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Abstract

For the first time, modifications of the surface and framework of Si-MCM-41 by depositing a heteropolyacid on the surface and by
introducing foreign Zr*" ions into the framework are investigated. The Zr-modified Si-MCM-41 mesoporous materials (hereafter
referred as WSZn, n = Si/Zr = 25, 15, 8, 4) were synthesized through a surfactant-templated preparation approach, using low-cost fumed
silica as the Si precursor. After impregnation with 25wt% of H3PW 5,04, the surface Bronsted acidity of the Pt/H3;PW ,040/WSZn
catalysts was greatly enhanced by 2-10 times relative to the bare WSZn support. Two kinds of supported heteropolyacids were formed:
(1) bulk-like heteropolyacid crystals with unchanged Keggin structures, and (ii) highly dispersed heteropolyacid with distorted Keggin
units. The formation of various kinds of heteropolyacid structures is closely related to the interaction between the heteropolyanions and

the hydroxyl groups in the host support.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

It has been proved that Si-MCM-41 lacks Bronsted acid
sites and exhibits only weak hydrogen-bonded type of sites
[1-3]. In the case of acid-catalyzed reactions such as the
isomerization of hydrocarbons, where catalysts having
both an acid functionality as well as a metal (Pt) are
required, when the Si-MCM-41 is used as catalyst or
catalyst support, surface Bronsted acid sites of Si-MCM-41
solid need to be created and the acid strength must be
enhanced.

The acidity of Si-MCM-41 can be increased by surface
modification. By introducing some strong acid species like
sulfate ions [4], sulfated zirconia [5] or heteropolyacids with
Keggin structure [6,7], either on the surface or the inner
channels of Si-MCM-41, not only the Bronsted acid sites
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can be created but also the acid strength can be
significantly improved.

The incorporation of foreign ions into the Si-MCM-41
framework for promoting surface acidity is another
interesting route. When Si ions in the Si-MCM-41 frame-
work are partially substituted by other ions, such as A’ ™,
Fe’™, Ti*", Ga®*" and V°>", a variety of framework-
modified mesoporous materials with larger surface, mod-
ified thermal stability and enhanced surface acidity may be
obtained [8-15]. Because of the importance of Zr-based
nanomaterials in acid-catalyzed reactions [16-19], it has
been our interest to use zirconium ions to partially replace
Si ions in the Si-MCM-41 framework, in order to obtain
Zr-containing mesostructured solids. Usually, the zirco-
nium ions in mesostructured materials can be accessible to
reactants because the majority of them are located on the
surface of the pore walls, due to their trend to adopt high
coordination numbers [20,21].

Zr0O,-SiO, mesoporous materials can be synthesized by
either conventional coprecipitation or sol-gel technique
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using alkoxides as reaction precursors [22,23]. Unfortu-
nately, the low surface area (less than 200 m?/g) or the high
cost of these synthetic approaches for obtaining ZrO,—SiO,
materials represent a serious drawback against classical
acidic oxides used as supports. Differing from these two
traditional synthetic approaches, recently, Wang et al. [24]
reported a method by surface grafting tetraneopentyl
zirconium on the Si-MCM-41, indeed, the surface acidity
of the resultant solids was enhanced; however, the grafting
operation was carried out in a vacuum condition and is
thus rather complex. Tarafdar et al. [25] reported a sol-gel
method in basic conditions by using inexpensive zirconia
and silica sources to obtain a mesocomposite with high
zirconia content showing both Lewis and Bronsted acidity.
However, these mesocomposites have a low porosity, less
than 0.4ml/g. In our previous work [26], by doubly doping
Si-MCM-41 by introducing Zr** into the framework and
in situ sulfation of the surface, a long-range ordered Zr-
containing MCM-41 mesostructure with enhanced thermal
stability was obtained, with a surface area larger than
600m?*/g and a pore volume higher than 0.7ml/g;
unfortunately, the Bronsted acidity of the resultant solids
was not noticeably promoted. Therefore, the combination
of a regular mesoporous structure and an enhanced surface
acidity induced by the presence of zirconium is of
particular interest and challenging.

In the present work, modifications of the surface and
framework of Si-MCM-41 by depositing the H3PW 5,049
heteropolyacid (referred as HPW) on the surface and by
introducing foreign Zr*" ions into the framework using a
cationic surfactant-templated preparation method are
investigated. The synthesis, the structural characteristics
and the determination of the surface acidity of a series of
Zr-modified mesoporous materials, with enhanced acidity
and modified structural regularity are reported. The
surface dehydroxylation process and the surfactant tem-
plate interaction with and removal from the solid, were
monitored by the in situ Fourier-transform infrared (FTIR)
spectroscopy technique. The textural properties including
surface area, average pore diameter and pore size distribu-
tion, were measured by low temperature N,-physisorption
isotherms. The crystalline structures of the resultant solids
were studied by X-ray diffraction (XRD), UV-visible
spectroscopy, solid-state *°Si and *'P MAS-NMR and
high-resolution transmission electron microscopy (TEM)
techniques. Finally, the surface acidity of the bare support
and the Pt/HPW/WSZn catalysts were analyzed by in situ
FTIR spectroscopy of pyridine adsorption at various
temperatures.

2. Experimental

2.1. Synthesis of the WSZn (n= Si/Zr =25, 15, 8, 4)
samples

The 0.6 g of fumed silica were added into 5.4 g (40 wt%)
of tetrabutylammonium hydroxide (TBAOH) aqueous

solution with vigorous stirring for Smin to form a
transparent and uniform gel. Then 12 g of cetyltrimethy-
lammonium chloride (CTACI) (25 wt% solution in water)
were added into the above gel with agitation. Afterwards,
1 g of fumed silica was immediately added into the above
mixture. The following step is to add a given amount of
zirconium-n-propoxide (70% in propanol) with vigorous
stirring for 15min; the amount of zirconium-n-propoxide
depends on the Si/Zr molar ratio. For example, to obtain a
solid with a molar ratio of Si/Zr=15, 0.77ml of
zirconium-n-propoxide were added. The resultant gel was
loaded into a stoppered Teflon bottle without stirring and
kept at 100 °C for 48 h. After cooling to room temperature,
the resulting solid product was recovered by filtration and
washed extensively with 500 ml of deionized water for 4
times. The white solid obtained was dried in air at 80 °C for
24 h. Finally, the resultant material was calcined at 600 °C
for 6h in air with a flow rate of 60 ml/min. By using the
same method, several other samples with different Si/Zr
molar ratios (Si/Zr = 25, 8 and 4) were prepared. Here-
after, the solids prepared with this method will be referred
to as WSZn (n = Si/Zr = 25, 15, 8 and 4).

