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Abstract

In this paper, we describe the characterization and catalytic properties of mesoporous silica supported Cs-substituted
tungstophosphoric acid salt (Cs-TPA/MS) with improved dispersion of the active clusters compared to materials described
previously in the literature. In particular, transmission electron micrographs and the activity results for a model alkylation
reaction are presented as evidence for the enhanced dispersion and performance. In addition, we demonstrate improvements
in the physical and thermal stability of these materials with Cs-substitution using various characterization techniques. ©2000
Elsevier Science B.V. All rights reserved.
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1. Introduction

Demands for a cleaner environment have contin-
uously stimulated the chemical and petrochemical
industries to develop alternative catalyst systems
and/or processes to meet more stringent regulations.
One particular area that has attracted considerable
attention, recently involves the replacement of HF
and H2SO4 liquid acids in the commercial alkylation
units by more environmentally benign heterogeneous
solid acids [1–3]. Although current homogeneous
catalysts are efficient, their corrosive and toxic na-
ture provides potential environmental hazards and
present operational problems, including difficulty in
separation, recovery and reutilization, that results in
higher capital costs. Among many solid acid systems,
heteropoly acids (HPA) with Keggin anion structures
have received the most attention due to their simple
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preparation and strong acidity [4,5]. Specifically,
12-tungstophosphoric acid (H3PW12O40), denoted as
TPA, hereafter, is among the most extensively studied
[6–8], since it possesses the highest Brönsted acidity
[9], stronger than that of 100% sulfuric acid, which
results from minimized charge on the anion surface.
However, to date, low efficiency due to low surface
area, rapid deactivation and relatively poor stability
are some of the major problems associated with these
TPAs in conventional bulk acid forms.

Attempts to improve the efficiency of these mate-
rials have been made by supporting tungstophospho-
ric acid (TPA) on various high surface area supports
[10,11] and, more recently, on mesoporous silica with
ordered pore structures [12–15]. Kapustin et al. [10]
reported that acidity of the supported TPA decreased
in the following order: SiO2 > a-Al2O3 > carbon. They
concluded that the strong interaction between TPA and
carbon might have resulted in the decomposition of
the Keggin structure. Likewise, several reports in the
literature have identified silica as a suitable support
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due to its intrinsic inertness [16–18]. Recently, meso-
porous silica known as MCM-41, first developed by
researchers at Mobil [19–20], has been used to sup-
port TPA clusters to take advantage of its uniform
pore size and highly ordered structures. More recently,
we have reported that acid neutralization of the meso-
porous silica support assisted in preserving the Keggin
structure even at TPA loadings as low as 10 wt.% [21].
Although, we have observed an enhancement in resis-
tance to leaching of TPA by water when mesoporous
silica was used as the support instead of amorphous
silica, this was likely due to steric constraints rather
than a direct improvement in the grafting of the TPA
clusters on the surface.

Another method that could possibly enhance stabil-
ity of the active clusters in solution is to prepare cata-
lysts in the form of tungstophosphoric acid (TPA) salts
[8,22,23]. Heteropolyacid (HPA) salts, as a result of
partially exchanging protons with large cations, typi-
cally demonstrate different physiochemical properties
than those of their precursor acids. For example, par-
tial substitution of Cs+ for protons render bulk TPAs
with higher surface area (up to 150 m2/g compared
to 5 m2/g) and improved thermal stability than their
parent acids [8]. In addition, TPA salts are known to
be insoluble even in liquids as polar as water. Con-
sequently, TPA salts should be better suited for prac-
tical applications that might involve polar reagents
in harsh operating conditions. However, their small
particle size (mm) limit their application for use as
catalysts in commercial fixed bed or slurry type reac-
tors. An obvious solution as often applied in indus-
trial practice is to support these TPA salts on a larger
particle size (mm) carrier. Unfortunately, preparation
of these catalysts in an engineered form is challeng-
ing since direct aqueous impregnation is not feasible.
For example, Soled, et al. [23] first reported using a
two-step impregnation in order to disperse TPA salts
on to a silica support. However, they observed thin in-
ternal rings of Cs-substituted TPA salt, known as an
egg-white distribution, within the silica extrudate sug-
gesting nonuniform dispersion of the active clusters on
silica.

