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Ethylene oxidation has been investigated on a well-characterised Ag(111) single crystal surface
at pressures of up to 50 Torr. In the absence of promoters and moderators, chemisorbed atomic
oxygen reacts with adsorbed ethylene to yield both ethylene oxide and (CO; + H,0). Chemisorbed
dioxygen, though present, appears to play no direct role in either of these reactions; the presence of
subsurface oxygen is necessary for selective oxidation but not for total oxidation. Batch reactor
studies yield rate parameters for both partial and total oxidation which are consistent with the
values reported for conventional supported catalysts; selectivity decreases with increasing temper-
ature, pressure, and ethylene coverage. Acetaldehyde, acetic acid, and oxalic acid are identified as
reaction intermediates in the pathway to CO, formation. Results for the oxidation of C,D, confirm
these observations, and the observed kinetic isotope effect indicates that H-transfer rather than C-
C cleavage is rate-determining in the combustion of both ethylene and ethylene oxide. Possible

reaction pathways and mechanisms are examined.

INTRODUCTION

Silver is a uniquely effective catalyst for
the selective oxidation of ethylene to ethyl-
ene oxide, and this reaction has been the
subject of many mechanist studies, the ma-
jority of which have been carried out on
conventional supported Ag catalysts or on
Ag powders. The subject has been exten-
sively reviewed (/-4) and it is generally ac-
cepted that the observed overall behaviour
can be understood in terms of the following
scheme

C2H4 —l——) C2H40

x /3
CO, + H,0

However, the detailed mechanisms of
Reactions 1-3 are still very much a matter
for debate. Much of the thinking in this field
has been guided by the mechanism pro-
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posed by Kilty and Sachtler (/) on the basis
of their ir studies on supported Ag. These
authors suggested that adsorbed dioxygen
[Ox(a)] is the crucial surface species which
leads to epoxide formation; CO, + H,O
production was ascribed to chemisorbed
atomic oxygen [O(a)]. Variations on this
basic idea have also been proposed (5). An
alternative hypothesis, also derived from ir
measurements on supported Ag, proposes
that O(a) leads to both epoxidation and
complete oxidation (6, 7). Cant and Hall (8)
used the deuterium kinetic isotope effect to
arrive at yet a third mechanism, namely
that O,(a) is the common precursor for both
ethylene oxide and (CO, + H,0). This is
also the conclusion favoured by Akimoto
and co-workers (9). So-called surface sci-
ence techniques have been used to charac-
terise molecularly and dissociatively ad-
sorbed oxygen on a variety of Ag surfaces
(10-15) though the reactions of these spe-
cies with ethylene were not investigated.
Experiments using N,O as the oxidant
rather than O, have been carried out to test
the various hypotheses (16-18) but the
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results have been somewhat equivocal (19,
20). Yet other work has pointed to the
likely relevance of dissolved oxygen [O(d)]
to the selective oxidation reaction (2/-23).
A few studies of C,H,/O, reactivity on mac-
roscopic single crystal or polycrystalline
Ag specimens have been performed (24-
29): in every case the authors were able to
observe only the total oxidation reaction.
Failure to detect partial oxidation may in
part have been the result of working with
very small sample areas at low pressures,

The present paper reports on the first
every investigation of the mechanisms of
selective oxidation and total oxidation of
ethylene using a well-characterised Ag sin-
gle crystal surface. The (111) plane was
chosen because it is likely to be the most
important crystal face in a real catalyst; it is
in fact the most difficult face to work with
because it exhibits a very small sticking
probability for oxygen (~107%) even when
atomically clean. Auger electron spectros-
copy was used to characterise and monitor
the condition of the crystal surface, while
reactive studies could be made in either of
two modes. Temperature-programmed re-
action (TPR) measurements under ultrahigh
vacuum were used to examine the reaction
between surface species previously ad-
sorbed at much higher pressures; alterna-
tively, the crystal was operated isother-
mally as a catalyst in batch reactor mode at
a total pressure of up to 50 Torr. Some ex-
periments with C,D¢ were carried out in or-
der to elucidate certain aspects of the
mechanism, and reaction intermediates in
the further oxidation of ethylene oxide have
been identified.

