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Abstract

Copper—silver bimetallic catalysts offer improved selectivities compared with silver alone in the direct epoxidation of ethylene. Thiscbimetalli
combination was previously identified by density functional theory calculations, and its performance advantage was verified in preliminary cat-
alytic reactor experiments. We report here a more detailed investigation of the performance of monolith-supported silver and Cu—Ag bimetallic
catalysts at different feed compositions and reaction temperatures. From these studies, information about activation energies and reaction ord
for ethylene epoxidation was obtained. The superior performance of the Cu—Ag bimetallic catalysts prepared by sequential impregnation wa
demonstrated over a wide range of feed compositions.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction tions was used to isolate and identify a surface oxametallacycle
The silver-catalyzed epoxidation of ethylene with oxygen @S the common intermediate participating in both the selective

one of the most important and successful examples of heter(ﬁl—nd nonselective pathwa{/é]..Thls intermediate can .react. tq
geneous catalysis to date. Ethylene oxide (EO) has long bedAm EO or acetaldehyde, with both processes having similar
one of the highest volume chemicals produced by the Chemgctlvgtlon energies. It has bgen shown prewously'thgt acetalde-
cal industry, accounting for approximately 40-50% of the total"Yde is rapidly oxidized on silver to form carbon dioxide6],
value of organic chemicals produced by heterogeneous oxid@nd thus it has been postulated that acetaldehyde is the gate-
tion [1,2]. In 1998,>8 billion pounds of ethylene oxide were Way for the production of C@ The transition state structures
produced worldwid¢3]. The process uses a silver catalyst Sup_and energy barriers for the formation of EO and acetaldehyde
ported onx-Al,03, promoted by alkalis and halides. The prin- from the oxametallacycle intermediate have been obtained us-
cipal nonselective product is carbon dioxide. The formation ofing quantum chemical calculatiofs.
carbon dioxide is highly exothermic, and the process is run at The development of a mechanistic understanding for the for-
low conversions €£15%) to achieve high selectivities and to mation of EO and carbon dioxide led to the design of a more
control the heat released by combustion. More selective cataelective catalyst from first principlgg]. Quantum chemical
lysts can improve operability by reducing the heat generated bgalculations suggested that a Cu—Ag bimetallic catalyst should
the process. be more selective than pure silver toward EO. This prediction
Previous work from this laboratory has provided new in-was verified by conducting a series of steady-state reactor ex-
sights into the mechanism of ethylene epoxidation. A combinaperiments exploring the performance of monolith-supported sil-
tion of surface science studies and quantum chemical CalCUl@er and Cu_Ag bimetallic Cata|ysts for a feed stream Containing
10% oxygen and 10% ethylene at 1.34 atm (5 psig). The Cu—-Ag
** Corresponding author. Fax: +1 302 831 8201. bimetallic catalysts were approximately 1.5 times more selec-
E-mail address: barteau@che.udel.egM.A. Barteau). tive than the pure silver catalysts at optimal copper loadings.
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Besides being more selective, the Cu—Ag bimetallic catalysts The similarity of the calculated activation barriers for disso-
were also more active. ciative oxygen adsorption and surface reaction makes it diffi-
The purpose of the present work was to explore the pereult to identify the rate-determining step of the process on the
formance of Cu—Ag bimetallic catalysts over a wider range ofbasis of these barriers alof8. Nonetheless, determining reac-
feed compositions and reaction temperatures. From these efien orders for oxygen and ethylene can help identify the rate-
periments, the performance of the Cu—Ag catalysts relative tdetermining step of the process. For conditions in which the
that of pure silver with respect to EO selectivity was evaluateddissociative adsorption of oxygen is rate-determining, the rate
and kinetics information about the process over these catalysts reaction would be expected to be enhanced by an increase in
was obtained. oxygen pressure and to display little or no dependence on eth-
To put these results in context, it is useful to consider recenglene pressure. In this case, the reaction order in oxygen would
models for the kinetics and mechanism of this process. The ebe positive, whereas the reaction order in ethylene would be ap-
sential features of the mechanism of ethylene epoxidation caproximately zero. For conditions in which the surface reaction
be represented by a minimum of four elementary sf8ps is rate-determining, the rate of reaction should be influenced by
05(g) + 2* = 20(a), @ phange.s. in both oxygen pressure and ethylene pressure, yield-
ing positive reaction orders for both components.

CoHa(g) + * = CoHa(a), (2 As shown inTable ], the reaction orders reported for the

CoHa(a) + O(a) = CHoCH0(a) + *, ©) formayon of EO from oxygen and ethylene vary significantly.
Reaction orders of 0-1.5 for oxygen an@.03-1 for ethylene

CH2CH;0(a) = C2H40(g) + *, (4)  have been reported. These variations can likely be attributed

where (g) represents gas-phase species, (a) represents adsori§eygriations in reaction condition; use.d tq study the kinetics,
species, and * represents unoccupied surface sites. The mecl@d highlight the presence of multiple kinetically relevant steps
nism involves two adsorption steps, one of which involves thdn the process. Apparent activation energies for EO formation
dissociative adsorption of oxygen, one surface reaction step #¢Portedly range from 9 to 22 kgahol, with an average of
which adsorbed ethylene and oxygen react to form the pro@Pproximately 16 kcgimol. For CQ formation, the measured
posed oxametallacycle intermediate, labeled as@H$O(a), ~ reaction orders of oxygen and ethylene have been reported in
and one reaction/desorption step in which the intermediate réanges 0f-0.3-15 and—0.2-1, respectively. Measured appar-
acts to release gas-phase EO. ent activation energies for GJormation have been reported
Linic et al. [8] and Stegelmann et gP,10] have developed 1O be either comparable to or slightly higher than those for EO
microkinetic models for this process. The process actually hafrmation, with reported values in the range of 8-33 koadl.
two kinetically relevant steps: dissociative adsorption of oxygen As we show below, our results for monolith-supported silver
and reaction of adsorbed ethylene with adsorbed oxygen atom@nd copper—silver bimetallic catalysts at 1.34 atm show acti-
The rate-determining step of the process is therefore governégtion energies and reaction orders near the median values of
by the reaction conditions used. The identification of more thahe ranges reported in the literature. Under these conditions, the
one kinetically relevant step has been supported by Cata|yti@imetallic catalysts exhibit higher activities and epoxidation se-
studies.Table 1gives the results of some studies that investi-lectivities over a wide range of ethylene/oxygen ratios.
gated the kinetics of ethylene epoxidatidri—23] Listed are
the measured apparent activation energies and reaction ordeks Experimental
for the formation of EO and C&for studies conducted over a

range of reaction conditions and fitted with power-law kinetics. The methods used for catalyst preparation and reactor op-
eration have been described previouty. Catalyst supports

were ceramic foam monoliths (99.5¢-Al»,03) from Vesu-

Table 1 . ; . : .

