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For the regulation of automotive emissions it is of interest to understand the parameters that
control the oxidation rates of different hydrocarbon species. Propane oxidation was selected as a
model reaction for this investigation. Catalysts were prepared by multiple impregnation of y-alumina
with chloroplatinic acid. Concentrations ranged from 0.03 to 30 wt% Pt. The reaction took place in
a recirculation batch reactor with an initial mixture of 10 Torr C;Hg, 100 Torr O,, and 650 Torr Ar.
The oxidation rate increased sixfold with increasing Pt concentration. When calculated per Pt
surface atom, based on CO chemisorption, the rate increased by two orders of magnitude in the
same Pt concentration range. The apparent activation energy remained unchanged at 22.1 kcal/mol
within a standard deviation of +3.4 kcal/mol. The increase in specific reaction rate with particle size
was confirmed by sintering experiments. The rate increase reflects an increase in the preexponential
factor. The results suggest that propane oxidation is expedited by a favorable ensemble of active
Pt sites, which are more likely to form on larger crystallites. Kinetic parameters of propane and
methane oxidation are compared. Theoretical site densities, derived from fundamental kinetics for
common reaction mechanisms, are compared with the number of Pt surface atoms as measured by

chemisorption. © 1991 Academic Press, Inc.

INTRODUCTION

For the most economical use of Pt in auto-
motive catalysts it is essential to know the
relationship between Pt particle size and ca-
talytic activity. In particular, it is of interest
to know whether a unique particle size ex-
ists which maximizes the catalytic activity
of a given amount of Pt. This matter was
investigated for the oxidation of hydrocar-
bons, specifically alkanes. It was shown pre-
viously (I, 2) that the notoriously slow oxi-
dation of methane is ‘‘structure sensitive’’
on Pt and is characterized by an optimum
particle size (I). Structure sensitivity can
originate from several structural attributes,
and is, in general, characterized by a change
in turnover frequency (TOF), i.e. specific
rate per surface atom, with particle size.
Alkanes, as a class, are known for their rela-
tively slow oxidation, when compared to
other hydrocarbon species, and are there-
fore of special interest for automotive emis-
sion control. Earlier studies from this labo-
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ratory (3) indicate that propane oxidation on
Pt is also structure sensitive. Thus, it was
found that the TOF was larger for Pt wire
than for Pt supported on y-alumina. It was
of interest to evaluate this structure sensitiv-
ity of propane oxidation more quantitatively
and to determine whether a maximum TOF
for methane and propane oxidation exists
for the same particle size. The reaction
mechanisms of methane and propane oxida-
tion are a priori different, since methane
oxidation proceeds through the scission of
C-H bonds, while propane oxidation re-
quires additional scission of C—C bonds.

EXPERIMENTAL

Experimental details concerning the cata-
lysts and the reactor system have been de-
scribed in a report on the oxidation of meth-
ane over Pt/y-alumina (/), and therefore are
kept brief. The catalyst samples, ranging in
concentration from 0.03 to 30 wt% Pt, were
taken from the same batch used in the previ-
ous investigation. The catalysts were pre-
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pared by multiple impregnation of y-alumina
(Degussa, aluminum oxide C) with chloro-
platinic acid. Sample pretreatment, after
calcination at 600°C, consisted of reduction
in hydrogen at 400°C for 2 h, followed by
heating in oxygen at 500°C for 20 h, which
maximizes Pt dispersion on a given alumina
surface (/). The alumina BET surface area
after calcination was 85 + 5 m?%/g, as mea-
sured by Ar and N, adsorption at the tem-
perature of liquid nitrogen.

