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Abstract

Copper–silver bimetallic catalysts offer improved selectivities compared with silver alone in the direct epoxidation of ethylene. This bc
combination was previously identified by density functional theory calculations, and its performance advantage was verified in prelim
alytic reactor experiments. We report here a more detailed investigation of the performance of monolith-supported silver and Cu–Ag
catalysts at different feed compositions and reaction temperatures. From these studies, information about activation energies and reas
for ethylene epoxidation was obtained. The superior performance of the Cu–Ag bimetallic catalysts prepared by sequential impregn
demonstrated over a wide range of feed compositions.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The silver-catalyzed epoxidation of ethylene with oxygen
one of the most important and successful examples of he
geneous catalysis to date. Ethylene oxide (EO) has long
one of the highest volume chemicals produced by the ch
cal industry, accounting for approximately 40–50% of the to
value of organic chemicals produced by heterogeneous o
tion [1,2]. In 1998,>8 billion pounds of ethylene oxide wer
produced worldwide[3]. The process uses a silver catalyst s
ported onα-Al2O3, promoted by alkalis and halides. The pr
cipal nonselective product is carbon dioxide. The formation
carbon dioxide is highly exothermic, and the process is ru
low conversions (<15%) to achieve high selectivities and
control the heat released by combustion. More selective c
lysts can improve operability by reducing the heat generate
the process.

Previous work from this laboratory has provided new
sights into the mechanism of ethylene epoxidation. A comb
tion of surface science studies and quantum chemical cal
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tions was used to isolate and identify a surface oxametallac
as the common intermediate participating in both the selec
and nonselective pathways[4]. This intermediate can react
form EO or acetaldehyde, with both processes having sim
activation energies. It has been shown previously that acet
hyde is rapidly oxidized on silver to form carbon dioxide[5,6],
and thus it has been postulated that acetaldehyde is the
way for the production of CO2. The transition state structure
and energy barriers for the formation of EO and acetaldeh
from the oxametallacycle intermediate have been obtained
ing quantum chemical calculations[4].

The development of a mechanistic understanding for the
mation of EO and carbon dioxide led to the design of a m
selective catalyst from first principles[7]. Quantum chemica
calculations suggested that a Cu–Ag bimetallic catalyst sh
be more selective than pure silver toward EO. This predic
was verified by conducting a series of steady-state reacto
periments exploring the performance of monolith-supported
ver and Cu–Ag bimetallic catalysts for a feed stream contain
10% oxygen and 10% ethylene at 1.34 atm (5 psig). The Cu
bimetallic catalysts were approximately 1.5 times more se
tive than the pure silver catalysts at optimal copper loadi
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Besides being more selective, the Cu–Ag bimetallic catal
were also more active.

The purpose of the present work was to explore the
formance of Cu–Ag bimetallic catalysts over a wider range
feed compositions and reaction temperatures. From thes
periments, the performance of the Cu–Ag catalysts relativ
that of pure silver with respect to EO selectivity was evalua
and kinetics information about the process over these cata
was obtained.

To put these results in context, it is useful to consider rec
models for the kinetics and mechanism of this process. Th
sential features of the mechanism of ethylene epoxidation
be represented by a minimum of four elementary steps[8]:

O2(g) + 2* � 2O(a), (1)

C2H4(g) + * � C2H4(a), (2)

C2H4(a)+ O(a)� CH2CH2O(a)+ *, (3)

CH2CH2O(a)� C2H4O(g)+ *, (4)

where (g) represents gas-phase species, (a) represents ad
species, and * represents unoccupied surface sites. The m
nism involves two adsorption steps, one of which involves
dissociative adsorption of oxygen, one surface reaction ste
which adsorbed ethylene and oxygen react to form the
posed oxametallacycle intermediate, labeled as CH2CH2O(a),
and one reaction/desorption step in which the intermediate
acts to release gas-phase EO.

Linic et al. [8] and Stegelmann et al.[9,10] have developed
microkinetic models for this process. The process actually
two kinetically relevant steps: dissociative adsorption of oxy
and reaction of adsorbed ethylene with adsorbed oxygen at
The rate-determining step of the process is therefore gove
by the reaction conditions used. The identification of more t
one kinetically relevant step has been supported by cata
studies.Table 1gives the results of some studies that inve
gated the kinetics of ethylene epoxidation[11–23]. Listed are
the measured apparent activation energies and reaction o
for the formation of EO and CO2 for studies conducted over
range of reaction conditions and fitted with power-law kinet

Table 1
Activation energies (Ea, kcal/mol) and reaction orders(n) for epoxidation (1)
and total oxidation (2) of ethylene over silver catalysts

Epoxidation Total oxidation Refer
enceEa1 nC2H4 nO2 Ea2 nC2H4 nO2

16 1 0 16 1 0 [11]
12 0 1 15 0 1 [12]
19 0.3 0.7 – – – [13]
15 – – 20 – – [14]
20 0 1 33 – – [15]
9 0.5 0 8 0.5 0 [16]
– 0 1 – 0 1 [17]
– 1 1.5 – 1 2 [18]
– 1 −0.3–1.5 – 1 −0.3–1.5 [19]
– −0.03 0.91 – −0.2 1.1 [20]

Ea1 = Ea2 1 0.5 Ea1 = Ea2 1 0.5 [21]
25 1 0.5 24 1 0.5 [22]
18 0.7 1 15 0.7 1 [23]
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The similarity of the calculated activation barriers for dis
ciative oxygen adsorption and surface reaction makes it d
cult to identify the rate-determining step of the process on
basis of these barriers alone[8]. Nonetheless, determining rea
tion orders for oxygen and ethylene can help identify the r
determining step of the process. For conditions in which
dissociative adsorption of oxygen is rate-determining, the
of reaction would be expected to be enhanced by an increa
oxygen pressure and to display little or no dependence on
ylene pressure. In this case, the reaction order in oxygen w
be positive, whereas the reaction order in ethylene would be
proximately zero. For conditions in which the surface reac
is rate-determining, the rate of reaction should be influence
changes in both oxygen pressure and ethylene pressure,
ing positive reaction orders for both components.

As shown inTable 1, the reaction orders reported for th
formation of EO from oxygen and ethylene vary significan
Reaction orders of 0–1.5 for oxygen and−0.03–1 for ethylene
have been reported. These variations can likely be attrib
to variations in reaction conditions used to study the kinet
and highlight the presence of multiple kinetically relevant st
in the process. Apparent activation energies for EO forma
reportedly range from 9 to 22 kcal/mol, with an average o
approximately 16 kcal/mol. For CO2 formation, the measure
reaction orders of oxygen and ethylene have been report
ranges of−0.3–1.5 and−0.2–1, respectively. Measured appa
ent activation energies for CO2 formation have been reporte
to be either comparable to or slightly higher than those for
formation, with reported values in the range of 8–33 kcal/mol.

