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Infrared spectra are presented of the adsorbed species present on the surface of a silver
catalyst during the oxidation of ethylene. These spectra, recorded as a function of time
using a batch recirculation reactor, show significant changes as the reaction proceeds. The
interpretation of the spectra recorded under reaction conditions is facilitated by comparison
of these spectra with those obtained during the individual adsorption of reactants and prod-
ucts, both in the presence and absence of oxygen. Surface structures are proposed for each

of the adsorbed species.

INTRODUCTION

Considerable attention has been given to
understanding the mechanism by which
ethylene is oxidized to ethylene oxide over
a silver catalyst (/~3). For the most part,
these studies have focused on determining
the form in which oxygen adsorbs on silver
or the changes in the physical properties of
silver when first oxygen and then ethylene
is adsorbed. Mechanistic inferences have
also been drawn from a variety of kinetic
investigations.

Only a limited amount of work has been
reported concerning the direct observation
of surface structures which might relate to
the progress of the oxidation reaction. In a
study by Gerei et al. (4) infrared spectros-
copy was used to observe the adsorbed
species formed when ethylene is adsorbed
on a silver surface partially covered by
preadsorbed oxygen. From the spectra
it was concluded that ethylene adsorp-
tion occurred with rupture of the double
bond to form a peroxide structure
-CH,-CH,-0O-0O-. Primary evidence for
this structure was the absence of olefinic
C-H stretching vibrations and the pres-
ence of a band at 870 ¢cm~! which was as-
signed to the vibration of the peroxide
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group. More recent work by Kilty ef al. (5)
has conclusively confirmed the formation
of the structure proposed by Gerei et al.
and their interpretation of the band at 8§70
cm™!. It was noted, however, that this
structure is not stable at temperatures
above 100°C and most likely rearranges to
form an alkoxide type surface structure,
~-CH,-CH,-O-. By observing the spectra
obtained when ethylene oxide is adsorbed
on silver, Gerei et al. (4) also concluded
that adsorption causes the epoxide ring to
rupture leading to an alkoxide type surface
structure.

The present work was undertaken with
the aim of studying simultaneously the
kinetics of ethylene oxidation and the
structure of the adsorbed species present
on the catalyst surface under reaction con-
ditions. The latter investigation was per-
formed by the use of infrared spec-
troscopy. Separate studies were also
performed in which spectra were recorded
for ethylene, ethylene oxide, acetalde-
hyde, and carbon dioxide adsorbed with
and without the coadsorption of oxygen.
Comparisons are made between the spec-
tra observed under both adsorption and
reaction conditions, and structures are pro-
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posed for each of the adsorbed species.
The relationship .of the species identified
here to the mechanism of oxidation will
be discussed in a subsequent paper (6).

EXPERIMENTAL METHODS

The catalyst used for the present work
was prepared by depositing silver on Cab-
O-Sil M-5. The first step in the preparation
procedure was the removal of residual
chlorine from the Cab-O-Sil to avoid unin-
tentional moderation of the catalyst. The
chlorine content of the solid was reduced
from 2000 ppm to less than 50 ppm by
weight by heating it in a vacuum oven at
150°C and 0.5 Torr for a period of 48 hr.

An 8 g charge of pretreated Cab-O-Sil
was slowly added to 300 ml of distilled
water maintained at 85°C and stirred.
Once a uniform slurry had been obtained,
160 ml of a silver nitrate solution (0.5 g
Ag/100 ml) was added slowly over a
period of 1 hr. To reduce the silver nitrate
to metallic silver, a 10-fold excess of
aqueous formaldehyde salution was added
slowly over a period of 2 hr. When the for-
maldehyde addition had been completed,
the slurry was observed to have a light-
grey color. Agitation was continued for
several hours more at a temperature of
90-95°C to assure completion of the re-
duction and to begin evaporation of water.
After the slurry volume had been reduced
to about 200 ml, it was transferred to a
crystallizing dish placed on a hot plate.
Evaporation was continued until a thick
paste had formed. At this point the paste
was transferred to an aluminum boat and
placed in a helium-purged oven for 24 hr.
The final product was grey-brown in color
and showed no tendency to segregate into
silver and support particles. The dried
solid was ground in a mortar with a pestle,
both of which had been cleaned with hot
nitric acid. By following a sequence of
grinding and sieving, a free flowing pow-
der of sub-300 mesh size was finally
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achieved. The silver content of this prod-
uct was analyzed at about 8.5% by weight.

The catalyst prepared as described
above was mixed with fresh Cab-O-Sil in
the proportions of 1:4 of fresh Cab-O-Sil
to catalyst. This step proved necessary to
obtain a product of acceptable optical
transparency. A homogeneous blend was
achieved by mixing and resieving. The di-
luted material gave a silver analysis of
6.6% by weight.

A circular disc 1.125 in. in diameter was
formed by pressing about 200 mg of the
diluted powder in a die at 8000 psi. To
allow for a measurement of the disc tem-
perature, a copper-constantan thermo-
couple with wires 0.002 in. in diameter
was placed into the powder and embedded
into the disc. In the course of time it was
discovered that under reaction conditions
the copper wire of the thermocouple be-
came amalgamated with the silver leading
to the disintegration of the wire. As a re-
sult, it was necessary to press three cata-
lyst discs in order to complete the work.
The weights of these discs, all of which
were prepared from the same batch of di-
luted catalyst, are indicated in Table 1.

The apparatus used to obtain the spec-
tral and kinetic data reported here was the
same as that described previously by
London and Bell (7,8). The central compo-
nent of this apparatus is a heated infrared
cell which is connected to a gas recircula-
tion loop. The catalyst disc is held within
the cell so that it is aligned with the sample
beam of the spectrometer (Perkin-Elmer,
Model 457). A second disc, consisting of
pure Cab-O-Sil, is held in the reference

TABLE 1
Masses OF CATALYST AND REFERENCE Discs

Catalyst disc mass Reference disc mass

No. (g) (g)
1 0.204 0.211
0.194 0.225
3 0.198 0.226
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beam. The weights of the reference discs
used with each of the three catalyst discs
are listed in Table 1. Using this technique it
is possible to record the spectrum of only
those species adsorbed on the catalyst and
to subtract out the spectrum of silica and
of species present in the gas phase (7).

Analysis of the gas in the recirculation
loop was carried out on a Varian Aero-
graph 90P3 gas chromatograph fitted with
a 24 ft long 0.25 in. diameter column
packed with Porapak Q. To achieve a
complete separation of all reactants and
products the following sequence of steps
was used. First, a stable base line was es-
tablished at a column temperature of 82°C
and a helium gas flow rate of 28 cm® min.
A sample was then injected and the peaks
for oxygen, carbon dioxide and ethylene
were recorded. This part of the analysis
was completed within 10 min after sample
injection. At this point the column temper-
ature was rapidly raised to a final level of
171°C and the helium flow rate was in-
creased to 50 cm?®min. Two additional
peaks corresponding to ethylene oxide and
water were then recorded. A complete
analysis could be obtained by this proce-
dure in about 35 min and a complete cycle
repeated every 50-55 min.

Prior to beginning experiments with a
freshly prepared catalyst disc, the disc and
its companion reference disc were placed
in the reactor and evacuated to less than
106 Torr at 250°C for a period of 18 hr. A
gas mixture containing 12% hydrogen in
helium was then passed over the discs in
order to completely reduce the catalyst.
During this period which lasted 6 hr, the
catalyst temperature was 250°C and the
total gas pressure was 1 atm.

