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Reforming of Methane with Carbon Dioxide over Pt/ZrO,/Al,O3; Catalysts
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The kinetics of CO; reforming of methane was studied over Pt
supported on Al,O03, ZrO,, and x% Zr0,/Al,03 (1 <x < 20 wt%),
and the catalysts were characterized using different techniques. The
influence of the support on the catalyst activity and carbon depo-
sition resistivity was markedly different in each case. Although the
Pt/Al, O3 catalyst deactivated significantly within 20 h onstream at
1073 K, zirconia-containing catalysts exhibited much higher stabil-
ity even after 60 h onstream. Thermogravimetric analysis results
showed that the amount of carbon on Pt/Al;O3 is much larger than
on Pt/ZrO;. Temperature-programmed reduction, CO chemisorp-
tion, and Fourier transform infrared of CO results provided
evidence of metal-support interactions on zirconia-containing cata-
lysts, indicating that the suppression of carbon deposition over
these systems is probably due to Pt-Zr"" interactions. A reac-
tion mechanism was proposed involving two different pathways:
CHy4 decomposition on metal particles and CO, activation on the
support. A kinetic model based on this dual mechanism successfully
correlated the experimental data.  © 2001 Eisevier Science
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INTRODUCTION

Methane reforming using carbon dioxide (dry reform-
ing) has been of interest for a long time (1, 2), but in recent
years it has grown for both environmental and commer-
cial reasons. This process offers important advantages com-
pared to steam reforming of methane. Namely, (a) it yields
lower H,/CO product ratios, which are preferable feeds for
Fischer-Tropsch plants (3) and for synthesis of oxoalcohols
(4) and acetic acid and dimethyl ether (5); (b) it reduces
CO; and CH,4 emissions, which are both greenhouse gases;
and (c) it is well suited for chemical energy transmission
systems (6, 7).

The major disadvantage of CHs—CO; reforming is the
high thermodynamic potential in coke formation (3, 8).
Much effort has been directed toward development of
catalysts capable of operating under severe deactivation
conditions. There are two commercial processes that have
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overcome the coking problem. The SPARG process (9)
ameliorates the coke formation by using sulfur passivation
of a Ni catalyst, which allows control of the ensemble size
on the metal surface. The CALCOR process (10, 11) op-
erates with special catalyst packing that prevents carbon
deposition, but it is not described in detail. These processes
have some drawbacks, such as the presence of sulfur com-
pounds in the products. Thus, there are strong incentives to
analyze the mechanistic aspects of dry reforming in order
to produce stable catalysts.

Although development of catalysts based on nonnoble
metals (e.g., Fe, Co, Ni) is of interest from the industrial
point of view, numerous studies have demonstrated that
noble metal catalysts exhibit better activity and suffer less
carbon deposition (12-14). There is evidence that the sup-
port utilized can have a significant effect on the over-
all catalytic behavior (15, 16). Among zirconia-supported
group VIII metals, Pt is one of the most active and stable
metals (17). Van Keulen et al. (17) showed that Pt/ZrO; has
great stability for a period over 1000 h, at 923-973 K and a
feed ratio of CH4—CO, =2.

Bradford and Vannice (18) proposed that the higher sta-
bility and coking resistivity of Pt/ZrO, may be associated
with strong Pt-Zr"" interactions, resulting in the forma-
tion of ZrOy species on the Pt surface. Moreover, ZrO,
seems to have a significant influence on the reaction mech-
anism of CH4—CO,; reforming, as shown recently (19-22).
The mechanism involves two independent reaction paths:
CHy4 decomposition on the metal particle and CO; activa-
tion on the support. Thus, the reaction takes place basically
at the metal-support interface.

Despite the fact that CH4—CO, reforming has been stud-
ied extensively, less emphasis has been given to funda-
mental understanding of the reaction kinetics. Bradford
and Vannice proposed a complete and consistent reac-
tion model for CH4—CO, reforming, based on CH4 acti-
vation to form CHy and CH,O decomposition as the rate-
determining steps, fitting well the experimental data for Ni
(23) and Pt catalysts (18). Although Bradford and Vannice
(18, 23, 24) had considered the roles of three types of sites
(metal, support, and metal-support interface), their pro-
posed kinetic model only included one type of active site.
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To our knowledge, the use of alumina-supported zirconia
as asupport for Ptin a CH4—CO; reforming reaction has not
been reported in the open literature. Dispersed zirconium
oxide on alumina constitutes of a new class of attractive car-
riers because it combines the unique chemical properties
of ZrO, with the high surface area and mechanical stabil-
ity of alumina. Thus, the aim of this paper is to study the
surface properties of Pt/ZrO,/Al, O3 systems in order to in-
vestigate the role of the support in the catalytic behavior
and to examine the coking resistance of supported Pt cata-
lysts. The reaction mechanism of CHy4 reforming by CO, is
discussed based on a kinetic model involving two reaction
paths, which is correlated to the experimental data.

EXPERIMENTAL

Catalyst Preparation

Commercial y-Al,O3; (Harshaw, A13996) and ZrO,, ob-
tained by calcination of zirconium hydroxide (MEL Chemi-
cals) in air at 823 K for 2 h, were used as supports.

Zr0O,/Al,0O3 samples were prepared by impregnation
over alumina powder with a nitric acid solution (50 vol%)
of zirconium hydroxide. The mixture was stirred for 2 h at
363 K. The resulting solid was dried at 393 K for 16 h and
calcined at 823 K for 2 h under flowing air. The estimated
zirconia loadings were 1, 5, 10, and 20% (wt/wt). Zirconia
contents were determined by X-ray fluorescence.

The Pt catalysts were prepared using the incipient
wetness technique, using an aqueous solution of H,PtClg -
6H,0 (Aldrich), followed by drying at 393 K for 16 h and
calcination in air at 823 K for 2 h. For all catalysts, the plat-
inum content was around 1 wt%, which was determined
by atomic absorption spectrometry. The prepared catalysts
are referred to as PtAl for Pt/Al, O3, PtZr for Pt/ZrO,, and
PtxZr for Pt/x% ZrO,/Al,O5.

Characterization

Textural properties were obtained in an ASAP 2000 ap-
paratus (Micromeritics) after pretreatment under vacuum
at 573 K. BET surface areas were determined from nitrogen
isotherms at 77 K.

