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The reforming of CH, with CO, (dry reforming) has been stud-
ied on a series of Al,O3-supported Rh—Cu catalysts. The reaction
has been found to proceed on these systems through a bifunctional
mechanism, in which the activation on methane takes place on the
rhodium phase while carbon dioxide is activated on the support
surface via formate intermediates. The addition of a metal, such as
copper, inactive for methane activation, has allowed us to evaluate
the role of the interfacial Rh—Al,Os3 sites in the reaction. The pres-
ence of copper reduces the stability of the catalysts, though it does
not have any effect on the initial activity per surface exposed site.
It indicates that the dry reforming of methane is not a structure-
sensitive reaction and that catalytic activity, largely affected by the
alumina support, is dependent on the number of surface exposed
rhodium centers.  © 2000 Academic Press

INTRODUCTION

The reforming of methane with carbon dioxide has re-
ceived a great deal of attention during the past decade
for two reasons (1). First, it is an interesting alternative
for the revalorization of two of the most abundant and
least expensive carbon-containing compounds. The reac-
tion between these two raw materials yields synthesis gas
(H;+ CO), from which awide variety of valuable hydrocar-
bons and oxygenates can be synthesized. Second, due to its
high reaction enthalpy, it is an advantageous route for the
storage of renewable energy sources, such as solar energy,
with application in chemical energy transmission systems
(2). Among the different catalysts studied for this process,
rhodium-based catalysts exhibited the best behavior. An
alumina-supported rhodium catalyst has been selected for
the industrial application of the carbon dioxide reforming
of methane for CO production, which has been commer-
cialized as the Calcor process (3).

Several groups have stressed the influence of the sup-
port on the catalytic activity of a given metal, not only for
methane activation (4, 5) but also for the dry reforming of
methane (6-8). Nonsupported metals or metals supported
on inert materials for this reaction, such as silica, show
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much lower levels of activity in terms of turnover num-
bers as compared with metals supported on alumina, tita-
nia, or zirconia (9). Mechanistic studies of these reactions
indicate the participation of surface diffusion and spillover
processes of hydrogen and oxygen species from the metal to
the support and vice versa, justifying the above-mentioned
observations. Bifunctional mechanisms in which methane
is activated on the metal and carbon dioxide on the support
have been often proposed for metals dispersed on oxidic
supports, such as ZrO; (9-11), TiO, (6, 11, 12), or y-Al,O3
(6, 13, 14). This kind of mechanism, in which two distinct
types of active centers are involved in the reaction pathway,
suggests two possibilities regarding the relative location of
these sites: () they are in contact, very close to one another,
and concentrated in the periphery of the metal particles, at
the metal-supportinterface, as proposed by several authors
(9, 11, 12), or (b) these sites are separated, but important
and rapid surface diffusion of species between the metal
and the support enables a major part of the active centers
of the oxidic support and the metal to be active in the re-
action. This latter option is supported by results obtained
by Nakamura et al. (6), in which the activity of a Rh/SiO,
catalyst was greatly promoted by mixing it physically with
metal oxides, such as y-Al,O3, TiO,, or MgO.

Aiming to discriminate between these possibilities and
further determine the importance of the interfacial sites, a
series of bimetallic catalysts supported on alumina has been
synthesized. The elements composing the metallic phase
are rhodium, one of the most active metals for methane
activation, and copper, almost inactive for this process, at
least at moderate temperatures (15). This series of bimetal-
lic catalysts has been tested in reaction with CH,4 and with
CH4+ CO,. Catalytic activity measurements, hydrogena-
tion of the carbonaceous deposits resulting from methane
decomposition, and in situ spectroscopic examination of
the adsorbed species and of the state of the metallic phase
have made possible to evaluate the role of the interfacial
sites in these reactions. Comparison of these results with
those obtained for a Rh/SiO, catalyst in reaction has led us
to draw important conclusions about the surface migration
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phenomena on these systems and their importance in the
catalysis of methane activation and its reforming with car-
bon dioxide.

EXPERIMENTAL

A series of four bimetallic catalysts was prepared by co-
impregnation of y-Al,0O3 (Puralox Condea, Sget = 175 m?
g~Y) with aqueous solutions of RhClz-xH,O (x=1, 3)
(Aldrich Chemie) and Cu(NO3), - 3H,0O (Alfa) according
to the incipient wetness impregnation technique. The con-
centration of the precursors was calculated to obtain differ-
ent Rh: Cu ratios in the range between 0.05 and 0.43 with
a 5 wt% total metal loading. As a reference for each of
the components of these catalysts, two monometallic sam-
ples, Rh/Al,O3 (ca. 1 wt% rhodium loading) and Cu/Al,O3
(ca. 5 wt% copper loading), were prepared. A silica spec-
imen (Aerosil 200, Degussa, Sget =180 m? g~1) was also
impregnated with an agueous solution of the same rhodium
precursor salt, in order to obtain a ca. 1 wt% Rh/SiO, cata-
lyst. After impregnation, the resulting powders were dried
overnight and calcined for 3 h in air at 773 K. Before use,
the samples were reduced in situ in pure H, (20 cm® min~?
(STP) for 2 h at 673 K. The prepared catalysts and their
main characteristics are listed in Table 1.

Metal contents were analyzed by atomic absorption.
Metal dispersion of rhodium was determined by H;
chemisorption at room temperature in a volumetric sys-
tem and assuming an adsorption stoichiometry of 1H : 1Rh.
Sampleswere first reduced in hydrogen flow at 823 K for 2 h.

For catalytic testing, the samples were placed in a tubular
quartz U-shaped reactor. The temperature was controlled
by means of a K-type thermocouple close to the reactor
wall. For methane interaction tests, ca. 0.25 g of catalyst was
used. Temperature-programmed surface reaction (TPSR)
experiments with methane were carried on pre-reduced and
cleaned samples by heating them from 298 to 873 K at arate
of 10 K min~L. The reactor was fed with a diluted mixture
of 7% (vol) CHy in He (102 cm® min~! STP) adjusted by
mass flow controllers (Brooks, model 5850 TR) and operat-

TABLE 1

Main Characteristics and Chemisorption Data of the Catalysts

Metal loading Rh—Cu H, uptake

Sample % Rh %Cu (at.%) (umol/g) H/Rh
Rh/Al,O4 1.25 — 100-0 22.1 0.36
Cu/Al,O3 — 4.84 0-100 — —
0.05RhCu/Al,O4 0.45 4.6 5-95 115 0.53
0.14RhCu/Al,O3 0.95 4.2 12-88 16.8 0.36
0.23RhCu/Al,O3 1.40 3.8 19-91 24.4 0.36
0.43RhCu/Al,O3 2.05 3.0 30-70 27.0 0.27
Rh/SiO, 1.21 — 100 345 0.59
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ing at a pressure of 150 kPa. The reaction system was con-
nected to a gas chromatograph (Varian 3400) in series with
a quadrupole mass spectrometer (Balzers QMG 421-C). A
leak valve permitted control of the inlet of effluent into
the mass spectrometer UHV chamber. The different m/z
values registered during the experiment (H,=2; He=4;
CH,=14, 16; C,H,=25; C,H,=27; CO=28; C,Hg=30;
CO, =44) were collected on an interfaced computer.

