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Abstract

Highly Cs-promoted Ag catalysts, such as those used jbtg&poxidation, undergo deactivation with respect to activity and selectivity
for EpB formation upon storage in air. This loss in performance during storage in air is due to moisture-induced agglomeration of the Cs
salt promoter. The agglomeration of the Cs promoter is reversible; calcination in air at temperatures between 200 Greffid&htly
redistributes the Cs over the Ag surface. For optimal performance, the Cs promoter must be evenly distributed on the Ag surface. Surface
analysis by XPS confirms that calcination of such a deactivated catalyst between 150 aadiBf@ases the surface concentrations of
both Cs and CI (when CsCl is used as the promoter salt) while the concentration of surface Ag concurrently decreases. The strong positive
correlation between the €Ag surface ratio and the catalytic activity and selectivity supports the conclusion that an even distribution of Cs
on the Ag surface is required for optimal performance of promoted catalysts;fég Epoxidation. The basis of the Cs-promoter effect is
clearly electronic in nature. The fact that optimal distribution of Cs on the Ag surface increases both selectivity to EpB and actipity for C
conversion makes it very difficult to conclude that the role of Cs is only to block surface sites that lead to combustion of EpEatal CO
H50O. This conclusion is also consistent with the earlier results of Monnier who showed that successful promoters for EpB catalysts were
limited to TIT, Cst, and Rb", but not K. Within this series of promoters, the only noteworthy differences were not the ionic radii, but
the Pauling polarizabilitig of these cations (the largest of dogs in the Periodic Table), which suppdine idea of electnic effects being
responsible for Cs-promoted Ag catalysts for olefin epoxidation. Loss of activity upon storage for Cs-promoted Ag catalysts used for C
epoxidation has not been reported. Catalysts used fbfg@poxidation contain much higher levels of Cs promoters (600-1400 ppm Cs)
compared to catalysts used fosld, epoxidation (200-400 ppm Cs). Results in this paper show that catalyst deactivation due to storage in air
is a strong function of Cs loading; deactivation foyHg epoxidation becomes negligible below approximately 560 ppm Cs, thus explaining
why such deactivation has not been reported for catalysts typically used by €poxidation.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction quired for optimal catalyst pormance for the two reactions
as well as differences in the explanations for the promoter
Cesium is the preferred promoter for the silver-catalyzed effect(s) of cesium. The amounts of Cs used to optimize
epoxidation of both ethylene and butadi¢iie4]. There are, the performance of ethylerexide (EO) catalysts is much
however, notable differences in the amounts of cesium re- lower than that required for epoxybutene (EpB) catalysts.
Cesium loadings for EO catalysts typically vary between
— _ 200 and 400 ppm (wt), based on total catalyst we[g§h¥],
Corresponding author. . . . . . -
E-mail address. monnier@engr.sc.edd.R. Monnier). while for butadiene epoxidation, Cs requirements for simi-
1 Current address: Department of Clieal Engineering, University of lar Ag weight loading catalysts are between 600 and 1400
South Carolina, Columbia, SC 29208. ppm (wt), also based on total catalyst wei§8,9]. Like-
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wise, the role of the promoter for B4 epoxidation has  are not greatly different; however, the polarizabilities of the
been shown to be primarily limited to increasing the se- cations follow the same order as their promoter effects, con-

lectivity to EO, at the expense of overall activity fopldy sistent with electronic effects being responsible for lowering
conversion. Lambert and co-workers have examined boththe desorption energy of EpB, or its precursor. Because the
conventional Cs-promoted Ag/#D3 catalystd10] and Cs- desorption energy is lowered, the lifetime of EpB on the re-

