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Abstract  

Ionic-electronic mixed-conducting perovskite-type oxide Lao6Sro.4Coo.sFeo203 was applied as a 
dense membrane for oxygen supply in a reactor for methane coupling. The oxygen permeation 
properties were studied in the po,-range of 10-3-1 bar at 1073-1273 K, using helium as a sweeping 
gas at the permeate side of the membrane. The oxygen semi-permeability has a value close to 1 mmol 
m ~ s ~ at 1173 K with a corresponding activation energy of 130-140 kJ/mol.  The oxygen flux is 
limited by a surface process at the permeate side of the membrane. It was found that the oxygen flux 
is only slightly enhanced if methane is admixed with helium. Methane is converted to ethane and 
ethene with selectivities up to 70%, albeit that conversions are low, typically 1-3% at 1073-1173 K. 
When oxygen was admixed with methane rather than supplied through the membrane, selectivities 
obtained were found to be in the range 30-35%. Segregation of strontium was found at both sides of 
the membrane, being seriously affected by the presence of an oxygen pressure gradient across it. The 
importance of a surface limited oxygen flux for application of perovskite membranes for methane 
coupling is emphasized. 

Keywords." Perovskite; Lao~Sr. 4Coo sFeu ~O3; Conductivity (mixed): Oxygen permeation; Methane coupling; 
Membrane reactor 

1. Introduction 

Many mixed oxides of the perovskite-type (AMO3) show catalytic activity in 
oxidation reactions. The catalytic properties are closely related to the nature of the 
M-cation, as was shown for propane oxidation [ 1 ]. The A-site cation is in general 
catalytically inactive, but the partial substitution of the A-site cation by aliovalent 
ions has been used by several authors to control both the valency of the M-element 
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and the oxygen vacancy concentration in the bulk [2,3]. By this substitution the 
M-O bond strength and the mobility of the oxygen anions are affected. Since the 
oxygen ion conductivity is generally enhanced by the partial substitution of A-site 
cations by lower valent cations [4], oxygen ions in subsurface layers may be able 
to take part in the catalytic process. The intrafacial mechanism as suggested by 
Voorhoeve for oxidation reactions on perovskites [ 5 ] may be promoted by this, as 
it is generally believed that there is a connection between this mechanism and the 
ease of oxygen ion migration [ 6]. In addition to their high ionic conductivity some 
A-site substituted perovskite-type oxides with transition metal ions at the M-site 
show electronic conductivity [ 7 ]. As an example, the partial substitution of trivalent 
lanthanum in LaMO3 (M is a transition metal cation) by divalent strontium, result- 
ing in the solid solution La~ xSr~MO3, is given by 

SrMO3 --* SrLa' + MM + 3 0 o  x ( 1 ) 
LaMO3 

where the notation for defects is from Kr6ger and Vink [8]. Due to the above 
substitution the concentration of oxygen vacancies is promoted according to the 
defect reaction 

2M/.+O~, ~ 2 M ~ + V o . "  + 1/202(g).  (2) 

Furthermore, M-site transition metal cations can show charge disproportionation: 

2Mh ~ MM + Mr,' (3) 

Ionic conduction can take place by hopping of oxygen ions to neighbouring 
vacant sites, whereas electronic conduction is thought to occur via M n + - o  - 
M ~n+ ~ + conduction pairs [9]. 

Several perovskite-type oxides were already investigated as catalysts for the 
methane coupling reaction [ 10-15 ]. Some LaCoO3-based perovskites, partially 
substituted with barium and iron on the A-and M-sites, respectively, were found to 
be active in the oxidative coupling reaction when the reaction was performed by 
the temperature-programmed reduction (TPR) method and cyclic operation [ 10]. 
A study ofperovskites of the formula Ca~ _xSr~Tij -yMyO3 ~ (M = Fe or Co; x = 0-  
1; y = 0-0.6) indicated that these catalysts showing both ionic and p-type electronic 
conductivity give a high selectivity to the desired products [ I 1]. A combined 
M6ssbauer and catalytic study of ACoo.8Feo.203 8 (A = Ba, Sr, Ca) showed that 
the barium and strontium perovskites, which gave a high selectivity towards C2 
products (C2 indicates the sum of ethane and ethene), have a disordered oxygen 
vacancy structure [ 12]. In contrast, the calcium-containing sample adopted the 
brownmillerite structure, which is known to have an ordered arrangement of oxygen 
vacancies. The performance of this composition was considerably less. Ca-doped 
Bao.95Cao.osCoyFel yO 3_ ~ (y >~ 0.8) showed even better catalytic properties in 
comparison with the above mentioned BaC%Fe~ _ y O  3_ 6 [ 13]. It was considered 
by the authors that the oxygen deficiency of BaCoyFel -yO3 was small and that it 
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Fig. 1. Fluxes in mixed conducting membrane under the influence of a partial pressure gradient. Po/  is higher 
oxygen partial pressure, Po2" is lower oxygen partial pressure. 

tended to contain mixed oxides of different structures. By doping a small amount 
of Ca the perovskite structure was stabilized and its nonstoichiometry increased, 
which was thought to contribute to the improved C2 selectivity. 