The activity for the decomposition of methane was also
tested with the same reaction mixture under isothermal
conditions at 623 K for 3 h. In order to analyze the total
amount, the kind, and the reactivity of the species gener-
ated during that period, temperature-programmed hydro-
genation (TPH) of these carbon deposits was performed.
After the reaction with methane, the reactor was cooled
and residual CH4 was cleaned from it in a flow of He. Then,
it was fed with a mixture of 14% (vol) H, in He (35 cm™3
min~! (STP)) while heating from 298 to 773 K at a rate of
7 K min~%. The outlet mixture was analyzed by gas chro-
matography.

For each activity test of reforming, the amount of cata-
lyst used (10-50 mg) was adjusted to maintain CH4and CO,
conversions far from those predicted by the thermodynamic
equilibrium. After reduction, the samples were heated in
helium to the reaction temperature (823 K). A reaction mix-
ture of CH;+ CO,+ Heina 10:10: 80 proportion and reg-
ulated by mass flow controllers was adjusted to give a flow
rate of 100 cm® min~! (STP). Reactants and products were
analyzed by online gas chromatography (Varian 3400) using
athermal conductivity detector and an automatic sampling
valve. Chromosorb 102 and Porapak Q columns, connected
in series, were used to achieve separation of H,, CH,4, CO,
and CO..

In situ spectroscopic examination of the samples was per-
formed with a Perkin-Elmer 1750 spectrometer equipped
with a diffuse reflectance accessory and a liquid nitrogen-
cooled MCT detector. After reduction, the sample was
heated to the reaction temperature (723 or 823 K) and a
spectrum of the clean sample obtained. The reaction was
carried out by admitting a flow of 100 cm® min~! (STP) of
CO,+ Nz in a 10:90 proportion. After reaching a steady
state the feed was substituted by a flow of CH; + CO, + N3
in a 10:10:80 proportion. After 15 min in reaction, the
inlet mixture composition was changed by removing one
(CH4 or COy) or both of the reactants, and changes in the
spectrum induced at each of these stages were analyzed. Fi-
nally, DRIFT spectra of the adsorbed species were obtained
by subtraction of the initial spectrum, registered under in-
ert gas flow, from those obtained under CH; + CO;, + Nj,
CO;,+ Ny, and CH4 + N3 mixtures and the same tempera-
ture. All spectra measured in reflectance were subsequently
converted via Kubelka—Munk transformation.

X-ray absorption near edge spectroscopy (XANES) ex-
periments were performed at the Rh and Cu K-edges on
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beam line 1D-24 at ESRF synchrotron, Grenoble, France.
All samples, catalysts and pure reference compounds, were
measured in an energy dispersive transmission mode with
simultaneous calibration of the energy scale with a rhodium
or copper foil. A bent perfect Si crystal in a Bragg con-
figuration was used as a dispersive monochromator. Self-
supporting wafers of approximately equal absorbance were
placed in a controlled atmosphere cell and submitted to the
required temperature. The wafers were firstly reduced in
a diluted mixture of 10% H, in He by heating at 3 K/min
from 298 to 673 K, maintaining this last temperature for 15
min. After the reduction pretreatment, the sample was sub-
mitted to reaction conditions at 823 K for 15 min under a
CH4+ CO, + He mixture ina 10:10: 80 proportion. Then,
CH, was removed from the inlet flow and the sample was
maintained under this environment for another 15 min. Fi-
nally, the CO, + He mixture was replaced by a CH,+ He
flow. A XANES spectrum was recorded every 5 min for
these three periods after the inlet mixture composition was
changed.

X-ray photoelectron analysis was performed over re-
duced samples used in reaction with CH, and CO, at 823 K
for 3 h, aiming to analyze the surface oxidation state of the
metal. To avoid oxidation by contact with air, these latter
specimens were recovered from the reactor and immersed
in isooctane to transport them to the analysis chamber. A
multitechnique instrument for surface analysis ESCA/XPS,
AES, from Fisons Instruments, was used. The excitation
source was the MgKu line (hv =1253.6 eV). The pressure
in the analysis chamber was kept below 10~° Torr during
acquisition. Binding energies were referenced to the Al 2p
line at 74.7 eV.

RESULTS

Interaction with Methane

The interaction of methane with the different catalysts
was studied by TPSR experiments. Figure 1 displays, in
comparison with the monometallic catalysts of Rh/Al,O3
and Cu/Al,Os, the amount of hydrogen produced by CH,4
decomposition over each of the samples as a function of the
reaction temperature. The hydrogen evolution profiles re-
flect great differences in activity for methane activation be-
tween rhodium and copper. Bimetallic systems showed ini-
tially very similar levels of activity for the dehydrogenation
process of CH,4 and slightly lower than that of monometal-
lic rhodium catalyst, despite their distinct loading of ac-
tive metal (Rh). The difference in performance among the
bimetallic catalysts became greater with increasing temper-
ature. Under high-temperature conditions (above 723 K),
the catalysts with higher Rh: Cu ratios achieved an activity
level close to that shown by the monometallic Rh/AI,O3
sample, while 0.05RhCu/Al,O3 and 0.14RhCu/Al,O3 have
a significantly lower dehydrogenation ability.
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FIG. 1. Hydrogen production onthe RhCu/Al,Oj3 catalysts during the
TPSR experiments. The monometallic Rh/Al,O3 and Cu/Al,O3 references
are included for comparison. Reactant mixture: CH, (7% vol) in He. Gas
flow rate: 6.1 1 h~1, Rate of temperature increase: 10 K/min. Symbols: (()
0.43 RhCu/Al,03, (A) 0.23 RhCu/Al,03, (<) 0.14 RhCu/Al,O3, (O) 0.05
RhCU/A|203, (—) Rh/Aleg, and ( . ) Cu/AI203.

As previously shown for several group VIII metals
(5), hydrogen evolution resulting from the interaction of
methane with supported catalysts was observed to be fol-
lowed by the formation and release of carbon monoxide asa
result of the consumption of hydroxyl groups of the support.
As an example, the level of conversion obtained for one of
the catalysts (0.43RhCu/Al,O3), in addition to the methane
consumption, the hydrogen and carbon monoxide produc-
tion, and the cumulative amount of carbon retained on the
catalyst per surface rhodiumsite, are given in Table 2. A sim-
ple mass balance calculated on the basis of CH4 consumed
and H; produced along with the experiment indicates that
the dehydrogenation of methane is almost complete at tem-
peratures above 673 K. The amount of hydrogen produced
duplicates the methane consumption with a difference
lower than 5%, indicating that each molecule of CH, iscom-
pletely dehydrogenated, resulting in two H, molecules. The
amount of carbon deposited at high temperatures exceeds
greatly the number of surface rhodium sites, as indicated by
the C/MRgn surface ratio in Table 2. Taking into account that
this catalyst maintains a high activity level at high temper-
atures, a process of carbon migration from the metal to the
support that leaves the active centers free has to be consid-
ered. Furthermore, transmission electron microscopy ob-
servations of the spent samples revealed the absence of
formation of carbon deposits with crystalline structure.

