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SBA-15 frameworks with encapsulated Keggin type hetero-
polyacids (HPAs) were synthesized in situ under strongly
acidic conditions (pH < 0). During the hydrolysis of tetraethyl
orthosilicate (TEOS), a P- and a Mo source were added into
the initial sol-gel system to form Keggin type HPAs. The tex-
ture of the final products was studied by the N, adsorption—
desorption isotherms and transmission electron microscopy
(TEM), and their structure was systematically characterized
by X-ray diffraction (XRD), UV/Vis diffuse reflectance-
(DRS), infrared- (IR), and 3'P magic angle spinning nuclear
magnetic resonance (MAS NMR) spectroscopy. Characteri-
zation results suggest that the samples show very ordered
hexagonal mesostructure, and the HPAs that are incorpo-
rated into the framework of meso-silica are insoluble during

catalysis. Results of catalytic tests indicate that the materials
demonstrated catalytic activity comparable with or even sur-
passing those of the bulk HPAs in catalytic tests im-
plementing chemical reactions of bulky molecules (1,3,5-tri-
isopropylbenzene cracking, esterification of benzoic acid
with tert-butyl alcohol, and 2,3,6-trimethylphenol hydroxyla-
tion with H,0O,). Additionally, some other properties, such as
easy separation and stability when recycled, ensure their po-
tential applications in the chemical industries. Here, we re-
port not only the in situ synthesis and characterization of
SiPMo-X, but also the difference in the catalytic properties
of SiPMo-X and SiPW-X.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

In recent years, environmental and economic considera-
tions have raised strong interest in the redesign of commer-
cially important processes so that the use of harmful sub-
stances and the generation of toxic wastes could be avoided.
In this respect, there is no doubt that heterogeneous cataly-
sis, as an alternative to homogeneous catalysis, can play a
key role in the development of environmentally benign pro-
cesses both in petroleum chemistry and in the production
of chemicals, for example, by substitution of liquid acid cat-
alysts by solid materials.!!]

Most notably, zeolites and heteropoly compounds have
attracted much attention not only as such acidic catalysts,
but also as oxidation catalysts. First of all, zeolites, owing
to their uniform intracrystalline microporosity that provides
access to a very large and well-defined surface, the molecu-
lar sieve effect, and the strong electrostatic field centered at
zeolite cations, promised unique opportunities from the
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start for important improvements in efficiency and econ-
omy in gas and liquid sorption and separation technologies.
The unique catalytic sites can catalyze many reactions, but
zeolites also have some restrictions in general applications,
such as weaker acidity, lack of variability in pore size, and
the limited number of the constituent elements.> 12! For
heteropoly compounds, peculiarly for HPAs, because their
unique acidic and redox properties can be controlled at the
atomic/molecular level, their catalytic function in the solid
state as well as in solution has attracted much attention: the
strong acidity or oxidizing properties of heteropoly com-
pounds, the soft basicity of the polyanions, the high solubil-
ity in water and organic solvents, a moderately high thermal
stability in the solid state, the relatively simple synthetic
procedure, the ability to form pseudoliquid phases, and the
possibility of the introduction of several different elements
into polyanions and counter-cations. All the above-men-
tioned advantages of HPAs have led to a large body of work
on their applications in homogeneous and heterogeneous
catalysis.>1%1  Soluble heteropoly compound catalysts
(HPAs are typically strong Brensted acids and are very sol-
uble in oxygen-containing polar solvents such as water,
alcohols, ethers, and ketones.) can catalyze a large variety
of reaction types but suffer from their inability to be recy-
cled.5231 Much effort has been put into developing stable,
water-tolerant solid acid catalysts, as such catalysts do not
require a catalyst separation process after usage and are
therefore much easier to use when compared with homo-
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geneous acid catalysts. One approach to obtaining such a
catalyst is to immobilize an active acidic species onto a solid
support and to practically use this as a solid acidic catalyst.
Moreover, the specific surface areas of solid HPAs are low
(usually less than 10 m?/g), leading to very few active sites
on their surfaces. Thus, immobilization of HPAs onto stable
solid supports to create hybrid catalysts is absolutely neces-
sary for using HPAs as solid catalysts. At the same time,
their catalytic activities are expected to be improved by this
procedure.[10-28]