A recirculation batch reactor (4) was used
to measure reaction rates. The volume of
the glass apparatus was about 400 cm?, ex-
cluding the reactor, which had a volume of
about 130 cm?. To prevent mass-transfer
limitations, conditions were chosen such
that a minimum time of 2 h was allowed
to complete a reaction isotherm. The gas
composition was measured as a function of
time by injecting small gas samples into a
mass spectrometer (VG Quadrupoles). The
analysis by mass spectrometer was based
on the calibrated parent peaks of O,, Ar,
and CO, at m/e 32, 40, and 44, respectively,
and the C;Hg fragmentation peak at m/e =
29. The concentrations of C;Hg, O,, and
CO, were determined from the known
amount of Ar and the Ar peak intensity at
m/e = 40. The propane contribution at m/e
= 44 was subtracted to obtain the CO, peak
intensity. The mass balance was based on
the disappearance of propane and oxygen on
the one hand, and the appearance of carbon
dioxide on the other. It was concluded from
the mass balance that more than 97% of the
carbon in propane was converted to CO,.

The initial reactant mixture was com-
posed of 1.5 mol% propane and 15 mol%
oxygen with Ar as the carrier gas. In most
experiments, the initial pressures were 10
and 100 Torr for propane and oxygen, re-
spectively (1 Torr = 133.3 Pa). Thus, the
oxygen concentration was twice the amount
needed for the complete oxidation of pro-
pane. To study catalyst activity as afunction
of Pt concentration, each reactor charge was
fixed at 4 mg Pt. The Pt dispersion, or frac-
tion of Pt atoms exposed on the surface,
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was measured by CO chemisorption at room
temperature on freshly reduced samples
after thorough evacuation. The adsorption
capacity of Pt on these samples was found to
be the same for carbon monoxide molecules
and oxygen atoms. The ratios CO: Pt and
O : Pt equaled 0.7: 1. This ratio is in com-
plete agreement with recent oxygen chemi-
sorption data reported by O’Rear ef al. (5).

RESULTS AND DISCUSSION

Dependence of Reaction Rate on Pt
Concentration and Temperature

Propane oxidation kinetics under the con-
ditions used in this investigation can be ade-
quately described as a first-order reaction
with respect to propane. Empirically, with
excess oxygen used, the reaction rate was
found to be independent of the oxygen pres-
sure. Thus, the propane oxidation rate is
expressed by the product of propane con-
centration ¢p and the rate constant k

dep

— = —kcp.
dt P

The rate constant as a function of absolute

temperature Tis described by a preexponen-

tial factor &, and an apparent activation en-
ergy E

1)

k = kyexp (’RTE> B
where R is the gas constant.

In Fig. 1, the decreasing amount of pro-
pane in the batch reactor is plotted as a
function of time. The linear dependence of
the three isotherms in Fig. 1 illustrates the
conformity of the reaction to first-order ki-
netics with respect to propane. The initial
deviation from linearity in the upper curve
of Fig. 1 is thought to result from a lack of
steady-state conditions, which are estab-
lished more rapidly at higher temperatures.
Integration of Eq. (1), expressed as log;,,
yields

log cp = ~k't,

3)

where
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Fic. 1. Reaction isotherms on 0.4 wt% Pt/y-alumina
at (@) 230°C, (W) 275°C, (#) 300°C.

k' = klogge. 4)

In a first approach, propane oxidation was
studied as a function of Pt concentration to
assess Pt activity as a function of Pt particle
size. The oxidation rate was measured over
a fixed amount of Pt (4 mg), with the total
amount of sample varying from 0.01 to 15 g.
Rate constants k' at 275°C, derived from the
slopes of log cp vs 7 plots, are shown in Fig.
2 as afunction of Pt concentration. The open
circles represent the &' values obtained on
4 mg Pt. Over the full concentration range,
the rate constant k' increases from 1.25 X
103 min~'at 0.03 wt% 10 8.04 X 10> min~!
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F16G. 2. Rate constant &k’ as a function of Pt concentra-
tion at T = 275°C. Reactor charge is 4 mg Pt for each
case. (O) per 4 mg bulk Pt, (@) normalized to surface
pt.
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TABLE 1

