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Abstract−The effects of the crystalline phases (α-Al2O3, κ-Al2O3, δ-Al2O3, θ-Al2O3, η-Al2O3, and γ-Al2O3) of the alu-
mina support of Pt/Al2O3 catalysts on the catalyst activity toward propane combustion were examined. The catalysts
were characterized by N2 physisorption, CO chemisorption, temperature-programmed reduction (TPR), temperature-
programmed oxidation (TPO), transmission electron microscopy (TEM), and infrared spectroscopy (IR) after CO
chemisorption. The Pt dispersion of the catalysts (surface Pt atoms/total Pt atoms), measured via CO chemisorption,
was more dependent on the crystalline structure of alumina than on the surface area of alumina. The highest catalytic
activity for propane combustion was achieved with Pt/α-Al2O3, which has the lowest Brunauer, Emmett, and Teller
(BET) surface area and Pt dispersion. The lowest catalytic activity for propane combustion was exhibited by Pt/γ-Al2O3,
which has the highest BET surface area and Pt dispersion. The catalytic activity was confirmed to increase with increas-
ing Pt particle size in Pt/δ-Al2O3. The apparent activation energies for propane combustion over Pt/α-Al2O3, Pt/κ-
Al2O3, Pt/δ-Al2O3, Pt/θ-Al2O3, Pt/η-Al2O3, and Pt/γ-Al2O3 were determined to be 24.7, 21.4, 24.3, 22.1, 24.0, and 19.1
kcal/mol, respectively.
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INTRODUCTION

Propane is one of the major components of the widely utilized
fuel, liquefied petroleum gas (LPG), which finds a variety of appli-
cations owing to its high energy density, clean combustion, and
easy storage and delivery through a well-established infrastructure.
Propane is also considered to be a model compound of the vola-
tile organic compounds emitted from various sources, including
transportation vehicles, during a cold start. Therefore, the catalytic
combustion of propane has been investigated for power plant and
emission-control applications [1].

Several noble metal-based catalysts have been investigated for
application to low-temperature catalytic complete oxidation, which
is an advantageous technique for energy conservation [1-6]. Pt-
based catalysts have been reported to be superior compared to Pd-
and Rh-based catalysts for low-temperature propane combustion
[5,6].

To enhance the performance of Pt-based catalysts for low-tem-
perature propane combustion, several factors that affect the cata-
lytic performance have been examined, including the effects of dif-
ferent supports such as Al2O3, SiO2, SiO2-Al2O3, ZrO2, yttria-stabi-
lized zirconia, SO4

2−-ZrO2, CeO2, MgO, La2O3, TiO2, and zeolites
[7-17]. The physicochemical properties of the support reportedly
affect the particle size of Pt and the oxidation state of the Pt spe-
cies, thereby impacting the catalytic activity for propane combus-

tion. Park et al. reported that the dispersion of Pt in Pt catalysts
supported on metal oxides increased with increasing surface area
of the support for the same metal oxide, and that Pt catalysts on
supports with lower surface areas (ZrO2, CeO2, and TiO2) exhibited
higher catalytic activity for propane combustion than Pt catalysts
on supports with higher surface areas [9]. Hattori’s group asserted
that propane combustion over Pt-based catalysts was structure-
sensitive and the turnover frequency (TOF) increased with increas-
ing acid strength of the support because electrophilic support mate-
rials exhibited higher oxidation resistance than the electrophobic
congeners [7,8]. On the other hand, Hubbard et al. reported that
the acid strength of the support was not the major factor that influ-
ences propane combustion [11]. Burch et al. also reported that the
catalytic activity of a fluorine-modified alumina-supported Pt cat-
alyst was not higher than that of the Pt catalyst supported on sul-
fur dioxide-modified alumina, even though the acid strength of
the former support is higher than that of the latter [12].

In addition to the supports, various metal (K, Mg, Al, Ce, V, W,
Mo, and Zr) oxides have been examined as promoters for this reac-
tion [6,17-23]. Hattori’s group observed that the catalytic activity of
the platinum catalyst varied drastically based on the types of addi-
tives present, and increased with increasing electronegativity of the
additives. They concluded that the variation in the catalytic activ-
ity was derived from the variation in the oxidation state, and that
the additives affected the catalytic activity by influencing the oxi-
dation state of platinum [17,18].