Between runs the catalyst was reduced
again using the following procedure. The
reactor and recirculation loop were first
purged with helium at 220°C for 6 hr. At
this point a mixture of 12% hydrogen in
helium was introduced and the catalyst
reduced under the same conditions used
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for a fresh disc. After reduction, the reac-
tor was again evacuated, at which point
the catalyst was ready for the start of a
new run.

Two sets of experiments were per-
formed. The first, identified as reaction
runs, were carried out by filling the recir-
culation loop with a reactant mixture with
or without products and then recirculating
the mixture over the catalyst. During these
batch runs spectra were recorded and gas
analyses were performed every few hours.
The second set of experiments were iden-
tified as adsorption runs. For these runs, a
continuous flow of helium containing the
adsorbate alone or the adsorbate plus ox-
ygen was passed into and out of the recir-
culation loop. The total gas flow rate was
maintained high enough to avoid any mea-
surable degree of conversion.

RESULTS

As noted in the previous section, it was
necessary to use three catalyst discs in the
course of this work to collect sufficient
kinetic and spectral data. To ascertain that
these three discs were catalytically equiva-
lent, the first run on each disc was carried
out under an identical set of conditions,
noted in Table 2. During the course of
these runs, which lasted 18 hr, the com-
position of the recirculating gas was ana-
lyzed and infrared spectra of the disc were
recorded at fixed intervals of time. These

TABLE 2
STANDARD CONDITIONS USED TO TEST CATALYST
ACTIVITY AND THE OBSERVED INITIAL
REACTION RATES?®

Disc ¥ c:H,40 Tco
Run No. (umol/gmin) (umolgmin) §cmo®
R-1 1 148.0 333.2 47.0
R-2 1 148.1 333.0 47.0
R-4 2 147.2 332.2 47.0
R-9 3 155.6 221.2 48.4

e T = 220°C; po, = 0.39 atm; pc,u, = 0.18 atm;
Pue = 0.43 atm.
¥ Scaio = Femo T 12rco,).
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Fig. 1. Conversion and selectivity to ethylene
oxide for batch runs over catalyst discs 1, 2 and 3:
T = 220°C.

data allowed a comparison to be made of
the performance of each catalyst disc.

Figure 1 illustrates the extent of conver-
sion of ethylene to ethylene oxide and the
selectivity for ethylene oxide for each disc
as a function of reaction time. The data for
all three discs are nearly identical, and any
differences can be accounted for by dif-
ferences in the masses of the catalyst discs
and the exact starting concentration of
reactants. Also shown in Fig. 1 is a com-
parison of the data for two standard runs
carried out over disc No. 1. Between these
two runs the catalyst was reduced in hy-
drogen following the procedures noted ear-
lier. The data for these two runs are less
than the uncertainties in the data them-
selves. As shown in Fig. 1, the selectivity
and fractional conversion data for runs
R-1, R-2, R-4, and R-9 can be described
by a single pair of curves.

A comparison of the spectra obtained
after 14 hr of reaction is shown in Fig. 2
for each of the three discs. Examination
shows that the spectra for runs R-4 and
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R-9 are nearly identical. The spectrum for
run R-1 exhibits essentially all of the
bands observed in the spectra for runs R-4
and R-9, but with significantly reduced in-
tensity. The reduction in intensity of the
spectrum for run R-1 can be explained in
terms of the difference in mass between
the catalyst disc and the companion refer-
ence disc. The use of a reference disc
which is heavier (and hence thicker for a
fixed die size and pressing force) than the
catalyst disc, aids in intensifying the bands
due to species adsorbed on the catalyst.
For runs R-4 and R-9, the mass dif-
ferences are 28 and 31 mg, respectively,
while for runs R-1 the mass difference is 7
mg. Consequently, it is expected that the
spectra for runs R-4 and R-9 should be
comparable but more intense than the
spectrum for run R-1. Interestingly, the ef-
fect of mass difference between catalyst
and reference discs overrides the effect of
the mass of the catalyst disc itself,

Figure 2 also provides a comparison of
the spectra for runs R-1 and R-2. In this
case the two spectra are completely iden-
tical indicating that the hydrogen reduction
between these two runs restores the cata-
lyst surface to the same initial state.

The rates of ethylene oxide and carbon
dioxide production and the selectivity for
ethylene oxide are listed in Table 2 for
each disc. The reaction rates and selec-
tivites for runs R-1 and R-2 are identical,
indicating that hydrogen reduction returns
the catalyst to its original activity. Like-
wise, a comparison of runs R-1, R-4, and
R-9 shows that the reaction rates and se-
lectivities for all three discs are compara-
ble which further confirms that all three
discs have essentially equivalent activities.

During the course of a batch run it was
observed that the spectrum of adsorbed
species changed. A representative se-
quence of spectra illustrating these
changes is shown in Fig. 3. The reactant
and product partial pressures, the reaction
rates, and the selectivities are listed in Fig.
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3 as a function of time. Frequency shifts
and intensity variations of individual bands
can best be summarized by dividing the
spectrum into the following four regions:
3200-2800, 2400-2200, 1800-1700, and
1600-600 cm™".

The portion of the spectra between 3200
and 2800 cm™! contains two groups of
bands. The first group appears in the spec-
trum recorded after 1 hr of reaction and
contains four well-defined bands at 3130,
3090, 3010 and 2970 cm~!. As the reac-
tion proceeds, the band at 3130 cm™'
grows while the band at 3090 cm™'
diminishes and is shifted gradually to 3100
cm™'. The band at 3010 cm™! grows during
the first 9 hr of reaction but then decreases
in intensity, becoming a shoulder on the
large new band at 2935 cm~!. A reduction
in intensity accompanies the shift. The
band at 2970 cm ' also increases during
the first 9 hr of reaction, ultimately be-
coming a large shoulder on the band at
2935 cm™L

A second distinct group of bands com-
prised of peaks at 2935 and 2830 cm~' and
a shoulder at 2890-2900 cm™! appears as
the reaction proceeds. The band at 2935
cm™! first appears as a shoulder on the
band at 2970 cm™' after 9 hr of reaction
and grows to become the most intense
peak in the spectrum. The sharp band at
2830 cm™! and the shoulder at 2890-2900
cm~! also emerge after 9 hr of reaction.

In the region between 2400 and 2200
cm™!, three bands are observed at 2360,
2330 and 2270 cm™!'. The bands occurring
at 2360 and 2330 cm™! overlap each other
at low reaction times and grow steadily up
to a reaction time of 5 hr. For longer reac-
tion times, the positions of the two bands
are shifted to 2380 and 2340 cm™', respec-
tively, causing a complete resolution of the
bands. Accompanying the separation into
two bands there is a noticeable reduction
in intensity. By contrast, the intensity of
the band at 2270 cm™! increases continu-
ously throughout the run.
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Only a single band at 1740 cm™’ is ob-
served in the region between 1800 and
1700 cm~'. This band is present after 1 hr
of reaction and grows steadily with in-
creasing reaction time.

In the region between 1600 and 600
cm™!, six bands are observed after 1 hr of
reaction. These are located at 1445, 1370,
1220, 1040, 870 and 605 cm™'. With the
exception of the band at 1445 cm™, the in-
tensity of these bands increases with
increasing reaction time. As the run pro-
ceeds, the band at 870 cm™! shifts down-
scale gradually appearing at 820 cm™! after
18 hr of reaction. Finally, a broad peak is
observed to emerge at 1080 cm™! between
9 and 14 hr into the run.

