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Abstract

Silver catalysts that have been modified by Cl addition are more stable with respect to thermal runaway during reaction and exhibit higher
activity and selectivity for formation of 3,4-epoxy-1-butene. The ClI effect for activity enhancement is most likely electronic in nature and
involves subsurface Cl, although a similar role for surface Cl cannekbleided. Selectivity enhancentemd thermal staility may be due
to electronic effects as well, but could also be the result of Ag-site blockage on the surface of the catalyst that lowers the rate of combustion
of adsorbed EpB. Unlike alkali promoters used for olefin epoxidation, Cl exists in a very dynamic state. Chlorine is continuously removed
from the Ag surface by reaction with EpB and paraffin diluents (that are added to the reaction feedstream). Thus, organic chlorides in the ppm
range are also continuously added to the feedstream to replace the Cl lost during reaction. Chlorine is deposited by the dehydrohalogenatior
of organic halides at the surface of the Ag catalyst. The deposition of surface Cl on the Ag surface is a function of the concentration and
reactivity of the organic halide in the feedstream, as well as the concentration of vacant Ag sites. The surface Cl is in equilibrium with
subsurface Cl, and the concentration of surface Cl controls the concentration of subsurface Cl. Thus, it is possible to chlorinate a Ag catalyst
to levels considerably greater than one monolayer equivalent, based on exposed Ag surface, since the Ag subsurface is capable of “storing
substantial amounts of Cl. The excess Cl can be easily removed by reaction with paraffin reaction diluentspdudarses, to give an
optimally Cl-modified catalyst. However, silver catalysts can also be overchlorinated by exposure to excessively high levels of organic halide
and/or temperature, leading to the formation of bulk AgCI, which is catalytically inactive. Such catalysts cannot be regenerated by Cl removal.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction understood, even though it has been rigorously studied, pri-
marily using model catalys{$—12], although some studies
The Ag-catalyzed epoxidation of olefins requires the ad- have included real catalyst compositigh8—16] Campbell
dition of both alkali promoters and Cl moderators to attain and co-workerg6—-8] have studied Cl-precovered Ag(111)
high selectivitie§1-3]. The addition of Cl moderatorsto Ag and Ag(110) surfaces using ultrahigh vacuum techniques
catalysts used for £8H4 epoxidation to increase selectivity and then evaluated these fwes for EO activity and se-
to ethylene oxide (EO) is well known. Some of the very lectivity using a microreactaattached directly to the UHV
earliest patents describing the Ag-catalyzed epoxidation of system. The authors comcled that under reaction condi-
ethylene discuss the beneficiale of Cl moderators forim-  tions of 100 Torr total reactor pressure and temperatures
proving the selectivity to EQ4,5]. However, the method  between 165 and 33% (approximately 5000 turnovers of
in which selectivity enhancement is attained is very poorly CoHa reacted/surface Ag sites), the presence of Climproves
selectivity at the expense of overall activity by formation
— . of surface Ag ensembles that are too small foHg com-
Corre.Spondmg author. - bustion, but not too small for EO formation. On the other
E-mail address: monnier@engr.sc.edu (J.R. Monnier). ’
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concluded that the role of Cl, particularly subsurface Cl, tion reactor to study the role of Cl duringB,4 epoxidation.
could be rationalized by the way it alters the electron den- Chlorine was added to the catalyst during reaction by pulsing
sity on Qugs (0xygen adsorbed on Ag). By competing for doses of DCE to the recirculation loop. The authors noted
Ag metal electrons, the electron density ofg@was low- that at high concentrations of DCE (about 300 ppm), the
ered, which favored the electrophilic addition ofdgto the Ag catalyst was completely poisoned by high coverages of
C=C of adsorbed gH4 to form EO, rather than the oth- Cl on Ag. At DCE levels of approximately 1-30 ppm in
erwise more electron-rich £s undergoing nucleophilic re-  the feedstream, stable behavior was observed. The authors
action with one of the C—H bonds of adsorbegHz (and concluded that Cl increased the selectivity for EO forma-
forming CQ/H20). Very recently, Lambert and co-workers tion by inhibiting the dissociative adsorption ob©@n Ag.

[12] have extended their studies on the effects of halogensBecause molecular oxygen was believed to be the oxygen
on EO catalyst performance to include the effects of F, Br, species responsible for EO formation, while atomic oxygen
and |. Specifically, Lambert and co-workers report that when led to CQ and HO formation, the selectivity to EO was en-
unpromoted Ag#-Al,03 catalysts are modified by F, Cl, Br, hanced. However, it should be noted that experimental data
and | by pulsing aliquots of CH#=CHF, CH:Cl,, CoH5Br, from other researchef$,2] strongly supported the view that
and CHl-containing gas mixtures to the feed stream, re- atomic oxygen, not molecular oxygen, was responsible for
spectively, the selectivities to EO are improved for each re- EO formation, thus bringing into question the conclusions of
action condition. Because thelsctivity enhancement was Petrov et al. Berty16] has discussed results obtained from
greatest for the Cl-modified, Ag catalyst, the authors argue an internal recycle reactor for,8,4 epoxidation, whereby
that these results support their conclusion that halogen pro-Cl was added to the catalyst during reaction by the addition
motion is electronic, rather &m geometric in nature, since of ppm levels of DCE. Like Petrov et al., excessive levels of
the electron affinity for Cl is geater than for the other halo- DCE caused catalyst deactivation. However, using appropri-

gens. In all cases, activities were lowered as thexAyl>03 ate levels of DCE in the £H4 + O, feedstream, which also
catalyst was dosed with the @ngic halide-containing gas contained some £Hg as an impurity in the €Ha, the selec-
stream. tivity to EO was improved, while overall activity declined

