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Aluminum-containing mesoporous molecular sieves (referred as WSAn, where n = Si/Al molar ratio = 50,
30 and 10) were synthesized via a surfactant templated approach by using fumed silica and aluminum
sulfate as Si and Al precursors, respectively. When the 12-tungstophosphoric acid was grafted onto the

Keywords: surface of WSAn, a high dispersion of the heteropolyacid was achieved on the heteropoly compound/
Hydroisomerization WSAn hybrid catalysts. The Keggin structure of the dispersed 12-tungstophosphoric acid was primarily
n-Heptane preserved without destruction, but it was distorted in some degree, as confirmed by FTIR, 3'P NMR-MAS
12-Tungstophosphoric acid and UV-vis spectroscopic characterizations. The surface Bronsted acidity of the catalysts was greatly
Acidity enhanced by several times in comparison to that of the bare WSAn support. In the hydroisomerization
/C\T_t:/:és\;_ 4 reaction of n-heptane, the Pt/H3PW;,040/WSA30 catalyst exhibited the highest catalytic activity and the

best isomerization selectivity among the catalysts tested, which can be generally correlated with its
large number of Bronsted acid sites and high structural regularity. After the n-heptane hydroisomeriza-
tion reaction, a high molar ratio of multibranched to monobranched isohexanes was obtained, indicating
that Pt-promoted heteropoly compound/WSAn hybrid catalysts have a great potential for the
hydroisomerization of long carbon chain hydrocarbons.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Heteropolyacids have been widely investigated as catalysts in
many acid-catalyzed and oxidation reactions due to their strong
acidity, high oxidation potential and redox character [1-4]. These
heterocompounds are usually composed of the primary, secondary
and tertiary units. The primary unit is the most common and
thermally stable structure, which is called as Keggin structure, it
consists of a central atom (usually P, Si, or Ge) in the tetrahedral
arrangement of oxygen atoms, surrounded by 12 oxygen octahedra
containing the addenda atoms. The oxygen atoms in the Keggin
unit can be classed into central oxygen atoms, two types of
bridging oxygen atoms and terminal oxygen atoms [5].

In the catalysis application, the disadvantages of pure hetero-
polyacids used as catalysts are their very low surface area (<5 m?/
g) and nonporosity. Therefore, in order to make the most of their
properties, it is necessary to disperse them onto a support with a
large surface area and a proper pore system. Ordered mesoporous
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materials have been considered a suitable support for dispersing
the heteropolyacids because of their large surface area, big pore
diameter and great pore volume. In our previous papers,
zirconium-modified MCM-41 mesoporous solids were used as
heteropolyacid support, finding tungstophosphoric acid-grafted
Pt/Zr-MCM-41 catalysts very active for the isomerization of
hydrocarbons, like n-hexane and n-heptane, in the presence of
hydrogen [6-8].

The Al-MCM-41 mesoporous solid is another candidate as
heteropolyacid catalyst support. Since Al-MCM-41 materials
possess surface acidity, when the heteropolyacid is loaded onto
its surface, the interaction between the heteropolyacid and the
support is not as strong as if dispersed on a base-character
support, thus the possible surface acid-base reaction might be
avoided, and the Keggin unit of the heteropolyacid, source of the
strong Bronsted acidity, can be preserved. The AI-MCM-41 can be
synthesized through several approaches, by varying the synthesis
conditions, using different Al and Si precursors and different
templates [9-11]. In the present work, in order to reduce the cost
of Al-MCM-41 materials, we tried to use fumed silica and
Al5(SO4); as Si and Al source. In the catalysts preparation
procedure, H,PtClg was the precursor of the metallic Pt active
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component and 12-tungstophosphoric acid was selected as acid
promoter because this heteropolyacid has the Keggin structure
with the stronger acidity and higher thermal stability, in
comparison with other heteropoly compounds. In Pt-promoted
heteropoly compound/Al-MCM-41 hybrid catalysts, the Keggin
structure of the dispersed heteropolyacid is a key factor related to
the catalytic properties. Therefore, the Keggin structure of the
dispersed heteropolyacid was investigated by a variety of
spectroscopic techniques like FTIR, 3'P NMR-MAS and UV-vis.
The morphology of the Pt/HPW/AI-MCM-41 was observed by the
TEM method and the surface acidity was measured by means of
the FTIR of pyridine adsorption method. The catalytic activity and
selectivity were evaluated in the hydroisomerization reaction of
n-heptane under atmospheric condition.

