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Abstract

Mesoporous silica functionalized with phenylsulfonic acid was prepared by a simple template-free co-condensation of tetraethyl
orthosilicate (TEOS) and 2-(4-chlorosulfonylphenyl)ethyltrimethoxysilane (CETS) under strong acidic condition. The obtained materials
with 3–15 mol% loadings of phenylsulfonic acid were X-ray amorphous, but had large surface areas (420–620 m2/g) and narrow pore-size
distributions (0.3–1.0 nm PSD, estimated from the peak width at half maximum height) with pore diameters in the range of 3.5–5.0 nm.
TEOS hydrolysis prior to the addition of CETS was found to be important in order to obtain functionalized silica materials of large
mesopores and pore volumes. IR, TG and solid state NMR studies showed that most of the phenylsulfonic acid groups were incorpo-
rated into the silica materials without decomposition during the synthesis procedure. Moreover, most of the sulfonic acid sites are acces-
sible by large cations such as tetramethylammonium (TMA+) and tetrabutylammonium (TBA+) ions. The materials were examined as
acid catalysts in esterification of acetic acid with methanol and acetalization of chlorobenzaldehyde with methanol. The results showed
that the functionalized amorphous silica materials synthesized with TEOS pre-hydrolysis had similar catalytic activities as that of phe-
nylsulfonic acid-functionalized SBA-15, but higher activities than those of the counterparts synthesized without TEOS pre-hydrolysis or
the propylsulfonic acid functionalized SBA-15.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The hybrid organic–inorganic materials with organic
functional groups have attracted much attention owing to
their potential applications in separation technology [1,2],
catalysis [3–5], nanoelectronics and sensors [6,7], and as
intermediates for further modification of pore structures
[8,9]. In recent years, many researches have focused on
ordered organic group functionalized silica-based meso-
porous materials with relatively uniform pore sizes and
high surface areas. They were generally prepared either
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via post-synthetic grafting with organosilane [10–12] or
via co-condensation of a tetraalkoxysilane and organosi-
lane [13–15]. The co-condensation method has advantages
over the post-synthesis pathway because it minimizes pro-
cessing steps, provides a more uniform distribution of the
organic functionalities [16], and achieves a relatively high
loading of organic groups without closing the framework
mesopores [15,17]. However, the direct synthesis of ordered
mesoporous silica materials with organic functional groups
require the use of large amount of organic solvents such as
ethanol or acetone to remove the pore-directing templates.
Besides, the mechanical strength of the resultant ordered
mesoporous organo-functionalized materials is often
concerned. After chemical reactions, the ordering of the
mesopores often decreases or completely collapses. The
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mechanical strength was believed to improve with rigid
cross-linking skeletons by preparing the organic functional-
ized silica through direct hydrolysis of the precursors with-
out using the template agents [18–22]. However, amorphous
materials are usually obtained and the accessibility of the
functional groups becomes the main concern.

Strong solid acids are considered an environmentally
friendly alternative for the hazardous and corrosive
mineral acid catalysts such as H2SO4, HF and ClSO3H
[23–26] commonly used in many industrial processes.
Acidic ion-exchange polymer resins such as Nafion resin
with a high acid strength have been shown to be an effective
catalyst for a wide range of acid-catalyzed reactions [27–
29]. However, the value of the surface area of the resin is
practically negligible (0.02 m2 g�1 or less) and most of the
active sites are buried within the polymer matrix. As a
result, the sites are inaccessible or poorly accessible under
many reaction conditions and low catalytic activities were
observed. As an alternative, the ordered mesoporous silica
materials covalent-functionalized with aliphatic or aro-
matic sulfonic acid groups by post-synthesis or co-conden-
sation have been reported and successfully used in several
acid-catalyzed reactions [30–42]. The catalytic activities of
solid acid catalysts are also dramatically influenced by
the acid strength [40–42]. Compared with aliphatic sulfonic
acid groups, aromatic sulfonic acid groups with a phenyl
group adhered to the sulfonic group usually show higher
acid strength and greater catalytic reactivities in acid-
catalyzed reactions, such as in the Fries rearrangement of
phenyl acetate and Beckmann rearrangement of cyclohexa-
none oxime [40,41]. Comparatively, only few reports con-
cerning the use of sulfonic acid-functionalized amorphous
silica materials as acid catalysts due to the wide distribu-
tion in pore diameters and void volumes [19,21,43–46]. It
is expected that sulfonic acid-functionalized amorphous sil-
ica with a narrow pore distribution as well as large surface
area will be a promising acid catalyst from the practical
viewpoint.