The reactivity of the different samples with methane was
also tested under isothermal conditions at 623 K for 3 h.
Methane conversion was lower than 2% in all cases, and
hydrogen production could not be quantified under these
conditions. However, the level of CO produced was
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TABLE 2

Temperature-Programmed Surface Reaction with Diluted Methane on the 0.43RhCu/Al,O3 Sample

CH, consumption

H; production

CO production

T/K Conv. (%) (umol g~ts7h (umol g~ts™?) (umol g~ts7h C/Mgh surface’
300 0.5 0.22 0.0 0.0 0.0
333 0.6 0.23 0.0 0.0 0.0
388 0.6 0.21 0.0 0.0 0.0
445 0.7 0.25 0.0 0.0 0.0
499 0.9 0.31 0.0 0.0 0.0
552 1.3 0.46 0.58 0.0 1.64
604 21 0.76 1.59 0.33 5.85
658 3.3 1.18 2.26 0.61 11.54
715 45 1.59 3.19 0.87 19.13
769 8.7 3.07 6.27 0.95 35.94
822 15.7 5.57 11.22 0.97 74.65
873 22.3 7.94 15.96 0.81 139.10

Note. Mixture, CHy4 (7% vol) in He; flow rate, 102 cm®/min; heating rate, 10 K/min.

& Atomic ratio between the cumulative amount of carbon retained on the catalyst and the surface rhodium
sites. The total amount of carbon has been calculated on the base of the methane consumed to produce two
hydrogen molecules and the carbon monoxide released (X. = 1/2 Xp, —Xco).

accurately followed. The amount of CO released, shown
in Fig. 2, is very similar for all rhodium bimetallic samples.
This fact seems to indicate that its rate of formation does
depends not on the number of surface rhodium sites but
on the equilibrium between the rate of diffusion of hy-
droxyl groups from the alumina to the metal and/or the
rate of migration of the carbonaceous adspecies generated
on rhodium sites toward the support. These two processes
of migration leave rhodium sites free for the adsorption and
activation of other methane molecules, allowing the whole
reaction to reach a stationary state.

In order to obtain information regarding the type of car-
bonaceous adspecies generated during the previous isother-
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FIG.2. Carbon monoxide production on the RhCu/Al,O3 catalysts

during the interaction with diluted methane at 623 K. Reactant mix-
ture: CH,4 (7% vol) in He. Gas flow rate: 6.1 1 h~%. Symbols: () 0.43
RhCu/Al,O3, (4) 0.23 RhCu/AlO3, () 0.14 RhCu/Al,O3, and (O) 0.05
RhCu/AI203

mal step of interaction of the catalysts with methane, their
reactivity toward hydrogen was studied. The amount of car-
bon retained was estimated from the carbonaceous deposits
that could be hydrogenated in the temperature range from
298 to 773 K. During the hydrogenation process no hydro-
carbon other than methane was detected for all catalysts.
The CH,4 evolution profiles obtained during the TPH for all
the bimetallic samples are displayed in Fig. 3. Three types
of carbon could be distinguished: a first type of species of
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FIG. 3. Methane production obtained by temperature-programmed
hydrogenation of the carbonaceous deposits formed from methane de-
composition on the RhCu/Al,O3 catalysts at 623 K. Reactant mixture:
CH, (7% vol) in He. Gas flow rate: 6.1 1 h—*. Rate of temperature increase:
7 K/min. (a) 0.05 RhCu/Al,O3, (b) 0.14 RhCu/Al,Os3, () 0.23 RhCu/Al,Os3,
and (d) 0.43 RhCu/Al;Os.
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TABLE 3

Total Amount of Carbon Species Hydrogenated at Temperatures
up to 773 K from the Catalysts Previously Submitted to a Flow of
Diluted Methane at 623 K for 3 h

Chydrogena\ted C500 K
Catalyst (umol g™1) (umol g™1) Rh/Cso
0.05RhCu/Al,O3 37.0 14.95 2.9
0.14RhCu/Al,O3 50.92 26.19 35
0.23RhCu/Al,O3 114.10 49.87 2.8
0.43RhCu/Al,O3 89.72 65.19 3.1
Rh/AI,O3 99.55 34.62 35

high reactivity, hydrogenatable at temperatures lower than
373 K; asecond type of carbon hydrogenatable between 373
and 523 K, with two hydrogenation maxima at ca. 425 and
500 K; and, finally, a third type which can be hydrogenated
in a wide range of temperatures above 523 K.

The amount of species showing well-defined hydrogena-
tion maxima around 500 K was observed to increase with
the rhodium loading in the catalyst. A displacement in the
hydrogenation temperature of these species toward lower
values, close to that observed for the Rh/AIl,O3 catalyst (ca.
460 K), was also obtained by increasing the Rh: Cu ratio.
Table 3 summarizes the total amount of carbon retained
on the various samples and the part corresponding to the
species hydrogenated at temperatures around 500 K. This
latter type of carbon has been shown to keep a well-defined
stoichiometry with respect to the whole rhodium loading in
the catalyst, as indicated by the Rh/Csg k ratio in Table 3.

Reaction with CH,4 and CO,

Catalytic Activity Tests. The four alumina-supported
rhodium-copper samples were tested in reaction with CH,4
and CO; at 823 K in comparison with the monometal-
lic Rh/Al,O3 and Cu/Al,O3 catalysts. A Rh/SiO, sample
was also tested to evaluate the influence of the alumina on
the rhodium catalytic performance. Table 4 compiles initial

TABLE 4

Catalytic Properties of the Rhodium—-Copper Bimetallic Catalysts
in Reaction with CH4 4 CO, at 823 K

Conv. (%)
- fcH, T()FCH4
Catalyst CH; CO; (mmolgrn™ts™ (51 rigomin/f0omin
0.05RhCu/Al,O; 18 19 16.84 33 0.88
0.14RhCu/Al,O; 20 22 8.66 24 0.92
0.23RhCu/Al,O; 27 28 7.94 23 0.83
0.43RhCu/Al,O; 28 32 7.94 2.2 0.83
Rh/Al,O3 32 37 10.72 3.0 0.99
CU/AIZO3 0 0 — — —_—
Rh/SiO, 16 21 141 0.2 0.12
Note. Reactant mixture, CH,;:CO;:He (10:10:80); Flow rate,

100 cm®¥min.
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values, obtained after 10 min of reaction, for conversion
of reactants, specific activity for methane transformation
(converted methane amount per gram of rhodium and per
second), turnover frequency (converted methane per sur-
face rhodium site and per second), and degree of stability
after 3 h of reaction.