2.2. Synthesis of the Pt/HPW/WSZn catalysts

The 1wt%Pt/25 wt%HPW/Zr-MCM-41 catalysts were
prepared by a two-step impregnation method. The Zr-
MCM-41 samples were firstly impregnated with 20 ml of a
solution containing a given amount of H3PW;,04 in
methanol. The solvent was removed at 40 °C in a rotary
evaporator until dryness. Afterwards, the 25wt% HPW/
Zr-MCM-41 solids were impregnated with 20ml of a
solution containing H,PtCls in water. The solvent was
evaporated at 80°C in a rotary evaporator until a dried
material with 1wt% Pt was obtained. The amount of
H;PW,,049 and H,PtCls used depended upon the amount
of the support. The dried materials or catalysts were then
calcined at 300 °C in air for 2 h.

2.3. Characterization

2.3.1. X-ray diffraction analysis

The low-angle XRD patterns of the samples were
measured in a D-500 SIEMENS diffractometer with a
graphite secondary beam monochromator to obtain a
monochromatic CuKwo; radiation; the evaluation of the
diffractograms was made by DIFFRAC/AT software. The
scanning was made from 1.5° to 10° with a 20 step size of
0.02 and a step time of 2s. In all the cases, the generator
was operated at 40kV and 30mA. In order to avoid the
problem of illuminated area at low 20 angle, all the samples
were measured using the same sample holder. In this
way the hexagonal reflection (100) positions as well as the
intensities are directly comparative. Position correc-
tion was made using the NIST standard reference material
675.
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2.3.2. Measurement of N, adsorption—desorption isotherms
The specific surface area, pore volume and pore size
distribution of the samples were measured with a Digisorb
2600 equipment by low temperature N, adsorption—
desorption isotherms. Before the measurement, the sample
was evacuated at 350 °C. The surface area was computed
from these isotherms by using the multi-point Brunauer—
Emmett-Teller (BET) method based on the adsorption
data in the partial pressure P/P, range from 0.01 to 0.2.
The value of 0.1620 nm? was taken for the cross-section of
the physically adsorbed N, molecule. The mesopore
volume was determined from the N, adsorbed at a
P/P, =0.4. The pore diameter and pore volume were
determined by using the BJH method. In all cases,
correlation coefficients above 0.999 were obtained.

2.3.3. Fourier transform infrared (FTIR) spectroscopy

The surface dehydroxylation and removal of the residual
surfactant from the dried samples were followed by using
the in situ FTIR spectroscopic technique on a Nicolet
Magna-IR 550 spectrometer with a 4cm™" resolution and
128 scans in the mid-IR region 4004000 cm~'. The sample
was ground with KBr and pressed into a thin wafer that
was placed inside the IR cell, which was linked with a
vacuum and heating system. The sample could be exposed
to various gaseous environments under various pressures at
temperatures not exceeding 400°C. The sample was
degassed at a desired temperature and then the spectrum
was recorded. The in situ FTIR spectra were recorded at
25, 100, 200, 300 and 400 °C.

2.3.4. Magic angle spinning nuclear magnetic resonance
(MAS-NMR)

Solid-state *'P and *°Si MAS-NMR spectra were
recorded on a Bruker 400 MHz spectrometer at room
temperature at a frequency of 79.49 MHz. A magic angle
spinning rate of 7.5kHz was employed, sending pulses at
90s intervals and employing 4 mm zirconia rotors. The
number of accumulations was 500. All the measurements
were carried out at room temperature under Ar atmo-
sphere for direct quantification. To protect the solid
samples from moisture, before and after measurements,
the samples were stored in a vacuum oven. Air was used as
drive gas in order to obtain as much benefit as possible
from O, paramagnetic relaxation. The accuracy of the
chemical shift determination was within +0.1 ppm. For the
3P analysis, 85% H;PO, solution (0ppm) was used as
standard reference to obtain the chemical shift, for the >°Si
analysis, tetramethylsilane was used as chemical shift
standard (0ppm); the spectral deconvolution was per-
formed with the Unity spectrometer software and was done
in an unconstrained manner, assuming Gaussian line
shapes.

2.3.5. High-resolution transmission electron microscopy
High-resolution electron microscopy images of the
mesoporous materials and catalysts were carried out with

a JEOL 4000 EX electron microscope equipped with a pole
piece with a spherical aberration coefficient of
Cs = 1.00mm. The powder samples were grounded softly
in an agate mortar and dispersed in isopropyl alcohol in an
ultrasonic bath for several minutes. A few drops were then
deposited on 200 mesh copper grids covered with a holey
carbon film. The electron micrographs were recorded in
electron negative films and in a digital PC system attached
to the electron microscope. The particle size distribution
was evaluated from several micrographs taken from the
same sample. The particle size was calculated using the
equation d =) nidi/> n;, where n; is the number of
particles with diameter d; and > n; is the number of
particles used to build the size distribution.

2.3.6. Ultraviolet—visible spectroscopic analysis (UV-vis)

The UV-vis diffuse reflectance spectra of the samples were
collected on a Varian Cary 1G UV-visible spectrometer at
room temperature. All the samples used for analysis were
calcined at 600 °C. Before the experiment, the samples were
pre-treated at 300 °C for 2 h. Scan control conditions: average
time: 0.10s; data interval 1.00 nm; scan rate: 600 nm/min;
mode: absorption; wavelength range: 190-900 nm.

