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The oxidation of CO, C3H6, I-hexene, and toluene under excess Oz has been studied over 
precious metal (PM) catalysts, Pt, Pd, and Rh, in the form of unsupported wires or supported on y- 
A1203 or Ce02/A120j. The kinetics were affected by the state of the metal dispersion, the pretreat- 
ment temperature, the reaction conditions, and the presence of Ce02. The existence of two types of 
surface sites each with its own reaction kinetics is postulated to explain the results; to wit: (1) Type 
I kinetics, exemplified by the PM wires, is first-order with respect to Oz and negative first-order 
with respect to CO over all three metals. Over the same Pt or Pd catalysts, the oletin oxidation is 
strongly self-inhibited by HC and more than first-order in 02, whereas the opposite was found for 
Rh. These sites are attributed to PM particles in low oxidation state. (2) Type II kinetics is positive 
order with respect to CO and nearly independent to oxygen partial pressure. The olefin oxidation is 
less self-inhibiting by HC (for Pt and Pd) and by O2 (Rh) than type I. Generally, the activation 
energies are lower. This type of kinetics prevails over PM surface of higher dispersion and higher 
oxidation state. The presence of CeO, promotes the type II kinetics. The oxidation of I-hexene and 
toluene is very similar to that of CsH6 and suggests that the adsorption of the hydrocarbon on the 
surface through the double bond is important. 

INTRODUCTION 

All of the catalysts presently used for pu- 
rification of automotive exhaust contain the 
noble metals Pt, Pd, or Rh as active compo- 
nents. Because of the high cost and limited 
availability of these metals, it is important 
to use as low a noble metal concentration in 
these catalysts as feasible. This is accom- 
plished by keeping the active metals at a 
high degree of dispersion. Two patents 
claimed that this can be achieved by adding 
a promoter such as Ce02 (1, 2). It is impor- 
tant, however, to understand the ways in 
which efforts to reduce the noble metal 
content of the catalysts affect catalytic ac- 
tivity. It is well known, for example, that 
the degree of dispersion (3-5), the nature of 
the catalyst support (6), and the presence 
of the promoter (7, 8) affect the specific 
catalyst activity, the selectivity, and the ki- 
netic parameters. Furthermore, catalysts 
are routinely exposed to high temperatures 
of 600°C and above for varying periods of 
time. This thermal aging can cause severe 

sintering and decreased dispersion. Thus 
the kinetics of the reaction over an aged 
catalyst may be different from those of a 
fresh catalyst. We have made a detailed 
study of the kinetic parameters of the total 
oxidation of CO and the model hydrocar- 
bons as a function of the following vari- 
ables: (1) nature and concentration of noble 
metal, Pt, Pd, and Rh; (2) bulk metal versus 
supported catalysts; (3) degree of disper- 
sion; (4) thermal aging; (5) presence of the 
promoter, CeO,; (6) effect of pretreatment; 
and (7) operating conditions, e.g., oxidizing 
or reducing. Results obtained for the oxida- 
tion of CO, C3H6, 1-hexene, and toluene are 
reported here. A similar study on a series of 
low-molecular-weight saturated hydrocar- 
bons have been reported elsewhere (9). 

EXPERIMENTAL METHODS 

Catalyst preparation. Pt, Pd, or Rh wire, 
99.99% pure and 0.25 mm diam. (purchased 
from Engelhard Mineral & Chemical Co.), 
was washed with dilute HN03 and rinsed 
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with distilled water and acetone before use. 
A measured length of the wire, in single or 
tri-ply was encased tightly in a thin-walled 
quartz (for Pt or Rh) or Pyrex (for Pd) tube 
and then wound into a spiral of about 12 
mm o.d. to facilitate good heat dissipation 
and to minimize gas bypassing the sample. 
The surface areas of the wires were as- 
sumed to be equal to their geometrical ar- 
eas, which are in the range of 1.2 to 5 cm2/ 
sample. 

The supported catalysts of PM/A1203 
were prepared by the conventional impreg- 
nation method on y-A1203 powder. Details 
of the preparation have been reported else- 
where (9). For the PM/Ce02/A1203 cata- 
lysts, the Ce02 was first coated on the y- 
A1203 powder by impregnation and the 
resultant solid calcined at 800°C before im- 
pregnation with the noble metal salt solu- 
tions. The concentration of PM and CeO, 
were calculated from the amount and the 
concentration of the PM salt and Ce(N03)j 
solutions used. The surface area of the 
A1203 support was 80 m*/g after 800°C calci- 
nation and 60-65 m2/g after 1000°C calci- 
nation. The catalysts were heated in air at 
600, 700, 800, and 900°C for 4 h or more 
before being used for the oxidation runs. 

Reactants. Chemical pure or research 
grade gases from Matheson Gas Products 
Company were used without further purifi- 
cation. 1-Hexene and toluene were chroma- 
toquality (+99% pure) from Matheson, 
Coleman and Bell Company. 

