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Oxygen adsorption on a-Al,O;-supported Ag catalysts was investigated in the temperature range
40 to 400°C. The adsorption kinetics, studied with a vacuum ultramicrobalance and analyzed with
the Elovich equation, indicate that three kinetically distinguishable processes take place, with
activation energies of ~1, 10.5, and 24 kcal/mol. Temperature-programmed desorption (TPD)
experiments confirm the existence of three adsorbed oxygen species. A weakly adsorbed species,
which is found to desorb below 150°C, is related to the 10.5 kcal/mol adsorption process and is
assigned to molecularly adsorbed oxygen. The adsorption peak at 285°C is related to the almost
nonactivated process and is ascribed to atomic oxygen, which is probably multicoordinated on the
surface. At high adsorption temperatures (300 and 400°C) a third peak, desorbing above 400°C, is
observed in the TPD profiles and is related to the highly activated process of 24 kcal/mol which
is revealed by the gravimetric experiments. This species is suggested to be subsurface oxygen
based on the results of TPD experiment conducted after isotope exchange of preadsorbed "0, and
180, . Temperature-programmed reaction (TPR) experiments showed that all three species are active

toward ethylene combustion.

INTRODUCTION

Silver is unique in its ability to selectively
catalyze ethylene epoxidation, a process of
significant industrial interest. The interac-
tion of oxygen with silver surfaces under
reaction conditions is one of the most con-
troversial mechanistic aspects of the chem-
istry of this catalytic system (/-3). The ad-
sorption of oxygen on Ag has been
investigated employing a large variety of ex-
perimental techniques on single crystals
(4—11), on silver films and foils (/12-16), and
on crystallites dispersed on metal oxide car-
riers (/7-22). The effects of modifications
of catalytically active surfaces by alloying or
by surface promoters on the mode of oxygen
adsorption have also been investigated
(21-25).

It has been established, with many experi-
mental techniques, that at cryogenic tem-
peratures oxygen adsorbs on Ag surfaces
nondissociatively (5, 8, 13, 26, 27). At ele-
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vated temperatures, two kinds of adsorbed
atomic oxygen species have been identified,
either mono- and multicoordinated (27) or
species in a surface and subsurface state (5,
7, 8, 26). The latter is thought to play an
indirect role in ethylene epoxidation/com-
busion chemistry, probably by reducing the
bond energy between silver and adsorbed
oxygen and converting the repulsive inter-
action between adsorbed oxygen and gas-
phase ethylene into an attractive one (28).

There is strong evidence that under reac-
tion conditions a diatomic oxygen species
also exists in the adsorbed mode on the cata-
lyst surface. Such a species has been pro-
posed by Kilty ez al. (29) and by Clarkson
and Cyrillo (30). Grant and Lambert (4),
using XPS and UPS, observed a molecular
oxygen species on Ag (111), which was
found to desorb at 380 K. Other investiga-
tors (15, 18, 23) also identified adsorbed di-
atomic oxygen species at temperatures as
high as 200°C. Recently, high-quality Ra-
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man spectra were obtained in this laboratory
after exposing Ag/Zr0O,, Ag/quartz and Ag/
a-Al O, catalysts to oxygen (32, 33). A very
intense peak located at 815 cm™' was found
to persist at temperatures as high as 620 K,
exhibiting an isotope shift upon exposure to
80, and was assigned to molecular oxygen
(32, 33).

The specific role of each of these oxygen
species adsorbed on silver surfaces in the
mechanism of ethylene epoxidation and
combustion has been a matter of contro-
versy. Certain investigators believe that mo-
lecularly adsorbed oxygen participates in
ethylene oxide formation, while others have
proposed that molecular oxygen, although
present, plays no direct role is either epoxi-
dation or combustion routes and only the
atomically adsorbed species is catalytically
active.

