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Adsorption of oxygen and water and the effects of coadsorption of water on oxygen adsorption

over Co;0, were studied by means of temperature-programmed desorption (IPD). There were at
least three kinds of adsorbed oxygen on the Co;0, samples calcined at 823-973 K, which desorbed
at 300—400, 450-600, and >600 K (denoted «, B8, and y oxygen, respectively). y Oxygen inhibited
the adsorption of « and 8 oxygen in the same degree. N,O reacted with evacuated surface to evolve
almost equimolar N; at room temperaturc. TPD chromatograms of oxygen from the sample with
oxygen adsorbate derived from N,O decomposition well agreed with those from the sample with a
corresponding amount of oxygen adsorbate formed from oxygen preadsorption in regard to peak
shape and peak maximum temperature. The TPD experiments using '*0, revealed that oxygen
exchange between oxygen adsorbates and oxide ions of the Co;0, sample took place above 323 K,
and the equilibration of isotopes among oxygen adsorbates was observed even below 323 K.
Dissociative adsorption of oxygen appears to be compatible with the experimental results. TPD of
water from Co;0, preadsorbed with varied amount of water disclosed the presence of four kinds of
adsorbed water which desorbed at 300-450, 450-550, 550-700, and >700 K. Preadsorption of
water at 473 K brought about the slight decrease of y oxygen and the rearrangement of « and 8

oxygen to £ oxygen (350-450 K) without change of the total amount of oxygen desorbed.
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INTRODUCTION

In the catalytic oxidation of olefins over
metal oxides, it has been known that water
vapor addition into the reaction system cn-
hances the yield of desired products (/-5).
In the catalytic oxidation of organic sub-
stances, most reactions are accompanied
by a side reaction leading to the formation
of water. Therefore, even if feed gas con-
tains no water vapor, water molecules (a
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by-product), may accumulate on the cata-
lyst surface during the reaction. This will,
more or less, affect the adsorption of reac-
tants, products, and/or intermediates. The
oxidation of methyl ethyl ketone (MEK or
2-butanone) over Co:0y4 is such a case (6,
7). MEK was oxidized to a couple of acetal-
dehyde and acetic acid over the dry Co;0,
surface, but accumulation of water on the
surface made biacetyl formation superior.

—~——>H;C-—ﬁ-—OH H—C— CH;

+

I
0

[ o, H;C — ﬁ— C — CH,
o)

|
0

0021-9517/86 $3.00
Copyright © 1986 by Academic Press, Inc.
All rights of reproduction in any form reserved.



26 TAKITA ET AL.

F1G. 1. Schematic diagram of TPD apparatus. C;,
$10; gel column (3 mm i.d., 2 m); C,, molecular sieves
13X column (3 mm id., 1 m); D, and D,, thermal
conductivity detector; F, flow meter; M, Hg manome-
ter; R, TPD cell, S, sampler; T, and T,, cold trap (liq.
N»); V, mass flow valve.

The water adsorbed on the metal oxide
surfaces has been studied using various
methods such as infrared spectroscopy (8),
kinetics (9), temperature-programmed de-
sorption (10, 11), SIMS-Auger (12), and so
on. The properties of the surface hydroxyl
on Al,Os, SiO,, TiO,, and ZnO, which are
utilized as catalyst supports, are relatively
well understood. However, little is known
about the adsorption of water on metal ox-
ides which are claimed to be effective for
the oxidation of hydrocarbons and how sur-
face hydroxyl affects other adsorbate on
the metal oxides (6, 13).

In this series of studies, an attempt was
made to investigate the interaction between
adsorbed water and oxygen adsorbate on
metal oxides and the effects of adsorbed
water on the reactivity of oxygen adsor-
bate. The first report of this series, deals
with the adsorption state of oxygen and wa-
ter and the effect of surface hydroxyl on the
TPD of oxygen over Co30;.