Activation energies £a, kcal/mol) and reaction orders:) for epoxidation (1)~ Vius Hi-Tech Ceramics. The monoliths used for this study had

and total oxidation (2) of ethylene over silver catalysts 45 pores per linear inch (ppi), corresponding to a porosity of

Epoxidation Total oxidation Refer- approximately 80%, and measured 18 mm diamet&® mm

z z ence long. The surface area of these monoliths was measured by
ag NCyHy 1Oy ] NCHy 1Oy

BET analysis as approximately 0.3g. Surface areas of the

1 0 16 1 0 11 - . g
ig 0 1 15 0 1 %12} finished, metal-loaded monoliths containing 11-13 wt% metal
19 03 07 - - _ [13] were within 10% of this value. Because of some batch-to-batch
15 - - 20 - - [14] variability, direct performance comparisons between catalysts
20 0 1 33 - - [15] with different metals content are made only for catalysts pre-
o 05 0 8 as 0 [16] pared from the same monolith batch.
- 0 1 - 0 1 [17] : de
_ 1 15 _ 1 5 [18] Before use, all monoliths were cleaned by boiling in dis-
- 1 —03-15 - 1 ~0.3-15 [19] tilled water for 1 h, followed by baking in air at 8€ until dry
- -0.03 091 - -0.2 11 [20] (typically 2 h). Catalysts were prepared by wet impregnation
Eqy =Eq 1 05 Eqy=Ey 1 05 [21] techniques. Monoliths were contacted with an aqueous solu-
25 1 as 24 1 05 [22] tion of silver nitrate (AgNQ) slightly in excess of the amount
18 07 1 15 07 1 [23]

required for incipient wetness, then dried in air at®80 The
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Fig. 1. Scanning electron micrographs ofea#\l 03 monolith before and after silver deposition.

monolith catalyst was then calcined at 2@ for 12 h in an (25 at% Cu at the Ag surface) for the density functional the-
open-air furnace, and reduced in flowing/He (20% H by  ory (DFT) calculations that predicted superior performance of
volume) at 300C for an additional 12 h in situ before the start Cu—Ag bimetallicq7].
of the reaction. Catalyst samples contained silver loadings of Scanning electron microscopy (SEM) was used to image
approximately 11-13 wt% of active catalyst. For the coppersupported silver and Cu—Ag bimetallic catalysts. Experiments
promoted catalysts, copper was added in the form of aqueowsere conducted using a JEOL 7400 scanning electron micro-
cupric nitrate [Cu(l)(NQ)2] to the reduced silver catalyst via scope equipped with a cold field emission source operated at
wet impregnation, using a solution with a copper concentratior?—3 kV with a limit of resolution of~1.5 nm. The acceler-
of 1 g/L. After addition of the cupric nitrate, the catalysts were ating voltage was kept low to prevent beam damage and po-
exposed to a flowing stream ofHHe for 12 h at 300C to re-  tential charging effects. The working distance (objective lens
duce the cupric nitrate to metallic copper. to specimen) was 8 mntig. 1 shows SEM images of the
We have previously reported XPS results for bimetallic cat-barex-alumina and supported silver catalysts prepared in this
alysts prepared by this sequential impregnation and reductiostudy. The silver crystallites were tablet-shaped and 10-20 pm
procesq7]. These results demonstrated that catalysts contairin size, and they covered thealumina surface. When a Cu—-Ag
ing Cu/Ag atom ratios of 0.001-0.01 exhibited surface/&g bimetallic catalyst was prepared by sequential impregnation of
ratios of 0.1-0.75. For a catalyst with a fAg atom ratio of Cu at the levels used here, there was no evidence in the mi-
0.002, which we estimate from XPS to have a surfacgAgu  crographs of the formation of particles or surface features of a
ratio of 0.25, the total Cu loading represents a maximum covédlifferent size or shape than those illustrated for the supported
erage of 0.5 monolayers on a total catalyst area of ®8ym silver catalyst. SEM elemental analysis of the silver and Cu—
Thus it is clear that Cu is highly dispersed. Although we can-Ag bimetallic surfaces confirmed the presence of silver in these
not rule out the possibility that some copper is located on thearticles. However, the element detection system was not sensi-
support rather than on the silver surface, electron microscopiive enough to detect copper at the loadings used (65-650 ppm
data (shown below) demonstrate that the monolith surface iwith respect to total catalyst mass).
nearly completely covered by silver at the Ag loadings used. In A schematic of the reactor apparatus is showhih 2 The
the absence of any evidence to the contrary, it is reasonable teactor comprised an 18-inch-long quartz tube with an outer di-
conclude that the sequential impregnation technique producesneter of 25.4 mm and an inner diameter of 22 mm, slightly
significant enrichment of Cu on the silver surface, generatindgarger than the diameter of the foam monolith catalyst. The cir-
materials that correspond reasonably well to the design bas@imference of the monolith was wrapped with a layer of quartz
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Fig. 2. Reactor schematic.

wool to prevent bypassing of the reactant gas around the catthe air-based process is typically run at an ethylene-to-oxygen
lyst. The monolith was then placed at the center of the quarteatio of 1:2. The catalysts discussed here were tested over a
tube, which was enclosed in a tube furnace. The reactor tub&ide range of feed conditions ranging from 6:1 ethylene to
was connected to the gas handling system by metal compresxygen to 6:1 oxygen to ethylene, to study the performance of
sion fittings with Viton o-rings. Cu-Ag bimetallic catalysts compared with pure silver catalysts.
Gas flow to the reactor was controlled by electronic masgwo batches of catalysts were studied. Batches are defined as
flow controllers. Reactor pressure was controlled by a neecatalysts prepared from the same batch of monoliths and the
dle valve, the outlet of which was vented to the atmospheresame lots of silver and copper precursor. The two batches are
placed just before the inlet of the on-line gas chromatograpkp.leno'fed as batch A and batch B. (Note that these batches do not
The product gases were fed through heated stainless steel lingdrespond to the similarly labeled batches described in previ-
to an automated gas chromatograph (Hewlett Packard mod@HS Work[7].)
6890) for analysis. The gas chromatograph contained a cap-
illary column (Supelco Plot-Q) for separation of hydrocarbon3' Results
species, @H4 and EO, which were detected by a flame ioniza-

