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a b s t r a c t

A superacid mesostructured catalyst was directly synthesized by adding sulfuric acid to mesoporous

zirconia–silica synthesis mixtures, and was characterized by HRTEM, XRD, UV–Vis, nitrogen sorption,

NH3–TPD, and Pyridine–FTIR. The XRD patterns and electron diffraction micrographs of the calcined

samples showed the ordered mesoporous structure and tetragonal crystalline in frameworks. The

ammonia TPD, pyridine in situ FTIR, and paraffin isomerization illustrated a new acidic property of the

samples. The synthesis of the mesoporous materials, which have stable crystalline frameworks, high

surface area, and strong acidity, is very likely to have important technological implications for catalytic

reactions of large molecules.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

Since ordered mesoporous aluminosilicate materials, such as
MCM41s, were synthesized in 1992 [1], mesoporous molecular
sieves have attracted strong interest because of their potential
applications in advanced catalytically materials and adsorbents.
The crucial problem is that the mesoporous aluminosilicate
represents poor hydrothermal stability, either in stream or in
hot water. As a result, the application of new materials has been
limited [2]. Subsequently, researchers used a triblock copolymer
to organize the structure of a polymeric silica precursor template
to form new mesoporous silica denoted SBA-15 with periodic
5–30 nm pores. SBA-15 has more regular structure and thicker
walls than MCM-41, resulting in higher stability, but low catalytic
activity due to its pure silica frameworks [3]. Compared with
crystalline zeolites, mesoporous materials exhibited insufficient
hydrothermal stability and acidity. This difference draws many
researchers to improve the framework crystallinity and acidity for
practical applications. Recently, significant progresses in develop-
ing new mesoporous structures have been made [4,5–8]. How-
ever, properties of the parent mesostructured materials, including
so-called mesoporous zeolites, were not comparable with that of
crystalline zeolites used in the industry [9].

While various attempts have been reported to improve frame-
work crystallinity of the mesoporous aluminosilicate materials,
ll rights reserved.
the relatively low acidity, unsatisfactory pore structure, and
thermal stability have not been completely resolved. On the other
hand, the mesoporous materials containing zirconium have
received considerable attention in heterogeneous catalysis be-
cause of their potential acid properties [10–12]. The mesoporous
structure of these materials is unstable in thermal treatment and
will collapse when at temperatures above 600 1C. Adding sulfate
anions to the material at the precipitation stage or through post-
treatment of the formed mesoporous phase using sulfuric acid or
ammonium sulfate plays an important role for stabilizing the
mesoporous structure of ZrO2 and enhancing the acidic proper-
ties. Several practices have succeeded in introducing zirconium
into the framework of molecular sieves during synthesis, but the
material has a ratio of Zr/Si lower than 0.025 [13]. Thermally
stable mesoporous materials based on silica-stabilized zirconia
were synthesized in two steps using hexadecyl trimethyl
ammonium bromide as a template. These silica-stabilized materi-
als have still an amorphous phase up to 600 1C, in which the
strength of most acid sites is similar to that in conventional SO4

2�/
ZrO2. This process partly improves acidity and/or hydrothermal
stability [14]. Recently, we reported a new strategy to directly
synthesis Zr-SBA-15 using a triblock copolymer and hexadecyl
trimethyl ammonium bromide (CTAB) as co-templates, and then
sulfated to obtain a mesostructured SO4

2�/ZrO2 material with high
surface area and strong acidity used in paraffin isomerization [15].
Herein, we report a direct synthesis route to mesoporous super-
acid catalysts SO4

2�/ZrO2–SiO2 (denoted as MSCx, here x is Zr/Si
ratio) with ordered mesoporous structure and crystalline frame-
works by one-pot method.

www.sciencedirect.com/science/journal/yjssc
www.elsevier.com/locate/jssc
dx.doi.org/10.1016/j.jssc.2008.04.009
mailto:rfli@tyut.edu.cn


ARTICLE IN PRESS

Fig. 1. TEM images of the calcined mesoporous catalyst MSCx (x ¼ 1.1). Insets: the corresponding electron diffraction pattern.
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2. Experimental