The simultaneous occurrence of ionic and electronic conductivity makes that 
these materials can be applied as oxygen semipermeable membranes in membrane 
reactors. Teraoka et al. were the first to measure steady-state oxygen permeation 
through mixed-conducting Lal_xAxCol_yMy03_~ membranes ( A = S r ,  Ca; 
M = Fe, Co, Cu, Ni) directly [ 16,17]. Higher oxygen fluxes were observed with 
increasing level of A-site substitution and reducibility of the perovskites [ 18]. 
Since these initial studies, compositions of Lal _xSr~Co~ y F e y O 3 _  ~ have been 
claimed in patents for use as oxygen separation membrane, e.g. for the production 
of oxygen [ 19]. 

The principle of a membrane, semipermeable to oxygen, is shown in Fig. 1. By 
applying an oxygen partial pressure gradient across the membrane, oxygen is driven 
from the high to the low partial pressure side. Local charge neutrality is maintained 
by the joint diffusion of oxygen vacancies and electrons or electron holes. The net 
flux is determined by the species with the smallest conductivity. Wagner's theory 
of oxide film growth [20,21 ] on metals is generally used to describe the oxygen 
flux across a membrane. 

P02 ¢ 

J _ RT  
o2 - 42F2L f t i tel° ' tota|d In Po2 

P 0 2  tr 

(4) 

Here Jo2 is the oxygen permeation flux in tool cm-2  s -  ~, t~ and te~ are the ionic 
and electronic transference numbers, O'tota I ( = O'io n q- (Tel) is the total conductivity 
(/2-1 c m -  I ), Po2' and Po2" are the oxygen partial pressures at the high and the low 
partial pressure side of the membrane, respectively; L is the membrane thickness 
(cm).  R, F and T refer to the gas constant (J mol-  ~ K-  ~), Faraday's constant (C 
mol-  ~ ) and the temperature (K),  respectively. 

The oxygen permeability of L a o . 6 S r o . 4 C o O  3 w a s  found to be roughly proportional 
to its ionic conductivity [22], which is in agreement with the fact that its electronic 
conductivity is several orders of magnitude larger. For several other 
Laj-xSrxCol _ y F e y O 3 _  ~ perovskites the electronic conductivity was also found to 
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control the total conductivity [4,23]. This implies that tel ~ 1 so that the product 
ti/elOrtotal reduces to trion and the oxygen flux becomes proportional to the ionic 
conductivity. On the assumption that all oxygen vacancies are fully ionized, an 
expression for ionic conduction can be given on the basis of the Nernst-Einstein 
relation: 

4F2[VO ]Dv 
O'io n - -  ( 5 )  

R T V m  

[ V0] is the oxygen vacancy mole fraction, Dv the oxygen vacancy diffusion 
coefficient (cm 2 s -  1) and Vm the molar volume of the perovskite (cm 3 mol 1). 

(Eq. 4) is valid only if the oxygen flux through the membrane is controlled by 
bulk diffusion through the oxide lattice. Reduction of the membrane thickness L 
will in that case lead to higher oxygen fluxes. Teraoka mentioned the influence of 
sintering temperature on oxygen semipermeability [ 16], which may indicate that 
grain boundary diffusion plays a significant role. In addition, the oxygen flux may 
be influenced or limited by surface exchange kinetics [24]. A characteristic thick- 
ness Lc has been identified, i.e. the membrane thickness at which the oxygen flux 
is equally determined by surface exchange kinetics and bulk transport. The value 
of Lc can be calculated provided that the surface oxygen exchange rate and the 
oxygen diffusivity are known, e.g. from ~80-~60 isotopic exchange techniques. In 
a previous paper [25] we reported on the use of La~ _xSrxFeO3 membranes in the 
high temperature oxidation of carbon monoxide. It was shown that the oxygen 
permeation rate is limited by the reduction process at the surface in the lower partial 
pressure compartment. 

