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Abstract

This work studied the effect of reaction conditions and catalyst reducibility on the performance of the Pt/CeO2 catalyst in the partia
oxidation of ethanol. Oxygen storage capacity (OSC) measurements allowed evaluation of the oxygen transfer capacity of the
Metal dispersion was determined through cyclohexane dehydrogenation, a structure-insensitive reaction. Infrared spectroscopy o
ethanol, temperature-programmed desorption, and temperature-programmed surface reaction of ethanol was performed to esta
action mechanism. The low dispersion and low oxygen transfer capacity led to a decrease in both the activity and stability of2
catalysts on partial oxidation of ethanol. The higher amount of oxygen near the metal particles promotes the mechanism of carbo
from the metallic surface, which takes place at the metal–support interfacial perimeter. Moreover, the increase in particle size dec
metal–support interfacial area, reducing the effectiveness of the mechanism of carbon removal from the metallic surface. Furthe
results obtained on partial oxidation of ethanol showed that an increase in the residence time or reaction temperature increased
conversion and H2 yield. Regarding selectivity for hydrocarbons and oxygenated products, the production of methane increased
selectivity for acetaldehyde decreased as the residence time or reaction temperature was increased. At low conversions, the etha
genation dominates, forming acetaldehyde, whereas at high conversions the decomposition of ethanol is favored, producing CH4, H2, and
CO. A reaction mechanism is proposed to explain the catalytic tests.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Fuel cells are a promising technology for efficient a
clean power for vehicles, residential units, offices, and c
mercial buildings[1]. Fuel cells require a source of h
drogen to produce electricity. However, hydrogen is di
cult to transport and store. Fuel reforming offers a pra
cal solution to the challenge of providing hydrogen for fu
cells onboard vehicles or for remote or stationary appl
tions[2].
* Corresponding author. Fax: +55-21-2123-1051.
E-mail address: fabiobel@int.gov.br(F.B. Noronha).

0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.04.022
A variety of technologies, such as steam reforming (S
partial oxidation (POX), and autothermal reforming (AT
can be used to produce hydrogen from fuels like gaso
diesel, LPG, methane, methanol, and ethanol[3]. The choice
of fuel and fuel-processing technology depends on both
type of fuel cell and its application. For stationary pow
natural gas is the preferred fuel, where it is available. H
ever, the natural gas infrastructure does not extend to
areas. For automotive applications, gasoline and meth
are considered the two most promising fuels. Whereas g

line has the advantage of a well-established infrastructure,
hydrogen production from methanol occurs at lower temper-
atures.

http://www.elsevier.com/locate/jcat
mailto:fabiobel@int.gov.br
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Ethanol presents several advantages over other
sources. As a renewable fuel, ethanol used in fuel-cell
hicles or for stationary power plants generates far fe
greenhouse gases than conventional fuels such as ga
or natural gas, since the CO2 produced in the process
consumed in crop grows[4]. Furthermore, the infrastructur
needed for ethanol production and distribution is alre
established in countries like Brazil and the United Sta
since ethanol is currently distributed and used as an oc
enhancer or oxygenate blended with gasoline. Accordin
automobile manufacturers, fuel infrastructure is one of
most critical issues in determining the choice of fuel
fuel-cell-powered vehicles[4]. Ethanol may also play an im
portant role in distributed generation as a fuel source th
available in remote areas where natural gas infrastructu
not present.

Steam reforming of ethanol has been proposed for
production of hydrogen for fuel cells[5–17]. However, this
process presents some disadvantages, such as format
by-products and catalytic deactivation. Hence, the econo
viability for the use of ethanol for this application depen
on the development of new catalysts and determinatio
the appropriate reaction conditions.

Although several studies have been made on steam
forming of ethanol, information on partial oxidation is sca
in the literature. Partial oxidation systems have fast star
and response times, which makes them attractive for
lowing rapidly varying loads. Moreover, the POX reactor
more compact than a steam reformer, since it does not
the indirect addition of heat via a heat exchanger.

We have previously reported that Pt/CeO2 catalysts pro-
vided good stability and activity to hydrogen producti
by partial oxidation of natural gas[18]. In this work, we
study the effect of the reaction conditions and the cata
reducibility on the performance of Pt/CeO2 catalysts on the
partial oxidation of ethanol. A reaction mechanism is p
posed to explain the catalytic results.

2. Experimental

2.1. Catalyst preparation

Cerium oxide was prepared by two different me
ods: (i) calcination of cerium (IV) ammonium nitrate
1073 K (CeO2) and (ii) precipitation through the additio
of ammonium hydroxide to an aqueous solution of ceri
(IV) ammonium nitrate followed by calcination at 1073
(CeO2(prec)). Platinum was added to CeO2 and CeO2(prec)
supports by incipient wetness impregnation with an aq
ous solution of H2PtCl6 · 6H2O and then dried at 393 K
The samples were calcined under air (50 cm3/min) at

673 K for 2 h. Two catalysts, Pt/CeO2 and Pt/CeO2(prec),
were obtained, and all catalysts contained 1.5 wt% plat-
inum.
f Catalysis 233 (2005) 453–463
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2.2. BET surface area

The BET surface areas of catalysts were measured w
Micromeritics ASAP 2000 analyzer by nitrogen adsorpt
at liquid nitrogen temperature.

