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The oxidation of ethylene on porous polycrystalline Ag films supported on stabilized zirconia
was studied in a CSTR at temperatures between 250 and 450°C and atmospheric pressure. The
technique of solid-electrolyte potentiometry (SEP) was used to monitor the chemical potential of
oxygen adsorbed on the catalyst. The rates ry, r» of ethylene epoxidation and combustion were
found to satisfy ry = K1 KgrPer/(1 + KgrPer), r2 = KoKpoPer/(1 + KgiPyr), respectively, with Kgr
= 8.7 - 107* exp(5800/T) bar™!, K, = 0.28 exp(—7300/7) mole/s, and K, = 2. - 102 exp(- 11100/7T)
mole/s on a porous film that could adsorb a total of 2 - 10~® moles O,. The steady-state atomic
oxygen activity a, satisfies the equation P§?*/a, = 1 + KPyy/P,, with K = 3.4 - 107° exp(7800/7).
The effect of carbon dioxide on the catalytic oxidation of ethylene was also studied at temperatures
between 250 and 400°C and atmospheric total pressure. Over the range of conditions investigated
CO, was found to inhibit ethylene epoxidation only, without measurably affecting the rate of
complete oxidation to CO, or the potentiometrically measured atomic oxygen activity on the Ag
catalyst. The inhibiting effect of CO; on the rate of ethylene epoxidationr, can be described by r,/r$
= Po,/(Pg, + K'Pq,), where r{ is the rate of epoxidation for vanishingly low P¢g, and K’ =
1.2 - 1075 - exp(6600/T). A simple mechanism is proposed which explains all the experimental

observations.

INTRODUCTION

Due to the industrial importance of the
ethylene epoxidation on silver, the kinetics
and mechanism of this reaction have been
studied extensively. Work prior to 1974 has
been reviewed by Kilty and Sachtler (7).
Despite the large number of investigations
and some very interesting recent experi-
mental findings (2-9) no generally accepted

reaction mechanism has yet been estab-
lished.

Ethylene and oxygen react on silver cata-
lysts to produce ethylene oxide and CO,. It
is well established that even with short
contact times CO, comes both from direct
oxidation of ethylene as well as from the
secondary oxidation of ethylene oxide
(10, 11). The reaction network can thus be
written as

C.H,O

/
5

C2H4 + 02

\

The kinetics and mechanism of the sec-
ondary oxidation of ethylene oxide to CO,
and H,0 on polycrystalline Ag films sup-
ported on stabilized zirconia (/2) have been
studied separately. The subject of this pa-
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CO; + H,0.

per is the kinetics of the two ethylene
oxidation reactions r; and r,. The experi-
mental approach was to combine Kinetic
studies in a CSTR with simultaneous in situ
solid-electrolyte potentiometric (SEP) mea-
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surement of the thermodynamic activity of
oxygen on the working silver catalyst.

Twigg reported the first thorough kinetic
study of ethylene oxidation on silver
(10, 11). He suggested an Eley-Rideal-type
mechanism between gaseous ethylene and
atomically adsorbed oxygen. It has been
well established, however, that several
forms of chemisorbed oxygen exist on sil-
ver (1, 2, 19) and that ethylene adsorbs on
oxygen-covered silver (6 -8).

Force and Bell have studied the infrared
spectra of species adsorbed on silver during
ethylene oxidation (6) and examined the
relationship of these species to the reaction
mechanism (7). Kummer has studied the re-
action kinetics on different Ag crystallo-
graphic planes and found little difference in
activity and selectivity (74). Carberry et al.
(3) have found that the selectivity to ethyl-
ene oxide increases by y-preirradiation of
the catalyst. Harriot er al. (8, I15) have
studied extensively support and crystal size
effects on activity and selectivity. Cant and
Hall (4) used ™C to study oxygen exchange
between ethylene and ethylene oxide and
found that ethylene oxide oxidation to CO,
is much slower than direct CO, formation
from ethylene oxidation, in agreement with
previous Kinetic studies (/0, 11, 13). In a
recent communication, Dettwiller et al.
(16) provide detailed kinetic expressions
for the three initial rates r,, r,, and r; for
silver supported on pumice (/6).

The inhibiting effect of reaction products
and other species on the rate of ethylene
oxidation on silver has been the subject of
considerable study. Hydrocarbons (33)
have been reported to retard both ethylene
epoxidation and combustion.

