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A series of solid catalysts comprising 12-molybdophosphoricacid (PM) and neutral alumina were synthe-
sized by impregnation. The support, fresh as well as calcinated catalysts were characterized by various
physical-chemical techniques. Further, the structure of PM onto the surface of the support was confirmed
by 3'P MAS NMR and XPS. Non-solvent liquid phase oxidation of styrene was carried out with 30% aqueous
H,0; as an oxidant by varying different parameters over fresh catalysts. The catalytic activity of calcinated

catalysts were also evaluated by carrying out same oxidation reaction under optimized conditions. As solid
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catalysts, they show high conversion of styrene with good selectivity towards benzaldehyde and styrene
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1. Introduction

Catalytic oxidation of alkenes into more valuable epoxides as
well as oxygen containing carbonyl compounds is one of the impor-
tant synthetic reaction. Epoxides and carbonyl compounds have
industrial significance. Epoxides are mainly used as intermediates
in the manufacture of bulk chemicals and industrial feedstock.
Carbonyl compounds are widely used as solvents, perfumes, and
flavouring agents or as intermediates in the manufacture of plastics,
dyes, and pharmaceuticals.

Traditionally, oxidation was carried out using powerful oxi-
dizing agents like KMnO4 and CrOs, in stoichiometric quantities.
Environmental concerns have forced the chemical industries to
re-evaluate many of its processes to reduce or eliminate the
formation of by-products. As a result the oxidation reactions
involving catalytic amount of the oxidizing agents or liquid phase
catalytic oxidation have come into prominence. In this context,
heteropolyacids (HPAs), especially 12-molybdophosphoricacid has
been gaining importance due to their redox properties [1-6].

In 1983, Venturello et al. [ 7] reported epoxidation of alkenes over
tungstate and phosphate salts in the presence of a phase trans-
fer catalyst (PTC) such as cetyl pyridinium chloride (CPC). Later
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on, in 1987, Ishii et al. carried out epoxidation of relatively elec-
tron poor terminal olefins with HPAs and more environmentally
and economically significant oxidant, H,O,. H3PW1,049 has been
used in the presence of a PTC such as CPC or Arquad [8]. After Ishii
and co-workers’ work, HPAs have been used as a catalytic system
in the presence of CPC for oxidation of a large number of organic
substrates [9-15]. Furthermore, different salts of HPAs [16-20] and
transition metal substituted HPAs [21-25] have been synthesized
and used in biphasic medium with different organic solvents. Some
research groups have also used supported HPAs [26-30] for several
organic conversions. Almost all reported oxidation reactions have
been carried out in organic solvents. It would be interesting if oxi-
dation reactions could be carried out without any PTC or organic
solvents. In the present paper, first time we are reporting the results
for solvent free oxidation of styrene using environmentally benign
oxidant, Hy O, over supported HPAs. In the present paper we have
made use of neutral alumina as the support. It is available in three
different pH ranges: basic, acidic and neutral. Neutral alumina at
pH of 6-8 is best as a support.

A series of catalysts containing 10-70% of 12-molybdophos-
phoricacid (PM) onto neutral alumina (A), have been synthesized.
The support and new amorphous supported catalysts have been
characterized by various thermal and spectral techniques like ther-
mogravimetric analysis—differential thermal analysis (TGA-DTA),
differential scanning calorimetry (DSC), Fourier transform infra red
(FTIR), Raman, diffuse reflectance spectroscopy (DRS), surface area
measurement (BET method) and X-ray diffraction (XRD). Further,
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the surface morphology of support and catalyst was studied by
scanning electron microscopy (SEM). Any change in oxidation of P,
as well as Mo after supporting onto the support was determined by
magic angle spinning nuclear magnetic resonance (3!P MAS NMR)
and X-ray photoelectron spectroscopy (XPS). The catalytic activity
was evaluated for the non-solvent liquid phase oxidation of styrene
with aqueous 30% H,0,. The conditions for maximum conversion
as well as selectivity for desired products have been optimized by
varying different parameters such as temperature, molar ratio of
styrene to H,0,, amount of the catalyst and reaction time. The best
catalyst of the series was calcinated at 300 and 400 °C for 5h in air
and characterized by FTIR, Raman, DRS and XRD to see any struc-
tural change. The activity of the calcinated catalysts has also been
evaluated by carrying out same oxidation reaction under optimized
conditions.

