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Abstract:  An ecofriendly heterogeneous polyoxometalate (POM)-gold catalyst Au/BW,;/Al,0; was synthesized and used for
solvent-free epoxidation of cyclooctene under mild reaction conditions using molecular oxygen as an oxidant and t-butyl hy-
droperoxide (TBHP) as an initiator. The catalyst was characterized by Fourier transform infrared spectroscopy (FT-IR), scanning
electron microscopy (SEM), energy dispersive X-ray analysis (EDX), X-ray diffraction (XRD), induced coupled plasma optical
emission spectrometry (ICP-OES), and Brunauer-Emmett-Teller (BET). The catalyst showed good conversion and high selectivity
without use of solvents or environmentally harmful oxidants. Moreover, the catalyst is recyclable up to three cycles with no

significant loss in selectivity towards epoxide.

Key words: Nano gold, Polyoxometalates (POMs), POM-gold catalyst, Cyclooctene epoxidation, Molecular oxygen

http://dx.doi.org/10.1631/jzus.A1500332

1 Introduction

From synthetic organic chemistry and chemical
industry perspectives, the epoxidation of olefins
including cyclooctene requires no acknowledgment
since epoxides are essential raw materials for epoxy
resins, paints, and surfactants (Zhao et al., 2008).
They are hard to replace as intermediates in many
organic syntheses (Mizuno et al, 2005) as the
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nucleophilic ring-opening contributes to a diversity of
functional products ranging from small molecules
(Jacobsen et al., 1999; Pastor and Yus, 2005) to large
polymers and oligomers (Matlock et al, 1999;
Petrovic, 2008; Endo and Sudo, 2009).

However, olefin epoxidation has always been a
great challenge in many domains (Bawaked et al.,
2011a). Firstly, a variety of oxidants has been en-
gaged for the catalytic liquid-phase oxidation pro-
cesses, and some of them lead to toxic and environ-
mentally unacceptable by-products. The principal
features that make an oxidant appealing are the per-
centage of active oxygen and the selectivity which
comes with it, as well as cost effectiveness and en-
vironmental safety. The active oxygen contents of
many oxidants are modest (approx. 30%) (Mizuno
and Kamata, 2011). In terms of availability, molecu-
lar oxygen and H,0,, with low price, ease of
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handling, absence of toxic waste, and high content of
active oxygen species (Oy: 100%; H,O,: 47%), are the
most reasonable oxidants (Sheldon, 1991). Moreover,
the concept of “green chemistry” has been affiliated
to this sort of catalytic oxidation, which makes use of
molecular oxygen straight from the air (Du et al.,
2011; Wang et al., 2012; Tang et al., 2013).

Unfortunately, molecular oxygen is quite unre-
active toward olefin epoxidation with the catalysts
reported (Huber et al., 2014) under relatively mild
conditions (Villanneau et al., 2014). Consequently,
high temperatures are needed, which cause a chance
of complete oxidation of the olefins to CO, or other
by-products, and hence little success has been ac-
complished for the selective epoxidation of olefins
with O, in the liquid phase (Tang et al., 2004) because
of possible catalyst deactivation and difficulty in C—-H
bond/O; activation.

Secondly, the design and preparation of a highly
active catalyst is a key point in olefin epoxidation.
Cyclooctene epoxidation is a probe in search of an
active catalyst for olefin epoxidation. Various types
of catalysts have been employed for this purpose such
as framework substituted zeolites (van der Waal et al.,
1998; Wu et al., 2001), layered hydrotalcites (Ueno et
al., 1998), mixed oxides (Gan et al., 2005; Somma et
al., 2006), porous material encapsulated metal com-
plexes like Mn(salen)/NaY (Wang et al., 2002), sup-
ported porphyrins (Brulé¢ and de Miguel, 2006), and
base catalysts like Mg, Al-layered double hydroxide
(LDH), and [CO;]*" (Yamaguchi ez al., 1999). Poly-
oxometalates (POMs) have acquired considerable
attention during the last couple of decades, since they
stand as a significant family of inorganic materials
offering a variety of composition with unique proper-
ties and structures for potential applications in nu-
merous fields like materials science, catalysis, biolo-
gy, and medicine (Pope and Miiller, 2001; Coronado et
al., 2005; Yamase, 2005; Proust et al., 2008; Wang et
al., 2010; Cronin and Muller, 2012). Many kinds of
POMs have been employed for olefin epoxidation
recently such as Y4[PMo;VOy] and Y4K[PW;oV,04]
(Nomiya et al., 2001), Ks[SiW;;039] (Moghadam et
al., 2010), PWy; (Shringarpure and Patel, 2011), and
PMo,; (Pathan and Patel, 2011).

POMs comprise a large class of metal-oxygen
anions including group V and VI transition metals
(Pope, 1983). Transition metal ions generally involved
in forming the molecular structural framework of

POMs are W (VI), Mo (VI), V (V), Nb (V), Ta (V),
and Ti (IV) (Gémez-Romero et al., 2005). These ions
or their local MO, coordination polyhedra are called
addenda ions, generally containing MOg octahedra, but
MOs and MO, elements are rarely found. The Keggin
heteropolyanions of formula [X""M;,04]%™" are
widely studied, where M=W (VI) or Mo (V1). The
heteroatom, X', can be one of the p block elements
(Hill and Prosser-McCartha, 1995). Specifically,
POMSs have done marvels in catalysis, owing to their
inherent acidity, tunable oxidation states, ability to
activate many oxidants, and oxidative stability (Pope
and Miiller, 2001). POMs are regarded as soluble
analogues of metal oxides and employed in acid and
oxidative catalysis, and equally in homogeneous and
heterogeneous catalysis (Hill and Prosser-McCartha,
1995; Kozhevnikov, 1998; Backvall, 2004; Hill, 2007;
Mizuno et al., 2011; Streb, 2012). In recent years,
tungsten-based POMs have received increasing in-
terest in selective oxidation of organic compounds
with hydrogen peroxide (Reinoso ef al., 2007; Liu et
al., 2008).

In addition to the above catalytic properties of
POMs, their scope as carriers for nanoparticles (NPs)
has also been discussed (Maayan and Neumann,
2005). The high anionic charge helps to increase the
stability of the catalyst and prevents sintering of the
NPs (Troupis et al., 2002; Sharet et al., 2012). The
role of POMs in the preparation and stabilization of
nanoscale materials such as nano gold is a new
development in this field (Jameel et al., 2016). Sup-
ported nano gold catalysts have also been success-
fully used for epoxidation of cyclic olefins including
cyclooctene (Hughes et al., 2005; Alvaro et al., 2007,
Bawaked et al., 2009; 2011a; 2011b). One such
catalyst has been reported using molecular oxygen as
a green oxidant (Cai et al., 2010). Oxidation by nano
gold catalysts is important in supporting green
processes using stable, selective, and non-toxic
heterogeneous catalysts, also using ecofriendly
oxidants such as pure O, (Pina et al., 2012).