From the kinetic data given in Fig. 3 it is
apparent that the presence of reaction
products in the recirculated gases causes a
reduction in the rates of both the epoxida-
tion and the combustion reactions. The
decline in rates is accompanied, however,
by an increase in the selectivity towards
ethylene oxide.

The association of the spectral features
shown in Fig. 3 with individual reactants
and products, was carried out by com-
paring spectra taken under reaction condi-
tions with those obtained by individually
adsorbing ethylene, ethylene oxide, ace-
taldehyde, and carbon dioxide on the cata-
lyst, both in the presence and absence of
oxygen. In performing the adsorption
studies the gas phase concentration of the
adsorbates and the catalyst temperature
were selected to be the same as those ob-
served during reaction. In addition to this
method of comparison, reaction runs were
also performed in which either carbon
dioxide or ethylene oxide was added to the
original reactor charge. The spectra ob-
tained from these runs were compared to
those obtained from runs in which no
products were present at the start of the
run.

No spectra could be obtained when a
mixture of ethylene and helium was passed
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Traonsmittance

Spectrum A B C
Run A-4 A-4 A4
T(°C) 220 220 220

0.230 0.270 0.370
0.094 0.110 0.170

P02 {atm)
PCZH4 (atm)

Spectrum D E F
Run A-5 A-5 A-5
T (°C) 170 170 170
Po2 {atm) 0.230 0.270 0.370
Pen {atm) 0.094 0.110 0.170
2Hg
3020
T T DO N R R A Y S O B B
3500 3000 2500 2000

Wavenumber {cm™)

F1G. 4. Spectra of ethylene adsorbed in the presence of oxygen: T = 220°C; and T = 170°C.

over the catalyst. However, when oxygen
was added to the mixture, well-defined
spectra were recorded. Figure 4 illustrates
the spectra for coadsorbed oxygen and
ethylene at temperatures of 220 and
170°C. Four bands are observed at 3130,
3090, 3020, and 2980 cm™!. The inten-
sities of these bands increase with increas-
ing partial pressures of ethylene and ox-
ygen for a given temperature and with
decreasing temperature for a given gas
composition. Both of these observations
conform to the expected behavior for
an adsorption process.

The only other peak observed in the
spectra for adsorbed ethylene is a very
weak one at 230-350 cm™!. As discussed
below, this peak can be associated with the
adsorption of carbon dioxide produced by
oxidation of a small portion of the ethylene
fed to the reactor. It is noted that the in-
tensity of this peak increases with increas-
ing partial pressures of ethylene and ox-
ygen for a given temperature and with
increasing temperature for a given gas
composition.

In the discussion of Fig. 3, it was noted
that the spectra obtained at low reaction
times exhibit a group of four bands at

frequencies which are very close or iden-
tical to those observed during the adsorp-
tion of ethylene. To emphasize this com-
parison further, Fig. 5 illustrates the high
frequency portions of the spectra from five
reaction runs. These five spectra were
taken at the same partial pressures of eth-
ylene and oxygen as the correspondingly
labeled spectra in Fig. 4.

Examination of Figs. 4 and 5 brings out
a number of observations. The first is that
the correspondence in frequency for the
four bands occurring in both adsorption
and reaction runs is sufficiently close to
support the existence of adsorbed ethylene
on the catalyst surface under reaction con-
ditions. Secondly, there are some small dif-
ferences in individual band positions
between the two types of experiments. In
particular, the band which appears at 3020
cm™! in the adsorption studies appears at
frequencies between 3010 and 3020 cm™*
in the reaction studies. This difference in
band position does not appear to be related
in a straightforward manner to either gas
composition or reaction rate. Thirdly, the
spectra recorded under reaction conditions
show the presence of two additional bands
(see spectra A, D and E in Fig. §). These
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Spectrum A B c D E
Run R-8 R-7 R-4 R-Il R-I0
Time (hr) ! ! ! 2 2
T (°C) 220 220 220 170 170
Po, (atm) 0230 0270 0370 0230 0270
° ¢ Pen, (atm) 0.094 0.110 0.170 0.092 O.ll0
g Peo, (@tm) 0005 0006 0.010 0004 0.007
z 0 Pyo (atm) 0005 0006 0.010 0004 0.007
g Pegigo @m)  0.002 0.003 0.004 0.002 0.003
" femoltma) T4 94 147 3 47
C2H4O min g Ag
pmole
co, (g ay) 51 198 332 78 107
Sen0 (%) 50 49 47 48 48
3020 LO% 24
1 1

o 1 Ll L
3000 2500 2000

Wavenumber (cm™!)

Fi1G. 5. Comparison of the spectra taken from reaction runs: T = 220°C; and T = 170°C.

bands appear as a low frequency shoulder
on the 2970-80 ¢cm™' band and as a very
weak peak at approximately 3000 cm™.
Fourthly, the intensities of the four major
bands appearing in the spectra for reaction
runs, Fig. 5, do not show the same regular
behavior with ethylene partial pressure
and temperature noted in the spectra for
adsorption runs presented in Fig. 4. The
observed differences between the reaction
and adsorption runs are believed to be due
to the presence of reaction products in the
former case. The specific influences of
carbon dioxide and ethylene oxide on the

adsorption of ethylene are examined
below.

By contrast to ethylene, ethylene oxide
is found to adsorb both with and without
oxygen. Spectra for both cases are shown
in Fig. 6. In the absence of oxygen, four
bands are seen in the vicinity of 3000
cm™!, occurring at 2970, 2920, 2890 and
2820 cm'. Another four bands at 1100,
1080, 1035 and 860 cm™! are found in the
low frequency portion of the spectrum.
When oxygen is added to the system, new
bands appear at 3010, 2320, 2270 and
1740 cm ! and the bands at 2920 and 2820

LIS B A B BN S e S S S S

Transmittance

2320' 2270

LA (VS-S S e e B B B

T T

Spectrum A B C D
Run A-I0 A-3 A-il A-6
P02 {atm) - - 0.370 0.380
PCZH olatm) - 0035 -~ 0038
Pongcwo 0m) 0035 - 0038 -
T (°C) 220 220 220 220

TENE G S

SR T S R O N N SR S Bt
1800 600 1400
Wavenumber {cm™')

b L T W W N ST U AU W 'Y
3500 3000 2500 2000

L PR Y
1200 1000

600

800

Fi1G. 6. Spectra of acetaldehyde and ethylene oxide adsorbed in the absence and presence of oxygen: T =

220°C.
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cm ! are intensified. In the low frequency
portion of the spectrum, the addition of ox-
ygen causes an intensification of the bands
at 1100 and 860 cm™! and the appearance
of new bands at 1245, 1155 and 605 cm™".
Figure 7 illustrates a series of spectra
obtained for ethylene oxide adsorbed with
oxygen at 220 and 170°C. It is noted that
the intensity of the bands near 3000 cm™!
increases with increasing partial pressures
of ethylene oxide and oxygen for a given
temperature and with decreasing tempera-
ture for a given gas composition consistent
with the behavior expected for an adsorp-
tion process. The weak bands present at
2330 and 2270 cm™! are intensified by
increasing temperature which suggests that
me‘y' arc UCIIVCU lIOHl I.IIC pI'O(lUClb 01 e[ﬂ-
ylene oxide oxidation. A similar deduction
cannot be made for the band at 1740 cm™!
since its intensity is independent of tem-
perature for a given gas composition.
While acetaldehyde was not observed as
a product of ethylene oxidation its adsorp—
tion was investigated because it is an is-
omer of ethylene oxide and because it has
been postulated as an intermediate in the
reaction mechanism (9). Figure 6 shows
the spectra for acetaldehyde adsorbed with
and without oxygen at 220°C. The partial
pressures of acetaldehyde and oxygen

antical tn
used in these experiments were identical to

the partial pressures of ethylene oxide and
oxygen used for the adsorption of ethylene
oxide. These conditions were chosen to

facilitate a comparison of the spectra for
adsorbed acetaldehyde and ethylene di-
oxide.

