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Four types of «-Cr:O: microcrystals with different morphological appearances
were prepared and used as the eatalysts for the oxidation of C:H., C;Hs, C.Hs, C:Hs,
and CO. The reaction rate per unit area as a function of temperature (200-450°C)
and the partial pressures of O., hydrocarbon or CO, CO., and H.O were dejte.rmined
using an on-line continuous inlet mass spectrometer. The catalytic selectivity z'md
the reaction kinetic parameters were found to be dependent on the morphological
structure of the catalyst surface. The kinetic data also suggested that, at high con-
centrations, O: and hydrocarbon molecules were competing for the same sites.
Neither the hydrocarbons nor CO would react with the surface lattice oxygen at
the reaction temperatures.

When two hydrocarbons (or CO and a hydrocarbon) coexisted in the reaction
mixture, mutual vetardation was observed in all the combinations. Kinetic isotopic
effects for the oxidation reactions were determined using C.D,, C:Ds, and CD,CHCH..
The results showed that C-H bond breaking was involved in the rate-controlling
step in the C.Hs oxidation, but not in the case of C.H.. Adsorption results showed
that only a very small fraction of the surface was catalytically active. These findings

are very similar to those obtained over the NiQ surface.

INTRODUCTION

It was the purpose of this work to obtain
the kinetic and some mechanism data for
the complete oxidation of simple hydro-
carbons and CO over some well-defined
metal oxide catalysts using as wide a range
of controlled reaction conditions as pos-
sible. In the first part of this series, the
results over NiO crystals have been re-
ported (7). In this report, similar studies
have been extended to «-Cr.O, crystals to
examine the dependency of the kinetic
parameters on the nature of the metal oxide
catalyst. It was found that the rate of
C.H, oxidation over NiQ crystals was
slightly dependent on the crystalline faces
exposed. Such dependence of the catalytic
activity on the surface structure has been
theoretically predicted [sec, for example
(2)] but experimentally little evidence has
been reported on nonmetal catalysts. This
effect has been ignored in the previous
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studies of hydrocarbon oxidation over
metal oxides as most of the catalysts did
not have well-defined surfaces in a geo-
metrical sense. a-Cr,0; has been chosen for
this study since it affords a possible way
of investigating the geometrical effect.
a-Cr,0; can be prepared either in the form
of very thin platelets exposing predomi-
nantly the (001) face or as well-defined
polyhedrons exposing several crystalline
faces. For the experiments described below,
the oxidation reactions have been carried
out over four morphologically different
a-Cr,0; ecrystals,

ExPERIMENTAL METHODS

The Catalyst Preparations

The Cr.0, catalysts used for this study
were prepared as follows:

Cr,0; (JM) was the Spec pure grade
Cr.0. powder purchased from Johnson-
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Matthey Co. Ltd. The manufacturer’s re-
ported concentration of the impurities Fe,
Si, Na, Cu, and Mg are all less than 5 ppm.
The powders were composed of randomly
shaped crystals exposing an undetermined
number of crystalline faces.

Cr,0; (KB) were crystals prepared by
flux growth method using Cr.0, (JM) as
the starting material and anhydrous
K,B,0; (B&A reagent grade) as flux. The
mixture was heated in a platinum crucible
at 1300°C for 16 hr and cooled down to
9800°C in about 30 min. The crystals ob-
tained were washed repeatedly with hot
diluted HNO, and distilled water. To elimi-
nate the possible surface contamination by
Pt from the crucible, the crystals were re-
heated at 900°C in a quartz container for
3 days and then washed with hot aqua
regia, followed by repeated diluted HNO;
and water washing. The crystals both be-
fore and after the aqua regia washing and
the aqua regia wash solution itself were
analyzed for Pt by activation analysis.
The total Pt found in the crystals was less
than 30 ppm, and was less than 6 ppm in
the crystals treated with aqua regia (limits
of detection). Other impurities found in the
erystals were X and B at about 20 ppm
each. The X-ray diffraction pattern iden-
tified the ecrystals as o-Cr.0s;. Electron
micrographs of the crystals (Fig. 1a)
showed well-defined polyhedral crystals
with several undetermined crystalline faces
exposed.