As we show below, our results for monolith-supported sil
and copper–silver bimetallic catalysts at 1.34 atm show a
vation energies and reaction orders near the median valu
the ranges reported in the literature. Under these conditions
bimetallic catalysts exhibit higher activities and epoxidation
lectivities over a wide range of ethylene/oxygen ratios.

2. Experimental

The methods used for catalyst preparation and reactor
eration have been described previously[7]. Catalyst supports
were ceramic foam monoliths (99.5%α-Al2O3) from Vesu-
vius Hi-Tech Ceramics. The monoliths used for this study
45 pores per linear inch (ppi), corresponding to a porosity
approximately 80%, and measured 18 mm diameter×10 mm
long. The surface area of these monoliths was measure
BET analysis as approximately 0.3 m2/g. Surface areas of th
finished, metal-loaded monoliths containing 11–13 wt% m
were within 10% of this value. Because of some batch-to-b
variability, direct performance comparisons between catal
with different metals content are made only for catalysts p
pared from the same monolith batch.

Before use, all monoliths were cleaned by boiling in d
tilled water for 1 h, followed by baking in air at 80◦C until dry
(typically 2 h). Catalysts were prepared by wet impregna
techniques. Monoliths were contacted with an aqueous s
tion of silver nitrate (AgNO3) slightly in excess of the amoun
required for incipient wetness, then dried in air at 80◦C. The
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Fig. 1. Scanning electron micrographs of anα-Al2O3 monolith before and after silver deposition.
rt
s o
er

eo
ia
tio
re

at
ctio
tain

ov

an
th
op
e
. I
le
uc
tin
as

he-
e of

age
nts

icro-
d at

-
po-

ens
e
this
µm

g
n of
mi-

of a
rted
u–

ese
ensi-
ppm

r di-
htly
cir-
artz
monolith catalyst was then calcined at 400◦C for 12 h in an
open-air furnace, and reduced in flowing H2/He (20% H2 by
volume) at 300◦C for an additional 12 h in situ before the sta
of the reaction. Catalyst samples contained silver loading
approximately 11–13 wt% of active catalyst. For the copp
promoted catalysts, copper was added in the form of aqu
cupric nitrate [Cu(II)(NO3)2] to the reduced silver catalyst v
wet impregnation, using a solution with a copper concentra
of 1 g/L. After addition of the cupric nitrate, the catalysts we
exposed to a flowing stream of H2/He for 12 h at 300◦C to re-
duce the cupric nitrate to metallic copper.

We have previously reported XPS results for bimetallic c
alysts prepared by this sequential impregnation and redu
process[7]. These results demonstrated that catalysts con
ing Cu/Ag atom ratios of 0.001–0.01 exhibited surface Cu/Ag
ratios of 0.1–0.75. For a catalyst with a Cu/Ag atom ratio of
0.002, which we estimate from XPS to have a surface Cu/Ag
ratio of 0.25, the total Cu loading represents a maximum c
erage of 0.5 monolayers on a total catalyst area of 0.3 m2/g.
Thus it is clear that Cu is highly dispersed. Although we c
not rule out the possibility that some copper is located on
support rather than on the silver surface, electron microsc
data (shown below) demonstrate that the monolith surfac
nearly completely covered by silver at the Ag loadings used
the absence of any evidence to the contrary, it is reasonab
conclude that the sequential impregnation technique prod
significant enrichment of Cu on the silver surface, genera
materials that correspond reasonably well to the design b
f
-
us

n

-
n
-

-

-
e
y
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n
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g
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(25 at% Cu at the Ag surface) for the density functional t
ory (DFT) calculations that predicted superior performanc
Cu–Ag bimetallics[7].

Scanning electron microscopy (SEM) was used to im
supported silver and Cu–Ag bimetallic catalysts. Experime
were conducted using a JEOL 7400 scanning electron m
scope equipped with a cold field emission source operate
2–3 kV with a limit of resolution of∼1.5 nm. The acceler
ating voltage was kept low to prevent beam damage and
tential charging effects. The working distance (objective l
to specimen) was 8 mm.Fig. 1 shows SEM images of th
bareα-alumina and supported silver catalysts prepared in
study. The silver crystallites were tablet-shaped and 10–20
in size, and they covered theα-alumina surface. When a Cu–A
bimetallic catalyst was prepared by sequential impregnatio
Cu at the levels used here, there was no evidence in the
crographs of the formation of particles or surface features
different size or shape than those illustrated for the suppo
silver catalyst. SEM elemental analysis of the silver and C
Ag bimetallic surfaces confirmed the presence of silver in th
particles. However, the element detection system was not s
tive enough to detect copper at the loadings used (65–650
with respect to total catalyst mass).

A schematic of the reactor apparatus is shown inFig. 2. The
reactor comprised an 18-inch-long quartz tube with an oute
ameter of 25.4 mm and an inner diameter of 22 mm, slig
larger than the diameter of the foam monolith catalyst. The
cumference of the monolith was wrapped with a layer of qu
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Fig. 2. Reactor schematic.
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wool to prevent bypassing of the reactant gas around the
lyst. The monolith was then placed at the center of the qu
tube, which was enclosed in a tube furnace. The reactor
was connected to the gas handling system by metal com
sion fittings with Viton o-rings.

Gas flow to the reactor was controlled by electronic m
flow controllers. Reactor pressure was controlled by a n
dle valve, the outlet of which was vented to the atmosph
placed just before the inlet of the on-line gas chromatogra
The product gases were fed through heated stainless stee
to an automated gas chromatograph (Hewlett Packard m
6890) for analysis. The gas chromatograph contained a
illary column (Supelco Plot-Q) for separation of hydrocarb
species, C2H4 and EO, which were detected by a flame ioni
tion detector. A second set of columns, consisting of a pa
packed Haysep columns (types N and Q), which separate h
ier hydrocarbons (C3+) from lighter hydrocarbons and gase
and a molecular sieve, which separates the atmospheric g
such as H2, N2 and O2, led to a thermal conductivity detecto
(TCD). The TCD was used for quantification of CO2, C2H4,
N2, and O2.

The catalyst temperature was measured using a type K
gauge bare-wire thermocouple inserted from the rear of
reactor and placed on the front face of the catalyst. The t
perature of the catalyst was controlled with an external pro
tional controller. The controller maintained the desired set-p
temperature to within±1 ◦C.

