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SEM, XRD and XPS have been used to characterize a series of fresh, conditioned and industrially aged Ag–Cs/�-Al2O3 catalysts. No

significant loss or redistribution of the alkali promoter was observed, nor was there excessive pick-up of the chlorine promoter. These results

are consistent with the aged supports not showing an increased activity toward the further conversion of ethylene oxide.
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1. Introduction

Continued interest in the heterogeneously catalyzed
epoxidation of ethene derives both from the major tech-
nological importance of the industrial process and from
the apparently unique behavior of silver as a catalyst.
This has stimulated much fundamental and applied
research [1] in which single-crystal studies have played
an important role in uncovering the long-controversial
molecular mechanism and in elucidating the role of
chlorine [2] and alkali promoters [3]. However, in com-
parison, the phenomena associated with catalyst aging
have received very little attention by way of systematic
studies, despite the great technological importance of
these effects. And nothing at all has been published
that addresses the properties of ethylene epoxidation
catalysts aged under industrial conditions in a commer-
cial plant.
The lifetime of a commercial Ag epoxidation catalyst

is typically 2–3 years. During this time a progressive loss
in activity occurs, so that to maintain productivity it is
necessary to steadily increase the operating temperature.
In addition to the activity loss, a gradual decay in
catalyst selectivity also takes place, and it is this loss in
selectivity that ultimately determines when the catalyst
is no longer economically viable and must therefore be
replaced. The increase in temperature required to main-
tain productivity is at least partially responsible for this
selectivity loss, as higher temperatures favor the total
combustion of ethylene. However, it is not clear whether
physical changes that may occur in the nature of the
catalyst with aging (e.g. in the acidity of the support)
also contribute. Here we report on (i) the characteriza-
tion by XRD, SEM and XPS of fresh and industrially

aged commercial Ag–Cs/�-Al2O3 samples and (ii)
their activity for the further conversion of ethylene
oxide—processes that play a significant role in determin-
ing overall reaction selectivity.

2. Experimental

The Ag–Cs/�-Al2O3 catalyst studied in this work was
a commercial catalyst containing approximately 10wt%
Ag and dosed with a promoting quantity of Cs. The fresh
catalyst was prepared by impregnation of cylindrical
�-Al2O3 pellets with a solution containing a silver
oxalate/ethylenediamine complex. Three separate sam-
ples of the catalyst were investigated: a fresh calcined
and reduced sample (denoted F); a conditioned sample
treated under full reaction conditions in a pilot plant
until optimum activity was achieved (�100 h on line;
denoted C); and an aged and deactivated sample
removed from a commercial plant after 14 months
under reaction conditions (denoted A). The aged
sample discussed was taken from the center of the
catalyst bed, although similar results were obtained
from samples removed from both inlet and outlet posi-
tions. To investigate ethylene oxide conversion on the
support material, and in particular the influence of Cs,
samples of the bare �-Al2O3 support and a sample
dosed with 350 ppm Cs/�-Al2O3 were also studied.
Ethylene oxide isomerization and combustion experi-

ments were performed in a quartz microreactor system
described previously [4] and operated under differential
conditions. The ethylene oxide (BOC speciality gases,
1% EO/He) and O2 (Messer UK) were delivered by
independent mass flow controllers (MKS instruments)
and further diluted in ultra-pure He to give the required
gas-phase composition. Prior to testing the samples were
heated to 200 8C in He. Organic products were analyzed
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using a GC/FID system (Shimadzu 14B), fitted with a
Porapak N column. Carbon oxides were monitored
using a NDIR CO/CO2 detector (Siemens Ultramat 6).
Temperature-programmed oxidation (TPO) experiments
were also performed in this system, utilizing the NDIR
analyser and a quadrupole mass spectrometer (Hiden
RGA 301). The feed during TPO experiments contained
5% O2 in He with a total flow of 60mlmin

�1. The
sample, 200mg, was ramped from room temperature to
800 8C with a linear heating rate of 10Kmin�1.
Powder XRD patterns were obtained using a Philips

PW1710 instrument employing CuK� radiation. Scan-
ning electron microscopy (SEM) was performed using
a JEOL 6340 FEG microscope operating at 20 kV,
employing back-scattered electrons for enhanced image
contrast. XPS was performed using a VSW ARIES
system equipped with a HA-100 hemispherical analyzer.
Catalyst samples were mounted by pressing a small
amount of the material between two discs of pure
aluminum. Separating the discs produced two specimens

consisting of a thin film of catalyst powder adhering to
the aluminum. XP spectra were acquired with MgK�
radiation and quoted binding energies (BEs) are referred
to the C 1s emission at 284 eV.

