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Abstract

Liquid-phase catalytic epoxidation of styrene to styrene epoxide was carried out at 373 K using molecular oxygen at atmospheric pressure, in
the presence of Co(II)-exchanged zeolite X. Styrene conversion of >99% with styrene oxide selectivity up to 68% was achieved using NaCoX.
Alkali and alkaline earth metal cations were introduced into the zeolite catalyst to increase styrene conversion and styrene oxide selectivity.
Replacing the sodium ions with alkali metal cations increased styrene oxide selectivity from 68% for NaCoX19 to 77% for CsCoX20. Styrene
oxide selectivity further increased on replacing the sodium ions with alkaline earth metal cations, and styrene oxide selectivity up to 85% and
styrene conversion >99% was obtained with CaCoX, SrCoX, and BaCoX. This is the first report of such a high styrene epoxide selectivity with a
heterogeneous catalyst observed for styrene epoxidation using molecular oxygen. The presence of a small amount of water in the reaction system
increases styrene conversion without affecting styrene oxide selectivity. The cobalt-exchanged zeolite X catalysts showed similar catalytic activity
even after three catalytic reaction cycles.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Styrene oxide is a commercially important intermediate used
in the synthesis of fine chemicals and pharmaceuticals. Con-
ventionally, it is produced using one of two methods, namely
dehydrochlorination of styrene chlorohydrin with a base or ox-
idation of styrene using organic peracids. Both these methods
use hazardous chemicals and show poor selectivity for styrene
epoxide, thus leading to the generation of undesirable products.
Consequently, attempts have been made to replace the con-
ventional route for the epoxidation of alkenes by environmen-
tally friendly reusable heterogeneous catalysts such as Ti/SiO2

[1–3], TS-1 [3–7], Ti-MCM-41 [6], Fe or V/SiO2 [3], TBS-2,
TS-2 [7], γ -Al2O3 [8], and gold supported on Al2O3, Ga2O3,
In2O3, Tl2O3 [9] MgO, and other alkaline earth oxide [10] cat-
alysts, using TBHP [1,9–11], H2O2 [2–4,6–8], or urea–H2O2

adduct [9] as an oxidizing agent. Although styrene conversion
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is very high when H2O2 is used as an oxidizing agent, the se-
lectivity for styrene oxide is poor. On the other hand, using
TBHP [1] and urea–H2O2 adduct [5] as oxidizing agents yields
high styrene oxide selectivity (>80%) with low styrene conver-
sion (9.8 and 17.7%, respectively).

Molecular oxygen is the most desirable oxidant for the epox-
idation of alkenes with respect to environmental and economic
considerations. Cobalt ions and complexes are well-known cat-
alysts for the selective oxidation of alkanes and alkylbenzenes
with O2 [12]. Cobalt complexes have also been used for the
epoxidation of alkenes with tert-butyl hydroperoxide (TBHP)
and iodosylbenzene [13]. The catalytic oxidation of terminal
olefins, including styrene, by O2 to the corresponding 2-ketones
and 2-alcohols using a cobalt(II) complex has been reported
[14,15]. Cobalt salen complexes were reported to show cat-
alytic activity for epoxidation of styrene with O2, although a
sacrificial co-reductant, isobutyraldehyde, was necessary [16].
CoCl2 was investigated for the oxidation of monoterpenes with
O2, and it was found that the allylic oxidation proceeded pre-
dominantly [17]. Ruthenium complexes, ruthenium- and iron-
substituted polyoxometalates, have been reported [28,29] as
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Fig. 1. The framework structure of zeolite X, near the centre of the each line
segment is an oxygen atom. The numbers 1–4 indicates the different oxygen
atoms. Silicon and aluminium atoms alternate at the tetrahedral intersections,
except that Si substitutes for Al at about 4% of the Al positions. Extra frame-
work cation positions are labeled with Roman numerals.

homogeneous catalysts for the epoxidation of alkenes using
molecular oxygen without the need for a co-reductant, but such
reports with heterogeneous catalysts are sparse. Heterogeneous
cobalt catalysts have been reported for the selective oxidation of
alkanes, especially cyclohexane, and alkenes [18–27], but there
are few studies using heterogeneous catalysts for epoxidation of
alkenes with molecular oxygen without needing a co-reductant.
Immobilized cobalt complexes in organo-modified HMS were
reported by Pruß et al. [30] for aerial oxidation of styrene with
styrene oxide selectivity up to 44% and styrene conversion of
98%.

Zeolites are microporous crystalline aluminosilicate solids
with well-defined channels and cavities having window di-
ameters <1 nm. The aluminosilicate framework is negatively
charged and is neutralised by extra-framework cations. Zeo-
lite framework is sufficiently open to accommodate molecules
and ions. Therefore, zeolites have been widely used and stud-
ied as ion exchangers, sorbents, and catalysts in industrial
processes [31]. The extra-framework cations present in zeolites
play a significant role in determining their adsorption and cat-
alytic properties [32]. Zeolite X is a synthetic aluminium-rich
analogue of the naturally occurring mineral faujasite (Fig. 1).
The 14-hedron with 24 vertices known as the sodalite cav-
ity or β-cage may be viewed as its principal building block.
These β-cages are connected tetrahedrally at six-rings by bridg-
ing oxygen to give double six-rings (D6Rs, hexagonal prisms),
and, concomitantly, an interconnected set of even larger cavi-
ties (supercage) accessible in three dimensions through 12-ring
(24-membered) windows. The Si and Al atoms occupy the ver-
tices of these polyhedra. The oxygen atoms lie approximately
midway between each pair of Si and Al atoms but are displaced
from those points to give near-tetrahedral angles about Si and
Al. Single six-rings (S6Rs) are shared by sodalite and supercage
and may be viewed as the entrances to the sodalite units. Each
unit cell has eight sodalite units, eight supercage, 16 D6Rs,
16 12-rings, and 32 S6Rs. Exchangeable cations that balance
the negative charge of the aluminosilicate framework are found
within the zeolite cavities. They are usually found at the six dif-
ferent sites: site I at the center of the D6R, I′ in the sodalite
cavity on the opposite side of one of the D6Rs six-rings from
site I, II′ inside the sodalite cavity near a S6R, II at the center
of the S6R or displaced from this point into a supercage, III in
the supercage on a twofold axis opposite a four-ring between
two 12-rings, and III′ somewhat or substantially off III (off the
twofold axis) on the inner surface of the supercage.