2. Experimental
2.1. Catalyst support and catalysts preparation

2.1.1. AI-MCM-41 synthesis

Three AI-MCM-41 samples were prepared using Al;(SO4)s as
aluminum source and cetyltrimethylammonium bromide (CTAB)
as synthesis template. A typical preparation procedure of an Al-
MCM-41 sample with a Si/Al =50 molar ratio is described as
follows: first of all, three solutions were prepared, the first
solution was prepared by combining 10.1 ml of tetrabutylammo-
nium hydroxide (TBAOH, 40% solution in water) with 4.31 ml of
sodium silicate dispersed in 50 ml of water with stirring. The
second one was prepared by adding 18.2 g of CTAB into 150 ml of
hot water (50 °C) with agitation, and the last one was prepared by
dissolving 1.4 g of Al;(SO4); into 50 ml of water. Afterwards, the
first solution was added into the second one and stirred for
30 min, followed by the addition of 4.52 g of fumed SiO into this
mixture with vigorous agitation for 2 h to form a gel. Then the
third solution was added, drop by drop, into the above gel and
furtherstirred for 1 h. The pH value of the gel was maintained at 11
by adding diluted sulfuric acid (0.2 M) during the agitation. The
mixture was transferred into a Teflon bottle and heated to 80 °C
for 72 h. The resultant white solid was filtered and washed
extensively with 500 ml of deionized water for four times, and
then dried in air at 80 °C for 24 h. Finally, the resultant solid was
calcined at 600 °C for 6 h in air with a flow rate of 60 ml/min. The
Si/Al molar ratio of the resultant solid is 50. The other samples
with Si/Al =30 and 10 molar ratios were prepared by a similar
procedure. Hereafter the samples prepared with this method are
denoted as WSAn (n =50, 30, 10).

2.1.2. Catalysts preparation

A typical preparation procedure of the Pt/HPW/WSAn catalyst
is described as follows: first, a calculated amount of H3PW 5049
(HPW) was dissolved into given amounts of methanol (99.9%),
the volume of methanol is controlled to a ratio of 10 ml methanol
per gram of support. Afterwards, a calculated amount of Al-
MCM-41 mesoporous materials was added into the H3PW,049—
methanol solution to obtain a suspension mixture, this mixture
was transferred into a rotary evaporator which was placed in a
water bath at a 40 °C temperature. After the complete evapora-
tion of methanol, the dry solid, showing a slightly yellow colour,
contains 25 wt.% of H3PW{5040. The 25 wt.% H3PW12040/A1-
MCM-41 sample was dried at 80°C for 24 h and calcined at
350 °C for 2 h. The 25 wt.% H3PW;,040/AI-MCM-41 solid was
then impregnated with the H,PtClg water solution. The Pt
impregnation process was the same as the previously described.
Finally, the 1 wt.%Pt/25 wt.%H3PW;,040/AI-MCM-41 catalysts
were obtained. Hereafter, the catalysts are denoted as Pt/
HPW/WSAn.

2.2. Surface characterization of Al-MCM-41 and Pt/HPW/WSAn
catalysts

2.2.1. 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.

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

Solid-state 3'P 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 7.5 kHz was employed,
sending pulses at 90 s intervals and employing 4 mm zirconia
rotors. The number of accumulations was 500. All the measure-
ments were carried out at room temperature under Ar atmosphere
for direct quantification. In order to protect the solid samples from
moisture, the samples were stored inside a vacuum oven before
and after measurements. Air was used as driving gas in order to
obtain as much benefit as possible from the O, paramagnetic
relaxation. The accuracy of the chemical shift determination was
within +0.1 ppm. For 3'P analysis, 85% H3PO, solution (0 ppm) was
used as standard reference, for measuring the chemical shift. The
spectral deconvolution was performed with the Unity spectrometer
software in an unconstrained manner.

2.2.3. High resolution transmission electron microscopy (TEM)

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 = 1.00 mm. 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.

2.2.4. 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 catalysts used for UV-vis analysis were
calcined at 350 °C. Scan control conditions: average time 0.10s;
data interval 1.00 nm; scan rate 600 nm/min; mode: absorption;
wavelength range: 190-900 nm.

2.2.5. FTIR spectroscopy of pyridine adsorption

To evaluate and analyze the strength and type of the acid sites,
pyridine adsorption on the solid samples was performed on a 170-
SX Fourier-transform infrared (FTIR) spectrometer in the tem-
perature range between 25 and 400 °C. Before pyridine adsorption,
the samples were heated to 400 °C under vacuum, and then cooled
to room temperature. Afterwards, the solid wafer was exposed to
pyridine, by breaking inside the spectrometer cell, a capillary
containing 50 wl of liquid pyridine. The IR spectra were recorded at
various conditions by increasing the cell temperature from 25 to
400 °C.
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The quantitative calculation of Lewis acid sites and Bronsted
acid sites was made with respect to the integrated area of the
adsorption band at approximately 1450 and 1540 cm™!, respec-
tively. Integrated absorbance of each band is obtained using the
appropriate software and the acid sites number calculation has
been established by several authors with the corresponding
extinction coefficient and the weight of the sample [12,13]. The
acid strength was determined with respect to the variation of the
number of acid sites as a function of the temperature.