Other supported Ag catalysts have also been studied tosomewhat. The levels of#lg in the GH,4 feedstream could
determine the role of ClI moderators under continuous flow build up to levels as high as 5-10% during extended periods
conditions. The use of real catalysts has introduced addedof recycle. Further, by using more sensitive GC detectors, he
variables in determining the role(s) of CI in olefin epoxi- determined that some of the DCE was not accounted for dur-
dation, including different methods of adding Cl to the Ag ing reaction, but smaller levels of vinyl chloride (VCI) and
catalyst and the recognition that Cl is continuously removed ethyl chloride (EtCl) were observed and built up during re-
from the Ag surface during extended reaction by compo- action. Under some reaction conditions, experimental data
nents in the reaction gas streams. Force and [B8]lused showed that more Cl was leaving the catalysts as organic
infrared spectroscopy to examine a Ag/Si€atalyst wafer chlorides than the DCE which was being fed, indicating that
in a recirculation loop reactor under reaction conditions. the Ag catalyst could effectivelstore Cl. Further analysis
Chlorine was added to the Ag catalyst by circulating a gas led Berty to the conclusion that (1) Cl was deposited on
mixture containing 8.2% 1,2-dichloroethane (DCE) before Ag by the dehydrochlorination of DCE to form vinyl chlo-
the reaction of @Hs and G to form EO. The authors con-  ride and formally HCI, (2) Cl was removed from Ag by
cluded that surface CI (on Ag) resulted in lower concentra- the oxychlorination of @Hg to form EtCl and HO, and
tions of both adsorbed ethylene and oxygen, which led to (3) VCI and EtCl could also function as chlorinating agents,
the more selective formation of EO, which was favored at but neither was as active as DCE. Similar observations have
lower surface concentrations of {84)ags and Qg4s Com- been made by others, mostly in the patent literaflivel18].
bustion to CQ and HO, the authors argued, was favored Moskovits et al[19], however, examined the interaction of
at higher surface concentrations of both adsorbates. ThusDCE with vapor-deposited Ag films using surface-enhanced
the ClI functioned by diluting the Ag surface to favor lower Raman spectroscopy and concluded that DCE undergoes de-
surface coverages of adsorbates. Ostrovskii and co-workerscomposition on clean Ag surfaces to formH and Cp at
[14] examined the effects of S, Se, and Cl on Ag catalysts temperatures as low as 55 K, results clearly at odds with the
by incorporation of the moderators by coprecipitation dur- interaction of DCE on conventional catalysts under reaction
ing catalyst preparation and concluded that for levels less conditions.
than 10% surface coverage, Cl increased both the activity In addition to the Cl moderator studies fopldy epoxi-
and the selectivity for EO formation. At higher initial levels dation, Monnier and co-workef20,21] have discussed the
of Cl, activity declined to levels less than for the unmodified use of ClI moderators for the Ag-catalyzed epoxidation of
Ag catalyst, while selectivity remained at higher levels. The butadiene to 3,4-epoxy-1-butene (EpB). The authors found
authors claimed that Cl weakened the strength of the Ag—O that ppm levels of various organic chlorides must be added
bond, making it more active for EO formation. Higher levels to the GHg and GQ-inclusive feedstream to maintain long-
of Cl gave an overall effect of surface poisoning of Ag sites term stability with respect to thermal runaway under reaction
by Cl coverage. Petrov et 4lL5] have also used a recircula- conditions, even though the catalysts were often promoted
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with CsCl, and, thus, contained several hundred ppm of Cl influence both the amounts and the roles of Cl that control
from the preparative step. The need to replace the preexisthe performance of catalysts used for butadiene epoxidation.
tent high levels of CI after different periods of time on-line In this paper, we present results showing the dynamic nature
indicated that Cl was continuously being lost from the Ag of Cl on Ag catalysts used for butadiene epoxidation. We
catalyst. The rate of Cl loss from Ag was strongly linked to show the effects of temperature and reactivities of different
the choice of inert hydrocarbon diluent used in the reactor organic chlorides and paraffindiluents on Cl concentra-
feedstream. The rate of Cl loss from Ag by paraffins fol- tions. We also present data showing that Cl increases both
lowed the orden-C4H19 > n-C3Hg > CoHg > CHgy. Fur- selectivity to EpB and activity for gHg conversion. Because
ther, the selective reaction product, EpB, also appeared toof the dynamic nature of Cl on Ag, we are unable to deter-
be capable of removing Cl from the Ag surface, since there mine how CI affects both activity and selectivity, although
was evidence of Cl loss, even when Was used as the gas- references to relevant EO catalysts are made.

phase reaction diluent. The eatf Cl removal by the paraffin

diluents followed the expeet! order based on the reactivity

of secondary versus primary C-H borj@2—24] Because 2. Experimental

n-CaHj1p contains twice as many secondary C—H bonds than

n-CzHg, the n-C4H1g is statistically favored ovet-CgHg. The preparation of the CsCl-promoted, AgAl 203 cat-

To maintain adequate Cl coverage on Ag, it was essentialalysts has been summarized in earlier rep@@21] Some

to use higher levels of organic chlorides in the feedstream of the catalysts were supported on Norton SA-5552 fused
when n-C4H1g was used as the diluent, rather thanCH  «-Al203 rings, while others were supported on Norton SA-
The reactivity of the organic chlorides used as moderators 5562 rings. The SA-5552 rings were 0.25 inch in diameter

also followed expected trends: with a surface area of 0.43%yyg, a total pore volume of
0.37 c¢g, and a median pore diameter of 7 um. The Ag
DCE > 2-chlorobutang2-CB) > 2-chloropropan€2-CP) weight loadings for the 5552-supported catalysts were either
~ EtCl> VCI| > CHCl3 > CH,Cl>. 12 or 15%. Chemisorption of a similarly prepared unpro-

moted Ag/SA-5552 catalyst by £at 170°C, according to

Since ClI deposition occurred byebdydrochlorination, or-  the method of Vannice et aJ26] gave a surface concen-
ganic chlorides that contained acidic C-H groups vicinal to tration of 15 x 10'® Ag siteg'g catalyst for the 15% Ag
the C—Cl bond were also more active toward dehydrochlori- loading, corresponding to an average Ag crystallite size of
nation. This explains why DCE was more reactive than EtCI; 0.62 pm. The catalysts that were supported on SA-5562-
because Cl is strongly electronegative, geminal C—-H groupsfused«-Al 03 rings also contained either 12% Ag or 15%
(on —CHClI) are relatively more acidic than in the case of Ag loadings. The SA-5562 rings had a surface area of 0.7—
the CH— group for EtCl. Mochida et a[25] studied the 0.8 n?/g with a total pore volume of 0.55 cifg and a
catalytic dehydrochlorination of 1,1,2-trichloroethane and median pore diameter of 7 pm.
found that the formation of 1,1-dichloroethylene is highly Most of the features of the microreactor used in this study
favored over the formation of,2-dichloroethylene, because have been presented in earlier publicatif#%28] The only
the C—H group on the CHglend of 1,1,2-trichloroethane  difference is that a Cl-sensitive detector, Model 4420 Elec-
is more acidic than either of the C—H groups on the;,CH trolytic Conductivity Detector, Ol Corporation, was attached
portion. to the exit of a second Poraplot Q capillary column mounted

