
JOURNAL OF CATALYSIS 122, 22-33 (1990) 

Ethylene Oxidation over Silver Catalysts: A Study of Mechanism 
Using Nitrous Oxide and Isotopically Labeled Oxygen 

Y o u - S I N G  YONG AND NOEL W .  CANT 1 

School of  Chemistry, Macquarie University, NSW 2109, Australia 

Received April 24, 1989; revised October 3, 1989 

The mechanism of ethylene epoxidation over a silver sponge catalyst under steady-state condi- 
tions has been probed by comparison of nitrous oxide and oxygen as oxidants. Under noncompeti- 
tive conditions the reaction with oxygen is about five times as fast and more than twice as selective. 
When both are present oxygen inhibits participation by nitrous oxide and the ratio of rates is much 
larger. Reaction has been carried out with a mixture of 1802 and N2160. The aim was to see if 180 
was preferentially incorporated into ethylene and 160 into carbon dioxide, as would be expected if 
diatomic adsorbed oxygen is the source of the epoxide. The data indicate that this does not occur 
and hence that ethylene oxide and carbon dioxide are both derived from oxygen atoms. However, 
it is very difficult to exclude artifacts since the minimal involvement of nitrous oxide makes the 
isotope analyses difficult. No isotopic mixing occurred between 1802 and N2160, neither is it observ- 
able when ethylene is oxidized by 1602/1802 mixtures. It is detectable when ethylene is absent but 
the rate is lower than that of ethylene oxidation under similar conditions. Studies have been made 
using the same silver catalyst promoted by inclusion of dichloroethane in the feed. This raises 
selectivity to 80% when oxygen is used but the rate is much lower. The chlorine-moderated 
catalysts have no measurable activity for ethylene oxidation by nitrous oxide. This difference in 
behavior between the two oxidants can be correlated with their dissociation rates in the absence of 
ethylene. Surface chlorine sufficient to depress isotope mixing between 1602 and 1802 by a factor of 
7 relative to unpromoted silver renders dissociation of nitrous oxide undetectable. Dissociation of 
nitrous oxide is also inhibited by adsorbed oxygen even when surface chlorine is present. It is 
concluded that the rate of ethylene oxidation is related to the rates of dissociation of the respective 
oxidants. Ethylene oxidation can be faster than oxidant dissociation in the absence of ethylene 
because reaction with ethylene prevents buildup of inhibiting surface oxygen atoms. © 1990 
Academic Press, lnc, 

INTRODUCTION 

Silver is unique as the only catalyst for 
the formation of  ethylene oxide by direct 
combination of ethylene and oxygen. In 
commercial operation using chlorine, mod- 
erated silver selectivities to the epoxide ap- 
proaching 80% can be achieved. Two views 
have existed concerning the nature of the 
adsorbed oxygen species involved in the re- 
action. One suggests that the crucial step is 
cleavage of  an undissociated oxygen spe- 
cies by reaction with ethylene to yield the 
epoxide and deposition of a lone oxygen 
atom. Byproducts carbon dioxide and wa- 
ter are supposed to arise from the latter, 
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derived either in this way or by direct disso- 
ciation of other oxygen molecules. Evi- 
dence for this model to 1981 was reviewed 
by Sachtler et al. (1) and has been sup- 
ported by some subsequent single-crystal 
studies (2, 3). The second model holds that 
both epoxide and byproducts arise from the 
same monatomic oxygen species. Recent 
transient isotope studies (4), reviewed by 
van Santen and Kuipers (5) support this 
view. They show that if silver, predosed to 
retain 160 in atomic form, is heated in a 
mixture of ethylene and 1802, then signifi- 
cant amounts of  ethylene oxide containing 
160 are evolved. Thus conversion of oxy- 
gen atoms to epoxide is possible. The result 
does not preclude combination of atoms 
and the immediate reaction of the diatomic 
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species so produced with ethylene, but the 
authors argue that this is unlikely. 