. - : All catalysts were lined out for an initial 24-h period of oper-

tion detector. A second set of columns, consisting of a pair of . o .
acked Haysep columns (types N and Q), which separate he ation under the same feed and temperature conditions. During

b ysep yp ' P Wi period, the feed contained 10 mol% each of oxygen and

ler hydrocarbons @r) fm”.‘ lighter hydrocarbons and gases, ethylene, and the reactor temperature was maintained at 540 K.
and a molecular sieve, which separates the atmqsphenc 92858hce a catalyst had been lined out, composition and tempera-
such as 14, Nz and @, led to a therma_l _con_ductlvr[y detector ture variation experiments were carried out to probe the kinetics
(TCD). The TCD was used for quantification of @C2Ha,  5nq selectivity of the reaction. After each change of tempera-
N2, and Q. ) . ture or composition, the reactor was operated at steady state for
The catalyst temperature was measured using a type K fingr minimum of 1 h before the results were recordgds. 3 and 4
gauge bare-wire thermocouple inserted from the rear of th§,sirate the conversion and selectivity transients for silver and
reactor and placed on the front face of the catalyst. The temeopper—silver bimetallic catalysts during the initial lining-out
perature of the catalyst was controlled with an external PropOrperiod, demonstrating that steady state was reached with this
tional controller. The controller maintained the desired set-poinprocedure.
temperature to withint1°C. Figs. 5 and 6show reaction rate data collected at 540 K
All experiments were conducted at a reactor pressure ofor silver and Cu—Ag bimetallic catalysts from batch A for
1.34 atm with a total feed rate of 100 sccm (at STP), giving &oth ethylene-rich and oxygen-rich feed streams. In these ex-
contact time on the order of 0.5 s. Industrial ethylene epoxidaperiments the minor feed component was held at 0.13 atm
tion processes are carried out both with ethylene-rich conditiongl0 mol%), whereas the major feed component was increased
(oxygen-based process) and equimolar to slightly oxygen-ricfrom 0.13 to 0.8 atm (from 10 to 60 mol%), with a balance
conditions (air-based process). For the oxygen-based process,nitrogen. The rate of ethylene consumption was not signif-
typical ethylene-to-oxygen ratios of 3:1 to 4:1 are used, whereasantly affected by an increase in ethylene feed pressure, but
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bimetallic catalysts from batch A with oxygen-rich feed streams. The feed

Fig. 4. Measured ethylene oxide selectivity as function of time on stream for Agstream contained 10% ethylene and 10-60% oxygen.
and Cu—Ag bimetallic catalysts from batch A. The feed stream contained 10%
ethylene, 10% oxygen, and 80% nitrogen at a total reactor pressure of 1.34 at81f 500 to 540 K and ethylene and oxygen feed compositions
and a temperature of 540 K. . . .
ranging from 10 to 60% (from 0.13 to 0.8 atm). It is evident

. . that the inherent activities of the two batches of catalysts are
was measurably affect.ed by an Increase in oxygen feed preahite different, with catalysts from batch A being significantly
sure. In agreement with our previous reppf}, the Cu-Ag  \qra active. This further emphasizes the problem of batch vari-
bimetallic catalysts were more active than the pure silver catypjity giscussed previouslf7]. Nonetheless, the comparison
alyst for all feed conditions used. Similar rate measurementss jjer and Cu-Ag bimetallic catalysts of different base silver
were conducted at 500 and 520 K, in addition to 540 K. Fromytiyities provided a good measure of the performance enhance-
these measurements, apparent activation energies and reactigBnts attained with copper modification for different base cases
orders were obtained for the consumption of ethylene and thgf catalyst performance. It is evident from the datdables 2
formation of EO and carbon dioxide over a wide range of feechnd 3that, regardless of the base silver catalyst performance,
conditions. These studies are described below. the activity of the catalyst was significantly enhanced by the

Activation energy determinations were conducted for silveraddition of copper.

and Cu-Ag bimetallic catalysts from batches A and B for re- Representative activation energy determinations for a silver
actor temperatures of 500-540 K. Summaries of the measureghtalyst from batch A for ethylene-rich and oxygen-rich feed
ethylene conversions for catalysts from batches A and B areonditions are shown ifrigs. 7 and 8respectively. It is evi-
represented iMables 2 and 3respectively, for temperatures dent that the activation energy for ethylene consumption was
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Table 2 Table 3
Measured ethylene conversions for silver and Cu—Ag bimetallic catalysts fronMeasured ethylene conversions for silver and Cu—Ag bimetallic catalysts from
batch A at 500-540 K and ethylene and oxygen feed concentrations of 10-60%atch B at 500-540 K and ethylene and oxygen feed concentrations of 10-60%

Ag 0.2% Cu-Ag 0.5% Cu-Ag 1.0% Cu-Ag Ag 0.2% Cu-Ag 1.0% Cu-Ag
540K, 10% @ 540 K, 10% @
CoHyg CoHy
10% 637 773 1269 1445 10% 166 472 664
20% 357 437 7.20 827 20% Q94 269 384
40% 182 227 351 406 40% Q50 139 206
60% 112 145 213 252 60% Q33 088 134
540 K, 10% GHyg 540 K, 10% GHg4
Oy (6]
10% 637 773 1269 1445 10% 166 472 664
20% 773 933 1514 1670 20% 225 571 818
40% 998 1213 1919 2154 40% 268 712 1020
60% 1178 1406 2171 2382 60% 296 815 1159
520K, 10% Q@ 520K, 10% Q@
CoHg CoHg
10% 433 562 86 9.45 10% 102 293 416
20% 229 621 487 546 20% Q57 162 237
40% 104 7.86 224 254 40% Q29 081 122
60% 064 892 129 155 60% Q18 049 076
520 K, 10% GHg4 520 K, 10% GHg4
Oy Oy
10% 433 562 86 9.45 10% 102 293 416
20% 501 621 997 1143 20% 129 349 532
40% 655 7.86 1247 1400 40% 163 432 645
60% 756 892 1402 1582 60% 185 503 733
500 K, 10% Q 500 K, 10% Q
CoHg CoHg
10% 242 310 506 589 10% Q57 170 264
20% 124 167 265 313 20% Q30 092 146
40% 054 Q76 110 137 40% Q15 044 072
60% 031 043 063 Q76 60% Q09 025 042
500 K, 10% GHg4 500 K, 10% GHg4
Oy (67)
10% 242 310 506 589 10% Q57 170 264
20% 306 379 604 6.88 20% Q74 213 313
40% 387 480 7.56 879 40% Q93 255 390
60% 459 531 833 984 60% 106 283 434