Pt Dispersion of Catalyst Samples Measured by CO
Adsorption, Assuming CO,gomed/ Plomsaceatoms = 0-70

Pt loading (wt%) Dispersion
0.03 1.09
0.12 0.97
0.40 1.15
1.40 0.73
5.0 0.33
10.0 0.20
30.0 0.09

at 30 wt% Pt. It is known (6) that at the
lower Pt concentrations employed here, the
Pt is highly dispersed on the alumina sup-
port. As the Pt loading is increased, larger
Pt particles are formed with a substantial
amount of subsurface Pt atoms. Thus, the
increase in k' with Pt concentration over a
fixed amount of metal indicates that propane
oxidation activity increases considerably
with particle size.

The rate increase with particle size can be
described more quantitatively by calculat-
ing the reaction rate per surface atom. This
turnover frequency is derived by dividing
the specific rate by the dispersion, i.e., the
fraction of Pt surface atoms. The dispersion
data were obtained from CO chemisorption
measurements (/). Table 1 shows the disper-
sion as a function of Pt concentration. The
results are based on the assumption of a
ratio Cochemisorbed : Ptsurface atoms 0.7. The
solid circles in Fig. 2 represent k' over 4 mg
of Pt after division by the dispersion. The
highly dispersed Pt at 0.03 wt% yields a &’
value of 1.15 x 1073 min~', which increases
by a factor of 80 as the Pt concentration is
increased to 30 wt%. Thus, as expected, the
increase in activity with particle size is much
more pronounced after correcting for inac-
cessible subsurface Pt.

The dependence on particle size can be
seen more directly in Fig. 3. Here, the rate
constant, based on TOF, is plotted as a func-
tion of Pt dispersion and the increase with
particle size is quite obvious. Two disper-



246

0.10

Rate Constant (min™)

-3 PN ST 1 L
10 0.2 04 06 0.8 1

Fraction of Surface Pt

Fi1G. 3. Rate constant at T = 275°C, normalized to
surface Pt, as a function of Pt dispersion.

sion values in Table 1 exceeding 1.0 are plot-
ted in Fig. 3 at the limiting dispersion of 1.0.

The apparent activation energy as a func-
tion of concentration is plotted in Fig. 4. The
activation energy remains constant at 22.1
+ 3.4 kcal/mol. A least-squares fit of the
energy values yields a linear relationship de-
scribed by an ordinate intercept of 22.1 and
a slope of 0.20. A low correlation coefficient
of 0.27 indicates that any systematic change
in the activation energy with concentration
is overwhelmed by data scatter. The derived
average value is in agreement with literature
data. Reported activation energies for pro-
pane oxidation range from 17.0 (7-9) to 25.0
kcal/mol (3).

The Arrhenius equation (Eq. (2)) de-
scribes the rate constant by two parameters
k, and E. Since the results indicate that E
remains constant, the substantial change in
k with Pt concentration is associated with an
increase of the preexponential factor. Based
on transition state theory, reaction rates can
be related to the density of the catalytically
active sites associated with the slow step
of the reaction. Reaction rates of the basic
reaction mechanisms are invariably propor-
tional to the density of those active sites, or
site ensembles, which control the reaction
(10, 11). Thus, the data in Fig. 2 indicate
that the fraction of site ensembles favorable
for propane oxidation increases by two or-
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ders of magnitude as the Pt concentration
changes from 0.03 to 30 wt%.

