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The interaction of N20 with pure silver at temperatures up to 900°C has been studied using 

temperature-programmed reduction and desorption; the interaction is compared with that of oxy- 

gen with silver. The effect of addition of NZO, as well as of the complete replacement of oxygen by 

NzO, on the oxidative dehydrogenation of methanol on a silver catalyst has also been studied. It 

was found that the interaction of silver with N20 was much slower than that of 02; no atomic 

surface oxygen species were observed, probably because the formation of subsurface species was 

not complete; selective adsorption appears to take place on the surface defects and grain bound- 

aries involved in the formation of the subsurface species. Addition of small amounts of N,O to the 

reaction mixture (CHIOH + 03 for the oxidative dehydrogenation of methanol had almost no 

influence on the conversion or on the product distribution measured. However, the conversions 

were considerably lower when oxygen was totally replaced by NZO; only above 600°C was the N20 

exhausted. At the same level of conversion of the methanol, the amount of CO2 produced was 

lowered compared to the case of Oz. This is in agreement with the suggestion that CO, is formed via 

weakly bound surface oxygen. %, 1988 Academic Press, Inc. 

INTRODUCTION 

Silver is widely used as a catalyst for the 
oxidative dehydrogenation of methanol to 
produce formaldehyde. Using excess meth- 
anol in relation to oxygen at temperatures 
above 6OO”C, it is possible to reach a selec- 
tivity of 90% at almost complete conversion 
of methanol, as discussed by Sperber (I) 
and Walker (2). A more recently developed 
process, also used commercially for the 
production of formaldehyde, uses iron-mo- 
lybdate oxide catalysts (3). Silver is also 
used as catalyst for the production of ethyl- 
ene oxide by the partial oxidation of ethyl- 
ene, as reviewed by Sachtler et al. (4) and 
by Verykios and co-workers (5). The effect 
on the latter reaction of using N20 in place 
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of O2 has been examined by Neubauer (6), 
Herzog (7), and Charman and co-workers 
(8). This was done to examine the sugges- 
tion that not atomic oxygen but molecularly 
adsorbed oxygen is the active species in the 
production of ethylene oxide; however, the 
interpretations of the influence of the N20 
put forward in these papers are in contra- 
diction. The main argument against the sug- 
gestion that adsorbed molecular oxygen is 
the active species in ethylene oxidation is 
that its concentration must be very low due 
to its low stability. The adsorption of N20 
on silver has been studied by Shimizu and 
co-workers (9), who found that no molecu- 
lar oxygen was formed after exposure of 
the catalyst to NzO at room temperature. 
The adsorption of N20 has also been stud- 
ied by Seyedmonir et al. (10) and by 
Scholten and co-workers (11) in an attempt 
to develop a method for the determination 
of the free metal surface area of silver. 

As far as we know, no research has yet 
been performed on the influence of N20 on 
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the oxidative dehydrogenation of methanol. 
Because of the high temperature used com- 
mercially for methanol oxidation over sil- 
ver (500-7OO”C), molecular oxygen is un- 
likely to be involved in the process; we 
have reported previously (12) that this spe- 
cies is bound very weakly. We have in addi- 
tion reported evidence for the presence of 
other species on the silver surface: atomic 
surface oxygen, subsurface oxygen, sub- 
surface OH groups, and oxygen adsorbed 
in the vicinity of surface defects; these 
species were suggested on the basis of 
temperature-programmed reduction (TPR) 
and temperature-programmed desorption 
(TPD) results obtained in a study of the ad- 
sorption of oxygen on silver. This investi- 
gation of the influence of N20 on the cata- 
lytic conversion of methanol has been 
carried out to provide further information 
on the nature of the surface oxygen species 
that are involved: the rate of oxidation of 
the surface will be influenced markedly by 
total or partial replacement of the oxygen 
by N20. The results provide additional in- 
formation in relation to the reaction scheme 
proposed in a previous publication (13); 
this was based on observations of the influ- 
ence of reaction conditions on the conver- 
sions, on the adsorptive behavior of oxygen 
on the silver, and on the interaction of 
methanol with adsorbed oxygen (12). The 
reaction scheme (13) included the forma- 
tion of formaldehyde at sites associated 
with oxygen strongly bonded at imperfec- 
tions on the surface and CO2 formation at 
sites where oxygen was more weakly 
bonded. To provide further support for the 
model, we have also performed measure- 
ments on the interaction of NzO with silver 
using TPR and TPD. In earlier work, we 
found using TPR and TPD (12) as well as 
XPS (24) that hydrogen dissolved in the sil- 
ver had a marked influence on the adsorbed 
species present after oxidation in air. We 
have thus also studied with TPR and TPD 
the influence on the interaction with N20 of 
hydrogen pretreatment of the silver sample 
at elevated temperatures. 