One finding which has been used as evi- 
dence against the second model is the ob- 
servation that N20, for which the oxygen 
species deposited must be atomic initially, 
exhibits a much lower selectivity for epox- 
ide production than does 02. The original 
study of Herzog (6) gave selectivities of 2-  
8% but values ranging from zero (7) to 79% 
(8) have since been reported. This diver- 
gence led us to make a comprehensive com- 
parison of reactions using the two oxidants 
over several silver catalysts. It was shown 
(9) that the reaction rate with N20 was typi- 
cally one-tenth to one-third that with 02. 
For unmoderated catalysts the selectivities 
were 10 to 20% with N20 and 35 to 55% 
with 02. It is difficult to use these findings 
as evidence in favor of either monatomic or 
diatomic oxygen as the epoxidizing agent. 
To support the former, one must explain 
why the selectivities differ so significantly 
when N20 should produce the required ox- 
ygen species. On the other hand, if di- 
atomic oxygen is involved, then rapid com- 
bination of oxygen atoms is required to 
explain the formation of ethylene oxide 
from N20. 

Potentially, the two models can be distin- 
guished through competitive experiments 
in which the oxygen atoms of N20 and 02 
are isotopically different. For example, if 
1802 and N2160 a re  used then the mon- 
atomic model would predict that the 160/180 
ratio should be equal to all products and in 
proportion to the relative reaction rates of 
the two oxidants. On the other hand, if di- 
atomic oxygen is required for epoxidation, 
then preferential incorporation of 180 into 
ethylene oxide should be observed. One 
aim of this study was to work out the exper- 
imental conditions required for a definitive 
isotope experiment of the above type. The 
result of an attempt at it is reported. Ear- 
lier, Yokohama and Miyahara (7) carried 
out reactions using 1802/N2160 mixtures but 
their work gives no information on the com- 
position of the epoxide product. 

EXPERIMENTAL 

All catalytic measurements were carried 
out over samples of a high-purity silver 
sponge catalyst (BET area = 0.4 mZ/g) us- 
ing a conventional single-pass flow system 
with analysis by multicolumn gas chroma- 
tography. Catalyst preparation, reduction 
procedures, and reactor operation were as 
described previously (9, 10). Most mea- 
surements were made with the catalyst op- 
erating in the steady-state situation reached 
after some hours on stream. Rate informa- 
tion is reported here as the conversion rate 
defined as 

conversion rate//xmol Cell4 g Ag-I min-I 
= F X / W  

where F is the input molar flow rate of eth- 
ylene, X its conversion, and W the weight 
of silver catalyst. Conversion rates were 
calculated from product analyses, knowing 
the overall reaction stoichiometry and the 
total flow rate. Most measurements were 
made under differential conditions (conver- 
sions - 15%). However this was not always 
practical for all reactants during inter- 
change or combination of oxidants, particu- 
larly when the effect of added dichloroeth- 
ane (DCE) was being followed. Situations 
in which high conversions would cause the 
conversion rate, defined as above, to differ 
substantially from the true differential rate 
are noted in the text. 

Oxygen-18 was obtained from Cambridge 
Isotope Laboratories, Cambridge, Massa- 
chusetts, in a 150-cm 3 cylinder. Mass spec- 
tral analysis showed approximately 2% 
160180 but no detectable 1602. The other 
gases used were as described previously 
(9). Mass spectral analyses were carried out 
using a Vacuum Generators SX 200 quadru- 
pole instrument. Isotope analysis of ethyl- 
ene oxide was carried out by infrared spec- 
troscopy with the sample as a gas in a 
10-cm cell using a Perkin-Elmer Model 580 
dispersive instrument fitted with a Model 
3600 data station. The instrument was oper- 
ated in the mode providing lowest noise. 
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This required a scan of 32 min over the 
range 1000 to 700 cm -1 with a spectral 
slitwidth of 3.7 cm -1 and provided a peak- 
to-peak noise level of +0.0008 absorbance 
unit with negligible drift between succes- 
sive spectra. Comparison measurements 
were made with a Mattson Cygnus 100 
Fourier transform instrument fitted with a 
TGS detector. While this provided the en- 
tire spectrum from 4000 to 400 cm -1 the 
signal-to-noise was not quite as good as the 
dispersive instrument over the limited 
wavenumber range of interest when acqui- 
sition was carried out for the same time. 

