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Abstract

Copper—silver bimetallic catalysts offer improved selectivity relative to silver in the direct epoxidation of ethylene, as predicted by densit
functional theory calculations. The performance advantages of bimetallics over silver have been shown previously for unpromoted, monoli
supported catalysts. Here we demonstrate that the higher activity and selectivity of Cu—Ag bimetallic catalysts prepared by sequentiabimpregna
are maintained when conventional promoters, such as cesium and/or chlorine, are used. Selectivities to ethylene oxide obtained for prom
bimetallic catalysts were up to 15 points higher than those obtained for promoted silver catalysts at comparable conversions.
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1. Introduction 1 o)
CoHy + 50, — Oxametallacycle—— /N
Unpromoted copper-silver bimetallic catalysts prepared by
sequential impregnation exhibit increased activity and selectiv-
ity relative to unpromoted silver catalysts for the epoxidation
of ethylene to ethylene oxide (EQ),2]. The design basis for o _ . _
these bimetallic catalysts was provided by density functionaﬁgg‘s’;fdls-t z'cnt"lfr'gl'%detr;ii"g?{‘h2it)‘("é’l?;ket‘;:aithé'eegzneé’g’f(('iamggep'C'
theory (DFT) calculations for the simplified reaction network y (t3~5])
|IIu.strat.ed inScheme 1The key feature .Of the re’?‘c“‘)” mech- Cu-Ag bimetallic catalysts prepared to embody the DFT-based
anism is the surface oxametallacycle intermediate. ReaCtlon(fesign[l 2]
of this intermediate control selectivity, because it can react V|a8 Commercial catalysts for ethylene epoxidation are typically
. ) romoted by alkali-metal salts incorporated during catalyst
gateway product to combustion, acetaldehj@le The basic preparation10]. Among these alkali-metal salts, cesium has

structure of the reaction network iBcheme 1is central to .
L ) o been reported to be especially effectjtd,12] Although pro-
DFT- and kinetics-based models of the reaction selectivity pro- P pecially [ ] ugh p

. . motion using cesium additives can increase the selectivity to
t)hoste_d by u$1_tf1] ar;;;tr;:er$5>t—9]. DFtT (t:re]llcu_llatlons g;redlctﬁd | O by as much as 10%94.3,14], the role of cesium continues
5;1 mcorpolra 't'?9t b °f u gon:a mto G.}t.S' vetr ?urface. S OIU 0 be debated. It has been suggested that the presence of ce-
enhance selectivity by favoring the transition state 1or ning €0~y neytralizes acid sites on the support that are active for

sure of the oxametallacycle relative to that for isomerization tq ., isomerization of EO to form acetaldehy(ds), or that ce-
acetaldehyde. The validity of this prediction has been show ium reduces the binding strength of EO to the’sur[a6efl7],

by catalytic reaction studies of monolith-supported silver an hereby minimizing further reaction to form carbon dioxide.
In addition, it has been suggested that cesium plays a role in
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silver[18]. We have recently suggested that the presence of ceition of the cesium and silver salts, the catalyst was exposed
sium promotes selectivity to EO via cesium-induced long-rangéo the same calcination and reduction steps outlined previously.
dipole—dipole electrostatic effec{§]. Because the transition For the bimetallic catalysts, copper was deposited onto the re-
states for the two competing reactions of the oxametallacyclduced Cs—Ag/AlO3 catalysts by secondary wet impregnation
intermediate inScheme lhave different dipole moments, the and reduction as described previougy. For all samples, the
selectivity can be shifted by manipulating the surface field withreported cesium weight loadings assumed that all of the cesium
ionic promoterg6]. It should be noted that the catalyst activity present in the precursor solution was adsorbed onto the surface
is sensitive to alkali metal loading, and in fact it is possible toof the catalyst.

