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Abstract

Boehmite and alumina (obtained from the boehmite by its calcination at different temperatures 3@)-&@0active and stable catalysts
for the selective epoxidation of styrene by anhydroyu®©#to styrene oxide with continuous removal of the reaction water. Influence of the
catalyst (boehemite) calcination temperaturgeObistyrene ratio and catalyst loading on the styrene conversion and selectivity for styrene
oxide, phenyl acetaldehyde, benzaldehyde and benzoic acid in the epoxidation has been investigated. In the presence of water, the catalys
shows very poor activity and selectivity in the epoxidation. The catalyst also cataly®gslelcomposition and hence has optimum loading
for obtaining high-styrene conversion in the epoxidation.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Epoxidation of styrene; Styrene oxide; Boehmite; Alumina; Anhydrous hydrogen peroxide

1. Introduction Recently, Mandelli et a[8] have observed a good activity
and selectivity fory-alumina in the epoxidation of limonene,
Epoxidation of styrene is commercially important reac- cyclohexene and 1-octene by anhydrousOpl However,
tion for the production styrene oxide, an important organic they observed catalyst deactivation due to accumulation of
intermediate. Earlier studies reported for the epoxidation of the reaction water; after a certain reaction period (5 h), the

styrene were based on the use of TB-#4], Ti-SiO; [1,5,6], catalyst was deactivated. In the present paper, we report the
Ti-MCM-41 [4], and TBS-2 and TS-{7] catalysts, using  use of boehmite and alumina (obtained from the boehmite by
different oxidising agents, such as TBIf#?, aqueous KO, its calcination at different temperatures), which are not only

[1,2,6,7] and urea—pO, adduct{3]. For all the above cata- cheaper but also more active/selective catalysts, for the epox-
lysts, the use of aqueous 8, resultedin avery poor selectiv-  idation of styrene by an anhydrous®p with a continuous

ity for styrene oxide. High-styrene oxide selectivity§0%) removal of the reaction water. Because of the reaction water
could be obtained using urea>®b adduc{3] and TBHA5] removal, there was little or no deactivation of the catalyst
as the oxidising agents but only at a low-styrene conversion during the epoxidation.

(18 and 10%, respectively). It is, therefore, of great practical

interest to find a much better catalyst for the epoxidation of

styrene. 2. Experimental

- ) Boehmite was a commercial material and, before its use,
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fax: +91 20 25893041/3355. it was heated in a muffle furnace at 100 or 2@0for 2 h.
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600, or 900 C) for 2h. All the catalysts were stored in a gen evolved using the gas collector. Before collecting,
desicator. the reactor effluent gas was bubbled through a concen-
The boehmite and alumina were characterized by powdertrated NaOH solution to absorb GQOf any, present in the

X-ray diffraction for their crystalline nature, Nadsorption gas.

at liquid nitrogen temperature for their surface area and also

by ammonia chemisorption at 158G for their acidity. The

chemisorption of ammonia at 158Q in the present case is 3. Results and discussion

defined as the amount of ammonia retained on the catalyst at

that temperature when the catalyst (0.5 g) presaturated with3.1. Catalyst characterization

ammonia was swept with a pure inert gas (moisture free N

at flow rate of 25 mImin?) for a period of 0.5 h. The catalysts obtained by the calcination of boehmite at
The catalytic epoxidation of styrene over boehmite and different temperatures are characterized for their crystalline

alumina catalysts was carried out in a magnetically stirred nature, surface area, and ammonia chemisorbed atd50

glass reactor (capacity: 25 éjnunder reflux (bath temper-  (Table J). Both the surface area and ammonia chemisorption

ature: 107C), using aqueous #D, (50% HO; in water) are passed through a maximum with increase in the calci-

or non-aqueous (anhydrous®h (24% HO; in ethyl ac- nation temperature. The highest surface area and ammonia

etate) as an oxidizing agent and moisture-free ethyl acetatechemisorption are observed for the catalyst obtained by the

as a solvent, with or without continuous removal of the water calcination at 400C.

formed in the reaction. The continuous removal of the reac-

tion water (when anhydrousJ®, was used as the oxidizing  3.2. Effect of water on the epoxidation

agent) was accomplished by using Dean-Stark trap between

the reactor and the reflux condenser. The anhydrou®;H Results showing a strong influence of the presence of wa-

(24% HOo in ethyl acetate) was obtained by refluxing an ter from the aqueous 40, or the water formed in the reac-

aqueous HO; (50% H,O; in water) with ethyl acetate, and  tion on the styrene conversion and product selectivity in the

thereby removing the water from the aqueoytOb] using epoxidation over the boehmite (preheated at ZDor 2 h)

Dean-Stark trap. The amount ob&, present in the anhy-  catalyst are presented Fig. 1

drous BO,—ethyl acetate or in the reaction mixture afterthe ~ When aqueous $D, was used as the oxidizing agent, the

epoxidation reaction was determined by decomposing the styrene conversion was very low and the selectivity for both

