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« The Pt-supported catalyst activity for C3Hg and C3Hg oxidations depends on the nature of both the reactant and the support.
« The propane combustion turnover rate trend is Pt/TiO, > Pt/CeO, > Pt/Al,Os.

« The higher C3Hg oxidation rate on Pt/TiO, probably reflects the higher CsHg uptake on TiO,.

« The propylene combustion turnover rate trend is Pt/CeO, > Pt/Al,03 = Pt/TiO,.

« The higher C3Hg oxidation rate on Pt/CeO, is explained by an additional oxidation pathway on Pt°-Ce3* sites.
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The complete oxidations of propane and propylene were studied on Pt supported on CeO,, TiO, and Al;0s.
The catalyst activities were evaluated through conversion versus temperature (light-off curves) and con-
version versus time tests. Propane oxidation turnover rates (TOF) followed the order: Pt/TiO, > Pt/
CeO, > Pt/Al,0s. The higher activity on Pt/CeO, than on Pt/Al,03; was interpreted by considering that
the combustion of C3Hg on Pt/CeO, occurs not only on Pt° sites but also on perimeter Pt°—Ce>* sites pro-
viding an additional oxidation pathway. Propane uptake on Pt/TiO, was 5.5 times higher than on Pt/CeO,,
This drastic increase of the density of adsorbed CsHg molecules around the metallic Pt active sites would
explain the high TOF values observed on Pt/TiO, because the reaction is positive order with respect to
propane. The propylene oxidation turnover rate trend was Pt/CeO, > Pt/Al,05 = Pt/TiO,. Kinetic studies
showed that on the three catalysts the apparent activation energy of propylene oxidation was about
the same while the reaction orders were positive in oxygen and negative or zero in propylene. The higher
activity of Pt/CeO, catalyst was explained by considering that the Pt-catalyzed reduction of ceria forms
oxygen vacancies that would improve the mobility of lattice oxygen of the support and its transfer to
the propylene species adsorbed on the metal.
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1. Introduction

Catalytic oxidation on supported noble metals is an efficient
technology for the abatement of small amounts of volatile organic
compounds (VOCs) present in gaseous or liquid emissions [1,2]. In
particular, Pt-based catalysts are highly active for oxidative re-
moval of hydrocarbons [3-5]. However, stable lower alkanes such
as methane or propane require relatively high temperatures to be
completely oxidized over conventional Pt/Al,0s; catalysts and
considerable effort has been devoted to find suitable supports or
promoters for improving the intrinsic platinum oxidation activity.
Fundamental knowledge on the oxidation mechanism is a
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prerequisite in order to design more active catalyst for hydrocar-
bon combustion. However, the oxidation reaction mechanism is
largely dependent on the nature of the hydrocarbon molecule to
be abated. For example, on Pt catalysts the oxidation of aromatics
(benzene, toluene), naphtenics (cyclopentane), and olefins (ethyl-
ene, propylene,) is positive order in oxygen and negative or zero or-
der in the hydrocarbon [6-10]; in contrast the C,-C; alkane
combustion is positive order with respect to alkane and negative
or zero order in oxygen [11,12].

In this work we study the deep oxidation of propane and pro-
pylene on Pt supported on Al,03, CeO, and TiO,. Specifically, we
compare the catalytic performance of Pt supported on nonreduc-
ible (Al;03) and reducible (CeO,, TiO,) oxides for oxidizing two dif-
ferent hydrocarbons with the same number of C atoms. The aim
was to ascertain the effect and role of support in the hydrocarbon
oxidation mechanism that essentially takes place on metallic
platinum. In particular, we investigate if the generation of reduced
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species on the support (Ce** and Ti>* species in ceria and titania,
respectively) may interact with the Pt active sites and enhance
its intrinsic activity for propane/propene deep oxidations. The in-
crease of the Pt activity on reducible supports has been observed
in redox reactions such as the water-gas shift reaction [13,14]. In
the case of propane combustion, it has been reported that the
activity of conventional Pt/Al,O3 catalysts may be improved by alu-
mina sulfation [15,16] or by the addition of electrophilic additives
[17]. Other authors have observed that the propane oxidation
activity on Pt is enhanced when the metal is supported on more
acidic supports [18,19]. Besides, we have found that the propane
oxidation turnover rate is drastically increased when Pt is sup-
ported on acid zeolites as compared to Pt/Al,03 [20]. The combus-
tion of propylene has also been widely investigated on Pt-based
catalysts because is a major pollutant in vehicle exhausts. Never-
theless, most of these studies have been performed on Pt/Al,05
catalysts [9,21-25]. Very few papers deal with the combustion of
propylene on Pt supported on reducible oxides such as CeO, [26]
or TiO, [27].