Alumina has frequently been used as a catalyst support. Although
alumina exists in several crystalline phases [24,25], the γ-Al2O3 sup-
port has primarily been used for low-temperature propane com-
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bustion. The physicochemical properties of alumina are dependent
on the crystalline phase; thus, the structural and electronic states
of metal and metal oxides in supported metal and metal oxides
might be altered by the support, resulting in the variation of the
catalytic activity. In this study, the effects of various alumina crys-
talline phases on the performance of Pt/Al2O3 catalysts in propane
combustion are examined. To exclude the adverse effect of resid-
ual chloride on the catalytic activity [26], Pt(NO3)4(NO3)2 is utilized
as a Pt precursor in the preparation of the supported Pt catalysts.

EXPERIMENTAL

1. Catalyst Preparation
Various single-phase aluminum oxides (η-Al2O3, θ-Al2O3, δ-Al2O3,

and κ-Al2O3) were prepared via the thermal decomposition of bayerite
at 873 and 1,273 K, boehmite at 1,173 K, and gibbsite at 1,273 K
[24]. α-Al2O3 (Kanto Chem.) and γ-Al2O3 (Alfa Aesar) were pur-
chased and utilized as received for the support. All catalysts were
prepared by an incipient wetness method using a support and an
aqueous solution of Pt(NH3)4(NO3)2 (Sigma-Aldrich). The impreg-
nated catalysts were dried overnight in an oven at 393 K, calcined
in air at 773 K for 4 h, and finally reduced with H2 at 673 K for 1 h
prior to the reaction.
2. Catalyst Characterization

The surface area of each sample was measured by the Brunauer,
Emmett, and Teller (BET) method based on the N2 adsorption
data obtained at 77 K using a Quantachrome Autosorb-1 instru-
ment. Before the measurements, the samples were degassed under
vacuum for 4 h at 473 K. The powder X-ray diffraction (XRD) pat-
terns of the samples were obtained using a Rigaku D/MAC-III dif-
fractometer with Cu Kα radiation (λ=1.5406 Å) operated at 40 kV
and 100 mA. The Pt content of the prepared samples was analyzed
by inductively coupled plasma-atomic emission spectroscopy (ICP-
AES, JY-710 Plus, Jobin-Yvon).

The temperature-programmed reduction (TPR) and tempera-
ture-programmed oxidation (TPO) of the samples were conducted
using an AutoChem 2,910 unit (Micromeritics) equipped with a
thermal conductivity detector (TCD) to measure the H2 consump-
tion. A water trap composed of blue silica gel was used to remove
moisture from the TPR effluent stream at 273 K before it reached
the TCD. In general, a quartz U-tube reactor was loaded with 0.20g
of the sample. TPR was performed using 10 vol% H2/Ar at a flow
rate of 30 mL/min in the temperature range 203-1,173 K. All cata-
lysts were calcined in air at 773 K for 4 h before the TPR experi-
ments were conducted. Separately, TPO was performed using 2
vol% O2/He at a flow rate of 30 mL/min in the temperature range
300-1,173 K at a heating rate of 10 K/min. All catalysts were reduced
in 10 vol% H2/Ar at 673 K for 1 h before the TPO experiments were
conducted. The TCD signals were monitored after all the residual
hydrogen was removed from the line by purging with He at 313 K
for 1 h.

The pulsed CO chemisorption experiments were conducted using
an AutoChem 2,910 unit (Micromeritics) equipped with a TCD to
measure the CO consumption. In general, a quartz U-tube reactor
was loaded with 0.20 g of the sample. All catalysts were reduced in
H2 at 673 K for 1 h and then cooled to room temperature. Chemi-

sorption was carried out at 300 K under a 30 mL/min stream of
He using a pulsed-chemisorption technique, where 500-µL pulses
of CO were used. Based on the CO chemisorption data, the Pt dis-
persion (D) for each catalyst was calculated based on the assump-
tion that one CO molecule is adsorbed per surface Pt atom. The
average particle size of Pt (d) for each catalyst was also calculated
from the Pt dispersion by using the following equation:

(1)

where vm is the volume occupied by an atom in bulk metal (wm=
15.10 Å3 for Pt), D is the Pt dispersion, and am is the area occu-
pied by a surface atom and calculated by using the following pro-
portions of low index planes: (111) : (100) : (110)=1 :1 :1 (am=8.07Å2

for Pt) [27].
The particle size of Pt was estimated using transmission elec-

tron microscopy (TEM) images obtained on a JEM-2100F (JEOL)
microscope operated at an acceleration voltage of 200 kV.