Rate determination techniques. A flow 
reactor was constructed from thin-walled 
quartz or Pyrex U tubes of 4 mm o.d. Ei- 
ther the wire spiral (1.2-5 cm2/sample) or 
the powdered supported sample (0.02-0.03 
g) placed between two swabs of quartz 
wool was in the exit leg of the reactor with 
the inlet leg serving as the reacting gas pre- 
heater. Two type-K thermocouples (one to 
the controller and the other to the recorder) 
were secured to the outside wall of the re- 
actor tube at the midpoint of the sample. 
The gas composition before and after the 
catalyst was monitored with an on-line 

CVC-612 Mass Spectrometer. The carrier 
gas, helium, was passed through the system 
continuously at atmospheric pressure. The 
flow rate over the wire sample was 25 ml/ 
min. For the powdered catalyst, the space 
velocity, volume of gas flow/hour-volume 
of catalyst, was -300 K h-‘. 

The rate measurements were conducted 
in three modes. (1) For the evaluation of the 
kinetic parameters (partial reaction orders 
and activation energies), the reactor was 
operated isothermally and as close to differ- 
ential reactor conditions as possible, that 
is, the conversion was limited to less than 
20%, and oxidation rates were measured 
with the partial pressure of one reactant 
nearly constant while that of the other was 
varied. When the heat of reaction produced 
a temperature variation large enough to be 
detected by the thermocouples the data 
were excluded from the interpretation. (2) 
For the stoichiometric studies, data for 
higher conversions were utilized, particu- 
larly for the hydrocarbon oxidation. The 
amount of water produced was measured 
only for the wire samples. Over the sup- 
ported catalysts, the large surface area of 
the A1203 support stored the water and 
hampered its quantitative determination. 
(3) With the inlet concentration unchanged, 
the percentage conversion of the reaction 
was followed by slowly increasing or de- 
creasing the reaction temperature. Total 
conversion was included in this type of 
measurement. These curves of conversion 
versus temperature can serve as a conven- 
ient activity indicator for the practical ap- 
plication of these catalysts. 

Prior to each series of measurements, the 
sample was heated to 500°C in a stream of 
He containing 1% O2 to remove any com- 
bustible contaminants from the surface. 
The reaction temperature was in the range 
of 150 to 500°C. The actual temperature 
range for each case was much narrower, 
depending on the activity of the catalyst. 
The rate and stoichiometric measurements 
were made under oxygen-rich conditions in 
almost all cases, i.e., OJCO or OJhydro- 
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FIG. 1. Oxidation of C3H6 over (0) P&wire, (0) Pd- 
wire, 1% 02, 0.2% C3H6. 

carbon ratios were larger than their respec- 
tive stoichiometric ratio. 

CO chemisorption measurements. For 
the determination of the noble metal sur- 
face area of the supported catalyst by che- 
misorption of CO, the sample was first re- 
duced with H2 at 500°C followed by 
sweeping with H2 at 500°C for 30 min. The 
amount of CO uptake at room temperature 
from a gas stream of He + 1% CO was 
determined from the mass spectrometer 
analysis of the exit gas and the known flow 
rate. The CO adsorption procedure was re- 
peated after sweeping the sample with He 
for 30 min or more. The difference between 
the two runs was taken as the amount of 
CO irreversibly adsorbed on the surface. 

RESULTS 

Stoichiometry of the Oxidation Reactions 

The following observations on the stoi- 
chiometry of the oxidation reactions of CO 
and hydrocarbons are common to the metal 
wires and the supported catalysts: (1) The 
CO reacted was accounted by the forma- 
tion of COz with stoichiometric consump- 
tion of O2 in all cases. (2) The oxidation of 
C3H6, C6H12, and toluene were in most 
cases nonstoichiometric, with partial oxida- 
tion products being formed (CO, aldehydes 
etc.). Over the Pt and Pd wires, the amount 
of CO2 formed from C3H6 oxidation was 
less than that of H20 and the two coincide 
only near 100% conversion (Fig. 1). Hz0 
produced from the other two hydrocarbons 

was not measured. There was an increase 
in the mle 28 peak during the hydrocarbon 
oxidation, which could only be assigned to 
CO formation. The degree of deviation 
from stoichiometry for oxidation to CO2 de- 
creased, as could be expected, with in- 
creasing OdHC ratio and increasing reac- 
tion temperature. 

There were differences among the hydro- 
carbons and among the different noble 
metals. Qualitatively, the nonstoichiometry 
increases in the order of C3H6 < toluene < 
C6Hr2. Among the three metals, Rh cata- 
lysts gives the highest and Pt the lowest 
degree of complete combustion to CO2 
and HzO. 