All experiments were conducted at a reactor pressur
1.34 atm with a total feed rate of 100 sccm (at STP), givin
contact time on the order of 0.5 s. Industrial ethylene epox
tion processes are carried out both with ethylene-rich condit
(oxygen-based process) and equimolar to slightly oxygen-
conditions (air-based process). For the oxygen-based pro
typical ethylene-to-oxygen ratios of 3:1 to 4:1 are used, whe
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e
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the air-based process is typically run at an ethylene-to-oxy
ratio of 1:2. The catalysts discussed here were tested ov
wide range of feed conditions ranging from 6:1 ethylene
oxygen to 6:1 oxygen to ethylene, to study the performanc
Cu–Ag bimetallic catalysts compared with pure silver cataly
Two batches of catalysts were studied. Batches are define
catalysts prepared from the same batch of monoliths and
same lots of silver and copper precursor. The two batches
denoted as batch A and batch B. (Note that these batches d
correspond to the similarly labeled batches described in p
ous work[7].)

3. Results

All catalysts were lined out for an initial 24-h period of ope
ation under the same feed and temperature conditions. Du
this period, the feed contained 10 mol% each of oxygen
ethylene, and the reactor temperature was maintained at 5
Once a catalyst had been lined out, composition and temp
ture variation experiments were carried out to probe the kine
and selectivity of the reaction. After each change of temp
ture or composition, the reactor was operated at steady sta
a minimum of 1 h before the results were recorded.Figs. 3 and 4
illustrate the conversion and selectivity transients for silver
copper–silver bimetallic catalysts during the initial lining-o
period, demonstrating that steady state was reached with
procedure.

Figs. 5 and 6show reaction rate data collected at 540
for silver and Cu–Ag bimetallic catalysts from batch A f
both ethylene-rich and oxygen-rich feed streams. In these
periments the minor feed component was held at 0.13
(10 mol%), whereas the major feed component was incre
from 0.13 to 0.8 atm (from 10 to 60 mol%), with a balan
of nitrogen. The rate of ethylene consumption was not sig
icantly affected by an increase in ethylene feed pressure
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Fig. 3. Measured ethylene conversion as function of time on stream fo
and Cu–Ag bimetallic catalysts from batch A. The feed stream contained
ethylene, 10% oxygen, and 80% nitrogen at a total reactor pressure of 1.3
and a temperature of 540 K.

Fig. 4. Measured ethylene oxide selectivity as function of time on stream fo
and Cu–Ag bimetallic catalysts from batch A. The feed stream contained
ethylene, 10% oxygen, and 80% nitrogen at a total reactor pressure of 1.3
and a temperature of 540 K.

was measurably affected by an increase in oxygen feed
sure. In agreement with our previous report[7], the Cu–Ag
bimetallic catalysts were more active than the pure silver
alyst for all feed conditions used. Similar rate measurem
were conducted at 500 and 520 K, in addition to 540 K. Fr
these measurements, apparent activation energies and re
orders were obtained for the consumption of ethylene and
formation of EO and carbon dioxide over a wide range of f
conditions. These studies are described below.

Activation energy determinations were conducted for sil
and Cu–Ag bimetallic catalysts from batches A and B for
actor temperatures of 500–540 K. Summaries of the meas
ethylene conversions for catalysts from batches A and B
represented inTables 2 and 3, respectively, for temperature
g
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g
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ts

tion
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ed
e

Fig. 5. Measured rates of ethylene reaction at 540 K for silver and Cu
bimetallic catalysts from batch A with ethylene-rich feed streams. The
stream contained 10% oxygen and 10–60% ethylene.

Fig. 6. Measured rates of ethylene reaction at 540 K for silver and Cu
bimetallic catalysts from batch A with oxygen-rich feed streams. The
stream contained 10% ethylene and 10–60% oxygen.

of 500 to 540 K and ethylene and oxygen feed composit
ranging from 10 to 60% (from 0.13 to 0.8 atm). It is evide
that the inherent activities of the two batches of catalysts
quite different, with catalysts from batch A being significan
more active. This further emphasizes the problem of batch
ability discussed previously[7]. Nonetheless, the compariso
of silver and Cu–Ag bimetallic catalysts of different base sil
activities provided a good measure of the performance enha
ments attained with copper modification for different base ca
of catalyst performance. It is evident from the data inTables 2
and 3that, regardless of the base silver catalyst performa
the activity of the catalyst was significantly enhanced by
addition of copper.

Representative activation energy determinations for a s
catalyst from batch A for ethylene-rich and oxygen-rich fe
conditions are shown inFigs. 7 and 8, respectively. It is evi-
dent that the activation energy for ethylene consumption
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Table 2
Measured ethylene conversions for silver and Cu–Ag bimetallic catalysts
batch A at 500–540 K and ethylene and oxygen feed concentrations of 10

Ag 0.2% Cu–Ag 0.5% Cu–Ag 1.0% Cu–A

540 K, 10% O2
C2H4
10% 6.37 7.73 12.69 14.45
20% 3.57 4.37 7.20 8.27
40% 1.82 2.27 3.51 4.06
60% 1.12 1.45 2.13 2.52

540 K, 10% C2H4
O2
10% 6.37 7.73 12.69 14.45
20% 7.73 9.33 15.14 16.70
40% 9.98 12.13 19.19 21.54
60% 11.78 14.06 21.71 23.82

520 K, 10% O2
C2H4
10% 4.33 5.62 8.6 9.45
20% 2.29 6.21 4.87 5.46
40% 1.04 7.86 2.24 2.54
60% 0.64 8.92 1.29 1.55

520 K, 10% C2H4
O2
10% 4.33 5.62 8.6 9.45
20% 5.01 6.21 9.97 11.43
40% 6.55 7.86 12.47 14.00
60% 7.56 8.92 14.02 15.82

500 K, 10% O2
C2H4
10% 2.42 3.10 5.06 5.89
20% 1.24 1.67 2.65 3.13
40% 0.54 0.76 1.10 1.37
60% 0.31 0.43 0.63 0.76

500 K, 10% C2H4
O2
10% 2.42 3.10 5.06 5.89
20% 3.06 3.79 6.04 6.88
40% 3.87 4.80 7.56 8.79
60% 4.59 5.31 8.33 9.84

adversely affected by an increase in ethylene feed pressure
the activation energy increasing from 13.4 to 17.7 kcal/mol.
For increasing oxygen feed pressure, the activation energ
not appear to be affected significantly, with measured ac
tion energies ranging from 12.8 to 13.4 kcal/mol. The observed
increase in activation energy with increasing ethylene feed p
sure can be rationalized as either site blockage by ethy
which is temperature dependent, or by an increased activ
barrier for dissociative oxygen adsorption on more reduced
faces. In either case, one would expect a shift toward oxy
dissociation becoming rate-determining at lower temperat
and higher ethylene pressure.

