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Abstract 

The perovskite-type oxide (La0.6Ca0.4)0.98(Co0.8Fe0.2)O3-δ (LCCF) was 

investigated for use as oxygen separation membrane. A 25µm thick dense 

membrane on a porous LCCF support with a thickness of around 175 µm was 

prepared by a tape casting and lamination process. The optimum sintering 

temperature of the component was established to be 1050°C by analysis of 

microstructures of membranes sintered at different temperatures. Scanning 

electron microscopy (SEM) examination of cross-sections of the sintered 

membrane showed that it consisted of two phases, the main phase being 

enriched in calcium (Ca) and depleted in lanthanum (La), relative to the nominal 
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mailto:pvhe@dtu.dk


2 
 

composition. A surface activation layer of LCCF was deposited onto the dense 

layer to increase the exchange rate of oxygen at the surface. For the coated 

membrane, the oxygen permeation flux increased with temperature and reached 

a maximum value of 3.32 Nml cm
-2

 min
-1

 at 900°C when, for characterization 

purpose pure oxygen was used as feed and a maximum value of 2.06 Nml cm
-2 

min
-1

 at 900°C was obtained when air was used at the feed side, both with N2 

sweep on the permeate side. The stability of the membrane against sulfur dioxide 

(SO2) and pure carbon dioxide (CO2) was tested. A small decrease in the flux 

was observed over 48 h in CO2 at 850°C. SEM examinations of the cross-section 

of the tested membrane showed that the Ca rich phase in the membrane showed 

a tendency to migrate to the feed side. Whereas the material shows a CO2 

stability superior to that of Sr or Ba containing analogues, the material 

stability is not sufficient for applications requiring direct exposure to 

sulfur-rich flue gases.  

Keywords: oxygen permeation membrane, kinetic demixing, stability, oxy-fuel  

 

 

1. Introduction  

Global climate change induced by the anthropogenic emission of greenhouse 

gases such as carbon dioxide (CO2) is of great concern as it can lead to serious 

climate changes [1]. The largest emitter of CO2 emissions is the energy sector 

and reduction and/or sequestration of CO2 emitted from fossil fuel power plants 

is therefore receiving attention in many countries [1, 2]. Oxy-fuel combustion is 

a promising process for facilitating the separation of CO2 from the exhaust gas 

mixture, with a view to reuse of CO2 for enhanced oil recovery or for 

sequestration [3, 4]. The fuel is combusted with pure oxygen mixed with flue 

gas and the final reaction products are steam and CO2 only (It may contain other 

elements in small amounts due to impurities in the fuel feedstock and leaks). 
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From such a mixture, the capture and sequestration of CO2 can be carried out 

with a smaller energy penalty than amine-based CO2 separation process [2, 5].  

Cryogenic distillation is usually used industrially for large scale production 

of oxygen. This process is quite energy intensive and requires 200-400 kWh/ton 

O2, depending on the size of the plant [5, 6]. A significant effort is therefore 

devoted to research on the development of more energy efficient oxygen 

separation techniques [7, 8]. Oxygen Transport Membranes (OTMs) are among 

the alternative technologies that could replace the traditional process for oxygen 

production in industry. A clearly noticeable reduction of the energy associated 

with the oxygen production is likely achievable if the OTMs are integrated with 

the combustion process [3, 5, 9, 10] . An OTM consists of a gastight mixed ionic 

/electronic conducting (MIEC) material that allows diffusion of oxygen ions via 

vacancies in the crystal lattice and a counter-balancing electronic transport. The 

driving force for the oxygen ion transport is established by a difference in the 

partial pressure of oxygen between the two sides of the membrane [6]. 

Many complex oxides have been synthesized and investigated for the use of 

OTMs, and some of the most frequently considered MIEC materials are 

perovskite compounds belonging to the broad classes of (Ba,Sr)(Co,Fe)O3-δ and 

(La,Sr)(Co,Fe)O3-δ [11]. However, these materials have drawbacks including: i) 

chemical instability at low oxygen partial pressures, ii) reactions with gas-phase 

components like SO2 and CO2 even when these are present in small 

concentration (a few hundred ppm), and iii) the materials may undergo a 

degradation process known as kinetic demixing, where the multicomponent 

material becomes chemically inhomogeneous. To address these problems, 

intensive efforts have been made to develop OTMs that combine high oxygen 

flux with long term stability at high operating temperature [3, 11, 12]. Replacing 

Sr with Ca, (La0.6Ca0.4)(Co0.8Fe0.2)O3-δ (LCCF) is expected to make the material 

less prone to reaction with CO2 as CaCO3 is less stable than SrCO3 [13, 14].  
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Teraoka et al. first reported a very high oxygen permeation flux, about 1.8 

cm
3
 (STP) cm

-2
 min

-1
 at around 870ºC in an air/He gradient, for a 

(La0.6Ca0.4)(Co0.8Fe0.2)O3-δ membrane (ca. 1.5 mm thick) in the late 1980s [15]. 