The spectrum of acetaldehyde adsorbed
in the absence of oxygen exhibits four

nvprlanpuno hands ln fhe Vlc{nufy nf 3000

cm~!. These bands are located at 2960,
2920, 2890 and 2830 cm~! which corre-
sponds very closely to the positions of
similar bands observed for adsorbed ethyl-
ene oxide. The appearance of bands at
2330, 2270 and 1725 cm™! for adsorbed
acetaldehvde contrasts sharply with the
spectrum for adsorbed ethylene oxide and
suggests that a portion of the adsorbed
acetaldehyde decomposes to release ox-
ygen which can then oxidize a portion of
the remaining adsorbed acetaldhyde. In
the low frequency portion of the spectrum,
shown in Fig. 6, only a single band is ob-
served at 1045 cm™!. The position of this
band is close to that occurring at 1035
cm™! for adsorbed ethylene oxide.

When oxygen is added to acetaldehyde

- - 0% o ~ —1
the band at 2960 cm™! shifts to 2970 cm™!

and both this band and the band at 2830
cm~! are reduced in intensity. The pres-
ence of oxygen also causes a new band to
appear at 3020 cm~!. Comparison of the
spectrum for adsorbed acetaldehyde with
that for adsorbed ethylene oxide shows

¢ 1 .’ 21 "; ‘p ‘p } ]
that both spectra exhibit a series of four

bands near 3000 cm™!. The primary dif-
ferences are that the bands at 3020 and
2830 cm™! are less intense and the band at

Wavenumber (cm™')

—r T T T
1740
a0 A Spectrum A ] c
2975, |,2890 2320, 2270 . Run A-6 A6 . A-6
3020 ‘ 2820 T (°0) 226 220 2
- \ | e /D\V/v\ Fo, i} 0200 0270 0376
- W E Penolotm) 0022 0.027 0038
3
s Iy )/F\
Sl M\ /' 740 | Seectrum b} E F
s Run A7 AT AT
s 2330 {2270 T (°C} 170 170 170
Po, latm) 0200 0.270 0376
3010 oo
) Pey,0ltm) 0022 0.027 0038
2830 oM
10%
2030 2890 T
[ ST S L1y o0 | L
2000 28NN 2000 1ann [7304]

FiG. 7. Spectra of ethylene oxide adsorbed in the presence of oxygen: T = 220°C; and T = 170°C.
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2376é33101]17—|*]||1—rAl T 1 T T T T 1
Spectrum A B C 0
Run A-| A-2 R-2 R-3
Time (hr) — - 9 14
P02 {atm) — 0.270 0.270 0.270
PCH {atm) — — 0.!10 0.0
3 2
< P (atm) 0.096 0.096 0.060 0.096
S 0,
E PHZO {atm) b — 0.060 0062
g
= PCZH.,O {atm) - — 0.031 0027
fg
pmole _ _
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F1G. 8. Comparison of the spectra for carbon dioxide adsorbed in the absence and presence of oxygen with

spectra taken under reaction conditions: T = 220°C.

2970 cm™ is more intense for adsorbed
acetaldehyde than for adsorbed ethylene
oxide. The presence of oxygen during the
adsorption of acetaldehyde causes the
appearance of five new bands at 1455,
1425, 1145, 1060 and 850 cm™!. Of these
bands the ones at 1145, 1060 and 850
cm™! closely resemble similar bands ob-
served during the adsorption of ethylene
oxide with oxygen.

Figure 8 compares spectra obtained for
the adsorption of carbon dioxide with
spectra obtained under reaction condi-
tions. Spectrum A corresponds to the ad-
sorption of carbon dioxide in the absence
of oxygen. Only a single pair of overlap-
ping bands appearing at 2370 and 2330
cm™! is observed in this case. When ox-
ygen is added, spectrum B is obtained.
Although the partial pressures used in pro-
ducing spectra A and B are the same, the
intensities of the bands at 2370 and 2330
cm™! are significantly stronger in spectrum
B than in spectrum A. Reference to
spectra C and D indicates that the same
two bands are observed under reaction
conditions and that their intensity is en-
hanced by an increased partial pressure of
carbon dioxide. It is also noted that while
the intensities of the two bands are equiva-
lent under adsorption conditions, the band

at 2330 cm™! is more intense than that at
2370 cm~! under reaction conditions.

Spectrum B in Fig. 8 also illustrates that
the adsorption of carbon dioxide in the
presence of oxygen causes the appearance
of five new bands at 1365, 1230, 1035, 810
and 605 cm™!, which are not present in
spectrum A. These five bands correspond
very closely to the five bands indicated in
spectra C and D, taken under reaction
conditions. Comparison of spectra C and
D shows further that when the partial
pressure of carbon dioxide is increased
while maintaining the partial pressures of
the remaining components essentially con-
stant that the intensities of the five bands
attributed to adsorbed carbon dioxide in-
crease.

Finally, it is noted that the band ap-
pearing in the 800 cm™ region of the
spectra shown in Fig. 9 shifts depending
on the composition of the gas in the reac-
tor. Under adsorption conditions this band
appears at 810 cm™! as seen in spectrum
B. In spectrum D, taken under reaction
conditions, this band is shifted to 825 cm™!
even though the partial pressures of
carbon dioxide and oxygen are the same as
for spectrum B. When the partial pressure
of carbon dioxide is reduced keeping the
partial pressures of all other components
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Transmittance
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FiG. 9. Comparison of the spectra for adsorbed ethylene and ethylene oxide with a spectrum taken under

reaction conditions: 7 = 220°C.

the same, the band position moves upscale
to 840 cm™! as seen in spectrum C. The
observed shift in the position of this band
is similar to that noted in the discussion of
Fig. 3. In both cases the band moves
downscale with increasing partial pressure
of carbon dioxide.

The relationship of the spectra of indi-
vidual adsorbed components to the spec-
trum of adsorbed species taken under reac-
tion conditions is illustrated in Fig. 9.
Spectra A, B, and C correspond to the ad-
sorption of ethylene, ethylene oxide, and
carbon dioxide, each in the presence of ox-
ygen, and spectrum D corresponds to
reaction run R-6. The partial pressures of
each adsorbate used in performing the ad-
sorption runs were chosen to correspond
as closely as possible to the partial pres-
sures of the identical components ob-
served at a point 3 hr into run R-5.

The bands at 3130, 3090, 3010, 2970,
2940, 2890 and 2830 cm™! appearing in
spectrum D of Fig. 9 are seen to corre-
spond very closely to similar peaks in
spectra A and B for adsorbed ethylene and
ethylene oxide. Similarly, the pair of bands
at 2370 and 2330 cm™! can be identified
with adsorbed carbon dioxide. The re-
maining two bands at 2270 and 1740 cm™
occur at identical positions to the corre-
sponding bands observed in spectrum B
but are considerably less intense. This ob-

servation suggests that these two bands
are due to an intermediate species which is
present both under reaction conditions and
when ethylene oxide is adsorbed in the
presence of oxygen.

