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Abstract

Gold nanoparticles deposited on MgO, CaO, SrO, and BaO by homogeneous deposition–precipitation using urea are, for the
reported to be novel highly active/selective and reusable catalysts in the epoxidation of styrene to styrene oxide (SO) by anhydr
hydroperoxide. Au/MgO prepared by deposition–precipitation using NaOH is also studied in styrene epoxidation. The slightly poor
mance of Au/MgO prepared by deposition–precipitation in epoxidation of styrene (conversion: 44.6%, SO selectivity: 36.1%), as c
with to the gold catalysts prepared on alkaline earth oxides by homogeneous deposition–precipitation (styrene conversion:� 53%, SO selec
tivity: 45–60%), is attributed to the lower loading (4.1 wt%), larger particle size (DAu = 17.9 nm), and possible presence of trace impuri
(Na+ and Cl−) in the former. Higher gold loading (4.7–7.5 wt%) and smaller gold particles (DAu ∼= 8.0 nm) were observed in the alkalin
earth-supported Au catalysts prepared by homogeneous deposition–precipitation.
 2004 Published by Elsevier Inc.
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1. Introduction

Epoxidation of olefinic compounds to correspond
epoxides is an important and first step in the productio
large number of bulk, fine and pharmaceutical grade ch
icals [1]. Tradionally, stoichiometric amounts of perac
(e.g., peracetic acid and percarboxylic acid) are use
the epoxidation reaction [2]. However, the use of pera
is unsafe and, moreover, it is corrosive and also gene
voluminous amounts of waste. Hence, the synthesis of e
ides using a safer and cleaner oxidizing agent and a m
active/selective, easily separable and reusable catalyst
great practical importance. In general, the epoxidation of
minal alkenes, such as styrene and 1-octene, is difficult
hence requires prolonged reaction times [3]. Use of ea
separable solid catalysts, such as TS–1 [4], Ti–SiO2 [5], and
TBS–2 and TS–2 [6], has been reported for the epoxida
of styrene. However, these catalysts showed poor selec
when H2O2 was used as the oxidizing agent. High styre
oxide selectivity (> 80%) was achieved using organic h
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droperoxide [7] or urea–H2O2 adduct [8] instead of aqueou
H2O2 but at low styrene conversion (9.8 and 17.7%, resp
tively). Sharpless and co-workers [9] have reported pyrid
ligand-accelerated methyl trioxorhenium (MTO)-catalyz
olefin epoxidations with excellent yields (> 90%) to epox-
ides. However, catalyst reusability was not reported and
MTO is very expensive. Hence, there is a great practical n
to develop a novel reusable solid catalyst showing both
activity and high selectivity in the epoxidation.

Since discovery, by Haruta and co-workers, of the hig
active supported nanometer-sized gold catalysts for
temperature CO oxidation (� 0 ◦C), interest in gold chem
istry has grown dramatically throughout the world [10]. A
important discovery using supported gold catalysts is
single-step gas-phase epoxidation of propylene by mixe2
and O2 [11]. Recently, Galvagno and co-workers [12] a
Biella and Rossi [13] reported liquid-phase oxidation of
cohols to aldehydes or ketones over Au/Fe2O3 and Au/SiO2

catalysts prepared by coprecipitation and impregnation t
niques, respectively. So far, the use of supported gold
alysts in the liquid-phase epoxidation of olefins has
been reported. We report here, for the first time, the liq
phase epoxidation of styrene by anhydrous t-butyl hydro
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Table 1
Epoxidation of styrene by anhydrous TBHP over the alkaline earth metal oxide-supported Au catalysts (prepared by the DP and/or HDP methods)

Catalyst Au loading Styrene conversion Selectivity (%)

(preparation method) (wt%) (%) Styrene Phenyl Benzaldehyde Ot
oxide acetaldehyde produc

