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The oxidation of CO and C,H, at 200-400°C over two groups of supported metal oxide
catalysts has been studied. The catalysts in group A were mechanical mixtures of presintered
metal oxides (Cu0, Coz04, NiO, and CuCr;04, 0.1-109, by wt) with presintered catalyst sup-
ports (e-Al:O;, ¥-Al,Os, and ZrO,) and those in group B were prepared by the conventional
method of impregnation of the presintered supports followed by 500°C calcination. With the
exception of Cry0;, the catalytic activity of group A supported on a-Al,0; or ZrQ, increased
10-200-fold after being heated at 700°C and above for 10~30 min and reached a maximum at
~900°C, while the catalytic activity of group B remained constant or decreased slightly with
increasing heat treatment temperature. The maximum activity per total surface area of group A
approached that of the corresponding pair of group B, and was dependent on the composition
of the catalyst. The activity of the supported catalyst per total surface area was found to be in
all cases less than the corresponding specific activity of the unsupported metal oxide. This phe-
nomenon is discussed in terms of increased dispersion induced by the high temperature treat-
ment. When v-AlO; was used as the support the thermally induced activity was much less
and usually short-lived, presumably because the rate of chemical interaction and sintering

overtook the rate of thermal dispersion.

INTRODUCTION

It is well documented that the activity
of a catalyst can be drastically altered by
the support used and its method of prepa-
ration. Such effects are strongly dependent
on the temperature and the ambient condi-
tions. For automotive exhaust purification,
catalysts are required to maintain their
activity after long time exposure to the
exhaust atmosphere at temperatures of
600-1000°C. Therefore, it is important to
examine the support effect under these
conditions. Most of the previous work
in this field was performed on two types
of catalysts: (a) catalysts prepared by
impregnation or coprecipitation followed
by heating to temperatures which seldom
were as high as those which might be
encountered in automotive exhaust and

(b) dilute solid solutions, e.g., NiO-MgO
prepared at high enough temperatures to
give an equilibrium composition. The first
type of catalyst was initially in a highly
dispersed and unstable state and high
temperature treatment would bring on
physical changes such as sintering, phase
transition or pore structure alteration of
each component as well as chemical inter-
action or dissolution. These various pro-
cesses may have compensating effects on
the catalytic activity so that it is very
difficult, if not impossible, to resolve the
specific contributing factors from the net
change in activity. Valuable information
on the catalytic process has been obtained
from studies of the second type of catalysts
(1), but often on reactions irrelevant to
automotive exhaust purification.

388

Copyright © 1977 by Academic Press, Inc.
All rights of reproduction in any form reserved.

ISSN 0021-9517



HIGH TEMPERATURE TREATED SUPPORTED METAL OXIDES

A mixture of the presintered active
component and the support could be useful
to study the interaction between the active
compound and the support, since physical
changes of the individual components are
expected to be relatively small. Such mix-
tures also are used in practical catalysts,
particularly for catalysts in which the
active component contains two or more
different metal ions at fixed stoichiometry
and a well-defined structure. For these
catalysts, the active compound would have
to be prepared, sometimes at very high
temperatures, prior to addition to the
support which generally is considered as a
diluent and/or binding agent.

In a previous communication (2), one
of us has reported that the catalytic
activity for CO, C.H,, and C.Hg oxidation
of a mixture of Co;O4 (400°C presintered)
and v-Al,O; (500°C preheated) was much
greater than that of a catalyst prepared
by impregnation. The activity of the mix-
ture increased after moderate heating
(600-700°C), but decreased sharply after
calcination at 850°C or above. A mixture
of the same Co3;04 and vy-Al,O3, both pre-
heated at 850°C before mixing, on the
other hand became more active after
850°C heating. Furthermore, the activities
of the mixtures were found to be strongly
depcendent on the nature of the support
used. It was postulated that, at high
temperature, either Co*t or Co3;04 was
spreading over the support surface to
increase the active surface arca. Hiittig
(3) first reported such an increase in
activity for CO oxidation and N,O de-
composition over a ZnO + Fe,O; mixture
upon heating to 400°C and above. He
attributed this to the coating of the surface
of one component by the other followed
by the formation of a surface molecular
film, an initial step of a reaction between
mixed solids. Since then, relatively little
work has been reported on such effects.

In this investigation, mixtures of several
metal oxides with ZrQO,, o-Al:0; and
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v-Al;0; have been used for CO and C,H,
oxidation. The mixtures were treated at
700-970°C either in air or in a stream of
helium containing 1-29; O, and 1-29;, CO
passing through the sample. In the latter
case, complete oxidation of CO took place
during these treatments. The activities
of these high temperature treated mixtures
are compared with their corresponding
active metal oxide-support couple pre-
pared by impregnation. The enhancement
in activity due to heating is examined on
the basis that the active component
spreads over the support surface as pro-
posed above.