The premise of our work, some of which is de-
scribed in this paper is that, dispersion of TPA can
be manipulated by adopting appropriate grafting
techniques. In essence, we are attempting to highly
disperse the active Cs-TPA salt species uniformly

on a high surface area mesoporous silica with or-
dered structure for improved activity and/or added
shape-selectivity. Our primary objective here is to
prepare a series of mesoporous silica supported
Cs-TPA salts with highly dispersed and intact Keg-
gin anions, and compare their structural and catalytic
properties to a conventionally prepared supported
catalyst and their bulk counterparts. Alkylation of
1,3,5-trimethylbenzene by cyclohexene was used as
a model reaction to evaluate the reactivities of these
catalysts.

2. Experimental

2.1. Catalyst preparation

TPA solutions were prepared using the Keggin
type H3PW12O40·nH2O (Aldrich). MCM-41 type
mesoporous silica with monodimensional pores of
50 Å was synthesized using a protocol reported else-
where [19,20]. Mesoporous silica was first treated
with a 0.1 M HNO3 solution (10 ml of solution per
gram of silica) and stirred for 15 min at 80◦C before
drying in vacuum at 110◦C overnight. Then, it was
calcined at 540◦C for 1 h before using as the support
material. Preparation of highly dispersed Cs-TPA on
mesoporous silica, denoted as Csx-TPA/MS (x= Cs
stoichiometry, MS = mesoporous silica), hereafter, is
explained in detail elsewhere [24]. For comparison,
supported Cs-TPA samples using the two-step im-
pregnation method reported by Soled et al. [23] were
also prepared. In their first step, Cs2CO3 (Aldrich,
99.9%) was impregnated by aqueous incipient wet-
ness onto mesoporous silica, dried at 110◦C overnight
and calcined at 300◦C for 2 h. Following this, TPA
was impregnated using a similar aqueous incipient
wetness technique, dried at 110◦C overnight and
calcined at 300◦C for 2 h. Supported TPA (without
Cs-substitution) catalysts were prepared by aqueous
incipient wetness impregnation onto mesoporous sil-
ica, dried at 110◦C overnight and calcined at 300◦C
for 2 h. Bulk Cs-TPA materials were prepared by
adding the Cs2CO3 solution dropwise to the TPA
solution while stirring [22]. The resulting precipitate
was dried at 110◦C overnight in vacuum and calcined
at 300◦C for 2 h.
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2.2. Characterization

Keggin structures of bulk and supported samples
were examined using a Vector 22 (Bruker) FT-IR spec-
trometer equipped with a DTGS detector. The spectra
were collected at room temperature under continuous
N2 purge with a spectral resolution of 1 cm−1. For
sample preparation, ca 5% sample material was mixed
in KBr and then pressed into a 5 mm OD disc waffle
using a hand press. A plain KBr spectrum was used
as background.

The TGA/DTA experiments were performed using a
Netzsch STA 409C. Transmission electron microscopy
(TEM) was performed on a JEOL 1200 microscope at
120 kV. The TEM samples were prepared by ground-
ing the powder and dispersing it on a TEM copper
grid with suspended carbon films. The composition
was also analyzed using the energy dispersive spec-
troscopy technique (EDS).

BET surface area and pore size distributions were
determined from BJH and multi-point BET methods,
respectively, using a Quantachrome Autosorb 6-B gas
sorption system.

Selected samples were examined for leaching of
TPA by water after stirring vigorously for 2 h at 50◦C
in a water bath. A Hewlett-Packard 8453 UV spec-
trometer equipped with an auto sampler was used to
collect the absorbance spectra at 267 nm.

2.3. Catalytic properties

The catalytic properties were evaluated using
a probe reaction, the liquid phase alkylation of
1,3,5-trimethylbenzene (mesitylene, Aldrich, 98%)
with cyclohexene (Aldrich, 99%), as reported in the
literature [23,25]:

Approximately 50 mg of bulk or supported catalyst
was loaded into a 7 mm OD vial and calcined at
300◦C under N2 for 2 h. Under an inert environ-
ment (Argon), 2 g of premixed 5 wt.% cyclohexene in
1,3,5-trimethylbenzene solution was added and then
reacted in an 80◦C water bath while being vigorously

stirred. After a certain period of time, the reaction
vial was withdrawn to an ice bath for cooling and
centrifuged for further sampling. The products were
separated using a J & W DB-5 capillary column and
analyzed using a HP 5890A GC equipped with a
flame ionization detector.