The above results indicate the degree of uncertainty sur-in the HP 6890 gas chromatograph that was used for GC
rounding, not only the role(s) of Cl moderators for olefin analyses. One of the Poraplot Q columns was hooked to a
epoxidation, but also how much surface Cl even exists underTC detector to measure reaction products duriglgé=pox-
steady-state reaction conditions. The continuous removal ofidation experiments, while the second column was hooked
Cl from Ag during reaction and different reactivity trends to the Electrolytic Conductivity Detector. By turning a six-
of gas-phase organic chlorides make it very difficult to even port Valco switching valve, the contents of the in-line sample
infer the concentration of surface Cl. Further, the apparentloop could be directed to either of the GC columns. The
existence of subsurface Cl adds another level of uncertainty.Electrolytic Conductive Detector works by reductive hy-
It also appears that, while the model studies are very in- drogenolysis of organic halides which are eluted in a normal
formative, longer periods ofeaction time are required to  manner from the GC column. Before the eluted peak en-
reach some steady-state concentration of Cl on the Ag sur-ters this halogen-sensitive detector, it is mixed with approx-
face. This may explain why there are different results and imately 100 SCCM of H. The organic halide component
interpretations for the model studies; insufficient exposure undergoes catalytic, reductive hydrogenolysis while flowing
time to meaningful reaction conditions makes it difficult to through a capillary nickel tube maintained at 8@ Or-
determine the effects of Cl on Ag surfaces. Because of the ganic halides are converted to a mixture of £hther small
importance of having critical amounts of Cl on the Ag sur- hydrocarbons such agBg, and HCI gas and are swept from
face to prevent thermal runaway during butadiene epoxida-the Ni reduction tube via Teflon tubing to a thin liquid film,
tion [20,21] we have carefully investigated the factors that direct current (DC) detector, employingpropanol as the
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Fig. 1. (@) No organic halide cofeed. (b) 4 ppm DCE addedr&¥0 min on-line. Reaction temperature was stable af @2#roughout run. Catalyst is
12 wt% Ag/SA-5552 alumina rings, promoted with 1.12 mg QgQtatalyst+ 0.16 mg CsNQ@/g catalyst to give final nominal promoter compositions of
990 ppm Cgg catalyst and 235 ppm @ catalyst. Feed composition is 17% 7% GiHg, balance N at GHSV= 2200 1. Catalyst was brought on-line
at 200°C and heated to 228 over a 2-h time interval. Reaction times in the figures below refer to reaction a228

solvent. Because only stroyglonic components are dis- 3. Results
sociated in a weakly ionizing solvent such agpropanol,
the only component that generates a DC current is dissoci-  The data inFig. 1 illustrate the need for continuous ad-
ated HCI, existing as H and CI~ species. The detector is  dition of ppm levels of organic chloride (RCI) to theylds
essentially insensitive to all other reaction components, in- and G-inclusive feedstream during steady-state operation.
cluding @, CO, H20, EpB, GHg, and paraffin diluents.  The curves irFig. laillustrate that severe catalyst instabil-
The level of organic halide sensitivity is sub-ppm and all ity leading to a thermal runaway to temperatures in excess
organic halides have the same response factor per Cl. Thusef 400°C occurs when RCl is not present in the feedstream,
2-CB, EtCl, and VCl all have the same response factor which even though this catalyst contained approximately 235 ppm
is 50% of that for DCE. This detector, coupled with the Po- C| added as CsCl during catalyst preparatigig. 1bshows
raplot Q column, permitted resolution and quantification of that addition of 4 ppm DCE after 270 min of reaction time
all volatile organic halide coponents that exited the reactor.  (fresh sample) prevents thermal runaway and permits ac-
The second reactor system used was a larger scale, tubutive and selective catalyst performance over the same time
lar reactor 4 feet in length, i.d. of 1.60 inches, operated in a interval. The thermal runaway under reaction conditions is
downflow mode. The flow rate used in this reactor was typ- most likely due to the loss of selectivity to EpB by insuffi-
ically 3 SLM; for a catalyst volume of 420 ml, the catalyst cient surface Cl, resulting in combustion to form £énd
bed was 12 inches in length, to give a GHSMV1200 b1, H,0; the much higher heat of reaction (550 k@abl for
A three-junction GA thermocouple was embedded in the CO, and HO formation) versus 25 kcainol for EpB for-
catalyst bed; the top, middle, and bottopTjunctionswere  mation[3] results in rates of heat release that far exceeds
1, 6, and 11 inches, respectively, from the top of the catalyst rates of heat removal. SincesNas used as the inert dilu-
charge. On-line GC analysis was made using a 100 SCCMent during the reaction, some species other than a paraffin
slip stream of the total reactor flow. diluent caused the Cl loss fmothe catalyst. The XPS results
Cs and Ag loadings for the different catalysts were made summarized irTable 1for a catalyst sample after reaction
using atomic absorption-inductively coupled plasma (AA- strongly imply that EpB is the primary cause for Cl loss.
ICP). X-ray fluorescence was tried for Cl analysis for the This sample had exhibited stable performance over an 8- to
catalysts that were promoted with CsCl. The lack of sensi- 12-h period of time before a thermal runaway in the bottom
tivity and scatter in the data made this method unreliable, portion of the reactor occurre@urface analysis indicated
so the ClI loadings for the CsCI promoted catalysts is as- that the thermal excursion is linked to the loss of ClI from
sumed to be equivalent to the molar loadings that were the Ag surface; over 50% of the surface Cl had been re-
determined for Cs. Surface analyses by XPS were con-moved during reaction. Note that the &g atomic ratios
ducted using a Physical Electronics Model 5400 spectrom- were relatively constarthroughout the reaction and were
eter employing monochromated AlzKradiation. Finally, similar to the fresh catalyst. The somewhat highetAZsra-
powder X-ray diffraction measurements were conducted on tio for the sample from the bottom of the reactor may be due
a Phillips PW-1840 Diffractometer using CuyKadiation to the concurrent loss of Cl from the same Ag surface, thus
(A =0.15405 nm). enriching the Cs concentration. Regardless, the thermal in-
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n-C,H,, + Ag-Cl > Ag + 2-CB
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Fig. 2. Gas chromatogram of reactor effluent using Electrolytic Conducattedior. The catalyst was CsCl-promoted, 12% Ag/SA-5562 (700 ppm Cs). Fee
is 9% C4Hg, 18% O, 20%n-C4H10, 53% GHg + 5 ppm DCE at GHS\= 20,000 b1, Reaction temperature 210°C. DCE= 1,2-dichloroethane and
2-CB = 2-chlorobutane.