Also, a maximum oxygen permeability of 4.8 cm
3
 (STP) cm

-2
 min

-1
 at 930ºC in 

an air/He gradient was obtained for a (La0.6Ca0.4)(Co)O3-δ (LCC) dense 

supported asymmetric structure (dense layer ≈ 10µm) coated with a porous LCC 

catalyst layer [16]. Later  a lower value of 1.66 cm
3
 (STP) cm

-2
 min

-1
, for the 

same asymmetric-structured system without activation layer was reported [17]. 

Stevenson et al. reported the oxygen permeation flux of around 0.07 cm
3
 (STP) 

cm
-2 

min
-1

and 0.03 cm
3
 (STP) cm

-2
 min

-1 
at 900ºC in O2 [pO2=1atm]/ N2 

gradient, respectively, for a La0.4Ca0.6Co0.2Fe0.8O3-δ and a La0.4Ca0.6Co0.8Fe0.2O3-δ 

dense membranes with  thickness of  2-3 mm [18]. They also observed some 

additional phases such as Ca2Fe2O5, Ca2Co2O5, CaFe2O5, and CoO after 

calcination of powders in air at 850°C and sintering of membranes in air at 

1200°C [18]. Diethelm et al. investigated disc-shaped La0.4Ca0.6Fe1-xCoxO3-δ 

(x=0, 0.25 and 0.5) membranes with different thicknesses (from 0.72 to 1.73 

mm) [19]. The largest flux was found for the membranes with the highest 

content of Co in an air/argon gradient at 800-900°C (around 0.09 cm
3
 cm

-2
min

-1 

at 900°C for a La0.4Ca0.6Fe0.5Co0.5O3-δ membrane with a thickness of 1.4 mm). 

More recently, Efimov et al. investigated the chemical stability and oxygen 

ionic conducting properties of compositions in the (La1−xCax)(Co0.8Fe0.2)O3−δ 

(x=0.4–0.6) system [13]. It was found that the component with the lowest 

amount of Ca (x=0.4) was almost a pure perovskite phase while the materials 

with more Ca included a significant content of secondary phases after 

calcination at 900°C. In situ XRD measurements showed a good stability of 

LCCF materials against CO2. A flux of 0.66 cm
3
 cm

-2
 min

-1 
in an air/ He 

gradient was reported at around 950°C for an asymmetric LCCF membrane with 

a dense layer of thickness of about 10µm. The LCCF membrane showed a high 

stability in CO2, with a constant oxygen permeation flux being observed over 
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200 h. They observed a non-perovskite phase in the tested membrane 

(La0.6Ca0.4Co0.8Fe0.2O3−δ), and proposed that the foreign phases originated 

already from the synthesis of the LCCF powder and sintering of the membrane 

[13]. 

Despite the high oxygen permeability and a good tolerance against CO2, 

little is known about the membrane stability in SO2 containing atmosphere and 

about the rate of a possible kinetic demixing at high temperatures. The kinetic 

demixing due to long term exposure to a chemical gradient may lead to 

generation of new secondary phases and affect the performance of the 

membrane. Therefore, in this work a detailed study elucidating the stability of 

the LCCF membrane against SO2 and pure CO2 with focus on the kinetic 

demixing and stability has been conducted. 

2. Experimental 

2.1 Sample preparation 

The support and membrane layer were both manufactured by tape casting 

using slurries based on (La0.6Ca0.4)0.98(Co0.8Fe0.2)O3-δ (Topsoe Fuel Cells, 

Denmark) powder with a specific surface area of 2.2 m
2
 g

-1
 after calcination for 

6 h at 900°C. The powder was synthesized via a drip pyrolysis method at 

low temperature of about 550°C [20]. A graphite powder (V-UF1 99.9% 

purity, Graphit Kropfmühl Germany) was used as pore former for the porous 

support tapes. Tape casting slurries were prepared by dispersing the LCCF 

powder in ethanol using polyvinylpyrrolidone (PVP). The mixtures were 

typically ball milled for 72 h in PE bottles using zirconia balls. After milling, the 

median particle size ( 50d ) was typically around 1.0 µm. A PVB based binder 

system is then added and the slurries were rotated further for another 24 h to 

allow a proper homogenization. For the porous layer, graphite powder was 

further added. The slurries were finally filtered, using a 40 µm sieve, and de-

aired at a vacuum of around 0.3 bar before tape casting onto a polymer film. The 



6 
 

porous layer was tape-cast at a height of 1.25 mm, and the dense layer at 200 µm 

using a double doctor blade system and a casting speed of 20-30 cm min
-1

. 