modified Ag(111) surfacef?,11,12]and argued convinc-  active Ag surface is decreased, which lowers the extent of
ingly that Cs improves selectivity to EO by influencing the consecutive oxidative degradation of EpB. Further, because
secondary chemistry of EO, namely, that of lowering the rate of more facile desorption of EpB, the fraction of vacant Ag
of isomerization of EO tacetaldehyde, which undergoes surface sites increases, leading to higher activity fgig
rapid combustion to C®and HO. Lambert further argues  conversion. Finally, catalyst fouling by condensation reac-
that the Cs effect on selectivity is not one of site blockage of tions involving adsorbed EpB is lowered by the presence of
isomerization sites on Ag, but is electronic in nature. Since Cs, which greatly increases catalyst life.
similar improvements in selectivity are seen for both sup-  The reasons why much higher concentrations of Cs are
ported Ag catalysts and Ag(111) single crystal surfaces, Csneeded for optimal EpB formation (3—4 times higher than
is assumed to affect the Ag surface, rather than acid sites orfor EO catalysts) are not obvious; however, the higher Cs
the AlLbO3 surface. As expected, because the Cs is situated onrequirements for EpB catalysts raise issues regarding the
the Ag surface, the overall activity forsEl4 conversion also  stabilities of such catalysts. All cesium salts are quite hy-
decreases as the selectivity B® increases. Minahan and groscopic and prone to moisture-induced agglomer#gibn
co-workerqd13—-16]have used scanning electron microscopy 22], with agglomeration being more pronounced at higher
(SEM) and a variety of ultrahigh vacuum spectroscopic tech- Cs salt concentrations. Thus, unless the Cs promoter forms
niques to characterize a series of fresh and aged AQKAI  a water-stable, or insoluble, compound with the Ag@d
catalysts, both unpromoted and Cs promoted. The authorssystem, one must be concerned that moisture-induced stor-
concluded that while Cs does increase selectivity to EO, rel- age problems of EpB catalysts might become an issue with
ative to unpromoted catalysts, it does so by improving the these catalysts.
dispersion and coverage of Ag on the @k surface; Cs In this paper, we, in fact, identify the existence of
acts a hinder between the /83 surface and the Ag crys- moisture-induced agglomeration of Cs salt promoters on
tallites to give a more uniform and higher coverage of the Ag/Al,Oj3 catalysts and the subsequentlosses in catalyst per-
Ag component. Because there is less@{ exposed on the  formance. We describe methods to prevent or hinder such Cs
Cs-modified catalysts, the extent ob8l3-catalyzed isomer-  salt agglomeratiofi23] and from surface analyses of such
ization of EO to acetaldehyde is also lowered, resulting in catalysts, we show that for optimal promotion, Cs is evenly
higher selectivity to EO. Thus, the role of Cs is an indirect distributed on the Ag surface component of the Ag@d
one, since it only serves to “wet” the AD3 toward Ag depo- catalyst.
sition on the support. This explanation is obviously different
from the role of Cs proposed by Lambert, where the effect of
Cs is direct since it modifies the Ag surface toward the Ag- 2. Experimental
catalyzed isomerization of@&to acetaldehyde, which leads
to the facile combustion to GCand HO. The catalysts prepared in this study used general meth-
Monnier and co-worker§3,9,17] have also studied the ods that have been previously described by Neill23j,
effects of Cs loadings on Cs-promoted Ag/®k catalysts Neilsen and LaRochell24], and Monnief25]. The catalyst
and found that optimal Cs loadings increase not only the se-support was 0.25 inch diameter, fuseeil,O3 rings (wall
lectivity to EpB but also dramatically increase the activity thickness=0.125 inch), type SA-5562 supplied by Saint-
for C4Hg conversion and greatly extend catalyst life. For Gobain NorPro (formerly Norton) Corporation. The surface
example, while an unpromoted Ag catalyst gave approx- area of this support was 0.74fy with a total pore vol-
imately 50% selectivity to EpB at a4Elg conversion of ume of 0.55 crd/g, and a median pore diameter of 7 um.
1-2%, a catalyst optimally promoted with a Cs salt, such The Ag salt used in all preparations was silver oxalate that
as CsCl or CsNg) increased selectivity to 95% at alds was dissolved in an aqueous solution of ethylenediamine.
conversion of 15-20%. Further, catalyst life improved from The cesium-promoter salt used for all catalysts was CsCl,
only 3—4 h for the unpromoted catalysts to several months which was slowly added to the stirred solution containing
for the Cs-promoted catalyst. Monnier and co-workers have the dissolved silver oxalate. The amounts of CsCl added
used kinetic analysif], 120 kinetic isotope effect studies were always below the solubility limits of AgCl in aque-
[18], and deuterium isotope effect studif9] and con- ous amine solutionf26]. Thus, the solution contacting the
cluded that Cs promoters lower the desorption energy of Al,Ogzrings during the impregnation step was homogeneous
EpB, or its precursor, from the Ag surface. This promoter in both Ag and Cs salts, ensuring even distribution of all
effect is electronic in natureggnd not due to site-blockage components on the ADz support. Following tumble drying
phenomena, since the promoter efficiencies follow the trend in vacuo at 60C, the catalyst precursors were placed in a
Cst > Rbt > KT [20], and the size of these alkali cations tubular reactor and were heated in air at GHS00 bt
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over the temperature range 30-2@at a heating rate of ically more than 10,000 particles per sample, the results
3°C/min, where they underwent reductive decomposition were assumed to be at least as good as those obtained by
to form promoted, metallic Ag catalysts. The samples were Oy chemisorption. Further, the results using electron mi-
held at 270 C for 2 h before being cooled in flowing air to  croscopy gave the actual size distribution of the Ag crys-
ambient temperatures. tallites.