2. Experimental
2.1. Materials

All the chemicals used were of A.R. grade. H3PMo1,049-nH;0
(Loba chemie, Mumbai), neutral active Al, 03 (Activity I-II, accord-
ing to Brockmann), styrene and 30% aqueous H,0, were used as
received from Merck.

2.2. Synthesis of the catalyst (H3PMo;,049-nH>0 supported onto
neutral alumina)

A series of catalyst containing 10-70% of PM supported onto A
was synthesized by wet impregnation. 1g of A was impregnated
with an aqueous solution of PM (0.1/10-0.7/70 g/ml of conductiv-
ity water) with stirring for 35h and dried at 100°C for 10h. The
obtained materials were designated as APMy, APM,, APM3, APMy,
APM5s and APMj5. The best catalyst of the series, APM3, was calci-
nated at 300 and 400 °C for 5 h and designated as APM33 and APM3y,
respectively.

2.3. Characterization

Ion exchange capacity was determined by column method using
the following formula:

normality of NaOH (N) x volume of NaOH (ml)
gram of material (g)

The TGA-DTA and DSC of the samples were carried out on a TA
Instrument (Q 50) and on DSC-Perkin Elmer instrument (DSC 7)
in the temperature range 50-600°C under nitrogen atmosphere
with a flow rate of 2 ml/min and a heating rate of 10 and 20 °C/min.
The FTIR spectra of the samples were obtained by using KBr wafer
on Shimadzu Photometer instrument at room temperature. The
Raman spectra were recorded on a FT-Raman Spectrophotome-
ter, Model Bruker FRA 106. The DRS of samples were recorded on
a Jasco DR-UV-VIS spectrophotometer (model V-560) instrument
using barium sulphate as a reference. The specific surface area
was calculated from adsorption-desorption isotherms using BET
method on a Carlo-Erba sorptometer (Model: Series 1800) surface
area analyzer at —196 °C. The powder XRD pattern was obtained by
using the instrument Philiphs Diffractometer (Model PW - 1830).
The conditions used were Cu Ko radiation (1.5417 A). The surface
morphology of the support and supported catalyst was studied by
SEM using a JEOL SEM instrument (Model-J]SM-5610LV) with scan-
ning electron electrode at 15 kV. Scanning was done at 1 mm range
and images were taken at a magnification of 100x for catalyst. 3P
MAS NMR spectra were recorded on a Bruker Avance DSX - 300
NMR spectrometer at 121.48 MHz using a 7 mm rotor probe with

IEC (mequiv./g) =

85% phosphoric acid as an external standard. The spinning rate was
4-5 kHz. XPS were recorded using an ESCA-3000 (VG Scientific Ltd.,
England) with a 9 channeltron CLAM4 analyzer under a vacuum of
1 x 108 Torr, using Mg Ko radiation and a constant pass energy of
50eV. The binding energy values were charge-corrected to the C 1s
signal (284.6eV).

2.4. Catalytic reaction

The oxidation reaction of styrene was carried out in a three neck
round bottom flask provided with a double walled condenser con-
taining catalyst, styrene and H,0, at 80°C with constant stirring
for 48 h. The temperature was maintained at 80°C in an oil bath.
Same reaction was carried out by varying different parameters such
as molar ratio of styrene to H,0,, amount of the catalyst, reaction
time and temperature. After completion of the reaction, catalyst
was removed and the product was extracted with dichloromethane.
The product was dried with magnesium sulphate and analyzed on
Gas Chromatograph (GC) using SE-30 column. Product was identi-
fied by comparison with the authentic samples and finally by gas
chromatography-mass spectroscopy (GC-MS).

3. Results and discussion
3.1. Characterization

The initial pH of the original solution was 2.5. The pH changes to
2.6 after the contact with neutral alumina. Almost the same value of
pH indicates that the PMo1,0403~ species does not depolymerize to
PMo1;039’~ when supported onto neutral alumina. Ion Exchange
Capacity (IEC) gives the measurement of Bronsted acidity only. The
IEC values for alumina is zero while that for APM3 is 0.28 meq/g.