Cr.0, (Si) was prepared by thermal
decomposition of K.Cr,0; (B&A reagent
grade) in a quartz crucible at 900°C and
washed repeatedly with diluted HNO, and
H.O. The crystals were reheated at 900°C
for 24 hr and washed with HF to get rid
of any contamination of Si. The crys-
tals were very thin platelets with distine-
tive hexagonal appearance as shown in
Fig. 1b. x-Ray identified the flat surface
of the platelets which constituted over 90%
of the total surface as the (001) face of
a-Cr,0,;. Another crystal Cr.0Q; (A) was
prepared using the same procedures but in
a gold crucible. The crystals obtained were
both morphologically and catalytically
similar to that of Cr,0; (8i). Therefore,
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to avoid repetition, the results over Cr.Q;
(A) are not reported separately. The use
of a Pt crucible is to be avoided when de-
composing K.Cr,0; to Cr.O. because it
results in severe (3% ) Pt contamination of
the Cr,0,.

Cr,0; (Si-G) was prepared by crushing
Cr,0; (Si) in an agate mortar and pestle,
washed with hot HF followed by diluted
HNO,; and H.O. It was sintered at 850°C
to constant area before being used as
catalyst.

The surface area of the catalysts was
determined by Kr adsorption at —195°C
and caleulated using BET equation. The
results are listed in Table 1. The surface
areas remained unchanged in all cases after
having undergone up to 30 catalytic oxi-
dation-heating cyecles.

The Reactors and Reagents

The reactors and gases used were the
same as that reported previously (1).

The Determination of the Ozidation Rates

The compositions of the ambient gases
both before and after passing over the cata-
lyst were determined using a continuous
inlet CEC 614 mass spectrometer. The pro-
cedures adopted have been described pre-
viously (1) with the exception that a
Teflon tube was used between the reactor
and the mass spectrometer to minimize the
loss of H,O through adsorption on the
walls of the connecting tubes. The corre-
spondence in the change of the water peak
with those of CO; and the reactants was
so good that the water formed could be
quantitatively measured in this study.

The same pretreatment for the catalyst
surface as that used for NiO was adopted.
That is, the catalyst surface was cleaned

TABLE 1
Svurrace Area OF THE CATATYSTS

Catalyst Surface area (m?/g)
CI'an (JM) 1.31
Cry0; (KB) 0.15
Cr:0; (81) 1.96
Cry0; (8i-G) 1.64
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Fic. 1a. Cr:0; (KB); (b) Cr.0; (Si).



by heating in a flowing N, or He stream
containing a few percent of O, at 800-
900°C prior to the first oxidation run of
each catalyst and at 500-600°C in between

successive runs. The activity of the cata-
lyst in a series of runs was checked from
time to time with the oxidation of C,H,
under a standard set of conditions. Neither
the activity nor the surface area changed
significantly after a series of 5 to 35 runs.

For the kinetic studies, the percentage
of conversion was kept below 10 % of the
minor component in most cases, except
where high activity at low partial pressure
of one of the reactants occurred. For the
stoichiometric studies, conversions as high
as 30-40% have hppn reached to ensure

the accuracy.

RESULTS AND DISCUSSION

The General Behavior of the Reactions

As it was found previously over the NiO
catalysts (1), the rate of oxidation over
Cr,0; catalysts was slightly inhibited by
the presence of water but independent of
the partial pressure of CO.. Therefore, for
the oxidation of the hydrocarbons, suffi-
cient water was added in the inlet gas to
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sure of water across the catalyst bed. In
the case of CO oxidation, a liquid nitro-
gen trap was placed in the inlet line to
remove moisture in the gas stream. With
the partial pressure of H.O maintained
w1th1n a narrow range, the absolute spe-
cific reaction rate at very low conversions
was found to be independent of the total
flow rate at a fixed ambient composition,
suggesting that the reactions were not con-
trolled by the transport of the gas phase.

The reactions were conducted at such low
areas of the

and the surface
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catalysts were so small that significant
heating due to the heat of the reaction is
not expected. This is also confirmed by
the fact that the rates were independent
of the flow rate and that the Arrhenius
plots were the same irrespective of the
reaction sequence, heating, or cooling.