2.3. Oxygen storage capacity

Oxygen storage capacity (OSC) measurements were
ried out in a microreactor coupled to a quadrupole m
spectrometer (Omnistar, Balzers). Before OSC analysis
samples were reduced under H2 at 773 K for 1 h. Then the
samples were cooled to 723 K and maintained at this tem
ature during the analysis. The mass spectrometer was
to measure the composition of the reactor effluent as a f
tion of time while a 5% O2/He mixture was passed throug
the catalyst. Oxygen consumption was calculated from
curve corresponding tom/e = 32.

2.4. Cyclohexane dehydrogenation

Platinum dispersion was estimated through cyclohex
dehydrogenation, a structure-insensitive reaction[19]. Since
H2 and CO spillover occurs over a CeO2 support, metal dis
persion could not be determined from the chemisorptio
both gases[20]. To estimate the dispersion of the Pt/Ce2
catalysts, a correlation between the rate of cyclohexane
hydrogenation and the metal dispersion measured by hy
gen chemisorption was established from Pt/Al2O3 catalysts
with different metal particle sizes.

Cyclohexane dehydrogenation was performed in a fix
bed reactor at atmospheric pressure. The catalysts we
duced at 773 K for 1 h, and the reaction was carried ou
543 K and WHSV= 170 h−1. We fed the reactants to th
reactor by bubbling H2 through a saturator containing cycl
hexane, with the intention of obtaining the desired H2/HC
ratio (13:1). The exit gases were analyzed with a gas c
matograph (Varian 300) equipped with a HP-Innowax c
umn.

2.5. Infrared spectroscopy of adsorbed ethanol

Infrared spectroscopy analyses of adsorbed ethanol
performed with a Fourier transform infrared spectrome
(Magna 560 Nicolet). Before the analysis, the samples w
reduced with H2 at 773 K for 1 h. Then the samples we
evacuated at the reduction temperature for 1 h and co
to room temperature. The catalysts were exposed to 2
of ethanol at room temperature for 1 h, and the spe
were collected after vacuum at 298, 373, 423, 473, 573,
673 K.

2.6. Temperature-programmed desorption of ethanol
Temperature-programmed desorption (TPD) experiments
with adsorbed ethanol were carried out in the same equip-
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ment as already described for the OSC measurements
fore TPD analyses, the samples were reduced under flo
H2 (30 cm3/min) up to 773 K (5 K/min) and were main
tained at that temperature for 1 h. After reduction, the sys
was purged with helium flow at the reduction temperat
for 30 min and cooled to room temperature. The adsorp
of ethanol was carried out at room temperature with pu
of an ethanol/He mixture, which we obtained by passing
through a saturator containing ethanol at 298 K. After
sorption, the catalyst was heated at a rate of 20 K/min rate
up to 823 K in flowing helium (50 cm3/min). The prod-
ucts were monitored with a quadrupole mass spectrom
(Balzers, Prisma). A Quadstar analytical system was use
record different signals of mass as a function of the tem
ature.

2.7. Temperature-programmed surface reaction

The temperature-programmed surface reaction (TP
was carried out by the same procedure as described
TPD analysis. All samples were reduced under flowing2
(30 cm3/min) up to 773 K (5 K/min) and maintained a
that temperature for 1 h. After reduction, the system w
purged with helium at the reduction temperature for 30 m
and cooled to room temperature. Ethanol was adsorbe
room temperature until the surface was saturated. After
sorption, the samples were purged with He and a 5% O2/He
mixture (50 cm3/min) was passed as the temperature w
raised at a 20 K/min rate to 823 K. The reaction produc
were monitored with a quadrupole mass spectrometer (B
ers, Prisma).

2.8. Reaction conditions

Ethanol partial oxidation was performed in a fixed-b
reactor at atmospheric pressure. Before reaction, the
lysts were reduced at 773 K for 1 h and then purged
der N2 at the same temperature for 30 min. The reac
was carried out on Pt/CeO2 catalyst at different tempera
tures and for different residence times. On CeO2 support
and Pt/CeO2(prec) catalyst, the ethanol partial oxidation w
performed at 573 K andW/Q = 0.16 g s/cm3 (W = weight
of catalyst;Q = volumetric flow rate). To avoid hot spo
formation and temperature gradients, catalyst samples
diluted with inert SiC (catalyst/SiC ratio= 1:3) to form a
small catalyst bed (<5 mm in height). Furthermore, we fe
the reactants to the reactor by bubbling air (30 cm3/min) and
N2 (30 cm3/min) through two saturators containing ethan
at 319 K, in order to obtain the desired ethanol/O2 molar
ratio (2.5:1)[21]. By working with this extremely diluted
ethanol/oxygen mixture, we ensured the uniformity of
temperature of the catalyst bed.

