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Oxidative coupling of methane on LaAlO3 perovskites partially
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Abstract

Methane coupling was investigated at 600–750◦C on LaAlO3, La1−xMxAlO3 (M = Na, K, Ca, Ba,x = 0.1) and
LaAl1−xMxO3 (M = Li, Mg, x = 0.1) perovskite-type catalysts, prepared by calcining the citrate precursors at 800◦C
for 5 h. The introduction of the alkali and alkali-earth metals produces oxygen vacancies and higher bond strength for both
lattice and surface oxygen species. The substitution of Al3+ with Li+ and Mg2+ increases both catalytic activity and selectivity
to C2-hydrocarbons in comparison with unsubstituted LaAlO3 perovskite. A diffusional control is suggested for the oxidation
to carbon oxides, whereas methane coupling should occur under kinetic control. The overall process should take place through
a complex pattern of reactions. The results were rationalized on the basis of the structural properties of the catalysts and of their
adsorptive behavior towards oxygen, investigated by means of temperature programmed desorption (TPD). © 2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Direct and indirect methods are known for methane
valorisation. The indirect routes are based mainly
on the steam reforming to produce synthesis gas
(CO + H2) [1,2], which can then be converted to
the desired liquid fuels. Since reforming is a highly
energy consuming process, considerable efforts have
been made for many years to develop direct con-
version reactions producing partially oxidized com-
pounds (mainly methanol) [3,4], and products (ethane
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and ethylene) derived from the oxidative coupling of
methane [5,6].

Either the reactions of partial oxidation to methanol
or the reaction of oxidative coupling to ethane and
ethylene are highly exothermic and much favored
from a thermodynamic point of view. However, the
major difficulty to overcome in CH4 conversion is
the strength of the first C–H bond (435 kJ mol−1).
This implies that coupling occurs only at very high
temperatures (≥700◦C), with problems such as (i)
occurrence of homogeneous gas-phase reactions [7]
leading to a complex pattern of parallel reactions, (ii)
kinetic stabilization of the product, with the possibil-
ity of a complex pattern of consecutive reactions, (iii)
presence of mass transfer limitations to the catalytic
reactions, due to the high temperature required [8].
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All these possible reaction pathways lower the selec-
tivity to C2-hydrocarbons and can lead to undesirable
deactivation phenomena.

Even if the gas-phase reaction plays an important
role in the overall process, the presence of the catalyst
is fundamental. Methane dehydrogenates on the cata-
lyst surface and produces methyl radicals, which can
react over the surface or in the gas phase. The abstrac-
tion of a hydrogen atom is caused by an oxygen ion
present on the surface of the catalyst, but many types
of oxygen ions can occur (from O2− to O2−), that is
from the less to the most “basic” species. It is generally
accepted that O2− sites, that is surface oxygen species
with sufficiently high binding energy, are decisive for
enhancing the formation of methyl radicals and there-
fore of C2-hydrocarbons instead of producing carbon
oxides. On the contrary, more oxidizing and weakly
bound ions like for instance O2−, O2

2−, O−, are sup-
posed to favor the formations of carbon oxides [9].

Since metal oxides promoted with lanthanide oxides
are active and selective catalysts in methane coupling
[10], it seemed of interest to study perovskite-type ox-
ide materials where the promoter and metal are in the
same framework. Perovskite-type oxides are indeed
characterized by high mobility of both electrons and
oxygen ions, which can make them suitable for the
methane coupling reaction.

Perovskite oxides have general formula ABO3,
where the 12-coordinated A and 6-coordinated B
sites are occupied by large (rA > 0.90 Å) and smaller
ions (rB > 0.51 Å), respectively. Due to the great
stability of the perovskite structure a large number
of metals can occupy the A and the B sites pro-
vided that the so-called “tolerance factor”t [t =
(rA + rO)/

√
2(rB + rO)] is in the range 0.8–1.0

[11,12]. Moreover, the perovskite composition can
be widely changed by substituting either or both the
A and B site cations with other metals with different
oxidation state. In this case, formation of structural
defects such as anionic or cationic vacancies arises
in order to maintain the electroneutrality of the com-
pound. For instance, upon substitution of A3+ and/or
B3+ cations by a metal preferentially stable in an
oxidation state lower than+3, the charge compensa-
tion is achieved, when possible, by a decrease in the
oxygen content of the perovskite with the eventual
appearance of oxygen vacancies. This occurrence
strongly affects the redox properties of the catalyst.