Effects of Pt Sintering and Redispersion
on Propane Oxidation Rates

Transmission electron micrographs of Pt/
y-alumina have shown that the Pt particle
size can be increased by sintering in hydro-
gen (6, 12) above 500°C, as well as by raising
the Pt concentration. On the other hand, Pt,
as prepared in this study, can be redis-
persed, within certain limits, by exposure to
oxygen at 500°C (1, 6, 12-16). If the reaction
rate increases with particle size, then it
should be possible to take a sample at low
Pt loading, where the Pt is highly dispersed,
and increase the propane oxidation rate by
sintering. A series of sintering experiments
substantiated this concept. It was not possi-
ble to express the results in terms of TOF,
since chemisorption experiments in situ
could not be performed. Thus, the rate mea-
sured over 4 mg Pt is a lower limit of the
TOF because the sintering superimposes
two effects. Asthe particles grow in size, the
specific activity per surface atom increases,
but at the same time, a fraction of surface
atoms becomes inactive by moving into the
bulk. These experiments were carried out
with a sample containing 0.12 wt% of highly
dispersed Pt (cf. Table 1). The results of
the sintering experiments are summarized in
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FiG. 4. Activation energy as a function of Pt concen-
tration. The error bars represent standard deviations.
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FiGg. 5. Changes in rate constant &' at 275°C (per
4 mg bulk Pt) caused by hydrogen pretreatments at
different temperatures and exposure times on 0.12 wt%
Pt/y-alumina.

Fig. 5. The graph shows the rate constant k',
derived from rate measurements at 275°C,
after various thermal excursions. The &' val-
ues of the initial isotherms (1, 3, and 3) illus-
trate the reproducibility of the measure-
ments after the standard oxygen treatment
at 500°C, yielding a rate constant of 1.5 X
1073 min~'. After sample exposure to hy-
drogen at 500°C for 63 h, the rate constant
increased substantially to 4.6 x 1073 (iso-
therm 7). As expected for sintering, the mag-
nitude of the rate change depends on the
temperature and time of exposure. As the
sintering temperature was increased step-
wise to 800°C, a maximum rate constant of
10.3 X 107* min~! was measured (reaction
isotherm 31), which is a sevenfold increase
over the initial value. A further increase in
temperature to 900°C resulted in a lower
rate. At this point the sintering experiments
were discontinued. Excessive sintering ulti-
mately defeats the benefits of an increased
TOPF, as the fraction of surface Pt becomes
too small. When the Pt particles increase
sufficiently in size, one expects the TOF to
remain at a constant value, and thus, the
reaction rate over a fixed mass of Pt to de-
crease. The maximum rate increase ob-
tained in the sintering experiments is com-
parable to that achieved in the concentration
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series (Fig. 2), where the particle size was
controlled more systematically.

Sequential propane oxidation isotherms,
following the reactivity increase after sin-
tering, show a gradual decrease in k'. For
example, the reaction isotherms 17, 19, 21,
measured between hydrogen treatments,
show a slow return to the rate constant mea-
sured in the initial runs. The decrease is too
slow to be explained by poisoning of the
metal surface by oxygen. The effect is rather
attributed to Pt redispersion during the reac-
tion. In the absence of propane, a tempera-
ture of at least 450°C is needed to achieve
Pt redispersion through oxygen exposure.
In the presence of propane, redispersion ap-
pears to take place at considerably lower
temperatures. Restructuring of catalyst par-
ticles, varying with the gas environment,
has been reported repeatedly in the litera-
ture (17, 18). Indeed, it has been shown re-
cently that Pt restructuring, for example by
CO adsorption (19, 20) can take place even
at room temperature.

Comparison of Propane and
Methane Oxidation Kinetics
and Theoretical Considerations