The exit gases were analyzed with two gas chrom

graphs equipped with flame ionization and thermal conduc-
tivity detectors, respectively. This reaction was also carried
out without catalyst (homogeneous reaction) at temperatures
f Catalysis 233 (2005) 453–463 455
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between 573 and 973 K. The ethanol conversion, hydro
yield (hydrogen mol/consumed ethanol mol), CO2/COx ra-
tio, and selectivity for hydrocarbons and oxygenated pr
ucts (selectivity for HC) reported for each run refer to m
surements taken at steady conditions (at around 100
time on stream, unless stated otherwise in the text). S
the hydrogen produced will be supplied to a PEM fuel c
it is important to maximize the CO2/COx ratio in order to
favor the purification step. The CO2/COx ratio and selectiv-
ity for HC (Sx ) were calculated from

(1)
CO2

COx

= nCO2

nCO2 + nCO
× 100,

(2)Sx = yx

yM + yC2 + yMOH + yacetal+ yacetate
× 100,

where nCO2 and nCO are, respectively, CO2 and CO in
moles, andyx is the weight fraction of the methane (x = M),
ethane+ ethene (x = C2), methanol (x = MOH), acetalde-
hyde (x = acetal), or ethyl acetate (x = acetate).

3. Results

3.1. Characteristics of the samples

Table 1lists BET surface areas obtained for the two c
alysts. The Pt/CeO2 catalyst showed a surface area sligh
higher than that of Pt/CeO2(prec). However, all samples e
hibited low surface areas.

The oxygen uptake and dispersion calculated through
clohexane dehydrogenation are also listed inTable 1. The
oxygen storage capacity of the Pt/CeO2 catalyst is sig-
nificantly higher than that of the Pt/CeO2(prec) catalyst.
Pt/CeO2 had higher dispersion than the Pt/CeO2(prec) cat-
alyst.

3.2. Infrared spectroscopy of adsorbed ethanol

Fig. 1 shows the IR spectra of adsorbed ethanol on
Pt/CeO2 catalyst in the C–O stretching region (a, b, and
and in the C–H stretching region (d). The IR spectr
after ethanol adsorption and evacuation at room temp
ture exhibits bands at 2978, 2933, 2118, 2087, 2054, 1
1600, 1574, 1547, 1525, 1425, 1400, 1340, 1315, 12
1120, 1082, 1056, 1040, and 1022 cm−1. The bands a
2978 (νas(CH3)), 2933 (νas(CH2)), 1400 (δs(CH3)), 1082,
and 1040 cm−1 (νCO) can be attributed to ethoxy spec

Table 1
BET surface areas, O2 uptakes measured at 723 K, specific rates of cy
hexane dehydrogenation and estimated metal dispersion

Catalyst BET
surface area
(m2/gcat)

O2 uptake
(µmol/gcat)

Rate of cyclohexane
dehydrogenation
(mol/(gcath))

Disper-
sion
(%)
Pt/CeO2 14 194 0.191 48
Pt/CeO2(prec) 9 18 0.062 15
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Fig. 1. Infrared spectra of the surface species formed by ethanol adsor
(d) C–H stretching region.

[22–24]. According to the literature, adsorption of alcoho
such as methanol[25–28]and ethanol[22–24]on the surface
of metal oxides occurs through an alkoxide species form
from the scission of the O–H bond.

The bands at 1600, 1574, 1547, 1425, 1340, and 1
cm−1 indicate that a further oxidation of ethoxy spec
takes place, producing acetate and/or carbonate specie
cording to the assignments of vibrational modes for ace
[22–24] and carbonate[25,29–31]species from adsorptio
of ethanol, acetaldehyde, and acetic acid on CeO2, Pd/CeO2,
and Pt/CeO2, we can observe that it is very hard to dist
guish one species from the other by its vibrational mode
the C–O stretching region. However, the shoulders at 1
and 1022 cm−1 suggest that acetate species are form

since characteristic bands related to carbonate species ar
not found in this region. These bands are due to the rocking
modes of CH3 [23]. Additional support for this assignment,
on reduced Pt/CeO2 catalyst at different temperatures. (a–c) C–O stretching reg

-

obtained after the sample was heated at different tem
atures, will be described later. But the presence of ox
tion product intermediates on reduced Pt/CeO2 even at room
temperature is noticeable. It is also important to stress
no evidence of acetate or carbonate species was found o
reduced Pt/CeO2 catalyst before ethanol adsorption.

After the samples were heated at 373 K, the bands co
sponding to ethoxy species almost completely disappea
On the other hand, the intensity of the bands associated
acetate species remained unchanged, even after evac
at 473 K. However, heating to 573 K resulted in imp
tant changes in the spectra. All of the bands attribute
acetate species were no longer detected, whereas the
characteristic of carbonate species (1523 and 1375 cm−1)

ewere now present (Fig. 1b). This result supports the idea of
transformation of acetate species into carbonate species. It
is worth noting that the appearance of the bands associated
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with carbonate species in the CO stretching region is
accompanied by bands between 1200 and 1000 cm−1. This
confirms the previous proposal that acetate species wer
only adsorbed oxidation intermediates formed at room t
perature. At 673 K, no bands attributed to carbonate spe
are observed.