The infrared (IR) spectra after CO adsorption on the Pt/Al2O3

catalysts were recorded with a Nicolet 6700 spectrometer equipped
with a mercury cadmium telluride (MCT) detector with 32 scans
at an effective resolution of 4 cm−1 using an in situ IR cell with a
CaF2 window. Prior to each experiment, a self-supporting (13-mm
diameter, 0.02 g) wafer was placed into the IR cell with the CaF2

window connected to the vacuum system and reduced with H2 at
573 K for 1 h. The background spectra of the sample were recorded
after the self-supported wafer was cooled to room temperature
and degassed under a pressure of 10−3 bar. The IR spectra were also
acquired after adsorption of CO at room temperature for 0.5h, purg-
ing with a He stream for 0.5 h, and degassing under a pressure of
10−3 bar.
3. Catalytic Activity Test

The propane combustion activities of the samples were measured
at atmospheric pressure in a continuous fixed bed reactor contain-
ing 0.10 g of catalyst. All catalysts were reduced at 673 K for 1 h
under a H2 stream at a flow rate of 30 mL/min prior to the reac-
tion. The catalyst was brought into contact with the reactant gas
composed of 1 mol% propane and 5 mol% O2 balanced with He
flowing at a rate of 100 mL/min. Separately, the kinetic data were
also obtained under the differential reactor conditions, where the
propane conversion was regulated to be lower than 20% by adjust-
ing the catalyst loading. To investigate the thermal stability of the
Pt/α-Al2O3 and Pt/δ-Al2O3 catalysts, these catalysts were exposed
to the reactant gas stream composed of 1mol% propane and 5mol%
O2 balanced with He at 773 K for 1 h, reduced in a H2 stream at
673 K for 1 h, and evaluated for their catalytic activity. In all cases,
the steady-state catalytic activities were measured at each tempera-
ture. The reactants and products were analyzed using a gas chro-
matograph (GC, HP 5890) equipped with a TCD and a flame ioni-
zation detector. The propane conversion was calculated by using
the following formula:

(2)

A moisture trap was installed before the GC to remove the mois-
ture formed during the reactions.

d Å( )  = 6
vm/am

D
--------------

C3H8 conversion %( )  = 
C3H8[ ]in − C3H8[ ]out

C3H8[ ]in
----------------------------------------------- 100×
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RESULTS AND DISCUSSION

1. Physicochemical Properties of Catalysts
The N2 physisorption data indicate that the supports did not con-

tain micropores and that the pore volume decreased in the follow-
ing order: δ-Al2O3>η-Al2O3>θ-Al2O3>γ-Al2O3>κ-Al2O3>α-Al2O3

[24]. The BET surface areas (Table 1) decreased in the following
order: Pt/γ-Al2O3>Pt/η-Al2O3>Pt/δ-Al2O3>Pt/θ-Al2O3>Pt/κ-Al2O3>
Pt/α-Al2O3.

The reducibility of the Pt species in the Pt/Al2O3 catalysts was
compared with their TPR patterns, as shown in Fig. 1. For all cata-
lysts, except Pt/α-Al2O3, two strong TPR peaks were observed at
460 and 630 K. The TPR peak position and its intensity are related

to the reducibility and amount of reducible species on the catalyst,
respectively. In general, the reduction of Pt/Al2O3 catalysts is char-
acterized by two main peaks. The peak at lower temperature (<523
K) may be due to the bulk phase of the platinum species, includ-
ing PtsO (surface platinum oxide), PtO, and PtO2. The TPR peak
below room temperature is associated with PtO interacting weakly
with the support. The TPR peak at high temperatures (>523 K)
may be due to the formation of an inorganic Pt complex with iso-
lated platinum oxides. Hwang et al. reported that the TPR peak at
high temperatures was related to a high stoichiometric value of the
O/Pt ratio in the PtOx complex or the formation of PtAl2O4 spinel
species [28]. Therefore, it can be said that there are two different
Pt species, one is weakly interacting with a support and the other
is strongly binding to the support, in all Pt/Al2O3 catalysts, except