EXPERIMENTAL
Sample Preparation

Co0304 was prepared from thermal de-
composition of Co(NO;), - 6H,0 (Wako
Pure Chem. Ind., pure grade) at 573 K for 2
h in the air, then the powder formed was
pressed into cylindrical form at 500 kg/cm?

for 1 min. The granules of the sample (24—
32 mesh) were calcined in the air at the de-
sired temperature for 4 h. Unless otherwise
noted, the sample calcined at 823 K was
used for experiments.

Analysis of Samples

The purity of all samples was confirmed
by X-ray powder diffraction. The analysis
of nitrogen content was carried out by the
procedure described in the literature (/4).
NO;3 extracted from the Co;04 sample
calcined at 823 K was reduced to NO;,
which was converted to diazonium cation
by reacting with sulfuric acid. It was then
complexed with a-naphthyl amine and the
concentration was determined by the ab-
sorption at 520 nm.

Apparatus and Method

TPD apparatus used here was basically
the same as that described in the literature
(15), and a schematic diagram of the appa-
ratus is depicted in Fig. 1. TPD chromato-
grams were recorded at a constant heating
rate 20 K/min under a He flow rate of 30
cm?min. Desorption chromatograms of
water were obtained from the comparison
of the chromatograms recorded with two
thermal conductivity detector (D; and D,)
located at upper stream and at lower stream
of the cold trap (T;) kept at liquid-nitro-
gen temperature for the removal of water
vapor.

Fresh Co3;0,4 sample (1.5 g) loaded into
the TPD celi was evacuated at 793 K at
<10-5 Torr (1.33 x 1073 N/m?) for 1 h.
Then, the sample was subjected to the stan-
dard oxygen pretreatment (SOP) composed
of the exposure to oxygen at 100 Torr for 1
h and subsequent evacuation at 793 K for
1.5 h. SOP was achieved prior to each ex-
perimental run. Adsorption of water and
oxygen was carried out by either of the pro-
cedures listed in Table 1.

The concentration of oxygen isotopes
was determined by ULVAC MSQI150A
quadrupole mass analyzer.
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TABLE 1

Adsorption Procedures of Gases

Procedure
Exposure to 100 Torr
O, at 793 K for 0.5 h
Exposure to 100 Torr
0O,at473 K for 0.5 h
Introduction of water
vapor at 793 K for 0.5 h
Introduction of water
vapor at 473 K for 0.5 h
Introduction of water
vapor at 473 K for 0.5 h

11

111

v

Step 2

Step 3

Cooling to 278 K at a

Evacuation at 278 K

rate of 10 K/min for 0.25 h
Cooling to 278 K at a2 Evacuation at 278 K
rate of 10 K/min for 0.25 h
Cooling t0 278 K at a  Evacuation at 278 K
rate of 10 K/min for 0.25 h
Cooling to 278 K at a  Evacuation at 278 K
rate of 10 K/min for 0.25 h
Evacuation at 473 K
Proc. [I

for 0.25 h

RESULTS AND DISCUSSION

TPD of Oxygen Adsorbed on Co30,

The thermodesorption of adsorbate on
solid surface is normally carried out under
vacuum or in an inert gas stream such as He
in TPD study. It is of importance whether
the TPD chromatogram obtained in He
stream reflects the situation under the reac-
tion conditions since molecular oxygen is
present in gas phase in the catalytic oxida-
tion. From this point of view, TPD of oxy-
gen was examined using He + O, carrier
and the result is shown in Fig. 2 together
with the result using He carrier. As shown
in the figure, both spectra agreed excel-
lently with each other except for the peaks

RATE OF DESORPTION (umol/g-min)
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Fi1G. 2. TPD chromatogram of oxygen. The effect of
carrier gas. ( ) He carrier, (- - -) He + O, (0.14
mol%) carrier. Oxygen preadsorption: Proc.lI.

at near room temperature. The discrepancy
of the peaks indicates that a small amount
of oxygen is adsorbed reversibly in the
presence of gas-phase oxygen only at near
room temperature. These oxygen peaks,
however, are believed to be not important
for catalytic oxidation because the IR spec-
trum of the Co0;0, wafer exposed to the
mixture of oxygen and MEK at room tem-
perature was unchanged until after 2 days
and most of the catalytic oxidations are car-
ried out at more than 400 K. It was con-
cluded from this result that TPD in He car-
rier reflected the oxygen adsorption during
catalytic oxidations.

