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Partial oxidation of methane and reforming of methane with CO2 were carried out with Pt=Al2O3, PtZrO2 and Pt=CeO2

catalysts, in the temperature range of 350–900 �C. For partial oxidation, the catalysts showed similar stabilities, with the PtZr

slightly more active. The reaction occurs in two simultaneous stages: total combustion of methane and reforming of the

unconverted methane with steam and CO2, with the O2 conversion of 100% over the whole temperature range. For reforming with

CO2, the catalysts presented similar activities, but with distinct deactivation rates: while the PtAl deactivates very fast at 800 �C, due
to deposition of inactive carbon, the PtZr and PtCe catalysts offer higher resistance to coke formation, due to the metal-support

interactions and the higher mobility of oxygen in the oxide lattice.
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1. Introduction

There has been substantial interest in recent years in
alternative routes for conversion of natural gas (methane)
to synthesis gas, a mixture of CO and H2, which can be
used to produce chemical products with high added
values, such as hydrocarbons and oxygenated com-
pounds. Generally, methane is converted to synthesis
gas by steam reforming, but it requires a large amount of
heat addition and the H2=CO ratio obtained (about 3) is
too high for fuel synthesis via Fischer–Tropsch reaction
[1,2]. Moreover, steam reformers are inadequate for
hydrogen generation in fuel cell electric vehicles because
of their high thermal inertia for frequent start-up and
shut-down operation condition [3,4].

Methane partial oxidation is an advantageous route
for synthesis gas production for both economical and
technical reasons: it makes the process less energy-
intensive and capital cost-intensive because of its
exothermic nature, and the lower H2=CO ratio (about
2) is more favorable with respect to downstream
processes such as methanol synthesis and Fischer–
Tropsch synthesis of higher hydrocarbons [5–7]. In
addition, a fuel processor based on partial oxidation of
methane could provide a low cost and compact system,
with fast start-up and capability to follow load variations,
more adequate for fuel cell electric vehicles [4].

CH4 þ 1
2O2 , COþ 2H2 �H298K ¼ �36 kJ=mol ð1Þ

Reforming of methane with CO2 is another alter-

native route with important advantages for some
applications since the H2=CO product ratio (about 1)
is more adequate for synthesis of oxoalcohols, acetic
acid and dimethyl ether [8]. It is also an environment-
friendly process because it reduces CO2 emissions, which
is the main source of the greenhouse effect.

CH4 þ CO2 , 2CO þ 2H2 �H298K ¼ 247 kJ=mol ð2Þ

Although development of catalysts on the basis of
nonnoble metals (e.g. Fe, Co, Ni) is of interest from the
industrial point of view, numerous studies have demon-
strated that noble metal catalysts exhibit better activity
and suffer less carbon deposition [9–11]. There is evidence
that the support has a significant effect on the overall
catalytic behavior and the use of reducible oxides, like
ZrO2 and CeO2, can result in additional process benefits
when compared to irreducible oxides, such as Al2O3, SiO2

or MgO [12–14]. The reducibility and oxygen transfer
capacity of ZrO2 andCeO2 have shown to be fundamental
in keeping the active-phase surface free of carbon deposits
[14,15]. The role of these oxides is closely related to a
bifunctional mechanism in which oxygen from the oxide
lattice reacts with the carbonaceous species adsorbed on
the noble metal, while the partially reduced oxide is
simultaneously reoxidized by the gaseous oxidant (O2 or
CO2). Thus, the reaction takes place basically at themetal-
support interface [14–16].

The aim of this work is to investigate the role of the
reducible oxides ZrO2 and CeO2 in the activity and
stability of supported platinum catalysts for methane
partial oxidation and CO2 reforming, comparing with
the catalytic behavior of Pt=Al2O3.
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2. Experimental

2.1. Catalyst preparation

Al2O3, ZrO2 and CeO2 supports were prepared by
calcination of �-alumina (Engelhard Corporation Cat-
alyst), zirconium hydroxide (MEL Chemicals) and
cerium ammonium nitrate (Aldrich) at 550 �C for 2 h
under flowing air.

The platinum catalysts were prepared by incipient
wetness impregnation of the supports with an aqueous
solution of chloroplatinic acid (H2PtCl6, Aldrich),
followed by drying at 120 �C for 16 h and calcination
in air at 550 �C for 2 h. All samples contained about 1
wt% of platinum, which was determined by atomic
absorption spectrometry. The prepared catalysts are
referred to as PtAl for Pt=Al2O3, PtZr for Pt=ZrO2 and
PtCe for Pt=CeO2.