In the present investigation the adsorp-
tion of oxygen on polycrystalline surfaces
of Ag crystallites dispersed on an a-AlO;
carrier is investigated employing micrograv-
imetric, transient, isotopic labeling, and
SERS (surface-enhanced Raman spectros-
copy) techniques. The influence of geomet-
ric alterations of the catalytic surface by
incorporation of Au atoms in the Ag surface
matrix on the mode of oxygen adsorption is
also investigated and related to mechanistic
aspects of ethylene epoxidation and com-
bustion. In the present paper, the adsorption
of oxygen on Ag/a-Al,O,, as investigated
with microgravimetric and desorption tech-
niques, is discussed.

EXPERIMENTAL

The catalyst employed in the present in-
vestigation was prepared by impregnation
of low surface area a-Al,Os, (Alfa Products)
of a particle size of 40 um and surface area of
approximately 1 m?/g with AgNO, (Merck,
HCl free). A known amount of AgNO; was
dissolved in water and the carrier was added
to the solution under continuous stirring.
The slurry was heated slowly to 70°C and
maintained at that temperature until nearly
all the water evaporated. The solid was then
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dried in an oven overnight at 110°C and the
metal salt was reduced under hydrogen flow
at 350°C for 8 h. The silver loading of the
catalyst was 15 wt%.

The dynamic adsorption of oxygen on Ag/
a-AlO; catalyst was studied with a vacuum
microbalance (Cahn C-2000). The microbal-
ance chamber was evacuated with a turbo-
molecular pump to an ultimate pressure of
107% Torr. The pressure in the chamber was
measured and monitored with a high-accu-
racy pressure measurement and control sys-
tem (MKS, 170 M). The catalyst, ground
and sieved in the particle size range between
63 and 125 um, was placed in a sample pan
where it can be heated with a furnace con-
nected to a temperature controller. Temper-
ature is monitored with two K-type thermo-
couples, one placed just above the sample
in the hangdown tube of the microbalance
and the other in contact with the outer sur-
face of the tube to control the furnace tem-
perature. The microbalance is connected to
a gas flow system which permits controlled
introduction of O,,H,, or N, in the balance
chamber. Weight changes are measured
with the Cahn C-2000 microbalance
weighing unit and are recorded with a per-
sonal computer which is connected to the
balance via an interface module. Prior to
each measurement the microbalance is
properly calibrated with standard weights,
supplied by the manufacturer.

The procedure involves placing approxi-
mately 330 mg of the catalyst powder in the
sample pan, and heating the sample to 320°C
under dynamic vacuum. A number of oxida-
tion/reduction cycles were found to be nec-
essary in order to obtain reproducible
results. The sample was successively out-
gassed for 2 h, exposed to O, at 100 Torr
for5 h, outgassed for 2 h, and exposed to H,
at 200 Torr for 5 h. This cycle was repeated
approximately 10 times until the sample
weight stabilized and reproducible adsorp-
tion curves were obtained. After these cy-
cles the sample was heated at 320°C for 3 h,
under dynamic vacuum, and then cooled to
the adsorption temperature. A known pres-
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sure of oxygen was introduced into the
chamber and the sample weight was contin-
uously recorded for 15 h. Oxygen adsorp-
tion experiments were conducted at temper-
atures between 40 and 320°C and at oxygen
pressures between 15 and 200 Torr. Blank
experiments with N,, instead of O,, were
conducted under all experimental condi-
tions in order to eliminate the effects of
buoyancy and of the ‘“‘initial shock’’ of the
system upon introducing a gas into the evac-
uated chamber. The weight change which
was observed upon N, introduction into the
adsorption chamber during the initial 5 min
was subtracted from that observed upon in-
troduction of O,.