Product samples for isotope analysis 
were obtained as follows. The catalyst sam- 
ple was reduced in the standard way at 
270°C in hydrogen (9). The catalyst and the 
entire collection train (comprising a CaSO4 
trap for water removal and two U-tube 
traps) were then flushed with ultrahigh-pu- 
rity helium for an extended period. Reac- 
tion was commenced directly with the reac- 
tant mixtures of interest to avoid any 
possible carryover of oxygen from earlier 
experiments. After 10 rain the first U-tube 
trap was cooled with liquid nitrogen and 
condensable products collected. The con- 
tents of the second U-tube trap at the end of 
this collection period provided the sample 
of noncondensable material (helium, oxy- 
gen, and nitrogen, if present). The relative 
amounts of 1602, 160180, and 1802 in the lat- 
ter were determined by mass spectrometry 
without further separation. The condens- 
able materials in the first U-tube were sepa- 
rated into ethylene oxide and carbon diox- 
ide plus nitrous oxide fractions by 
trap-to-trap distillation on a vacuum line. 
Known pressures (8-10 Torr) of each were 
then admitted into a 10-cm gas cell for infra- 
red analysis as described above. 

RESULTS 

An isotope tracing experiment using 
C2H4/1802/N2160 mixtures can succeed only 
under conditions such that both oxidants 
participate in reaction, ideally in roughly 
equal amounts. Under noncompetitive con- 

ditions with unmoderated catalysts, rates 
using N20 are one-tenth to one-third that 
with O2 under equivalent conditions (9). 
The situation is different under competitive 
conditions. When progressively larger par- 
tial pressures of 02 were incorporated into 
CEH4/N20 mixtures of fixed composition, 
the results shown in Fig. I were obtained. 
The added O2 clearly enhanced the rates of 
conversion both to ethylene oxide (curve a) 
and to the total oxidation products (CO2 
plus H20) (curve b). However,  this increase 
in rate was accompanied by a decline in N2 
production (curve c) and hence the partici- 
pation of N20 in ethylene oxidation. The 
dominance by oxygen was so effective that 
its conversion was near complete at low 02 
pressures (>98% up to 33 Torr) and was 
still 33% for 145 Torr of added O2. By con- 
trast the conversion of N20 dropped from 
12.4% without 02 to 0.5% when 145 Torr of 
O2 was included. Correspondingly, the se- 
lectivity to ethylene oxide increased from 
22% with N20 alone to 44% when O2 be- 
came the dominant oxidant. 

The effect of adding N20 to a reacting 
C2H4/O 2 mixture was much less dramatic as 
shown in Fig. 2. Formation rates for both 
ethylene oxide and total oxidation products 
were not increased by the inclusion of 150 
Torr of N20. If anything there is a slight 
decline. For N20 pressures above 30 Tort 
some N2 formation can be observed (curve 
c). However,  it is very small, bearing in 
mind that the scale range for N2 in Fig. 2 is 
one-tenth that for C2H4 and that the N20/ 
C2H4 reaction stoichiometry is approxi- 
mately 4. The selectivity to ethylene oxide 
remained constant at approximately 40% ir- 
respective of N20 pressure as expected for 
a reaction dominated by oxygen. 

Table 1 summarizes these findings for the 
two reactions under noncompetitive and 
competitive conditions when the pressure 
of the added oxidant in the latter experi- 
ments equals the fixed pressure of the same 
oxidant in the other experiments. The ex- 
treme inhibition of N20 reactivity by 02 
is obvious. With both oxidants present 
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FIG. l. Effect of adding oxygen to the reaction between ethylene (26 Torr) and nitrous oxide (167 
Tort) at 234°C, other conditions as per Table 1, (a) Conversion of ethylene to ethylene oxide; (b) 
conversion of ethylene to carbon dioxide and water; (c) formation of nitrogen from nitrous oxide. 
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FIG. 2. Effect of adding nitrous oxide to the reaction between ethylene (26 Tort) and oxygen (63 
Torr) at 234°C, other conditions as per Table 1. (a) Conversion of ethylene to ethylene oxide; (b) 
conversion of ethylene to carbon dioxide and water; (c) formation of nitrogen from nitrous oxide. 



26 YONG AND CANT 

TABLE1 

Comparison of C2H4/O2 and C2H4/N20 Reactions 
with the Reaction of C2H4/O2[N20 Mixtures over 1.04- 
g Silver Sponge a 

C2H4 + C21-h + C2H, + 
02 alone N20 alone 02 + N20 

Selectivity (%) 39 23 39 
Ethylene conversion (%) 84 19 74 
02 conversion (%) 69 - -  70 
N 2 0  convers ion (%)  - -  13 0.85 

Conversion rate 
(/zmol C2H4 g Ag -I rain -l) 

C2H 4 55 12 51 
02 102 b - -  101 b 
N20 - -  52 3.3 

a From data of Figs. 1 and 2 for reaction at 234"C with pressures as 
follows: C2H4, 26 Torr; 02, 63 Torr; N20, 167 Torr. 

b Calculated from product analysis. 