Table 1 ruled out; none has been detected, even though blank experi-
XPS surface analysis of a used catalyst after thermal runaway ments have shown that ppm levels of 2-chloro-1,3-butadiene,
Reaction Reaction T/C position, Cl/Ag atomic Cs/Ag atomic 3-chloro-1-butene, and 4-chloro-2-butene (expected prod-
condition temp from top surface ratio ~ surface ratio ucts if butadiene is capable of removing Cl from the Ag
) of bed surface) can be easily detected by the Electrolytic Conduc-
Before reaction _ as 029 tivity Detector. The thermal profile of the used catalyst in
ggzgg::zg iﬁg é:: gé gg Table lalso argues againsyHg as the likely cause of Cl
Exothermic  260-300 11 in. ‘o5 036 stripping, since the concentration ofids actually decreases

Catalyst was CsCl-promoted, 15% Ag/SA-5552, Cs loading60 ppm during downflow operation. . .
Cs. Catalyst bed was approximately 12 inches in height and 1.60 inches ~ 1N€ gas chromatogram shown Fig. 2 illustrates the
in diameter. The feed stream was 17%,Q7% GHg, balance N at sensitivity and selectivity of the Electrolytic Conductivity
GHSV = 1200 h1. No RCI was added to the feed stream during reaction. Detector. The GC trace represents the Cl content of all sta-
ble gas-phase organic chide components in the reaction
stability does not appear to be due to changes in thé&@s  product stream. Note that even though the organic chlorides
ratio. These results also suggest that EpB is the likely Cl- constituted only a few ppm of the total gas stream, they
stripping agent, since the only gas-phase components thawvere quite easily detected. The peak for 5 ppm DCE was
increase in concentration in this downflow mode of oper- off-scale; the peaks for vinyl chloride (VCI), ethyl chloride
ation are CQ, H»0, and EpB. Neither C®nor H,O have (EtCI), and 2-chlorobutane (2-CB) indicate concentrationsin
been linked to Cl loss from Ag catalysts in the literature. Ear- the sub-ppm level. Interestingly, even though the concentra-
lier work by Monnier et al[27,29]has established that EpB  tion of C;Hg was almost three times higher tharC4Ho,
is strongly adsorbed on Ag surfaces; a strongly bound andthe peak for 2-CB was larger than the peak for EtCl, indi-
reactive species such as EpB is a very likely source as thecating the higher reactivity of-C4H1o for Cl removal from
Cl-stripping agent. Efforts to identify any such EpB-linked the Ag surface. The presence of VCI also confirms that de-
chloride species have been unsuccessful, even though exhydrochlorination of DCE is the preferred route for Cl depo-
tensive analyses of liquid reaction condensates by GC-MSsition on the Ag surface. Oxygen and EpB, present in molar
obtained by cold trapping have been conducted. Chlorine- fractions of approximately 0.18 and 0.03, respectively, gave
containing compounds derived fromyl@s have also been  only small responses with the Electrolytic Conductivity De-
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Fig. 3. Ag patrticle size distributiofor 15% Ag/SA-5562 catalyst promoted

with CsNQ3 (Cs loading= 1250 ppm). Ag particles counted using Visilog  Fig. 4. Chlorine deposition on CsN&promoted, 15% Ag/SA-5562 (Cs
software. loading= 1250 ppm) done sequentially at 180, 200, and Z2%n the
same sample of catalyst from a gas stream containing 400 SCCM CH
100 SCCM He, and 11 ppm 2-CB. Catalyst weight was 12.0 g, giving a

tector. Ethane was virtually undetected, whik&4H10 was )
y 4110 total Ag surface concentratioa 4.42 x 1019,

represented as the slight baseline shift after the EtCI peak.

In order to more closely examine the Cl dynamics oc- g,
curring during reaction, a large sample of CsiN@omoted, Cl removed = 621 x 10"
15% Ag/SA-5562 catalyst (1250 ppm Cs) was prepared 4
and used for an extensive series of Cl pretreatments andi
C4Hs epoxidation reactions to examine Cl deposition and Cl 8 30
loss from the Ag catalyst. Before the Cl experiments were \
conducted, the catalyst was examined by scanning electroré 20
microscopy and the Ag crystallite distribution was deter- g \
mined so that the surface concentration of the Ag sites could® 10
be estimated. The Ag particle-size distribution is shown in \o\‘*
Fig. 3. From this size distribution and the Ag weight loading, 0 ' ' '
the concentration of Ag surface sites could be determined, 0
assuming either spherical or hemispherical particle shapes Epoxidation reaction time, hrs
(Same answer fo.r each geome”y)’ which Closely approxi- Fig. 5. Chlorine removal from CsN{promoted, 15% Ag/SA-5562
mated the SEM images. The calculated surface Conce“tra'(lzso ppm Cs) during gHg epoxidation reaction conditions. Catalyst
tion was found to be B9 x 10'8 Ag siteyg catalyst. The prechlorination sequence shownfiy. 4. Reaction temperature 200°C,
Ag-site concentration does not take into consideration the feed stream= 9% C4Hg, 18% O, 73% n-C4H19 + 2 ppm 2-CB at
presence of Cs on the Ag surface, since earlier experimentsSHSY = 5500 i, Chlorine deposition irFig. 4 was 729 x 101 CI.
had indicated that Cl deposition appeared to be independenf!"ve fit or experimental datais shown as lighter fine.
of Cs previously deposited on the Ag surface.

The results inFig. 4 show sequential Cl deposition CI from the catalyst, even though the feedstream contains
isotherms at 180, 200, and 225 on the same sample of 2 ppm 2-CB. Levels of 2-CB as high as 30 ppm were exper-
CsNG;-promoted, Ag/SA-5562 catalyst using 2-CB as the imentally observed; curve fitting back to initial time on-line
chlorinating agent. Chlorine deposition was observed at all infers 2-CB concentrations as high as 50 ppm, clearly indi-
three temperatures, but was highest at ABGince there  cating the reactivity of-C4H10 in removing excess Cl from
was no preexisting Cl on the catalyst surface. The sum of the Ag catalyst. The integrateCl uptake curve indicates that
Cl uptakes at the three temperatures is considerably higher6.2 x 10'° Cl atoms have been removed from the catalyst,
than the calculated monolayer coverage of Cl. The integratedequivalent to 1.40 monolayers of Cl. This high level of CI
Cl uptake curves give a value ofZ4 x 10 CI deposited, removal clearly suggests that even subsurface Cl is labile,
equivalent to 1.64 Ag monolayers. These results indicate and is almost certainly in equilibrium with surface Cl un-
that some of the Cl has gone into the subsurface Ag, con-der reaction conditions. The activity data for this catalyst are
sistent with earlier observatiori30,31] for Cl penetration shown later in the discussion.
into the bulk of Ag(111) surfaces at temperatures as low as  The data inFig. 6 compare the reactivities of various or-
room temperature. The deposited Cl is quite labile as shownganic chlorides for Cl deposition on the Csppromoted,
in Fig. 5for the same catalyst when it is used fofHg epox- Ag/SA-5562 catalyst. As expected, the dehydrochlorination
idation immediately after the ClI deposition experiments had activities are 2-CB> EtCl > VCI, and are consistent with
been completed. At a reaction temperature of 200n a the reactivities of both the C-Cl bonds and the C—H bonds
typical reaction feedstream, there is substantial removal of vicinal to the C—Cl bonds of the organic chlorides. These