Earlier our group used Au/Al,O3 catalyst for the
oxidation of cyclohexane using oxygen in the absence
of any solvent and initiator. The Al,O; support
stabilized Au NPs after calcination at 500 °C for 3 h
(Xu et al., 2007). Hereijgers and Weckhuysen (2010)
compared the aerobic oxidation of cyclohexane to
cyclohexanone and cyclohexanol over Au catalysts
(Au/AlL, O3, Au/TiO,, and Au/SBA-15) with the



1002 Jameel et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2016 17(12):1000-1012

industrial autoxidation process. No conversion was
observed in the absence of nano gold and a small
amount of t-butyl hydroperoxide (TBHP) was sub-
stantive to initiate the reaction, suggesting a complex
radical chain mechanism. Supported metal nanopar-
ticles and gold catalysts in particular have been found
effective in catalyzing the epoxidation of cycloal-
kenes (Dimitratos et al., 2012). Therefore, the
characteristics of POMs urge the researchers to em-
ploy them in the synthesis of metal NPs using simple,
efficient, and ambient temperature techniques (Tri-
antis et al., 2009).

Thirdly, organic solvents are used for olefin
epoxidation (Tolstikov, 1976; Timofeeva et al.,
2003). They improve the conversion and selectivity of
the reaction by playing a complex role according to
the polarity and solubility of the reactants as well as
the products. A solvent imparts diffusion and counter-
diffusion effects interacting with the active center of
the catalyst.

In this study, to gain the advantage of the cata-
Iytic properties of POMs and nano gold together in
search of an active catalyst towards molecular oxygen
and cyclooctene activation, we present a new nano
gold-POM catalyst supported on the surface of
v-AlLO; (AwBW,,/AL,05). To our knowledge, no
study has been reported on a supported Keggin-type
tungstoborate Kg[BW,,030H]-nH,0 (BW). There is
one report regarding unsupported BWy; for the oxi-
dation of alcohols (Zhao et al., 2010) and another for
cyclohexene epoxidation by our research group (Hu
et al., 2015). We extend our research and use this
POM-gold hybrid catalyst for solvent-free epoxida-
tion of cyclooctene using molecular oxygen as an
oxidant and TBHP as an initiator. The effect of vari-
ous reaction parameters, such as reaction time, tem-
perature, amount of catalyst, and recyclability of the
catalyst on the conversion and products selectivity, is
investigated. The possible mechanism of molecular
oxygen activation on the surface of catalyst is also
discussed.

2 Experimental
2.1 Catalyst preparation
2.1.1 Reagents

All reagents were commercially available analyt-
ical grade and were used without further purification.

2.1.2 Synthesis of BW;

BW,, was prepared according to the procedure
in the literature (Téz¢ et al., 1997; Maksimovskaya
and Maksimov, 2011). Sodium tungstate (100 g) and
boric acid (6.66 g) were dissolved in boiling water
(170 ml). To this solution, a 6 mol/L hydrochloric acid
solution (approx. 64 ml) was added drop-wise with
vigorous stirring in order to dissolve the local pre-
cipitate of tungstic acid until the pH was 6. After-
wards the solution was boiled for 1 h and kept at 4 °C
for 24 h. The resulting precipitate was separated by
suction filtration. To the clear solution separated, KCI
(approx. 33 g) was added. The desired BW; salt was
precipitated and removed from the solution by suction
filtration. It was dissolved in 335 ml of lukewarm
water. After eliminating the insoluble part, the BW,
salt was again precipitated by the addition of KCl
(approx. 33 g). The BW/; salt was filtered and dried in
an oven at 120 °C for 5 h prior to use in the catalyst
synthesis procedure.

2.1.3 Synthesis of Au/Al,O5

Au/AlL,O3 was synthesized using the following
standard deposition precipitation method. A solution
of HAuCl,-3H,0 (5 ml, 1 g in 100 ml distilled water)
was diluted in water. The solution was added, with
continuous stirring, to a slurry of y-Al,Os support in
water (5 g in 50 ml water). The mixture was stirred for
1 h at 30 °C, maintaining the pH at 10. The mixture
was heated to 70 °C and formaldehyde was added as a
reducing agent. The solid formed was separated by
filtration and washed with water many times to make
it chloride free, then dried at 110 °C for 16 h. It was
denoted as Au/Al,O3.

2.1.4 Synthesis of Au/BW;1/Al,03

The wet impregnation method was used to pre-
pare the catalyst Au/BW;;/Al,03 by adding Au/Al,04
(1 g) and BWy; (0.2 g) into 30 ml of conductivity
water and stirring for 36 h at 30 °C. The resulting
solid was dried at 100 °C for 10 h. The final product
obtained was named as Au/BW;,/Al,0O3 catalyst
containing 1% Au by weight. The catalyst was cal-
cinated at 500 °C for 3 h prior to the catalytic reaction.

2.2 Catalyst characterization

The Fourier transform infrared spectroscopy
(FT-IR) spectrum of the catalyst was acquired using
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the KBr wafer on a Tensor 27 Bruker instrument
(Germany). The scanning electron micrographs were
taken on a Zeiss ULTRA 55 Gemini field emission
scanning microscope (Germany) with a Schottky
emitter at an accelerating voltage of 3 kV. The struc-
ture of the catalyst was studied by X-ray diffraction
(XRD). A D/max-RA instrument with CuKo radiation
with a beam voltage of 40 kV and a beam current of
40 mA was used to collect the X-ray data. The
chemical composition of the synthesized catalysts
was determined by an energy dispersive X-ray anal-
ysis (EDX) on a Philips Oxford 7426 EDX spec-
trometer (the Netherlands) and by induced coupled
plasma optical emission spectrometry (ICP-OES) on
a Leeman Prodigy instrument (USA). The adsorption-
desorption isotherm was obtained by the Brunauer-
Emmett-Teller (BET) method using an Autosorb-1-C
instrument.

2.3 Catalytic testing

In a typical oxidation reaction, 5 ml cyclooctene
and 0.15 g of the catalyst were placed into a polytet-
rafluoroethylene (PTFE)-lined autoclave (the capac-
ity is 20 ml) with TBHP as a reaction initiator. The
reactor was heated to the desired reaction temperature
in an oil bath under oxygen pressure using a magnetic
stirrer. The reactor was allowed to cool to room
temperature after the reaction, and the product ob-
tained was subjected to centrifugation in order to
separate catalyst from the liquid phase. The solid
catalyst was washed by acetone and dried at 120 °C
for 5 h. The liquid samples were subjected to analysis
by gas chromatography (GC) with an SE-54 capillary
column (30 mx0.32 mmx0.5 pm) and a flame ioni-
zation detector (FID). N-hexane was used as an in-
ternal standard for product analysis.