adversely affected by an increase in ethylene feed pressure, witlon energy variations with ethylene and oxygen feed pressures
the activation energy increasing from 13.4 to 17.7 keadl.  to the silver catalyst from batch A. The activation energy in-
For increasing oxygen feed pressure, the activation energy dickeased from 14.3 to 17.9 kgahol with increasing ethylene
not appear to be affected significantly, with measured activafeed pressure while showing no measurable dependence on
tion energies ranging from 12.8 to 13.4 kaabl. The observed oxygen feed pressure; the activation energies obtained at differ-
increase in activation energy with increasing ethylene feed pregnt oxygen feed pressures ranged from 13.7 to 14.2/ kuall
sure can be rationalized as either site blockage by ethylenéctivation energies for EO and carbon dioxide formation mea-
which is temperature dependent, or by an increased activatiossured for the silver catalysts from batches A and B ranged from
barrier for dissociative oxygen adsorption on more reduced sutt0.9 to 14.5 kcalmol and from 14.3 to 20.7 kcaiol, respec-
faces. In either case, one would expect a shift toward oxygetively. These values are in good agreement with the literature
dissociation becoming rate-determining at lower temperaturegalues outlined imable 1
and higher ethylene pressure. The activation energies measured for Cu—Ag bimetallic cat-
Table 4 summarizes the activation energies measured foalysts from batches A and B are also givenTable 4 It is
both silver and Cu—Ag bimetallic catalysts from batches A ancevident that the bimetallic catalysts exhibited similar activation
B for ethylene consumption and EO and carbon dioxide formaenergy trends for ethylene consumption, with the measured val-
tion. The silver catalyst from batch B displayed similar activa-ues increasing with increasing ethylene feed pressure, while
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showing no significant dependence on oxygen feed pressur&he data are presented as a function of reaction temperature for
In addition, the bimetallic catalysts were characterized by acboth ethylene-rich and oxygen-rich conditions. Reaction orders
tivation energies for ethylene consumption of the order of 1-were determined based on the feed pressures of the reactants by
2 kcal/mol lower than those for the silver catalysts, in goodassuming power law kinetics as discussed previously. As shown
agreement with the enhanced activity of these catalysts dign Fig. 5 the effect of ethylene feed pressure on the reaction
rate was not significant. This can be seerFig. 9, in which

played inFigs. 3, 5, and 6

Representative reaction order data for ethylene consumptidfie ethylene reaction orders ranged from Oth order at 540 K to
approximately—0.3th order at 500 K for a feed stream consist-

for a silver catalyst (from batch A) are shownHigs. 9 and 10
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Fig. 7. Activation energy measurements for ethylene consumption over a silvefig. 8. Activation energy measurements for ethylene consumption over a silver
catalyst from batch A as a function of ethylene feed concentration. The reactionatalyst from batch A as a function of oxygen feed concentration. The reaction
rates were measured for a feed stream consisting of 10% oxygen at 500-540 rates were measured for a feed stream consisting of 10% ethylene at 500-540 K.

Table 4

Measured activation energies for the consumption of ethyl@agi{,) and the formation of ethylene oxid&¢o) and carbon dioxideKco,) for catalysts from
batches A and B as a function of feed composition. Activation energies were measured at 500-540 K and are reportatbin kcal

Batch A

10% O Ag 0.2% Cu-Ag 0.5% Cu-Ag 1.0% Cu-Ag

CoHg RcyH, Reo Rco, RcyH, Reo Rco, RcyH, Reo Rco, RcyH, Reo Rco,
10% 130 106 139 123 9.8 138 124 100 139 120 94 137
20% 142 108 157 130 103 149 134 106 154 130 100 151
40% 163 127 182 146 118 171 156 125 181 146 111 172
60% 172 141 193 164 139 188 164 140 186 161 125 190
10% GoHg Ag 0.2% Cu-Ag 0.5% Cu—Ag 1.0% Cu-Ag

O2 Ry, Reo Rco, RcyH, Reo Rco, RcyH, Reo Rco, RcyH, Reo Rco,
10% 134 109 143 123 9.8 138 124 100 139 120 94 137
20% 128 109 137 121 100 137 123 106 138 119 9.9 135
40% 131 123 136 124 112 136 125 112 137 120 104 135
60% 134 130 130 131 119 143 129 118 139 119 103 135
Batch B

10% O Ag 0.2% Cu-Ag 1.0% Cu-Ag

CoHg RcyH, Reo Rco, RcyH, Reo Rco, RcyH, Reo Rco,
10% 143 116 155 137 115 148 124 9.8 134
20% 154 118 169 143 114 159 129 99 142
40% 161 120 182 154 111 180 142 102 158
60% 175 124 202 168 119 199 156 108 17.7
10% GoHa Ag 0.2% Cu—Ag 1.0% Cu-Ag