2.3.7. FTIR spectroscopy of pyridine adsorption

To evaluate and analyze the strength and type of the acid
sites, pyridine adsorption on the samples was performed on a
170-SX FTIR spectrometer in the temperature range between
25 and 400 °C. Before pyridine adsorption, the samples were
heated to 400°C in a vacuum, and then cooled to room
temperature. Afterwards, the solid wafer was exposed to
pyridine, by breaking, inside the spectrometer cell, a capillary
containing 50l of liquid pyridine. The IR spectra were
recorded at various conditions by increasing the cell
temperature from 25 to 400 °C. The number of Bronsted
and Lewis acid sites was calculated according to the integral
area of the bands at 1540 and 1450 cm ™', respectively.

2.3.8. Electron dispersive spectroscopic (EDS) analysis

The morphological features of the samples were also
studied from electron micrographs obtained with a Philips
XL 30 ESEM scanning electron microscope; the powder
samples were deposited directly on a sample holder covered
with a conductive adhesive tape. The analytical electron
microscopy observations were carried out with an energy-
dispersive X-ray analysis (EDAX) system attached to the
scanning electron microscope which was operated at 25kV.
The determination of the chemical composition was based
on the average analytical data of individual particles.

3. Results and discussion
3.1. The WSZn (n= Si/Zr =25, 15, 8, 4) supports
3.1.1. Surface characterization by FTIR-in situ technique

Figs. 1-4 show a set of FTIR-in situ spectra of the as-
prepared WSZn (n = Si/Zr =25, 15, 8 and 4) samples
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Fig. 1. A set of FTIR-in situ spectra of the sample Si/Zr = 25 at various
temperatures.
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Fig. 2. A set of FTIR-in situ spectra of the sample Si/Zr = 15 at various
temperatures.

calcined at various temperatures inside an IR cell, in order
to analyze the changes of the surface properties and the
surfactant incorporation into and removal from the solid.
As an example, the IR spectra of the WSZ25 sample
(Fig. 2) is discussed in detail. At 25°C, a very broad
absorption band covering the region between 3700 and
3000 cm ™! is observed, which is due to water adsorbed on
the sample surface. The two small bands between 2950 and
2850cm~! are typical characteristics of the stretching
vibrations of the C—H bond in the surfactant. There is an
intense band located at 1650 cm ™", which is assigned to the
bending vibration of the OH bond. In the C-C stretching
and C-H deformation vibration region, there are several
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Fig. 3. A set of FTIR-in situ spectra of the sample Si/Zr = § at various
temperatures.
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Fig. 4. A set of FTIR-in situ spectra of the sample Si/Zr = 4 at various
temperatures.

bands located at approximately 1485, 1424 and 1377 cm™".

These bands might be the result of bending mode
vibrations (scissoring and rocking vibrations) of the C—H
bonds in the -CH,— and —CHj; groups in the surfactants
[27,28]. In addition, the rocking vibration of the C—H bond
in the N-CH; was observed at around 720cm™' [27,28].
The other bands below 1250cm™' are due to the
fundamental vibrations of the Zr—O-Si (790cm™') and
Si-O-Si (1245, 810, 585cm™') linkages in the framework
[29]. These observations confirm that the surfactant cations
were, indeed, incorporated into the solid network during
the preparation and they were not completely removed in
the washing step.
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When the IR cell temperature was increased to 100 °C,
the intensity of the wide band between 3700 and 3000 cm ™
remarkably decreased and a band at approximately
3690cm™" became visible. This band is assigned to the
stretching frequency of the external silanol groups; while a
group of bands at 2975, 2925 and 2850cm~! were
observed. These bands correspond to C-H stretching
bonds (vCHj,s, vCHy,s and v(CH,,s+ vCHzyg)) [30,31].
The intensity of these bands becomes sharper in compar-
ison with the ones at 25°C, however, when the covering
effect produced by the broad band of the adsorbed water at
25°C 1is taken into account, they remained almost un-
changed. The bands at 1485, 1424 and 1350 cm ™", related
to vibrations of C—H bonds bending modes, also remained
unchanged.

The intensity of the absorption band at 1650cm ™' was
strongly reduced at 100 °C, in a similar way to the change
of the wide band between 3200 and 3600cm™'. These
results indicate that most of the adsorbed water is
desorbed; however, the incorporated surfactants have not
been removed yet at 100 °C. A new band with low intensity
appears at 3020cm~', which is probably due to the
stretching mode of the CH; group linked to the
~N(CH3); polar heads of the surfactant [27,28].

When the temperature gained up to 200 °C and as the
adsorbed water was further desorbed, the bands around
3700 cmfl, and those at 2800-3000 and 1485cm ™! clearly
became sharper. At 300 °C, the bands at 1485, 1424 and
1380 cm ™" were remarkably reduced. At 400 °C, the group
bands at 2800-3000cm ™' were strongly reduced and the
one at 1485cm™" disappeared. The band near 3700 cm ™"
shifts its position towards the direction of higher energies,
for example, it gradually shifted from 3690, 3712 and
3737 cm ™! when the temperature was increased from 100 to
200 and 300 °C, respectively; the intensity of these bands
becomes sharper as the temperature increases. Some bands
between 1800 and 1400cm ™' appeared at a temperature
above 300°C. These bands might have originated from
carbonate-like species resulting from the surfactant decom-
position [31].

The FTIR spectra shown in Figs. 2—4 are very similar to
Fig. 1. The assignments of the bands are the same as above.
Compared to the other samples, the sample with Si/Zr = 4
has two relatively larger peaks at 1858 and 1735cm™" at
300 and 400 °C, indicating that more carbon-like materials
are produced during the calcination. A high zirconium
content in the solid might lead to a less-ordered structure,
therefore, when the surfactant incorporated within the
pores of such kind of material is removed, more coke-like
materials might be produced. In addition, for the Si/Zr = 4
sample, the intensity of the band around 790-810cm™"' is
rather lower than those of the other three samples.
Normally, this band is used to characterize the formation
of the Si—O-Si bond. Several reasons may be responsible
for it: first, the surface Si concentration in this sample is
lower, thus the number of Si—O-Si bonds is less than in the
other samples; second, the structure of this solid is rather

disordered, as confirmed by XRD analysis and TEM
observations shown in the following section, therefore, the
intensity of the Si—O-Si bonds may be relatively lower; and
third, the formation of more coke-like materials on this
solid may cover some areas of the surface, thus the
observed intensity of the Si—O-Si linkages is reduced.