The bands observed between 2200 and 1650 cm−1 have
been attributed to CO adsorption on Pt particles. FTIR
adsorbed CO on supported Pt catalysts has been used
important tool for probing both electronic and particle m
phology effects[32–35]. The IR bands can be divided in
two regions. One region corresponds to the absorption b
between 2200 and 1900 cm−1, which have been assigne
to linearly adsorbed CO. In this region, the bands ab
2050 cm−1 have been assigned to CO adsorbed on larg
particles, whereas the bands below 2050 cm−1 correspond
to linear CO adsorption on small Pt particles. The other
gion corresponds to the bands between 1900 and 1650 c−1,
which are due to bridged or multicoordinated adsorbed
[36–38]. In this work, the bands at 2087 and 2054 cm−1

could be attributed to CO adsorbed on Pt particles of
ferent sizes.

The assignment of the band at 2118 cm−1 is controver-
sial. This band has been related to the CO adsorption on2+
[37] and on Pd2+ [39]. However, this band has also been o
served in the IR spectra obtained in the absence of n
metal. Yee et al.[24] detected a band at 2122 cm−1 in the
IR spectra for a reduced CeO2 sample (before ethanol ad
sorption), which was formed from carbonate decomposi
during reduction. They attributed this band to CO adsor
on Ce3+ cations. Furthermore, this band appeared only
the unreduced and reduced Pt/CeO2 catalyst after ethanol ad
sorption and heating at 523 K. The appearance of this b
was followed by the formation of carbonate species. Th
fore, in our work, the band at 2118 cm−1 could possibly be
assigned to CO adsorption on Ce3+ cations, as previousl
reported[24].

Fig. 1c clearly shows that increasing the temperature
473 K strongly decreased the absorbance of the bands o
linearly adsorbed on Pt, whereas the band at 2118 cm−1 was
practically not affected. Heating to 573 K led to the compl
disappearance of the band at 2118 cm−1 and to a significan
increase in the intensity of the band at 2054 cm−1.

It is important to stress that the CO adsorbed at room t
perature stems from the ethoxy species decompositio
agreement with the TPD analysis, which will be presen
next.

3.3. Temperature-programmed desorption of ethanol

TPD profiles of adsorbed ethanol on Pt/CeO2 cata-
lyst are shown inFig. 2. Ethanol desorbed at one pe

(422 K), whereas no acetaldehyde formation was detected
The Pt/CeO2 catalyst exhibited the production of CO, CH4,
and H2 at around 480 K, due probably to the decomposi-
f Catalysis 233 (2005) 453–463 457

e

n

Fig. 2. TPD profile of ethanol adsorbed on Pt/CeO2 catalyst.

Fig. 3. Ethanol+ oxygen TPSR profile on Pt/CeO2 catalyst.

tion of ethanol. A further formation of CO, CH4, and H2 and
the appearance of CO2 was observed at higher temperatu
(above 550 K). No evidence of crotonaldehyde, acetone
benzene formation was given by TPD analysis.

3.4. Temperature-programmed surface reaction

Fig. 3shows the TPSR profiles for Pt/CeO2 catalyst. Un-
like the TPD results, acetaldehyde formation was obse
at around 426 K with the simultaneous production of C4,

.CO, and CO2. At 545 K, a large production of CO2 and a
small formation of methane occurred. Oxygen consumption
was seen at 434 and 548 K.
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Fig. 4. Ethanol conversion and selectivity to HC on partial oxidation
ethanol versus reaction temperature in absence of catalysts (homoge
reaction). Experimental conditions: flow rate= 60 cm3/min and etha-
nol/O2 = 2.5.

3.5. Partial oxidation of ethanol

3.5.1. Homogeneous reaction
Fig. 4presents ethanol conversion and selectivity for

versus reaction temperature obtained on the partial oxida
of ethanol in the absence of catalyst. The results showed
ethanol conversion became significant above 673 K, re
ing values of 76% at 973 K. In terms of selectivity for H
the main products obtained were acetaldehyde and met
The increase in reaction temperature led to a decrea
acetaldehyde production and an increase in methane fo
tion. Small amounts of C2 (ethane and ethene) and metha
were also observed at temperatures higher than 673 K
avoid such a homogeneous reaction, we studied the effe
the residence time on the performance of the Pt/CeO2 cat-
alysts at 573 K. The effect of reaction temperature on
activity, selectivity, and stability of the catalysts was eva
ated between 473 and 673 K.

3.5.2. Stability
Ethanol conversion on the Pt/CeO2 catalyst at three dif

ferent temperatures andW/Q = 0.16 g s/cm3 is described
in Fig. 5. At 473 and 573 K, the catalyst was quite s
ble after a small initial transient period. When the react
was run at 673 K, the ethanol conversion was complete
the Pt/CeO2(prec) catalyst, the ethanol conversion at 573
strongly decreased with TOS. Therefore, the effect of re
tion conditions was studied only for the Pt/CeO2 catalyst,
since this sample presented better stability for the partia
idation of ethanol.