A perovskite material like LaAlO3 (La3+ and Al3+
occupying the A and the B lattice sites, respectively)
contains strongly bound oxygen species and thus, ap-
pears a suitable catalyst for the methane coupling re-
action. An amorphous material of this composition
has been recognized as a promising substance in the
methane coupling reaction [13]. A higher activity and
selectivity of the catalysts for the oxidative coupling
of methane was obtained by proper cation substitution
in perovskite-type oxides [14].

The partial substitution of lanthanum or aluminum,
in LaAlO3, with alkali or alkali-earth ions was un-
dertaken in the present investigation with the aim
of varying the strength of the oxygen-lattice bonds.
The structural, adsorptive (towards oxygen) and cat-
alytic (towards methane coupling reaction) proper-
ties of La1−xMxAlO3 (M = Na, K, Ca, Ba) and
LaAl1−xMxO3 (M = Li, Mg) perovskite-type solid
solutions are reported.

2. Experimental

La1−xMxAlO3 (M = Na, K, Ca, Ba) and
LaAl1−xMxO3 (M = Li, Mg) catalysts were prepared
from citrate precursors [15,16]. A concentrated solu-
tion of the metal nitrates was mixed with an aqueous
solution of citric acid, by fixing at unity the molar
ratio of citric acid to the metal cations. Water was
evaporated from the mixed solution at 80◦C until a
viscous gel was obtained. The gel was kept at 100◦C
overnight, ground and finally calcined at 800◦C for 5 h.

Phase analysis, lattice parameters, and particle size
determination were performed by XRD using a Philips
PW 1729 diffractometer equipped with an IBM PS2
computer for data acquisition and analysis (software
APD-Philips). Scans were taken with a 2θ step of
0.01◦ and using Ni-filtered Cu K� radiation. Lattice
parameters were evaluated from all reflections appear-
ing in the range of 2θ = 20–60◦, by means of the
UNIT-CELL program [17]. Particle sizes were evalu-
ated by means of the Scherrer equationD = Kλ/β

cosθ after Warren’s correction for instrumental broad-
ening [18], whereD is the mean crystallite diameter
of the particles supposed spherical,K a constant equal
to 0.9,λ the wavelength of the X-ray used,β the ef-
fective line width of the X-ray reflection under obser-
vation, calculated by the expressionβ2 = B2 − b2,
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whereB is the full width at half maximum (FWHM),
β the instrumental broadening determined through the
FWHM of the X-ray reflection atθ = 14◦ of SiO2 hav-
ing particles larger than 1000 Å, andθ the diffraction
angle of the perovskite X-ray reflection (θ = 16.7◦).

BET surface areas were measured by krypton or
nitrogen adsorption at –196◦C, in a volumetric all glass
apparatus.

Catalytic tests were carried out in a tubular continu-
ous flow reactor, 1 cm o.d., employing 0.1 g of catalyst
and a flow of methane/oxygen (5/1) diluted in helium
(reactants/total flow= 0.4). The gases were purified
and dehydrated by means of suitable filters and their
flows were regulated by means of MKS electronic
mass flow controllers. The reaction was investigated in
the range 600–750◦C after an in situ pre-treatment of
the catalysts, in a flow of oxygen (20%) in helium at
600◦C for 1 h. The reaction was then carried out start-
ing from 600◦C, increasing stepwise the temperature
and analyzing the reaction mixture in steady state con-
ditions at every pre-determined temperature. The reac-
tion mixture was analyzed by means of Perkin-Elmer
Autosystem gas chromatograph, equipped with Plot-Q
capillary columns. Since a rapid deactivation was al-
ways observed on these catalysts, reactivation treat-
ments were performed in each run during heating from
previous to the next selected temperature by interrupt-
ing the methane flow, that is allowing only oxygen and
helium to flow over the catalyst.