The temperature-programmed desorption
(TPD) and temperature-programmed reac-
tion (TPR) experiments were carried out us-
ing an apparatus which has been described
elsewhere (34). The catalyst sample, in pow-
der form, was placed in a quartz microreac-
tor where it was exposed to the same
oxidation/reduction cycles as for the mi-
crogravimetric experiments. Ultrahigh pu-
rity He, further purified by passing it
through oxygen and moisture traps was used
as carrier gas, with a flow of 40 cm*/min,
during the TPD experiments. A 3.5% C,H,
in He mixture was used during the TPR ex-
periments. Oxygen and/or CO,, C,H,, and
C,H,O at the effluent of the microreactor
were detected using a Sensorlab 2000 D VG
quadrupole mass spectrometer interfaced to
a personal computer. After pretreatment of
the catalyst, the sample was cooled to the
desired temperature and exposed to O, flow
for 30 min. It was then cooled to room tem-
perature under O, flow. Oxygen adsorption
was conducted at various temperatures be-
tween 25 and 400°C. Gas-phase oxygen was
purged from the tubing, bypassing the reac-
tor, until the oxygen baseline was obtained
in the mass spectrometer. The microreactor
was then purged with He flow for 3 min.
The sample was subsequently heated, with
a heating rate of 20°C/min under 40 cm?®/
min He flow for the TPD experiments or
under 40 cm*/min of 3.5% C,H,/He flow for
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F1G. 1. The adsorption of oxygen on reduced Ag/a-
AlLO; at various temperatures: (a) 40, (b) 70, (c) 100,
(d) 130, (e) 165, (f) 180, (g) 200, (h) 240, (i) 280, and
(J) 320°C; oxygen pressure: 50 Torr.

the TPR experiments. Isotope-exchange ex-
periments using '*O, were conducted as fol-
lows. After adsorbing 'O, for 30 min at the
desired temperature, as described above,
the flow was switched to N, for 5 min to
remove gas-phase oxygen, and then to
0.97% '"O,/N,. The transient behavior of
'%0,, '*0,, and '*0™0O was monitored for 5
min. The sample was then quickly cooled
to 30°C under '*0,/N, flow and a TPD exper-
iment was conducted. The mass spectrome-
ter signal of all species of interest was prop-
erly calibrated using dilute gas streams of
known concentration.

RESULTS AND DISCUSSION

(a) Kinetics of Oxygen Adsorption on
Agla-ALO; Catalyst

The rate of oxygen adsorption on a-Al,O;-
supported Ag particles was determined in
the temperature range 40 to 320°C, at con-
stant oxygen pressures between 15 and 200
Torr, following the procedure described ear-
lier. The temperature dependence of the ox-
ygen adsorption rate at a pressure of 50 Torr
is illustrated in Fig. 1 in the form of mass
uptake versus time for different tempera-
tures. A very rapid initial oxygen uptake is
observed at all temperatures, upon expo-
sure of the catalyst surface to oxygen. Ad-
sorption continues, but at a significantly re-
duced rate, for several hours. The saturation
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F1G. 2. The temperature dependence of the oxygen
saturation uptake. P, = 50 Torr.

uptake plotted against the adsorption tem-
perature is shown in Fig. 2. It is interesting
to observe that at temperatures below
165°C, the adsorption curves reach a satura-
tion value of approximately 80 ug of ad-
sorbed oxygen per gram of catalyst. A sig-
nificant increase in the saturation oxygen
uptake is observed at adsorption tempera-
tures between 165 and 200°C. This might
indicate the initiation of a new adsorption
process, which is activated and thus be-
comes dominant at temperatures higher
than 165°C while, at lower temperatures, its
contribution to oxygen uptake is negligible.
At temperatures higher than 200°C the satu-
ration uptake is decreased, indicating that
desorption of an adsorbed oxygen species
becomes significant and saturation uptake
is governed by equilibrium considerations.
At even higher temperatures, the O, uptake
increases further, indicating the onset of a
new process, not necessarily related to ad-
sorption. This new uptake process is proba-
bly related to dissolution of oxygen in the
bulk of the metal and it becomes measurable
at temperatures above 240°C. Oxygen up-
take at temperatures higher than 240°C was
found to increase monotonically with tem-
perature, indicating that this uptake is not
governed by adsorption equilibrium con-
straints. The maximum oxygen uptake of
~140 pg per gram of catalyst observed at
200°C was considered to correspond to
monolayer coverage.
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Attempts were made to analyze the ad-
sorption curves of Fig. 3 following various
kinetic expressions including Langmuir
equations of nth order. These kinetic ex-
pressions failed to describe, in any accurate
manner, the experimental curves of Fig. 1.
However, the rate of oxygen adsorption on
a-AlLOs-supported silver catalysts can be
described using the Elovich equation (35),
which is of the form

_do

dt
where r is the rate of adsorption, O is the
oxygen surface coverage at any time ¢, and
P is the oxygen pressure in the chamber,

while 8 and +y are temperature-dependent
parameters described by

B = k,f(®) exp(—Ey/RT)
’y = 'Y(]/RTs

=BPe™®, (1

(2)
(3)

in which k, is the specific rate constant of
adsorption, E, is the activation energy of
adsorption at zero surface coverage, and y,
is a constant.