3. Results and discussion

3.1. Characterization of supported Cs-TPA catalysts

Primary structures of the supported catalysts were
identified by comparing their FT-IR absorbance
bands to those of bulk TPA, tungstophosphoric
acid salt (Cs-TPA), and mesoporous silica (Fig. 1).

Fig. 1. Infrared spectra of (a) tungstophosphoric acid (TPA); (b)
bulk Cs2.5H0.5PW12O40 (Cs2.5-TPA); (c) 50 Å mesoporous sil-
ica; (d) ‘conventional’ [23] 50 wt.% TPA/MS; (e) ‘conventional’
50 wt.% Cs2.5-TPA/MS, and (f) improved 50 wt.% Cs2.5-TPA/MS.
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Fig. 2. Transmission electron micrographs of (a) Cs2.5-TPA/MS prepared from a published method [23] and (b) our improved, newly
synthesized Cs2.5-TPA/MS material.

Bulk tungstophosphoric acid (H3PW12O40) and
tungstophosphoric salt (Cs2.5H0.5PW12O40) show
the characteristic IR bands at ca 1080 cm−1(P–O in
the central tetrahedra), 984 cm−1 (terminal W=O),
897 cm−1 and 812 cm−1 (W–O–W) associated with
the asymmetric vibrations in the Keggin polyanion
(Fig. 1a and b); however, the Cs-TPA catalysts are
distinctively characterized by a split in the W=O
band. This doublet becomes more prominent as the
Cs stoichiometry in the catalyst increases (not shown
here), suggesting a direct interaction between the
polyanion and Cs+ exists. Similar observations have
been reported for the case of W=O vibrations in
Cu1.5PW12O40 anions [26]. The same distinguish-
able features were observed for the 50 wt.% TPA/MS
(Fig. 1d) and Cs-TPA/MS catalysts (Fig. 1e and f),
indicating that the primary Keggin structure is pre-
served after supporting it onto mesoporous silica.
Thus, the new materials prepared in this study had
intact polyanion structures and/or species on the sil-
ica surface. Similar results (not shown) were obtained
even for the supported materials with lower HPA
loadings (10 wt.%) and different Cs stoichiometry
(CsxH3−xPW12O40, x= 1). Furthermore,31P NMR
results have confirmed that [PW12O40]3− were the
only species present on the support as evidenced by
a single 31P NMR peak at a chemical shift of ca
−15 ppm referenced to a 0 ppm response from 85%
H3PO4. This was the case for both the novel 50 wt.%

Cs-TPA materials newly prepared in this study as well
as those we prepared using published [23] methods.
We have previously reported that the Keggin struc-
ture remains intact on mesoporous silica even at TPA
loadings as low as 10 wt.% [21]. In particular, no ad-
ditional 31P MR peaks, for example, at ca−13 ppm,
generally attributed to a defect (P2W21O71

6−) Keggin
structure [27,28], was evident.

The dispersion of Cs-TPA on mesoporous silica
can be inferred from the TEM results illustrated in
Fig. 2, and from EDS analysis (not shown). The mate-
rial we prepared using a previously published method
[23] resulted in a segregated phase, where Cs-TPA is
not uniformly dispersed (Fig. 2a), whereas our novel
material consists of uniformly dispersed Cs-TPA salt
on mesoporous silica (Fig. 2b). As aforementioned,
direct impregnation using a Cs-TPA solution was not
possible, since Cs-TPA is not soluble in any solvent.
The previous synthetic approach used by Soled and
coworkers [23] consists of a two-step impregnation,
where the support was first impregnated with aqueous
Cs2CO3 solution prior to aqueous TPA impregna-
tion. However, as indicated in Fig. 2a, the previously
published two-step impregnation resulted in poor
dispersion of the active species, due likely to the high
mobility of Cs during TPA impregnation, and hence
poor activity. In contrast, our synthetic approach
[24] leads to enhanced dispersion as evidenced in
Fig. 2b.
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Fig. 3. Thermal gravimetric and differential thermal analy-
sis of tungstophosphoric acid (TPA, solid lines) and bulk
Cs2.5H0.5PW12O40 (Cs2.5-TPA, dashed lines).

