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Variation of catalytic property of Co0:0-~Mo00; binary oxide with its composition
was Investigated in the oxidation of propylene. Some kinetic data such as specific
activity, apparent activation energy, and reaction orders in propylene and in
oxygen were determined, varying molybdenum concentration with 10 atomic %
difference each. Addition of a small amount of molybdenum trioxide to cobalt oxide
caused remarkable changes in these kinetic parameters. On the contrary, addition of
cobalt oxide did not seriously affect the catalytic property of molybdenum trioxide.
These variations of kinetic parameters seem to correspond to the variation of the
product distribution in the oxidation of propylene. Active species for the acetone
formation was investigated by means of X-ray diffraction and infrared absorption.

INTRODUCTION

In the first paper of this series attention
was paild to the variation of the product
distribution with the composition of Co;0.—
MoO; binary oxide catalyst in the oxida-
tion of propylene in the presence of water
vapor (1). It was shown that two different
types of oxidation occur in two different
ranges of the catalyst composition.

One is the well-known allylic oxidation
to form acrolein and acrylic acid, which was
observed over the molybdenum-rich cat-
alysts. The other is a new type reaction to
form acetone, which was characteristic of
the cobalt-rich catalysts. The result ob-
tained by the Co0-90/Mo-10 catalyst was
particularly interesting. Addition of small
amount of molybdenum oxide to cobalt
oxide caused remarkable suppression of the
oxidative decomposition of propylene and
changed the product from carbon dioxide
to acetone.

In order to investigate the cause of such
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variation in the product distribution, a fur-
ther work was done on the variation of
kinetic parameters with the composition of
the Co0;0,~Mo0Q; catalysts in the oxidation
of propylene. Structural studies of the bi-
nary oxide were also made by means of
X-ray diffraction and infrared absorption.
In the present paper those kinetic and
structural data are disecussed in relation to
the product distribution in the propylene
oxidation.

EXPERIMENTAL SECTION

Eleven binary oxide catalysts (including
pure Co;0, and MoQO;) were obtained from
the same batch as used previously (1). Me-
chanical mixtures of component oxides were
prepared from pure molybdenum trioxide
and pure tricobalt tetroxide both baked
separately and were pressed into cylindrical
pellets. The apparatus and the analytical
methods for reactants and products were
the same as described previously (1).
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Determaination of Actwation Energy and
Specific Activity

The run for the determination of appar-
ent activation energy and specific activity
was carried out under a constant gas com-
position (propylene 1.8 vol %, oxygen,
29.7%, nitrogen 38.8%, steam 29.7%) and
at a constant flow rate (118 ml STP/min)
using 16 to 20 g of catalyst. Following the
prineiple of the differential reactor, the con-
version of propylene was held in low level,
ie., at most 15% and usually below 10%.
Accordingly the apparent activation energy
was obtained directly from Arrhenius plots
of the propylene conversion.

Variation of the specific activity with
the catalyst composition was so spread that
a comparison of these specific activities at
one constant temperature demands large
extrapolations. Therefore, the specific activ-
ity was compared by the reaction tempera-
ture, Tr, at which the specific rate reached
a prefixed value, ie, r=2.00 X 10* ml
STP/m? cat sec. The values of apparent
activation energy, specific activity, and
BET surface area of the catalysts are sum-
marized in Table 1.

Determination of Reaction Orders in Pro-
pylene and Oxygen

The reaction orders in both reactants
were determined by varying the partial
pressure of one reactant, with the other
being kept constant under the same condi-
tion as adopted for the determination of the
activation energy. The values were ob-
tained from the log-log plots of the reac-
tion rate against the partial pressures and
are listed in the last two columns in
Table 1.

X-Ray Diffraction and IR Absorption of
the Catalysts

X-Ray diffraction diagrams of the cata-
lysts were obtained by Geiger Flex D2-F
using a cobalt target. Two kinds of samples,
fresh and used, were submitted to the anal-
-ysis. Another sample made by mechanical
mixing of the component oxides was also
examined. The infrared spectra of the bi-
nary oxides were measured with Perkin-
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Elmer-125 in the range of 2000-400 cm™
using KBr disk technique.

