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The catalytic performance of supported heteropolyacids in various liquid–solid and gas–solid heterogeneous re-
actions may be affected by the choice of support and/or the method of heteropolyacid deposition. Vanadium substi-
tuted polyphosphomolybdate with the Keggin structure H4[PVMo11O40]·13H2O (PVMo) was dispersed throughout
acid activated bentonite (clay from Hammam Boughrara, Maghnia, Algeria). A series of catalysts were prepared
via modified impregnation. Modified preparation method employed ultrasonication as a means of the dispersion
homogenization, followed by freeze-drying. The catalysts were characterized by the Brunauer–Emmett–Teller, the
Fourier transform infrared, and 31P solid-state magic angle spinning-NMR spectroscopy. The catalytic performance
of PVMo/Hmont was evaluated in the oxidation of cyclohexene. Intact Keggin anions were preserved on Hmont
after deposition aided by ultrasonication. The obtained results showed that a better catalytic activity can be ob-
tained with PVMo/bentonite (98% of conversion and 89% of cyclohexene oxide), by drop addition of H2O2, for 3 h.
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1. Introduction

Cyclohexene oxidation has been the subject of exten-
sive studies as the products obtained are important syn-
thetic intermediates for the production of fine chemicals
and can also be utilized in polyether polymers synthe-
sis. However, cyclohexene (CyH) oxidation to cyclohex-
ene oxide followed by epoxide ring opening and subse-
quent oxidation of trans-cyclohexane-1,2-diol rates as a
possible route to adipic acid [1–3].

Thus the heterogeneous oxidation of cyclohexene in the
presence of hydroperoxides has much more advantages in
the field of synthetic chemistry [4]. The development
of green practical procedures for the oxidation of six-
carbon feedstock is highly desirable — particularly for
the medium and large-scale synthesis of various interme-
diates and fine chemicals [5].

Heteropolyacids with the Keggin-type structure have
been extensively studied for the use as acid and redox
catalysts. They have been examined in bulk or sup-
ported forms in both homogeneous and heterogeneous re-
actions. Supporting the heteropolyacids on porous solids
with high specific surface area may improve their cat-
alytic performance in various liquid–solid and gas–solid
heterogeneous reactions. A lot of studies have been pub-
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lished on the immobilization of heteropolyacids on vari-
ous supports including silica, alumina, titania, and zeo-
lites [6–10]. Among them, clay minerals have been also
explored as the supports for heteropolyacids. Montmo-
rillonite is one of the most intensively explored catalytic
materials in heterogeneous catalysis due to its low cost
and eco-friendliness. Also, it possesses some unique prop-
erties like cation exchange capacity and swelling ability,
thereby accommodating various guest species in its in-
terlayers. Bentonite is a clay mineral, which is mainly
composed of montmorillonite with chemical composition
of SiO2, Al2O3, CaO, MgO, Fe2O3, Na2O and K2O. It
is a 2:1 aluminosilicate, the unit layer structure of which
consists of one Al3+ octahedral sheet between two Si4+
tetrahedral sheets [11]. Montmorillonite was also used in
different fields [12–15].

In this perspective, a series of the catalysts contain-
ing Keggin-type heteropolyacids 11-molybdo-vanado-
phosphoric acid H4[PVMo11O40].13H2O (PVMo) were
prepared according to a new modified impregnation
method. Montmorillonite derived from Hammam
Boughrara, Maghnia, Algeria and treated by HCl acid ac-
tivation were used as supports for PVMo. The oxidation
of cyclohexene, using hydrogen peroxide as an oxidant
was selected to evaluate their catalytic performance.

2. Experimental
2.1. Catalysts preparation

The synthesis of vanadium substituted polyphospho-
molybdate with Keggin structure (PVMo) and acid acti-
vated clay (Hmont) is reported in the literature [3].

