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Abstract

Gold nanoparticles deposited on MgO, CaO, SrO, and BaO by homogeneous deposition—precipitation using urea are, for the first time
reported to be novel highly active/selective and reusable catalysts in the epoxidation of styrene to styrene oxide (SO) by anhydrous t-buty
hydroperoxide. Au/MgO prepared by deposition—precipitation using NaOH is also studied in styrene epoxidation. The slightly poorer perfor-
mance of Au/MgO prepared by deposition—precipitation in epoxidation of styrene (conversion: 44.6%, SO selectivity: 36.1%), as compared
with to the gold catalysts prepared on alkaline earth oxides by homogeneous deposition—precipitation (styrene con®&%ip80 selec-
tivity: 45—-60%), is attributed to the lower loading (4.1 wt%), larger particle sizg (= 17.9 nm), and possible presence of trace impurities
(Nat and CI) in the former. Higher gold loading (4.7-7.5 wt%) and smaller gold partidigg,(= 8.0 nm) were observed in the alkaline
earth-supported Au catalysts prepared by homogeneous deposition—precipitation.
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1. Introduction droperoxide [7] or urea—40, adduct [8] instead of aqueous
H2>0- but at low styrene conversion (9.8 and 17.7%, respec-
Epoxidation of olefinic compounds to corresponding tively). Sharpless and co-workers [9] have reported pyridine
epoxides is an important and first step in the production of ligand-accelerated methyl trioxorhenium (MTO)-catalyzed
large number of bulk, fine and pharmaceutical grade chem-olefin epoxidations with excellent yields-(90%) to epox-
icals [1]. Tradionally, stoichiometric amounts of peracids ides. However, catalyst reusability was not reported and the
(e.g., peracetic acid and percarboxylic acid) are used in MTO is very expensive. Hence, there is a great practical need
the epoxidation reaction [2]. However, the use of peracid to develop a novel reusable solid catalyst showing both high
is unsafe and, moreover, it is corrosive and also generatesactivity and high selectivity in the epoxidation.
voluminous amounts of waste. Hence, the synthesis of epox-  Since discovery, by Haruta and co-workers, of the highly
ides using a safer and cleaner oxidizing agent and a moreactive supported nanometer-sized gold catalysts for low-
active/selective, easily separable and reusable catalyst is otemperature CO oxidationg(0°C), interest in gold chem-
great practical importance. In general, the epoxidation of ter- jstry has grown dramatically throughout the world [10]. An
minal alkenes, such as styrene and 1-octene, is difficult andimportant discovery using supported gold catalysts is the
hence requires prolonged reaction times [3]. Use of easily single-step gas-phase epoxidation of propylene by mixed H
separable solid catalysts, such as TS-1 [4], Ti-$&) and and @ [11]. Recently, Galvagno and co-workers [12] and
TBS-2 and TS-2 [6], has been reported for the epoxidation gje||a and Rossi [13] reported liquid-phase oxidation of al-
of styrene. However, these catalysts showed poor selectivity cohols to aldehydes or ketones over AuBgand Au/SiG
when HO, was used as the oxidizing agent. High styrene catq)ysts prepared by coprecipitation and impregnation tech-
oxide selectivity & 80%) was achieved using organic hy-  piques; respectively. So far, the use of supported gold cat-
alysts in the liquid-phase epoxidation of olefins has not
~* Corresponding author. been reported. We report here, for the first time, the liquid-
E-mail address: vrc@ems.ncl.res.in (V.R. Choudhary). phase epoxidation of styrene by anhydrous t-butyl hydroper-
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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 Other
oxide acetaldehyde products
Au/MgO (DP) 41 44.6 36.1 17 228 29.4
Au/MgO (HDP) 7.5 62.6 54.3 18 108 18.1
Au/MgO (HDPY 7.5 67.0 66.1 B 01 31.0
Au/CaO (HDP) 4.7 53.6 60.2 1» 6.3 14.4
Au/BaO (HDP) 5.3 55.9 53.5 16 102 18.7
Au/SrO (HDP) 51 53.0 44.8 26 117 17.4

@ Styrene epoxidation on the used catalyst.

oxide (TBHP), using reusable, highly active and selective
nanometer-sized gold particles supported on MgO or other 8L
alkaline earth oxides (which are basic in nature) as the cat- o
alyst. Our new approach involves bringing the catalyst into
contact with styrene and anhydrous TBHP (in benzene) un-

X
der reflux, while continuously removing the reaction water, E or
using the Dean—Stark assembly. 3
on
=
= 4 hd
2. Experimental )
= o]
=
Gold was deposited on MgO and other alkaline earth ox- &
. .- .. . . = 2L
ides by homogeneous deposition—precipitation (HDP) using : — o—HDP
urea as the precursor for precipitating agent (ammonium hy- e DP

droxide) [14,15], similar to that used recently by Zanella et
al. [16] for the deposition of gold on Ti© In a typical pro- 0 o’
cedure, a known amount of HAu£EBH>O is dissolved in
300 mL distilled water. A known quantity of urea (normally e e e B
50 times more than that required for hydrolysis of gold chlo- 0 24 . 6 8 10

ride) is then added to the solution. To this clear solution, Au avaliable/wt.% of MgO

alkaline earth metal oxide support is added and the temper-rig. 1. influence of catalyst preparation methods (HDP and DP) on the de-
ature of the resulting slurry is increased gradually t6©5 position of Au on MgO.