suppress all activity by adding larger amounts of alkHlB]. Chlorine was introduced to the catalysts by cofeeding vinyl
From an industrial standpoint, alkali metals are added to inehloride (GH3CI) at a concentration of 1 ppm by volume of
crease selectivity at the expense of some activity. feed. The vinyl chloride source consisted of a 50-ppm (by vol-

Adding chlorine to the catalyst also has been shown to inume) mixture in a balance of nitrogen, the concentration of
crease the selectivity to E{29-24] Chlorine is continuously which was certified by the manufacturer (Keen). The flow was
added to the reactor feed at ppm levels in the form of chlointroduced through the use of an electronic mass flow controller
rinated hydrocarbons, such as dichloroethangHyCl>) and  as described for the4El4, Oz, and N flows|[2].
vinyl chloride (GH3CI). Reactions of these hydrocarbons de- Catalysts were synthesized containing copper concentra-
posit chlorine atoms on the catalyst surface. A continuous feetions of 0—1.0% (mol Cgmol Cu+ Ag). Catalysts correspond-
of chlorine is used to offset the slow removal of surface chlorindéng to batch A of our previous stud®] were used in the present
under reaction conditions. Itis generally found that the presenceork. All experiments were conducted with a total feed rate
of chlorine significantly increases the selectivity to EO while atof 100 sccm (at STP), giving a contact time on the order of
the same time decreasing the rates of EO and carbon dioxide5 s. Catalysts were tested over a wide range of feed condi-
formation. Therefore, chlorine works as a poison to inhibit thetions, ranging from 6:1 ethylene to oxygen to 6:1 oxygen to
rate of carbon dioxide formation to a greater extent than EGethylene. All catalysts operated under Cl-free conditions were
formation. How chlorine functions as a promoter is not welllined out for an initial 24-h period of operation under consis-
understood and has been attributed to both geometric/ensembént feed and temperature conditions. During this period, the
effects[19,21,22]and electronic effectf20,25,26] These ef- feed contained 10 mol% each of oxygen and ethylene, and the
fects have been postulated to affect both the adsorption amgactor temperature was maintained at 540 K. Once a catalyst
reaction of oxygefi27,28], as well as the adsorption strength of had been lined out, composition and temperature variation ex-
ethylene and EO, thus changing the relative populations of superiments were carried out to probe the kinetics and selectivity
face species during reacti¢29,30] Because Cl diffuses below of the reaction. After each change of temperature or composi-
the surfacqd27,28] even at low coveragf81], it may also al- tion, the reactor was operated at steady state for a minimum of
ter the field at the surface in the same direction as do adsorbddh before results were recorded. In the case of catalysts op-
cations, such as Cs. Thus it may improve selectivity in a fashioerated with Cl-containing feeds, an initial 48-h line-out period
analogous to Cs, creating a surface field that disfavors the tramvas needed to reach steady-state, as we discuss below.
sition state for oxametallacycle rearrangement to acetaldehyde
relative to ring closure to EO. 3. Results

The purpose of the present work is to investigate whether
the superior selectivity of Cu—Ag bimetallic catalysts is main-3.1. Cesium-promoted catalysts
tained when these catalysts are promoted with the typical alkali
and halide promoters used in commercial epoxidation catalysts, Fig. 1 shows ethylene conversion data for a series of
and whether the selectivity enhancement by these promoters Gs,COsz-promoted silver and Cu—Ag bimetallic catalysts at Cs
comparable for Ag and Cu—Ag bimetallics. Although it is not loadings up to 132 ppm by weight of reduced catalyst for a
the objective of this work to probe mechanisms of promotion feed consisting of 10% ethylene and 10% oxygen at 540 K and
to the extent that the effects between different promoters aré.34 atm. As mentioned above, the addition of cesium can have
synergistic, one may suggest that different promoters work i significant effect on catalyst activity, with the suppression of
different ways, as one would expect to see diminishing returnall activity occurring at very high loadings. This is evident from
from promoter addition if all promoters served to tune a singlethe data inFig. 1, which show that catalyst activity declined

