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Epoxidation of Ethylene over Ag—NaCl Catalysts
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Epoxidation of ethylene over sodium chloride-doped and granular sodium chloride-supported
silver catalysts was performed at atmospheric pressure using conventional flow reactors. Although
the stationary activity was somewhat low, each type of catalyst has shown high selectivity, 84—
87%, under an ethylene-rich atmosphere. The selectivity was almost independent of reaction
temperature, contact time, and catalyst composition. The total reaction rate rose exponentiaily
with temperature until an apparent activation energy of 75.3 kJ mol~! was obtained. Under oxygen-
rich atmospheres, marked drops in activity were observed. In exposing the deactivated catalysts to
a stream of hydrogen, carbon dioxide was desorbed. The strongly enhanced adsorption of carbon
dioxide promoted the formation of silver chloride. Silver particles on the granular sodium chloride
were homogeneously dispersed and ~200 nm in size. In addition, the crystallite size of silver was
43-50 nm, which was not altered after the reaction or even after heating at 673 K in oxygen gas. Ina
pulse reaction using an ethylene-rich gas mixture, acetaldehydes other than ethylene oxide were
formed, and, as the catalyst surface had been oxidized by irreversible adsorption of oxygen, the
formation of carbon dioxide was promoted and that of acetaldehyde decreased. © 1986 Academic

Press, Inc.

INTRODUCTION

About 20% of the reacted ethylene is lost
as combustion products in the commercial
production of ethylene oxide. From the
viewpoint of more effective use of hydro-
carbon resources, new catalysts with selec-
tivity higher than that of the present cata-
lysts should be prepared in the near future.
With respect to the direct epoxidation of
other light olefins, the problem is more im-
portant.

In the preceding works (/, 2), the follow-
ing facts were ascertained: catalysts pre-
pared from silver(I) oxide and sodium chlo-
ride showed very high selectivity albeit at a
somewhat low activity in a wide range of
catalyst composition; the reduced (fresh)
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catalysts consisted of NaCl and metallic
Ag; and each element in the surface layers
was likely to form its oxidation state by the
existence of oxygen contaminants. We are
interested in further detailed characteriza-
tions of the catalyst surfaces. At the
present time the most important goals are
to determine the stationary states obtained
in the epoxidation over catalysts and to re-
veal the various relationships among activ-
ity, selectivity, and several reaction condi-
tions. In the present study, an attempt was
made to characterize the time and tempera-
ture dependence of the catalytic activity
and selectivity of Ag - NaCl and Ag/NaCl
catalysts, the contact time effects, the ori-
gins of deactivation, the shape of silver par-
ticles, and some points of the reaction
mechanism.

EXPERIMENTAL

Ag - NaCl Catalysts

Silver oxide (Ag,0) was mixed well with
an aqueous solution of NaCl, dried, and
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Results on Epoxidation of C,H, by the Flow Reactor System Using ORF-1

Catalyst* Catalyst Reduc- Sur- Cata- Reac- Flow Reac- Initial At 6 h¢
Comp.? tion face lyst tor rate tion —————— ———

temp. area  weight (mlmin~h)  temp. X, (EOQ),/ X, &

(K)y (m’g) (g K) (%) (%) (%) (%)

Cat-A3 0.04 608 0.28 0.20 1 42 523 — — 49 86.6
0.20 I 4.2 543 129 946 8.3 86.4

Cat-Al 0.04 723 0.29 0.23 I 4.1 543 114 96.0 5.5 81.3
Cat-A6 0.04 773 0.i8 0.20 I 4.3 543 84 913 - —
Cat-1 0.1 673 0.34 0.23 | 4.1 543 133 962 69 85.0
Ag-Sch-5 2.1 773 — 0.50 1 4.1 543 313 995 7.6 8438
Ag-Sch-9 2.8 773 0.12 4.32 II 9.1 543 522 992 175 874
Ag-Sch-4 4.2 773 — 0.52 II 39 543 243 9.2 3.5 86.3
Ag-Sch-6a 8.3 773 — 0.53 II 4.1 543 138 973 39 85.0
Ag-Sch-6b 83 673 — 0.53 II 4.1 543 131 96.8 39 822
Ag-Sch-6¢c 83 843 — 0.53 i 4.0 543 129 985 33 844
Ag-Sch-6d 83 923 — 0.53 II 4.2 543 52 930 —_ =