TPD chromatograms of oxygen from the
sample preadsorbed at different tempera-
tures are shown in Fig. 3. Preadsorption at
298 K gave the oxygen desorption with the
peak at 383 K and the ascent at 600 K
(curve a). The TPD chromatogram from the
sample preadsorbed by Proc. II (curve b)
consisted of two desorption peaks with the
peak maxima at 363 and 500 K and the as-
cent at >700 K, which are designated here
as «, B, and y oxygen, respectively. De-
sorption peaks with the maxima at 360 and
500 K and a broad desorption at >600 K
were obtained from the sample preadsorbed
at 793-278 K (curve c). Although the peak
maximum temperature (7,) of a oxygen
in curve a was slightly higher than those in
curves b and ¢, T, of o and B8 oxygen in
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FiG. 3. TPD chromatograms of oxygen. The effect
of preadsorption temperature: (a) 298 K, (b) 473-278
K (Proc.ID), (c) 793-278 K (Proc.I).

curves b and ¢ were in fair agreement with
each other. These results revealed that
there are at least three kinds of oxygen ad-
sorbates on the surface of Co;0,.

As for the TPD of oxygen on Co;0y4, two
studies have been reported: Iwamoto er al.
(16) obtained the desorption peaks with T,
at 303, 438, and 653 K from the Co;0,4 sam-
ple exposed to oxygen at 872-273 K; Cruz
et al. (17) reported three desorption peaks
with T, at 300, 550, and 778 K. Although T,
in this work does not agree with those in
both studies, however, reproducibility of
the chromatogram was fairly good in the
present study. The nitrogen content of the
sample was determined to be 0.00204 wt%
which was, adequately, a low level. It was
confirmed by a separate experiment using
the Co;04 sample prepared from cobalt car-
bonate that T, of oxygen peaks were identi-
cal with those from the sample prepared
from cobalt nitrate. This fact strongly sug-
gested that no residual nitrate anions
caused the discrepancy of Ty. The incon-
sistency with the latter work may be mainly
due to the difference in heating rate be-
cause it was accomplished by the flash de-
sorption method (5-7 K/s). The inconsis-
tency with the former work adopting the

similar experimental method to that in this
study may be due to the differences of pre-
adsorption procedure and of the source (hy-
droxide) of the Co;04 sample.

The amount of oxygen desorbed in TPD
is summarized in Table 2. Increase of the
preadsorption temperature enhanced the
total amount of oxygen desorbed. How-
ever, it is noted that the total amount from
the sample preadsorbed at 298 K was
slightly larger than that at 473-278 K. As
for a oxygen, the desorbed amounts in
curves b and ¢ were considerably small
compared with that in curve a, while T, in b
and ¢ were lower than that in a by 20 K.
The heterogeneity of the sites on the oxide
surface cannot account for the results be-
cause Ty, should be shifted to lower temper-
atures with increasing surface coverage.
This shift was actually observed for oxygen
in a later section (Fig. 7). It may, therefore,
be caused by the copresence of 8 oxygen.

In the course of oxygen adsorption of
Proc.II, the adsorption of 8 oxygen would
be accomplished at >425 K, and the ad-
sorption of « oxygen would succesively
take place during the cooling process. Com-
paring curves a and b, it can be seen that
the amount of a oxygen was reduced from
11.8 to 3.56 umol/g by the copresence of 3
oxygen (6.20 umol/g). In other words, ad-
sorbed 3 oxygen inhibited the adsorption of
a oxygen by about 1.3 mol/mol 8 oxygen.
The above-mentioned shift of T, along with
the inhibition strongly suggests that the ad-
sorption sites for both a and 8 oxygen were
situated in positions which approached