In this paper, we prepared amorphous silica materials
with sulfonic acid functional groups through a simple co-
condensation of 2-(4-chlorosulfonylphenyl)ethyltrimethox-
ysilane (CETS) and tetraethoxysilane (TEOS) under strong
acid condition without the addition of any structure-direct-
ing agents. The chlorosulfonyl groups (–SO2Cl) were in situ

hydrolyzed to the corresponding sulfonic acid groups under
the co-condensation condition. The narrow pore-size distri-
bution was achieved by pre-hydrolysis of TEOS for proper
period of time before the addition of CETS. The obtained
materials were characterized by N2 adsorption–desorption
measurement, FTIR, TG, solid state NMR, and elemental
analysis (EA). The accessibility of sulfonic acids in the
materials was determined by ion-exchange capacities of cat-
ions of various sizes including sodium, tetramethylammo-
nium (TMA) and tetrabutylammonium (TBA) ions.
Esterification of acetic acid with methanol and acetalization
of chlorobenzaldehyde with methanol were used to test the
catalytic reactivity of the materials. The obtained materials
were compared with propyl- and phenyl-sulfonic acid func-
tionalized SBA-15 materials in terms of the accessibility of
sulfonic acids and the catalytic activities.

2. Experimental section

2.1. Chemicals and synthesis

3-Mercaptopropyltrimethoxysilane (MPTS) and Surfac-
tant P123 (EO20PO70EO20, Mav = 5800) were purchased
from Aldrich, and other chemicals of reagent grade were
from Acros. All chemicals were used as received.

The phenylsulfonic acid functionalized amorphous silica
materials were prepared by co-condensation of TEOS and
CETS under strong acidic condition. In the typical proce-
dure, 8 g of TEOS was first added into an opening beaker
with 125 g of 2.0 M HCl solution and hydrolyzed at 40 �C
under stirring for 20 h. At this time the solution was found
to be viscous. The appropriate amount of CETS (50% solu-
tion in dichloromethane) was slowly added in the solution
and the mixture was kept stirring at the same temperature
until the water was evaporated out, and finally, the solid
was dried overnight at 100 �C and ground to powder.
The CETS/(TEOS + CETS) molar ratio was varied in 0–
15%. The resultant samples are denoted as SiO2–phSO3-
H-x-P, where P represents ‘‘pre-hydrolysis of TEOS’’ and
x is the molar percentage of CETS/(TEOS + CETS). For
example, SiO2–phSO3H-10-P represents the sample pre-
pared with TEOS pre-hydrolysis and CETS/(TEOS +
CETS) = 10 mol%. On the other hand, the counterpart
samples prepared by simultaneous addition of TEOS and
CETS, that is without pre-hydrolysis of TEOS, were
denoted as SiO2–phSO3H-x.

Phenylsulfonic acid-functionalized SBA-15 materials
were prepared according to the procedures mentioned in
Ref. [15]. The P123 template in the as-made SBA-15 mate-
rials was removed by refluxing with ethanol. Finally, the
materials were filtered, washed several times with water
and ethanol and dried at 50 �C. The samples were denoted
as SBA–phSO3H-5, 10 and 15 for the materials with CETS/
(TEOS + CETS) = 5, 10 and 15 mol%, respectively. Pro-
pylsulfonic-functionalized SBA-15 with 10 mol% MPTS
(denoted as SBA–PrSO3H-10) was also prepared according
to the literature [30].

2.2. Sample characterization

N2 adsorption–desorption isotherms were measured
using a Micromeritics Tristar 3000 system at liquid
nitrogen temperature. Before the measurements, the sam-
ples were degassed at 120 �C overnight. The specific surface
areas were evaluated using Brunauer–Emmett–Teller
(BET) method in the p/p0 range of 0.05–0.3. Pore-size dis-
tribution curves were calculated using the desorption
branch of the isotherms and the Barrett–Joyner–Halenda
(BJH) method. The Dp values of pore diameters were
obtained from the peak positions of the distribution curves,
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and average pore diameter (Da) values were calculated by
BJH method. The pore-size distribution (PSD) was deter-
mined from the peak width at half maximum height of
the BJH peak. The pore volume was taken at the p/p0

= 0.990 point.
X-ray powder diffraction (XRD) patterns were obtained

on a PANalytical X’Pert Pro diffractometer using Cu Ka
radiation (k = 1.5418 Å) at 45 kV and 40 mA. Thermo-
gravimetric (TG) analyses were carried out on a Netzsch
TG 951 thermogravimetric analyzer with a heating speed
of 10 �C/min in a 50 ml/min air flow. Fourier transform
infrared (FTIR) spectra were taken on a Nicolet Magna-
IR 550 spectrometer with a resolution of 2 cm�1 using
the KBr method. S elemental analyses (EA) were per-
formed on a Heraeus CHNS elemental analyzer. The ion-
exchange capacities of the sulfonic mesoporous materials
were determined using the solid acid titration technique
[30,40,41].