Cesium and Ag weight loadings were determined using  Catalyst evaluations were made using the reactor and GC
atomic absorption-inductively coupled plasma (AA-ICP). analytical system described in earlier publicati¢b8,20].
Unless otherwise stated, Ag weight loadings were main- Catalyst samples were ground and sieved to give particle di-
tained at 13—14%. Surface analysis was determined by X-rayameters of 0.4—0.8 mm; catalyst charges of 3.0 g were used
photoelectron spectroscopy (XPS) with a Physical Electron- for all evaluations. Catalyst bed temperatures during reac-
ics (PHI) Model 5400 XPS spectrometer using monochro- tion were measured by means of a movable chromel/alumel
mated AK o X-rays. The analysis spot size was approxi- thermocouple (0.020 inch o.d.) inside an axial, thin-walled
mately 800 um in diameter at a pass energy of 32 eV, analy- stainless-steel thermowell running the full length of the re-
sis was conducted at a base pressure o Torr. Partial actor. Tylan FC-260 mass-flow controllers were used to reg-
catalyst ring samples (sample rings cross-sectionally split in ulate and maintain flows of 4, O2, and He diluent in
half to expose the 0.125 inch wall thickness) were mounted the various reaction protocoldnless otherwise stated, feed
in a 5 mm diameter cup on a tungsten sample holder. All compositions in all experiments were maintained at 16%
analyses, both XPS and SEM, were conducted on the mid-C4Hg, 16% &, 68% He diluent at a GHS 14,400 L.
dle portion of the exposed wall of the ring, where previous
electron microscopic analysis showed the Ag crystallite den-
sity and distribution to be the most representative of any part 3. Results
of the ring. Analysis of the exterior wall of the ring was of-
ten nonrepresentative, due to surface abrasion and attrition Two hundred grams of catalyst containing 13.8% Ag
during the tumble drying step. In some of the studies, cata- and 1060 ppm Cs (added as CsCl) and supported on SA-
lyst samples were pretreated at 1 atm pressure in an attache8562 AbOs rings were prepared according to the method
PHI 4-800 microreactor attached to the XPS spectrometer.described above. Scanning electron microscopic analysis
The separate, turbo-pumped reactor was isolated from theyielded the Ag distribution shown iRig. 1L From the dis-
analysis chamber by a 2.75cim gate valve, which permit-  tribution data and Ag weight loading, the calculated Ag dis-
ted linear transport between the pretreatment chamber andpersion was 0.011, giving an average Ag particle diameter
the analysis chamber. Once inside the analysis chamber, th®.107 um. Note that because the Ag surface area varies as
pretreated catalyst sample was mounted on the sample stagthe square of the diameter, the average calculated diame-
and positioned with an attached video camera so that theter is different than that expected from the dataFig. 1
center of the analysis spot was always at the same positionFor 1060 ppm Cs, the monodisperse distribution of Cs on
on the catalyst surface. Thus, the same sample spot couldhe Ag surface gives a theoretical and reasonable value of
be examined after each different pretreatment sequence. Fofcs = 0.55. In order to examine possible storage issues, the
depth profiling experiments, a PHI 04-304 ion gun was used catalyst was evenly divided into three equal samples: one
to bombard the catalyst surface with*Aions at an energy  portion was stored in an amber bottle in open laboratory
of 3 keV to give an approximate etch rate of 1 fimin, air, another third was stored in an amber bottle in an evac-
although for heterogeneous sagés, the etch rate is only ap- uated desiccator, and the remaining sample was stored in a
proximate. However, comparisons between similar samples
can be made using such heterogeneous surfaces.