TABLE 2

The Effect of Preadsorption Temperature on the
Amount of Oxygen Desorbed

Oxygen adsorption Amount of oxygen Curve

desorbed (umol/g) in Fig. 2
o B ¥y Total
298 K 1.79 029 109 13.18 a
Proc.II (473 — 278 K) 3.56 6.50 1.18 11.23 b
Proc.l (798 — 278 K) 206 3.82 1299 18.88 <
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Fi1G. 4. TPD chromatograms of oxygen from the
Co,0, sampie calcined at 1073 K. Oxygen preadsorp-
tion: Proc.II.

closer to each other. Similarly, the appear-
ance of y oxygen brought about the de-
crease of the amount of « and 8 oxygen by
the same magnitude. This may also support
this presumption.

The specific surface area of the sample
calcined at 823 K was determined to be 29.4
m%g by the BET method. The sample
showed the X-ray powder pattern charac-
teristic of Co304 of spinel structure and did
not appear to contain any amorphous
phase. The crystal domain size was calcu-
lated to be 33.5 nm from X-ray dispersion.
Assuming the spheres of 33.5 nm diameter,
specific surface area was calculated to be
29.5 m%g using specific gravity of Co;0,
spinel, 6.07 g/cm?. This value is surprisingly
in good agreement with the value by BET
method.

Pore size distribution of the sample was
also measured by the method using adsorp-
tion isotherm of nitrogen. No prominent
maximum was observed in the pore size
distribution in the diameter range 1-30 nm
and total volume of pores was determined
to be 0.054 cm’/g. These results indicated
that the Co;04 sample had relatively low
porosity. Thus, the amount of oxygen de-
sorbed was tentatively compared with sur-
face cobalt atoms of low index planes of
Co030, spinel. The number of surface cobalt
atoms on (100), (110), and (111) planes of
Co30,4 spinel are calculated to be 9.18 X
1014, 8.66 x 10, and 8.44 x 10" atoms/
cm?, respectively. The total amount of de-
sorbed oxygen by Proc.I was calculated to
be 3.87 x 10" molecules O,/cm?. Supposing
molecular and atomic types of surface oxy-
gen species on cobalt atoms, this amount

corresponds to ca. 4.4 and 8.7% of surface
cobalt atoms. Not only surface defects such
as edges and corners but also oxygen va-
cancies and dislocations may provide the
sites for oxygen adsorption.

The Effects of Calcination Temperature

To obtain further information concerning
the relation between the sites for o and 8
oxygen, TPD of oxygen from the samples
calcined at 873, 973, and 1073 K were ex-
amined by Proc.II. The samples calcined at
873 and 973 K gave chromatograms which
were exceedingly similar to curve b in Fig.
3 except for the peak height. That from the
sample calcined at 1073 K is shown in Fig. 4
in which a new peak with T, at 573 K ap-
pears.

The specific surface area of the samples
and the surface concentration of « and 8
oxygen are shown in Fig. 5. With an in-
crease the calcination temperature, the
former declined, on the contrary, the latter
increased monotonously. However, the ra-
tio of B oxygen to « oxygen was indepen-
dent of the calcination temperature (Fig. 6).
This implies that two adsorption sites for 8
oxygen and one site for a oxygen form a
group on the surface of Co;0;.

The Identification of a Oxygen

There are many studies on the identifica-
tion and reactivity of oxygen adsorbates on
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F16. 5. The effects of calcination temperature on the
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metal oxides by means of ESR (/8). How-
ever, most of those were performed at very
low temperature and little is known about
the adsorbed state of oxygen corresponding
to peaks of TPD. ZnO exposed to oxygen at
283 K gave two desorption peaks with T, at
463 and 593 K and the former peak was
assigned to the desorption of O; from the
temperature of disappearance of ESR sig-
nal of O3 . The oxygen desorbed at 323-573
K on TiO;, and the peak at 423 K on SnO,
were similarly assigned to the desorption of
O; (16). 1t is recognized that the desorption
temperatures of o and 8 oxygen are compa-
rable to the desorption temperature of Oy
over these oxides. So that the adsorbed ox-
ygen species over Co;04 was examined by
means of ESR but no ESR signal of O~ or
O was obtained though adsorption condi-
tions were varied extensively. Cordischi ef
al. have studied the oxygen species ad-
sorbed on CoO supported on MgO and re-
ported that the EPR signal arose from a
Co** - - - O3 species was observed only in
the presence of oxygen in the gas phase but
this species was easily destroyed by the
evacuation at 298 K (/9). This suggests the
difficulty of the formation of the molecular-
type oxygen adsorbate on the Co3;04 sur-
face.