emoved,
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10007 lentto 1.07 monolayers of Cl on the Ag surface. The activity
£ 500 —=—5CB . datg inEig. 7b show .that loss of Clin 'the first 5 h of' op-
= Cl=1.12 eration is accompanied by amcurrent increase in activity
g oo b ——ECl | 6¢-032 from approximately 18 to 26% 4Big conversion, suggest-
g "t —o—\VCl 0ci=007 ing that loss of excess surface Cl from reactive Ag sites may
Q i be responsible for the higher activity. Catalytic activity con-
& 4007 tinues to increase until 15 h of reaction time, suggesting
E : that further surface Cl was removed over this time interval.
2 200 The data inFig. 7aindicate, however, that the majority of

i Cl was removed in the first 5 h of reaction time. The frac-

0.00 + tion of Cl removed from the CsCl-promoted catalyst is less
0.00 1.00 2.00 3.00 4.00 5.00 than for the catalyst prechlorinated by 2-CB additiBig( 5)
Time of Pretreatment, hrs over the same time interval. In the latter cas@16< 10'°

Fig. 6. Chlorine deposition on Cs(N@promoted, 15% Ag/SA-5562 Cl atoms were removed frlom the .Catalyst Qorresponding to
(12.50 bpm Cs) at 180C. Chlorine sources are 2-Cé, EtCl, and VCI; each 8.5% of the total Cl deposited. This Iarg.e dlﬁere.r.]ce 'S C.On-
pretreatment gas stream composed of 400 SCCM,@B0 SCCM Heand  Sistent with the methods of Cl deposition; addition during
10-11 ppm RCI. Fresh catalyst sample (1.00 g) used for each Cl deposition COimpregnation with the Ag salt should give a more uniform
experiment. distribution of ClI throughout th Ag crystallite than surface
deposition by dehydrochlorination of 2-CB, which should at
results also indicate that higher concentrations of EtCl and least initially favor a Cl-rich Ag surface.
VCI are needed in the reaction feedstream to maintain the This observation is supported by the dat#&ig. 8, which
same Cl coverage on Ag as that for 2 ppm 2-CB, which is show catalytic activities as a function of reaction time for
normally added to the £&Hg, Oz, andn-C4H1o feedstream  a series of CsN@promoted, 15% Ag/SA-5562 catalysts,
during reaction conditions. prechlorinated to different levels. The activity vs reaction
Chlorine addition to Ag can also be made during prepara- time curves show that, in general, the catalysts having higher
tion of the catalyst. If the Ag catalyst is promoted with CsCl levels of Cl deposition require longer to reach steady-state
addition by coimpregnation with the soluble Ag salt (usu- activities. The catalysts prechlorinated & = 0.81 and
ally either AQNG or an amine-solubilized AgC204)2), 1.04 require approximately 80 h to reach stable activities,
Cl will be present without the need for a separate Cl de- while the two catalysts at lower levels of Cl addition exhibit
position step. The results iRig. 7 show the Cl dynamics  steady-state activities at approximately 40 h on-line. Note
for a CsCl-promoted, 12% Ag/SA-5562 catalyst (Cs load- thatfor these reactions, Ghvas used as the inert feedstream
ing is 700 ppm) when the catalyst is brought on-line under diluent; thus, EpB was the likely Cl removal agent in these
typical reaction conditions. Note that rapid and extensive reactions. Regardless, catabwith higher levels of Cl need
Cl removal occurs in the first 5 h on-line, even in the pres- longer reaction times to remove excess surface Cl from the
ence of 2 ppm 2-CB in the feedstream. The amount of Cl active Ag sites. As a corollary, the catalysts with lower Cl
removed inFig. 7a corresponds to.52 x 10'° CI atoms, loadings have higher initial activities, since more of the Ag
which is 44% of the theoretical Cl that was present as CsCl surface is available for reaction. Interestingly, the two cata-
during the preparation step. The nominal Cl content of this lysts withéc| values of 0.026 and 0.19 appear to have lower
catalyst charge was.8x 10'° Cl atoms, which is equiva-  steady-state activities than the two catalysts Wighvalues
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Fig. 7. (a) Cl removed from catalyst during reaction of 9%Hg, 18% O, balance:-C4H1g + 2 ppm 2-CB at GHS\= 5500 h1. (b) C4Hg epoxidation for
catalyst as a function of reaction time. Chlorine removal and ysttalerformance of CsCl-promoted, 12% Ag/SA-5562 catalyst aP20Cs loading was
700 ppm Cs, corresponding to 5.26 micromoles each of Cs and Cl added duslygtcateparation. Catalyst was givno Cl-pretreatment prior to reamt.
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Fig. 8. Evaluation of CsNepromoted, 12% Ag/SA-5562 catalysts 0 20 40 60 80
given different Cl pretreatments. Reaction temperataré97°C and Time on-line, hrs
feed composition= 9% CHg, 18% &, 73% CH; + 2 ppm 2-CB at
GHSV=5800 h1 Fig. 9. Performance of CsNfpromoted, 15% Ag/SA-5562 catalyst after

different prechlorination conditions. Each catalyst was evaluated for 30 h

at 200°C, before the temperature was raised to 2C0Data shown is for
of 0.81 and 1.04 (although the catalyst with = 0.19 may reaction temperature 210°C in a feed composition of 9% /g, 18% O,

still be slowly increasing when the reaction was stopped). 73%n-C4H;q + RCI as noted. Total GHSW: 5800 hrL.
This would appear to be contradictory to the previous data