Any leaching of the active species from the support makes the
catalyst unattractive and hence it is necessary to study the sta-
bility as well as leaching of PM from the support. HPA can be
quantitatively characterized by the heteropoly blue colour, which
is observed when it reacted with a mild reducing agent such as
ascorbic acid [31]. In the present study, this method was used for
determining the leaching of PM from the support.

Standard samples containing 1-5% of PM in water were pre-
pared. To 10 ml of the above samples, 1 ml of 10% ascorbic acid was
added. The mixture was diluted to 25 ml. The resultant solution was
scanned at a Amax of 785 cm~! for its absorbance values. A standard
calibration curve was obtained by plotting values of absorbance
against % concentration. 1g of supported catalyst with 10 ml con-
ductivity water was refluxed for 48 h. Then 1 ml of the supernatant
solution was treated with 10% ascorbic acid. Development of blue
colour was not observed indicating that there was no leaching. The
same procedure was repeated with styrene and the filtrate of the
reaction mixture after completion of reaction in order to check the
presence of any leached PM. The absence of blue colour indicates
no leaching of PM. The above study indicates the presence of chem-
ical interaction between PM and the support, A. It also confirms the
stability of catalysts under reaction conditions.

TGA-DTA (Fig. 1) and DSC (Fig. 2) show that parent PM is less
stable (430°C) as compared to supported PM (475 °C). This shows
that supporting of PM on the surface of neutral alumina increases
the thermal stability of PM. An increase in thermal stability indi-
cates the presence of chemical interaction, preferably H-bonding,
between PM and support.

The FTIR spectra of A, PM, APM3, APMs33 and APM34 are pre-
sented in Fig. 3. The main characteristic bands of PM are observed
at: 1070cm~! (P-0,), 965cm~! (Mo=04), 870cm~! (Mo-0,-Mo)
and 790cm~! (Mo-0O.-Mo), where O, is connecting X and M
(X-0,-(M)3), Oy is connecting the two M3043 units by corner
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Fig. 3. FTIR of A, PM, APM3, APM33 and APM34.
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Fig. 4. Raman spectra of PM, APM3, APM33 and APM3y.

sharing (M-0,-M), O¢ is connecting two M30O;3 units by edge
sharing (M-0O.-M) and Ogq4 is the terminal oxygen (M-0q) [32].
The observed FTIR frequencies are in good agreement with the
reported values. The presence of same bands in APM3, APM33 and
APM34 confirm that PM keeps its Keggin structure undegraded
after supporting onto the support up to 400°C [33,34].

The Raman spectra of PM, APM3, APM33 and APM34 are shown
in Fig. 4. The bands in parent PM at 997, 900, 870, 605, 374,
350 and 248 cm~! corresponds to vs Mo =0y, vas Mo-Op—-Mo, vas
Mo-0,-Mo, vs Mo-0-Mo, vzs 0,-P-03, vas 0;-P-0, and vs Mo-0,.
The presence of these bands in catalysts (fresh and calcinated) again
confirm the presence of undegraded PM onto the surface of the
support [33,35].

The DRS gives information about the non-reduced het-
eropolyanion due to charge transfer from oxygen to metal. The Amax
of APM3, APM33 and APM3y, is same as that for PM (Fig. 5) and is
in good agreement as reported earlier [34]. This confirms the pres-
ence of the undegraded PM species in all catalysts. In other words,
the Keggin structure remain unaltered up to 400 °C. Further, DRS
of the support was also carried out and no absorbance band was
observed in the same region.

The values of surface area for support as well as fresh catalysts
are listed in Table 1. It is known [36] that there may be decrease in
surface area in case of the supported catalyst in which oxides are
used as supports. The obtained values are in good agreement. With
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Fig. 5. DRS of A, PM, APM3, APM33 and APMs3,.
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Table 1

Surface area of support and catalysts.