Temperature-programmed reduction (TPR) apparatus
and methodology were described elsewhere (25). The sam-
ples were dehydrated at 423 K under flowing Ar before the
reduction. A mixture of 1.65% hydrogen in argon flowed
at 30 ml/min through the sample, raising the temperature
at a heating rate of 10 K/min up to 973 K.

H,; and CO chemisorption analyses were obtained at
room temperature using an automatic adsorption system
(ASAP 2000, Micromeritics). The samples were pretreated
with He flux at 423 K for 1 h. After reduction at 573 or
773 K under 10% Hy/Ar flow, the samples were evacuated
at 107 Torr for 30 min at the reduction temperature and
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cooled to room temperature. Irreversible H, and CO up-
takes were obtained from the total and reversible adsorp-
tions isotherms taken in a pressure range of 50-350 mm Hg.

Samples for infrared (IR) spectroscopy were in the form
of self-supporting disks and weighed around 25 mg. The
sample analysis was carried out with a Perkin-Elmer model
2000 Fourier transform infrared (FTIR) at a resolution of
2 cm~!. The catalysts were dried at 423 K under vacuum,
followed by reduction at 573 or 773 K with 10% Hj/Ar flux
for 1 h and evacuation for 30 min. After cooling to room
temperature, CO or CO, was admitted at 30 Torr for 15 min
and after evacuation the IR spectrum was taken. This pro-
cedure was repeated for desorption temperatures at 323,
373,473, and 573 K. All spectra were taken after cooling to
room temperature. The absorbance spectra were obtained
by using the interferograms of reduced samples as back-
ground references. The CO coverages at higher tempera-
tures were obtained by dividing the total integrated area of
linearly bonded CO vibration bands at each temperature
by the total integrated area obtained after desorption at
room temperature. The statistical variation relating to the

number of measurements at various coverages was 3 cm .

Catalyst Testing

Typically 20 mg of catalyst was loaded into a tubular
quartz reactor and the catalyst bed temperature was mea-
sured by a thermocouple. The catalysts were dried in situ
with flowing nitrogen at 423 K before reduction with 10%
H,/N, for 1 h at 773 K. After reduction the catalyst was
purged with nitrogen for 30 min at the same tempera-
ture. All activity tests were carried out under atmospheric
pressure with a feed composition of CO,/CH4/He =1/1/18
and a total feed flow rate of 200 cm®/min (weight-hourly
space velocity = 600,000 cm?/h - gcat), over the tempera-
ture range 723-1173 K. The partial-pressure dependencies
were determined by keeping 19 Torr of one reactant and
varying the other reactant pressure between 7 and 57 Torr,
while the balance of He was adjusted to maintain a total
gas flow rate of 200 sccm. The reaction products were ana-
lyzed using an online gas chromatograph (CHROMPACK
CP9001), equipped with a Hayesep D column and a thermal
conductivity detector.

Spent catalysts were examined by thermal desorption
analysis (TDA) and thermogravimetric analysis (TGA), us-
ing a RIGAKU thermoanalyzer (model TAS 100) operated
ina 15% O,/N, flow to check whether or not coke had been
formed on the used catalyst.

RESULTS

Concentration and Surface Area

Platinum and zirconia loadings and BET surface areas for
all catalysts are presented in Table 1. The 1-10% zirconia-
containing samples showed specific area values close to that
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TABLE 1

Chemical Composition and Surface Area
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TABLE 2

Temperature-Programmed Reduction Results

Catalyst Pt (wt%) ZrO; (Wt%) BET area (m?/g)
PtAl 0.86 — 199
PtZr 0.83 — 62
Pt1Zr 0.80 0.64 183
Pt5Zr 0.87 4.00 190
Pt10Zr 0.95 8.28 180
Pt20Zr 0.85 19.10 147

of alumina, while the loss in BET surface area was approx-
imately 26 % for the sample with 20% ZrO,. Although the
mean crystallite size of ZrO; in the Pt20Zr sample is only
1 nm, as measured by X-ray diffraction (26), alumina pores
can be blocked by zirconia particles, decreasing the specific
area of this sample. According to Damyanova et al. (27), a
monolayer of zirconia is reached at a loading of 17 wt%.
Our X-ray photoelectron spectroscopy and ion-scattering
spectroscopy measurements (26) also proved that the sur-
face coverage of zirconia on alumina increased up to 10%,
and above this concentration, crystallites of ZrO, nucle-
ated. Below the loading of 10 wt% the zirconia could be
highly dispersed on alumina, even though the possibility of
small ZrOy islands or crystallites cannot be excluded.

TPR

The TPR profiles of the catalysts are displayed in Fig. 1.
The experimental and theoretical H, uptakes are presented
in Table 2, assuming the reduction Pt*" — Pt’. Several au-
thors in the literature support the evidence that Pt oxide is
in the 4+ oxidation state in the dispersed phase of platinum
catalysts (28, 29). The reduction profile of PtAl was similar
to those reported in the literature (28, 30). The PtAl cata-
lyst exhibited a maximum reduction rate at 553 K, which has
been related to the reduction of an oxychloroplatinum sur-
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FIG. 1. TPR profiles for platinum catalysts. Conditions: 1.65% H,/Ar,
10 K/min, and GHSV =2118 cm’/h - g cat.

Experimental uptakes Theoretical uptakes

Catalyst (nmol Hy/g cat) (nmol Hy/g cat)
PtAl 81.6 88.2
PtZr 129.12 85.1
Pt1Zr 109.4 82.0
Pt5Zr 105.5 89.2
Pt10Zr 109.4 97.4
Pt20Zr 101.92 872

& Calculated using integration of the first reduction peak only.

face complex, such as [Pt(OH)4Cly]s and [PtO4Cly]; (29).
These results can be explained based on the specific capac-
ity of alumina to retain chlorine ions.

The PtZr catalyst exhibited three main peaks, at 503, 633,
and 798 K. The H, uptake corresponding to the first peak
(503 K) was higher than that needed for complete platinum
reduction (Table 2). As pure zirconia did not present H,
consumption during TPR, the additional H, consumption
by the PtZr catalyst may be associated to the reduction of
zirconia at the metal interface. The easier reduction of plat-
inum in this case, as seen by the TPR peak shift to lower
temperatures, suggests the formation of chloride-free sur-
face platinum oxides («-PtO;), because zirconia probably
retains less chlorine. The other two peaks are attributed to
the additional reduction of the support.

