrate. At the end of each run, catalysts were

Figure 6: Reusability of the G/F-1/4 catalyst. Reaction conditions:
423 K, 150mg G/F-1/4, 5 mL water, 750mg xylose, 2 h.
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filtered and washed with water and ethanol. Then, the
recycled G/F-1/4 catalyst was dried at 343 K in a vacuum
drying oven for several hours prior to reuse. Element ana-
lysis of the reused catalyst verified slight leaching of SO3H
after the 5th reuse. As shown in Figure 6, although some
acid sites had been leached (Table 3), the FF yield
remained stable with slight fluctuations in all recycling
experiments, indicating the satisfactory hydrothermal sta-
bility and strong acid density of the G/F-1/4 catalyst during
the conversion from xylose to FF.

3.4 Optimization of the reaction
temperature and solvent

The effects of the reaction temperature and solvent on the
yield of FF were studied. As well known, the temperature
has a significant influence on the degradation of xylose.
Therefore, we tested the performance of the G/F-1/4 cata-
lyst at different reaction temperatures. It can be seen

from Figure 7 that the too high reaction temperature
(>443 K) would increase the reaction rate but at the
same time cause a sharp drop in FF yield. Therefore, we
choose 433 K as the reaction temperature condition for
the following study.

Numerous studies have shown that a two-phase reac-
tion system, formed by adding organic additives or organic
solvents with water in the aqueous solution, can help
increase the conversion rate of xylose and the yield of
FF. Therefore, we tested the influence of several commonly
used organic solvents on the catalytical reaction. As shown
in Figure 8, in the two-phase systems, namely water/DMC
and water/MIBK, the xylose conversion rate and the FF
yield were significantly higher than those obtained from

Table 3: Element analysis of the recycled catalysts

Runsa C/H ratio C/% (m·m−1) S/% (m·m−1)

Fresh 31.17 38.03 18.24
1 32.34 38.28 17.61
2 31.94 38.35 17.66
3 32.17 38.83 17.72
4 32.29 38.25 16.96
5 32.26 38.41 17.07

aC/H ratio, S, and C weight percent are calculated by elemental
analysis.

Figure 7: Effect of temperature on the conversion from xylose to FF.
Reaction conditions: 150mg G/F-1/4, 5 mL water, 750mg xylose.

Figure 8: Effect of solvent on the conversion from xylose to FF.
Reaction conditions: 433 K, 150mg G/F-1/4, 5 mL solvent, 750mg
xylose.

Figure 9: Effect of water content on the conversion from xylose to FF.
Reaction conditions: 433 K, 150mg G/F-1/4, 5 mL solvent, 750mg
xylose.
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other solutions. Further, we studied the influence of the
volume ratio of the water phase to the organic phase in the
two-phase system on the catalytical reaction. As shown in
Figure 9, the highest FF yield reached 69.4% when using a
preferred carbon-based solid acid catalyst, using in a 1:3
water/DMC solution, and reacting at 433 K after 2 h.

3.5 Overall comparison with catalysts
reported

The FF production of ten catalysts reported in other
research studies is shown in Table 4. From Table 4, we
can see that the optimal FF yield obtained by those
catalysts prepared by sulfonating carbon was relatively
low [32,33]. By doping the carbon source with elements
[34–36] and changing the method of sulfonating reagents
[37], the optimal FF yield becomes higher. The optimal FF
yield and reaction time obtained by the catalyst in this
work were not as excellent as those catalysts derived from
resin [38], metal salts [39,40], and molecular sieves [41].
However, it was still higher than the type of sulfonated
carbon-based catalyst.

4 Conclusion

This paper proposes a simple preparation method for
increasing the flexibility of carbon-based solid acid cata-
lysts and subsequently improving their catalytic effi-
ciency for specific reactions. Furthermore, a batch of
carbon-based solid acid catalysts with a flexible carbon
layer cross-linked structure was prepared using fructose

as raw materials. This study showed that flexibility in the
connection between carbon layers had a significant effect
on the catalytic efficiency of carbon-based solid acid cat-
alysts during the conversion reaction from xylose to FF.
We also used a variety of characterization techniques and
experimental aids to verify the rationality of this design.
Our results showed that the poor cross-linking facilitated
the contact between the reaction substrate and the active
catalytic center, and improved reaction rates.
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Table 4: Comparison of catalysts, reaction conditions, and FF yield

Catalyst Reactions conditions FF yield (%) Ref.

Sulfonated GO 2.25 g xylose, 45 mg catalyst, 75 mg water, 473 K, 35min 62 [32]
SCh microwave-assisted, 1.0 mmol xylose, 15 mg SCh, 4 mL water-CPME (1:3,

v/v), 463 K, 60 min
60 [33]

SO3H-NG-C 50mg catalyst, 100mg substrate, 5 mL GVL, 443 K, 20 min 74.4 [34]
SC-CaCt-700 45mg SC-CaCt-700, 150mg substrate, 7 mL GVL, 473 K, 100min,

600 rpm
75 (xylose) 93 (corn
stover)

[35]

Sg-CN 300mg xylose, 50 mg catalyst, 2 mL water, 373 K, 30min 96 [36]
SC-CCA 0.40 g xylose, 0.20 g catalyst, 16.5 mL GVL, 443 K, 30 min 79 [37]
FeClx-D008 0.1 g xylose, 4.9 g GVL, 0.01 g FeClx-D008, 4MPa N2, 403 K, 120min 96.3 [38]
MC-SnOx-450 and NaCl 0.1 g MC-SnOx-450 in 1:1 (v/v) 20 g·L−1 xylose and 0.2 mol·L−1 NaCl

aqueous phase/2-MTHF phase, 453 K, 20min
53.9 [39]

pTSA-CrCl3 1.0 M pTSA, 0.5 M CrCl3, 50 mL DMSO, 393 K, 60min 53.1 [40]
Al-SBA-15 0.9 g xylose, 0.1 g catalyst, 30 mL water, 15 bar N2, 443 K, 5 h 60 [41]
G/F-1/4 catalyst 150mg catalyst, 750mg xylose, 5 mL water/DMC (1:3, v/v), 433 K, 2 h 69.4 This work
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