Table 4 summarizes the activation energies measured
both silver and Cu–Ag bimetallic catalysts from batches A
B for ethylene consumption and EO and carbon dioxide for
tion. The silver catalyst from batch B displayed similar acti
%
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Table 3
Measured ethylene conversions for silver and Cu–Ag bimetallic catalysts
batch B at 500–540 K and ethylene and oxygen feed concentrations of 10

Ag 0.2% Cu–Ag 1.0% Cu–Ag

540 K, 10% O2
C2H4
10% 1.66 4.72 6.64
20% 0.94 2.69 3.84
40% 0.50 1.39 2.06
60% 0.33 0.88 1.34

540 K, 10% C2H4
O2
10% 1.66 4.72 6.64
20% 2.25 5.71 8.18
40% 2.68 7.12 10.20
60% 2.96 8.15 11.59

520 K, 10% O2
C2H4
10% 1.02 2.93 4.16
20% 0.57 1.62 2.37
40% 0.29 0.81 1.22
60% 0.18 0.49 0.76

520 K, 10% C2H4
O2
10% 1.02 2.93 4.16
20% 1.29 3.49 5.32
40% 1.63 4.32 6.45
60% 1.85 5.03 7.33

500 K, 10% O2
C2H4
10% 0.57 1.70 2.64
20% 0.30 0.92 1.46
40% 0.15 0.44 0.72
60% 0.09 0.25 0.42

500 K, 10% C2H4
O2
10% 0.57 1.70 2.64
20% 0.74 2.13 3.13
40% 0.93 2.55 3.90
60% 1.06 2.83 4.34

tion energy variations with ethylene and oxygen feed press
to the silver catalyst from batch A. The activation energy
creased from 14.3 to 17.9 kcal/mol with increasing ethylen
feed pressure while showing no measurable dependenc
oxygen feed pressure; the activation energies obtained at d
ent oxygen feed pressures ranged from 13.7 to 14.2 kcal/mol.
Activation energies for EO and carbon dioxide formation m
sured for the silver catalysts from batches A and B ranged f
10.9 to 14.5 kcal/mol and from 14.3 to 20.7 kcal/mol, respec-
tively. These values are in good agreement with the litera
values outlined inTable 1.

The activation energies measured for Cu–Ag bimetallic
alysts from batches A and B are also given inTable 4. It is
evident that the bimetallic catalysts exhibited similar activat
energy trends for ethylene consumption, with the measured
ues increasing with increasing ethylene feed pressure, w
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showing no significant dependence on oxygen feed pres
In addition, the bimetallic catalysts were characterized by
tivation energies for ethylene consumption of the order of
2 kcal/mol lower than those for the silver catalysts, in go
agreement with the enhanced activity of these catalysts
played inFigs. 3, 5, and 6.

Representative reaction order data for ethylene consum
for a silver catalyst (from batch A) are shown inFigs. 9 and 10.

Fig. 7. Activation energy measurements for ethylene consumption over a
catalyst from batch A as a function of ethylene feed concentration. The rea
rates were measured for a feed stream consisting of 10% oxygen at 500–5
e.
-

s-

n

er
n
K.

The data are presented as a function of reaction temperatu
both ethylene-rich and oxygen-rich conditions. Reaction or
were determined based on the feed pressures of the reacta
assuming power law kinetics as discussed previously. As sh
in Fig. 5, the effect of ethylene feed pressure on the reac
rate was not significant. This can be seen inFig. 9, in which
the ethylene reaction orders ranged from 0th order at 540
approximately−0.3th order at 500 K for a feed stream consi

Fig. 8. Activation energy measurements for ethylene consumption over a
catalyst from batch A as a function of oxygen feed concentration. The rea
rates were measured for a feed stream consisting of 10% ethylene at 500–
Table 4
Measured activation energies for the consumption of ethylene (RC2H4) and the formation of ethylene oxide (REO) and carbon dioxide (RCO2) for catalysts from
batches A and B as a function of feed composition. Activation energies were measured at 500–540 K and are reported in kcal/mol

Batch A

10% O2 Ag 0.2% Cu–Ag 0.5% Cu–Ag 1.0% Cu–Ag

C2H4 RC2H4 REO RCO2 RC2H4 REO RCO2 RC2H4 REO RCO2 RC2H4 REO RCO2

10% 13.0 10.6 13.9 12.3 9.8 13.8 12.4 10.0 13.9 12.0 9.4 13.7
20% 14.2 10.8 15.7 13.0 10.3 14.9 13.4 10.6 15.4 13.0 10.0 15.1
40% 16.3 12.7 18.2 14.6 11.8 17.1 15.6 12.5 18.1 14.6 11.1 17.2
60% 17.2 14.1 19.3 16.4 13.9 18.8 16.4 14.0 18.6 16.1 12.5 19.0

10% C2H4 Ag 0.2% Cu–Ag 0.5% Cu–Ag 1.0% Cu–Ag

O2 RC2H4 REO RCO2 RC2H4 REO RCO2 RC2H4 REO RCO2 RC2H4 REO RCO2

10% 13.4 10.9 14.3 12.3 9.8 13.8 12.4 10.0 13.9 12.0 9.4 13.7
20% 12.8 10.9 13.7 12.1 10.0 13.7 12.3 10.6 13.8 11.9 9.9 13.5
40% 13.1 12.3 13.6 12.4 11.2 13.6 12.5 11.2 13.7 12.0 10.4 13.5
60% 13.4 13.0 13.0 13.1 11.9 14.3 12.9 11.8 13.9 11.9 10.3 13.5

Batch B

10% O2 Ag 0.2% Cu–Ag 1.0% Cu–Ag

C2H4 RC2H4 REO RCO2 RC2H4 REO RCO2 RC2H4 REO RCO2

10% 14.3 11.6 15.5 13.7 11.5 14.8 12.4 9.8 13.4
20% 15.4 11.8 16.9 14.3 11.4 15.9 12.9 9.9 14.2
40% 16.1 12.0 18.2 15.4 11.1 18.0 14.2 10.2 15.8
60% 17.5 12.4 20.2 16.8 11.9 19.9 15.6 10.8 17.7

10% C2H4 Ag 0.2% Cu–Ag 1.0% Cu–Ag

O2 RC2H4 REO RCO2 RC2H4 REO RCO2 RC2H4 REO RCO2

10% 14.3 11.6 15.5 13.7 11.4 14.8 12.4 9.8 13.4
20% 14.9 12.2 16.2 13.2 11.2 14.3 12.9 10.4 12.2
40% 14.2 12.4 15.3 13.8 12.0 14.9 12.9 10.7 14.2
60% 13.8 12.2 14.9 14.2 12.4 15.4 13.2 11.1 14.5



J.T. Jankowiak, M.A. Barteau / Journal of Catalysis 236 (2005) 366–378 373

fee
) ox

fee
) et

p-
ge

s in
lys
se
om
rox

ov
B

the
th

eas
ure
ttle

or
ate
n o
de
ac

tallic

s

tallic

s

the
gen.
ing,

-rich
60%

A.
0.3

ene
nder
fore,

the
Fig. 9. Measured ethylene reaction orders for ethylene consumption for
streams containing 10–60% (0.27–0.80 atm) ethylene and 10% (0.13 atm
gen as a function of reaction temperature.