From the above it is clear that mixed-conducting perovskite membranes may be 
used as oxygen supplying membrane and methane coupling catalyst at the same 
time. Otsuka was the first to use separated feeds of air and methane in a study in 
which oxygen was electrochemically pumped into the methane stream by using an 
yttria-stabilized zirconia (YSZ) electrolyte cell [26]. This approach has been 
attempted by several others and was reviewed recently [27]. It was shown that 
electrochemically pumped oxygen coupled more selectively than gaseous oxygen. 
Since the measured activation energies for C2 and CO2 formation differed when 
oxygen was supplied by electrochemical pumping rather than by premixing of 
molecular oxygen in the feed stream [ 28], it has been suggested that the active 
species is different in these two cases. Besides that lattice oxygen may couple 
methane more selectively than gaseous oxygen, air may be used as the oxidant 
instead of more expensive oxygen. 

The observations that were made in the CO oxidation study on La~ _xSrxFeO3 
membranes [ 25 ] are of importance from a technological point of view, since they 
suggest that under actual operating conditions the depth of reduction of the oxide 
membrane surface can be kept limited. It implies that constraints regarding the 
structural integrity and chemical stability in reducing environments of potential 
membrane candidates can be relaxed. Therefore, Lao.6Sro.4Coo.8Feo.203_8 mem- 
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branes are used as oxygen separating membrane and methane coupling catalyst in 
the present study. Cobalt was partially substituted by Fe to increase the chemical 
stability of the perovskite in reducing atmospheres. The results are compared with 
those observed when the membrane is placed in a single-chamber reactor and 
oxygen is admixed with the methane feed stream. 

2. Experimental 

2.1. Membrane preparation 

Nitrates of the constituent metals (Merck, p.a. quality) were separately dissolved 
in Q2-water and their concentrations were determined by titration with EDTA. 
Stoichiometric amounts of the solutions were taken and mixed. A solution of 
ammonia/EDTA was added to the mixed metal solution, the final concentration of 
EDTA being 1.5 times the total metal cation concentration. The pH of the solution 
was adjusted to 8-9 by using ammonia. The solution was mixed for several hours 
under moderate heating to complete complexation and then pyrolysed in a stove at 
500 K. The resulting powder was milled for several hours in a planetary mill in 
acetone and after drying calcined at 1200 K in stagnant air for 12 h. Calcination at 
lower temperatures also resulted in perovskite formation but in these cases X-ray 
diffraction (XRD) revealed traces of SrCO3. After repeating the milling procedure 
disks of 25 mm diameter were obtained by uniaxial pressing at 1.5 bar, followed 
by isostatic pressing at 4000 bar. The disks were sintered in Pt-lined boats at 1450- 
1500 K for 24 h in a pure oxygen atmosphere. Membranes of 15.2 mm diameter 
and 0.5-2 mm thickness were cut from the sintered disks. Prior to use the mem- 
branes were polished with 1000 MESH SiC and ultrasonically cleaned in ethanol. 
An Archimedes method was used to determine the density of the membranes. 

2.2. Experimental set-up 

Oxygen permeation measurements were performed in a quartz reactor [ 25 ] with 
a reactor volume of approximately 3 ml. Catalytic experiments were performed in 
a quartz reactor depicted in Fig. 2. Supremax glass rings ( Schott Nederland B.V. ) 
were used to seal the membrane into the quartz reactor at 131 0-1330 K in stagnant 
air, thus creating two isolated chambers. 

The experimental set-up is shown in Fig. 3. In the higher oxygen partial pressure 
compartment the oxygen partial pressure was monitored by an YSZ-based oxygen 
sensor. The oxygen partial pressure in this compartment could be adjusted in the 
range 10-2-1 bar by admixing N2, air and 02. The total flow rate in this compart- 
ment was kept high [ 100-180 ml / min (STP) ] to prevent mass transfer limitations 
from the gas phase. Brooks 5800 mass flow controllers were used to control the 
gas flow rates through both compartments. A Varian 3300 gas chromatograph and 
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Fig. 2. Schematic diagram of the catalytic reactor. 

a LDC/Milton Roy CL-10 integrator were used for analysis of the compositions at 
both the inlet and outlet of the lower oxygen partial pressure compartment of the 
reactor. A molecular sieve 13X was used for separation of H2, 02, N2, CH4 and 
CO. A Porapak-N column was used for separation of CO2, hydrocarbons and H20. 
The total gas flows at the inlet and outlet of the reactor were separately measured 
by a Brooks Volumeter. 

2.3. Permeation and catalytic measurements 

In the oxygen permeation measurements the oxygen partial pressure at the lean 
side of the membrane was varied by adjusting the He (4.6 N) flow rate in the range 
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Fig. 3. Schematic diagram of the experimental set-up. 