Green tapes were then dried at room temperature for several days and then co-

laminated using a lamination machine (Fujipla, Japan) at 160 °C at a speed of 

0.4 m min
-1

. The green tapes were punched into disk shaped samples and 

subjected to thermal debinding to remove the binders at a very slow heating rate 

(15°C h
-1

), and subsequently sintered in air at 1050°C for 3 h (the heating rate 

was 20°C h
-1

). This resulted in a dense thin membrane ≈ 25 μm supported on 

porous LCCF support ≈175 μm. A porous LCCF layer was subsequently 

deposited on the dense side of the membrane. An ethanol based slurry of LCCF 

for spray coating was prepared from the calcined LCCF powder.  After coating, 

the samples were fired at 900 °C for 2 h. 

2.2 Basic characterization of powders and membranes 

Phase analysis of the calcined powders and membranes was performed by X-

ray diffractometry (XRD) in the 2ϴ range from 15 to 90º in a Bruker AXS D8 

Discover diffractometer operated at 40 kV and 40 mA, with Cu Kα radiation 

(1.54056 Å). Thermogravimetry (TGA) (Netzsch STA 409CD) was carried out 

from room temperature to 900°C with a heating rate of 10°C min
-1

. The LCCF 

powder was placed in an open Pt crucible. All TGA was carried out in air or in 

pure CO2 (oxygen content approximately 10
-5

 atm) with a flow rate of 50 cm
3 

min
-1

.  

The gas tightness of the membranes was verified by an in-house constructed 

leak tester (leak rates less than 0.1 ml min
-1

) at room temperature. Scanning 

electron microscopy (SEM) (Hitachi TM-3000, Japan) combined with energy 

dispersive spectroscopy (EDS) was used to characterize the microstructure of 

the membranes (prior to and after testing). A Carl Zeiss SUPRA 35 FEG-SEM 

was used for high resolution imaging. Elemental analysis was carried out using 

EDS with a Thermo Electron Corporation detector.  A stability test of the 
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membrane material towards sulfur dioxide was performed. The material was 

exposed to a gas containing 400 ppm of SO2 at 850°C over 48 h. The setup is 

illustrated in Figure S1 in the supporting material. After the exposure, samples 

were analyzed by means of XRD, SEM and EDS. 

2.3 Permeation measurements 

The set-up used for oxygen permeation experiments is shown in Figure S2 

in Supporting materials. Measurements and data analysis (oxygen permeation 

and estimation of gas leakages) were carried out as has been described 

previously [21, 22]. The membrane was placed between two alumina tubes with 

an inner diameter of 8.7 mm. The porous LCCF support and the LCCF 

membrane were, respectively, at the feed side and at the permeate side. A 

seal based on an in-house developed glass paste (prepared from sodium 

aluminosilicate (NAS) powder and organic additives [22, 23]) was applied at the 

tube/membrane interface to ensure gas-tightness. The tests were performed in a 

temperature range from 800 to 900°C at various oxygen partial pressures (pO2) 

at each temperature. Air (pO2=0.21) or pure oxygen (pO2=1) was used on the 

feed side, while a mixture of N2 or CO2 was used as sweep gas on the permeate 

side. Oxygen was separated from air by solid state ambipolar diffusion through 

the dense membrane due to the oxygen partial pressure gradient and released on 

the permeate side. The gas flows were controlled using calibrated mass flow 

controllers. The total permeate flow was measured using a mass flow meter. The 

oxygen partial pressure, pO2, in the inlet gas, 
2

in
O

p , and outlet gas, 
2

out
Op , streams 

were monitored using an in-house build oxygen sensor. The oxygen permeation 

flux was calculated from the mass balance: 

   
 

       
       

   

     
   (1) 
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where 
2Oj is the oxygen permeation flux through the membrane (Nml cm

-2
min

-

1
),  inV is the effluent carrier gas flow (Nml min

-1
) and A is the effective 

membrane surface area (cm
2
). 

3. Results and discussion 

3.1 Characterization of powders and membranes 

 XRD analysis revealed a cubic perovskite structure (with the detection of 

minor impurity phases such as La2O3, see the inset in Figure 3) after calcination 

of the LCCF powder at 900°C for 6h. The lattice parameter was 3.8226Å (space 

group Pm-3m) determined by the Rietveld refinement, in agreement with 

literature data [13, 18].  