Several of the catalyst samples were also examined by A
scanning electron microscopy using a LEO scanning elec-  *®
tron microscope Model 982, equipped with a field emission { \
gun to determine the Ag crystallite distribution and subse- £ %
quent surface concentration of the Ag sites. Each catalyst2 { &\
sample was analyzed at 10 different regions, with each re- S 4% { \
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gion being 190 urhin area, for a total of 1900 pfralto-
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ticles of different diameters were counted and collected ac-
cording to size. In this way, the concentration of Ag surface 0 - -0ttt 0-0- 000001004 *
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sites was determined, assuming either spherical or hemi-
spherical particle shapes (same answer for each geometry).
From the surface Site concentrations, average Ag particle di-rig. 1. particle-size distribution of Cs-promoted AgiSk catalyst con-
ameters and Ag dispersion values were calculated. Becauseaining 13.8% Ag and 1060 ppm Cs. Ag particles were well dispersed and
of the large number of Ag particles that were counted, typ- both hemispherical and spherical in shape.

Ag particle diameter, um
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selectivity to EpB also declined from 94.8 to 92.5% over
this time interval. Previous world 9,28]has shown that for
C4Hs epoxidation, selectivity losses come solely from the
consecutive oxidation of EpB, or its precursor. For consec-
utive reaction pathways, lower conversion levels qHg

to EpB should give higher, not lower, selectivities to EpB.
Thus, the loss in catalyst selectivity even at lower EpB con-
Fig. 2. Catalytic activities as a function of storage times for sample stored in centrations irFig. 2 further indicated an overall decline in
amber bottle and laboratory air. Final _selectivities to EpB for sample after 1 Cs-promoter efficiency. Earlier work usiI’J@O kinetic iso-

and 43 days of storage are shown adjacent to relevant run data. tope method$18] indicated that the desorption energy of
EpB was higher with less disperse Cs loadings on Ag, which

—o—43 days

12.0 R ) . L.
s o 94.8% The results irFigs. 2—4summarize catalytic activity mea-

, 100+ —e—1day surements for each of the three samples after different peri-
2 : jn»;ﬁ” *ﬁ.—/—-—HV —o—3days ods of storage. The catalyst evaluation datieiqh 2indicate
2 —e—7days that the sample stored in air lost over 50% of its activ-
s —e—15day ity as storage time increased from 1 to 43 days. Further,
8 —a— 24 days
£
S

—+— 115 days

0 100 200 300 400 500

Run time, min

12.0

/—094.8% lowered both the activity and the selectivity as predicted by
00 ——Tday the kinetic and surface models described in the study. The
°\g 8.0 .//:://Nﬂ“’/u —o—4days results inFig. 3for the sample stored in air and direct sun-
2 W —e—8days light are very similar to those results for the sample stored
g * —o—16days in air in an amber bottle, indicating that if photolysis of the
S 40 P o - __:__i;::z CsCl-promoted Ag catalystid occur, it did not cause loss
o - o of catalyst performance. The activity losskig. 3 can be

fully explained as the result of exposure to ambient labora-

0.0 ' ; ' ' tory air conditions. The catalyst performance dat&ig. 4
° 10 i?,on time ':?f 00 %00 for the sample stored in a vacuum desiccator are quite differ-
' ent from the other samples. Catalytic activity and selectivity
Fig. 3. Catalytic activities as a function of storage time for sample stored in to EpB remained much more constant over the same 43-day
clear bottle in direct sunlight. Final se_Iectivities to EpB for samples after 1 storage period. Only after longer storage periods (100 days)
and 46 days of storage are shown adjacent to relevant run data. did catalyst activity and selectivity decline to levels similar
to those for the air-stored samples. These results suggest that
clear bottle and placed in direstinlight. These conditions  moisture may in fact be responsible for the activity and se-
were chosen to determine whether normal ambient moisturelectivity losses observed in a more pronounced manner in
conditions could cause Cs agglomeration and if visible light Figs. 2 and 3To better link Cs-promoter efficiency with se-
could lead to photolytically induced decomposition of the lectivity to EpB, the data ifFig. 5 show selectivity to EpB
promoted catalyst, particularly if the CI (from CsCI) existed vs C4Hg conversion for catalysts after 43 days of storage in
as “AgCl” moieties and had solid-state properties typical of air and in a vacuum desiccator. It is clear that efficient Cs
light-sensitive Ag halides. It is, of course, known that AgCl promotion increases botictivity and selectivity for GHg
having extended lattice properties is light sensi{fi®€] in epoxidation catalysts, and that prolonged exposure to labo-
the visible spectrum. ratory air severely degrades catalyst performance.