REsuvLts

1. Dependence of the specific activity
and the activation energy on the catalyst
composition. The specific activity of the
binary oxide, Tr?', was plotted against
atomic % of molybdenum as indicated by
curve A in Fig. 1, where Tr* decreases mo-
notonously with increase in the atomic frac-
tion of molybdenum. Since there is a
large difference between the activities of
both component oxides (T7cos0, = 210°C,
Trueos = 574°C), their mechanical mixture
should behave like a mixture of Co,0, with
an inert material so that Tr* of the me-
chanical mixture is close to that of pure
Co,;0, as shown by the curve B. The ob-
served activity change of binary oxide,
curve A, is quite different from curve B as
shown in Fig. 1. Comparison of curves A
and B shows that the addition of molyb-
denum trioxide exhibits a striking effect on
the activity of the binary oxide. This effect
can not be attributable to formation of
CoMoQ,, because the activity change of
the mechanical mixture of Co;0, and
CoMoO, is estimated from the activities
of Co;0, and CoMoO, as represented by
curve C in Fig. 1. The marked effect of
molybdenum trioxide addition was also ob-
served in the product distribution as re-
ported in the previous paper. That is, the
oxidation product was radically changed
from carbon dioxide over the pure Co,0, to
acetone over the catalyst containing 10
atomic % of molybdenum.

On the other hand, those catalysts rich in
molybdenum are similar to pure molyb-
denum trioxide both in the specific activity,
as shown in Fig. 1, and in the reaction
product, which was mainly acrolein (1).
In other words, a small addition of cobalt
oxide does not seriously affect the catalytic
property of molybdenum trioxide.

It may be concluded from the above dis-
cussion that the catalytic property of the
Co0;0,~MnQO; binary oxide is mainly gov-
erned by the molybdenum component. This
feature is further demonstrated by the
variation of the activation energy with the
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TABLE 1
VaLues For KINETIC PARAMETERS IN OXIDATION OF
PropYLENE ovER THE Co03;0,~Mo00; Binary OXipEs

Activation
Catalyst Surface energy Pre-expo. Specific Reaction order
comp. area (keal factor Tre activity
Co/Mo (m2/g) mole) (ml/secm?) (°K) (1/Tr) Propylene Oxygen
10/0 0.80° 31.0 10.2¢ 483 2.07 0 0.6,
9/1 13.9 14.2 1.7, 565 1.77 0.5¢ 0.2
8/2 4.57 13.9 1.6, 571 1.75 0.6, 0.1,
7/3 6.79 15.7 1.9¢ 606 1.65 0.7 0.2,
6/4 6.44 12.1 0.2, 676 1.48 0.7 0.1
5/5 6.17 13.0 0.3 695 1.44 0.6; 0.1;
4/6 6.50 15.0 0.5, 769 1.30 — —
3/7 6.73 13.0 —-0.1; 794 1.26 0.8 0.0z
2/8 2.66 12.6 —0.3s 826 1.21 — —
1/9 2.06 16.1 0.63 820 1.22 0.8, 0.1,
0/10 1.18 13.1 —0.3: 847 1.18 0.9 0.0,

¢ A temperature at which the specific rate reached a value, r = 2.00 X 10~* ml STP/m? cat sec.

b Calcined at higher temperature.

catalyst composition as shown in Fig. 2.
The activation energy is 31 keal/mole over
pure cobalt oxide and 13.1 kecal/mole over
pure molybdenum trioxide. The values over
those catalysts from 10 to 90% of molyb-
denum were almost constant at 14 + 2
keal/mole, which is closer to that over
molybdenum trioxide.

VAr, r=2.00 x107%ml. stp/sec.m?)
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F16. 1. Dependence of the specific activity on the
catalyst composition: (A) observed; (B) calculated
curve for mechanical mixture of Cos0; and MoOs3;
(C) caleulated curve for mechanical mixture of
00304 and 001\1004.
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Fi16. 2. Dependence of the apparent activation
energy on the catalyst eomposition,

2. Variations of the reaction orders with
the catalyst composition. The observed
pressure dependence of the reaction rate
over pure Co;O, shows a striking contrast
to that on pure MoQ,. The kinetics over
Co30, were 0.6; order in oxygen and inde-
pendent of propylene, while the kineties
over MoQO; were virtually first order in pro-
pylene and independent of oxygen. The
latter is quite analogous to the kinetics for
the allylic oxidation of olefins to form un-
saturated aldehyde or diene over MoOy,—
Bi,O; catalyst (2-4).

The reaction orders in propylene and oxy-
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Fie. 3. Dependence of the reaction orders on the
catalyst composition: O, reaction order in propyl-
ene; ¢, reaction order in oxygen.

gen are plotted against the concentration of
molybdenum in Fig. 3. The most remark-
able change is observed again from 0 to
10% molybdenum. The order in propylene
increases from zero to 0.5 and that in oxy-
gen decreases from 0.6, to 0.2 in this region.
The former increases to unity and the latter
decreases to zero with further increase in
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molybdenum concentration up to 100%. No
remarkable change in both reaction orders
is observed from 90 to 100% molybdenum
concentration. These characteristic varia-
tions In reaction orders seem to be orig-
inated from the same effect of molybdenum
addition which causes the variations in the
catalytic activity, the apparent activation
energy and the product distribution.