EXPERIMENTAL METHODS

Each of the supported catalysts con-
sists of an active metal oxide (amo) and one
of the three inert oxides (support). Type
MX catalysts were prepared by mixing
weighed amounts of the two presintered
components, and grinding lightly in an
agate mortar until a uniform appearance
was obtained. Surface area determinations
showed that no measurable increase re-
sulted from the grinding operation. The
sources and the surface areas of the starting
materials are listed in Table 1. The ap-
parent particle sizes of the powders were
examined by optical and scanning electron
microscopy. They are: 0.5-10 um for the
active metal oxides, 2-30 um porous lumps
for ZrOs, 3-10 um, for a-Al;0;. y-AlyO; was
in the form of crushed dried gel with lumpy
and large cage structure, the portion that
passed the 100 mesh sieve was used for
this study. The distribution of the active
metal oxide particles in the mixed powders
appeared to be quite uniform. Heat treat-
ment at 900°C for 2 hr caused no apparent
particle size increase or phase separation.
Type IMP ecatalysts were prepared by the
conventional method of impregnating the
presintered support with a just sufficient
amount of a salt solution of known concen-
tration. They were dried under a heat
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TABLE 1

Surface Area of the Starting Materials

Metal Source T Surface
oxides calcination area,
(°C) (m?/g)
CuO 99.9999% pure Cu 900 0.35
+ HNO;
Co30, Johnson Matthey Co. 900 0.54
Specpure
NiO Johnson Matthey Co. 900 0.30
Specpure
Cr,0; Johnson Matthey Co. 900 1.15
Specpure
CuCry04(IT)= Coprecipitation 700 7.2
CuCr,0,(I)? Coprecipitation 900 1.56
a-Al,Q; Linde A 1000 10.1
v-Al,03 Dispale 850 93.0
ZrQq¢ National Lead Co. 700 28.0
1000 10.2
ZrO,(JTM) Zr(NO3)4 of 1000 1.0

Johnson Matthey Co.

o See Ref. (7) XRD identified as CuCr,0,.

b See Ref. (7) XRD identified as CuCr;04 (major), Cu,Cr:04 and CryO; as minor components.

¢ Colloidal y-Al,O; from Conoco.

4 In this report ZrO, refers the calcined product of National Lead Co. colloidal zirconia,

lamp, decomposed in an 250°C oven and
calcined at 500°C for 16 hr. The resulting
catalysts usually had a uniform color.

The rates of CO and C.H. oxidation
over these catalyst powders were deter-
mined using a quartz flow reactor and an
on-line mass spectrometer. The BET sur-
face areas were determined by Kr or N,
adsorption. Details of these techniques
have been reported previously (4). The
reactor was in the form of 7 mm o.d.
quartz U-tube with the inlet leg serving
as the gas preheater. Thermocouples were
secured tightly to the outside of the tube
at the sample point and the temperature
was recorded simultaneously with the mass
spectrometric output by a two-pen re-
corder. Precaution was taken to insure
that data taken for activity evaluation
was relatively free of thermal effect. A
four-way valve was used to allow point-
by-point determination of the inlet and
exit gaseous composition. Only points of

less than 309, conversion, with majority
less than 209, conversion, were used for
the activity cvaluation. The partial pres-
sures of Oz and CO could be changed at will
and their concentrations were gencrally
less than the 29, level. Helium was used
as carrier gas and the total pressure was 1
atm. The average values of the inlet and
exit partial pressures of each component
were used as the partial pressures for
kinetic evaluation. The rates (or activity)
are expressed as volume of CO, at STP
produced per minute per unit surface area.

Prior to the first oxidation rate determi-
nation on a fresh catalyst, the sample as
heated at 500°C for 0.5 to 1 hr in a stream
of helium containing 1-29%, of O to remove
any H.0, SO; or organic contaminants
acquired on the surface during preparation
or storage. The reactions were carried out
in oxygen-rich atmosphere in all cases,
i.e., the O2/CO ratio at the inlet was always
>0.5 with CO in the range of 1-29,, and
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the space velocities range were 50,000-
250,000 hr—! (STP). The standard pro-
cedure adopted was to determine the rate
of oxidation at 200°C and at increasing
temperature steps of 30 or 100°C until
a temperature where 1009, conversion
occurred was reached. The sample then
was placed in a high temperature furnace
so that the two solids could interact for
20-30 min. This high temperature at which
the solids were allowed to interact will be
designated as the pretreatment tempera-
ture throughout this report. The furnace
then was removed and the sample was
quenched to below the testing temperature,
usually to 200-300°C depending on the
activity of the catalyst. A furnace pre-
heated to the testing temperature was put
around the sample and a series of oxidation
rate determinations at increasing tempera-
ture steps were made. The temperature
of the sample then was raised to a value
equal to or higher than the previous pre-
treatment temperature and the procedure
of interaction at high temperature, quench-
ing and rate dctermination was repeated.
For the experiments designated as “heated
in air,” the samples were heated in a muffle
furnace and quenched dircetly to room
temperature in air.