Kurilenko er al. (18) and Metcalf and
Harriot (35) have suggested that CO, in-
hibits both ethylene epoxidation and deep
oxidation. However, Hayes has found that
CO; has an inhibiting effect on ethylene
epoxidation only (/7). Nault et al. (34)
suggested that CO, inhibits both reactions
but the effect is much larger on the ethylene
epoxidation reaction.

In the present work previous observa-
tions and kinetic measurements are exam-
ined in light of the directly measured activ-
ity ao of oxygen on the silver catalyst.
Originally proposed by C. Wagner the tech-
nique of solid-electrolyte potentiometry
(SEP) allows for an in situ measurement of
ao on metal catalysts (20). It utilizes a solid-
electrolyte oxygen concentration cell with
one electrode also serving as the catalyst
for the reaction under study. The technique
has been used in conjunction with kinetic
measurements to study SO, oxidation on
noble metals (27), ethylene oxidation on
platinum (22), and ethylene oxide oxidation
on Ag (/2). Anindirect measurement of the
activity of oxygen a, adsorbed on Ag has
been obtained by Imre (23). Solid-electro-
lyte cells similar to the one described here
have been used (a) by Mason et al. to
enhance the rate of the NO catalytic de-
composition on Pt by oxygen ‘‘pumping’’
(24), (b) by Farr and Vayenas to electro-
catalytically oxidize ammonia and co-
generate electrical energy and nitric oxide
(25, 26), (c) by Stoukides and Vayenas to
enhance the rate and selectivity of ethyl-
ene oxidation on silver by oxygen
“‘pumping’’ (27). In the present work at-
tention is focused on the open circuit emf
of the cell which permits direct calcula-
tion of a, on the metal catalyst.

EXPERIMENTAL

The experimental apparatus shown in
Fig. 1is the one used to study the oxidation
of ethylene oxide and has been described in
detail elsewhere (12, 22). The porous silver
catalyst film was deposited on the flat bot-
tom of an 8% yttria-stabilized zirconia
tube. It had a superficial area of 2 cm?and a
total surface area of approximately 1900
cm® The silver catalyst film preparation
and characterization procedure has been
described previously (12). A similar Ag film
was deposited on the outside bottom wall of
the zirconia tube. This Ag film was exposed
to air and served as the reference electrode.
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F1G. 1. Schematic diagram of the apparatus. (F)
Calibrated feed flowmeters, (4PV) four-port valve,
(6PV) six-port valve, (RC) reactor cell, (TC) tempera-
ture controller, (IR) infrared CO analyzer, (DV) differ-
ential voltmeter, (SL) sampling loop, (GC) gas chro-
matograph, (CR) strip-chart recorder, (V) vent.

The continuous-flow reactor used has
been previously described and shown to be
well mixed (CSTR) over the range of flow
rates employed in the present study (22).
The residence time distribution curve of the
reactor obtained with an ir CO, analyzer is
shown in Fig. 2.

The open-circuit emf of the oxygen con-
centration cell was measured with a J.
Fluke voltmeter with an input resistance of
108 ohms and infinite resistance at nul. The
bottom of the stabilized zirconia tube was
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diamond polished to a thickness of ~200
um so that the resistance of the oxygen
concentration cell was below 10® ohms
even at the lowest temperatures used. The
correct performance of the cell as an oxy-
gen concentration cell was verified by intro-
ducing into the reactor various air—-N, mix-
tures of known P, and obtaining agreement
within 1-2 mV with the Nernst equation.

E = (RT/2F) In[P,,/(0.2D]*2. (1)

Reactants were Matheson certified stan-
dards of ethylene in nitrogen, CO, in nitro-
gen, and Matheson zero-grade air. They
could be further diluted in N, by means of a
gas mixer to maintain the partial pressure of
either ethylene or oxygen constant at de-
sired values. The mixer flowmeters were
calibrated in order to measure accurately
the total flow rate. Ethylene oxide and CO,
diluted in N, could also be added to the
feed, when desired, by means of a fourth
calibrated flowmeter.