The alumina-supported zirconia catalysts also exhibited
a small shift of the maximum peak to lower temperatures
compared to that of the PtAl catalyst (with the exception of
Pt1Zr), which can be explained by a lower amount of chlo-
rine retained on that support, since an increased amount
of zirconia covers the alumina surface. These catalysts dis-
played a shoulder around 623-673 K that shows the con-
tribution of the support to the H, uptake presented in
Table 2. The shoulder on PtxZr catalysts can be associated
with the hydrogen spillover: the platinum, once reduced,
can dissociate H, homolitically, with the formation of ac-
tive species moving toward the zirconia surface, which helps
the reduction of ZrO;. Similar results were obtained by Yao
and co-workers (31, 32) for metallic catalysts supported on
CGOZ/A1203 and MOO3/A1203.

The TPR profile of the Pt20Zr catalyst presented a sec-
ond reduction peak at 893 K, which can be associated with
the reduction of zirconia crystallites. A small peak was also
observed at this temperature in the reduction profile of the
20% ZrO,/Al, O3 support (not shown). For lower contents
of zirconia there was no H; uptake in the metal absence
until 973 K.

H; and CO Chemisorption

The amounts of irreversibly adsorbed H; and CO at room
temperature are shown in Table 3. The dispersion was cal-
culated assuming a Pt: H ratioof 1:1.
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TABLE 3

H; and CO Chemisorptions on Pt Catalysts

Reduction at 573 K Reduction at 773 K
H, uptake CO uptake H, uptake CO uptake
Catalyst (nmol/g cat) H/Pt (nmol/g cat) CO/H, (nmol/g cat) H/Pt (nmol/g cat) CO/H,
PtAl 19.0 0.74 273 1.44 223 0.87 35.7 1.60
PtZr 14.6 0.57 57.1 3.92 8.8 0.34 60.9 6.92
Pt1Zr 16.7 0.65 31.7 1.89 24.9 0.97 47.8 1.92
Pt5Zr 18.2 0.71 41.5 2.28 21.5 0.84 49.9 2.32
Pt10Zr 18.4 0.72 44.7 242 21.1 0.82 573 2.72
Pt20Zr 15.9 0.62 27.2 1.71 15.3 0.60 46.0 3.01

After reduction at 773 K, the PtAl catalyst presented
high H/Pt values, as well did the catalysts with zirconia con-
tent between 1 and 10%. The presence of oxychlorinated
platinum complexes (PtO4Cly), observed using TPR, is re-
sponsible for the high dispersion of platinum on alumina
(30) and even for PtxZr catalysts with low zirconia load-
ing. According to Baker ef al. (33) the high dispersion of
platinum on alumina-supported titania catalysts indicates
that an amorphous phase of titania covers alumina. Simi-
larly, the high dispersion observed for the catalysts contain-
ing 1-10% ZrO, might also be associated with amorphous
zirconia on alumina, as proposed by Damyanova et al. (27).
However, after reduction at 573 K, the hydrogen and carbon
monoxide uptakes on those catalysts decreased.

The Pt20Zr catalyst presented a low H/Pt ratio compared
to the other supported oxide catalysts and this ratio remains
constant for both reduction temperatures. Thus, the lower
dispersion can be attributed to the lower specific surface
area of the support and not to the decoration phenomena
of the metallic particles by reduced support, as claimed
for Pt/Nb,Os/Al,O5 catalysts (34). In this case, platinum
may interact with both amorphous and crystalline zirconia
phases.

The lower dispersion of the PtZr catalyst might be associ-
ated with the retention of small amounts of chlorine by zir-
conia, creating platinum oxide species instead of PtO,Cly,
due to the lower specific surface area of zirconia as com-
pared to alumina. On the other hand, zirconia might be
partially reduced at the metal-support interface, resulting
in ZrOx moieties that migrate onto the platinum surface,
decreasing the hydrogen uptake of the metal. When the
PtZr catalyst is reduced at 573 K, the H, uptake was signif-
icantly higher, which suggests a smaller extent of zirconia
reduction, as shown by TPR of PtZr.

The high values of the CO/H, ratio for zirconia-
containing catalysts and, in particular, the PtZr catalyst
reduced at 773 K predict that ZrO, modifies the Pt—-CO
and/or Pt-H bonds. Since the amount of adsorbed CO on
pure zirconia is extremely low, the excess of CO is ascribed
to the Pt-ZrOy interface. The reversible CO adsorption
was almost zero for all catalysts after reduction at 573 K,

except for the PtZr catalyst. For this catalyst, the irre-
versible adsorption was constant for both reduction tem-
peratures, while the reversible adsorption doubled at 773 K.
This observation indicates that the irreversible adsorption
might mainly characterize the metal, while the reversible
part might be due to the metal-support interface, as pro-
posed by Bonneviot and Haller (35). Indeed, the reversible
uptake of CO on Pt/TiO; was attributed to the adsorption
on Ti** ions and oxygen vacancies created in the vicinity of
the Pt particles at high reduction temperatures:

Ti* — O - Ti** + H, - Ti*" —e - Ti*f + H,0.

Vannice and Sudhakar (36) suggested that the adsorbed
CO molecules interact via its oxygen atom with the oxygen-
deficient TiOy moieties residing around the Pt surface. The
CO dissociation may be assisted by the reoxidation of the
TiOy moieties.

FTIR of CO and CO;

Figure 2 presents the FTIR spectra of CO adsorbed on
the PtAl, PtZr, Pt10Zr, and Pt20Zr catalysts after desorp-
tion at 298 (Fig. 2A) and 473 K (Fig. 2B). The peaks be-
tween 2070 and 2082 cm~! are attributed to the linearly
bonded CO on platinum at room temperature. Negligible
amounts of bridge-bonded CO (1780-1860 cm™!) were ob-
served on alumina-supported catalysts. Noteworthy is the
peak around 1540-1650 cm™! on zirconia-containing cata-
lysts, which can be attributed to carbonate species on the
support (37, 38). A possible assignment of this peak to sur-
face formate species was excluded because of the absence
of C—H vibrations in the spectral region 2800-3000 cm ™",
according to He and Ekerdt (39, 40).

The spectra of CO adsorption on alumina-supported zir-
conia catalysts were very similar to the PtAl catalyst spec-
trum, not showing the role of the zirconia on CO adsorp-
tion, as observed by chemisorption measurements. On the
other hand, the IR spectrum of the PtZr catalyst reduced at
773 K provided essential information about the nature of
the metal-support interaction. A small band is presented
at 2178 cm™! at 298 K, attributed to the linear adsorbed
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FIG. 2. Infraredspectraof CO for platinum catalysts reduced at 773 K

with spectra obtained at the following desorption temperatures: (A) 298 K
and (B) 473 K.