METHODS

The apparatus consisted of an ultrahigh
vacuum (UHV) chamber coupled directly
to a high-pressure reactor cell. The UHV
chamber was equipped with the usual facili-
ties for LEED/Auger analysis and Ar*
etching. It also contained a computer-con-
trolled quadrupole mass spectrometer
which could simultaneously record TPR

365

spectra from up to eight different ion sig-
nals. This greatly increases the reliability of
the experimental data. The specimen could
be rapidly transferred between the UHV
chamber and a 75-ml reactor via a special
gate valve; reactant and product partial
pressures and their time dependence were
monitored by a second quadrupole mass
spectrometer sampling through a variable
leak valve. Transfer time in the reverse di-
rection from ~10 to 10~° Torr was typically
1 min. The orientation, cutting and polish-
ing of the Ag(i111) specimen followed stan-
dard methods, and research grade O, and
C,H, were used throughout the work; the
C;D4 was 95% (MSD Ltd).

RESULTS

Multimass Temperature-Programmed
Reaction

In agreement with earlier work (30, 31) it
was found that no ethylene adsorption de-
tectable either by Auger spectroscopy or by
thermal desorption measurements occurred
on clean, annealed Ag(111) at 300 K. Ethyl-
ene pressures as high as 100 Torr were em-
ployed. However, at 300 K ethylene does
slowly chemisorb on a surface presaturated
with oxygen at 300 K. The oxygen dosing
was carried out at 0.1 Torr and was equiva-
lent to an exposure of ~5 x 10° L (IL =
107® Torr s). This procedure produces an
oxygen fractional surface coverage of 6 =
0.1 consisting mainly of chemisorbed
atomic oxygen [O(a)] and ~15% chemi-
sorbed dioxygen (32). Identification of the
380 and 580 K oxygen thermal desorption
peaks with O,(a) and O(a), respectively, is
consistent with their oxygen isotope scram-
bling characteristics; the estimated lower
bound on the surface coverage is based on
LEED observations and is in agreement
with independent ellipsometric studies on
the Ag(111)-0, system (see Ref. (32) and
references therein). After withdrawing the
specimen from the reactor cell simultaneous
TPR spectra were recorded at 44, 32, 28,
and 18 a.m.u. with a heating rate of 13 K
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F16. 1. CO, TPR spectra for C;H, oxidation. (1) On
clean Ag(111). (2) In the presence of O(d). Dose was 5
x 10¢ L O, followed by 9 x 10¢ L C,H,. Heating rate 13
Ks .

s~1. A typical CO, spectrum obtained at 44
a.m.u. under these conditions is shown in
Fig. 1 (spectrum 1); it consists of a single
peak () at 380 K. The identification of this
with CO, was confirmed by simultaneously
recording the 28-a.m.u. spectrum (CO*Y).
This mirrors the 44-a.m.u. spectrum and
the CO,*/CO* relative intensity agrees with
that measured for gaseous CO; in a sepa-
rate control experiment. H,O is also
evolved in such TPR experiments (peak
temperature < 340 K) but no ethylene ox-
ide was detectable. The H,O spectra were
somewhat irreproducible due to adsorption/
desorption effects at the vessel walls; they
were not therefore routinely monitored.
The O, spectra (32 a.m.u.) indicated that
adsorbed ethylene reacted only with O(a),
attenuating the ~580 K O, peak (32); the
~380 K dioxygen peak was unaffected by
the reaction.

It was however found that the clean sur-
face could be activated towards selective
oxidation by annealing the specimen at 425
K in a 6:1 mixture of oxygen and ethylene
at 10 Torr for about 1 h. Auger spectros-
copy showed that this treatment led to a
build-up of O(d) in the subsurface region
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but no detectable accumulation of Cl, C, or
any other impurities. Reaction of chemi-
sorbed ethylene and oxygen on this surface
(henceforth referred to as the active sur-
face) produced a new feature (8) in the CO,
TPR spectrum with a peak temperature of
~450 K (see Fig. 1, spectrum 2); this was
accompanied by an associated H,O peak at
the same temperature. A weak 29-a.m.u.
(CHO") signal giving a peak at ~360 K was
also produced. Multimass TPR experi-
ments were carried out to examine signals
which correlated with the 29-a.m.u. signal.
None were detected at 46, 31, or 30 a.m.u.,
but coincident TPR peaks were found at 43,
42, and 15 a.m.u. This suggests that the
TPR peak at ~360 K is associated with eth-
ylene oxide and/or acetaldehyde. Refer-
ence mass spectrometer fragmentation pat-
terns for gaseous CH;CHO and C,H,O
were measured in the apparatus and a de-
tailed quantitative comparison made with
the 43, 42, 29, and 15-a.m.u. TPR spectra.
The results indicate that the ~360 K TPR
peak is due to the desorption of a mixture of
ethylene oxide (35 *+ 15%) with acetalde-
hyde. (Control experiments on the reaction
of CO with adsorbed oxygen confirmed that
the 29-a.m.u. signal was not due to CO,
resulting from the oxidation of adventi-
tiously adsorbed background impurities
(e.g., CO or C,H,).)