In manv of the reactions rvpnrteﬂ here
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the formation of CO, and H.O went
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through an initially high rate, then de-
creased with time to a relatively stable
value. The response of the reaction rate to

H‘ln ennheannent chanas af amhiont rnmnaci—
the supsequent change ¢l amoient compost

tion was almost instantaneous. The per-
centages of rate decrease from the initial
rates to the stabilized rates are designated
as “self-deactivation” and are reported in
the last column of Table 2. It should be
noted that these values should be some-
what dependent on the gaseous composi-
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The single values quoted are intended to
show qualitatively in which reactant—cata-
lyst systems such a phenomenon was ob-

served. Furthermore, for the oxidation of
the olefing gver Cr.0. (S8i)
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initial self-deactivation effect was observed,
a slow increase or decrease of reaction rate
was found for subsequent large changes in
the gaseous composition during the course
of the run. This differed from that observed
over NiO, where the decrease of rate with
time at near-constant reaction conditions
was irreversible and appeared only at the
beginning of each run.
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The Stoichiometry of the Reactions

The ratios of O,, hydrocarbon (or CO)
CO, and H,O pro
the various Cr,0; catalysts are listed in
Table 2. The consistently higher than theo-
retical value for O, consumed, which was
also found for the complete combustion of
C.H, at 550°C, but not for the oxidation
of CO, may be attributed to the change of
the mass spectrometer sensitivity for O, in
the presence of hydrocarbon. The slightly
higher value for water relative to CO, may
also result from the same uncertainty in
the sensitivity calibration. For these rea-
sons, small differences from stoichiometry
will be ignored in the consideration of the
results.

Over Cr,0; (JM) and Cr,0; (KB), the
hydrocarbons were stoichiometrically con-
verted to CO. and H,0. There was little
self-deactivation taking place in these
cases, whereas over Cr;O; (Si) only part
of the C.H, and C;H; was recovered as
CO, and H.O. The were also
accompanied by a high degree of self-
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TABLE 2
STOICHIOMETRY OF THE Reacrtions at 300°C
Self-
HC deactivation
Catalyst Hydrocarbon O (or CO) CO H,0 ()
Cr,0; (JM) C.H, 3.6 1 2.1 2.1 0
C3H; 5.1 1 3.1 3.1 0
C.H, 4.5 1 2 3 0
C;Hs 6.5 1 3.7 4.6 0
CO 0.5 1 0.95 10
C;H, 5.5 1 3 3.1 4
C,H, 4.2 1 2.1 3. 0
C;H; 6 1 2.8 4 0
CO 0.55 1 1 B
3.9 1 2.1 2.2)
(4.6 1 2.2 2.8)
CsHs (0.06%) 4.3 1 2.4 2.9 20
C,Hs 4.2 1 2 3.1 5
C:H, 5.9 1 3.5 4.2 50
CO 0.5 1 0.86 25
Cri0s (81-G) C.H, 3.5 1 2.1 2.2 30
C:H, 5.2 1 3.2 3.3 40
C,H, 4.1 1 1.9 2.9 5H
CO 0.5 1 0.9 15

deactivation. An intermediate situation
prevailed over the Cr,0, (Si-G) catalyst.
Over Cr,0, (Si) the amount of hydroecar-
bon not recovered as CO. and H.O de-
creased with increasing reaction tempera-
ture, or decreasing partial pressure of the
hydrocarhon, or increasing reaction time,
or a combination of these conditions.
Searching through the mass spectra, no
compound other than the reactants and
CO; and H.O was found. Heating the cata-
lyst at 500-600°C after each run with
nitrogen or helium containing a few per-
cent O, could produce only a very small
amount of CO, (0.01-0.02 ml CO,/m?) and
regenerated the catalytic activity com-
pletely. This implics that a major portion
of the hydrocarbon missed was converted
into some material of low volatility and
retained in the cold scetion of the connect-
ing tubes. Only a very small fraction was
retained on the surface and perhaps caused
the self-deactivation effect. This result
would indicate that the (001) face of

a-Cr,0; should be useful in producing par-
tially oxidized products.

For the oxidation of CO, the ratios of
0., CO, and CO, were near stoichiometric
over all the Cr.O, catalysts. However,
some self-deactivation was observed. This
suggests that a small fraction of the oxida-
tion product or intermediate was retained
on the surface, causing loss of activity. But
in contrast with the hydrocarbon oxidation,
no gross less of CO was observed.

For C,H, oxidation, the ratios were near
stoichiometrie, and no self-deactivation was
observed.