Further inspection of Fig. 9 shows that
the bands appearing at 1365, 1225 and
1040 cm™ in spectrum D correspond ex-
actly to bands located at the same
frequencies in spectrum C for adsorbed
carbon dioxide. Likewise the band occur-
ring at 1080 cm™ can be definitely as-
sociated with adsorbed ethylene oxide by
reference to spectrum B. The two bands at
865 and 620 cm™! in spectrum D corre-
spond most closely to the bands at 865 and
610 cm™! observed for adsorbed ethylene
oxide. It should be noted, however, that
adsorbed carbon dioxide also exhibits two
such bands, but these are shifted to 810
and 605 cm™'. Finally, it is noted that a
band located at 1445 cm™! is observed
only under reaction conditions. Adsorbed
ethylene oxide also produces bands at
1245 and 1155 cm™!. While it is possible
that a band corresponding to the one at
1245 cm™! is masked by the broad band at
1225 ¢cm™! in spectrum D, no band is ob-
served at 1155 cm™ in spectrum D. This
may suggest that the form of adsorbed eth-
ylene oxide present under reaction condi-
tions is more nearly similar to that corre-
sponding to ethylene oxide adsorbed on
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silver in the absence of oxygen (see spec-
trum A in Fig. 6).

DISCUSSION

As noted in the previous section, the
majority of the bands observed under reac-
tion conditions can be ascribed to the ad-
sorption of reactants or products. Con-
sequently the interpretation of these bands
can proceed through an examination of the
spectra obtained from adsorption runs.
The elucidation of explicit surface struc-
tures proceeds by comparison of the ob-
served spectra with those for the adsorbate
molecule, transition metal complexes of
the adsorbate, and related compounds or
structures derived from the original adsor-
bate.

The spectrum of ethylene adsorbed in
the presence of oxygen contains four
strong bands in the vicinity of 3000 cm™!.
The positions of these bands are listed in
Table 3 and compared with the position of
bands observed for gaseous ethylene (/0).
Also noted in Table 3 are the band posi-
tions taken from the spectra of ethylene
adsorbed on silver ions present in an ion-
exchanged zeolite (/7), silver ions present
in an aqueous solution of silver tet-
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rafluoroborate (/2), and oxygen-covered
silver dispersed on a silica support (4,5).
The four bands observed in this work cor-
relate very closely with the four bands as-
signed to C-H stretching vibrations for
gaseous ethylene which suggests that the
adsorption of ethylene on silver occurs
without rupture of the C=C bond. The
positions of the v, and v, vibrations in both
of these studies agree very closely. Fur-
thermore it is evident that both of these
modes, which are normally only Raman
active, become infrared active upon in-
teraction of ethylene with silver ions. The
v, vibration which is normally infrared ac-
tive is observed only in the spectrum eth-
ylene adsorbed on the silver-exchanged
zeolite. Bands corresponding to v,, vs, Or
v, vibrations were not observed in the
present work. Two reasons can be offered
to account for this. The first is that the
symmetry of the adsorbed ethylene mole-
cule did not change sufficiently to cause
the v, and v, vibrations to become infrared
active. The second, and perhaps more
likely explanation, is that the transmission
of the discs in the vicinity of 1600 to
1400 cm™! is so poor, due to strong adsorp-
tion by the silica support, that it is impos-

TABLE 3
COMPARISON OF THE VIBRATIONAL FREQUENCIES FOR ETHYLENE IN DIFFERENT ENVIRONMENTS

C;H, adsorbed on C,H, + 0, C.H, adsorbed on  C,H, adsorbed on
Gaseous C;H, (10) Ag-Zeolite ({1) C,H, adsorbed on adsorbed on Ag containing Ag containing
AgBF, (12) Ag (this work) preadsorbed O, (4} preadsorbed O, (5)
Band wv(cm™") Sym. species w(cm~') Sym. species’ vicm=") v(cm™) v{cm™) v(em™)
Ve 3105 B, 3140 B, — 3130 — —
vy 3086° B, 3086 A, — 3090 — —
v 30260 A, 3060 A, — 3020 - —
vy 2989 B, 2985 B, — 2980 2958,2850 2940,2840
Vs 1623% A, 1570 Ay 1579 — — —
Vs 1444 B, 1425 B, — — 1460, 1440 1458,1440
vy 13427 A, 1310 A,y 1320* — — —_
ve 1217 B, — — — — — —
v, 1023¢ A, — — — — — —
vy 949 B, — — — — — —
v 9400 By, — — — — — —
10 826 By, — — — — 870 870

« Symmetry species for an assumed C,, point group.
® Raman active.
¢ Both Raman and infrared inactive.
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sible to observe the v,, vibration or the v,
vibration even if the latter were infrared
active.

It is important to note that the spectra
for adsorbed ethylene bear closer resem-
blance to those for ethylene complexed
with a silver ion than to those for ethylene
adsorbed on silver containing preadsorbed
oxygen, columns 5 and 6 of Table 3. The
latter spectra, obtained by Gerei et al. (4)
and by Kilty et al. (5) are similar to each
other but show no evidence for ethylene
adsorbed on the surface in an undissoci-
ated form. Instead, the work of these two
groups support the presence of a peroxide
structure, -CH,-CH,-0-0-, as discussed
in the introduction. The reason for the dif-
ferences between the spectra published by
Gerei et al. and Kilty et al. and those
presented here are likely due to the means
by which the former spectra were ob-
tained. In both cases oxygen was adsorbed
onto silver at 95°C. The oxygen in the gas
phase was then removed and replaced by
ethylene which was adsorbed at 95°C. Be-
fore recording a spectrum the sample cell
was evacuated and the sample tempera-
ture, was brought down to room tempera-
ture. Because of this procedure the spectra
presented by Gerei et al. and Kilty et al.
show features only for those species which
are strongly chemisorbed. The procedure
of the present work differs in that the
spectra are recorded in the presence of
both gas phase components and at the tem-
perature at which adsorption has occurred.

The nature of the sites on which ethyl-
ene adsorption occurs can now be consid-
ered. As noted above, no spectrum could
be obtained when the catalyst was exposed
to ethylene in the absence of oxygen. Thus
it may be concluded, in agreement with
previous studies (/3-19), that a completely
reduced silver surface does not contain
sites suitable for the adsorption of ethyl-
ene. In the presence of oxygen ethylene is
adsorbed and the spectrum obtained bears
close resemblance to that for ethylene
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coordinated with individual silver ions
(11). This observation suggests that the ad-
sorption sites are individual silver ions
present in a silver oxide surface layer.
Strong support for the existence of a sur-
face oxide layer on silver at temperatures
above which bulk Ag,O is unstable has
been given by a number of recent studies
(6,20-27).

Ethylene adsorption studies on ox-
ygenated silver (/5,17,18) and silver oxide
(28) offer additional evidence supporting
the selection of silver ions as the proper
adsorption site. The work of Gerei et al.
(15) showed that ethylene would adsorb on
silver previously exposed to oxygen pro-
vided that the adsorbed oxygen did not
cover the surface completely. Based on
this observation it was proposed that both
adsorbed oxygen and free surface sites are
required for ethylene adsorption. It was
further postulated that the adsorbed ox-
ygen forms negative ions which are
counter-balanced by positive silver ion
sites on which ethylene adsorption occurs.
This interpretation is consistent with work
function measurements performed earlier
by Einkeev et al. (29) which showed that
ethylene acts as an electron donor upon
adsorption. Also consistent with this in-
terpretation is Seo and Sato’s work (/8)
which shows that the differential heat of
reversible ethylene adsorption on ox-
ygenated silver is approximately the same
as that for adsorption on bulk silver oxide
28).