Reactants and products were analyzed
by means of a Perkin—Elmer gas chromato-
graph with a TC detector. A Porapak Q
column was used to separate air, CO,,
ethylene, and ethylene oxide. A molecular
sieve SA column was used to separate N,
and O,. The carbon and oxygen balance
between reactants and products was con-

C/Cy
1.0—
= e
I ideal CSTR \//
L / Zirconia Reactor
* F=429 CC STP/MIN

5= / T=300°C

- »

-/
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FiG. 2. Reactor response to a step change in inlet CO, concentration. Mean residence time O =

2.18 s. Detector: ir CO; analyzer.
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sistent within 1%. The concentration of
CO, in the products was also monitored by
a Beckman 864 ir analyzer.

Measurement of the Oxygen Activity

The technique of solid-electrolyte poten-
tiometry (SEP), previously employed to
study SO, oxidation on noble metals (2/)
and ethylene oxidation on Pt (22), was used
to measure in situ the thermodynamic ac-
tivity of oxygen on the Ag catalyst. The
open circuit emf of the solid-electrolyte cell
utilized here is

E = []/4F] [MOZ(Ag) catalyst

— Moy reference], (2)

where F is the Faraday constant and mogaq)
is the chemical potential of oxygen ad-
sorbed on the Ag electrodes. This is de-
rived on the assumption that the stabilized
zirconia solid electrolyte is a purely anionic
(0%) conductor and that the dominant ex-
change current reaction involves O*~ and
adsorbed oxygen. Equation (2) includes as
a limiting case the usual Nernst equation
RT , Py,
E = Zf In P—Oz
which is valid only when no chemical reac-
tion involving the gas phase proceeds at the
electrode surface (28). In the general case it
is the activity of oxygen adsorbed on the
electrodes rather than the gas-phase oxy-
gen activity which determines the open-
circuit emf (29).
The chemical potential of oxygen at the
reference electrode which is in contact with
air (Po, = 0.21 bar) is given by

Hoy(ag) reference = Moy + RT In(0.21), (4

where ug, ) is the standard chemical poten-
tial of oxygen at the temperature of inter-
est. One can define the activity of oxygen
atoms on the catalyst ao by a similar equa-
tion

(3)

&)

Therefore a2 expresses the partial pres-

= o 2
Moyccatalysty = Hoge + RT Inag?.

sure of gaseous oxygen that would be in
thermodynamic equilibrium with oxygen
atoms adsorbed on the silver surface, if
such an equilibrium were established.

Combining Egs. (1), (3), and (4), ao
(bar'’?) is given by

ay = 0.21"2 exp(2FE/RT). 6

If equilibrium is established between gas-
eous oxygen in the reactor and oxygen on
the catalyst, then

2 —
Ao _POZ'

RESULTS
Kinetic Measurements

The kinetics were studied extensively at
temperatures between 250 and 450°C, eth-
ylene partial pressures between 1073 and
2. - 1072 bar, and oxygen partial pressures
between 1.5 - 1072 and 15. - 1072 bar.

After an initial induction period which
lasted approximately 48 h the catalyst ac-
tivity and selectivity remained constant
within 2% for at least 10 weeks.

The absence of external diffusional ef-
fects was verified by varying the total flow
rate between 150 and 400 cm® STP/min at
quasi-constant gas composition and observ-
ing no measurable change on the global
rates or on the electrochemically measured
surface oxygen activity «,. Internal diffu-
sional effects were also absent. This was
verified by using three different reactors
with porous Ag film thicknesses varying
roughly between 3 and 20 um and observ-
ing no difference (<1-2%) in the surface
oxygen activity at the same temperature
and gas-phase composition. Since the sur-
face oxygen activity a, is measured at the
bottom of the porous Ag film, i.e., at the
gas—metal-zirconia interline, this proves
the absence of internal diffusional effects.

The three independent reaction rates r,
r, (moles C.H,/s), and r; (moles C,H,O/s)
defined in the Introduction are calculated as
follows from the raw kinetic data of the
CSTR: First, we calculated r; using the
partial pressure of ethylene oxide Pgpox in
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the products and the rate expression ob-
tained in our previous work for the same
catalyst (12)

rs = K3 - Kgrox - Pirox/(1 + KgroxPirox)
with
K; = 14.4 exp(—10200/T) mole /s
and
Kgrox = 3.3 - 107% exp(10600/T) bar2.