3.1.2. XRD analysis

XRD patterns of mesoporous phases usually exhibit
peaks in the low angle region. Fig. 5 shows the XRD
patterns of the WSZn samples calcined at 600 °C. The
sample with Si/Zr =25 (WSZ25) has two peaks that
correspond to the (100) and (110) reflections of the solid,
respectively. This XRD pattern is very similar to the Si-
MCM-41 diffractogram, indicating that a small amount of
zirconium ions incorporated into the Si-MCM-41 frame-
work does not significantly modify the crystalline structure.

As the Si/Zr molar ratio decreased to 8 and 4, high order
Bragg reflections were not well resolved. The (100) peak
lost its sharpness and became rather broad. The intensity of
the peak corresponding to the (110) planes is very low. It
even disappeared, indicating that the regularity of the
structure became rather poor. The channels in the ordered
hexagonal arrangement were partially collapsed, in some
degree, into disordered and wormhole-like packings.
Therefore, too high zirconium content in the solid reduces
the thermal stability and leads to a material with relatively
low structural ordering. However, it is necessary to
emphasize that, without any doubt, based on the nitrogen
adsorption—desorption isotherm measurements, these ma-
terials are still mesoporous solids. Therefore, the broad
diffraction peak may indicate a short-range ordering within
the mesostructure.

3.1.3. Textural properties
The regular mesoporous structures of the WSZn materials
are manifested through their adsorption properties. Figs. 6-9
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Fig. 5. XRD patterns of the Zr-MCM-41 solids prepared with different
Si/Zr molar ratios. The samples were calcined at 600 °C.
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show the N, adsorption—desorption isotherms of these
samples as well as the pore diameter distributions. These
are typical characteristics of mesoporous materials. The
N, adsorption—desorption isotherms belong to type IV
profiles.

There are three stages in the N, adsorption—desorption
isotherms:

(1) The first stage (p/py<0.2) is due to a monolayer
adsorption of nitrogen on the walls of the mesopores.

(2) The second stage (0.2<p/py<0.4), characterized by a
steep increase in adsorption, is due to a capillary
condensation inside the mesopores. The p/p, at which
the inflection starts is related to the diameter of the
mesopores. The sharpness in this stage indicates a
narrow pore size distribution.

(3) The third stage in the adsorption isotherm is the near
horizontal section beyond the p/p, of 0.4, which is due
to a multilayer adsorption on the outer surface of the

particles.
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Fig. 6. Pore diameter distribution of the WSZ25 sample calcined at
600 °C. The inset is the N, adsorption—desorption isotherm of the sample.
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Fig. 7. Pore diameter distribution of the WSZI5 sample calcined at
600 °C. The inset is the N, adsorption—desorption isotherm of the sample.
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Fig. 8. Pore diameter distribution of the WSZ8 sample calcined at 600 °C.
The inset is the N, adsorption—desorption isotherm of the sample.
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Fig. 9. Pore diameter distribution of the WSZ4 sample calcined at 600 °C.
The inset is the N, adsorption—desorption isotherm of the sample.

The sharp step at p/p, relative pressures between
0.20-0.4 reveals the highly uniform mesoporous system.
The shape and the sharpness of the isotherms vary with the
zirconium content. For example, as the zirconium content
in the materials increases, the sharpness of the second stage
gradually decreases. In the WSZ25 solid, the lines of the N,
adsorption and desorption isotherms are almost over-
lapped; however, they are gradually separated as the
zirconium content increases. The coincidence of the
adsorption and desorption lines can be ascribed to a
similar mechanism for the two processes, which reflects the
absence of pore blocking by the adsorbate. The absence of
a hysteresis loop and the sharp curvature along the second
stage, suggest the existence of uniform and cylindrical
channels throughout the materials. The presence of large
amount of any foreign species, such as possible extra-
framework zirconium oxides in the channels of the solids
would lead to an irreversible isotherm with a significant
hysteresis loop.
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Table 1
Textural properties of the WSZn samples

Si/Zr molar  Surface area Mean pore diameter Pore volume
ratio (m?%/g) (nm) (cm’/g)
25 1113.9 2.16 0.4525
15 680.6 2.53 0.3263
8 654.8 2.93 0.4318
4 668.1 3.69 0.7209

The pore diameter distribution of the samples can also
be seen in Figs. 6-9. The mean pore diameter varies with
the Si/Zr molar ratio; it increases from 2.16 to 2.53, 2.93
and 3.69 when the Si/Zr molar ratio decreases from 25 to
15, 8, and 4, respectively. Therefore, increasing the
zirconium content leads to increasing the pore diameter.
However, the surface area decreases as the zirconium
content increases until Si/Zr = 8. These observations show
that zirconium incorporation strongly affects the textural
properties of the resultant materials. The related textural
data are reported in Table 1.

Usually, if foreign metals are deeply incorporated within
the silica framework, some pore shrinkage or enlargement
might occur, depending on the diameter of the foreign ions.
The pore size can be increased by longer metal-oxygen
bonds, such as in the case of Zr*" ions inserted into the
pore wall because the size of the Zr** ion (r = 0.084 nm) is
much larger than that of the Si* " ion (r = 0.026 nm). In the
WSZn samples, the pore size increased after zirconium
incorporation. This result suggests that the Zr ions are
indeed inserted into the silica framework.

3.1.4. Morphological features

The morphological features of the WSZnr materials
calcined at 600 °C were studied by high-resolution TEM.
Fig. 10(A) shows the TEM images of the WSZ15 solid. It is
possible to see that the WSZ15 material contains ordered
arrangements in most areas together with relatively dis-
ordered structures in some other regions. In the solid with
high zirconium content, WSZ4, for example, rather dis-
ordered wormhole-like pores distributed along the whole
region under observation were observed (Fig. 10(B)) and
the pore diameter ranged between 2.6 and 3.0nm. The
Zr-modified MCM-41 mesoporous materials with high
Si/Zr molar ratio are composed of many structural defects
within an ordered hexagonal nano-channel matrix. On the
other hand, the materials with low Si/Zr molar ratio or
high zirconium content exhibit rather disordered mesos-
tructures. These observations are in accordance to the
XRD analysis indicating the formation of short-range
ordered structures in the materials with high zirconium
content.