surface property that influenced selectivity. rapidly for cesium loadings above ca. 70 pphig. 2 shows
the selectivity to EO for these catalysts after lining out for
2. Experimental methods 24 h. The selectivity of both Ag and Cu—Ag bimetallic cata-

lysts increased for cesium loadings of up to 70 ppm, with no
The preparation of monolith-supported silver and Cu—Agadditional performance enhancement observed for higher load-
bimetallic catalysts and the reactor setup have been describétys. The correspondence of the optimal Cs loadings for both
previously[2]. Cesium-promoted silver monolith catalysts were Ag and Cu—Ag bimetallic catalysts is illustrated more clearly
prepared by coimpregnation of cesium and silver onto the caby comparing the selectivities at constant (1.8%) ethylene con-
alyst support. Cesium was added to the aqueous silver nitrateersion, shown irFig. 3. The data reveal an optimum cesium
precursor via an aqueous solution 0bCE;3. After the depo- loading around 70 ppm. At this loading, EO selectivity was in-
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Table 1

Ethylene conversion data obtained for promoted and unpromoted silver and Cu—Ag bimetallic catalysts for ethylene and oxygen feed press@.&sating.13—
collected at constant temperature. The temperatures used to conduct the measurements were selected to give a conversion of approximatedgd 88édor a f
consisting of 0.13 atm of ethylene and oxygen. These temperatures are listed in parentheses below each catalyst

Pc,Hy Po, Ag 0.2% Cu-Ag Cs-Ag Cs—Cu-Ag Cl-Ag Cl-Cu-Ag Cl-Cs-Ag Cl-Cs—Cu-Ag
(490 K) (481 K) (494 K) (479 K) (540 K) (508 K) (540 K) (507 K)
0.13 013 181 180 184 180 167 180 168 180
0.27 013 090 078 098 096 094 099 149 155
0.54 013 038 030 050 048 038 045 098 093
0.8 013 022 018 032 030 025 023 082 063
0.13 027 218 246 222 224 211 234 219 236
0.13 054 297 326 290 278 277 282 290 309
0.13 08 358 372 317 326 301 345 358 373
0.27 027 130 121 122 117 109 117 176 162
0.54 027 055 051 066 062 074 069 156 166
0.27 054 162 165 163 156 149 175 234 237
0.54 054 088 085 090 083 119 105 162 149
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Fig. 1. Ethylene conversion for a series of Cs-promoted silver and 0.2% Cu—Agig. 2. EO selectivity for a series of Cs-promoted silver and 0.2% Cu-Ag
bimetallic catalysts as a function of cesium loading. Conversions are reportebimetallic catalysts as a function of cesium loading. Selectivity data are re-
for a feed stream containing 10% ethylene and 10% oxygen at 540 K. ported for a feed stream containing 10% ethylene and 10% oxygen at 540 K.