O2 Ry, Reo Rco, RcyH, Reo Rco, RcyH, Reo Rco,
10% 143 116 155 137 114 14.8 124 9.8 134
20% 149 122 162 132 112 143 129 104 122
40% 142 124 153 138 120 149 129 107 142
60% 138 122 149 142 124 154 132 111 145
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94 r Table 5
c M J — Ethylene and oxygen reaction orders measured for silver and Cu—Ag bimetallic
O y =-0.05x - 9.58 catalysts from batch A for the consumption of ethylefe.{,) and the for-
T@,’ 9.8 mation of ethylene oxideRgp) and carbon dioxideKco,) as a function of
& - 046x. 1018 ethylene pressurePt,) and oxygen pressure’(,) for reaction temperatures
. w‘ of 500-540 K assuming power law kinetics
r . L
& 102 #540K 500 K 520 K 540 K
— 520 K
[e) " Pc2 P02 PCZ P02 Pc2 P02
[0} 4500 K
T 00T = 0.26x - 10.91 Ag
4 \ : RcyH, —0.26 037 —-0.16 038 —0.05 038
£ Reo —0.03 052 009 058 019 065
-11.0 ! ! : L ! L - R -04 .27 -0.2 2 -0.1 2
140 -120 -1.00 -080 -060 -040 -020 0.00 €O 0 0 029 026 0.15 az3
IN Peopa 0.2% Cu-Ag
Rc,H, -0.23 031 —-0.16 033 0 Q37
Fig. 9. Measured ethylene reaction orders for ethylene consumption for feed Rgo —0.09 044 01 0.51 014 057
streams containing 10-60% (0.27-0.80 atm) ethylene and 10% (0.13 atm) oxy- Rco, —0.36 019 -0.31 016 —0.09 022
functi f tion t ture.
gen as a function of reaction temperature 0.5% Cu-Ag
89 . RcyH, -0.31 03 -0.2 0.31 -0.1 0.33
ReO -0.2 04 —0.05 045 02 0.48
Rco, -0.41 02 —0.32 018 —-0.18 021
c y=0.38x - 8.95
S 93 | 1% Cu-Ag
§ RcyH, —-0.28 033 —-0.14 03 —0.08 033
o = 0.38x - 9.39 Reo -0.14 044 —0.02 043 002 047
<+ 97 L Rco, -04 021 —-0.24 017 -0.13 022
T
N
&)
8 -10.1 *540 K Table 6
© Y=037x-990 L eon Ethylene and oxygen reaction orders measured for silver and Cu—Ag bimetallic
o 00K catalysts from batch B for the consumption of ethyleRe{4,) and the for-
= 105 49 mation of ethylene oxideRgp) and carbon dioxideXco,) as a function of
140 120 100 -0.80 -060 -040 -020 0.00 ethylene pressureD(;Z) and oxygen pres§ure’©2) for reaction temperatures
of 500-540 K assuming power law kinetics
InPg,
500 K 520 K 540 K
Fig. 10. Measured oxygen reaction orders for ethylene consumption for feed Pc, Po, Pc, Po, Pc, Po,
streams containing 10-60% (0.27—0.80 atm) oxygen and 10% (0.13 atm) etl;(g
ylene as a function of reaction temperature. Re,H, —0.09 033 —0.04 033 003 029
ReO 0.08 047 008 05 0.09 051
ing of 0.13 atm of oxygen and 0.27-0.8 atm of ethyléfig. 10 Rco,  -018 024 -01 0.23 001 018
confirms the results dfig. 6, showing that the rate of consump- 0.2% cu-Ag
tion increased with increasing oxygen feed pressure. Oxygen RcyH, -0.17 026  -0.08 033  -001 032
reaction orders were approximately 0.4 at all temperatures in- Keo 001 042 002 046 ao4 a5
. Lo . Rco, -0.3 0.15 —0.13 025 —0.03 023
vestigated. Similar trends were observed for a silver catalyst
from batch B, for which the ethylene reaction order decreased Cu-Ag
slightly with decreasing temperature, with values ranging from RcH, ~ —013 03~ -003 029 005 032
0.03 to—0.1, whereas the oxygen reaction order was approx- £° oot o4t 405 045 005 046
- - Y9 Pp Rco, 019 023 -006 02 005 024

imately 0.3 at all temperature$ables 5 and &ummarize the
measured reaction orders for the consumption of ethylene over
silver and Cu—Ag bimetallic catalysts from batches A and B.ion could be either dissociative adsorption of oxygen or the
Although the ethylene reaction orders varied slightly for thesurface reaction of adsorbed ethylene with adsorbed oxygen.
catalysts investigated, there was a consistent transition from th&0 determine which of these two steps was rate-determining,
Oth to negative order as the catalyst temperature was decreadé@ ethylene reaction order was measured for oxygen-rich
from 540 to 500 K. The oxygen reaction orders were measuregitreams containing 10-30% (0.13-0.34 atm) ethylene and 60%
in the range of 0.3-0.4 for all samples investigated, with little(0.8 atm) oxygen. These values are listedable 7for a silver
or no dependence on reaction temperature. catalyst and a 0.2% Cu—Ag bimetallic catalyst from batch A.
The presence of Oth to negative ethylene reaction orAs can be seen, the ethylene reaction orders varied from 0.3
ders indicates that for ethylene-rich feed conditions, the rateto 0.5 for temperatures of 500-540 K. The positive ethylene
determining step of the reaction is dissociative adsorption ofeaction orders indicate that the rate-determining step under
oxygen. Positive oxygen reaction orders indicate that undeoxygen-rich conditions is the surface reaction step. Therefore,
oxygen-rich conditions, the rate-determining step of the reacthe rate-determining step of the reaction is governed by the
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Table 7 mation for all catalysts examined, whereas reaction orders for
Ethylene reaction orders measured for silver and Cu—Ag bimetallic catalystggarbon dioxide formation were approximately 0.2.
from batch A for the consumption of ethylen&d,,) and the formation The measured ethylene and oxygen reaction orders provide a

of ethylene oxide Reo) and carbon dioxide Kco,) for ethylene pressures . . .
(Pey,) of 0.27-0.8 atm and 0.13-0.4 atm and oxygen pressures of 0.13 aneans to examine how the reactants influence the formation of

0.8 atm, respectively, as a function of reaction temperature assuming power laRfoducts and, in general, provide an indirect way to determine

kinetics changes in product distribution with changing feed composi-
500 K 520 K sagk  tion. From the ethylene reaction order data, it appears that for
Po, = 0.13 atm, Pe,1, = 0.27-08 atm ethylene-rich <_:o_nd|t|ons, increasing the _e_thyle_n_e fegd pressure
Ag lowers the activity of the catalyst. In addition, it is evident that
ReyH, -0.26 -0.16 -005  carbon dioxide formation is characterized by a more negative
Reo —0.03 009 019 dependence on ethylene feed pressure than EO formation for all
Rco, —04 —0.29 —015  catalysts and conditions examined. This finding demonstrates
0.2% Cu-Ag that ethylene can serve to promote the selectivity of the cata-
ReyH, -0.23 -0.16 0 lyst at the expense of some activity. Previous work by Monnier
Reo —0.09 0 Q05 et al.[24] has shown a similar beneficial effect on selectivity
Reo, —033 —0:26 002 tom increasing olefin concentration in butadiene epoxidation.
Po, =0.8 atm, Pc,H, = 0.13-Q4 atm In contrast to the effect of ethylene in our experiments, oxygen
Ag significantly increased the activity of the catalyst. In addition,
ﬁ‘éé”‘l g'gi ggi 823 the measured oxygen reaction orders for individual products in-
Reo, 0.21 025 a37  dicate that EO formation has a more positive dependence on
oxygen than does carbon dioxide formation. Therefore, oxy-
0'21:/” Cu-Ag 0.26 038 048 gen promotes both the activity and selectivity of the catalyst
Reo 0.92 036 a4 by increasing the formation of EO relative to that of carbon
Rco, 0.3 0.39 046  dioxide. This result is somewhat counterintuitive, based on the