At above 1000°C, most of the oxides
studied undergo either phase transition
or loss of oxygen to form lower oxides such
Co0, Cuz0, and CuyCriO4 In addition,
ZrQ, transforms from monoclinic to tetrag-
onal and v-Al,O; to a-Al:O; (6-6). There-
fore, the pretreatment temperature was
limited to below 970°C.

RESULTS
Unsupported Metal Oxides

For the purpose of comparison, the
activities of each of the metal oxides and
supports were determined after successive
increases in the pretreatment temperature.
The results are shown in Table 2. The
kinetics of the CO oxidation over the un-

391

TABLE 2

Specific Rate of CO Oxidation over
Unsupported Metal Oxides

Catalyst Reaction Rates (CO2 ml/min-m?);
temp pretreated® at (°C):
°C)
500 700 900
CuO 250 45 47 50
Nio 300 1.8 — 1.5
Cr:03 300 0.03 0.07 0.08
Co304 200 21 —_ 35
CuCr:04 (I) 300 106 31 11
(86)¢
ZrOs (JM) 300 0.008 0.008 0.012
Zr0O; (NL) 300 0.006 — 0.012
a-Ali0s 300 0.003 — 0.003
v-Al:Os 300 <0.001 <0.001 <0.001

e Rate normalized to 1% 02, 1% CO, and no H:0 added.

b Max reaction temperature prior to quenching to below the
temperature at which the rates are measured.

¢ Heated in He + 2% Oo.

supported metal oxides have been reported
in a previous communication to follow a
power law over the same gaseous composi-
tion range used in this study (7):

rate = kpo,"pco™Pu0! (1)

with m, n and [ usually fractional numbers.
Based on these kinetic parameters the
rates in Table 2 are all normalized to
average (inlet and outlet) partial pres-
sures of 19, O, 19 CO, with no H.0
added to the inlet gas.

With the exception of CuCr,O4 the
change in activity with high temperature
treatment of these oxides is insignificant
compared to those observed with the MX
catalysts as shown in the next section.
In the case of CuCry0O,4 the activity de-
creased appreciably with increasing pre-
treatment temperature, but less so if
heated in 29, O, Accelerated dissociation
of this compound to CusCr:0, and Crq0;
in the reaction atmosphere could be the
cause.

Mized Catalysts with ZrQO; or a-Al:0; as
Supports

The mixed powders of the active metal
oxide (amo) and the support, hereafter
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Fra. 1. Arrhenius plots for CO oxidation over
CuO-ZrO,(JM) (MX). Area ratio = 252, {em-
perature on each curve, pretreatment temperature;
RX = CO oxidation atmosphere.

designated as amo-ZrQ; or amo-a-AlO;
mixtures, for CO oxidation at a given
testing temperature within the range of
200-400°C increased appreciably after the
mixture was heated to a pretreatment
temperature of higher than 500°C either
in air or in the reaction atmosphere (RX),
which was 1-29, CO and 1-29, O, at the
inlet and 0.5-19, O: and 1-29% CO, at
the outlet due to 1009, conversion of CO
at > 500°C over most of the catalysts used.
The increase in activity was greater with
higher pretreatment temperature. A typical
set of Arrhenius plots for a catalyst given
successively increasing temperature pre-
treatment is shown in Fig. 1. The kinetics
of CO and C;H, oxidation over the mixed
catalysts as well as the impregnated
catalysts were found to obey Eq. (1), and
the m and n values for the high tempera-
ture treated mixed ecatalysts are about
the same for the various catalysts. They
are m~0 and n ~ 0.8-1. The rates reported
are all normalized based on these kinetic
parameters to 19, O, 19, CO, with no
H:0 added at the inlet. As seen in Fig. 1,
the Arrhenius plots curved at high rates
presumably due to the onset of mass
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transfer limitation. As the activity in-
creased with heat treatment, lower testing
temperatures were used to avoid this mass
transfer limitation. This caused some dif-
ficulty in the quantitative comparison of
the activation energies, and the extrapo-
lation of the data to temperature outside
the testing temperature range could have
some degree of error. For this reason, the
rate constants for these reactions are not
derived, and the rates are compared at
appropriately different temperatures for
different active metal oxides to minimize
extrapolation.