Modified impregnation involved the preparation of
dispersion by mixing 1 g of montmorillonite powder
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(Hmont) with 150 cm3 of distilled water and stirring
the obtained dispersion for 30 min using a magnetic stir-
rer. Then, the mixture was ultrasonically agitated for
100 min. Ultrasonic treatment was performed with a
POLSONIC ultrasonic bath Sonic 2 (100 W, 40 kHz).
Next, an appropriate amount of PVMo powder was
added to this dispersion. The resulting slurry was mixed
for 30 min and then ultrasonically agitated for 20 min.
The final product was dried after immersion in liquid
nitrogen in a CHRIST freeze dryer Alpha 1–4/LD (at –
70 ◦C, in a vacuum 4 × 10−3 Torr). Dried sample was
ground using an agate mortar.

2.2. Characterization
Nitrogen sorption analysis was carried out at –196 ◦C

using Quantachrome Instruments (Nova 1000e). Prior to
analysis, the samples were degassed at 150 ◦C for 3 h.
Specific surface area (SBET ) was calculated using the
Brunauer–Emmett–Teller (BET) method based on ad-
sorption data in the partial pressure of 0.1 < p/p0 < 0.35.
Total pore volume (Vtot) and average pore diameter (Φ)
were determined by the amount of nitrogen adsorbed at
p/p0 = 0.99.

The Fourier transform infrared (FTIR) spectra were
recorded by an Agilent Technologies Cary 600 series
FTIR spectrometer using an attenuated reflection acces-
sory (ATR), under atmospheric conditions. The FTIR
spectra were obtained in the range of 400–4000 cm−1,
and all spectra were collected at room temperature with
a resolution of 4 cm−1.

2.3. Oxidation of cyclohexene
Catalytic cyclohexene oxidation was performed in a

round bottom flask, under magnetic stirring. Unless oth-
erwise specified, all oxidation reactions were carried out
at atmospheric pressure under reflux with 30 mmol of cy-
clohexene, H2O2 (30 mmol) was used as oxidant, 10 ml of
acetonitrile as solvent, 1 ml of 1,2-dimethoxyethane as in-
ternal standard for product quantification, and 25 mg of
catalyst. The reaction mixture was stirred at 70 ◦C. The
catalytic reactions were monitored using gas chromatog-
raphy (Agilent Technologies 6500 GC System) equipped
with a Agile HP-FFAP (30 m × 0.25 mm × 0.25 m) col-
umn; a flame ionization detector (FID) was also used.

3. Results and discussions
3.1. Catalysts characterization

The surface area and pore volume of HMont and PVMo
loaded HMont were measured. It appeared that, in gen-
eral, the surface area and pore volume of HMont de-
creased considerably upon loading with PVMo. The re-
sults of a typical example, i.e. PVMo/HMont catalysts,
are given in Table I. The surface area (195 m2/g) and the
total pore volume of HMont decreased as the amount of
PVMo loading increased. Thus, for 20% PVMo loading,
the surface area fell to 141 m2/g and the total pore vol-
ume to 0.17 cm3/g only. The high surface area of acid
activated clay was due to the removal of aluminum from
the octahedral sites in the clay sheet. The reduction in

surface area and pore volume upon PVMo loading might
be due to the blockage of pores by PVMo molecules.

The complete adsorption–desorption isotherms of cal-
cined samples, are presented in Fig. 1A. All the curves
are nearly similar and can be included in type IV in
the IUPAC classification. The pore size distribution, de-
termined from the desorption branch of the N2 adsorp-
tion isotherm using the Barrett–Joyner– Halenda (BJH)
method (Fig. 2), shows that the average pore sizes of
different weight percents of PVMo on HMont are in the
microporous region.

TABLE ITextural properties of various samples

SBET Vtot Dp(moy)

[m2/g] [cm3/g] [Å]
Hmont 101 1.22 18.94

10 % PVMo/Hmont 49 0.77 18.87
20 % PVMo/Hmont 51 0.87 18.89
30 % PVMo/Hmont 54 0.80 18.85
40 % PVMo/Hmont 23 0.36 18.99
SBET — surface area. Vtot — total pore volume. Dp(moy)

— average pore diameter.

Fig. 1. N2 adsorption-desorption isotherms of cata-
lysts.

Fig. 2. Pore size distribution curves of catalysts.