3 Results and discussion
3.1 Catalytic properties

The polyhedral model of BW;; is shown in
Fig. 1. The energy dispersive spectroscopy (EDS)
analysis and ICP-OES were performed to determine
the elemental composition of BWy;. The results are
close to the theoretical values: theoretical values are
9.6 for K, 63 for W, and 0.34 for B; practical values
are 9.15 for K, 66.6 for W, and 0.26 for B. The scan-
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ning electron microscopy (SEM) images of Au/BW,,/
Al,O; and BW,; are shown in Fig. 2. Fig. 2a shows
the spherical morphology of the support after disper-
sion of BW;; and gold nanoparticles and different
particle sizes can be observed ranging in nanometers.
Fig. 2b reveals the crystalline nature of BW;; showing
a smooth surface. The smooth surface implies that the
growth of crystal takes place by either birth and
spread, or spiral growth. At a low supersaturation, the
interface is smooth, and spiral growth is observed.
After reaching a critical supersaturation for 2D nu-
cleation, birth and spread dominate the growth. In
these two domains, crystals are bound by crystallo-
graphically flat faces with polyhedral morphologies.

Fig. 1 Polyhedral model of [BWHO”H]S_
B atom in center with W atoms around with attached
{W,0,H;} fragment (in the ball-and-stick model: white cir-
cles, oxygen; black circles, tungsten; gray circles, protons).
Reprinted from (Maksimovskaya and Maksimov, 2011),
Copyright 2011, with permission from American Chemical
Society

Fig. 2 SEM images of Au/BWy,/Al,O; (a) and BWy; (b)

The FT-IR spectrum of Au/BW,,/Al,O; (Fig. 3)
exhibits a characteristic peak at 706 cm ' which can
be attributed to stretching vibrational bands of W—
O-W. The peak at 892 cm ' belongs to W=O
stretching, the 3400 cm ' peak corresponds to sym-
metric aquo stretching, and two bending vibrations at
1086 and 1633 cm™' belong to asymmetric stretching
of B-O bonds as cited from Selvaraju and Marimuthu
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(2013). The bending vibration at 616 cm ' is attributed
to AI-O-H vibration. FT-IR analysis reveals that the
crystal structure of Keggin type BWy; is retained after
distribution on an Al,O; surface. Fig. 4 describes the
FT-IR spectra of BW,; before and after calcination,
and it is apparent that BWy; is able to maintain its
structure even after calcination at 500 °C, which sup-
ports the fact that POMs are thermally stable com-
pounds, as mentioned by Pope and Miiller (2001).
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Fig. 3 FT-IR spectrum of Au/BWy;/Al,O; dried at 100 °C
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Fig. 4 FT-IR spectra of BW; uncalcinated and calcinated
at 500 °C for 3 h

The XRD pattern of BW; presented in Fig. 5a
shows its crystalline nature (Moghadam et al., 2010).
Figs. 5b and 5c compare the XRD patterns of bare
Al,O5; and Au/AlL,Os. In the XRD pattern of Au/Al,O3,
the characteristic diffraction peaks can be readily
indexed asthe (111),(220),and (3 1 1) planes of Au
(Han et al., 2013) indicating a successful impregna-
tion of gold nanoparticles on the surface of the sup-
port. The XRD for both POM and gold supported on
the alumina surface is given in Fig. 5d where the
characteristic peak for POM is too weak to be ob-
served, which is due to the small quantity of POM in
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the composite. Other evidence like that of FT-IR
confirms the formation of composite Au/BW,/Al,Os.

Intensity

(b)

Intensity

Intensity

Intensity

10 20 30 46 50 60 70 80
20 (°)
Fig. 5 XRD patterns of Keggin type BW, (a), bare Al,O3
support (b), Auw/ALO; (c), and Au/BW/ALO; (d) (20
represents the detector position)
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The adsorption-desorption isotherms of the cat-
alyst Au/BW;;/Al,O; and bare Al,O; support are
shown in Fig. 6 along with the respective Horvath-
Kawazoe (HK) pore distribution curves. It shows a
Type-II isotherm which is achieved when adsorption
occurs on non-porous powders or powders with pore
diameters larger than micro-pores. This sort of iso-
therm suggests an indefinite multi-layer establish-
ment after completion of the monolayer. The inflec-
tion point or knee of the isotherm normally occurs
close to the completion of the first adsorbed mono-
layer. Then the second and higher layers are accom-
plished with increasing relative pressure until the
number of adsorbed layers becomes infinite at satu-
ration. At high pressure, the catalyst has shown better
adsorption capacity around 650 cm’/g as compared
with bare Al,O3 support whose adsorption capacity is
less than 500 cm’/g. The surface areas of the catalyst
and bare Al,O; support were found to be 109.78 mz/g
and 106.06 m?/g, respectively. The enhanced pore
volume in the case of the catalyst compared with the
support provides more surface area for adsorption of
the substrate facilitating the catalytic process.

3.2 Pseudo-catalytic mechanism

Cyclooctene oxidation over the catalyst Au/
BW,/Al,O3 is shown in Scheme 1. The lacunary
BW/; and nano gold act as an active metal centre
towards the epoxidation of the cyclooctene. A possi-
ble mechanism for the activation of oxygen at the
surface of the POM-gold hybrid catalyst surface
might be the existence of an equilibrium state in the
supported hybrid material. Molecular oxygen might
be activated by interaction with an active W centre
forming a hydroxo species, which could eliminate a
water molecule to give peroxo species. This peroxo
species can then react with cyclooctene adsorbed on
the surface of Au to give epoxide. From the possible
oxygen activation mechanism above, the catalytic
oxidation ability of the present catalyst might be
explained.

Au/BW,,/Al,04
—_—m
TBHP , Molecular O,

Scheme 1 Cyclooctene oxidation using TBHP as radical
initiator over supported POM-gold catalyst
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Fig. 6 BET adsorption-desorption isotherms of Au/BW;,/
Al O; calcinated at 500 °C (a) and bare Al,O; support (c),
and HK pore distribution curves of Au/BW;;/Al,O; cal-
cinated at 500 °C (b) and bare Al,O; support (d) (DV is
the differential pore volume)
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3.3 Catalytic performance

Epoxidation of cyclooctene was carried out in
order to evaluate the activity of the catalyst by
changing reaction conditions such as calcination
temperature, reaction temperature, catalyst dosage,
reaction time, recyclability, and use of different sol-
vents and oxidants. High selectivity was obtained
using TBHP as the initiator. It is emphasized that
sub-stoichiometric quantities of the initiator were
necessary, while molecular oxygen from an oxygen
cylinder was the stoichiometric oxidant source
(Hughes et al., 2005). No conversion was observed in
the absence of a radical initiator as cited in the liter-
ature many times (Turner et al., 2008; Dhakshina-
moorthy ef al., 2012; Habibi et al., 2013; Skobelev et
al., 2013). This accorded with literature where nano
gold catalysts were prepared on supports including
carbon, alumina, iron oxide, and titania, and the in-
fluence of the nature of the radical initiator on the
reaction selectivity had been found critical (Lignier et
al., 2008). Certainly, the choice of support leads to
enhanced wetting of gold particles in the TBHP-
initiated epoxidation (Mendez et al., 2010).