¢ Cat-series is Ag - NaCl catalyst (powder) and Ag-Sch-series is Ag/NaCl catalyst.

b Mole ratio of NaCl to Ag.
¢ Data at 15-20 min after the beginning of reaction.
¢ Data at 6 h after the beginning of reaction.

e Total ethvlene conversion
iotal ethylene conversion.

f Concentration ratio of C,H,0 to (C,;H,O + 4 CO,) at the outlet of the reactor.
¢ Selectivity to C;H,O (S = (EO),, at reaction times >4 h).

then powdered. The powder was prelimi-
narily reduced by exposing it to a stream of
H, at 333 K for 20 h. The temperature was
subsequently elevated at a rate of 2.5 K

min—1 and finally Lant at a olvan temnara-
Jesvivy Adid llll“lly l\\lyl «alr a 51vv11 LVl v &

ture in the range 608 to 923 K for 3 h. The
particle size of the reduced catalysts was in
the range 100 to 200 mesh. The bulk cata-
lyst composition is given in Tables 1 and 2.
The catalyst charged into the reactors was
further reduced by H, for 20 to 60 min at

673 K.

Ag/NaCl Catalysts

Distilled C,H;OH was added to Ag,O
powder to form a paste-like mixture. Then,
a snecified amount of eranular NaCl (?7—

OpPVVALIGAE QR VI piGaieias

100 mesh) was added to the mixture. The
C,H;OH was evaporated by agitating the
mixture of Ag,O, NaCl, and C,HsOH on a
hot plate at 343 to 363 K. Finally the dried

mivtirra was rnr‘nnor‘ in tha mannar c|m||nr
miXiure was QLT 1iCRiiiiNE SilikL

to that used for the Ag - NaCl catalyst. The
catalyst composition is also described in
Tables 1 and 2.

Gases

The
{7\9.8% for C2H4,
CO;; and 99.998% for He. Ethylene oxide
(EQ) was prepared from HOCH,CH,Cl
(95%) and KOH (reagent grade) and puri-
fied twice by vacuum distillation. In the
pulse reaction technique, He (99.99959%)
purified by passage through an Oxisorb L
column (Messer Grieheim Ind.) was used as
a carrier gas.

purities of the gases used were
23 99.0% for

N and N.
vz, anQl Nz, F7.V7

Flow Reactors

The oxidation of C,H,; was performed at
atmospheric pressure using two kinds of
fixed bed flow reactors. One of the reactors

(T} was made of Pvrex olagss havine an in-
(1) was made of Pyrex glass having an in



EPOXIDATION OF ETHYLENE OVER Ag-NaCi

403

TABLE 2

Results on Epoxidation of C,H, Using ERF and Reactor 1

Catalyst Cata- Reduc- Sur- Cata- Flow Reac- Initial Stationary state
lyst tion face lyst rate tion
comp. temp. area weight (ml min~") temp. Xa  Xox s Xet  Xox S Time?
(K} (m’g™ (g (K) [CAC A B O] %) G (B
Cat-A3 0.04 608 0.28 0.20 3.8 503 070 1.86 893 062 159 868 1
0.20 3.8 543 248 7.54 86.1 2.30 6.85 858 0.5
Cat-Al 0.04 723 0.29 0.20 4.0 543 1.30 4.81 80.0 1.29 482 79.8 1
Cat-J 0.2 773 — 0.20 4.2 543 2.35 6.69 889 206 6.13 8.9 0.5
Cat-Q 0.5 773 — 0.20 3.7 543 256 770 89.9 234 7.15 87.4 1
Cat-R 2.8 773 — 0.20 4.3 543 1.46 5.18 91.1 1.03 3.68 88.3 1
Ag-Sch-5 2.1 773 — 0.21 39 543 222 S5.14 884 219 6.59 86.7 0.5
Ag-Sch-9 2.8 773 0.12 0.20 36 503 0.24 0.67 86.9 0.24 0.68 8.5 0.5
0.20 38 543 1.23 3.28 874 1.02 293 86.2 0.7
0.40 2.1 543 221 698 86.6 2.08 6.65 86.1 0.7

“ Total oxygen conversion.