Dispersion of the Noble Metals (CO 
ChemisorbedlPM in Catalyst) 

The metal surface areas of the PM/&O3 
catalysts are shown in Table 1. These val- 
ues are subject to the relatively large uncer- 
tainties inherent in the conventional 
method of using CO or H2 chemisorption to 
determine the metal surface area of sup- 
ported catalysts. The ratio of CO to surface 
PM atoms was assumed to be 1, which is 
probably too high for catalysts with low 
metal dispersion because of the bridging ad- 
sorption mode and too low for well-dis- 
persed catalysts because of the doubly ad- 
sorbed mode (10). The data in Table 1 
should be viewed with this assumption in 
mind. The metal atom density was assumed 
to be 1.25 x lOI PM/m2. The results of the 
metal surface area determination, or more 
precisely, the proportion of the metal avail- 
able for CO chemisorption, show that the 
dispersion of Pd on A&O3 remains almost 
the same with increasing calcination tem- 
perature (in air) from 600 to 900°C whereas 
that of Pt and Rh decreases sharply under 
similar calcination conditions. The disper- 
sion of Pt decreases faster with increasing 
PM concentration than Pd and Rh. 

For the PM/Ce02/A1203 catalysts, a very 
complex pattern of H2 reduction and CO 
chemisorption involving both the PM and 
the Ce02 was observed. The PM promotes 
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TABLE I 

PM Dispersion on PM/A120j Catalysts 

Catalyst Pretreatment Dispersion Catalyst Pretreatment Dispersion 
TV3 TC’C) 

Pd(0.038%) 600 0.41 Pt(0.023%) 600 0.87 
Pd(0.038%) 800 0.55 Pt(0.023%) 800 0.36 
Pd(0.038%) 900 0.64 Pt(0.023%) 900 0.13 

Pd(O.l55%) 600 0.51 Pt(0.22%) 600 0.19 
Pd(O.lSS%) 800 0.67 Pt(0.22%) 800 0.07 
Pd(O.l55%) 900 0.66 Pt(0.22%) 900 0.06 

Pt(O.l2%) 900 0.04 

Rh(0.03%) 600 0.69 
Rh(0.153%) 600 0.57 
Rh(O.l53%) 800 0.07 

Note. Dispersion = mole CO chemisorbedimole of PM in catalyst; Pretreatment = calcination in air 4- 
16 h. 

the redox reaction of the ceria itself from 
the Ce4+ to Ce 3+, has been rep orted previ- 
ously (II). Therefore, the dispersion of PM 
on the Ce02/A1203-supported catalysts can- 
not be determined by conventional CO che- 
misorption methods. 

Kinetic Parameters of the Oxidation 
Reactions 

The activity of the wires and the sup- 
ported catalysts for total oxidation of CO 
and hydrocarbons is expressed as the rate 
of CO2 production. Over the wires and 
AlZ03-supported catalysts of which the 
metal surface areas were measured, the 
specific reaction rates are given in millili- 
ters (STP) of CO2 produced/minute-square 
meter of PM. For the other supported cata- 
lysts of which the metal surface area could 
not be determined, the rates are in millili- 
ters (STP) CO2 produced/minute-milligram 
of PM. The average value of the inlet and 
exit partial pressure of each reactant was 
taken as its partial pressure over the entire 
catalyst bed. For the kinetic parameter de- 
terminations, data for low conversion and 
under isothermal conditions were used, as 
described above. 

The rates, as a function of the partial 
pressure of the reactants (partial reaction 

order), were derived using the simple em- 
pirical power law: 

Rate of CO* formation 

= hPO,)“(PCO or HC)’ 

The m and n values are obtained from log- 
log plots of rates versus partial pressure of 
one of the reactants keeping that of the 
other reactant constant. The rates obtained 
at various temperatures normalized to a set 
of aribtrarily chosen conditions, e.g., 0.5% 
O2 + 0.5% CO and 1% O2 + 0.1% HC for 
most cases, were plotted according to the 
Arrhenius equation to evaluate the appar- 
ent activation energy, AE. 

It has been found by previous workers 
(12-14) and in this investigation as well, 
that the kinetic parameters, m, n, and AE 
for each set of reaction/catalyst could vary 
with the reaction conditions such as Ol/CO 
or Oz/hydrocarbon ratio, the temperature of 
reaction, and sometimes the sequence of 
variation of reaction conditions. To mini- 
mize the extent of partial oxidation of the 
hydrocarbons and the possible change of 
reaction kinetics associated with exposing 
the catalyst to reducing atmosphere (as it 
will be shown later), only those data ob- 
tained under predominantly oxidizing con- 
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TABLE 2 

CO Oxidation 

PM(%)/Ce02(%)” T (“Qb m n 

Pt-wire 
Pt(0.023)/0 (600) 
Pt(0.023)/0 (800) 
Pt(0.023)/0 (900) 
PQO. 12)/O (900) 
Pt(O.22)/0 (700) 
Pt(O.22)/0 @W 
Pt(O.22)/0 (900) 
Pt(O.O5)/23 (900) 
Pt(O.O5)/23 (900)’ 
Pt(0.23)/20 (700) 
Pt(0.23)/20 (700) 
Pt(0.3)/23 (900) 
Pt(0.3)/23 (900) 