The Elovich equation has been derived
under the following assumptions (36): (a)
the adsorbent has a homogeneous surface;
(b) the activation energy of adsorption in-
creases linearly with surface coverage, ©;
(c) the function f(®) varies far more slowly
than exponentially so that in the course of
adsorption it may be considered to be con-
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FiG. 3. Adsorption curves of Fig. 1 plotted in the
coordinates of the integrated Elovich equation.
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stant; (d) pressure is constant in the course
of adsorption; and (e) the rate of adsorption
is far greater than the rate of desorption.
Based on these assumptions, the Elovich
equation can be integrated to the form

®=lln(t+t0)—llnt0, 4)
Y Y

where ¢, is a parameter defined by
th=ByP)". 5)

Adsorption curves plotted in the coordi-
nates of the integrated Elovich equation are
shown in Fig. 3. Itis apparent that the linear-
ity of Eq. (4) is satisfied. However, each
curve on this figure consists of two inter-
secting straight lines, indicating the exis-
tence of at least two distinctive adsorption
processes. At adsorption temperatures be-
low 200°C, the point of intersection of the
two linear segments occurs at low surface
coverages, between 0.2 and 0.4, and high
time values and it moves toward higher sur-
face coverages and lower time values with
increasing temperature of adsorption. A
shift of the break-point is observed at ad-
sorption temperatures between 200 and
240°C, toward significantly higher surface
coverages and time values. This break-point
is probably not related to that observed at
temperatures below 200°C. It is at the tem-
perature range 200 to 240°C where the up-
take process which does not resemble ad-
sorption, as discussed earlier, is initiated.
Thus the break-point of the high-tempera-
ture lines probably differentiates this uptake
process from that of the adsorption process.
The break which is observed in the low-
temperature lines might also be present in
the high-temperature cases but occurring at
very low time values, thus being undetect-
able with the gravimetric system used in
these experiments.

The values of the parameters 8 and y can
be estimated from the slopes and intersects
of the linear segments of Fig. 3. The activa-
tion energy of oxygen adsorption at zero
surface coverage, E,, can then be estimated
according to Eq. (2). The Arrhenius-type

485

10°
102!
10!
Ly
610"!
10'2!
103§
107y
107§

Py
101‘4

) 54 29 34
1000/T (K")

F1G. 4. Arrhenius plot of the Elovich parameter
calculated from the intersections of the first (low time
values) and second (high time values) line segments of
Fig. 3.

plot of the adsorption curves of Fig. 3 is
shown in Fig. 4. It is apparent that the data
of the first (low time values) linear segment
reveal two distinct and widely different ad-
sorption processes. One with a very low
activation energy, approximately 1 kcal/
mol, which essentially describes a nonacti-
vated adsorption process taking place at low
temperatures (below 180°C) and low surface
coverages. A second one with a high activa-
tion energy, approximately 24 kcal/mol,
which describes a process taking place at
high temperatures is also apparent. The data
of the second (high time values) linear seg-
ment reveal a single activation energy of
adsorption which is approximately 10.5
kcal/mol and describes an adsorption pro-
cess which takes place at high surface cover-
ages over the entire temperature range.
The pressure dependence of the adsorp-
tion rate was investigated at 200°C, in the
pressure range 15 to 200 Torr. Oxygen up-
takes versus time at pressures of 15, 50,
100, and 200 Torr are shown in Fig. 5. As
expected, O, uptake increases with increas-
ing pressure. The same data, plotted in the
coordinates of the integrated Elovich equa-
tion, are shown in the inset of Fig. 5. Again,
two intersecting straight lines are observed.
The point of intersection moves to lower
time values as the oxygen pressure in-
creases but occurs at approximately the
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FiG. 5. The pressure dependence of the oxygen ad-
sorption rate at 200°C under oxygen pressure of (a) 15,
(b) 50, (c) 100, and (d) 200 Torr. Inset: The same data
plotted in the coordinates of the integrated Elovich
equation.