Fig. 10. Measured oxygen reaction orders for ethylene consumption for
streams containing 10–60% (0.27–0.80 atm) oxygen and 10% (0.13 atm
ylene as a function of reaction temperature.

ing of 0.13 atm of oxygen and 0.27–0.8 atm of ethylene.Fig. 10
confirms the results ofFig. 6, showing that the rate of consum
tion increased with increasing oxygen feed pressure. Oxy
reaction orders were approximately 0.4 at all temperature
vestigated. Similar trends were observed for a silver cata
from batch B, for which the ethylene reaction order decrea
slightly with decreasing temperature, with values ranging fr
0.03 to−0.1, whereas the oxygen reaction order was app
imately 0.3 at all temperatures.Tables 5 and 6summarize the
measured reaction orders for the consumption of ethylene
silver and Cu–Ag bimetallic catalysts from batches A and
Although the ethylene reaction orders varied slightly for
catalysts investigated, there was a consistent transition from
0th to negative order as the catalyst temperature was decr
from 540 to 500 K. The oxygen reaction orders were meas
in the range of 0.3–0.4 for all samples investigated, with li
or no dependence on reaction temperature.

The presence of 0th to negative ethylene reaction
ders indicates that for ethylene-rich feed conditions, the r
determining step of the reaction is dissociative adsorptio
oxygen. Positive oxygen reaction orders indicate that un
oxygen-rich conditions, the rate-determining step of the re
d
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Table 5
Ethylene and oxygen reaction orders measured for silver and Cu–Ag bime
catalysts from batch A for the consumption of ethylene (RC2H4) and the for-
mation of ethylene oxide (REO) and carbon dioxide (RCO2) as a function of
ethylene pressure (PC2) and oxygen pressure (PO2) for reaction temperature
of 500–540 K assuming power law kinetics

500 K 520 K 540 K

PC2 PO2 PC2 PO2 PC2 PO2

Ag
RC2H4 −0.26 0.37 −0.16 0.38 −0.05 0.38
REO −0.03 0.52 0.09 0.58 0.19 0.65
RCO2 −0.4 0.27 −0.29 0.26 −0.15 0.23

0.2% Cu–Ag
RC2H4 −0.23 0.31 −0.16 0.33 0 0.37
REO −0.09 0.44 0.1 0.51 0.14 0.57
RCO2 −0.36 0.19 −0.31 0.16 −0.09 0.22

0.5% Cu–Ag
RC2H4 −0.31 0.3 −0.2 0.31 −0.1 0.33
REO −0.2 0.4 −0.05 0.45 0.2 0.48
RCO2 −0.41 0.2 −0.32 0.18 −0.18 0.21

1% Cu–Ag
RC2H4 −0.28 0.33 −0.14 0.3 −0.08 0.33
REO −0.14 0.44 −0.02 0.43 0.02 0.47
RCO2 −0.4 0.21 −0.24 0.17 −0.13 0.22

Table 6
Ethylene and oxygen reaction orders measured for silver and Cu–Ag bime
catalysts from batch B for the consumption of ethylene (RC2H4) and the for-
mation of ethylene oxide (REO) and carbon dioxide (RCO2) as a function of
ethylene pressure (PC2) and oxygen pressure (PO2) for reaction temperature
of 500–540 K assuming power law kinetics

500 K 520 K 540 K

PC2 PO2 PC2 PO2 PC2 PO2

Ag
RC2H4 −0.09 0.33 −0.04 0.33 0.03 0.29
REO 0.08 0.47 0.08 0.5 0.09 0.51
RCO2 −0.18 0.24 −0.1 0.23 0.01 0.18

0.2% Cu–Ag
RC2H4 −0.17 0.26 −0.08 0.33 −0.01 0.32
REO 0.01 0.42 0.02 0.46 0.04 0.5
RCO2 −0.3 0.15 −0.13 0.25 −0.03 0.23

1% Cu–Ag
RC2H4 −0.13 0.3 −0.03 0.29 0.05 0.32
REO −0.01 0.41 0.05 0.45 0.05 0.46
RCO2 −0.19 0.23 −0.06 0.2 0.05 0.24

tion could be either dissociative adsorption of oxygen or
surface reaction of adsorbed ethylene with adsorbed oxy
To determine which of these two steps was rate-determin
the ethylene reaction order was measured for oxygen
streams containing 10–30% (0.13–0.34 atm) ethylene and
(0.8 atm) oxygen. These values are listed inTable 7for a silver
catalyst and a 0.2% Cu–Ag bimetallic catalyst from batch
As can be seen, the ethylene reaction orders varied from
to 0.5 for temperatures of 500–540 K. The positive ethyl
reaction orders indicate that the rate-determining step u
oxygen-rich conditions is the surface reaction step. There
the rate-determining step of the reaction is governed by
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Table 7
Ethylene reaction orders measured for silver and Cu–Ag bimetallic cata
from batch A for the consumption of ethylene (RC2H4) and the formation
of ethylene oxide (REO) and carbon dioxide (RCO2) for ethylene pressure
(PC2H4) of 0.27–0.8 atm and 0.13–0.4 atm and oxygen pressures of 0.1
0.8 atm, respectively, as a function of reaction temperature assuming pow
kinetics

500 K 520 K 540 K

PO2 = 0.13 atm,PC2H4 = 0.27–0.8 atm
Ag

RC2H4 −0.26 −0.16 −0.05
REO −0.03 0.09 0.19
RCO2 −0.4 −0.29 −0.15

0.2% Cu–Ag
RC2H4 −0.23 −0.16 0
REO −0.09 0 0.05
RCO2 −0.33 −0.26 −0.02

PO2 = 0.8 atm,PC2H4 = 0.13–0.4 atm
Ag

RC2H4 0.26 0.28 0.38
REO 0.31 0.31 0.39
RCO2 0.21 0.25 0.37

0.2% Cu–Ag
RC2H4 0.26 0.38 0.48
REO 0.22 0.36 0.48
RCO2 0.3 0.39 0.46

feed compositions and temperatures used, with more ethy
rich conditions being rate-controlled by oxygen adsorption
more oxygen-rich conditions being rate-controlled by the s
face reaction of adsorbed ethylene and oxygen.