Pd-wire 
Pd(0.038)/0 (600) 
Pd(0.038)/0 (800) 
Pd(0.038)/0 (900) 
Pd(O.l55)/0 (800) 
Pd(O.155)/0 (900) 
Pd(0.037)/23 (900) 
Pd(0.037)/23 (900)’ 
Pd(0. I)/20 (!w 
Pd(O.154)/20) (800) 

1 -1 30 
1 -0.8 22 
1 -0.9 26 
1 -0.6 26 
0.7 -0.6 25 
1 -0.9 30 
0.9 -0.8 27 
0.8 -1 25 
0 1 12 
0.3 0.3 19 

-0.5 O-O.6 20 
0.9 -0.5 20 
0.6 0.4 16 
0.2 0.4 28 

1 -1 
1 -0.9 
0.8 -1 
0 1 
0.9 -0.9 
0.9 -0.8 
0 1 
0.5 0 
0 1 
0.6 0.7 

Pd(0.2)/8.9 (900) 0.2 

Rh-wire 1 
Rh(0.03)/0 (600) 1 
Rh(0.03)/0 (800) 1 
Rh(0.03)/0 cm 0 
Rh(O.153)/0 (600) 1 
Rh(O.153)/0 (900) 0.8 
Rh(0.03)/20 (600) 0.4 
Rh(0.03)/20 (800) 0.2 
Rh(O.155)/20 (600) 0 
Rh(O.155)/20 (900) 0.2 

0.3 

-1 
-0.7 
-0.7 

0.4 
-1 
-0.5 

0.5 
0 
0.2 
0 

AE 
(kcal/mol) 

30 
32 
32 
13 
30 
26 
9 

20 
12 
1 l(s225”C) 
lS(z225”C) 
lO(s225”C) 

(2225°C) 

28 
22 
27 
23 
27 
23 
22 
23 
25 
18 

R’ (“Cl Rsd (“C) Predominant 
type of sites 

- 
4.9 (300) 
2.75 (300) 
0.64 (300) 
0.56 (300) 
1.9 (300) 
0.97 (300) 
0.94 (300) 
1.4 (300) 

76 (250) 
0.8 (300) 

14 (300) 
1.5 (300) 

65 (250) 
- 

16.2 (250) 
24 (250) 
10 (250) 
7.9 (250) 

15 (250) 
14 (250) 
33 (250) 
11 (250) 
2.2 (200) 

21 (250) 
2 (200) 

15 (250) 
- 

17 (250) 
1.3 (300) 
0.04 (300) 
3.2 (250) 
0.44 (300) 

31 (225) 
3.5 (225) 

63 (225) 
1.1 (225) 

100 (300) 
23 (300) 
31 (300) 
20 (300) 
51 (300) 
40 (300) 
57 (300) 
62 (300) 
- 
- 
- 
- 
- 
- 

137 (250) 
87 (250) 
96 (250) 
34 (250) 
27 (250) 
50 (250) 

- 
- 

- 

- 
- 

300 (250) 
55 (250) 
- 
- 
12 (250) 

- 
- 
- 
- 
- 

I 
1 
I 
1 
I 
I 
I 
I 

II 

I + II 

I + II 

I 
I 
I 

II 
1 
I 

II 

II 
I + II 

I + II 

I 
I 
I 

II 
I 

I + II 
II 
II 
II 
II 

a Balance AllO,. 
b Pretreatment = calcination in air at T(Y) for 2 4 h. 
c R, in ml (STP) COz produced/min - mg of PM, 0.5% Oz and 0.5% CO at T(“C). 
d R, in ml (STP) CO2 produced/min - m* of PM, 0.5% 02, 0.5% CO at T(“C). 
p Reduced at ~~300°C with -1% CO for a few minutes. 

ditions are included in Tables 2-4. The spe- COz. The reaction temperatures were 
cific criterion for the data selection is mostly above 200°C to avoid possible inter- 
validity over at least 80% of the ranges of ference by CO2 adsorption. The rate of CO2 
O&O or OJHC ratio of 0.8- to 5-fold of formation instead of hydrocarbon or CO 
their stoichiometric ratio for oxidation to consumption was used for the kinetic eval- 
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TABLE 3 

C3H6 Oxidation 
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Catalyst m n AE R,c (“‘2) R,“ (“C) 
PM(%)/Ce02(%)” T(“C)” (kcalimol) 

Pt-wire 1.8 -0.8 22 
Pt(0.023)/0 (600) 2.2 -I 17 
Pt(0.023)/0 (800) 2.0 -1.1 16 
Pt(0.023)/0 (900) 2.0 -1 20 
Pt(O.12)/0 (900) 2.2 -1.2 18 
Pt(0.22)/0 (800) 2.0 -0.9 18 
Pt(0.05)/23 (900) 0.8 0.1 19 
Pt(0.23)/20 (700) 1.2 -0.3 18 
Pt(0.3)/23 (900) 1.5 -0.6 19 