Table 1. Physicochemical properties of Pt catalysts supported on various aluminum oxides

Catalyst Pt contenta

(%)
Surface areab

(m2/g)
Amount of chemisorbed COc

(µmol CO/gcat.)
Dispersion,

Dd
Average Pt particle size,

de (nm)
Average Pt particle size,

df (nm)
Pt/α-Al2O3 1.00 0<1 02.6 0.05 22 6.2±3.9
Pt/κ-Al2O3 0.95 022 17.5 0.36 3.1 4.2±0.2
Pt/δ-Al2O3 0.96 101 24.0 0.49 2.3 3.9±1.5
Pt/θ-Al2O3 0.91 080 15.6 0.30 3.7 4.3±0.8
Pt/η-Al2O3 0.95 219 14.1 0.29 3.9 4.5±1.3
Pt/γ-Al2O3 0.86 221 36.8 0.72 1.6 ~1

aThe Pt content was determined with ICP-AES
bThe surface area was determined with the BET method based on the N2 physisorption data
cCO chemisorptions were carried out at 300 K
dDispersion (D) was calculated from the CO chemisorption data
eAverage Pt particle size (d) was calculated from the Pt dispersion
fAverage Pt particle size (d) was determined by counting Pt particles less than 10 nm with TEM images

Fig. 1. Temperature-programmed reduction profiles of Pt catalysts
supported on different aluminum oxides. All catalysts were
calcined in air at 773 K prior to analysis.

Fig. 2. Temperature-programmed oxidation profiles of Pt catalysts
supported on different aluminum oxides. All catalysts were
reduced with H2 at 673 K prior to analysis.
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for Pt/α-Al2O3.
The Pt dispersion values of the Pt/Al2O3 catalysts were quanti-

fied based on the CO chemisorption data, as listed in Table 1. The
calculations of the concentration of the exposed metallic Pt, as an
active site, are based on the assumption that one CO molecule is
adsorbed per Pt atom. The fraction of the surface Pt atoms per total
Pt atoms, i.e., the so-called Pt dispersion, decreased in the follow-
ing order: Pt/γ-Al2O3>Pt/δ-Al2O3>Pt/κ-Al2O3>Pt/θ-Al2O3>Pt/η-
Al2O3>Pt/α-Al2O3.

TPO was carried out for all the supported Pt catalysts to investi-
gate the oxygen-uptake behavior, as shown in Fig. 2. A very weak
TPO peak was detected in the range 300-1,173 K for the Pt/α-Al2O3

catalyst, indicating that a very small amount of O2 was continuously
consumed with increasing temperature. For all catalysts, except for
Pt/α-Al2O3, two separate TPO peaks were observed in the low-
and high-temperature ranges. For these catalysts, a low-tempera-
ture TPO peak was detected in the range 300-850 K and a high-
temperature TPO peak was observed in the range 850-1,173 K. The
TPO peak areas correspond directly to the amount of O2 consumed
during the TPO experiments. The amount of O2 consumed up to
850K during the TPO experiments decreased in the following order:
Pt/δ-Al2O3>Pt/η-Al2O3>Pt/θ-Al2O3>Pt/γ-Al2O3>Pt/κ-Al2O3>Pt/α-

Al2O3.
The TEM image of the Pt/Al2O3 catalysts and the correspond-

ing particle-size distribution of Pt particles are presented in Fig. 3.
The size of the Pt particles in the Pt/Al2O3 catalysts is dependent
on the support. Compared with Pt/α-Al2O3 and Pt/κ-Al2O3, where
small Pt particles of less than 10 nm as well as agglomerates larger
than 20 nm were observed, the other Pt catalysts were confirmed
to have a rather narrow size distribution of Pt particles. The aver-
age Pt particle size for each Pt catalyst was calculated by counting
Pt particles less than 10 nm and was determined to be 6.2±3.9, 4.2±
0.2, 3.9±1.5, 4.3±0.8, and 4.5±1.3 nm for Pt/α-Al2O3, Pt/κ-Al2O3,
Pt/δ-Al2O3, Pt/θ-Al2O3, and Pt/η-Al2O3, respectively. In the case of
Pt/γ-Al2O3, the Pt particle size was estimated to be around 1 nm.
This trend in the average particle size of Pt of the Pt catalysts is
consistent with that of the calculated Pt particle size from CO chem-
isorption data.

