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The interaction of oxygen with propylene adsorption was investigated over a wide
range of oxides as an extension of the previous work on zine oxide. On Coz04, after
propylene adsorption the oxygen uptake due to formation of a surface propylene—oxygen
complex occurred even at —78°C. Almost the same oxygen uptake was observed after
ethylene adsorption on Co;0,. On NiO, CuQ and Fe;O;, the oxygen uptake induced by
propylene occurred at 0°C. On the other hand, on Cry0;, V05, TiO; and MoO;, such
phenomenon was not observed. The activity order for the oxidation of propylene ad-
sorbed on oxides was essentially the same as that found for the catalytic oxidation of
propylene over the corresponding oxides. In addition, the propylene adsorption was
examined on Coz0y subjected to various pretreatments such as water vapor adsorption.

INTRODUCTION

In order to obtain the information on the
mechanism of the catalytic oxidation of
olefins on oxides and on the role of the inter-
mediates in the selectivity of the oxidation,
the interaction of oxygen with olefins ad-
sorbed on zinc¢ oxide was investigated in the
previous paper (1}. It was found that the
oxidation proceeds in the two consecutive
steps, i.e., the formation of an olefin—oxygen
complex and its oxidation to CO,; and H,O.
In addition, the characteristics of the two
processes were clarified. It seems of interest
to extend such investigation to other
oxides and to find out whether or not this
conclusion is applicable. In the present
work, thercfore, the interactions of oxygen
with propylene adsorbed on various oxides
such as Co03;04, N1O, FeyO; CuO, CryOs,
V205, TiO, and MoO; were investigated in
a similar manner.

EXPERIMENTAL METHODS

M aterials

Chromic oxide (CryO3) was prepared by
controlled ignition of CrO; in a stream of
dry air at 450°C.

Ferric oxide (a-Fe.03) was prepared by
precipitation from the solutions of ammo-
nium carbonate and ferrous nitrate. The
resulting precipitate was washed, dried and
heated to 500°C in air.

Co;0, was prepared by precipitation with
ammonia from a cobalt nitrate solution.
The washed and dried material was heated
in air at 450°C. The X-ray analysis showed
only spinel structure of Co304 to be present.

V20; was prepared by precipitation from
the solutions of ammonium metavanadate
and nitric acid. The precipitate was washed,
dried at 120°C and heated at 450°C,

MoO; was prepared by heating ammonium
molybdate in air at 450°C.

NiO was prepared by heating nickel
nitrate in air at 500°C.

TiO, and CuO were of extra pure grade
and obtained from the Merck and the
Nihonshiyaku Co., respectively.

All reagents used in the present work were
of extra pure grade. The surface area of the
catalysts determined by the BET method

* Present address: Central Research Laboratories,
Maruzen Oil Company Limited, Saitama, Japan.
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Fegoa, 162, CI‘203, 109, V205, 20, MOO:}.,
1.3; NiO, 3.3; TiOy, 2.0; CuO, 12.5 m?/g.

The preparation of the gases used in the
present work was the same as described
previously (1).

Apparatus and Procedure

Details were described in the previous
paper (1). A closed circulation system was
used. The temperature of the catalysts
which had already adsorbed a known
amount of propylene was raised up in stages
in the presence of oxygen. The amounts of
oxygen consumed and of the reaction
products were determined as described
previously.

Prior to the experiments all the catalysts
were evacuated at 450°C except for CuO,
which was evacuated at 300°C.

REsuLTs AND DiscussioN

Interaction of Oxygen with Propylene
Adsorbed on Co304

Oxygen was admitted to the catalyst
which had already adsorbed propylene at
0°C. Then, the temperature of the catalyst
was raised up in stages, successively 74,
Ty, Ts, - - - . The amounts of oxygen up-
take or consumed by the reactions and those
of CO; and H,O formed at each stage are
shown in Fig. 1, where the amount of oxygen
uptake at T refers to the uptake during the
temperature rise from 7T to T5 and after the
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Fia. 1. Reaction of oxygen with propylene ad-
sorbed on Co30;. Catalyst, 5 g; Amount adsorbed of
propylene, 5.06 cc; (O—) O, uptake or consumed
by the reactions; (@—) CO. formed; (A--) H;O
formed.
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Fig. 2. Correlation between the amounts of
oxygen uptake and olefin preadsorbed. Catalyst,
Co304 5 g; Temp, 0°C; (@—) C;H;; (O—) C,H,.