5-70 ml/min (STP). The gas tightness of membrane and seal was checked by GC 
detection of nitrogen in the effluent stream, since in case of a leak free membrane 
no N 2 will be present there. The contribution of leakage to the total oxygen flux 
could be calculated from the measured nitrogen concentration and was found to be 
less than 3% in all cases, and typically well below 1%. Calculated oxygen perme- 
ation fluxes were corrected for this contribution. 

In the catalytic measurements the feed consisted of He and C H  4. The permeation 
was calculated from the outlet flow rate and the concentrations of all oxygen 
containing species (O2, CO, CO2 and H 2 0 ) .  Selectivities were calculated from the 
total amounts of products formed. The carbon balance was in all cases in the range 
99 + 2%. Oxygen fluxes and reaction rates were normalized with respect to the 
geometric surface area exposed to the methane/helium atmosphere. 

To compare the results with the effect of cofed oxygen, measurements were also 
performed in a single-chamber reactor with similar geometry and dimensions. An 
amount of oxygen was admixed with methane which was equal to the amount of 
permeated oxygen measured under similar conditions. These experiments will be 
referred to as 'cofeed mode', as distinct from the 'membrane mode' described 

above. 

2.4. XRD, SEM, EDX and AES 

Sample characterisation was performed by taking XRD spectra (Phili~ps 
PW 1710) from crushed sintered membranes using Ni-filtered Cu Ka~ ( 1.5406 A) 
radiation. LaB6 was added as an internal standard and the samples were measured 
with a 20 scan from 20 ° to 140 ° with steps of 0.018 °. The intensity was collected 

during 5-10 s. 
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The membrane surface morphology was examined by high resolution scanning 
electron microscopy (HR-SEM) (Hitachi S-800 field emission microscope). 
Phases present at the surface were determined by XRD. Surface element analysis 
was performed by energy dispersive X-ray (EDX) (Kevex Delta Range) and by 
analytical electron spectroscopy (AES) (Perkin Elmer PHI 600). An Auger depth 
profile was obtained by sputtering with a 1 mm 2 3.5 keV Ar ÷ beam on 30 ° tilted 
samples with a sputter rate of 32.5 A min J ( + 10%). The incident angle between 
the beam and the sample was 45 ° and the surface area analyzed was 150× 120 
~ m  2 . 

3. Results and discussion 

3.1. XRD 

The XRD spectra of powders obtained from crushed freshly prepared membranes 
showed a single-phase perovskite. All peaks could be indexed on the basis of a 
rhombohedrally distorted cubic cell with lattice parameters a = 5.4450(9) A and 
c = 13.2553 (3) A (hexagonal setting), in close agreement with crystallographic 
data o n  Lao.6Sro.4CoO 3 [29]. On the basis of the unit cell volume, the densities of 
membranes used in this study were calculated to be in the range of 96.5-98.0% of 
theoretical. 

3.2. Oxygen permeation measurements 

The Arrhenius curves of the oxygen flux in an air/He gradient are shown in 
Fig. 4 for two samples of different thickness. After sealing the samples were cooled 
down to temperatures between 1223-1273 K and kept at this temperature until the 
permeation became stable ( 10-15 h). At the He side an oxygen partial pressure of 
0.017 bar was maintained. As can be seen from the figure the two curves coincide 
well in absolute magnitude. 

In contrast, the stabilization times of membranes which were immediately cooled 
down from the temperature at which sealing was performed to 1100-1200 K were 
considerably longer and their final permeability was a factor of 3-4 lower than is 

£~ -6.5 

_~ -7.o ---~ l-6.5 

" " • 0.55mm " m ~  -7.0 
_ . . m 0 .98  mm -7 .5  

0 .75  0 .8  0 .85  0.9 

1000/1 (l/K) 

Fig. 4. Temperature dependence of oxygen permeation flux in air/He (0.017 bar O~) gradient for samples of 
different thicknesses. 
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Table 1 
Activation energies of oxygen semi-permeability of Lao.6Sro.4Coo.8Feo.203 in an air/He gradient 

203 

Thickness(mm) T (K) EaCt(kJ/mol) 

0.55 1123-1273 138 ± 10 
0.98 1123-1223 128± 8 

2o/--  A- ~YI~ ~,~ • • 1223 K 

"~ 0.0 ~L , ~ 

-2.6 -2.2 -1.8 -1.4 

log (Po/bar) 
Fig. 5. Dependence of oxygen flux on partial pressure in lower partial pressure compartment at different temper- 
atures. 

expected on the basis of the results shown in Fig. 4. Upon increasing the temperature 
to 1200-1300 K, the fluxes through these membranes increased irreversibly and 
their performances became similar to those of the high-temperature stabilized sam- 
pies. 