(column 3) N20 contributes only -0 .75% of 
the oxygen atoms provided by 02. This 
finding makes isotope tracing using C2H4/ 
1802[N2160 mixtures extremely difficult 
since one is faced with the need for accu- 
rate analysis of C2H4160 in C2H4180 at the 
level of 1% or less. Only limited optimiza- 
tion of operating conditions to increase the 
N20/O2 rate ratio is possible. There is little 
point in considering much lower oxygen 
pressures since this would increase its al- 
ready high conversion and exacerbate the 
problem of different rate ratios for N20 ver- 
sus 02 along the catalyst bed. Higher N20 
pressures do help but the limit then is the 
presence of small amounts of impurity oxy- 
gen in the nitrous oxide (about 0.1% in our 
supplies). 

Based on these considerations the opti- 
mum conditions for the use of C2H4/1802 / 
N2160 mixtures for our experimental ar- 
rangements are as shown in Table 2. The 
experiment was carried out under such con- 
ditions, approaching the problem of accu- 
rate analysis of small amounts of C2H4160 in 
C2H4180 in the following way. First, a reac- 
tion using C2H4/1802 alone was carded out 
and the condensable products were col- 
lected at -196°C. The ethylene oxide 
present, entirely 180 except for impurity 160 
in the 1802 used, was separated out by trap- 

to-trap distillation. Its infrared spectrum, as 
a gas in the region 940 to 780 cm- i, is shown 
in Fig. 3a. The dominant structure, cen- 
tered at the dip in absorbance at 853 cm -1, 
is due to the v5 symmetric vibration with a 
type B contour (11). The small sharp peak 
at 807 cm -1 has been assigned to the v15 
vibration (11). A mixture comprising 
C2H4180 to which 5% C2H4160 was  deliber- 
ately added produced spectrum b in Fig. 3. 
Apart from a few small shoulders near 879, 
871, and 820 cm -I it appears to differ little 
from that of C2H4180 alone. However,  sub- 
traction of a from b after normalization and 
multiplication by 10 gave c, which is readily 
recognizable as that of C2H4160 when re- 
corded alone as d in Fig. 3. There is some 
discrepancy near 850 cm -1, probably due to 
different pressure broadening effects on 
lineshape since total pressures for a and b 
were different. The spectrum of C2H4160 is 
similar to that of C2H4180 except that v5 and 
v15 are displaced upward to 877 and 820 
cm -1 respectively (11). The above test 
shows that determination of C2H4160 in 
C2H4180 is readily possible at the 5% level 
and should be feasible at lower concentra- 
tions. 

Following the above trials, reaction was 
carried out using a C2H4/1802/N2160 mix- 
ture under the conditions of Table 2. The 
infrared spectrum of the ethylene oxide 

TABLE2 

Conditions Used for Oxidation of Ethyl- 
ene over Silver Sponge using 1802/N20 Mix- 
tures 

Catalyst 1.04-g Ag sponge 
Temperature 233°C 
Pressure 

C2H4 24 Tort 
~aO2 63 Torr 
N2160 l I 1 Tort 

Total flow rate 30 cm 3 STP rain -~ 
Conversion 

C2H4 92 

IsO2 48% 
N20 ~1% 

Selectivity =41% 
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Fit;. 3. Infrared spectra of gaseous ethylene oxides. (a) C2H4~80; (b) 5% C2H4160 + 95% C2H4180; (c) 
difference spectrum comprising b less a (in taking the difference, spectrum a was first multiplied by 
1.053 to compensate for the difference in pressure between the two samples); (d) C2H4r60. 

product after separation is shown in Fig. 
4a. Subtraction of the normalized C2H4180 

spectrum (i.e., Fig. 3a) and multiplication 
by 50 gave b in Fig. 4. Despite the increased 
noise level the spectrum of C2H4160 is 
readily recognizable by comparison with 
the pure sample (spectrum c). The two 
horns of the B-type contour of v5 at 882 and 
871 cm -], together with the peak of v]5 at 
820 cm -~, can be used for quantitation of 
C2H4160. This is done by ratioing absor- 
bances at these wavenumbers against 
those of the corresponding features for 
C2H4180 and comparing these ratios with 
those obtained for the synthetic mixture 
of known composition (Figs. 3c and b). 