2. Experimental
2.1. Catalyst preparation

Commercial samples of TiO, (Degussa P25, 50 m?/g), y-Al,03
(Cyanamid-Ketjen CK300, 180 m?/g) and CeO, (Rhodia HSAS5,
240 m?/g) were used as supports. Prior to impregnation with Pt
salts, the supports were calcined in air at 873 K during 4 h. Plati-
num supported catalysts were prepared by incipient-wetness
impregnation of supports at room temperature, using aqueous
solution of tetramine platinum nitrate, Pt(NH3)4(NO3), (Aldrich,
99.99%). After impregnation, samples were dried overnight at
373 K and then calcined at 673 K in air for 4 h. Pt loading was about
0.5% for all the samples.

2.2. Catalyst characterization

BET surface areas (Sg) were measured by N, physisorption at
77 K using a Quantachrome Autosorb-1 sorptometer. Samples
were degassed at 523 K before carrying out the analysis. The solid
crystalline structures were determined by X-ray diffraction (XRD)
in the range of 20 = 10-80°, using a Shimadzu XD-D1 diffractome-
ter and Ni filtered Cu Kot radiation (4 = 1.540 A). Platinum loadings
were measured by atomic absorption spectrometry.

Acid site densities were determined by using temperature-pro-
grammed desorption (TPD) of NHs. Samples (200 mg) were treated
in He (~60 cm3/min STP) at 773 K for 1.5 h and exposed to a 1%
NHs/He stream at 373 K until surface saturation. Weakly adsorbed
NH3 was removed by flushing with He at 373 K for 0.5 h. Temper-
ature was then increased at 10 K/min and the NH3 concentration in
the effluent was measured by mass spectrometry (MS) in a Baltzers
Omnistar unit.

The temperature-programmed reduction (TPR) experiments
were performed in a Micromeritics AutoChem 2920 unit, using
5% Hy/Ar gaseous mixture at 60 cm/min. Samples (300 mg) were
heated at 10 K/min from 298 to 953 K. Since water is formed dur-
ing sample reduction, the gas exiting from the reactor was passed
through a cold trap before entering the thermal conductivity
detector.

The platinum dispersion (Dp,) on Pt/TiO, and Pt/Al,O5 samples
was determined by H, chemisorption at 298 K using a conven-
tional vacuum unit. Catalysts were reduced in H, at 573 K for 2 h
and then outgassed for 2 h at 773 K prior to performing gas chemi-
sorption experiments. Hydrogen uptake was determined using the
double isotherm method as detailed in a previous work [28]. The

hydrogen uptake on Pt/CeO, was measured by performing H,
pulses at 223 K using a Micromeritics AutoChem II 2920 unit. In
all the cases, an atomic H/Pt, = 1 ratio, where Pt; implies a Pt atom
on surface, was used to calculate Dpy.

Propane uptakes on Pt-based catalysts were measured at 298 K
and 1.12 kPa in conventional vacuum equipment. Samples were re-
duced 1 hin H; at 673 K, then outgassed at this temperature for 1 h
and finally cooled in vacuum to room temperature prior to per-
forming the propane adsorption experiments.

