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Well-defined structures like ABO3 (A = Ba, Sr, Ca; and B = Ti, Zr) perovskites were prepared 
by a sol-gel method which permits the formation of a crystalline structure at low-calcination 
temperatures (~700 ~ The perovskite structures were characterized by X-ray diffraction 
(XRD), scanning electron microscopy (SEM) and Brunauer-Emmett-Teller (BET) methods 
and the carbonate present at the surface was determined by Fourier transform infra-red 
spectroscopy. Reactivity studies showed that the perovskite structures are stable under 
oxidative coupling of methane (OCM) conditions. The yield increases followed the sequence 
Ca < Sr < Ba and Zr < Ti, and a stable BaTiO3 gives a C2 yield of 15% at 800~ 

1. Introduct ion 
In the last fifteen years, there has been much research 
on chemicals and liquid transportat ion fuel produc- 
tion from n,on-petroleum-fossil carbon sources. An 
extensive part of this research is now devoted to the 
utilization of natural gas as a source for chemicals 
and fuels [,1,2]. Indeed, natural gas is largely con- 
sidered to be an under-utilized carbon-containing 
feedstock. Its conversion to chemicals and fuels can 
be beneficial for both economic and environmental 
reasons. There are two main methods: indirect trans- 
formation (through syngas and its reactions) or direct 
conversion to chemicals (methanol and mainly 
hydrocarbons). An examination of the economics of 
these different processes shows that the major cost of 
the indirect transformations is related to the syngas 
production. Therefore, direct conversion of methane 
seems to be an economically reasonable pathway to 
its valorization. However, the high stability of meth- 
ane and the unfavourable thermodynamics clearly 
indicate the difficulties which must be overcome in 
direct methane activation [-1]. Since the direct 
dehydrogenation of methane to ethylene or ethane 
is thermodynamically prohibited (AG > 0), the use 
of a hydrogen accepter co-substrate (02, NzO, 
halogen or unsaturated hydrocarbons) is required 
to make the overall transformation thermodynamics 
favourable. With oxygen, two types of valuable prod- 
ucts can be obtained: methanol and C2 hydrocar- 
bons. A small part of the recent work has focused on 
direct methanol formation [3], but to a large extent 
the search for an efficient catalytic material has been 
unsuccessful. 

The major part of the effort has been directed to the 
oxidative coupling of methane (OCM) [-4-6]. At pre- 
sent, a C2 hydrocarbon yield of 25% seems to be the 

0022-2461  �9 1995 Chapman & Hall 

upper limit which can be achieved. This limit is too 
low to allow industrial development [7]. 

Numerous compounds have been tested as cata- 
lysts in OCM and a definitive classification of these 
catalysts would be very difficult. However, one can 
roughly distinguish three groups containing alkali and 
alkaline earths, lanthanides or transition and post- 
transition metals [6]. Among the alkali- and alkaline- 
earth oxides, Li20, Na20,  CaO, BaO or SrO are used 
as precursors or dopants. It is noteworthy that in 
Li/MgO, Na/CaO or Sr/La203 systems the alkali or 
alkaline earth cannot strictly be considered as being 
deposited on the support, and, since the radii of both 
cations are close to each other, exchange of the two 
cations can occur on the catalytic surface [-8,9]. 
Therefore, well-defined structural compounds (like 
LnLiO2 (Ln = rare earth) [,10,11], pyrochlores 
[,12,13] and perovskites [,14,15]) containing the 
above-mentioned elements were considered to be of 
interest in the OCM. The ABO3 perovskite structure 
fits particularly well in forming numerous combi- 
nations of elements with different valencies A"+B "+ 
(n = 1, 2, 3; m = 5, 4, 3) or to allow the substitution of 
cations leading to a mixed structure, AA'BB'O3 [16]. 
These combinations can lower the element-oxygen 
bond strength and favour breaking of these bonds 
resulting in surface vacancies, O -  or O 2- species, 
which are potential intermediates in oxidative coup- 
ling [17, 18]. Thus, many well-defined structures have 
been proposed for total oxidation of methane to 
CO 2 -LaCrO 3  [19], LaCoO3 [20,21] - or for the 
oxidative coupl ing- three  metallic [22,23], lithium 
[-24] or alkaline-earth doped systems [25]. The aim of 
the present work was to test the OCM activity of 
ABO3 perovskite compounds (A = Ba, Sr, Ca; and 
B = Ti, Zr) prepared by sol-gel methods. 
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2. Experimental procedure 
2.1. Catalyst preparation 
ABO3 perovskites (A = Ba, Sr, Ca; and B = Ti, Zr) 
were prepared by a sol-gel process. The alkaline-earth 
oxides or acetate were dissolved in an excess of 
propionic or butyric (for Ca) acid. 