3.5.3. Effect of residence time and reaction temperature

At first, it is important to stress that the activity of pure

ceria was negligible under the different reaction conditions
studied.Fig. 6 presents the ethanol conversion and the H2
f Catalysis 233 (2005) 453–463
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Fig. 5. Ethanol conversion on partial oxidation of ethanol for Pt/Ce2
and Pt/CeO2(prec) catalyst versus time on stream. Experimental co
tions: Pt/CeO2 catalyst:Treaction= 473 K (2); 573 K (Q); 673 K ("), and
Pt/CeO2(prec) catalyst:Treaction= 573 K (a); W/Q = 0.16 g s/cm3 and
ethanol/O2 = 2.5.

Fig. 6. Ethanol conversion and H2 yield on partial oxidation of ethanol a
573 K as a function of residence time over Pt/CeO2 catalyst.

yield as a function of residence time (W/Q) at 573 K on
the Pt/CeO2 catalyst. These results showed that increas
the residence time from 0.015 to 0.16 g s/cm3 strongly in-
creased the ethanol conversion and H2 yield. However, this
effect was less significant above 0.16 g s/cm3. Similar re-
sults were obtained by Fatsikostas et al.[13] for steam re-
forming of ethanol on Ni/(La2O3/Al2O3) catalysts.

Fig. 7shows product selectivity and CO2/COx ratio vari-
ations as a function of residence time. These results s
that a strong decrease in the CO2/COx ratio occurred when
the residence time was increased from 0.015 to 0.32 g s/cm3.
Concerning the selectivity for HC, the main products
tained at 573 K were methane and acetaldehyde for all
ues ofW/Q studied (Fig. 7). Furthermore, the selectivit
for acetaldehyde decreased and the production of met
increased as the residence time was varied from 0.01
0.16 g s/cm3. The formation of acetaldehyde and metha

remained practically unchanged for residence times higher
than 0.16 g s/cm3. Liguras et al.[40] also observed greater
amounts of acetaldehyde for low residence times on catalytic
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Fig. 7. CO2/COx ratio and selectivity to HC on partial oxidation of ethan
at 573 K as a function of residence time over Pt/CeO2 catalyst.

Fig. 8. Ethanol conversion and H2 yield on partial oxidation of ethanol a
W/Q = 0.16 g s/cm3 as a function of reaction temperature over Pt/Ce2
catalyst.

partial oxidation of ethanol over structured Ru catalysts.
sikostas et al.[13] studied the effect of contact time on th
performance of Ni/(La2O3/Al2O3) catalysts. The decrease
contact time was also followed by an increase in the se
tivity for CH3CHO, C2H4, and C2H6.

The ethanol conversion and the H2 yield as a function
of reaction temperature over Pt/CeO2 catalyst atW/Q =
0.16 g s/cm3 are shown inFig. 8. The ethanol conversio
strongly increased when the reaction temperature was ra
from 473 to 673 K. The same behavior was observed for2
yield as the temperature was increased from 473 to 57
However, above 573 K, the enhancement of the H2 yield was
less pronounced.

Fig. 9exhibits the CO2/COx ratio and HC selectivity ver
sus reaction temperature. The results obtained showed
the CO2/COx ratio decreased as the reaction tempera
was increased. This behavior is similar to the one obser

when the residence time was increased (Fig. 7).

At low temperature, the high CO2/COx ratio is proba-
bly due to the oxidation of CO adsorbed on Pt particles,
f Catalysis 233 (2005) 453–463 459

t

Fig. 9. CO2/COx ratio and selectivity to HC on partial oxidation of ethan
atW/Q = 0.16 g s/cm3 as a function of reaction temperature over Pt/Ce2
catalyst.

which was detected by the IR measurements. This CO
produced through ethanol decomposition, in agreement
TPD analysis. At high temperature, the contribution of
ethanol decomposition reaction to the overall mechan
decreases, whereas the decomposition of carbonate sp
producing CO2, takes place. Since at this temperature o
gen was completely consumed, the CO2 may replenish the
oxygen vacancies of the support instead of being liberate
the gas phase. This can explain the decrease in the CO2/CO
ratio at high temperature.

Regarding selectivity for HC (Fig. 9): the main produc
obtained was acetaldehyde at 473 K. Only trace amo
of methane and C2 were observed at this temperature.
increase in the reaction temperature from 473 to 573 K
creased the selectivity for methane and decreased th
etaldehyde production. At 673 K, methane was the m
product and acetaldehyde was no longer observed. Fur
more, small amounts of C2, methanol, and ethyl acetate we
detected at 673 K.

4. Discussion

4.1. Stability

One of the main issues in the production of H2 from
ethanol is the development of stable catalysts. Hence
performance of CeO2-supported Pt catalysts was evalua
as a function of TOS.

The strong deactivation of Pt/CeO2(prec) catalyst could
be attributed to carbon deposition or metal particle sin
ing. According to the literature, catalyst deactivation dur
ethanol steam reforming is mainly due to carbon deposi
[13,16,17], which is strongly influenced by the nature of t

support and the reaction conditions (reaction temperature;
ethanol/water ratio). Information about the partial oxidation
reaction is scarce. But carbon deposition has also been re-
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ported on the partial oxidation of ethanol over Ru-ba
catalyst[40].