FT-IR spectral analysis of the Pt/Al2O3 catalysts was performed
after CO chemisorption to investigate the interaction between CO
and the Pt species on each catalyst. As shown in Fig. 4, a very weak
and broad peak with a maximum at 2,062 cm−1 was observed after
CO chemisorption on Pt/α-Al2O3. A main peak at 2,064 cm−1 and
a shoulder at 2,084 cm−1 were observed for Pt/κ-Al2O3, whereas

Fig. 3. TEM images and particle size distributions of Pt for Pt catalysts supported on different aluminum oxides: (a) Pt/α-Al2O3, (b) Pt/
κ-Al2O3, (c) Pt/δ-Al2O3, (d) Pt/θ-Al2O3, (e) Pt/η-Al2O3, and (f) Pt/γ-Al2O3.



2216 J. E. Park et al.

November, 2015

the spectrum of Pt/δ-Al2O3 was characterized by a main peak at
2,076 cm−1 and a shoulder at 2,050 cm−1. Pt/θ-Al2O3 and Pt/η-Al2O3

exhibited broad peaks with maxima at 2,084 and 2,062 cm−1. In
the case of Pt/γ-Al2O3, the CO band was observed at the lowest
wavenumber, i.e., at 2,047 cm−1. This band can be assigned to CO
chemisorbed on well-dispersed Pt, which is associated with unco-
ordinated Pt sites, possibly at the edges or kinks between terraces
or in extra-small particles consisting of only a few Pt atoms [29-
31]. It has been reported that the CO IR band at low wavenum-
ber (2,059-2,072 cm−1) is due to CO that is linearly chemisorbed
on highly dispersed Pt associated with high index planes [30]. On
the other hand, the CO band at 2,085 cm−1 is attributed to CO lin-
early adsorbed on poorly dispersed Pt [31]. The CO-IR analysis
clearly indicates that Pt particles with different sizes are present on
the support, and that the Pt particle size is dependent on the support.
2. Performance of Pt/Al2O3 Catalysts in Propane Combustion

Fig. 5 shows the propane conversion achieved with the Pt cata-
lysts supported on different types of alumina as a function of the
reaction temperature. The rapid increase in the propane conver-
sion with increasing reaction temperature, known as the ignition
curve, is a typical phenomenon for this reaction. The propane-com-
bustion activity of the catalysts decreased in the following order:
Pt/α-Al2O3>Pt/κ-Al2O3>Pt/δ-Al2O3>Pt/θ-Al2O3>Pt/η-Al2O3>Pt/
γ-Al2O3. Although the surface area and Pt dispersion were lowest
for Pt/α-Al2O3, this catalyst showed the highest catalytic activity
for propane combustion. On the other hand, the lowest catalytic
activity for propane combustion was demonstrated by Pt/γ-Al2O3,
which has the highest surface area and Pt dispersion. This result
indicates that the larger Pt particles, which were prepared on sup-
ports with a low surface area, are more efficient catalysts for pro-

pane combustion than the smaller Pt particles, which were prepared
on supports with a high surface area. The results are in agreement
with those of a previous report stating that catalysts with small Pt
particles exhibited low catalytic activity because of facile oxidation
by O2 [9].

The effect of the Pt particle size on the activity of the catalysts in
propane combustion has been intensively investigated by several
groups. Garetto et al. examined the effect of the size of Pt crystal-
lites in a Pt/Al2O3 catalyst on its combustion activity, and suggested
that propane combustion was a structure-insensitive reaction, as
illustrated by the linear correlation between the Pt dispersion and
catalytic activity [13]. Park et al. also reported that the specific reac-
tion rate decreased with an increase in the Pt particle size in Pt/H-
ZSM-5 [16]. In contrast, Yazawa et al. investigated the activity of Pt
catalysts on various supports such as MgO, Al2O3, and SiO2-Al2O3