EXPERIMENTAL 

Methods 

The influence of N20 on the catalytic re- 
action was measured in a fixed bed flow 
apparatus, using gas chromatographic anal- 
ysis, which was described earlier (13). To 
introduce NzO into the reaction mixture, an 
extra controlled flow of pure NzO was 
added to the He-oxygen mixture before the 
methanol saturation section; the methanol 
concentration was thus kept constant. The 
temperature program of the GC was modi- 
fied slightly to give an improved separation 
of water and CO2 . As a consequence of the 
better resolution, the areas of the CO2 
peaks could be determined more accurately 
than was previously possible; this has the 
consequence that the conversions to COz 
reported in this work are slightly higher 
than those reported earlier (13). The analy- 
sis of the water was still not quantitative 
but a semiquantitative comparison of the 
behavior in different experiments was pos- 
sible. The conditions of the measurements 
were as follows: reactor temperature (T), 
between 150 and 600°C; inlet concentration 
of methanol ([CH30H]i,), 8.8%; oxygen in- 
let concentration ([O,]i”), between 0 and 
3.0%; NzO inlet concentration ([NtO]in), 
between 0 and 4.2%; total pressure, 1.1 bar; 
bed height, 6 mm; linear gas velocity (vg), 
9.3 cm/s; and space velocity (SV), 5.6 x IO4 
h-l. 

The conversion to various carbon-con- 
taining products, water and hydrogen (yJ, 
and the selectivity to formaldehyde (s) are 
defined as 

yf = [i],“tl[CH30H]i, X 100% 

s = [CWDlout/([CH30Hlin - [CH;x”7& 
0. 

The conversion of N20 to N2 is defined by 

YN* = [Ndout/[NzOlin X 100%. 

Consequently, the percentage of unreacted 
N20 is (100% - yN2). 

The interaction between silver and N20 
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was studied using the TPR-TPD equipment 
described earlier (12), the only modification 
being the replacement of air by N20 in sev- 
eral experiments. A flow of N20 or O2 (in 
the form of pure air, see below) was passed 
over the catalyst at temperatures between 
200 and 500°C for up to 18 h; the sample 
was then purged by He and cooled in flow- 
ing He. TPD measurements were always 
performed with the cold finger out of func- 
tion (i.e., at room temperature) and without 
hydrogen treatment before oxidation. TPR 
measurements were carried out with and 
without hydrogen treatment before oxida- 
tion. All measurements were performed us- 
ing a heating rate of 17°C min-I. The tem- 
perature program causes a shift of the 
baseline, especially during the start of the 
TPR measurements; the estimated actual 
baselines are represented in the figures by 
dotted lines. 