A first analysis of the data obtained for the monometallic
rhodium samples, Rh/SiO, and Rh/Al,Qg3, reveals promi-
nent differences between them concerning not only their
catalytic activity level but also their stability under the
reaction conditions. In terms of turnover frequency, the
Rh/Al,O3sample exhibits an enhanced performance, about
1 order of magnitude higher of that of Rh/SiO,. Even con-
sidering that the metal-support interaction might affect the
energy of the atomic hydrogen adsorption on rhodium and,
therefore, modify H:Rh ratios (16), a comparison of the
values of catalytic activity calculated on the basis of the
whole rhodium loading confirms the previous statement
about the influence of the support on the catalytic activ-
ity. A contrasting behavior was also found with regard to
the stability under reaction conditions. While Rh/SiO; lost
about 88% of its initial activity after 3 h of reaction with
CH, and CO,, the conversion for Rh/Al,O3 remained un-
modified with time.

Bimetallic catalysts behaved in a similar way to the
monometallic reference of Rh/AI,O3. However, some par-
ticularities can be noticed. Turnover numbers do not re-
flect significant differences in activity per surface rhodium
site and all of them are in the same range of the value
obtained for the monometallic rhodium reference. On the
other hand, copper is completely inactive for the reaction
due to its inability to dehydrogenate methane. By consid-
ering that, in addition to the strong interaction of rhodium
with the alumina support, the presence of copper might
also modify the hydrogen adsorption properties of rhodium
(17), comparison of the catalytic activity per gram of active
metal (Rh) in each of the RhCu/Al,O3; samples has been
performed. These values indicate that the addition of cop-
per to catalysts slightly changes the catalytic activity. Never-
theless, the degree of stability of the bimetallic samples was
more significantly affected by copper as compared with the
excellent maintenance of the conversion on the Rh/Al,O3
catalyst. Each bimetallic sample experienced a decay of its
initial activity in the range between 8 and 17 % after 3 h of
reaction.

In situ DRIFT analysis. In situ infrared spectroscopic
examination of the samples was carried out with the ob-
jective of identifying the adsorbed intermediate species
present on the catalyst surface under the reaction condi-
tions and trying to elucidate the causes that lead to such a
different behavior of the catalysts depending on their sup-
port and on the composition of their metallic interfacial
sites. Changes in the DRIFT spectra were monitored in re-
sponse to changes in the gas phase composition.



DRY REFORMING OF CH4 ON Al,O3-SUPPORTED Rh CATALYSTS

3015
023
1305

X
1 3
2350
E

|

’ 0.05

Kubelka Munk

1395 1385

3730
3550

LRV

(g
QD
w
—

T T T T T
4000 3500 3000 2500 2000 1500

Wave number (cm-1)

FIG. 4. DRIFT spectra obtained for the Rh/Al,O3 catalyst at 723 K:
(a) under CO, + N (10:90) mixture (100 cm*/min), (b) under reforming
conditions CH,; 4+ CO, 4+ N, (10:10:80) (100 cm®min), and (c) under
CH, -+ N3 (10:90) mixture (100 cm®/min).

Rh/Al,O3. Apart from the gas phase contributions
(CO, centered at ca. 2350 cm~!, CH, at ca. 3015 and
1305 cm™%, and CO at ca. 2149 cm™1), some other features
corresponding to adsorbed intermediates could be identi-
fied in the DRIFT spectra collected for the Rh/Al,Og cata-
lyst at 723 K, which are shown in Fig. 4.

Under diluted carbon dioxide, a small coverage of the
rhodium surface sites was observed as result of the for-
mation of linearly and bridge bound carbon monoxide
on metallic rhodium (bands at ca. 2023 and 1850 cm™,
respectively). At 1500 cm~* a broad feature, most likely
characteristic of carbonate type species adsorbed on the
alumina support at high temperatures (18, 19), became ap-
parent. When methane and carbon dioxide were introduced
simultaneously in the feeding, bands corresponding to the
formation of rhodium carbonyl increased in their intensity.
On the contrary, the feature at 1500 cm~! was almost de-
pleted while three bands at ca. 1590, 1395, and 1385 cm !
became apparent. These latter bands can be assigned to
surface-adsorbed formate species formed on the alumina
support (20). The appearance of these bands is accompa-
nied by an increase of the absorption bands in the region
between 3500 and 3800 cm~?, corresponding to the O-H
stretching frequency of the hydroxyl groups of the alumina.
By removing carbon dioxide from the reactant mixture,
only carbonyl bands remained in the spectrum. At a higher
temperature (823 K), the same trend as that at 723 K was
observed, though the coverage of the different adspecies
decreased significantly.
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Bands corresponding to formate adsorbed species,
HCO; have been frequently related to the adsorption of
CO on the alumina surface (21). Thus, they have been con-
sidered by different authors as byproducts of the reaction
(22-24). Aiming to shed light on these questions, DRIFT
spectra were collected for the carbon monoxide adsorption
on the Rh/AIl,O3 catalyst under a flow of diluted CO (5%
vol CO in Ny) at increasing temperatures. Figure 5 displays
spectrataken at room temperature and at 523 K under flow-
ing CO + N, in comparison with the one obtained under
reaction conditions with CH, and CO, at 723 K.

Adsorption of CO at room temperature gave rise to an
intense band at ca. 2057 cm™! and another broad feature
of lower intensity centered around 1850 cm™2, assigned to
linearly and bridge adsorbed CO on metallic rhodium, re-
spectively. At ca. 1620 cm™! a band due to water molec-
ularly adsorbed on the support became apparent and at
1590, 1395, and 1385 cm~! bands due to adsorbed formate
species. The increase of the temperature to 523 K caused
the intensity of the CO adsorption peaks to decrease by
36% and the peak maximum of linear adsorbed CO to
be displaced to lower wavenumbers (ca. 2037 cm™1). At
this temperature water and formate absorption bands be-
came almost completely depleted, indicating the instability
of these species at high temperatures. Under reaction condi-
tions with methane and carbon dioxide at 723 K, the band
due to linearly bound carbon monoxide on rhodium was
slightly displaced to lower frequency (ca. 2029 cm™') and
its intensity decreased by about 29% as compared with the
intensity of the CO adsorption band at room temperature.
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FIG.5. DRIFT spectra obtained for the Rh/Al,O3 catalyst: (a) under

aflowof CO (5% vol) in Ny at 298 K, (b) under a flow of CO (5% vol) in N
at523 K, and (c) under the reaction mixture CH, + CO; + N (10:10:80)
at 723 K.
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FIG.6. DRIFT spectra obtained for the 0.14 RhCu/Al,O3 catalyst

at 823 K: (a) under CO, + N, (10:90) mixture (100 cm®min), (b) under
reforming conditions CH;+ CO,+ N, (10:10:80) (100 cm%min), and
(c) under CHy4 + N, (10:90) mixture (100 cm®/min). (d) DRIFT spectrum
obtained for the 0.14 RhCu/Al,Oj3 catalyst at 723 K under reforming con-
ditions CH4+ CO, + N, (10:10: 80) (100 cm®/min).