The activity changes as a function of the
pretreatment temperatures for the ZrO, and
a-Al0; supported MX catalysts are shown
in Figs. 2 and 3, respectively. The ordinate,
R/R,, is the ratio of the measured catalytic
reaction rate after heating to the pre-
treatment temperature to the calculated
catalytic reaction rate of the initial mixture
before heating, based on the reaction rates
of the constituents and their surface areas
given in Tables 1 and 2. The initial ratio of
the surface area of the support to that of the
amo (area ratio) is shown in parentheses
next to the amo in the figures. The tem-

1,000 - — - ———
E
CuQ (850)
100 Cu0(252)
E NiO (4081
Culry 04 11260)
Q
< o CuCr 04 {2051
-3

E Co,0, 11500}

T

Q. —
400 600 800
Pretreatment Temp. (°C)

1000 1200

Fia. 2. CO oxidation over amo-ZrQO, mixtures.
Numbers in parentheses, area ratios, B/Rq = activity
after heating/activity before heating. All heating
in CO oxidation atmosphere. CuO-ZrQO: at 250°C,
others at 300.
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peratures at which the rates were taken are
shown in the figure captions.

The results show that more than two
orders of magnitude increase in R/R, are
obtained after the MX catalysts are heated
to 900°C. For the CuO-ZrO: mixtures
considerable gain in activity is observed
over the 500°C preheated samples. Un-
fortunately, changes at pretreatment tem-
peratures less than 500°C ecould not be
measured because of the necessity of clean-
ing the surface at 500°C prior to the rate
measurements. In the vicinity of 900°C,
maximum activity was obtained for most
cascs. Further increase in pretreatment
temperature resulted in a decrcase of
activity. The maximum activities obtained
at the indicated test temperatures with
the heated mixtures are listed in Table 3.
The activities are expressed as rate of CO,
produced per unit total surface area
(R/tsa).

Such rates of C.H. oxidation over
catalysts pretreated in the range of 800-
900°C are listed in Table 3. The C.H,
oxidation rates were determined only over
samples pretreated at the highest tempera-
ture of each series. As was observed for
CO oxidation, the activity for C:H, oxida-
tion of the heated mixtures also was much
higher than that observed for the unsup-
ported metal oxides (7).

The surface areas of some of the catalysts
before and after the heat treatment were
determined and are listed in Table 4.
Approximate corrections for the surface
area changes were applied to the results
given in Table 3.

Mized Calalysts with y-Al0;

v-Al:OQ3 presintered at 850°C was used
as a support for Cu0, Coz04 and Cr;0;. The
activity of the CuO and Co;0. mixtures
increased after each excursion to the high
temperature and quenching to the test
tempcerature, as was observed with the
Z10; and «-Al,O; supported mixed cuata-
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Fiq. 3. CO oxidation over amo—a-Al;O3 mixtures.
Numbers in parentheses = area ratios; R/Ry =
activity after heating/activity before heating. All
heating in CO oxidation atmosphere. CuO-ZrO,
at 250°C, others at 300°C.

lysts. However, the activity gained on
heating usually decreased rapidly and
continually at constant catalytic reaction
temperature. Therefore, quantitative oxi-
dation rate results were difficult to obtain.
The low activity of the y-Al,O; supported
Co304 catalysts has been attributed to the
formation of the CoAl.O, spinel (2, 8).
The activities of two spinels, CoAl.0, and
CuAl,O4 were determined also. The results
of the pretreated mixturecs and of the
spinels are shown in Table 5.

Impregnated Catalysts

The activities of the impregnated cata-
lysts expressed as the rate of CO, produced
per unit total surface area (R/tsa) are
shown in Fig. 4 and are included in Tables 3
and 5. The compositions of the catalysts are
expressed as micromoles of the active
metal oxide per unit surface area of the
support. The equivalent monolayer re-
quirements are estimated to be 15-17
pmoles CuOym?monolayer and 56 ymoles
Co050, or CuCr,04/m? monolayer.