3. Structural study of the catalyst, In
considering the remarkable effects of MoO,
addition as shown above, the structural
change in the ecatalyst solid would be im-
portant. Some qualitative characterizations
of the catalyst were made by means of
X-ray and IR absorption.

X-ray diffraction diagrams of the cata-
lysts are shown in Fig. 4. These diffraction
diagrams of the catalysts were not changed
after the oxidation runs as exemplified for
Co-60/Mo-40 catalyst (Fig. 4gh). The
diagrams of pure cobalt oxide and pure
molybdenum oxide agreed with the patterns
of Co,0, and MoOQj;, respectively. The lines
assigned to CoO, Co,0;, and molybdenum
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Fie. 4. X-ray diffraction patterns of the CosO0:MoQ; binary system: a—c, f-n, binary oxides prepared
by the method in Ref. (1); gh, fresh and used, respectively; d,e, mechanical mixtures of component
oxides; e, calcined at 550°C for 5 hr in air after mixing.
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oxides of lower valences were not detected
in any diagram of the catalysts.

As shown in Fig. 4, those peaks assigned
to Cos0, abruptly diminish with inerease
in the concentration of molybdenum, and
mostly disappear from the diagram of
Co-60/Mo-40 catalyst. On the other hand,
those peaks of MoO; are observed even in
the diagrams of cobalt-rich catalysts such
as Co-80/Mo-20 and Co-90/Mo-10. This
difference between Cos0, and MoQ, is prob-
ably due to readier crystallization of free
MoO,;.

Some peaks which can be assigned to
CoMoO, (5) are found in the diagrams of
binary systems. One of them at 26 = 30.6°
(d = 3.38) already exists in Co0-90/Mo-10
catalyst, grows up with increase of molyb-
denum concentration till 50 atomic %, and
then diminishes. The peaks at 26 — 21.6°
(d =4.75), 33.0° (3.15), 37.6° (2.77) and
50.6° (2.085) show similar trend with the
peak at 30.6°. On the other hand those
peaks at 20 —16.2° (d = 6.33) and 29.2°
(3.54) grow up until 70 atomic % molyb-
denum. The structure of CoMoO, was well
defined by Smith and Ibers (7). It was
shown that there exists only one com-
pound, CoMo(Q,, but that this occurs in
various modifications (6, 7). In addition, it
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is known that various polycobalt molyb-
dates are formed in the range of higher con-
centration of molybdenum. The observed
variation of peaks with catalyst composi-
tion suggests that some modifications of
CoMoO, occurs in the molybdenum-rich
catalysts.

An interesting result is found in the
X-ray diagram of a mechanical mixture of
both component oxides and in its catalytic
behavior. The simple mixture of both pure
oxides (Co-80/Mo-20) naturally does not
show any peak of cobalt molybdate (Fig.
4d). Although small amount of acetone was
formed over this catalyst, the selectivity is
low as shown in Table 2. However, after
heating at 550°C for 5 hr, this mixture
showed a remarkable activity for the
acetone formation and simultaneously a
diffraction line at 26 = 30.6°, The mechan-
ical mixture of Co-90/Mo-10 showed similar
catalytic behavior (Table 2).

The observed infrared spectra of each
catalyst are given in Table 3. The absorp-
tion bands at about 940, 850, and 780 cm™
are reported to belong to CoMoO, (8). The
strongest band at 940 em™ is found in the
molybdenum concentration from 10 to 90%
and reaches maximum at Co-50/Mo-50
catalyst.

TABLE 2
Ox1pATION OF PROPYLENE OVER THE PELLETED MECHANICAL MIXTURE 0oF Pure CoMPONENT OXIDES®
Con-
ver- Produet distribution (%)
Heat Temp sion
Catalyst treatment (°C) (%) CH;COCH; CH==CHCHO 2CH;COOH 1CO, 1CO
Co-80/Mo-20 None 200 1.6 34.4 — tr 65.6 —
217 3.4 25.6 ir 2.4 72.0 tr
240 9.2 14.0 4.6 1.7 74.6 5.1
260 18.0 6.5 2.0 1.2 87.4 2.9
550°C 5 hr in air 220 1.5 78.3 —_ 1.4 20.3 tr
245 2.5 73.5 tr 1.9 24 6 tr
260 4.3 65.5 tr 7.8 26.7 tr
275 6.5 53.0 1.8 5.4 37.4 2.4
Co-90/Mo-10 None 180 1.7 13.7 — 2.2 80.6 3.5
550°C 5 hr in air 195 1.2 87.3 — 1.8 10.9 tr
250 4 40.2 — 4.2 55.6 tr

e Gas composition: propylene, 20 vol %; oxygen, 30%; nitrogen, 20% steam, 30%. Catalyst: 16 g, GHSV,