Pd-wire 1.5 -0.6 30 
Pd(0.038)/0 (600) 1.0 -0.7 22 
Pd(0.038)/0 (800) 1.6 -0.7 25 
Pd(0.038)/0 (900) 1 -0.3 14 
Pd(O.155)/0 (800) 1 -0.7 28 
Pd(O.155)/0 (900) 0.9 -0.8 30 
Pd(0.021)/20 (600) 0.2 0.4 13 
Pd(0.037)/23 (900) 0.6 -0.2 19 
Pd(O.1)/20 (900) 0.7 -0.3 15 
Pd(O.154)/20 (800) 1 -0.4 27 

Rh-wire -1.3 1.3 23 
Rh(0.03)/0 (600) -0.6 0.8 22 
Rh(0.03)/0 (800) -0.9 1.1 22 
Rh(0.03)/0 (900) 0.6 0.7 22 
Rh(O.153)/0 (900) -I 1 16 
Rh(0.131)/0 (600) 0.2 0.6 25 
Rh(0.031)/20 (800) 0 0.3 17 
Rh(0.155)/20 (600) 0 0.5 22 
Rh(O.l55)/20 (900) 0.2 0.3 24 

u Balance Alz03. 
b Pretreatment = caleination in air at T(“C) for z 4 h. 

- 
5.2 (300) 
0.4 (300) 
0.24 (300) 
0.07 (300) 
0.3 (300) 
1.3 (300) 
0.3 (300) 
0.8 (300) 

- 
1.7 (250) 
2.2 (250) 
1.9 (250) 
1.1 (250) 
1.2 (250) 
0.4 (250) 
0.31 (250) 
0.47 (250) 
0.5 (250) 

- 
5.5 (300) 
0.1 (300) 
0.01 (400) 
0.25 (400) 
3.7 (300) 
0.4 (300) 
2.8 (300) 
0.3 (300) 

190 (300) 
24 (300) 
4.5 (300) 
7.4 (300) 
6.4 (300) 

17 (300) 
- 
- 
- 

50 (250) 
9.2 (250) 
8.9 (250) 
6.6 (250) 
3.7 (250) 
4.1 (250) 

- 

580 (300) 
17.7 (300) 

- 
7.9 (400) 

- 
- 
- 

’ CO2 ml (STP) produced/min - mg PM, at T(“C), 1% 02, 0.1% hydrocarbon. 
d CO? ml (STP) produced/min - m* PM at T(“C), 1% Oz. 0.1% hydrocarbon. 

Predominant 
type of sites 

uation thus excluding the partial oxidation 
portion of the reaction. 

Conversion us Temperature Results 

To examine the complete range of oxida- 
tion from 0 to 100% conversion, the rate of 
COz production with constant inlet compo- 
sition was monitored by slowly increasing 
and then decreasing temperatures. Some 
typical results are shown in Figs. 2-4. In 
these experiments, the total gas flow rate/ 
weight of the catalyst samples were held 
constant to give the standard space veloc- 

ity, 300 K h-i. For some of the catalysts, 
changes of reaction kinetics could occur 
when the catalysts were reduced briefly 
with 1% CO in He. This was done by inter- 
rupting the O2 supply during the O2 + CO 
run at the top temperature of a-curves in 
Figs. 2-4. The oxidation was then resumed 
in the decreasing temperature mode to give 
the b-curves, followed again by the increas- 
ing temperature mode to test the stability of 
the reduced state. Interruption of the O2 
supply during oxidation of olefins was not 
attempted because of the possible accumu- 
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TABLE 4 

Toluene Oxidation 

Catalyst m n AE R,’ (“(2 Rsd (“Cl Predominant 
PM(%)/CeOr(%)” T(“Qb (kcal/mol) type of sites 

Pt-wire 2.1 -2 28 - 664 (350) I 
Pt(O.O23)/0 (600) 2.5 -1.9 29 7.58 (350) 350 (350) I 
Pt(O.O23)/0 (900) 2.2 -1.2 21 3.86 (350) 119 (350) I 
Pt(0.05)/23 (900) 0.7 0.2 22 3.49 (350) - II 

Pd-wire 1.3 -1.2 24 - 332 (300) I 
Pd(0.038)/0 (900) 0.8 -1.0 21 13.6 (300) 45.3 (300) II 
Pd(O.154)/20 (900) 1.0 -1.3 24 5.0 (300) 17.0 (300) I + II 
Pd(0.037)/23 (900) 0.6 -0.3 18 1.3 (300) - II 
Pd(O.1)/20 (900) 1.1 -0.1 17 2.1 (300) - II 

0 Balance A&O3 
b Pretreatment = calcined in air at Z’(“C) for 2 4 h. 
c CO2 ml (STP) produced/min - mg PM at T(Y), 2% Or, 0.1% hydrocarbon. 
d CO2 ml (STP) produced/min - m* PM at T(C), 2% 02, 0.1% hydrocarbon. 

lation of partial oxidation products or car- 
bon residual on the catalyst surface. In a 
few cases, the C3H6 oxidation was carried 
out on the catalyst surface after being re- 
duced with CO. In general, the difference 
between the oxidized and reduced surfaces 
is greater for CO oxidation than for C3H6 
oxidation. 

