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1. INTRODUCTION

Large amounts of homogeneous acids such as sul�
furic acid are annually consumed as unrecyclable cat�
alysts. Separating homogeneous catalysts from reac�
tion products involves difficulty and expense and huge
volumes of waste that need to be treated [1–7]. Since
heterogeneous catalysts are easier to separate than
homogeneous systems and they can be reused consid�
erable attention has been paid in recent years to possi�
ble means to substitute homogeneous acids by solid
acid catalysts. Many solid acid catalysts have been
applied to replace the unrecyclable liquid acids. Com�
pared to the homogeneous acid catalyst, the solid
acids are less active, unstable and expensive. Carbon
based solid acid catalysts have received increasing
attention in recent years because of high acidity and
good activity they provide in catalytic reactions [8–
10]. The solid acids were generally prepared through
two steps. In the first step, the carbonization of biom�
ass, such as sugar was carried out to form the polycy�
clic aromatic carbon sheets. Then the aromatic carbon
sheets were sulfonated to bring the acid sites. The car�
bonization process was undertaken at high tempera�
ture for a long time and various wastes were produced
during the process, which caused heavy pollution.
Although the surface sulfonation of carbon materials is
now a well�established process, it is a rather severe
method because the carbon surface is fairly inactive. In
addition, the separation of sulfuric acid from the sul�

fonation mixture produced a lot of waste materials. In
order to avoid the inefficient process, we suggested
earlier using hydrothermal carbonization instead of
the thermal treatment [11, 12]. The carbon based solid
acid contains a large amount of hydrophilic functional
groups, which provides good access for hydrophilic
reactants to the SO3H groups. However, the hydro�
philic functional groups prevent incorporation of
hydrophobic molecules into the acid sites, and for this
reason the carbon based solid acid show little or no
activity for hydrophobic acid�catalyzed reactions [13].
With an aim to develop effective catalysts for these reac�
tions the carbon/silica based solid acid was synthesized.
But the new method added the step of impregnating the
sucrose to the mesopores of SBA–15 and the mesopo�
rous molecular sieve must be used, which further
increased the production cost. In this work a novel effi�
cient procedure is described that serves to synthesize a
novel solid acid based on carbon/silica composites. The
procedure includes one�pot hydrothermal carboniza�
tion of hydroxyethylsulfonic acid, glucose and tetra�
ethyl orthosilicate (TEOS) (Scheme 1). The catalytic
activities of the novel solid acid based on carbon/silica
composites was investigated in the acetalization. The
results showed that the novel solid acid was very efficient
for the reactions.

2. EXPERIMENTAL

All organic reagents were commercial products of
the highest purity available (>98%) and used for the
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reaction without further purification. GC measure�
ments were taken on a Shimadzu (GC�14B) gas chro�

matograph. GC–MS measurements were performed
on an American Agilent 6890/5973N instrument.

2.1. Synthesis of the Novel Solid Acid 
Based on Carbon/Silica Composite

In a typical preparation, the mixture of the glucose
(2 g), TEOS (2 g), hydroxyethylsulfonic acid (2 g) and
80 mL deionized water was placed in 100 mL Teflon�
lined stainless steel autoclaves, which were heated in
an oven at 180°С for 4 h. The resulting products were
dried in a vacuum oven at 100°C overnight. The black
solid was grinded into powder and washed with water
until no acidity was detected in the filtrate. The novel
solid acid based on carbon/silica composites was
obtained after drying at 120°С overnight in an oven.

2.2. Acetalization of Benzaldehyde and 1,2�Ethanediol

In a typical preparation, benzaldehyde (0.1 mol),
10 mL cyclohexane, 1,2�ethanediol (0.15 mol) and
the catalyst (0.05 g) were mixed together in a three
necked round bottomed flask equipped with a mag�
netic stirrer and a thermometer, and a Dean�Stark
apparatus was used to remove the water continuously
from the reaction mixture. The reaction was moni�
tored by GC analysis of the small aliquots for 1.5 h. On
completion, the catalyst was recovered by filtering and
washing with acetone, then dried in an oven at 80°C
for about 1 h.

2.3. Dimerization of α�Methylstyrene

In a typical procedure, α�methylstyrene
(25 mmol) and the catalyst (0.2 g) were mixed together
in a three necked round bottomed flask equipped with
a magnetic stirrer and a water�cooler condenser. The
mixture was reacted over at 373 K for 4 h. Samples
were withdrawn at intervals from the reaction mixtures
and analyzed by gas chromatography using a capillary
column. On completion, the catalyst was recovered by

filtering and washing with acetone, then dried in an
oven at 80°C for about 1 h.

