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Catalytic Oxidation of Propylene on Mixed Metal Oxides*

Recent experimental studies on the cata-
lytic oxidation of propylene demonstrated
the high specificity of ecuprous oxide for the
formation of acrolein (1). To learn more
about the role of the valence state of the
copper ion in the catalyic oxidation process,
a series of experiments was carried out on
mixed oxide catalysts composed of the
oxides of copper and chromium. Such mixed
oxides are of special interest since it has
been shown (2) that the partial pressure of
oxygen is significantly enhanced in equilib-
rium with the mixed oxide in accordance
with

2Cu0 + Cr:03 2 CusCr:04 + 30:(g). (1)

Cu(I) in the mixed ecrystal (Cu,Cr,0,) is
stable In the presence of much higher con-
centrations of oxygen as compared to the
equilibrium:

2Cu0 2 Cui0 + 30:(g). 2)

Extrapolation of the data in Ref. (2) indi-
cates that at 700°K the equilibrium partial
pressure of O, over Cu,Cr,O, amounts to
3 X 102 Torr, while for Cu,0 it 1s 1 X
10-¢ Torr. In addition to the mixed oxide
Cu,Cr.0,, in which copper is present in the
+1 valence state, the spinel structure
CuCr,0, is known to contain copper in the
+2 valence state (3, 4). General enhance-
ment has been reported (§) in the catalytic
properties of cupric oxide by the addition
of chromic oxide for complete oxidation of
hydrocarbon, but a systematic study of the
properties of mixed oxides involving copper
and chromium cations has been limited to

*This study was carried out under the spon-
sorship of several industrial companies whose sup-
port is gratefully acknowledged.

the oxidation of CO (6) and decomposition
of N.O (7). The results suggested signifi-
cant differences between the catalytic
properties of cuprous chromite and cuprie
chromite. The present study was limited
to quantitative measurements of the cata-
lytic properties of Cu,Cr,0, (Cu(I)) and
CuCr,0,(Cu(II)) in the oxidation of
propylene in an attempt to relate the
selectivity of the catalyst to the valence
state of the copper ion.

EXPERIMENTAL DETAILS

The mixed oxide catalysts were prepared
by the procedure described in Ref. (3). A
mixture of 1 mole of CuO and 2 moles of
Cr,0; was placed in an aluminum boat and
heated in air at 1140°K for 21 hr and in
oxygen at 1270°K for an additional period
of 6 hr. The resulting material was ex-
amined by X-ray analysis (3) and found
to contain > 90 mole % of CuCr,0,. For
the preparation of cuprous chromite an
equimolar mixture of CuCr,0, and Cr,0O4
were heated in air at 1475°K for 16 hr.
Analysis by X-ray diffraction demonstrated
conversion of the material to Cu,Cr;0, to
the extent of more than 90 mole %. The
catalysts were ground in an agate mortar
and screened, with the particle-size range
from 43 to 61 p. The surface area of the
catalysts was evaluated by the BET pro-
cedure (Kr-sorption). The results showed a
surface area of 0.269 m?/g of Cu,Cr,0, and
0.412 m2?/g of CuCr,0,.

The experiments were carried out in a
continuous flow reactor composed of a
Pyrex cylinder (10-cm® volume) containing
a fritted glass disk for the support of the
powdered ecatalyst sample (0.1g). The
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flow rate of reactants entering the reactor
was metered with calibrated flow meters.
The gas stream was composed of propylene,
oxygen, and helium, which was employed
as an inert carrier gas. The partial pres-
sures of the various gases were adjusted to
yield the following relative composition:
0.:C;H¢:He = 1:8:10. The system was
operated at a pressure slightly above 1
atm. The total flow rate of gas was 325
ml/min. A cylindrical furnace surrounding
the reactor was used to maintain the reac-
tor temperature at 623°K. The gases® em-
ployed were of the following purities:
0; > 99999, He > 99.99, and C,H, > 99
vol %.

At suitable time intervals the product
distribution in the efflux from the reactor
was examined by withdrawing samples for
analysis by gas-liquid chromatography.
Separate columns were employed in the
analytical procedure: propylene and carbon
dioxide were separated at 298°K on a
column containing BMEA-sebacate; acro-
lein, acetaldehyde, and propylene oxide
were separated at 350°K on a column con-
taining Ucon.

REesurts aND Discussion

The differences in the product spectrum
resulting from the catalytic oxidation are
shown in Table 1. The total specific con-

TABLE 1
PropucT DisTRIBUTION FROM CATALYTIC
OxIpATION OF PROPYLENE

Product (umoles/m?)