2.3. Catalytic evaluation

The catalytic reactions for n-heptane isomerization were
carried out in a down-flow fixed-bed U-shape reactor
(i.d.=1cm, 20cm in length) in the presence of hydrogen at
atmospheric condition. The catalyst loading was 0.2 g and the H,/
n-heptane molar ratio was 12. The liquid n-heptane was placed
inside a glass saturator in a water bath; the partial pressure of the
n-heptane stream could be controlled by adjusting the tempera-
ture of the water bath. Hydrogen (99.9%) was passed through the
saturator carrying the n-heptane stream into the reactor at a 40 ml/
min flow rate. In the present experiment, the partial pressure of n-
heptane was 0.077 atm. The reaction temperature was varied from
200 to 440 °C with a programmed temperature control system at a
heating rate of 5 °C/min. The weight hourly space velocity (WHSV)
was 3.78 h~!. Before the reaction, the catalysts were reduced at
350 °C for 2 h using hydrogen in order to reduce the platinum oxide
to metallic Pt.

The products distribution was analyzed using an on-line
analytical system (GC Varian3300) equipped with a flame
ionization detector (FID) and a HP-PONA 50 m x 0.2 mm capillary
column which was maintained at 30 °C. The temperature of the FID
detector was 300 °C. The catalytic activity was expressed as n-
heptane conversion (%).

After 5 min at a setting temperature, we started to record the
experimental data. The catalytic conversion and selectivity
reported in the present work were the average of triple
measurements at a reaction temperature. Each measurement took
approximately 11 min. Therefore, to obtain an average catalytic
activity at a given reaction temperature, around 38-40 min were
used. The n-heptane isomerization reaction was carried out in the
conditions where no external or internal diffusion limitation
impeded the catalytic measurements. The yield of the producti (y;)
was defined as the mole fraction of the corresponding product
relative to that all of the products, which can be calculated
according to the formula: y;=S; x Cpeptane-

3. Results and discussion
3.1. FTIR characterization of AI-MCM-41

The surface features of the AI-MCM-41 support are related to
external hydroxyl groups and retained surfactant template,
which have great influence on the dispersion of the hetero-
polyacid. In situ FTIR spectroscopy studies allowed to analyze the
changes of the surface properties and the surfactant incorpora-
tion into and removal from the AI-MCM-41 solid. The FTIR in situ
spectra of the as-prepared WSAn (n = Si/Al = 50, 30, 10) samples
calcined at various temperatures inside the IR cell are very
similar; herein we only present a set of FTIR spectra of the WSA-
30, as example. The IR spectra of the WSA30 sample recorded at
25°Cin Fig. 1, show a very broad absorption band covering the
region between 3700 and 3000 cm™!, corresponding to hydro-
gen-bonded hydroxyls and to water adsorbed on the sample
surface. Two IR bands are observed between 3000 and
2850 cm !, characteristic of the C-H bond stretching vibrations

Si/AlI=30

Absorbance (a.u.)

25°C 1650

— 17—
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm-1)

Fig. 1. A set of in situ FTIR spectra of the WSA30 sample.

in hydrocarbons, belong to the surfactant [14,15]. There is an
intense band located at 1650 cm™!, assigned to the flexion
vibration of the OH bond. In the C-C stretching and C-H
deformation vibrations region, the band located at approxi-
mately 1480cm~!, could be produced by bending mode
vibrations (scissoring and rocking vibrations) of the C-H bond,
of the -CH,- and -CH3 groups in the surfactant. In addition, the
rocking vibration of the C-H bond in the N-CH3 surfactant head
group was observed at around 720 cm~! [14,15]. These observa-
tions confirm that the surfactant cations strongly interacted with
the solid network during the preparation, and that they were not
completely removed during the washing step.

The FTIR spectra also show several absorption bands below
1300 cm™!, some peaks, like the wide peak between 1260 and
950 cm~ ! and the one at 810 cm~! are mostly due to fundamental
antisymmetric and symmetric vibrations of the =Si-O-T(T = Si or
Al) and =Si-0-Si= framework linkages. Because both, the Si-O~
and the Al-O~ stretching bands appear very close within the same
region, they cannot be clearly distinguished. However, a small
shift towards a higher wavenumber can be noticed for the Al-
MCM-41 if compared to the siliceous Si-MCM-41, as aresult of the
incorporation of Al for Si in the framework structure. All these
features are characteristic of the aluminosilicate MCM-41
structure.