2.3. Catalytic reactions

Hydrocarbon oxidation reactions were carried out in a tubular
packed bed reactor (Pyrex, 0.8 cm ID) at atmospheric pressure.
Samples were sieved to retain particles with 0.35-0.42 mm diam-
eter and loaded to the reactor. Standard catalytic tests were per-
formed at atmospheric pressure, using catalyst loadings (W) of
0.1 g, contact times (W/F{) of 12 g h/mol, and gas flow rates of
300 cc (STP)/min. Gaseous mixture compositions were: pro-
pane(propylene):0,:N; = 0.8:9.9:89.3. On-line chromatographic
analysis was performed using a gas chromatograph Shimadzu
GC-8A equipped with a flame ionization detector and 23% SP-
1700 Supelco packed column. Reactants and products were sepa-
rated in the chromatographic column, then completely converted
to methane by means of a methanation catalyst (Ni/Kieselghur)
operating at 673 K, and finally detected by the flame ionization
detector. Carbon monoxide was never detected in the effluent. Be-
fore catalytic measurements, all the catalysts were reduced in
hydrogen at 673 K for 1 h and then cooled to the desired tempera-
ture. Pt-supported catalysts must be pretreated in H; to reduce the
metal because PtO, species are not active for hydrocarbon combus-
tion. Two experimental procedures were used for catalyst testing.
The complete hydrocarbon oxidations were studied by obtaining
curves of hydrocarbon conversion (Xyc) as a function of tempera-
ture (light-off curves). The temperature was raised at 3 K/min,
from 373 K to 923 K. Kinetically-controlled Xyc versus time tests
were performed at constant temperature: 523 K (propane) and
428 K (propylene). In all the cases, Xyc was lower than 10%. The
products were sampled at 5 min intervals using an automated
sampling valve.

3. Results and discussion
3.1. Support and catalyst characterization

The physicochemical properties of the samples are shown in
Table 1. The support surface area did not change significantly by
the addition of platinum. Fig. 1 shows the X-ray diffractograms
of supports. Al,0; exhibited the Bragg lines corresponding to
diffraction of y-Al,03 phase while CeO, presented the peaks char-
acteristics of cubic fluorite based structures. The main crystalline
phase on TiO, was anatase, but the presence of an additional rutile
phase was also detected. The support XRD patterns of Fig. 1 were
not modified by the addition of Pt. Moreover, the X-ray diffracto-
grams of Pt supported catalysts (not shown here) did not reveal
the presence of crystalline Pt oxides, probably because of the low
metal contents. The Pt dispersions on Pt/Al,03 and Pt/TiO, deter-
mined by H, chemisorption at 298 K were 63% and 32%, respec-
tively. The metal dispersion on Pt/CeO, (Dpc=50%) was
determined by H, pulses at 223 K. The chemisorption of H, at
low temperature (223 K) using H, pulses until saturation is widely
employed for determining the Pt dispersion on ceria-supported Pt
catalysts. This procedure turns negligible the H, spillover from the
metal and gives the right Pt dispersion, as repeatedly proved in
literature [29-31].
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Table 1
Characterization of the catalysts used in this work.

Catalyst % Pt Sg (m?/g) Dy (%) TPR (pmol Hy/gcar)? TPD of NH3 (n,, tmol NHs/m?) Propane uptake® (pimol/m?)
Pt/Al,03 0.51 175 63 0 0.132 0.057
Pt/Ce0O, 0.49 220 50 938 0.461 0.038
Pt/TiO, 0.48 50 32 29 1.310 0.208

2 H, consumed by the support during the TPR of the catalysts.
b Propane uptakes measured at 298 K and Pp=1.12 kPa.
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Fig. 1. X-Ray diffraction patterns of the supports. O rutile; ® anatase.

The catalyst acid properties were probed by TPD of NH3 pread-
sorbed at 373 K. The obtained TPD curves are shown in Fig. 2. The
TPD traces for Pt/Al,03 and Pt/CeO, exhibited the peak maxima be-
tween 443 and 543 K while the maximum temperature for the NH;
TPD curve corresponding to Pt/TiO, appeared at about 653 K. The
total amount of desorbed NH; was measured by deconvolution
and integration of the TPD traces of Fig. 2 and it was taken as a
measure of the total acid site density (n, pmol NHs/m?). The
resulting n, values are reported in Table 1. The sample acid site
density increased from 0.132 umol NHs/m? on Pt/ALO; to
1.310 pmol NHs/m? on Pt/TiO,, i.e. by about one order of magni-
tude. In summary, results of Fig. 2 show that Pt/TiO, contains more
and stronger surface acid sites as compared to Pt/Al,O3 or Pt/CeO,.

0.1

—

PtITiO,

Pt/CeO,

o~ PY/ALO,

400 500 600 700 800 900
T (K)

NH; Desorption rate
pmol NH3/(m2m|n)

Fig. 2. TPD profiles of NH;3 on Pt catalysts. Heating rate: 10 K/min.