same coverage, indicating that the transition
from one mode of oxygen adsorption to an-
other is coverage-dependent and not pres-
sure-dependent. As shown earlier, the sur-
face coverage at the point of transition is
temperature dependent, increasing with in-
creasing temperature.

The results obtained from the microgravi-
metric experiments of O, adsorption on Ag
surfaces reveal three distinct adsorption
processes. The first one is dominant at low
temperatures (< 160°C) and low surface cov-
erages (<0.4). At zero surface coverage this
process is essentially nonactivated, since its
activation energy, E,, is only 1 kcal/mol.
However, the activation energy is strongly
dependent on surface coverage since the
value of vy, is found to be 21.6 + 3.4, With
respect to surface coverage, the apparent
activation energy of this processis: E=1 +
21.6 ©, kcal/mol 0 < @ < 0.4, This high
value of y, cannot be explained considering
alterations in surface electronic properties,
such as in the work function of surface metal
atoms, caused by the adsorption of oxygen
species. [t probably implies that the already
adsorbed oxygen species offer a stereo-
chemical resistance to the adsorption of new
oxygen species which is manifested as in-
creased activation energy at higher surface
coverages. Mechanistically this process can
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be explained as dissociative oxygen adsorp-
tion with oxygen adatoms occupying multi-
atom sites, such as tetrahedral sites, as has
been proposed by other investigators (21,
29, 31). The high value of the activation
energy at nonzero surface coverage is then
describing the activation energy of forma-
tion of suitable adsorption sites as by sur-
face rearrangement (diffusion) of the al-
ready adsorbed oxygen atoms.

A second mode of O, adsorption occurs
at all temperatures and it is dominant at rela-
tively high values of ©. This is an activated
process with an activation energy of 10.5
kcal/mol at zero surface coverage. The cov-
erage-dependence of the activation energy
of this process is significantly weaker, since
the value of y, obtained is 9.3. It is interest-
ing to note that this mode of oxygen adsorp-
tion occurs over the entire temperature
range investigated, 40-320°C. Based on
these observations, this adsorbed oxygen
species is correlated to the dioxygen species
observed previously in this laboratory using
surface enhanced Raman spectroscopy
(SERS) (32, 33). A Raman band at 815 cm™!
was observed upon oxygen adsorption on
supported Ag crystallites, which persisted
at temperatures as high as 350°C. The inten-
sity of this peak was observed to increase
with time of exposure of the surface to oxy-
gen. The fact that this band is indeed due
to a dioxygen species was confirmed by iso-
topic labeling experiments. A shift in wave-
length by about 20 cm™' was observed upon
exposure of the sample to '®0O,. Thus, it is
proposed that the adsorbed species, which
originates in the adsorption process of 10.5
kcal/mol activation energy at zero surface
coverage, is a molecular one which lies per-
pendicular to the silver surface, in
agreement with results obtained by other
investigators (29).

The third oxygen adsorption process oc-
curs at high temperatures with an activation
energy of 24 kcal/mol at zero surface cover-
age. The results obtained by the microgravi-
metric adsorption experiments do not give
any indications as to the nature of this ad-
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sorbed species. It should be stated that the
activation energy observed is probably too
high to be attributed solely to an adsorption
step. Since this process occurs at high tem-
peratures, it can be related to oxygen disso-
lution into the bulk of the Ag particles, as
discussed earlier.