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 weak band at around 3700 cm™!
appeared. This band is assigned to the M-OH (M=Al or Si)
stretching frequency; while, several bands at 3070, 2980, 2925 and
2850 cm™~' were observed. The small band at 3070cm™!, is
probably due to the stretching mode of CHs groups linked to the -
N(CH3)s+ polar heads of the surfactant [16,17]. The three bands at
2980, 2925 and 2850 cm™~! correspond to C-H stretching bonds
(VCH3,s, VCH34s and v(CHy4s + VCH3,5)) [15-18]. These bands seem
to become sharper in comparison with the ones at 25 °C, however,
when the covering effect produced by the broad peak of the
adsorbed water at 25°C is taken into account, they almost
remained unchanged at 100 °C. The band at 1480 cm™ !, related to
bending mode vibrations of the C-H bonds also remained
unchanged. However, the one at 1650 cm~! disappeared, in good
agreement with the strong decreasing in intensity of the wide band
between 3500 and 3700 cm™!. These results indicate that most of
the adsorbed water is desorbed at 100°C; however, the
incorporated surfactant has not been removed yet. The IR
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Table 1
IR absorption bands assigned to particular vibration frequencies.
Absorption Assignments Refs.
bands (cm™1)
3738-3740 Isolated Si-OH stretching mode [13,14]
3690-3700 Hydrogen-bonded Si-OH stretching mode [13,14]
3025-3040 CH5 groups in -N(CH3)s+ stretching mode [15,16]
Polar heads of the surfactant
2960-2950 CHj3 groups in hydrogen-carbon chain, vCHs,s [13-17]
2850-2855 CH, groups in hydrogen-carbon chain, vCHj,¢ [13-17]
1750-1740 C-0 bond in coke-like species [13]
1600-1650 Flexion vibration of the -OH group in H,0 [13]
1450-1500 Bending modes of C-H bonds in CH; or CH; groups [13-17]
scissoring and rocking vibrations, 8CH3,s 8CHa s
1200-950 Si-0-Si and Si-O-Al vibrations [15]
790-800 C-H rocking vibration Si—CHs streching mode [15]
720 Rocking vibration of the C-H bond in the N-CHj; [13,14]

absorption bands assigned to particular vibration frequencies are
summarized in Table 1.

When the temperature gained up to 200 °C, as the adsorbed
water further desorbed, the bands at around 3700 cm~', and those
at 2800-3000 cm~! became sharper. At 300°C, the band at
1480 cm~! was remarkably reduced in intensity. At 400 °C, the
group bands at 2800-3000 cm~! were strongly reduced and the
one at 1480 cm™! disappeared; instead, the one at 3700 cm™! shift
to 3750 cm ™! and became sharper. Several bands between 1800
and 1400 cm™! appeared. These might have originated from the
trace carbonate-like species resulting from the surfactant decom-
position [14]. The in situ IR characterization of the samples could
not be carried out at temperatures above 400 °C, however, the
normal IR spectroscopy characterization of the solid showed that
surface trace carbonate-like species can be removed by calcination
at 600 °C. The solids calcined at 600 °C show M-OH groups on the
surface, which is important, because they can associate with
heteropolyacid compounds, thus inducing a high dispersion of
them on the surface.

3.2. Characterization of the Keggin structure of the catalysts

3.2.1. FTIR characterization

For the characterization of the Keggin structure of the Pt-
promoted heteropolyacid/AI-MCM-41 hybrid catalysts, it is
useful to compare IR results with those of the pure
H3PW,,040. Usually, several IR bands at 1080, 982, 893, 799,
595 and 525cm~! can be observed for the unsupported
H3PW;,040. These intense bands arising from 1100 to
650 cm~! can serve as signature of the Keggin anion [19,20].
The P-O symmetric stretching is characterized by the vibra-
tional transition at 1080 cm~'. The bands at 893 and 799 cm™!
are associated with the stretching motion of W-0-W bridges.
The normal mode related to the band at 982 cm™! is defined
predominately by the W—04 stretching mode. The band at
893 cm~! may be described as a W-0,-W stretching mode
(inter-bridges between corner-sharing octahedral) and the band
at 799 cm~! is attributed to W-0.-W stretching mode (intra-
bridges between edge-sharing octahedral).