The TPR profiles of catalysts with reducible supports (Pt/TiO,
and Pt/Ce0;) are shown in Fig. 3. The TPR curve obtained for
Pt/Al,03 confirmed that alumina is a non-reducible support and
is not included in Fig. 3. It is well established that the TPR profile
of CeO,, presents two reduction bands [32-34]: (i) a low-tempera-
ture band with a maximum at about 773 K that arises from the
reduction of surface ceria, and (ii) a high-temperature reduction
band with a maximum at around 1123 K that corresponds to the
bulk reduction from CeO, to Ce,0s. Fig. 3 shows the TPR profile
of Pt/CeO, up to 873 K. The reduction peak maximum correspond-
ing to reduction of surface ceria appeared at 573 K, i.e. at a lower
temperature as compared to that of CeO, support. This reduction
peak shift is explained by taken into account that Pt catalyzes
the surface reduction process of the support by activating at lower
temperatures the dissociative adsorption of H, and thus generating
reactive atomic protons. The TPR curve of Pt/TiO, in Fig. 3
exhibited a low temperature band centred at 373-393 K and a
high-temperature band at about 573 K. The low-temperature band
corresponds to the reduction of PtO, species and the band at high
temperature is due to the Pt-catalyzed reduction of surface Ti*"
species to Ti>* via H, spillover [35,36]. Regarding the reducibility
of TiO, support, no H, consumption peaks were detected when
the sample was heated in 5% H, up to 773 K.

The support hydrogen consumptions determined from TPR pro-
files of Fig. 3 are presented in Table 1. The H, consumption for CeO,
on Pt/CeO, was 938 pumol Hy/gar. This value was determined by
subtracting the theoretical amount of H, consumed for reducing
0.49%Pt as PtO, from the total H, consumption obtained for
Pt/CeO, in Fig. 3. By considering that H, was totally consumed
for reducing Ce** to Ce>* species, we inferred that on Pt/CeO, about
31% of the ceria support was reduced to Ce,0s. In contrast, the H,
amount consumed in the high-temperature peak on Pt/TiO, was
only 29 umol H,/g .. indicating that less than 1% of Ti** species
were reduced to Ti>".

The catalyst propane uptake capacity was determined at room
temperature for a propane partial pressure of 1.12 kPa that was

x 0.25
PtiCeO,

~ — PYTIO,

T T T T T T T
300 400 500 600 700 800 900
T (K)

H, consumption rate
(umol Hy/gcae min)

Fig. 3. TPR profiles of Pt-based catalysts. Heating rate: 10 K/min.
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the hydrocarbon pressure used in catalytic tests. Results are shown
in Table 1. The propane adsorption on Pt/TiO, (0.208 umol/m?) was
about 3.6 times higher than on Pt/Al,05 (0.057 pmol/m?). The low-
est propane uptake was determined on Pt/CeO, (0.038 pmol/m?).
The higher adsorption of propane on Pt/TiO, is probably associated
with the higher acidity of this sample. Studies by FTIR of propane
adsorption on TiO, and other oxides such as ZrO, have reported,
in fact, that propane is essentially adsorbed on surface Lewis sites
of these samples [37].

3.2. Catalytic activity

3.2.1. Propane oxidation

The light-off curves obtained for combustion of propane on the
three catalysts used in this work are shown in Fig. 4. To quantita-
tively compare the catalyst oxidation activities, we measured from
light-off curves the value of the temperature at Xp=>50%, T°;
results are given in Table 2. Repeat profiles carried out with fresh
samples confirmed the stability of the light-off temperatures.
Table 2 shows that the T°° values for Pt/TiO, and Pt/CeO, were
similar while that corresponding to Pt/Al,0; was significantly
higher. These T°° values were obtained from Fig. 4 per g of catalyst.
When they are affected by the Pt dispersion, then the activity order
is: Pt/TlOz > Pt/C602 > Pt/A1203