® Time required to reach a stationary state. Other symbols and notes are given in Table 1.

side diameter of 4 mm. A glass thermocou-
ple shield (4 mm o.d.) was attached to the
reactor. About 0.2 g of the Ag - NaCl and
Ag/NaCl catalysts was charged into the re-
actor. The height of the catalyst bed was 8-
18 mm. For Ag/NaCl catalysts another re-
actor (II, 10 mm i.d.) having a glass
thermocouple shield at its center was also
used. In this case, 0.5-4.3 g of the catalyst
(~6 mm in height) was packed into the re-
actor.

The reaction temperature was repre-
sented by the mean value through the cata-
lyst bed, which was controlled within 2 de-
grees. The differences between maximum
and minimum temperatures through the bed
were smaller than 2% of the reaction tem-
perature. Consequently, heat transfer ef-
fects were considered to be negligible.

Three kinds of reactant mixtures were
used: oxygen-rich feed 1 (ORF-1) of 2.8
vol% C,H,4 and 17 vol% O, balanced by N;
oxygen-rich feed 2 (ORF-2) of 2.8 vol%
C;H,; and 80 vol% O, balanced by Nj;
and an ethylene-rich feed (ERF) of 43 vol%
C,H, and 12 vol% O, balanced by He. No
organic chlorides were added to the feeds.

Analysis of gases were performed by a
gas chromatograph equipped with DOP and
Porapack Q column in series at 373 K.

Pulse Reactor

The reactor was a Pyrex glass U-tube, 3
mm i.d., in which 0.1 g of the Ag - NaCl
catalyst was packed. The flow rate of the
helium carrier was 15 ml min~!. A reactant
mixture of the same composition as that of
ERF was prepared using purified gases.
Pulse size was 50 ul and pulse interval, 30
min. The product gases trapped at 77 K for
10 min were analyzed by a gas chromato-
graph equipped with Porapack QS, since
the effusion of carbon dioxide from the cat-
alyst bed was slow due to its strong adsorp-
tion behaviors.

SEM and XRD

Secondary electron micrographs of the
Ag/NaCl catalysts were measured with a
Hitachi S-550. XRD patterns of the Ag -
NaCl catalysts were measured with a Ri-
gaku-Denki D-6C (CuKa). The crystallite
size of metallic Ag was determined from the
XRD peak of Ag(111) using Scherrer’s
equation.

RESULTS AND DISCUSSION

Oxygen-Rich Feeds
Typical curves of the time dependence of
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FiG. 1. Time dependences of catalytic activity and
(EO), . (O) Cat-A3 (0.20 g), 543 K, 4.2 ml min~!, ORF-
1, Reactor 1. (@) Ag-Sch-9 (4.32 g), 503 K, 9.1 ml
min~!, ORF-2, Reactor II.

activity and (EO),, obtained over Cat-A3
are shown in Fig. 1, where (EO),, is the
concentration of EO in the gaseous part of
product. At about 6 h after the starting of
the reaction, the catalyst manifested a com-
paratively stable activity state and (EO),,
was nearly equal to the selectivity to EO.
However, a gradual drop in activity was ob-
served for a long time. At longer contact
times, the decay in activity was more re-
markable. When ORF-2 was employed, the
decay was very vigorous, although (EO),,
was very large. All of Ag - NaCl and Ag/
NaCl catalysts have shown behavior simi-
lar to that mentioned above.

Table 1 indicates the activity and selec-
tivity or (EO),, which were obtained at S to
8 h, in comparison with their initial values.
The high value of (EO),, at the earlier stage
was attributed to the discrepancy in carbon
balance, which had arisen from the en-
hanced adsorption of CO, or its precursors
on the catalysts. Figure 2 indicates the dis-
crepancy over Ag-Sch-7 (the mole ratio of
NaCl to Ag is 16.6) and the effusion curve
of CO; in exposing the used catalysts to a
stream of H,. The integrated area of the
shaded part corresponded to 2.34 x 10-3
mol of C,H,. The integral amount of CO,
desorbed for 50 min was 3.82 X 105 mol;
3.8 x 10~®mol as C,;H4 and C;H,0 was also
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effused, simultaneously. In this case the in-
tegral total conversion and the net selectiv-
ity are 13.9 and 81%, respectively. Further,
the used catalyst which had been exposed
to a stream of H; indicated the original ac-
tivity and (EO),,.