Aqueous solutions of sodium chloride (NaCl, 2 M), tetra-
methylammonium chloride (TMAC, 0.05 M) and tetrabu-
tylammonium chloride (TBAC, 0.05 M) were used as
ion-exchange agents to determine the acid capacities of
the materials. In a typical experiment, 0.10 g of solid trea-
ted at 200 �C for one day was added to 20 ml of aqueous
solution containing the corresponding salt. The resultant
suspension was equilibrated for 6 h, and then filtered and
washed with small amount of water and finally, the filtrate
was titrated potentiometrically by aqueous solution of
0.01 M NaOH.

The NMR experiments were carried out at 29Si, 13C and
1H frequencies of 59.6, 75.5 and 300.1 MHz, respectively,
on a Bruker DSX300 NMR spectrometer equipped with
a commercial 7 mm MAS-NMR probe. All spectra were
measured at room temperature. The magic-angle spinning
frequencies were set to 5 kHz for all experiments and the
variation was limited to ±3 Hz using a commercial pneu-
matic control unit. Chemical shifts were externally refer-
enced to tetramethylsilane for 29Si and 13C. For the 29Si
Bloch-decay experiment, the recycle delay was set to 60 s.
13C{1H} cross-polarization spectra were measured with a
recycle delay of 4 s and the contact times were 1.5 ms.

2.3. Catalytic reactions

Esterification of carboxylic acids with alcohols and ace-
talization of carbonyl compounds with methanol are com-
monly used to test the catalytic acitivities of solid acid
catalysts containing sulfonic acid groups [18,19]. Before
the reaction, all the catalysts were heated at 200 �C for
one day to remove adsorbed water. The esterification of
acetic acid with methanol was carried out in a two-neck
flask of 50 ml, which was placed in a thermostatic bath,
with a magnetic stirrer and a reflux condenser. In a typical
experiment, 0.15 mol (9.08 g) of acetic acid and 0.15 mol
(4.81 g) of methanol was mixed under vigorous stirring
while heating to 50 �C of the reaction temperature and then
0.15 g of the dried catalyst was added into the reaction mix-
ture. The initial reaction rates were determined during the
first 10 min of the reaction. The conversions of the reaction
during this period were less than 13 mol%. Because esteri-
fication could proceed in the absence of the solid catalyst,
the initial rates for esterification over the catalysts (mol/
g s) were referred to those subtracted by the initial homo-
geneous rates during the first 10 min of the reactions. The
liquid products were separated from the reaction mixture
at appropriate reaction intervals with a filtering syringe
and analyzed using a Chrompak CP 9000 gas chromato-
graph (GC) equipped with a 30 m · 0.53 mm RTX-50
capillary column and FID detector, and identified by
GC–mass spectrometry (HP5971 mass spectrometer con-
nected with a 30 · 0.25 mm RTX-50 capillary column).
Quantitative analysis was based on the calculated response
factors for the appropriate reactants and corresponding
reaction products. The overall mass balance was more than
98%.

Acetalization of chlorobenzaldehyde with methanol was
performed in a one-neck flask of 50 ml. Ten millimoles
(1.41 g) of chlorobenzaldehyde was dissolved in 25 ml
methanol (ca. 0.6 mol) under vigorous stirring and the mix-
ture was kept at 30 �C when 20 mg of the catalyst was
added in. 0.4 g of anisole was used as internal standard.
Initial reaction rates were determined during the first
5 min of the reaction. The conversions of the reaction dur-
ing this period were less than 25 mol%. The overall mass
balance based on the chlorobenzaldehyde reactant was
more than 95%.