We have studied the performance of CeO2- and Ce–ZrO2-
supported Pt catalysts on CO2 reforming and partial oxida
tion of methane[41,42]. The results showed that the stabil
of these materials in both reactions is due to the oc
rence of a carbon removal mechanism. According to
mechanism, carbon formed on a metal surface can par
reduce the oxide support near the metal particles, gen
ing COx species and oxygen vacancies. In the absenc
a reducible oxide, carbon will be deposited on the m
particle. The other path is the dissociation of CO2 on the
support followed by the formation of CO and O, which c
reoxidize the support. Then CO2 replenishes the oxygen va
cancies and makes the support able to carry out the r
mechanism for continuous cleaning, promoting the car
removal. The higher amount of oxygen vacancies near
metal particles promotes the mechanism of carbon rem
from the metallic surface, which takes place at the me
support interfacial perimeter. Furthermore, the increas
particle size decreases the metal–support interfacial are
ducing the effectiveness of the cleaning mechanism of m
particles[43].

In this work, the Pt/CeO2 catalyst exhibited an oxy
gen storage capacity tenfold higher than that of the
CeO2(prec) catalyst. Furthermore, the Pt/CeO2 catalyst also
has higher dispersion than the Pt/CeO2(prec) catalyst. It
means that the mechanism of carbon removal from
metallic surface should not be effective on the Pt/CeO2(prec)
catalyst, leading to its deactivation. Therefore, in our wo
the lower stability of the Pt/CeO2(prec) catalyst on the pa
tial oxidation of ethanol could be explained by its low d
persion and low oxygen transfer ability (Table 1).

Since the Pt/CeO2 catalyst exhibited higher stability, th
study of reaction mechanism was carried out on this cata

4.2. Reaction mechanism

4.2.1. Ethanol adsorption
In this work, the IR analysis revealed that ethanol

sorbs as ethoxy species. However, a fraction of these et
species are further oxidized to acetate species, even at
temperature. Idriss et al.[22] also observed the formatio
of ethoxy and acetates species after adsorption of acet
hyde at room temperature on the surface of reduced ceria
ceria-supported Pd catalyts by IR spectroscopy. On the o
hand, their studies of the adsorption of ethanol on CeO2 [23],
Pd/CeO2 [23], Pt/CeO2 [24], and Rh/CeO2 [44] catalysts
showed that ethanol adsorbed dissociatively to form eth
species on all surfaces studied. At this temperature, ac
species were observed only on unreduced CeO2. Accord-
ing to the authors, the absence of acetate species on re
CeO2 and supported catalysts (unreduced and reduced)

due to partial reduction of the support.

The presence of acetate species on our Pt/CeO2 catalysts
even at room temperature is probably due to the redox prop-
f Catalysis 233 (2005) 453–463
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erties of ceria. Several studies reported that cerium o
has a very high oxygen exchange capacity[45,46]. This ca-
pacity is associated with the ability of cerium to act as
oxygen buffer through the storage/release of O2 due to the
Ce4+/Ce3+ redox couple[46]. The OSC measurements
our Pt/CeO2 catalysts correspond to around 13% Ce3+ on
the support. Deeper reduction of CeO2 samples has been r
ported after treatment at higher temperatures[47,48]. In fact,
TPR analysis of this catalyst revealed the presence of
peaks at 443 and 1243 K[49]. The first one was due to th
reduction of superficial cerium oxide promoted by platinu
and the second one corresponds to the reduction of
cerium oxide[50]. Hence, the partial reduction of the su
port took place on the periphery of the metal particle. T
means that a large amount of mobile oxygen is still av
able after reduction at 773 K. Unfortunately, the group
Idriss and coworkers[23,24,44]measured neither the oxy
gen storage capacity of their catalysts nor the extensio
support reduction. Thus it is difficult to compare the t
works. The redox properties of their materials could po
bly explain the differences observed. Nevertheless, it se
that their Pd/CeO2, Pt/CeO2, and Rh/CeO2 catalysts have a
lower capacity to exchange oxygen than the Pt/CeO2 cata-
lyst of this work.

Furthermore, the oxidation of ethoxy to acetate spe
should be followed by Ce4+ → Ce3+ reduction, since the
IR experiments were carried out in the absence of o
gen. Therefore, the only oxygen source available to
dize the ethoxy species to acetate stems from the sup
This was also suggested by Finocchio et al.[26], who fol-
lowed the thermal evolution of adsorbed methanol on p
ceria. According to the authors, the oxidation of on-
methoxy species on Ce4+ sites led to the production of for
mate species (HCOO−) and H2, which was accompanied b
Ce4+ → Ce3+ reduction. H2 evolution was detected by ma
spectrometry.