The activation energies obtained from the Arrhenius plots in Fig. 4 are given in 
Table 1. Itoh et al. calculated an activation energy of 117 kJ/mol for the ionic 
conductivity from oxygen permeation data of L a o . 6 S r o . 4 C o O  3 [ 3 0 ] .  The authors 
used a simple logarithmic dependence for the oxygen flux, which can be derived 
from (Eq. 4) assuming a constant ionic conductivity. It is plausible that the acti- 
vation energy for L a o . 6 S r o . 4 C o o . 8 F e o . 2 0  3 is slightly higher due to the presence of 
iron. 

Fig. 5 shows the oxygen permeation flux in an air/He gradient as a function of 
the oxygen partial pressure in the lower partial pressure compartment. The meas- 
urements were performed on two different samples of 1.0 mm thickness at different 
temperatures. Stabilization was performed at the temperature of measurement. The 
difference in permeation rates correspond well with the observed activation energy. 
A strong indication for a surface controlled flux emerges from the dependence of 
the oxygen flux on the partial pressure. For all membranes measured, the oxygen 
flux can be related to the oxygen partial pressure in the He-containing chamber via 

Jo2 ~ P~2 (6) 

where n = 0 . 2 2 _ 0 . 0 1 .  When a mass action type relation is applied to (Eq. 2), 
taking into account that the oxygen stoichiometry is defined by [ O~] = 3 - [Vo ], 
the following relation holds for the oxygen vacancy concentration: 

3[M~a] 2 
[Vo]  - [Mi~]2+K2[M~a]2p~/2 (7) 
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where K2 is the equilibrium constant. The power dependence of the oxygen vacancy 
concentration on oxygen partial pressure will thus vary between - 1 / 2  and 0, 
depending on oxygen partial pressure and temperature. From Eqs. (4), (5) and 
(7) the same power dependence is expected for the oxygen flux. A positive n-value 
as is experimentally found here may indicate that a process other than bulk diffusion 
limits the oxygen flux. Combined with the data presented in Fig. 4, as discussed 
above, we take this as evidence of a surface-exchange controlled flux. 

Measurements at 1153 K were performed in which the partial pressure in the 
higher partial pressure compartment was varied (0.01-0.21 bar), while the oxygen 
concentration at the He side was kept at a constant value of 5200 ppm. In these 
cases the value of n is close to zero. The experimental oxygen fluxes can be 
represented by 

Jo2(mmoi m 2 s ~) = 1.054+0.506 logpo2' (8) 

It has been shown [ 31 ] that the Po2 dependency is strongly dependent on the 
applied gradient. This also becomes clear when (Eq. 7) is considered. The oxygen 
vacancy concentration will be different on both sides of the membrane. Thus, the 
differences in dependencies as found here do not necessarily indicate a difference 
in the nature of the rate-determining step of the permeation process. 

3.3. Catalytic measurements 

The temperature dependence of the catalytic activity and C2 selectivity was 
determined by feeding 0.25 bar methane at a total flow of 16.4 ml/min (STP) 
(2.79/~mol s -  J CH4). Air was supplied at the high oxygen partial pressure side of 
the membrane. The results are shown in Fig. 6. After an initial increase of the 
selectivity between 1073 and 1123 K to 62%, a slight decrease is observed between 
1123 and 1173 K, followed by a steep decrease above 1173 K to finally reach 41% 
at 1223 K. The selectivity drop can be attributed to a strong increase of the pro- 
duction rate of CO2. Since this rate increase is accompanied by a strong increase 
of the H2 production rate it is likely that above 1173 K carbon deposition occurs 
by thermal decomposition of methane, followed by oxidation with unreacted per- 
meated oxygen. The activation energy for oxygen permeation was determined to 
be 169 + 6 kJ/mol. Although this value is about 35 kJ/mol higher than determined 

750 - 65 

450  i A C 2 selectivity ' \  55  rJ) 
e 01 rate '~ "~  

E 3 0 0 ~  ! 5 0 ~  =L Im H2 rate 
"C" 150 • v C2rate f ~ r L 4 ~  

o ~4o 
1070 1120 1170 1220 

T (K) 

Fig. 6. Reaction rates and selectivity to e thane /e thene  as function of  temperature.  PCH, = 0.25 bar. Total flow rate 
is 16.4 m l / m i n  (STP) .  
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Fig. 7. Reaction rates at 1153 K as function of the methane partial pressure at a total flow rate of 20.5 ml/min 
(STP), 

from air/He measurements, the difference is likely to be due to the fact that 
stabilization was performed at 1073 K only. 