CO species on cationic sites (either Zr*+ or Zr**+). This ad-
sorption involves the o -donation type to coordinatively un-
satured surface cationic sites, acting as Lewis acid centers,
according to previous works (41, 42).

The PtZr catalyst reduced at 773 K also showed an intense
band at 2130 cm~!, which is attributed to CO adsorbed on
the Pt-ZrO, interface, thatis, on Pt sites interacting strongly
with zirconia. The increase in the vibration frequency of CO
suggests an electron transfer phenomenon from platinum
particles to partially reduced zirconia, which decreases the
Pt—CO bond strength.

For PtZr catalyst reduced at 573 K the linearly adsorbed
CO band was close to that observed for the PtAl catalyst,
but with lower intensity and complete desorption at 573 K
(not shown), indicating the weakness of the Pt—-CO bond
on a zirconia support.

CO peak maxima were plotted as a function of CO cover-
age (obtained by thermal desorption experiments) on plat-
inum catalysts and the curves were extrapolated to zero
surface coverage to determine the vibration frequency
of isolated CO molecules. Table 4 shows the CO single-
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ton vibration frequency for all catalysts. For all alumina-
supported catalysts the extrapolation frequency of linearly
adsorbed CO bands was observed around 2040-2047 cm .
For the PtZr catalyst there was a large increase in the fre-
quency value assigned to A(f = 0), mainly after reduction
at 773 K.

The vibration frequency of a single adsorbed CO
molecule is related to the coordination number of the sur-
face Pt atom to which CO is adsorbed: the lower the sin-
gleton frequency, the lower the coordination number (43).
Thus, the increase in the singleton frequency of CO ad-
sorbed on the PtZr catalyst indicates a higher coordination
number of Pt atoms on the surface of this catalyst, which
decreases the metal-CO back-bonds. Therefore, it justifies
proposing an electron transfer phenomenon from Pt par-
ticles to partially reduced zirconia, decreasing the Pt—-CO
bond strength.

Figure 3 displays the thermal desorption FTIR spectra
of CO; adsorbed on the PtZr catalyst reduced at 773 K
(Fig.3A) and bare ZrO, (Fig. 3B). The bands between 1550
and 1650 cm~! are attributed to carbonate species on the
support. The peaks at 1566 and 1326 cm ™! can be assigned
to bidentate carbonate and the bands at 1618, 1439, and
1221 cm~! stem from hydrogen carbonate species (37, 44).
As for the thermal stability of different carbonate species
we can observe that bidentate species still remain at the
ZrO; surface upon evacuation at 573 K, while hydrogen
carbonates are eliminated at ca. 373 K. Moreover, the
stability of carbonates is greater on the bare support than
on the PtZr catalyst.

At room temperature, CO, adsorbs as carbonate species
on Zr"* centers of the PtZr catalyst, and while temper-
ature increases, these species are activated and migrate
to metal particles, being desorbed as CO species. Thus,
CO; activation on zirconia catalysts involves support and
interfacial sites.

FTIR of CO; adsorbed on PtAl and Pt10Zr catalysts
(Fig. 4) also showed the formation of carbonate species on
the support and CO activation on the metal. However, CO
desorption for the Pt10Zr catalyst with increased temper-
ature is much slower than that for PtAl or PtZr catalysts,
and CO remains on the surface up to 573 K.

TABLE 4

CO Singleton Vibration Frequency for Platinum Catalysts

Temperature
Catalyst reduction (K) (6 =0)cm™!
PtAl 773 2047
PtZr 573 2057
PtZr 773 2086
Pt1Zr 773 2041
Pt5Zr 773 2043
Pt10Zr 773 2043
Pt20Zr 773 2040
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Catalytic Tests

The effects of the temperature on the CH,4 conversions
were measured under reforming conditions for all cata-
lysts and the results are shown in Fig. 5. The catalytic per-
formance of supported Pt catalysts for the reforming of
methane with CO,, in terms of initial activity, is strongly in-
fluenced by the support. At lower temperatures, PtZr was
slightly less active, and at higher temperatures, PtAl and
Pt1Zr were the least active. Pt10Zr was the most active cata-
lyst over the whole temperature range investigated: the
CHy conversion ranged from 5.5% at 723 K to 93.5% at
1173 K. The activity of the Pt5Zr and Pt20Zr catalysts, not
shown in Fig. 5, was similar to the Pt10Zr at low tempera-
tures but slightly lower at higher temperatures.

The methane conversion was always lower than the CO,
conversion, although they were present in the feedina1:1
ratio, which is ascribed to the simultaneous occurrence of
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the reverse water—gas shift reaction (RWGS):
CO,; +H; «+» CO+H;O AHjgsx =41 KJ/mol. [1]

This also accounts for the observation that the H,/CO ratio
was always smaller than 1, tending to 1 at higher tempera-
tures, as shown in Fig. 6. Atlow temperatures, the H,/CO ra-
tio was significantly lower for the PtZr catalyst, due to
the small rate of H, formation over this catalyst, when
compared to the others. Rostrup-Nielsen and Bak Hansen
(14) have shown that the water—gas shift reaction is ex-
tremely rapid under typical methane reforming conditions.
For this reason, RWGS is frequently assumed to be at equi-
librium in the kinetic analysis during CH4—CO; reforming
(23, 45).

Stability tests were performed at 823 and 1073 K, and the
results are shown in Figs. 7 and 8, respectively. The same
order of activity maintenance was revealed at both temper-
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FIG.7. The influence of aging at 823 K on the CO production over
the various Pt catalysts. Reaction conditions: CH4/CO,/He = 1/1/18; total
feed flow rate = 200 cm®/min.
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FIG. 8. The influence of aging at 1073 K on the CO production over
the various Pt catalysts. Reaction conditions: CH4/CO,/He = 1/1/18; total
feed flow rate = 200 cm?/min.

atures: Pt10Zr > Pt5Zr > Pt20Zr, PtZr > Pt1Zr > PtAl
The PtAl and Pt1Zr catalysts exhibited high linear deacti-
vation rates of 4.0 +0.5%/h and 3.3 £ 0.4%/h, respectively,
during the first 20 h onstream at 1073 K, due to the fast de-
position of inactive carbon, as discussed later. The Pt10Zr
catalyst deactivated only at a rate of 0.1%/h during 60 h
onstream at this same temperature. This catalyst displayed
CH,4 and CO, conversions at 1073 K of 82 and 91%, re-
spectively, which are close to thermodynamic equilibrium.
Thus, the Pt10Zr catalyst exhibited excellent stability under
conditions where carbon deposition is thermodynamically
favorable (3).