Ethylene-Rich Feed

All of the catalysts showed small changes
in activity and selectivity with reaction
time, and within 1 h their stationary values
were obtained (Table 2). Few significant
differences in carbon balance were ob-
served. The stationary selectivity, 84-87%,
agrees with the maximum value, 85.7%, an-
ticipated from the well-known mechanistic
studies by Kilty and Sachtler (3). The rela-

tionship between stationary reaction rate

expressed in a unit gram of Ag and catalyst
composition was quite similar to that ob-
tained over the fresh catalysts by the use of
the pulse reaction technique (2). Also, the
two different types of catalyst with the
same composition had identical activity and
selectivity (Cat-R and Ag-Sch-9).

Mass Transfer Effects

Plots of stationary total conversion
against contact time using ERF are shown
in Fig. 3. The stationary selectivity was al-
most independent of contact time, although
the total conversion increased. At contact
times smaller than 3000 g-cat - min mol-
C,H;!, the plots were very close to a

Hy-red.

0.8
Epoxidation

\-o_*

0 5 30 45 60 755 15 25
Reaction Time (min)

0.4

(mol/min) x 1078

FIG. 2. Time dependences of moles of gaseous prod-
ucts and unreacted C;H, observed over Ag-Sch-7 (2.36
g, 543 K, 9.64 ml min—!, Reactor II), and the curve for
effusion of CO, in exposing the used catalyst to a
stream of H, (10 ml min—!) at the same temperature.
(O) C;HO, (A) CO,, (A) unreacted C,H,.
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TABLE 3

Variations of Activity and Selectivity with Various Treatments (Ag-Sch-9 Catalyst, 4.32 g)*

Activity Treatment at 543 K Activity Activity 6 h
before just after after treatment
treatment Gas Flow rate Time treatment”
(ml min~") (h) ~— — X S Time*
Xet S Xe S (%) (%) (h)
(%) (%) (%) (%)
17.5 86.6 0.3% C,H,0 8.9 1 10.7 79.3 18.1 85.8 6
+ 99.7% Air
18.1 85.8 2.0% C,H,O 11.2 4 11.0 84.5 17.8 86.5 6
+ 98.0% Air
15.8 87.6 Pure CO, 10 0.5 19.6 75.4 16.1 86.8 1.5
16.1 86.8 Pure CO, 10 1 20.5 84.3 15.5 86.6 11
18.4 85.6 Pure O, 10 | 11.9 90.0 19.9 85.7 5
19.9 85.7 Pure O, 10 1 11.7 88.2 21.8 85.8 6

« The epoxidation of C;H, was carried out at 543 K and 10.4 ml min~! using ORF-1 and Reactor II.

b Values at 15-20 min after the treatment.

¢ Time required to reach the newly stable activity state.

straight line. The open symbols in Fig. 3 for
Cat-Al and Ag-Sch-9 denote the data mea-
sured using different amounts of catalyst.
From the results, it was evident that con-
centration gradients had disappeared com-
pletely, except for those data which in the
Arrhenius plots indicated zero activation
energy at higher temperatures (Fig. 7). The
total reaction rate estimated from the line
for Cat-A3 is 9.3 X 107% mol-C,H, g-cat™!
min~!. The space—time yield of EO is 0.02
kg-EO kg-cat™! h~!, which is comparable to
that obtained over Ag-Ba-Na, Cs, Rb, or
K catalysts in the presence of C,H,Cl, (4).

Annealing Effect

Drops in activity with treatment at high
temperatures were evaluated from several
data for Cat-A and Ag-Sch-6 series (Table
1). The activity drop of the latter took place
at very high temperatures compared to that
of the former. The activity of Cat-A treated
at higher temperatures declined signifi-
cantly with reaction time.

Treatment with EO, CO,, and O,
It has been well known that silver cata-

lysts are poisoned by the deposition of
polymer-like hydrocarbons originated from
adsorbed EO molecules and the poisoning
takes place in the course of epoxidation (5-
11). In the present work, a gas mixture of
EO and O, was passed through the cata-
lyst bed of Ag-Sch-9 at 343 K, which had

90
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F1G. 3. Dependence of total conversion and selectiv-
ity on contact time at 543 K using ERF. (Circles) Cat-
Al, (triangles) Ag-Sch-9, (squares) Cat-A3.
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F1G. 4. Scanning electron micrographs of fresh Ag-Sch-9 catalyst.

previously been stabilized using ORF-1 at
the same temperature. The conversion of
EO to CO, was smaller than 2 mol%. After
again switching the gas mixture to ORF-1, a
large decay in activity was observed. Dur-
ing a continuance of the epoxidation the ac-
tivity and selectivity were completely re-
stored. These results suggest that no
permanent deposition of polymer-like ma-
terials has taken place on the catalyst sur-
face and that the adsorbed EO, that is,
a combustion intermediate, decomposes
slowly to CO, and H,O during the reaction.