The role of both types of oxygen species
in selective oxidation was investigated by
TPR measurements in the following four
ways:

1. The ethylene oxide yield at 29 a.m.u.
from a surface bearing both O(a) and O,(a)
was compared with that from surface bear-
ing O(a) alone, O,(a) being removed by
heating to ~475 K prior to ethylene dosing.
Typical results of multimass TPR sweeps
are illustrated in Figs. 2a and b. It can be
seen that prior removal of dioxygen has no
discernible effect on the yield of ethylene
oxide.

2. The results for oxygen predosing at
~1 Torr were compared with those ob-
tained for the same oxygen exposure at
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F1G. 2. Multimass TPR spectra for C;H, oxidation

on active Ag(111). (a) In the presence of dioxygen. (b)
Without dioxygen. Other conditions as for Fig. 1.

~1072 Torr. The latter procedure leads to
no uptake of O,(a) while leaving the O(a)
uptake essentially unchanged (32). Again,
the yield of ethylene oxide was the same in
the two types of experiment.

3. The Oy(a) yield from (say) an oxygen-
saturated surface was independent of
whether or not ethylene adsorption and a
subsequent temperature-programmed reac-
tion were carried out. On the other hand,
the O(a) population was very substantially
attenuated by reaction.

4. The dependence of the ethylene oxide
yield on the coverage of both types of oxy-
gen species was investigated systemati-
caily. It was found to be independent of
dioxygen coverage but approximately pro-
portional to O(a) coverage in the range 0.03
< 6 < 0.09. (6 ~ 0.1 corresponds to the
saturation uptake of O(a) on clean Ag(111)
at 300 K (32)).

Thus the evidence indicates that O,(a)
plays no direct role in either the partial oxi-
dation or in the total oxidation of ethylene
under these conditions; O(a) is directly in-
volved in both reactions.

The total oxidation reaction was investi-
gated quantitatively by following CO, pro-
duction at 44 a.m.u. Figure 3 shows the
CO; yield from an oxygen presaturated sur-
face as a function of subsequent ethylene
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dose. At very low ethylene exposures (~2
% 105 L) only the B8-CO, feature is present;
increased ethylene exposure leads to the
appearance of the «-CO, feature whose in-
tensity eventually becomes approximately
equal to that of 8-CO,. The total CO, yield
increases to a maximum at an ethylene ex-
posure of ~7.5 x 107 L (Fig. 4a) after which
there is a gradual decrease. At very high
ethylene exposures (>10® L) Auger spec-
troscopy showed that residual carbon was
present at the end of the TPR scan; this
material could also be detected by oxygen
titration in a subsequent experiment: C(a)
+ 20(a) — COy(g).

In these experiments unreacted O(a) un-
dergoes recombination and eventual de-
sorption as manifested by the ~580 K O,
peak. The variation of this residual O(a)
concentration with ethylene dosage is
shown in Fig. 4b; comparison with the data
in Fig. 4a shows that CO, production con-
tinues to increase with ethylene coverage
even after all the surface atomic oxygen has
reacted. In fact, quantitative measurements
indicated that the total TPR yield of oxy-

+3T
<

Tl . e
AP L O VS PR
DA 34 d
’ o,
>N, .
Aoz 2T b ntn
3 H
P M b, ..  ©
o I Vet nui gl S d
2SS
e .. b
:‘[’ ’v.'tws_r.m P oo St

% a
ot - . kN
FoatNE N A WSS

44 amu (CO3) Mass Spectrometer Signal

L 1 L T
300400 500 600 700
Crystal Temperature (K)

Fi1G. 3. CO; TPR spectra for C;H, oxidation on ac-
tive Ag(111) as a function of ethylene coverage. (a)-(e)
correspond to ethylene doses of 2, 6, 9, 30, x 10° L
respectively. Other conditions as for Fig. 1.
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gen-containing species (C;H,0, CO,, H,0,
CO;) normally exceeds that expected from
the initially chemisorbed oxygen by ~30%.

