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The oxidation of CO and CzHd at 20@-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 (CuO, CogOd, NiO, and CuCrlOl, O.l-10% by wt) with presintered catalyst sup- 
ports (a-Al20~, ~-AlzOa, and ZIG) 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 CrtO,, the catalytic activity of group A supported on (Y&O~ or ZrOt increased 
IO-200-fold after being heated at 700°C and above for 10-30 min and reached a maximum at 
-9OO”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 -y-Al203 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 cataIytic process has been obtained 
from studies of the second type of catalysts 
(I), but often on reactions irrelevant to 
automotive exhaust purification. 
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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- 
turcs also are used in practical catalysts, 
particularly for catalysts in which the 
active component contains two or more 
different metal ions at fixed stoichiomctry 
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 considcrcd as a 
diluent and/or binding agent. 

In a previous communication (a), one 
of us has reported that the catalytic 
activity for CO, GH4, and CLHs oxidation 
of a mixture of Co304 (400°C presintered) 
and -r-A1203 (5OO’C preheated) was much 
greater than that of a catalyst prepared 
by impregnation. The activity of the mix- 
ture increased after moderate heating 
(600-7OO”C), but decreased sharply after 
calcination at 850°C or above. A mixture 
of the same Co304 and r-Al203, 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 
dependent on the nature of the support 
used. It was postulated that, at high 
temperature, either Co3+ or Co304 was 
spreading over the support surface to 
increase the active surface area. Hiittig 
(3) first reported such an increase in 
activity for CO oxidation and NZO de- 
composition over a ZnO + FezOy mixture 
upon heating t’o 400°C and above. Hc 
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 ZrOz, cr-AlsOs, and 

r-A1203 have been used for CO and CzH4 
oxidation. The mixtures were treated at 
700-970°C either in air or in a stream of 
helium containing l-2% 02 and 1-2y0 CO 
passing through t’he sample. In the latter 
case, complete oxidation of CO took place 
during these treatmenDs. The activities 
of these high temperature treated mixtures 
are compared with their corresponding 
active metal oxidesupport couple prc- 
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 arcas of the starting 
ma.terials 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 pm for the 
active metal oxides, 2-30 pm porous lumps 
for Zr02, 3-10 pm, for ac-A1203. r-A1203 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 catalysts 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 wcrc dried under a heat 
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TABLE 1 

Surface Area of the Starting Materials 

Metal 
oxides 

cue 

co201 

NiO 

Cr208 

CuCrzOd(II)a 
CuCr90r(I) b 
Cdl20~ 
-r&08 
Zr0.P 

ZrOz(JM) 

Source 

QQ.QQQ$& pure Cu 
+ HNOz 

Johnson Matthey Co. 
Specpure 

Johnson Matthey Co. 
Specpure 

Johnson Matthey Co. 
Specpure 

Coprecipitation 
Coprecipitation 
Linde A 
Dispalc 
National Lead Co. 

Zr(NOs)4 of 
Johnson Matthey Co. 

T Surface 
calcination area 

(“C) W/d 

900 0.35 

900 0.54 

900 0.30 

900 1.15 

700 7.2 
900 1.56 

1000 10.1 
850 93.0 
700 28.0 

1000 10.2 
1000 1.0 

0 See Ref. (7) XRD identified as CuCr204. 
b See Ref. (7) XRD identified as CuCrpOl (major), Cu&rnOa and CrzOa as minor components. 
c Colloidal y-Al203 from Conoco. 
d In this report ZrOz 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 CzH4 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 Nz 
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 30’% conversion, with majority 
less than 20% conversion, were used for 
the activity evaluation. The partial prcs- 
sures of 02 and CO could be changed at will 
and their concentrations were gcncrally 
less than the 20/, 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 CO2 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 l-2% of 02 to remove 
any HzO, SO2 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 OJCO ratio at the inlet was always 
>0.5 with CO in the range of l-2%, and 
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the space velocities range were 50,000- 
250,000 hr-1 (STP). The standard pro- 
cedure adopt,ed was to determine the rate 
of oxidation at 200°C and at increasing 
temperature steps of 50 or 100°C until 
a temperature where 100% 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 temperat,ure at which 
the solids were allowed to interact will be 
designated as the pretreatment t’empera- 
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 
rat,e 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, qucnch- 
ing and rate dctcrmination was repeated. 
For the experimrnts designated as “heated 
in air,” the samples were heated in a muffle 
furnace and qucnchcd directly to room 
tcmpcraturc in air. 