The zeolites with transition metal ions as extra-framework
cations have potential [31–34] to show novel catalytic behav-
iour as these cations are coordinately unsaturated, possess vari-
able oxidation states and can form complexes with guest mole-
cules more selectively than filled shell cations. Recently, Co2+-
and Fe2+- [35] exchanged faujasite-type zeolites are reported to
catalyse the epoxidation of styrene with O2 in the absence of a
co-reductant. The highest styrene conversion of 46% with max-
imum epoxide selectivity 63% was reported in both the studies.

The present work was undertaken with an objective to de-
velop a reusable solid catalyst for the epoxidation of styrene
with higher styrene conversion and styrene oxide selectivity
using molecular oxygen as oxidant. To achieve this, cobalt-
exchanged zeolite X catalyst reported by Tang et al. [35] was
further modified by increasing the cobalt content of the zeolite
as well as introducing alkali and alkaline earth metal co-cations
in the zeolite [36]. The effect of water molecules in the reaction
system on the conversion of styrene to styrene oxide was also
studied.

2. Experimental

2.1. Materials

Zeolite X was procured from Zeolites and Allied Products,
Bombay, India. Unit cell chemical formula for the zeolite NaX
was Na88Al88Si104O384, with unit cell dimension of 24.94 Å.
The BET surface area of the NaX was 542 m2/g. Cobalt nitrate
hexahydrate, potassium chloride, cesium chloride, magnesium
chloride hexahydrate, calcium chloride dihydrate, strontium
chloride hexahydrate, and barium chloride dihydrate were pur-
chased from s. d. Fine Chemicals Ltd., Bombay, India. Chemi-
cal compositions of all the catalysts with structural and textural
characteristics are given in Table 1. The number in the name
of the catalyst denotes the percentage of sodium exchanged
with cobalt in the zeolite. Styrene (99%) from Sigma-Aldrich,
N ,N -dimethylformamide (99.7%) from Qualigens Fine Chem-
icals Ltd., Bombay, India and oxygen (99.9%) from Inox Air
Products Ltd., Bombay, India were used during the epoxidation
studies.

2.2. Cation exchange

The sodium cations of the commercial zeolite X were re-
placed with various alkali and alkaline earth metal cations by
ion exchange with potassium, rubidium, cesium, magnesium,
calcium, strontium, and barium salt solution at 353 K separately
or in combination. The ion-exchange process was repeated sev-
eral times to achieve the higher replacement of sodium ions
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Table 1
Chemical composition and other characteristics of the catalysts used

Catalyst
sample

Chemical composition
(on dry basis)

Crystallinity
(%)

BET surface area
(m2 g−1)

Micropore volume
(cm3 g−1)

External surface area
(m2 g−1)

NaX Na88Al88Si104O384 100 508 0.217 44
NaCoX10 Co4.5Na79Al88Si104O384 98 549 0.235 44
NaCoX19 Co8.5Na71Al88Si104O384 94 556 0.236 47
NaCoX34 Co15Na58Al88Si104O384 92 619 0.266 51
NaCoX69 Co30.5Na27Al88Si104O384 84 640 0.269 64
NaCoX81 Co35.5Na17Al88Si104O384 80 652 0.274 52
NaCoX92 Co40.5Na7Al88Si104O384 74 676 0.286 52
NaCoX96 Co42.5Na3Al88Si104O384 72 676 0.289 55
KCoX19 Co8.4Na2.2K69Al88Si104O384 93 558 0.245 31
RbCoX22 Co9.7Na14.4Rb54.2Al88Si104O384 88 554 0.239 39
CsCoX20 Co8.8Na20.6Cs49.8Al88Si104O384 83 518 0.217 52
MgCoX22 Co9.7Na7.2Mg30.7Al88Si104O384 92 668 0.282 60
CaCoX19 Co8.4Na4Ca33.6Al88Si104O384 93 567 0.244 45
SrCoX18 Co7.9Na5Sr33.6Al88Si104O384 93 326 0.139 26
BaCoX15 Co6.6Na5.6Ba34.6Al88Si104O384 90 407 0.171 39
CsBaCoX20 Co8.8Na9.2Cs28Ba16.6Al88Si104O384 83 432 0.182 41
KBaCoX21 Co9.2Na2.2K34Ba16.7Al88Si104O384 91 415 0.179 29
KSrCoX20 Co8.8Na2.4K37Sr15.5Al88Si104O384 90 256 0.110 20
with other alkali and alkaline earth metals. Cobalt cations were
introduced into highly crystalline zeolite X by the cobalt ion
exchange from aqueous solution. Typically, the zeolite was
treated with 0.05 M aqueous solution of the cobalt nitrate at
a solid/liquid ratio 1:80 at 353 K for 4 h. The residue was fil-
tered and washed with hot distilled water, until the washing was
free from nitrate ions and dried in air at room temperature. Ze-
olite X samples with varying amounts of cobalt exchange were
prepared by repeated ion exchanges of the commercial zeolite.
The extent of cobalt exchange in zeolite X was determined by
the complexometric titration of the original solution and filtrate
obtained after the ion exchange with EDTA using a murexide
indicator.