Materials 

The catalytic measurements were per- 
formed with a sample of 0.5 g of a commer- 
cial catalyst consisting of pure silver parti- 
cles with an average size of 0.2 mm (Ag 0.2) 
which had been prepared by an electrolytic 
method. The TPR and TPD measurements 
were performed with 1.5 g of a pure silver 
material with somewhat higher surface 
area, previously described as Ag III (13), 
which was in the form of hollow spheres. 
Both samples were checked for purity using 
XRF and XPS; while the former showed no 
impurities, the latter revealed the presence 
of 0 and C together with traces of Cl and Si 
on the surface. Each sample was oxidized 
and reduced many times at temperatures up 
to 900°C before the measurements were 
performed; no structural changes are thus 
to be expected in the sample during the 
measurements. In a previous publication 
(I_?), it was shown that Ag III and Ag 0.2 
give comparable results as catalysts for 
methanol oxidation. 

The NzO used, supplied by Matheson, 
was 99.99% pure. The air used was cleaned 
with a molecular sieve. It was shown previ- 

ously (12) that no difference was observed 
in the TPR or TPD results when the air was 
replaced by pure O2 ; we thus conclude that 
none of the effects observed can be attrib- 
uted to impurities in the air. 

RESULTS 

Catalytic Measurements 

The influence of temperature on the con- 
version of a methanol-NzO mixture in the 
absence of oxygen is shown in Fig. 1. The 
yield of all the products increases with in- 
creasing temperature. Comparable results 
for a methanol-oxygen mixture, reported 
earlier (13), are shown for comparison in 
Fig. 2. It should be noted that the amounts 
of CO2 shown in Fig. 2 are about 20% too 
low as a result of incomplete resolution of 
the GC peaks of water and COz, as was 
noted under Experimental. However, this 
is not important in the discussion as long as 
only measurements with the same water- 
COZ. separation are compared in an absolute 
sense. It appears that N20 exhaustion is 
only observed above 600°C; this is in con- 
trast to the results for oxygen, for which the 
conversion of oxygen is complete above 
an unstable temperature region occurring 
around 250°C (Fig. 2). The maximum in the 
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FIG. 1. The influence of temperature on the conver- 
sions during methanol oxidation with NZO on 0.5 g of 
Ag 0.2; reaction conditions, [CH30H],, = 8.8’36, 
[NzO],, = 4.7%. 
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FIG. 2. The influence of temperature on the conversions during methanol oxidation with Oz on 0.5 g 
of Ag 0.2; reaction conditions, [CHsOH],, = 8.8%, [Or]i” = 2.0%, SV = 5 X lo4 h-‘, vg = 8.2 cm/s 
(from (13)). 

conversion to CO2 at low temperature is not 
observed in the case of NzO. Furthermore, 
the amount of hydrogen produced is higher 
in the case of N20. 

Figure 3 shows the effect on the conver- 
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FIG. 3. The inlluence of N20 admixture on the con- 
versions during methanol oxidation with oxygen on Ag 
0.2; reaction conditions, [CHxOH]i, = 8.8%, [N,O]i” = 
2.9%, T = 500°C. 

sions when varying small amounts of N20 
were added to a methanol-oxygen mixture. 
As with the results shown in Fig. 1, the N20 
was not totally converted to N2 at 500°C. 
The added N20 appears to act as an extra 
source of oxygen with the consequence that 
the conversion to formaldehyde was in- 
creased slightly. Figure 4 shows the selec- 
tivity to formaldehyde as a function of the 
total conversion of methanol for the reac- 
tion of methanol with O2 and N20 and for 
mixtures of the two. The conversion of 
methanol obtained was controlled by the ra- 
tio of the partial pressures of methanol to 
O2 and/or N20. It can be seen that the se- 
lectivity at a given conversion was hardly 
influenced by the addition of N20 to the 
reaction mixture. However, when N20 was 
used in the absence of oxygen, the selectiv- 
ity was higher than that with oxygen over 
the whole range of conversion at 500°C; the 
improvement in the selectivity appears to 
be due to a decrease in the conversion to 
co2. 
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FIG. 4. Selectivity to formaldehyde versus total con- 
version of methanol for oxidation of methanol with 
pure oxygen, oxygen with NrO admixture, and pure 
NrO on Ag 0.2; [CHsOH],, = 8.8%, T = 500°C; +, 
[NrO] between 3 and 7%; other symbols, [Or] between 
1 and 3%. 