Catalysts were also tested for propane oxidation at constant
temperature (523 K). In all the cases, the initial conversion of
propane (Xp) was lower than 10% and the reaction was kinetically
controlled. Results are shown in Fig. 5. Propane conversion re-
mained approximately constant on Pt/Al,05 and Pt/TiO, while con-
tinuously diminished on Pt/CeO, with the progress of the reaction.
From the Xp versus time plots of Fig. 5 we determined the propane
combustion rates per gram of Pt (rp, mol propane/h gp;) and per
surface Pt atom (TOF,, h™!). The observed deactivation for
Pt/CeO, required that the initial conversion be determined by
extrapolating the corresponding Xp vs time curve to initial time-
on-stream. We compared the intrinsic Pt activity at initial condi-
tions because we want to ascertain if the Pt activity is increased
by the generation of reduced Ce3* and Ti** species on the respec-
tive supports. The obtained rp and TOF values are shown in Table 2.
The r,, values followed the trend: Pt/TiO, > Pt/CeO, > Pt/Al,03 Con-
sistently, the TOF, values were 1620 h~', 483 h~! and 100 h™', on
Pt/TiO,, Pt/Ce0, and Pt/Al,03 respectively. These results in Table 2
showed that the Pt activity for propane oxidation is strongly af-
fected by the nature of the support. It is worth noting that the pro-
pane oxidation turnover rate was about one order of magnitude
higher when Pt was supported on titania than on alumina.

100 -
:\; 80 |
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~ 60 -
c
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4
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>
c
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Fig. 4. Light-off curves for propane combustion. Pt/Al,05 (M); Pt/TiO, (O); Pt/CeO,
(®) [P=101.3 kPa, W/F?, = 4 g.o h/mol, propane:0,:N; = 0.8:9.9:89.3].

More fundamental kinetic data were obtained by calculating
the reaction orders and apparent activation energies (E,) for pro-
pane oxidation. The reaction orders were obtained by using a
power-law rate equation:

rp = kP3P (1)

where P, and P,, are the partial pressure of propane and oxygen in
the feed, respectively. The « values were measured by varying the
propane partial pressure between 0.5 and 2.0 kPa at a fixed oxygen
pressure (14.2 kPa). Similarly, reaction order  was obtained by
varying P,, between 5.1 and 20.3 kPa while keeping P, at 1.1 kPa.
The plots representing Inrp as a function of InP, and InP,,at
250 °C are shown in Fig. 6. The o and B values obtained from the
plots of Fig. 6 are presented in Table 2. The reaction order with re-
spect to propane was close to one on Pt/Al;03 and Pt/Ce0O,, and 1.5
on Pt/TiO,, while the reaction order in oxygen was about zero on
Pt/Al,05 and Pt/CeO, but negative (—0.8) on Pt/TiO,. These results
are consistent with previous works reporting that lower-alkanes
oxidation is positive order in the hydrocarbon and order zero or
negative with respect to oxygen on Pt-based catalysts [11,38,39].
Propane adsorption on Pt is energetically competitive with oxygen
[40] and a competitive propane/oxygen adsorption explains in a
Langmuir-Hinshelwood mechanism the reaction inhibition by O,,
depending on the operating conditions used. In Fig. 7 we plotted
the In TOF,, values as a function of 1/T for determining the apparent
activation energy and pre-exponential factor A for propane combus-
tion on all the catalysts via an Arrhenius-type function. We ob-
tained E, from the slope of the resulting linear plots, and from the
ordinate values at 1/T=0 we determined pre-exponential factors
A. Results are shown in Table 2.

The reaction orders with respect to propane and oxygen were
similar on Pt/CeO, and Pt/Al,03 suggesting that the propane com-
bustion reaction occurs via the same mechanism on both catalysts.
According to literature [8,11,41], the rate-determining step for the
low alkanes oxidation mechanism on platinum is the dissociative
chemisorption of the alkane on Pt with the breakage of the weakest
C-H bond followed by its interaction with oxygen atoms adsorbed
on adjacent sites. Nevertheless, the apparent activation energy for
propane oxidation was lower on Pt/CeO, than on Pt/Al,O3 (Table 2)
and this would explain the higher activity observed on Pt/CeO,.
Probably, propane combustion on Pt/CeO, occurs not only on
surface metallic Pt sites but also on perimeter Pt°-Ce®* sites of
the metal-support interface providing an additional oxidation
pathway. Formation of dual Pt°-Ce®* sites is favored by the high
reducibility showed by CeO, in presence of Pt that generates a high
concentration of surface Ce>" sites. As we remarked above, our data
show that about 30% of CeO, is reduced to Ce,03 following the cat-
alyst reduction treatment at 673 K before performing the catalytic
tests. The assumption that Ce3* sites are participating in the pro-
pane combustion mechanism is strongly supported by the fact that
the Pt/CeO, activity continuously decreased on stream (see Fig. 5).
This catalyst activity decay is easily interpreted by considering that
the active Ce3* sites are progressively consumed by reoxidation to
Ce*" in presence of an oxidative atmosphere containing oxygen and
water.