creased by approximately 9% relative to pure silver, with silveling the ethylene feed concentration from 10 to 60% (0.13 to
catalysts containing the optimal cesium loading achieving ai®.8 atm). The data for each catalyst showrrig. 4 were col-
EO selectivity of approximately 41%. The Cs-promoted Cu-lected at constant temperature, with the temperature of each
Ag (0.2 mol% Cu) bimetallic catalysts were superior to thecatalyst sample adjusted to give an ethylene conversion of ap-
Cu-free catalysts at all cesium levels, with a selectivity to EOproximately 1.8% for a 1:1 feed stoichiometry (0.13 atm each
of ca. 56% for a Cs—Cu—Ag catalyst at optimal cesium loadingof ethylene and oxygen). This temperature was then maintained
As Fig. 3 shows, adding cesium to a Cu—Ag bimetallic cata-(as given inTable J) as the ethylene pressure was increased. As
lyst increased the selectivity by approximately 10%. Thus the=ig. 4 shows, the effects of cesium and copper are largely ad-
effects of Cs and Cu on catalyst selectivity are roughly additiveditive for feed stoichiometries of 1:1 to 4:1 ethylene to oxygen,
To further investigate the performance of cesium-promotedvith a pinching effect occurring at 6:1, where the performance
silver and Cu—Ag bimetallics, catalysts containing optimizedof the Cu—Ag and Cs—Cu-Ag catalysts were effectively the
Cs levels (as defined iRig. 3) were investigated at different same. The maximum observed selectivities to EO for Cs—Ag
feed stoichiometries. The ethylene conversion data for thesend Cs—Cu—Ag catalysts were 54 and 60%, respectively, for a
studies are presented irable 1 Fig. 4 shows EO selectivity feed stoichiometry of 6:1 ethylene to oxygen.
data collected for Ag, Cs—Ag, Cu—Ag, and Cs—Cu-Ag catalysts Also investigated were oxygen-rich feed streams with feed
at constant temperature for ethylene-rich feed stoichiometriestoichiometries ranging from 1:1 to 6:1 oxygen to ethylene.
ranging from 1:1 to 6:1 ethylene to oxygen at similar ethyleneThese data are presentedFig. 5 at similar ethylene conver-
conversions. Feed variations were conducted by maintainingions. Feed variations were conducted by maintaining the eth-
the oxygen feed concentration at 10% (0.13 atm) and increagdene feed concentration at 10% and increasing the oxygen feed
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ot r o T o Fig. 5. EO selectivity for Ag, Cs—Ag, Cu—Ag and Cs—Cu-Ag catalysts as a
0 20 40 60 80 100 120 140 function of feed stoichiometry for oxygen-rich feed conditions. The ethylene
Cs Loading (ppm by weight of active catalyst) partial pressure was fixed at 0.13 atm for all experiments and the oxygen partial
pressure was varied. The Cs—Ag and Cs—Cu—Ag catalysts contained 68 ppm
Fig. 3. EO selectivity for a series of Cs-promoted silver and Cu—Ag bimetal-of cesium and the Cu-Ag and Cs—Cu—Ag catalysts contained 0.2 mol% cop-
lic catalysts as a function of cesium loading. Selectivity data are reported foper. The reaction temperature and ethylene conversion for each experiment are
a feed stream containing 10% ethylene and 10% oxygen at differential ethylkspecified inTable1

ene conversion{1.8%). Data for the Cs-promoted Ag catalysts were obtained

at 492+ 2 K; data for the Cs-promoted Cu—-Ag bimetallic were obtained at 65} I Cs-CuAg
480+ 1 K.
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Fig. 6. 3-D contours of EO selectivity for Ag, Cs—Ag, Cu-Ag, and Cs—Cu-Ag

Fig. 4. EO selectivity for Ag, Cs—Ag, Cu—Ag and Cs—Cu—Ag catalysts as gcatalysts for ethylene and oxygen pressures ranging from 0.13-0.54 atm. The
function of feed stoichiometry for ethylene-rich feed conditions. The oxygenCs—Ag and Cs—Cu—Ag catalysts contained 68 ppm of cesium and the Cu-Ag
partial pressure was fixed at 0.13 atm for all experiments and the ethylene paid Cs—Cu—Ag catalysts contained 0.2 mol% copper. The reaction temperature
tial pressure was varied. The Cs—Ag and Cs—Cu-Ag catalysts contained 68 ppi@¥ €ach catalyst is specified fable1
of cesium and the Cu—Ag and Cs—Cu-Ag catalysts contained 0.2 mol% cop-
per. The reaction temperature and ethylene conversion for each experiment are

specified inTable1 are shown inFig. 6, along with contours generated for silver

and Cu—Ag at similar ethylene conversions. The operating tem-

concentration from 10 to 60%. For oxygen-rich feed streamsPerature for each catalyst was chosen to produce an ethylene
the effects of cesium and copper appear to be additive for theonversion of~1.8% for a feed containing 10% each of ethyl-
entire range of feed stoichiometries investigated. The maximurine and oxygen. The individual temperatures for each catalyst
observed selectivities to EO were 50% for the Cs—Ag catalys@re listed inTable 1 Each catalyst was maintained at the speci-
and 63% for the Cs—Cu—Ag catalyst, at a feed stoichiometry ofied temperature as the feed composition was varied, to produce
6:1 oxygen to ethylene. the selectivity contours shown Fig. 6. It is evident from this