2.2. Catalyst characterization

H2 and CO chemisorption analyses were obtained at
room temperature using an automatic adsorption
system (ASAP 2000, Micromeritics). The samples were
pretreated with helium flux at 150 �C for 1 h. After
reduction at 300 or 500 �C under 10% H2=Ar flow, the
samples were evacuated at 10�6 torr for 30min at the
reduction temperature and cooled to room temperature.
Irreversible H2 and CO uptakes were obtained from the
total and reversible adsorptions isotherms taken in a
pressure range of 50–350mmHg.

TPR apparatus and methodology are described in
[17]. The samples were dehydrated at 150 �C under
flowing argon before the reduction. A mixture of 1.65%
hydrogen in argon flowed at 30mL/min through the
sample, raising the temperature at a heating rate of
10 �C=min up to 900 �C.

2.3. Catalyst testing

Before each catalytic test, the catalysts were dried
in situ with flowing nitrogen at 150 �C for 30min,
following the reduction with 10% H2=N2 at a rate of
10 �C=min to 500 �C and remaining at this temperature
for 1 h. After reduction, the catalyst was purged with N2

for 30min at the same temperature. The reaction was
carried out in a fixed-bed flow-type quartz reactor
loaded with 20mg of catalyst, under atmospheric
pressure. A thermocouple was placed on top of the
catalyst bed to measure catalyst temperature. The total
feed flow rate was held constant at 200 cm3=min
(WHSV ¼ 600 000 cm3=h=gcat) with flowing helium.
The gas compositions are listed in table 1. The activity
tests were performed at different temperatures, ranging
from 450 to 900 �C in steps of 50 �C that were kept for
30min at each temperature. The loss in catalyst activity
at 800 �C was monitored up to 60 h onstream. The
reaction products were analyzed by on-line gas chro-
matograph (CHROMPACK CP9001), equipped with a
Hayesep D column and a thermal conductivity detector.

The amount of coke formed over the catalysts after
deactivation tests at 800 �C was examined by thermo-
gravimetric analysis (TGA), using a RIGAKU thermo-
analyzer (model TAS 100). The samples were pretreated
at 150 �C under flowing nitrogen and then heated at a
rate of 10 �C=min to 800 �C in a flow of 15% O2=N2

(50 cm3=min).

3. Results and discussion

3.1. Catalyst characterization

The amounts of irreversibly adsorbed H2 and CO at
room temperature after low-temperature (LTR) and
high-temperature reduction (HTR) are reported in
table 2. After reduction at 500 �C, the PtAl catalyst
presented high H/Pt values, which can be associated
with the presence of oxychlorinated platinum complexes
(PtOxCly), due to the specific capacity of alumina to
retain chlorine ions [18,19]. After reduction at 300 �C,
the H2 and CO uptakes on this catalyst decreased

Table 1

Flow rates for activity and deactivation tests (cm3/min)

Test no. CH4 CO2 O2 He Total

1 10 0 5 185 200

2 10 0 4 186 200

3 10 0 6 184 200

4 10 10 0 180 200

Table 2

H2 and CO chemisorptions on platinum catalysts

Catalyst T reduction

(8C)
H2 uptake

(�mol/gcat)

H/Pt CO uptake

(�mol/gcat)

CO/Pt CO/H2

PtAl 300 19.0 0.74 27.3 0.53 1.4

500 22.3 0.87 35.7 0.70 1.6

PtZr 300 14.6 0.57 57.1 1.11 3.9

500 8.8 0.34 60.9 1.19 6.9

PtCe 300 30.8 1.21 37.5 0.74 1.2

500 15.1 0.59 15.7 0.31 1.0
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slightly as a consequence of the incomplete reduction of
platinum at this temperature, as will be shown by TPR.

The lower dispersion of the PtZr catalyst might be
associated with the retention of small amounts of
chlorine by zirconia, creating platinum oxide species
instead of PtOxCly, and due to the lower specific surface
area of zirconia (62m2=g) as compared to alumina
(200m2=g). After HTR, the H2 chemisorption on PtZr
was markedly decreased compared to that on PtZr
reduced at 300 �C, which suggests the migration of
partially reduced zirconia onto the platinum surface (a
SMSI-type state). However, the presence of ZrOx

moieties did not cause any decrease in CO chemisorp-
tion on this catalyst. The high values of the CO=H2 ratio
for the PtZr catalyst predict an interaction of CO with
the Pt-ZrOx interface, as shown by FTIR of CO in a
previous paper [20].