3. Results and discussion

3.1. Characterization of sulfonic acid-functionalized

amorphous silica

The small angle X-ray diffraction patterns of as-synthe-
sized materials showed that the samples synthesized with-
out pore-directing agent had no diffraction peaks in the
range of 2h < 6�, indicating no long-range ordering of the
mesopores in these materials. In contrast, the materials pre-
pared by P123-templated method showed one intense peak
and two weak peaks, corresponding to (100), (110) and
(200) diffractions, respectively, of SBA-15 materials with
ordered hexagonal arrays of one-dimensional channel
structure [47].

The N2 adsorption–desorption isotherms of the phenyl-
sulfonic acid-functionalized materials synthesized via tem-
plate-free route are illustrated in Figs. 1A and 2A, for
those with and without TEOS pre-hydrolysis, respectively.
All the samples exhibit characteristic type IV isotherms
with type H2 hysteresis loops according to the IUPAC clas-
sification. The adsorption–desorption hystereses take place
in the p/p0 range of 0.40–0.55, demonstrating that the
materials contain mesopores with relatively uniform pore
size. The materials prepared with TEOS pre-hydrolysis
show capillary condensation and evaporation at relatively
higher pressures in comparison to those prepared without
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Fig. 1. Nitrogen adsorption–desorption isotherms (A) and BJH pore-size
distribution profiles (B) of the phenylsulfonic acid functionalized silica
prepared with TEOS pre-hydrolysis containing different CETS contents in
the initial mixture, SiO2–phSO3H-x-P with x = 0 (open square), 3 (solid
triangle), 7 (open triangle), 10 (solid star), 15 (open star), and in
comparison to that of SBA–PrSO3H-10 (solid square).
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Fig. 2. Nitrogen adsorption–desorption isotherms (A) and BJH pore-size
distribution (B) of the phenylsulfonic acid functionalized silica prepared
without TEOS pre-hydrolysis. (j) SiO2–phSO3H-7 and (h) SiO2–
phSO3H-10.
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TEOS pre-hydrolysis and that of pure silica (0% CETS). It
is also noticed that among the functionalized materials
with TEOS pre-hydrolysis (SiO2–phSO3H-x-P series), the
capillary condensation shifted toward lower pressures and
the amount of adsorbed N2 decreased with the increase
in CETS content. These results indicate that the N2 adsorp-
tion capacity is strongly influenced by the CETS content
and TEOS pre-hydrolysis.

BJH pore size analysis (Figs. 1B and 2B) shows that the
functionalized materials prepared with TEOS pre-hydroly-
sis contain larger mesopores than that of pure silica gel or
those synthesized without TEOS pre-hydrolysis. Moreover,
the functionalized materials prepared with TEOS pre-
hydrolysis have reasonably narrow pore-size distributions
(PSD) in the range of 0.3–1.0 nm (as shown in Table 1).
However, the peak position of the pore size shifts toward
lower values and the PSD becomes narrower with the
increase of CETS content in the synthesis mixture for the
materials prepared with TEOS pre-hydrolysis. That is
likely due to the occupation of the pore space by the
organic functional groups.
The basic physico-chemical and textural properties of
the functionalized materials are summarized in Table 1.
All the functionalized samples prepared with TEOS pre-
hydrolysis have relatively high surface areas, large BJH
pore diameters (Dp values) and large pore volumes. More-
over, the BJH peak pore diameter (Dp) and the average
pore diameter (Da) are similar, implying that these materi-
als contain uniform mesoporous structures, as also shown
in the N2 sorption isotherms in Fig. 1A. It is also noticeable
that the addition of small amount of organosilane precur-
sor to the synthesis mixture has great influence on the pore
sizes and pore volumes of the resultant silica materials. In
comparison to those values of pure silica gel, the BJH pore
size increases dramatically from 3.6 nm to 5.0 nm when
3 mol% CETS was added in the gel with TEOS pre-hydro-
lysis for 20 h. Nevertheless, as the CETS content was fur-
ther increased, the pore size of the sample decreased
gradually and down to 3.5 nm with 15 mol% CETS. Simi-
larly, the pore volumes of the materials decreased from
0.78 cm3/g to 0.39 cm3/g as the CETS content increase
from 3 mol% to 15 mol%.