Au/MgO (DP) 4.1 44.6 36.1 11.7 22.8 29.4
Au/MgO (HDP) 7.5 62.6 54.3 16.8 10.8 18.1
Au/MgO (HDP)a 7.5 67.0 66.1 2.8 0.1 31.0
Au/CaO (HDP) 4.7 53.6 60.2 19.2 6.3 14.4
Au/BaO (HDP) 5.3 55.9 53.5 17.6 10.2 18.7
Au/SrO (HDP) 5.1 53.0 44.8 26.0 11.7 17.4

a Styrene epoxidation on the used catalyst.
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oxide (TBHP), using reusable, highly active and selec
nanometer-sized gold particles supported on MgO or o
alkaline earth oxides (which are basic in nature) as the
alyst. Our new approach involves bringing the catalyst i
contact with styrene and anhydrous TBHP (in benzene)
der reflux, while continuously removing the reaction wa
using the Dean–Stark assembly.

2. Experimental

Gold was deposited on MgO and other alkaline earth
ides by homogeneous deposition–precipitation (HDP) u
urea as the precursor for precipitating agent (ammonium
droxide) [14,15], similar to that used recently by Zanella
al. [16] for the deposition of gold on TiO2. In a typical pro-
cedure, a known amount of HAuCl4·3H2O is dissolved in
300 mL distilled water. A known quantity of urea (norma
50 times more than that required for hydrolysis of gold ch
ride) is then added to the solution. To this clear soluti
alkaline earth metal oxide support is added and the tem
ature of the resulting slurry is increased gradually to 95◦C,
while monitoring the pH of the slurry continuously. The te
perature is maintained for 6 h. The final pH of the slurry
8.3± 1.1, depending on the support used. The solid mas
filtered, washed several times with distilled water, dried,
then calcined at 400◦C for 2 h in static air. Au/MgO catalys
is prepared by the deposition–precipitation (DP) meth
described elsewhere [17]; the catalyst is calcined in a
400◦C for 2 h. All catalysts were characterized with resp
to Au loading by ICP-OES (using a Perkin–Elmer Analys
and XRD (using a Phillips Diffractometer, 1730, Cu-Kα ,
40 kV, 40 mA) and with respect to Au particle size by TE
(using JEOL Model No. JEM 1200 EX).

The styrene epoxidation reaction over the catalysts
carried at atmospheric pressure by bringing 0.1 g suppo
Au catalyst into contact with 1.2 mL (10 mmol) styrene a
5.7 mL (15 mmol) anhydrous TBHP (26% TBHP in be
zene) in a stirred batch reactor (capacity: 10 cm3), under
reflux (at 80◦C) and vigorous stirring for 3 h. The cataly
was separated from the reaction mixture by filtration. The
action products and unconverted reactants were analyz
a gas chromatography with flame ionization dector using
Fig. 1. Influence of catalyst preparation methods (HDP and DP) on the
position of Au on MgO.

SE-30 column and N2 as carrier gas. The used catalyst w
washed with benzene, dried, and then reused for the ep
dation.

3. Results and discussion

Results for the epoxidation over the catalysts, prepa
by HDP of gold on different alkaline earth oxide suppo
(viz. MgO, CaO, BaO, and SrO), are listed in Table 1. G
loadings in the Au/MgO catalysts, prepared by HDP a
DP methods, are compared in Table 1 and Fig. 1, and T
images are shown in Fig. 2. Homogeneously dispersed
dense nanometer-sized gold particles were observed i
Au (7.5 wt%)/MgO [DAu = 7.9±0.3 nm (by TEM), 8.9 nm
(by XRD)] and Au (4.7 wt%)/CaO [DAu = 5.7 ± 2.6 nm
(by TEM)] catalysts prepared by HDP as shown in Figs.
and c, respectively. XRD (results not shown) confirmed
partial transformation of MgO to Mg(OH)2 due to hydra-
tion [17]. The higher Au loading when Au/MgO catalysts a