Features due to adsorbed formate species became apparent
with intensity even higher than that obtained under flowing
carbon monoxide at room temperature. The appearance of
these bands indicates the formation of these species under
specific reaction conditions.

0.14RhCu/Al,O3. One of the bimetallic samples,
0.14RhCu/Al;03, was analyzed by DRIFTS for compari-
sonwith the Rh/Al,O3 reference. Figure 6 shows the spectra
collected under CO;, + Ny, CH4+ CO, + Ny, and CH4+ N,
flows at 823 K and under CH, + CO;, + N, at 723 K. Tenden-
ciessimilar to those observed on the monometallic alumina-
supported catalyst are observed.

Apart from the characteristic bands from the gas phase,
a broad feature around ca. 1500 cm~! due to carbonate
type species adsorbed on the alumina was observed un-
der flowing carbon dioxide. When CH,4 was introduced
together with CO; in the inlet feed, this latter band was
reduced while characteristic bands of formate species de-
veloped. Simultaneously, an increase in the absorption in-
tensity of the stretching modes of alumina surface hydroxyls
(ca. 3550 cm~1) was observed. Carbon monoxide absorp-
tion bands were obtained only for linearly adsorbed CO
on Rh? (2010 cm™1). Under diluted methane all the pre-
viously described features disappeared, with the exception

FERREIRA-APARICIO ET AL.

of the linearly bound CO on metallic rhodium (band at
ca. 1975 cm™1) that showed to be constant with time. At a
lower reaction temperature (723 K) under reaction condi-
tions with CH,; + CO; + N3 the relative intensity of bands
stemming from formate species was increased.

Rh/SiO,. The substitution of an inert flow of N, by
CO;2+ N3 (10:90) at 723 K gave rise to the appearance of a
band at ca. 2036 cm~! whose intensity was observed to de-
crease with time. This band has been ascribed to the C-O
stretching frequency of carbon monoxide linearly bound
to rhodium particles (25, 26). The admission of the reactant
mixture, CH4 + CO;,+ N, (10:10: 80), led to the increase of
this latter feature whose intensity remained stable for the
15 min of reaction. After this time had elapsed, carbon diox-
ide was removed from the reaction mixture. In contrast to
alumina-supported samples, under CH;+ N (10:90) this
carbonyl band decreased progressively until complete dis-
appearance. At 823 K no adsorbed species were detected
due to the low coverage of the catalyst surface.

XANES study. The catalysts were also studied in situ
by XANES at 823 K under CH4+ CO, + He, CO,+ He,
and CH, + He flows.

Figure 7 shows XANES spectra obtained for two
of the bimetallic RhCu systems (0.14 RhCu/Al,O3 and
0.43RhCu/Al;0O3) and the copper monometallic reference
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FIG.7. XANES profiles obtained in situ at 823 K in the Cu K-edge
for the 0.14 RhCu/Al,O3 (1) and 0.43 RhCu/Al,O3 (1) bimetallic samples
and the copper monometallic reference (Cu/Al,O3) (111) after 15 min:
(a) under reforming conditions CH4+ CO, + He (10:10:80), (b) under
CO; + He (10:90) mixture, and (c) under CH,4 + He (10: 90) mixture.
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FIG.8. XANES profilesobtained insitu at 823 K for Rh/Al,O3 (1) and
Rh/SiO; (1) after 15 min: (a) under reforming conditions CH,; + CO, + He
(10:10:80), (b) under CO, + He (10:90) mixture, and (c) under CH4 + He
(10:90) mixture.

in the K-edge Cu. A qualitative analysis of these profiles
indicates that for all these samples copper remains in its
metallic state after reduction under CH,;+ CO, reaction
conditions. Under carbon dioxide atmosphere, the copper
(Cu% in Cu/Al,O3 became slowly oxidized with time; the
spectrum obtained after 15 min (Fig. 7, I111b) contains a
contribution from CuO in addition to the initial phase of
Cu®. When the CH,4+ CO, + He feed was substituted by
diluted carbon dioxide, a certain contribution of a CuO
phase was also observed in the XANES spectrum for cop-
per on both bimetallic catalysts. This contribution was ob-
served to be higher in the lower copper loading catalyst,
which suffered an almost complete oxidation. Upon the
introduction of the CH4 + He (10:90) mixture in the reac-
tor these CuO phases were again reduced. No alteration
was detected in the metallic state for the rhodium phase
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on alumina-supported catalysts. The phase of rhodium on
the bimetallic specimens remained unmodified as Rh® un-
der diluted carbon dioxide, diluted methane, or methane
and carbon dioxide mixture, showing a higher resistance to
oxidation by CO;, than copper.

The same trend was observed for rhodium in the alumina
monometallic reference. Figure 8 displays the XANES
spectra obtained for the Rh/Al,Oj3 catalyst, which remained
unmodified even under carbon dioxide atmosphere. The
presence of the alumina support seems to influence the ox-
idation rate of the metal, given that a different behavior
of Rh was observed on the Rh/SiO; system (Fig. 8). With
the reaction mixture, the XANES spectrum revealed that
rhodium remained in the metallic state. When the reactant
mixture was substituted by diluted carbon dioxide, rhodium
was completely oxidized to Rh3* in a few minutes, but the
metallic state was again restored when diluted methane was
introduced in the reactor, indicating that Rh,Oj3 is also able
to activate methane.

XPS results. By considering that the XANES spec-
troscopic analysis provides global information about the
major part of the photoexcited centers in the samples,
i.e., surface and bulk atoms, the 0.14 RhCu/Al,O3, and
0.43RhCu/Al,O3 were analyzed by XPS after being sub-
mitted to a CH4+ CO, mixture at 823 K for 3 h in order
to detect the presence of oxidized phases at the surface. The
results obtained for these bimetallic catalysts after reaction
are compiled in Table 5. Data obtained for the 0.14 RhCu/
Al,O3 sample after reduction are also given for compar-
ison.