Figure 1 shows the TGA data (relative mass changes) of the non-calcined 

LCCF powder in air and pure CO2 with consecutive heating/cooling cycles. The 

LCCF powder was first heated up to 900 °C and cooled down in air, then the 

atmosphere was switched to pure CO2 and the sample was re-heated to 900 °C 

and back to 50°C. Finally, the sample was heated up and cooled down in air. 

The TGA results are summarized in Table 1.  
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Figure 1. Normalized mass change as a function of temperature of the LCCF powder in 

air and CO2. 

Table 1. Mass loss and mass gain in percentage during heating and cooling of the LCCF 

powder in air and CO2 atmospheres. 

 

Heating/Cooling cycle Heating Cooling Atmosphere 

1
st
 (steps 1 and 2) -0.79% +0.33% Air 

2
nd

 (steps 3 and 4) +2.33% +1.67% CO2 

3
rd

 (steps 5 and 6) -4.01% +0.25% Air 

As can be seen from Table 1, the powder lost 0.79% weight and regained 

0.33%, during heating and cooling, respectively, in the first cycle. The mass 

losses corresponding to the two steps at about 420°C and 620°C are probably 

caused by the presence of impurities such as carbonate groups in the raw 

powder.  The mass loss and gain during heating and cooling above 650°C in air 

corresponds to the change in oxygen stoichiometry of the perovskite [24]. The 

inset in Figure 1 shows the calculated oxygen non-stoichiometry in air of the 

LCCF based on the cooling curve (step 2). In a pure CO2 atmosphere (oxygen 

content approximately 10
-5

 atm), the sample showed a mass gain of 

approximately 2.33% during heating and 1.67% during cooling. This is most 

likely due to carbonate formation [25, 26]. Heating up again in air (step 5) the 

sample exhibited a mass loss of 4.01%, which equals the sum of the mass gains 

in the steps 3 and 4. The onset temperatures for carbonate formation and 

decarbonation in a CO2 atmosphere are about 450ºC and 810ºC, respectively. 

Similar reversible mass gains and losses were previously reported for 

perovskite-type ( (Ba, Sr)(Co, Fe)O3-δ and La0.6Sr0.4CoO3-δ) oxides [25-27], but 

for the Ca containing material studied here the carbonate decomposes more 

readily than reported for the Sr and Ba rich compounds studied in [25, 26]. In 

this work, carbonate decomposition occurs at ~810 ºC, compared to 980 ºC 

found for the Sr-containing material [26]. For the Ba-containing material, 
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carbonate decomposition was also found around 800
o
C [25] but in a dilute CO2 

atmosphere unlike here, where measurements were carried out in pure CO2. 

These differences reflect the lower stability of CaCO3 [28] compared to SrCO3 

and BaCO3. The material stability under high CO2 activity is clearly superior to 

that of Ba and Sr containing analogues and does not seem a limiting factor for 

its use.  

Several experiments were performed to determine the optimum sintering 

temperature for the membranes. After sintering at 1000°C, a large amount of 

porosities were observed in the membrane layer. On the other hand at 1100°C, 

the porosity in the porous support layer decreased and a rather dense structure 

developed (see Figure S3 in Supporting materials). Therefore, 1050°C was 

chosen as the sintering temperature for the component manufacture. 

Figure 2 shows a typical SEM micrograph of the LCCF membrane sintered 

at the optimum temperature (=1050°C) with an activation layer composed of the 

same material on top of the dense layer. The coated layer is highly porous and is 

well attached on the dense layer with a homogeneous thickness of 

approximately 5µm. The support contains randomly distributed pores up to 8 

µm with an overall porosity of about 35±3% (determined by image analysis) 

while the dense layer shows a very low closed porosity and no cracks. The gas 

tightness was confirmed on the membrane layer by an in-house constructed 

leak tester at room temperature. The samples showed a leak rate of 

approximately <0.1 ml min
−1

, which is in the same range as a dense steel 

calibration sample.  
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Figure 2. SEM micrograph from cross-section of the polished membranes sintered at 

1050°C/3h. 

Figure 2 also clearly shows that the membrane sintered at 1050°C consists 

of two phases. The atomic composition of the different phases has been 

determined using EDS. Results are listed in Table 2. The EDS elemental 

mapping (see Figure S4 in supporting materials) revealed that the secondary 

phase (dark phase) is enriched in Ca and depleted in La relative to the dominant 

phase whereas the Fe, Co and O content seems to be the same in two phases. 

The amount of the Ca-enriched phase estimated by image analysis is about 

15±2%. The observation of two phase structure is well in agreement with 

previous studies that have indicated the solubility limit of Ca in LaCoO3 is 

around 28% (the formation of secondary phases such as Co3O4, CaO and CoO 

has been reported for 30% and higher mol% Ca doping on the A site) [29]. 