The results of these determinations are 
shown in Table 3 in comparison with the 

predictions of four schemes. Scheme i as- 
sumes that nitrous oxide and oxygen ex- 
hibit the same selectivity when both are 
present. Scheme ii corresponds to the situa- 
tion in which nitrous oxide and oxygen re- 
tain the selectivities they exhibit when 
tested separately under the same conditions 
(i.e., 20 and 41%, respectively). The third 
(iii) assumes that reaction of N2160 pro- 
ceeds by decomposition through to ]60~ 
which reacts identically to ]802. The basis 
of scheme iv is that nitrous oxide and oxy- 
gen give rise to separate pools of different 
type and only the pool from oxygen gives 
rise to ethylene oxide. In regard to the two 
mechanisms discussed in the Introduction 
it may be noted that scheme i corresponds 
to the one with atomic oxygen, whereas the 
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FIG. 4. Infrared spectra of gaseous ethylene oxides. (a) Product ethylene oxide from reaction using 
mixture of ~802 and N2160 (see text); (b) difference spectrum comprising spectrum a less spectrum of 
C2H4tsO (Fig. 3a) (in taking the difference, spectrum 3a was first multiplied by 1.158 to compensate for 
the difference in pressure between the two samples); (c) C2H4~60, 

diatomic model is represented by either 
scheme ii or iv depending on whether inter- 
convertibility between the two surface oxy- 
gen species is possible or not. The analyti- 
cal results at the three wavenumbers are 
consistent. The average value falls fairly 
close to that expected for Scheme i, the sin- 
gle pool situation, after allowance for reac- 
tion of 1602 present as an impurity in the 
nitrous oxide used. Note that it is unneces- 
sary to allow for the 160 content of the 1802 
used since the C2H4~80 spectrum used for 
subtraction corresponds to a sample made 
from the same 1802 in the absence of N20. 
Other possible corrections were consid- 
ered. Kinetic isotope effects leading to dif- 
ferent reactivities for the oxygen isotopes 

are unlikely to exceed one or two parts in 
one hundred (12). Checks by repeated 
transfers between vacuum line and infrared 
cell showed no evidence of cross-contami- 
nation between samples. Thus, we tenta- 
tively conclude from the data of Table 3 
that nitrous oxide and oxygen form a single 
oxygen pool. 

The above result would also be expected 
if oxygen scrambling between oxygen and 
nitrous oxide gas took place faster than re- 
action. This possibility was excluded by de- 
termination of the 160180/1802 ratio in the 
product stream from the above experiment 
and in separate experiments in which an 
equimolar mixture of 1602 and 1802 was 
used as oxidant. These results are given in 
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TABLE 3 

Comparison of Predicted and Measured C2H4160 
Content of Ethylene Oxide Formed during Oxidation 
of Ethylene by N2160/1802 Mixtures under Conditions 
Listed in Table 2 

% C2H4a60 
in ethylene 

oxide 

Predicted 
i Identical selectivity for N20 and 02 1.0 

ii Retention of individual selectivities 0.4 
iii N2160 --~ 1602 then reaction 0.5 
iv Pool from N~O does not give epoxide 0.0 

Measured 
882 cm -I 1.3 
871 cm -~ 1.1 
820 cm -1 1.5 

Average 1.3 
Correction for 160~ in N:O <0.3 
Net amount 1.0 

Table 4. Within the limits of experimental 
error, the 1601So/1802 ratio is the same in 
feed and product for each experiment. One 
must conclude that recombination of any 
oxygen atoms formed on the surface is 
much slower than the overall rate of ethyl- 
ene oxidation (at least by a factor of 20 un- 
der our conditions). This is in accord with 
our earlier finding (9) that the rate of con- 
version of nitrous oxide to nitrogen is much 
faster when ethylene is present than when it 
is not. 