The H/Pt value greater than 1 for the PtCe catalyst
after reduction at 300 �C is typical of CeO2-supported
catalysts [21,22] and is a consequence of the high
capacity of H2 spillover from the metal to the support
[23]. The decrease in the H/Pt value after the HTR may
be due to partial covering of the metal by the reduced
support, but this phenomenon is likely to occur with
CeO2 only after H2 treatment above 700 �C [24]. Thus,
the partial suppression of H2 uptake after the HTR
should be related to a decrease in the rate of H2

spillover, which can be induced by the presence of a fully
reduced surface. The CO/Pt value also decreases with
the reduction temperature for the PtCe catalyst,
although the amount of CO chemisorbed by ceria grows
as the degree of ceria reduction is increased [24].

The TPR profile of the PtCe catalyst is displayed in
figure 1. The experimental and theoretical H2 uptakes are
presented in table 3, assuming the reduction Pt4þ ! Pt0.
The reduction profile of PtAl (not shown) was similar to
those reported in the literature [19,25]. The PtAl catalyst
exhibited a maximum reduction rate at 280 �C, which has
been related to the reduction of an oxychloroplatinum

surface complex, such as ½PtðOHÞxCly�s and ½PtOxCly�s
[18].

The TPR profile of PtZr catalyst exhibited three main
peaks—at 230, 360 and 525�C, with a final stoichio-
metry of ZrO1:98 [20]. The H2 uptake corresponding to
the first peak ð230 �CÞ was higher than that needed for
complete platinum reduction (table 3). As pure zirconia
did not present H2 consumption during TPR, the
additional H2 consumption by the PtZr catalyst may
be associated to the reduction of zirconia at the metal
interface. The other two peaks are attributed to the
additional reduction of the support.

The PtCe catalyst presented a broad peak at 315 �C,
with a shoulder at lower temperatures, and the H2

uptake was more than four times higher than the
theoretical one, which clearly indicates the reduction of
the support. For pure CeO2, two peaks were observed
around 500 and 820 �C—the first peak corresponding to
the reduction of the surface capping oxygen of ceria and
the second one to the reduction of the ceria lattice [4,22].
The presence of platinum strongly modifies the features
of the TPR profile, with the first peak shifted to lower
temperatures. Most of the H2 consumed in this low-
temperature region can be associated to the removal of
the readily available surface oxygen adjacent to the
metal through a spillover mechanism, with a degree of
reduction corresponding to CeO1:93.

3.2. Partial oxidation of methane

The effect of the temperature on the CH4 conversion
for the partial oxidation reaction is displayed in figure 2.
The activities of supported platinum catalysts were
influenced by the nature of the support, with a better
activation of the PtZr at low temperatures. PtAl was the
most active catalyst over the mid-temperature range
ð550–650 �CÞ, and, at higher temperatures, PtAl and
PtZr exhibited activities greater than PtCe. The activity
of PtAl was similar to that reported by Vernon et al. [9],
which closely attained the thermodynamic equilibrium
values. The Pt=CeO2 prepared by Pantu and Gavalas
[14] gave considerably higher methane conversion than
Pt=Al2O3 at temperatures up to 650 �C, which was
related to the reducibility of the support; above 700 �C,
the activities of both catalysts were comparable. The

Figure 1. TPR profile for the PtCe catalyst. Conditions: 1:65%H2=Ar,

10�C=min and GHSV ¼ 2118 cm3=h=gcat.

Table 3

Temperature-programmed reduction results

Catalyst Experimental uptakes

(�molH2/gcat)

Theoretical uptakesa

(�molH2/gcat)

PtAl 81.6 88.2

PtZr 129.1b 85.1

PtCe 484.8 110.0

aThe platinum loading was quantified by atomic absorption

spectrometry.
bCalculated using integration of the first peak only.

M.M.V.M. Souza and M. Schmal/Methane conversion to synthesis gas 13



difference in the catalytic performance of Pt=CeO2 may
be due to the preparation method of CeO2, which has
direct influence over the morphology of the catalyst.

The H2=CO product ratio of platinum catalysts
during methane partial oxidation is shown in figure 3,
as a function of temperature. At low temperatures, the
H2=CO ratio is about 3 for PtZr and PtCe catalysts and
2.2 for PtAl. As temperature rises, the H2=CO ratio
decreases up to a value of 1.5 for all catalysts. The high
H2=CO ratio at low temperatures is associated to the
reforming of methane with steam produced by total
combustion, which suggests that the reforming with
steam is faster than reforming with CO2.