Tables 5 and 6also give the measured ethylene reaction
ders for EO and carbon dioxide formation for silver and Cu–
bimetallic catalysts from batches A and B. Ethylene reac
orders for EO formation varied from 0.2 to−0.2 for cata-
lysts from batch A, with the reaction orders decreasing w
decreasing reaction temperature. A similar trend was obse
for carbon dioxide formation, with values varying from−0.2
to −0.4. Catalysts from batch B showed almost no tempera
dependence of the ethylene reaction order with respect to
formation. The measured ethylene reaction orders appear
be approximately 0th order for all catalysts examined. A
ferent trend was observed for carbon dioxide formation, w
ethylene reaction orders varying from 0th order to−0.3th or-
der for the catalysts examined. As observed for catalysts
batch A, the ethylene reaction order decreased with decre
reaction temperature.

Also reported inTables 5 and 6are the oxygen reactio
orders for EO and carbon dioxide formation. Catalysts fr
batch A showed oxygen reaction orders for EO formation ra
ing from 0.4 to 0.7, with only minor variations with reactio
temperature observed. Oxygen reaction orders for carbon
ide formation ranged from 0.2 to 0.3 for all catalysts examin
As was observed for ethylene reaction, carbon dioxide
mation exhibited no measurable temperature dependence
respect to the oxygen reaction order. Catalysts from batc
had an oxygen reaction order of approximately 0.5 for EO
ts

d
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mation for all catalysts examined, whereas reaction order
carbon dioxide formation were approximately 0.2.

The measured ethylene and oxygen reaction orders prov
means to examine how the reactants influence the formatio
products and, in general, provide an indirect way to determ
changes in product distribution with changing feed comp
tion. From the ethylene reaction order data, it appears tha
ethylene-rich conditions, increasing the ethylene feed pres
lowers the activity of the catalyst. In addition, it is evident th
carbon dioxide formation is characterized by a more nega
dependence on ethylene feed pressure than EO formation f
catalysts and conditions examined. This finding demonstr
that ethylene can serve to promote the selectivity of the c
lyst at the expense of some activity. Previous work by Monn
et al. [24] has shown a similar beneficial effect on selectiv
from increasing olefin concentration in butadiene epoxidat
In contrast to the effect of ethylene in our experiments, oxy
significantly increased the activity of the catalyst. In additi
the measured oxygen reaction orders for individual product
dicate that EO formation has a more positive dependenc
oxygen than does carbon dioxide formation. Therefore, o
gen promotes both the activity and selectivity of the cata
by increasing the formation of EO relative to that of carb
dioxide. This result is somewhat counterintuitive, based on
concept that more oxygen-rich conditions should drive up
rate of formation of combustion products relative to selec
oxidation products. However, although it is clear that comb
tion rates do increase with increasing oxygen feed pressur
evidenced by the positive reaction order measurements for
bon dioxide formation, these rates do not increase to the s
extent as those for epoxide formation. The observed trend
increasing ethylene and oxygen feed pressures suggest th
selectivity to EO should increase with increasing total reac
pressures.

Feed variations were also studied to examine the effic
of the Cu–Ag bimetallic catalysts relative to pure silver w
respect to EO selectivity at similar ethylene conversions.
major purpose was to determine whether the selectivity
hancements of the bimetallic catalysts were sustained for
ethylene-rich and oxygen-rich feed stoichiometries, as we
for equimolar feeds at higher pressure. These data are pres
in Figs. 11 and 12for catalysts from batch A. The correspon
ing ethylene conversion data are given inTable 8. Fig. 11shows
selectivity data for silver and Cu–Ag bimetallic catalysts fro
batch A for feed streams containing ethylene-to-oxygen ra
ranging from 1:1 to 6:1 at similar ethylene conversions. F
variations were conducted by maintaining the oxygen feed
centration at 10% (0.13 atm) and increasing the ethylene
concentration from 10 to 60% (0.13–0.8 atm). The data for e
catalyst shown inFig. 11 were collected at constant tempe
ture, with the temperature of each catalyst sample adjuste
give an ethylene conversion of approximately 1.8% for a
feed stoichiometry (0.13 atm each of ethylene and oxyg
This temperature was then maintained as the ethylene pre
was increased. The similar kinetic dependences observe
both the silver and Cu–Ag bimetallic catalysts with respec
ethylene pressure led to comparable ethylene conversion
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Fig. 11. EO selectivity for silver and Cu–Ag bimetallic catalysts from batc
as a function of feed stoichiometry for ethylene-rich feed conditions.

Fig. 12. EO selectivity for silver and Cu–Ag bimetallic catalysts from batc
as a function of feed stoichiometry for oxygen-rich feed conditions.

Table 8
Ethylene conversion data obtained for silver and Cu–Ag bimetallic cata
from batch A for ethylene and oxygen feed pressures of 0.13–0.8 atm coll
at constant temperature. The temperatures used to conduct the measur
were selected to give a conversion of approximately 1.8% for a feed st
consisting of 0.13 atm each of ethylene and oxygen. These temperatur
listed in parentheses next to each catalyst

PC2H4 PO2 Ag
(490 K)

0.1% Cu–Ag
(475 K)

0.2% Cu–Ag
(481 K)

0.5% Cu–Ag
(470 K)

1.0% Cu–Ag
(459 K)

0.13 0.13 1.81 1.82 1.80 1.81 1.83
0.27 0.13 0.90 0.76 0.78 0.72 0.71
0.54 0.13 0.38 0.33 0.30 0.30 0.28
0.8 0.13 0.22 0.19 0.18 0.17 0.17
0.13 0.27 2.18 2.57 2.46 2.47 2.54
0.13 0.54 2.97 3.40 3.26 3.40 3.54
0.13 0.8 3.58 3.79 3.72 3.80 3.87
0.27 0.27 1.30 1.25 1.21 1.15 1.14
0.54 0.27 0.55 0.51 0.51 0.47 0.46
0.27 0.54 1.62 1.73 1.65 1.70 1.71
0.54 0.54 0.88 0.84 0.85 0.79 0.78

each set of feed conditions. The observed conversions v
from approximately 1.8% at a 1:1 stoichiometry to appro
mately 0.2% at a 6:1 stoichiometry. As shown inFig. 11, the
selectivity to EO increased with increasing ethylene press
s
d

ents
m
re

d

e.