The adsorptive properties of the catalysts towards
oxygen were studied by means of temperature pro-
grammed desorption (TPD) experiments. Oxygen ad-
sorption was carried out in a tubular reactor on samples
of 0.06 g, after the same oxidative pre-treatment used
in the activity determination experiments, by cooling
down the samples in the same oxidant flow to room

Table 1
Chemical formulae for each perovskite catalysta

Catalyst a c (Å) V (Å3) D (Å) SA (m2 g−1) MC (%) SC2 (%)

LaAlO3 5.367 13.134 327.56 1100 4.3 16.3 57.7
LaAl0.9Li0.1O3 5.410 12.880 325.98 653 10 17.0 65.3
LaAl0.9Mg0.1O3 5.370 13.110 314.14 542 14 18.4 64.7
La0.9Na0.1AlO3 5.358 14.123 326.31 530 14 14.6 58.5
La0.9K0.1AlO3 5.361 13.117 326.53 950 15 16.6 59.6
La0.9Ca0.1AlO3 5.351 13.144 325.88 430 16 14.5 55.9
La0.9Ba0.1AlO3 5.365 13.101 326.60 430 21 16.3 54.0

a SA: specific surface area;D: crystallite size; MC: methane conversion; SC2: selectivity to C2-hydrocarbons obtained at 750◦C.

temperature and allowing equilibration in pure oxygen
flow at such a temperature for 3 h. Then desorption
was carried out in a flow of helium as carrier gas at a
heating rate of 4–16◦C/min.

In every experiment, the flows of the gases, dried
and purified with suitable filters and with a liquid
nitrogen trap, were regulated with Brooks electronic
mass flow controllers, and the peaks were detected by
means of a HWD detector.

3. Results and discussion

Table 1 reports the chemical formula and the values
of unit-cell parameter, crystallite size, specific surface
area for all the catalysts.

Fig. 1 shows the XRD patterns for all the cat-
alysts. All samples exhibited a rhombohedral per-
ovskite structure withR3̄m space group [19]. Only
for La0.9Ba0.1AlO3 the XRD pattern revealed the
presence of small amount of BaCO3 in addition to
the perovskite phase.

The values of the mean crystallite diameter,D, re-
flect the trend of crystallinity observed on the rela-
tive XRD patterns, and almost agree with the opposite
trend exhibited by the specific surface area (SA).

The unit-cell volume,V, of all the substituted per-
ovskites is lower than that of pure LaAlO3. Since the
ionic radius values of 12-coordinated Na+ (1.39 Å),
K+ (1.64 Å) and Ba2+ (1.61 Å) are higher than that of
La3+ (1.36 Å) [20], and the ionic radius values of the
octahedral Li+ (0.76 Å) and Mg2+ (0.72 Å) are also
higher than that of Al3+ (0.535 Å) [20], the observed
lattice shrinkage is likely due to the presence of oxy-
gen vacancies compensating the positive charge de-
fectivity. The chemical formula of the La1−xMxAlO3
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Fig. 1. X-ray diffraction patterns for the La1−xMxAlO3 (M = Na, K, Ca, Ba) and LaAl1−xMxO3 (M = Li, Mg) catalysts.

and LaAl1−xMxO3 samples should therefore be writ-
ten as La1−xMxAlO3−δ and LaAl1−xMxO3−δ, where
δ indicates the amount of the oxygen defectivity.

The results of the catalytic activity and selectivity
to C2-hydrocarbons at 750◦C of the examined cata-
lysts are summarized in Table 1 and the trends of the
various products with the reaction temperature are
shown in Fig. 2a,b,c,d. The substitution of Al by Li
and Mg in the octahedral B sites of the ABO3 per-
ovskite structure seems to be beneficial, either for an
improvement of about 10% of the activity or for an
enhancement of 15% of the selectivity to C2 in com-
parison with pure LaAlO3. The differences in catalytic
activity and selectivity between pure LaAlO3 and the
substituted LaAl0.9Li0.1O3 and LaAl0.9Mg0.1O3 per-
ovskites are much more marked at lower temperature,
for example, at 700◦C.

Figs. 3–5 show the oxidation reactions of the prod-
ucts obtained in the oxidative methane coupling. Since
in the reaction of methane coupling the great part of

oxygen is consumed by methane itself, the experi-
ments were performed at low content of oxygen (ox-
idisable compound/oxygen molar ratio= 10/1), with
the aim to better understand the reactions that may
occur between the oxygen not consumed by methane
and the products of partial oxidation of methane. We
observed the following features:

1. CO is easily oxidized to carbon dioxide under
methane coupling conditions (Fig. 3).

2. Ethane oxidation (Fig. 4a and b) yielded ethylene,
very small amounts of carbon oxides and methane.
Therefore, the production of ethylene in methane
coupling (Fig. 2d) is most probably due to the ox-
idation of ethane.

3. Ethylene oxidation (Fig. 5a and b) gives small
amounts of carbon oxides in addition to small, but
not negligible, amounts of ethane and methane.