DISCUSSION 

Pt, Pd, and Rh Wire Catalysts 

CO oxidation over Pt, Pd, and Rh wire is 

I I 

FIG. 2. Conversion of CO and C,H6 to CO2 over Pt 
catalysts. (1) WCe02/A1203 (0.05/23%, 9OO”C), (2) Pt/ 
Ce02/A1203 (0.22/20%, 7OO”Q (3) Pt/A1201 (0.22%, 
700°C). (a) Oxidized surface, inlet 0.6% 02, 0.6% CO; 
(b) reduced surface, inlet 0.6% 02, 0.6% CO; (c) oxi- 
dized surface, inlet 1% 02, 0.1% C,H6. 

stoichiometric and first-order with respect 
to O2 and negative first-order with respect 
to CO. The activation energies are in the 
range of 28-30 kcal/mol. These results are 
in agreement with those reported by 
previous workers (15, 16). The favored 
mechanism in the literature is the interac- 
tion between adsorbed O2 and CO 
(Langmuir-Hinshelwood mechanism) with 
the latter strongly adsorbed on the surface 
causing self-inhibition. Because of the simi- 
larity in the kinetic parameters for CO oxi- 
dation among the three metals, the results 

FIG. 3. Conversion of CO and C3H6 to CO* over Pd 
catalysts. (1) Pd/Ce02/A1203 (0.021/12%, SOO’C), (2) 
Pd/Ce02/A1203 (0.155/20%, 800”(Z), (3) Pd/Al@J 
(0.153%, 800°C). (a) Oxidized surface, inlet 0.5%, OZ. 
0.5% CO; (b) reduced surface, inlet 0.5% 02, 0.5% 
CO; (c) oxidized surface, inlet 1% 02, 0.1% C3H6. 
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FIG. 4. Conversion of CO and C3H6 to COZ over 
Rh catalysts. (1) Rh/CeOz/A120S (0.155/20%, 6OOT), 
(2) Rh/A1203 (0.153%, 6OO”C), (3) Rh/CeOzlA1203 
(0.03%/20%, 600°C). (a) Oxidized surface, inlet 0.6% 
02, 0.6% CO; (b) reduced surface, inlet 0.6% 02, 0.6% 
CO; (c) oxidized surface, inlet 1 .O% 02, 0.15% C3H6. 

indicate that the specific activity for CO ox- 
idation as Rh 2 Pd > Pt. 

Oxidation of the olefins and toluene over 
all three metals involves partial oxidation to 
a varying degree, dependent on the reaction 
conditions and the nature of the hydrocar- 
bons. Over Pd and Pt, the rates of complete 
oxidation to CO2 are strongly dependent on 
the 02 partial pressure, orders of 1.3 to 2, 
and inhibited by hydrocarbons, orders of 
-0.6 to -2. The negative order of the reac- 
tion suggests that the situation is similar to 
that with CO, involving strong adsorption 
of the unsaturated hydrocarbon on the Pt 
and Pd surface through the n-bonds. Be- 
cause of the nonstoichiometry of the reac- 
tion, one can attribute part of the apparent 
positive order in O2 and the apparent nega- 
tive order in hydrocarbon to the adsorption 
and removal of the partially oxidized prod- 
ucts. The oxidation rate at large olefin/02 
ratio or low temperature, where the non- 
stoichiometry is large, is further suppressed 
by the strong adsorption of the partial oxi- 
dation products. At smaller olefin/Oz ratios 
or higher temperature, the rate is enhanced 
by the removal of the products from the 
surface sites by OZ. The similarity between 
the kinetics for C3H6 and I-hexene and their 
sharp contrast to those found for the al- 
kanes over the same catalysts (9) indicates 
that the double bond plays a primary role in 

the oxidation reaction with a minor effect of 
the chain length. 

The oxidation CjH6 over Rh wire is nega- 
tive order with respect to O2 and positive 
order with respect to C3H6, just opposite 
compared to Pt and Pd. Similar kinetic pa- 
rameters were reported by Cant and Hall 
for C3H6 oxidation over the Pt, Pd, and Rh 
catalysts supported on SiOZ (17). The sim- 
plest qualitative rationalization of the dif- 
ferences in partial reaction orders is that Rh 
is not as “noble,” i.e., it has a lower ioniza- 
tion potential, than the other two precious 
metals. The surface of Rh is probably in the 
state of Rh203 under the oxidizing reaction 
conditions (18), this is equivalent to a 
strong adsorption of oxygen to the exclu- 
sion, or weakening, of the adsorption of the 
olefins. If the Langmuir-Hinshelwood 
mechanism indeed prevails, as it was pro- 
posed for the CO oxidation, the outcome 
could be a negative order in oxygen, i.e., O2 
self-poisoning. Furthermore, C3H6 was 
stoichiometrically converted into CO2 over 
the Rh surface. Therefore, the contribution 
from the partial oxidation products and 
their retention-removal from the Pt or Pd 
surface to the kinetic parameters discussed 
above is absent for the Rh catalyst. 