The most active catalyst for propane combustion was Pt/TiO,
that exhibited the highest values of both the activation energy,
E,, and the pre-exponential factor, A (Table 2). On the other hand,
our results showed that Pt/TiO, is more acidic than Pt/CeO, and
Pt/Al;03 and that upon reduction in Hy less than 1% of Ti** is
reduced to Ti>* (Table 1).

Differences in the support acid strength may influence the
intrinsic oxidation Pt activity. Yazawa et al. [18,19] studied the
propane combustion on Pt supported on different supports and ob-
served that the propane oxidation activity on platinum increased
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Table 2
Propane oxidation: catalytic results.

Catalyst Light-off curves T°° (K) Kinetically controlled catalytic tests
rp (mol/h gpr) TOFp (h™1) Reaction orders E, (kJ/mol) A (1/h.atm® * P)
o B
Pt/Al,03 668 0.32 100 0.8 0 60 5.94 x 107
Pt/Ce0, 606 1.21 483 0.9 0.1 37 1.83 x 10°
Pt/TiO, 603 2.66 1620 1.5 -0.8 84 2.15 x 10"
Results in Table 2 revealed that the areal propane uptake on
10 Pt/TiO, is about 3.6 and 5.5 times higher than on Pt/Al,0s3 and
Pt/CeO,, respectively. A drastic increase of the density of adsorbed
propane species may promote the alkane oxidation rate and
8 1 probably explains the high TOF values observed on Pt/TiO.. In fact,
§ a direct consequence of increasing the local propane concentration
o around the metallic Pt active sites would be the increase of the
X 61 alkane oxidation conversion rate because the reaction is positive
c .
o order with respect to the hydrocarbon. The adsorbed propane
g 44 concentration increase on Pt/TiO, would also explain the drastic
2 increase of the preexponential factor A that kinetically compen-
3 sates the E, augmentation observed for propane combustion on
PR . R 3 Rl 2 2 EoE R s » a Pt/TiO, (Table 2). We have proposed a similar qualitative explana-
tion (promotion of the alkane oxidation activity because of a dras-
tic increase of the density of adsorbed alkane species) for the high
0 T T T T T T T T T T activity observed on Pt/zeolite catalysts for the alkane oxidation
0 20 40 60 80 100

Time (min)

Fig. 5. Propane conversion as a function of time. Pt/Al,O; (M), W/F?, =123 8car
h/mol; Pt/TiO, (O), W/Fs = 4 g h/mol; Pt/CeO, (®), W/F)=12 g h/mol
[P=101.3 kPa, T=523 K, propane:0,:N, = 0.8:9.9:89.3].

with the acid strength. By reasoning that the Pt oxidation activity is
higher when the metal is less oxidized, these authors proposed
that platinum has higher oxidation-resistance in oxidizing atmo-
spheres on more acidic support materials. In contrast, other
authors that investigated the propane oxidation reaction over Pt
supported on non-zeolitic materials did not find any correlation
between the catalyst activity and the total acidity of the support
[42,43]. Here, the most acidic catalyst (Pt/TiO,) exhibited the high-
est propane combustion turnover rate and this result is consistent
with the proposal of Yazawa et al. [18]. However, our data in
Table 2 also show that the order with respect to oxygen on
Pt/TiO, was negative (—0.8) and about zero for Pt/Al,03 and
Pt/CeO,. This result is not consistent with the interpretation that
Pt on electrophilic supports has the higher oxidation-resistance.
In fact, if the effect of the acid supports is to prevent Pt from oxi-
dation it is expected that the inhibition by oxygen would decrease
with the support acid strength.

reaction (excepting methane) [20].