The 0.43 RhCu/Al,O3 catalyst showed the presence of
the peaks characteristic of the 3d levels of Rh® with binding
energies centered at 307.9 and 312.2 eV, respectively, for
Rh 3d5/2 and Rh 3d3/2. The 0.14 RhCu/Al,O3 sample was
analyzed after reduction at 673 K and after being tested
in reaction. In both cases, the presence of Rh® was again
found on the surface, with binding energies of 311.8 and
307.5 eV. Analysis of the copper surface in both bimetallic
samples used in reaction and in the 0.14 RhCu/Al,O; after
reduction at 673 K showed the Cu 2p1/2 and Cu 2p3/2 peaks
at binding energies of 953.2 and 933.0 eV corresponding to
Cu®, in agreement with the XANES results.

TABLE 5
Data Obtained from XPS Analysis on the 0.14RhCu/Al,03 and the 0.43RhCu/Al,03 Samples

Binding energy (eV)

Binding energy (eV)

Sample? Rh 3d3/2 Rh 3d5/2 Assignment Cu 2pl/2 Cu 2p3/2 Assignment
(1) 0.14RhCu/Al,O3 311.8 307.4 Rh° 952.6 933.1 cu°
(1) 0.43RhCu/Al,O3 312.2 307.9 Rh° 953.2 933.0 cu°
(11) 0.14RhCU/Al,O3 311.8 307.5 Rh® 952.5 933.0 cu

2(1) After being tested in reaction with CH4 + CO, at 823 K for 3 h. (11) After reduction at 673 K for 2 h.
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DISCUSSION

Activation of Methane

The hydrogen evolution process from methane decom-
position reveals great differences in activity for methane
activation between rhodium and copper, as recently indi-
cated by Liao and Zhang (15). In a theoretical study regard-
ing the dissociation of methane on several transition metals
they have shown that there is a direct correlation between
the values calculated for the enthalpy of total dissociation of
methane and the experimental activity measured on them.
Among several group V111 metals, rhodium and nickel have
been shown to be the only ones on which this process is
slightly exothermic, in contrast with metals such as ruthe-
nium, iridium, platinum, or palladium, for which methane
dissociation is endothermic. For group 1B metals (Cu, Ag,
and Au), much higher reaction enthalpies were obtained,
indicating an almost complete inactivity for methane activa-
tion. The results obtained over the monometallic Rh/Al,O3
and Cu/Al,Oj3 catalysts are in agreement with these earlier
reports.

A comparison of the reactivity presented by the bimetal-
lic RhCu/Al,O3 samples and the Rh/Al,O3 and Cu/Al,O3
references (Fig. 1) shows an intermediate behavior that in-
dicatesin all cases a certain interaction between both metal-
lic components. Even in the case of the 0.43 RhCu/Al,O;
catalyst with higher rhodium loading and a higher number
of exposed Rh atoms according to the chemisorption exper-
iment, a decrease in activity was found as a result of copper
addition. A certain delay in the temperature at which the
reaction begins (~550 K) on Rh/Al,O3 could be observed
for the bimetallic samples, particularly on those with higher
copper content.

The methane activation process is favored in the pres-
ence of a certain amount of oxygen (15, 17, 28), which is
usually present on the support surface as hydroxyl groups
(5, 13). The reaction of these hydroxyl groups with the car-
bonaceous adspecies formed from methane decomposition
results in a parallel process of carbon monoxide evolution,
as shown for the 0.43 RhCu/Al,O3 sample during the TPSR
experiment (Table 2). By taking into account the surface
hydroxyl concentration on alumina previously submitted
to a dehydration treatment between 720 and 870 K (about
5-12 OH nm~?) and the high surface area of the alumina
used (175 m? g~1), an average value of 8 OH nm~2 would
correspond to an estimated amount of surface hydroxyls of
2.3 mmol g~%, which would account for 4 wt% of the sup-
port. For the particular case of the 0.43 RhCu/Al,O3 catalyst
the total amount of CO evolved in the TPSR experiment
is 1.33 mmol g~* of catalyst, which would suppose a con-
sumption of about 57% of the hydroxyl groups present on
the support surface.

On the other hand, even though a part of the surface car-
bonaceous adsorbed species is removed from the catalyst
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by oxidation with OH groups in the form of CO, methane
has been shown to be activated and accumulated on the
catalysts in much higher amounts than those correspond-
ing to the number of exposed active centers (Table 2). Thus,
another important step to take into account in this process
is the surface migration of carbonaceous adspecies from the
active sites (Rh) toward the inactive zones of the catalyst,
i.e., the support (4, 29) or the copper phase (30, 31). Both
processes of migration of species will finally determine the
availability of active rhodium sites for methane activation.
On this basis, it can be considered that the active metal
(Rh) acts simply as an initiator for the hydrogenation re-
action, but the activity level measured on the catalyst will
depend on the ratio between the rates of diffusion of hy-
droxyl groups from the alumina support to the rhodium and
of carbonaceous adspecies from the rhodium to the inactive
zones (the alumina or the copper surface).

From this standpoint, the activity of the catalysts
(Figure 1) will be determined by the degree of hydroxy-
lation of the support, which can be considered the same for
all samples, and also by the rate of diffusion of species (OH
and CHy) between the active phase and the support. In the
case of the 0.23 RhCu/Al,O3 and 0.43 RhCu/Al,O3; sam-
ples, which do not display alloying between metal compo-
nents, particle size or most likely the presence of nonalloyed
copper in the rhodium particle surface (17) diminishes the
interface of contact between the rhodium surface centers
and the alumina and therefore decreases the surface diffu-
sion processes of species between them. At high tempera-
tures, however, the differences are progressively reduced.
On the other hand, on 0.05 RhCu/Al;O3 and 0.14 RhCu/
Al,O3 catalysts, which contain alloyed phases and for which
the surface is enriched in copper (17), the dehydrogenating
ability was found to decrease to a great extent.

During the isothermal interaction of methane with the
catalysts at 623 K the removal of carbonaceous adspecies by
reaction with the alumina hydroxyls was found to occur for
all the catalysts to the same extent (Figure 2). The analysis
of the reactivity of the carbonaceous deposits generated
by this isothermal step on the bimetallic catalysts revealed
the presence of three types of species, which fit perfectly in
the classification of Koerts et al. proposed for the carbon
deposits formed from methane decomposition on several
silica-supported metals (32).

The most reactive species, C, or carbidic carbon, hydro-
genatable below 373 K, was found in low proportion on
the alumina-supported catalysts. In a previous study con-
cerning the methane interaction with supported catalysts,
it was shown that this kind of species is stabilized to a
lower extent on metal dispersed on alumina as compared
with their silica-supported analogues under the same con-
ditions (5). These species have been attributed to isolated
carbonatomsadsorbed in hollowssitesand bound to three or
more surface metallic centers (33, 34); it has been found by
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nuclear magnetic resonance that there are only metal atoms
in their first coordination sphere (35-38). Recent stud-
ies concerning the possibility of direct transformation of
methane into higher hydrocarbons at moderate tempera-
tures under nonoxidizing conditions indicate that this car-
bidic carbon is the one responsible for higher hydrocarbon
formation after hydrogenation (39-41) or displacement by
carbon monoxide adsorption (42). The location of these
species on the metal surface makes of them the most re-
active to be oxidized by the support OH groups. Thus, the
amount of this type of carbon on a catalyst is dependent
on the number of active surface sites and on the degree of
hydration of the support. According to the lower density of
hydroxyl groups on SiO; than on Al,Os, silica-supported
metals have been found to stabilize a major amount of this
kind of species as compared with alumina-supported ana-
logues (5).