The activation energy for methane conversion was 217 + 12 kJ/mol, while that 
of C2 formation was calculated to be 175 + 10 kJ/mol. In the aforementioned 
temperature range, the C2 yield varied between 0.25% and 3.1%. From these results 
1153 K was selected as standard temperature for further experiments, since both 
reasonable selectivities and oxygen fluxes are found here. 

The methane partial pressure dependence at a total flow rate of 20.5 ml/min 
(STP) is shown in Fig. 7. Air was again supplied in the high partial pressure 
chamber. The oxygen flux was found to be 0 .84+0.05 mmol m -2 s -  1 and was not 
influenced by changing the methane partial pressure. At methane pressures above 
0.5 bar production of H2 is seen, probably due to thermal decomposition of methane. 
The rate of carbon monoxide formation was virtually independent of the methane 
partial pressure, while the rates of formation of ethane, ethene and carbon dioxide 
steadily increased. The methane conversion ranges between 2.6 and 1.1%, to be 
compared with 0.45-0.35% from blank experiments. 

Methane conversion, selectivities and relative oxygen consumption are given in 
Table 2. The oxygen consumption Xo: (defined as the total amount of oxygen 
consumed by reaction divided by the total amount of oxygen permeated) increases 
from 44% to 75% upon increasing the methane partial pressure from 0.15 bar to 
0.93 bar. Thus, gaseous oxygen is observed in the methane containing compartment, 
and Po2 varies there between l 0  - 2 2 t  and 10 -2.55 bar. Comparing the observed 
oxygen flux with the results shown in Fig. 5 clarifies that the oxygen flux is not or 
only slightly enhanced by the presence of methane. 

Table 2 
Methane conversion, selectivities and relative oxygen consumption as a function of pert4. T= 1153 K; flow rate is 
20.5 ml/min (STP) 

peru (bar) XcH4 (%) Sco (%) Sco2 (%) Sc2ru (%) SC~,H6 (%) Xo~ (%) 

0.15 2.6 14.5 40.5 14.8 30. l 43.8 
0.30 1.9 I 1.6 32.3 22.8 31.6 49.9 
0.60 1.3 8.3 29.1 28.0 31.9 66.6 
0.93 l.l 5.0 27.8 31.4 31.2 74.7 
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Fig. 8. Ratios of reaction rates in membrane mode and cofeed mode at 1153 K as function of methane partial 
pressure. Flow rate is 20.5 m l / m i n  (STP).  

Fig. 8 shows the ratios of the production rates of C2 products and CO2 as a 
function of Pcm when operating in the membrane mode and cofeed mode. No 
production of carbon monoxide was observed in the cofeed mode. It is seen that 
the selectivity to ethane/ethene is much higher in the membrane mode. Not only 
the production rate of carbon dioxide is 40-50% of that in the cofeed mode, the 
rates of ethane and ethene formation are considerably higher. At PCH4 = 0.93 bar, 
the rates of ethane and ethene formation equal 1.4 and 3.2 times those in the cofeed 
mode, respectively. The production rates obtained using membrane and cofeed 
mode, as well as those from blank experiments (without catalyst), are given in 
Table 3. The presence of the catalyst leads to a large increase in the production 
rate of CO2. At low methane partial pressures the production rates of ethane and 
ethene are substantially higher in cofeed mode than in the blank experiments, but 
at 0.93 bar this difference is almost negligible. Although the rate of CO2 production 
is also high in membrane mode, the rate of C2 production becomes higher than in 
the other two cases for high PCH4. 

TO compare the C2 selectivity as a function of the methane conversion in both 
modes of operation, methane was fed to the reactor with a partial pressure of 0.40 
bar, while the conversion was varied by changing the total flow rate. The results 
are shown in Fig. 9. The selectivity of the membrane process is considerably higher 
than that of the cofeed process. These results may indicate that the nature of the 
catalyst is different in the two cases. However, due to the high temperatures applied 
in these experiments, the role of the gas phase reactions can not be underestimated. 
Therefore, the results may also be attributed to a simple mass transport effect. Since 
the concentration profile of oxygen throughout the reactor will be different in the 

Table 3 
Production rates at different methane partial pressures in membrane mode and cofeed mode. 'Blank '  refers to 
cofeed mode measurements with polished quartz membrane. Flow is 20.5 m l / m i n  (STP) 

PCH4 (bar) CO 2 (/~mol m -2 s i) C 2 H r ( / x m o l m  2s l) C2H 4 (/xmol m - 2 s i ) 