In a typical synthesis, 15 ml of alcohol solution containing 1.63 g
CTAB were fully mixed with 40 ml of alcohol solution containing
4.4 g Zr(NO3)4 �3H2O and then transferred into Teflon-lined auto-
clave and preheated at 110 1C for 3.5 h to obtain sample-I. The 20 ml
of 1 mol/l H2SO4 solution were mixed with 20 ml of 2 mol/l HCl
solution containing 1 g triblock poly(ethylene oxide)–poly(propylene
oxide)–poly(ethylene oxide) (EO20–PO70–EO20, P123, Aldrich), 2.3 ml
of tetraethyl orthosilicate (TEOS) were added in the mixture and
stirred for 3 h at 40 1C to obtain sample-II. Sample-I was mixed with
sample-II under stirring. The final mixture was stirred continuously
for another 3 h and then transferred into Teflon-lined autoclave at
100 1C for 48 h. The as-synthesized solid was filtered, washed with
distilled water and dried, and calcined in air flow at 600 1C for 3 h
to obtain MSC. The MSCx (x ¼ 0.1–3.0) were synthesized in the
same processing and characterized by the techniques such as
high-resolution transmission electron microscopy (HRTEM), field
emission scanning electron microscopy (FESEM), X-ray powder
diffraction (XRD), UV–Vis, N2 adsorption isotherm, and the tem-
perature-programmed desorption of ammonia.
Fig. 2. XRD pattern of the calcined mesoporous catalyst MSCx (x ¼ 1.1).
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Fig. 3. N2 adsorption isotherm of the calcined mesoporous MSCx (x ¼ 1.1).
3. Results and discussion

The HRTEM images of the calcined MSC sample (Fig. 1) show
well-ordered hexagonal arrays of mesopores with one-dimen-
sional channels and unambiguously confirm that the hexagonal
pore structure of the SBA-15 was retained. The corresponding
electron diffraction patterns (insets of Fig. 1) indicate that the
final product was a mesoporous material with a polycrystalline
framework. During the calcination, tetragonal ZrO2 began to take
into form, and at the same time it incorporated and coordinated in
the silica framework. The existence of tetrahedral ZrO2 in silica
framework was suggested by 29Si NMR spectra [15]. A well-
ordered mesoporous material with partial crystalline frameworks
is well supported by a small-angel XRD peak at 2y ¼ 0.91 and the
wide-angel XRD peaks corresponding to the ZrO2 tetragonal
structure (inset in Fig. 2). One diffraction peak in the low angle
region (2yp5) is visible indicating that MSC has a long-range
hexagonal ordering. Bulk MSC shows the pure tetragonal phase
of zirconia in the ordinary region (2y ¼ 30–50) rather than a
monoclinic zirconia phase. As indicated by SEM (not shown) and
HRTEM images, no aggregated ZrO2 particles can be observed. The
corresponding electron diffraction (inset in Fig. 1) indicated that
the final product was a mesoporous material with a crystalline
framework. The porosity of the MSC materials was studied by
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Fig. 4. UV–Vis spectra of the calcined mesoporous catalyst MSCx (x ¼ 1.1) and pure

ZrO2.
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Fig. 5. The temperature-programmed desorption of ammonia on the calcined

mesoporous catalyst MSCx (x ¼ 1.1).
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Fig. 6. In situ FTIR spectrum of pyridine adsorption in the sample MSCx (x ¼ 1.1) at

150 1C.
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measuring gas N2 adsorption at 77 K. A type-IV isotherm is
showed in N2 adsorption–desorption on a typical sample (Fig. 3).
The location of the hysteresis loops in the interval of P/P0 ranging
from 0.45 to 0.9, the steep increase in the adsorption value in this
pressure range, together with the fact that the adsorption and
desorption branches are parallel to each other suggest that the
sample possesses a highly ordered framework with cylindrical
mesoporous channels. This behavior is indicative of a uniform
mesopore size distribution, which is filled spontaneously due
to capillary condensation in the MSC materials. The pore size
distributions have been determined by referring to the BJH model
applied to desorption isotherm branch. The mesopore diameter is
centered at 3.8 nm, in agreement with the result of HRTEM. The
surface area is more than 300 m2/g. With increase of the Zr/Si
ratio, the surface area of the calcined samples varies from 600
(x ¼ 0.3) to 200 m2/g (x ¼ 3.0). The UV–Vis DRS spectra of the
calcined samples are provided in Fig. 4. Two broad bands centered
at 210 and 230 nm are shown in spectra of zirconia, corresponding
to the characteristic peaks of t-ZrO2 and m-ZrO2 phases [16], in
line with the interpretation of the XRD patterns shown in Fig. 2.
The absorption in the region 250–350 nm is resulted from defects
in zirconia [17]. The spectra of the MSC sample are dominated by a
strong adsorption whose maximum is near 210 nm, previously
assigned to an O4