The counterpart samples prepared without TEOS pre-
hydrolysis have larger surface areas, but smaller pore sizes
and pore volumes. Moreover, the Dp values of these



Table 1
Physical and textural properties of amorphous silica and SBA-15 materials functionalized with CETS

Sample Dp
a (nm) Da

b (nm) PSDc (nm) SBET (m2/g) Micropore S.A.d (m2/g) Pore volume (cm3/g)

SiO2 gel 3.6 3.3 0.3 754 1 0.62
SiO2–phSO3H-3-P 5.0 5.1 1.0 616 0 0.78
SiO2–phSO3H-7-P 4.3 4.4 0.9 567 0 0.62
SiO2–phSO3H-10-P 3.8 4.0 0.8 490 0 0.49
SiO2–phSO3H-15-P 3.5 3.7 0.3 422 3 0.39
SiO2–phSO3H-7 3.4 2.9 0.4 609 28 0.45
SiO2–phSO3H-10 3.5 2.9 0.4 565 5 0.40
SBA–phSO3H-5 6.2 4.8 0.5 823 114 0.99
SBA–phSO3H-10 6.1 4.5 0.7 738 143 0.83
SBA–phSO3H-15 5.4 3.8 1.2 563 188 0.53
SBA–PrSO3H-10 6.2 5.3 0.7 837 25 1.14

a The peak positions of the distribution curves by BJH.
b Average pore diameter calculated from the distribution curves by BJH.
c The peak width at half maximum height of the BJH peak.
d Calculated by t-plot curves.
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Fig. 3. TGA and DTG profiles of (A) SiO2–phSO3H-10-P and (B) SiO2–
phSO3H-10.
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samples are slightly greater than the Da ones, indicating
that the pore diameters in these materials are not very uni-
form. Since the profiles of BJH pore size distribution show
only relatively narrow peaks in the mesopore region
(Fig. 2B), the discrepancies are probably due to the pres-
ence of some micropores in these materials. The micropore
surface areas of the functionalized materials were deter-
mined by t-plot curves and the results are shown in Table
1. The amorphous materials synthesized with TEOS pre-
hydrolysis have negligible micropore surface areas, while
those prepared without TEOS pre-hydrolysis have small
amount of micropore surface areas. On the contrary, the
sulfonic acid-functionalized SBA-15 materials contain rela-
tively high micropore surface areas, which were considered
to be formed by the occlusion of poly(ethylene oxide)
chains of the P123 template in the silica matrix [48].

Thermogravimetric analyses (TGA) were conducted to
examine the amount and thermal stability of the organic
functional groups incorporated in the materials. Fig. 3
shows the weight loss and the derivative (DTG) profiles
of the as-made functionalized silica materials containing
10 mol% CETS in the synthesis mixtures with and without
TEOS pre-hydrolysis. The weight losses at temperatures
lower than 120 �C are attributed to the losses of adsorbed
water. The amount of adsorbed water in SiO2–phSO3H-10-
P is less than that in SiO2–phSO3H-10 (11 wt% vs. 15 wt%),
indicating that the former has lower surface hydrophilicity.
This may be because the material prepared without TEOS
pre-hydrolysis has higher surface area and more microp-
ores which are accessible by water molecules. A small
weight loss (ca. 1%) was observed on SiO2–phSO3H-10-P
around 260 �C, and that was attributed to the methoxy
groups in the incompletely hydrolyzed CETS. On the con-
trary, no weight loss was observed on the counterpart
SiO2–phSO3H-10 in this temperature region, indicating
that both TEOS and CETS were hydrolyzed completely
when they were mixed simultaneously into the acid. The
weight losses of ca. 20% at 400–600 �C are due to the
decomposition of the phenylsulfonic acid groups incorpo-
rated in the materials. The DTG profiles show two peaks
in this temperature region, demonstrating that the phenyl-
sulfonic acid groups were decomposed stepwise upon heat-
ing in air. It is also noticed that the organic moieties in
SiO2–phSO3H-10-P decomposed at slightly lower tempera-
ture than that in SiO2–phSO3H-10. That might be due to
that the sample synthesized with TEOS pre-hydrolysis con-
tained larger pore size than its counterpart.

Qualitative identification of the organic functional
groups in the materials was performed by FTIR spectros-
copy. Fig. 4 illustrates the FTIR spectra of the functional-
ized amorphous materials with 10 mol% CETS in
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comparison to that of pure silica gel prepared by TEOS
hydrolysis under the same condition. Common to all sam-
ples are the bands around 1220, 1070, 794, and 471 cm�1