A proposed structure for the adsorbed
ethylene molecule is shown below,

H,C=CH,

Ag*

1
and is identical to that proposed by Carter
et al. (11) to explain the spectrum of ethyl-
ene adsorbed on silver ions substituted
into a zeolite lattice. The bonding of this
structure consists of two components.
These are the overlap of the filled = or-
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bitals of the olefin with the partially vacant
Ssp hybrid orbital of the silver ion, and the
overlap of the filled 4d orbitals of the silver
ion with vacant = * orbitals of the olefin.
While admittedly hypothetical, this
bonding concept was used to explain suc-
cessfully a number of the spectral features
observed for ethylene coordinated to a
silver ion.

It is important to note, however, that the
proposed structure may not be entirely
correct in explaining either the spectrum
reported by Carter et al. (/1) or the
present results. The seven atom configura-
tion represented by structure I is charac-
terized by three symmetry elements in ad-
dition to the identity element E, a C, axis
of rotation, a o, plane of reflection, and a
o, plane of reflection. These symmetry ele-
ments place structure I into the C,, point
group. Application of group theory shows
that of the 15 fundamental vibrational
modes 5 have A, symmetry (totally sym-
metric), three have 4, symmetry (symme-
tric with respect to the C, axis only), three
have B, symmetry (symmetric with respect
to the o, plane only), and four have B,
symmetry (symmetric to the o, plane
only). Of these, the A, modes are infrared
inactive. The problem arises upon consid-
eration of the C-H stretching modes.
Analysis of the symmetry characteristics
of the four C-H modes for structure I
requires a distribution of one mode to each
symmetry species. Correspondingly we
should expect to observe three infrared
bands related to C-H stretching rather
than four. The mode with 4, symmetry
should be absent.

Since the coordinated ethylene shown in
structure I is presumed to retain the planar
geometry of gaseous ethylene, the individ-
ual stretching modes should be very simi-
lar to those in the molecule itself. Using
this analogy it is possible to identify each
band with a particular symmetry species.
This has been done in Table 3. Thus we
conclude that if adsorbed ethylene pos-
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sesses C,, symmetry, then the band at
3090 cm™! should not be observable in the
infrared spectrum.

At least two possible explanations can
be offered for the presence of four rather
than three C-H stretching vibrations. The
first is that, while the w-bonding scheme
proposed by structure I is essentially cor-
rect, the symmetry of the complex is suf-
ficiently distorted so that it no longer falls
into the C,, point group. A possible source
of distortion would be interactions of next
nearest neighbors with atoms in the ad-
sorbed ethylene molecule. A second possi-
bility is that one of the bands in the 3000
cm™! region is not associated with C-H
stretching vibrations but instead is due to a
combination of bands or an overtone of
vibrations occuring at lower frequencies.

The infrared bands associated with the
adsorption of carbon dioxide are shown in
Table 4 and compared with the bands ob-
served for gaseous CO, (30), bulk Ag,CO,
(31), and Ag,CO; films formed by reaction
of CO, with Ag,O (32). Also shown in
Table 4 are the frequency ranges for the
vibrations of monodentate and bidentate
carbonate coordination complexes of tran-
sition metals (33). It is immediately appar-
ent that the doublet band centered at 2350
cm™! produced when carbon dioxide is ad-
sorbed in the absence of oxygen is iden-
tical to the », stretching vibration of gas-
eous CO;. Such close agreement suggests
that this form of adsorbed carbon dioxide
is loosely bonded to the surface so that the
bonds in the molecule are unaltered. Two
structures can be proposed, viz,

0

¢

li or 0 —CI =0
l Ag

Ag

11 111

The fact that the band centered at 2350
cm~! is a doublet composed of two bands
whose maxima occur at 2330 and 2370
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TABLE 4
COMPARISON OF THE VIBRATIONAL FREQUENCIES OF CO, ADSORBED ON Ag WITH THOSE FOR
CARBONATE STRUCTURES AND GAseous CO,

CO, + 0,
Gaseous adsorbedon Ag AgCO, Monodentate Bidentate
CO, 31) (this work) 32) CO, adsorbed carbonate (34) carbonate (34)
Band v(cm™Y) v(icm™}) vicm™Y) on Ag,0 (33) y(icm™Y) v(cm™)
vy 2349 2350 — — — —
— — 1790 — — —
—_ — — — — 1630-1590
— —_ — — 1530-1470 —
— — 1449 1410 — —_
vy 13372 1365 — — 1370-1300 —
— 1230 — — — 1270-1260
— 1035 1072 1020 1080-1040 1030-1020
— 810 802,785 880 880-850 840-830
— — 720,705 820 820-750 760-740
vy 667 605 — 690 690-670 680-660

@ Raman active.

cm~! (see Fig. 8) suggests that the ad-
sorbed CO, molecule is free to rotate. This
interpretation is consistent with the obser-
vation that the rotation of gaseous carbon
dioxide leads to a doublet composed of the
P and R branches of the band. The posi-
tions of the maxima of the P and R
branches are 2330 and 2370 cm™! (30),
respectively. Consequently, it is contended
that structure III properly represents the
form of carbon dioxide adsorbed in the ab-
sence of oxygen.

The rather peculiar changes in band in-
tensity and shape of the doublet centered
at 2350 cm™! can be interpreted in terms of
carbon dioxide adsorption on the silica
support material. In preliminary tests it
was observed that a silica disc would ad-
sorb carbon dioxide and give rise to a dou-
blet band centered at 2350 cm™'. For a
given partial pressure of carbon dioxide
the intensity of this spectrum was weaker
than that for carbon dioxide adsorbed on
silver. Since there is a greater mass of sil-
ica in the reference disc than in the cata-
lyst disc, it is expected that more carbon
dioxide will be adsorbed by the silica of

the reference disc than that of the catalyst
disc. This situation would give rise to a
weak negative band which would be super-
imposed on the positive band formed by
carbon dioxide adsorbed on silver. It is
proposed that with increasing carbon
dioxide partial pressures the interference
of the bands from the two sources be-
comes more significant and contributes to
the apparent reduction in band intensity
and the division of the doublet into two
fully resolved bands.

When oxygen is present, five additional
bands appear in the spectrum of adsorbed
carbon dioxide. These new bands occur-
ring at 1365, 1230, 1035, 810 and 605
cm™! can be associated with various forms
of carbonate structures as shown in Table
4. In view of the positions of these bands
we expect that both monodentate and bi-
dentate type carbonates will exist as in-
dicated by structures IV and V.

Oy 0 (o]
¢ M
? 7Y
Ag Ag Ag
v v
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It is important to comment further on
the role of oxygen in the adsorption of
carbon dioxide. Czanderna (34) has re-
ported that carbon dioxide will not adsorb
on fully reduced silver and that adsorption
will occur only after oxygen has been
preadsorbed onto the surface of the silver.
The present observations appear to contra-
dict Czanderna’s results inasmuch as a
spectrum of adsorbed carbon dioxide was
obtained on reduced silver. The absence of
any carbonate type bands in these spectra
suggests that very little if any residual ox-
ygen was present on the reduced silver
surface. For a common partial pressure of
carbon dioxide, the presence of oxygen
causes the band at 2350 cm™! to be inten-
sified over the level when oxygen is ab-
sent. This observation indicates that the
adsorption of oxygen enhances the adsorp-
tion of carbon dioxide in the form of struc-
ture IIL. The presence of oxygen also con-
tributes to the formation of carbonate
structures such as IV and V as noted
above.