Con-

ver- Carbon

sions Propyl- monox-

(vol Acetal- ene ide and
Catalyst %) dehyde oxide Acrolein dioxide

22.9
19.4

Cu:Cr:0, 13

1.5 0.45 11.5
CuCr204 9 0.6 0.7 2.4

s Based on propylene.

version of propylene to products is higher
in the case of Cu.Cr;0, than CuCr,0,. In
addition, the distribution of produects points
to a marked enhancement in acrolein for-
mation for the catalyst containing Cu(I)

* The Matheson Chemical Company.

NOTES

TABLE 2
ReLATIVE PrODUCT DISTRIBUTION
Product

Carbon

Propyl- monox-

Acetal-  ene ide and

Catalyst dehyde oxide Acrolein dioxide
CusCr,0y 4 2 32 62
CUCI‘204 3 3 11 83
Nonee 51 34 6 9

¢ Conversion: 1 vol %,.

(Table 2). Thus the ratio of CO,/C,H,O
is 2 in the .case of Cu.,Cr,Q, while it
amounts to 8 in the case of CuCr,0,. In
the absence of any catalyst an entirely
different product distribution is obtained
under the same experimental conditions of
residence time and reactor temperature
(Table 2). Presumably the gas-phase reac-
tion yields acetaldehyde and propylene
oxide as the major products while the
catalyzed reaction favors acrolein and car-
bon dioxide. In the absence of catalyst the
total conversion of propylene was much
smaller than observed in the presence of
catalyst.

The results lend further evidence to the
role of the .cation .valence state in the
selective oxidation of propylene over cop-
per oxide. It appears that stabilization of
Cu(I) in the presence of oxygen by the
formation of the mixed oxide Cu,Cr,0,
definitely favors acrolein formation as
compared with Cu(II) in CuCr,O,, con-
sistent with the observations made on
cuprous and cupric oxide (7). It is unlikely
that the chrome ion is responsible for this
selectivity in catalyst activity since Cr,0,
has been found to be a relatively poor
catalyst next to copper oxide (6, 7). If the
formation of carbon monoxide and dioxide
over copper oxide is the result of sequential
oxidation, with acrolein as a stable inter-
mediate, as suggested in Ref. (8), we are
led to the conclusion that some catalyst
property associated with Cu(I) is respon-
sible for interfering with ecomplete oxida-
tion of the propylene, a property which is
lost in the case of CuO.



NOTES

In a comparison of the catalytic activi-
ties of various metal oxides, the bonding of
the allyl radical in terms of a =-complex
with the metal cation appears to be a
property common to all the catalysts which
are active in oxidative dehydrogenation
(9). Thus we may conclude that the
existence of the allyl radical is an essential
feature in the oxidation of propylene.
However, the extent of oxidation or the
selectivity of the catalyst is more likely
controlled by the different species of oxygen
present on the surface and in the lattice.
This aspect of the problem has received
attention in recent papers by other investi-
gators (10, 11). The crude model for relat-
ing oxidation specificity to the metal-
oxygen bond strength in the lattice has
been refined by us in terms of different
sorbed oxygen species, charged and neutral.
1t is the distribution of the various oxygen
species that governs the specificity of the
catalytiec reaction ().
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Mass Transfer Effects in the Olefin Disproportionation Reaction

Preliminary propylene disproportionation
studies on a WOssilica catalyst have
shown increased catalyst efficiency with
increased flow rate. This clearly indicates a
mass transfer or interphase diffusional
effect, although calculations made on the
basis of generalized equations for diffusion
prediet no limitation in reaction rates by
mass transfer (I). Such calculations use
the external, catalyst surface area to esti-
mate the area over which diffusion occurs.
However, with few exceptions, only a very
limited fraction of the total catalyst sur-
face is active, and there is reason to ques-
tion any a priori calculation which rules
out interphase diffusion limitations on the
basis of external surface area.

Runs were made using a split bed quartz
reactor in which the propylene flow could
be reversed. Gas samples were withdrawn
after full or ¥4-bed contact with the cata-
lyst. This split bed, reversible flow reactor
allowed two catalyst specimens to be com-
pared simultaneously under identical reac-
tion conditions. Hence, direct comparisons
were made between two different weights
of catalyst as well as between two different
particle sizes.

The disproportionation of propylene on
cobalt molybdate-alumina catalyst at
150°C is shown in Fig. 1 where conversion
is plotted against catalyst weight/flow rate
(W/F) for two different weights of cata-
lyst. The fact that the data from the two