Mesoporous materials have attracted much attention be-
cause of their wide potential industrial applications as cata-
lysts or catalyst supports and hosts since their discovery in
the last decade, and it has been widely reported that meso-
porous silica SBA-15 has been extensively used as a support
and host because of its large pore size, thick walls, and high
hydrothermal stability, which make it an excellent candidate
for use as a stable solid support as mentioned above.[?*-40]

In our previous work, we prepared a series of insoluble
HPA-containing hybrid catalysts by incorporation of HPAs
into mesoporous supports during the formation of a meso-
structure through acid-base interactions or covalent bond
formation.”>25] We also investigated the heterogeneous
catalytic behavior of these supported HPA catalysts in polar
solvents. It was found that the catalytic activity of HPAs in
the hybrid catalyst was significantly improved by the fasci-
nating physical and chemical properties and the unusual in-
ternal surface topology of the mesoporous materials. More-
over, the separation and recovery of the HPAs from the re-
action environment became easy.['%-21:23:231 We also pre-
sented an in situ synthetic method for incorporating HPAs
directly into the framework of mesoporous materials with-
out destruction of the mesostructure. For example, we in-
troduced Na,HPO, and Na,WO, (a P and a W source) or
H;PO, and Na,MoO, (a P and an Mo source) into the
initial sol-gel during the preparation of SBA-15 and suc-
cessfully synthesized in situ new mesoporous silica encapsu-
lated with Keggin type HPAs. Here we report not only the
in situ synthesis and characterization of SiPMo-X, but also
the different catalytic properties of SiPMo-X and SiPW-X.

Results and Discussion
Spectroscopy
X-ray Diffraction

Low-angle powder XRD patterns of SiPMo-8, HPMo/
SBA, and SBA-15 samples are shown in Figure 1. Obvi-

ously, the sample of SiPMo-8 (Figure 1b and Table 1) exhi-
bits three clearly well-resolved peaks indexed as (100),
(110), and (200), which may be associated with the p6mm
hexagonal symmetry similar to that of pure silica SBA-15
(Figure 1a).13?l The three clearly well-resolved peaks may
also indicate that SiPMo-8 is characterized by the presence
of long-range ordering and that the ordering of SiPMo-8
may also be comparable to that of SBA-15. These results
indicate that the formation and presence of HPMo in the
framework of SBA-15, by the addition of H3;PO, and
Na,MoOy into the sol-gel during the hydrolysis of TEOS,
does not affect the formation of the mesoporous structure
of SBA-15. However, the ordering of conventionally sup-
ported HPMo (SBA-15 as the support) (Figure Ic) de-
creases significantly compared with that of SBA-15, which
may be attributed to the fact that the conventional prepara-
tion method affects the ordering of the support. Moreover,
from Figure 2, we can see that the wide-angle powder XRD
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Figure 1. Small-angle XRD patterns of samples: (a) SBA-15, (b)
SiPMo-8, and (c) HPMo/SBA.
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Figure 2. Wide-angle XRD patterns of samples: (a) HPMo, (b)
SiPMo-8, and (c) HPMo/SBA.

Table 1. HPMo content and parameters of the pore structure of SiPMo-8, SBA-15, HPMo, and HPMo/SBA.

Samples HPW content (wt.-%) dg00) a Pore size thi\(?lljriless Sl;iiaa(:e V;?lrrie rg:}é?;&
Sol-gel Product [nm] [nm] [nm] [nm]®! [m?/g] [cm?/g]