3. Results and discussion

Representative SEM images obtained from the three
samples investigated are shown in figure 1. Also included
in this figure are the corresponding powder XRD
patterns which focus on the region of the Ag(200)
reflection used for line-broadening analysis. The average
particle sizes determined via these two techniques are
summarized in table 1. The SEM values were obtained
by determining the volume-weighted average diameter
for 200 particles imaged at various locations within
each sample.
The fresh catalyst contained discrete silver particles

with an average particle size of 97 nm as determined by

Figure 1. Representative SEM images and corresponding powder XRD profiles obtained from fresh (F), conditioned (C) and aged (A) catalyst.
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SEM. Hoflund et al. [5–7] also employed SEM to charac-
terize a series of fresh and aged Ag/�-Al2O3 catalysts. In
their fresh catalyst a thin film of silver was observed
covering the alumina support [5]. No such film was
observed in this case, which may reflect the different
preparation techniques employed. Hoflund et al. utilized
a method involving dissolution of Ag2O into a lactic acid
solution which was subsequently used for impregnation
[8]. The catalysts studied in this work were prepared
via a method involving complexation of Ag with an
amine species prior to impregnation. Hoflund et al.
also concluded that one of the major influences of Cs
was to act as a ‘‘binder’’ between the support and
silver, resulting in the formation of a more uniform Ag
film covering the support surface. This enhanced coating
of alumina by silver was thought to account for the
Cs-induced decrease in ethylene oxide secondary conver-
sion processes attributable to the support [7,9]. Clearly,
however, this ‘‘coating’’ of the alumina surface by Ag
does not occur in catalysts prepared by the method
employed here, and the influence of Cs is therefore also
different, as discussed below.
After a short period of time on line (100 h), during

which the fresh catalyst was conditioned to reach

optimum activity, a small increase in average Ag particle
size occurred, from 97 to 117 nm as determined by SEM.
In contrast, Hoflund and Minahan [6] observed gross
changes in the morphology of the silver phase during
this initial period. They attributed the requirement for
a conditioning period to this change in the Ag mor-
phology. However, it is clear from the images in figure
1 that no such gross changes in the nature of the silver
component occurred with our catalyst. It is more likely
that the requirement for a conditioning period is related
to the accumulation of the Cl promoter during the initial
period, gradually converging on its equilibrium cover-
age. Removal of carbonaceous material deposited
during the catalyst preparation step may also contribute.
TPO profiles obtained from all three Ag/�-Al2O3
catalysts are shown in figure 2. The fresh catalyst
displays a very large CO2 feature at 230 8C. This feature
is significantly reduced on the conditioned catalyst, indi-
cating that gradual oxidative removal of carbonaceous
deposits occurs during this initial period.
Whilst both XRD and SEM reveal significant sinter-

ing of the silver phase with further use, it is clear that
there is some discrepancy between the particle size
values obtained by these techniques, particularly for
the aged sample. This discrepancy between XRD and
SEM particle size determination has been noted in earlier
investigations of Ag supported on �-Al2O3 [10,11] and
was attributed to the inaccuracy of the line-broadening
technique, particularly for relatively large particles.
However, the fact that the XRD method consistently
underestimates average particle size values, in compari-
son to the corresponding SEM data, may indicate that
there is significant disorder within individual Ag
particles, with the majority of particles containing

Table 1

Comparison of average particle size values determined by XRD and SEM

Sample Average particle size (nm)

XRD SEM

Ag–Cs/Al2O3 (fresh) 47 97

Ag–Cs/Al2O3 (conditioned) 75 117

Ag–Cs/Al2O3 (aged) 116 341

Figure 2. Temperature-programmed oxidation (TPO) profiles obtained from fresh (F), conditioned (C) and aged (A) catalysts (0.2 g, 5% O2/He,

150mlmin�1, �¼ 10Kmin�1).
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multiple domains and therefore a high concentration of
grain boundaries [12].
As discussed previously, it is apparent that the major

influence of Cs in the catalysts studied here does not
involve it acting as a binder between Ag and alumina
[5–7,9]. An alternative explanation offered for the bene-
ficial effect of Cs is that it moderates the acidity of the
support [13,14]. Accordingly, figure 3 shows rate versus
temperature data for the isomerization of ethylene
oxide to acetaldehyde over the blank alumina support
and a sample dosed with 350 ppm Cs. The isomerization
of ethylene oxide over �-Al2O3 was found to be first
order in ethylene oxide (data not shown) with an appar-
ent activation energy of 76� 3 kJmol�1. This value is in
good agreement with that determined by Vannice and
Mao for a high-surface-area �-Al2O3 [14] and that by
Kanoh et al. for a series of aluminas treated at various
temperatures [15]. For the low-surface-area �-Al2O3
support employed in this study (�1m2 g�1), no detect-
able combustion of ethylene oxide to CO2 was observed

either in the presence or absence of O2 (table 2), in
agreement with the results of Bulushev et al. [16]. This
indicates that direct combustion of ethylene oxide over
the support is not a significant source of CO2 with
these catalysts. However, isomerization of ethylene
oxide to acetaldehyde on the support followed by com-
bustion of the acetaldehyde produced on silver particles
may be a significant mechanism contributing to the loss
in selectivity [13–15,17].
Loading 350 ppm Cs onto the support surface has a

dramatic influence on the rate of isomerization.
Although the apparent activation energy was similar to
that of �-Al2O3, 79� 4 kJmol�1 (figure 3), the rate
decreased by nearly an order of magnitude. This is
attributable to poisoning of the strong acid sites on the
support surface responsible for ethylene oxide isomeriza-
tion by Cs [13–15,17]. The rate of isomerization over the
conditioned Ag–Cs/�-Al2O3 catalyst was found to be
slightly, but reproducibly, lower than over the Cs/�-
Al2O3 sample (table 2). This indicates that Ag, in the

Figure 3. Rate of ethylene oxide isomerization to acetaldehyde versus temperature over �-Al2O3 and 350 ppm Cs/�-Al2O3 samples (0.08% ethylene oxide,

0.24 g sml�1 (STP)). Inset shows the corresponding Arrhenius plots.