 

Table 2. The summary of EDS analysis on the LCCF membrane sintered at 1050°C/3h in air. 

 

Element* 

(at. %) 

La L Ca K Co K Fe K O K Calculated composition 

Dark zone 

light zone 

         pore 
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Average ** 13.30±1.3 10.70±0.98 22.30±0.25 3.23±0.20 50.50±1.6 La0.54Ca0.46 Co0.87Fe0.13 Ox 

Light zone  15.62±0.30 8.20±0.20 22.30±0.10 3.28±0.20 49.97±0.40 La0.65Ca0.35 Co0.86Fe0.14 Ox 

Dark zone  5.05±0.70 20.58±0.50 21.94±0.20 3.26±0.30 49.15±0.60 La0.13Ca0.87 Co0.89Fe0.11 Ox 

*The values for each element are the average of quantitative analysis on four different areas of the samples. 

** Average represents both light and dark zones. 

 

Figure 3 displays the XRD pattern of the dense layer of the membrane, 

showing some additional peaks corresponding to several secondary phases, the 

main one has different peaks close to those from Ca2(Co, Fe)2O5. It is worth 

noting that the main peaks of Ca2(Co, Fe)2O5 structure are indexed in the same 

position as those of perovskite structure.  

 
 

Figure 3. XRD pattern of dense layer of the membrane sintered at 1050°C/3h (The inset 

shows the XRD patterns of the calcined LCCF powder).   

3.2 Oxygen permeation test  

Figure 4 shows the oxygen permeation fluxes through an uncoated and a coated 

membrane versus overall apparent driving force (log (pO2''/pO2')) for 
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different temperatures and feed gas compositions. Note that in Figure 4a the 

feed stream is air and in Figure 4b the feed stream is pure oxygen. The reader is 

reminded here that the porous support layer was placed on the feed side in 

this study. 

  

Figure 4. Oxygen permeation rate through the uncoated and coated membranes as a logarithmic function of 

oxygen partial pressure: a) feed= air and b) feed= pure oxygen. 

 

At 800 – 850
o
C the fluxes were very small for the uncoated membrane and due 

to the high experimental uncertainty in their determination the measurements are 

not reported here. The pO2 on the permeate side was adjusted by varying the N2 

flow rate from 16.7 to 200 ml min
-1

. As the oxygen content of the inlet gas in all 

cases was below 10
-5

 atm the variations on the outlet oxygen partial pressure are 

caused by the oxygen permeating the membrane. The oxygen flux at 900°C for 

the coated membrane was: 2.06 Nml cm
-2

 min
-1

 and 3.32 Nml cm
-2

 min
-1

 for the 

case of air and oxygen on the feed side, respectively. Modification of the 

membrane surface strongly improved the oxygen permeation, which is well in 

line with numerous earlier studies on other types of membranes [30-34] where 

the oxygen permeation is jointly controlled by bulk diffusion and surface 

exchange reactions or only governed by surface exchange reactions [30, 32]. 

The enhancement of the oxygen permeation flux by coating such a porous layer 

is related to the increase in the area over which the exchange process can take 
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place [30, 35]. With pure oxygen as feed, the flux through the membrane 

clearly scales in direct proportion to the overall driving force. Some 

deviation from this trend is observed in the case of air on the feed side, 

where the measured fluxes at the lowest pO2s fall below the linear trend 

curve. This indicates that mass transfer in the porous supports starts 

affecting the flux; some of the “driving force” is lost over the support. This 

reduces the flux directly, but also indirectly via its effect on the pO2 at the 

surface of the membrane, which is reduced, leading to slower oxygen 

incorporation as ksurface decreases with decreasing pO2. 

Table 3 lists the apparent activation energy (Ea) values calculated for the 

coated membrane at a fixed log (pO2''/pO2') from Arrhenius plot of ln jO2 vs. 1/T 

(K) for different feed compositions.  From literature on the perovskite-type 

membranes the activation energies of oxygen ion diffusion via the bulk and the 

oxygen surface exchange on the surfaces of the membrane are typically 

different, the latter being the higher [10, 36].  The values dependent on the 

membrane material and measurement conditions. For instance, Stevenson et al. 

reported activation energies of about 173 kJ mol
-1 

and 67 kJ mol
-1

 for the oxygen 

ion conduction of the La0.4Ca0.6Co0.8Fe0.2O3-δ and La0.4Ca0.6Co0.2Fe0.8O3-δ 

membranes (thickness =2-3 mm), respectively [18]. Li et al. reported a value of 

144 kJ mol
-1

  for the oxygen permeation of a La0.2Ca0.8Co0.2Fe0.8O3-δ dense 

membrane with the thickness of 1 mm [37]. Here, apparent activation 

energies for the coated membrane of 153 ± 2 kJ mol
-1

 and 115 ± 2 kJ mol
-1

 

(at a fixed pO2 gradient) were obtained for the case of air and oxygen feed, 

respectively. 
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Table 3. Apparent activation energies (Ea) determined for coated membrane at a fixed log 

(pO2''/pO2') in the temperature range of 800-900°C. 
 