As it turns out because of the low conver-
sions employed in the present study
(<30%), i.e., due to the relatively high Py
and low Pgrox, #3 is of the order of 1% of r,
and r,. This was again verified by introduc-
ing ethylene oxide and oxygen in the reac-
tor at the same Pgrox and space velocities
employed in the main kinetic study. The
rate rg is therefore much smaller thanr, and
r, and in most cases small enough to be
neglected (< 1%). This is also demonstrated
by the fact that over the range of space
times employed in the present study (3-
15 s), selectivity (moles ETOX pro-
duced/moles ethylene reacted) was
practically space time independent. How-
ever it might be anticipated that the pres-
ence of ethylene alters the value of r; from
that obtained in the separate ethylene oxide
oxidation study (72). This effect has been

studied separately and found to be small
and in the direction of decreasing r;. There-
fore r; can be neglected for the purposes of
the present investigation, i.e., practically
all CO, produced comes from direct ethyl-
ene oxidation. This has been suggested by
previous workers too (4, 10, 11, 13).

Thus taking into account that the reactor
is a CSTR the reaction rates r,, r, can be
calculated from the appropriate mass bal-
ances:

ri—rz3=r; =G Xgrox, N
r2+r3’—wr2=%'G~Xco2, (8)

where Xerox, Xco, are the exit mole frac-
tions of ethylene oxide and CO, and G is
the total molar flow rate.

The values of , and r; thus obtained were
also found to satisfy within 1% the mass
balance requirement

ry+ry = GXgr,w — Xerovrl.  (9)

Due to the high partial pressure of diluent
N, (~0.7 bar) and the low conversion,
volume changes due to reaction were calcu-
lated to be negligible (<0.3%). Each kinetic
point presented here is the average of two
measurements usually differing less than 1-
2%.

The rate of ethylene oxide production r,
is plotted in Fig. 3 vs the partial pressure of

e °
T« 350 °C, B, 20115 bor
_3_0_____-0_0__
w
- 41+
®
o]
£ T=300°C R, =.0102 bar
~
'9 —— e ——— ——— A___A_ ______ x——
e 2F
T=270°C B, = 008 bar
L
—— - — - —— —— —g————g~— T — —
| | 1 |
o 25 50 7.5 10.

Fo, » 107 bar

FiG. 3. Rate of ethylene epoxidation r, vs P, at constant Py and temperature.
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F1G. 4. Rate of ethylene oxidation to CO, 7, vs Py, at constant Pgr and temperature.

oxygen at constant 7 and Pgr. The rate of
deep ethylene oxidation r; is plotted vs P,
in Fig. 4. Clearly both r, and r, are zero
order in oxygen over the range of P, values
investigated.

Figure 5 exhibits the dependence of 4, rs
on Pgr at 440°C which is the highest tem-
perature studied. Both rates are first order
in ethylene.

However at lower temperatures this sim-
ple first-order dependence on ethylene dis-
appears as shown in Figs. 6 and 7.

It was found that all the kinetic data
could be expressed rather accurately by the
rate expressions

r1 = K \KgiPer /(1 + KgrPgr),
re = K;KgrPer/(1 + KgrPer)

(10)

(11
with

K, = 0.28 exp(—7300/T) mole/s, (12)

K, = 2. 10? exp(— 11100/7) mole/s, (13)

Kgr = 8.7 - 107* exp(5800/T) bar™'. (14)

It should be noted that according to these
rate expressions which account for the re-
tarding effect of ethylene, the selectivity
depends very little on gas composition at
constant temperature, at least over the

range of gas-phase compositions investi-
gated. This is shown in Fig. 8.

Oxygen Activity during Reaction

With inert-O, mixtures present in the
b
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Fi1G. 5. Rates of ethylene epoxidation (r,) and com-
bustion (r,) vs Pgy at 440°C. The partial pressure of
oxygen varies between 1.5-10~% and 15 - 102 bar.
Broken lines correspond to Eqs. (10)—(14).
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FiG. 6. Rates of ethylene epoxidation (r,) and com-
bustion (r,) vs Pgr at 300°C. Broken lines from Egs.
(10)-(14).

reactor the electrochemically measured
surface oxygen activity a,? (Eq. (6)) was
always found to equal Py, within 1-2%.
However in the presence of ethylene, i.e.,
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FiG. 7. Rates of ethylene epoxidation (r;) and com-

bustion (ry) vs Pgp at 250°C. Lines correspond to
Egs. (10)-(14).
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Fi1G. 8. Temperature dependence of the selectivity
(moles ethylene oxide produced/moles ethylene re-
acted).

during reaction, open-circuit emf values
between —20 and —100 mV are obtained
and thus, in general, ao? < P,. This implies
that no thermodynamic equilibrium is es-
tablished between gaseous oxygen and oxy-
gen adsorbed on silver under reaction con-
ditions. It was observed that

(a) ao® approaches P, with increasing
temperature at constant Py, and Pgr;

(b) ao® increases with increasing P, at
constant Pgr;

(c) ao? decreases with increasing Py at
constant Py,;

(d) varying the partial pressure of ethyl-
ene oxide Pgrox causes a very small change
(2-3 mV) on the emf at constant Py and
Py, to the extent that Pgrox is below 0.02
bar. Carbon dioxide has no effect whatso-
ever (<1 mV) on a,.