The nature of the a- and B-CO, peaks
was examined further by studying the CO,
TPR spectra resulting from the coadsorp-
tion and reaction of oxygen with ethylene
oxide itself (Fig. 5). It can be seen that this
reaction leads to only the 8-CO, peak; the
small shoulder which lies to lower tempera-
ture is due to the parent ion signal from
desorbing unreacted ethylene oxide (cf.
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F1G. 5. Multimass TPR spectra for ethylene oxide
oxidation on active Ag(111). 5 x 10° L O, followed by
1.2 x 10’ L CquO at 300 K.

with the 29-a.m.u. signal (CHOY) from eth-
ylene oxide which is also shown in Fig. 5).
This strongly suggests that the 8-CO, peak
which is observed when ethylene is the
reactant may be ascribed to the further oxi-
dation of newly formed ethylene oxide. In
these experiments the yield of unreacted
O(a) fell linearly with ethylene oxide expo-
sure giving a gradient of —6.0 x 10° atoms
L-! cm~2 (Fig. 6) indicating a constant net
probability for adsorption and reaction at
these oxygen coverages (8 < 0.09).

b

2

>

§ 30 -
8

o

.3

-

e ]
s 20
£

[

F

-

~~

S 101
<]

]

3

©

]

e ol

0 10 20
C,H,O Exposure ( L X 10-¢ )

FiG. 6. C,H,0 oxidation by TPR. Unreacted O(a) as
a function of ethylene oxide exposure.



SELECTIVE OXIDATION OF ETHYLENE ON Ag(111)

(COOH);

MASS SPECTROMETER SIGNAL

CH,COOH"

B

300
CRYSTAL TEMPERATURE (K)

F1G. 7. Ethylene oxidation TPR spectra showing re-
action intermediates. 5 X 106 L O, followed by 9 x 10°
L ethylene.

During the TP reaction of ethylene with
oxygen, weak signals were detected at 60
and 55 a.m.u. possibly corresponding to the
production of CH;COOH and (COOH),, re-
spectively (Fig. 7). The former feature pre-
cedes the B-CO; peak whereas the latter
(very weak) feature is almost coincident
with the 8-CO, peak, suggesting that acetic
and oxalic acids may be sequential interme-
diates in the further oxidation of ethylene
oxide. This behaviour was investigated fur-
ther using C,Dy in place of C;Hy; qualita-
tively, the two sets of results were similar,
but there were some notable differences:

1. The 48- and 30-a.m.u. spectra
(C;D,O*, CDO™") display a pronounced ad-
ditional feature which correlates with the -
CO, peak (Fig. 8A). Signals at these masses
could only be due to C,D40 and CD;CHO,
both of which would also yield a signal at 46
a.m.u. (C,D;0%); this too is evident in Fig.
8A. With this clue from the C,D, experi-
ments, careful examination at high gain of
the 29-a.m.u. (CHO%) spectra from C;H,
oxidation revealed the presence of a similar
(weak) peak which correlates with g-CO,.

2. There are very strong features in the
C,D;0" spectrum which are not present in
the corresponding C,H;0% spectrum.

3. The yield of CD;COOD is ~7 times
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greater than that of CH;COOH (Fig. 8B).
The intense feature in the 46-a.m.u. spec-
trum is due to the ions COOD* and
CD;CO™; these are the principal fragment
ions of CD;COOD.