The increase in temperature led to the complete di
pearance of the bands corresponding to ethoxy speci
around 373 K. On the other hand, the band intensities as
ated with acetate species remained unchanged. In fact,
bands were still present after evacuation at 473 K. Th
fore, the disappearance of ethoxy species was not follo
by the formation of acetate or carbonate species. In
TPD analysis revealed that the formation of methane be
at around 350 K, indicating that the adsorbed ethoxy spe
probably begins to decompose around this temperature.
eral works have reported the appearance of CO, CH4, and H2
at the low-temperature region during TPD analysis of
sorbed ethanol, which was attributed to the decompos
of ethoxy species[23,51–53]. Cordi and Falconer[52] sug-
gested that part of the ethanol adsorbed on alumina form
ethoxy species that migrates to Pd sites, where decom
tion take places. According to them, theα-carbon produced

CO and theβ-carbon formed CH4 during ethanol decom-
position. CO, CH4, and H2 were also produced at 495 K
during a TPD experiment with ethanol on the Pd/Al2O3 cat-
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alyst, because of the decomposition of ethanol on Pd[51].
Yee et al.[23,24,44]also observed the formation of CO
CH4, and CO2 during TPD analysis of ethanol on CeO2 and
Pd/CeO2. However, these products were formed at high te
perature (730 K) on the CeO2 sample. In this region, th
ethoxy species are no longer detected in the IR experim
with adsorbed ethanol on the support. This result confirm
that the decomposition of ethoxy species takes place on
metal particle.

In the literature, on Pd/CeO2, Pt/CeO2, and Rh/CeO2 cat-
alysts, a band at around 1700 cm−1 revealed the formation
of acetaldehyde through the oxidative dehydrogenatio
ethoxy species after the samples were heated[23,24,44].
Evidence of acetaldehyde formation was also provided
TPD analysis. Yee et al.[23,24,44]proposed that acetalde
hyde species undergo decomposition to CH4 and CO or pro-
duce carbonates, which are further oxidized to CO2. On the
Rh/CeO2 catalyst, the C–C bond of ethanol is readily dis
ciated, producing adsorbed CO. Yee et al.[44] proposed tha
the formation of CH4 and CO proceeded through CH3 trans-
fer to the surface and formation of CH2O species, which is
further decomposed to CO and hydrogen.

No evidence of acetaldehyde formation is observed
our Pt/CeO2 catalysts by IR or TPD analysis. The sam
result was obtained by Yee et al.[23] when they studied
the adsorption of ethanol on unreduced CeO2. According to
them, dehydrogenation of ethoxy species to acetaldehy
followed by a very facile oxidation to acetate species
to the high amount of oxygen available. This could expl
the absence of acetaldehyde species on the CeO2 surface and
agrees very well with the redox properties of our catalys

In this work, at higher temperatures, the bands rela
to acetate species vanished, suggesting that they unde
further oxidation, producing carbonate species, and dec
position to CO and CH4, as observed in the TPD experime
(above 500 K). The decomposition of carbonate spe
is probably responsible for the CO2 formation at 619 K
(Fig. 2). However, the amount of CO2 formed is low. In
fact, we have previously demonstrated that CO2 can replen-
ish the oxygen vacancies of the support, releasing CO
product [54,55]. This agrees very well with the large C
evolution detected at high temperature on our TPD an
sis. Formation of CO, CO2, and H2 at high temperatures ha
also been observed over alumina-supported catalyts[51,52].
According to Cordi and Falconer[52], it might be due to
the decomposition of a more stable carbon species for
during ethanol decomposition at lower temperatures. T
further suggested that acetaldehyde or acetic acid cou
the precursor for this more stable carbon species. Infr
studies of adsorbed ethanol on Pd/Al2O3 and Pd–Mo/Al2O3
catalysts showed the formation of acetate species as the
perature was raised from 523 to 573 K[51]. According
to Baldanza et al.[51], ethanol is dehydrogenated on P

sites to form acetaldehyde and more stable acetate specie
These species remain adsorbed and are the precursors fo
the CO, H2, and CO2 production observed at high tempera-
f Catalysis 233 (2005) 453–463 461
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ture. When compared with ceria support, acetate specie
alumina-supported catalysts are formed at higher temp
tures because of the lower ability to release/store oxyge
this support. Furthermore, in this case, an important des
tion of CO2 at high temperature is observed because alum
does not have oxygen vacancies as cerium oxide.

Finally, the large H2 production detected on the TPD pr
file at high temperature could be attributed to the desorp
of previously formed hydrogen. We have carried out T
studies of H2 adsorbed on this Pt/CeO2 catalyst[49], and
the profile exhibited two peaks at 353 and 613 K. The lo
temperature peak was assigned to the hydrogen desor
from the metal surface, whereas the other one was du
the hydrogen from the support, which was previously tra
ferred from the metal to the support (spillover)[56]. In this
work, the hydrogen production peak agrees very well w
our previous results.

4.2.2. Ethanol + oxygen reaction
A comparison between the TPD profile of adsorb

ethanol and the TPSR results reveals some important
ferences. In the presence of oxygen (Fig. 3), not only does
the decomposition of ethoxy species take place, but
the oxidative dehydrogenation to acetaldehyde. It seems
ethoxy species formed on the surface underwent oxida
by the oxygen from the feed simultaneously with its d
composition. This explains the simultaneous observatio
acetaldehyde desorption and methane formation. In a
tion, the decomposition of ethoxy species to methane
not followed by H2 and CO production on the TPSR ana
sis, which is due to its further oxidation to H2O and CO2. At
high temperature, the acetate species formed at room
perature and those that remained unreacted are oxid
producing more CO2.