(b) Temperature-Programmed Desorption
and Reaction Studies

The adsorption/desorption characteris-
tics of oxygen on a-Al,Os;-supported Ag
crystallites were also investigated em-
ploying TPD and TPR techniques. Oxygen
adsorption was conducted by exposing the
sample to O, flow at temperatures between
30 and 400°C, cooling rapidly to room tem-
perature under O, flow, switching the flow to
He, maintaining for 3 min, and then heating
with a rate of 20°C/min under He flow. TPD
profiles (‘*spectra’’) obtained following this
procedure, after adsorption at 30, 100, 200,
300, and 400°C, are shown in Fig. 6. A
weakly adsorbed O, species is observed to
desorb at low temperatures. The fact that
the O, detected in the temperature range 30
to 200°C does not originate from gas phase
O, which has remained in the lines or the
reactor was confirmed with blank experi-
ments using unmetallized a-Al,O;. The
weakly adsorbed oxygen appears at all ad-
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FiG. 6. TPD spectra obtained after oxygen adsorp-
tion at 30, 100, 200, 300, and 400°C for r = 30 min.
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TABLE |

Amount of Oxygen Desorbed after Adsorption at
Temperatures between 30 and 400°C

Adsorption Total oxygen Oxygen desorbed
temperature desorbed above 200°C
) (ug/g) (ug/g)
30 36.0 13.8
100 36.6 17.6
200 55.8 38.7
300 52.0 37.0
400 73.4 60.0

sorption temperatures, since the sample was
cooled to room temperature under oxygen
flow. At adsorption temperatures higher
than 100°C, a second desorption peak is ap-
parent with peak maximum between 270 and
330°C. A small shift of the peak maximum
toward lower temperatures with increasing
temperature of adsorption is also apparent.
At adsorption temperatures of 300 and
400°C, a third desorption peak is apparent
whose relative magnitude is significantly
larger at 400°C. The temperature of initia-
tion of the third peak is the same in both
cases (~355°C) and the apparent shift in
peak maximum is probably due to the sig-
nificantly larger quantity of O, desorbing fol-
lowing adsorption at 400°C, as compared to
the same quantity following adsorption at
300°C.

The quantities of O, detected to desorb
after adsorption at various temperatures are
reported in Table 1. The total quantity of
O, desorbed follows exactly the same trend
as that observed with the gravimetric ad-
sorption method (Fig. 1): it increases up to
an adsorption temperature of 200°C, then
decreases at 300°C to increase again to a
level higher than that of 200°C, when ad-
sorption occurs at 400°C. The quantity of
oxygen desorbed at temperatures below
200°C (weakly adsorbed) decreases mono-
tonically with increasing adsorption temper-
ature. This weakly adsorbed species might
adsorb on vacant sites during cooling of the
sample to room temperature under O, flow,
prior to initiation of the TPD experiment.
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The quantity of O, desorbing at tempera-
tures above 200°C increases with increasing
adsorption temperature up to 200°C, de-
creases slightly at T,y of 300°C, probably
for thermodynamic reasons, while at T4 of
400°C it is significantly enhanced. This im-
plies that at high adsorption temperatures a
new O, uptake process is initiated which is
not restricted by thermodynamic equilib-
rium adsorption constraints. An identical
conclusion was also obtained from analysis
of the microgravimetric adsorption curves.

Two distinct desorption peaks are ob-
served at temperatures higher than 200°C,
when adsorption takes place at tempera-
tures of 300 and 400°C. Peak II decreases
in magnitude with increasing temperature of
adsorption between 200 and 400°C. This is
probably due to equilibrium constraints. At
a T, of 300°C, a third peak appears (Peak
I1I) at higher temperatures. At T, of 400°C
the third peak has grown significantly and
it is nearly twice the size of Peak 1I. The
third desorption peak then arises from the
uptake process which is not an adsorption
process, as stated earlier. Peak III, which
appears only at temperatures of adsorption
higher than 300°C is probably due to dissolu-
tion of oxygen into the subsurface region,
as has been suggested by other investigators
(5, 8).