 Feed composition - Air  

(pO2 ≈ 0.21) 

Feed composition - Pure oxygen  

(pO2 ≈1) 

log(pO2''/pO2') Ea 

(kJ mol
-1

) 

Ea 

(kJ mol
-1

) 

-0.75 150 112 

-1.00 154 113 

-1.25 156 115 

-1.50  -  116 

-1.75 - 117 

-2.00 - 119 

 

The analysis of the activation energies determined for the oxygen 

fluxes is complicated since several different thermally activated processes 

play a role. The oxygen transport across a supported membrane occurs via 

sequential processes: 1) diffusion through the porous support, 2) 

incorporation in the material close to the dense layer, 3) diffusion through 

the bulk, and finally 4) re-oxidation and ex-corporation at the permeate 

side. Finite rate of the transport through the gas phase in the porous 

support may give rise to a concentration polarization. When gradients in 

the support are significant it leads to a reduced driving force for the bulk 

transport. The concentration polarization can be neglected for the pure 

oxygen case, but not for the measurements in air. Whereas, the oxygen 

in/ex-corporation and bulk diffusion are all thermally activated processes 

the concentration polarization is only mildly temperature dependent [38]. 

The determined values of Ea are thus not representative of one individual 

step only and are hence difficult to interpret unambiguously, however, the 

data presented in Figure 4 and Table 3 demonstrate an increased effect of 

the interfacial exchange resistances on the flux with reduced pO2 both on 

high and low pO2 side. With decreasing permeate side pressure the losses at the 

surface becomes larger leading to slightly stronger temperature dependence (Ea 

increases from 150 to 160 kJ/mol). Going from oxygen to air the losses at the 
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surface become relatively more important and the overall flux becomes smaller 

and more temperature dependent.       

It can be also seen from Figure 4 that, for the uncoated membrane, the 

oxygen permeation at 900 °C does not continuously increase with an increasing 

oxygen partial pressure gradient across the membrane. Such a behavior has been 

reported previously for La0.5Sr0.5CoxFe1-xO3-δ (x=0, 0.5, and 1) membranes [39] 

and for a SrSc0.05Co0.95O3-δ membrane [40]. In those cases it has been associated 

with surface exchange kinetics that become fully rate-determining at low oxygen 

partial pressures. It is well known that the surface exchange kinetics become 

slower when the oxygen partial pressure is lowered [39, 41, 42]. In this case, the 

resistance associated with surface exchange simply increases more than the 

corresponding increase in driving force when lowering the oxygen partial 

pressure on the permeate side. 

 One could speculate that the effect originates from a decrease in 

temperature due to a higher flow on the permeate side, however, this can be 

ruled out as the coated samples should then show a similar tendency. In 

addition, the temperature during oxygen permeation tests was controlled with an 

uncertainty of less than 0.4%.  

The short-term membrane stability was also studied at 850ºC using air on 

the feed side and pure CO2 as sweep gas. Figure 5 shows the time dependence of 

the oxygen permeation flux for the LCCF membrane using pure CO2 as sweep 

gas at 850ºC during approximately 48 h. A small decrease in the flux was 

observed within the testing period, corresponding to a decline of flux of 14% pr. 

1000 h of extrapolated.  
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Figure 5. Oxygen permeation flux through the sintered supported LCCF membrane 

(thickness of membrane 25µm) as s function of time at 850ºC under air flow rate of 100 ml 

min
-1

 and CO2 sweep gas of 200 ml min
-1

. 

3.3 Post-test examination  

The membrane cracked during cooling of the permeation set up. The 

cracking of the membrane is attributed to the difference in the thermal expansion 

of the membrane and the contacting alumina tubes. The coefficient of thermal 

expansion of the LCCF was determined by in-situ XRD to be ca. 20×10
-6

 K
-1

 

[13] and for alumina the CTE is around 8×10
-6

 K
-1

 [43]. On the feed side, the 

central part of the tested membrane, which was directly contacted by air, showed 

a change in color. However, there was no obvious change in color on the 

permeate side of the membrane. 

XRD patterns of both sides of the membrane after oxygen permeation test 

were compared to those measured for the non-tested sample. The results are 

presented in Figure 6 and show that the perovskite structure remains intact at 

both surfaces of the membrane; however, some additional peaks were detected, 

which are related to the secondary phases formed, like CaAl2Si2O8 (ICSD#654). 
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These phases are due to a reaction between the applied glass sealant materials 

and the membrane. 