—e— 1day
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—e—7 days
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—aA—29 days
—o—43 days
—x— 100 days

C4Hs Conversion, %

00
0 100 200 300 400 500

Run time, min

Fig. 4. Catalytic activities as a function of storage time for sample stored in amber bottle in vacuum desiccator. Final selectivities to EpE$oafsanipl
43, and 100 days of storage are shown adjacent to relevant run data.
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PtO, (450°C). Further, metal oxides are reported to better
wet support surfaces, increagisurface mobility, thus aid-
Fig. 6. Effect of in situ calcination on catalyst that had undergone activity ing in redistribution of the catalytic oxide on the support
and selectivity loss during storage. Final selectivity to EpB shown adjacent gyrface. While Cs oxides are clearly different from precious
to run curve. metal oxides, there are similarities in trends. For example,
melting points of different Cs oxides[32] follow the trend

If moisture-related agglomeration of Cs is responsible for Cs,0 (495°C) > CsQ (450°C) > CsQ; (70°C). That is,
loss of performance, then cabetion may redistribute the  the more oxygen-rich the Csoxide, the lower the melting
promoter on the catalyst surface. Results of in situ air cal- point, presumably resulting in greater mobility of the™Cs
cination for a sample that had been stored for 105 days in aoxide. Although not discussed in this paper, attempts to re-
vacuum desiccator are showrfig. 6. Catalyst performance  distribute Cs promoters in Hcontaining gas streams were
is essentially fully restored by calcination for 1 h at 280 much less successful than in air calcination, in good agree-
in flowing air (GHSV= 4800 h1). In fact, air calcination ment with the results of othe[31].
has been previously used to redisperse catalysts for other To determine whether air ahation redispersed the Cs
types of supported catalysts. Several autfjags-31] have promoter, a series of XPS experiments were performed on
described in detail that air calcination of supported Ir, Pd, a sample that had been stored in air for approximately 100
and Pt catalysts results in increased dispersion of the metallicdays. The sample was first analyzed “as is” and then calcined
components on the support surface. This redispersion is typ-in a microreactor externally attached via a high-vacuum gate
ically not observed for similar high-temperature treatments valve to the XPS spectrometer. The sample was calcined at
in Ha-containing gas streams, presumably because preciousncreasingly higher temperatures for 2 h at each temperature.
metal oxides (that exist during air calcination) have lower Since the same spot was analyzed by XPS following each
melting points and higher surface mobilities than the corre- calcination sequence, changes in the surface composition of
sponding reduced metals; forample, the melting points  the catalyst as a function of cahation temperature could
of Pt and its oxides are Pt (177@), PtO (550C), and be monitored. The results are summarized-ig. 7. The

Run time, min
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cated on the AlO3 surface. Interestingly, the comparison of