The amount of Ti or Zr required to form the perov- 
skite structure was added as a propionic acid solution 
of Ti or Zr isopropionate. A transluscent solid was 
obtained by solvent evaporation. This solid was then 
calcined between 650 and 1000 ~ to form the desired 
well-defined structure. The standard annealing condi- 
tion of the samples was 750 ~ for 4 h, with the rate of 
heating being 3 ~ min- 1. 
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Figure 1 The most intense XRD peak for ABOa catalysts: (�89 
prepared in the laboratory (Toa~ = 750 ~ (o) the published data. 

2.2. Apparatus and conditions for 
catalytic tests 

The activity and selectivity of the various samples 
were determined in a fixed-bed quartz reactor 
(6.6 ram) internal diameter under the following condi- 
tions: temperature area, 400-800 ~ gas flow, 7.5 to 
301h-lg -1 (at (STP)); a CH4/O2 ratio of between 
2 and 20; feed-gas partial pressures given for 
CH4/O2 = 2 of 0.133 atm CH4, 0.0665 atm 02 and 
0.8 atm He. The CHr 02 and He flows were control- 
led by an electronic-mass-flow metering system. The 
gases were mixed before introduction into the quartz 
reactor. The temperature was measured by a ther- 
mocouple placed near the catalytic bed. The reactant 
and products were analysed by gas chromatography 
(TCD) on Carbosphere and Porapak Q column pack- 
ings. The main reaction products were CO, CO2, 
C2H~, C2H6 and H20. C3 and C4 hydrocarbons were 
produced in trace amounts and they were not meas- 
ured systematically. 

3. Results and discussion 
3.1. Characterization of the perovskites 
X-ray diffraction (XRD) data for ABO3 solids 
(A = Ba, Sr; and B = Ti, Zr) calcined at 700 ~ and at 
750 ~ (A = Ca) show that the perovskite structure is 
readily formed by our preparation method. The posi- 
tions of the most intense line of the perovskites given 
in the literature and obtained experimentally after 
calcining at 700 or 750 ~ are represented on Fig. 1. 
The good fitting of the experimental and the reference 
data [26-28] indicate the successful preparation of 
these structures. Except for SrTiO3, this preparation 
only leads to the formation of perovskites, no other 
species (oxide, carbonate, well-defined structure) was 
obtained by XRD. For SrTiO3, compounds with 
a neighbouring stoichiometry (Sr2Ti2OT, Sr4Ti3010) 
can be formed, and this makes the choice of the an- 
nealing conditions very important (calcination at 
650 ~ under a CO2-free air flow). Increasing the an- 
nealing temperature from 700 to 1000 ~ for BaTiO3, 
BaZrO3 and SrTiO3 results in a more well-structured 
product (more intense and finer lines) but the same 
characteristics remain (number and position of lines, 
intensity ratios). Fig. 2 shows XRD spectra of BaTiO3 
for two calcination temperatures (700 and 1000~ 
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before and after running in OCM. The perovskite 
structure of BaTiO3 is retained after the catalytic test. 
All the perovskites tested had good stabilities. 