3.2. Catalyst stability

An important potential benefit of supporting TPA
on oxide supports (including MS) is enhanced ther-
mal stability for the TPA salts. As such, the thermal
stability of bulk TPA and Cs-TPA was investigated
using TGA/DTA and FT-IR techniques and the re-
sults are shown in Figs. 3 and 4. At about 600◦C
(Fig. 3), bulk TPA seemed to undergo an exothermic
decomposition [4],

H3PW12O40 → 1
2P2O5 + 12WO3 + 3

2H2O

resulting in a weight loss of<2% above 300◦C while
the bulk Cs2.5-TPA did not show any significant weight
change. Initial weight loss of∼11% (below 300◦C)
for the bulk TPA was probably due to dehydration
of the sample. Unfortunately, TGA/DTA techniques
were not suitable to accurately analyze the supported
materials. Therefore, FT-IR was used to examine the
stability of bulk and supported materials after a ther-
mal treatment at 600◦C (Fig. 4). In agreement with
the TGA/DTA results just described, the infrared spec-
trum of bulk Cs2.5-TPA (Fig. 4b) shows the character-
istic bands of the Keggin structure, while that of bulk
TPA (Fig. 4a) clearly indicates that decomposition oc-
curred above 600◦C as evidenced by the disappearance
and shift of characteristic IR bands. After annealing to
600◦C for 10 min, even the supported Cs-TPA (Fig. 4c

and d) show the characteristic IR bands of the Keggin
structure. Previously, we have reported that the ther-
mal stability of HPA is enhanced by 75◦C (to 585◦C),
when TPA is supported on mesoporous silica [21]. It
is worth noting that the thermal stability of the sup-
ported TPA is enhanced further even with a single
Cs-substitution. However, the enhancement in thermal
stability for these catalysts should be correlated with
the loss of acidic groups and/or protons for proper
evaluation of changes in their catalytic properties (see
below).

The stability of the active species in solution has
also been of concern for solid acids, specifically for
the supported materials [8,21]. Silica has been identi-
fied as one of the most suitable carrier materials for
supporting TPA [16]. However, silica was also pointed
out to have a relatively weak interaction with TPA
species due to its inert surface. This can result in sig-
nificant leaching of TPA in presence of a polar solvent.
We have previously reported that the ordered struc-
ture of mesoporous silica with the proper pore size
mitigated leaching of TPA from silica in water likely
due to steric constraints [21]. In other words, pore size
relative to the size of a TPA cluster was crucial in
mitigating leaching. In order to examine the effect of
Cs, we have tested the leach resistance of both bulk
and supported Cs-TPA materials with varying Cs con-
tent (Fig. 5). Supported materials show the same trend
as the bulk material where resistance to leaching im-
proved significantly with increasing Cs stoichiome-
try. Considering the fact that one of our purposes in
using Cs was to anchor the TPA species to the sil-
ica support material, it is worth noting that a small
amount of Cs readily enhances its stability in aqueous
solution.

3.3. Catalytic properties

Catalyst activities were evaluated using the alkyla-
tion of trimethylbenzene (mesitylene) by cyclohexene
as a model reaction. Catalytic properties of selected
catalysts and their bulk counterpart are summarized in
Table 1. The novel 50 wt.% Cs2.5-TPA/MS material
synthesized in this study was about five times as active
as that made from a previously published method [23],
and was also more active than the bulk Cs2.5-TPA.
The primary purpose for adopting the Cs = 2.5 for
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Fig. 4. Infrared spectra of (a) tungstophosphoric acid (TPA); (b) bulk Cs2.5H0.5PW12O40 (Cs2.5-TPA); (c) improved 50 wt.% Cs2.5-TPA/MS
and (d) improved 50 wt.% Cs1-TPA/MS, after heating at 600◦C for 10 min.