+-ZrO4
+ charge transfer transition of tetrahedrally

coordinated Zr in the silicalite framework, typical of Zr silicalite.
The peak at 230 nm corresponding to octahedral zirconium
species disappeared [16,17]. The surface acidity of the samples is
investigated by NH3–TPD method and in situ pyridine adsorption
FTIR spectra. The introduction of sulfate ion must have stabilized
the tetragonal phase of the zirconia, which is an ideal phase for
the exhibiting superacidity for sulfated zirconia [18]. A typical
NH3–TPD profile of a typical sample after calcination at 600 1C is
shown in Fig. 5. Three desorption peaks occur at low temperature
around 265 1C and high temperature at 600 1C. The first group of
peaks (120–450 1C) suggests that MSC possesses a large number
of acid sites with intermediate and strong acid strength. The peak
at 600 1C corresponding to very strong acid strengths implies
superacidic centers for zirconia-based catalysts [19]. The super-
acidic sites of MSC1.1 are 36.6% of the total acid sites (0.87 mmol/g).
To differentiate Brønsted and Lewis sites, basic molecules with
relatively high acid strengths are used, with pyridine being the
most frequently used base. The frequency of the ring deformation
vibration allows to differentiate whether pyridine is adsorbed on
Brønsted acid sites in the form of pyridinium ions (1544 cm�1) or
coordinatively adsorbed on Lewis acid sites (1455–1442 cm�1).
The higher the latter wavenumber is, the stronger the interaction
with a Lewis acid site. The intensive band at 1490 cm�1 results
from both contributions, i.e. Brønsted and Lewis sites [20]. Fig. 6
illustrates the FTIR spectra of pyridine adsorption over the sample
at 150 1C, pyridinium ions (pyridine–Brønsted acid site complex)
are indicated by IR vibrations at 1610, 1540, and 1490 cm�1, as
well as covalently bound pyridine (pyridine–Lewis acid site
complex) at 1490 and 1445 cm�1. The strength of Lewis acid sites
is stronger than that of Brønsted ones.

The acid sites in the surface of catalyst may be characterized
by qualifying the predominant acid-type species present, usually
expressed as the B/L ratio and calculated from the IR peak
intensities of the pyridine–Brønsted acid site complex at
1540 cm–1 and pyridine–Lewis acid site complex at 1445 cm–1.
For samples SO4

2�/ZrO2–SiO2 (MSCx) synthesized in the present
work, the L/B ratios are more than 1.0 at adsorption temperature
of 150 1C. With increase of Zr/Si ratio in the samples, the L/B ratio
decreases. As the pyridine desorption temperature increases
from 150 to 350 1C, the L/B ratio increases. High surface area
sulfated zirconia catalysts possessed n-butane isomerization
activity superior to conventional ambient preparations [21]. The
catalytic properties of the MSCx samples were also studied in
the catalytic conversion of n-pentane at ambient temperature. The
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Scheme 1. Proposed surface model and superacidic species.
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results showed that the catalysts have near 100% selectivity of iso-
paraffin under the conversion of over 50% on the sample MSC1.1 in
the steady-time for 3 days.

The above results have revealed the special properties of the
catalysts, in which the key element is more notably that these
materials used as catalysts have high thermo- and hydrothermo-
stability, and regenerated capability, besides their unique surface
acidity (the prolific Lewis acid sites and real superacid strength).
The high stability lies undoubtedly on the stable structure of the
mesporous materials because of the construction of the crystalline
ZrO2 with the tetrahedral SiO2 in the wall framework. The stable
surface acidity discloses probably a novel surface structure
formed from ZrO2 and SiO2 with SO4

2�. A logical surface structural
model is suggested (see Scheme 1); however, the reaction
mechanism is yet undiscovered. The substitution of Si–O– by
Zr–O– ligands significantly arises on the surface and the crystal-
line tetragonal zirconia appears after the calcinations at 600 1C, as
confirmed by XRD. The surface defect (from UV–Vis results)
increases the amount of Lewis acid sites, the Si–O–Zr–O–Zr–O–Si
construction improves the stability of Zr–O–S linkage structure
and the dispersivity of the surface acid sites, resulting in its stable
catalysis of isomerization [22]. In the surface structure of the
catalyst, with increase of Zr/Si ratio, the surface defect decreases
and so the L/B ratio decreases (corresponding to the forenamed
pyridine–FTIR results).
4. Conclusions

Conclusively, a novel mesoporous solid acid catalytic material
MSC was synthesized using one-pot method. The material
possesses superior activity, stability, and high surface area and
ordered mesoporosity. Zirconia in MSC materials is tetragonal
crystalline. The nature of acid sites present on the catalytic
materials is Lewis and Brønsted type, and the relative strength of
Lewis and Brønsted acid sites can be controlled. The isomerization
of n-pentane in the ambient temperature indicates the material’s
large strong acidity performance. The mesoporous structure with
strong acidity can be a remarkable benefit for catalytic reactions
involving large organic molecules. The synthesis principle devel-
oped in the present work may set up a bridge between
conventional sulfated zirconia and amorphous mesoporous
alumino- or silicates, by which metal-doped mesoprous alumi-
nosilicates could be prepared.
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