455

The interpretation of the spectra for ad-
sorbed ethylene oxide and acetaldehyde
can be examined together since their
spectra bear many similarities. Table S
lists the bands observed for ethylene oxide
and acetaldehyde adsorbed in presence
and absence of oxygen. These bands are
compared with those for gaseous ethylene
oxide (35) and acetaldehyde (36) and with
the bands for ethylene oxide adsorbed on
silver reported by Gerei et al. (4).

In the absence of oxygen, the spectrum
of adsorbed ethylene oxide contains four
C-H stretching frequencies which corre-
late most closely with the asymmetric and
symmetric vibrations of CH, and CH,
groups occurring in aliphatic molecules.
This fact, plus the absence of any bands
above 3000 cm™!, as found in gaseous eth-
ylene oxide, strongly suggests that ethyl-
ene oxide adsorbs in a form in which the
epoxide ring is open. It is proposed, there-
fore, that initial adsorption produces a
structure such as VI shown below. Sub-
sequent migration of a hydrogen atom

TABLE 5
COMPARISON OF THE VIBRATIONAL FREQUENCIES FOR GASEOUS AND
ADSORBED ETHYLENE OXIDE AND ACETALDEHYDE

Gaseous C,H,O C,H,0 + 0O, C,H,0 Gaseous CH,CHO CH,CHO + O,
C,H,0 adsorbed on Ag adsorbed on Ag adsorbed on CH,CHO adsorbed on Ag adsorbed on Ag
35) (this work) (this work) Ag @ 36) (this work) (this work)
Band viem™Y) vicm™!) vicm™Y) pvicm™") Band v(cm™) pcm~1) y(cm™)
v 3079 — — ”, 3014 — 3020
v 3063¢ — - " 2966 2960 2975
vy 3019 — 3010 vy 2923 2920 2940
vy 3005 — — 2vg 2830,2809 2890,2830 2890,2830
— — 2970 2970 2960 I 2716 - —
— — 2920 2920 vy 1743 — —
— — 2890 2890 2800 VigVs 1433 —_ 1455.1425
— — 2820 2820 2850 Vg 1395 — —
23 1490 — — 1460 vr 1352 — —
Vi 1470 — — 1440 Ve 1114 - 1145
vy 1345« — — Vi 1 — —
vy 1266 — 1245 — — 1045 1060
vy 1153 — 1155 vy 867 _ 850
Uiy 1120 — 1100 Vi 764 — —
— — 1080 1080 v 509 — —
— — 1035 — Vs 150 — —
v, 892 — — _— — — —
Vg 877 860 860 — — — —
Vs 821 — — — — — —
vy 807¢ — — —

2 Raman active.
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would produce structure VII thereby ex-
plaining the presence of C-H vibrations
associated with CH, groups. Structures VI
and VII,

CH, CH,
c|H2 CIH
6 ¢
Ag he
VI viI

are supported by the presence of the band
at 1080 cm™!. This band, which does not
appear in the spectrum of gaseous ethyl-
ene oxide, can be assigned to the C-O
stretching vibrations in compounds having
terminal alkoxide groups (37).

The remaining band appearing at 860
cm™! is only slightly displaced from the
band at 865 cm™! which is ascribed to an
epoxide ring vibration of gaseous ethylene
oxide. The band at 860 cm™! cannot, how-
ever, be assigned to this type of vibration
since, as described above, the remaining
portions of the spectrum do not support
the adsorption of ethylene oxide in a ring-
closed form. Instead, it is believed that this
band is also due to vibrations associated
with either structure VI or VII. A similar
interpretation has been given by Kilty et
al. (5) for a band observed at 864 cm™! for
ethylene adsorbed on oxygenated silver.
Finally, Barraclough et al. (37) reported
the observation of bands in this frequency
range for various metal alkoxides.

The coadsorption of ethylene oxide and
oxygen introduces bands at 3010, 1245,
1155 and 1100 cm™! in addition to those
observed when ethylene oxide is adsorbed
by itself. Furthermore, there is an inten-
sification of the band at 860 cm™'. All five
of these features correlate very closely
with the spectrum for gaseous ethylene
oxide, leading to the suggestion that in the
presence of oxygen, ethylene oxide can ad-
sorb in both a ring-closed and a ring-open
manner. A possible form for the ring-
closed structure is shown (VIII).
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H,C—CH,

\\ //
‘0

i
Ag
VIII

The adsorption of acetaldehyde by itself
produces four bands in the C-H stretching
region of the spectrum and a single band at
1045 cm™, Comparison with the tabulated
bands for gaseous acetaldehyde shows the
complete absence of strong bands at 2716
and 1743 cm™! characteristic of the C-H
and C=O0 stretching vibrations associated
with the acyl carbon. These observations
suggest that acetaldehyde adsorbs initially
as an alkoxide similar to structure VII
which may subsequently isomerize to
structure VI. The postulation of structures
VI and VII is further supported by the
similarities between the bands observed
for ethanol and for adsorbed ethylene
oxide. The major differences between the
spectra of adsorbed acetaldehyde and eth-
ylene oxide are the absence of a band at
860 cm™! from the spectrum of adsorbed
acetaldehyde and the position of the band
in the region of 1000 to 1100 cm™* (i.e.,
1045 cm™! for acetaldehyde and 1080 cm™!
for ethylene oxide). These differences may
be attributable to the predominance of
structure VII for adsorbed acetaldehyde
and structure VI for adsorbed ethylene
oxide.

The coadsorption of acetaldehyde and
oxygen introduces new bands at 3020,
1455, 1425, 1145 and 850 cm™' and causes
a shift of the band at 1045 to 1060 cm™L.
The assignment of this spectrum to a defi-
nite structure is considerably more difficult
than for the species discussed previously.
The presence of bands at 3020, 1145 and
850 cm™! could be used to argue for a
structure like VIII by analogy with the
spectrum for ethylene oxide adsorbed in
the presence of oxygen. Arguing against
such an interpretation is the absence of
bands near 1245 and 1100 cm™. Never-
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theless, the possibility of forming structure
VI cannot be ruled out completely since
it is known that ethylene oxide and ace-
taldehyde will isomerize over silver (9).
Furthermore, if structure VIII were ex-
cluded it would be very difficult to explain
the occurrence of a C-H stretching
frequency of 3020 cm™! inasmuch as this
frequency level implies the presence of
either a strained ring or unsaturation.

The two bands at 1455 and 1425 cm™
appear to be unique to acetaldehyde coad-
sorption with oxygen. The most reason-
able assignment of these bands is to CH,
or CH; deformation vibrations (38). How-
ever, if this assignment is correct, then
similar bands would be expected in the
spectra of ethylene oxide adsorbed with an
without oxygen. An explanation for the ab-
sence of such bands from the spectra of
adsorbed ethylene oxide cannot be given.

The two bands at 1740 and 2270 cm™*
observed under reaction conditions (see
Fig. 3A) cannot be associated directly with
the adsorption of either reactants or prod-
ucts. These bands appear as soon as the
reaction starts and increase in intensity
over the course of the reaction. An in-
crease in the concentration of carbon
dioxide in the gas phase maintaining all
other species concentrations the same
causes the intensities of these two bands to
increase. In both instances the increases in
intensity are accompanied by a decrease in
the rates of epoxidation and combustion.

The band at 1740 cm™! can readily be
assigned to the vibration of a C=0 bond
by comparison with numerous compounds
containing such bonds (39). As shown in
Table 6 it appears that this bond is part of

0]
I

a structure such as —C—0O—.