The intermediate is considered to be a spe-
cies identical to C,H, adsorbed on oxygen
adatom (/1, 21).

Exposure of the Ag/NaCl catalyst to oxy-
gen resulted in a marked decay in activity.
The decay seems to be attributable to the
low reactivity of oxygen which binds tightly
with silver, sodium, or both atoms and/or
dissolves in the surface layers. Similar be-
havior had been observed for Ag-K,SO,
catalysts (12).

The temporary elevation in activity of the
catalyst treated with pure CO, was an unex-
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F16. 4—Continued.

pected result., Perhaps, the surface atoms
are partially reduced by the adsorption of
CO,, which may form sodium carbonate
because of the absence of O; in the gas
phase.

SEM and XRD

Scanning electron micrographs of fresh
Ag-Sch-9 are shown in Figs. 4a and b. The
small spherical particles (white or bright)
are Ag, the diameter of which ranges from
50 to 200 nm (average 200 nm). Large
smooth-surface particles of different shapes

(dark) are NaCl crystals, which are 2-5 um
in size. Also, it can be seen that the Ag
particles are firmly adhered and dispersed
homogeneously on the NaCl surfaces. The
degree of dispersion of Ag was estimated to
be —1%. It must be realized that supported
Ag catalysts with high selectivity contain
secondary Ag particles, 50-200 nm in size,
which are dispersed homogeneously (73).
Surprisingly, the particle size of Ag on the
Ag/NaCl catalyst coincides completely
with the characteristic size. Micrographs of
the Ag-Sch-9 employed in the epoxidation
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FI1G. 5. Scanning electron micrographs of Ag-Sch-9 catalyst after epoxidation at 543 K for 2 days.

at 543 K for 2 days are shown in Figs. 5a
and b. By comparing these micrographs
with Figs. 4a and b, it can be found that the
shape and size of Ag particles remain unal-
tered. A similar conclusion can be reached
for NaCl particles.

In XRD measurements of fresh catalysts,
peaks other than metallic Ag and NaCl
have not been observed (I, 2). Similar
results were also obtained for the catalysts
after reaction at 543 K for 4 h. However, in
the case of several catalysts used in the re-

action at 543 K for 2 or more days, XRD
peaks of AgCl (20 = 27.8, 46.2, and 54.8°)
were clearly found. Diffraction peaks of
Na,CO; were not detected because of their
weak intensities. Exposure of these used
catalysts to a stream of H, caused the de-
sorption of CO,, the disappearance of AgCl
XRD peaks, and then a restoration of activ-
ity.

The Ag crystallite size of Ag - NaCl cata-
lysts, which was estimated from the
Ag(111) peak (26 = 38.1°), increased with
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Fi16. 5—Continued.

NaCl content and showed a constant value
of 48 nm above NaCl/Ag = 1 (mole ratio)
(Fig. 6). Specific activity changed with
NaCl content in a manner similar to that
described above, while selectivity reached
a maximum of about 86% at NaCl/Ag =
0.04. The two types of catalyst with the
same composition showed an identical Ag
crystallite size of 47.5 nm (Cat-R and Ag-
Sch-9).

The Ag crystallite size of Ag - NaCl cata-
lyst remained unchanged after the reaction

and even after exposure to O, at 523 K (Ta-
ble 4). Pure Ag powder, however, in-
creased in size after treatment with O,, as
revealed by Feller-Kniepmeier et al. (14),
Seiyama et al. (15), and Presland ef al.
(I6). The larger Ag crystallite size in Ag -
NaCl catalysts than in pure Ag powder
heated in O, implies that NaCl has inhibited
the complete reduction of silver oxides in
the course of catalyst preparation. In AES
and XPS measurements reported earlier (2,
17), XPS spectra of O 1s (531.3 to 532.0 eV
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Mole ratio of NaCl to Ag

F1G. 6. Relationship between the crystallite size of
Ag (—---), activity (---), or selectivity (—) and catalyst
composition. Activity and selectivity were measured
at 543 K and 4 ml min~! using ERF and a catalyst
weight of 0.2 g. Ag(443 K) indicates data measured at
443 K over pure Ag powder catalyst. (Circles) cata-
lysts reduced at 673 K for 3 h, (triangles) catalysts
reduced at 773 K for 3h.