The IR features of the three catalysts are very similar. Fig. 2
shows the IR absorption domain for the Keggin units of the Pt/
H3PW;,040/WSA30 catalyst subtracted from IR absorption of the
WSA30 matrix, in order to eliminate the absorption effect of the
support. It is clear that the four fingerprint absorption bands
corresponding to the heteropolyanion vibrations are similar to
those of the pure H3PW;,04, although the position of the
absorption bands has small blue shifts [19,20]. The band at
1087 cm~! does not split into two components, at 1085 and

1087

Subpi/HPW / WSA30

T T T T T T T T T
1400 1200 1000 800 600 400
Wavenumbers (cm™)

Fig. 2. A FTIR spectrum of the Pt/H3PW,040/WSA30 substracted from that of the
WSA30.

1040 cm™!, that usually indicates the formation of [PW;;039]"~
[21]. According to IR spectroscopic findings, the heteropolyacid
largely retains its primary structure after dispersion on the Al-
MCM-41 support. However, the IR bands become broader with
position shifts relative to that of the pure heteropolyacid, which
may be explained by the interaction between the dispersed
H3PW,,040 and the support, this will be further characterized
with additional techniques such as 3'P MAS-NMR and UV-vis
spectroscopy.

3.2.2. UV-visible spectroscopic analysis

The UV spectra of the Pt/H3PW;5,040/WSAn catalysts are
shown in Fig. 3. Two bands were observed at 204 and 253 nm,
respectively. It has been reported that the pure HPW present
0%~ — W5" charge transfer absorption bands with maximum at
approximately 255 and 350 nm [22]. With respect to the pure
HPW, the UV band positions of the Pt/H3PW,040/WSAn catalysts
were clearly shifted towards a lower wavelength range. Similar
observations on HPW/AI,O3 and HPW/SiO, were also reported by
other researchers [23]. These observations indicate that a very high
dispersion of the heteropolyacid is attained on the Al-MCM-41
support or, that the Keggin structure is deformed due to the
interaction between the heteropolyanions and the support.

204nm
253nm

=

S

3 PYHPW/WSA10

&

b=

2

2 PYHPW/WSA30
PYHPW/WSAS0

/

T T T ¥ T T T T T T T T T T
200 300 400 500 600 700 800 900
Wavelength (nm)

Fig. 3. UV-vis spectra of the Pt/HPW/WSAn catalysts.
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It has been established the relationship between the energy
transition involved in UV radiation absorption and the diameter of
the nanoparticles, as expressed by Eq. (1):

h2
E=s—ro——— (1)
8R°(1/me + 1/my)

where AE is the energy change associated to the band gap, due to
the quantum size effect, h 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 varies with the R-value. Therefore, for nano-
particles in the quantum dot range, the frequency of the absorbed
UV light usually shifts towards a lower wavelength as the particle
diameter decreases. The shift of the UV-vis bands positions of the
Pt/H3PW;,040/AI-MCM-41 relative to that of the pure HPW
strongly indicates a smaller particle size, thus a high dispersion
of the heteropolyacid on the AI-MCM-41 support.

3.2.3. 31P MAS-NMR spectroscopic analysis

The stability of the Keggin structure of the catalysts after
calcination was also investigated by the solid-state 3'P MAS-NMR
technique. The 3'P MAS-NMR spectra of the 1wt.%Pt/
25 wt.%H3PW;,0,40/WSAn catalysts are shown in Fig. 4. As we
know that bulk HPW exhibits one sharp, intensive peak with a
chemical shift at approximately § = —15.00 ppm, characteristic of
the [PW;,040]>~ anion with a Keggin structure [24,25]. Compared
to pure HPW, the 3'P MAS-NMR spectra of the Pt/HPW/WSAn
catalysts show a few differences:

(i) The peak position shifted towards the left direction.
(ii) The peak is notably wider.
(iii) The spectrum of the Pt/HPW/WSA50 sample consists of two
signals: the main one at § = — 13.49 and the small one at
—15.66 ppm.

It has been reported that H3PW;,040 supported on TiO, exhibits
four peaks at —4, —8, —11 and —13 ppm, assigned to adsorbed
phosphorus species deriving from a highly fragmented Keggin unit
and a defective and deformed Keggin structure interacting with
surface hydroxyl groups, respectively [26]. Therefore, the dis-
persed heteropolyanions with structures different from the pure
HPW bulk crystal were formed on the Pt/H3PW;,040/WSAnN
catalysts: the position shift and peak widening indicate the

-13.49 ppm

-15.66 ppm
PYHPW / WSAS0

PYHPW / WSA30

PYHPW / WSA10

Intensity (a.u.)