CH4 þ 2O2 , CO2 þ 2H2O �H298K ¼ �802 kJ=mol

ð3Þ

CH4 þH2O , COþ 3H2 �H298K ¼ 206 kJ=mol ð4Þ

At higher temperatures, the H2=CO ratio is mainly
related to the partial oxidation of methane (reaction 1)

with simultaneous water–gas shift reaction:

CO2 þH2 , COþH2O �H298K ¼ 41 kJ=mol ð5Þ

A two-step mechanism has been proposed for the
partial oxidation of methane [26,27]. In the first step,
combustion of methane takes place, producing CO2 and
H2O; in the second step, synthesis gas is produced via
CO2 and steam reforming reactions of unreacted
methane. This indirect mechanism is clearly evidenced
by the composition profiles shown in figure 4 for the
PtZr catalyst. The O2 conversion is 100% over the whole
temperature range. The production of steam and CO2

decreases rapidly with temperature increase owing to the
exothermic nature of total combustion (reaction 3). The
high production rates of H2 and CO at temperatures as
low as 450 �C can be attributed to the heat released by
combustion, since at these temperatures, the catalytic
activities are very low for the reforming of methane with
CO2 or steam in the absence of oxygen.

The effect of O2=CH4 feed ratio on the CH4

conversion at various temperatures between 300 and
800 �C for the PtZr catalyst can be seen in figure 5.
Increasing the O2=CH4 ratio from 0.4 to 0.6 resulted in a
higher methane conversion of about 25% over the
temperature range of 450–600 �C, with an increase in the
CO2 and H2O production due to total combustion of
methane. Under oxygen-deficient condition (O2=CH4

ratio of 0.4), only a small amount of CO2 and H2O is
produced, resulting in high H2 and CO selectivities.
Under this low feed ratio, there was a decrease in CH4

conversion at higher temperatures, which can be related
to the catalyst deactivation. Similar behavior was
observed for PtAl and PtCe catalysts.

3.3. CO2 reforming

The comparison of catalyst activities for CO2

reforming of methane is displayed in figures 6 and 7,

Figure 2. CH4 conversion of platinum catalysts for partial oxidation

of methane as a function of temperature (each point was taken after

30min onstream). Conditions: test 1, table 1.

Figure 3. The H2=CO product ratio for partial oxidation of methane

as a function of temperature. Conditions: test 1, table 1.

Figure 4. Composition profiles for partial oxidation of methane as a

function of temperature over the PtZr catalyst. Conditions: test 1, table 1.
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in terms of CH4 conversion and H2=CO product ratio
respectively. All three catalysts exhibited similar activ-
ities, with a maximum difference of about 15% in CH4

conversion. The PtZr presented lower activity between
600 and 700 �C, but it is the most active at temperatures
higher than 750 �C. The higher activity of PtZr at high
temperatures can be associated to the formation of
Pt-Zrnþ interfacial sites, which are able to promote CO2

activation, as demonstrated by FTIR measurements in a
previous paper [20].

Wang and Ruckenstein previously reported that
rhodium supported on reducible oxides had much lower
activity and selectivity than rhodium on irreducible
oxides for CO2 reforming [28] and partial oxidation of
methane [29]. The difference was attributed to the
partial coverage of rhodium sites by the reducible oxides
and the high total combustion activity of the reducible
oxides. The activity sequence was the opposite to that of
reducibility, i.e., the initial activity of the reducible
oxides decreased with the increase in their reducibility,
with CeO2 much more reducible than ZrO2. It should be
noticed, however, that the reducible oxides used in their

study had very low surface areas (less than 5m2=g).
Moreover, the rhodium surface areas of the reducible
oxides were approximately one order of magnitude
lower than those of the irreducible oxides. Thus, the
lower activity of rhodium supported on the reducible
oxides could be due to their lower support and metal
surface areas.

The methane conversion was always lower than CO2

conversion, although they were presented in the feed in a
1 : 1 ratio, and the H2=CO product ratio was always
lower than 1 (figure 7), which is ascribed to the
simultaneous occurrence of the reverse water-gas shift
reaction (reaction 5). Wolf et al. [30] showed that the
experimental values of CO and H2 selectivities approach
the values determined by the water-gas shift equilibrium
already at low methane conversion and mainly at
temperatures below 700 �C. At higher temperatures, the
influence of the WGS reaction is lower and the H2=CO
ratio tends to 1. At low temperatures, theH2=COproduct
ratio was significantly lower for the PtZr catalyst,
because of the small rate of H2 formation on this catalyst,
while the CO production is kept constant. The low H2

formation by this catalyst can be related to the reaction
with carbonaceous deposits formed during the first
30min onstream, as shown by TPSR [31].