The less reactive Cg form, hydrogenatable at tempera-
tures between 373 and 573 K, has been differentiated in
two types of species, Cg, and Cg,, which differ in their
mobility. They have been assigned to an amorphous struc-
ture inwhich carbon-carbon, carbon-metal, and hydrogen—
carbon bonds are present (32). Cg, species, hydrogenated
between 373 and 450 K, might possibly be associated to
surface carbonaceous species on the copper phase, as they
were not found on the monometallic Rh/Al,O3 reference
(5). Anderson et al. (31) found a maximum formation of C,
species by hydrogenation of carbon deposits formed from
methane decomposition on Cu/SiO, and RhCu/SiO, cata-
lysts at a similar temperature (~423 K). However, they ap-
peared in lower amount than the carbidic carbon. Differ-
ences in the amounts obtained for C, and Cg, species are
probably due to a support effect; i.e., the lower density of
hydroxyl groups would limit the removal of carbidic car-
bon. In the range between 483 and 510 K a well-defined
peak of CH,4 formation was obtained for all samples as for
the monometallic Rh/Al,O; reference, whose intensity in-
creased gradually with the rhodium content in the cata-
lyst (Fig. 3). The amount of Cg, species accumulated was
found to be directly related to the amount of rhodium atoms
in the catalyst (Rh/Csqo k in Table 3). Tentatively, it might
be related to interstitial carbonaceous species occluded in
the rhodium phase with an approximated stoichiometry of
Rh3C. Solymosi and Cserényi (30) obtained TPH profiles
of carbonaceous deposits formed from methane decompo-
sition on Rh/SiO, and RhCu/SiO, catalysts at 573 K in
which Cg species, hydrogenated between 450 and 550 K,
also showed a direct proportionality between their peak in-
tensity and the rhodium loading in each catalyst. They also
observed, according to our results, an increment in the hy-
drogenation temperature of the Cg, species on bimetallic
samples when the copper amount was increased.

The less reactive form, C, carbon, has been usually as-
signed to a graphitic structure formed by groups of rings
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of six carbon atoms and probably located at the sup-
port surface (32), as previously postulated due to the high
amount of methane converted during the TPSR experi-
ment. The transformation of the most reactive species into
the graphitic ones seems to be an irreversible process that
would depend on the rate of surface and bulk diffusion of
species through the metal-support interface. The temper-
ature of reaction is, as suggested by Koerts et al. (32), an
important parameter in the aging of these carbon species,
which finally would determine the rate of all migration pro-
Cesses.

Reforming of Methane with Carbon Dioxide

The influence of the support on the catalytic activity of
the active metal (Rh) is also clear from the results obtained
for the reforming of methane with carbon dioxide. Firstly,
catalytic activity of Rh/Al,Og, in terms of turnover num-
bers, has been found to exceed by an order of magnitude
the level reached on the silica-supported sample (Table 4).
Secondly, Rh/Al,O3 exhibits an excellent stability under
reaction conditions at 823 K while its Rh/SiO, analogue
undergoes a rapid deactivation, being almost completely
inactive within 3 h.

In general, good stability properties have been found
for rhodium-based systems applied to the reforming of
methane with carbon dioxide, especially when the systems
are alumina supported (3, 4, 7, 43). Silica-supported cata-
lysts have usually shown a good stability for the reaction of
CHy4+ COg, though in these cases the reaction tests have
been performed at extreme temperatures: close to 673 K,
at which the reaction starts (8), or above 923 K (7, 8, 28).
Previous testing of these two catalysts in the reaction of
CH, and CO; revealed for both of them a good stability at
low (723 K) and high temperatures (1023 K), showing no
deactivation by sintering or by carbon deposition (8). The
different behavior shown by Rh/SiO, depending on the re-
action temperature can be explained by considering that, at
low temperatures, the activation of methane on rhodium is
favored as compared with that of carbon dioxide but, due to
the low level of conversion, carbon deposition on rhodium
for the silica-supported sample is probably a slow process.
In the high temperature range, the activation of carbon
dioxide on rhodium is more effective and thus avoids the
formation of carbon deposits, which are oxidized to carbon
monoxide. At moderate temperatures, like the one used in
the present study (823 K), the conditions of a relatively high
conversion of methane and slow carbon dioxide activation
concur, leading to a fast deactivation by carbon deposition.
Thus, for Rh/SiO,, the reaction temperature seems to be a
key parameter for its stability toward carbon deposition. In
agreement with our results, Lercher et al. (44) found for a
silica-supported rhodium catalyst a strong deactivation pro-
cess under reaction conditions at 873 K, while alumina- and
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zirconia-supported samples proved to be very stable under
the same conditions.

In the case of rhodium-based catalysts, the CO, acti-
vation process has been frequently proposed as the rate-
determining step for the dry reforming of methane (6,
45). It is well known that methane is easily dissociated on
the rhodium surface (46), in contrast with carbon dioxide,
whose dissociation on rhodium, at least at low and moder-
ate temperatures, is relatively slower (47). By considering
that on Rh/SiO; the rate-determining step of the reaction
is the adsorption and dissociation of CO; on the metal sur-
face, the possibility of an alternative and more efficient way
to activate this molecule would result in a substantial in-
crease of the catalytic activity, as has been observed for the
alumina-supported catalysts.

The contrasting behavior of Rh/SiO; and Rh/Al,O; cata-
lysts with regard to their activity and stability indicates a
major effect of the support. Complementary spectroscopic
studies connect these important differences to the carbon
dioxide activation. Carbon dioxide has been found to dis-
sociate on the rhodium phase on Rh/SiO,, generating car-
bon monoxide and oxidizing simultaneously the metal to
Rh,03, as observed by XANES and DRIFT spectroscopies.
Linearly bound CO on Rh? centers became apparent under
a carbon dioxide atmosphere indicating its dissociation, but
the intensity of this band decreased with time until its dis-
appearance. The oxidation of the rhodium phase has been
found to be not only a surface process. Oxygen species
from carbon dioxide dissociation diffuse to the bulk, and
a Rh,0s-like phase is finally obtained, as revealed by the
XANES Rh K-edge study (Figure 8). Similar results on
silica-supported rhodium catalysts were reported by Wang
and Au (28), who observed the initial activity for CO; de-
composition to increase with the rhodium loading and with
temperature.