SiPMo-8 333 19.6 10.4 12.0 7.6 4.4 807 1.04 10.9

SBA-15 0.0 0.0 10.3 11.9 7.9 4.0 860 1.15 8.8

HPMo/SBA 20.0 20.0 10.3 11.9 7.8 4.1 473 0.85 8.2

HPMo 100 100 - - - - 5 - -

[a] Pore size distributions were determined from N, adsorption isotherms and the wall thickness was calculated as: thickness = @ — pore
size (a = 2% d(100/3"?). [b] The units for the carbon residue of samples are x10-° mmol/g.
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patterns of SiPMo-8 (Figure 2b) do not show any obvious
characteristic signals for pure HPMo, indicating the very

high dispersion of HPMo in the meso-silica ma-
trix [17:23.25.35]

Transmission Electron Microscopy

Figure 3 shows the TEM images of SiPMo-8 and SBA-
15; we can see that the pores of the modified sample
SiPMo-8 (Figure 3a, b) represent a hexagonal analogue to
that of pure silica SBA-15 (Figure 3c, d).*?! Compared with
Figure 3c, d, the images shown in Figure 3a, b suggest that
the ordering of the sample SiPMo-8 is only slightly less
than that of the SBA-15 sample; these results are consistent
with those from XRD.

Figure 3. TEM images of samples: (a) SiPMo-8 in the [100] direc-
tion, (b) SiPMo-8 in the [110] direction, (c) SBA-15 in the [100]
direction, and (d) SBA-15 in the [110] direction.

N, Adsorption Isotherms

The N, adsorption isotherms of the SiPMo-§8 and
HPMo/SBA samples together with that of pure silica SBA-
15 are shown in Figure 4, and the porosity parameters, such
as the BET specific area, cumulative pore volume, and
average pore diameter, are listed in Table 1. Evidently,
SiPMo-8 shows a typical adsorption curve of type IV (ac-
cording to the IUPAC classification) with an obvious hys-
teresis loop at a relative pressure of 0.70 < P/Py < 0.85
(Figure 4b) that is very similar to that of pure silica SBA-
15 (Figure 4a).3%! The hysteresis loop for the material start-
ing at about 0.70 relative pressure suggests the presence of
framework mesoporosity. In situ incorporation of HPMo
into the framework of SBA-15 only leads to a very slight
decrease in the values of surface area and pore volume. For
example, the BET surface area and pore volume of SiPMo-
8 are given as 807 m?/g and 1.04 cm?/g, and the correspond-
ing values for SBA-15 are 860 m?/g and 1.15 cm®/g, so there
is no clear difference between the porosity parameters of
pure silica SBA-15 and the SiPMo-8 sample, implying the
formation and presence of HPMo in the initial gel does not
3056
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affect the formation of a mesostructure, which is also in
agreement with the XRD results. However, the BET surface
area and pore volume of HPMo/SBA (Figure 4c) are
473 m?/g and 0.85 cm?/g, respectively, and comparing these
results with the corresponding values for pure silica SBA-
15, the BET surface area and pore volume of HPMo/SBA
are significantly lower; these results also provide evidence
that the conventional preparation method affects the order-
ing of the support.
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Figure 4. N, adsorption/desorption isotherms of samples at STP:
(a) HPMo/SBA, (b) SiPW-8, and (c) SBA-15.