Supported Catalysts 

The results for CO and olefin oxidation 
over the supported catalysts with or with- 
out CeOz are complex. The kinetic parame- 
ters shown in Tables 2-5 and the conver- 
sion curves in Figs. 2-4 suggest that there 
is more than one type of catalytic sites, 
each having a different set of kinetic param- 
eters. 

For convenience, we call the kinetic be- 
havior that closely resembles that obtained 
over the wire samples as type I kinetics. 
The conversion curves for this type of ki- 
netics generally show the light-off phenom- 
enon, a sharp rise in conversion from 20 to 
100% within a very narrow range of temper- 
ature. 

The kinetics of CO and olefins oxidation 
over many low PM concentration catalysts, 
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TABLE 5 

I-Hexene Oxidation 

Catalyst m n AE R’ (“C) Rd (“C) Predominant 
PM(%)/CeO,(%)” T(OQb (kcahmol) type of sites 

P&wire 1.7 -1.2 16.3 - 33.5 (300) I 
Pt(0.023)/0 (600) 0.7 -0.3 12 0.61 (300) 2.9 (300) I 
Pt(0.023)/0 (900) 1.5 -0.3 17.4 0.20 (300) 6.22 (300) I 
Pt(0.05)/23 (900) 0.5 0.22 22 1.39 (300) - II 

Pd-wire 2 -1 24 - 100 (300) I 
Pd(O.O38)/0 (900) 1.2 -0.4 18 6.2 (300) 20.7 (300) II 
Pd(O.155)/0 (900) 1.5 -1 21 2.5 (300) 9.05 (300) I 
Pd(O.O37)/23 (900) 2 0.2 18 4.8 (300) - II 
Pd(O.1)/20 (900) 0.8 0.2 17 3.5 (300) - II 

a Balance A1203. 
b Pretreatment = calcined in air at T(C) for 2 4 h. 
c CO* ml (STP) producedimin - mg PM at T(“C), 2% 02, 0.1% hydrocarbon. 
d CO2 ml (STP) produced/min - m* PM at T(C), 2% 02, 0.1% hydrocarbon. 

particularly those containing CeOz, differ 
sharply from those of the wires. In general, 
they are less inhibited by CO or hydrocar- 
bon (over Pt or Pd) or by O2 (over Rh) and 
show a smaller partial reaction order with 
respect to the other reactant. The activa- 
tion energies for CO oxidation are also 
much lower. This type of kinetics is desig- 
nated as type II in Tables 2-5. 

In any supported catalyst, pure type I or 
type II behavior is not expected and the 
parameters deviate from the two limits. If 
the kinetic parameters did not markedly de- 
viate from the behavior of the wire catalyst, 
a type I classification is given. Similarly, 
catalysts with parameters close to the other 
extremes are designated as type II. The cat- 
alysts with parameters fall in between are 
considered as composed of both types, type 
I + II. It is of interest to note that the as- 
signment of kinetic types based on CO oxi- 
dation (Table 2) can be carried over to the 
olefins (Tables 3-5) without exception. 

Figures 2-4 show the conversion curves 
as a function of reaction temperature with 
the inlet condition remaining constant. For 
each metal, three catalysts, representing 
the type I, type II, and type I + II were 
used. For the type I catalysts, the typical 
light-off curves for CO oxidation were ob- 

tained. Interruption of O2 supply, intended 
for reduction by CO, has no effect. Over 
the Pt or Pd catalysts exhibiting type II or 
type I + II kinetics, a large increase in CO 
oxidation activity was observed after the O2 
stoppage (reduction). The conversion curve 
also changed from the gradual rise with 
temperature to approach that of the type I. 
The stability or life of the reduced type II, 
II-R, state is dependent on the nature of the 
precious metal, the order being Pt > Pd > 
Rh. It is favored by high reduction tempera- 
ture and low OZ/CO. For Pt catalysts, the 
reduced state II-R was stable enough to al- 
low the evaluation of the kinetic parame- 
ters. Some results are shown in Table 2. 
Comparison of these results with those be- 
fore reduction for the same catalysts show 
that after reduction the reaction kinetics 
has changed from predominantly type II to 
predominantly type I. Over the Rh cata- 
lysts with type II kinetics, the reduced state 
reverted back to the oxidized state so fast 
that only a momentary increase in activity 
was observed after the stoppage of OZ. 