while monitoring the pH of the slurry continuously. The tem-

perature is maintained for 6 h. The final pH of the slurry is  SE-30 column and pas carrier gas. The used catalyst was

8.3+ 1.1, depending on the support used. The solid mass iswashed with benzene, dried, and then reused for the epoxi-
filtered, washed several times with distilled water, dried, and dation.

then calcined at 400C for 2 h in static air. Au/MgO catalyst

is prepared by the deposition—precipitation (DP) method,

described elsewhere [17]; the catalyst is calcined in air at 3. Resultsand discussion

400°C for 2 h. All catalysts were characterized with respect

to Au loading by ICP-OES (using a Perkin—Elmer Analyser)  Results for the epoxidation over the catalysts, prepared

and XRD (using a Phillips Diffractometer, 1730, Cy-K by HDP of gold on different alkaline earth oxide supports

40 kV, 40 mA) and with respect to Au particle size by TEM (viz. MgO, CaO, BaO, and SrO), are listed in Table 1. Gold

(using JEOL Model No. JEM 1200 EX). loadings in the Au/MgO catalysts, prepared by HDP and
The styrene epoxidation reaction over the catalysts wasDP methods, are compared in Table 1 and Fig. 1, and TEM

carried at atmospheric pressure by bringing 0.1 g supportedimages are shown in Fig. 2. Homogeneously dispersed and

Au catalyst into contact with 1.2 mL (10 mmol) styrene and dense nanometer-sized gold particles were observed in the

5.7 mL (15 mmol) anhydrous TBHP (26% TBHP in ben- Au (7.5 wt%)/MgO [Day = 7.9+ 0.3 nm (by TEM), 8.9 nm

zene) in a stirred batch reactor (capacity: 10°;minder (by XRD)] and Au (4.7 wt%)/CaO Pay = 5.7+ 2.6 nm

reflux (at 80>C) and vigorous stirring for 3 h. The catalyst (by TEM)] catalysts prepared by HDP as shown in Figs. 2b

was separated from the reaction mixture by filtration. The re- and c, respectively. XRD (results not shown) confirmed the

action products and unconverted reactants were analyzed irpartial transformation of MgO to Mg(OH)due to hydra-

a gas chromatography with flame ionization dector using an tion [17]. The higher Au loading when Au/MgO catalysts are
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Fig. 3. Influence of gold loading of the Au/MgO catalyst on styrene con-
version and selectivity for styrene oxid€)], phenylacetaldehydeA,
benzaldehydetf), and other products{) in the epoxidation of styrene
by anhydrous TBHP [reaction conditions: styread.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 loading.
This is consistent with the observation by Haruta and co-
workers [20] that the gold loading on the support is higher
if the pH is set in the range 6 to 8.0. In the case of gold de-
position on MgO by the DP method, the final pH was much
higher than that observed for the HDP method (7.7), leading
to a smaller adsorption of Augt anions and, consequently,
lower gold deposition.

Results on the epoxidation of styrene by anhydrous
TBHP over the nanometer-sized gold supported on differ-
ent alkaline earth oxides are given in Table 1 and Fig. 3.
Both styrene conversion and styrene oxide selectivity are
high irrespective of the alkaline earth oxide support used
prepared by HDP can be explained as follows. Continuous for the catalyst prepared by the HDP method. However,
monitoring of pH during preparation showed that, in the case the best results were obtained using Au/MgO prepared by
of the Au/MgO catalyst prepared by DP, the initial pH of the HDP, particularly when the Au loading was high (7.5 wt%).
gold solution—MgO slurry (9.4) increases to 9.7 at the end The much lower activity and styrene oxide selectivity of
of the deposition. When the HDP method was used, the ini- the Au (4.1 wt%)/MgO prepared by DP are expected due
tial pH (9.9), however, decreased to 7.7. The isoelectric point to its lower Au loading, larger Au particle sizeDg, =
(IEP), which is also called the point of zero charge (PZC), 17.9 + 3.4 nm) as shown in Fig. 2a, and possible traces
of MgO and Mg(OHj} is close to 12+ 0.2 [18,19]. As the amounts of N& and CI ions. The results showing the in-
final pH in case of the HDP method is much lower than the fluence of gold loading of the Au/MgO catalyst (prepared
IEP of MgO and Mg(OH,), most of the AuC{~ anions from by the HDP method) on styrene conversion and styrene ox-
the solution are adsorbed on the positively charged surfaceide selectivity are presented in Fig. 3. The support MgO
of MgO and Mg(OH), where the anions are hydrolyzed and alone also showed appreciable styrene conversion activity

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