At above lOOO”C, most of the oxides 
st’udicd undergo either phase transition 
or loss of oxygen to form lower oxides such 
COO, Cu&, and CuzCrz04. In addition, 
ZrOz transforms from monoclinic to tetrag- 
onal and r-Al,03 to a-ALO (b4). There- 
fore, the pretreatment temperature was 
limited to below 970°C. 

RESULTS 

Unsupported .?Wetal 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- 

TABLE 2 

Specific Rate of CO Oxidation over 
Unsupported Metal Oxides 

Catalyst Reaction Rates (Cot ml/min-m2) ; 
temp pretreatedb at (“C) : 

c-2) 
500 700 900 

cue 250 45 47 50 
NiO 300 1.8 - 1.5 
a203 300 0.03 0.07 0.08 
CO%04 200 21 - 3.5 

CuCrrO4 (I) 300 106 31 11 

036)~ 
ZrOa (JM) 300 0.008 0.008 0.012 
ZrOa (NL) 300 0.006 - 0.012 
a-AlnOa 300 0.003 - 0.003 
-/-Ah03 300 <O.OOl <O.OOl <O.OOl 

s Rate normalized to 1% O?, 1% CO, and no Hz0 added. 
) Max reaction temperature prior to quenching to below the 

temperature at which the rates are measured. 
c Heated in He f 2% Oz. 

support’ed 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 = kp02mpc0np~201 (1) 

with m, n and I usually fractional numbers. 
Based on these kinetic parameters the 
rates in Table 2 arc all normalized to 
average (inlet and outlet) partial prcs- 
surcs of 1% 02, 1% CO, with no Hz0 
added to the inlet gas. 

With the except,ion of CuCrz04, 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 CuCrz04, the activity dc- 
creased appreciably with increasing prc- 
treatment temperature, but less so if 
heated in 2% 02. Accelerated dissociation 
of this compound to CuzCr204 and Crz03 
in the reaction atmosphere could be the 
cause. 

Mixed Catalysts with S-O2 or CY-ALO as 
supports 

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

designated as amo-ZrOz or amo-wAL03 
mixtures, for CO oxidation at a given 
testing temperature within the range of 
200400°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 l-2% CO and l-2$% O2 at the 
inlet and 0.5-1y0 02 and l-2% COz at 
the outlet due to 100% 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 C3H4 oxidation over the mixed 
catalysts as well as the impregnated 
catalysts were found to obey Eq. (I), and 
the m and n values for the high tempera- 
ture treated mixed catalysts are about 
the same for the various catalysts. They 
are m-0 and n N 0.8-l. The rates reported 
are all normalized based on these kinetic 
parameters to 1% 02, 1% CO, with no 
Hz0 added at the inlet. As seen in Fig. 1, 
the Arrhenius plots curved at high rates 
presumably due to the onset of mass 

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 ZrOz and 
a-AL03 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- 

FIG. 2. CO oxidation over amo-Zr02 mixtures. 
Numbers in parentheses, area ratios, R/R0 = activity 
after heating/activity before heating. All heating 
in CO oxidation atmosphere. CuO-ZIG at 250%, 
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/R0 are 
obtained after the MX catalysts are heated 
to 900°C. For the CuO-ZrOz mixtures 
considerable gain in activity is observed 
over the 500°C preheated samples. Un- 
fortunately, changes at pretreatment tem- 
pcratures less than 500°C could not be 
measured because of the necessity of clean- 
ing the surface at 500°C prior to the rate 
measurement,s. In the vicinity of 9OO”C, 
maximum activity was obtained for most 
cases. Further increase in pretreatment 
temperature resulted in a decrease 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 CO2 
produced per unit total surface area 
(R/tsa). 

Such rates of CzH4 oxidation over 
catalysts pretreated in the range of SOO- 
900°C are listed in Table 3. The CzH4 
oxidation rates were determined only over 
samples pretreated at t’he highest tempera- 
ture of each series. As was observed for 
CO oxidation, the activity for CzH4 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. 

Mixed Catalysts with y-&O3 

r-A1203 presintered at S5O”C was used 
as a support for CuO, Co304 and Crz03. The 
activity of the CuO and Co304 mixtures 
increased after each excursion to the high 
temperature and quenching to the test 
tempcraturc, as was observed \vith the 
ZrOs and a-AlzOs supported mixed cata- 

01 I I I I !  I 
400 ml 600 700 800 900 ,000 

Pretreotme”! Tmlp (T) 

Fra. 3. CO oxidation over amo-a-Al202 mixtures. 
Numbem in parentheses = area ratios; R/R0 = 
activity after heating/activity before heating. All 
heating in CO oxidation atmosphere. CuO-ZrOz 
at 250°C, others at 300%. 