peak assigned to subsurface oxygen atom
was predominant) and the AES peak of O
for Ag - NaCl catalysts were not eliminated
even after several overnight hydrogen re-
ductions and outgassings at 673 K, while
for pure Ag powder the O s spectra were

AYAME ET AL.

negligible. Consequently, oxygen atoms
persisting by strong ionic interactions with
Ag, Na, and CI are considered to promote
the aggregation of Ag particles. As can be
seen from Fig. 6 and Table 4, the catalysts
with higher selectivity possess Ag crystal-
lites of 42—-50 nm. This fact agrees with the
experimental results obtained for pure Ag
by Wu and Harriott (/8) and for alumina-
supported Ag by Kanoh et al. (19).

Mechanisms

Total reaction rates and selectivities
were plotted as a function of reciprocal
temperature (Fig. 7). In the case of ORF-1,
at temperatures lower than 543 K an appar-
ent activation energy, 75.4 kJ mol~!, was
obtained for both EO and CO, formations
since selectivity was almost constant.
However, zero activation energy obtained
at high temperatures shows that the process
of diffusion of C,H, to the catalyst surface
is rate controlling, which causes a promi-
nent decrease in selectivity. The activation
energy estimated from the initial formation
rates of EO (CO, detected was very small)
was 44.8 kJ mol~!, which agreed with that
obtained in the previous work using the
pulse technique (2). The discrepancy in ac-
tivation energy reflects the differences in
physicochemical properties between the

TABLE 4

Silver Crystallite Sizes of Ag - NaCl Catalyst and Pure Ag Powder Treated in a Stream of Several Gases

Catalyst Crystal Silver crystallite size (nm)
face
(hkD) Before After After the After After the
use® epoxidation® subsequent treatment subsequent
reduction® with oxygen? reduction®
Ag - NaCl* (111) 49 48 48 48 49
(200) 43 43 — 43 43
Pure Ag (111) 33 — — 45 42
(200) 29 — — 38 40

@ Catalysts were treated at 773 K in a stream of H, for at least 3 h.

b At 523 K for 4 h in a stream of ORF-1.
¢ At 673 K for 1 h in a stream of H,.

4 At 523 K for 4 h in a stream of pure O,.
¢ Mole ratio of NaCl to Ag is 1.5 (Cat-N).
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F1G. 7. Relationship between total reaction rate and
reciprocal reaction temperature (a), and dependence
of selectivity on reaction temperature (b), which were
measured at contact times smaller than 2500 g-cat -
min mol-C;H;'. (O) Cat-A3, ORF-1; (@) Ag-Sch-6a,
ORF-1; (A) Cat-A3, ERF; (V) Ag-Sch-9, ERF; (®)
Pure Ag, ERF.

fresh catalyst surface and that after 6 h re-
action. An increase in Ag particle or crys-
tallite size anticipated as one of the origins
of catalyst deactivation has not been ob-
served. A good carbon balance was ob-
tained on the catalysts after 6 h reaction,
whereas on the fresh catalysts carbon diox-
ide or its precursors accumulated. In addi-
tion, the formation of AgCl has been ascer-
tained on catalysts employed in lengthy
epoxidations. From these results, it can be
considered that the adsorption of carbon di-
oxide forms Na,CO; causing the formation
of AgCl-like species. Thus the following
equilibrium would have been established:

2Ag + Ougs + CO; (g) = NayCOs
+ 2AgCl. (1)
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The oxygen adatom would be bound to
either Ag or Ag and Na (bridge type). No
formation of AgCl takes place unless Ag
has been oxidized sufficiently (2, /7). Since
AgCl and Na,COs are inactive in the epoxi-
dation, their formation would retard the re-
action rate and result in an increase in the
activation energy. The drastic drops in ac-
tivity observed when ORF-2 was used (Fig.
1) are ascribed to the marked shift in the
equilibrium to the right. In the case of ERF,
Arrhenius plots with the same slope as
mentioned above were also obtained. No
mass transfer limitation was observed for
Ag - NaCl and Ag/NaCl catalysts. Continu-
ous exposure to ERF, seems to keep the
catalyst surface in the equilibrium state,
shifted moderately to the left in Eq. (1) be-
cause of the Na,CO; decomposed by hydro-
gen treatment (Fig. 2). Consequently, the
reaction time required to reach the station-
ary activity states is shorter than that in the
case of ORF-1 (Table 2). Under similar con-
ditions, the Arrhenius plot for pure Ag
powder showed a convex-upward curve
above 473 K. This is due to a large oxygen
consumption rate, that is, a large interphase
concentration gradient of O,. Frequent ap-
pearance of mass transfer effects as shown
in Fig. 7 suggests that the surface reaction
rates over Ag - NaCl and Ag/NaCl cata-
lysts would be fairly close to the rates of
interphase diffusion processes.