3.2.2. Propylene oxidation

Fig. 8 shows the light-off curves obtained for combustion of
propylene on our Pt-based catalysts. The T°° values obtained from
these curves are presented in Table 3. The T°° values for Pt/Al,O3
and Pt/CeO, were similar while that corresponding to Pt/TiO,
was significantly higher.

Propylene oxidation was also carried out on our Pt catalysts at
constant temperature (428 K). Fig. 9 shows the evolution of propyl-
ene conversion as a function of time on the three catalysts investi-
gated in this work. The propylene conversion remained constant
on Pt/Al;03 and Pt/TiO, but continuously decayed on Pt/CeO, with
the progress of the reaction. The propylene oxidation rates, rgr and
turnover frequencies, TOFp;, were determined from the Xp, vs time
curves of Fig. 9 and are presented in Table 3. Because of catalyst
deactivation, the rgl. and TOFyp, values for Pt/CeO, were determined
from the initial propylene conversion obtained by extrapolating
the Xp; vs time curve to initial time-on-stream. Data in Table 3
shows that the propylene oxidation turnover rate on Pt/CeO,
(351 h™!) was three times higher than on Pt/Al,O0; (118 h™!) and
Pt/TiO, (96 h™1).

0
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Fig. 6. Dependence of propane oxidation rate upon propane (A) and oxygen (B) partial pressure. Catalyst: Pt/TiO, (OJ), Pt/CeO, (®), Pt/Al,O5; (W) [T =523 K, P=101.3 kPa].
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Fig. 7. Arrhenius plots for determining E, (apparent activation energy) and A (pre-
exponential factor). Propane oxidation turnover rates as a function of inverse
temperature on Pt/TiO, (O), Pt/CeO, (®), Pt/Al,05 (M) [P=101.3kPa,
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In order to get insight on the reaction mechanism, we deter-
mined the reaction orders and activation energies for propylene
oxidation. The influence of reactant partial pressure on catalyst
activity was studied at 428 K. The propylene partial pressure was
varied between 0.7 and 1.4 kPa maintaining the O, pressure
at 14.7 kPa , while P,, was varied between 6.7 and 20 kPa at
Pp: = 1.1 kPa. The reaction orders, o and g, were determined using
the linearized form of Eq. (2) that represents the propylene oxida-
tion rate:
ror = kP2 PP (2)

pr- 0z

Table 3
Propylene oxidation: catalytic results.
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Fig. 9. Propylene conversion as a function of time. Pt/Al,O; (M); Pt/TiO, (O); Pt/
CeO, (®) [P=1013kPa, T=428K, W/Fs = 12gh/mol, propylene:0,:N,=
0.8:9.9:89.3].

The obtained values of « and g are shown in Table 3. In Table 3
we have also included the values of the apparent activation energy,
E,, and the pre-exponential factor, A, determined from In TOFp, vs
1/T plots (not shown here).

The kinetic data in Table 3 shows that the order in propylene
was negative on Pt/Al,03 (—0.5) and close to zero on Pt/TiO, and
Pt/CeO,. The order in oxygen was positive on the three catalysts:
0.5 on Pt/CeO, and close to one on Pt/Al,03; and Pt/TiO,. Overall,
we observe that the reactant order values in Table 3 are in agree-
ment with data in literature for propylene oxidation on Pt-based
catalysts [9,21,25-27]. On Pt/Al,0s, Shinjoh et al. [9] reported or-
ders with respect to propylene and O, of —0.7 and 1.1, respectively,
while Benard et al. [25] observed values of & = —0.5 and = 1.1. On
Pt/TiO,, Baylet et al. [27] reported orders in propylene and oxygen
of zero and 1.5, respectively. On Pt/CeO,-Al,0s. Yu Yao [26] deter-
mined values of o = —0.3 and S =1.2. The negative or zero orders
with respect to propylene determined on our Pt-based catalysts
reveal that propylene or derived-intermediates are strongly
adsorbed on platinum causing self-inhibition. Pioneer studies on
ethylene and propylene oxidation mechanism performed on Pt
single crystals and foils [44-47] have proposed that the olefin is
adsorbed and dehydrogenated to a surface intermediate that is
consecutively oxidized to water and CO, by coadsorbed atomic
oxygen. In the case of propylene, the intermediate would be
1-methylvinyl species adsorbed nearly parallel to the surface
[46]. In this mechanism, the activation of the oxygen molecule
would be the rate-limiting step which is in agreement with the
positive order in oxygen determined on our Pt-supported catalysts.
Consistently, Cant and Hall [48] observed that the order of activity
of noble metals for oxidizing propylene depends upon the ability of
the metal to activate O,.