In making these comparisons between
the two cases it is assumed that the molecu-
lar ionisation cross sections and fragmenta-
tion patterns are not drastically changed by
D for H substitution. The available data (33,
34) suggest that both assumptions are valid.
The experiments with deuteroethylene
therefore show that the yields of C,D;O/
CD;CDO and of CD;COOD are ~55 and
~T770% greater than those of their hydrogen
analogues. They also permit us to confirm
that C,D4O/CD;CDO are produced in these
experiments because observation of the
parent molecular ions (48 a.m.u.) is no
longer interfered with by CO, (44 a.m.u.}.
In summary, the multimass TPR data show
that: (a) C;H4O is produced by reaction of
C,H, with O(a) in the presence of O(d). (b)
The B-CO, feature is due to further oxida-
tion of ethylene oxide. (c¢) Intermediates in
this further oxidation pathway are detect-
able (CH,;CHO, CH,COOH, (COOH),). (d)
There are pronounced kinetic isotope ef-
fects.

Batch Reactor Studies at Elevated
Pressure

The kinetics of the partial and total oxi-
dation reactions were examined by measur-
ing the rate of product formation in the
pressure cell. C;H4O was monitored by
means of the 42-a.m.u. fragment ion
(C,H,O"); although this is the least intense
fragment ion from ethylene oxide, it is com-
pletely free from mass interference due to
other species. Total oxidation was followed
by means of the CO,* signal at 44 a.m.u.;
since the selective oxidation rate was about
one-tenth of the total oxidation rate, the
small contribution at 44 a.m.u. due to
C;H, 0" caused no significant difficulty. A
1:1 reaction mixture was used throughout
the work, thus avoiding the buildup of sur-
face carbon which occurs in ethylene-rich
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F1G. 8. Deuteroethylene oxidation. (A) Showing de-
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of intermediates. (B) Desorption of reaction intermedi-
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systems (25); the conversion level was
=10%. Control experiments were per-
formed on the Ta specimen support wires
alone (~0.6 cm?) with the crystal removed
from the system. These showed that the
rate of ethylene oxide production by the
supports was undetectably small (<8.0 X
102 molecule cm~2 s~!); the rate of CO,
production was <1% of that with the
Ag(111) specimen present.

An Arrhenius plot for CO, production at
a total pressure of 10 Torr is shown in Fig.
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TABLE 1

Rate Parameters of CO, Production (T.O.N. =
Turnover Number)

Pressure Reo)* T.O.N.2 E,
(Torr) (molecules  (molecules  (kJ mol™!)
s~'cm™?) site™! s71)

5 2.9 x 10" 0.20 52+3
10 7.2 x 104 0.50 50+1
50 3.2 x 10 2.23 61 + 4

2 Turnover number. 500 K, 1: 1 mixture C,H,: O,.

9a; this yields an activation energy (E,) of
50 + 1 kJ mol~! and preexponential factor
of ~4.5 x 10?2 s~!, A similar plot for the
selective oxidation reaction gives E, = 45 *
4 kJ mol~! and a preexponential factor of
~5.5 x 10" 57! (Fig. 9b). The pressure de-
pendence of the rate parameters for both
reactions is summarised in Tables 1 and 2.
It can be seen that the selectivity falls from
~23 to ~9% as the pressure is increased
from 5 to 50 Torr. Figure 10 shows the tem-
perature dependence of the activity and the
selectivity of active Ag(l111) towards ordi-
nary C,H,. At 500 K and 10 Torr the activ-
ity (3 rate of CO, formation + rate of C,H,O
formation) is 4.2 X 10 molecules cm™2 s~!
and the selectivity [defined as (C,H,O rate)/

34} \
§ E =45 + 4 kJmolh?
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Fi1G. 9. Arrhenius plots for ethylene oxidation on Ag(111) in batch mode. 1 : 1 mixture of C,H, and O,
at 10 Torr. (a) Total oxidation and (b) selective oxidation.
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given by S(EQ) = R(EO)—-R(E); A = R(EO) +
(3)R(CO,) = —R(E). Conditions as for Fig. 9.

(C,H,0 rate + CO; rate)] is ~14%. Replac-
ing C,H, by C;D, results in very similar ac-
tivity (e.g., 5.7 X 10"* molecules cm 2s~! at
500 K) but the selectivity is increased to
~70%. Table 3 sets out the apparent kinetic
isotope effects (kp/ky) for the total oxida-
tion and partial oxidation reactions at 500
K. Similar behaviour has been reported for
oxidised Ag sponge (8) and Ag powder cat-
alysts (45); the present observation appears
to be the first of its kind on a single crystal
surface.