that suggest similar equilibrium coverages of surface Cl and ger similar conditions using different organic chlorides as
subsurface ClI should result for all catalysts as long as the c| sources. The activities for the samples prechlorinated at
reaction feedstream compositions are similar; longer peri- g, — 1.64 and 1.03 are virtually identical, consistent with
ods of reaction time to reach similar equilibrium coverages egarlier data. The catalyst gim no Cl pretreatment before
should simply be required for catalysts having lower ini- reaction is much less active than the other catalysts, also
tial levels of surface Cl. That is, the catalyst prechlorinated consistent with earlier data and further suggesting that the
at a level oftic) = 0.026 should ultimately attain the same  scarcity of vacant Ag sites under reaction conditions limits
activity as the catalyst initially prechlorinated at a level of the deposition of CI by 2-CB. The slow increase in activ-
fci = 1.04. Clearly, the catalytic activities for the catalysts ity for this catalyst does suggest, however, that Cl deposition
havingéci = 0.81 and 1.04 are esserlljeidentical, yetare  does slowly occur, resulting in higher activity. Most inter-
considerably higher than for the other two catalysts. The esting is the activity trend of the catalyst prechlorinated at
explanation is likely linkedd the concentration of vacant g = 0.62 that uses VCI as the chlorinating agent. The ac-
Ag surface sites during 41 epoxidation conditions. Ear- tivity of this catalyst shows a steady decline in the presence
lier work [3,27,29]has shown that both EpB and @@re  of 3 ppm VClI in the feedstream. Only when the VCI level
strongly adsorbed on the Ag surface during reaction condi- is increased to 10 ppm does the activity stabilize. Raising
tions, resulting in observed reaction orders of approximately the VCI level in the feedstream further to 20 ppm results in
—0.5 and —1.0 for CO; and EpB concentrations, respec- a modest increase in catalytic activity. This activity trend is
tively, under steady-state reaction conditions. This implies consistent with the reactivity of VCI relative to other organic
a very limited concentratioof vacant Ag sites under these chlorides, namely 2-CB and EtCl, ifig. 9. Failure to in-
conditions, which is where Cl deposition occ(iés-11]. In crease the levels of less reactive organic chloridessidgC
fact, earlier work of Lambert and co-workers for Cl deposi- epoxidation feedstreams results in slow, gradual loss of cat-
tion on CG-covered Ag(111) surfacg¢82] and EO-covered  alytic activity.
Ag(111) surfacefl1] showed that Cl deposition was greatly While it is apparent from the data fRigs. 8 and %hat
limited by the presence of thesed adsorbates. Barteau and some Cl is required for maximum activity, it is not obvious
co-workers[29,33,34]have shown that EpB is much more whether the Cl responsible for higher activity is present on
strongly adsorbed on Ag than EO; thus, the effect of ad- the surface or the subsurface of the Ag catalyst. The data in
sorbed EpB should be even more restrictive than EO for Cl Figs. 7, 8, and Strongly indicate that removal of at least
deposition under normal reaction conditions. some of the surface Cl is linked with catalyst activation, so
The importance of adequate Cl concentrations on Ag cat- if surface Cl also increases activity, then opposing effects of
alysts during reaction is furér emphasized in the data of surface Clexist. Thatis, while activation is apparently linked
Fig. 9. Catalyst activity curves at 2EC (catalysts were run  with removal of Cl to expose more Ag sites (site-blockage
at 200°C for 30 h to remove excess Cl from the catalysts effect), the presence of Cl, either on the surface or subsur-
before the temperature was raised to 2@P as a function face, also contributes to highactivity (electronic effect).
of reaction time are shown for a series of catalysts, each The simplest interpretation is that once enough surface CI
prechlorinated to a different level before being evaluated un- is stripped from the Ag surface so that site blocking is no



J.R. Monnier et al. / Journal of Catalysis 226 (2004) 321-333 329

95.00
2.50 —o—No Cl
> ® I —o—With CI

® 200 @ 94.00
-3" w |
o 8
3 1.50 > |
o >
2 100 T 93.00
o - |
& é [
X< 050

0.00 - - 92.00 ; . —

0 50 100 150 1 1.5 2 2.5
Reaction time, hrs X(EpB), %

(@) (b)

Fig. 10. (a) Catalyst activity before and after 2-CB added to.fé@@dSelectivity versus EpB concentration. Catalyst is Cghp@®moted, 15% Ag/SA-5562.
Catalyst was given no pretreatment before exposure to feed stream 0fi986 8% O, 73%n-C4H1g at GHSV= 5800 h 1. After 50 h on-line, 2.2 ppm
2-CB was added to the feedstream. Reaction temperat@i0°C.

longer the dominant negative effect on activity, the subsur- concentration versus EpB selectivity; the selectivities for
face Cl can exert its full positive effect on activity. The data EpB formation are lower when there is no Cl present on
in Fig. 9that indicate loss of activity when insufficient lev- the Ag catalyst, compared to when 2.2 ppm of 2-CB has
els of VCl are added to the feedstream support subsurface Clbeen added to the feedstream. It is interesting to note, how-
being responsible for maximum activity, since the 20-h time ever, that the magnitude of selectivity enhancement to EpB
period over which activity declined is more consistent with by CI modification is much less than that observed by Lam-
the slow loss of subsurface Cl from the Ag catalyst; removal bert and co-workerf9—12]for EO selectivity enhancement
of surface Cl should require shorter time periods. However, on Cl-modified, Ag surfaces, geibly a further result of the
participation by some of the surface Cl to increase activity differences in kinetics for EpB and EO formation.
by an electronic effect cannot be excluded; it is simply less  The results to this point would suggest that it is not pos-
likely and opposite to the negative effect of site blockage.  sible to overchlorinate Ag catalysts, and that given enough
Thus far, only the effect of Cl on activity has been estab- reaction time under typical reaction conditions, the CI lev-
lished. In order to determine the effect of Cl on selectivity to els in both the surface and the subsurface regions should
EpB, we must remember that nonselective combustion oc-adjust to the proper concentrations. The glancing angle X-
curs in a consecutive reaction pathway from EpB; there is ray diffraction (XRD) spectrum ifrig. 11shows this is not
no apparent parallel pathway for the direct combustion of the case. The XRD was made using a whole catalyst ring
C4Hg to CO, and HO [3,29]. In very recent work28] we taken from the top of a long tubular reactor that was un-
show that a plot of gHg conversion versus selectivity to  intentionally exposed to concentrations of DCE as high as
EpB intersects the axis very near 100% selectivity at 0% 1-2% for several hours of operation. By orienting the cat-
conversion, indicating that essentially all combustion occurs alyst ring properly at an angle of 10-2@rom the X-ray
consecutively from EpB, or its precursor, and that there is no beam, it was possible to preferentially obtain the crystalline
parallel pathway from gHg for the formation of CGQ/H20. structures of the surface region of the catalyst. The crys-
Thus, the only way to examine the effect of Cl on selectivity talline phases present Fig. 11indicate that bulk AgCl is
is to look at selectivity trends as function of EpB concen- the most prevalent component, while metallic Ag is present
trations. Because Cl is directly linked to activity for EpB as a minority component. Similar XRD measurements for
formation and higher EpB concentrations favor EpB com- catalyst rings located at lowgpints in the catalyst bed gave
bustion, the relationship of CI to selectivity is not obvious. no indication of bulk AgCI; the only difference between the
The results inFig. 10, however, show conclusively that CI  two samples was that the sample from the top of the catalyst
also increases selectivity toward EpB formation. The activity bed had full exposure to the high concentrations of DCE,
curve inFig. 10afor a CsNQ-promoted, 15% Ag/SA-5562  showing conclusively that exposure to high levels of organic
catalyst given (1) no Cl pretreatment before reaction and chloride under normal reaction conditions can lead to bulk
(2) no 2-CB in the feedstream during the first 50 h on-line AgCl formation. When a sample of the materialRig. 11
shows a slow marked improvementin activity when 2.2 ppm was loaded into a microreactor and tested for catalytic ac-
is added to the reaction feedstream. More relevant to selec-ivity (using n-C4H1g as the inert diluet), no detectable
tivity are the concurrent data iRig. 10 which show that conversion of GHg was observed, even after 24 h on-line.
Cl gives a noticeable and persistent improvement in selec-Thus, exposure to levels of organic chlorides at excessively
tivity to EpB. There are two distinct correlations of EpB high concentrations in the festleam leads to irreversible
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Fig. 11. Glancing X-ray diffraction pattern of EpB catalyst ring over-ghiated by high levels of DCE. This sample was taken from the top portioriarfga
tubular reactor.