Catalyst Total surface area (m?/g)
A 81.0

APM; 80.8

APM; 78.7

APM3 75.9

APM, 75.0

APM5 754

APMy 75.5

increase in loading of PM, the surface area decreases however the
increase is not significant. Almost the same values of surface area
may be due to the stabilization/blocking of the sites.

XRD pattern of A, PM, APM3, APM33 and APM34 are presented in
Fig. 6. The XRD of APM3, APM33 and APM3,4 shows no characteristic
diffraction line of PM and A indicating a very high dispersion of
solute in a non-crystalline form on the surface of the support.

The SEM images of A and APM3 at a magnification of 100x are
reported in Fig. 7. It is seen from the figure that the surface of
the support is distinctly altered. SEM of APM3 in Fig. 7(b) shows
a uniform dispersion of particles. Thus XRD and SEM are in good
agreement with each other and confirm the uniform as well as high
dispersion of PM in a non-crystalline form onto the surface of the
support.

The solid-state 3P (MAS) NMR of PM and APM3 are shown
in Fig. 8. The 3P NMR spectra of PM in Fig. 8(a) shows chemical
shift at —3.827 ppm which is in good agreement with the reported
value corresponding to a-PMoj; [33,34]. The 3'P NMR spectra of
APM3, Fig. 8(b), show a single peak at —3.90 ppm corresponds to
the weakly interacting intact molybdophosphoricacid species [34].
The absence of any peak at —10.7 ppm and —1.2 ppm confirm the
absence of any partially reduced PM [34,37] as well as lacunary
anion (PM1;039) [37]. No appreciable change in the value of chem-
ical shift indicates that the PM Keggin structure remains intact on
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Fig. 6. XRD of A, PM, APM3, APM33 and APM34.
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Fig. 7. SEM of A (a) and APM3 (b) at a magnification of 100x.
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Fig. 8. Solid-state 3'P (MAS) NMR of (a) PM and (b) APMs.
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Table 2 o ) ) ) confirms the presence of Mo as Mo®*. The study confirms that the
Core electron binding energies for different elements in the supported PM. surface of A1203 is composed of intact heteropolyanion species.
XPS (core level) Energy level B.E. (eV)
Standard Observed 3.2. Catalytic reaction
Al(Al,03) 2p 75.6 75.9 Oxidation of styrene involves the formation of five products:
(e Is 31 e (a) epoxide, (b) diol, (c) benzaldehyde, (d) acetophenone, and (e)
Mo (MoO3) 4ds) 227.7 227.4
Mo (MoOs3) 4ds, 2309 2299 formaldehyde (Scheme 1).

the surface of the support. The observed line broadening for APMj3
may be due to the supporting of PM onto support. The values of
resonance are in good agreement with the values reported earlier
[33-34].

The XPS of APM3 are presented in Fig. 9. The observed and the-
oretical values of binding energy (B.E.) for Al 2p, O 1s and Mo 4d
are presented in Table 2. It is well known that as the Al,03 contains
strong Lewis acidity, it will withdraw some of the charge density
from PM when supported onto alumina. As a result, there is an
increase in B.E. of Al;03. Further, the B.E. of O 1s is shifted to the
higher value and the band becomes broader indicating the pres-
ence of different types of oxygen atoms in the heteropolyanion.
The observed B.E. for Mo 4d is almost same as theoretical value and

To ensure the catalytic activity, the same reaction was carried
out without catalyst. It was found that no oxidation takes place.
The support, A was also used as catalyst for oxidation of styrene
and conversion was found to be zero.

3.2.1. Effect of % loading of PM and temperature

The oxidation of styrene was carried out with H,0, in 1:3 molar
ratio by using 25 mg of fresh catalysts for 48 h at two tempera-
tures, 40 and 80 °C. At 40 °C, the conversion is found to be zero. The
results obtained at 80°C are presented in Fig. 10. Figure shows a
sharp increase in the conversion with increase in the % loading of
PM from 10 to 30% on the support. On increasing the % loading from
20 to 40% the conversion increases. It is seen from Table 1 that the
surface area decreases from APM, to APM4 and hence the catalytic
activity should decrease but the obtained results are controversy.