& (ppm)

Fig. 4. >'P MAS-NMR spectra of the Pt/HPW/WSAn catalysts.

deformation of the Keggin unit and a high dispersion of the
heteropolyacid. The peak at approximately —13.49 ppm probably
resulted from a deformed H3PW;,04¢ structure, due to interaction
with surface hydroxyl groups of the support, which indicates that
H3PW 12049 clusters or small particles with distorted Keggin units
exist on the surface of the AI-MCM-41 support in a high dispersion.
For all of the three samples, no peaks around —11 or —8 ppm
(generally attributed to defective or lacunary (P;W,7071)°~ units)
were evident; also no peak at —4 ppm was observed, indicating
that no fragmented Keggin units were formed. For the small peak at
approximately 15.56 ppm in the Pt/HPW/WSA50 catalyst, it seems
to be related to the weak interaction between the support and the
Keggin unit. This sample contains a small amount of hydroxyl
groups on the surface, due to less aluminum content; therefore, a
small amount of the heteropolyacid kept the Keggin units the same
as in the bulk or pure heteropolyacid phase. One may see that
although it was deformed in certain degree, the primary structure
of the tungstophosphate heteropolyanions is largely preserved
without destruction, after impregnation on the AI-MCM-41
mesoporous support.

3.3. Textural properties of the catalysts

The textural properties of the catalysts were measured by
means of N, adsorption-desorption isotherms. The related data are
reported in Table 2. In order to see the changes of the textural
properties, the data of the bare WSAn samples are also
comparatively shown in Table 2. The surface area is 609.1 and
625.1 m?/g for the Pt/HPW/WSA50 and Pt/HPW/WSA3O0 catalysts,
respectively. However, the surface area of the Pt/HPW/WSA10
catalyst is remarkably reduced to 201.8 m?/g. This is because the
surface area of the WSA10 support is only 215.7 m?/g; while its
pore diameter is 18.1 A, which are three times greater than that the
other two samples, indicating that the pore system of the WSA10
sample has partially collapsed. These results show that too high
aluminum content in the AI-MCM-41 sample is unfavourable to
the formation of the ordered mesoporous solid. The average pore
diameter of the Pt/HPW/WSA50 and Pt/HPW/WSA30 catalysts lies
between 6.0 and 7.0 nm. There are two kinds of pores with
different pore diameter formed in these solids. Most of the pores
have an approximately 2-3 nm diameter and a small part of the
pores have a large size due to the collapsing of the pore wall during
the calcination.

3.4. Morphological features of the catalysts

The dispersion, location and size of the heteropolyacid species
of the Pt/HPW/AI-MCM-41 catalysts were also investigated by high
resolution TEM (Fig. 5). Fig. 5a clearly shows that most of the
heteropolyacid is uniformly distributed on the surface of the
support. As shown in the enlarged image (Fig. 5b), the pores with
2.5-3 nm diameter can be clearly seen but their openings are
covered with web-network-like materials. However, these pores
are not completely blocked. These observations confirm that the

Table 2
Textural data of the WSAn and Pt/HPW/WSAn catalysts.

Si/Al ratio Surface area (m?/g) Average pore Pore volume
diameter (nm) (cm?/g)
n? r WSAn Pt/HPW/ WSAn Pt/HPW/ WSAn Pt/HPW/
WSAn WSAn WSAn
50 46.1 620.1 609.4 5.1 6.7 0.97 1.018
30 30.8 780.0 625.1 4.2 6.0 1.04 0.985
10 8.3 215.7 201.8 18.8 15.4 1.13 0.773

2 n, nominal; r, real.
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Fig. 5. TEM images of the Pt/HPW/WSAn catalyst. (a) Pt/HPW/WSA30; (b) close observation of marked area in image.

dispersion of the heteropolyacid is homogeneous and uniform, no
large heteropolyacid particles or aggregates were formed.

The molecular diameter of the H3PW;,040 molecule is
estimated to be 1-1.2 nm, which is smaller than the average
dimension of the pores (6-7 nm). Therefore, it is possible that the
HPW locates inside the internal pore wall of the support. However,
it is also possible that the HPW molecules may also form
nanoclusters by assembling several molecules, thus particle
diameter larger than the dimension of the most ordered pores;
therefore, the heteropolyacid may locate inside the internal pores,
or may be dispersed on the external surface of the support.

3.5. Surface acidity of the Pt/HPW/WSAn catalysts

The surface acidity of the 1 wt.%Pt/25 wt.%H3PW{,040/WSAn
catalysts was measured by the in situ FTIR spectroscopy of pyridine
adsorption technique (Figs. 6-8). Usually, the bands at approxi-
mately 1450 and 1620 cm™! are assigned to Lewis acid sites; while
the bands at around 1540 and 1635 cm™! are indicative of the
existence of Bronsted acid sites [27,28]. On the basis of the
aforementioned assignments of the IR absorption bands, it can be
confirmed that both, Lewis and Bronsted acid sites, coexist on all
the three catalysts. The catalyst with WSA30 as support exhibits
the largest number of Bronsted acid sites together with the highest
acid density, among the three catalysts. It seems to indicate that
the Bronsted acidity correlates with the population of Al aluminum
ions in tetrahedral environments or aluminum ions in both
positions with pentahedral and tetrahedral coordination because
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Fig. 6. FTIR spectra of pyridine adsorption on the Pt/HPW/WSA50 catalyst.

the WSA30 sample contains the biggest fraction of the Al ions with
pentahedral and tetrahedral coordination.