In the literature, there are controversial results concern
the participation of acetate species as an intermediate
takes part in the reaction mechanism.

Sheng et al.[57] observed that the increase in react
temperature from 473 to 673 K led to a decrease in
etaldehyde production and an increase in methane form
on partial oxidation of ethanol over Rh–Pt/CeO2 catalysts.
According to them, ethanol adsorbs as ethoxy species
further react to form acetaldehyde. They suggested tha
etaldehyde decomposes, producing CO and CH4 at high
temperatures, but acetate formation was not propose
fact, they only carried out TPD and IR analysis in the
sence of oxygen, which may not completely represent a
the reactions involved.

According to de Mello et al.[53], who studied the NO
reduction with ethanol on Pd/Al2O3 catalyst by temperature
programmed analysis, acetaldehyde formation is an im
tant step in the creation of more stable acetate spe
According to the proposed mechanism, as soon as dehy

s.
r
genation of ethanol occurs, the acetaldehyde intermediate
readily leads to the acetate species, which immediately re-
act with the adsorbed NO. Similar observations were made
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by other authors in their investigation of ethanol oxidat
reactions. Nagal and Gonzalez[58] studied the oxidation o
ethanol and acetaldehyde on Pt/SiO2 catalysts by in situ in-
frared analyses. Based on their observations, they prop
a reaction mechanism in which the dehydrogenation o
adsorbed ethoxy species would be the limiting step. Th
dehydrogenated species could then be oxidized to form
termediate acetate species that would react, yielding CO2.

Based on these observations, the following reac
mechanism could be proposed to explain the partial ox
tion of ethanol on Pt/CeO2 catalysts.

At first, ethanol adsorbs on ceria, producing an eth
species:

CH3CH2OH(g)+ Ce4+ → CH3CH2O–Ce4+ + (1/2)H2.
(4)

In the absence of oxygen in the feed, a fraction of
ethoxy species can be dehydrogenated and immediate
acts with oxygen from the support to form acetate specie

CH3CH2O–Ce4+ → CH3CHO–Ce4+ + (1/2)H2, (5)

CH3CHO–Ce4+ + Ce4+–O2−
→ Ce3+–CH3COO–Ce3+ + (1/2)H2, (6)

which is followed by the Ce4+ → Ce3+ reduction.
When the temperature is increased, another fractio

the ethoxy species can migrate to the metal particle an
decomposed, forming CH4, H2, and CO:

CH3CH2O–Pd→ CH4 + CO+ (1/2)H2 + Pd. (7)

At high temperature, the acetate species previously
med can be decomposed to CH4 and CO and/or oxidized t
CO2 via carbonate species:

OH− + CH3COO− → CH4 + CO+ O2−, (8)

OH− + CH3COO− → CH4 + CO3
2−, (9)

CO3
2− → O2− + CO2. (10)

Under an oxygen atmosphere, the intermediate dehy
genated species formed as indicated above in Eq.(5) may
desorb as acetaldehyde while the Ce4+–O site is recovered
(Eq. (11)). This is indicated by a comparison of the TPD
sults, where no acetaldehyde was observed, with the T
results, where acetaldehyde formation occurred. The o
steps are similar to the ones described in the absenc
oxygen in the feed. This fully agrees with the increase
methane production followed by the decrease in aceta
hyde formation that occurs as the reaction temperatu
increased (Fig. 7):

CH3CHO–Ce4+ + (1/2)O2(g)
→ CH3CHO(g)+ Ce4+–O. (11)

5. Conclusions
The results obtained in this work show that the Pt/CeO2
catalyst can perform the partial oxidation of ethanol with
f Catalysis 233 (2005) 453–463
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good stability and activity at 573 K. Furthermore, at high
temperatures and higher residence times, the only
product detected on this catalyst is methane, which is
considered a contaminant of fuel cells. Higher methane
els are acceptable in the fuel-cell systems, because me
is combusted as a fuel in the reformer.

In addition, a large metal particle size and the low
ducibility of the support led to a decrease in the activ
and the stability of the Pt/CeO2 catalysts. The presence
a large particle size decreases the metal–support interf
area, reducing the effectiveness of the mechanism of ca
removal from the metallic surface, which takes place at
metal–support interfacial perimeter.

A reaction mechanism was proposed to explain the pa
oxidation of ethanol on Pt/CeO2 catalysts based on the IR
TPD, and TPSR experiments. According to this mechan
adsorption of ethanol on the support gives rise to eth
species. In the absence of oxygen in the feed, a fractio
the ethoxy species can be dehydrogenated, which readi
acts with oxygen from the support, producing acetate spe
and Ce3+. The extension of the oxidation reaction depe
on the amount of oxygen from the support, whose deg
of reduction is a function of the metal and pretreatm
conditions. With increased temperature, another fractio
the ethoxy species migrates to the metal particle and is
composed, forming CH4, H2, and CO. Furthermore, the a
etate species previously formed can be decomposed to4
and CO and/or oxidized to CO2 via carbonate species. Un
der an oxygen atmosphere, the intermediate dehydroge
species formed may desorb as acetaldehyde.
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