% Figs. 8b with 8asuggests that the Cs loading for the cal-

50 1ok o cined sample is more highly dispersed and evenly distributed
b 0 . .
! TSo— on the Ag surface. After 10 min of sputter etching, approx-
_ 40 imately 95% of the Cs has been removed from the surface
5 AL /_/‘ of the calcined sample, while only about 70% of the Cs has
g % ~N——— ¢ been removed after 10 min of sputter etching for the sample
< I given no prior calcination treatment.
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Both catalyst evaluation data and XPS analyses indicate
that the agglomeration of Cs promoters results in loss of
(b) activity and selectivity. The fact that ambient storage con-
Fig. 8. (a) Sputter etch depth profile of sample stored in air for 65 days. ditions accelerate deactivatigroints strongly to moisture-
ArT at 3 keV used to etch catalyst surface. (b) Sputter etch depth profile of jhduced agg|0meration as the cause. These results also sug-
sample afFer calcination for 2 h at 28Q followed by reaction at 225C gest that Cs promoters can be washed from the surfaces of
for approximately 12 h. these catalysts. In fact, in an earlier st(i8$] a calcined cat-
alyst containing 748 ppm Cs (added as CsCl) was evaluated
results inFig. 7a clearly indicate that the surface concentra- under standard conditions to givelds conversion of 11%
tions of both Cs and Cl increase as calcination temperaturesand EpB selectivity of 96%; however, after washing the cat-
increase. Since there is a concurrent decrease in surface coralyst in water for 15 min at 50C, 627 ppm (or 84%) of the
centration of Ag, the most reasonable explanation is that the Cs was removed from the catalyst. Reevaluation of this cat-
promoter components are being redistributed on the Ag sur-alyst gave only 1% conversion of48¢ at 80% selectivity
face. The XPS data iRig. 7b make it very difficult (order of ~ to EpB. Clearly, the Cs promoter for Cs-promoted Ag cata-
magnitude difference in scale) to determine whether the Cslysts is water soluble. The correlation of the Cs distribution
and Cl are being redistributed from the,@l; surface onto on Ag to catalyst performance is shown even more clearly
the Ag surface or whether the redistribution occurs from Cs from the data irFig. 9, where the XPS data presented ear-
and ClI that have agglomerated on the Ag surface, althoughlier are plotted as Cs/Ag vs catalyst activity (at 225 for
it is much more reasonable to assume the Cs and Cl weresamples given the same in situ calcinations before evaluation
agglomerated on the Ag surface. The sputter etch data sumfor C4Hg epoxidation as the samples that were analyzed by
marized inFig. 8support the data dfig. 7. The composition ~ XPS. Thus, it is possible to determine the effect of different
profile of the sample stored for 65 daysid. 8a) indicates Cs distributions on catalystepformance. There is a strong
that loss of Cs from the surface is accompanied by a corre-positive correlation between the (sg atomic ratio and the
sponding increase in Ag concentration. Thus, as the atomiccatalytic activity for samples calcined up to 280; at tem-
concentration of Cs decreases from 2 to 0%, the Ag surfaceperatures above 25, activity remains constant for in situ
concentration increases from approximately 8 at% to 11%. calcinations up to 300C. The sample calcined in situ at
Again, no conclusions can be drawn from the Al, C, and O 350°C is considerably less active than the samples calcined
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Fig. 10. Effect of Cs loading on rate of catalyst deactivation during geoiralaboratory air. All catalysts ppared using same methodology and Aadings.
Catalyst support was SA-5562 AD3 rings for all samples. (a) Least-squares fit for conversion vs storage time. Activities normalized to initial activity for
sample containing 766 ppm Cs to better illustrate catalyst de#iotivtrends. (b) Deactivation rates in percentage pgiatg vs Cs loading. The fitted line

intersectsy axis at approximately 560 ppm Cs.

Table 1
Effect of calcination temperatures on Ag diameters

Calcination Average Ag particle Ag surface site Ag dispersion
temperature®C) diameter (um) concn. per g cat. (calc.)

None 0107 847 x 1018 0.011

150 0105 863 x 1018 0.011

250 Q109 832 x 1018 0.011

300 Q121 746 x 1018 0.0097

350 Q127 708 x 1018 0.0092

Crystallites are assumed to have either hemispherical or spherical geome-

tries, in good agreement with observed (by SEM) Ag patrticles. All calcina-
tions conducted for 2 h in 20%4£80% He.

between 220 and 30C. The portion ofFig. 10 showing
the positive correlation between Cs/Ag and catalytic activity
clearly confirms the effect of Cs distribution on Ag with cat-
alytic activity, consistent with the strong Cs-promoter effects
seen in our earlier studi¢$7—20] The failure of activity to
track CgAg ratios at 300C and the fall off in activity at
350°C is most likely due to sintering of Ag crystallites in
these temperature ranges. The Tamman tempel@4iréor

were evaluated at 22% for C4Hg epoxidation, the cata-
lyst evaluation temperatures did not have the same effect as
the in situ calcination at temperatures as low as°ZD0The
most likely explanation is that under reaction conditions, the
promoted Ag surface is almost completely covered with ad-
sorbed GHg, COp, and EpB, as shown earlier by Monnier
and co-worker$18,19,36] The high coverage of surface in-
termediates apparently restricts the redistribution of Cs on
the Ag surface.