The Brunauer-Emmett-Teller (BET) specific areas 
of the perovskites were measured for different compo- 
nent elements and calcination temperatures (between 
650 and 1000 ~ There is an ideal temperature for the 
formation of the desired structure, depending on the 
elements introduced. At lower temperatures, the spe- 
cific BET surface area is high. It diminishes by further 
heating to this ideal temperature. The standard calci- 
nation at 750 ~ is sufficient to obtain stable structures 
for all the perovskites studied. The surface areas ob- 
tained (between 3 and 10m2gcat -I) show this de- 
pendence on the starting elements. Carbonate species 
(for Ba, Sr and Ca) formed during the calcination were 
detected by Fourier-transform infrared (FTIR) spec- 
troscopy. The amount of carbonates formed is always 
low, and remains unchanged during the catalytic test. 

The results of scanning electron microscopy (SEM) 
of BaTiO3 calcined at 700 and 1000 ~ are shown in 
Fig. 4 before and after catalytic testing. The surface of 
the catalyst was uniform and consisted of little beads 
sticking to each other. For BaTiOa, more porous 
beads stuck to each other. For BaTiO3 more porous 
beads were observed for the sample calcined at 700 ~ 
than for that annealed at 1000 ~ After the reaction, 
the beads had a molten aspect, and this explains the 
reduction of the surface area during the catalytic test 
for the sample calcined at 700 ~ 

3.2. Catalytic reactivity measurements 
3.2. 1. Ageing 
The stabilities of the perovskite structures observed by 
the different characterization means (XRD, BET, 
FTIR and SEM) were confirmed by the catalyst age- 
ing studies under the OCM conditions. The ageing of 
BaTiO3 calcined at 750 ~ is given in Fig. 5. No cha- 
nges in the oxygen and methane conversion or the 
product distribution formed were observed. This was 
valid for all the perovskite structures studied. 

3.2.2. Catalytic activity 
The catalytic behaviour versus the reaction tempera- 
ture is given in Fig. 6 for BaTiO3 calcined at 750 ~ 
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Figure 2 XRD data (using CoK~ radiation) for BaTiO3 calcined: at 700 ~ (a) before and (b) after testing; and at 1000 ~ (c) before and 
(d) after testing. 
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Figure 3 (a) FTIR spectra for BaZrOa as a function of the calcina- 
tion temperature: (a) before testing (~) at 700 ~ (13) at 750 ~ and 
(Z) at 1000 ~ and (b) after testing (c 0 at 700 ~ (13) at 750 ~ and 
(X) at 1000~ 

The behaviour is almost the same for all the perov- 
skites studied except for CaZrO3. An area with high 
oxidating characteristics is observed between 450 and 
635~ (part 1) and only CO and CO2 are formed. 

In this area, the methane and oxygen conversions 
increase quickly as the temperature is enhanced. The 
oxidative reaction begins at higher temperatures for 
those catalysts which are active in OCM except for 
CaZrO3. The CO selectivity decreases as the tempera- 
ture increases. As shown in Fig. 7 for CaZrO3, the CO 
selectivity is more than 50% at 500~ whereas it 
reaches only 10% for BaTiO3 and SrTiOa. In part 2 of 
Fig. 6, the oxygen conversion is near to 100% and that 
of methane further increases but more slowly from 
25% and upward, this is related to an enhanced 
C2 selectivity (a CH4/O2 ratio of 2). Ethane is never 
obtained at temperatures lower than 630 ~ Ethylene 
appears even at higher temperatures. Table I shows 
that the temperature at which C2 appears depends 
strongly on the nature of the catalyst. Moreover, the 
lower the minimal C2-appearance temperature is, the 
higher is the maximum C 2 yield. 