3.1.5. ?°Si MAS-NMR spectroscopic analysis
Fig. 11 shows the *°Si MAS-NMR spectra of the
different WSZn samples. A broad peak between —90 and

Fig. 10. TEM images of the WSZn samples calcined at 600 °C. Relatively
ordered hexagonal pores in most areas together with some disordered
structures in some regions were observed in the WSZ15 sample (A); while,
rather disordered wormbhole-like pores distributed in the whole region
studied were observed in the WSZ4 sample (B).

—125 ppm was observed, which can be deconvoluted into
three main components with chemical shifts at ca. —92,
—103 and —115ppm. These signals resulted from QO
(=92ppm), Q° (—=103ppm) and Q* (—115ppm) silicon
nuclei, where QF corresponds to a silicon nuclei with x
siloxane linkages, i.e., O° to disilanol Si—(O-Si),(~0—X),,
where X is H or Zr; 0 to silanol (X-O)-Si—(O-Si); and Q*
to Si-(O-Si), in the framework [32,33]. The fractions of Q?,
0’ and Q" units and their relative values derived from



L.F. Chen et al. | Journal of Solid State Chemistry 180 (2007) 2958-2972 2965

Q4

Q3

Intensity (a.u.)

-80 -90 100  -110 120 130  -140  -150
3 (ppm)

Fig. 11. A set of ’Si MAS-NMR spectra of the WSZn samples.
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Fig. 12. The UV-vis spectra of the WSZn samples and the Si-MCM-41-1
sample as reference. The samples calcined at 600 °C were used for analysis.

Fig. 12 are shown in Table 2. The (Q*+ 0%)/0* values
increase from 0.59 to 0.68 and 0.75 when the Si/Zr ratio
vary from 25 to 15, 8 and 4, respectively. If compared to
the 0.49 (Q*+0%)/0* value of the Si-MCM-41 solid,
greater values of (Q°+ Q%)/0Q* in the WSZn solids were
obtained after the zirconium modification. These results
also strongly indicate that some zirconium ions have been
incorporated into the MCM-41 framework.

3.1.6. Diffuse-reflectance UV-visible spectroscopic analysis

The UV-visible spectroscopic technique is used to
determine the local structure, e.g., the coordination state
of the transition metal ions substituted in the matrix of the
mesoporous molecular sieves. The UV-vis technique

Table 2
2Si MAS-NMR data of WSZn samples with various Si/Zr molar ratios
Si/Zr molar ratio 0* (%) 0* (%) 0% (%) 0>+ 0%/0*
o0 * 67.0 294 3.6 0.49
25 62.8 32.1 5.1 0.59

15 59.7 34.5 5.8 0.68

8 59.7 35.1 5.2 0.68

4 57.1 36.3 6.6 0.75

0 *: Si-MCM-41.

measures the scattered light reflected from the surface of
the samples in the UV-visible range (200-800nm). For
most of the isomorphously substituted mesoporous mole-
cular sieves, transitions in the UV region (200400 nm) are
of particular interest. Fig. 12 presents the UV—vis spectra
of the WSZn samples calcined 600 °C along with the Si-
MCM-41 sample as reference. In general, the absorption
edge of zirconium oxide-based powders is due to the O°~ —
Zr*"  charge-transfer transition, corresponding to the
excitation of electrons from the oxygen valence band (2p
character in the O ion) to the zirconium conduction band
(4d character in the Zr ion). The zirconium in various types
of oxides presents different coordinations being 6-, 7- or
8-fold, with examples provided by perovskite-type SrZrO;
(6-fold), baddeleyite-type zirconia (7-fold) and cubic
zirconia and ZrSiOy4 (8-fold). The position of the absorp-
tion edge is located at a low energy region for octahedral
Zr*" (inflection point near 300 nm for perovskite), at a
middle energy region for the hepta-coordinated Zr** of
monoclinic ZrO, (inflection point near 240nm) and at a
high energy region for the eight-coordination Zr*"
(inflection point near 220 nm) [34,35].

In our case, all the Zr-containing samples exhibit a broad
band with a maximum near 199nm attributable to a
charge-transfer transition from oxygen to an isolated
Zr(IV) cation in a tetrahedral environment (Fig. 12). The
peak intensity significantly increased with the increase of
the zirconium content. The Si-MCM-41 sample did not
show any significant absorption peak in the same region.
As discussed above, in neat monoclinic ZrO, where,
obviously, no isolated Zr atoms exist, the charge transition
from oxygen to metal usually takes place at approximately
240 nm. These results suggest that the zirconium ions in our
samples are in a different state from that in the pure ZrO,
solid, which strongly indicates that no segregated zirconia
phase is formed in our samples and all the zirconium ions,
therefore, are incorporated into the framework of the silica
mesoporous materials. This conclusion is also supported by
XRD analysis in the wider 20 range between 10° and 80°
where no diffraction peak corresponding to a pure
crystalline ZrO, phase was observed (not shown).

A slight shift in the position of the band towards higher
energies in comparison with the one shown in the Si-
MCM-41 sample is attributed to the monatomic distribu-
tion of zirconium ions in the Zr-containing solids. A similar
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shift in the charge-transfer band was previously reported in
Ti-containing MCM-41 samples [36].

3.1.7. Surface acidity of the WSZn samples

The in situ FTIR spectra of pyridine adsorption of the
WSZn samples with various Si/Zr molar ratios are shown
in Figs. 13-16. The absorption bands corresponding to
pyridine adsorbed on Lewis acid sites were observed at
1450 and 1590 cm™"' for the sample with a molar ratio of
Si/Zr = 25. In addition, a band at 1490cm™" was also
formed, which corresponds to pyridine associated with
both, Lewis and Bronsted acid sites. A weak band at
1540 cm™" appeared, indicating the formation of a small
number of Bronsted acid sites in this sample [37]. The one
at 1640cm™' was assigned to pyridine adsorbed on the
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Fig. 13. FTIR-in situ spectra of pyridine adsorption on the WSZ25
sample.

1.2

1.0+ Si/Zr=15

0.8+

0.6+

Absorbance (a.u.)