2.3. Catalyst characterization

X-ray powder diffraction measurements of various cobalt-
exchanged zeolite X at ambient temperature were carried out
using a PHILIPS X’pert MPD system in the 2θ range of 5◦–
65◦ using CuKα (λ = 1.54056 Å). The diffraction pattern of the
starting material demonstrates that it is highly crystalline, show-
ing reflections at 2θ values 6.1◦, 10.0◦, 15.5◦, 20.1◦, 23.4◦,
26.7◦, 29.3◦, 30.5◦, 31.0◦, and 32◦ in the range of 5◦–35◦
typical of zeolite X. The percent crystallinity of the cobalt ion-
exchanged zeolites was determined from the X-ray diffraction
pattern by summing the intensities of 10 major peaks.

Surface area and pore size distribution of the various cobalt-
exchanged zeolites were determined from the N2 adsorption
data at 77.35 K. The equilibrium nitrogen adsorption at 77.35 K
was measured using a Micromeritics ASAP 2010. The samples
were activated at 373 K under vacuum (5 × 10−3 mm Hg) for
12 h before the N2 sorption measurements. The surface areas
of different catalyst samples were determined by applying the
BET equation to the measured N2 adsorption data. Micropore
volume and external area were determined from t plots of the
data.
Diffuse reflectance spectroscopy (DRS) studies were per-
formed with a Shimadzu UV-3101PC equipped with an inte-
grating sphere. BaSO4 was used as the reference material. The
spectra were recorded at room temperature in the wavelength
range of 200–750 nm.

2.4. Catalytic epoxidation reactions

The cobalt ion-exchanged zeolites dried at room temperature
were used for the catalytic studies with no further activation.
The catalytic epoxidation reactions were carried out in liquid
phase as a batch reaction at 373 K. Typically, a 50-ml round-
bottomed flask equipped with an efficient water condenser is
kept in a constant temperature oil bath with the temperature
maintained at 373 ± 2 K. Then 10 mmol styrene along with
20 ml of N ,N -dimethylformamide (DMF) and 200 mg of cat-
alyst were added to the flask. The reaction was started by
bubbling O2 at atmospheric pressure into the reaction mixture
at the rate of 6–8 ml min−1. Tridecane was used as an inter-
nal standard. The reaction mixture was magnetically stirred
at 600 rpm. After 4 h of reaction, the catalyst was separated
by centrifuging the reaction mixture, and the liquid organic
products were quantified using a gas chromatograph (Hewlett-
Packard model 6890) equipped with a flame ionisation detector
and an HP-5 capillary column (30 m long and 0.32 mm in diam-
eter, packed with silica-based supel cosil), a programmed oven
(temperature range 348–493 K), and N2 as the carrier gas. Gas
chromatograph–mass spectrometer (GC–MS), analysis using a
Shimadzu GCMS-QP-2010, was done with the GC oven pro-
grammed at the temperature range of 348–493 K and helium as
the carrier gas and MS in the EI mode with a 70-eV ion source.
The reaction kinetics were monitored by carefully withdraw-
ing small amounts of the reaction liquid with a microsyringe
from the reaction flask, avoiding solid catalyst, at 30-min inter-
vals and analysing its composition by GC. Calibration of GC
peak areas of styrene and styrene oxide was done using solu-



J. Sebastian et al. / Journal of Catalysis 244 (2006) 208–218 211
tions with known amounts of styrene and styrene oxide in DMF.
The conversion was calculated on the basis of molar percent of
styrene; the initial molar percent of styrene was divided by ini-
tial area percent (styrene peak area from GC) to get the response
factor. The unreacted moles of styrene remaining in the reac-
tion mixture were calculated by multiplying the response factor
by the area percentage of the GC peak for styrene obtained
after the reaction. The conversion, selectivity, and turnover fre-
quency (TOF) were calculated as follows:

(1)

conversion (mol%) = (initial mol%) − (final mol%)

initial mol%
× 100,

(2)
styrene oxide

selectivity
= GC peak area of styrene oxide

GC peak area of all products
× 100,

(3)

TOF = No. of moles of styrene oxide formed

No. of moles of cobalt in the catalyst × reaction time
.

2.5. Catalyst regeneration

The spent catalyst was recovered from the reaction mixture
by filtration and thoroughly washed with DMF and distilled wa-
ter, then dried in air at room temperature.