Therefore, two experiments were
achieved to estimate the adsorption state of
oxygen corresponding to the peaks of TPD.

TAKITA ET AL.

Usually, N,O decomposes on metal ox-
ides to give an atomic type of oxygen spe-
cies, thus the reaction between N,O gas and
the Co030, surface, and the TPD of the re-
sultant adsorbates on the surface were
studied. About 6.0-6.4 umol of N,O gas
was introduced into He stream using the
sampler (S in Fig. 1). All of the introduced
gas were adsorbed by the Co;0, sample in
the TPD cell at 298 K and evolved N, gas in
the effluent gas. It was analized quantita-
tively using the columns of silica gel and
molecular sieves as depicted in Fig. 1. The
sample, after the reaction with N,O, was
then submitted to TPD measurement.

The results are shown in Fig. 7 and Table
3. The amounts of reacted N,O approxi-
mately agreed with that of effluent N, in
each run, suggesting that there was no ad-
sorbed molecular N,O on the sample. TPD
chromatograms of oxygen from the sample
with oxygen adsorbates derived from N,O
were mainly composed of a oxygen. The
amount of 8 and y oxygen were very small
and it seemed to be constant except for the
one in run 1 in which a very small oxygen
was adsorbed. On the contrary, the amount
of @ oxygen increased in proportion to the
amount of N,O reacted. The experiments
using molecular oxygen were achieved on
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FiG. 7. TPD chromatograms of oxygen adsorbate
derived from N,O decomposition. Figures in parenthe-
ses indicate run No. in Table 3.
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TABLE 3

Reaction of N;O with Co;04 Surface and TPD of Oxygen from Co,0, with Adsorbate Derived from N,O

Run No. Amount of gas (umol/g) Amount of oxygen (umol/g)
N,O N. flowed out O, adsorbed Desorbed Adsorbed
irreversibly
Introduced Reacted a B v
1 4.13 3.98 3.97 1.99 0.007 0.12 1.86
2 16.56 15.11 14.85 7.43 349 045 1.51 1.98
3 24.92 23.01 22.13 11.07 7.27 0.35 1.09 2.35
4 36.67 32.60 30.65 15.33 11.35 0.44 1.63 1.91

the identical Co;04 sample under the same
experimental conditions as in the case of
N,O. The results completely coincided
with that of N,O in respect to the peak
shape, Tp,, and the amount of desorption.
The surface oxygen atoms formed from
N,O decomposition in run 4 were calcu-
lated to be about 7.1% of surface cobalt at-
oms. This value is appreciably small so that
all of the atomic adsorbates derived from
N,O might not be transformed to molecular
ones. From these results, it appears that «
oxygen is composed of an atomic adsor-
bate.

The adsorption state of a oxygen was
studied further by the use of 0 tracer. At
first, oxygen atom exchange between the
oxygen adsorbate and oxide ions in the bulk
Co0,;04 was examined. The sample was ex-
posed to 180, at 298 K for 30 min for pread-
sorption, after the evacuation at the same
temperature the sample was subjected to
the ordinary TPD measurement and the de-
sorbing gas was analized continuously by
mass spectrometer. The results are shown
in Fig. 8a. The desorbed oxygen abounded
in 80, at lower temperatures, however, as
the temperature was increased, the forma-
tion of '80'°0 was encouraged and %0, ap-
peared above 373 K. The total amount of
oxygen desorbed from the sample was de-
termined to be 17.0 umol which was ex-
tremely smaller than ca. 430 pg-atom of the
surface oxide ions. The concentration of
160 in the desorbed gas was calculated to be

ca. 18.4 at.% which suggested that only the
oxide ions located in surface and subsur-
face layers could participate in the ex-
change under these experimental condi-
tions.