The Reaction Kinetics

Hydrocarbon oxidation. Typical results
on the specific rate of CO, formation as a
funetion of partial pressure of 0. or hydro-
carbon while the partial pressure of the
other reactant and H.,O were maintained
within +5% are shown in Figs. 2-5 for
the four ecatalysts. Only results at 300°C
are included, although experiments have
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Fia. 2. Rate of oxidation over Cr,O; (JM) at 300°C, 0.3%, H,O for hydrocarbons and 09, H.O for CO.
Pp’s kept constant during the runs are: (O) 1.9% O:; (@) 0.9% C;Hy; (A) 1.7% O:; (A) 0.6% CsHs; (¢))
1.29 Oy; (*) 0.76% C.Hy; (W) 1.9% O:; (W) 0.99% C:Hs; () 1.2% O»; (M) 0.45% CO.

been conducted at each 25-50°C interval
within the range of 250-400°C for each
hydrocarbon/catalyst combination. The
general features of the rate curves are
relatively independent of the reaction tem-
perature, except the data over Cr,0, (8i),
which is described below. The effect of par-
tial pressure of H;O was also determined
at constant partial pressure of O, and
hydrocarbon and was found to be usually
of the order of —0.2 to —0.3; i.e., slightly
inhibiting the reaction. Addition of CO.

into the inlet gas had no effect on the reac-
tion rates.

In each of these log-log plots, there is a
linear portion covering a relatively large
range of partial pressure variations; but
changes of the slopes and/or maxima and
minima are found in many cases as the
ranges of the partial pressures increase.
Thus, one can obtain a partial reaction
order with respect to either reacting com-
ponent varying from a positive fractional
order to zero and sometimes to a negative

Cr, 05 (KB)

Rate of Oxidation(mt STP. CO,/min-m?)
o

CO+0,

Partial Pressure (Mole %)

Fr1c. 3. Rate of oxidation over Cr:0; (KB) at 300°C, 0.39% H.O for hydroearbons and 09, H.O for CO.
Pp’s kept constant during the runs are: (O) 1.1%, Os; (@) 0.95% C:Hy; (A) 1.45% O:; (A) 0.5569, C3;Hg;
(¢) 1.4% Oq; (*) 0.5% CoHs; (V) 1.1% Oy; (W) 0.6% CiHs; () 1.2% O»; (M) 0.76% CO.
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Fic. 4. Rate of oxidation over Cr,0;(8i-GG) at 300°C, 0.3¢; H,O for hydroearbons, 09, H.0O for CO. Pp’s
kept constant during the runs are: (O) 2.0 O.; (@) 1.1¢; C.Hy; (A) 1.69; Os; (A) 096, C;Hg; ((:)) 1.6%.

Oq; (*,) 1.3% C:Hg; (L) 2.7% O.; (M) 0889 CO.

fractional order, depending on the ambient
conditions used. This may account for some
of the discrepancies in reaction orders re-
ported in the literature (3). The decreasing

al

reaction order with respect to component
A, while partial pressure of B is held con-
stant, signifies the saturation of adsorp-
tion of A on the catalytically active sites.
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Fic. 5. R‘fxte of oxidation over Cr.03(Si) at 300°C, 0.39,, H,O for hydrocarbons, 09¢ H:O for CO. Pp’s kept
constant during the runs are: (0) 2.1% 0,; (@) 0.369 Colg; (A)49 Os; (A) 0.8 CsH,; (q)) 1.29; O, (’)
0.4% C:He; (V) 1.3% Oz; (W) 0.6% Cills; (() 1.2% Oy; (W) 0.655 CO.
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The appearance of maximum is expected
in the cases where A and B are competing
for the same sites, and the reaction follows
Langmuir-Henshelwood type mechanism.
It has been reported that hydrocarbons are
preferentially adsorbed on the surface ca-
tions (4). O, would certainly prefer the
positively charged surface Cr ions rather
than the O% sites. Therefore, the surface
Cr ions are the most likely candidates for
the active sites. It is interesting to note
that for the olefins over Cr.Q; (JM) the
maxima or changes of slope in the rate
curves were observed for varying partial
pressure of O, but not for varying partial
pressure of hydrocarbon within the range
shown in Figs. 2 and 4, whereas for the
olefins over Cr.O; (KB) the reverse is true.
Such differences among the catalysts prob-
ably reflect the relative strength of adsorp-
tion of O, and hydrocarbons over the vari-
ous surfaces rather than a change of the
reaction mechanism.