H202 by MnO, and measuring the amount of oxygen pro- the styrene oxide and phenyl acetaldehyde was also very poor

duced in the HO, decomposition (HO2; — H2O +0.5Q) (Fig. 1a). Whereas, the use of anhydrougd without the

quantitatively, using a constant pressure gas collef@pr continuous removal of the reaction water has resulted in a

The unconverted styrene and reaction products (viz. styrenesignificant increase in both the conversion of styrene and se-

oxide, phenyl acetaldehyde, benzaldehyde and benzoic acid)ectivity for styrene oxide and phenyl acetaldehy#lig( 1b).

were analysed by gas chromatography, using a SE-30 (onThe conversion and the selectivity, particularly for styrene ox-

chromosorb-W) column and a flame ionization detector. The ide, are further increased markedly when the anhydro@yH

conversion, product selectivity and product yield were cal- with the continuous removal of the reaction water formed in

culated as follows: conversion (%) = (moles of reactant con- the reaction was employed for the epoxidatifig( 1c). All

vertedx 100)-- (moles of reactant in feed); product selec- the further runs on the epoxidation were carried out using

tivity (%) =(moles of product formed) 100)=- (moles of the anhydrous bD, as the oxidizing agent with the con-

reactant converted); and product yield (%) = (percentage of tinuous removal of the reaction water during the epoxida-

reactant converted to a particular product) or [conversion tion.

(%) x product selectivity (%) 100]. The catalyst could be reused after filtering and washing
The decomposition of 0, during the epoxidation was  with ethyl acetate without loosing significantly its original

studied by measuring quantitatively the amount of oxy- epoxidation activity.

Table 1
Data on characterization of catalysts obtained by calcination of boehmite at different temperatures
Calcination temperaturé C) Crystalline phases Surface ared gn') Ammonia chemisorbed at 15C
(mmolg1) wmol m?
200 Boehmite 197 0.25 1.27
4002 Bohemite (major)y—Al,03 (minor) 210 0.47 2.24
500 ~y—Al,03 (major) 203 0.38 1.87
600 v—Al203 (major) 164 0.23 1.40
900 a—Al;03 andy-Al,03 120 0.11 0.92

@ The material obtained by calcination of boehmite at 400s less crystalline.
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Fig. 1. Epoxidation of styrene over boehmite (dried at 20pby (a) aqueous ¥, (50% HO; in water), (b) anhydrous O, without the continuous removal

of the reaction water, (c) anhydrous®; with the continuous removal of the reaction water [reaction mixture =20 mmol styrene + 40 m@gpH9d ml ethyl
acetate or water + 0.4 g catalyst] [selectivity for styrene ox{@g, (phenyl acetaldehyde\) and benzaldehyde and benzoic acig](

3.3. Effect of catalyst calcination temperature on the 3.5. Effect of catalyst loading on the epoxidation and
epoxidation H>0, decomposition
Results inFig. 2 show the effect of calcination tempera- Fig. 4 shows the influence of loading of the catalyst (ob-

ture of boehmite on the conversion and product selectivity tained from the calcination of boehmite at 6@) on the
in the epoxidation over the catalyst (obtained in the calcina- conversion and product selectivity in the epoxidation.
tion of bohemite) for two different reaction periods (1 and The increase in the catalyst loading from 16.7 to
5h). 66.8gdnT? resulted an increase in the conversion at the

The resultsEig. 2) show that when calcination tempera- lower catalyst loadings but a decrease in the conversion at the
ture is increased, both the styrene conversion and the selechigher catalyst loadings. However, the selectivity for styrene
tivity for styrene oxide are passed through a maximum and oxide is increased markedly and that for phenyl acetaldehyde
that for phenyl acetaldehyde is passed through a minimum.or benzaldehyde and benzoic acid is decreased with increas-
The selectivity for benzaldehyde and benzoic acid also passedng the catalyst loading.
through a minimum. The best performance is shown by the  The dependence on the catalyst loading of the extent of
catalyst obtained at the calcination temperature of @0  H»O, decomposition (HO; — H,O0 +0.5Q) is shown in
(Fig. 2b). This catalyst also could be reused, after filtering Fig. 5. The HO, decomposition is increased markedly with
and washing with ethyl acetate, for the epoxidation without increasing the catalyst loading.
a significant loss in its original activity.