IR Spectra

The infrared spectra of the samples are shown in Fig-
ure 5. It is well known that the Keggin structure of HPMo
is composed of one PO, tetrahedron surrounded by four
tri-metal groups of three edge-sharing MoOg octahedra and
that HPMo gives several strong typical IR bands at ca.
1062 cm™! (stretching frequency of P-O in the central tetra-
hedron PO,), 963 cm™! (terminal bands of Mo=0 in the
exterior octahedron MoQg), 871, and 793 cm™! (Mo-Oy—
Mo and Mo-O.Mo bridge band, respectively) (Fig-
ure 5a).' It has been widely reported that pure mesopo-
rous silica of SBA-15 shows the framework bands at about
800 cm ™! (symmetric stretching of Si-O-Si), 960 cm™!
(stretching of Si-O-H), and 1030-1250 cm™! (anti-symmet-
ric stretching of Si-O-Si) (Figure 5¢).*>>°! In our case,
SiPMo-8 gives three intense bands at 1098, 961, 803 cm ™,
and one shoulder band at 896 cm ! over 600-1400 cm ! re-
gions (Figure 5b). It should be noted that some bands of
HPMo in the region partially or fully overlapped with the
bands of SBA-15, because of the strong contrast between
the weak signals of HPMo in the framework of SiPMo-8
and the very strong signals of SBA-15. Three strong bands
in the IR spectrum of SiPMo-8 appeared at 803, 961, and
1098 cm™!, from the overlapping of the IR absorption
bands of SBA-15 around 800, 960, and 1100 cm™', and
those of HPMo at 793, 963, and 1062 cm™!, respectively.
Consequently, the Keggin unit could only be characterized
by the stretching modes assigned to bridging bonds: a very
low-intensity peak at about 896 cm™!, with slightly shifted
shoulder signals, may confirm that the Keggin structure of
HPMo encapsulated into the framework of SBA-15 was
slightly influenced during the synthesis procedure, in other
words, this may indirectly prove that there are interactions
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between the silicon species and the heteropolyanion in the
framework of SiPMo-8, it can thus be deemed that the Keg-
gin structure of HPMo is preserved in the framework of
SiPMo-8.114]
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Figure 5. IR spectra of samples: (a) HPMo, (b) SiPMo-8, and (c)
SBA-15.

UVlIVisible Diffuse Reflectance Spectra

The incorporation of HPMo into the framework of SBA-
15 was further indirectly verified by UV/Visible spectra.
The UV/Visible spectra of the samples are shown in Fig-
ure 6. Bulk HPMo (Figure 6a) shows a broad and strong
UV absorption in the range of 200-300 nm, with a maxi-
mum centered at about 260 nm, which is a characteristic
peak attributed to the oxygen-molybdenum charge-transfer
absorption band for Keggin anions. The UV irradiation of
the polyoxomolybdate cluster results in charge-transfer
from an O ion to a Mo®" ion, and this occurs at Mo-O—
Mo bonds corresponding to the formation of a pair con-
sisting of a hole center (O") and a trapped electron center
(Mo>"). The process can be described as follows:[4!

hy

[Mo%*-0*-Mo0°*] — [M0>*—0 —-Mo°*]*

Relative absorbance
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Figure 6. UV/Visible spectra of samples: (a) HPMo, (b) SiPMo-§,
and (c) SBA-15.

SBA-15 did not show any signals in the wavelength re-
gion studied (Figure 6¢). In our case, the SiPMo-8 (Fig-
ure 6b) sample has a broad UV absorption in the range
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200-300 nm, with a characteristic peak centered at about
260 nm in the spectrum, similar to that of the [PMo0,,04]*
species. These results indicate that the primary Keggin
structure of HPMo has been introduced into the framework
of the mesostructure and is very stable even after the extrac-
tion of surfactants and washing with deionized water, which
is in agreement with IR results. Similar results can also be
observed with 3'P MAS NMR measurements.

3P MAS NMR Spectra

The 3'P MAS NMR spectra of bulk HPMo and SiPMo-
8 are shown in Figure 7. It is well known that the 3'P MAS
NMR chemical shift of bulk HPMo is strongly dependent
on the number of crystallized water molecules, in our case
bulk HPMo exhibits an intense and sharp line at a chemical
shift of around —4.5 ppm in the *'P MAS NMR spectrum
(Figure 7b) pointing to a uniform phosphorus environment
in the structure of HPMo. The *'P MAS NMR spectrum
of SiPMo-8 also shows an intense and sharp line at around
—4.5ppm and two low intense down-field and up-field
chemical shifts (5.1 and —3.8 ppm, respectively) are ob-
served (Figure 7a). These could be deemed to represent very
strong interactions between the molybdophosphoric anions
and the framework of SBA-15, which is made up of a net-
work of SiO,, and could also be attributed to a significant
distortion of the heteropoly anion symmetry, whereby the
long-range order created by water molecules in the hydrated
state of HPMo is lost because of strong chemical interac-
tions between molybdophosphoric anions and the frame-
work of SBA-15. It can be concluded that the Keggin unit
(primary structure) is preserved after being incorporated
into the framework of SBA-15, because HPMo microcrys-
tallites deposited on the silica surface and heteropoly
anions interacting with Si-OH groups have been observed
when HPMo was supported on silica.l'¥l

Figure 7. 3'P MAS NMR spectra of samples: (a) SiPMo-8 and (b)
HPMo.