Temperature-Programmed Measurements 

The results of TPD measurements after 
exposure to N20 at temperatures between 
210 and 500°C are shown in Fig. 5. No TPR 
measurement had been performed prior to 
exposure of the silver to N20; it can thus be 
concluded that no dissolved hydrogen was 
present in the silver sample. No significant 
desorption peaks were observed (curves a, 
b, and c); this is in clear contrast to mea- 
surements obtained after oxidation in air 
(curve d) which have been presented and 
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FIG. 5. TPD result on 1.5 g of Ag III; pretreatment in 
the absence of hydrogen followed by oxidation in pure 
N20 (a, b, c) or in air (d); oxidation times and tempera- 
tures: (a) 18 h, 210°C; (b) 65 h, 280°C; (c) 2 h, 500°C; 
(d) 17 h, 210°C. 
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FIG. 6. TPR results on 1.5 g of Ag III: pretreatment 
in the absence of hydrogen (curve a) or TPR up to 
900°C as pretreatment (curves b, c, and d), followed by 
oxidation in pure NrO (a, b, c, d) or in air (e); oxidation 
times and temperatures: (a) 18 h, 500°C; (b) 1.5 h, 
500°C; (c) 18 h, 210°C; (d) 2 h, 210°C; (e) 17 h, 210°C. 

discussed previously (12). Figure 6 shows 
equivalent TPR results for experiments in 
which different pretreatments were given 
(see legend to the figure). Only a single 
peak at 850°C was observed when no hy- 
drogen was dissolved in the sample before 
exposure to the N20 curve (curve a). When 
dissolved hydrogen (introduced during the 
preceding TPR measurement) was present, 
a reduction peak was also observed at 
400°C (curves b, c, and d). However, no 
reduction peak was present at 280°C an ob- 
servation which is in contrast to results 
(curve e) obtained (22) after oxidation in 
air. 

DISCUSSION 

The Silver-Nitrous Oxide Interaction 

From Fig. 5, curves (a) to (c), it appears 
that long exposures of silver to N20 at 
varying temperatures do not give rise to the 
formation of the oxygen species which de- 
sorbs at 300°C after oxidation in air (curve 
d). In a previous publication (12), we con- 
cluded that this peak at 300°C is due to 
weakly bound atomic oxygen adsorbed on 
the silver surface (Species I). (The same no- 
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menclature as that adopted there for the ox- 
ygen species will be used hereafter in the 
present work.) Although it is difficult to dis- 
tinguish them from the background noise, it 
is possible that there is in curve (c) of Fig. 5 
a small peak at 300°C and a slightly larger 
one at about 550°C; this indicates that a low 
concentration of some sort of surface oxy- 
gen species may be formed from N20 at 
500°C. That NzO interacts with the surface 
of silver at this temperature is in agreement 
with the results of Hayes (15) who reported 
that NzO decomposition may be catalyzed 
by silver at 520°C. The results of Fig. 1, 
which show that N2 is formed at tempera- 
tures above about 250°C during the reaction 
of methanol with NzO, also indicate that 
N20 reacts with a silver surface. 

The TPR results of Fig. 6 also demon- 
strate that exposure to N20 causes no 
atomic surface oxygen (Species I) reducible 
at 280°C of the type observed after oxida- 
tion in air. However, independent of the 
treatment before oxidation, N20 appears to 
be able to form subsurface oxygen species, 
reduced at 850°C (Species III). In earlier 
work (12), we showed that treatment with 
hydrogen at high temperatures before oxi- 
dation caused the appearance of a reduc- 
tion peak at 400°C (Species II) and we sug- 
gested that this was due to an OH species in 
the subsurface of the sample; this peak was 
not observed if the sample was not reduced 
at high temperature before oxidation (12). 
Figure 6 shows that the same effect also 
occurs when the sample is oxidized with 
N20. 