Observation (b) is in agreement with
Imre’s previous work but observation (c) is
not. Imre suggested that the oxygen activ-
ity increases with increasing Pgr. It should
be noted however that his definition of
oxygen activity is different from Eq. (5) and
that his method of measurement is quite
indirect (23).

Several functional forms were examined
in order to describe the dependence of a,
on gas-phase composition. It was found
that all the a, measurements could be cor-
related in a quite satisfactory way by the
expression
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Ro 1 P,

F1G. 9. Surface oxygen activity dependence on gas-
phase composition.

P§2/ag = 1 + KPgy/Po, (15)

with

K = 3.4-107% exp(7800/7). (15a)

This is shown in Figs. 9 and 10.

The defining Equation (5) of the activity
a, of surface oxygen atoms does not imply
that oxygen adsorbs in the form of atoms
only. It is well established (I, 13, 30, 31)
that several forms of adsorbed oxygen can
exist on silver. To the extent that all these
forms are in thermodynamic equilibrium,
i.e., they all have the same steady-state
chemical potential, then the emf E and thus
ag reflect this common chemical potential.
If, however, due to fast kinetic processes,
such an equilibrium is not established then
the emf E reflects the activity of oxygen
atoms as they are the fastest ones to equili-
brate with the O®~ of the solid electrolyte
(20). This is further discussed below.

The Effect of CO,

The effect of CO, on the rate of ethylene
epoxidation and combustion as well as on
the surface oxygen activity a, was studied

In K

L0 | |
14 16 18 20
1031

Fic. 10. Temperature dependence of the oxygen
activity parameter K (Egs. (15), (15a)).

at temperatures between 250 and 400°C and
partial pressures of CO, between 0.5 bar
and 3 - 10~ bar. The partial pressure of
ethylene was varied between 0.5 - 10~2 and
1.6 - 1072 bar and that of oxygen between
3.-10%and 12 - 1072 bar.

Figure 11 shows the inhibiting effect of
CO; and r, at Pgr = 1.3 - 1072 bar and P,,
between 0.05 and 0.1 bar for the various
temperatures examined; r{ is the rate of
ethylene epoxidation in the absence of ex-
cess CO., except that produced by reac-
tion, which corresponds to P, usually less
than 1073 bar. Figure 11 shows that CO, has
a pronounced inhibiting effect on r, at tem-
peratures below 330°C.

No single correlation of r;/r; with P,
was found to hold when Py, varies. Al-
though over the range of parameters inves-
tigated r, is zero order in oxygen for low
Pco,, it was found that the rate increases
considerably with increasing P,, at con-
stant ethylene and constant high values of
P, (>0.05 bar). Careful examination of
the data showed that r,/r{ could be
uniquely related to the ratio Pco,/Po, at
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F1G. 11. Effect of CO, on the rate of ethylene epoxidation r,.

constant T

r3/ri= 1+ K'Pco,/Po,. (16)

This is shown in Fig. 12, where (ri/r{)—1is
plotted vs Pco,/Po,- The temperature de-
pendence of the proportionality constant X'
is shown in Fig. 13. The parameter K’
increases with decreasing temperature
since the CO, retarding effect on r; is
significant below 330°C and almost van-
ishes above 400°C.

Similarly with the ethylene oxidation ex-
periments at low P, values, it was found
that the surface oxygen activity aq is
uniquely defined by Pgr, Po,, and T and is
totally independent of Pco,. This is shown
in Fig. 14 for various temperatures and gas-
phase compositions. The oxygen activity a,
remains constant within 2% as P, varies
more than three orders of magnitude. This
is remarkable in view of the fact that at the
same time r, is decreasing considerably
(Fig. 11).