3.4. Deactivation studies

The comparison of catalyst stabilities for partial
oxidation of methane at 800 �C is shown in figure 8. The
catalysts exhibited similar initial activities, with the PtCe
slightly less active, and the deactivation rates were also
very close: 0.21%/h for PtAl, 0.18%/h for PtZr and
0.23%/h for PtCe, during 29 h onstream. The deactiva-
tion is related to the deposition of inactive carbon over
the active surface, and the amount of coke on these
catalysts was quantified by thermogravimetric analysis
carried out in an oxygen-containing atmosphere. The
amount of coke was relatively small for all catalysts

Figure 5. CH4 conversion versus temperature for partial oxidation of

methane using different gas compositions over the PtZr catalyst.

Conditions: tests 1, 2 and 3, table 1.

Figure 6. CH4 conversion of platinum catalysts for CO2 reforming of

methane as a function of temperature (each point was taken after

30min onstream). Conditions: test 4, table 1.

Figure 7. H2=CO product ratio for CO2 reforming of methane as a

function of temperature. Conditions: test 4, table 1.
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ð0:6–0:8mg coke=h=gcatÞ. Thus, the catalysts supported
on reducible oxides exhibited stabilities similar to that of
PtAl, not showing any promotion effect due to the
oxygen storage capacity of the oxides or the oxygen
mobility of the oxide lattice.

The support plays a major role on the stability of the
catalysts for the CO2 reforming of methane, as shown in
figure 9. Although all catalysts exhibit similar initial
activities, the stability behavior differs completely with
time onstream. The PtAl deactivated very fast during
22 h onstream, with a deactivation rate of about 4.0%/h,
while the PtZr and PtCe remained stable up to 60 h
of reaction, with deactivation rates of only 0.31 and
0.24%/h respectively. The stable behavior of PtZr and
PtCe is associated with the observation of little coke
formation during the reaction ð0:8–0:9mg coke=gcat=hÞ.
On the other hand, TGA experiment showed a weight
loss of about 12% on treating the PtAl catalyst in
oxygen, indicating a significant amount of carbon
deposition during 22 h onstream (approximately
5:7mg coke=gcat=h) [20].

The deposition of inactive carbon during methane
reforming can be originated from either methane
decomposition (reaction 6) or CO disproportionation
(Boudouard reaction 7), which are thermodynamically
favorable below 900 �C [32,33]:

CH4 , Cþ 2H2 �H298K ¼ 75 kJ=mol ð6Þ

2CO , Cþ CO2 �H298K ¼ �172 kJ=mol ð7Þ

Thermodynamic calculations showed that the extent of
carbon deposition during reforming decreases at higher
reaction temperatures, in agreement with several experi-
mental observations [2,12,34]. These results suggest that
CO disproportionation is the main contributor to carbon
deposition because it is exothermic and the equilibrium
constant decreases with increasing temperature.

The higher stability of the Pt=ZrO2 and Pt=CeO2

catalysts is closely related to their coking resistivity,
which has been attributed to the strong interaction of
platinum with cationic sites (Zrnþ and Cenþ) on the

support surface, as shown in the TPR profiles and CO
and H2 chemisorption results. The interfacial sites on Pt-
support promote CO2 dissociation, improving the
catalyst stability by shifting the Boudouard reaction
[20,35]. Our previous FTIR analysis [20] showed that the
Pt-Zrnþ interface is active for CO and CO2 adsorption,
with a decrease in the Pt–CO bond strength, inhibiting
C–O bond breaking and consequently producing less
carbon formation on the catalyst surface. This same
kind of interaction could be responsible for the PtCe
stability.

4. Conclusions

For partial oxidation of methane, there was no great
influence of the nature of the support over the catalytic
behavior of Pt-supported catalysts. The composition
profiles showed that the partial oxidation reaction
proceeds via a two-step mechanism with the total
combustion of methane followed by reforming with CO2

and H2O produced. The heat released by combustion
enhances the reforming reactions. The H2=CO product
ratio varied between 3 and 1.5 over the temperature range
of 500–800 �C, with O2 conversion of 100%.

For reforming of methane with CO2, the support plays
a decisive role on the catalytic stabilities: while PtAl
deactivated very fast at 800 �C, owing to the deposition of
inactive carbon, the PtZr and PtCe catalysts showed high
resistance to coke formation. The H2=CO ratio is kept
lower than 1 because of the occurrence of reverse water–
gas shift reaction. The higher stability of the catalysts
supported on reducible oxides is closely related to the Pt-
support interactions with formation of interfacial sites
that promote CO2 dissociation, inhibiting carbon forma-
tion by the Boudouard reaction.
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