Catalytic Results

1,3,5-Triisopropylbenzene (TIPB) Cracking

In the reaction of TIPB cracking (see Scheme 1), as
shown in Table 2, SBA-15 shows very low catalytic activity
(conversion at 2.2%), and HPMo supported on the surface
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Table 2. Catalytic activity of SBA-15, HPMo, SiPMo-X, HPMo/SBA, and HPW, SiPW-X, HPW/SBA.

Samples Conversion of Conversion of TOF of Conversion TOF of Selectivity of

TIPB esterification(®! esterification!¥!  of hydroxylation®  hydroxylationl® hydroxylation!]

[wt.%] [wt.-%)] [h] [wt.-%] (] [wt.-%)]

Fresh  Reused Fresh  Reused Cl C2 C3

SiPMo-8 50.6 10.2 9.9 3.1 26.5 26.2 251.3 83.4 11.7 4.9
HPMo/SBA 17.4 4.8 0.5 1.5 21.2 4.9 206.6 64.5 28.3 7.2
HPMo 343 8.6 - - 28.7 - - 41.1 45.5 13.4
SBA-15 22 - - - - - - - - -
SiPW-8 61.3 12.4 12.2 4.0 17.9 17.6 180.2 89.2 9.5 1.3
HPW/SBA 18.8 6.9 0.7 2.2 15.8 3.0 113.0 72.3 19.3 8.4
HPW 42.6 18.1 - - 16.6 - - 50.7 38.8 10.5

[a] Esterification reactions of benzoic acid with terz-butyl alcohol. [b] 2,3,6-Trimethylphenol hydroxylation with H,O,, acetonitrile as the
solvent (polar solvent), 2,3,6-trimethylphenol/H,O, = 3 (molar ratio); catalyst/2,3,6-trimethylphenol =0.05 (weight ratio), temperature:
353 K, reaction time: 2 h. The products are trimethylhydroquinone (C1, TMHQ), trimethylbenzoquinone (C2, TMBQ), others (C3).
Conversion = 2,3,6-trimethylphenol converted to TMHQ, TMBQ and other products/2,3,6-trimethylphenol added in the system. [c] The
catalysts were reused five times. [d] Turnover frequency of esterification is moles of ferz-butyl benzoate yield per mol active site on the
surface of the catalyst per hour, using the fresh catalysts. [e] Turnover frequency of hydroxylation is moles of 2,3,6-trimethylphenol
converted per mol active site on the surface of the catalyst per hour, using the fresh catalysts. The active site numbers on the surface of
SiPMo-8, SiPW-8, HPMo/SBA, and HPW/SBA were estimated on the basis of the amount of HPAs (moles) estimated by ICP analysis,
and the surface areas were determined by N, adsorption methods. [f] The selectivity of hydroxylation is that of 2,3,6-trimethylphenol

hydroxylation with H,O, using the fresh catalysts.

of SBA-15 with impregnation methods gives reaction con-
version at 17.4%. In our case, SiPMo-8 shows high catalytic
activity and gives reaction conversion at 50.6%, which is
higher than that of HPMo/SBA, and the results suggest the
potential use of SiPMo-8 as a catalyst for bulky molecule
catalytic reactions. Similar phenomena have also been ob-
served when using SiPW-8 and HPW/SBA samples as the
catalyst, giving conversion at 61.3 and 18.8%, respectively.
We can see that the activity of SiPW-8 in TIPB cracking is
higher than that of SiPMo-8, the activity of HPW/SBA is
higher than that of HPMo/SBA, and the activity of HPW
is also higher than that of HPMo. It is well known that
HPW is a stronger acid than HPMo, and TIPB cracking is

catalysts were reused five times (Table 2), whereas the con-
versions with HPMo/SBA and HPW/SBA were reduced re-
markably after the catalysts were used five times, to only
0.5 and 0.7%, respectively, which may be attributed to the
leaching of the HPAs supported on the surface of SBA-
15 during the reactions.l?>2% The above results suggest that
SiPMo-8 and SiPW-8 are very stable in liquid reactions
even when they are reused many times, and the leaching of
HPAs is hardly observed, as compared with samples pre-
pared by the impregnation method.!'8! Similar phenomena
can also be observed in the hydroxylation of 2,3,6-trimeth-
ylphenol with H,O,.