One objective of this study was to explore
the possible existence of a unique particle
size which yields a maximum alkane-oxida-
tion rate for a given amount of Pt. A priori,
one would expect the particle size depen-
dence to be different for methane and pro-
pane, since methane oxidation proceeds
through the scission of C—~H bonds, whereas
propane requires the scission of C—-C bonds.
The most conspicuous difference in the ki-
netics is a change in the apparent activation
energy with Pt concentration found for
methane oxidation (/) but not for propane
oxidation. Furthermore, the particle size of
maximum TOF exists at a much smaller Pt
concentration, and thus smaller particle
size, for the oxidation of methane (5 wt%)
than for the oxidation of propane (=30
wt%). The TOF changes with Pt concentra-
tion by one order of magnitude for methane,
by two orders for propane oxidation.
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To discuss the differences between meth-
ane and propane oxidation Kinetics in more
detail, it should be pointed out that platinum
supported on y-alumina exists as two dis-
tinct entities (I, 6). At low Pt concentra-
tions, a highly dispersed Pt species domi-
nates. When oxidized, these very small Pt
particles require a temperature of about
300°C to be reduced by hydrogen (6). Larger
oxidized Pt particles, which exist at higher
Pt concentrations and resemble Pt black,
can be reduced below 150°C. Thus, reduc-
tion at 150°C can be used to discriminate
between the two Pt species. Additional in-
formation about the structural differences
have been obtained by transmission elec-
tron microscopy (12), X-ray photoelectron
spectroscopy (21), and Raman spectros-
copy (22).

The apparent activation energy of meth-
ane oxidation changes with Pt concentration
(). Thus, an activation energy of 35.2 = 1.6
kcal/mol was measured on highly dispersed
Pt (0.03—~1.4 wt%), a distinctly lower value
of 27.4 = 1.0 kcal/mol on larger particles
(=5.0 wt%). In contrast, the value for pro-
pane oxidation remained constant at 22.1 =
3.4 kcal/mol over the same concentration
range. It is tempting to associate the ob-
served energy change for methane oxidation
with the difference in reduction temperature
for dispersed and particulate Pt species.
Based on the measured reaction kinetics and
a theoretical site density it was speculated
that the slow step of methane oxidation is
associated with the dissociation of an ad-
sorbed methane molecule or methane—oxy-
gen complex (/). The propane-oxidation
data indicate that the energy associated with
the slow reaction step remains fixed. The
result suggests that either the removal of
oxygen from platinum does not affect the
activation energy, or that propane oxidation
cannot take place on highly dispersed Pt.
The latter supposition implies that even at
the lowest Pt concentration, there exist
some, however few, larger Pt particles
among the vast majority of highly dispersed
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Pt entities. It is interesting to note that the
apparent activation energies of propane oxi-
dation and of methane oxidation on larger
Pt particles are comparable. In fact, a closer
examination of the error limits (cf. the last
four energy values in Table 2 of Ref. (1))
leaves the possibility open that the activa-
tion energies are identical.

Another possibility is to associate the ac-
tivation energy with the breaking of C-H
bonds. A value of 18.2 kcal/mol has been
deduced from the exchange of hydrogen for
deuterium in propane over 5% Pt on pumice
(23, 24). Within the experimental error, this
value is in agreement with the apparent acti-
vation energy measured in this investigation
for the oxidation of propane. For metfiane
the energy value for the hydrogen—deuter-
ium exchange is greater by at least 6 kcal/
mol.

Calculations of theoretical reaction-site
densities provide additional clues to resolve
the rate-determining step. As pointed out
by Maatman (10, 11) the strength of this
method is in the rejection of a proposed re-
action mechanism because of a large dis-
crepancy between calculated and measured
site density. For example, if the calculation
is executed for an Eley—Rideal mechanism
with propane molecules from the gas phase
reacting with surface oxygen, a total of 1.6
x 107 reaction sites is calculated for the
experimental conditions used here. In real-
ity, a maximum dispersion of the 4 mg of Pt
provides only 1.2 x 10 sites, lower by
6 orders of magnitude than the calculated
value, indicating that the Eley—Rideal reac-
tion mechanism is highly unlikely. The nu-
merical basis of these calculations is given
in the appendix of this report. Two other
plausible reactions governing the propane
oxidation are a rapid adsorption of propane
followed by a slow dissociation step and a
Langmuir—Hinshelwood reaction mecha-
nism. The calculated site densities are listed
in Table 2. Slow propane dissociation yields
1.6 x 10'® sites at a Pt concentration of 0.03
wt%, where each Pt atom is considered to
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TABLE 2
Calculated Numbers of Reaction Sites per 4 mg
Bulk Pt
Reaction Propane Methane oxidation
mechanism (10) oxidation
0.03 Wi% Pt 03-1.4 wi% Pt 10 wt% Pt
Eley—Rideal 1.6 x 107 9.1 x 10% 5.7 x 108
Siow alkane 1.6 x 108 8.6 x 1019 5.3 x 1017
dissociation
Slow oxygen 2.8 x 1017 — —_
dissociation
Langmuir-— 0.97 x 10% 2.1 x 10% 0.9 x 101
Hinshelwood
Measured site 1.2 x 10% 1.2 x 10" 2.4 x 10'%