The maximum selectivity to EO observed for the suppor
silver catalyst was approximately 45% and occurred with
ethylene-to-oxygen feed ratio of 6:1. The Cu–Ag bimetallic c
alysts were shown to perform extremely well relative to p
silver for ethylene-rich conditions, a result that was con
tent for both batches A and B. Maximum EO selectivities
58–59% were observed for the 0.2–1.0% Cu–Ag bimetallic
alysts from batch A at a feed composition of 6:1 ethylene
oxygen.

Similar studies were conducted for oxygen-rich feed con
tions. Feed variations were conducted by maintaining the e
ene feed concentration at 10% and increasing the oxygen
concentration from 10 to 60%. The similar kinetic depend
cies observed for both the silver and Cu–Ag bimetallic catal
with respect to oxygen pressure led to comparable ethy
conversions for each set of feed conditions. For these stu
the ethylene conversion varied from approximately 1.8% fo
oxygen-to-ethylene ratio of 1:1 to approximately 3.5% for a
tio of 6:1. These data are shown inFig. 12 for catalysts from
batch A. The selectivity to EO increased with increasing o
gen feed pressure, with a maximum observed EO selectivi
44% for a silver catalyst from batch A at a feed composition
6:1 oxygen to ethylene. It is evident that the Cu–Ag bime
lic catalysts outperformed the pure silver catalysts even u
the most oxygen-rich conditions, in which the propensity
combustion should be enhanced. The ability of copper to
as a total oxidation catalyst may lead to the potential for
minished performance of the bimetallic catalysts under se
oxidizing conditions. However, there did not appear to be
significant loss of performance relative to pure silver for
conditions studied. Maximum selectivities to EO of 55–56
were observed for the 0.2–1.0% Cu–Ag bimetallic cataly
from batch A at a feed composition of 6:1 oxygen to eth
ene.

The performance of silver and Cu–Ag bimetallic cataly
was also examined by simultaneously varying both the et
ene and oxygen feed pressures in a range of 0.13–0.54
From these data, three-dimensional selectivity contours w
generated at constant temperature to examine the effec
feed pressure and stoichiometry on EO selectivity. These
sults are shown inFig. 13 for both silver and 0.2% Cu–Ag
bimetallic catalysts at similar ethylene conversions. It app
that selectivity to EO increased in the direction of increas
ethylene and oxygen pressure, with the highest measure
lectivity observed for a feed consisting of 0.54 atm of ethyle
and oxygen. In addition, it is apparent that the bimetallic c
alysts outperformed pure silver over the entire range of f
compositions investigated, with maximum observed selec
ity to EO of 49% for the silver catalyst and 60% for the 0.2
Cu–Ag bimetallic catalyst from batch A. Additional measu
ments were conducted for 0.1, 0.5, and 1.0% Cu–Ag bimet
catalysts from batch A as well as for a 1.0% Cu–Ag cata
from batch B. The selectivity data for these catalysts and
the silver and 0.2% Cu–Ag catalysts are summarized inTable 9,
along with the temperatures used to conduct the measurem
As expected, the bimetallic catalysts afforded lower opera
temperatures than silver, by as much as 30 and 55 K for 1
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Fig. 13. 3D contours of EO selectivity for a silver and a 0.2% Cu–Ag bimetallic catalyst from batch A for ethylene and oxygen pressures ranging 0.13–4 atm.
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Table 9
EO selectivity data obtained for silver and Cu–Ag bimetallic catalysts f
batches A and B for ethylene and oxygen feed pressures of 0.13–0.5
collected at constant temperature. The temperatures used to conduct th
surements were selected to give a conversion of approximately 1.6–1.8%
feed stream consisting of 0.13 atm each of ethylene and oxygen. These te
atures are listed in parentheses next to each catalyst

Batch A

PC2H4 PO2 Ag
(490 K)

0.1% Cu–Ag
(475 K)

0.2% Cu–Ag
(480 K)

0.5% Cu–Ag
(470 K)

1.0% Cu–Ag
(459 K)

0.13 0.13 31.5 40.3 45.8 48.8 49.7
0.27 0.13 35.1 44.5 50.9 53.1 54.4
0.54 0.13 40.3 51.4 57.9 56.8 57.7
0.13 0.27 37.7 43.7 51.1 52.2 52.1
0.13 0.54 40.7 46.6 53.8 54.4 54.6
0.27 0.27 40.5 46.7 53.4 55.0 55.9
0.54 0.27 45.8 51.8 58.2 58.3 59.5
0.27 0.54 45.9 49.0 56.4 56.1 57.4
0.54 0.54 49.3 52.5 59.8 59.1 60.4

Batch B

PC2H4 PO2 Ag
(490 K)

0.2% Cu–Ag
(480 K)

1.0% Cu–Ag
(459 K)

0.13 0.13 25.9 35.2 34.9
0.27 0.13 26.4 37.8 37.6
0.54 0.13 27.5 43 42.0
0.13 0.27 29.7 37.1 37.5
0.13 0.54 35.2 41.8 40.9
0.27 0.27 32.7 41.4 39.6
0.54 0.27 34.5 44.7 42.8
0.27 0.54 35.5 44.1 42.5
0.54 0.54 36.6 45.8 44.3

Cu–Ag catalysts from batches A and B, to achieve compar
ethylene conversions. The data inTable 9also indicate that al
of the bimetallic catalysts examined were more selective to
compared with silver for the entire range of conditions exa
ined.
tm
ea-
a

er-

le

-

4. Discussion

The results of kinetic studies conducted on silver and Cu
bimetallic catalysts showed that the performance of these
alysts, in terms of both activity and selectivity as well as
identity of the rate-determining step, was dependent on th
actant feed stoichiometry. For ethylene-rich feeds, the rat
reaction was controlled by the dissociative adsorption of o
gen. As the ethylene pressure was increased (at constant o
pressure), the rate of reaction remained constant or decre
slightly, while the selectivity to EO increased slightly. The
crease in EO selectivity resulted from a larger decrease in
formation rate of carbon dioxide relative to EO. In additio
the measured activation energy for ethylene consumption
creased as the ethylene pressure increased. This activity
selectivity behavior can be explained by the action of ethyl
as a site blocker, especially if ethylene also blocks sites
may be active for ethylene or EO combustion or isomerizat
This explanation is supported by the temperature depend
observed for the ethylene reaction orders, which become m
negative with decreasing reaction temperature. The obse
increase in apparent activation energy can be explained
larger ethylene surface coverage at lower temperatures, th
fect of which becomes more significant at higher ethylene p
sures.