A completely different situation was found for alumina-
supported rhodium, in which the oxidation of the metallic
phase was found to be much slower under a carbon dioxide
atmosphere. Even after 15 min under those conditions the
major part of the rhodium remained in metallic state as Rh°
and no change in the XANES profile was observed (Fig. 8).
DRIFT spectraobtained under flowing CO, showed the ap-
pearance of weak carbonyl bands on Rh° (Fig. 4), but they
were observed to be constant with time, at least for 15 min,
indicating that carbon dioxide activation on rhodium is a
rather slow process on this catalyst. In addition, a broad
feature due to alumina-adsorbed carbonates became ap-
parent. The admission of methane in the feed caused this
band to be partly transformed into formate adspecies with
a simultaneous intensity increase of the bands due to the
surface hydroxyl groups on alumina.

Formate species have been frequently considered as
byproducts in this reaction as result of their formation on
the alumina under flowing carbon monoxide, according to
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the equilibrium OH ,, + CO(q, < HCO,,. However, it has
been shown that the adsorption of carbon monoxide on
the alumina and its reaction with the surface OH™ groups
to yield HCO; adsorbed species is practically negligible at
temperatures as low as 523 K (Figure 7). The equilibrium
between gas-phase carbon monoxide and adsorbed formate
species on the alumina is displaced toward the reverse re-
action when the temperature is increased. When CH,4 and
CO; are fed together, formate species are generated from
CO%‘ hydrogenation on the alumina with simultaneous lib-
eration of OH™ groups on the alumina surface (bands at ca.
3550 cm™*) according to CO3; +2H ) <> HCOZ +OH,.
Due to the high reaction temperature, these formate species
are finally decomposed into CO and OH™ groups, as pre-
viously proposed. The continuous regeneration of surface
hydroxyls contributes to maintain a high degree of hydra-
tion of the support, which has been shown to have a benefi-
cial effect in the removal of carbonaceous species from the
rhodium surface and, therefore, in the maintenance of the
catalytic activity. According to this, a bifunctional mecha-
nism is proposed for the reforming of methane with car-
bon dioxide on the alumina-supported rhodium catalyst:
methane is activated on the metal phase while carbon diox-
ide is activated on the support. Similar conclusions have
been reached for alumina-supported ruthenium catalysts
(13, 14).

This bifunctional mechanism, in which two types of ac-
tive centers are involved in the reaction pathway, leads us to
propose two possibilities regarding their relative location.
A first possibility would be to consider their concentration
at the metal-support interface, allowing a direct exchange
of species in order to close the balance between the indi-
vidual processes of activation of each of the reactants. In
this case, the addition of a nonactive metal, such as cop-
per, would gradually reduce the number of sites of rhodium
in direct contact with the support, particularly whether an
alloyed phase is formed. Therefore, a decrease of activ-
ity would be observed as compared with the monometal-
lic alumina-supported rhodium catalyst. A second option
would be to suppose that these sites are separated from
one another. Thus, active centers for methane activation
would be located on the rhodium particles surface and sites
for CO; activation would be spread on the alumina surface.
Considering only this latter situation, the addition of cop-
per independently of the presence of alloyed or unalloyed
phases would not have a significant effect on the level of
conversion reached. The results obtained support conse-
quently this latter option. Catalytic activity tests showed
that the activity per surface rhodium site does not vary
significantly on bimetallic samples as compared with the
alumina-supported rhodium catalyst (Table 4). In addition,
by considering the distinct surface structure for the series of
RhCu/Al,O3 catalysts, which have been thoroughly charac-
terized (16, 17), the negligible effect of copper addition on
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rhodium activity indicates that the reforming of methane
with carbon dioxide is not a structure-sensitive reaction.

In contrast, the rate of deactivation is larger on these
bimetallic samples as compared with Rh/Al,Os. This effect
is probably due to the increased difficulty in OH migra-
tion through the rhodium-alumina interface in the pres-
ence of copper. A thorough analysis shows that alloyed
samples (0.05RhCu/Al,O3z and 0.14RhCu/Al,O3) suffer de-
activation to a lower extent than nonalloyed samples, a fact
that can be connected with the larger accumulation of car-
bon species (Cg,) in the copper component of the catalyst.
This seems to suggest that the nature of the copper species
present at the surface of the Rh particles also has an influ-
ence in this process. The mentioned lower accessibility of
the hydroxyl groups to the rhodium phase would therefore
limit to a certain extent the removal of carbonaceous ad-
species from the metallic surface and decrease the stability
of the reaction, leading to a slight but continuous deactiva-
tion of the catalysts. However, it must be taken into account
that, even in the presence of copper, the degree of deactiva-
tion observed is much lower than the one observed for the
silica-supported catalyst. The results presented here cor-
roborate those recently reported by Stagg et al. on bimetal-
lic Pt-Sn/SiO; and Pt-Sn/ZrO, catalyst (48, 49). They have
found that the addition of Sn to Pt/SiO, reduces carbon de-
position under the same reaction conditions and improves
the stability of the reaction by partially inhibiting the de-
composition of methane. In contrast, for Pt/ZrO,, for which
a bifunctional mechanism is also proposed, they observed
a decrease of activity and stability when Sn was added to
the catalyst. This has been attributed to the disruption of
the interaction between Pt and ZrO,, which leads to an im-
balance between the rates of methane decomposition and
the removal of carbonaceous deposits by oxygen species re-
sulting from the carbon dioxide activation on the zirconia
surface.

CONCLUSIONS

The addition of an inactive metal for the activation of
methane, such as copper, to the Rh/Al,O3 system, which
is very active for methane activation and for its reforming
with carbon dioxide, has made possible to evaluate the role
of the metal-support interface in this kind of catalysts, for
which a bifunctional mechanism has been proposed. The
experiments presented here indicate that this interfacial
zone plays a key role in the chemistry of these reactions
for alumina-supported catalysts. The surface diffusion of
species through this metal-support interface makes possi-
ble to maintain an equilibrium between the activation of
carbon dioxide in the alumina surface and the methane
dehydrogenation reaction on rhodium, avoiding the accu-
mulation of carbon deposits and the subsequent catalyst
deactivation. The addition of copper limits to a certain ex-
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tent the diffusion of these species between the support and
the metal. Thus, a decreased stability has been observed
on RhCu/Al,O4 catalysts in comparison with the Rh/Al,O3
system, which exhibits an excellent maintenance of its cata-
lytic activity. However, the deactivation observed for the
bimetallic samples is not so pronounced as in the case in
which both reactants, methane and carbon dioxide, are ac-
tivated on the rhodium surface, as found for the Rh/SiO;
catalyst. No effect of the copper has been found on initial
catalytic activity for the dry reforming of methane per sur-
face rhodium site, not even in those catalysts with lower
Rh/Cu ratios, in which interfacial sites will be mainly oc-
cupied by copper. The dry reforming of methane has been
found consequently to be structure insensitive and to de-
pend on the number of surface-exposed sites, not only on
those located at the metal-support interface.
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