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 r-A1203 supported 
Co304 catalysts has been attributed to the 
formation of the CoA1204 spine1 (2, 8). 
The activities of two spinels, CoA1204 and 
CuA120,1 were determined also. The results 
of the pretreated mixtures and of the 
spinels are shown in Table 5. 

Impregnated Catalysts 

The activities of the impregnated cata- 
lysts expressed as the rate of CO2 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 arca of the 
support. The equivalent monolayer re- 
quirements are estimated to bc 15-17 
prnoles CuO/m2-monolayer and 5-6 pmolcs 
Co304 or CuCr204/m2 monolayer. 

DISCUSSION 

For a given mixed catalyst, the activity 
after heating at 9OO’C (SOOOC for some of 
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TABLE 4 

Surface Area of Mixed Catalysts 

Catalyst 

cue-zroz (3.3%) 
CuO-ZrOz (JM) (670) 
CuCr*OrZro2 (3.0%) 
CosOru-AlsOa (4.5%) 
CnOa-r-AL03 (6.40/o) 
CoaOrr-AlzOa (13%) 
CuO-u-AlzOa (3.3%) 

SClrface area (m*/g) 

Before SOOT 
heating 2 hr 

10.3 7.8 
1.0 0.94 

10.2 10.1 
10.1 8.8 
93 87 
91 91 
10.5 9.5 

the samples) in a stream of He containing 
an inlet concentration of 1% 02 and 1% 
CO for a duration of 20-30 min is approxi- 
mately the same as that after heating in 
air at the same temperature for l-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 COz and the partial pres- 

sure of 02 makes little difference in the 
degree of enhancement in activity by 
heating. 

Figure 5 shows the activities of the 
CuO-a-A1203 (MX) catalysts. The R/tsa 
value increases with increasing CuO con- 
centration in the catalysts and approaches 
a constant value at high CuO concentra- 
tion. The activity per initial amo surface 
area, as measured by R/Ro, decreases with 
increasing CuO 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 ALO (10). 

Yao and Bettman (9) studied the chemi- 
sorption of NO and CO on Co304 supported 
on ZrOz (prepared by impregnation) and 
concluded that Co304 exists in this catalyst 
in two different phases. Upon heating a 
catalyst of very low Co concentration to 
500°C or above, Co304 spreads over the 
ZrOz surface to form a two-dimensional 
dispersed phase which was found to be 
relatively inactive for CzH4 oxidation. If 
the surface concentration of Co304 is 

TABLE 5 

Activity of Heated r-AlzOa Supported Catalysts 

Catalyst Pretreatment T Reaction R/baa 

(“0 [ml COJmin-ma (total)] 

CuO--+41103 (MX) 
8.82% 
A.R. 2700 

CuA1204b spine1 
Co&-r-Al.z03 (MX)c 

10% 
A.R. 670 

Co,Orr-AlzO, (L~lp))~l 

CoAl,O~e spine1 

Cr&kr-A1203 (MX) 
6.44’% 

A.R. 1175 

900°C (RX) 250 0.35 

500°C He + loj, 02 250 0.9 
6OO”C, air 24 hr 250 0.125 

85O’C air 24 hr 250 0.58 
600°C air 24 hr 250 0.16-0.001 
850°C air 24 hr 250 0.06- <O.OOl 
5OO”C, He + 2oj, 02 300 0.003 
900°C (RX) 3bo <O.OOl 

* Normalized to 1% 02, 1% CO, no H20 added. 
b See Ref. (1) for preparation, area 11.8 m2/g. 
c See Ref. (7) for preparation, ColOc and y-A1203 presintered at 850°C. 
d See Ref. (7) for preparation ; activity dependent on method of preparation. 
8 See Ref. (7). Area 11.3 m2/g. 
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higher than 7 pmolcs Co/m2 of ZrO2, a 
second phase similar to that of bulk Co304 
starts to form. These two phases are called 
the b-phase for the two-dimensional dis- 
persed phase and the p-phase for the three- 
dimensional particles, after O’Reilly and 
MacIver (11). In this study there was no 
experimental information on the surface 
concentration of the amo in the catalysts, 
but the activity 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 t’he interface and 
thus increase the amo surface. As the 
concentration of amo increases, the surface 
becomes sat’uratcd with the d-phase; con- 
sequently a larger fraction of the active 
met’al ions would exist as the crystalline 
oxide (p-phase). The total number of act’ive 
metal ions on the surface would be higher 
with greater loading of the amo up to the 
point where the growth of the P-phase 
particles becomes the limiting factor. In 
general, t’he specific activities of the p- 
and &phases can be very different from 
that found on the CosOrZrO2 catalysts. 