The IR spectra for bulk PVMo (Fig. 3) shown at 1054,
954, 878, 752, and 541 cm−1 can be attributed to the
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stretching vibrations of υas (P-Oa), υas (Mo-Od), υas
(Mo-Ob – Mo), υas (Mo-Oc – Mo) et and υ (P-O) vi-
brations, respectively. In a Keggin-type unit, Oa refers
to the oxygen atom common to PO4 tetrahedron and
one trimetallic group Mo3O13, Ob connects two trimetal-
lic groups, Oc binds two octahedral MoO6 units in-
side a trimetallic group and Od is the terminal oxygen
atom [16, 17]. On Hmont supported catalysts (Fig. 4),
some of the characteristic Keggin bands are seen at 982
and 893 cm−1 and other bands are exhibited as in case of
Hmont clay. The spectra show a band around 3600 cm−1

for all the samples, which is due to asymmetric stretching
of OH group. The adsorption band at 1620–1640 cm−1

is due to H–O–H bending vibration in water. A decrease
in the intensities of these bands was noted as the loading
increased.

Fig. 3. FTIR analysis of PVMo and Hmont.

Fig. 4. FTIR analysis of catalysts.

The solid state 31P (MAS) NMR of PVMo is shown in
Fig. 5. The 31P chemical shift provides important infor-
mation about the structure. composition and electronic
states of these materials. The 31P NMR spectra of PVMo
(Fig. 5) show a chemical shift at 3.884 ppm. this is in
good agreement with the reported one [8].

3.2. Cyclohexene oxidation

Cyclohexene oxidation with H2O2 30% was chosen as
a model reaction to compare the behaviours of different
catalysts. This reaction is widely used as a road for the

Fig. 5. 31P NMR spectra in D2O (room temperature)
of PVMo.

production of the adipic acid. which is a key intermediary
for the synthesis of nylon 6,6. Generally, the cyclohexene
oxidation reaction leads mainly to the formation of cy-
clohexene oxide (epoxide) and cyclohexane diols (diol),
besides cyclohexenol (Enol), cyclohexenone (Enone), cy-
clohexanol (Ol) and cyclohexanone (One) (Fig. 6). To
estimate the activity of our catalysts PVMo/Hmont. we
synthesized according to the % in active phase. four cat-
alysts results of which obtained according to the analysis
chromatography are recapitulated in Table II.

TABLE II
Activity of various catalysts with given PVMo content
towards the oxidation of cyclohexene. All data in [%].

PVMo Conv. Sel.
epoxide C6-diol C6-ol C6enol C6-enone C6-one

10 77.4 94.3 – 1.9 – 3.8 –
20 84.2 82.8 – 3.1 – – 14.1
30 98.8 64.8 – – – 32.8 3.4
40 97.9 88.6 – 2.5 2.5 6.4 –

According to the results the reaction was selective
to cyclohexene oxide (epoxide) and the conversion in-
creases with the increase of the active phase. Monomeric,
dimeric, and tetrameric peroxo species are generated by
the reaction of polyoxometalates with hydrogen perox-
ide, and the peroxo species are supposed to be the active
species for epoxidation of olefins within a POM/H2O2

system [18–20]. Best yields and selectivity are reached
with 40% PVMo/Hmont (conversion 98% and 89% of
cyclohexene epoxide).

Fig. 6. Cyclohexene oxidation reaction products.
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4. Conclusion

Four catalysts of various percentages were synthesized
(10%, 20%, 30% and 40% PVMo/Hmont). The IR anal-
ysis showed that the Keggin structure was protected af-
ter impregnation on the acid activated clay according to
the appearance of the characteristic bands of vibration
of the Keggin anion [PM12O40]3− (M=V). The prepared
catalysts show a good activity in cyclohexene epoxida-
tion with a conversion of cyclohexene 98% and a selec-
tivity of 89% of cyclohexene epoxide. The increase of the
conversion at the same time with the increase of the per-
centage in active phase expresses the contribution of the
vanadophosphomolybdic acid (PVMo).
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