400.
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TABLE 3
IR SpectrA OF THE Co030,~MoQO; BiNary OXiDEs
Catalyst Absorption bande
Co/Mo (em™)

10/0 667w,sh  656vs 565vs
9/1 930s 845w,b 780m 725w 667w,sh  656vs 565vs
8/2 932s 845w,b 780m  725w,sh  667w,sh  656vs 565vs
7/3 988vw 933vs 845m 780m 725w,sh 656vs 5653
6/4 988vw 938vs 855m,sh 780vw 656vs 565m,b
5/5 988w 940vs  ca850m,b 780vw 656vs,b
3/7 988w 942s 650s
2/8 988vs,sp  942s 858vs 816w,sh ca600vs,b
1/9 988vs,sp  949m 865vs 816w,sh ca600vs,b
0/10  988s,sp 860vs 816w,sh 580s,b

s 5 = strong, m = mean, w = weak, v = very, sp = sharp, sh = shoulder.

On the other hand absorption bands at 850
and 780 em are found only from 10 to
50% molybdenum catalysts and give maxi-
mum peaks at 30% molybdenum con-
centration,

A new band at about 725 cm™ is found
in the Co-90/Mo-10 catalyst with decreas-
ing intensity as the molybdenum concen-
tration inecreases and disappears from 40%
molybdenum catalyst. The variation of the
intensity of this band seems to be in accord-
ance with the selectivity to acetone in the
propylene oxidation.

DiscussioN

Remarkable effects of molybdenum addi-
tion are shown in the kinetic parameters
such as the activation energy, the specific
activity and the reaction orders in propyl-
ene and oxygen as well as in the produet
distribution. These effects may be partially
explained as follows. The catalyst composi-
tion is not uniform in a way that the added
molybdenum is localized in the surface
layers of the particles. However the drastic
change in the product distribution from
Co304 to the Co0-90/Mo-10 catalyst must
be due to some chemical effect of MoO,.

As shown in the results, the simple me-
chanical mixture of both component oxides
showed low activity of acetone formation
which was greatly intensified by baking at
550°C for 5 hr. This result suggests that the
acetone formation is promoted by a com-
posite oxide of both eomponents. CoMoO,

is the sole composite oxide identified by
X-ray and IR absorption. However, the
diffraction line at 30.6° already found in
10% molybdenum catalyst grows with the
concentration of molybdenum and reaches
maximum at 50% molybdenum. This line
can be detected even in 909% molybdenum
catalyst. On the other hand the optimum
concentration of molybdenum for the ace-
tone formation lies in 10~30% molybdenum.
The selectivity to acetone was low over
the Co-50/Mo-50 catalyst. Acetone was
scarcely formed over the molybdenum-rich
catalyst (1). Acrolein and acrylic acid,
which were main produets over the molyb-
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Fi6. 5. IR spectra of the Co-90/Mo-10 eatalyst.
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denum-rich catalysts, seem to be formed in-
dependently of acetone. These facts suggest
that CoMoO, itself is not the active species
for the acetone formation.

The real active species is not yet clear,
but possible cases may be mentioned. Some
compound other than CoMoQ, might be re-
sponsible for the acetone formation. IR
absorption at 725 cm™ might be related to
this compound because it is only found in
those catalyst which are effective in the
acetone formation. However the role of
C0;0, which is found also in those effective
catalysts may not be ignored. Cooperation
of Co;0, with the composite oxide such as
CoMoO, might be the case. Anyway, some
kind of composite oxide seems to be in-
volved in the acetone formation.

It was previously reported that the re-
action orders, in the oxidation of lower
olefins over transition metal oxides, change
regularly as the catalytic activity varies
from one oxide to another (9, 10). That is,
the reaction order in olefin increases and
that in oxygen decrcases as the activity
of metal oxide decreases with increasing
the heat of formation of metal oxide di-
vided by the number of oxygen atoms in
the oxide molecule. This general tendency
has been interpreted in a way that the lower
reaction order in oxygen and the lower ac-
tivity of oxide are due to the stronger ad-
sorption of oxygen. Although this interpre-
tation is based on the complete oxidation
of propylene, it seems to be applicable to
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the present case of MoOsCo;0, system to
explain the drastic reduction of carbon di-
oxide formation. The observed effect of a
small addition of molybdenum would be
caused by a strengthening of the adsorption
bond of oxygen on the active sites of the
catalyst. The accompanied reduction in the
reactivity of adsorbed oxygen would sup-
press the splitting of the carbon-carbon
bond by an adsorbed oxygen attack, thus
changing the product distribution toward
acetone or allylic oxidation products such
as acrolein and aerylic acid.
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