As for unpromoted silver and Cu-Ag bimetallic cata- figure that the Cs—Cu—Ag catalyst outperforms both the Cs—Ag
lysts[2], the Cs—Ag and Cs—Cu—Ag catalysts were exposed tand Cu—Ag catalysts over the entire range of feed composi-
feed pressures of 0.13-0.54 atm of ethylene and oxygen. Frotions explored, with maximum observed selectivities to EO of
these results, three-dimensional selectivity contours were ge®6% for the Cs—Ag catalyst and 64% for the Cs—Cu—Ag cata-
erated at constant temperature for each catalyst. These contolyst.
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3.2. Chlorine promotion for 24—-48 h on stream). A similar reduction in activity was ob-
served for all catalyst samples with chlorine promotion. The
conversion decreased dramatically in the first 24 h, most likely

The effect of chlorine promotion on silver and Cu-Ag X
bimetallic catalysts was also studied. As mentioned above, th@1€ t© the uptake of chlorine by the surface and/or subsurface

presence of chiorine on the catalyst has been shown to enhan%the silver catalyst, with stable activity observed thereafter.

the selectivity to EO at the expense of activity. This property ig19. 8 shows the transient selectivity trends for silver catalysts

illustrated inFigs. 7 and 8which show transient activity and with and without chlorine cofeed. The results indicate that the
selectivity trends for silver catalysts lined out with and Withoutpreseqche of clhlor_lr?e ;lgmﬁcantl); increased the select|\(|ty to
the presence of chlorine cofeed. These data were collected l;P , With a selectivity increase of ca. 21 percentage points at

540 K for a feed stream consisting of 10% ethylene and 100/§|milar reactor conditions (47% selectivity with chlorine cofeed
oxygen at a pressure of 1.34 atm. As showiFig. 7, the ac- vs. 26% without chlorine cofeed). The selectivity increased sig-

tivity of the catalyst was significantly reduced with chlorine nifica_ntly in the first 24 h and_reached a stable value at ca. 30 h.
cofeed, with a ca. 75% reduction in the relative activity at sim-Atasimilar ethy!ene conversion Of, 1.7-1.8%, the selectlv!ty en-
ilar conditions (1.7% conversion with chlorine cofeed vs. 6.49;ancement achieved by the chlorine cofeed was approximately

conversion without chlorine cofeed after lining out the catalyst15 perc_:entage po_lnts (47% sele_zct_lvr[y with chlorine cofeed vs.
32% without chlorine cofeed). Similar trends were observed for

71 a 0.2% Cu—Ag bimetallic catalyst, for which a decrease in the
N . oq relative activity of approximately 60% was observed at simi-
. lar reactor conditions (540 K, 10% ethylene and 10% oxygen
at 1.34 atm). In addition, the selectivity to EO increased by ap-
proximately 22 percentage points at similar reactor conditions
(57% selectivity with chlorine cofeed vs. 35% without chlorine
co-feed). At an ethylene conversion of approximately 1.8%, the
selectivity to EO increased by 18 percentage points (64% selec-
tivity with chlorine cofeed vs. 46% without chlorine cofeed),
indicating that the effects of chlorine and copper are additive
with respect to EO selectivity enhancement.
Chlorine-promoted catalysts were exposed to a wide range
o of feed conditions. The chlorine-promoted samples were lined
A A d-dediea Lo Lol out for 48 h before any feed variationgable 1presents the
0 4 8 1216 20 24 28 32 36 40 44 48 ethylene conversion data for these studiéig. 9 shows EO
Time on Stream (hours) selectivity data collected for Ag, Cl-Ag, Cu—Ag, and Cl-Cu—
Fig. 7. Ethylene conversion as a function of time on stream for a silver and*d catalysts collected at constant temperature for ethylene-rich
a Cl-promoted silver catalyst. The conversion data were collected for a feefeeds ranging from 1:1 to 6:1 ethylene to oxygen at similar eth-