DISCUSSION

For a given mixed catalyst, the activity
after heating at 900°C (800°C for some of
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TABLE 4
Surface Area of Mixed Catalysts

Catalyst Surface area (m?/g)
Before 900°C
heating 2 hr

CuO-2ZrO: (3.3%) 10.3 7.8
CuO-Zr0O: (JM) (6%) 1.0 0.94
CuCr0+Zr0: (3.0%) 10.2 10.1
C0304—a-Al:03 (4.5%) 10.1 8.8
Cr:03—y-Al:Os (6.4%) 93 87

Co307-A1:05 (13%) 91 91

CuO-a-Al:03 (3.3%) 10.5 9.5

the samples) in a stream of He containing
an inlet concentration of 19, O2 and 19,
CO for a duration of 20~30 min is approxi-
mately the same as that after heating in
air at the same temperature for 1-2 hr.
Repetition of the heat treatment at the
same temperature for longer time results
in only small improvement. This suggests
that the rate to reach a certain state of
activity is relatively fast. The activity is
strongly dependent on the pretreatment
temperature for these catalysts. The pres-
ence of CO and CO; and the partial pres-

YAO AND KUMMER

sure of O, makes little difference in the
degree of enhancement in activity by
heating.

Figure 5 shows the activities of the
CuO-a-Al,0; (MX) catalysts. The R/tsa
value increases with increasing CuQ con-
centration in the catalysts and approaches
a constant value at high CuQ concentra-
tion. The activity per initial amo surface
area, as measured by R/R,, decreases with
increasing CuQ concentration. This be-
havior is typical for both types of catalysts
studied. Similar results have been reported
for a dilute solid solution of NiO-MgO
(9) and for CuO supported on Al;O; (10).

Yao and Bettman (9) studied the chemi-
sorption of NO and CO on Co;0, supported
on ZrO, (prepared by impregnation) and
concluded that Co;0, exists in this catalyst
in two different phases. Upon heating a
catalyst of very low Co concentration to
500°C or above, Co;0, spreads over the
ZrQ; surface to form a two-dimensional
dispersed phase which was found to be
relatively inactive for CoH, oxidation. If
the surface concentration of Co304 is

TABLE 5
Activity of Heated v-Al;0; Supported Catalysts
Catalyst Pretreatment T Reaction R/tsas
°C) [ml COz/min-m? (total)]

CuO-y-AlL,0; (MX) 900°C(RX) 250 0.35

8.829,

AR. 2700
CuAl;04% spinel 500°C He + 19, O, 250 0.9
Co304—v-AlO; (MX)e 600°C, air 24 hr 250 0.125

109

A.R. 670 850°C air 24 hr 250 0.58
Co0304v-ALO; (Imp)? 600°C air 24 hr 250 0.16-0.001

850°C air 24 hr 250 0.06—<0.001

CoAl,04¢ spinel 500°C, He 4+ 29, O 300 0.003
Cry0;—v-Al,0; (MX) 900°C (RX) 300 <0.001

6.449,
AR, 1175

s Normalized to 19 O., 19, CO, no H,O added.
b See Ref. (1) for preparation, area 11.8 m?/g.

< See Ref. (?) for preparation, Co;04 and v-AlO; presintered at 850°C.
4 See Ref. (7) for preparation; activity dependent on method of preparation.

¢ See Ref. (7). Area 11.3 m?/g.
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higher than 7 umoles Co/m? of ZrQO, a
second phase similar to that of bulk Cos0,
starts to form. These two phases are called
the 6-phase for the two-dimensional dis-
persed phase and the g-phase for the three-
dimensional particles, after O’Reilly and
MaclIver (71). In this study there was no
experimental information on the surface
concentration of the amo in the catalysts,
but the aectivity results obtained are in
agreement with the spreading and the two-
phase model. During the high temperature
treatment, the active metal ions migrate
over the support surface driven by the
concentration gradient at the interface and
thus increase the amo surface. As the
concentration of amo increascs, the surface
becomes saturated with the é-phase; con-
sequently a larger fraction of the active
metal ions would exist as the crystalline
oxide (8-phase). The total number of active
metal ions on the surface would be higher
with greater loading of the amo up to the
point where the growth of the g-phase
particles becomes the limiting factor. In
general, the specific activities of the 8-
and d-phases can be very different from
that found on the Co3;0,~ZrO. catalysts.

{mt COp /min-m?)

olf- - -]

R/t s.a.

00l I 1 1 ! 1 !
500 600 700 BOO 900 1000

Pretreatment Temp (°C)

Fra. 4. CO oxidation over impregnated catalysts.
Number in parentheses, wt %, of amo, CuO and Cos0,
catalysts at 200°C, CuCri04/ZrQ:; at 250°C,
NiO/ZrO, at 300°C.
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F1e. 5. CO oxidation over CuO—a-Al:O; at 250°C,
R/tsa in ml of CO3/min-m? (total) and B/R, = ac-
tivity after heating/activity before heating vs
wt% of CuO in the mixed catalysts.