deactivation of the promoted Ag catalyst; it is not possible idation, although participation by some of the surface
to regain activity after formation of crystalline AgCI. Cl to enhance activity cannot be excluded.
(11) Excessively high concentrations of Cl lead to irre-
versible deactivation yb formation of a bulk AgCI

4. Discussion phase.
(12) Cl can reversibly diffuse into the subsurface of the Ag
Some of the key points that can be drawn from the above catalyst and also diffuse back to the surface of the cat-
data include the following observations: alyst.
(13) The concentration of surface Cl controls the direction
(1) Some surface Cl must be present to maintain stability of Cl flux to/from the subsurface region.

with respect to thermal runaway.
(2) Critical concentrations of Cl in/on the Ag catalyst are Further, if the surface becomes too depleted in Cl by ei-
required to maintain optimum activity and selectivity.  ther excess Cl-stripping agents or too low reactivity and/or
(3) Under reaction conditions, Cl is continuously removed concentration of orgnic chloride, then diffusion of Cl back
from the surface of the Ag catalyst by inert hydrocar- from the subsurface to the surface occurs, ultimately leading

bon diluents and EpB. to lower catalytic activity and selectivity (i.e., use of VCI
(4) Clis deposited on the Ag surface by dehydrochlorina- as Cl deposition agent). Time on-line data show that activi-
tion of organic chlorides. ties of Cl-moderated catalysts typically increase during the
(5) Reactivities of organic chlorides are a function of their initial run times and are consistent with removal of excess
structures. surface Cl to expose more of the reactive Ag surface. How-
(6) Clcan also be deposited by addition of Cl during cata- ever, since population of the subsurface region takes place
lyst preparation. by CI deposition on the surface of the catalyst before diffu-

(7) Clin excess of one monolayer equivalent (based on sioninto the subsurface, there must always be some Cl on the
Ag-site concentration) can be easily deposited on Ag surface of the catalyst. Thus, opposing effects occur during
catalysts. reaction. High levels of surface CI lower activity, presum-

(8) CI deposited during preparation is indistinguishable ably by site-blocking reactesAg sites, while some Cl must
from Cl deposited by dehydrochlorination, exceptitis be present on the surface of the catalyst to maintain a criti-
more evenly distributechtoughout the Ag iystallite. cal concentration of subsurface Cl, which improves activity

(9) CI concentrations in excess of one monolayer equiva- and selectivity. The former effect appears to be physical in
lent can be rapidly lost during initial periods of reaction nature, i.e., site blockage by surface ClI, while the latter ef-
time. During this period of time catalytic activity in-  fect appears to be electronic in nature. The enhancement
creases. of catalyst performance for Ep®rmation by an electronic

(10) Catalytic activity versus time on-line suggests that sub- promotion due to subsurface Cl is consistent with the con-
surface Cl controls maximum activity forsElg epox- clusions of Lambert and co-workef8-12] as well as van
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Santen and co-workeig], both of whom claim that sub-  know that for CsCl-promoted catalysts, Cl is also introduced
surface Cl decreases the electron density of oxygen atomsnto the catalyst during preparation. When either the con-
adsorbed on surface Ag sites, leading to the electrophilic ad-centration of surface Cl and/or temperature is high enough,
dition of adsorbd oxygen to the &C bond of ethylene,  migration of Cl into the subsurface region occurs. Only at
rather than nucleophilic attack at a C—H bond. Theoretical very high concentrations of RCI in the gas phase or at high
studies by Jgrgensen and Hoffmdi3s] on Ag(110) sur- temperatures is AgCI formed. Formation of AgCl is not a re-
faces are consistent with the conclusions of Lambert and co-versible state and catalyst activity is permanently lost. Since
workers and van Santen and co-workers; extended HuickelXRD shows this to be bulk AgCl, formation must come from
calculations suggest that adsorbed Cl makes the transfer osubsurface CI.

adsorbed oxygen to adsorbegHl; easier, resulting in more The above scheme can be summarized as a series of rate
facile EO formation. Yet, for gH4 epoxidation, Climproves  expressions:

only the selectivity to EO, not the activity for,El4 conver- i

sion. In light of the results of Jgrgensen and Hoffmann, the [Agls + RCI— [Ag-Clls + R, (1)

fact that surface Cl improves only the selectivity, and not ; ke

the activity, is somewhat surprising in view of the accepted [Ag—Clls+ R = RICl+[Agls, )
mechanism for ethylene epoxidation. The rate-determining [Ag—Cl]s + R” Brci+ [Ag]s, (3)
step for ethylene epoxidation is presumed to be the surface ka

reaction of adsorbed ethylene with adsorbed oxygen atomslAg—Clls =[Ag—Cl]ss, (4)
[1,2]. If in fact Cl makes the transfer of adsorbed oxygen to ks

adsorbed gH, easier, the rate of EO formation (andH [Ag—C”ssﬁ; [AG—Cllat, (5)