When compared with the parent WSAn support, the number of
Bronsted acid sites on the Pt/HPW/WSAn catalysts increased by
approximately four times. The related acidity data are reported in
Table 3. However, the number of Lewis acid sites diminished after
heteropolyacid impregnation. As a result, the number of the total
acid sites decreased. Blockage of Lewis acid sites due to deposition
of the heteropolyacid might be responsible for the reduction of the
Lewis acidity.

3.6. Catalytic properties

Fig. 9 shows the n-heptane conversion obtained with the Pt/
HPW/WSAnR catalysts at different temperatures. The most active
catalyst corresponds to the Si/Al molar ratio = 30 support. Over the
Pt/HPW/WSA30 catalyst, the n-heptane conversion is much higher
than that over the other two catalysts.

The isomerization selectivity of the Pt/HPW/WSAn catalysts at
different reaction temperatures is shown in Fig. 10. The highest
selectivity to C; isomers is also achieved on the Pt/HPW/WSA30
catalyst. Thus, among the three catalysts tested, the Pt/HPW/
WSA30 catalyst shows the best catalytic activity and isomerization
selectivity in the n-heptane isomerization reaction, while the Pt/
HPW/WSAT10 catalyst exhibits the lowest catalytic activity and
isomerization selectivity.

Several physicochemical properties may be related to the
catalytic behaviours of the catalysts. First, it is noteworthy that, the
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Fig. 7. FTIR spectra of pyridine adsorption on the Pt/HPW/WSA30 catalyst.
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Fig. 8. FTIR spectra of pyridine adsorption on the Pt/HPW/WSA10 catalyst.

Table 3

Acidity results for the WSAn and Pt/H3PW;,040/WSAn catalysts.

Samples Bronsted acid Lewis acid Total acid
sites (mol/g) sites (wmol/g) sites (mol/g)

WSA50 28 881 909

WSA30 50 1545 1595

WSA10 35 561 595

Pt/HPW/WSA50 115 722 837

Pt/HPW/WSA30 207 943 1150

Pt/HPW/WSA10 147 577 624

structural ordering of the WSA30 support is the best among the
WSAn samples, which highly favours the diffusion of the reactants
inwards the active sites and is beneficial for the outwards diffusion
of branched isomers formed inside the channels. On the contrary,
due to thermal instability at high aluminum content, the structure
of the WSA10 solid is rather disordered after calcination and its
pore system almost collapsed. Also the surface area of the Pt/HPW/
WSAT10 catalyst is much lower compared to other two catalysts.
Second, the WSA30 support possesses a high content of Al ions in
tetrahedral positions, as confirmed by 27Al MAS-NMR analysis
(70.1% Al ions occupy the tetrahedral positions); whereas, the
WSA10 support contains many extra-framework Al ions (74.5% Al
ions occupy octahedral positions). The extra-framework Al ions
may catalyze cracking reactions, reducing the isomerization
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Fig. 9. Comparison of the n-heptane conversion by the Pt/HPW/WSAn catalysts.
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Fig. 10. Comparison of the selectivity of isoheptane for the Pt/HPW/WSAn catalysts.
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Fig. 11. Selectivity of various products over the Pt/HPW/WSA50 catalyst.

selectivity. Moreover, the Pt/HPW/WSA30 catalyst presents the
highest number of Bronsted acid sites, compared to the other two
catalysts. Based on these observations, it is believed that the
selectivity of C; isomers over the Pt/HPW/WSAn catalysts is
controlled by the surface acidity, aluminum ions cordinations as
well as the structural regularity of the catalyst.

The selectivities of the different products obtained from the Pt/
HPW/WSAn catalysts are shown in Figs. 11-13. Very similar to the
products distribution obtained from the Pt/HPW/Zr-MCM-41
catalysts [6]: 2-methylhexane, 3-methylhexane, 2,2-dimethylpen-
tane, 2,3-dimethylpentane, 2,4-dimethylpentane, 3,3-dimethyl-
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Fig. 12. Selectivity of various products over the Pt/HPW/WSA30 catalyst.
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Fig. 13. Selectivity of various products over the Pt/HPW/WSA10 catalyst.
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Fig. 14. Ratio of multibranched to monobranched isoheptanes of the Pt/HPW/WSAn
catalysts as a function of the reaction temperature.

pentane and traces of 2,2,3-trimethylbutane are the isomer
products. In the monobranched isomers, 2-methylhexane is
predominant; and in the multibranched isomers, 2,3-dimethyl-
pentane is the major component.