The isotopic composition of the carbon 
dioxides formed during epoxidation using 
~602/~sO2 mixtures at 233°C was also deter- 
mined by mass spectrometry. As one might 
expect the distribution was indistinguish- 
able from equilibrium. The values were 
C1602 = 30.4%, C~6OI80 = 48.6%, and 
C~802 = 21.0% by analysis compared to 
C1602 = 29.9%, C16OJSO = 49.6%, and 
C~802 = 20.5% for equilibrium assuming an 
equilibrium constant of 4 for the production 
of C16OlSO from C1602 and C1sO2. 

Silver catalysts used industrially for eth- 
ylene oxide synthesis are operated with a 
few parts per million of an organochlorine 
compound in the feed. This produces 
higher selectivity at the expense of some 
loss in activity. The possibility of carrying 
out isotope experiments similar to the 
above with a chlorine-moderated catalyst 
was examined. Our earlier work (9) sug- 
gested that this would be difficult since at 
temperatures to 240°C the inclusion of di- 
chloroethane seemed to reduce the rate of 
t h e  C2H4 + N 2 0  reaction much more than 
that of the C2H4 + O2 reaction. Table 5 
shows the results of further tests extending 
to higher temperatures. In tests under con- 
ditions similar to those for Table 1 the in- 
clusion of 6.7 ppm of dichloroethane (DCE) 
in the feed reduced the conversion rate for 
t h e  C2H4 + NzO reaction at 239°C to below 
the limit of detectability in 2 h (rows I and 
2). This exposure to dichloroethane is suffi- 

TABLE 4 

Formation of 160~sO by Exchange during Ethylene Oxidation using 1602 + JsO2 
and N2160/1802 Mixtures ~ 

Reaction Oxidant % Oxygen ~60~sO as a % of ~sO2' 
temperature conversion b 

(°C) In feed In product 

157 1602 + lsO 2 2.2 2.2 -+ 0.2 2.1 -+ 0.2 
233 x602 + Isoz 51 2.0 -+ 0.2 1.8 -+ 0.2 
233 N2160 + 1802 48 1.8 -+ 0.2 2.0 -+ 0.2 

o Conditions similar to those in Figs. 1 and 2. 
b % of feed oxygen (1602 + IsO2 or tso2 alone) incorporated into all oxidation products. 
c Calculated from relative intensities of peaks with rn/e = 34 and m/e = 36. 
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TABLE 5 

Effect of Dichloroethane (DCE) on Ethylene Oxidation over 2.16-g Silver Sponge 
using Nitrous Oxide and Oxygen 

Feed a Oxidant Temperature Time on Conversion Selectivity 
(°C) stream rate b (%) 

(h) 

43 Torr C2H4, 183 Torr N20 
(or 90 Torr 02) + 6.7 ppm DCE 

167 Torr C2H4, 53 Torr N20 
(or 55 Torr 02) + 1.8 ppm DCE 

N20 239 0.05 4.7 16 
NzO 239 2 <0.05 --  
N20 260 4 <0.05 w 
02 260 4.3 3.7 81 

N20 239 0.05 3.0 32 
N20 239 2 1.6 51 
N20 239 6 <0.05 - -  
N20 260 6.5 <0.05 - -  
02 260 6.8 1.4 68 
02 260 30 1.9 80 
02 306 32.6 17.1 71 
N20 306 35.6 <0.05 - -  

Balance helium. 
b In/zmol C2H4 g Ag -1 min -z. 

cient to give a chlorine coverage (atoms per 
surface Ag atom) of  0.2 assuming total chlo- 
rine deposition. The reaction rate remained 
unmeasurable on raising the temperature  to 
260°C (row 3) but  substitution of  N20 by 02 
gave react ion with the high selectivity 
(81%) characterist ic of  chlorine-moderated 
silver (row 4). The rate ratio using 02 ver- 
sus N20 must be greater  than 30, compared 
to 5 when chlorine is absent  (Table I). A 
second series was carried out under  condi- 
tions of  ethylene excess  (as used industri- 
ally). Inclusion of  1.8 ppm dichloroethane 
extinguished the rate with N20 in 6 h at 
239°C (rows 5 to 7 of  Table 5). No reaction 
was observed  at 260°C (row 8) or 306°C 
(row 12), even though ethylene oxide syn- 
thesis occurred with high selectivity (rows 
9 to 1 l) using oxygen under  similar condi- 
tions. The conclusion from the two tests is 
that chlorine-containing moderators  cause 
complete inhibition of  ethylene oxidation 
by N20.  Exper iments  using N2160/1802 mix- 
tures under  such conditions cannot  provide 
useful data since no N2160 will react.  

