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The Role of CH Bond Breaking in the Epoxidation of Ethylene 

Recently Cant and Hall (1) reported that 
the rate of epoxidation of ethylene by 0, 
catalyzed by Ag is significantly higher for 
CBD, than for CzH4. This is a surprising 
result vis-a-vis Worbs’ widely accepted ep- 
oxidation mechanism (2), which assumes 
that oxygen is adsorbed onto Ag both non- 
dissociatively and dissociatively and that 
the diatomic adsorbed oxygen reacts with 
ethylene to give the epoxide (EO), whereas 
the monoatomic oxygen leads to total com- 
bustion of ethylene: 

CP H4 > 4,oc - (EO+Oad, 1 

Q,Pos-2 o fvb 2 (1) 

52 ads 
__) 3 (C$ +H&4 

Since the oxygen atom formed in the first of 
these reactions will subsequently react with 
ethylene to form CO, and Hz0 (unless 
recombination to Oz,ads takes place), the 
stoichiometry of this scheme is given by 

EO + f ICOP + Hz01 

+$v4 2 
(14 

* 3 (c4+Hp) 

Upon defining the selectivity S by kEo, i.e., 
the rate of C2H, conversion to EO, divided 
by the total rate of C2H4 conversion, 

c-9 

where kcoz is the rate of C,H, conversion to 
COP, Scheme (la) leads to 

(3) 

Kilty et al. (3) supported this model on the 
basis of infrared evidence, including data 
obtained with isotopically labeled oxygen, 
and results on the effect of a chlorine 
“moderator” on the selectivity. They pro- 
posed that chlorine adsorbed on Ag sup- 

presses r,,, the rate of dissociative adsorp- 
tion of oxygen. 

A different mechanism had been pro- 
posed by Twigg (4), who assumed that EO 
is formed by reaction of ethylene with 
monatomic adsorbed oxygen. In terms of 
this model Force and Bell (5) explained the 
effect of the moderator by assuming that 
adsorption of chlorine removes the vacant 
sites required for chemisorption of ethyl- 
ene. Only oxygen atoms contiguous to 
these sites are assumed by these authors to 
lead to combustion to carbon dioxide and 
water. 

According to both hypotheses the selec- 
tivity should increase with increasing cov- 
erage of the surface with Cl. It appears, 
however, that either model requires some 
further specification in order to account for 
the isotopic effect found by Cant and Hall. 

In the case of the Worbs mechanism the 
assumption has to be introduced that reac- 
tions of ethylene with nondissociatively ad- 
sorbed O2 can lead to either EO (+CO, + 
H,O) or CO, + H,O. Formation of EO does 
not involve CH bond breaking as it pro- 
ceeds via insertion of an oxygen atom into 
the double bond of ethylene; the other 
reaction involves CH bond breaking and 
leads ultimately to total combustion of eth- 
ylene. 

The modified reaction mechanism can be 
schematically represented as follows: 

(4) 

The competitive reaction mode of ethylene 
with %A is in agreement with Cant and 
Hall’s finding that the rate of ethylene oxide 
formation increases but that of CO, forma- 
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tion decreases when C,H, is replaced by 
C,D,; in other words this is basically an 
isotope effect of the parameter p. 

If chlorine only increases the ra,/ran ratio, 
as is postulated by Kilty et.al., and does not 
affect the probability p that molecular 0, 
gives ethylene oxide, the isotope effect a 
found upon replacement of C2H, by C2D4 
should increase with the chlorine coverage 
of Ag. The isotope effect a is defined as: 

According to mechanism (4), the expres- 
sions for the rate become: 

3koz = ${(I - Bpb,, + rd. (6) 

In order to test the hypothesis that the 
isotope effect should increase with Cl cov- 
erage of Ag we measured the isotope effect 
as a function of changing moderator con- 
centration at the surface. The experiments 
were performed in a recirculation apparatus 
made of Pyrex. Under our conditions (PCZHa 
= 67 mbar, po, = 213 mbar, pAr = 67 mbar, 
WHSV = 6500 Nl . kg-’ . h-l, total volume 
= 860 ml), no appreciable effects due to a 
consecutive reaction or to adsorption of 
reaction products were apparent (Fig. 1). 
The Ag powder used had been prestabi- 
lized by subjecting it to oxidation (0,) and 
reduction (HZ) cycles. 