A different trend was observed when the ethylene p
sure was increased under oxygen-rich conditions, in w
case an increase in ethylene feed pressure was accomp
by an increase in reaction rate. This behavior indicates
under oxygen-rich conditions, the reaction rate is contro
by the surface reaction of adsorbed ethylene and oxygen
though the exact stoichiometric point of transition (betwe
adsorption-controlled and surface reaction-controlled) in
rate-determining step is not known, the data presented inFig. 5
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Table 10
Ethylene reaction orders measured for silver and Cu–Ag bimetallic cata
from batch A for the consumption of ethylene at an oxygen pressure of 0.13
and ethylene pressures of 0.13–0.27 atm, 0.27–0.54 atm, and 0.54–0.
respectively, as a function of reaction temperature assuming power law kin

PO2 = 0.13 atm 500 K 520 K 540 K
PC2H4 (atm)

Ag

0.13–0.27 0.04 0.08 0.16
0.27–0.54 −0.2 −0.14 0.03
0.54–0.8 −0.37 −0.2 −0.2

0.2% Cu–Ag

0.13–0.27 0.1 0.18 0.18
0.27–0.54 −0.12 0.01 0.05
0.54–0.8 −0.44 −0.12 −0.1

0.5% Cu–Ag

0.13–0.27 0.07 0.18 0.18
0.27–0.54 −0.27 −0.12 −0.04
0.54–0.8 −0.39 −0.36 −0.23

1.0% Cu–Ag

0.13–0.27 0.09 0.21 0.19
0.27–0.54 −0.19 −0.1 −0.03
0.54–0.8 −0.45 −0.22 −0.18

indicate that at 540 K, the transition occurs at an ethylene
oxygen ratio of approximately 2:1.Fig. 5 shows an increas
in the measured rate of reaction from a 1:1 to a 2:1 ethyle
to-oxygen stoichiometry, followed by leveling or a decreas
rate for higher stoichiometric ratios. To further study this tr
sition in the rate-determining step, the ethylene reaction or
were measured for silver and Cu–Ag bimetallic catalysts fr
batch A for an oxygen pressure of 0.13 atm and ethylene p
sure ranges of 0.13–0.27 atm, 0.27–0.54 atm, and 0.54–0.8
the results are given inTable 10. The measured reaction o
ders decreased from approximately 0.2 in an ethylene pres
range of 0.13–0.27 atm to approximately−0.2 for an ethyl-
ene pressure range of 0.54–0.8 atm at 540 K. This indic
that the rate-determining step of the reaction transitions f
surface reaction-controlled to adsorption-controlled with
increase in ethylene pressure. A similar decrease was obs
for the reaction orders at 500 and 520 K. This observed t
sition in rate control between oxygen adsorption and sur
reaction has been presented in a microkinetic model devel
by Stegelmann et al.[9]. These authors showed that the eff
of ethylene on the catalyst activity is dependent on the reac
stoichiometry. The model showed a transition from a slight p
itive dependence to slight negative dependence of the ac
at an oxygen pressure of 0.13 atm and increasing ethylene
sures of 0.27–0.8 atm and showed a positive dependence
oxygen pressure of 0.8 atm and increasing ethylene pressu
0.13–0.40 atm, both of which are in excellent agreement w
observations presented here.

The effect of oxygen feed pressure on reaction rate and
lectivity was different than that for ethylene. Unlike ethylen
oxygen was shown to enhance both the activity and sele
ts
m
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ity of the process with increasing feed pressure. This dram
increase in the rate of epoxidation relative to the rate of c
bustion can be attributed to an increase in the concentratio
subsurface oxygen. The role of subsurface oxygen has
studied extensively. Recent DFT studies by Mavrikakis et
[25] indicate that subsurface oxygen decreases the barri
and increases the rate constant for dissociative adsorptio
oxygen on Ag(111). It has also been suggested that the
surface oxygen modifies the electronic properties of the
face oxygen atoms in its vicinity, so that they become m
vulnerable to attack by the C=C bond in ethylene[26,27].
It has even been proposed that subsurface oxygen is the
alytically active phase[28]. Our design of Cu–Ag bimetallic
catalysts is predicated on the involvement of the oxametall
cle intermediate in both the selective and nonselective rea
pathways[7]. The nonselective pathway involves the form
tion of acetaldehyde, which then quickly combusts to fo
carbon dioxide. The formation of acetaldehyde occurs via
H-atom shift from the central carbon to the terminal carbon
the oxametallacycle. In general, any selectivity enhancem
would involve a decreased rate of H-atom shift, and he
acetaldehyde formation, relative to epoxide formation. Th
fore, one possible role of subsurface oxygen is to inhibit
H-atom shift of the oxametallacycle. This is consistent with
roles of adsorbed cations and subsurface anions in influen
the competing transition states for oxametallacycle react
through alteration of the surface electric field suggested
viously [29].

In addition to being more selective for ethylene epoxidati
the Cu–Ag bimetallic catalysts were more active than pure
ver for all copper loadings investigated. This increased act
was illustrated by the activation energy measurements, in w
the bimetallic samples had activation energies for ethylene
sumption on the order of 1–2 kcal/mol lower than those fo
pure silver. This is an uncommon phenomenon for ethyl
epoxidation, because the typical promoters (e.g., cesium
chlorine) tend to increase EO selectivity at the expense o
tivity [6]. The increase in activity can most likely be attribut
to an increase in the rate of oxygen dissociation on the cat
surface.

An interesting result of the kinetic studies is the simila
ties of the silver and Cu–Ag bimetallic catalysts. In addit
to having similar activation energies for ethylene consump
and product formation, the silver and Cu–Ag bimetallic ca
lysts showed very similar trends with respect to the ethyl
and oxygen reaction orders, for both ethylene consumption
product formation. This indicates that modifying the silver s
face with small amounts of copper does not significantly af
the mechanism or underlying kinetics of the process, and th
fore justifies the assumptions behind our computational m
[7]. As noted above, copper’s major effect on reaction kin
ics is to lower the activation barrier for oxygen adsorption. T
kinetic studies also showed that, independent of which of
steps leading to oxametallacycle formation is rate-determi
under a given set of conditions, the Cu–Ag bimetallic cataly
are more effective for ethylene epoxidation than pure silver
alysts under all conditions.
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5. Conclusion

A series of silver and Cu–Ag bimetallic catalysts were st
ied over a wide range of temperatures and reactant feed
sures. Analysis of the kinetics showed that the rate-determi
step of the reaction was dependent on the feed composi
used. Similar kinetic dependences were observed for both
silver and bimetallic samples. Activation energy measurem
showed a 1–2 kcal/mol decrease in ethylene consumption
the Cu–Ag bimetallic catalysts relative to pure silver. In ad
tion, the Cu–Ag bimetallic catalysts were shown to be m
selective for EO formation over a wide range of reactant f
stoichiometries than pure silver catalysts at similar ethyl
conversions.
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