4. In many experiments, the production of car-
bonaceous species on the catalyst surface has been
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Fig. 2. Methane conversion (%) to (a) CO, (b) CO2, (c) C2H6, and (d) C2H4. Ratio CH4/O2 = 5; ratio reactants/total flow= 1/2.5.
Amount of catalyst: 0.1 g. In any diagram the term “label attributed to catalysts” represents: (1) La0.9Ba0.1AlO3; (2) La0.9Ca0.1AlO3; (3)
La0.9K0.1AlO3; (4) La0.9Na0.1AlO3; (5) LaAl0.9Mg0.1O3; (6) LaAl0.9Li0.1O3; (7) LaAlO3.
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Fig. 2. (Continued).
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Fig. 3. CO conversion (%) to CO2 during oxidative reactions in conditions of oxygen deficient mixtures.

revealed especially at high temperature. These species
are responsible for the catalyst deactivation shown in
Fig. 6 for La0.9K0.1AlO3 as an example.

Points (1), (2) and (3) suggest that the methane cou-
pling and oxidation reaction to carbon oxides occur
in the same time on different active sites, i.e. on dif-
ferent type of oxygen. Therefore, a very complicated
reaction pathway can be supposed (Fig. 7).

The values of conversion to carbon oxides and to
C2-hydrocarbons obtained during methane coupling
can be affected by diffusion control problems because
of the high temperatures of reaction.

Since the porosity of LaAlO3 and of other derived
materials is low, intraphase diffusion should not be
important, but interphase diffusion may be rate lim-
iting. A common method for testing the existence of
diffusion limitations consists in diluting the reactants
mixture in the carrier gas. Experiments were therefore
carried out by using the same methane/oxygen ratio
and reducing approximately three times their partial
pressures.

The results, shown in Fig. 8, demonstrate that
the methane fraction converted to CO and CO2 is
drastically reduced, whereas the amount of methane
converted to C2-hydrocarbons does not change ap-
preciably. Oxygen diffusion from the gas phase to the

catalyst surface strongly affects the total oxidation
reaction, whereas it seems not important for the for-
mation of C2-hydrocarbons. This may confirm that
two distinct reactions, leading to carbon oxides and
to C2-hydrocarbons, occur on the catalyst surface.

The adsorptive properties of the catalysts towards
oxygen are important in this type of reactions, oxygen
species with enhanced basic properties being consid-
ered decisive for dehydrogenative coupling. The TPD
patterns of adsorbed O2 on pure and substituted per-
ovskites are shown in Fig. 9.

Two types of oxygen species have been reported
[21] as responsible for the TPD peaks at different tem-
peratures.

TPD spectra (Fig. 9) display a first small and broad
peak centered at about 350–450◦C, and correspond-
ing to an amount of adsorbed oxygen varying from
3 × 10−7 to 6 × 10−7 mol m−2 of catalyst for lan-
thanum substituted perovskites, to 2.6×10−5 mol m−2

for LaAl0.9Li0.1O3, and to 3.2 × 10−5 mol m−2 for
LaAl0.9Mg0.1O3. The low temperature peak corre-
sponds to oxygen surface species weakly bound to
the lattice [22,23].

The second peak, when present, is placed at very
high temperatures, and in some instances it is far from
the end, even at 900◦C. This testifies the strength of
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Fig. 4. Ethane conversion (%) to C2H4, CO, CO2, and CH4 during oxidative reactions in conditions of oxygen deficient mixtures on (a)
La0.9K0.1AlO3 and (b) LaAl0.9Mg0.1O3.

the bonds of this type of oxygen to the lattice. The
high temperature peak is nearly absent in the TPD
spectra of aluminum substituted perovskites, which
are the most active and selective to C2-hydrocarbons.
This suggests that the presence of Li and Mg increases
the bond strength of lattice oxygen.

Two types of oxygen surface species, one less
strongly bound to lattice and leading to carbon ox-
ides, and one more strongly bound and leading to
C2-hydrocarbons, are present.

By representing the first type of active oxygen by
O−, we suggest that such a species is sufficiently
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Fig. 5. Ethylene conversion (%) to C2H6, CO, CO2, and CH4 during oxidative reactions in conditions of oxygen deficient mixtures on (a)
La0.9Ca0.1AlO3 and (b) LaAl0.9Li0.1O3.