238 N.S. Patil et al. / Journal of Catalysis 223 (2004) 236–239

u

ous
ase
he
end
ini-
oint
C),

the

face
nd

on-

e

ing.
co-
her
de-
ch

ding
ly,

ous
ffer-
. 3.
are
sed
ver,
d by

).
of

due

ces
-

red
ox-

gO
tivity
Fig. 2. TEM photographs of (a) Au (4.1 wt%)/MgO (DP), (b) A
(7.5 wt%)/MgO (HDP), and (c) Au (4.7 wt%)/CaO (HDP) catalysts.

prepared by HDP can be explained as follows. Continu
monitoring of pH during preparation showed that, in the c
of the Au/MgO catalyst prepared by DP, the initial pH of t
gold solution–MgO slurry (9.4) increases to 9.7 at the
of the deposition. When the HDP method was used, the
tial pH (9.9), however, decreased to 7.7. The isoelectric p
(IEP), which is also called the point of zero charge (PZ
of MgO and Mg(OH)2 is close to 12.2± 0.2 [18,19]. As the
final pH in case of the HDP method is much lower than
IEP of MgO and Mg(OH)2, most of the AuCl4− anions from
the solution are adsorbed on the positively charged sur
of MgO and Mg(OH)2, where the anions are hydrolyzed a
Fig. 3. Influence of gold loading of the Au/MgO catalyst on styrene c
version and selectivity for styrene oxide (©), phenylacetaldehyde (
),
benzaldehyde (�), and other products (�) in the epoxidation of styren
by anhydrous TBHP [reaction conditions: styrene= 1.2 mL (10 mmol), an-
hydrous TBHP (26% in benzene)= 5.7 mL (15 mmol), catalyst= 0.1 g,
temperature= 80◦C, time= 3 h].

precipitated on the surface, leading to a high gold load
This is consistent with the observation by Haruta and
workers [20] that the gold loading on the support is hig
if the pH is set in the range 6 to 8.0. In the case of gold
position on MgO by the DP method, the final pH was mu
higher than that observed for the HDP method (7.7), lea
to a smaller adsorption of AuCl4

− anions and, consequent
lower gold deposition.

Results on the epoxidation of styrene by anhydr
TBHP over the nanometer-sized gold supported on di
ent alkaline earth oxides are given in Table 1 and Fig
Both styrene conversion and styrene oxide selectivity
high irrespective of the alkaline earth oxide support u
for the catalyst prepared by the HDP method. Howe
the best results were obtained using Au/MgO prepare
HDP, particularly when the Au loading was high (7.5 wt%
The much lower activity and styrene oxide selectivity
the Au (4.1 wt%)/MgO prepared by DP are expected
to its lower Au loading, larger Au particle size (DAu =
17.9 ± 3.4 nm) as shown in Fig. 2a, and possible tra
amounts of Na+ and Cl− ions. The results showing the in
fluence of gold loading of the Au/MgO catalyst (prepa
by the HDP method) on styrene conversion and styrene
ide selectivity are presented in Fig. 3. The support M
alone also showed appreciable styrene conversion ac
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(styrene conversion of 15.9%) but with very poor selectiv
for styrene oxide (16.1%); in this case, benzoic acid (52.
was found to be the major product. The deposition of
on MgO resulted in an increase in both styrene conver
activity and styrene oxide selectivity of the catalyst, depe
ing on the gold loading. This indicates the important r
played by the nanometer-size gold of the catalyst in styr
epoxidation. The Au (7.5 wt%)/MgO (prepared by HD
showed excellent reusability with a significant improvem
in both catalytic activity and selectivity in the epoxidati
(Table 1).

The results of this investigation lead to the conclusion
nanometer sized gold deposited on a basic support, su
MgO or CaO, is a promising catalyst for the epoxidation
styrene by anhydrous TBHP. This catalyst combines h
activity with high selectivity in the epoxidation of styren
Further detailed studies are, however, necessary to un
stand nanometer size gold–alkaline earth oxide suppor
teractions and the reaction mechanism.
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