3.3.1 Effect of calcination temperature

The reaction was investigated at five different
calcination temperatures (200-600 °C) to optimize
the catalyst preparation conditions (Fig. 7). The re-
sults show that increasing calcination temperature
improves both the conversion and selectivity. At first,
both the conversion and selectivity increase fairly
well, but then the change becomes slightly moderate
by further increase of calcination temperature. Hence,
the optimal calcination temperature was 500 °C.
According to a recent study (Tebandeke et al., 2014),
the gold in the sample calcinated at low temperature is
mainly present in an oxidized state, while the clusters
in the sample calcinated at high temperature are re-
duced to the metallic state which might be the reason
for altered activity.

3.3.2 Effect of catalyst dosage

As is shown in Fig. 8, the conversion increases
reasonably when the dosage of the catalyst is in-
creased up to 0.2 g. With the increase in the amount of
the catalyst, the concentration of the tungsten and
gold species in the system also increases. This sug-
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gests that the tungsten and gold species function as
active sites for oxidation. After 0.2 g of the catalyst
dosage, the conversion remains almost constant. A
possible reason for this could be the fact (Shanmugam
et al., 2004) that the reaction undergoes an adsorption
behavior rather than the pseudoliquid phenomenon in
catalysis using heteropolyacids. The nonpolar mole-
cules might be adsorbed on the surface covering ac-
tive sites without entering the bulk and therefore ad-
dition of more catalyst makes no difference.
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O 30+ 170 é
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Fig. 7 Effect of calcination temperature on catalytic
performance
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Fig. 8 Effect of catalyst dosage on catalytic performance

3.3.3 Effect of reaction temperature

Four different reaction temperatures were used
to optimize the reaction temperature, the results for
which are shown in Table 1. Initial increase of tem-
perature proved good for conversion but the trend
then became a little slower. Observation of the out-
comes makes 80 °C the optimum reaction tempera-
ture as only a negligible improvement in conversion
was observed after 80 °C.

The product ratio between epoxide and other
oxygenated products might be due to parallel
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pathways but also could be due to partitioning of an
intermediate species on the gold surface as quoted in
(Bawaked et al., 2009). This partitioning is between
attacking cyclooctene at its double bond or two allylic
positions. Withdrawal of H from the allylic positions
would lead to allylic hydroperoxide formation, by
incorporating O,, which could either remove water to
produce cyclooctenone or get involved in the catalytic
cycle, likely as TBHP, to produce more of the
O-transfer species. After O-transfer to the olefin, the
surface species would have to be restructured either
from gaseous O, or indirectly by formation of the
intermediate allylic hydroperoxide (Bawaked et al.,
2009).

Table 1 Effect of different reaction temperatures on
catalytic performance in cyclooctene epoxidation

Reaction . Epoxide
Conversion .
Entry  temperature (%) selectivity
(°0) ’ (%)
1 40 29.54+0.73 89.25+0.86
2 60 34.97+1.20 88.98+0.90
3 80 40.34+0.91 86.87+0.54
4 100 42.67+0.78 86.04+0.61

All reactions were performed with 0.15 g Au/BW,,/Al,05 catalyst,
calcinated at 500 °C, 5 g cyclooctene, 0.01 g TBHP, reaction time of
24 h, and oxygen pressure of 0.4 MPa

3.3.4 Effect of reaction time

It is shown in Fig. 9 that the initial increase in
reaction time increases the conversion slowly. There
was a gradual increase in the conversion with almost
87% selectivity for epoxide up to 24 h. It is interesting
that when the reaction time was increased to 48 h, the
selectivity towards epoxide decreased from 87% to
85%. The distribution of the product alters with in-
crease in the reaction time. As in cyclic olefins, an
allylic attack is preferred, which gives rise to epoxide.
It might be possible that prolonging the reaction time
caused the epoxide to rearrange by reductive elimi-
nation of the catalyst leading to further oxygenated
products. With increase in the reaction time, in the
presence of a constant supply of oxidant and high
temperature, the epoxide might be converted to the
more stable products by a bond cleavage mechanism.
Hence, 24 h is considered as the optimal reaction
time.

3.3.5 Use of different oxidants

The effect of different oxidants on cyclooctene
epoxidation, such as H,O,, NalOy, tert-BuOOH, and
molecular oxygen, was investigated to check the
versatility of the catalyst. The results (Table 2)
demonstrated that TBHP is the best and NalO, the
most undesirable oxidant in terms of high conversion
and selectivity in the present case. Bujak et al. (2012)
discussed TBHP as an effective oxidant in making the
catalyst accessible for the oxidation as it results in
increase of the surface wettability of the catalyst. So
TBHP increases the surface wettability of the catalyst
making it more effective given the conditions. Un-
doubtedly, H,0O, is a desired oxidant because of its
low price, availability, and generation of water as the
by-product. TBHP, on the other hand, is expensive
and generates tert-butyl alcohol as the by-product.
Likewise, H,O, showed high selectivity towards
epoxide. Molecular oxygen proved to be a reasonable
oxidant from a green chemistry perspective with sig-
nificant conversion and selectivity near to that of
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Fig. 9 Effect of reaction time on catalytic performance

Table 2 Effect of different oxidants on catalytic perfor-
mance in cyclooctene epoxidation

. Conversion Epox.id.e
Entry Oxidant %) selectivity
(%)
1 H,0, 32.49+1.19  92.38+1.12
2 NalO4 10.30+1.80 42.41£1.03
3 tert-BuOOH 52.80+1.63 97.04+2.20
4 Molecular 40.57+0.76 87.32+0.87
oxygen

All reactions were performed with 0.15 g Au/BW,/Al,05 catalyst,
calcinated at 500 °C, 5 g cyclooctene, at temperature of 80 °C, and
reaction time of 24 h; Entries 1, 2 or 3: 2 g oxidant dosage; Entry 4:
oxygen pressure of 0.4 MPa
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using TBHP as the oxidant. Therefore, molecular
oxygen is an appropriate oxidant for this catalytic
epoxidation reaction.