Within the accuracy of the experimental
measurements the rate of ethylene combus-
tion r, remains virtually constant with in-
creasing Pco,. This is shown in Fig. 15
where r$/r, and r3/r, are compared at
constant 7, Pgp, and Py,. As shown in
the figure the measurement of r, is sub-
ject to considerable experimental error

for high P, values because in this region
the ir CO, analyzer could not be used
and the chromatographic separation of
the ethylene peak and the large CO, peak
was not complete. However, one can
definitely conclude that if CO, has an ef-
fect on r, the effect is much smaller than
the corresponding one for r,. This is in
agreement with previous work by Hayes

A-250°¢C
0:270°¢c
0 =330°C
0.375°¢C

Ir, )=

o
1

(r

FiG. 12. Effect of the P¢y,/Po, ratio on the rate of
ethylene epoxidation r,.
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Fi1G. 13. Temperature dependence of K’.

(17) and Nault (34) although other
workers have reported that CO, inhibits
rp also (18, 35).

DISCUSSION

Since the early work of Twigg (10, 11) a
number of reaction mechanisms have been
proposed for ethylene oxidation on Ag. We
can discuss now some of these mechanisms

on the basis of the reaction network ki-
netics, previous experimental investiga-
tions, and the new information provided by
the solid-electrolyte-aided surface oxygen
activity measurement.

Twigg basically proposed an Eley-Ri-
deal-type mechanism between gaseous eth-
ylene and atomically adsorbed oxygen
(10, 11). According to this early mecha-
nism, reaction of ethylene with one ad-
sorbed oxygen atom gives C.H,O, while
reaction of C,H, with two oxygen atoms
gives CO,. Since this early work a number
of studies have shown that several forms of
adsorbed oxygen exist on silver during eth-
ylene oxidation (!, 13, 30, 31). According
to the classical picture of Kilty and Sachtler
one of these forms of oxygen, i.e., molecu-
larly adsorbed O,, gives rise to ethylene
oxide while atomically adsorbed oxygen
yields CO; (1, 2). This mechanism can also
explain the observed increase in selectivity
when trace amounts of chlorinated hydro-
carbons are added to the feedstream (2).
Furthermore, Twigg’s early notions of an
Eley-Rideal-type mechanism do not seem
to be well accepted by the majority of
previous workers (13, 16) as recent ir spec-
troscopic studies have shown several spe-
cies adsorbed on Ag during ethylene oxida-
tion including at least two forms of oxygen,

Per = 15 107 bor
Po, = 971077 bar
T= 400° C

o 2
(=]
-2
Py .39 10 % bar
Pop =4 - 107 bor
in / T = 300°C
Pe— = ——— — 0 e ——— pt———pg———————— a}
I l ! ] |
10 20 30 40 50
PCOZ , 10 “bar

FiG. 14. Surface oxygen activity ag vs Pco,.
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Fic. 15. Effect of CO, on r, and r, at constant T,
Pgr, and Py,

ethylene, CO,, and ethylene oxide as well
as oligomers of ethylene oxide (6, 7).

The present results including the surface
oxygen activity data can be accounted for
within the general framework of the Kilty—
Sachtler mechanism. In agreement with
previous work we found it necessary to
postulate the existence of two types of
adsorbed oxygen in order to explain the
experimental observations presented here.
A strong indication of the existence of two
types of adsorbed oxygen is the retarding
effect of CO, (Figs. 14 and 15). Carbon
dioxide retards r, only and leaves r, and the
emf almost totally unaffected. It thus fol-
lows that CO, competes for the same ad-
sorption sites with the oxygen species re-
sponsible for ethylene oxide formation but
not with the oxygen species the activity of
which is being electrochemically measured
and which produces CO,. Since the emf
measurements are expected to reflect the
activity of atomic oxygen (20) it would
follow that atomic oxygen is responsible for
CO, formation while a second type of oxy-
gen, presumably molecularly adsorbed,
vields ethylene oxide, in excellent agree-
ment with what previous workers have
proposed (1, 2, 23).

A satisfactory mechanism for ethylene
oxidation should account not only for the
kinetics (Egs. (10) and (11)) but also for the
surface oxygen activity behavior (Eq. (15)).
Such a mechanism explaining all the experi-
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mental observations in a semiquantitative
manner is presented below.