The amount of carbon formation over PtAl and PtZr
catalysts during the reaction at 1073 K was determined by
TGA measurements, carried out in an oxygen-containing
atmosphere (Fig. 9). The stable behavior of PtZr appears to
be associated with the observation of little coke formation
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FIG.9. TGA of PtAl and PtZr catalysts after reaction at 1073 K.
Conditions: 15% O,/N,, 10 K/min; feed flow rate = 50 cm?®/min.
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TABLE 5

Initial Catalyst Activity at 823 K and Apparent Activation Energies

Activity?

Conversion (%)? Eqpp (Kcal/mol)®

- 7 TOFco® TOFcy,©
Catalyst CH,4 CcO, mol CO/h - g cat ™ (s CH, CcO, Cco H,
PtAl 22.0 28.3 0.58 3.6 1.7 22.5 20.2 18.5 19.3
PtZr 13.9 21.5 0.48 2.2d 0.77¢ 18.4 15.0 15.0 12.8
Pt1Zr 23.5 30.9 0.66 3.7 1.6 15.5 14.6 14.6 15.2
PtSZr 22.7 31.3 0.68 4.4 1.8 13.1 16.4 15.1 17.1
Pt10Zr 26.6 36.2 0.80 5.3 2.2 14.8 14.1 144 17.3
Pt20Zr 28.9 36.8 0.79 4.8 2.1d 16.2 15.2 14.1 16.0

@ Equilibrium conversions of CH4 and CO,: 55.9 and 66.4%, respectively.

b Initial activity after 1 h onstream.

¢ Calculated from irreversible H, uptake after reduction at 773 K, except where noted.

d Calculated from irreversible CO uptake after reduction at 773 K.

€ Calculated from Arrhenius plots with temperatures ranging between 733 and 823 K.

during the reaction. On the other hand, TGA experiments
showed a weight loss of about 12% on treating the PtAl
catalystin oxygen, indicating a significant amount of carbon
deposition over the course of 21 h onstream (5.7 mg coke/g
cat-h).

The initial reaction rates at 823 K (mol/h - g cat) were nor-
malized to the number of Pt surface atoms as measured by
chemisorption of H, and CO (Table 3) to provide turnover
frequencies (TOFs), as shown in Table 5. It is worth be-
ing cautious on analyzing the real morphology of the Pt
surface under reaction conditions, due to the coverage of
the Pt surface by ZrOy species after reduction at 773 K.
Thus, for PtZr and Pt20Zr catalysts, the initial TOF val-
ues for both CO production and CH4 consumption were
calculated from the irreversible CO uptake after reduction
at 773 K, because H, uptake after reduction at this tem-
perature is strongly influenced by the presence of ZrOy
species. The TOF values were not calculated using the re-
sults of chemisorption after reduction at 573 K because H,
produced during reforming reaction at 823 K could induce
the partial reduction of zirconia. The initial TOF values at
823 K increased with zirconia loading until 10 wt%, which
is consistent with stability tests (Figs. 7 and 8). The conver-
sions of CHy and CO; at 823 K ranged from one-fourth to
half of the calculated equilibrium conversions of 55.9 and
66.4%, respectively.

Table 5 also presents the apparent activation energies
for the consumption of CHy and CO; as well as for the
production of CO and H,. These energies were calculated
from Arrhenius plots, such as those in Fig. 10, for CO pro-
duction. The apparent activation energies were very similar
for zirconia-contained catalysts and were lower than those
for PtAl. It is noteworthy that the activation barrier for
CHy4 consumption is higher than that for CO, consump-
tion, in agreement with reported values in the literature
(15). Also, the apparent activation energies for H, produc-
tion are greater than those for the CO formation (except

for the PtZr catalyst), which is probably ascribable to the
occurrence of the RWGS.

The effect of partial pressures of CH4 and CO, on the
rate of CHs consumption was determined for PtAl, PtZr,
Pt10Zr, and Pt20Zr catalysts, at 823 K, as shown in Fig. 11.
When the partial pressure of CH4 was held constant at
19 Torr, the rate of reaction of CH, exhibited two different
levels, one when Pco, < Pcn, and other when Pco, > Pcp,.
When the CO; partial pressure was kept at 19 Torr, the rate
of CHy4 consumption rose with the increase in CHy partial
pressure up to 27 Torr; for higher pressures the rate was
almost constant. The behavior of these catalysts is qualita-
tively similar, indicating the same reaction mechanism.

The influence of H, addition to the feed stream
(Pcu, =Pco, =30.4 Torr) was also examined for PtAl, PtZr,
and Pt10Zr catalysts at 823 K, as shown in Fig. 12. The ef-
fect of hydrogen in the feed is to increase CO; conversion
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FIG. 10. Arrhenius plots for CO production (mol CO/h - gcat) over
temperatures ranging between 733 and 823 K. Reaction conditions:
CH,4/CO,/He = 1/1/18; total feed flow rate = 200 cm?/min.
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due to RWGS and to inhibit CH4 consumption. Under the
pressure range analyzed, thermodynamic calculations did
not predict CH4 formation, but it has been shown that at
higher pressures methanation was also possible (18, 23).

DISCUSSION

The Role of the Support

The results presented in this contribution showed that
the support plays a decisive role on the activity and stabil-
ity of the catalyst. PtAl deactivated quickly during the first
20 h of CH4—CO; reforming at 1073 K (Fig. 8), while zirco-
nia based catalysts (with ZrO, content >5%) presented a
very stable performance over the course of 60 h. There are
three different possibilities that may explain this behavior:
the dispersion of platinum or sintering, the interaction of
Pt with Zr™* centers on the support, and the surface acid-
ity/basicity of the support.

Van Keulen and co-workers (17) have proposed that the
stable behavior of the Pt/ZrO; catalyst is associated to the
ability of zirconia to anchor the Pt particles, explaining it in
terms of a formation of a Pt-Zr surface alloy that helps to
maintain a high Pt dispersion at high reaction temperatures.
However, extended X-ray absorption fine structure data
presented by Stagg et al. (21) provided evidence that Pt is
in an unmodified metallic state. Sintering of Pt particles can
be discarded due to the high level of dispersion obtained by
reducing the zirconia-containing samples at 573 and 773 K.
Bitter et al. (46,47) also excluded sintering during reforming
conditions based on the results for Pt/Al,O5; and Pt/ZrO,
catalysts.