The influence of a chlorine-containing 
moderator was determined by exposing sil- 
ver precovered with Cl to a reaction mix- 
ture containing vinyl chloride at 200°C. Part 
of the vinyl chloride was burnt to CO, and 
HzO, while the Cl was adsorbed by the 
silver. The amount of Cl deposited was 
calculated from the decrease in vinyl chlo- 
ride concentration during the decomposi- 
tion run. 

Since we observed that at 200°C Cl is 
only very slowly removed from the silver 
surface, it is possible to compare the selec- 
tivities of C,H, and C2D4 epoxidation at 
that temperature using the same silver cata- 
lyst at virtually constant chlorine coverage. 
After one cycle of two experiments (C,H, 
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FIG. I. Comparison of yields for deuterated and 
nondeuterated ethylene; T = 2OOT, S(C*H,) = 68%. 

and C,D,) the selectivity to C,H,O proved 
to be unchanged. 

It was found that at 300°C chlorine can 
be (partly) stripped from the silver by an 
0,/C,= mixture. After such treatments the 
EO selectivity measured at 200°C was 
found to depend on the amount of chlorine 
still present. A maximum selectivity of 74% 
was found for an atomic Cl/ Ag surf. ratio of 
0.35 ? 0.10. A decrease in coverage of 10% 
lowered the selectivity to 65% and after 
extensive stripping of chlorine S decreased 
to 35%. 

In Fig. 2 the isotope effect (Y is plotted 
against the selectivity of C2H, to EO mea- 
sured at a particular Cl coverage and tem- 
perature. From these data two conclusions 
can be drawn: 
-the isotope effect strongly decreases with 

increasing selectivity as a result of pre- 
covering the surface with chlorine; 

-the isotope effect strongly increases with 
increasing temperature. 
In addition, as is illustrated by Fig. 1, it is 

found that: 
-replacement of C,H, by C,D, increases 

the rate of EO formation but decreases 
the rate of COZ formation. 
The latter observation is in agreement 

with the results of Cant and Hall (I). 
Since we also determined the rate of 

oxygen adsorption on the same Ag powders 
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FIG. 2. Isotope effect as a function of selectivity: 
selectivity measured at: 0, 250°C; c), 235°C: 0, 200°C. 

as were used in the epoxidation experi- 
ment, the rate of oxygen consumption in 
the epoxidation reaction divided by the 
number of oxygen collisions with Ag can be 
compared with the sticking coefficient of 0, 
on Ag. These experiments have been done 
in the absence of chlorine. 

At 200°C the sticking coefficient at 8,, = B 
8 max equals 5 x 10-j. emax is the surface 
coverage of O2 after 30 min of oxygen 
exposure (poZ = 5 Torr). I$,,,, corresponds 
with O/Ag = I. At 8,,,, the sticking 
coefficient has dropped to 10m6. 

The sticking coefficient at 19 = 3 &,,, 
measured is of the same order of magnitude 
as that published by Engelhardt and Menzel 
(6) for the Ag( I IO) face and that reported 
by Albers ef al. (7) for Ag(l11). From the 
turnover number of oxygen in the epoxida- 
tion reaction we calculated a reaction prob- 
ability of 10m4 per oxygen collision. So we 
find agreement with the sticking coefficient 
within a’factor of 2. 

These findings support the kinetics in 
which the rate of oxygen adsorption is 
assumed to be rate limiting. 

Our results do not allow us to discrimi- 
nate between Worbs’ and Twigg’s mecha- 
nisms. They can be reconciled with Worbs’ 

include the possibility that molecular oxy- 
gen can also react with ethylene to give 
total combustion (Scheme 4). The chlorine 
moderator not only changes the relative 
concentrations of atomic and molecular ox- 
ygen, but also increases p, the probability 
that molecular oxygen reacts with ethylene 
to ethylene oxide. 

The assumption that.the reaction of eth- 
ylene with atomic oxygen leading to total 
combustion of ethylene does not involve 
CH bond breaking as the rate-limiting step 
is in agreement with the observation by 
Yao (8) that replacement of C,H, by C,D, 
does not change the rate of total combus- 
tion on catalysts not selective in ethylene 
oxide formation. Reaction with ethylene 
probably occurs with dissociated oxygen. 

Our results indicate that the surface oxy- 
gen species responsible for epoxide forma- 
tion can also lead to an ethylene species 
intermediate giving total combustion of eth- 
ylene. The relative probability of both 
routes shows an isotope effect and is 
influenced by preadsorption of chlorine. 
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