According to the previous discussion we
assume two types of surface sites S, and S;
for atomic and molecular oxygen adsorp-
tion, respectively. We also assume the exis-
tence of a third type of site S, for ethylene
and ethylene oxide chemisorption. In order
to account for the above-mentioned CO,
effect carbon dioxide must then compete
with molecular oxygen for S; sites. We
assume Langmuir-type adsorption for eth-
ylene on S, sites and thermodynamic equi-
librium between surface and gaseous ethyl-
ene during reaction. It thus follows that the
coverage 8 of ethylene on S, sites is given
by

Ot = KetPer/(1 + KptPer), (17)

where Kgr is the adsorption coefficient of
ethylene, provided Pgrox is small enough
(<0.02 bar) so that (/2) gox = 0.

Similarly, assuming Langmuir-type ad-
sorption for molecular oxygen on S; sites
and thermodynamic equilibrium between
molecularly adsorbed and gaseous O, one
obtains

002 = K02P02/(1 + K02P02)’ (18)

where 0y, is the O, coverage of S; sites and
Ko, is the molecular adsorption coefficient
of oxygen. If Pco, is high (>0.05 bar) and
the temperature low, then (18) would have
to be modified in the form

002 = K02P02/

(1 + Ko,Po, + KcoPcoy). (19)

We will also assume Langmuir-type ad-
sorption of atomic oxygen on S, sites but
will not necessarily assume thermodynamic
equilibration between gaseous and atomi-
cally adsorbed oxygen. This is possible if
the atomic oxygen adsorption—desorption
kinetics are relatively slow with respect
to the surface reaction. Because of the
definition of surface oxygen activity a,
(Eq. (5)) and the Langmuir adsorption as-
sumption it follows that
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00 = Koao/(l + Koao). (20)

Note that this expression relates two
intrinsic surface properties and is valid
whether or not equilibrium with the gas
phase exists. If such an equilibrium exists,
then P, = a,o® by definition and (20) reduces
to the common form of the Langmuir iso-
therm for dissociative adsorption.

On the basis of these assumptions it
follows that the rate of ethylene oxide for-
mation r, is given by

ry = K16ET602

=K KET PET R KOg POg
= KT K P T Ko P,

zi)

which reduces to the experimental rate
expression (10) if Ko,Po, > 1. This is quite
reasonable since all the experiments were
performed with Py, > 1.5- 1072 bar. It is
reasonable to expect that for very low
values of P, the rate r; will become first
order in oxygen.

Similarly, the rate of ethylene deep oxi-
dation r is given by

re =Kz -0 0

=K KgrPpr . Koaq
2 1 + KETPET 1 + Koao

(22)

which reduces to the experimental expres-
sion (11) if Kpao > 1. It should be noted that
0, ~ 1 is not inconsistent with the experi-
mental observation ao? < P, to the extent
that Kqao > 1. SEP measurements are quite
sensitive to changes in the activity of oxy-
gen at near surface saturation because of
the exponential dependence of a, on the
measured emf (Eq. (6)). Thus ¢, can change
by orders of magnitude while 8, remains
close to unity as long as Kpao > 1 as is the
case here. From (2/) and (/0) it follows that
the experimentally determined parameter
Ky (Fig. 16) is the adsorption coefficient of
ethylene on silver. According to Eq. (14) it
follows that the enthalpy and entropy of
adsorption of ethylene on silver are AHgy
= —11.5 kcal/mole and ASy; = —14
cal/mole - K. Both values are quite reason-
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able and in good agreement with those
reported by Dettwiller (/6).

The difference in activation energies of
K, and K, (22. — 14.5 = 7.5 kcal/mole)
explains well the monotonic drop in selec-
tivity with increasing temperature (Fig. 8).

The surface oxygen activity dependence
on temperature and gas-phase composition
can be explained now by considering a
steady-state mass balance for adsorbed
atomic oxygen:

O =K, P2 -(1— 8p) (1 — 6er)
— Ky 00(1 — 0gr) — v - K30erbo

+ K10ET002. (23)

The first term corresponds to the atomic
oxygen adsorption step using the same as-
sumptions made in the ethylene oxide study
(12),1.e., that atomic oxygen adsorption on
a S, site requires an empty adjacent S, site.
The second term corresponds to oxygen
desorption under the same assumptions.
Note that in the absence of ethylene (zr =
0) the last two terms vanish and Eq. (13)
reduces to the common form of the
Langmuir isotherm with K, = K,4/K4. The
third term refers to atomic oxygen reacting
with ethylene to form CO.. The coefficient
v would equal 6 if all oxygen contained in
CO, is originally atomically adsorbed.
However since some of that oxygen may
originate from the gas phase once an acti-



30 STOUKIDES AND VAYENAS

vated complex between adsorbed ethylene
and adsorbed atomic oxygen is formed we
will leave vy unspecified and treat it as an
adjustable parameter. The last term ac-
counts for atomic oxygen formed from mo-
lecular oxygen. We assume that whenever
ethylene reacts with molecularly adsorbed
oxygen to form ethylene oxide, the oxygen
atom thus formed migrates to an atomic
oxygen adsorption site S,.