2.6. Isosteric heat of adsorption

Isosteric heats of adsorption of oxygen on various catalysts
were calculated by the Clausius–Clapeyron equation from the
oxygen adsorption data measured at 288.2 and 303.0 K us-
ing a static volumetric system (Micromeritics model ASAP
2010). The details of the adsorption isotherm measurement
have been described elsewhere [37]. The samples were acti-
vated in situ by increasing the temperature from room temper-
ature to 673 K under vacuum (5 × 10−3 mm Hg) for 8 h be-
fore the adsorption measurements. The adsorption temperature
was maintained (±0.1 K) by circulating water from a constant
temperature bath (Julabo F25). A requisite amount of the ad-
sorbate gas was injected into the volumetric setup at volumes
required to achieve a targeted set of pressures ranging from 0.1
to 850 mm Hg. Isosteric heat of adsorption,

(4)−�H = R

[
∂ lnP

∂(1/T )

]
θ

,

where R is the universal gas constant, θ is the fraction of the
adsorbed sites at a pressure P and temperature T . Error in the
heat of adsorption was estimated to be 0.4%.

3. Results and discussion

Complete Co2+ exchange of NaX was attempted from aque-
ous solution at 353 K, but the maximum Na+ ion exchange
with Co2+ that could be achieved was 96%. The overall struc-
ture of the zeolite X was retained during the cation-exchange
process, as demonstrated by the presence of all the major re-
flections. However, zeolite samples with higher cobalt content
(NaCoX69, NaCoX81, NaCoX92, and NaCoX96) showed de-
creased crystallinity. Decreased crystallinity was also observed
for zeolite samples with lower cobalt content but with cesium
and barium as co-cations. This observed decrease could be due
to structural deformation occurring during exchange of large-
sized cesium and barium cations into the zeolite structure or
interaction of Co2+ cations with framework oxygen of zeolite.

BET surface area, micropore volume, and external surface
area were calculated by fitting the adsorption data in the corre-
sponding theories; the values are given in Table 1. The surface
area of the zeolite X samples was observed to increase on cobalt
ion exchange. This is due to the decrease in the number of
extra-framework cations while replacing monovalent sodium
ions with divalent cobalt ions. On replacing sodium ions with
divalent cations such as cobalt, one Co2+ replaces two Na+
ions; therefore, half of the cations are present in the zeolite.
The external surface area determined from the t -plot also in-
creases with the percentage of cobalt exchange. This can be
explained in terms of the structural deformation occurring dur-
ing the cation-exchange process and/or vacuum dehydration at
higher temperatures, which is also apparent from the decreased
crystallinity. The large decrease in surface observed for K+,
Ba2+, Sr2+, and Cs+ ion-exchanged zeolites is due to the large
cation size of these ions compared with Na+ ions.

In the hydrated pink sample, NaCoX, spectral minima ap-
peared around 530 nm in the visible region and 240 nm in
the UV region (Fig. 2), which are assigned to the transitions
of the octahedral [Co(H2O)6]2+ complex located in the su-
percages of the zeolite X [38]. Fig. 2 also shows that for zeolite
samples with Co exchange >60%, a band appeared at around
620 nm, indicating the presence of tetrahedral coordination of
Co(II). UV-vis DRS spectra of various Co(II)X samples with
co-cations in the presence of DMF are given in Fig. 3. These
spectra show that the peaks became broader and the maxima
was shifted to higher wavelengths with increasing intensity
in the presence of DMF solvent. However, in the presence of
DMF, even with ca. 20% cobalt exchange in zeolite, the colour
shifted to violet, demonstrating the changed coordination envi-
ronment from octahedral cobalt to tetrahedral coordination in
the presence of DMF.

3.1. Epoxidation of styrene to styrene oxide using molecular
oxygen

Styrene was converted into styrene oxide at 373 K with
molecular oxygen in DMF using cobalt-exchanged zeolite X
as catalyst. Styrene oxide and benzaldehyde were formed as
the major products, as confirmed by GC–MS of the reaction
products. The mass data showed standard fragmentation pat-
terns corresponding to styrene epoxide (m/z = 120, 91, 65, 51)
and benzaldehyde (m/z = 106, 77, 51), which were the prod-
ucts formed in the reaction.

The catalytic activity of various catalysts with different
amounts of cobalt ion-exchanged zeolite X toward the epoxi-
dation reaction of styrene was determined by the reaction be-
tween molecular oxygen and styrene at 373 K in the presence
of these catalysts. A 200-mg catalyst sample was used in all of
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Fig. 2. Diffuse reflectance spectra of various amounts of cobalt(II) ion-exchanged zeolite X.

Fig. 3. DRS spectra of (a) alkali metal-exchanged CoX, (b) DMF adsorbed alkali metal-exchanged CoX, (c) alkaline earth metal-exchanged CoX and (d) DMF
adsorbed alkaline earth metal-exchanged CoX.
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Table 2
Performance of NaCoX catalysts in styrene epoxidationa

Entry Catalyst Conversion
of styrene
(%)

Selectivity of
styrene oxide
(%)

Selectivity of
benzaldehyde
(%)

TOF
(h−1)

1 NaX 3 57 43 –
2 NaCoX10 66 67 33 25.3
3 NaCoX19 78 68 32 15.9
4 NaCoX34 88 65 35 9.7
5 NaCoX69 97 68 32 5.6
6 NaCoX81 98 68 32 4.8
7 NaCoX92 98 66 34 4.2
8 NaCoX96 100 67 33 4.1
9 NaCoX92b 99 66 34 4.2

10 NaCoX96b 99 66 34 4.0

a Reaction conditions: Styrene = 10 mmol; DMF = 20 ml; catalyst =
200 mg; O2 ∼= 6–8 ml min−1; duration = 4 h.

b Air ∼=10 ml min−1 was used instead of oxygen.