3. RESULT AND DISCUSSION

3.1. Characterization of the Novel Catalyst

The acidity of the novel carbon/silica composites
based solid acid was 2.1 mmol/g as measured by the
neutralization titration. The titration was carried out
as follows: carbonaceous material (40 mg) and 2 M
aqueous NaCl (4 mL) were stirred at room tempera�
ture for 24 h. The solids were filtered off and washed
with water (4 × 2 mL). The combined filtrate was
titrated with 0.01 N NaOH using phenol red as indica�
tor [14]. The catalyst showed a much higher amount of
acidity than that of the common heterogeneous acid
catalysts such as Nafion and Amberlyst�15
(0.8 mmol/g). The acid strength of the catalyst was
determined by thermodesorption of chemisorbed
ammonia (NH3–TPD) (Fig. 1). NH3–TPD was car�
ried out in a fixed�bed reactor equipped with a pro�
grammable temperature controller, at ambient pres�
sure. About 1.0 g of sample was loaded into a quartz
tube. The sample was preheated at 150°C for 3 h in
flowing (dry) nitrogen. After cooling to 100°C, the
sample was exposed to a stream of (dry) ammonia for
1 h at a flow rate of 20.0 mL/min. Then the sample was
left in the flowing nitrogen at the same temperature for
10 h in order to purge any excess of ammonia and
physically adsorbed ammonia. Finally, the TPD oper�
ation was performed by heating the sample from 25 to
750°C at a heating rate of 10°C/min. The result
showed that the solid acid had strong acid sites from
which ammonia was desorbed at temperatures of 400
to 600°C. 

In our experiments TEOS was used to improve the
BET surface area of the materials and the solid acid
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Scheme 1. The synthesis route of the novel solid acid based on carbon/silica composites.
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with the BET surface of 532 m2/g was obtained. The
molar ratio of TEOS and hydroxyethylsulfonic acid
affect both the acidity and the BET surface. As the
amount of TEOS increases the catalyst shows an
increase in the BET surface area and a reduction in
acidity caused by the incorporation of additional
amounts of silicon dioxide in the solid. On the other
hand, with additional amounts of hydroxyethylsul�
fonic acid the catalyst shows a higher acidity and lower
BET surface area because TEOS hydrolysis occurred
quickly without interacting with glucose. The IR
spectrum of the novel solid acid showed absorption
bands at 1040 and 980 cm–1 from the sulfonic acid
groups. FT–IR spectrum also showed that the solid
acid contains other functional groups including C=C
(1570 cm–1), C–C (1140 cm–1), C=O (1680 cm–1)
and OH (3400 cm–1).

The elemental analysis of the novel solid acid based
on carbon/silica composite showed following percent�
ages: C 44.6%; H 5.5%; S 6.3%; Si 14.8%; O 28.8%.
The spectrum of X�ray Photoelectron Spectroscopy
(XPS) analysis also indicated that the sample contain�
ing 6.7% of S exhibited a single S 2p peak attributable
to sulfonic acid groups at 168 eV. It can be thus
inferred that the sulfur exists predominantly as sul�
fonic acid groups. On the other hand, an acidity of

2.1 mmol/g corresponds to the sulfur content of 6.7%,
which is higher than the actually determined content.
These results indicated that there are still a few other
acidic groups such as carbonyl acid groups in the car�
bonaceous material and the oxygen content was as
high as 28.8%, which also indicated that there were
still many oxygen�containing groups in the material.

The SEM images of the novel solid acid based on
carbon/silica composite show that the resulting parti�
cles are formed as spheres 2–5 µm in diameter
(Fig. 2). It appears that carbon and silica components
are completely mixed since different phases cannot be
discriminated in the SEM images. Figure 2 also
showed the spheres connected with each other in the
carbon/silica composites structure. The element anal�
ysis also confirmed that the carbon and silica compo�
nents were entirely mixed together and no core–shell
structure could be recognized from the TEM.

3.2. Catalytic Activitiy for the Acetalization

The novel solid acid based on carbon/silica com�
posite was applied to catalyze the acetalization of ben�
zaldehyde and 1,2�ethanediol first (Fig. 3). For com�
parison, the results obtained with other catalytic sys�
tems are shown. These include concentrated sulfuric
acid; zeolite (HY with an acidity of 0.8 mmol/g);
Amberlyst�15 (strong acid cation exchange resin from
Fluck with an acidity of 2.0 mmol/g), and the conven�
tional carbon based solid acid produced through the
sulfonation of the incomplete carbonized carbon sheet
[8]. HY zeolite, an inorganic solid acid, exhibits rela�
tively low activity, probably due to a moderate acidity,
whereas Amberlyst�15 is quite active in the reaction.
The novel solid acid based on carbon/silica composite
exhibits a remarkably high activity for the acetaliza�
tion. The activity level of this catalyst is higher than
that of the conventional solid acids and is comparable
to that of sulfuric acid.