FIG. 4. CO oxidation over impregnated catalysts. 
Number in parentheses, wt’% of amo, CuO and CoaOa 
catalysts at 200°C, CuCr204/ZrOi at 250°C, 
NiO/ZrOt at 3OO’C. 

Fra. 5. CO oxidation over CuO-or-Al203 at 250°C, 
R/tsa in ml of COz/min-m2 (total) and R/R0 = ac- 
tivity after heating/activity before heating vs 
wt% of CuO in the mixed cat)alysts. 

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

It is evident from the activity of CuO 
and CuCr204 on Zr02 supports of different 
surface arca that the area ratio of the 
support to the active metal oxide is a 
more import’ant parameter in determining 
the activity values than the weight pcr- 
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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cue-zroe, cx-Al203 Couplas 

Of the catalysts listed in Table 3, both 
MX and impregnated, CuO-ZrOz are the 
only couple exhibiting activity per total 
surface area approaching that of the un- 
supported active oxide (45-50 ml COP/ 
min-m2 of CuO at 250%). 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 
&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 d-phase of CuO on ZrOz is comparable 
to that of CuO. This is much higher than 
that reported for the b-phase of Co304 
on ZrOz (8). Whether the apparent higher 
activity of the catalysts made using ZrOz 
(JM) than those using ZrOz (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-ar-Alz03 (MX) catalysts are about $ 
of CuO supported on ZrOz 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 2FjO0, which 
contains CuO equivalent to about a mono- 
layer on the a-A1203. This suggests that 
the &phase of CuO on ar-AltOs is also 
quite active. It is not known whether the 
lower activity of CuO-~~A1203 (MX) 
compared with CuO-ZrOz is due to slower 
spreading of CuO over cr-Al,08 or lower 
intrinsic activity of the d-phase on cr-Al,Os. 
The fact that CuO/a-A1203 prepared by 
impregnation, which has a high loading 
equivalent to about 11 monolayers, gave 
an overall activity similar to that obtained 
on the ZrOz supported CuO favors the 
former proposition of slower spreading on 
a-A1203. 

co3oPzroz, cPA120, Couples 

The results on Co304 mixed catalysts 
shown in Figs. 2 and 3 and Table 3 support 
the contention reported previously (8), 
that CosOc can spread over the support 
surface to give an increase in R/Ro. 
But the activity of the &phase, a major 
component for the sample with an area 
ratio of 1500, is much lower than that of 
CuO-ZrOz (MX) even though Co304 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). cu-AlzOe is no 
better support for Co304 than ZrOz. 

NiO-ZrO2 Couple 

The activity of NiO-ZrOz (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 10% 
of the unsupported NiO specific activity. 

Supported Cr.203 Catalysts 

The measured activities of both ZrOz 
and a-Al203 supported Crz03 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 Crz03 
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 CrgO3 catalysts was 
observed after the high temperature treat- 
ment, the same as that observed on the 
other catalysts. 

CuCr204-ZrOz, a-AZ203 Couples 

The results on the supported CuCrzOc 
catalysts are more difficult to resolve 
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bcc:~~: of the following complications : 
(a) Bccausc of the thwmal instability of 
CuCrzOA, one sample of it was preheated 
only to 700°C (CuCr204 II). MX catalysts 
prepared from it reached a high activity 
aft.er heating at, 500°C. Heating the mixt,ure 
t,o above 700°C could cause sintwing and 
decomposition of the CuCrJJ1 to an un- 
knows degree even though the Rj’tsa after 
900°C appeared nearly the same as t.hat 
after 500-800°C for the particular mixture 
studied. (b) CuCrzOd(I) was prepared 
by heating (II) to 900°C and the XRD 
showed t,hc presence of minor amounts of 
CuzCrzOi and Cr&a. The contribution of 
each of these components to the spreading 
and the activity cannot be resolved. (c) 
Succcssivc heat treatment of a sample of 
unsupported CuCrzOc (I) in the reaction 
atmosphere caused deactivation as shown 
in Table 2. The effect of the support on t,he 
deactivation process, if any, is not known. 
The results in Figs. 2 and 3 were calcu- 
lated based on the original activity (500°C 
preheated in Table 2). (d) The cat,alyst 
prepared by impregnation w-as shown by 
XRD to be CuCrzOc, but the rcsult>s are 
not sufficiently accurate to exclude the 
prtwncc of other compounds. Despit.e all 
these difficulties, the supported CuCrJ14 
catalysts show the same general pat,terns 
observed owr the othrr amo-support 
couples, such as increasing act.ivit,y with 
increasing tcmpcraturc of heating the MX 
catalysts, the arca ratio effect, t,hc simi- 
larity between ZrOz and a-Al&s as support, 
the same act.ivity Ievcl achieved by the 
heated mixtures and the imprcxgnated 
catalyst’s, and the readiness to reach each 
activity state. 