. .. . . o COOH CH
a typical acidic catalytic reaction, so it is easy to understand CHs ’
the above results.!'”] + HO+CH3 — @COO CH;
CH,; CH,

B B

Al A2 A3

Scheme 1. Catalytic cracking of 1,3,5-triisopropylbenzene (TIPB):
[A1] 1,3-diisopropylbenzene; [A2] cumene; [A3] 1,4-diisopropyl-
benzene.

Esterification of Benzoic Acid with tert-Butyl Alcohol

In esterification (see Scheme 2), as shown in Table 2, the
SiPMo-8 sample gives conversion at 10.2% (TOF at
3.1 h™!), HPMo/SBA prepared by the impregnation method
shows very low catalytic activity (conversion at 4.8 %, TOF
at 1.5 h!) compared with the SiPMo-8 sample; the SiPW-
8 sample gives conversion at 12.4% (TOF at 4.0 h™!) and
HPW/SBA prepared by the impregnation method shows
conversion at 6.9% (TOF at 2.2 h'!). Moreover, the SiPMo-
8 and SiPW-8 samples still showed similar catalytic activity
compared with the corresponding fresh catalysts after the
3058
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Scheme 2. Esterification of benzoic acid with ters-butyl alcohol:
[B1] tert-butyl benzoate.

Hpydroxylation of 2,3,6- Trimethylphenol with H,0,

In hydroxylation (see Scheme 3),[*! also as shown in
Table 2, SiPMo-8 gives conversion at 26.5% (TOF at
251.3h7"), and HPMo/SBA prepared by the impregnation
method shows similar catalytic activity (conversion at
21.2%, TOF at 206.6h'). SiPW-8 gives conversion at
17.9% (TOF at 180.2 h"!'), HPW/SBA shows similar cata-
lytic activity (conversion at 15.8%, TOF at 113.0h").
Moreover, after the catalysts were reused five times
(Table 2), SiPMo-8 and SiPW-8 still showed similar cata-
lytic activities (26.2 and 17.6%, respectively) compared with
the corresponding fresh catalysts (26.5 and 17.9%, respec-
tively), whereas the conversions with HPMo/SBA and
HPW/SBA were reduced remarkably, to only 4.9 and 3.0%,
respectively, after the catalysts were recycled five times.
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Other properties of the SiPMo-8 and SiPW-8 samples, such
as easy separation and stability when recycled, ensure their
potential application in the chemical industries. This phe-
nomenon is very similar to that in esterification and all of
these could be attributed to the stability of the HPAs encap-
sulated into the framework of mesoporous materials and
the preservation of the catalytic abilities of the HPAs when
encapsulated. The XRD pattern of impregnated samples
(Figure 1) reveals the effect of the conventional preparation
method on the ordering of the support. For impregnated
samples, some heteropolyacid clusters may block the chan-
nels of the SBA-15 substrate, which on the one hand reduce
the BET surface area and pore volume (Table 1) and on the
other hand prohibit bulky reactant molecules from entering
the channels of the SBA-15 substrate, so that the heteropo-
lyacids in the channels will not be able to perform their
catalytic activity. The number of catalytically active hetero-
polyacids is reduced, and this leads to a reduction of their
apparent total catalytic activity, which in turn gives the ap-
parent result that the activity of impregnated samples is not
as high as that of the in situ synthesized sample (SiPMo-8,
SiPW-8). We also noticed that the catalytic properties of
SiPMo-8 in the esterification and hydroxylation reactions
are different from those of SiPW-8. Although both SiPMo-
8 and SiPW-8 are very active, SiPMo-8 is more active in
hydroxylation and SiPW-8 is more active in esterification;
this is because esterification is an acidic catalytic reaction
and hydroxylation is an oxidative catalytic reaction, and as
HPW is a stronger acid than HPMo and the oxidation abil-
ity of HPW is less than that of HPMo. From Table 2, we
may notice that, although the specific surface areas of solid
HPAs are very low (usually less than 10 m?/g), leading to
very few active sites on their surfaces, HPAs are all active
in the reactions of TIPB cracking, esterification, and hy-
droxylation. Properties of HPAs, such as the ability to form
pseudo-liquid phases, the soft basicity of the polyanions,
and the high solubility in water and organic polar solvents,
make them active in reactions of some bulky molecules.> 1%