0.4

O'Ziw

0.0 T T T T T T T T T T T
1700 1650 1600 1550 1500 1450 1400
Wavenumbers (cm™)

Fig. 14. FTIR-in situ spectra of pyridine adsorption on the WSZI5
sample.
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Fig. 15. FTIR-in situ spectra of pyridine adsorption on the WSZ8 sample.
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Fig. 16. FTIR-in situ spectra of pyridine adsorption on the WSZ4 sample.

hydroxyls ions. When the sample was degassed at 100 °C,
these bands remained unchanged. However, at 200 °C, all
the bands almost disappeared, indicating that the interac-
tion between pyridine and the sample is weak, and thus the
acid strength is rather weak.

Similar to the Si/Zr = 25 sample, Lewis acid sites were
also formed on the sample with a Si/Zr molar ratio of 15,
characterized by the absorption bands at 1445, 1580 and
1598 cm~'. The band corresponding to pyridine associated
with both, Lewis and Bronsted acid sites was also observed
at 1490 cm™'. Bronsted acid sites appeared in this sample
as indicated by the band at 1540cm™'. As the heating
temperature was raised to 100°C under vacuum, the
intensities of all the bands lowered. At 200 °C, they almost
disappeared.

As the Si/Zr molar ratio decreased to 8, the intensities of
the bands corresponding to the Lewis acid sites and
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Bronsted acid sites were remarkably increased compared to
those of the samples with Si/Zr molar ratios of 25 and 15,
indicating that a larger population of acid sites were
formed on the sample with high zirconium content. The
acid strength was also enhanced because all the bands were
stable up to 250°C under vacuum condition. After
degassed at 400°C, all the bands entirely disappeared,
indicating that the adsorbed pyridine was completely
removed from the sample. The behavior of pyridine
adsorption on the sample WSZ4 is similar to that of
sample WSZS8. Therefore, the number of Lewis and
Bronsted acid sites and the acid strength are similar for
these two samples.

As mentioned above, the Zr*" ion diameter is much
larger than that of the Si** ion. When the smaller Si*" ions
are replaced by the larger Zr*" ions in the framework of
the solid, the Zr—O-Si bond length clearly differs from that
of Si—O-Si, and this must lead to structural distortion or
deformation. Because many silanol groups exist in the
structure of the solids, the presence of small amounts of
zirconia may affect the strength of the SiO-H bonds.
Changes in the electron density around Si, due to charge
unbalance, to differences in electronegativity or to local
structural deformation produced by the introduction of
Zr*" jons into the vicinity of the hydroxyl-carrying silicon,
may weaken the SiO-H bond [38]; this is one of the
possible origins giving rise to the Bronsted acid sites on the
Zr-modified mesoporous materials.

Table 3 shows the acidity data of the various WSZn
samples. Obviously, as the zirconium content increases, the
Bronsted acidity linearly increases. It is worthwhile to note
that if compared to the pure Si-MCM-41 sample, the
incorporation of a proper amount of zirconium may
significantly enhance the surface acidity and creates
Bronsted-type acid sites in the solid.

It is noteworthy that It is possible that at 25°C, the
adsorption might include some physical adsorption of
pyridine molecules. However, the IR spectra were recorded
after the samples were outgassed; therefore, most pyridine
molecules that may have been physically adsorbed should
be removed. On the other hand, it is seen in the FTIR
spectra that the bands corresponding to Bronsted acid sites
remained almost unchanged when the temperature rose
from 25 to 100 °C. In the present work, special attention
was paid on the Bronsted acidity, therefore, it seems that

Table 3
Acidity of the WSZn samples in relation with the Si/Zr molar ratio

Si/Zr molar Bronsted acid sites Lewis acid sites ~ Total acid sites

ratio (umol/g) (umol/g) (pmol/g)
oo * 0 658 658
25 11 1008 1019
15 82 1035 1117
8 70 1217 1287
4 142 1134 1276

oo*: Si-MCM-41.

there is no significant difference when we take into account
the data obtained at 25 or 100 °C.

3.2. The Pt/HPW/WSZn catalysts

Although the incorporation of zirconium ions into the
Si-MCM-41 solids improves the surface acidity, it seems
not enough for acid catalytic reactions like the isomeriza-
tion of hydrocarbons, where strong proton-type acidity is
required. In order to further increase the surface acidity,
25 wt% of the H;PW,04¢ heteropolyacid was dispersed on
the Zr-MCM-41 solids. In the following sections, results of
the surface acidity, variations of the Keggin structure
and the morphological features of the 1wt%Pt/
25 wt%H3;PW ,0,40/WSZn catalysts are reported.

3.2.1. Skeletal FTIR studies

The FTIR spectra of the various catalysts were
investigated in order to collect information on the
structural features of the supported H3;PW ;04 for
assessing the nature of the interaction between the HPW
and the support. Because the IR spectra of both, the
support and the Pt/H3;PW,040/WSZ25 catalyst are very
similar, in order to clearly show the net contribution from
the dispersed H3;PW;,04, the IR spectrum of the
Pt/H;PW,040/WSZ25 catalyst was subtracted from that
of the WSZ25 support, as shown in Fig. 17. The four
fingerprint absorption bands of the heteropolyanion
vibrations at approximately 1080, 982, 893 and 822cm™'
present in the pure H;PW;,04, were mostly retained
[39,40]. The P—O symmetric stretching is indicated by the
vibration transition at 1080cm~'. The normal mode
associated with the band at 982cm™" is defined predomi-
nately by the W=0y stretch mode. The bands at §93 and

822cm™! are associated with the stretching motion of
Sub
1082 UOPYHPW / WSZ25
822
982
893 452

T T T T T T T T T

1400 1200 1000 800 600 400

Wavenumbers (cm™)

Fig. 17. Subtraction of the Pt/H3PW,040/WSZ25 FTIR spectrum from
that of the WSZ25.
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W-O-W bridges. The band at 893cm ™! is described as a
W-Oc—W stretch mode (inter-bridges between corner-
sharing octahedral) and the band at 822cm ™" is attributed
to W-O.-W stretch mode (intra-bridges between edge-
sharing octahedral).