Experimental results providing some
mechanistic information are given in Fig. 8.
The discrepancy in carbon balance was
~2% in each pulses. In the first pulse, the
2.67 x 1077 mol of O, in the reaction mix-
ture was completely consumed and 95% of
it remained irreversibly on the catalyst.
Gaseous products were EO, CH; CHO, and
trace amounts of CO,. As the surface lay-
ers had been saturated with adsorbed oxy-
gen, the formation of CO,; was promoted
and that of CH3;CHO decreased, while EO
formation was steady after the second
pulse. When ORF-1 and ORF-2 were used,
CH;CHO was not produced (2). In the ab-
sence of gaseous O,, EO was converted to
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CH;CHO and small amounts of C;H, and
CO,. Consequently, the formation of
CH;CHO appears likely to have arisen
from the isomerization of EO. If this is cor-
rect, the net selectivities to EO are 97 and
91% in the first and second pulses, respec-
tively. But the possibility that CH;CHO-
like species are produced by C,H, adsorp-
tion on oxygen adatom is not necessarily
rejected. The oxygen adsorbed irreversibly
in the earlier pulses would become incorpo-
rated into the surface layers by strong ionic
interactions with Ag, Na, and Cl. This
speculation is firmly supported by the fact
that the predominant species in XPS and
UPS spectra after the oxygen adsorption of
~3 X 107° L at 473 K was subsurface ox-
ygen atom (XPS 531.3 eV, UPS 3.5 eV)
(20). Recently, Grant and Lambert sug-
gested that the presence of subsurface and/
or dissolved oxygen atoms promoted EO
formation (21, 22). It would be valid to con-
sider that the oxygen species is inactive,
reduces the mobility of free electrons of
metallic Ag, and then forces the top Ag sur-
face to an electron-deficient state, i.e.,
Ag?*. Because the direct interaction of
Ag®* and gaseous O, would be expected to
be weak, the oxygen adsorbed on the sites
seems to be a nondissociative species

AYAME ET AL.

which possesses mild reactivity. On Ag -
NaCl catalysts just after the oxygen adsorp-
tion at 473 K, XPS (O 1s, 533 eV) and UPS
(5.8, 9.8, 12.0 eV) spectra assigned to the
oxygen admolecule have been observed in
addition to those to the subsurface oxygen
and oxygen adatom (20, 23). As mentioned
earlier, the Ag - NaCl catalysts with large
amounts of subsurface oxygen have yielded
higher selectivity, which coincides with the
maximum expected by the mechanism pro-
posed by Kilty and Sachtler (3). On the
contrary, for pure Ag powder with low se-
lectivity XPS (O 1s 531.0 ¢V) and UPS (3.5
€V) spectra assigned to subsurface oxygen
have been very small compared to those for
Ag - NaCl catalysts (24).

To attain high selectivity in the commer-
cial processes, trace amounts of organic
chlorides have been added to reaction mix-
tures. The organic chlorides are decom-
posed on the Ag surface. The chloride ion
or chlorine produced would selectively poi-
son strong active sites (3) and/or reduce the
negative charge of oxygen adsorbed on the
adjacent sites. Since the commercial Ag
catalysts have included alkali metals, the
chloride ion can also interact with these
metals (perhaps in a metal oxide form) near
the top surface. A certain matrix compris-
ing Ag, Na, Cl, and O would then be
formed in the surface layers. This situation
is considered to be quite similar to the sur-
face structure of the Ag - NaCl catalysts.
The catalysts prepared in the present work
include amounts of chloride ion larger than
those expected to be deposited on the cata-
lyst surface in commercial processes; the
same is true for sodium. So, the Ag - NaCl
and Ag/NaCl catalysts seem to show lower
activity or smaller reaction rates than the
commercial catalysts.
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