for propane combustion and found that the turnover frequency
(TOF) was inversely proportional to the Pt dispersion [8]. Inde-
pendently, Beck et al. examined the catalytic activity for complete
methane oxidation under lean conditions over size-controlled plat-
inum nanoparticles supported on acid-pretreated γ-alumina and
reported that the specific catalytic activity increased with increas-
ing Pt particle size; the maximum TOF value was achieved for the
catalysts containing partially oxidized platinum with a mean parti-
cle size of about 2 nm. The TOF decreased with further increase
of the Pt particle size [32]. They attributed the strong size sensitiv-
ity to the size dependence of the apparent activation energy of the
methane-oxidation and/or platinum-oxidation state in the catalyti-
cally active nanoparticles [32]. Overall, the effect of the Pt particle
size on the activity of the catalysts for propane combustion is not
straightforward. Other factors, including the support, promoter,
poison, and reaction conditions may be interrelated, thereby affect-
ing the oxidation state of Pt under working conditions, resulting in
the variations of the catalytic activity with Pt particle size. It is gen-
erally accepted that metallic Pt is more active for complete oxida-

Fig. 5. Propane conversion with increasing reaction temperature
over Pt catalysts supported on different aluminum oxides:
Pt/α-Al2O3 (○), Pt/κ-Al2O3 (□), Pt/δ-Al2O3 (△), Pt/θ-Al2O3
(▽), Pt/η-Al2O3 (◇), and Pt/γ-Al2O3 (☆). F/W=1,000 mL/
min/gcat, feed composition: 1 mol% propane and 5 mol% O2
in He.

Fig. 4. IR spectra of Pt catalysts supported on different aluminum
oxides after CO adsorption.
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tion of CO and hydrocarbons than Pt oxide. Hicks et al. determined
the intrinsic rates of methane oxidation in 5% excess oxygen over
a series of platinum catalysts, and observed that the dispersed Pt
was converted into PtO2 while the crystallites were covered with
adsorbed oxygen, and also found that the methane oxidation activ-
ity of dispersed PtO2 is 10-100 times lower than that of platinum
crystallites [33]. Weaver et al. demonstrated that Pt oxide particles
were less active for CO oxidation than lower-coverage oxygen phases
on Pt(111) and Pt(100), which was explained in terms of limited
CO adsorption on the Pt oxide [34]. Gracia et al. observed that the
TOF of CO oxidation increased with increasing particle size under
O2-rich conditions, confirming that the CO oxidation reaction over
Pt/SiO2 catalysts is structure-sensitive under an oxidizing environ-
ment [35]. They observed the formation of completely metallic Pt
particles upon reduction in H2 at 573 K for 1 h regardless of the
particle size. However, with subsequent oxidation treatment, only
the smallest particles were fully oxidized [35]. They reported that
metallic Pt is the active surface of the Pt/SiO2 catalysts for CO oxi-
dation, and that different sites on the Pt crystallite lead to different
oxidation rates depending on the size [35]. In this study, alumi-
num oxides with different crystalline structures were utilized as
supports for Pt catalysts without any promoter. Based on the TPO
data, it is proposed that Pt metal can be oxidized by oxygen in the
feed stream below the temperature where propane combustion
occurs (Fig. 5). Therefore, high catalytic activity can be achieved
with Pt catalysts having large Pt particles that are resistant to Pt
oxidation.

To determine the apparent activation energy for this reaction
over the respective catalysts, the specific reaction rate was deter-
mined at different temperatures for the reaction over each catalyst
under differential reactor conditions. The Arrhenius plot, in which
the rate of propane combustion is plotted at different reaction tem-
peratures, was obtained for each catalyst as shown in Fig. 6. The
specific reaction rate for propane combustion decreased in the fol-
lowing order: Pt/α-Al2O3>Pt/κ-Al2O3>Pt/δ-Al2O3>Pt/θ-Al2O3>Pt/

η-Al2O3>Pt/γ-Al2O3. The apparent activation energies for Pt/α-
Al2O3, Pt/κ-Al2O3, Pt/δ-Al2O3, Pt/θ-Al2O3, Pt/η-Al2O3, and Pt/γ-
Al2O3 were determined to be 24.7, 21.4, 24.3, 22.1, 24.0, and 19.1
kcal/mol, respectively. Notably, the apparent activation energy was
similar for all the catalysts, except for Pt/γ-Al2O3 with slightly lower
apparent activation energy. The apparent activation energy in this
study is similar to that (22.1±3.4 kcal/mol) determined using 0.03-
30 wt% of Pt/Al2O3 catalysts [36] and is slightly higher than that
(17.0 kcal/mol) determined using 0.33% Pt/Al2O3 [13].