The results of the TPD experiments are
in good agreement with the results of the
microgravimetric adsorption studies. In
both cases, three distinct oxygen species
were found to adsorb or desorb from Ag
surfaces. Species I of the desorption spectra
of Fig. 6 has many similarities with the spe-
cies found to adsorb with an activation en-
ergy of 10.5 kcal/mol in the microgravi-
metric studies. This adsorbed oxygen spe-
cies has been proposed to be a diatomic one.
Peak 1l corresponds to desorption of the
species adsorbing with an activation energy
of 1 kcal/mol at zero surface coverage which
has been attributed to dissociative adsorp-
tion with oxygen adatoms occupying multi-
atom sites on the surface. Finally, Peak [II
corresponds to the oxygen adsorption pro-
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FiG. 7. Temperature-programmed reaction (TPR)
spectra obtained after oxygen adsorption at 30, 100,
200, 300, and 400°C for 30 min and exposure to 3.5%
C:H4/HC.

cess observed to take place at high tempera-
tures with an activation energy of 24 kcal/
mol. Thus, this value of the activation en-
ergy of the process does not correspond to
an adsorption but rather a diffusion step.
This explains its rather high value.

The reactivity of oxygen adsorbed on Ag
surfaces was investigated using ethylene as
reactant under temperature-programmed
reaction conditions. Adsorption was con-
ducted at temperatures between 30 and
400°C, as described earlier. After cooling to
30°C, the sample was exposed to a flow of
3.5% C,H, in He mixture and temperature
programming was initiated. TPR spectra ob-
tained are shown in Fig. 7. No measurable
quantities of O, desorbing were detected,
while CO, was the only reaction product
detected. The curves corresponding to 7,4
of 30 and 100°C clearly demonstrate that the
weakly adsorbed oxygen species is active
in C,H, combustion. The low-temperature
CO, peak exhibits a maximum which is
shifted to lower temperatures (150 to 100°C)
with increasing temperature of adsorption.
This might imply that the reactivity of this
adsorbed oxygen species towards ethylene
combustion is affected by the presence of
other adsorbed species on the catalyst sur-
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face. The TPR spectrum which corresponds
to oxygen adsorption at 200°C shows an in-
tense CO, peak at approximately 210°C in
addition to the low temperature peak (at
~120°C) as well as a small peak at approxi-
mately 420°C. Three TPR peaks of CO, are
observed at O, adsorption temperatures of
300 and 400°C, which probably correspond
to the three modes of adsorbed oxygen de-
scribed earlier. The third (highest tempera-
ture) peak increases in intensity with in-
creasing T,,. This peak appears even at T4
of 200°C as a shoulder to the main peak. In
general, the TPR spectra of Fig. 7 resemble
rather closely the TPD spectra of Fig. 6,
indicating that all three oxygen species
which exist on Ag catalysts are active to-
ward C,H, combustion. This conclusion is
supported by the fact that no oxygen was
detected to desorb during the TPR experi-
ments. However, from these results it can-
not be concluded whether all adsorbed oxy-
gen species participate in C,H, combustion
directly from their adsorbed state or
whether they are transformed into a differ-
ent adsorbed state during the experiment,
prior to their participation in C,H, combus-
tion. It is interesting to note that no ethylene
oxide was detected in the gas phase under
these experimental conditions. It should
also be noted that the catalyst employed
in the present study results in formation of
significant quaatities of ethylene oxide, ex-
hibiting a selectivity of 50-70%, under
steady-state reaction conditions. These ob-
servations imply that under TPR conditions
ethylene oxide is either not formed or that it
is rapidly oxidized further to CO, and water.
Taking into consideration the fact that the
contact time in the TPR and steady-state
experiments was not significantly different,
it can be concluded that the working state
of the catalyst under TPR conditions is sig-
nificantly different than that under steady-
state reaction conditions.