The ratio of multibranched to monobranched isomer products
(R) as a function of the reaction temperature is plotted in Fig. 14. At
each temperature or conversion level, the R-value is near 1 for all
the Pt/HPW/WSAn catalysts. This result indicates that the ratio of
monobranched to multibranched isomers is independent of

1
DH
— o
—

n-C7 — O'C7

GC7 —_ UC7

conversion. From this result, the formation of the cracking
products seem to be produced by the decomposition of both,
monobranched and multibranched isomers, at high temperatures,
as indicated by the simultaneous decrease of the selectivity of both,
monobranched or multibranched isomers at a similar rate.

It is noted that for the Pt/HPW/WSAn catalysts, at a reaction
temperature higher than 360 °C, less than 3.6% of toluene were
formed. The toluene formation may go through two plausible
pathways that are illustrated in Fig. 15. First of all, in the initial
stage of the mechanisms, n-heptane can be dissociatively adsorbed
on the metal active clusters to form an alkene-like intermediate
(0C7~) which may be transformed to toluene via two routes: (i) A
cyclisation-dehydrogenation pathway. The cyclisation reaction
may take place by the 1, 6 ring closure of the C; surface
intermediate to produce methylcyclohexane which can be
successively dehydrogenated on the catalyst surface, and finally,
toluene is produced. (ii) An isomerization—cyclisation-dehydro-
genation pathway. Part of the 3- or 2-methylhexyl intermediates
can be cyclised and followed by dehydrogenation to form toluene
besides methylhexanes formation.

It is speculated that toluene formation requires a relatively
longer residence time for the corresponding intermediates at the
active centres than that required for C; isomers formation. If the
channels or the textural structure of the catalysts are well ordered,
the reactants or the products may rapidly reach or leave from the
active sites, with a short residence time within the pores, that is
unfavourable to the formation of toluene. This can explain the fact
that no toluene was formed over the Pt/HPW/CSAn catalysts which
have relatively ordered structures prepared by using tetraethy-
lorthosilicate (TEOS) as Si precursor and aluminum tri-sec-
butoxide (97 wt.%) as aluminum source [29] and that toluene
was formed on the Pt/HPW/WSAn catalysts which show a rather
disordered wormhole-like mesoporous system reported herein.

Over all of the catalysts, the yield to cracking products linearly
increases with increasing the reaction temperature, following the
same pattern as with the Pt/HPW/Zr-MCM-41 and Pt/HPW/CSA
catalysts [6,29]. Only propane, isobutane and n-butane were
detected as the cracking products. It is noteworthy that n-C4 is
produced above 340 °C on all the catalysts, while, i-C4 appears
when cracking reactions take place. The isobutane yield is usually
higher than that of n-C4. The cracking products distribution is also
very similar to that obtained using Pt/HPW/Zr-MCM-41 catalysts,
indicating a similar pathway for the cracking reactions. n-C4 and n-
Cs are formed via 2,3-dimethylpentane cracking, while i-C4 and n-
Cs result from 2,2-dimethylpentane and 2,4-dimethylpentane
cracking. Our results indicate that 2,3-dimethylpentane is rather
stable below 340 °C in comparison with 2,2-dimethylpentane and
2,4-dimethylpentane. More cracking products are formed over the
Pt/HPW/WSA10 catalyst, which may be correlated with its

O=0 =0

7

Fig. 15. Toluene formation mechanism.
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disordered structure and poor textural properties as well as high
fraction of aluminum ions at octahedral positions in the support.

4. Conclusions

Highly dispersed 12-tungstophosporic acid was grafted on the
surface of the mesoporous AI-MCM-41, producing heteropoly
compound/Al-MCM-41 hybrid catalysts containing a great number
of Bronsted acid sites with strong acid strength. The Keggin units of
the supported heteropolyacid were mostly preserved with certain
degree of structural deformation after calcination. At atmospheric
reaction conditions, a high yield of multibranched isoheptanes was
produced in the n-heptane hydroisomerization reaction over the
catalysts. The molar ratio of multibranched to monobranched
isoheptanes is around 0.8-1.2, which is very close to its
thermodynamic equilibrium value. This work shows that Pt-
promoted heteropolyacid/AI-MCM-41 hybrid catalysts have a
great potential for the hydroisomerization of long carbon-chain
hydrocarbon applications.
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