3.3.6 Use of different solvents

The nature of the solvent has a substantial effect
on the distribution of the catalyst between the organic
and aqueous phases. It is mentioned in the literature
that low boiling chlorine containing hydrocarbons
like 1,2-dichloroethane are the most appropriate sol-
vents for such reactions (Timofeeva et al., 2003).
Their application heightens the yield and selectivity
of the process, which accords with published data
(Tolstikov, 1976). Lignier et al. (2007) discovered
that nano gold catalysts can promote the liquid phase
epoxidation of trans-stilbene in methylcyclohexane
by taking part in a chain reaction which involves a
radical formed from the solvent. For further optimi-
zation of the reaction conditions, the reaction was
performed under different solvents while keeping all
other parameters fixed. Results (Table 3) show that
some of the solvents, like 1,2-dichloroethane, acetone,
acetonitrile, and a mixture of 1,2-dichloroethane:
acetonitrile, gave promising results towards high
selectivity. The conversion and selectivity profile is
substantial when observed in the absence of any
solvent.

3.3.7 Reusability of the catalyst

An intriguing goal of liquid phase oxidation ca-
talysis is to design novel heterogeneous catalysts
which are easily recyclable without the loss of activity
and selectivity. At the end of a reaction, the catalyst
was retrieved by centrifugation and washed with
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acetone. Later it was dried at 100 °C for 1 h before
reuse. After the first run (Table 4) no obvious change
in selectivity was observed while the conversion de-
creased a bit with each run. This might be due to loss
of catalyst every time after the run in the washing
process as selectivity remained almost consistent.

4 Conclusions

We have shown that the solid catalytic system
Au/BW,/Al,0; combining gold nanoparticles and
the Keggin type POM over y-Al,O; support for aer-
obic epoxidation of olefins is highly active under mild
conditions without using any organic solvent. The
superiority of the catalyst lies in an efficient activa-
tion of molecular oxygen and cyclooctene. Further-
more, the catalyst can be regenerated and used suc-
cessfully without any significant loss in catalytic
activity for up to three cycles. However, the nature of
the above interaction and its mechanism in molecular
oxygen activation is still not clear. On the other hand,
this catalyst is not active for some other olefin

Table 4 Cyclooctene epoxidation with recycled catalyst

Catalytic Catalyst Conversion Ep(?x.ide selec-
run (%) tivity (%)
Ist Au/BW;/ALL,O; 40.39+0.56  85.50+0.48
2nd  Au/BW,/ALO; 39.20+0.77  85.32+0.31
3rd  Au/BW;//ALO; 38.65£0.26  85.20+0.68
4th Auw/BW;/ALLO; 36.59+0.34  85.29+0.89

All reactions were performed with 0.15 g Au/BW;,/AL,0; catalyst,
calcinated at 500 °C, 5 g cyclooctene, 0.01 g TBHP, at temperature
of 80 °C, reaction time of 24 h, and oxygen pressure of 0.4 MPa

Table 3 Effect of different organic solvents on catalytic performance in cyclooctene epoxidation

Entry Solvent Polarity Conversion (%) Epoxide selectivity (%)
1 No solvent 41.36+0.87 87.02+0.73
2 1,2-dichloroethane 3.7 45.79+1.62 93.65+1.38
3 Acetonitrile 5.8 39.50+0.82 95.88+0.55
4 Toluene 2.4 26.15+1.47 70.63+1.34
5 Dichloromethane 3.1 29.40+1.63 83.91+1.80
6 Carbon tetrachloride 1.7 22.47+0.94 75.80+1.02
7 Chloroform 4.1 39.65+1.32 85.01£1.50
8 Acetone 5.4 44.23+2.10 94.11+1.43
9 1,2-dichloroethane:acetonitrile - 46.64+0.75 97.31+1.01

All reactions were performed with 0.15 g Au/BW,,/ALLO; catalyst, calcinated at 500 °C, 5 g cyclooctene, 10 g solvent, 0.01 g TBHP, at
temperature of 80 °C, reaction time of 24 h, and oxygen pressure of 0.4 MPa



Jameel et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2016 17(12):1000-1012

epoxidation such as cyclohexene. Therefore, further
studies are required to investigate the role of POM
and gold (or other elements) in olefin epoxidation.

References

Alvaro, M., Aprile, C., Corma, A., et al., 2007. Influence of
radical initiators in gold catalysis: evidence supporting
trapping of radicals derived from azobis (isobutyronitrile)
by gold halides. Journal of Catalysis, 245(1):249-252.
http://dx.doi.org/10.1016/j.jcat.2006.10.003

Bickvall, J.E., 2004. Modern Oxidation Methods. Wiley-VCH,
Weinheim, Germany.

Bawaked, S., Dummer, N.F., Dimitratos, N., et al, 2009.
Solvent-free selective epoxidation of cyclooctene using
supported gold catalysts. Green Chemistry, 11(7):1037-
1044.
http://dx.doi.org/10.1039/b823286p

Bawaked, S., He, Q., Dummer, N.F., ef al., 2011a. Selective
oxidation of alkenes using graphite-supported gold-
palladium catalysts. Catalysis Science and Technology,
1(5):747-759.
http://dx.doi.org/10.1039/c1cy00122a

Bawaked, S., Dummer, N.F., Bethell, D., et al., 2011b.
Solvent-free selective epoxidation of cyclooctene using
supported gold catalysts: an investigation of catalyst
re-use. Green Chemistry, 13(1):127-134.
http://dx.doi.org/10.1039/COGCO0550A

Brulé, E., de Miguel, Y.R., 2006. Supported metalloporphyrin
catalysts for alkene epoxidation. Organic & Biomolecular
Chemistry, 4(4):599-609.
http://dx.doi.org/10.1039/B509985D

Bujak, P., Bartczak, P., Polanski, J., 2012. Highly efficient
room-temperature oxidation of cyclohexene and D-
glucose over nanogold Au/SiO, in water. Journal of Ca-
talysis, 295:15-21.
http://dx.doi.org/10.1016/j.jcat.2012.06.023

Cai, Z., Zhu, M., Chen, J., et al., 2010. Solvent-free oxidation
of cyclohexene over catalysts Au/OMS-2 and Auw/
La-OMS-2 with molecular oxygen. Catalysis Communi-
cations, 12(3):197-201.
http://dx.doi.org/10.1016/j.catcom.2010.09.014

Coronado, E., Gimenez-Saiz, C., Gomez-Garcia, C.J., 2005.
Recent advances in polyoxometalate-containing molecu-
lar conductors. Coordination Chemistry Reviews,
249(17-18):1776-1796.
http://dx.doi.org/10.1016/j.ccr.2005.02.017

Cronin, L., Muller, A., 2012. From serendipity to design of
polyoxometalates at the nanoscale, aesthetic beauty and
applications. Chemical Society Reviews, 41(22):7333-
7334.
http://dx.doi.org/10.1039/c2cs90087d

Dhakshinamoorthy, A., Alvaro, M., Garcia, H., 2012. Aerobic
oxidation of cycloalkenes catalyzed by iron metal organic
framework containing N-hydroxyphthalimide. Journal of
Catalysis, 289:259-265.