the reactions independent of the extent of cobalt exchange. Cat-
alysts air-dried at room temperature after the cation-exchange
processes were used for the epoxidation reactions without any
thermal treatment or activation. The percentage conversion and
selectivity obtained for different cobalt-exchanged zeolites are
given in Table 2. The table shows that the styrene conver-
sion increased sharply on exchanging the zeolite X the extra-
framework cations with cobalt ions and further increased with
increasing cobalt content. Some 66% of the styrene conversion
occurred during the 4 h of reaction time using NaCoX con-
taining 10% cobalt ions. The styrene conversion exceeded 97%
when the cobalt exchange was increased to 69%. Styrene ox-
ide selectivity also increased on cobalt exchange, from 56% in
NaX to 66% in NaCoX10, but the selectivity remained almost
unaffected with further increases in the amount of cobalt ions in
the zeolite. This increased styrene conversion at higher cobalt-
exchange levels may be due to the occupation of the cobalt ions
in the more accessible locations in the zeolite structure.
The crystal structure of cobalt-exchanged zeolite X reported
in the literature [4] show that the Co2+ ions prefer site II. After
completely occupying the available site II locations, Co2+ ions
occupied sites I′ and III′. The cations in site I′ were not accessi-
ble to the oxygen molecules. The cations in site II could interact
with the oxygen molecules through the six-member ring win-
dows, and the cations in site III′ could interact directly with
oxygen. The distances between the Co2+ ions in site III′ and
the framework oxygen atoms are long (Co–O distances of 2.30
and 2.27 Å), and these Co2+ ions were relatively coordinately
unsaturated compared with the Co2+ cations present in site II,
wherein Co–O distance is 2.129 Å. Therefore, cobalt cations
present in site III′ would be expected to be catalytically more
active for the activation of the oxygen molecules for the styrene
epoxidation reaction compared with the cobalt cations present
in site II.

TOF values were decreased with increasing amounts of
cobalt in the zeolite. This may be due to the fact that at higher
cobalt-exchange levels, some of the cobalt ions may move to
the cation locations inside the sodalite cavities, making them
inaccessible to the oxygen molecules, or due to the occupancy
of the cobalt ions in the neighbouring sites, making some of the
cobalt sites inaccessible for the styrene epoxidation reaction.
The increased styrene conversion and decreased TOF values
with increasing cobalt exchange in NaX (Table 2) demonstrate
that the number of catalytically active Co(II) species increased
with increasing cobalt exchange, however, the percentage of
such species decreased with increasing cobalt exchange in NaX.

3.2. Kinetics of styrene oxidation

The changes in the concentrations of styrene and styrene ox-
ide relative to the concentration of the internal standard as a
function of time are shown in Fig. 4 for NaCoX96. Styrene con-
version and styrene oxide formation increased with time and
Fig. 4. Kinetics of styrene conversion and styrene oxide formation using NaCoX96.
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reached near maximum at 210 min. An increase in reaction
time up to 270 min did not effect the concentrations of either
styrene or styrene oxide. However, further increases led to de-
creased styrene oxide concentration. The styrene oxide formed
underwent ring-opening reactions, and such products as styrene
glycol were formed. The rate constant of the epoxidation reac-
tion was derived by applying the first-order rate equation [39]
and was found to be 0.02589 min−1.

3.3. Catalytic oxidation with air

Catalytic oxidation was also carried out using air as the
molecular oxygen source. Instead of oxygen, air was bubbled
into the reaction at a rate of 10 ml min−1. Atmospheric air was
bubbled into the reaction system without any purification or
drying using an air pump (entries 9 and 10 in Table 2). The
styrene conversion, styrene oxide selectivity, and TOF values
were similar to those of the reactions carried out using chem-
ically pure (99.9%) oxygen as the oxidant. The conversion,
selectivity, and TOF values obtained are given in Table 2 and
are comparable to the data obtained with pure oxygen.

3.4. Effect of water on the catalytic reaction

The effect of water in the reaction medium was explored by
carrying out four reactions in which the reaction system con-
tained different amount of water molecules. In the first reaction,
the solvent was dried [60] and catalyst was also dehydrated at
353 K under vacuum (10−3 Torr) for 24 h. The styrene conver-
sion was only 42%, with a styrene oxide selectivity of 68%. In
the second reaction, the solvent was used without drying, and
the catalyst was dehydrated at 353 K under vacuum (10−3 Torr)
for 24 h. The styrene conversion increased (Table 3) to 65%
with styrene oxide selectivity of 67%. The third reaction was
carried out using the catalyst and solvent as obtained without
any activation or drying. The styrene conversion increased to
98% with a styrene oxide selectivity of 66%. In the fourth reac-
tion, 1.0 ml of water was added to the reaction system, and there
was no significant effect on the styrene conversion and styrene
oxide selectivity. The TOF also increased from 1.8 to 4.2 on in-

Table 3
Effect of water on the catalytic activity using NaCoX92 catalysta

Entry Reaction system Conversion of
styrene (%)

Selectivity of
styrene oxide (%)

TOF
(h−1)