The thermal stability of the supported Pt catalyst was evaluated
based on cyclic tests carried out using Pt/α-Al2O3 and Pt/δ-Al2O3.
The catalytic activity of the used catalyst after treatment at 773 K
under similar reaction conditions was compared with that of the
fresh catalyst. In the case of Pt/α-Al2O3, no noticeable change in
the catalytic activity was observed during the cyclic test (data not
shown). On the other hand, the catalytic activity of Pt/δ-Al2O3 in-
creased with increasing numbers of cycles in the test, as shown in
Fig. 7. The shift of the propane conversion curves toward lower
temperature clearly indicates that the catalytic activity of the ther-
mally-treated catalyst is enhanced relative to that of the fresh cata-
lyst. Given that the catalyst was reduced with hydrogen at 673 K
prior to each cyclic test, no change in the oxidation state of Pt is
expected. To determine if the Pt particle size changed during the
cyclic test, the TEM image of the spent Pt/δ-Al2O3 catalyst was ob-
tained, as shown in Fig. 8. The average Pt particle size was deter-
mined to be 4.5±3.3 for the spent Pt/δ-Al2O3, which was larger
than that (3.9±1.5) of the fresh counterpart. This also clearly con-
firms that larger Pt particles are favorable for propane combustion.
In this case, the only effect of Pt particle size on the catalytic activity

Fig. 6. Reaction rate as a function of temperature for propane com-
bustion over Pt catalysts supported on different aluminum
oxides: Pt/α-Al2O3 (○), Pt/κ-Al2O3 (□), Pt/δ-Al2O3 (△),
Pt/θ-Al2O3 (▽), Pt/η-Al2O3 (◇), and Pt/γ-Al2O3 (☆). Feed
composition: 1 mol% propane and 5 mol% O2 in He.

Fig. 7. Temperature dependence of propane conversion over Pt/δ-
Al2O3 catalyst after the first (□) and second (△) thermal
treatments. F/W=2,500 mL/min/gcat, feed composition: 1
mol% propane and 5mol% O2 in He. The thermal treatment
was carried out at 773 K for 1 h using the same feed compo-
sition. The catalyst was reduced with H2 at 673 K before each
activity test.
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for propane combustion could be evaluated. Now, we can conclude
that the propane combustion is a structure-sensitive reaction.

For propane combustion over supported Pt catalysts, the crys-
tallite size and oxidation state of Pt are critical factors affecting the
catalytic activity and these factors are closely interrelated given that
the oxidation state of Pt is strongly dependent on the Pt particle
size in lean conditions (i.e., oxygen-rich conditions) [35]. These key
factors are influenced by the physicochemical properties (i.e., sur-
face area, surface acidity, surface defects, and oxygen mobility) of
the support, promoter, and reaction conditions. A large surface
area of the support is beneficial for achieving a high Pt dispersion.
The surface acidity of the support might contribute to stabilization
of metallic Pt [7,8]. The Pt dispersion and its oxidation state are
also affected by the promoter. The data in this study confirmed
that the Pt dispersion is one of important factors for determining
the activity of Pt/Al2O3 catalysts, and a low Pt dispersion, which
might be related to the oxidation resistance of Pt, is advantageous
for this reaction. A similar observation was reported for the selec-
tive CO oxidation in the presence of hydrogen over supported Ru
catalyst [37].

CONCLUSIONS

Pt catalysts supported on various aluminum oxides (α-Al2O3,
κ-Al2O3, δ-Al2O3, θ-Al2O3, η-Al2O3, and γ-Al2O3) were applied to
propane combustion. Although Pt dispersion is not directly related to
the BET surface area of the catalyst support, the lowest and high-
est Pt dispersions were respectively achieved for Pt/α-Al2O3 and
Pt/γ-Al2O3, which has the smallest and largest BET surface areas,
respectively. Among the evaluated Pt/Al2O3 catalysts, Pt/α-Al2O3

catalysts with the lowest Pt dispersion and surface area showed the
highest propane combustion activity. In contrast, Pt/γ-Al2O3 cata-
lysts with the highest Pt dispersion and surface area were charac-
terized by the lowest propane combustion activity. The presence of
large Pt particles on α-Al2O3 with a low surface area was associ-
ated with enhanced resistance toward Pt oxidation, confirmed by
TPO analysis, resulting in high catalytic activity for propane com-

bustion.
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