There is thus clearly an interaction be- 
tween N20 and silver, but the interaction is 
apparently much less extensive than that 
with 02. The fact that only subsurface oxy- 
gen (Species III) and subsurface OH (Spe- 
cies II) are formed during the reaction with 
N20 is in agreement with the observation 
made in earlier work (12) that Species II 
and III are formed first during a short expo- 
sure to O2 and that atomic surface oxygen 
(Species I) is formed only after the silver 
has become saturated with Species II and 
III. 

The observation that no atomic surface 
oxygen (Species I, formed after reaction 
with O2 and stable up to 300°C; Fig. 5) is 
formed is in contradiction with the adsorp- 
tion studies of Seyedmonir and co-workers 
(20) and of Scholten et al. (II); the latter, 
using supported silver particles, suggested 
that N20 adsorption can be used to measure 
silver surface areas. Shimizu and co-work- 
ers (9) also state that atomically adsorbed 
oxygen can be formed from N20 on small 
silver particles. However, in agreement 
with our results, all three sets of workers 
observed a far slower interaction of silver 
with N20 than that with oxygen. This dif- 
ference was also found by Kobayashi and 
Takegami (16) who reported from transient 
studies of the oxidation of CO with O2 and 
N20 on a silver catalyst that the formation 
of atomic oxygen from O2 is 75 times faster 
than that from N20. They suggested that 
only a proportion of the surface sites was 
able to decompose N20. We reported previ- 
ously (12) that atomic surface oxygen (Spe- 
cies I) starts to form after 1 h during 
oxidation in air around 200°C; thus, the for- 
mation of atomic oxygen might be expected 
to start after exposure to N20 for about 75 
h. As the maximum time of exposure in this 
study was shorter than 75 h, this might ex- 
plain the fact that no weakly bonded atomic 
oxygen was observed in the present work. 

As discussed in a previous publication 
(12), the interaction of Ag III with oxygen 
is also slow in comparison with the interac- 
tion with a supported silver material (9-11) 
or with that with a silver powder (17, 18). 
Furthermore, the (110) face of Ag adsorbs 
oxygen faster than does Ag III (18) and the 
same is true for the (111) face, despite the 
fact that adsorption of oxygen on the Ag 
(111) face is considerably slower than that 
on the Ag (110) face (20-23). The expo- 
sures used in all these studies were small 
compared to those of the present study, in 
which oxidation overnight in air is equiva- 
lent to an exposure of lOI L. 

We explain the slow adsorption of oxy- 
gen atoms on Ag III from both 02 and N20 
as follows. Due to the high temperatures 
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SCHEME 1. Formation of oxygen species. 

during the TPR measurements, many low- 
index planes will be present on the surface 
of the sample. According to Rhead and My- 
kura (24), the proportion of (111) faces, in 
particular, increases in oxygen-containing 
atmospheres. Czanderna (25) has sug- 
gested that microfacetting occurs and that 
this increases the proportion of (11 I) faces 
during the oxidation-desorption cycles; 
these microfacets were of the order of 3 nm 
in magnitude. Effects similar to these may 
have caused the relatively slow adsorption 
on Ag III. However, the adsorption of oxy- 
gen on Ag III is even slower than that on 
Ag(l1 l), as was discussed above. We there- 
fore suggest that the formation of subsur- 
face oxygen (which is thought also to take 
place along paths for rapid diffusion such as 
grain boundaries) is much more pro- 
nounced than that of single crystals and 
supported silver particles because of the 
presence of many grain boundaries. (After 
high-temperature treatment, Ag III consists 
of particles of about 1 mm, these containing 
grains of about 10 pm (26).) The formation 
of subsurface oxygen (and of subsurface 
OH, if the sample is pretreated with hydro- 
gen) must be completed before atomic sur- 
face oxygen is formed in measurable con- 
centrations. It is to be expected that the 
concentration of the possible paths for the 
rapid diffusion process determines the ex- 
tent of formation of subsurface species. We 
thus suggest a model (Scheme 1) for the 
formation of oxygen species. We suggest 
that oxygen adsorption takes place prefer- 
entially on surface defects and that these 
are related with the paths for rapid diffusion 
important for the formation of (subsurface) 