assigned to the typical Si–O–Si stretching and bending
vibrations of condensed silica network and the peaks
around 960 cm�1 corresponding to non-condensed Si–OH
groups [49,50]. The broad band around 3400 cm�1 and
the strong peak around 1630 cm�1 are due to the stretching
and bending vibrations of adsorbed H2O. In comparison to
the spectrum of the reference silica, the sulfonic acid func-
tionalized materials have additional peaks at 566 and
698 cm�1 with medium intensity and two weak peaks at
1420 and 1500 cm�1. The low wavenumber peaks are
assigned to the out-of-plane bending of the para di-substi-
tuted aromatic ring as well as the bending vibration of the
sulfonic acid group, and the two weak peaks are bending
vibrations of C–H in aromatic rings [49]. These results con-
firm the incorporation of phenylsulfonic acid groups into
the silica materials. The peaks corresponding to the S@O
stretching vibrations are normally observed in the range
of 1000–1400 cm�1. However, these peaks cannot be
resolved due to their overlap with the absorbance of
Si–O–Si stretch in 1000–1130 cm�1 range and that of Si–
CH2–R stretch in 1200–1250 cm�1 range. On the other
hand, a broad absorbance in the range 2850–3000 cm�1

and a weak peak around 1450–1470 cm�1 are attributed
to the stretching and bending vibration of methylene
groups in the precursor, further confirming the incorpora-
tion of organic groups.

Solid state 13C and 29Si NMR spectroscopy was proved
to be the most useful for providing chemical information
regarding the condensation of organosiloxane and silox-
ane. Fig. 5A shows the 29Si MAS NMR spectrum of the
amorphous silica functionalized with 10 mol% CETS pre-
pared through TEOS pre-hydrolysis. Three distinct reso-
nances for siloxane [Qn = Si(OSi)n(OH)4�n, n = 2–4; Q2 at
�92 ppm, Q3 at �103 ppm, and Q4 at �111 ppm] and
two weaker resonances for organosiloxane [Tm = RSi
(OSi)m(OH)3�m, m = 1–3; T2 at �56 ppm, and T3 at
�68 ppm] were clearly observed. The appearance of Tm
peaks with T3 predominant over T2 implies that the organ-
osiloxane precursors are effectively condensed as a part of
the silica framework [31]. The analysis of the integrated
intensities of the Tm and Qn signals gave the Tm/(Tm + Qn)
ratio of 0.11, which is in good agreement with the theoret-
ical value based on the CETS content in the synthesis mix-
ture. On the other hand, the relative area ratio of Q4/
(Q3 + Q2) of 2.28 indicates that very high condensation
extent of TEOS under the synthesis condition.

The 13C CP-MAS NMR spectrum of SiO2–phSO3H-10-
P is illustrated in Fig. 5B. The peaks at 12.9 and 27.6 ppm
are attributed to the methylene C1 (adjacent to Si atom)
and C2 (adjacent to phenyl ring) carbon atoms, respec-
tively. Three peaks in down field region are assigned to car-
bons on the aromatic ring, and the peaks at 140.5, 127.4
and 147.9 ppm correspond to CI, CII and CIII carbon
atoms, respectively. These results further confirm that
CETS precursors were co-condensed into the silica material
and the organic moieties were not decomposed during the
preparation procedure. The presence of a weak peak at
54.6 ppm, which is assigned to the carbon atom of methoxy
groups (Si–OCH3), implies that small amount of the CETS
precursors was not completely hydrolyzed [51,52]. That is
in consistence with the observation in FTIR spectra. On
the other hand, the hydrolysis of TEOS is considered rela-
tively complete since no resonance NMR signals appeared
around 60 ppm which is assigned to the carbon (adjacent to
O atom) of ethoxy groups (Si–OCH2CH3) [52,53].

The contents of phenylsulfonic acid groups in the func-
tionalized materials were determined by S elemental analy-
sis and the results are given in Table 2. It can be seen that
CETS in the initial mixture has almost incorporated into



Table 2
Sulfur contents and acid capacities of amorphous silica and SBA-15
materials functionalized with CETS

Sample S content
(mmol/g)

Acid capacity
(mmol/g)

EA Theor. NaCl TMAC TBAC

SiO2–phSO3H-3-P 0.51 0.46 0.53 0.48 0.53
SiO2–phSO3H-7-P 1.02 0.73 1.14 1.04 0.99
SiO2–phSO3H-10-P 1.43 1.29 1.49 1.35 1.21
SiO2–phSO3H-15-P 1.78 1.73 1.72 1.50 1.35
SiO2–phSO3H-7 1.05 0.73 1.06 0.96 0.83
SiO2–phSO3H-10 1.38 1.29 1.43 1.18 1.05
SBA–phSO3H-5 0.60 0.73 0.62 0.58 0.63
SBA–phSO3H-10 1.10 1.29 1.12 1.02 1.00
SBA–phSO3H-15 1.32 1.73 1.38 1.20 1.06
SBA–PrSO3H-10 1.05 1.40 1.04 0.96 0.83