However, the fingerprint bands in the Pt/H3PW,049/
WSZ25 catalyst experienced a shift towards higher
frequencies and broadening, relative to those of the pure
heteropolyacid (not shown), indicating the high dispersion
of the heteropolyacid on the support. Similar FTIR
spectroscopic features were also observed in the other
three Pt/H3;PW ,049/WSZn samples. Therefore, it can be
concluded that the heteropolyacid H3PW,04 retains its
basic structure without strong modifications after dispersed
on the Zr-MCM-41 solids.

3.2.2. UV-visible spectroscopic analysis

The UV-vis spectra of the pure HPW and the Pt/HPW/
WSZn catalysts are shown in Fig. 18. The pure HPW has
three peaks around 252, 300 and 350 nm. The bands near
250 and 300 nm are due to the O*~—»W°®* charge transfer
of the polyoxotungstate at W-O and W=—O bonds,
respectively. As for the one at 350 nm, it is mostly related
to crystalline water [41]. It is noted that, for the HPW
supported catalysts, two peaks were also observed at
approximately 199 and 260 nm. Relative to the pure HPW,
the absorption bands of the Pt/H;PW ,040/WSZn catalysts
significantly shift their positions to a lower wavelength
range, which indicates the very high dispersion of the
heteropolyacid on the Zr-MCM-41 support. Generally, for
nanoparticles in the quantum dot range, the frequency of
the absorbed light usually shifts towards a lower wave-
length as the particle diameter decreases. This can be
proved by considering Eq. (1). The energy change of a
spherical quantum dot can be expressed as

AE = 1?/8R*(1/m + 1 /my), (1)

252 nm
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Fig. 18. UV-vis spectra of the pure HPW and the Pt/HPW/WSZn
catalysts.

where AFE is the energy change in the band gap due to the
quantum size effect, / is the Planck constant, R is the
radius of the quantum dot, m, is the effective mass of an
electron and my, is the effective mass of a hole. It is clear
that the absorption energy of the quantum dot will shift to
a higher frequency (or to a lower wavelength) as the value
of R decreases.

It is noteworthy that since the UV-vis analysis was
carried out at ambient temperature and the pure
H;3PW,04 sample used was not thermally pretreated
before the experiment, thus crystalline water molecules
linked to the heteropolyacid crystals are contained in the
structure, a different situation from the Pt/H3PW 5,04/
WSZn catalysts which were calcined at 300 °C. The peak
position shift is probably also affected by the removal of
water molecules from the crystalline structure.

3.2.3. 'P MAS-NMR spectroscopic analysis

The *'P MAS-NMR spectra of the Pt/HWP/Zr-MCM-
41 samples with various Si/Zr molar ratios are shown in
Fig. 19. The pure H3PW,04 sample presents one single
narrow signal at approximately —15ppm (not shown).
However, for the H3;PW;,04y supported on Zr-MCM-41
samples, several peaks at approximately —12.5, —13.7 and
—15.2 ppm were observed.

It has been reported that H;PW;,04 supported on
TiO,, has four peaks at around —4, —8, —11 and —13 ppm,
corresponding to adsorbed phosphorus species derived
from a highly fragmented Keggin unit, a partially
fragmented unit and a deformed Keggin structure interact-
ing with surface hydroxyl groups, respectively [42]. The
unsupported H3PW;,04, shows a single and sharp peak
around —15ppm. On the basis of NMR results of pure
heteropolyacids and H3PW,04 on TiO,, we postulate the

-15.23ppm

-13.64ppm

-13.71ppm PYHPW/WSZ25

-13.73ppm -15.28ppm

-13.76ppm PY/HPW/WSZ15

Pt/HPW/WSZ8
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Fig. 19. 3'P MAS-NMR spectra of the Pt/HPW/WSZn catalysts.
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formation of different structures of the dispersed hetero-
polyacids formed on the Pt/H3;PW,040/WSZn catalysts
according to three different NMR signals:

(i) The peak at —15.2 ppm is due to a bulk-like structure
of H3PW,04 crystals, which indicates that, on the
surface of the Zr-MCM-41 solids, there are some bulk-
like clusters or H3PW 1,04 particles.

(i1) The peak at —13.7 ppm might indicate that part of the
Keggin structure was deformed or distorted due to
strong interactions with the support, but the funda-
mental Keggin structure was preserved.

(iii) The small band at —12.5 ppm might be attributed to
defect Keggin species caused by the partial fragmenta-
tion of the heteropolyacid structure due to the strong
interaction with surface hydroxyl groups in the
support. However, this band is very weak in intensity,
it is a little more apparent for the sample Pt/HPW/
WSZ15; if one looks at the right side of the spectra,
there are other peaks at the same level of intensity,
thus, the peak at —12.5 ppm is probably noisy.

It can be seen in Fig. 19 that the intensity of the peak at
—15.2 ppm decreases as the zirconium content increases.
On the other hand, the intensity of the band at —13.7 ppm
shown in the samples with higher zirconium content
increases in comparison with that of Pt/HPW/WSZ25.
These changes reflect the variation of the amount of these
two different kinds of Keggin species on the support. The
higher the zirconium content in the solid, the stronger the
interaction between the heteropolyacid and the support,
and thus more heteropolyacid species with distorted or
deformed Keggin structure can be formed on the support.

The formation of the deformed or distorted Keggin
species might be related to the nature of the surface of the
support, for example, the existence of hydroxyls, similar to
the observation of heteropolyacid supported on the SiO,
[43]. Heteropolyacid molecules may react with hydroxyl
ions by protonation or proton-transfer, as expressed by the
following Egs. (2) and (3):

Protonation of surface M-OH groups followed by
dehydration was suggested (1 <m<3):

H;3PW 2,04 + m(E M_OH)
— (= M),;,(H3-,PW1,049),, +mH:0, 2

where M = Si or Zr.
The interaction species may be also formed by proton-
transfer, according to reaction (3):

H;PW,04+ = M—OH
— (= M—OHy)" + (H,PW1,04) . (3)

