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Catalytic reaction of CH, with CO,
over alumina-supported Pt metals

F. Solymosi, Gy. Kutsan and A. Erdohelyi

Reaction Kinetics Research Group and Institute of Solid State and Radiochemistry ™,
University of Szeged, P.O. Box 168, H-6701 Szeged, Hungary

Received 11 July 1991; accepted 10 August 1991

The dissociation of CH, and CO,, as well as the reaction between CH, and CO, at
723-823 K have been studied over alumina supported Pt metals. In the high temperature
interaction of CH, with catalyst surface small amounts of C,H; were detected. In the
reaction of CH,+CO,, CO and H, were produced with different ratios. The specific
activities of the catalysts decreased in the order: Ru, Pd, Rh, Pt and Ir, which agreed with
their activity order towards the dissociation of CO,.

Keywords: Formation of C,H,; from CH,; reactions of methane; supported Pt metal
catalysts; formation of surface carbon; alumina supports

1. Introduction

Great attention is being paid to the conversion of methane and carbon
dioxide, the cheapest carbon-containing materials, into more valuable com-
pounds in catalytic reactions [1,2]. Methane can be partially oxidized into
methanol and formaldehyde at high temperature with low conversion and
selectivity, or can be dimerized into ethane in an oxidative dehydrogenation
process. The simplest way to convert CO, into other compounds is its catalytic
hydrogenation. In this respect, the formation of methanol represents a useful
route.

An attractive and challenging problem for catalysis is to react the two
compounds, CO, and CH,, with each other and to produce useful gases (e.g.
synthesis gas) or even more valuable compounds. Relatively few papers are
available on the catalytic reaction between CH, and CO, [3-7], which is
commercialised as the “Calcor Process” [3], and only little is known of the
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mechanism of the reaction. Supported Ni and Rh have been found to be the
most effective catalysts [4-7], although a comparison on a turnover basis has not
yet been made.

We recently studied the activation and reactions of CO, on supported Pt
metals [8-12], and also examined the reactivity of adsorbed CH; on some of
these metal surfaces [13—17]. The present paper reports on the catalytic efficien-
cies of alumina-supported Pt metals in the CH, + CO, reaction. In order to
obtain a reliable basis for comparison of the catalytic activities of the metals,
rates per unit surface area of the metals were determined by using a differential
reactor.

2. Experimental

The catalysts were prepared by impregnating the alumina support (Degussa.
P 110 Cl) with solutions of Pt metals to yield a nominal 1 wt% metal. The
following salts of Pt metals were used: H,PtCl, - 6H,O, PdCl,, RhCl; - 3H,0,
H,IrCl; and RuCl, - 3H,O. The impregnated powders were dried at 383 K. The
fragments of catalyst pellets were oxidized at 773 K for 30 min and reduced at
773 K in the catalytic reactor for 1 hr. After reduction, the sample was flushed
with helium and cooled down or heated to the reaction temperature.

Catalytic measurements were carried out in a flow reactor. The amount of
catalysts used was 0.3 g. The ratio of CH,/CO, in the reacting gas mixture was
1:1. Analyses of the exit gases were performed with a Hewlett-Packard 5750 gas
chromatograph using Parapack QS column. The system was operated at a total
pressure of 1 atm. High space velocities of 3000-6000 h~! were used. The
absence of diffusional limitation was confirmed [18]. The pulse reactor was an
8-mm-i.d. quartz tube, it was incorporated between the sample inlet and the
column of the gas chromatograph. One pulse contained 32.6 uwmol of gases.

Infrared spectroscopic studies were made in a vacuum IR cell using self-sup-
porting wafers of catalyst powders (30 X 10 mm, ~ 20 mg/cm?) which under-
went the same pretreatments as before catalytic measurements.

The dispersity of the supported metals was determined by hydrogen and
oxygen titration by use of dynamic impulse method [19].