DISCUSSION

The first point to establish is that the
chemistry being examined here really is rel-
evant to that which occurs on practical high

TABLE 2
Rate Parameters of Ethylene Oxide (EO) Production
Pressure R m0 T.O.N.@ E, S(EO)
(Torr)  (molecules (molecules (k] mol-') (%)
sTlem™?) site7!s7h)
5 4.4 x 108 0.03 47 + 8 23
10 6.1 x 109 0.04 45 + 4 14
108 1.1 x 10" 0.07 St =5 23
50 1.5 x 10" 0.10 43 £ 2 9

2500 K, 1:1 mixture C;H,: O,.
& Monitoring 43 a.m.u.
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TABLE 3

Kinetic Isotope Effects in Total and Partial
Oxidation

Rate of formation
(molecules s~! cm2)¢

CO, CH,O
C,H, 7.2 X 104 6.1 x 10
C,D¢ 3.4 x 101 4.0 x 10*
kp'ky 0.5 6.5

4500 K, 1:1 mixture C,H,0:0, at 10
Torr.

b After taking account of the relative sen-
sitivities, C,H,0 : C,D,0.

area catalysts in conventional studies. That
this is in fact the case is strongly suggested
by the results gathered in Table 4 which
refer to measurements made at 10 Torr.
The single crystal activation energies for
C,H40 formation, CO, formation, and the
specific rate for CO, production all lie
within the range of reported values ob-
tained from more traditional studies. As al-
ready noted, this is the first observation of
selective oxidation over a single crystal.
Other authors have however attempted to
investigate the total oxidation reaction over
single crystal Ag at low pressures. These
studies gave low or very low values for the
activation energy to CO, formation (25, 27);

TABLE 4

Comparison of Rate Parameters on Single Crystal
and Conventional Silver Catalysts

E,(C;H,0) E.(COy) Rco, (T = 500 K)  Reference
(kJ mol ") (kJ mol ) (molecules
s~ cm™2)

45.0 50.0 7.2 x 104 This work
(single
crystal)

58.8 72.2 — 9

48.7 63.4 1.0 x 10 41

72.2 57.1 3.5 x 104 41

47.0 60.9 — 42

— 42.0 — 43

90.0 122.0 — 44

— 96.6 5.6 X 101 29

—_ 96.2 1.1 x 10% 28
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they also gave reaction probabilities which
were unusually high (~1073) compared to
the values commonly encountered (~107%)
on supported catalysts (28). A likely expla-
nation for this (24) is that small quantities of
acetylene were present in the low-pressure
single crystal studies. The reaction proba-
bility of acetylene with O(a) is close to
unity (24, 26, 35); trace impurities could
therefore have a profound effect. It seems
possible that the source of this acetylene
was a dehydrogenation reaction taking
place at the stainless-steel walls of the gas-
handling apparatus (24); a glass manifold
was used in the present work. Our TPR
results (Fig. 4b) suggest a combined adsorp-
tion and reaction probability of ~10~% at
300 K, while extrapolation of the batch re-
actor results to 300 K predicts a reaction
probability for CO, formation of ~5 X
10719 These figures are in satisfactory
agreement with each other and with pub-
lished data for conventional catalysts. The
abrupt change in slope which is evident in
Fig. 4b cannot be associated with the de-
crease in selectivity which undoubtedly
does occur with increasing ethylene cover-
age, because under the conditions of the
TPR experiments most of the ethylene ox-
ide is further oxidised to CO, + H,O. It
must therefore imply that for ethylene (un-
like ethylene oxide, see Fig. 6) the sticking
probability changes with coverage.

Dissolved oxygen renders the surface ac-
tive towards selective oxidation (Fig. 2)
while also increasing the activity for CO,
formation (Fig. 1). It is evident that the lat-
ter effect is associated with the further oxi-
dation of ethylene oxide (B-CO,, Figs. 1
and 5). The results in Fig. 4b indicate that
this O(d) can participate directly in CO,
production (though not in C;H,O forma-
tion) because the CO; yield continues to
rise with ethylene exposure beyond the
stage at which all the O(a) is consumed.

We may begin by suggesting an overall
scheme in which stoichiometric balancing
has been neglected in the interests of sim-
plicity of presentation.
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Primary stage

CO, + H,0
O(a) + C2H4

C2H4O(a)

For the moment, we do not specify the ex-
act state of the ethylene molecule.