Table 2

Secondary conversion of ethylene oxide in the presence and absence of O2

Sample Ethylene oxide feed a Ethylene oxideþO2 feed b

Rate isom.

(�mol/g cat. s)

Rate isom.

(�mol/g cat. s)

Rate comb.

(�mol/g cat. s)

�-Al2O3 0.0314 0.0314 –

Cs/�-Al2O3 0.0038 0.0039 –

Ag–Cs/�-Al2O3 (C) 0.0029 0.0046 0.0089

Ag–Cs/�-Al2O3 (A) 0.0032 0.0041 0.0097

a 0.08% ethylene oxide, 280 8C.
b 0.08% ethylene oxideþ 2.00% O2, 280 8C.
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absence of O2, has a very low activity for ethylene oxide
isomerization relative to the support. However, this
changes significantly in the presence of oxygen as dis-
cussed in more detail below. Over the aged catalyst,
again in the absence of O2, only a very slight increase
in isomerization activity was observed relative to that
of the conditioned catalysts. This indicates that gradual
acidification of the support, via loss of Cs and/or
chlorine pick-up, is not a significant process contributing
to the loss of selectivity in these catalysts. Indeed XPS
analysis of the aged catalyst could not detect any Cl.
The corresponding Cs 3d region (Cs 3d5=2 723.5 eV) of
the XPS spectra are shown in figure 4. Only a very slight
decrease in the cesium peak intensity is observed on
going from the fresh (F) to the aged (A) catalyst. XPS
also showed the presence of sodium, silicon and calcium,
which are assigned to an aluminosilicate binder material
that is known to be present. No significant redistribution
of these components was observed with aging.
As mentioned above, the presence or absence of O2

had no influence on the rate of isomerization over �-
Al2O3 or Cs/�-Al2O3, and no combustion was observed
over the samples that do not contain silver. However,
over both the conditioned and aged catalysts, the
presence of oxygen had a significant influence on the
rate of both combustion and isomerization. As shown
in table 2, the rate of isomerization over the conditioned
catalyst was significantly higher in the presence of 2%O2
(0.0046 versus 0.0029�mol g�1 s�1) than in its absence.
There was also significant CO2 production. Indeed the
rate of CO2 formation was approximately twice that of
acetaldehyde. The fact that oxygen appears to promote
isomerization of ethylene oxide on silver may be due to
poisoning of the silver surface in its absence, due to the
build-up of a stable acetate species on the silver surface

[16]. Another possible explanation for this observation
comes from studies in which the conversion of ethylene
oxide on Ag(111) [3,18] was investigated. It was found
that pre-adsorbed oxygen considerably increased the
rate of ethylene oxide isomerization relative to that
observed over the clean Ag surface. This was attributed
to a ‘‘soft’’ acid/base interaction between the oxygen
atom of the epoxide molecule and an oxygen-induced
Ag�þ site [3].
Comparing the isomerization and combustion rates

over the conditioned and aged samples in the presence
of oxygen, it is again apparent that the aging process
does not appear to alter significantly the activity of the
catalyst toward the secondary conversion of ethylene
oxide, despite appreciable sintering of the metal. The
only change observed is a tendency for the aged sample
to produce more CO2 (at the expense of acetaldehyde)
relative to the conditioned catalyst. Taken together,
these results suggest that the aging process does not
induce significant changes in the activity of Cs/�-
Al2O3-based catalysts toward the further conversion
of ethylene oxide. Therefore the loss in selectivity
observed under industrial conditions is mainly due to
the increase in temperature that is required to maintain
productivity, through its effect on the silver-catalyzed
chemistry.

4. Conclusions

1. SEM and XRD show that aging under industrial
conditions results in very significant sintering of the
silver component of Ag–Cs/�-Al2O3 catalysts. The
discrepancy between the average particle size values
determined by SEM and XRD techniques is greater
after aging, suggesting that the aged metal particles are
substantially multiply twinned.
2. The conditioning process that converts the freshly

prepared catalyst into a material with optimum activity
is not due to changes in the silver morphology. Rather,
it is due primarily to Cl pick-up accompanied by
oxidative removal of carbonaceous deposits remaining
after catalyst synthesis.
3. XPS shows that Cs promoter redistribution and

excessive chlorine pick-up are not implicated in the loss
of performance that accompanies aging. This is consis-
tent with the aged supports not showing an increased
activity toward the conversion of ethylene oxide.
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