3. Results and discussion

Before kinetic measurements, we investigated the high-temperature interac-
tion of CH, and CO, with a catalyst surface by the pulse method. On exposure
of the reduced surface to CH, pulses, we detected the formation of ethane and
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Fig. 1. The amount of ethane formed treating the catalyst samples (0.3 g) with CH, pulses (1 pulse
contains 32.6 pmol CH,) at 773 K.

traces of ethylene, which indicates the occurrence of the dissociation of CH,
and the recombination of CH; and CH, species:

CH,=CH,+H (1)
CH,=CH,+H (2)
2 CH, = C,H, (3)
2 CH, =C,H,. (4)

The amount of C, compounds produced, however, gradually decreased for most
of the catalysts. A much slower decay was observed for Pd and Ru, which
exhibited the highest affinity toward the dimerization of CH, (fig. 1). Another
fraction of CH, was dehydrogenated completely to carbon: on reacting the
catalyst surface with O, pulses after treatment with CH, pulses and a He flush,
we obtained CO, evolution. We cannot exclude completely that CH, species
also remained on the surface, but, due to the high temperature, this is very
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Table 1

Decomposition of CH, and CO, on supported Pt metals at 773 K

Catalysts CH, pulses CO, pulses
Disper CH, C,Hy C CO formed
sion reacted formed surface
(%) formed

pmol pmol pmol pmol wmol pmol gmol pmol

metals metals metals metals

1% Ru/Al,O; 5.5 1955 1198 953 583 049 03 028  0.17
1% Rh/Al,O; 462 1728 128 766 056 196 0.14 0.78  0.058
1% Pd/Al, 0, 232 1990 3.04 995 152 - - 020 0.03
1% Ir/Al,O; 755 1055 090 38 0.32 295 025 0.09  0.007
2% Pt/Al,O; 413 723 057 272 021 179 013 0.1 0.008

The data are the total amount of the values obtained in 10 CH, and 10 CO, pulses, respectively.
The amount of catalyst was 0.3 g. One pulse contained 32.6 pmol CH, or CO,.
Dispersion = amount of the surface metal atoms.

unlikely. The amount of surface carbon formed in the decomposition of CH,, is
shown in table 1. The behavior of Pd again differed from that of the other
catalysts, as no detectable carbon formation occurred on Pd/Al,O;. On repeti-
tion of these measurements on oxidized catalysts, the total oxidation of CH, was
experienced until the consumption of surface oxygen.

The dissociation of CO, to CO and O also occurred on reduced catalyst
surfaces. Note that the study of the dissociation of CO, requires the complete
elimination of traces of adsorbed hydrogen, as it effectively promotes this
reaction [20-24]. The extent of CO, dissociation at 773 K was the largest for Ru
and Rh, and the smallest for Pt and Ir (table 1). By means of infrared
spectroscopy we obtained the same results. The formation of adsorbed CO was
detected even at 423 K for Rh/Al,O, and only above 523 K for the less active
catalysts [25]. The experiments were performed in the presence of 50 Torr of
CO, and the metal content in this case was 5 wt%. On oxidized surfaces, no
dissociation of CO, was observed.

The supported Pt metals exhibited great differences in catalytic behaviour as
concerns the CH, + CO, reaction. The reaction occurred at the highest rate on
Rh, followed by Pt, Pd, Ru and Ir. As demonstrated in fig. 2, in most cases no or
only a slight deactivation of the catalyst occurred during the reaction at 823 K.
The main reaction products were CO, H, and H,O; ethane was detected only in
traces. The conversion of CO, exceeded that of CH, for every catalyst sample
indicating that the reaction

CH,+CO,=2CO+2H, (5)

was followed by several secondary processes, including the methanation of CO,
and CO, reverse water gas shift reaction and the Boudouard reaction.
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Fig. 2. Changes in the conversions of CH, and CO, in the CH,+CO, reaction on different
catalysts at 823 K.

The CO/H, ratio varied only slightly during the conditioning period. The
highest value 3.8 was measured for Ru. Examination of the catalyst surface after
the reaction revealed carbon deposition. The amount of surface carbon formed
was determined by its oxidation to CO,. The largest amount of carbon was
formed on Rh and Pt, and the least on Pd (table 2).