stream containing 10% ethylene and 10% oxygen at 540 K. The chlorine feeglene conversions. The bimetallic samples contained 0.2 mol%
concentration was 1 ppm by volume.
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Fig. 9. EO selectivity for Ag, Cl-Ag, Cu—Ag and CI-Cu—Ag catalysts as a func-

Time on Stream (hours) tion of feed stoichiometry for ethylene-rich feed conditions. The oxygen partial
pressure was fixed at 0.13 atm for all experiments and the ethylene partial
Fig. 8. EO selectivity as a function of time on stream for a silver and apressure was varied. The Cu-Ag and Cl-Cu—Ag catalysts contained 0.2 mol%
Cl-promoted silver catalyst. The selectivity data were collected for a fee(topper. The chlorine feed concentration was 1 ppm by volume. The reaction

stream containing 10% ethylene and 10% oxygen at 540 K. The chlorine feeggmperature and ethylene conversion for each experiment are specifiad in
concentration was 1 ppm by volume. ble 1
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The ethylene partial pressure was fixed at 0.13 atm for all experiments ang9- 11. 3-D contours of EO selectivity for Ag, Cl-Ag, Cu-Ag, and Cl-Cu-Ag

) . - o~ catalysts for ethylene and oxygen pressures ranging from 0.13-0.54 atm. The
the oxygen partial pressure was varied. The Cu-Ag and Cl-Cu-Ag catalys u-Ag and CI-Cu—Ag catalysts contained 0.2 mol% copper. The chlorine feed

contained 0.2 mol% copper. The chlorine feed concentration was 1 ppm b ) .
oncentration was 1 ppm by volume. The reaction temperature for each catalyst
volume. ) e
is specified inTable 1

copper, whereas the chlorine-promoted catalysts were exposed 75,

to a vinyl chloride feed concentration of 1 ppm. The maximum 70f&— A - -

observed selectivities to EO for Cl-Ag and CI-Cu—Ag catalysts ;\5‘ 65,

were 53 and 71%, respectively, at a feed stoichiometry of 6:1 3 '/J//_,u/——n

ethylene to oxygerfig. 10shows EO selectivity data collected S 603 v

for oxygen-rich feed streams ranging from 1:1 to 6:1 oxygen % 551

to ethylene at similar ethylene conversions. As was observed % 501

for ethylene-rich conditions, the effects of chlorine and copper 45° .

were largely additive over the entire range of feed stoichiome- O

tries investigated. The maximum observed selectivities to EO W 401 :éﬂ_Ag

for CI-Ag and CI-Cu—Ag catalysts were 59 and 72%, respec- 351 Ck-Cs-Ag

tively, at a feed stoichiometry of 6:1 oxygen to ethylene. 301 ; : ; ~CkCs-Cu-Ag
The ClI-Ag and CI-Cu—Ag catalysts were tested at feed pres- 1 2 3 4 5 6

sures ranging of 0.13-0.54 atm of ethylene and oxygen. From C.H./O. Ratio

these results, three-dimensional selectivity contours were gen- 22

erated at constant temperature for these catalysts. These c@fy. 12 EO selectivity for Ag, Cu-Ag, C-Cs—Ag and Cl-Cs—Cu—Ag cata-

tours are shown ifrig. 11 along with contours generated for lysts as a function of feed stoichiometry for ethylene-rich feed conditions.