density

be a surface atom. At this Pt concentration
the site density appears to be reasonable
when compared to the upper limit of 1.2
x 10! Pt atoms. However, since the TOF
increases almost 100 times as the concentra-
tion is increased to 30 wt% Pt, the calculated
site density becomes too large by at least
a factor of 10. If the dissociation requires
multiple adsorption sites, the site density for
this mechanism should be smaller by at Jeast
one or two orders of magnitude, but never
greater than the measured site density (10).
It is interesting to note that a somewhat bet-
ter numerical agreement is found (2.8 X
10" if it is assumed that the slow dissocia-
tion step is associated with the oxygen mole-
cule. Such a mechanism can be refuted for
a different reason, as the reaction rate does
not increase with oxygen pressure.

The last case considered here is a Lang-
muir—Hinshelwood reaction mechanism
where oxygen adsorbs strongly enough to
cover almost all of the surface (case 3¢ in
Ref. (10)). The site density calculation
yields 0.97 x 10% sites consistent with the
experimental site density, which remains
lower by at least one order of magnitude,
even after an increase in TOF by two orders
of magnitude as the Pt concentration is in-
creased to 30 wt%. From these considera-
tions it follows that the most likely mecha-
nism is given by a Langmuir—Hinshelwood
expression, where the propane is sparsely
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adsorbed on suitable sites or site ensembles.

Propane adsorption on multiple Pt sites
would explain the steep increase in the oxi-
dation rate with Pt particle size. It has been
pointed out (23) that some reactions take
place preferentially on site ensembles pre-
dominating on larger crystallites. This type
of structure sensitivity can have a pro-
nounced effect on the TOF and the selectiv-
ity of a reaction. Propane adsorption is gen-
erally pictured by the adsorption of one or
more carbon atoms, after hydrogen dissoci-
ation, where each carbon atom s attached to
one or more adsorption sites (24-27). This is
only one plausible explanation ad hoc; there
are obviously other interpretations possible.
Without further experimental evidence an
explanation of the observed structure sensi-
tivity remains speculative. The explanation,
however, is attractive, as it is based on geo-
metrical considerations and does not require
the assumption of a change in activation
energy.

In view of these considerations it appears
timely to revisit earlier speculations on the
oxidation of methane over the same Pt sam-
ples (I). It was concluded that methane oxi-
dation on higher concentrations of Pt is con-
sistent with a slow dissociation step,
characterized by 5.3 x 10" sites (cf. Table
2). For the highly dispersed Pt, the same
mechanism yields too many sites (8.6 X
10'). When the calculation of active sites is
based on the same Langmuir-Hinshelwood
reaction mechanism proposed for the pro-
pane oxidation, the number of sites are cal-
culated to be 2.1 x 10'% and 0.9 x 10
for the highly dispersed Pt and the 10 wt%
samples, respectively. The corresponding
fraction of active sites to Pt surface atoms
are therefore 2.1 x 10%/1.2 x 10 = 1.8 x
1073 and 0.9 x 10%/(0.2 x 1.2-10"%) = 3.8
x 1074, At first glance, a decrease by a
factor of 4.7 in the fraction of active sites
with increasing particle size appears to be
questionable; however, within the claimed
error limits the fraction of active sites for
fully dispersed Pt could be as low as 6.0 X
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104, for larger Pt particles as high as 1.1
x 1073, Thus, within the uncertainty of a
standard deviation in the apparent activa-
tion energies the reaction site density may
actually increase with particle size.