Species II and III. Enhanced adsorption of 
oxygen on surface defects has been re- 
ported by Albers and co-workers (22,23) to 
take place on Ag(lll). In the temperature 
region around 200°C the formation of sub- 
surface oxygen and subsurface OH (if dis- 
solved hydrogen is present) is much faster 
than the formation of atomic surface oxy- 
gen (Species I). Therefore, atomic surface 
oxygen is formed only after saturation of 
Species II and III. It cannot be ruled out 
that atomic surface oxygen (Species I) is 
formed directly from the gas phase; how- 
ever, surface diffusion would most proba- 
bly cause disappearance of these species 
via interaction with defects and subsequent 
formation of subsurface species. As long as 
no saturation of the subsurface species is 
achieved, this process might also give rise 
to a small concentration of atomic surface 
oxygen. During desorption experiments, 
the subsurface species can be converted 
into oxygen adsorbed on surface defects, as 
reported earlier (12). 

Oxidative Dehydrogenation of Methanol 

The gas-phase decomposition of N20 
during the extremely small contact time 
used in the catalytic experiments is not 
likely to be significant in the temperature 
range used (27). Oxidation of the methanol 
with the oxygen formed by homogeneous 
decomposition of N20 is thus not likely to 
contribute to the conversions reported in 
Fig. 1. 

The reactions of O2 and N20 with metha- 
nol result in comparable product mixtures, 
as can be seen in Figs. 1 and 2. This indi- 
cates that there are probably no differences 
in the reaction mechanism for the two reac- 
tions. The most significant difference is the 
fact that 02 is converted totally above 
300°C whereas N20 is not. The reaction 
rate in the case of N20 is thus considerably 
smaller than that with the oxidation of 
methanol with 02. This observation is in 
agreement with the fact that oxygen ad- 
sorption from N20 is considerably slower 
than with 02, as discussed above. It may 
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thus be concluded that the formation of ox- 
ygen species on the silver surface from the 
N20 is the rate-determining step. The same 
may also be true for methanol oxidation 
with OZ. The slow formation of adsorbed 
oxygen species from NZO also explains the 
low conversion to CO* during the oxidation 
of methanol at low temperatures compared 
with that observed (Fig. 2) during the oxi- 
dation of methanol with OZ. Neubauer (6) 
has reported that the epoxidation reaction 
of ethylene on silver also proceeds much 
more slowly with N20 than with 02. 

It appears from the TPR measurements 
that because of the slow interaction, the 
rate of formation of weakly bound atomic 
surface oxygen (Species I) is decreased to a 
greater extent than is the rate of formation 
of subsurface oxygen after long exposures 
at 210°C. The TPR measurements suggest 
that the oxygen species form selectively at 
surface sites which are related to subsur- 
face Species II and III, e.g., at grain bound- 
aries and defects. The slow formation of 
adsorbed oxygen species from N20 thus 
causes in particular a decrease in the con- 
centration of the weakly bonded atomic 
surface oxygen which we suggest is respon- 
sible for the formation of COZ (22, 13) dur- 
ing the oxidation of methanol. In this way, 
our reaction model explains the increase in 
selectivity when NzO is used (Fig. 4) as be- 
ing due to a decrease in the conversion to 
CO*. A similar argument, involving weakly 
bonded atomic oxygen on the surface, was 
previously used to explain the increase in 
selectivity when the oxygen concentration 
is decreased (13). The formation of subsur- 
face oxygen will have no effect on the 
formation of oxygen-containing molecules 
(Scheme 1) once a steady state is reached; 
however, the amount of subsurface oxygen 
present in that steady state might influence 
the properties of the oxygen species on the 
surface. 