Our TGA results showed that the amount of carbon
formed over PtAl is much larger than that formed on
the PtZr catalyst (Fig. 9). Seshan er al. (48) also used
differential scattering calorimeter/TGA to show that the
Pt/ZrO, catalyst exhibits little or no carbon formation
during CH4—CO,; reforming after 500 h onstream at 853 K.
The higher stability and coking resistivity of Pt/ZrO, may
be related to strong Pt-Zr"* interactions. Indeed, the
TPR analyses indicated that zirconia can be reduced at
temperatures lower than 500 K, resulting in ZrOy species
that may decorate the Pt surface, diminishing hydrogen
chemisorption capacity (Table 3). This so-called strong
metal-support interaction (SMSI) effect was already
observed by Bitter et al. (19) for the Pt/ZrO, catalyst, but
they stated that during the reaction, this SMSI state is
absent since the dissociation of CO, produces adsorbed
oxygen species that reoxidize the ZrOy species. As H; is
produced by the reforming reaction, it is unclear whether
or not the SMSI effect occurs during reaction conditions.
When zirconia is dispersed over alumina, ZrOy species
seem to have less mobility than on the PtZr catalyst, be-
cause there was no suppression of H, chemisorption after
reduction at 773 K for PtxZr catalysts (x <10%). Besides,
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there was a little increase in H, uptake after reduction at
773 K, compared to 573 K, which indicated that the Pt sur-
face should not be extensively recovered by ZrOy species.

Chemisorption results clearly showed that Pt-Zr"* in-
teractions modify the adsorption of CO on the Pt sur-
face, increasing the reversible uptake of CO. Roberts and
Gorte (49) have examined Pt overlayers on ZrO; (100)
and showed that for submonolayer Pt coverage, interac-
tion exists between Pt and Zr*t cations at the surface,
which significantly decreases the CO desorption tempera-
ture. Comparing temperature-programmed desorption and
high-resolution electron energy loss spectroscopy results,
Dilara and Vohs (50) correlated the downward shift in des-
orption temperature with the appearance of CO species
bounded at the Pt-ZrO; interface. In the bonding config-
uration proposed, the carbon end of the CO molecule is
bounded to the metal, while the oxygen end interacts with
a zirconium cation on the surface of the oxide. This config-
uration may also explain the intense band at 2130 cm™!
observed in the FTIR spectra of CO adsorbed on the
PtZr catalyst (Fig. 2A). Moreover, our IR results (Table 4)
pointed to a decrease in the Pt-CO bond strength on the
PtZr system, which indicates that zirconia inhibits the CO
disproportionation on platinum surface. Thus, the intensity
of back donation is lower in the CO/electron-deficient plat-
inum model. The main consequence is a lower amount of
carbon on the surface and even a larger stability during the
reaction.

Inactive carbon during methane reforming can be origi-
nated not only from CO disproportionation, but also from
methane decomposition:

CHy <+ C+2H; AHygk =75 KJ/mol, [2]
2CO < CO, + C  AHjggk = —172 KJ/mol. [3]

Thermodynamic calculations presented by Reitmeier et al.
(51) and Gadalla and Bower (3) showed that for any re-
action mixture of CHy, CO,, CO, H,, and H,O at thermo-
dynamic equilibrium, the extent of carbon deposition dur-
ing reforming decreases at higher reaction temperatures,
in agreement with numerous experimental observations
(6, 17, 23). These results suggest that CO disproportiona-
tion is the main contributor to carbon deposition, because it
is exothermic and the equilibrium constant decreases with
the increase in the temperature. In addition, Swaan et al.
(45) and Efstathiou et al. (52) showed by TPO with isotopic
mixtures that most of the carbon accumulated during the
reforming reaction is derived from a CO, molecule, sug-
gesting that CH4 decomposition is not the principal carbon
formation mechanism.

Carbon suppression on zirconia-containing catalysts may
also be associated with the control of ensemble size on the
metal surface. Some theoretical calculations showed that
CO dissociation requires an ensemble size of four or five
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metal atoms (53); so the presence of ZrOy species over the
Pt surface reduces the number of large ensembles of Pt
atoms, geometrically inhibiting CO dissociation. The ZrOy
decoration phenomena may also inhibit CH4 decomposi-
tion. Minot et al. (54) studied the adsorption of CH, species
on Pt(111) using the extended Hiickel theory. These inves-
tigations indicated that carbon is located on the surface in
such a way as to complete its tetravalency. It implies that the
stepwise decomposition of CHy on Pt requires concomitant
occupation of higher coordination sites. Thus, the covering
of the Pt surface by ZrOy species can inhibit complete CHy
decomposition.

It has been suggested that the carbon deposition is sup-
pressed when the metal is supported on metal oxide with
strong Lewis basicity (55, 56). Increasing Lewis basicity
of the support increases the ability of catalysts to adsorb
CO,, which reduces the carbon deposition via CO dispro-
portionation by shifting the equilibrium toward the left
(Reaction [3]). The electron transfer phenomenon from Pt
particles to partially reduced zirconia, as indicated by FTIR
spectra of CO adsorbed on a PtZr catalyst, increases the ba-
sicity of the support. The enhancement of CO, adsorption
in zirconia-containing catalysts was also shown by FTIR of
CO; on Pt10Zr (Fig. 4). This is more evidence for the coking
resistance of zirconia catalysts.

Bitter et al. (47) have shown that carbon is formed not
only in metal-containing catalysts but also on pure supports.
The presence of Lewis acid sites facilitates the cleavage of
methane C—H bond (57); thus, these sites are active for
carbon deposition. According to these authors, Pt seems
to selectively block Lewis acid sites for Pt/ZrO,, while for
Pt/Al, O3 a significant fraction remains after Pt deposition,
as also suggested by Masai et al. (58). However, our IR spec-
troscopy of adsorbed pyridine (59) revealed a higher con-
centration of Lewis acid sites on PtZr compared with PtAl.
As the amount of carbon formation on zirconia-containing
catalysts was lower than on PtAl, it seems that there is not
a straight relation between the acidity of the support and
the carbon deposition under reaction conditions.