For the oxidation of the two olefins over
Cr,0, (Si), broad minima were observed
as a function of the partial pressure of the
olefins. The occurrence and the position of
the minimum were dependent on the am-
bient composition, the reaction tempera-
ture, and the sequence of the reaction ex-
periments. Increasing reaction temperature
or starting the reaction at high partial
pressures of O, and very low partial pres-
sure of hydrocarbon and moving toward
higher partial pressure of hydroecarbon, or
both, could produce a rate curve with a
maximum instead of a minimum. The rate
of CO, formation over this catalyst was
also less than those over the other three
catalysts. These findings together with the
severe self-deactivation and nonstoichio-
metric conversion found over Cr,O, (Si)
suggest that some side reaction, in addition
to complete oxidation, also takes place
over the Cr.0; (81) catalyst. This may not
be surprising, since several reactions, such
as partial oxidation to aldehydes and acids,
dehydrogenation, polymerization, and cycli-
zation have been reported to take place
for hydrocarbon over Cr.O; catalysts [see,
for example (5)]. The present results sug-
gest that the relative rates of such reac-
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tions are influenced by the crystalline faces
exposed.

The oxidation kinetics of C;Hgs and C;Hy
are quite similar over the four catalysts,
as contrasted to the different kinetics
shown over the four catalysts by olefins,
suggesting that reaction mechanism for
the oxidation of the saturated and unsatu-
rated hydroearbons may be different. Fur-
ther evidence for this contention will be
presented later.

For the purpose of comparison, the spe-
cific rates of the reactions at 300°C under
the conditions of 1% 0,, 0.1% hydrocarbon
or CO (also 1% CO), and 0.3% H.O (0%
H.O for CO) over all four catalysts are
listed in Table 3. The apparent activation
energies are also included in the last
column. These oxidizing conditions are
taken because they are in the range that
self-deactivation is less and also they are
within the range of the automobile exhaust
composition. It is shown that the rates of
oxidation of the olefins are greater than
their corresponding paraffins, and the larger
molecules oxidize faster than the smaller
ones in the homolog, except for Cr,0; (Si),
over which the olefins were not completely
converted to CO, and H,0. CO oxidizes at
a rate of the same order of magnitude as
the hydrocarbons, but the rate increases
faster with increasing partial pressure of
CO. Such dependence of rates on molecular
structure of the hydrocarbons suggests that
O, adsorption is not the rate-determining
step for the complete oxidation.

The rates are highest over the poly-
hedral Cr.0, (KB) and lowest over the
Cr,0; (Si) platelets with Cr,O; (JM) and
Cr.0, (Si-G) (both of random-shaped
erystals) of intermediate values. In view of
the fact that Cr,0, (KB) was prepared
from Cr,Q. (JM) and Cr,0; (Si-G) from
Cr,0; (Si), such differences in the rates
and in their kinetic parameters can only
be attributed to their morphological
differences.

CO oxidation. The results for the oxida-
tion of CO over the four catalysts are in-
cluded in Figs. 2-5 and Tables 2 and 3. In
contrast to the oxidation of the hydrocar-
bons, the partial pressure dependence for
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TABLE 3
Tur RaTe oF OXIDATION

Catalyst Hydrocarbon

Cr0s (JM) C.H,
CsHe
C.H;
CsHs
CO

CQH4
C;;Hg
C,H,
Cs;Hs
CO

C:H,
C;He
C:-H,
Co

C.H,
CsHs
C:H,
C3H8
CO

01‘203 (KB )

Cr,0s5 (8i-G)

Cry03 (S1)

Rates (ml STP/min-mg) AE (kcal/mole)

. 0045

0 21.5
0.030 24.1
0.0013 21.0
0.0087 24.7
0.0034 (0.027°%) 15.3
0.035 22.2
0.104 26.6
0.0080 21.5
0.024 27.5
0.031 (0.24%) 11.8
0.0065

0.014

0.0014

0.0085 (0.064")

0.0022

0.0035

0.0002

0.0036

0.0027 (0.024%)

@ Rate at 1%, Os, 0.19% hydrocarbon or CO, 0.3% HyO (09 H,O for CO).