OH
74 e CHO
O
HPA Catalyst
+ H202 —— + +

Styrene Epoxide Diol Benzaldehyde
COCH,
H
+ + =0
H
Acetophenone Formaldehyde

Scheme 1. Products for oxidation of styrene with H,0,.
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Hence, the catalytic activity cannot be correlated with surface area.
It can be concluded that the present catalytic system is not a sur-
face type heterogeneous catalyst in which the catalytic activity is
directly proportional to surface area but it is a pseudoliquid type
heterogeneous catalyst [38]. So, further detailed study was carried
out at 80 °C over APM3.

3.2.2. Effect of mole ratio of styrene to H,05

The reaction was carried out by varying mole ratio of styrene
to H,0, with 25 mg of the catalyst for 48 h at 80°C. The obtained
results are reported in Table 3. It is seen from Table 3 that with
increase in the concentration of H, O, there is a drastic change in
the % conversion with change in % selectivity of the products. The
increase in % conversion may be due to increase in concentration of
H,0,.The % conversion of styrene is 92% and the product selectivity
for benzaldehyde and styrene epoxide is 52 and 48%, respectively
when mole ratio of styrene to H,05 is 1:3.

3.2.3. Effect of the amount of catalyst

The reaction was carried out with different amount of catalyst
with mole ratio of 1:3 for 48 h at 80°C. The % conversion and %
selectivity is reported in Table 4. It can be seen from Table 4 that
the % conversion is almost constant with increase in amount of cat-
alyst. The effect of amount of the catalyst was studied keeping all
other parameters (temperature, reaction time, mole ratio of sub-
strate: H,0,) constant. Under these conditions, no increase in the
conversion with increase in amount of the catalyst indicates the
attainment of the maximum equilibrium. So the obtained results
are as expected.

3.2.4. Effect of reaction time

Oxidation of styrene with H, O, was carried out by varying reac-
tion time at a mole ratio of 1:3 using 25 mg of the catalyst. The
results are shown in Table 5. It is seen from Table 5 that with

Table 3
% conversion and % selectivity with different molar ratio of styrene to H,0;.

Molar ratio % conversion % selectivity

Table 4
% conversion and % selectivity with different amount of catalyst.

Amount of catalyst (mg) % conversion % selectivity
Benzaldehyde Epoxide

25 92 52 48
50 91 65 35
75 92 52 48
100 90 52 48
125 91 54 46
150 92 53 47

% conversion is based on styrene; time=48h; temperature=80°C; mole ratio of
styrene to H,0,=1:3.

Table 5
% conversion and % selectivity by varying reaction time.

Time (h) % conversion % selectivity
Benzaldehyde Epoxide
12 61 56 46
24 71 69 31
36 74 64 36
48 92 52 48
60 93 52 48

% conversion is based on styrene; amount of catalyst=25 mg; temperature=80°C;
mole ratio of styrene to H,0, =1:3.

increase inreaction time, the % conversion also increases. This is due
to the reason that more time is required for the formation of reac-
tive intermediate (substrate +catalyst) which is finally converted
into the products.

The optimum conditions for 92% conversion of styrene and max-
imum % selectivity towards benzaldehyde and styrene epoxide
results with the mole ratio of styrene to H,0, as 1:3, with 25 mg of
catalyst and 48 h reaction time at 80°C.

3.2.5. Effect of calcination

The % conversion and % selectivity of different products with
calcinated catalysts under optimized conditions are presented in
Table 6. The decrease in % conversion and increase in % selectivity
towards benzaldehye for calcined catalysts may be explained on
the base of Lewis acidity. It is known that on calcinations the Lewis
acidity of alumina increases. An increase in Lewis acidity means
more electrons are available for oxidation, responsible for fast con-
version of benzaldehyde. In oxidation of styrene, epoxide is formed
as an intermediate product which is then converted to benzalde-
hyde. In order to obtain epoxide selectively the reaction must be
slow and controlled one. In case of H,0,, the reaction progresses
towards the formation of benzaldehyde, as the reaction is a fast and
exothermic reaction.