Another experiment was carried out us-
ing the fresh Co;0,4 sample and equimolar
mixture of %0, and 80, under the same ex-
perimental conditions as those described
above. The results are shown in Fig. 8b.
Desorbed oxygen attained equilibrium in
concentration even below 325 K and the
concentration of '80'%0 and '*0, decreased
with increasing temperature due to the con-
tribution of exchange with bulk oxide.

If the two processes, associative oxygen
adsorption and the rapid exchange among
the adsorbates, take place together, the
concentration curves of oxygen isotopes
will be similar to those in the case of disso-
ciative oxygen adsorption. However, it is
evident that the results of the tracer studies
are at least not inconsistent with the forma-
tion of atomic adsorbate.

Taking into account the results of N,O
experiment and ESR studies, a oxygen is
believed to be composed of an atomic-type
oxygen species on the Co;0, surface, as
similarly reported on Cr,O; (20-22).

The Activation Energy of Desorption of
a Oxygen

The activation energy of desorption (Ey)
for @ oxygen was determined. For second-
order desorption from homogeneous sur-
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Fi1G. 8. (a) Oxygen exchange between adsorbate and bulk oxide. (b) Oxygen exchange among adsorbates.

face, T, is correlated with E4 and heating
rate b by the equation

Ey

_ Eq
2lnTm—lnb———-+ln2AR0m,

RT,

where R, A, and 0, are gas constant, preex-
ponential factor, and fractional surface cov-
erage at T, respectively (14). Thus, E4 can
be obtained from the plotof 2In Ty, — In b
vs 1/T, when 6, is constant. Such an analy-
sis was applied to a oxygen. 6,, showed
constant value (0.592-0.600) in the experi-
ments with b = 5, 10, and 20 K/min, there-
fore, E; = 66.9 kJ/mol was obtained from
the slope of the above plot. This value is
reasonable when compared with 113.8 kJ/
mol for the peak at 653 K (/6).

TPD of Water

The desorption of water was examined at
298 K. The results are shown in Fig. 9.
When a small amount of water was pread-
sorbed (curve a), desorption of water was
observed only above 500 K and the chro-
matogram was composed of a peak with T,
at 650 K and ascent above 700 K. In addi-
tion to these, a new peak with T, at around
510 K appeared in the chromatogram as the
amount of water for preadsorption was in-
creased (curve b). When a large amount of
water was preadsorbed, a large desorption
peak with T, at 425 K (curve c) appeared
with the shoulder peaks which were identi-
cal with those in curves a and b. The rela-
tive coverage of surface cobalt atoms by
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F1G. 9. TPD chromatograms of water. Preadsorption
temperature: 298 K.

water was determined to be about 75% for
curve c¢. These results revealed that there
were at least four kinds of water adsorption
on Co;0,.
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It has been known that water can be
chemisorbed onto metal oxide surfaces to
give surface hydroxyl. Desorption tempera-
ture of chemisorbed water was characteris-
tic of each metal oxide. Morimoto and
Naono investigated the adsorption iso-
therm of water vapor by means of the volu-
metric method and showed that the surface
hydroxyl began to desorb at around 383 and
473 K from the surfaces of TiO, and ZnO,
respectively (23). Although this tempera-
ture is still not known for Co;0;, it seems
reasonable to conclude that the peaks with
T above 500 K originated from surface hy-
droxyls.