Table 1
Catalytic properties of Cs-substituted tungstophosphoric acid
(TPA) catalysts

Catalyst codea Activity (mmol/g TPA/hr)b

50% Cs2.5-TPA/MS/S 13.2
50% Cs2.5-TPA/MS/I 64.8
Bulk Cs2.5-TPA 39.8

aCatalyst code represents TPA loading, Cs stoichiometry, sup-
port material, and the synthetic procedure used (S: previously
published [22] method; I: improved material newly synthesized in
this study [24]).

bAlkylation of 1,3,5-trimethylbenzene by cyclohexene (5 wt.%)
measured after 15 min at 80◦C.

bulk materials is that this specific stoichiometry pro-
vides high surface area, and mesoporous porosity giv-

ing rise to optimized activity [8]. Considering the fact
that a high surface area carrier with ordered structure
is adopted here to support the TPA clusters and that
more Cs-substitution leads to a reduction of acidic
protons, we have prepared and examined supported
Cs-TPA catalysts with a lower Cs stoichiometry. In
this way, Cs-substitution levels that are optimized for
catalytic activity and stability to solvent leaching can
be determined.

In Fig. 6, activities of MS-supported 50 wt.%
Cs-TPA are plotted as a function of Cs stoichiome-
try. Typically, the novel, improved Cs-TPA catalysts
demonstrated superior catalytic properties than those
prepared with the previously published method [23],
regardless of the Cs stoichiometry. Even the supported
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Fig. 5. Leaching of TPA from (a) bulk Cs2.5H0.5PW12O40

(Cs2.5-TPA); (b) improved 10 wt.% Cs-TPA/MS and (c) ‘conven-
tional’ [23] 10 wt.% Cs-TPA/MS, using water at 50◦C. Leaching
rates were evaluated by following the maximum UV absorption
band, observed at 267 nm, for the [PW12O40]3− species.

TPA materials (without Cs-substitution) were more
active and therefore, better dispersed than those pre-
pared using the ‘conventional’ method. That is, the
former materials were probably less susceptible to
pore-clogging by poorly dispersed acid anion clusters.
It is also worth noting that supported Cs1-TPA cata-
lysts are more active than their supported parent acids
despite lower quantities of active acid proton sites.
This result suggests that the dispersion of Cs-TPA
clusters is improved regardless of the preparation
method. It is important to note that these measure-
ments may underestimate the enhanced activity of the
novel, improved catalysts prepared in this study rela-
tive to those prepared by the ‘conventional’ method.
This is because conversions for the most active ma-
terials were near 100% under the conditions tested
here.

Fig. 6. Alkylation of 1,3,5-trimethylbenzene by cyclohexene at
80◦C for (a) improved 50 wt.% Cs-TPA/MS and (b) ‘conventional’
[23] 50 wt.% Cs-TPA/MS as a function of Cs stoichiometry.

4. Conclusion

For the first time, we have described novel, im-
proved supported Cs-TPA salts that are uniformly
dispersed on a mesoporous silica carrier. This is con-
firmed by TEM results and from improved catalytic
performance for a model alkylation reaction. Experi-
ments assessing the stability of supported TPA cata-
lysts indicate that resistance to leaching by solvents,
and the thermal stability of these catalysts are signifi-
cantly improved as well, even at low Cs-substitutions
(Cs = 1). The availability of well-dispersed, supported
TPA catalysts opens opportunities for producing TPA
catalysts in an engineered form that takes advantage
of the unique properties of bulk Cs-TPA while min-
imizing proton substitution for optimized catalytic
performance. Finally, porosity of the carrier material
can also be tailored to potentially add shape selectivity
for specific reactions.

Acknowledgements

The work described here was funded by the US
Department of Energy (DOE), Office of Science,
Laboratory Technology Research Program. S. Choi



124 S. Choi et al. / Catalysis Today 55 (2000) 117–124

thanks Associated Western Universities Inc. North-
west Division for the Fellowship awarded under Grant
DE-FG06-92RL-12451 with the DOE. Most experi-
ments were performed in the Environmental Molecu-
lar Sciences Laboratory (EMSL) at Pacific Northwest
National Laboratory (PNNL), a scientific user facil-
ity sponsored by the DOE’s Office of Biological and
Environmental Research. PNNL is operated for the
DOE by Battelle Memorial Institute under contract
DE-AC06-76RLO 1830.