(¢) Isotopic Labeling Experiments

Isotope exchange experiments were also
conducted at 200, 300, and 400°C. After '°O,
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Fi1G. 8. The transient behaviour of *Q, and "O*0
under the sequence '*0, (30 min), N, (5 min) — 0.97%
80,/N, at temperatures of (a) 200, (b) 300, and (c)
400°C.

adsorption at each temperature for 30 min,
the flow over the catalyst was switched to
N, for 5 min to remove gas-phase oxygen
and then to 0.97% '80,/N,. The transient
behavior of 80, and '*0'®0 obtained at 200,
300, and 400°C is shown is Fig. 8. These
spectra indicate that significant isotope ex-
change takes place only at 400°C, much less
at 300°C and that negligible exchange occurs
at 200°C. This observation is reasonable
since atomic oxygen is strongly held to the
surface and desorbs close to 300°C in the
absence of gas phase oxygen as shown in
the TPD experiments (Fig. 6). It is expected
that under the 0.97% '®0,/N, flow the ad-
sorption/desorption equilibrium will shift to
higher temperatures and significant isotope
exchange will take place only above 300°C.
The isotope-exchange experiments were
followed by TPD, after cooling the sample
to room temperature under '30, flow. The
TPD spectra obtained following '*0, adsorp-
tion and isotopic exchange at 200, 300 and
400°C are shown in Fig. 9. Two desorption
peaks of '®*O'®O and 'O, are apparent (the
180, peaks are not shown) in the experi-
ments conducted at 400 and 300°C, while a
single oxygen peak appears at the adsorp-
tion temperature 200°C. No weakly ad-
sorbed '*O"¥0 molecular species is observed
to desorb (expected at temperatures below
150°C). However, small quantities of '*0,
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Fi1G. 9. TPD spectra obtained after '*0, adsorption
at (a) 200, (b) 300, and (c) 400°C for 30 min followed
by exposure to 0.97% "O,/N, for 5 min at the same
temperatures.

are detected to desorb in the low-tempera-
ture region. This observation supports the
idea that molecular oxygen adsorbs during
cooling down to room temperature in sites
not occupied by the other species. In these
experiments the sample was cooled quickly
under 0.97% '*0,/N, flow, in contrast to the
experiments of Fig. 6 in which the catalyst
was cooled at a lower rate under pure O,
flow. This 100-fold difference in oxygen
pressure along with the different time of ex-
posure during the cooling down period may
be responsible for the decreased population
of this species. In fact, Grant and Lambert
(4) have found that the molecularly ad-
sorbed oxygen coverage is indeed pressure
dependent. The high-temperature peak is
clearly resolved only when the exchange
takes place at 400°C. The low-temperature
peak of '%0'0 and 0, exhibits a maximum
at exactly the same temperature (~285°C).
However, the high-temperature peak of
1500 is shifted by approximately 25°C
higher than the corresponding peak of #0,.
This observation implies that the '°0 adatom
delays the process of desorption of the
%0'*0 species in which it participates. This
can be explained assuming that the oxygen
species desorbing at approximately 450°C is
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a subsurface one. The %O species is deeper
into the bulk of the solid, while the 80 spe-
cies is closer to the surface. Thus 0, de-
sorbs more easily (at lower temperatures)
than the '*O™0 species which is delayed
by %O diffusion from the bulk towards the
surface. This is an additional indication that
the high-temperature oxygen peak observed
in the TPD experiments corresponds to oxy-
gen dissolved in the Ag crystallites, or to
subsurface oxygen.

CONCLUSIONS

The interaction of oxygen with surfaces of
supported silver catalysts was investigated
employing microgravimetric, TPD, and
TPR techniques. Analysis of oxygen uptake
rates, following the Elovich equation, re-
vealed that three distinct adsorption pro-
cesses may take place and three distinct ox-
ygen species may coexist on silver surfaces
at temperatures and pressures of industrial
interest for ethylene epoxidation. One ad-
sorption process, which was dominant at
low surface coverages, was found to be es-
sentially nonactivated at zero surface cover-
age. This process corresponds to dissocia-
tive adsorption on multiatom sites. A
second adsorption process exhibited an acti-
vation energy of 10.5 kcal/mol and corre-
sponds to molecular adsorption on single Ag
atoms. A third process was detected at high
temperatures, exhibiting an activation en-
ergy of 24 kcal/mol and is thought to corre-
spond to subsurface dissolution of oxygen.
TPD, TPR, and isotopic labeling studies
confirmed the presence of three oxygen spe-
cies on Ag surfaces and provided evidence
for their identification. They also showed
that all three oxygen species are active to-
ward ethylene oxidation.
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