temperature became constant at Ts. It is
seen that an appreciable amount of oxygen
uptake is observed even at 0°C. As shown in
Fig. 2, this oxygen uptake increases with
increasing amount of propylene previously
adsorbed. After the oxygen uptake the de-
sorption experiments were carried out. It
was found that there was no reversible de-
sorption of propylene. In the case where only
propylene was adsorbed, about 159, of pro-
pylene adsorbed was desorbed as such. In
addition, when, instead of oxygen, hydrogen
was admitted to the catalyst which had
adsorbed propylene, 509, of propylene
adsorbed was hydrogenated to propane at
0°C. Similar hydrogenation experiments
were carried out with the catalyst which
had been subjected to the propylene adsorp-
tion followed by the oxygen uptake. No
hydrogenation occurred. Such behavior sug-
gests that this oxygen uptake results from
the interaction of oxygen with propylene
to form an adsorption complex by analogy
with zine oxide described in the previous
paper (1). It was found that at —78°C the
oxygen uptake proceeded at a similar rate to
that observed at 0°C. This suggests that the
activity of Co304 for formation of the pro-
pylene—oxygen complex is much higher than
that of ZnO, the activation energy of the
complex formation being very small. The
pressure dependence of the rate of formation
was determined by changing the pressure
abruptly during the rate measurements, the
rate being proportional to p®5—0%.



INTERACTIONS OF Oy WITH PROPYLENE ON OXIDES

Similar experiments were carried out with
ethylene in place of propylene. It was found
that a similar oxygen uptake occurred after
the adsorption of ethylene. The amount of
oxygen uptake induced by ethylene was
almost the same as that with propylene
(Fig. 2). Furthermore, the behavior of oxi-
dation of the complex was similar to that
with propylene. It is to be noted that such
similarity is in contrast to a marked dif-
ference between the behavior for both olefins
obtained with ZnO (7).

Effects of Pretreatments on the Propylene
Adsorption on Coz04

It is well known that the characteristics
of the oxide surface are markedly changed
after various treatments such as the reduc-
tion and oxidation treatments (2). Further-
more, in the study of the catalytic oxidation
by the usual flow method, the experiments
are carried out in the presence of water
vapor and other reaction products. It seems
of interest to obtain the information on the
propylene adsorption under such experi-
mental conditions. The experiments for this
purpose were carried out with the results
shown in Table 1. After the water vapor
adsorption at 200°C, the amounts of propyl-
ene adsorbed at 0°C as well as the remain-
ing amount adsorbed after desorption at
0°C (the amount of the strong adsorption)
are decreased. Although such a decrease

TABLE 1
EFfFrcT OF PRETREATMENTS ON THE
PropyLiNi ApsorpTiON ON Co3047

Remaining
amount
adsorbed
Amount after
adsorbed  desorption
at 0°C (ce) at 0°C (ce)

Before treatment 5.09 4.38

After 3.24 cc of H,O 4.14 2.10
adsorption at 200°C

After H, reduction 4.19 2.65
treatment at 450°C

After 0.83 cc of O, 6.70 4.50

adsorption at 25°C

a5 g of catalyst was used.
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would be expected, it is to be noted that an
appreciable amount of the strong adsorption
still remains after adsorption of a large
amount of water. A similar decrease in the
amount of the strong adsorption is observed
with the catalyst after the reduction treat-
ment. In the case of preadsorption of oxygen,
there i1s little or no change in the amount of
propylene adsorbed strongly.

It was found that the amount of the
strong adsorption with propylene was almost
the same as that with ethylene. Such a
behavior is in contrast with the results
obtained with ZnO, where the strengths of
adsorption for both olefins are markedly
different from each other. In the case of
ZnO, there appears sufficient evidence for
the formation of w-allyl in the propylene
and of = surface complexes in the ethylene
adsorption (3). It has been proposed that
m-complex is formed in the adsorption of
propylene as well as of ethylene on CozO4
(4). Buch conclusion, however, is applicable
to the intermediate in hydrogenation reac-
tions on it. The work concerning the nature
of the overall olefin adsorption on Co;0
is now in progress. Details will be published
in the near future.

The oxidation of propylene adsorbed after
various treatments was carried out by rais-
ing the catalyst temperature 7' in stages as
deseribed above. Values of B = (the amount,
of CO; formed from 0 to T°C)/(the corre-
sponding amount from 0 to 450°C) were
plotted against T (Fig. 3). The plots after
various treatments lic on the same curve,
suggesting that although the amounts of
the strong adsorption vary according to the
pretreatment, its reactivity for the oxida-
tion exhibits no marked difference.

Interaction of Oxygen with Propylene
Adsorbed on Various Oxides

Similar experiments were extended to
other oxides. In the case of Fe,O;, after the
adsorption of propylene the oxygen uptake
occurred at 0°C, its amount of uptake being
approximately equal to that of propylene
adsorbed (Fig. 4). In this case little or no
oxygen adsorption took place before the
propylene adsorption, leading to a reliable
ratio of the oxygen uptake to the propylene
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Fic. 3. Increase in the amount of CO. formed
with temperature. Catalyst, Co;0s 5g; (@—)
after H;O adsorption; (A—) after reduction treat-
ment; (O—) after O, adsorption.

adsorption. The temperature and pressure
dependencies of the rate of oxygen uptake
were determined as described above. The
activation energy for the complex formation
and that for the oxidation of the complex
were 13 and 25 kecal/mole, respectively.
The rate of the complex formation varied
as p®&09 gimilar to that observed with
ZnO. The activity of Fe,O; for the complex
formation is higher than that of ZnO, since
with Fe,O; the oxygen uptake occurred at
much lower temperatures.