1 DMF (dried) and catalyst
activated at 353 K/vacuum
(10−3 Torr)

42 68 1.8

2 DMF without drying and
catalyst activated
(353 K/vacuum, 10−3 Torr)

65 67 2.8

3 DMF without drying and
catalyst unactivated

98 66 4.2

4 DMF without drying,
catalyst unactivated and
1.0 ml H2O

100 65 4.2

a Reaction conditions: Styrene = 10 mmol; DMF = 20 ml; amount =
200 mg; O2 ∼= 6–8 ml min−1; duration = 4 h.
creasing the amount of water in the reaction system. The same
catalyst (NaCoX92) was used for the catalytic epoxidation re-
actions in all reactions. These data, given in Table 3, show that
the presence of water in the catalyst/reaction medium affects
styrene conversion. A similar increase in TOF was reported by
Iliev et al. [40] during the oxidation of 2-mercaptoethanol to
disulfide with oxygen using a Co(II) phthalocyanine complex in
microporous hydrotalcite. The enhanced catalytic activity was
attributed to improved dispersion of cobalt complex in the hy-
drotalcite host in the presence of DMF–water mixture [41]. The
mechanism for the effect of water molecules on the catalytic
epoxidation of styrene to styrene oxide with molecular oxygen
using Co(II)-exchanged zeolite is not completely understood.
However, it seems that the presence of the DMF–water mix-
ture in zeolite X could result in the relocation of Co(II) ions
so that more ions are present at sites that are catalytically ac-
tive/accessible to substrate molecules. This is supported by the
increased TOF values in the presence of the DMF–water mix-
ture from 2.8 to 4.2 h−1.

3.5. Effect of alkali and alkaline earth metal cations on the
reaction

The effect of alkali and alkaline earth metal cations on the
catalytic epoxidation of styrene to styrene oxide with molec-
ular oxygen using cobalt-exchanged zeolites was studied. The
sodium ions of the zeolite were exchanged with K+, Rb+, Cs+,
Mg2+, Ca2+, Sr2+, and Ba2+ cations. In these ion-exchanged
zeolites, ca. 20% of the extra-framework sodium cations were
replaced with cobalt ions by ion exchange from aqueous solu-
tion. The catalytic properties of K+, Rb+, Cs+, Mg2+, Ca2+,
Sr2+, and Ba2+ cations containing CoX were determined under
the same reaction conditions; the catalytic properties of these
alkali and alkaline cations, including CoX samples, are com-
pared in Table 4. The catalytic epoxidation of styrene to styrene
oxide with molecular oxygen using cobalt-exchanged zeolite X

Table 4
Styrene epoxidation using CoX having various alkali metal promotersa

Entry Catalyst Conversion
of styrene
(%)

Selectivity
of styrene
oxide (%)

Selectivity
of benzal-
dehyde (%)

TOF
(h−1)

1 NaCoX19 78 68 32 15.9
2 KCoX19 99 71 29 22.7
3 RbCoX21 99 72 28 24.0
4 CsCoX20 100 77 23 26.4
5 MgCoX22 100 75 25 21.1
6 CaCoX19 100 83 17 24.9
7 SrCoX18 100 85 15 27.4
8 BaCoX15 100 83 17 32.5
9 CsBaCoX20 100 80 20 27.8

10 KBaCoX21 100 83 17 26.9
11 KSrCoX20 100 81 19 26.5
12 BaCoX15b 93 66 34 −
13 BaCoX15c 99 83 17 −

a Reaction conditions: Styrene = 10 mmol; DMF = 20 ml; catalyst =
200 mg; O2 ∼= 6–8 ml min−1; duration = 4 h.

b 1,4-dioxane was used as solvent in place of DMF.
c DMA was used as solvent in place of DMF.
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with alkali and alkaline metal ions showed increased selectivity
of styrene oxide while moving down the periodic table. Styrene
conversion increased from 78% in NaCoX to 99% in KCoX,
RbCoX, and CsCoX. Styrene oxide selectivity also increased,
from 68% in NaCoX to 71% in KCoX, 72% in RbCoX, and
77% in CsCoX (entries 1–4 in Table 4). In addition, TOF val-
ues increased from 15.9 to 22.7, 24.0, and 26.4 on replacing
the sodium ions of CoX with potassium, rubidium, and cesium,
respectively.

Similarly, styrene conversion was >99% with all of the
Co(II)-exchanged zeolite X catalysts with alkaline earth metal
cationic promoters. The styrene oxide selectivity also increased
from 68% in NaCoX to 75% in MgCoX, 83% in CaCoX, 85%
in SrCoX, and 83% in BaCoX (entries 1 and 5–8 in Table 4).
TOF increased from 15.9 to 21.1, 24.9, 27.4, and 32.5 on replac-
ing the sodium ions of CoX with magnesium, calcium, stron-
tium, and barium, respectively. The increased styrene epoxide
selectivity for CoX with alkaline earth metal ions was higher
than that for CoX with alkali metal cation ions.

The effect of a mixture of alkali–alkaline earth metal co-
cations on the catalytic epoxidation of styrene to styrene oxide
with molecular oxygen using cobalt-exchanged zeolites was
also studied. The sodium ions of the zeolite were exchanged
with a mixture of alkali–alkaline earth metal cations such as
K+, Cs+, Sr2+, and Ba2+. Approximately 20% of the extra-
framework cations of these zeolites were replaced with cobalt
ions by ion exchange from aqueous solution. The catalytic ac-
tivities of the three catalysts are compared in Table 4.

Three alkali–alkaline earth metal cationic combinations
were studied: CsBaCoX, KBaCoX, and KSrCoX (entries 9–11
in Table 4). Styrene conversions and styrene oxide selectivi-
ties were very high (>99 and >80%, respectively, in all cases)
compared with the values for the corresponding NaCoX. TOF
values were also high in these CoX-containing mixed cationic
promoters.