Table 3
Initial rates for esterification of acetic acid with methanol and acetaliza-
tion of chlorobenzaldehyde with methanol over sulfonic acid-functional-
ized silica materials

Sample Ester.a · 104 (mol/g s) Acetal. · 104 (mol/g s)

SiO2 gel 0 0.3
SiO2–phSO3H-3-P 1.2 0.3
SiO2–phSO3H-7-P 1.9 2.1
SiO2–phSO3H-10-P 2.0 4.2
SiO2–phSO3H-15-P 2.0 3.9
SiO2–phSO3H-7 1.6 2.3
SiO2–phSO3H-10 1.7 3.5
SBA–phSO3H-5 1.5 0.4
SBA–phSO3H-10 2.0 4.2
SBA–phSO3H-15 2.0 4.1
SBA–PrSO3H-10 1.4 3.5

a The value subtracted by initial rate in homogeneous reaction value.
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the resulting materials through template-free routes. On the
contrary, only about 80 mol% CETS was incorporated into
the SBA-15 materials synthesized in the presence of P123
template.

The accessibility of sulfonic acid centers in the sulfonic
acid-functionalized materials was determined by titrating
the filtrates with NaOH after the materials were ion-
exchanged with cations of various sizes, and the results
are shown in Table 2. When sodium chloride was used as
the ion-exchange agent, the acid capacities obtained were
very close to the S contents determined by EA in the sul-
fonic acid-functionalized materials, confirming that the
chlorosulfonyl moieties in CETS precursors was com-
pletely in situ hydrolyzed to sulfonic acid groups under
the synthesis condition. When cations of larger sizes such
as TMA+ and TBA+ were used as the ion-exchange agents,
the acid capacities of the amorphous materials prepared
with TEOS pre-hydrolysis were almost unchanged for the
sample with lowest CETS content (3 mol%), suggesting
that all the phenylsulfonic acid groups in this sample were
located on the surfaces of porous walls and easily accessed
by the cations. As for the samples with higher CETS con-
tents (especially for SiO2–phSO3H-10-P and SiO2–
phSO3H-15-P), the acid capacities of the samples decreased
significantly as the size of the cation increases, indicating
that a portion of the phenylsulfonic acid groups in these
samples was embedded in the silica networks. Table 2 also
shows that the preparation method influences the accessi-
bility of phenylsulfonic acid groups in the materials. The
samples prepared without TEOS pre-hydrolysis have lower
acid capacities toward cation-exchange with TMA+ and
TBA+ than those prepared with TEOS pre-hydrolysis, even
both have similar S contents. In other words, more phenyl-
sulfonic acid groups were buried in the silica network for
the materials prepared without TEOS pre-hydrolysis,
although the latter samples have larger surface areas than
the counterparts prepared with TEOS pre-hydrolysis. For
phenylsulfonic acid-functionalized SBA-15 of ordered pore
structure, the decrease in acid capacities with the increase
in cation size was also seen for the materials with high
CETS contents. Nevertheless, it is noticeable that the func-
tionalized amorphous silica samples prepared with TEOS
pre-hydrolysis have greater acid capacities than the func-
tionalized SBA-15 or the counterparts prepared without
TEOS pre-hydrolysis.

3.2. Catalytic reactions

The esterification of acetic acid with methanol and ace-
talization of chlorobenzaldehyde with methanol were used
to test the catalytic activities of pheneylsulfonic acid-func-
tionalized materials in liquid phase. In these two reactions,
no by-products other than methyl acetate and 1-chloro-4-
dimethoxymethyl-benzene formed for esterification and
for acetalization, respectively, were observed by GC–mass
and GC spectrometry. The activities of the reactions were
expressed by methanol conversion for esterification and
by chlorobenzadehyde conversion for acetalization, respec-
tively. Table 3 shows the initial rates of esterification and
acetalization over different catalysts. It can be seen that
the initial rates over catalysts prepared by different routes
are all increase with the phenylsulfonic acid loadings and
get to the maximum at 10 mol% acid loading. These results
indicate that the initial rates were not only affected by the
numbers of the accessible acidic centers but also the porous
structure and surface area. The phenylsulfonic acid func-
tionalized amorphous silica could reach the same high ini-
tial rates as SBA-15 materials when they were prepared
with TEOS pre-hydrolysis. The formers are generally also
catalytically more active than the counterparts prepared
without TEOS pre-hydrolysis. The reaction results over
the propylsulfonic acid-functionalized SBA-15 with
10 mol% MPTS in the synthesis gel are also given in Table
3 for comparison. It gave the lowest initial rate in esterifi-
cation reaction among the catalysts with similar S loadings,
implying that phenylsulfonic acid-functionalized materials
have higher initial rates in esterification due to the higher
acid strength. As to the acetalization over catalysts of
similar S loadings, the initial rate over propylsulfonic
acid-functionalized SBA-15 was slightly lower than that
of phenylsulfonic acid-functionalized SBA-15 (SBA–
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phSO3H-10), but much higher than those of amorphous sil-
ica (SiO2–phSO3H-7-P and SiO2–phSO3H-7). These results
imply that the influence of acid strength on the initial rate
of acetalization is not as significant as that of surface area
and porous structure.