3.3. Recycling and repeated use of catalyst
The amount of catalyst is very small (25 mg). Hence, the recy-

cling of the catalyst was not very efficient. There is difficulty in
collection of the catalyst due to the loss during filtration. But if large

Table 6

Benzaldehyde Epoxide % conversion and % selectivity with calcinated materials in optimized condition.
il=1l 76 53 47 Name of catalyst % conversion % selectivity
1:2 81 65 34 -
13 9 50 8 Benzaldehyde Epoxide
1:4 93 54 46 APM3 92 52 48
1:5 93.2 53 47 APMs33 90 63 37
1:6 96.4 53 47 APM34 81.1 70 30

% conversion is based on styrene; time =48 h; temperature =80 °C; amount of cata-
lyst=25mg.

% conversion is based on styrene; amount of catalyst=25 mg; temperature=80°C;
mole ratio of styrene to H;0, =1:3.
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amount of catalyst is used, the recycling of the catalyst was signif-
icant with almost the same catalytic activity with a 2% decrease in
the % conversion. The distribution for the selectivity of the products
remains the same.

4. Conclusion

TGA-DTA and DSC confirm the stability of catalyst up to 475°C.
FTIR, DRS, NMR and XPS indicate that the Keggin structure of PM
does not get destructed after supporting on the surface of A. XRD
shows that the catalyst is amorphous and PM is uniformly dispersed
on the surface of A.

31pP MAS solid-state NMR and XPS study confirm that PM anion
keeps its Keggin type structure intact when supported onto A.

The reaction is not a typical surface type heterogeneous reaction
but is a pseudoliquid type reaction.

The present contribution reports solvent free liquid phase
styrene oxidation at lower temperature, which is the first report
made ever. The catalyst gives 92% conversion with 52 and 48%
selectivity for benzaldehyde and epoxide, respectively.

The present catalysts is promising cleaner alternative to the tra-
ditional liquid phase oxidation reactions.

Acknowledgement

One of the authors, Mr. Pankaj Sharma, is thankful to UGC, New
Delhi, for the financial support.

References

[1] Y. Ding, B. Ma, Q. Gao, G. Li, L. Yan, ]. Suo, J. Mol. Catal. A: Chem. 230 (2005)
121-128.

[2] G.Peng, Y. Wang, C. Hu, E. Wang, S. Feng, Y. Zhou, H. Ding, Y. Liu, Appl. Catal. A:
Gen. 218 (2001) 91-99.

[3] M.Li,]. Shen, X. Ge, X. Chen, Appl. Catal. A: Gen. 206 (2001) 161-169.

[4] J.H. Yang, D.W. Lee, ]J.H. Lee, ].C. Hyun, K.Y. Lee, Appl. Catal. A: Gen. 195 (2000)
123-127.

[5] Li. W. Lee, K. Oshihara, KW. Ueda, Appl. Catal. A: Gen. 182 (1999) 357-363.

[6] N. Mizuno, M. Tateishi, M. Iwamoto, ]. Catal. 163 (1996) 87-94.

[7] C.Venturello, E. Alneri, M. Ricci, J. Org. Chem. 48 (1983) 3831-3833.

[8] Y. Ishii, K. Yamawaki, T. Yoshida, T. Ura, M. Ogawa, ]. Org. Chem. 52 (1987)
1868-1870.
[9] L. Salles, ]J.-Y. Piquemal, R. Thouvenot, C. Minot, J.-M. Brequeault, J. Mol. Catal.
A: Gen. 117 (1997) 375-387.
[10] AJ. Bailey, W.P. Griffith, B.C. Parkin, ]J. Chem. Soc., Dalton Trans. (1995)
1833-1838.
[11] S. Sakaguchi, S. Watase, Y. Katayama, Y. Sakata, Y. Nishiyama, Y. Ishii, ]J. Org.
Chem. 59 (1994) 5681-5686.
[12] Y. Ishii, Y. Sakata, J. Org. Chem. 55 (1990) 5545-5547.
[13] T. Oquchi, Y. Sakata, K.N.K. Takeuchi, Y. Ishii, M. Ogawa, Chem. Lett. (1989)

2053-2056.
[14] Y. Ishii, T. Yoshida, K. Yamawaki, M. Ogawa, J. Org. Chem. 53 (1988) 5549-
5552.