conversion) should increase at optimum levels of CI. The
fact that this is not experimentally observed indicates the
complex nature of the effect &l on Ag-catalyzed, ethylene
epoxidation. In the case of4€s epoxidation, however, both
activity and selectivity are elrly improved by the presence
of Cl. However, since the kinetics of EO formation are dif-
ferent from the kinetics for EpB formation, the effects of CI
are apparently manifested quite differer{8y. Earlier work —d[Ag—Clls/dt =0, (6)
[27,29]has shown that for £He epoxidation the kinetically 0 = K1 TAGT<Prct — kol Ad—Cll<Por — kal AG—ClI<P

slow step is dissociation of molecular oxygen on vacant Ag 0 — HAGlsPrel = k2l AG=ClsPr — k3l AG=CllsPre
sites, where the concentratiof vacant Ag sites is controlled — kal|AG—Cl]s + ks[Ag—Cl]ss, (1)

by the Cs-assisted desorption of EpB from the Ag surface. ,here the CI deposition reactions of@ and R'CI have
Thus, any effect by subsurface Cl that increases the rate Ofbeen neglected, due to their necessarily low gas-phase con-
EpB desorption and/or molecular oxygen dissociation will centrations, relative to RCI. In the case oG epoxidation,
increase the rate of formation of EpB. Selectivity to EpB i/ 5nd R’ are interpreted to be @t paraffin diluent and

is controlled by the rate of combustion of EpB to £&nd EpB which are capable of abstracting surface ClI from the
H>0, since there is no parallel pathway for the direct com- [Ag—Cl]s sites.

bustion of GHe. Again, if subsurface Cl increases the rate
of EpB desorption from Ag, the selectivity should also be
higher, since combustion is a surface process. Alternatively, | oq_cij, — kilAglsPrel + ks[AG—Cllss (8)
surface Cl may also block some of the reactive surface Ag ko Pr + k3Prr + k4
sites adjacent to adsorbed EpB that lead to combustion ofThe concentration of vacant surface Ag sites, [Ag given
EpB (Fig. 1). by Lag(1—6gps—fco, — f0). Lag represents the total con-
Finally, the above reactions involving Cl can be summa- centration of Ag surface sites where we have neglected the
rized by the following reaction scheme where the ClI types concentration of [Ag—CH which is quite low under steady-
present during butadiene epoxidation are divided into three state conditions. Substituting infeq. (8)the final equation

where [Agk denotes vacant surface Ag sites, [Ag<C8p-
resents chlorinated surface Ag sites, [Ag-s&ilenotes chlo-
rinated, subsurface Ag sites, and [Ag-i&liefers to lattice
AgCl sites. Under steady-state conditions, we can use the
steady-state approximation for chlorinated Ag surface sites,
[Ag—Cl]s, as follows:

After rearranging and factoring,

different pools, or types, of Cl: is obtained:
RCI RCI R’CI
N\ ko, k3! N : [Ag_CI]S
Chemisorbed stsrfr?arczcglm Lattice _ k1Lag(1 — 6gps — 6co, — 6o) Prcl + k5[Ag—CI]ss.
Clatoms |k [ ks [CI~ ions tha koP" + k3P" + ka

= Jions that chande—> . (9)
onsurface |, tivit form AgCl
Ag sites refe;c 'V',ty (inactive) It can be seen that the [Ag—Ggoncentration is a complex

OT Ag sites function made up of at least five rate constants, not including

In this scheme, the only entry point for Cl into the cat- the temperature dependers@ the Langmuir coverages of
alyst is via the surface, chemisorbed ClI state, although we EpB, CQ, and O atoms.
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The numerator oEq. (9) will approach zero if there is  place the ClI lost during reaction. Chlorine is deposited by
a very low coverage of vacant Ag sites, or if either the par- the dehydrohalogenation of organic halides at the surface of
tial pressure of RCI Prcy) or reactivity of RCI 1) is too the Ag catalyst. The deposition of surface Cl on the Ag sur-
low. The concentration of stace ClI then becomes depen- face is a function of the conctation and reactivity of the
dent upon the concentration of subsurface Cl, which leadsorganic halide in the feedstream, as well as the concentra-
to rapid depletion of Cl in the subsurface, initially causing tion of vacant Ag sites. The surface Clis in equilibrium with
lower activity and selectivity, and ultimately loss of thermal subsurface Cl, and the concentration of surface Cl controls
stability. The denominator dEq. (9) shows that the con-  the concentration of subsurface Cl. Thus, it is possible to
centrations and reactivities of Cl-stripping agents are very chlorinate a Ag catalyst to lels considerably greater than
important in determining the surface concentration of Cl on one monolayer equivalent, based on exposed Ag surface,
Ag. Finally, further complicating the Cl dynamics in fixed- since the Ag subsurface is capable of “storing” substantial
bed reactors for olefin epoxidatids the realization that amounts of Cl. The excess Cl can be easily removed by re-
reaction temperatures are not isothermal, but vary by sev-action with paraffin reaction diluents, such adutane, to
eral degrees due to thermal gradients. Therefore, it is ex-give an optimally Cl-modified catalyst. However, silver cat-
tremely difficult to define with any accuracy the ClI profile alysts can also be overchlorinated by exposure to excessively
in a tubular reactor. More iportantly to this paper, while  high levels of organic halide and/or temperature, leading to
fundamental studies have proved very helpful in determin- the formation of bulk AgCl, which is catalytically inactive.
ing the role(s) of Cl in olefin epoxidatiorgq. (9) above Such catalysts cannot be regenerated by Cl removal.
illustrates the difficulty in extrapolating fundamental data to
the Cl dynamics operative in either microreactors or long
tubular, fixed-bed reactors caming Ag catalysts. In fact,

full-scale, industrial reactors typically do not use kinetically The authors gratefully acknowledge Ms. Libby Cradic in

based models for determining Cl requirements during olefin por offorts to prepare the manuscript for submission to the
epoxidation; rather, empirical relationships that include re- j5,,n4| Eastman Chemical for permission to publish this
action tgmperatures, gr§d|enn reactor tgmperatures, feed material, and Professor J. Will Medlin for a critical review of

compositions, changes in feed compositions along the cat-he manuscript before submission. Finally, J.R.M. and J.L.S.
alyst bed, pressure drops, and total organic chloride(s) Con-gre appreciative for helpful discussions with Dr. Paul Conn
centrations are used for long-term operation of such reactors 4t the First Occasional Big Sky Catalysis Conference for in-

Chipman and co-worke{86] recently describe in great de-  gjghts into the complexities of the CI dynamics operative in
tail such a complex empirical relationship, referred to as the
g _ ) - % Ag catalysts.
Q factor, which describes the quantity of organic chloride
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