Under these considerations the oxidation
of methane and propane can essentially be
described by the same type of rate-limiting
step, which involves a surface reaction of
an alkane—oxygen complex. The surface-
complex concentration is relatively small,
and increases rapidly with particle size for
propane. There is no need to invoke the
scission of C-C bonds as a rate-limiting step
in the oxidation of propane. A surface reac-
tion described by a methane—oxygen com-
plex has also been deduced for Pd film (28).
The conclusion was based on a comparison
of reaction isotherm shapes for different re-
action mechanisms and a quantitative statis-
tical interpretation.

The relatively small number of active sites
compared to the total number of Pt surface
atoms is consistent with chemisorption data
(29). Thus, methane and propane chemi-
sorption measured on Pt films by surface
potential changes in a capacitor, albeit exe-
cuted under reducing conditions at lower
temperatures and pressures, indicated al-
kane adsorption on less than 0.1% of the Pt
surface. The Pt film, which is representative
forlarge Pt crystals, was found to chemisorb
about twice as much propane as compared
to methane. Measurements of methane and
propane adsorption on the supported cata-
lysts in this laboratory also implied a very
sparse coverage of Pt by these alkanes (30).

CONCLUSIONS

(1) Oxidation of propane on Pt/y-alumina
is a structure-sensitive reaction manifested
by a rate increase with Pt particle size. The
particle size depends on Pt concentration
and on thermal treatment (sintering and re-
dispersion).

(2) The apparent activation energy of pro-
pane oxidation remains constant at 22.1 *+
3.4 kcal/mol. The rate change therefore re-
flects a change in reaction-site density.
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(3) A theoretical reaction-site density cal-
culated for a Langmuir—Hinshelwood reac-
tion mechanism is consistent with the empir-
ical amount of surface Pt. The data suggest
that surface oxygen facilitates dissociation
of propane molecules.

(4) The effects of structure sensitivity of
propane and methane oxidation on Pt/y-alu-
mina are quantitatively different. For pro-
pane, the change with particle size is more
pronounced, and the Pt particle size that
defines the maximum TOF is larger. Both
reactions are consistent with a slow step in
accordance with a Langmuir—-Hinshelwood
reaction mechanism, characterized by a
very low coverage of the catalyst by an al-
kane—oxygen reaction complex.

APPENDIX: SITE-DENSITY CALCULATIONS
10, 11)

(1) Eley-Rideal

UF trF rot CXp <1{EI_T)

L= T (5)

CgT

(2) Slow Dissociation

_ i FtrFrot ( E )
c, = va _cg exp RT (6)

(3) Langmuir—Hinshelwood
El
exp <ﬁ> )

The notations are those listed by Maatman
(10). Specific data used for the calculations
are: reactionrate v = 2.58 x 10" (molecules
s ! per sample); T = 548 K, 0.03 wt% Pt,
1.2 x 10Y Pt surface sites; propane concen-
tration ¢, = 0.524 X 10~°mol/cm’; ¢, = c,;
oxygen concentration ¢, = 5.24 x 107¢
mol/cm?; activation energy E', E = 22.1
kcal/mol; moment of inertia: propane: I, =
28.75 x 107, Iy = 994 x 1079, [, =
112.6 x 10~* g cm? and oxygen: I = 19.1
X 1074 g-cm?.



PROPANE OXIDATION KINETICS OVER Pt/y-ALUMINA

ACKNOWLEDGMENT

We thank Dr. M. Shelef for a critical reading of
this manuscript and for useful discussions and sugges-
tions.

10.
11.

12,

13.

14.