This is true for some of the systems used
in this work and is discussed below.

It is evident from the activity of CuO
and CuCr;04 on ZrO; supports of different
surface area that the area ratio of the
support to the active metal oxide is a
more important parameter in determining
the activity values than the weight per-
centage of the amo. Although the results
shown in Table 3 lack a uniform basis of
area ratio for quantitative comparison,
qualitatively one can conclude that the
activity of the two types of catalysts, mix-
tures and impregnated, for each amo—sup-
port couple are quite comparable, at least
in the high amo concentration region. This
implies that the same activity state was
approached either from heating a me-
chanical mixture to high temperature or
from impregnation followed by calcination.
The latter starts in a more dispersed state
and requires lower temperature heating
to reach the same degree of spreading.

It was observed that if the catalyst
mixtures were allowed to cool down slowly
from the high pretreatment temperature
instead of quenching, the activity gain,
R/Ro, would be smaller. This effect is
particularly pronounced for samples with
low amo concentration. A possible expla-
nation of the deactivation during slow
cooling is the diffusion of the active metal
ions into the interior of the support by local
exchange between the active metal ions
with the cations of the support (12).
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Cu0-Zr0s, a-Al:0;5 Couples

Of the catalysts listed in Table 3, both
MX and impregnated, CuO-ZrO; are the
only couple exhibiting activity per total
surface area approaching that of the un-
supported active oxide (45-50 ml CO,/
min-m? of CuO at 250°C). The sample
with an initial area ratio of 850, which
has a total loading equivalent to about
2.5 monolayer of the support, is expected
to have a large fraction of the CuO in the
d-phase after spreading at high tempera-
ture. The overall activity per unit total
surface area of about } of that for the un-
supported CuO indicates that the activity
of the s-phase of CuO on ZrO; is comparable
to that of CuO. This is much higher than
that reported for the §-phase of Co;0,
on ZrO; (8). Whether the apparent higher
activity of the catalysts made using ZrO,
(JM) than those using ZrO, (National
Lead Co.) are due to a lower area ratio or
the chemical nature of the ZrO; used is
not clear.

The activity per total surface area of the
CuO-a-Al,0; (MX) catalysts are about }
of CuO supported on ZrQO; of the same area
ratio. An increase in activity of 60-fold
after 900°C heating was observed for the
sample with an area ratio of 2500, which
contains CuO equivalent to about a mono-
layer on the a-Al:0; This suggests that
the &phase of CuO on a-Al,O; is also
quite active. It is not known whether the
lower activity of CuO-a-Al:0; (MX)
compared with CuO-ZrO; is due to slower
spreading of CuO over a-Al,O; or lower
intrinsic activity of the §-phase on a-Al;Os;.
The fact that CuO/a-Al;O; prepared by
impregnation, which has a high loading
equivalent to about 11 monolayers, gave
an overall activity similar to that obtained
on the ZrO, supported CuO favors the
former proposition of slower spreading on

a-AlOs.
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C030~Z70,, a-Al0; Couples

The results on Co304 mixed catalysts
shown in Figs. 2 and 3 and Table 3 support
the contention reported previously (8),
that Co304 can spread over the support
surface to give an increase in R/R,.
But the activity of the é-phase, a major
component for the sample with an area
ratio of 1500, is much lower than that of
Cu0-ZrQ; (MX) even though Co3;04 is by
itself much more active than CuO. The
higher loading in the impregnated sample
is beneficial, but the overall activity is
still far below that of the unsupported
Co304 (by a factor of over 20). a-Al,Ozis no
better support for Co;04 than ZrO,.

N20-Zr04 Couple

The activity of NiO-ZrO, (MX) in-
creases by a factor of about 30 after 900°C
heating. The R/tsa for the heated mixed
catalyst and that prepared by impregna-
tion is about the same, and about 109
of the unsupported NiO specific activity.

Supported Crq.03 Catalysts

The measured activities of both ZrO,
and «-Al:0; supported Cr:0; MX cata-
lysts are very close to those of the supports
alone. Therefore, the results are experi-
mentally inaccurate and very susceptible
to traces of impurity on the surface. In
view of the fact that the activity of CryO;
itself is very low for the reaction studied,
the failure to observe measurable net rate
changes does not necessarily mean that
there is no change in activity due to the
high temperature treatment. Indeed a
fast and distinctive change in the color
of the supported CriO; catalysts was
observed after the high temperature treat-
ment, the same as that observed on the
other catalysts.