References

[1] J.M. Thomas, Sci. Am. 266 (1992) 112.
[2] M. Misono, T. Okuhara, ChemTech. 11 (1993) 23.
[3] A. Corma, A. Mart́ınez, Catal. Rev.-Sci. Eng. 35 (1993) 483.
[4] M. Misono, Catal. Rev.-Sci. Eng. 29 (1987) 269.
[5] I.V. Kozhevnikov, Catal. Rev.-Sci. Eng. 37(2) (1995) 311.
[6] M. Misono, N. Nojiri, Appl. Catal. 64(1) (1990) 1.
[7] A. Corma, Chem. Rev. 95 (1995) 559.
[8] T. Okuhara, N. Mizuno, M. Misono, Adv. Catal. 41 (1996)

113.
[9] M. Misono, N. Mizuno, K. Katamura, A. Kasai, Y. Konishi,

K. Sakata, T. Okuhara, Y. Yoneda, Bull. Chem. Soc. Jpn. 55
(1982) 400.

[10] G.I. Kapustin, T.R. Brueva, A.L. Klyachko, M.N. Timofeeva,
S.M. Kulikov, I.V. Kozhevnikov, Kinet. Catal. 31 (1990) 1017.

[11] L.R. Pizzio, C.V. Cáceres, M.N. Blanco, Appl. Catal. A:
General 167 (1998) 283.

[12] I.V. Kozhevnikov, A. Sinnema, R.J.J. Jansen, K. Pamin, H.
van Bekkum, Catal. Lett. 30 (1995) 241.

[13] I.V. Kozhevnikov, K.R. Kloetstra, A. Sinnema, H.W.
Zandbergen, H. van Bekkum, J. Mol. Catal. A: Chemical 114
(1996) 287.

[14] T. Blasco, A. Corma, A. Martı́nez, P. Mart́ınez-Escolano, J.
Catal. 177 (1998) 306.

[15] C.T. Kresge, D.S. Marler, G.S. Rav, R.H. Rose, US patent
5366945, (1994).

[16] Y. Izumi, R. Hasebe, K. Urabe, J. Catal. 84 (1983) 402.
[17] J.B. Moffat, S. Kasztelan, J. Catal. 109 (1988) 206.
[18] C. Rocchiccioli-Deltcheff, M. Amirouche, G. Herve, M.

Fournier, M. Che, J.M. Tatibouet, J. Catal. 126 (1990) 591.
[19] J.S. Beck, J.C. Vartuli, W.J. Roth, M.E. Leonowicz, C.T.

Kresge, J. Am. Chem. Soc. 114 (1992) 10834.
[20] C.T. Kresge, M.E. Leonowicz, W.J. Roth, J.C. Vartuli, J.S.

Beck, Nature 359 (1992) 710.
[21] Y. Wang, A.Y. Kim, X.S. Li, L. Wang, C.H.F. Peden, B.C.

Bunker, ACS Book on Shape-Selective Catalysis, 1998, in
press.

[22] T. Okuhara, T. Nishimura, H. Watanabe, M. Misono, J. Mol.
Catal. 74 (1992) 247.

[23] S. Soled, S. Miseo, G. McVicker, W.E. Gates, A. Gutierrez,
J. Paes, Catal. Today 36 (1997) 441.

[24] Y. Wang, S. Choi, C.H.F. Peden, patent pending.
[25] T. Okuhara, T. Nishimura, M. Misono, Chem. Lett. (1995)

155.
[26] T. Okuhara, T. Hashimoto, T. Hibi, M. Misono, J. Catal. 93

(1985) 224.
[27] M.T. Pope, Heteropoly and Isopoly Oxometalates,

Springer-Verlag, Heidelberg, 1983, p. 58.
[28] R. Massart, R. Contant, J. Fruchart, J. Ciabrini, M. Fournier,

Inorg. Chem. 16 (1977) 2916.