® Rate at 19, O,, 19, CO, 09, H.0.

the CO oxidation is about the same over
the various eatalysts: negative fractional
to zero order with respect to partial pres-
sure of Q.. Addition of CO, to the inlet
gas stream had no effect on the rate, while
H.O at low concentration (less than
~0.5%) could reduce the rate slightly. At
high partial pressure of H.O (>1%), the
reaction rate increased momentarily, and
then decreased to a value showing net in-
hibition. In general, the CO was stoichio-
metrically converted to CO, with some self-
deactivation. Pretreating the surface with
CO at the reaction temperature in the ab-
sence of O, could inerease the subsequent
CO + O, reaction rate significantly, but
the increased activity would gradually dis-
appear with time. Pretreating the surface
with O, could increase the activity only
slightly. Thus, the self-poisoning effect
could not be attributed to the oxidation or
reduction of the surface, rather some reac-
tion 1intermediate or by-product formed
from CO and O, reaction adsorbed on the
surface.

The specific rates for CO oxidation at the
standard conditions as shown in Table 3

were similar to that for the hydrocarbons
and decreased in the order of Cr.Os
(KB) > Cr,05 (8i-G) > Cr.0, (JM) >
Cr,0, (8i). At the same partial pressures
the rates over each of the four catalysts
showed a general trend of C;Hy > C,H. >
CO ~ C.H, > C.H,. This differed from
that observed over NiQ, for which CO oxi-
dation was faster than all the hydrocarbons
studied.

In view of the fact that rates for CO and
hydrocarbon oxidation over Pt surface
were reported (3) to be several orders of
magnitude greater than that found over the
Cr.0y catalysts, one might suspect that the
high aetivity over Cr.O, (KB) could be
derived from small amount of Pt trans-
ferred from the ecrucible used during flux
growth, even though special precaution of
washing with hot aqua regia and careful
analysis of the sample for Pt had been
made. Such Pt contamination effect can be
excluded, based on the following. A study
of the oxidation of CO and the hydrocar-
bons over several noble metals including
Pt has been made by the author (6). The
results showed that, over Pt, the oxidation
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rates for C.H, and C;H; were 1.5-2.0 order
with respect to oxygen and —1 order with
respect to the hydrocarbons. For CO, the
reaction orders were 1.2 for O, and —0.5
for CO. Only part of the olefins reacted was
recovered as CO.. Under the standard con-
ditions of Table 3, the specific rates for
CO/Pt were 50-100 times those of ole-
fins/Pt. These kinetic parameters are so
distinetively different from those obtained
over Cry,0; (KB) that any significant con-
tribution of Pt contamination on Cr.0;
(KB) can be ruled out.

Competitive Oxidation Reactions

The competitive oxidation of four pairs
of gases over Cr,0, (JM) is shown in
Table 4. The Ra and Ry are the rates of
component A and B in the mixed gas and
(Ra)o and (Rg), are the respective rate for
each gas if alone and under the otherwise
same conditions. It is shown that mutual
retardation occurred in all cases, but not
to the same degree for the two components.
The predominance order of C;Hgs > CO ~
C.H, > C,H, is the same as that obtained
over NiO (I} and several other metal
oxides by Moro-oka and Ozaki (3). This
retardation effect coud be interpreted as
competition for O, adsorbed or as competi-
tion for adsorption sites among the hydro-
carbons. It is difficult to decide which is
operative, based on the present results
alone.

Kinetic Isotopic Effect

For further exploring the reaction mecha-
nism, the oxidation rates for three deu-
terated hydrocarbons, C.D,, C.Ds and
CD,CHCH,, were determined over Cr.Os

TABLE 4
ComrrriTivE OXpaTioN OveEr CrO;
(JM) aT 300°C
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(JM). The results are shown in Table 5.
They are very similar to those obtained
over the NiO crystals (1) and lead to the
following conjecture: Ethane with its iso-
topic effect of 0.45 undergoes C-H bond
breaking and adsorption on the surface as
ethyl radicals as the rate-controlling step.
While C.H, with isotopic effect of 1 is most
likely adsorbed on the surface through the
double bond with the rate of adsorption or
with subsequent attack at this bond being
the rate-limiting step. In the case of C,H,,
the isotopice effect of 0.76 at 300°C is inter-
mediate of the other two and suggests that
the concerting processes of allyl hydrogen
splitting and adsorption through a smeared-
out double bond (so-called allyl complex)
prevails. This is in agreement with the low
C-H bond energy for the allyl hydrogen in
the propylene molecule (83 vs 98 keal for
that in ethane, and 103 keal for that in
ethylene).