3.6. Reactions using spent catalysts

Catalysts were recovered from the reaction mixture by cen-
trifuging, and the recovered catalyst was washed with DMF and
then with distilled water to remove all of the organic phases ad-
sorbed on the catalyst. The conversion and selectivity obtained
at the second and third cycles are given in Table 5. The num-
bers in roman letters denote the reaction cycle numbers using
the same catalyst. As seen from the data, the catalytic activity
of the catalysts remained unaffected after two or three reaction
cycles.

The analysis of the liquid phase separated from the reaction
mixture did not show the presence of cobalt cations in solu-
tion, indicating the absence of leaching of the cobalt metal ions
during the catalytic reaction. The cobalt(II) cations present in
the zeolite had a strong interaction with the zeolite framework.
The interactions between the cations and the zeolite framework
were strong enough to keep the cations intact with the zeolite
structure under the reaction and activation conditions used in
the catalytic reaction.
Table 5
Performance of spent MCoX catalysts in styrene epoxidationa

Entry Catalyst Conversion
of styrene
(%)

Selectivity
of styrene
oxide (%)

Selectivity
of benzal-
dehyde (%)

TOF
(h−1)

1 NaCoX92 I 98 66 34 4.2
2 NaCoX92 II 99 67 33 4.3
3 NaCoX92 III 99 67 33 4.2
4 NaCoX96 I 100 67 33 4.1
5 NaCoX96 II 100 66 34 4.0
6 NaCoX96 III 100 66 34 4.0
7 KCoX19 I 99 71 29 22.7
8 KCoX19 II 99 72 28 23.0
9 CsCoX20 I 100 77 23 26.4

10 CsCoX20 II 100 77 23 26.4
11 SrCoX18 I 100 85 15 27.4
12 SrCoX18 II 100 85 15 27.5
13 BaCoX15 I 100 83 17 32.5
14 BaCoX15 II 100 83 17 32.5

a Reaction conditions: Styrene = 10 mmol; DMF = 20 ml; catalyst =
200 mg; O2 ∼= 6–8 ml min−1; duration = 4 h.

3.7. Reaction mechanism

The data on conversion, selectivity, TOF, and activity of the
spent catalyst show that the cobalt-exchanged zeolites X with
alkali and alkaline earth metal ions are potential catalysts in the
catalytic epoxidation of styrene to styrene oxide using mole-
cular oxygen. Our findings confirm that alkaline earth metal
cations are more effective co-cations than alkali metal cations
for enhancing styrene epoxide selectivity when exchanged into
zeolite X with cobalt ions. It is interesting to note that in al-
kali and alkaline earth-exchanged cations, <20% cobalt ex-
change is needed to obtain 98–99% styrene conversion, im-
proved styrene epoxide selectivity, and higher TOF values. To
study the mechanistic behaviour and also to identify the active
species formed in the experiment, a small amount of free rad-
ical scavenger hydroquinone (50 mg) was added, and catalytic
activity with NaCoX92 was studied. Under the same reaction
conditions specified in Table 2, the conversion of styrene to
styrene oxide was found to be almost zero. This finding, along
with earlier results of Tang et al. [35], confirm that formation of
free-radical-type active oxygen species occurs, probably due to
activation of O2 in the Co2+ cations present at site III′ or II.
It is well known [35,42–47] that many cobalt(II) complexes
can bind and activate oxygen-forming Co(III)–(O−

2 ) species,
which further undergo reactions to generate peroxo and super-
oxo radical-type active oxygens. The UV–vis spectra observed
by us and reported by Tang et al. [35] indicate that Co(II) ions
present in zeolite X are in tetrahedral coordination in the pres-
ence of DMF. Furthermore, based on the observation of a C=O
stretching shift of free DMF from 1671 to 1658 cm−1 in the
presence of NaCoX in the FTIR spectra of a Co(II)–NaX–DMF
adduct, it has been reported [34] that DMF molecules are co-
ordinated to the cobalt cations present in the zeolite supercage
through oxygen atoms of DMF. This is further supported by the
experimental data measured with three solvents (entries 12 and
13 in Table 4). Higher conversion and epoxide selectivity was
observed for solvents with carbonyl groups DMA and DMF
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Scheme 1. Proposed tentative reaction mechanism for the epoxidation of styrene.
compared with 1,4-dioxane. It is also known that DMF has a
higher oxygen-dissolving capacity than other solvent media.
The mechanism of catalytic epoxidation of styrene to styrene
oxide with molecular oxygen using Co(II)-exchanged zeolite
is not completely understood; however, we propose a tenta-
tive mechanism (Scheme 1) based on that proposed by Pruß
et al. [34] and that reported for cobalt complexes in homoge-
neous media. We believe that Co(II)NaX–DMF present in the
zeolite supercage is coordinated to molecular oxygen to form
a DMF–NaXCo(III)OO·(I) superoxo type of complex, result-
ing in oxidative addition to the C=C double bond of styrene
molecules to give an intermediate (II). The intermediate (II)
undergoes migratory insertion to give cyclic peroxide radical
(III) and regenerates DMF–NaXCo(II). Cyclic peroxide rad-
ical (IV) can further react with another molecule of styrene
to give styrene epoxide or can undergo thermal decomposi-
tion to benzaldehyde and formaldehyde. The observation that
styrene epoxide selectivity increases as the basicity of zeolite
increases for various alkali and alkaline earth cation exchanges
can be explained in terms of the higher stabilization of interme-
diate (III) radical with increased basicity, which will decrease
its decomposition to benzaldehyde and formaldehyde, thereby
giving higher selectivity for epoxide. As the reaction is carried
out at 100 ◦C under oxygen flow, the formaldehyde formed es-
capes along with oxygen and cannot be detected in the reaction
products by GC or GC–MS analysis. Therefore, to confirm the
formation of formaldehyde, a separate styrene epoxidation ex-
periment as described in the following section was carried out.
Here, 10 mmol styrene along with 20 ml of DMF and 200 mg of
SrCoX18 catalyst were added to a 50-ml round-bottomed flask
equipped with an efficient water condenser that was placed in
an oil bath, with the temperature maintained at 373 ± 2 K. The
reaction was started by bubbling O2 at atmospheric pressure
into the reaction mixture at the rate of 6–8 ml min−1. The reac-
tion mixture was magnetically stirred at 600 rpm. An outlet was
provided at the top of the condenser using tubing into a beaker
containing 15 ml of distilled water so that vapours formed dur-
ing the reaction were carried by the purged oxygen and became
dissolved in it. After 4 h of reaction, 1 ml of water contain-
ing the dissolved vapours was placed in the test tube, and a
small amount of resorcinol and 5–6 drops of conc. H2SO4 were
added. At the junction of the two liquids, a clear red ring forma-
tion was observed, along with white precipitate in the aqueous
layer, which changed to violet-red after standing, clearly con-
firming the presence of formaldehyde.