3.2.4. Morphological features
High-resolution TEM analysis was performed on the Pt/
HPW/WSZn samples in order to observe the location and

size of the heteropolyacid species as well as to study the
pore system of the catalysts. Fig. 20 shows the TEM images
corresponding to the Pt/HPW/WSZ solids. On the surface
of the Pt/HPW/WSZS8 catalyst, the distribution of the
nanoparticles is very homogeneous along most regions of
the sample, most of the regions are covered with dark-
colored fine particles (Fig. 20(A)), indicating the high
dispersion of the supported heteropolyacid. The crystalline
structure of the support remains almost unchanged. A
close observation clearly reveals pores of 2-3nm in
diameter in the Pt/HPW/WSZ4 catalyst, but their openings
are partially covered with web-like materials (Fig. 20(B)
and (C)). EDS analysis confirms that these dispersed
materials belong to the heteropolyacids together with
metallic Pt particles (Fig. 21). The separated Pt particles
cannot be observed, indicating that the metallic Pt particles
are mixed with heteropolyacids. Some of the pores are
partially blocked by these Pt—heteropolyacid deposits. The
boundary of some regions or particles is rather rough
because of the embedment of many islands of approxi-
mately 2nm diameter. Apparently, most of the hetero-
polyacid particles are located on the pore openings. These
TEM images show that the dispersion of the heteropolya-
cids is rather homogencous and large aggregates of
heteropolyacids are not observed.

3.2.5. Surface acidity of the Pt/HPW/WSZn catalysts

Figs. 22-25 show a set of in situ FTIR spectra of the
pyridine adsorption on the 1wt% Pt/25wt% H3;PW ,040/
WSZn (n =25, 15, 8, 4) catalysts. Lewis acid sites were
formed on the surface of all the samples as characterized by
the bands at 1445, 1578 and 1595cm ™. Bronsted acid sites
were also formed as indicated by the absorption bands at
1545 and 1637cm™'. In addition to these bands, a band
corresponding to pyridine associated with both, Lewis and
Brénsted acid sites, was observed at 1490cm™" (noted as
B+ L acid sites).

When the catalysts were heated inside the IR cell under
vacuum from 50 to 100 and to 200°C, the intensities
of all the bands corresponding to Bronsted acid sites
slightly lowered. They were further reduced after calcina-
tion at 300 °C and their disappearance took place above
400 °C.

The acidity data calculated from the FTIR spectra in
Figs. 22-25 are reported in Table 4. In comparison with the
pure Zr-MCM-41 support, the total acidity of the samples
was slightly increased or slightly reduced, depending on the
Si/Zr molar ratio. However, the number of Bronsted acid
sites was greatly increased after heteropolyacid impregna-
tion, for example, for the catalyst with the Si/Zr = 25
support, the Bronsted acid sites are 141 pmol/g, which is 14
times greater than those of the WSZ25 support, where only
11 pumol/g Bronsted acid sites were formed. It is also
noteworthy that the acid strength is remarkably improved
after H;PW,049 impregnation. The Zr-MCM-41 support
samples usually loose their acidity after thermal treatment
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Fig. 20. High-resolution TEM images of (A) and (B) (Pt/HPW/WSZ4)
and (C) (Pt/HPW/WSZ8) materials.

at 200 °C, however, in the heteropolyacid-doped catalysts,
the acidity can be retained at 400 °C.

The composition of the support has a strong effect on
the acidity of the catalysts. As the Si/Zr ratio in the support
decreased from 25 to 15, 8, and 4, the Bronsted acidity
proportionally increased from 141 to 201, 223 and
236 umol/g, respectively (Table 4). This means that
increasing the zirconium content in the support linearly
increases the Bronsted acidity. Considering the slight
reduction of the total acidity after heteropolyacid impreg-
nation, we may conclude that heteropolyacid impregnation
mainly enhances the Bronsted acid sites while slightly
inhibits the Lewis acid sites (by deposition on them),
particularly in the catalysts with high zirconium content.
The zirconium content also strongly affects the acid
strength; high zirconium content significantly improves
the strength of both, Lewis and Bronsted acid sites.

These novel heteropolyacid supported catalysts with
mesopores and strong Bronsted acidity have been proved
to be excellent for the hydroisomerization of n-heptane, the
molar ratio of the multibranched to monobranched
isoheptanes in the products reaches as high as 0.8-1.2,
which is 2-4 times higher than that obtained from the
catalysts using microzeolites as support, tested under
similar reaction conditions. The related catalytic results
will be reported in a separate paper [44].

4. Conclusions

Zr-based MCM-41 mesoporous molecular sieves with
hexagonal channels have been synthesized by using low-
cost fumed silica as Si source through a surfactant-
templated approach. The removal of the cationic surfac-
tants incorporated into the Zr-MCM-41 framework during
the synthesis can be clearly monitored by the in situ FTIR
technique. The structural regularity of the solids is strongly
affected by the Si/Zr molar ratio and the calcination
temperature. The ordered mesoporous structures of as-
made Zr-MCM-41 samples can transform into relatively
disordered wormhole like pore systems after calcination at
600°C. A high zirconium content, ie. Si/Zr =4, is
unfavorable to the formation of Zr-MCM-41 with highly
ordered mesostructure.

Bronsted acid sites were created in the solids after
zirconium incorporation into the Si-MCM-41 framework.
Both, the acid strength and the number of Broénsted acid
sites significantly increased as the zirconium content
increased. When the heteropolyacid H;PW[,04 was
impregnated onto the Zr-MCM-41 supports, the Bronsted
acidity of the Pt/HPW/WSZn catalysts was remarkably
enhanced by 2-10 times relative to that of the bare Zr-
MCM-41 supports. Two kinds of heteropolyacids were
formed on the surface of the catalysts: (i) bulk-like
heteropolyacid particles with unchanged Keggin units; (ii)
highly dispersed heteropolyacids with a distorted Keggin
structure.



Fig. 21. An EDS spectrum corresponding to the marked area in TEM image (C), showing coexistence of metallic Pt and Keggin unit of the heteropolyacid
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Table 4
Acid properties of the Pt/HPW/WSZn (n = 25, 15, 8, 4) catalysts

Si/Zr molar Bronsted acid sites Lewis acid sites ~ Total acid sites

ratio (pmol/g) (umol/g) (pmol/g)
25 141 1159 1300
15 201 1065 1266

8 223 889 1112

4 236 943 1179
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