REFERENCES

Otto, K., Langmuir 5, 1364 (1989).
Hicks, R. F., Qi, H., Young, M. L., and Lee,
R. G., J. Catal. 122, 280 (1990).

. Yao, Y.-F. Y., Ind. Eng. Chem. Prod. Res. Dev.

19, 293 (1980).

. Otto, K., Shelef, M., and Kummer, J. T., J. Phys.

Chem. T4(13), 2690 (1970).

. O’Rear, D. J., Léffler, D. G., and Boudart, M., J.

Catal. 121, 131 (1990).

. Yao, H. C., Sieg, M., and Plummer, H. K. Jr., J.

Catal. 59, 365 (1979).

. Hiam, L., Wise, H., and Chaikin, S., J. Catal. 10,

272 (1968).

. Moro-oka, Y., Morikawa, Y., and Ozaki, A., J.

Catal. 7, 23 (1967).

. Schwartz, A., Holbrook, L., and Wise, H., J. Ca-

tal. 21, 199 (1971).

Maatman, R. W., J. Catal. 43, 1 (1976).
Maatman, R. W., in ‘‘Advances in Catalysis”
(D.D. Eley, H. Pines, and P. B. Weisz, Eds.), Vol.
29, p. 97. Academic Press, New York, 1980.
Plummer, H. K. Jr., and Otto, K., in ‘“‘Proceed-
ings, 47th Annual Meeting of the Electron Micros-
copy Society of America, San Francisco, CA,
1989.”

Lieske, H., Lietz, G., Spindler, H., and Vélter, J.,
J. Catal. 81, 8 (1983).

Rickard, J. M., Genovese, L., Moata, A., and
Nitsche, S., J. Catal. 121, 141 (1990).

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25,

26.

27.

28.

29.

30.

251

Anderson, J. A., Mordente, M. G. V., and Roches-
ter, C. H., J. Chem. Soc. Faraday Trans. 1 85(9),
2983 (1989).

Mordente, M. G. V., and Rochester, C. H., J.
Chem. Soc. Faraday Trans. 1 85(10), 3495 (1989).
Flytzani-Stephanopoulos, M., Wong, S., and
Schmidt, L. D., J. Catal. 49, 51 (1977).

Wong, S., Flytzani-Stephanopoulos, M., Chen,
M., Hutchison, T. E., and Schmidt, L.. D., J. Vac.
Sci. Technol. 14(1), 452 (1977).

Gritsch, T., Coulman, D., Behm, R. J., and Ertl,
G., Phys. Rev. Lett. 63(10), 1086 (1989).
Hofmann, P., Bare, S. R., and King, D. A., Surf.
Sci. 117, 245 (1982).

Shyu, J. Z., and Otto, K., Appl. Surf. Sci. 32, 246
(1988).

Otto, K., Weber, W. H., Graham, G. W., and
Shyu, J. Z., Appl. Surf. Sci. 37, 250 (1989).
Stevenson, S, A., Dumesic, J. A., Baker, R. T. K.,
and Ruckenstein, E., ‘“Metal-Support Interaction
in Catalysis, Sintering, and Redispersion,”” p. 142.
Van Nostrand-Reinhold, New York (1987).
Addy, J. and Bond, G. C., Trans. Faraday Soc.
53, 368, 383, 388 (1957).

Bond, G. C., ““Catalysis by Metals,”” p. 202. Aca-
demic Press, New York, 1962.

Hayward, D. O., and Trapnell, B. M. W., ““Chemi-
sorption.”’ Butterworths, Washington, 1964.
Kemball, C., and Woodward, 1., Trans. Faraday
Soc. 56, 138 (1960).

Ahuja, O. P., and Mathur, G. P., Can. J. Chem.
Eng. 45, 367 (1967).

Lisowski, W., and Dus, R., Surf. Sci. 118, 208
(1982).

Carter, R. O. III, Lindsay, N. E., and Otto, K.,
unpublished data.