Membrane Cofeed Blank Membrane Cofeed Blank Membrane Cofeed Blank 

0.15 128 305 8 48 51 19 23 27 0 
0.45 174 370 12 88 73 44 73 36 16 
0.93 215 437 17 121 86 77 122 37 38 
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Fig. 9. C2 selectivities versus methane conversion at 1153 K for membrane mode and cofeed mode. PeR, at inlet 
is 0.40 bar. 
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Fig. 10. Reaction rates and oxygen flux at l 153 K as function of oxygen partial pressure in the oxygen-supplying 
compartment. Flow rate is 20.5 ml/min (STP). Pen4 = 0.40 bar. 
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Fig. 11. Selectivities to C 2 and CO and conversion rate of methane at 1153 K as function of time in reduction 
experiment. Flow rate is 20.5 ml/min (STP). PcH, = O. 15 bar. 
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two modes of operation, it could be suggested that the difference in selectivity 
results from a different CH4/O: ratio in the vicinity of the surface. In the membrane 
mode the concentration of methane may be very low close to the surface, due to 
the continuous feeding of molecular oxygen from the surface, whereas in the cofeed 
mode, it would remain high. 

The dependence of the oxygen partial pressure in the oxygen supplying com- 
partment on the oxygen flux and reaction rates in the lower partial pressure chamber, 
when operating in membrane mode, is shown in Fig. 10. Roughly, a linear relation 
between Jo2 and log Po2 is seen, in agreement with the results obtained from the 
permeation experiments. Increasing the oxygen partial pressure in the high partial 
pressure chamber mainly contributes to the conversion of methane to CO and CO2. 
The rate of C2 formation remains nearly constant. 

The importance of a surface-exchange limited oxygen flux can be illustrated by 
an experiment in which a membrane was first equilibrated at 1153 K in a 1% 02/ 
He atmosphere and subsequently reduced in 15% CH4/He (20 ml/min (STP); 2.0 
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/zmol s-~ CH4). The experiment was performed in a single-chamber reactor as 
used in the cofeed mode experiments, but with no additional oxygen supplied after 
equilibration. The results are shown in Fig. 11. Initially, a C2 selectivity of over 
30% and a high methane conversion rate are reached. In the course of the experi- 
ment, the production of C2 stops. CO production is seen after 4 h, accompanied by 
formation of hydrogen (not shown in the figure). After 20 h the selectivities to 
carbon monoxide and H2 reach 100% and 93%, respectively. At the same time the 
methane conversion rate increases steeply. These results indicate that reduction of 
the perovskite to either basic oxides or metallic Co and/or Fe leads to an active 
catalyst for syngas production. Thus, in case of a bulk diffusion controlled oxygen 
flux the surface would become reduced by methane, until the membrane thickness 
has decreased to such an extent that the increase of the oxygen flux, due to the 
decreased membrane thickness, counterbalances the consumption of oxygen by 
methane. 

The catalytic permeation experiments that were described in this paper were 
performed on samples that showed no deactivation, even after several weeks of 
continuous operation under varying conditions. Taking the results of the reduction 
experiment described above into account, this confirms that a surface exchange 
process limits the oxygen permeation process. Moreover, the reduction experiment 
shows that it may be possible to fine-tune the catalytic properties of the membrane 
by treatment of the membrane surface in a reducing atmosphere [ 32] or by adjust- 
ment of the amount of oxygen that is fed to the catalyst surface, either by cofeeding 
or by permeation. 

3.4. Strontium segregation 

EDX analysis of samples after treatment in an air/He and/or air/He,CH4 gradient 
showed an enrichment in Sr at both high and low partial pressure sides of the 
membrane. XRD analysis of the sample surfaces indicated the presence of SrCO3 
and SrSO4. The origin of sulphur is not immediately clear, but it may be noted that 
the catalytic activity of SrSO4 is known tO be small [33]. To investigate the 
segregation in more detail, two samples were treated for 48 h at 1153 K in 0.25 bar 
CH 4 at a total flow of 20.5 ml/min (STP) and rapidly cooled down to room 
temperature. One sample was obtained after operation in the membrane mode, the 
other after operation in the cofeed mode under comparable conditions. Fig. 12 
shows depth profiles made by Auger analysis on the membrane sides that had been 
exposed to methane. The profiles of Fe and Co are not shown in this figure, but 
their behaviour is similar to that as observed for La. Surface enrichment of Sr occurs 
in both cases. The segregation depth is about 15-30 nm for the sample obtained 
from the cofeed mode, while it extends over 60-80 nm in that from the membrane 
mode. This shows that not only segregation occurs in both modes of operation, but 
also that segregation might be affected by the presence of an oxygen potential 
gradient across the material, as occurs during operation in the membrane mode. 
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Fig. 12. Auger depth profiles of samples after 48 h treatment at 1153 K. PCH4=0.25 bar. (a) Membrane mode, 

high Po.~ = 0.21 bar. (b) Cofeed mode, Po2 = 0.01 bar at inlet. 