[15] C.Venturello, R.D. Aloisio, J. Org. Chem. 53 (1988) 1553-1557.

[16] A.W. Stobbe-Kreemers, G. Van der Lans, M. Makkee, ].J.F. Scholten, J. Catal. 154
(1995) 187-193.

[17] M. Hamamoto, K. Nakayama, Y. Nishiyama, Y. Ishii, ]. Org. Chem. 58 (1993)
6421-6425.

[18] M. Misono, J. Catal. 131 (1991) 133-142.

[19] R. Neumann, M. Lissel, ]. Org. Chem. 54 (1989) 4607-4610.

[20] C.L. Hill, R.B. Brown Jr., J. Am. Chem. Soc. 108 (1986) 536-538.

[21] X.-K. Li, J. Zhao, W.-]. Ji, Z.-B. Zhang, Y. Chen, C.-T. Au, S. Han, H. Hibst, J. Catal.
237 (2006) 58-66.

[22] R. Neumann, M. Gara, ]. Am. Chem. Soc. 117 (1995) 5066-5074.

[23] D.E. Katsoulis, M.T. Pope, J. Chem. Soc., Dalton Trans. (1989) 1483-1490.

[24] ].M. Tatibouet, M. Che, M. Amirouche, M. Fournier, C. Rocchiccioli-Deltcheff, J.
Chem. Soc., Chem. Commun. (1988), 1260-1260.

[25] M. Faraj, C.L. Hill, J. Chem. Soc., Chem. Commun. (1987) 1487-1488.

[26] S.S.Lim, Ik. G. Park, In. K. Song, W.Y. Lee, ]. Mol. Catal. A: Chem. 182-183 (2002)
175-183.

[27] L.M. Gomez Sainero, S. Damyanova, J.L.G. Fierro, Appl. Catal. A: Gen. 208 (2001)
63-75.

[28] A. Molinari, R. Amadelli, L. Andreotti, A. Maldotti, ]. Chem. Soc., Dalton Trans.
(1999) 1203-1204.

[29] R. Neumann, H. Miller, J. Chem. Soc., Chem. Commun. (1995) 2277-2278.

[30] C. Rocchiccioli-Deltcheff, M. Amirouche, M. Fournier, J. Catal. 138 (1992)
445-446.

[31] G.D.Yadav, V.V. Bokade, Appl. Catal. A: Gen. 147 (1996) 299-323.

[32] C. Rocchiccioli-Deltcheff, A. Aouissi, M.M. Bettahar, S. Launay, M. Fournier, J.
Catal. 164 (1996) 16.

[33] T. Okuhara, N. Mizuno, M. Misono, Adv. Catal. 41 (1996) 113-251.

[34] M.T. Pope, Heteropoly and Isopoly Oxometalates, first ed., Springer-Verlag,
Berlin/Heidelberg/New York/Tokyo, 1983.

[35] M.T. Pope, A. Muller (Eds.), Polyoxometalate Chemistry from Topology via Self-
assembly to Applications, Kluwer Academic Publishers, The Netherlands, 2001,
pp. 101-116.

[36] G.M. Varga, E. Papaconstantious, M.T. Pope, Inorg. Chem. 9 (1970) 667.

[37] P.Vazquez, M. Blanco, C. Caceres, Catal. Lett. 60 (1999) 205.

[38] N.Bhatt, A. Patel, J. Mol. Catal. A: Chem. 264 (2007) 214.



	Supported 12-molybdophosphoricacid: Characterization and non-solvent liquid phase oxidation of styrene
	Introduction
	Experimental
	Materials
	Synthesis of the catalyst (H3PMo12O40·nH2O supported onto neutral alumina)
	Characterization
	Catalytic reaction

	Results and discussion
	Characterization
	Catalytic reaction
	Effect of % loading of PM and temperature
	Effect of mole ratio of styrene to H2O2
	Effect of the amount of catalyst
	Effect of reaction time
	Effect of calcination

	Recycling and repeated use of catalyst

	Conclusion
	Acknowledgement
	References