 
Figure 6. XRD patterns of the fresh membrane and both sides of the tested membrane. 

Figure 7 shows a SEM image of a polished cross-section of the uncoated 

membrane after the permeation experiments (see Figure S5 and Table S1 for 

details). A higher porosity has developed approximately up to 10 µm from the 

permeate side. In addition, a thin porous layer with a thickness of up to 1 µm is 

present on the surface of the permeate side. Further, the SEM-BSE image shows 

that a dark phase is abundant between the support layer and the membrane layer. 

The EDS analysis reveals that this phase is the Ca/Co rich phase (also discussed 

for the as-prepared membrane see Figure 2 and Figure S6 in supporting 

materials). The corresponding EDS line profiles of the cations across the 

uncoated and coated membranes are shown in Figure 8. Similar behavior has 

been observed when the LCCF membrane tested under air/N2 gradient at 

850ºC for 36 h (Fig. S7 in Supporting materials). 
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Figure 7. SEM-BSE image fracture of cross-section of the membrane after durability test. Air 

was applied on the support side (left in picture) and CO2 on the bare side (right in picture). 

 

 

Figure 8. EDS line profile of the cations across the tested membranes: a) uncoated membrane, 

b) coated membrane. 
 

3.4 Stability testing of LCCF in SO2-containing atmosphere 

SO2 is among the flue gas contaminants, that the membrane will be exposed to 

in an oxy-fuel process. The amount of SO2 in the flue gas depends on the 

porous 

  layer 
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sulphur content in the feedstock (type of coal or biomass used). The effect of 

SO2 on the performance of the membrane should therefore be considered even at 

very small concentrations. There are few publications in the literature on the 

impact of SO2 on the performance of OTM materials, and in most cases reported 

SO2 had a poisoning effect on the oxygen permeation [44-47]. The stability of 

the LCCF membranes towards SO2 was evaluated over 48 hours at 850 °C 

exposing them to a gas mixture containing 400 ppm of SO2. Secondary phases 

were observed to form on the bare membrane surface. EDS analysis (see Figure 

9) confirmed that these comprise mostly O, Ca and S, in accordance with the 

CaSO4 phase as identified by XRD analysis, as shown in Fig. 10. It is noted that 

the results of the EDS point analyses yield a higher concentration of calcium as 

compared to sulfur. This results from the fact that the EDS information depth 

extends into the underlying membrane material, which also contains calcium, 

whereas sulfur is only abundant in the CaSO4 particles at the surface. Surface 

roughness further complicates the accurate assessment of the composition 

of the formed sulfates. 

 
Figure 9. SEM image of surface morphology of the membrane after treatment at 850 °C for 

48 h in the presence of 400 ppm SO2. 
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Figure 10. XRD patterns of LCCF a) as prepared, b) tested at 400ppm SO2/CO2, 48 h, 850 °C. 

Also, SEM images of the cross-section of the membranes (and EDS line 

profiles, Figure S8 in supporting materials) confirm that sulfates are formed at 

the surface of the dense membrane layer and at the boundary between the 

support layer and the membrane layer.  

3.5 Kinetic de-mixing of the LCCF membrane 

Figures 7 and 8 show an inhomogeneous distribution of cations across the 

membranes after the oxygen permeation experiments that could indicate a 

kinetic demixing. Several authors have reported demixing phenomena 

across OTMs tested in oxygen chemical potential gradients at high 

temperature [19, 39, 48-57].  If the mobilities of the cations in the 

membrane material are different, as a consequence of the Gibbs-Duhem 

relation, the cations with high diffusion coefficient will be enriched at the 

high oxygen pressure side. In such condition, the membrane material will 

consequently demix from an initial homogeneous composition. Demixing 

process or perhaps more correctly phase separations have also been 
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reported for perovskite materials under a uniform oxygen atmosphere [58, 

59].  

In most cases reported, the observed early stages of a kinetic demixing had 

no significant effect on the oxygen permeation flux over the periods studied. 

Buysse et al. [48] reported the migration of Sr from the permeate side to the feed 

side of Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) capillary membranes (thickness of 0.4 

mm), which were operated for nearly 600 h at 800 to 900 
◦
C. Diethelm et al. 