The Effects of Water Coadsorption on the
Adsorption of Oxygen

In order to examine the effect of chemi-
sorbed water on the adsorption of oxygen,
the desired amount of water was chemi-
sorbed on the Co30, sample at 473 K. After
the evacuation at the same temperature, the
sample was subjected to the oxygen ad-
sorption process (Proc.V). The results are
depicted in Figs. 10 and 11. A small amount
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F1G. 10. TPD chromatograms of oxygen. The effects of water coadsorption. Preadsorption: Proc. V.
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FiG. 11. TPD chromatogram of water. Letters corre-
spond to those in Fig. 10.

of water preadsorption brought about a
drastic change in the desorption chromato-
gram of oxygen. The peak of « oxygen be-
came smaller with the shift of T, to 356 K,
and that of 8 oxygen was also reduced but a
new desorption peak appeared between «
and B oxygen peaks which was referred to
as ¢ oxygen. By increasing the water pread-
sorption (curves b—d), the peak of a oxygen
declined gradually and finally disappeared.
On the contrary, £ oxygen grew in size to
almost that of the original « oxygen. 8 Oxy-
gen, however, seemed basically unchanged
in the curves a-e.

As for the desorption of water, when the
amount of adsorption was small, the chro-
matograms were composed of the ascent at
above 550 K (curves a and b in Fig. 11). By
the increase of water preadsorption, the
peak at around 600 K became distinct
(curve ¢), and it increased with the shift of
T, to lower temperatures (curves d and e).
It should be noted that all of the introduced
water was chemisorbed onto Co;0; in this
experiment.

Because of the difficulty in determination
of the amount of &, 8, and ¢ oxygen individ-
ually, the amounts of oxygen desorbed at
the temperatures from 300 to 673 K (the
sum of &, &, and B8 oxygen) and from 673 to
793 K (y oxygen) were determined tenta-

tively and were plotted against the amount
of preadsorbed water in Fig. 12. Chemi-
sorbed water inhibited the adsorption of y
oxygen even at a very low relative coverage
of surface cobalt atoms. On the other hand,
the amount of (@ + £ + 8) oxygen remained
unaltered at least until 30% of surface co-
balt atoms was covered with chemisorbed
water. This means that chemisorbed water
did not inhibit the adsorption of « and 8
oxygen. The rearrangement of 8 oxygen
was observed only at very small amounts of
water for preadsorption, suggesting that the
surface hydroxyls desorbed at above 700 K
interacted with 8 oxygen.

The amount of water required to rear-
range all of the « oxygen to &£ oxygen was
determined to be 8.7 X 10* molecules/cm?,
which corresponds to 9.8% of the relative
coverage of surface cobalt atoms. At the
same time, 14.4% of surface cobalt atoms
was covered by oxygen and hydroxyl
group, so that not only edges and corners
but also oxygen vacancies and dislocations
provided the adsorption sites. Perhaps, Co
ions with high coordinative unsaturation
such as Co ions on (100) plane of spinel
structure may provide adsorption sites for
« and B8 oxygen.

The authors assume that the partially
negatively charged atomic oxygen species
on the surface Co ions interacted with sur-

{ # mol /g)

AMOUNT OF ¥ OXYGEN DESORBED

0 s A A 0
] 30 60 90 120

AMOUNT OF WATER DESORBED ( #mol /g}

AMOUNT OF OXYGEN DESORBED { u mol /g}

Fi1G. 12. The effects of the amount of coadsorbed
water on the amount of oxygen desorbed.
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face hydroxyl on a Co ion located at nearest
neighbor through a hydrogen bond. A
tracer study may give further information in
this respect.

MEXK is oxidized to biacetyl with a mea-
surable rate at 400 K over Co;0,4. There-
fore, no a oxygen can exist on a dry surface
under the catalytic reaction conditions, on
the contrary, £ oxygen will be present on a
wet surface. Resultant increase in the con-
centration of adsorbed oxygen on the cata-
lyst surface may account for the enhance-
ment of catalytic activity in the system
containing water vapor. Studies on whether
£ oxygen participates directly in the biace-
tyl formation reaction, and the effect of wa-
ter (surface hydroxyl) on the adsorption of
MEK are now in progress.
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