CuCri0~Zr0s, a-Al:03 Couples

The results on the supported CuCr:O,
catalysts are more difficult to resolve
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beeause of the following complications:
(a) Because of the thermal instability of
CuCr;04, one sample of it was preheated
only to 700°C (CuCr;04 II). MX catalysts
prepared from it reached a high activity
after heating at 500°C. Heating the mixture
to above 700°C could cause sintering and
decomposition of the CuCry0; to an un-
known degree even though the R/tsa after
900°C appeared nearly the same as that
after 500-800°C for the particular mixture
studied. (b) CuCry04(I) was prepared
by heating (II) to 900°C and the XRD
showed the presence of minor amounts of
CuyCry0, and Cry0;. The contribution of
each of these components to the spreading
and the activity cannot be resolved. (c)
Successive heat treatment of a sample of
unsupported CuCr:04 (I) in the reaction
atmosphere caused deactivation as shown
in Table 2. The effect of the support on the
deactivation process, if any, is not known.
The results in Figs. 2 and 3 were calcu-
lated based on the original activity (500°C
prehcated in Table 2). (d) The catalyst
prepared by impregnation was shown by
XRD to be CuCr:0y4 but the results are
not sufficiently accurate to exclude the
presence of other compounds. Despite all
these difficulties, the supported CuCr,0,
catalysts show the same general patterns
observed over the other amo-support
couples, such as increasing activity with
increasing temperature of heating the MX
catalysts, the area ratio effect, the simi-
larity between ZrQ; and a-Al:O; as support,
the same activity level achieved by the
heated mixtures and the impregnated
catalysts, and the readiness to reach each
activity state.

v-A1:0; as Support

The y-AlO; supported catalysts are less
active per unit total surface arca than their
corresponding catalysts supported on ZrO,
or a-Al:03. CuAl,0, is comparatively more
aetive per unit surfaece area than a CuO-y-
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Al:0; mixture which had gone through
three 900°C heating and quenching cycles.
The rates of the latter were taken after the
deactivation with time almost ceased.
Shelef et al. (13) examined the surface of
CuAl,O; (same source as that used in this
study) with ion scattering spectrometric
technique and found that over 609, of
the surface cations are Cu instead of Al
Therefore, it can be inferred that the Cu
ion concentration on the CuAl,O, surface
is high but the intrinsic activity of Cu ions
on the spinel surface are less than those on
ZrOy or a-Al:O; and much higher than
that of Co in CoAly0s. Misra and Chak-
lader (14) reported the formation of
CuAlyO, spinel upon heating a CuO and
v-Al;03 mixture to 800°C or higher. If Cu
on the surface of the heated CuO-v-Al;0;
mixture is in the form of the spinel, then
the lower B/tsa of the mixture than that of
CuAl,O, suggests that the Cu concentra-
tion on the surface of the mixture is less
than half of a monolayer. This is not un-
expected because in the first place there is a
low concentration of CuO in the mixture
(equivalent monolayer) and in addition
the Cu ions diffuse into the Al,O; to form
bulk spinel. This was cvidenced by the
slow deactivation of the catalyst.

The very low activity of Co;0,—y-Al0;
(Imp) is approximately equal to that of
CoAl;O4 and confirms the supposition that
v-AlsOs deactivates the CozO4 via spinel
formation. The Co;0,~y-Al0; (MX) made
from 850°C presintered Co;0, and v-Al,0;
became more active after 24 hr heating at
850°C (about 4 times), but still was far
less active than that supported on ZrO,
or a-Al,Q; This could be explained as
follows: The ~-AlQ; after heating at
850°C appeared under electron microscope
as amorphous aggregates (2) possessing
large internal surface area and pores. There-
fore, the contact between the Co;04
(presintered at 850°C) and the presintered
v-Al:0; could be so poor that reaction to
form CoAl;Q, is slow. Migration of Co to
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some a-Al;O; formed from the ~-Al:O;
after the long time heating at 850°C could
enhance somewhat the activity of the mixed
catalyst. The activity of the Cr:O; sup-
ported on ¥-Al.Q; was again too low to be
meaningful.

The fact that the activity of amo—y-
Al;O; mixtures increased immediately after
each high temperature treatment and
quenching to the testing temperature sug-
gests that the active metal ions could
spread over the y-Al,O; surface the same
as that observed over ZrO, and a-AlyOs.
The slow deactivation at the testing
temperature for the +-Al,Os; supported
catalysts could be visualized as follows:
the quenched surface is covered with a
large number of the active metal ions in
the é&-phase which apparently continue
to react with the support surface at the
testing temperature to form the less active
spinels, This implies that the activation
energy for spreading is greater than that
for reaction to form the spinels. However,
we cannot supply proof for such specula-
tions at this time. Further work is definitely
needed for the understanding of these
processes.