1009

http://dx.doi.org/10.1016/j.jcat.2012.02.015

Dimitratos, N., Lopez-Sanchez, J.A., Hutchings, GJ., 2012.
Selective liquid phase oxidation with supported metal
nanoparticles. Chemical Science, 3(1):20-44.
http://dx.doi.org/10.1039/C1SC00524C

Du, J., Lai, X\Y., Yang, N.L., ef al., 2011. Hierarchically or-
dered macro—mesoporous TiO,—graphene composite
films: improved mass transfer, reduced charge recombi-
nation, and their enhanced photocatalytic activities. ACS
Nano, 5(1):590-596.
http://dx.doi.org/10.1021/nn102767d

Endo, T., Sudo, A., 2009. Development and application of
novel ring-opening polymerizations to functional net-
worked polymers. Journal of Polymer Science Part A:
Polymer Chemistry, 47(19):4847-4858.
http://dx.doi.org/10.1002/pola.23531

Gan, L.H., Wang, Y.D., Hao, Z.X., et al., 2005. Preparation of
Ti0,/Si0, aerogels by non-supercritical drying method
and their photocatalytic activity for degradation of pyri-
dine. Chinese Journal of Chemical Engineering, 13(6):
758-763.

Gomez-Romero, P.G., Cuentas-Gallegos, K., Lira-Cantti, M.,
et al., 2005. Hybrid nanocomposite materials for energy
storage and conversion applications. Journal of Materials
Science, 40(6):1423-1428.
http://dx.doi.org/10.1007/s10853-005-0578-y

Habibi, D., Faraji, A.R., Arshadi, M., et al., 2013. Characteri-
zation and catalytic activity of a novel Fe nano-catalyst as
efficient heterogeneous catalyst for selective oxidation of
ethylbenzene, cyclohexene, and benzylalcohol. Journal of
Molecular Catalysis A: Chemical, 372:90-99.
http://dx.doi.org/10.1016/j.molcata.2013.02.014

Han, X., Huang, H., Zhang, H., ef al., 2013. Au/SiO, compo-
site thin film as catalyst for solvent-free hydrocarbon
oxidation. Materials Research Bulletin, 48(10):3717-
3722.
http://dx.doi.org/10.1016/j.materresbull.2013.05.117

Hereijgers, B.P.C., Weckhuysen, B.M., 2010. Aerobic oxida-
tion of cyclohexane by gold-based catalysts: new mech-
anistic insight by thorough product analysis. Journal of
Catalysis, 270(1):16-25.
http://dx.doi.org/10.1016/j.jcat.2009.12.003

Hill, C.L., 2007. Progress and challenges in polyoxometalate-
based catalysis and catalytic materials chemistry. Journal
of Molecular Catalysis A: Chemical, 262(1-2):2-6.
http://dx.doi.org/10.1016/j.molcata.2006.08.042

Hill, C.L., Prosser-McCartha, C.M., 1995. Homogeneous
catalysis by transition metal oxygen anion clusters. Co-
ordination Chemistry Reviews, 143:407-455.
http://dx.doi.org/10.1016/0010-8545(95)01141-B

Hu, H., Zhu, M., Jameel, U., et al., 2015. Novel tungsten-based
catalyst for epoxidation of cyclohexene. CIESC Journal,
66(8):3007-3013.
http://dx.doi.org/10.11949/j.issn.0438-1157.20150679

Huber, S., Cokoja, M., Kiihn, F.E., 2014. Historical landmarks
of the application of molecular transition metal catalysts



1010

for olefin epoxidation. Journal of Organometallic
Chemistry, 751:25-32.
http://dx.doi.org/10.1016/j.jorganchem.2013.07.016

Hughes, M.D., Xu, Y.J., Jenkins, P., et al., 2005. Tunable gold
catalysts for selective hydrocarbon oxidation under mild
conditions. Nature, 437(7062):1132-1135.
http://dx.doi.org/10.1038/nature04190

Jacobsen, E.N., Pfaltz, A., Yamamoto, H., 1999. Comprehen-
sive Asymmetric Catalysis. Springer-Verlag Berlin Hei-
delberg, Germany.

Jameel, U., Zhu, M., Chen, X., et al., 2016. Recent progress of
synthesis and applications in polyoxometalate and
nanogold hybrid materials. Journal of Materials Science,
51(5):2181-2198.
http://dx.doi.org/10.1007/s10853-015-9503-1

Kozhevnikov, 1.V., 1998. Catalysis by heteropoly acids and
multicomponent polyoxometalates in liquid-phase reac-
tions. Chemical Reviews, 98(1):171-198.
http://dx.doi.org/10.1021/cr960400y

Lignier, P., Morfin, F., Mangematin, S., et al., 2007. Stere-
oselective stilbene epoxidation over supported gold-based
catalysts. Chemical Communications, (2):186-188.
http://dx.doi.org/10.1039/B610546G

Lignier, P., Mangematin, S., Morfin, F., et al., 2008. Solvent
and oxidant effects on the Au/TiO,-catalyzed aerobic
epoxidation of stilbene. Catalysis Today, 138(1-2):50-54.
http://dx.doi.org/10.1016/j.cattod.2008.04.026

Liu, L.L., Chen, C.C., Hu, X.F., et al., 2008. A role of ionic
liquid as an activator for efficient olefin epoxidation cat-
alyzed by polyoxometalate. New Journal of Chemistry,
32(2):283-2809.
http://dx.doi.org/10.1039/B710444H

Maayan, G., Neumann, R., 2005. Direct aerobic epoxidation of
alkenes catalyzed by metal nanoparticles stabilized by the
HsPV,;Mo0,0049 polyoxometalate. Chemical Communica-
tions, (36):4595-4597.
http://dx.doi.org/10.1039/b507411h

Maksimovskaya, R.I., Maksimov, GM., 2011. Borotungstate
polyoxometalates: multinuclear NMR structural charac-
terization and conversions in solutions. Inorganic Chem-
istry, 50(11):4725-4731.
http://dx.doi.org/10.1021/ic101996f

Matlock, P.L., Brown, W.L., Clinton, N.A., 1999. Chapter 6:
polyalkylene glycols. /n: Rudnick, L.R., Shubkin, R.L.
(Eds.), Synthetic Lubricants and High-performance
Functional Fluids, 2nd Edition. Marcel Dekker, New York,
p.186.

Mendez, V., Guillois, K., Daniele, S., et al., 2010. Aerobic
methylcyclohexane-promoted epoxidation of stilbene
over gold nanoparticles supported on Gd-doped titania.
Dalton Transactions, 39(36):8457-8468.
http://dx.doi.org/10.1039/c0dt00350f

Mizuno, N., Kamata, K., 2011. Catalytic oxidation of hydro-
carbons with hydrogen peroxide by vanadium-based
polyoxometalates. Coordination Chemistry Reviews,
255(19-20):2358-2370.