“electrophilic” to attack the carbon atom of methane,
according to the following reaction where the forma-
tion of an adsorbed methanol molecule is hypothe-
sized:

CH4 + O− → H4C–O− → H3C–OH+ e−

The adsorbed methanol molecule is most probably
the first intermediate of a series, which leads at the
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Fig. 6. Methane conversion (%) in function of time at 700◦C, to test deactivation on La0.9K0.1AlO3.

Fig. 7. Pattern of the possible reactions occurring in the conditions employed during methane coupling.

end to carbon oxides and water. The electron can be
attracted by a metal ion near to an oxygen vacancy and
made available to gaseous oxygen for its reduction

1
2O2 + e− → O−

The diffusion of gaseous oxygen from the gas phase
to the catalyst surface, prior to the above reaction,
would be the rate determining step in the series of
steps eventually leading to complete combustion, as
suggested above.
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Fig. 8. Methane conversion (%) to CO, CO2, C2H6 and C2H4. Ratio CH4/O2 = 5; ratio reactants/total flow= 1/4.2: (a) La0.9K0.1AlO3;
(b) LaAl0.9Li0.1O3.

A different type of oxygen may be suggested
for the formation of C2-hydrocarbons, for instance
the O2− species, which is electron rich (there-
fore “nucleophilic”) and can attack the hydrogen
atom

CH4 + O2− → CH3
• + OH− + e−

Methyl radicals can dimerize giving ethane, and
two hydroxyls give a water molecule, an O2− and an
anionic vacancy. The electrons produced can be at-
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Fig. 9. Temperature programmed desorption profiles obtained with oxygen adsorbed in continuous flow at room temperature. Amount of
catalyst: 0.06 g.

tracted by a metal ion near to an oxygen vacancy and
made available to gaseous oxygen for its reductive
chemisorption

1
2O2 + 2e− → O2−

The possibility of realizing one or the other of the
two mechanisms is connected to a number of factors,
namely, the reducibility of the metal ion (especially
the octahedrally coordinated B-type metal ion), the
presence of oxygen and cation vacancies (eventually
introduced by partial substitution of metal ions), and
the presence of structural distortions introduced by the
metal substitution.

In LaAlO3 neither lanthanum nor aluminum shows
appreciable redox properties and this entails that a
relevant amount of firmly bound oxygen species can
be present. An increase of vacancies with temperature
makes possible a certain mobility of electrons, and a
reactivity (at high temperature) addressed toward the
oxidative coupling.

Two opposite effects can be supposed at this stage:
(i) the introduction of less charged ions causes the
presence on the surface of a lower number of oxygen
species strongly bound to the lattice; (ii) the oxygen

species are bound to metal ions with more basic char-
acter; thus, having a greater ability to nucleophilic at-
tack towards methane. During the reaction, movement
of the charges enables an equilibrium also of the type

2O2− � O2
2− + 2e−

This is a source of oxygen species less negatively
charged, not stable at these high temperatures, and
therefore easily available on the surface and able to
activate methane towards the formation of carbon ox-
ides. Probably these species cannot be replaced so eas-
ily by gaseous oxygen and this hypothesis could ex-
plain the control of oxygen diffusion from gas phase
to the surface for the total oxidation of methane.

4. Conclusions

All the catalysts exhibit the perovskite structure.
Due to charge compensation, the substitution of triva-
lent La and Al ions by metals with lower oxidation
state produces oxygen vacancies that induce a reactiv-
ity of these catalysts, activating methane towards total
or partial oxidation.
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The presence of two types of oxygen species is con-
firmed by means of TPD experiments, which demon-
strate that on the studied perovskites a meaningful
fraction of oxygen species desorbs at high tempera-
tures and is strongly bound to the surface.

The substitution of B-type ions either with mono-
valent or divalent ions seems to be beneficial for the
catalytic activity and the selectivity towards C2 for-
mation due to the increased strength of the bonds be-
tween oxygen and lattice.

The partial and total oxidations seem to proceed
along distinct pathways through a series of interme-
diate steps: CO is easily oxidized to CO2 and C2H6
is substantially oxidized to C2H4. The conversion
of ethane demonstrates that ethylene is almost com-
pletely produced by ethane oxidative dehydrogena-
tion. However, the yield of ethylene is decreased by
consecutive cracking and oxidation. These reactions
occur, however, only to a little extent.

The selectivity to C2-hydrocarbons increases by di-
luting the reactant mixture and decreasing their con-
tact time on the catalyst. This result can be ascribed
to the presence of external mass transfer limitations in
total oxidation.
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