Taking into account Eqs. (17) and (20)
and dividing (23) by K1 — 6,) (1 —
8cr)a, one obtains

Lid S ) _K.
( ao )0 =k, Ker
K
Por |20, - 0] 29

and taking into account that 6, = 1 accord-
ing to the kinetics (Eq. (11)):

P¥/a,

K;K K
1 Bkup 2 ]

The ratio K,/K, is of order 1. It varies
from roughly 2 at 440°C to ~0.5 at 250°C.
Agreement with experiment becomes quan-
titative if yK,/K, = 1. This assumption is
not unreasonable but cannot be justified
independently. With this assumption and
according to Eq. (18) it follows that

1 - 002 = 1/1(021)02 (26)

and Eq. (25) reduces to the experimental
expression

szz/a() = 1 + KPET/P02 (15)

which describes the surface oxygen activity
behavior, with

K = KETKI/KOZKCI- (27)

Figure 10 shows the temperature depen-
dence of K which corresponds to Eq. (15a).
The temperature dependence of Kgr and K
is described by Egs. (14) and (12), respec-
tively. One could thus estimate AH,,, the
heat of oxygen molecular adsorption, from

Ko, if the activation energy of K; were

known. By using an average literature
value of ~28 kcal/mole (I, 32) for the rate
coefficient of atomic oxygen desorption one
estimates AH,, = -9.5 kcal/mole, in
agreement with the calorimetric data of
Ostrovskii ef al. at high oxygen coverages
3.

In the above analysis which explains the
experimental observations (10), (11), and
(15) the effect of CO, on r, has been ne-
glected.

Since CO, competes with molecular oxy-
gen only, the rate of ethylene combustionr,
given by (22) should remain unchanged in
agreement with experiment. However, the
coverage of O, on molecular oxygen and
carbon dioxide adsorption sites becomes

8o, — Koo,
2~ 1+ Ko Po, + KcoLo,
. K02P02
= Ko,Po, + Kco,Peo,’

(28)

where Ko, is the adsorption coefficient of
CO,. The last equation is valid as long as
Ko,Po, > 1. It thus follows from (21) that

KCOg PCOz
Ko, Po,

rfry=1+ (29)

provided r; and r{ are measured at the
same Pgr. This is the experimentally ob-
tained relation (16) if K’ = K¢o,/Ko,. Thus
the parameter K’ = 1.2 - 107% - exp(6600/T)
can be interpreted as a ratio of two adsorp-
tion coefficients.

This would imply AHc, — AH,, =
—13.1 kcal/mole, where AH o, and AH,,
are the heats of adsorption of CO; and
molecular O,, respectively. If AHy, = —10
kcal/mole (37) one obtains AH o, =~ —23
kcal/mole. The difference AH o, — $AH,,
of the two heats of adsorption is —18
kcal/mole, quite close to the AH®° of the
reaction

which is —18.5 kcal/mole at 298 K. Al-
though this may be coincidental it does
suggest the possibility of CO, forming sur-
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face carbonate by adsorbing on oxygen
atoms trapped in molecular oxygen adsorp-
tion sites after reaction of molecular oxy-
gen with ethylene to form ethylene oxide.
This is supported by the results of Force
and Bell’s study (6, 7) who observed sur-
face carbonate formation upon chemisorp-
tion of CO, on Ag in the presence of O,, as
well as by those of Czanderna who reports
that CO; adsorbs on silver only when the
surface is partially oxidized (32).

In summary, the oxygen activity mea-
surements provide some new information
about ethylene oxidation on silver. The use
of solid-electrolyte potentiometry in con-
junction with other surface-sensitive tech-
niques, such as ir spectroscopy, could im-
prove considerably the understanding of
this important catalytic system.
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