Jameel et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2016 17(12):1000-1012

http://dx.doi.org/10.1016/j.ccr.2011.01.041

Mizuno, N., Yamaguchi, K., Kamata, K., 2005. Epoxidation of
olefins with hydrogen peroxide catalyzed by polyoxo-
metalates. Coordination Chemistry Reviews, 249(17-18):
1944-1956.
http://dx.doi.org/10.1016/j.ccr.2004.11.019

Mizuno, N., Yamaguchi, K., Kamata, K., 2011. Molecular
design of polyoxometalate-based compounds for
environmentally-friendly ~functional group transfor-
mations: from molecular catalysts to heterogeneous cat-
alysts. Catalysis Surveys from Asia, 15(2):68-79.
http://dx.doi.org/10.1007/s10563-011-9111-2

Moghadam, M., Mirkhani, V., Tangestaninejad, S., et al.,
2010. Polyoxometalate—-molybdenylacetylacetonate hy-
brid complex: a reusable and efficient catalyst for oxida-
tion of alkenes with tert-butylhydroperoxide. Inorganic
Chemistry Communications, 13(2):244-249.
http://dx.doi.org/10.1016/j.inoche.2009.11.022

Nomiya, K., Hashino, K., Nemoto, Y., ef al., 2001. Oxidation
of toluene and nitrobenzene with 30% aqueous hydrogen
peroxide catalyzed by vanadium (V)-substituted poly-
oxometalates. Journal of Molecular Catalysis A: Chem-
ical, 176(1-2):79-86.
http://dx.doi.org/10.1016/S1381-1169(01)00258-8

Pastor, .M., Yus, M., 2005. Asymmetric ring opening of
epoxides. Current Organic Chemistry, 9(1):1-29.
http://dx.doi.org/10.2174/1385272053369385

Pathan, S., Patel, A., 2011. Novel heterogeneous catalyst,
supported undecamolybdophosphate: synthesis, physico-
chemical characterization and solvent-free oxidation of
styrene. Dalton Transactions, 40(2):348-355.
http://dx.doi.org/10.1039/CODTO01187H

Petrovic, Z.S., 2008. Polyurethanes from vegetable oils.
Polymer Reviews, 48(1):109-155.
http://dx.doi.org/10.1080/15583720701834224

Pina, C.D., Falletta, E., Rossi, M., 2012. Update on selective
oxidation using gold. Chemical Society Reviews, 41(1):
350-369.
http://dx.doi.org/10.1039/C1CS15089H

Pope, M.T., 1983. Heteropoly and Isopolyoxometalates.
Springer-Verlag, Berlin, Germany.

Pope, M.T., Miiller, A., 2001. Polyoxometalate Chemistry:
from Topology via Self-assembly to Applications.
Springer Netherlands, Dordrecht, the Netherlands.
http://dx.doi.org/10.1007/0-306-47625-8

Proust, A., Thouvenot, R., Gouzerh, P., 2008. Functionalization
of polyoxometalates: towards advanced applications in
catalysis and materials science. Chemical Communica-
tions, (16):1837-1852.
http://dx.doi.org/10.1039/b715502f

Reinoso, S., Dickman, M.H., Matei, M.F., et al., 2007.
13-tungstoborate stabilized by an organostannoxane
hexamer. Inorganic Chemistry, 46(11):4383-4385.
http://dx.doi.org/10.1021/ic7004437

Selvaraju, K., Marimuthu, K., 2013. Structural and spectro-
scopic studies on concentration dependent Sm*" doped



Jameel et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2016 17(12):1000-1012 1011

boro-tellurite glasses. Journal of Alloys and Compounds,
553:273-281.
http://dx.doi.org/10.1016/j.jallcom.2012.11.150

Shanmugam, S., Viswanathan, B., Varadarajan, T., 2004. Es-
terification by solid acid catalysts—a comparison. Jour-
nal of Molecular Catalysis A: Chemical, 223(1-2):143-
147.
http://dx.doi.org/10.1016/j.molcata.2004.02.030

Sharet, S., Sandars, E., Wang, Y., et al., 2012. Orientations of
polyoxometalate anions on gold nanoparticles. Dalton
Transactions, 41(33):9849-9851.
http://dx.doi.org/10.1039/c2dt30592¢

Sheldon, R.A., 1991. Heterogeneous catalytic oxidation and
fine chemicals. Studies in Surface Science and Catalysis,
59:33-54.
http://dx.doi.org/10.1016/S0167-2991(08)61106-4

Shringarpure, P.A., Patel, A., 2011. Supported undecaphos-
photungstate: an ecofriendly and efficient solid catalyst
for nonsolvent liquid-phase aerobic epoxidation of al-
kenes. Industrial & Engineering Chemistry Research,
50(15):9069-9076.
http://dx.doi.org/10.1021/ie200747a

Skobelev, 1.Y., Sorokin, A.B., Kovalenko, K.A., et al., 2013.
Solvent-free allylic oxidation of alkenes with O, mediated
by Fe- and Cr-MIL-101. Journal of Catalysis, 298:61-69.
http://dx.doi.org/10.1016/j.jcat.2012.11.003

Somma, F., Puppinato, A., Strukul, G, 2006. Niobia-silica
aerogel mixed oxide catalysts: effects of the niobium
content, the calcination temperature and the surface hy-
drophilicity on the epoxidation of olefins with hydrogen
peroxide. Applied Catalysis A: General, 309(1):115-121.
http://dx.doi.org/10.1016/j.apcata.2006.05.003

Streb, C., 2012. New trends in polyoxometalate photoredox
chemistry: from photosensitisation to water oxidation
catalysis. Dalton Transactions, 41(6):1651-1659.
http://dx.doi.org/10.1039/C1DT11220A

Tang, H.J., Yin, H.J., Wang, J.Y., et al., 2013. Molecular ar-
chitecture of cobalt porphyrin multilayers on reduced
graphene oxide sheets for high-performance oxygen re-
duction reaction. Angewandte Chemie International Edi-
tion, 52(21):5585-5589.
http://dx.doi.org/10.1002/anie.201300711

Tang, Q., Wang, Y., Liang, J., et al., 2004. Co”-exchanged
faujasite zeolites as efficient heterogeneous catalysts for
epoxidation of styrene with molecular oxygen. Chemical
Communications, (4):440-441.
http://dx.doi.org/10.1039/b314864¢

Tebandeke, E., Coman, C., Guillois, K., et al., 2014. Epoxida-
tion of olefins with molecular oxygen as the oxidant using
gold catalysts supported on polyoxometalates. Green
Chemistry, 16(3):1586-1593.
http://dx.doi.org/10.1039/c3gc42198h

Tézé, A., Michelon, M., Herve, G, 1997. Syntheses and
structures of the tungstoborate anions. /norganic Chem-
istry, 36(4):505-509.
http://dx.doi.org/10.1021/ic961051t

Timofeeva, M.N., Pai, Z.P., Tolstikov, A.G., et al., 2003.
Epoxidation of cycloolefins with hydrogen peroxide in
the presence of heteropoly acids combined with phase
transfer catalyst. Russian Chemical Bulletin, 52(2):480-
486.
http://dx.doi.org/10.1023/A:1023495824378

Tolstikov, GA., 1976. Reactions of Hydroperoxide Oxidation.
Nauka, Moscow, p.200 (in Russian).