silver and Cu—Ag bimetallic catalysts at similar ethylene con-The Cu-Ag and Cl-Cs—Cu-Ag catalysts contained 0.2 mol% copper. The

versions. Itis evident that the CI—Cu—Ag catalyst Outperformed_:s—promoted catalys_,ts contained approximately 65 ppm qf cesium. The chlo-

both the Cl—Ag and Cu-Ag catalysts over the entire range Oine feed concenFratlon was 1 ppm by volume. Th(_a re_act|on temperature and
O3 . . ._ethylene conversion for each experiment are specifidalie 1

feed compositions explored, with maximum observed selectiv-

ities to EO for the Cl-Ag and CI-Cu-Ag catalysts of 62 and

73%, respectively. from 1:1 to 6:1 ethylene to oxygen at similar ethylene conver-

sions. The cesium-promoted samples contained approximately
65 ppm of cesium added to the catalyst as@3s, while the
chlorine-promoted samples were exposed to a vinyl chloride

The effects of cesium and chlorine copromotion on EO Sel‘eed concentration of 1 ppm. The bimetallic catalysts contained

lectivity for silver and 0.2% Cu—Ag bimetallic catalysts were 0.2 mol% copper. _The results shown Fig. 12 |nd|cf';1t_e that
also examined. These catalysts were exposed to a similar pri€ €ffects of cesium and chlorine on the selectivity to EO
tocol as for the catalysts discussed previously with respec'® adeve for thg r.ange of feed stoichiometries investigated.
to variations in feed pressure and stoichiometry. The sample® maximum selectivity to EO of 63% was observed for a feed
were lined out for 48 h before any feed variatiofable 1  Stoichiometry of 6:1 ethylene to oxygen, as compared to selec-
presents the ethylene conversion data for these studlipsi2  tivities of 53 and 54% observed for CI-Ag and Cs—Ag catalysts
shows EO selectivity data collected for Ag, Cu—Ag, Cl-Cs—Ag,at similar feed conditions and ethylene conversions. The effects
and Cl-Cs—Cu-Ag catalysts from batch A collected at conof copper, chlorine and cesium also appear to be additive, with
stant temperature for ethylene-rich feed stoichiometries ranging maximum selectivity to EO of 73% observed for a CI-Cs—