[49] investigated dense planar and tubular oxygen separation membranes of 

La0.6Ca0.4Fe0.75Co0.25O3-δ (thickness of 0.25-1.26 mm) as membrane reactors for  

partial oxidation (POX) of methane to syngas. SEM and EDS analyses showed 

that the surface exposed to methane appeared porous, and exhibited a high 

amount of La, while the surface exposed to air was dense and consisted mostly 

of Ca and Co with some Fe. Formation of a porous layer enriched in transition 

metals at the permeate side was observed for La0.4Ca0.6Fe0.75Co0.25O3-δ membrane 

exposed to an air/H2 gradient [19]. Our observations are in line with those of 

Diethelm et al. even though the gradient applied here is only between air or pure 

oxygen and N2/CO2. Wang et al. [56] also reported that the secondary phases 

were found on the surface at the air side of a La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) 

hollow fibre membrane (thickness of 320 µm), which was tested under 

0.21/0.009 oxygen partial pressure (bar) difference at 950°C up to 5000h. 

As shown in Figure 11, the most noticeable consequence of the apparent 

demixing process is near the interface between the support and the dense 

membrane for both uncoated and coated membranes, where Ca is significantly 

enriched (the feed side). Tendencies of a depletion can be observed at the 

permeate side. SEM-EDS results after SO2 treatment of the LCCF samples at 

850 °C for 48 h also revealed that Ca is notably enriched at the boundary 

between the porous support and the dense membrane layer (see Figure S8 in 

supporting materials). During the permeation experiment, the Ca-rich phase 

effectively shifts towards the high pO2 side of the membrane.  
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As discussed above, most likely the observed Ca enrichment at the 

feed side is an effect of a kinetic demixing. A higher diffusivity for Ca in 

La0.5Ca0.5Co0.8Fe0.2O3-δ has been reported [60]. Another possible explanation 

for the observation is that the equilibrium ratio between the two phases is pO2 

dependent, i.e. that the amount of Ca-rich second phase increases with pO2.  

 

Figure 11. EDS mapping on a polished cross-section of the permeated membrane 

(Yellow spots reveal the Ca segregation):  a) uncoated membrane and b) coated membrane. 

During a short two-day stability test, a mild degradation was observed 

(corresponding to 14%/1000 h, extrapolated). This decrease in oxygen 

permeation could be due to several reasons. The increased amount of the Ca- 

and Co-rich phase on the high pO2 side of the membrane likely formed less 

conductive phases such as Ca2Co2-yFeyO5 [61, 62], which has a low amount of 

mobile oxygen vacancies and a non-cubic structure, which may reduce the 

oxygen reduction reaction rate and charge transfer at the interface between 

support and dense layer. The other reason could be the chemical contamination 

caused by glass sealant materials (see Fig. 6). Such contamination results in the 

decrease of the active surfaces for oxygen exchange reactions on the surface of 

the membrane [63, 64], and in consequence a decrease in the oxygen 

permeability as observed in Figure 5. 
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4. Conclusion  

We have reported the oxygen permeation and stability of a supported LCCF 

membrane (thickness of membrane 25µm) prepared by a tape casting process at 

different temperatures and at different gas compositions on feed and permeate 

sides. In summary, the main conclusions are: 

(1) Coating the surface of the dense layer with a porous LCCF layer 

(permeate side) improved significantly the oxygen permeation. Also, the 

oxygen permeation increased with decreasing pO2 on the permeate side for the 

coated membrane, while for an uncoated membrane the oxygen permeation went 

through a maximum and then decreased. The oxygen flux for the coated 

membrane reached a maximum of 3.32 Nml cm
-2

 min
-1

 under O2 at 900°C 

and 2.06 Nml cm
-2

 min
-1

 under air at 900°C.  

(2) A secondary phase enriched in Ca was observed on SEM 

examination of the cross-section of the sintered (as-prepared) membrane. 

SEM/EDS investigations of membranes tested over two days at 850°C 

indicated a demixing of the material, by which calcium significantly and 

cobalt to some degree was enriched on the feed side.  

(3)  The results from the SO2 stability tests showed formation of solid 

sulfates. Hence, despite that this material is easily processed and shows better 

stability in CO2 than that Ba-and Sr-containing analogues, it is not directly 

applicable for use as OTM-material in oxy-fuel process with direct exposure to 

the flue gas from the boiler.  

(4) The prepared membranes had a significant amount of a Ca/Co rich 

second phase, which is undesired as it shifted to the high pO2 side during 

operation and reacts with sulphur. The applied 40 % Ca substitution is thus 

too high and a lower degree of substitution is recommended for further 

development. 
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Highlights: 

 A 25µm asymmetric LCCF membrane was prepared by tape casting. 

 Secondary phases were formed during the sintering of the membrane. 

 Modification of the membrane surface improved oxygen permeation flux. 

 Post-test examinations showed evidence of a kinetic de-mixing. 

 Sulfate formed on the membrane surface after exposure to SO2. 