Triantis, T., Troupis, A., Gkika, E., et al., 2009. Photocatalytic
synthesis of Se nanoparticles using polyoxometalates.
Catalysis Today, 144(1-2):2-6.
http://dx.doi.org/10.1016/j.cattod.2008.12.028

Troupis, A., Hiskia, A., Papaconstantinou, E., 2002. Synthesis
of metal nanoparticles by using polyoxometalates as
photocatalysts and stabilizers. Angewandte Chemie In-
ternational Edition, 41(11):1911-1914.
http://dx.doi.org/10.1002/1521-3773(20020603)41:11<1
911::AID-ANIE1911>3.0.CO;2-0

Turner, M., Golovko, V.B., Vaughan, O.P.H., et al, 2008.
Selective oxidation with dioxygen by gold nanoparticle
catalysts derived from 55-atom clusters. Nature, 454(7207):
981-983.
http://dx.doi.org/10.1038/nature07194

Ueno, S., Yamaguchi, K., Yoshida, K., et al, 1998. Hy-
drotalcite catalysis: heterogeneous epoxidation of olefins
using hydrogen peroxide in the presence of nitriles.
Chemical Communications, (3):295-296.
http://dx.doi.org/10.1039/a707655j

van der Waal, J.C., Rigutto, M.S., van Bekkum, H., 1998.
Zeolite titanium beta as a selective catalyst in the epoxi-
dation of bulky alkenes. Applied Catalysis A: General,
167(2):331-342.
http://dx.doi.org/10.1016/S0926-860X(97)00323-2

Villanneau, R., Roucoux, A., Beaunier, P., et al., 2014. Simple
procedure for vacant POM-stabilized palladium (0) na-
noparticles in water: structural and dispersive effects of
lacunary polyoxometalates. RSC Advances, 4(50):26491-
26498.
http://dx.doi.org/10.1039/c4ra03104k

Wang, M.S., Xu, G, Zhang, Z.J., et al., 2010. Inorganic—
organic hybrid photochromic materials. Chemical Com-
munications, 46(3):361-376.
http://dx.doi.org/10.1039/B917890B

Wang, S., Yi, L.X., Halpert, J.E., ef al., 2012. A novel and
highly efficient photocatalyst based on P25—graphdiyne
nanocomposite. Small, 8(2):265-271.
http://dx.doi.org/10.1002/sml11.201101686

Wang, X.S., Guo, X.W., Li, G, 2002. Synthesis of titanium
silicalite (TS-1) from the TPABr system and its catalytic
properties for epoxidation of propylene. Catalysis Today,
74(1-2):65-75.
http://dx.doi.org/10.1016/S0920-5861(01)00531-4

Wu, P., Tatsumi, T., Komatsu, T., ef al., 2001. A novel titano-
silicate with MWW structure: II. Catalytic properties in
the selective oxidation of alkenes. Journal of Catalysis,
202(2):245-255.



1012

http://dx.doi.org/10.1006/jcat.2001.3278

Xu, L.X., He, C.H., Zhu, M.Q., et al., 2007. Silica-supported
gold catalyst modified by doping with titania for cyclo-
hexane oxidation. Catalysis Letters, 118(3-4):248-253.
http://dx.doi.org/10.1007/s10562-007-9178-6

Yamaguchi, K., Ebitani, K., Kaneda, K., 1999. Hydrotalcite-
catalyzed epoxidation of olefins using hydrogen peroxide
and amide compounds. The Journal of Organic Chemistry,
64(8):2966-2968.
http://dx.doi.org/10.1021/j0982347¢

Yamase, T., 2005. Anti-tumor, -viral, and -bacterial activities
of polyoxometalates for realizing an inorganic drug.
Journal of Materials Chemistry, 15(45):4773-4782.
http://dx.doi.org/10.1039/b504585a

Zhao, W., Ma, B.C., Hua, H., et al., 2008. Environmentally
friendly and highly efficient alkenes epoxidation system
consisting of [T[-C5H5N(CH2)11CH3]3PW4032/H202/ethy1
acetate/olefin. Catalysis Communications, 9(14):2455-
2459.
http://dx.doi.org/10.1016/j.catcom.2008.06.013

Zhao, W., Zhang, Y., Ma, B., et al., 2010. Oxidation of alcohols
with hydrogen peroxide in water catalyzed by recyclable
Keggin-type tungstoborate catalyst. Catalysis Commu-
nications, 11(6):527-531.
http://dx.doi.org/10.1016/j.catcom.2009.12.010

i E

M B: RERFESHEEBEARLE-SEAN Aw
BW,/ALO; LR FIH S FEKBIHEIAT
B 8 HENYEZ A YLE RN B B P AR, W

FIAER AR IR BBl AN R i PR A SRR A%

) &

*4E9:

Jameel et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2016 17(12):1000-1012

GEHII AMATLEREAL TR MR L ST A v A
MRS ARHER SR . ACEAERTGRENZ
& Jm AR 3 T AR AR AL AR T v R AR A
IR AAC D B AR AL PR RE I R o
1. YR ERRAN 2 & i AR (R) BW, ) 4
I RS [ AR Bl T A A S
EALTUREL 2. R TR AA R A
GA NIRRT AR 3. RIS T TR
R HORAL R ANEL s PR AL I 6k 4. AL
SN B RAE A HUIET; 5. AR I T 78
HEH

oL ARGESCHR R iR U7 i % BW s 2. RATERiE

TURRITIEIE S B Aw/ALO;,; 3. FRIIE IR ik
HAELF) AWBW,/ALO;;: 4. PRI EALAE
BT Hik b E (TBHP) 1B K7, AS4E
R, TERE RN AT R S RAHE
T RN X G 2R AT 56 S X e AR AT R AE

1. B i R P T A A S B e s 2. Bl
TR INE] 0.2 g, FARMBEEZ 1IN (B 8 ;
3. M RAEIRE N 80°C (R 1) 5 4. BEE RN
B BRI EL R 24 h, FEAGERIZEIG I, AL
Wik PN Z) 87% (I 9) 5 5. LI
EHT2MEWH (F2) 5 6. THEH TR
AEFPEATRR (£ 3) 5 7. BALFITT LA 2
AL TEMIR RIS, 8 AL LA, 7Efd
RA=WE, HEERRAK.

K4 ZEBEREN: WEH: HEk: o
TFH