Fig. 6 displays the catalytic activities as a function of S
loading in the catalysts for the esterification of acetic acid
with methanol after 4 h of the reaction time at 50 �C. In
general, the methanol conversion increases with the S load-
ing in the catalysts. It can also be seen that the phenylsulf-
onic acid-functionalized amorphous catalysts prepared
with TEOS pre-hydrolysis have similar conversions as the
functionalized SBA-15, but higher conversions than the
counterparts prepared without TEOS pre-hydrolysis or
the propylsulfonic acid-functionalized SBA-15, based on
similar S loading in the solids. However, between the two
catalysts of higher activities, the amorphous materials
could incorporate higher S contents in the solids than
SBA-15 when the same amount of CTES was introduced
in the synthesis gels. As a result, the amorphous catalysts
could achieve the maximal conversions among the four
kinds of materials in esterification of acetic acid with
methanol.

Fig. 7 shows the catalytic activities as a function of S
loading in the catalysts for the acetalization of chlorobenz-
aldehyde with methanol after 1 h at 30 �C. The conversion
was found rather low over the catalysts with low S load-
ings. As the S loading was raised from ca. 0.6 mmol/g to
1.0 mmol/g, the conversion increased markedly. That
implies that the acid sites have cooperative effect on acetal-
ization reaction. Moreover, the SBA-15 catalysts with
ordered porous structures gave slightly higher conversion
than the amorphous catalysts, based on similar S loadings.
These results imply that large pore diameters of SBA-15
materials probably facilitate the diffusion of the relatively
large reactant and product molecules encountered in this
reaction. Nevertheless, the amorphous catalysts could still
reach the maximal conversions as the S loading was further
increased.

In order to examine the stability of the catalysts in the
liquid phase, the SiO2–phSO3H-10-P catalyst used in the
esterification and the acetalization reactions was recycled
four times after simple washing with methanol and drying
at 200 �C. The results were shown in Fig. 8. For the ester-
ification, the catalytic activities only slightly decrease, dem-
onstrating that most of the acid sites on the catalyst can be
regenerate by simple washing and the catalyst can be used
repeatedly under the present conditions. As for the acetal-
ization, the catalytic activities gradually decrease from 85%
to 25% with the recycling number. The decrease in conver-
sion was proposed due to the reversible hydrolysis of acetal
in the presence of water. These results were explained by
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that accumulated amount of water might be retained in the
pores of the regenerated catalyst.

4. Conclusions

The functionalized silica materials with different load-
ings of phenylsulfonic acid groups were prepared by a sam-
ple co-condensation of TEOS and CETS under strong acid
condition. The materials contained mesoporous structure
with narrow pore-size distribution. The samples prepared
with TEOS pre-hydrolysis showed larger pore sizes and
pore volumes than the counterparts prepared without
TEOS pre-hydrolysis. Phenylsulfonic acid centers in the
former materials were more accessible by large reactive
molecules compared with the latter. When used as acid cat-
alysts in liquid phase reaction, the phenylsulfonic acid-
functionalized silica prepared with TEOS pre-hydrolysis
have better catalytic activities than the counterparts in
esterification of acetic acid with methanol and acetalization
of chlorobenzaldehyde with methanol, but similar activities
to sulfonic acid-functionalized SBA-15 of large pore size.
This synthesis method opens up an economical and envi-
ronmentally friendly route for preparing future hybrid
organic–inorganic catalytic materials avoiding the use of
expensive organic templates and large amount of organic
solvents.
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