From the temperature dependence of the CO, and CH, consumption, the
apparent activation energies were determined. With the exception of Rh they
agreed relatively well in the two cases, and lay in the range 52-131 kJ /mole
(table 2).

The specific activities of the Pt metals in terms of turnover numbers
(Neyz,» Neo,» Ny, and Ngg, rates per unit surface area of metal) at 823 K are
shown in table 2. The specific rates for the consumption of CH, and CO,, and
for the production of CO and H,, decrease in the sequence Ru, Pd, Rh, Pt, Ir.
This is practically the same as the sequence for the methanation of CO [8,26].
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Table 2
Some characteristic data for CH, +CO, reaction on alumina supported Pt metal catalysts at
823K ?*

Neu, Neo, Ecm, Eco, Ny, Neo CO/H, C°P
™D (kJ /mol) () (emol
metals)

1% Ru/Al,0, 0.53 1.36 92.5+1.3 131.0+44 054 218 3.8 0.39
1% Rh/AlL,O; 0.22 0.32 66.11+1.05 527+13 035 055 1.6 0.22
1% Pd/Al,O; 0.36 0.64 87.1+1.4 90.443.3 054 1.09 2.0 0.06
1% 1t /A1, O, 0.07 0.18 111.7+5.4 131.0+54 009 031 229 0.14
2% Pt/ Al,O,4 0.2 0.36 63.24+1.4 523+1.8 025 058 32 0.22

@ The amount of catalysts were 0.3 g; The flow rate of the reactant was 60 ml/min.
® The amount of surface carbon formed in the CH, +CO, reaction at 773 K for 1 hour.

The activity sequence for the methanation of CO, differed only in that Pd /Al,0,
was the least active catalyst [8,11].

Although the complexity of the reaction and the occurrence of several
secondary processes make it difficult to determine the mechanism of the
CH, + CO, reaction, some conclusions can be drawn on the basis of our
supplementary studies on the reaction of CO, and CH; on metal surfaces
[8-17].

It seems almost certain that the activation of CH,,, i.e. its dissociation (eq. (1))
is very limited on reduced metal surfaces. This process is clearly promoted by
the adsorbed O produced by the dissociation of CO,:

CO,=CO +0 (6)

which occurs far below the temperature of the CH, + CO, reaction. Neverthe-
less, the dissociation of CO, is facilitated by adsorbed hydrogen formed in the
dissociation of CH, molecules. In the study of the reactivity of adsorbed CH,
(produced by the photodissociation of adsorbed CH,Cl or the thermal dissocia-
tion of CH;I) on Pd and Rh surfaces [13-17] we found that under UHV
conditions the prevailing step is the self-hydrogenation of CH, into CH,, which
occurs even below 250 K. At the same time, the dimerization of CH, into C,H
(eq. (3)) also proceeds, particularly on a Pd surface. In the present case, when
adsorbed H can react with adsorbed O, the CH; group further decomposes:

CH,=CH, + (3 -x)H (7)

or is oxidized by adsorbed O to H,O and CO (CO,). The dimerization of CH,
groups represents only a negligible step. The dehydrogenation of CH; to carbon
occurs to a lesser extent on the Pd surface. At the same time, the dimerization
of CH; species occurred more easily on this catalyst.

Taking all these features into account, we tentatively propose that the activity
sequence of the Pt metals in the CH, + CO, reaction reflects their ability to
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dissociate CO, and to produce adsorbed O, which scavenges the hydrogen of
CH,, and hence promotes its dissociation.

Conclusions

1. Methane alone showed little reactivity towards supported Pt metals at
723-823 K. As regards the formation of ethane supported Ru and Pd exhibited
the highest activity.

2. The reaction between CH, and CO, to yield CO and H, occurred above
700 K. The specific activities of the Pt metals in terms of turnover numbers
decreased in the order Ru, Pd, Rh, Pt, Ir.

3. It is assumed that this activity order corresponds to the ability of Pt metals
to dissociate CO, and to produce adsorbed O which scavenges the hydrogen of
CH,.
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