The influence of the oxygen partial pressure gradient on segregation can possibly 
be described in terms of kinetic demixing [34], but the precise mechanism is 
unclear. 

A SEM picture of a cross-section of a sample exposed over 200 h to CH4(He) 
at 1153 K after various catalytic experiments in the membrane mode is shown in 
Fig. 13. As can be seen the perovskite structure is preserved. However, the presence 
of molecular oxygen is required. In experiments where 02 was absent, thermal 
decomposition of methane occurred easily. At the temperatures used here, Sr reacts 
with the deposited carbon to form SrCO3. This reaction probably enhances further 

Fig. 13. SEM photograph of cross-section of membrane after treatment at 1153 K under varying conditions. 
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Fig. 14. SEM photograph of cross-section of membrane after treatment at 1100 K in air/1 bar CH4 gradient for 3 
days. 

segregation of Sr. A SEM picture of a sample, treated for 3 days in pure CH4 under 
permeation conditions at 1100 K, is shown in Fig. 14. At this temperature SrCO 3 

is stable even in a CO2-free atmosphere [ 35 ]. At the surface exposed to the ambient, 
a thin, highly porous SrCO 3 layer is present. Below this layer a porous, decomposed 
layer of about 10/zm, consisting mostly of La, Co and Fe is found. At a depth of 
about 10/zm, the bulk structure appears. Furthermore, the observation that this 
sample showed a much higher flux than expected on the basis of the results shown 
in this paper, suggests that the permeation flux increases with increasing surface 
area at the methane side. 

4. Conclusions 

Dense L a o . 6 S r o . 4 C o o . 8 F e o . 2 0  3 membranes, free of microcracks, were prepared by 
making powders by thermal decomposition of metal nitrate solutions and subse- 
quent sintering of the pressed powders. The densities were 96.5-98.0% of the 
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theoretical values. Permeation fluxes are typically 1 mmol m-2  s -  1 at 1173 K with 
an activation energy in the range of 130-140 kJ/mol. Since the oxygen flux 
remained constant with decreasing membrane thickness and increased with increas- 
ing surface area at the He-side of the membrane, it is concluded that the oxygen 
flux is limited by the release of oxygen at the He side of the membrane. 

When the membrane was applied as an oxygen supplier and methane coupling 
catalyst, no enhancement of the oxygen flux could be observed in comparison with 
the fluxes observed in air/He gradients. For methane coupling purposes it is impor- 
tant that the oxygen flux is limited by surface exchange kinetics, since a bulk 
diffusion controlled flux would lead to reduction of the membrane surface, lowering 
the overall selectivity towards C2 products. 

At temperatures above 1170 K, substantial production of hydrogen was seen, 
which is likely due to thermal decomposition of methane. The C2 selectivity 
decreased strongly above this temperature. At 1153 K, C2 selectivities increased 
with increasing methane partial pressure, up to 67% at PCH4 = 0.93 bar. Increasing 
the oxygen partial pressure in the oxygen supplying chamber was shown to con- 
tribute mainly to the formation of CO and CO2. 

When molecular oxygen was cofed with methane rather than supplied via the 
membrane, the C2 selectivities were considerably lower (25-35%), due to a 
increased rate of CO2 formation and lower rates of ethane and ethene formation. 
This may indicate that the nature of the catalyst is different in the membrane mode 
and cofeed mode of operation, possibly due to the presence of different types of 
active oxygen species at the surface. Segregation of Sr was found by EDX and 
AES. The depth of segregation is a factor of 2-3 larger in the membrane mode. 

Substantial improvements of the methane conversion and selectivity may be 
expected from surface modification, e.g. the application of thin porous layers of 
well-known methane coupling catalysts such as Li/MgO or Sr/La203. The total 
supply of oxygen to the methane stream may be increased by enlargement of the 
surface area of the membrane. For industrial applications, the use of ceramic tubes 
instead of planar membranes will be advantageous, since large active surface areas 
per unit volume can be achieved in such geometries. Hazbun [ 36] proposed several 
multi-tube configurations, both with cross-flows and counter-flows of the methane 
and air streams. 
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