Similar results were obfained with NiO
and CuO, i.e., the oxygen uptake induced by
the propylene adsorption oceurred again at
0°C, its amount being equal to the amount
of propylene adsorbed (Fig. 4). In the case
of V;0; and CryO; somewhat different
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Fic. 4. Correlation between the amounts of
oxygen uptake and propylene preadsorbed. Catalyst,
5 g; Temp, 0°C; (O—) Fe:0s; (A—) CuO.

ONO, TOMINO, AND KUBOKAWA

a |5
=
173
o
(]
10+
°
L
3
@ 05
€
3
£ 7
< Q APV . \
[0] 100 200 300 400
Temperature C

Fre. 5. Reaction of oxygen with propylene ad-
sorbed on V.0;. Catalyst, 15 g; Amount adsorbed,
0.52 cc; Symbols are the same as for Fig. 1.

behavior was observed. As shown in Figs.
5 and 6, there is no oxygen uptake at 0°C.
With increasing the catalyst temperature,
disappearance of oxygen is observed, but
simultaneously formation of CO, and H,O
takes place. As a result, the amounts of
oxygen retained by the catalyst are much
smaller than those obtained with other
oxides. In the case of V,0;, the H;O forma-
tion occurs in a lower temperature range
than the CO, formation. Such a behavior
is quite different from those obtained with
other oxides. For TiO, and MoQO; with a
negligible amount of the strong propylene
adsorption, no oxygen uptake was observed.
The fact that the oxygen uptake occurs
easily with Co;0, NiO and CuO, and not
with TiO; and MoO; suggests that there is
some similarity in the activity pattern ob-
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Fic. 6. Reaction of oxygen with propylene ad-
sorbed on Cry0;. Catalyst, 5g; Amount adsorbed,
3.98 cc; Symbols are the same as for Fig. 1.



INTERACTIONS OF O; WITH PROPYLENE ON

tained for the propylene-oxygen complex
formation and for the ecatalytic oxidation
of propylene on oxides. The activity pattern
in the oxidation of hydrocarbons on oxides
has been discussed by various workers (4).
From the standpoint of the oxygen—catalyst
bond energy, such a change in the activity
of oxides for the propylenc—oxygen complex
formation might be explicable by assuming
that the reactivity of adsorbed oxygen is
higher on the oxide with a lower oxygen
bond energy. An appreciable activity for
the complex formation with ZnO and no
activity with Cr.Os, however, appears to be
unexplicable on such basis, since the oxygen
bond energy increases with the order Coz0,
< CuO < NiO < CFQO,'} < FPQO;} < V205 <
Zn0O < Ti0, according to the work of
Sazonov, Popovskil and Boreskov (6).

Oxidation of Propylene Adsorbed and
Catalytic Oxidation of Propylene

The conclusion such that the oxidation
proceeds via the two consecutive steps, l.e.,
the complex formation and its oxidation to
CO; and H,O is obtained with the reaction
of olefin adsorbed, and not with the catalytic
oxidation of olefins. In order to check its
applicability to catalytic reactions, the fol-
lowing experiments were carried out with
Co0;0,. During the rate measurements of the
oxidation of propylene adsorbed, the com-
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Fic. 7. Oxidation of propylene adsorbed on CozO4
at 82°C. Catalyst, 5 g; initial, O, 30 mm Hg; after
3 hr, mixture of CiHe and C: (1:3), 80 mmHg;
(@—) CO; formed; (A—) C;Hs adsorbed; (O—)
0, adsorbed.
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Temperature °C

Fig. 8. Increase in the amount of CO, formed
with temperature. (O-—) Co0;0s; (@—) CuO;
(A—) Cr05; (=) V05 (O—) Fez()a; (O—),
n0; (A—) TiO..

position of the gas phase was abruptly
changed from pure oxygen to a mixture of
propylene and oxygen (Iig. 7). Little or no
change in the reaction rate was observed,
while a slight increase in the amount of
propylene adsorbed took place. This sug-
gests that weakly adsorbed propylene which
is expected to form in the presence of gaseous
propylene, has no significant role in the
reaction. On the basis of these results to-
gether with those for ZnO described pre-
viously (7) the conclusion described above
is applicable to the catalytic oxidation of
olefing as well as to the oxidation of olefins
adsorbed.

The relative rates of oxidation of the
complex to COy and H,O were determined
from the experiments when the catalyst
temperature 7' was raised up in stages
during the oxidation of propylene adsorbed.
Values of R described above were plotted
against the catalyst temperature 7. The
results arc shown in Iig. 8. The activity of
oxides for the oxidation decreases in the
order Cos0; > CuO > Cr.O; > V,0; >
Fe, 05 > ZnO > TiO,, being essentially the
same as that obtained with usual flow
experiments (7). This suggests that the rate
of the catalytic oxidation of olefins on oxides
is determined by the second step, i.e., the
oxidation of the olefin-oxygen complex.
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