Results in Table 3 also show that the apparent activation ener-
gies were similar on the three catalysts used in this work, between

Catalyst Light-off curves T° (K) Kinetically controlled catalytic tests
Ip (mol/h gp,) TOFp, (h™") Reaction orders E, (k]/mol) A (1/h.atm(** )
o B
Pt/Al,03 479 0.38 118 -0.5 1.1 43 2.24 x 106
Pt/CeO, 463 0.88 351 0.1 0.5 39 2.62 x 108
Pt/TiO, 538 0.16 96 -0.1 0.9 37 1.58 x 10°
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37 and 43 kJ/mol, thereby suggesting that propylene is oxidized via
the same reaction mechanism. Nevertheless, the initial propylene
oxidation turnover rate was higher on Pt/CeO, than on Pt/Al,03
or Pt/TiO,. This result may be explained by considering that the
Pt-catalyzed reduction of ceria forms oxygen vacancies, in close
vicinity to the Pt particles, which would improve both the lability
and mobility of lattice oxygen of the support. The transfer of addi-
tional activated oxygen from the support to the adsorbed propyl-
ene species on the metal will increase the catalyst activity
because the reaction is positive order in oxygen. A similar explana-
tion relating the oxygen deficiency in ceria with a high catalytic
activity has already been advanced for the deep oxidation of meth-
ane by other authors [49]. Finally, it must be noted that, as in the
case of propane oxidation, the activity for propylene oxidation
diminished with the progress of the reaction reflecting the loss of
surface active sites on stream. Again, this activity decay probably
reflects the filling of the oxygen vacancies on the support by
reoxidation of Ce3* sites under the oxidative atmosphere occurring
during propylene oxidation.

4. Conclusions

The activity and reaction mechanism of the deep oxidation of
propane and propylene on Pt/Al,0s, Pt/CeO, and Pt/TiO, catalysts
depend on the nature of both the reactant and the support. For pro-
pane oxidation, the reaction orders are zero or negative in oxygen
and positive in the hydrocarbon, which is in agreement with the
assumption that the rate-limiting step of the reaction mechanism
is the dissociative chemisorption of propane on platinum with the
breakage of the weakest C-H bond. The catalyst activity trend for
propane combustion is Pt/TiO, > Pt/CeO, > Pt/Al,03. The propane
uptake on Pt/TiO, is clearly higher than on Pt/CeO,, or Pt/Al,Os. This
drastic increase in the concentration of adsorbed propane species
may explain the superior combustion activity obtained on Pt/TiO,
because the reaction is positive order with respect to propane. On
the other hand, the higher activity obtained on Pt/CeO, than on
Pt/Al,O3 probably reflects the fact that the combustion of C3Hg on
Pt/CeO, would occur not only on surface metallic Pt sites but also
on perimeter Pt’-Ce3" sites providing an additional oxidation
pathway.

For propylene oxidation, the reaction orders are positive in oxy-
gen and zero or negative with respect to propylene. Propylene is
strongly adsorbed on platinum causing self-inhibition and then is
converted to water and CO, by coadsorbed activated oxygen.
Propylene oxidation turnover rates follow the order: Pt/CeO, >
Pt/Al,03 = Pt/TiO,. The superior activity of Pt/CeO, is interpreted
by taken into account that the Pt-catalyzed reduction of ceria forms
oxygen vacancies, in close vicinity to the Pt particles, which would
improve both the lability and mobility of lattice oxygen of the sup-
port. The transfer of additional activated oxygen from the support
to the adsorbed propylene species on the metal will increase the
catalyst activity because the reaction is positive order in oxygen.

The oxidation activity for both hydrocarbons is stable on
Pt/Al,03 and Pt/TiO, but continuously decreases on Pt/CeO, with
the progress of the reaction. This activity decay on Pt/CeO, is ex-
plained by considering that the surface active sites generated on
the support by the Pt-catalyzed reduction of ceria (Ce>* and oxygen
vacancies sites) are consumed on stream because of the presence
of an oxidative atmosphere containing oxygen and water.
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