A detailed account was given on reusability of the
novel solid acid based on carbon/silica composite for
the reaction. After reactions, the reaction mixture was
cooled to room temperature; the catalyst was recov�
ered by filtration. The recycled activity of the catalyst
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Fig. 2. The SEM images of the novel solid acid based on the carbon/silica composite.
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Fig. 1. The NH3–TPD of the novel solid acid based on the
carbon/silica composite.
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was investigated through the acetalization of benzal�
dehyde and 1,2�ethenediol. The results showed that
the catalyst activity was stable. The yields remained
unchanged even after the sample had been recycled
five times. Furthermore, the catalytic activity of the
recycled filtrate was investigated and the results
showed no activity of the filtrate, which further con�
firmed that acid sites was not removed from the surface
of the solid acid. These results support the suggestion
of a high stability of the novel solid acid.

3.3. The Catalytic Activities for Dimerization 
of α�Methylstyrene

The novel solid acid based on carbon/silica com�
posite was tested in the catalytic dimerization of
α�methylstyrene (Fig. 4). HY zeolite with a high
BET surface area exhibits relatively high activity for
the reaction, whereas Amberlyst�15 is also quite active
in the reaction. The hydrophobic molecule α�methyl�
styrene could reach the acid sites on the surface of the
solid acid. However, the hydrophilic functional groups
such as SO3H, COOH, and phenolic hydroxyl (OH)
groups prevent incorporation of hydrophobic mole�
cules α�methylstyrene into the acid site on the tradi�
tional carbon based solid acid that shows a low BET
surface area. The novel solid acid based on carbon/sil�
ica composite with a high BET surface area exhibits a
remarkably high activity for the reaction. The activity
is higher than that of the conventional solid acids and
is comparable to that of sulfuric acid.

4. CONCLUSION

The novel solid acid based on carbon/silica com�
posite was obtained through the hydrothermal carbon�
ization. The novel process was more environment�
friendly in the mild condition with little waste emis�
sion and high yield. The novel solid acid was very effi�

cient for both hydrophilic and hydrophobic acid�cata�
lyzed reactions with the activities comparable to those
of sulfuric acid. The advantages of the catalyst include
high acidity, large surface area, low cost and reason�
able thermal and chemical stability, which made the
novel heterogeneous catalyst an appropriate candidate
for the replacement of the homogeneous catalysts in
green processes.

REFERENCES

1. Anastas, P.T. and Kirchhoff, M.M., Acc. Chem. Res.,
2002, vol. 35, p. 686.

2. DeSimone, J.M., Science, 2002, vol. 297, p. 781.
3. Harton, B., Nature, 1999, vol. 400, p. 797.
4. Anastas, P.T. and Zimmermann, J.B., Environ. Sci.

Technol., 2003, vol. 37, p. 94A.
5. Clark, J.H., Acc. Chem. Res., 2002, vol. 35, p. 791.
6. Misono, M., C. R. Acad. Sci., Ser. IIc: Chim., 2000,

vol. 3, p. 471.
7. Okuhara, T., Chem. Rev., 2002, vol. 102, p. 3641.
8. Hara, M., Yoshida, T., Takagaki, A., Takata, T., Kondo, J.N.,

Domen, K., and Hayashi, S., Angew. Chem. Int. Ed.,
2004, vol. 43, p. 2955.

9. Toda, M., Takagaki, A., Okamura, M., Kondo, J.N.,
Domen, K., Hayashi, S., and Hara, M., Nature, 2005,
vol. 438, p. 178.

10. Okamura, M., Takagaki, A., Toda, M., Kondo, J.N.,
Domen, K., Tatsumi, T., Hara, M., and Hayashi, S.,
Chem. Mater., 2006, vol. 18, p. 3039.

11. Liang, X., Zeng, M., and Qi, C., Carbon, 2010, vol. 48,
p. 1844.

12. Liang, X., Xiao, H., Shen, Y., and Qi, C., Mater. Lett.,
2010, vol. 64, p. 953.

13. Nakajima, K., Okamura, M., Kondo, J.N., Domen, K.,
Tatsumi, T., Hayashi, S., and Hara, M., Chem. Mater.,
2009, vol. 21, p. 186.

14. Demir�Cakan, R., Baccile, N., Antonietti, M., and
Titirici, M.M., Chem. Mater., 2009, vol. 21, p. 484.

0 8060402010 30 50 70 90

Carbon based

HY

Sulfuric acid
Amberlyst�15

Novel solid acid

Yield, %

 solid acid

Fig. 4. Catalytic activity of the novel solid acid based on the
carbon/silica composite for the dimerization of α�methyl�
styrene.

1000 80604020

Novel solid acid
Carbon based

Amberlyst�15

Sulfuric acid

HY

Yield, %

CHO

HO
OH

O

O
+

 solid acid

Fig. 3. Catalytic activity of the novel solid acid based on
the carbon/silica composite for the acetalization.