The stability of the radicals in zeolite pores is reportedly
related to the basicity of the framework oxygen of alkali-
exchanged zeolites [48–54], indicating that increased basicity
leads to higher radical stability. The basicity of alkali cation-
exchanged zeolite increases in the order Cs–X > Rb–X >

K–X > Na–X as determined by IR [55] and XPS studies [56].
The values of the partial negative charge on oxygen as a func-
tion of energy calculated from the blue shift of adsorbed iodine
in relation to gaseous iodine showed a similar trend [57]. We
calculated the average partial charges on oxygen atoms using
Sanderson electronegativity methods [58] and found values of
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Table 6
Isosteric heat of adsorption for oxygen on various CoX catalysts

Catalyst Isosteric heat of
adsorption (O2) in kJ mol−1

NaX 15.1
NaCoX10 15.9
NaCoX19 16.4
NaCoX34 16.9
NaCoX69 17.4
NaCoX81 17.9
NaCoX92 18.3
NaCoX96 18.5
KCoX19 17.2
RbCoX21 17.4
CsCoX20 17.5
MgCoX22 17.6
CaCoX19 18.5
SrCoX18 18.7
BaCoX15 18.9

−0.34 for CsCoX20, −0.32 for RbCoX21, −0.31 for KCoX19,
and −0.30 for NaCoX19. Similarly, the basicity of alkaline
earth cation-exchanged zeolites increased as we go down the
group, as demonstrated by the average partial charges on oxy-
gen atoms of −0.25 for BaCoX15, −0.24 for SrCoX18, −0.23
for CaCoX19, and −0.22 for MgCoX22. Similar effects of al-
kali and alkaline earth metal cations were observed for the ki-
netics of ammonia synthesis catalysed by ruthenium supported
on zeolite X and the selective oxidation of butane by nickel
molybdate with oxygen [59].

Alkali and alkaline cations can also enhance the catalytic
epoxidation reaction of styrene to styrene oxide through relo-
cation/dispersion of the cobalt ions inside the zeolite pores to
catalytically more active locations. The observation of signifi-
cantly increased TOF in the presence of alkali/alkaline cations
with even 20% cobalt exchange demonstrates the greater
amount of Co(II) compared with NaCoX20 at catalytically ac-
tive sites in these samples. The isosteric heat of adsorption
(Table 6) for oxygen molecules increased from 15.1 kJ mol−1

in NaX to 18.5 kJ mol−1 in NaCoX96. Table 6 clearly shows
that the isosteric heat of adsorption for oxygen molecules in-
creases with increasing cobalt content of the zeolite X. This
clearly indicates the stronger interaction of the oxygen mole-
cules with the Co(II) cations present in the zeolite X. Co(II)-
exchanged zeolite X catalysts with potassium, rubidium, and
cesium cationic promoters demonstrated increased oxygen heat
of adsorption values. The oxygen heat of adsorption values
in the Co(II)-exchanged zeolite X catalysts with magnesium,
calcium, strontium, and barium cationic promoters were signif-
icantly higher than those in NaCoX with similar cobalt content.
The oxygen heat of adsorption values in these zeolites contain-
ing only ca. 20% cobalt ions were similar to those in NaCoX96.

4. Conclusion

An eco-friendly and efficient catalytic system comprising
Co2+-exchanged faujasite zeolites has been studied for liquid-
phase epoxidation of styrene using molecular oxygen. A 100%
conversion of styrene with 65% styrene oxide selectivity was
achieved using NaCoX. The effect of water concentration on
the reaction system was studied. Alkali and alkaline earth
cationic promoters were introduced into the zeolite to enhance
the activity of the catalyst. The styrene oxide selectivity in-
creased on replacing the sodium ions with higher alkali metal
cations, from 68% for NaCoX to 77% for CsCoX. The styrene
oxide selectivity also increased on replacing the sodium ions
with alkaline earth metal cations; a maximum styrene oxide se-
lectivity of 85% was obtained with SrCoX. The formation of
active oxygen species was suppressed in the case of reaction
with free radical scavengers.
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