y-Al203 as Support 

The ~-Al&s supported catalysts are less 
active per unit total surface area than their 
corresponding catalysts supported on ZrOz 
or cr-Al203. CuA1204 is comparatively more 
active per unit surface area than a CuO-r- 

A1203 mixture which had gone through 
three 900°C heating and quenching cycles. 

The rat#cs of the latter were taken after the 
deactivation with time almost ccasrd. 
Shclcf et al. (IS) examined the surface of 
CuA1201 (same source as that. used in this 
study) nith ion scat’traring spectrometric 
technique and found that owr 60% of 
Dhc surface cations are Cu instead of Al. 
Therefore, it can be infcrrcd that the Cu 
ion concentration on the CuA120~ surface 
is high but the intrinsic activit’y of Cu ions 
on the spine1 surface are less than those on 
ZrOz or cu-AIzOa, and much higher than 
that of Co in CoA120~. Misra and Chak- 
lader (14) reported the formation of 
CuA120a spine1 upon heating a CuO and 
y-Al&l3 mixture to SOO”C or higher. If Cu 
on the surface of the heated CuO-r-Alz03 
mixt’ure is in the form of the spinel, then 
the lower R/tsa of the mixt,urc than bhat of 
CuA120, suggests that the Cu conccnt,ra- 
tion on the surface of the mixture is less 
than half of a monolayer. This is not un- 
expected because in the first place t,hcre is a 
low conccntrat’ion of CuO in the mixture 
(equivalent monolayer) and in addition 
the Cu ions diffuse into the Al203 to form 
bulk spine]. This \vas evidenced by the 
slow deactivation of the catalyst. 

The wry low- activity of CoaO,-r-A1203 
(Imp) is approximately equal to t,hat of 
CoAlsOl and confirms the supposition that 
-y-A1203 de&ivatcs the CoBOi via spine1 
formation. The C~&~-r-i\l~O~ (MX) made 
from 850°C presintcred Co#, and r-Al& 
became more active after 24 hr heating at 
830°C (about 4 times), but st’ill was far 
less active than t’hat supported on ZrOz 
or ~-~41,0,. This could be explained as 
follows : The r-A1203 after heating at 
S5O”C appeared under electron microscope 
as amorphous aggregates (2) possessing 
large internal surface area and pores. There- 
fore, the contact between the CoaOd 
(prcsintered at S50°C) and the presintcred 
~-A1203 could be so poor that reaction to 
form CoA1204 is slow. Migrat.ion of Co to 
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some cw-ALO3 formed from the r-AlzOS 
after the long time heating at 850°C could 
enhance somewhat the activity of the mixed 
catalyst. The activity of the Crz03 sup- 
ported on r-AlzO, was again too low to be 
meaningful. 

The fact that the activity of am--y- 
ALO 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-Al203 surface the same 
as that observed over ZrOz and (r-A1203. 
The slow deactivation at the testing 
temperature for the r-A1203 supported 
catalysts could be visualized as follows: 
the quenched surface is covered with a 
large number of the active metal ions in 
the &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 fineIy 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 
Zr02 has the highest potential improve- 

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 ZrOz 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-ZrOs couple, the surface area values 
are 10 m2/g ZrOz and 0.35 m2/g CuO after 
900°C calcination. The maximum improve- 
ment in oxidation activity compared to 
that of pure CuO (on the same weight 
basis) is then 7. By virtue of the higher 
surface area of +~-A1203 (SO-100 m2/g) the 
activity of CuO-r-Al203 (MX) after 900°C 
calcination is twice that which would be 
obtained if the weight of CuO were used. 
Indeed CuO/y-A1203 (prepared by im- 
pregnation) has been widely studied as a 
potential catalyst for removing CO from 
the automotive exhaust (15, 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 CuCr204 mixed 
with or impregnated on ZrOt or ar-Al20~ 
in addition to CuO-y-A1203 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 (17). 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 9 Kier, N. P., Sazonova, I. S., and Bunina, R. V., 

catalysts. K&et. Catal. (Engl. Transl.) 10, 845 (1968). 
10. Selwood, P. W., and Dallas, N. S., J. Amer. 

Chem. Sot. 2145 (1948). 
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