The initial activities based on TOF values (Table 5)
are similar for all catalysts; however, PtZr exhibited a
somewhat lower value, based on CO adsorption after re-
duction at 773 K. Bradford and Vannice (18) reported that
initial TOFs for CO production and CH4 consumption at
723 K for 0.31% Pt/ZrO; were 1.1 and 0.39s~!, respectively,
based on total H; uptake after reduction at 773 K (disper-
sion of 82%). Considering the differences in temperature
and partial pressures to our work, these values can be recal-
culated to 3.0 and 1.3 s~! [reaction orders were obtained in
Ref. (15)], which are higher than those for PtZr. However,
these values were lower than those for alumina-supported
catalysts. The lower TOF values for the PtZr catalyst may be
related to methane activation. C—H bond cleavage requires
electron donation from the surface to any of the lowest
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unoccupied antibonding molecular orbitals on methane.
Since a Pt particle is electron deficient in a PtZr catalyst, its
ability to activate C—H bond cleavage is lower, resulting in
lower specific activities.

The activation energy obtained with PtZr for carbon
monoxide formation, 15 Kcal/mol, is in good agreement
with the values of 21.6 Kcal/mol, obtained by Bradford and
Vannice (18) and 15 Kcal/mol, calculated from the data re-
ported by Seshan et al. (48). The activation energies ob-
tained on the PtAl catalyst are also in fair agreement with
values reported in the literature. From the data of Solymosi
et al. (60) it is possible to obtain a value of 15 Kcal/mol
for CHy consumption and 12 Kcal/mol for CO,, over 2%
Pt/Al,Os. It is noteworthy that the apparent activation en-
ergies for PtAl are higher than those for zirconia containing
catalysts (Table 5). This suggests that the ability of zirconia
toadsorb CO; is more important than the activation of CHy,
because PtAl has greater capacity to break C—H bonds due
to the higher electron density on platinum. Although few in-
vestigations have reported apparent activation energies for
CH4—CO; reforming over supported Pt, the available val-
ues are always higher for CH4 consumption than for CO,
consumption, in agreement with our results.

Reaction Mechanism and Kinetics

One of the first reports of the kinetics of CO, reform-
ing of CHy was in 1967 by Bodrov and Apel’baum (61),
using Ni foil as the catalytic material. They proposed that
the CO; reforming reaction could be described by a sim-
ilar rate expression to that for steam reforming, based on
the assumption that CH4 does not react directly with CO,,
but with H,O from the RWGS. Since this first work, and
especially in the past 5 or 6 years, several authors have pro-
posed different reaction mechanisms for CHs—CO, reform-
ing (6,12, 14,20,21), but only a few of them reported kinetic
equations.

Richardson and Paripatyadar (6) provided an expres-
sion based on the Langmuir-Hinshelwood approach in-
volving redox mechanisms, for a Rh/Al, O3 catalyst. Zhang
and Verykios (56) also proposed this reaction model for
Ni/Al,O3 but neither of them presented the mechanisms
from which they derived their models. Mark et al. (62)
showed that classical heterogeneous models, like Eley-
Rideal and Langmuir-Hinshelwood mechanisms, are not
suitable for describing the kinetics of a CH4—CO; reforming
reaction over the whole temperature range. They proposed
a rate model based on the stepwise mechanism, where in
the rate-determining step methane is decomposed to H,
and active carbon, followed by direct and fast conversion
of this carbon with CO, to CO. This model led to a good
fit for the data obtained on an Ir/Al, O3 catalyst in the tem-
perature range of 973-1123 K.

One of the most comprehensive studies of the kinetics of
CO,; reforming was performed by Bradford and Vannice,
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who gave a detailed reaction mechanism for Ni (23) and Pt
catalysts (18). This mechanism is based on CHy4 activation,
forming CHy and CHxO decomposition as the slow kinetics
steps. Carbon dioxide takes part in the reaction mechanism
only through the RWGS reaction to produce surface OH
groups that react with the adsorbed CHy intermediates to
yield formate species (CHxO). The authors assumed that
nondissociative adsorption of CO, under reaction condi-
tions occurred on the support, but they did not consider
two different types of active sites in their reaction model
(a metal site and a support site).

However, previous studies (21, 22, 63) have provided ev-
idence that on a Pt/ZrO, catalyst, the decomposition of
CHy and the dissociation of CO; occur via two indepen-
dent paths. The first path involves the decomposition of
CH, on a metal particle, resulting in the production of H,
and atomic carbon that partially reduces the oxide support
near the metal particle. In the second path, CO, adsorbs
on ZrOy, replenishing the oxygen vacancy in the support,
and thus providing a constant source of oxygen in a redox
mechanism. TAP experiments carried out by Van Keulen
et al. (64) over Pt/ZrO; also pointed to the presence of an
oxygen pool, with the CO, acting as the supplier of oxygen
to this pool.

Therefore, after analyzing the data available in the liter-
ature and the results obtained, the following bifunctional
mechanism (where p is a platinum site and z a support site)
is proposed for CH4—CO, reforming:

(a) CH +p £ CH,p + (42 Hs,

(b) COs +z <3 CO,-z,

(¢) Ha +2p < 2H-p,

(d) COz-z +2H-p <+ CO + H,0,

() COy-z+ CHy-p - 2CO + XH, + 2+ p.

The reversible CHy dissociative adsorption [step (a)] was
also proposed by Bradford and Vannice (18, 23) and is sup-
ported by the effect of H, addition to the feed stream
(Fig. 12), which showed that the CH4 consumption was
not at thermodynamic equilibrium. The formation of CHy
fragments on transition metal surfaces has been detected
using H,-CDy exchange reaction on Ni/MgO (5), D,-CHy4
exchange on Rh/MgO (8), and CO, reforming of CH4/CDy
over Ni/SiO; (65). Wang and Au (66) used CDy to resolve
a kinetic isotope effect on Rh/SiO, catalyst and concluded
that CHy dissociation is rate limiting and that CO, disso-
ciation occurs prior to the surface reaction of CHy frag-
ments.

Reaction steps (b)—(d) represent the RWGS reaction and
are at thermodynamic equilibrium (<>). Rostrup-Nielsen
and Bak Hansen (14) have shown that turnover frequencies
for the RWGS are typically much higher than for CH4—CO,
reforming and this reaction is essentially at thermodynamic
equilibrium. Nondissociative adsorption of CO, during re-
action occurs on the support, in the form of carbonates, as
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proved by FTIR of CO, (Figs. 3 and 4). O’Connor (63) used
in situ diffuse reflectance Fourier transform experiments
to prove that very weakly adsorbed carbonate species are
formed, once the lattice oxygen of zirconia has been replen-
ished by CO;. So, step (b) could be substituted for a more
detailed set of reactions:

(bl) 2CO; 4 2z — CO3 -z + CO-z,
(b2) COJ -z +2z < CO-z+2 O,
(b3) CO-z— CO +z.