By contrast, the band observed at 2270
cm™! cannot be assigned as easily. Table 7
lists three structures comprised of silver,
carbon, and oxygen atoms and three gas-
eous molecules comprised of carbon and
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TABLE 6
FREQUENCIES OF C=0 VIBRATIONS IN
DIFFERENT STRUCTURES

Structure ve=olcm™?)

(6] 1715
-

0O O 1720

L

[¢) 1725
Ay

O 1735
4o

O 1760
H o

oxygen atoms for which infrared bands
have been observed in the vicinity of 2000
cm™ !, It is evident from Table 7 that C-O
vibrational frequencies associated with the
structures containing silver are consider-
ably lower than 2270 cm™. It is also evi-
dent that molecules containing only carbon
and oxygen do possess vibrational
frequencies which are very close to 2270
cm™ L, In view of this and the observation
that the band at 2270 cm™! is best ascribed
sity together with the pair of bands cen-
tered at 2350 cm™?!, which is associated
with adsorbed carbon dioxide, we propose
that the band at 2270 cm™! is best ascribed

TABLE 7
A CoMPARISON OF C-0O VIBRATIONAL
FREQUENCIES IN VARIOUS CARBON
OXIDE AND SILVER CARBON
OXIDE STRUCTURES

Structure v(cm™!) Ref.
C;0, 2258 38
CO 2143 (38)
CO, 2349 38
Ags;C;0, 2000 39
Ag,C,0 2060 “0)
Ag-CO 2180 “n
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to a form of adsorbed carbon dioxide pro-
duced via reaction rather than gas phase
adsorption. A candidate for this surface
species might be structure II shown ear-
lier. Formation of this structure could
occur through the decomposition of an ox-
alate type structure such as IX.

O\\ /9
/C—- C\
¢ 3
Ag Ag
IX

Thus it seems reasonable to assign both
the band at 1740 cm™! and the one at 2270
cm™! to intermediates in the complete
combustion of ethylene to carbon dioxide
and water.

In the course of this work no bands
were observed which could be related to
presence of adsorbed water or hydroxyl
groups. These species if they were present
would have contributed bands in the
region of 3600 to 3800 cm™! (42). The fail-
ure to observe bands for water or its pre-
cursors does not necessarily signify their
total absence but may instead be due to
the relative opaqueness of the silica sup-
port in the region noted.

Finally, we note that the spectra pre-
sented here provide some evidence that
the adsorption of one species can influence
the adsorption of another. For example, a
comparison of Figs. 4 and 5 shows that the
presence of even very small amounts of
ethylene oxide alters the spectrum for ad-
sorbed ethylene. Although the partial pres-
sures of ethylene and oxygen associated
with the spectra in Figs. 4 and 5 are essen-
tially the same, the bands in Fig. 5 are less
intense than those in Fig. 4. Furthermore,
the positions of similar bands in the two
figures are not identical and Fig. 5 shows
the presence of some additional bands
beyond those seen in Fig. 4. The influence
of ethylene oxide is probably due to its
ability to tie up the free silver sites needed
for ethylene adsorption. By contrast, the
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Spectrum A B
" Run R~2 R-3
I’O"’ Time {hr} 9 14
Al Py, atm) 0.270  0.270
2890
3 Peu {atm) 0.110 0.110
5 |31303020 2Mq
£ Peo, (atm) 0.060 0.096
g Py fatm) 0.060 0.062
Qo
R Pe,iq0 (atm) 0031 0.027
pmole
'02H4O (minlg Ag) 69 2z
pmole
co, (—mmg Ag) 15 57
SC2H4O (%) 55 44
L1 I\

1
3200 2700
Wavenumber (cm™')

F16. 10. Comparison of the CH stretching portions
of the spectra for reaction runs with and without
added carbon dioxide: T = 220°C.

adsorption of carbon dioxide does not ap-
pear to have any influence on the adsorp-
tion of ethylene. This conclusion is based
upon an examination of C-H stretching
portion of spectra C and D which is shown
in Fig. 10. There it is seen that a 50%
increase in the partial pressure of carbon
dioxide for fixed partial pressures of all
other components does not influence the
position or intensity of the bands due to
C-H stretching vibrations.

A further indication of the influence of
one adsorbed species on another is
suggested by the position of the band in
the 800 cm™! portion of the spectrum. In
Fig. 2B a band first appears at 870 cm™!
and then shifts to 820 cm™! as the reaction
proceeds. Likewise, in Fig. 8, spectrum C
exhibits a band at 840 cm™! but when the
partial pressure of carbon dioxide is in-
creased the band shifts to 820 cm™?. Since
ethylene oxide and carbon dioxide, each
coadsorbed with oxygen, produce bands at
860 and 810 cm™! respectively, the band
observed in Figs. 2B and 8 is quite pos-
sibly due to a form of surface bonding
common to both ethylene oxide and
carbon dioxide. Candidate surface struc-
tures are V and X. Structure X, which is
shown below, could easily be formed by
reaction of structure VII with an adsorbed
oxygen atom.
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A Ag
X
Since structure V does not require an isom-
erization of the adsorbate, its formation
should proceed more easily than the for-
mation of structure X. This might explain
why the band in the 800 cm™! region shifts
downscale as the partial pressure of
carbon dioxide increases.

CONCLUSION

Through the use of infrared spectros-
copy the present study has shown that the
surface of a silver catalyst is covered by a
variety of species when the catalyst is used
to promote the oxidation of ethylene.
Comparison of the spectra obtained under
reaction conditions with those observed
when individual reactants or products are
adsorbed allowed the reaction run spectra
to be interpreted. By this method it was
determined that ethylene adsorbs only in
the presence of oxygen to form an olefinic
structure similar to that noted for com-
plexes of ethylene with individual silver
ions. Ethylene oxide adsorbs to form two
major structures, a ring-open alkoxide
structure in which the oxygen of ethylene
oxide bonds directly to the silver surface
and a ring-closed structure in which
bonding occurs through a peroxide linkage
formed between an adsorbed oxygen atom
and the oxygen atom of ethylene oxide.
The first of these structures occurs both in
the presence and absence of oxygen while
the second structure occurs only in the
presence of oxygen. In addition to the two
structures just described, a third structure
is observed. It is interpreted as an isomer
of the first, formed through the transfer of
a hydrogen atom to the terminal methylene
group. This structure is also formed both
in the presence and absence of oxygen.
The adsorption of acetaldehyde gives
spectra which are nearly identical to those
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produced by adsorbed ethylene oxide
which suggests that acetaldehyde isom-
erizes upon adsorption to form a struc-
ture which can also be produced by the ad-
sorption of ethylene oxide. Finally, it was
noted that carbon dioxide adsorbs in two
forms. In the first the axis of the carbon
dioxide molecule is parallel to the catalyst
surface and the bonding to the surface is
weak enough to allow rotation of the ad-
sorbate. In the second form the carbon
dioxide interacts with adsorbed oxygen
atoms to form monodentate and bidentate
carbonates.

While most of the features found in the
spectra recorded under reaction conditions
can be ascribed to species formed by the
adsorbed reactants and products, two
bands were observed which could not be
assigned this way. The first is a carbonyl
band which is most likely due to carbonyl
groups present in the partially oxidized
intermediates which precede the formation
of carbon dioxide and water. The second
band occurs at a frequency only slightly
downscale from that for carbon dioxide.
This band is ascribed to a carbon dioxide
molecule adsorbed through one of its ox-
ygen atoms. This structure is believed to
be formed via oxidation of ethylene since
it is not observed when carbon dioxide is
adsorbed by itself.
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