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a b s t r a c t

A Keggin type polyoxometalate (POM) has been immobilized in the unique network structure of multi-
wall carbon nanotubes (CNTs). The vanadium-containing polyphosphomolybdate (PVMo) supported on
CNTs, which was prepared by a one-step solid-state reaction, was characterized by FT-IR, XRD, SEM
and elemental analyses. These uniform nanoparticles have an average size 20–30 nm. Furthermore,
due to the chemical interaction between PVMo and carboxylic acid groups, PVMo nanoparticles were suc-
cessfully immobilized on the CNTs. Moreover, the obtained composite was found as an efficient catalyst
for oxidation of hydrocarbons under reflux and ultrasonic irradiation (US) conditions.

� 2009 Elsevier B.V. All rights reserved.

1. Introduction

Nanosystems, with characteristic lengths (1–100 nm), have be-
come one of the most attractive subjects in materials science,
chemistry, physics and biology. Therefore, the exploration of new
nanostructure materials for various applications is still the first
and one of the most significant challenges in nano science [2]. In
the last decade, carbon nanotubes (CNTs) have attracted wide
interest because of their unique physical properties and many po-
tential applications such as one dimension quantum wires, optical
switches, nano-transistors and other essential electronic compo-
nents [1].

Polyoxometalates (POM) can also be practically used as solid
catalysts if they could be physically immobilized on solid sup-
ports. Recently, Müller et al. have reported the synthesis of many
POMs with nanometer size, including novel kinks, of large rings
and wheel-shaped systems with 176 or even more Mo atoms
[3]. In another work, the growing process of [(NH4)3PW12O40]
nanoparticles has been reported [4]. Due to the unique properties
of POMs, the preparation of POMs nanocrystals and nano/micro-
systems is of great interest [5]. Kang and co-workers reported

the immobilization of POMs on carbon nanotube by direct syn-
thesis of these molecules in the CNTs [6].

In this work, the chemical modification of CNTs by PVMo nano-
particles is reported. Based on the novel properties of both PVMo
and CNTs, such structures may find a wide field of applications
[6]. Recently, various efficient catalytic systems have been reported
for epoxidation of alkenes with H2O2 using homogeneous or heter-
ogeneous polyoxometalates as catalyst [7–12]. However, an impor-
tant disadvantage associated with heterogeneous catalytic systems
is their lower catalytic activity in comparison with homogeneous
counterparts. In most cases the use of ultrasonic (US) wave (sonoc-
atalysis) is recommended for solving this problem.

In general US has chemical and mechanical effects. The chemi-
cal effects of ultrasound do not derive from a direct coupling of the
acoustic field with chemical species on a molecular level. Instead,
sonochemistry and sonoluminescence derive principally from
acoustic cavitation: the formation, growth and implosive collapse
of bubbles in liquids irradiated with high-intensity ultrasound.
Bubble collapse during cavitation serves as an effective means of
concentrating the diffuse energy of sound: compression of a gas
generates heat. When the compression of bubbles occurs during
cavitation, heating is more rapid than thermal transport, creating
a short lived localized hot spot. There is a nearly universal consen-
sus that this hot spot is the source of homogeneous sonochemistry
[13,14].
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The most successful applications of ultrasound have been found
in the field of heterogeneous chemistry involving solids and met-
als. This is due to the mechanical impact of ultrasound on solid sur-
faces. In conventional chemistry there are several problems
associated with reactions involving solids or metals: small surface
area of the solid/metal may limit reactivity, penetration of reac-
tants into deeper areas is not possible, oxide layers or impurities
can cover the surface, reactants/products have to diffuse onto
and from the surface and reaction products can act as deposit on
the surface and prevent further reactions.

The mechanical effects of ultrasound offer an opportunity to
overcome the following types of problem associated with conven-
tional solid/metal reactions: break up of the surface structure al-
lows penetration of reactants and/or release of materials from
surface, degradation of large solid particles due to shear forces in-
duced by shock waves and microstreaming leads to reduction of
particle size and increase of surface area and accelerated motion
of suspended particles leads to better mass transfer [15].

Recently, we reported the sonocatalytic oxidation of organic
compounds catalyzed by vanadium-containing polyphosphomo-
lybdate supported on MCM-41 and TiO2 nanoparticles [7,8]. In this
paper, we wish to report the sonocatalytic oxidation of alkenes
with H2O2 catalyzed by Na5PV2Mo10O40 (PVMo) supported on mul-
ti-wall carbon nanotubes (CNTs). The effect of US irradiation on the
catalytic activity of this catalyst was also investigated (Scheme 1).

2. Experimental

All chemicals were of analytical grade and were used without
further purification. Elemental analysis was performed on a Per-
kin–Elmer 2400 instrument. Atomic absorption analysis was car-
ried out on a Shimadzu 120 spectrophotometer. Diffuse
reflectance spectra were recorded on a Shimadzu UV-265 instru-
ment using optical grade BaSO4 as reference. FT-IR spectra were

obtained as potassium bromide pellets in the range 400–
4000 cm�1 with Nicolet-Impact 400D instrument. Scanning elec-
tron micrographs of the catalyst and support were taken on SEM
Philips XL 30. Powder X-ray diffraction data were obtained on a
D8 Advanced Bruker using Cu Ka radiation (2h = 5–70�). Gas chro-
matography experiments (GC) were performed on a Shimadzu GC-
16A instrument using a 2 m column packed with silicon DC-200 or
Carbowax 20 m. 1H NMR spectra were recorded on a Bruker-Ara-
nce AQS 300 MHz. Conversions and yields were obtained by GC
experiments and the products were identified after isolation and
purification.

The Na5[PV2Mo10O40]�14H2O salt was prepared as described in
the literature [16].

2.1. Preparation and characterization of PVMo–CNTs composite

The unmodified carbon nanotubes (multi-wall carbon nano-
tubes with diameters between 20 and 30 nm) were purchased
from Shenzen NTP Factory and modified. Multi-wall carbon nano-
tubes containing carboxylic acid groups were the predominant
groups expected to be acquired [17]. Subsequently, the CNTs were
dispersed in N,N-dimethylformamine (DMF), yielding a black–
brown suspension.

The typical preparation of PVMo/CNTs nanoparticles is as fol-
lows: PVMo (0.1 g) and CNTs (0.4 g) were put into an agate mortar
and the surfactant Triton-X-100 (0.5 ml) was added drop-wise to
the mixture. The mixture was thoroughly ground for 20 min,
washed in a supersonic washing machine using absolute alcohol
as dispersant, and centrifuged. The washing and centrifugalizing
processes were repeated five times. The wet nanoparticles of
PVMo–CNTs obtained and were dried in vacuum drying oven for
5 h (60–80 �C).

2.2. General procedure for oxidation reactions with H2O2 under reflux
conditions

Reactions were carried out in a 50 ml thermostated glass reac-
tor equipped with a magnetic stirrer. In a typical experiment, the
reaction vessel was loaded with the supported catalysts (30 mg,
containing 2.86 lmol of PVMo), alkene or alkane (0.8 mmol) in
acetonitrile (5 ml). H2O2 (1 ml, 30%) was added and the mixture
was refluxed. The progress of the reaction was monitored by GC.
At the end of the reaction, the mixture was diluted with Et2O
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Scheme 1.

Fig. 1. XRD patterns of (A) CNTs and (B) PVMo–CNTs composite.
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