For all catalysts studied, the presence of Ti is more 
favourable than that of Zr in the perovskite structure. 
The C2 hydrocarbon selectivity, and the methane 
and oxygen conversions, are higher in the presence 
of Ti. Furthermore an increase in the CH4/O2 
ratio from 2 to 5 leads to an 80% C2 selectivity 
for BaTiO3, whereas only 40% can be reached for 
BaZrO3, The results obtained with CaTiOa and 
CaZrO3 confirm that Ti perovskites are better than 
those of Zr in OCM. For Ti and Zr perovskites, the 
conversion and the C2 selectivity increase in the fol- 
lowing sequence: 

Ca < Sr < Ba 

This reactivity sequence can be partly explained by 
taking into consideration the perovskite structure. 
The ideal perovskite structure is cubic and the co- 
ordination number is 12 and 6 oxygen atoms, respec- 
tively, for A and B. An increase in the ionic radii for 
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Figure 4 MEB of BaTiO 3 calcined at 700 ~ (a) before and (b) after testing; and calcined at 1000 ~ (c) before and (d) after testing. 
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Figure 5 Reactivity of BaTiO3 calcined at 750 ~ versus time. (~Z-) 
conversion of CH4, (-O-) conversion of 02, ( 4 )  selectivity into 
C2 and (-C~) yield into C2. 

Ba 1+ < Sr 2§ < Ca 2+ at a co-ordinat ion number  of 
12 leads to an increase in the lattice parameters;  this is 
related to a position shift of the most  intensive line of 
the X R D  spectra for the Ti and Zr perovskites (Fig. 1). 
The Ti 4+ ionic radius (0.1944nm) is lower than that  
of Zr 4§ (0.2174nm) at a co-ordinat ion number  of  
6, and this results in a smaller lattice parameter.  
For  all catalytic systems, the C2 selectivity is signifi- 
cantly enhanced when the oxygen conversion is total. 
This experimental feature suggests that  the oxidation 
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Figure 6 Results of BaTiO3 calcined at 750 ~ versus the tem- 
perature of reaction for a ratio of CH4/O2 equal to 2. (~2]-) 
conversion of CH4, (-eL) conversion of 02, (-l~) selectivity into 
C2 and (~i~) yield into C2. 

reaction is performed by two different types of oxygen 
which are present on the catalytic surface: adsorbed 
oxygen and lattice oxygen. Indeed, it has been shown 
[20,29] that  perovskites can adsorb and desorb im- 
por tan t  amounts  of oxygen, and that  their lattice 
oxygen could be active. The adsorbed oxygen is less 
strongly held by the surface and can, therefore, react at 
lower temperatures and lead to total CH4 combus-  
tion. On  BaTiO3 and BaZrO3 for example, Vermeiren 
et  al. [22] have observed, by adsorpt ion of methane 
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Figure 7 Selectivity into CO ofperovskites at low reaction tempera- 
tures (400-700~ (a) BaTiO3, (b) BaZrO3, (c) SrZrO3, (d) 
CaZrO3, and (e) SrTiO3. 

TABLE I The relation between the minimal C2-formation temper- 
ature and the max i mum C2 yield that can be achieved 

Catalysts Minimal C2 formation M ax imum 
temperature, T(~ Cz yield (%) 

BaTiO3 637 15 
BaZrO3 650 9 
SrTiO3 650 8.5 
SrZrO3 700 6 
CaTiO3 720 3 

after 1SO 2 adsorption, that the COz formed at low 
temperatures contains only oxygen from the gas phase 
without participation by the lattice oxygen of the 
perovskite structure. It is only when the oxygen con- 
version is almost total, as the temperature is increased, 
that the lattice oxygen sites of the perovskite structure 
become accessible and/or active in the mild oxidation. 
This participation by the lattice oxygen results in the 
formation of surface oxygen vacancies, as has already 
been observed on BaTiO3 and BaZrO3 [22]. Once 
these vacancies are formed, the switch to C2 hydrocar- 
bons could be represented by the scheme proposed by 
Ekstrom and Lapszewick 1-30]. 

4. Conclusion 
This work shows that on ABO3 perovskites (A = Ba, 
Sr, Ca; B = Ti, Zr) the yields of C2 hydrocarbons 
decrease from Ti to Zr, and from Ba to Ca. C2 hydro- 
carbons are only observed when the oxygen conversion 
is almost complete, and a relation exists between the 
minimal temperature where Cz products are formed 
and the maximum C2 yield. Therefore, it is suggested 

that CO2 and C 2 hydrocarbons are obtained by 
reaction of adsorbed or lattice oxygen, respectively. 
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