OH OH 0
\Ci +H,0, +H,0,
OH 0
C1 C2

Scheme 3. Hydroxylation of 2,3,6-trimethylphenol with H,O,: [C1]
trimethylhydroquinone (TMHQ); [C2] trimethylbenzoquinone
(TMBQ).

Conclusions

SBA-15 frameworks with encapsulated Keggin type
HPAs were synthesized in situ by adding P- and Mo sources
into the initial sol-gel system during hydrolysis of TEOS
under strongly acidic conditions. Characterization results
suggest that samples synthesized in this manner show a very
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ordered hexagonal mesostructure, and HPAs that are incor-
porated in the meso-silica are insoluble during catalysis.
The results of catalytic reactions suggest that these samples
are very active in reactions of bulky molecules (1,3,5-triiso-
propylbenzene cracking, esterification of benzoic acid with
tert-butyl alcohol, and 2,3,6-trimethylphenol hydroxylation
with H,O,). We can prepare samples with different types
of catalytic activity (such as acid, redox) by incorporating
different types of HPA. Additionally, recycling results of the
liquid reactions of esterification (polar solvent) and hydrox-
ylation (polar solvent) indicate that these materials are eas-
ily separated and recycled as catalysts, which make them
interesting for potential industrial applications.

Experimental Section

Materials: Tetraethyl orthosilicate (TEOS), hydrochloric acid
(HCI), H3POy, benzoic acid, tertiary butyl alcohol, and H,O, (30
wt.-%) were of analytical grade and purchased from Tianjin Chemi-
cal Co. (China). 12-Molybdophosphoric acid (HPMo) and sodium
molybdate (Na,MoQ,) were of analytical grade and supplied by
Beijing Chemical Co. (China). EO,,PO;0EO,, (Pluronic P123),
2,3,6-trimethylphenol, and 1,3,5-triisopropylbenzene are Aldrich
products.

Synthesis: The typical in situ synthesis process of SiPMo-X was as
follows: (1) Pluronic P123 (2.0 g) was dissolved in a solution of
hydrochloric acid (10 mL, 36 wt.-%) in deionized water (50 mL)
followed by the addition of TEOS (4.4 mL), and then the mixture
was stirred at 40 °C for 3 h. (2) The requisite amount of Na,MoO,
and H;PO, was added to the above mixture simultaneously to form
a yellow precipitate. (3) The mixture was further stirred at 40 °C
for 20 h and then transferred into a stainless steel autoclave for
crystallization at 100 °C for 48 h. The obtained products were dried
in vacuo (<1072 Pa) at 120 °C for 6 h and washed three times with
an ethanol solution containing HCI and distilled water, and finally
treated in vacuo (<1072 Pa) at 300 °C for 5 h again. The final prod-
ucts were designated as SiPMo-X, where X stands for the Si/Mo
molar ratio in the initial gel, in this paper X is equal to 8.

For comparison, pure silica SBA-15 was synthesized according to
literature procedures.*? Conventional supported HPMo (SBA-15
as the support) was made by immersing SBA-15 powder into an
HPMo solution under stirring for 3 h, drying at 120 °C for 24 h,
and then calcination at 300 °C for 5 h. This product was denoted
as HPMo/SBA. The methods of synthesis of HPW, SiPW-8, and
HPW/SBA are the same as those in the literature.[*!