The  above results suggest that chlorine 

adsorption prevents  N20 decomposit ion.  
This supposition was confirmed by mea- 
surements of  the rate of  N2 and 02 forma- 
tion from N20 under  steady-state condi- 
tions in the absence of  ethylene. Results are 
shown in Table 6 for  the decomposi t ion of  
approximately 50 Tor r  of  N20 at 306°C. A 
convers ion of  6.3% was obtained for hydro- 
gen-reduced silver (row 1) but  no decompo- 
sition occurred after predosing the same 
catalyst with dichloroethane to a chlorine 
coverage equivalent to that which extin- 
guished the CEH4/N20 reaction. The effect 
of oxygen,  fed continuously or predosed on 
N20 decomposit ion,  was also examined. 
Inclusion of  02 at a partial pressure one- 
sixth that of  N20 lowered the decomposi-  
tion rate by 60% (row 3). Predosing the cat- 
alyst with oxygen also lowered the rate but 
by a much smaller amount  (row 4). These 
results indicate that inhibition of  N20 de- 
composit ion by adsorbed oxygen is the 
likely cause of  the reduced participation of  
N20 in ethylene oxidation when oxygen is 
also present  (Table 1 and Fig. 1). 

The  effect  of  surface chlorine on the rate 
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T A B L E  6 

Effect  of  Dichloroethane  (DCE) and Oxygen  on the Rate o f  Decomposi t ion  of  N20 
over  2.16-g Silver Sponge at 306°C 

31 

Feed ~ Catalyst  t rea tment  % N20 
conver ted 

Format ion  rate 
(t tmol g 

Ag -I m i n - q  

N2 O2 

54 Torr  N20 
50 Torr  N20 + 1.9 ppm DC E  
55 Torr  N20  + 9 Torr  02 
50 Torr  N20 

H2 reduct ion 6.3 3.1 
H2 reduction,  then  DCE exposure  b <0.1 <0.05 
H2 reduct ion 2.5 1.2 
H2 reduct ion,  then  02 exposure  ¢ 5.5 2.6 

1.35 
<0.05 

d 

1.2 

Balance hel ium with total flow rate o f  33 cm 3 STP min -j. 
b 3.7 h at 239°C to 1.9 ppm DC E  in hel ium at total flow rate of  42 cm 3 STP min -~. 
c 44 min to 40 Torr  02 in hel ium at 306°C followed by flushing with helium alone. 
d Not  measurab le  due to large amoun t  o f  02 added.  

of isotope exchange in 1602/1802 mixtures 
was investigated similarly. Results are 
shown in Table 7. Inclusion of 3.3 ppm 
dichloroethane in the feed lowers the mix- 
ing rate by a factor of 6 or 7 compared to 
the unmoderated sample. The rate of oxy- 
gen consumption during ethylene oxidation 
over a similarly moderated catalyst at 
306°C (second last row Table 5) is about 13 
/~mol O2 g Ag -1 min -1, i.e., substantially 
greater than the mixing rate. 

D I S C U S S I O N  

The present results using N 2 1 6 0 / 1 8 0  2 mix- 
tures, while suggestive as to the active sur- 
face oxygen species for ethylene oxide for- 

T A B L E 7  

Effect  o f  Dichloroethane  (DCE) on Isotope Ex- 
change in I602/1802 Mixtures  Passed  over  0.5-g Silver 
Sponge at 31 I°C 

Feed Sample % Composition Exchange rate 
composition (Fmol ~e~)~80 

1602 16OIS O lSO2 g Ag -I min -I) 

144 tort 02 ~ 

144 ton" O2 a 
+ 3.3 
ppm DCE 

product 49.4 3.9 46.6 15.2 
(feed) (50.7) (1.3) (48.0) 

product 51.3 1.8 46.9 2.3 
(feed) (52.8) (1.4) (45.8) 

a Balance helium to total flow rate of 34.1 cm 3 STP min -1. 