Secondary stage

C:H40(g)

C2H4O(a)

4 +0(a)

CO, + H,0

The overall selectivity is then determined
by the product of the branching ratios for
the primary and secondary steps. For the
purposes of discussion, it is convenient to
consider next the details of the secondary
chemistry. Reaction 4 gives the B-CO,
peak, and the observation of carboxylic
acid intermediates suggests that it follows
the sequence

C,H,0 -2 CH,CHO —5("—)»
4c 4d
CH;COOH ——> (COOH), ——
CO, + H,0

Reaction 4(a) is reasonable in view of the
simultaneous desorption of C,H,O and
CH;CHO in the TPR spectra; in addition, it
has been shown (36) that Ag is an efficient
catalyst for the isomerisation C,H,O0 —
CH;CHO. It is of interest to note that ace-
tate-like intermediates have been identified
in pulsed reactor studies (37), while oxalic
acid has been proposed as an intermediate
by Ide et al. (38). When C,D, is oxidised,
the TPR yield of oxygenated intermediates
is very substantially increased. This sug-
gests that in the sequence 4(a)-4(d) it is H-
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transfer rather than C-C scission which is
rate-determining for the appearance of
CO,. D for H substitution could then retard
Reactions 4(a)-4(c) such that desorption of
a given intermediate becomes relatively
more probable.

This inhibition of the further oxidation
step could also partially account for the iso-
topically induced change in selectivity
which was observed in the batch reactor
measurements. In these experiments, a ki-
netic isotope effect of kp/ky = 0.5 was
found for CO; production. Again, this sug-
gests that C-H cleavage is rate-determin-
ing, and under our conditions (relatively
low selectivity) this indicates that C-H
bond breaking is the crucial step in Reac-
tion 1. That is, both the CO, forming Reac-
tions 1 and 4 exhibit a normal isotope ef-
fect. The magnitude of this effect is of the
right order for C—H and C-D bonds at 500
K.

A large inverse isotope effect (kp/ky ~
6.5) was found for C,H;O production; qual-
itatively similar results have been reported
with Ag sponge and Ag powder catalysts (8,
45). An equally large inverse kinetic iso-
tope effect has been reported, though not
explained, in the case of propylene oxida-
tion (8). Under the present scheme, it is
possible to see qualitatively why there is a
ccmparatively large isotope effect on the
C,H,O rate because D-substitution fa-
vourably affects the branching ratio of both
the primary and secondary steps. We will
return to this question of isotope effects in
what follows.

Let us now consider the primary chemis-
try in more detail. O,(a) is neglected on the
basis of the TPR data, and the «-CO; TPR
peak may be associated with the direct
route to total oxidation (Reaction 1); this
view is reinforced by studying the effects of
alkali promoters (39). It seems likely (26)
that the reaction proceeds by progressive
stripping of the weakly acidic hydrogens by
basic O(a) species. Assuming that this in-
volves interaction with an Ag(é*)-chemi-
sorbed ethylene molecule (30, 40) one may
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write formally

o':——>——> OH c —>—>c02+H

L1

z0

On the other hand, we propose that selec-
tive oxidation results from an electrophilic
attack by O(a) on the olefinic #-bond.
Again, formally:

This sequence is consistent with the obser-
vation that there is almost no retention of
configuration upon epoxidation of either cis
or trans-1,2-d>-ethylene (8, 44, 17). If the
same type of ethylene species is involved in
both Reactions 1 and 2, a simple unified
mechanism can be proposed which ac-
counts for most experimental findings. Let
us assume that it is an adsorbed molcule of
ethylene: this is at least consistent with our
observation that oxygen chemisorption fol-
lowed by ethylene chemisorption leads both
to total oxidation (by two routes) and to
selective oxidation. The competition be-
tween Reactions 1 and 2 is controlled by the
effective charge state of O(a): total oxida-
tion is initiated by charge transfer from O(a)
(Reaction 1(b)); selective oxidation is initi-
ated by charge transfer to O(a) (Reaction
2(a)). Thus the higher the electronic charge
on O(a) the more favoured total oxidation
becomes relative to selective oxidation.
The effect of O(d) can now be explained:
bulk oxygen competes with O(a) for metal
electrons, the negative charge on O(a) is
reduced and the partial oxidation chan-
nel competes effectively. The effect of ClI
as a selectivity-enhancing moderator can
equally well be rationalised: Cl(a) also acts
to reduce the charge state of O(a), again
favouring the epoxidation pathway at the
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expense of CO, production. The decrease
in selectivity which results from increased
pressure (batch reactor) or increased ethyl-
ene coverage may be explained thus: (a) in-
creased ethylene adsorption involves in-
creased charge transfer to the metal; (b)
this should increase the negative charge on
O(a); (¢) the selectivity should then de-
crease by the above arguments.