Characterization: The HPMo contents in solid samples and the car-
bon residue of the SBA 15 substrate and encaged HPAs were deter-
mined by the results of inductively coupled plasma analysis (ICP,
Perkin—Elmer 3300DV). Powder X-ray diffraction (XRD) data
were recorded with a Siemens D5005 instrument (30 kV, 30 mA)
using nickel-filtered Cu-K, radiation with a wavelength of 1 =
0.15418 nm, diffraction patterns were collected under ambient con-
ditions in the 20 range 0.6-4° at a scanning rate of 0.6°/min and in
the 26 range 4-70° at a scanning rate of 6°/min. Transmission elec-
tron microscopy (TEM) experiments were performed with a JEM-
3010F electron microscope (JEOL, Japan) with an acceleration
voltage of 300 kV. The nitrogen isotherms at the temperature of
liquid nitrogen were measured using a Micromeritics ASAP 2010M
system. The samples were outgassed for 10 h at 300 °C before the

3059

www.eurjic.org



FULL PAPER

C. Shi, R. Wang, G. Zhu, S. Qiu, J. Long

measurements, the volume of adsorbed N, was normalized to stan-
dard temperature and pressure, specific surface areas were deter-
mined from the linear part of the BET equation, the average pore
diameter was calculated by using the adsorption branches of the
N, isotherms. Infrared (IR) spectroscopy was performed with a
Bruker IFS 66v/S infrared spectrometer in the range 4004000 cm !
by using KBr pellets in vacuo (<0.4 Pa) at ambient temperature.
The diffuse reflectance UV/Visible spectra for powder samples were
obtained with a Perkin—Elmer Lambda 20 UV/Visible spectrometer
equipped with an integrating sphere, and BaSO, was used as the
internal standard. Solid-state 3'P magic angle spinning nuclear
magnetic resonance (MAS NMR) spectroscopy was performed
with an Infinity Plus-400 spectrometer equipped with MAS at a
frequency of 104.26 MHz, chemical shifts were referenced to 85%
H;PO, as an external standard.

Catalytic Test
Catalytic Cracking of 1,3,5-Triisopropylbenzene

Catalytic cracking of 1,3,5-triisopropylbenzene was carried out by
using the pulse technique in a microreactor, and the analyses of the
catalytic products were performed by a gas chromatograph (GC-
17A, Shimadzu Co.) equipped with a flame ionization detector
(FID) with a flexible, 30-m OV-17 quartz capillary column. The
catalytic cracking was performed under the following standard con-
ditions: the reaction temperature was 250 °C (no thermal cracking);
the reaction pressure was atmospheric pressure; the mass of the
catalyst was 0.050 g; 0.2 uL of TIPB was injected for each test;
nitrogen was used as the carrier gas at a flow rate of 45 mL/min.

Esterification of Benzoic Acid with zert-Butyl alcohol

The esterification of benzoic acid with terz-butyl alcohol was per-
formed under nitrogen at 80 °C in a flask (30 mL) containing sus-
pended catalyst powder (60 mesh pass), benzoic acid (5 mmol), and
tert-butyl alcohol (10 mmol). The amount of catalyst used was
0.150 g. After vigorous agitation for 4 h, the products were ana-
lyzed with a gas chromatograph (6890N, Agilent Co.) equipped
with a flame ionization detector (FID) with a flexible, 30-m HP-5
quartz capillary column.

Hydroxylation of 2,3,6-Trimethylphenol with H,O,

The hydroxylation reaction of 2,3,6-trimethylphenol with H,O, was
performed at 80 °C in a flask (50 mL) containing suspended cata-
lyst powder (0.150 g, 60 mesh pass), acetonitrile (5 mL) as the sol-
vent, 2,3,6-trimethylphenol (0.156 mol), and H,O, (0.052 mol), all
added at the same time followed by vigorous agitation for 2 h. The
products were analyzed with a gas chromatograph (6890N, Agilent
Co.) equipped with a flame ionization detector (FID) with a flexi-
ble, 30-m INNOWAX quartz capillary column.
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