The role of CO, is frequently assumed to be only a source
of oxygen to the support. But CO, adsorbed species around
the metal particle can react with CHy fragments, as pro-
posed in step (e), which was also proposed by Erdohelyi
et al. (67) and Raské and Solymosi (68) in the metallic
phase. This reaction is supposed to be irreversible because
no methanation was observed over the platinum catalysts
(Fig. 12), even at higher H; pressures (18). This is in con-
trast to that observed previously with either Ni/MgO or
Ni/TiO;, (23), but it is consistent with the observation of
Vannice (69) that supported Niis a better methanation cata-
lyst than supported Pt.

The rate-determining steps in our model are the decom-
position of CHy [step (a)] and the subsequent reaction of
CHy fragments with CO, adsorbed species [step (e)]. For
catalysts that kinetically inhibit excessive carbon deposi-
tion, like zirconia-containing catalysts described here, the
surface concentration of carbon at the metal surface (in
the form of CHy) is at steady state and remains constant
(i.e., the rate of CHyx decomposition [step (a)] equals that
for CHy reaction with CO, adsorbed species [step (e)]).
Assuming two independent balances of sites, the following
reaction rate of methane was derived:

f'cH,
k- Kco, - Keny - Pco, - Pen,

k- Kco, - Pco, + (1 + Kco, 'Pcoz) (kCH4 - Pcn, + k611{4 'Pf{;m)

This proposed kinetic model was fit to the data reported
in Fig. 11, and the results for Pt10Zr catalyst are displayed
in Fig. 13 at three different temperatures. The model fit very
well the experimental data for zirconia-containing catalysts,
but for PtAl the correlation was not good (r = 0.972), which
was attributed to the deactivation of this catalyst during
CH4—CO; reforming, invalidating the hypothesis that the
concentration of carbon remains constant.

The optimized kinetic parameters determined with this
model for zirconia-containing catalysts are provided in
Table 6. It is worth pointing out that the CO, adsorption
constant, Kco,, is much higher for Pt10Zr than for the
other catalysts. As the Pt10Zr catalyst exhibited a stable
behavior during the reforming reaction between 823 and
1073 K, the stability (i.e., the coking resistivity) is likely
related to the enhancement of the CO, adsorption on the
support. Indeed, the higher stability of CO derived from
CO; on Pt10Zr catalyst was shown by FTIR (Fig. 4). On
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FIG. 13. Fit of the proposed kinetic model for CH4—CO, reforming as
a function of (A) methane partial pressure and (B) CO; partial pressure
for the Pt10Zr catalyst.

the other hand, the reaction constant for step (e), k, is
lower for the Pt10Zr catalyst, which displayed the best ac-
tivity during catalytic tests. Thus, CH4 decomposition is the
rate-determining step of the reaction for a Pt10Zr catalyst,

TABLE 6

Optimized Kinetic Model Parameters

Pt10Zr
PtZr Pt20Zr
Parameters (823 K) (823 K) 823 K 873K 923 K
Ken,? 0.030 0.0406 0.0432 0.0595 0.0658
Kcozb 0.0148 0.0198 0.810 0.734 0.596
k¢ 1.138 0.996 0.296 0.330 0.369
Correlationd 0.983 0.993 0.999 0.999 0.999

@ Units of mol/h - gcat - Torr.

b Units of Torr—.

¢ Units of mol/h - g cat.

4 Obtained from the model fit to the dependence of CH, consumption
rate on CO; partial pressure.
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TABLE 7

Energetic Parameters from the Kinetic Model
and the Literature (Kcal/mol)

Parameters Pt10Zr? Pt/TiO,° Ni/TiO,¢ Zr0,¢ ALO;¢
Exch, 6.4 19 51 — —
AHco, 4.6 — 1 14-31 7.2
Ex 33 — — — —

@ From kinetic parameters in Table 6.
b Bradford and Vannice (18).
¢ Bradford and Vannice (23).
4 Auroux and Gervasini (71).

while for the other catalysts CO, is involved in the slow
step.

Plots of the model parameters listed in Table 6 for the
Pt10Zr catalyst versus reciprocal temperature yielded the
activation energy for step (a) in the forward direction,
EKcn4» the enthalpy of CO, adsorption, AHco,, and the
activation energy for step (e), Ex. These energy parame-
ters are presented in Table 7, which also shows some values
reported in the literature. The activation energy for CHy
decomposition is lower than for Pt/TiO; (18) and for a el-
ementary reaction on Pt(111) proposed by Shustorovich
(70): CH4+2p — CHs-p + H-p, which reported an en-
ergy value of 12 Kcal/mol. The enthalpy of CO, adsorption
is lower than the values for supports alone, presented by
Auroux and Gervasini (71).

The lowering of the energy barrier for the Pt10Zr cata-
lyst cannot be related to diffusional effects because rate
data were taken under kinetic regime, far from thermody-
namic equilibrium. So, it is proposed that a strong Pt-Zr"*
interaction, which favors electron transfer from Pt to ZrO,,
lowers the energy barrier of the reaction.

CONCLUSIONS

These results showed that the support plays a decisive
role in the activity and stability of the catalyst. PtAl deacti-
vated quickly during the first 20 h of CH4—CO,; reforming
at 1073 K, while zirconia-based catalysts (with ZrO, con-
tent >5%) presented improved stability over the course of
60 h. Sintering can be discarded and carbon deposition was
very low on PtZr compared to PtAl catalyst, which was at-
tributed to the Pt-Zr"" interfacial sites, which prevent coke
formation and therefore enable high stability and activity
of the zirconia-containing catalysts.

The dual site mechanism proposed for methane reform-
ing with CO;, considering the CH4 decomposition and re-
action of CHy fragments with adsorbed CO; as slow kinetic
steps, fits well with the experimental data for zirconia-
containing catalysts. Calculated parameters of activation
energy, enthalpy, and reaction or adsorption constants
based on the rate-determining steps reinforce the hypoth-

SOUZA, ARANDA, AND SCHMAL

esis that there exists an interaction of Pt with Zr"* centers
during CH4—CO; reforming. The calculated energy barrier
is much lower than the apparent activation energy and sup-
ports the high and stable behavior of zirconia containing
catalysts for CO; reforming of CHy.
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