mation, ideally require verification over a 
wider range of conditions. This will not be 
easy given the predominant involvement of 
oxygen in the reaction. Two approaches 
may be considered. Nitrous oxide of higher 
purity (say <100 ppm oxygen) would en- 
able the use of higher nitrous oxide/oxygen 
pressure ratios. This would increase forma- 
tion of ethylene oxide from the former oxi- 
dant and improve the precision with which 
the oxygen isotope ratio in this product 
could be determined. Analysis of the 160/ 
180 ratio in carbon dioxide, not attempted 
here, might then be possible also. Alterna- 
tively, reverse labeling (i.e., N218Op602) 
could be tried. This is the preferred ar- 
rangement for mass spectral analysis since 
the determination of small amounts of a 
heavier label in a dominant unlabeled prod- 
uct is less prone to interference. (Mass 
spectral measurements were impractical in 
the present work since parent ions from the 
minor C2H4160 component were over- 
whelmed by fragment ions from C2H4180). 
However, the cost of ~80-labeled nitrous 
oxide would make measurements with it 
under steady-state conditions very expen- 
sive. 

The current isotope data (Table 3), as- 
suming their correctness, show that nitrous 
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oxide and oxygen have the same selectivity 
for ethylene oxide formation when both ox- 
idants are present. This is despite their very 
different individual selectivities (Table 1). 
The only reasonable conclusion is that mix- 
tures give rise to a single oxygen pool from 
which both partial and complete oxidation 
products are derived. This is best explained 
in terms of the reaction of ethylene with a 
combined pool of 160 and tgO atoms derived 
by dissociation of N2160 and 1802, respec- 
tively, i.e., 

N20(g) CEH4(ads) iO2(g )  
,/s,owsto0 

- - O ( a d s )  " ,. 02(ads) 

For this to hold, recombination of oxygen 
atoms must be much slower than their reac- 
tion with ethylene to explain the absence of 
isotope exchange when 1602/1802 is the oxi- 
dant (Table 4). This also explains why N2 
formation from C2H4/N20 mixtures is faster 
than that from decomposition of NzO alone. 
The latter would be restricted by oxygen 
atom buildup due to their low recombina- 
tion rate. Stripping of oxygen adatoms by 
ethylene provides more surface for N20 de- 
composition. 

It is much more difficult to explain the 
results on the basis that O2(ads) in the 
above scheme constitutes the single pool. 
For that to apply one would need to sup- 
pose that it is buildup of this species to the 
point of surface blocking which causes the 
rate of N20 decomposition to be much less 
than that of the C2H4/N20 reaction. It 
would also be a requirement that the rate of 
oxygen desorption, i.e., O2(ads) ---) O2(gas), 
must be much slower than ethylene oxida- 
tion with N20/O 2 mixtures, since otherwise 
prediction iii of Table 3 would be observed. 
Both propositions seem unlikely given that 
TPD measurements show rapid desorption 
of diatomic oxygen species from silver at 
temperatures well below those used for eth- 
ylene oxidation (13). 

Thus, overall the data are much more 
consistent with the idea that atomic oxygen 

is the reactive species. This is in accord 
with the conclusions of van Santen and de 
Groot (4) from transient experiments in 
which the atomic species was formed by 
predosing with ~602 rather than from NEO 
under steady-state conditions as here. 
Some additional support is provided by the 
effect of dichloroethane when using nitrous 
oxide. Sufficient exposure to the additive 
prevents the C2Ha/NEO reaction (Table 5) 
by blocking nitrous oxide decomposition 
(Table 6). Lesser exposures (e.g., row 6 of 
Table 5) greatly reduce the ethylene oxida- 
tion rate but increase selectivity to ethylene 
oxide. Adsorbed chlorine must then be ar- 
ranged such that few sites capable of N20 
dissociation remain. Such sites as are 
present are likely to be well spaced. Combi- 
nation of deposited oxygen atoms should 
then be relatively more difficult. If diatomic 
oxygen were the crucial epoxidizing spe- 
cies then one would expect the selectivity 
to fall. However,  experiment shows (row 6 
of Table 5) that it increases to at least 50% 
before the rate becomes too low to mea- 
sure. This increase is expected if the reac- 
tion involves atomic oxygen. Increased 
separation between oxygen atoms should 
lessen the likelihood of oxygen attack on 
CH bonds during the conversion of ethyl- 
ene to ethylene oxide and thus reduce oxi- 
dation to CO2 and H20 relative to ethylene 
oxide formation. 
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