concept that more oxygen-rich conditions should drive up the

» ) rate of formation of combustion products relative to selective
feed compositions and temperatures used, with more ethylengsiqation products. However, although it is clear that combus-

rich conditions being rate-controlled by oxygen adsorption angjon, rates do increase with increasing oxygen feed pressure, as
more oxygen-rich conditions being rate-controlied by the surgyidenced by the positive reaction order measurements for car-
face reaction of adsorbed ethylene and oxygen. bon dioxide formation, these rates do not increase to the same
Tables 5 and @lso give the measured ethylene reaction orextent as those for epoxide formation. The observed trends for
ders for EO and carbon dioxide formation for silver and Cu-Agincreasing ethylene and oxygen feed pressures suggest that the
bimetallic catalysts from batches A and B. Ethylene reactiorselectivity to EO should increase with increasing total reactant
orders for EO formation varied from 0.2 t60.2 for cata- pressures.
lysts from batch A, with the reaction orders decreasing with Feed variations were also studied to examine the efficacy
decreasing reaction temperature. A similar trend was observeaf the Cu-Ag bimetallic catalysts relative to pure silver with
for carbon dioxide formation, with values varying fros0.2 respect to EO selectivity at similar ethylene conversions. The
to —0.4. Catalysts from batch B showed almost no temperaturéajor purpose was to determine whether the selectivity en-
dependence of the ethylene reaction order with respect to E@ancements of the bimetallic catalysts were sustained for both
formation. The measured ethylene reaction orders appeared g§ylene-rich and oxygen-rich feed stoichiometries, as well as
be approximately Oth order for all catalysts examined. A dif-for equimolar feeds at higher pressure. These data are presented

ferent trend was observed for carbon dioxide formation, with" Fi9s- 11 and 12or catalysts from batch A. The correspond-
ethylene reaction orders varying from Oth order6.3th or- ing ethylene conversion data are giverTable 8 Fig. 11shows

der for the catalysts examined. As observed for catalysts frorﬁe'eCtIVIty data for silver and Cu—Ag bimetallic catalysts from

batch A, the ethylene reaction order decreased with decreasin§ tch A for feefj strea.ms con “'?"”'”9 ethylene-to—oxygen ratios
: ranging from 1:1 to 6:1 at similar ethylene conversions. Feed
reaction temperature.

) . variations were conducted by maintaining the oxygen feed con-
Also reported inTables 5 _an(_j tre the_ OXygen reaction .o yration at 10% (0.13 atm) and increasing the ethylene feed
orders for EO and carbon dioxide formation. Catalysts fromconcentration from 10 to 60% (0.13—0.8 atm). The data for each
batch A showed oxygen reaction orders for EO formation ranGeatalyst shown irFig. 11were collected at constant tempera-
ing from 0.4 to 0.7, with only minor variations with reaction ture, with the temperature of each catalyst sample adjusted to
temperature observed. Oxygen reaction orders for carbon dio>@1ve an ethylene conversion of approximately 1.8% for a 1:1
ide formation ranged from 0.2 to 0.3 for all catalysts examinedfeed stoichiometry (0.13 atm each of ethylene and oxygen).
As was observed for ethylene reaction, carbon dioxide forThis temperature was then maintained as the ethylene pressure
mation exhibited no measurable temperature dependence wiitlas increased. The similar kinetic dependences observed for
respect to the oxygen reaction order. Catalysts from batch Both the silver and Cu—Ag bimetallic catalysts with respect to
had an oxygen reaction order of approximately 0.5 for EO for-ethylene pressure led to comparable ethylene conversions for
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(9]
o

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

n
o

(o))
o

B
o

1 Ag
A 0.1% Cu

EO Selectivity (%)
N
[6)]

©0.2% Cu Oxygen'
% ©05%Cu Similar studies were conducted for oxygen-rich feed condi-
% v 1.0%Cu tions. Feed variations were conducted by maintaining the ethyl-
T T T T T

‘ ene feed concentration at 10% and increasing the oxygen feed
! 2 3 4 s 6 concentration from 10 to 60%. The similar kinetic dependen-
C,H,/O, Ratio cies observed for both the silver and Cu—Ag bimetallic catalysts
with respect to oxygen pressure led to comparable ethylene
conversions for each set of feed conditions. For these studies,
the ethylene conversion varied from approximately 1.8% for an
oxygen-to-ethylene ratio of 1:1 to approximately 3.5% for a ra-
tio of 6:1. These data are shown fig. 12 for catalysts from
batch A. The selectivity to EO increased with increasing oxy-
) gen feed pressure, with a maximum observed EO selectivity of
44% for a silver catalyst from batch A at a feed composition of
6:1 oxygen to ethylene. It is evident that the Cu—Ag bimetal-
lic catalysts outperformed the pure silver catalysts even under
A9 the most oxygen-rich conditions, in which the propensity for
A0.1% Cu . -
002% Cu combustion should be enhanced. The ability of copper to act
#05%Cu as a total oxidation catalyst may lead to the potential for di-
i V1.0%Cu minished performance of the bimetallic catalysts under severe
' ' ' ' ' oxidizing conditions. However, there did not appear to be any
1 2 3 4 5 6 significant loss of performance relative to pure silver for the
0,/C,H, Ratio conditions studied. Maximum selectivities to EO of 55-56%
were observed for the 0.2-1.0% Cu—Ag bimetallic catalysts
Fig. 12. EO selectivity for silver and Cu-Ag bimetallic catalysts from batch A from batch A at a feed composition of 6:1 oxygen to ethyl-
as a function of feed stoichiometry for oxygen-rich feed conditions. ene.
Table 8 The performance of silver and Cu—Ag bimetallic catalysts
Ethylene conversion data obtained for silver and Cu-Ag bimetallic catalyst¥vas also examined by simultaneously varying both the ethyl-
from batch A for ethylene and oxygen feed pressures of 0.13-0.8 atm collecte@ne and oxygen feed pressures in a range of 0.13-0.54 atm.
at constant temperature. The temperatures used to conduct the measuremdgitym these data, three-dimensional selectivity contours were
Were_ st_elected to give a conversion of approximately 1.8% for a feed streal enerated at constant temperature to examine the effects of
ﬁg&jﬁﬁ”{fg’gﬂ?&i:fg;ﬁ:ec’;citg;?;; nd oxygen. These temperaures ggq y hressure and stoichiometry on EO selectivity. These re-
sults are shown irFig. 13 for both silver and 0.2% Cu-Ag
Peara Po, A9 - 0.1% Cu-Ag0.2% Cu-Ag0.5% Cu-Agl.0% Cu-Ag  pyimerallic catalysts at similar ethylene conversions. It appears
(490 K) (475 K) (481 K) (470 K) (459 K) -C : ; o ) ;
that selectivity to EO increased in the direction of increasing