Adsorption of O,, CO, and Hydrocarbons
Over Cr.0, (81)

The adsorption of O, was measured using
a conventional constant volume adsorption
apparatus. On a surface outgassed at
450°C, then exposed to 2 mm Hg of O, at
300°C, only about 0.01 m! STP O,/m? was
adsorbed within the first minute. Some
slow uptake following an Elovich-type
equation was also observed. This is in
agreement with that reported by Weller
and Voltz (7). CO, adsorption over a O.
presorbed surface is of the order of 0.004
ml/m2. Admitting C;H,; (0.1%) to the O,
presorbed surface at 300°C would give
about 0.012 ml CO:;/m? and about 0.006
ml/m? additional C;H, was retained by the
surface. Over a surface outgassed at 450°C
and no O, presorbed, the amount of C,H,

TABLE 5
Hydrocarbon (%) Kivetic Isororic EFFect Over Cr.Qs (JM)
A B Ra/(Ra) Rs/(Rs) Hydrocarbons kp/ku T (°C)
C,H, (0.5) C3Hg (0.3) 0.40 0.90 C,D, vs C;H, 1 (300)
C,H, (1.2) C,Hg (1) 0.95 0.20 CD;CHCH, vs CsH, 0.76 (300)
CO (1) C,H; (1) 0.40 0.80 0.88 (350)
Co (1) C.Hs (1.2) 1 0.25 C.Dy vs C.H, 0.45 (300)




a-CI'QO3

adsorbed 1s 0.01 ml/m® At 300°C, 0.5%
CO n helium would react with an O, pre-
treated surface to give 0.013 ml CO./m*
Readmitting 1.5% 0. to the CO presorbed
surface gave 0.1 to 0.3 ml CO,/m* These
results show that neither CO nor C,H,
would react with the surface lattice oxygen.
The adsorption sites for ()., or hydrocar-
bon or CO, constitute a very small fraction
of the surface. Thercfore, the catalytic sites
for the oxidation rcactions would be an
even smaller fraction of the Cr,0O, surface.

Effect of Other Added Compounds

In addition to H.O and CO., several
other compounds which are possible gas
phase reaction intermediates or reaction
poisons were injected into the reacting gas
to examine their effect on the reaction
rates for C,H, oxidation over Cr.O, (Si).

1. CH,COOH and CH;CHO. The pres-
ence of either of these compounds in small
quantity could temporarily suppress the
oxidation of C,H,. The suppression was
completely reversible, and no permanent
change of the rates after complete removal
of these compounds was observed. The
oxidation rate of the aldehyde or the acid
to CO. in the presence of C,H, was much
less than if either of them were alone. In
contrast to that found over NiO, the oxida-
tion rates over Cr,0, (81) for CH,CHO
and CH,COOH in the absence of C.H,
were of the same order of magnitude as
that of C;H,. At high concentration
(>0.1% of pen,coon), the rate of oxidation
of CH,COOH to CO. was found to be self-
inhibiting. Therefore, neither of these com-
pounds appears to be a candidate for pos-
sible reaction intermediates leading to CO.
formation. Sinee it has been reported that
acrolein is oxidized to CO. at a lower rate
than CH,;CHO (8), the possibility of C,He
to CO, via CH.=—=CHCHO is also unlikely.
If such aldehydes and acids were the prod-
uct of the side reaction, then their high
volatility would give distinetive peaks in
the spectra; and this was not the ease.
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2. 50O,. SO, was injected into the react-
ing stream of 0O, + C,H; + He in small
doses; the reaction rate decreased progres-
sively with increasing amount of SO,
added. At near monolayer coverage, the
rate had dropped to about 20% of the orig-
inal value. This is quite similar to that
found over NiO and indicates that S0,
does not selectively adsorb on the cata-
lytically active sites. However, the SO.
over Cr.0, 1s easier to he removed from
the surface than that over NiQO. Heating
to 800°C in a few percent O, in He can re-
store over 70% of the activity lost.

3. NH.,. NH, was found to reversibly
suppress the C,H; oxidation while it was
itself being converted to N,O at a rela-
tively slow rate. In the absence of CiH,,
NH, was converted into NO and N.O over
the Cr,0, (Si) catalyst. C,H, appeared to
suppress the NO formation more severely
than for the N,O formation.
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