These correlations of the distribution of Cs on the Ag sur-
face with higher activity and selectivity clearly support the
conclusion that Cs directly modifies the Ag surface sites for
CsHe epoxidation. This interaction appears to be electronic
in nature, in good agreement with the conclusions of Lam-
bert and co-workerfl0-12]for Cs-promoted Ag catalysts
used for GH4 epoxidation. If the role of Cs was simply to
block nonselective sites on Ag or to indirectly block non-
selective surface sites on the 8l3 support by increasing
Ag dispersion, as postulated by Minahan and co-workers
[13-16] one could possibly explain the increase in selectiv-

Ag particles, the temperature at which bulk Ag atoms exhibit ity to EpB as being due to site blockage, but still not account

mobility, is approximately one-half the melting point of Ag,
or 617 K, which corresponds to 34€. The sintering of Ag

for the concurrent increase in activity foyBg conversion.
The fact that both activity andegectivity increase with the

crystallites at higher calcination temperatures is confirmed optimal distribution of Cs on Ag strongly suggests that the

by the data inTable 1, which summarizes SEM characteri-
zation data for the Cs-promoted Aghif)s samples after dif-

promoter effect of Cs is electronic in origin. This is also con-
sistent with the earlier results of Monnier and Hart[8Y

ferent calcination temperatures. The average Ag crystalliteswho showed that while Tl, Cs*, and Rb" showed similar
increase in diameter only very slightly as calcination temper- promoter effects for Ag/AIO3 catalysts for GHg epoxida-

atures increase to 25C, and a more substantial increase in
size for the samples calcined at 300 and 350consistent
with observations of otherg4,35] for supported Ag cat-
alysts. Since Ag surface sitsoncentrations decrease with
increasing particle size (for constant Ag weight loadings),

tion, K*-promoted catalysts showed virtually no effects as a
promoter. Because the ionic radius fof Ks not apprecia-
bly smaller than those of T|, Cs", or Rb", it is difficult to
correlate the promoter effect present igHg epoxidation to
physical effects. As noted by Monnier and Hart[&y, the

the activity should decrease, all other factors being equal. It Pauling polarizabilities of T, Cs", and Rb" are the largest

is also important to note that while all catalysts in this study

of any ions in the Periodic Table and much larger than that
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of KT, thus giving further support toward an electronic pro- who showed that successful promoters for EpB catalysts
moter effect for Cs-promoted Ag catalysts. were limited to Ti", Cs™, and Rb", but not K. Within this
Deactivation due to storage conditions has not been re-series of promoters, the only noteworthy differences were
ported for catalysts used for,84 epoxidation. This can  not the ionic radii, but the Pauling polarizabilities, of these
be better understood by analyzing the data from an inves-cations (the largest of any ions in the Periodic Table), which
tigation of the deactivation pfites of a series of catalysts support the idea of electronic effects being responsible for
having different Cs (added as CsCl) loadings. The data in Cs-promoted Ag catalysts for olefin epoxidation.
Fig. 10a show deactivation trends as a function of storage  Loss of activity upon storage for Cs-promoted Ag cata-
times in air for catalysts having Cs loadings ranging from lysts used for @H, epoxidation has not been reported. Cat-
622 to 1060 ppm Cs. It is obvious that the catalysts having alysts used for gHg epoxidation contain much higher levels
higher loadings of Cs deactiwaat higher rates. Since deac- of Cs promoters (600—1400 ppm Cs) compared to catalysts
tivation due to storage in air is due to Cs agglomeration, it used for GH4 epoxidation (200-400 ppm Cs). Results in
is intuitive that higher Cs loadings should deactivate more this paper show that catalyst deactivation due to storage in
rapidly. In fact, the data ifFig. 1 indicate that observ-  airis a strong function of Cs loading; deactivation fojHg
able deactivation using this methodology should not exist for epoxidation becomes negligible below approximately 560
Cs loadings less than approximately 560 ppm Cs. Since Csppm Cs, thus explaining whyish deactivation has not been
loadings for EO catalysts are typically less than 400 ppm Cs, reported for catalysts typically used foplds epoxidation.
and more often in the 250-350 ppm raijge6], it is not sur-
prising that deactivation issues due to storage have not been
discussed for these catalysts in the open literature. The rea|-Acknow|edgments
ity that catalysts optimized for EpB production require more

Cs and that Cs affects both activity and selectivity to EpB Ag always, the authors gratefully acknowledge the efforts
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