Fig. 11. EO selectivity for silver and Cu—Ag bimetallic catalysts from batch A
as a function of feed stoichiometry for ethylene-rich feed conditions.

551

50,

EO Selectivity(%)

013 013 181 182 1.80 1.81 1.83 thyl d ith the highest q
027 013 090 076 0.78 072 071 ethylene and oxygen pressure, with the highest measured se-
054 013 038 033 0.30 0.30 0.28 lectivity observed for a feed consisting of 0.54 atm of ethylene
0.8 013 022 0.9 0.18 0.17 0.17 and oxygen. In addition, it is apparent that the bimetallic cat-
013 027 218 257 2.46 2.47 2.54 alysts outperformed pure silver over the entire range of feed
013 054 297 3.40 3.26 340 3.54 compositions investigated, with maximum observed selectiv-
013 08 35 379 372 380 387 ity to EO of 49% for the silver catalyst and 60% for the 0.2%
027 027 130 1.25 121 115 1.14 ity 10 £EQ of 49% for the silver catalyst and bU% Tor the U.2%0
054 027 055 051 0.51 047 0.46 Cu-Ag bimetallic catalyst from batch A. Additional measure-
027 054 162 1.73 1.65 1.70 1.71 ments were conducted for 0.1, 0.5, and 1.0% Cu—Ag bimetallic
054 054 088 084 0.85 0.79 0.78 catalysts from batch A as well as for a 1.0% Cu—-Ag catalyst

from batch B. The selectivity data for these catalysts and for
each set of feed conditions. The observed conversions varigtie silver and 0.2% Cu—Ag catalysts are summarizdabie 9
from approximately 1.8% at a 1:1 stoichiometry to approxi-along with the temperatures used to conduct the measurements.
mately 0.2% at a 6:1 stoichiometry. As shownFig. 11 the  As expected, the bimetallic catalysts afforded lower operating
selectivity to EO increased with increasing ethylene pressurgemperatures than silver, by as much as 30 and 55 K for 1.0%
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EO Selectivity (%)

0.40

0.27 \a\‘“\
0z (¢ atm )

054 013 P

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 rangirgdirh3-0.5

Table 9 4. Discussion
EO selectivity data obtained for silver and Cu—Ag bimetallic catalysts from

batches A and B for ethylene and oxygen feed pressures of 0.13-0.54 atm N . .
collected at constant temperature. The temperatures used to conduct the mea—The results of kinetic studies conducted on silver and Cu-Ag

surements were selected to give a conversion of approximately 1.6-1.8% fortaimetal!ic catalysts Showed_ that the perfor_m_ance of these cat-
feed stream consisting of 0.13 atm each of ethylene and oxygen. These tempalysts, in terms of both activity and selectivity as well as the

atures are listed in parentheses next to each catalyst identity of the rate-determining step, was dependent on the re-
Batch A actant feed stoichiometry. For ethylene-rich feeds, the rate of
Pc,h, Po, Ag  0.1% Cu-Ag0.2% Cu-Ag0.5% Cu-Ag1.0% Cu-Ag  reaction was controlled by the dissociative adsorption of oxy-
(490 K) (475 K) (480 K) (470 K) (459 K) gen. As the ethylene pressure was increased (at constant oxygen
0.13 0.3 315 403 45.8 48.8 49.7 pressure), the rate of reaction remained constant or decreased
027 013 351 445 50.9 531 54.4 slightly, while the selectivity to EO increased slightly. The in-
054 013 403 514 57.9 56.8 57.7 crease in EO selectivity resulted from a larger decrease in the
013 027 37.7 437 51.1 52.2 52.1 . e . "
013 054 407 466 53.8 54.4 546 formation rate of carbon dioxide relative to EO. In addition,
027 027 405 46.7 53.4 55.0 55.9 the measured activation energy for ethylene consumption in-
0.54 0.27 458 518 58.2 58.3 59.5 creased as the ethylene pressure increased. This activity and
027 054 459 490 56.4 56.1 57.4 selectivity behavior can be explained by the action of ethylene
054 054 493 525 598 59.1 604 as a site blocker, especially if ethylene also blocks sites that
Batch B may be active for ethylene or EO combustion or isomerization.
Poyry Po, AQ 0.2% Cu—Ag 1.0% Cu—Ag This explanation is supported l?y the tempera_\ture dependence
(490 K) (480 K) (459 K) observed for the ethylene reaction orders, which become more
013 013 259 350 34.9 negative with decreasing reaction temperature. The observed
0.27 0.3 26.4 37.8 37.6 increase in apparent activation energy can be explained by a
054 013 275 43 42.0 larger ethylene surface coverage at lower temperatures, the ef-
013 027 29.7 37.1 37.5 fect of which becomes more significant at higher ethylene pres-
0.13 054 352 41.8 40.9
027 027 327 414 396 sures.
0.54 027 345 44.7 4238 A different trend was observed when the ethylene pres-
0.27 054 355 44.1 42,5 sure was increased under oxygen-rich conditions, in which
0.54 054 36.6 45.8 44.3 case an increase in ethylene feed pressure was accompanied