Ethylene Epoxidation 

The observed differences in the adsorp- 
tion behavior of O2 and N20 and the related 
development of subsurface species may 

also be important in relation to the mecha- 
nism of ethylene epoxidation on silver cata- 
lysts. Herzog (7) suggested that molecular 
oxygen is the active species for epoxidation 
because far smaller selectivities were ob- 
tained with N20 than with 02. The pres- 
ence of molecular oxygen in the form of 0; 
on silver oxide has been demonstrated with 
ESR and the reactivity of this species 
to ethylene was shown by Tanaka and 
Yamashina (28) using TPD. 

However, the present study shows a 
strong difference between NT0 and 02 in 
the rate of formation of atomic oxygen on 
silver. The silver materials commonly used 
for ethylene epoxidation, such as small sup- 
ported particles, contain only a few grain 
boundaries in the silver; the proportion of 
the paths for rapid diffusion (which en- 
hance the formation of subsurface species) 
is thus considerably lower. Furthermore, 
the temperatures used in ethylene epoxida- 
tion are lower than those for methanol oxi- 
dation which will also decrease the rate of 
formation of subsurface oxygen. Further- 
more, the reactions in which CO2 and the 
epoxide are formed both remove oxygen 
from the surface, in contrast to the dehy- 
drogenation of methanol. This indicates 
that the substitution of 02 by N20 might 
decrease the proportion of subsurface oxy- 
gen present during the catalytic reaction, 

According to van Santen and co-workers 
(29, 30), who studied ethylene epoxidation 
with labeled reactants, atomic surface oxy- 
gen can react with ethylene to give ethylene 
oxide provided that subsurface oxygen is 
also present. Such surface oxygen was 
shown to react more rapidly than gas-phase 
oxygen. We suggest that the decrease in the 
proportion of subsurface oxygen may be 
the reason for the loss in selectivity when 
N20 is used for ethylene epoxidation. Com- 
parable conclusions were obtained using IR 
measurements by Force and Bell (31, 32) 
and using the temperature-programmed re- 
action of ethylene with 02 and N20 by 
Neubauer (6). Neubauer interpreted the 
importance of the presence of subsurface 
oxygen in terms of the semiconductor 
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properties of a silver oxide surface layer. 
Verykios and co-workers (33) studied the 
influence of the microstructure of sup- 
ported silver on its selectivity toward eth- 
ylene epoxidation; they reported that the 
morphology as well as the particle size 
influenced the rates of reaction to CO2 and 
the epoxide. It could well be that the rate 
of formation of subsurface oxygen is in- 
fluenced by the particle size and morphol- 
ogy and this may affect the selectivity of 
the catalyst as discussed above. 

CONCLUSIONS 

The rate of formation of oxygen species 
is much smaller for N20 than for OZ. Only 
subsurface species are created by N20 on 
Ag III; however, when the sample is 
treated with H2 at high temperatures prior 
to the oxidation, both subsurface oxygen 
and subsurface OH are formed. Selective 
adsorption probably takes place on surface 
defects. 

A comparison of the results with litera- 
ture data shows that the formation of sub- 
surface species is strongly influenced by the 
microstructure of the silver; this is valid for 
adsorption of both N20 and OZ. The rate of 
conversion of atomic surface oxygen to 
subsurface species (subsurface oxygen and 
OH) determines the proportion of weakly 
bonded atomic surface oxygen present after 
adsorption. 

In the oxidative dehydrogenation of 
methanol, N20 decreases the conversion to 
CO2 compared to that with 02, supporting 
the suggestion that atomic surface oxygen, 
which is weakly bound, is responsible for 
the formation of CO2 and that strongly 
bound oxygen in the vicinity of surface de- 
fects is the active site for formaldehyde 
production. 

The adsorption of oxygen is the rate-de- 
termining step, at least with N20 as the re- 
actant. 
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