CONCLUSION

The effective surface area of an active
metal oxide catalyst for high temperature
use can be extended by supporting it on a
less active oxide of higher surface area
provided that the amo is thermally stable
and there is no interaction with the sup-
port to form grossly less active surface
compounds. The supported catalyst can
be prepared either by a conventional im-
pregnation—calcination method or by heat-
ing a mixture of the finely divided amo
with the support to 800°C or above. The
improvement achievable is highly de-
pendent on the nature of the amo and
that of the support. For the catalysts
included in this work, CuO supported on
ZrO; has the highest potential improve-
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ment factor over the use of pure CuO.
In order to maintain the activity at high
temperature for relatively long time, large
excess of CuO over that required for mono-
layer formation on the ZrO, must be used
to compensate for any loss due to diffusion
into the bulk.

If the limiting factor is the size or total
weight of the catalyst, then the improve-
ment factor realizable for a catalyst to
be used at a 900°C maximum temperature
is governed by the specific surface area
ratio of the support and the amo. For the
CuO-ZrO; couple, the surface area values
are 10 m?/g ZrO; and 0.35 m?/g CuO after
900°C calcination., The maximum improve-
ment in oxidation activity compared to
that of pure CuQ (on the same weight
basis) is then 7. By virtue of the higher
surface area of y-Al,0; (80-100 m?/g) the
activity of CuO-y-Al;0; (MX) after 900°C
calcination is twice that which would be
obtained if the weight of CuQ were used.
Indeed CuO/v-Al,O; (prepared by im-
pregnation) has been widely studied as a
potential catalyst for removing CO from
the automotive exhaust (75, 16). The
potential improvement factors for the
other couples reported in this paper are less.

When one considers the CO oxidation
activity alone, CuO or CuCr,0, mixed
with or impregnated on ZrOs or «-Al;Os
in addition to CuO-v-Al:0; catalysts have
the potential to be useful for automotive
emission control. Attempts to apply these
catalysts supported on monolithic sub-
strate for automotive exhaust purification
have been made by the authors and re-
ported elsewhere (7). In such applications
the impregnation method is favored due to
the poor adherence of the mixed sintered
powders to the substrate, however, the
active metal oxide loading is usually so
high that the existence of separate active
metal oxide phase and its spreading over
the wash-coat surface during the high
temperature operation undoubtedly plays
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an important role for the durability of the
catalysts.

N L v~

[

REFERENCES

. Cimini, A., Chim. Ind. 56, 27 (1974).

. Yao, Y. F. Yu, J. Catal. 33, 108 (1974).

. Huttig, G., Z, Angew, Chem, 49, 882 (1936),

. Yao, Y. F. Yu, and Kummer, J. T., J. Catal.

28, 124 (1973).

. Mellor, J. W., “Comprehensive Treatise on

Inorganic and Theoretical Chemistry.”” Long-
mans, London, 1934..

. Ryshkewiteh, E., “Oxide Ceramics, Physical

Chemistry and Technology.” Academic Press,
New York, 1960.

. Yao, Y. F. Yu, J. Cataly. 39, 104 (1975).
. Yao, H. C., and Bettman, M., J. Catal. 41, 349

(1976).

9

10.
11.

12.

18.
14.
15.
16.

17.

401

Kier, N. P., Sazonova, I. 8., and Bunina, R. V.,
Kinet. Calal. (Engl. Transl.) 10, 845 (1968).

Selwood, P. W., and Dallas, N. S, J. Amer.
Chem. Soc. 2145 (1948).

O’Reilly, D. E., and Maclver, D. S., J. Phys.
Chem. 66, 276 (1962).

Budrnikov, P. P., and Ginstling, A. M., “Prin-
ciples of Solid State Chemistry, Reaction in
Solid” (translated into English by K. Shaw).
Gordon and Breach, New York, 1968.

Shelef, M., Wheeler, M. A. Z., and Yao, H. C,,
Surface Sci. 47, 697 (1975).

Misra, 8. K., and Chaklader, A. C. D,, J.
Amer. Ceramic Soc. 46, 509 (1963).

Sourirajan, 8., and Accomazzo, M. A., Canad.
J. Chem. 38, 1990 (1960).

Roth, J. F., Ind. Eng. Chem. Prod. Res. Develop.
10, 381 (1971),

Kummer, J. T., Yao, Y. F. Yu, and McKee, D.,
Soc. Automotive Eng. Congr., Pap. No.
760143 (1976).