by an increase in reaction rate. This behavior indicates that
Cu—Ag catalysts from batches A and B, to achieve comparablender oxygen-rich conditions, the reaction rate is controlled
ethylene conversions. The dataTiable 9also indicate that all by the surface reaction of adsorbed ethylene and oxygen. Al-
of the bimetallic catalysts examined were more selective to EGhough the exact stoichiometric point of transition (between
compared with silver for the entire range of conditions exam-adsorption-controlled and surface reaction-controlled) in the
ined. rate-determining step is not known, the data present&thirb
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Table 10 ity of the process with increasing feed pressure. This dramatic
Ethylene reaction orders measured for silver and Cu-Ag bimetallic catalystincrease in the rate of epoxidation relative to the rate of com-

from batch A for the consumption of ethylene at an oxygen pressure of 0.13 atmd;stion can be attributed to an increase in the concentration of
and ethylene pressures of 0.13-0.27 atm, 0.27-0.54 atm, and 0.54-0.8 atm,

respectively, as a function of reaction temperature assuming power law kine'[ic%ubS.urface °X¥ge”- The role of subsyrface Oxyg.en has been
studied extensively. Recent DFT studies by Mavrikakis et al.
Po, =0.13 atm 500 K 520 K 540 K

Por, (atm) [25] indicate that subsurface oxygen decreases the barrier to
Cota and increases the rate constant for dissociative adsorption of

Ag oxygen on Ag(111). It has also been suggested that the sub-
0.13-0.27 4 008 016  surface oxygen modifies the electronic properties of the sur-
8'51:8'24 *8-37 *8-;4 8(2)3 face oxygen atoms in its vicinity, so that they become more

R e e e vulnerable to attack by the -©C bond in ethyleng26,27]

0.2% Cu-Ag It has even been proposed that subsurface oxygen is the cat-
0.13-0.27 a 018 018 alytically active phasg28]. Our design of Cu—Ag bimetallic
0.27-0.54 -0.12 001 005 catalysts is predicated on the involvement of the oxametallacy-
0.54-0.8 —0.44 —-012 —01 cle intermediate in both the selective and nonselective reaction

0.5% Cu—Ag pathways[7]. The nonselective pathway involves the forma-

tion of acetaldehyde, which then quickly combusts to form
0.13-0.27 o7 018 018 bon dioxide. The formation of acetaldehyde occurs via an
0.27-0.54 —0.27 ~012 —004 C& ' y

0.54-0.8 —0.39 036 023 H-atom shift from the central carbon to the terminal carbon of
the oxametallacycle. In general, any selectivity enhancement

1.0% Cu-A : .

o=ITAd would involve a decreased rate of H-atom shift, and hence

0.13-0.27 9 021 019 acetaldehyde formation, relative to epoxide formation. There-

0.27-0.54 —019 —01 —003  fore, one possible role of subsurface oxygen is to inhibit the
0.54-0.8 —045 -0.22 -0.18

H-atom shift of the oxametallacycle. This is consistent with the
roles of adsorbed cations and subsurface anions in influencing

- . the competing transition states for oxametallacycle reactions
indicate that at 540 K, the transition occurs at an ethylene-tog,,h alteration of the surface electric field suggested pre-

oxygen ratio of approximately 2:Fig. 5 shows an increase viously [29].

in the measured rate of reaction from a 1:1 to a 2:1 ethylene- |, aqqition to being more selective for ethylene epoxidation,
to-oxygen stoichiometry, followed by leveling or a decreasingy,e cy—ag bimetallic catalysts were more active than pure sil-
rate for higher stoichiometric ratios. To further study this tran-ye for ai| copper loadings investigated. This increased activity
sition in the rate-determining step, the ethylene reaction orderg s jjustrated by the activation energy measurements, in which
were measured for silver and Cu—Ag bimetallic catalysts frompe pimetallic samples had activation energies for ethylene con-
batch A for an oxygen pressure of 0.13 atm and ethylene Prégumption on the order of 1-2 kgahol lower than those for
sure ranges of 0.13-0.27 atm, 0.27-0.54 atm, and 0.54-0.8 alffjyre silver. This is an uncommon phenomenon for ethylene
the results are given ﬁable.lo The mgasured reaction or- epoxidation, because the typical promoters (e.g., cesium and
ders decreased from approximately 0.2 in an ethylene pressuggjorine) tend to increase EO selectivity at the expense of ac-
range of 0.13-0.27 atm to approximateh0.2 for an ethyl-  tjyity [6]. The increase in activity can most likely be attributed

ene pressure range of 0.54-0.8 atm at 540 K. This indicatag an increase in the rate of oxygen dissociation on the catalyst
that the rate-determining step of the reaction transitions fromgrface.

surface reaction-controlled to adSOl’ptiOﬂ-COﬂtrO”ed with this An interesting result of the kinetic studies is the similari-
increase in ethylene pressure. A similar decrease was observggs of the silver and Cu—Ag bimetallic catalysts. In addition
for the reaction orders at 500 and 520 K. This observed tranp having similar activation energies for ethylene consumption
sition in rate control between oxygen adsorption and surfacend product formation, the silver and Cu—-Ag bimetallic cata-
reaction has been presented in a microkinetic model developagsts showed very similar trends with respect to the ethylene
by Stegelmann et aJ9]. These authors showed that the effectand oxygen reaction orders, for both ethylene consumption and
of ethylene on the catalyst activity is dependent on the reactaffroduct formation. This indicates that modifying the silver sur-
stoichiometry. The model showed a transition from a slight posface with small amounts of copper does not significantly affect
itive dependence to slight negative dependence of the activitthe mechanism or underlying kinetics of the process, and there-
at an oxygen pressure of 0.13 atm and increasing ethylene pregre justifies the assumptions behind our computational model
sures of 0.27-0.8 atm and showed a positive dependence at pt). As noted above, copper’s major effect on reaction kinet-
oxygen pressure of 0.8 atm and increasing ethylene pressuresio$ is to lower the activation barrier for oxygen adsorption. The
0.13-0.40 atm, both of which are in excellent agreement witfkinetic studies also showed that, independent of which of the
observations presented here. steps leading to oxametallacycle formation is rate-determining

The effect of oxygen feed pressure on reaction rate and semder a given set of conditions, the Cu—Ag bimetallic catalysts
lectivity was different than that for ethylene. Unlike ethylene, are more effective for ethylene epoxidation than pure silver cat-
oxygen was shown to enhance both the activity and selectivalysts under all conditions.
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