Several publications from this laboratory 
(19) and others have shown that the state of 
metal or metal oxide on a support can gen- 
erally be characterized as two states. At 
low concentration, the metals or metal ox- 
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ides are in isolated or two-dimensionally 
dispersed state, so-called &phase. As the 
concentration increases, three-dimensional 
particles with bulk properties, P-phase, 
starts to form and coexist with the &phase. 
Because the type I kinetics in this work is 
defined as that observed over the metal 
wires, one might intuitively assign the type 
I kinetics to the P-phase, or particles. Simi- 
larly, the type II kinetics was found over 
catalysts of low PM concentration and thus 
may be possibly associated with the 6- 
phase. We must note however, that the 
type II kinetics for CO oxidation changes to 
type I kinetics after a brief exposure to 1% 
CO in He at 300°C (or even lower) and is 
reversed under oxidizing atmosphere while 
a significant change of dispersion is not ex- 
pected to accompany this change in reactiv- 
ity. This suggests that the type II sites are 
in a higher oxidation state than the type I 
sites under reaction conditions in an oxidiz- 
ing atmosphere. In essence, the active type 
II sites present as cations would be sur- 
rounded by oxygen either as ions or as ad- 
sorbed oxygen species. The adsorption of 
CO on the PM cations, in the presence of 
high oxygen surface concentration would 
be less competitive. Thus the reaction is 
near zero-order in O2 and positive order 
with respect to CO as observed for the type 
II kinetics. The metal cations in the dis- 
persed phase are, as a rule, more resistant 
to reduction (a manifestation of support in- 
teraction) and in this sense it may be ex- 
pected that type II sites assume a higher 
oxidation state. The difference in the stabil- 
ity of the type II-R sites for the three metals 
follows the same reasoning. Pt with its 
higher ionization potential than Pd and Rh 
would show a higher tendency to be in the 
metallic or zero-valent state. Pt on A1203, 
even at very low concentration and high 
dispersion, is predominantly type I. On the 
other hand, Pd and Rh by virtue of their 
lower ionization potentials, would tend to 
be in a higher oxidation state. 

The results (Tables 2-4) show that CeOz 
generally promotes the type II kinetics. The 

interaction between ceria and PM is com- 
plex. We have reported that PM can pro- 
mote the reduction of Ce4’ to Ce3+ (II). 
Thus the presence of Ce next to PM on the 
catalyst surface may facilitate a charge 
transfer from PM to Ce resulting in higher 
oxidation state in the PM and again favor- 
ing type II kinetics. It has also been pro- 
posed that Ce02 can promote the catalytic 
activity of PM by stabilizing the PM disper- 
sion (1, 2). However, the PM surface areas 
on the ceria-containing supported catalysts 
have not been actually measured. Indi- 
rectly, one can compare the specific activi- 
ties for CO oxidation over the PM/y-A1203 
and PM/CeOz/A1203 catalyst exhibiting pre- 
dominantly type II kinetics. For the Pd cat- 
alysts with type II kinetics, the presence of 
CeOz did not affect significantly their spe- 
cific activity (per mg of Pd). Perhaps, the 
high dispersion of Pd on r-Al,O, (Table 1) 
would mask the ceria effect. On the other 
hand, the addition of ceria to supported Rh 
catalysts enhanced the CO oxidation by an 
order of magnitude. The loss of Rh surface 
area after heating to 700°C has been attrib- 
uted to the diffusion of Rh into the A1203 
support (20). The presence of ceria in this 
case appears to stabilize the Rh on the sur- 
face. 

Comparison of the catalytic activity of 
the various catalysts can only be made 
among catalysts with approximately the 
same kinetic parameters. Among the PM/ 
A1203 catalysts exhibiting predominantly 
type I kinetics and for which the approxi- 
mate surface areas are known, the rate of 
CO oxidation per unit PM surface areas 
varies within 0.2 to 0.6 of the value found 
for the respective wire. In view of the fact 
that the areas of the wires are underesti- 
mated (the geometrical area without correc- 
tion for the roughness was used) and the 
large range of metal dispersions covered in 
the results, the specific rate of CO oxida- 
tion can be considered to be independent of 
the presence of the A&O3 support. The spe- 
cific oxidation rates of C3H6 over the type I 
sites of the PM/A1203 catalysts are at least 
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one order of magnitude lower than those 
over the PM wire. This may be rationalized 
by the size effect, i.e., C3H6 is a larger mol- 
ecule than CO and may require several ad- 
jacent sites for adsorption, thus not all the 
surface metal sites are usable for C3H6 oxi- 
dation. 

The quantitative determination of the 
rates of oxidation for 1-hexene and toluene 
is hampered by the lower instrumental sen- 
sitivity for these molecules and the com- 
plexity of the nonstoichiometry of the reac- 
tion. Qualitatively, one can see that the 
characterization and assignment of the two 
type of sites for the 1-hexene and toluene 
oxidation are the same as that for CO and 
C3H6. The resemblance to C3H6 and con- 
trast to the behavior of saturated hydrocar- 
bons (9) supports the idea that double-bond 
adsorption and breaking is rate controlling. 
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