3.3. Cesiumand chlorine copromotion
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Fig. 13. EO selectivity for Ag, Cu—Ag, Cl-Cs—Ag and CI-Cs—-Cu—Ag catalysts
as a function of feed stoichiometry for oxygen-rich feed conditions. The Cu—-Ag
and CI—Cs—Cu_—Ag catalyst_s contained 0.2 mol%_copper. The Cs-p_romotegi . 14. 3-D contours of EO selectivity for Ag, Cu-Ag, Cl-Cs-Ag and
catalysts c_ontalned approximately 65 ppm of cesium and the chlorine fee&I—Cs—Cu—Ag catalysts for ethylene and oxygen pressures ranging from
concentration was 1 ppm_by volume. Tht_a reaction temperature and ethyleng13_g 54 atm. The Cu-Ag and Cl-Cs—Cu-Ag catalysts contained 0.2 mol%
conversion for each experiment are specifiediahle 1 copper. The Cs-promoted catalysts contained approximately 65 ppm of cesium
and the chlorine feed concentration was 1 ppm by volume. The reaction tem-
Cu-Ag catalyst at 6:1 ethylene to oxygdfig. 13shows EQ  perature for each catalyst is specifiedrable 1
selectivity data collected for oxygen-rich feed streams ranging
from 1:1 to 6:1 oxygen to ethylene at similar ethylene conver-ers. To the extent that lower operating temperature is usually
sions. As was observed for ethylene-rich conditions, the effectassociated with longer lifetime, bimetallic catalysts may offer
of chlorine, cesium and copper on the selectivity to EO were adadvantages with respect to this performance measure as well.
ditive over the entire range of feed stoichiometries investigated. We have previously proposé8] that the selectivity of silver
The maximum observed selectivity to EO for a CI-Cs—Ag cataethylene epoxidation catalysts is controlled by the competing
lyst was 65% at a feed stoichiometry of 6:1 oxygen to ethylenereactions of the oxametallacycle, leading to either EO or ac-
compared with selectivities of 55% for Cs—Ag catalyst and 59%etaldehyde (which rapidly combusts), as showrSoheme 1
for CI-Ag catalyst at similar feed conditions and ethylene con-This mechanism provides a framework for understanding the
versions, whereas the maximum observed selectivity to EO foeffects of known promoters on catalyst selectivity, as well as
a CI-Cs—Cu—Ag catalyst was 77% at 6:1 oxygen to ethylene. for formulating new catalysts, including bimetallics. On the ba-
As was done previously for silver and Cu—Ag bimetallic cat- sis of DFT calculations, we have propodddl that Cs cations
alysts, the CI-Cs—Ag and ClI-Cs—Cu—Ag catalysts were opeilincrease selectivity by long-range electrostatic interactions that
ated at feed pressures of 0.13-0.54 atm of ethylene and oxygestabilize the transition state for EO formation (TS1) relative
From these results, three-dimensional selectivity contours wer® the transition state for acetaldehyde formation (TS2). (The
generated at constant temperature for these catalysts. Thesteuctures of these two transition states have been described
contours are shown iRig. 14 along with contours generated previously[3,4].) The difference in stabilization of the two tran-
for silver and Cu—Ag at similar ethylene conversions. Clearlysition states produced by the electrostatic effect of Cs was at-
the CI-Cs—Cu-Ag catalyst outperformed both the Cl-Cs—Agributed to a difference in their respective dipole moments. This
and Cu—-Ag catalysts over the entire range of feed compositionslectrostatic model suggests that cations above the surface and
explored, with maximum observed selectivities to EO of 67%anions below the surface should have a similar effect on the
for the CI-Cs—Ag catalyst and 77% for the CI-Cs—Cu—Ag catcompeting transition states. Thus Cl, which might be expected

alyst. to counteract the effect of Cs, instead acts in a complementary
fashion because it diffuses the subsurface. This model may also

4. Discussion explain the role of subsurface oxygen, because this species is
also anionic.

The selectivity advantages of Cu—Ag bimetallic catalysts In contrast, the role of Cu in Cu—Ag bimetallic surfaces is to
over silver are maintained when these catalysts are promotealter the chemical and electronic properties of the surface ac-
with Cs and/or Cl. Indeed, over a wide range of reactant pressording to our DFT calculations. Cu alters the electronic char-
sures and stoichiometries, adding copper has an additive e#cteristics of the binding sites available to surface oxametalla-
fect with cesium and chlorine with respect to EO selectivity atcycle intermediates (and other adsorbates) and alters the relative
comparable conversions. In addition, as showiiable 1 the  energies of the two transition states for the competing reactions
bimetallic catalysts are more active and operate at lower tennf these intermediates. By increasing the relative difference be-
peratures to achieve comparable conversions than their silvéween the barriers for the oxametallacycle ring-closure versus
counterparts, both with and without alkali and halide promot-H-shift pathways, Cu addition increases the selectivity to EO.
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To perhaps oversimplify the distinction, Cu influences selectivthan promoted silver catalysts. The performance advantages of
ity via through-surface interactions with adsorbates and transbimetallic catalysts over a wide range of feed compositions are
tion states, whereas Cs influences selectivity via through-spadkus maintained when conventional promoters are incorporated.
interactions. The observation in the present work that the efThe effects of copper and of ionic promoters on catalyst selec-
fects of Cu, Cs, and Cl on epoxidation selectivity are largelytivity are largely additive, consistent with the suggestion from
additive is consistent with this distinction. If the principal ef- DFT calculations that these components alter the energetics of
fect of adding all of these promoters was to tune the surfacehe competing reaction channels of surface oxametallacycle in-
electronic properties to some optimum for selectivity, then oneermediates by different mechanisms.
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