3.6. General discussion
3.4. Effect of HO,/styrene ratio on the epoxidation
Results inFig. 1 clearly show that the boehmite catalyst

Results showing the influence obBy/styrene mole ra-  is deactivated due to the presence of water in the reaction
tio on the conversion and product selectivity in the styrene mixture. Sheldon and co-worke[®] have also observed de-
epoxidation over the catalyst (obtained by the calcination of activation of alumina by the reaction water in the epoxidation
boehmite at 400C) are presented iRig. 3. of cyclic and linear olefinic compounds even though anhy-

When HO2/styrene ratio was increased from 0to 2.0, the drous BO, was used as the oxidizing agent. Thus to avoid
styrene conversion was increased markedly depending uporthe catalyst deactivation, it is essential to remove the reaction
the ratio but relatively there was only a small effect on the water as soon as itis formed in the epoxidation reaction over
product selectivity. boehmite or alumina catalysts.
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Fig. 2. Effectof catalyst calcinationtemperature on the epoxidation (with the
continuous removal of the reaction water) over boehmite at two different re-
action periods [reaction mixture = 20 mmol styrene + 40 mmgDgH 9 ml

ethyl acetate + 0.4 g catalyst] [selectivity for styrene oxid@®,(phenyl ac-
etaldehyde A) and benzaldehyde and benzoic acid](

Both the boehmite and alumina catalysts show good ac-
tivity and selectivity in the epoxidation of styrene by anhy-
drous B O, with the continuous removal of the reaction water
(Figs. 1c, 2 and B However, the catalysyfalumina) derived
from boehmite by its calcination at 60C showed the best
performance (both the high activity and selectivity) in the
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Fig. 3. Effectof HO,/styrene ration on the epoxidation (with the continuous
removal of the reaction water) over alumina (obtained by calcining boehmite
at400°C for 2 h) at to different reaction periods [reaction mixture = 20 mmol
styrere + 9 ml ethylacetate + 0.4 g catalyst + 0-40 mmaol®b] [selectivity

for styrene oxide(D), phenyl acetaldehyde\() and benzaldehyde and ben-
zoic acid 7)].

maximum Fig. 2). The maximum in the two cases, however,
does not occur atthe same calcination temperature. Neverthe-
less, there exists some sort of correlation between the surface

styrene-to-styrene oxide epoxidation. Based on the productProperties and the catalytic activity/selectivity.

formed, a following complex reaction scheme for the styrene
epoxidation is proposed.

H,0,

—_—

/\
C¢HsCH=CH, C¢HsCH—CH,; ——=C¢HsCH,CHO

H202 H7_02 HZO?_

C¢HsCHO ————» Aromatic acids

The observed variation of the styrene conversion with the
catalyst loading Kig. 4) is unusual. At the lower catalyst
loadings, the increase in the styrene conversion with the cat-
alyst loading is due to the increase of styrene epoxidation
rate. However, at the higher catalyst loadings, th©®}de-
composition rate during the epoxidation is much higher than
that at lower loadingsHig. 5 and hence sufficient ¥D, is
not available for the epoxidation, which ultimately leads to a
lower styrene conversion at the higher catalyst loadings. Be-
cause of the simultaneously occurring® decomposition

The surface area and acidity (ammonia chemisorbed atand epoxidation reactions, the catalyst loading has an opti-

150°C per unit mass of surface) of the catalyst are passed
through maximum with increasing the catalyst calcination
temperatureTable ). Both the styrene conversion activity

mum value for obtaining the highest styrene conversion in
the epoxidation.
In the epoxidation of styrene by anhydrous@®} over

and selectivity for styrene oxide are also passed through aboehmite or alumina catalyst, >AD—OH species, similar to
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Fig. 5. Effect of catalyst loading on the decomposition ofCd during

L the epoxidation (with the continuous removal of the reaction water) over
alumina (obtained by calcination of the boehmite at 80@or 2 h) [reaction

20 - mixture = 20 mmol styrene + 40 mmoki, + 9 ml ethyl acetate + 0.0-0.8 ¢
catalyst and reaction period = 5h].

Styrene conversion (%)

10 | 4. Conclusions

Both the boehmite and alumina obtained by calcination of

o777 boehmite at different temperatures (200-9G) show good
0 10 20 30 40 50 60 70 activity and selectivity for the epoxidation of styrene by an-
Catalyst loading (g dm™) hydrous HO, with continuous removal of the reaction water.

Inthe presence of water, the catalyst shows very poor activity
in the epoxidation. The alumina (obtained by the calcination
of boehmite at 600C) catalyst showed the best performance.

Fig. 4. Effect of catalyst loading on the epoxidation (with the continuous
removal of the reaction water) over alumina (obtained by calcination of the
boehmite at 600C for 2 h) [reaction mixture =20 mmol styrene +40 mmol

H»0, + 9 ml ethyl acetate +0.0-0.8 g catalyst and reaction ger®h][se- The Cata|y5t.also Catalys?S the decompositiong@;i—isimulj
lectivity for styrene oxideQ)), phenyl acetaldehyde\) and benzaldehyde ~ taneously with the epoxidation and hence has an optimum
and benzoic acidy)]. loading for obtaining high-styrene conversion activity in the

epoxidation process.
that proposed earlier by Sheldon and co-work8tdor the
epoxidation of linear or cyclic olefins, seem to be responsible
for the styrene epoxidation. These species are expected to becknowledgement
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