Van Santen et al. (45) have systemati-
cally investigated the effect of Cl-induced
changes in selectivity on the magnitude of
the isotope effect. They point out that the
modified Worbs/Sachtler dioxygen mecha-
nism requires yet another modification in
order to account for the observed reduction
in the isotope effect with increasing selec-
tivity (4¢5). These observations may also be
understood quite simply in terms of the
mechanism proposed here, and without the
need for any additional assumptions. Cl
moderation acts to favour Reaction 2 at the
expense of Reaction 1 in the manner al-
ready explained: Reaction 2 is not subject
to a deuterium Kkinetic isotope effect. The
observed decrease in this effect with in-
creasing Cl coverage is then understand-
able.

The central underlying assumption of this
model is that just a single type of adsorbed
ethylene and a single type of adsorbed oxy-
gen are involved; variations in selectivity
are rationalised in terms of the way in
which the charge state on O(a) affects the
relative rates of competing reactions. This
view has the merit of simplicity and it ap-
pears to be in accord with our own observa-
tions. However, some authors have sug-
gested that ethylene oxide formation
depends on an Eley—Rideal reaction be-
tween a gaseous ethylene molecule and an
adsorbed oxygen species. If this is correct
then our simple model cannot be correct in
detail. There is no doubt that we can make
ethylene oxide under conditions which
seem to point to a Langmuir—-Hinshelwood
mechanism, i.e., the TPR observations in-
volving sequential dosing of oxygen and
ethylene. One could try to accommodate
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these observations within an Eley—Rideal
scheme by postulating that when O(a) is ex-
posed to gaseous C,H, the interaction pro-
ceeds immediately to the stage 2(b) even at
300 K. The resulting ethylene oxide can
then be observed in a subsequent TRP
sweep; under normal reaction conditions
(~500 K) it would be desorbed immedi-
ately. However, one then loses the simple
explanation for selectivity in terms of the
branching ratio for Reactions 1 and 2. It is
not easy under any scheme to suggest a
clear-cut reason for the temperature depen-
dence of the selectivity (which is of course
in line with the measured activation ener-
gies). It may be connected with the in-
creased mobility of O(a) at higher tempera-
tures; this could facilitate combustion of
strongly localised C and C, fragments.

CONCLUSIONS

1. The presence of O(a) and O(d) are
necessary and sufficient conditions for the
production of ethylene oxide by unsup-
ported, unpromoted and unmoderated sin-
gle crystal Ag surfaces.

2. Under TPR conditions, chemisorbed
dioxygen appears to play no direct role in
the surface chemistry. O(a) is responsible
for both CO, and C;H4O production; ab-
sence of O(d) switches off one pathway to
CO;.

3. The two pathways to CO, are the di-
rect combustion of C;H, and the further ox-
idation of C,H,;0. The first of these does
not require the presence of O(d). The sec-
ond appears to proceed via CH;CHO,
CH;COOH, and (COOH),.

4. The kinetic isotope effects indicate
that C~-H scission is rate-determining in
both pathways to CO,.

5. The single crystal rate parameters are
in satisfactory accord with published data
for conventional catalysts.

6. It is possible to account for these ob-
servations and a number of others in terms
of a simple, unified scheme which calls for
the presence of just one type of adsorbed
C;H, and just one type of O(a). The pivotal



SELECTIVE OXIDATION OF ETHYLENE ON Ag(111)

feature which determines selectivity is the
charge state of the chemisorbed atomic ox-

ygen.

7. It is not clear whether the proposed

mechanism is applicable in all its details at
higher pressures; the possibility exists that
other phenomena may intervene.
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