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Abstract  
 
Methane conversion to syngas is very attractive for 
hydrogen or clean fuel production and provides an 
alternative to oil products. 
An efficient architecture for the membrane reactor is 
constituted of a porous support, a thin dense membrane 
and a catalyst layer. 
This work is focused on the elaboration process of such 
asymmetric membranes by co-sintering of at least the 
porous support and the dense membrane and specially 
the choice of well adapted materials. 
La0.8Sr0.2Fe0.7Ga0.3O3-δ perovskite material has been 
chosen as the dense membrane because it exhibits a 
good compromise between oxygen flux and stability. 
The choice of the material for the porous support is 
mainly oriented by the sintering behaviour of the 
membrane, the thermal expansion behaviour of both 
layers to avoid cracks formation under working 
conditions and the chemical inertness of both materials.  
Several formulations fulfilling these three requirements 
were synthesized by liquid phase reaction and tape-cast. 
A pore forming agent was added in the support tape-
casting slurry in order to create a controlled porosity. 
Then, the porous support has been characterized in term 
of gas permeability and thermal expansion under 
working conditions. 
Keywords: Ceramic membrane, co-sintering, 
perovskite, syngas, mixed conducting materials. 
 

Introduction 
 
Membrane reactors with mixed oxygen-ionic and 
electronic conductivities are of great interest for natural 
gas conversion into value-added products such as 
syngas (CO+H2). 
Perovskite-type oxides (ABO3) suitably doped on the A 
and/or B site exhibit both ionic and electronic 
conductivity at temperatures typically higher than 
700°C. [1-4] These materials allow oxygen diffusion 
between the opposite faces of the reactor thanks to a 
differential pressure driven mode without the need of 
external electrodes. 
Membranes have to satisfy many requirements such as 
high oxygen permeation rates, long-term chemical and 
thermal stability under working conditions and good 
mechanical properties [5-7]. In order to improve both 
mechanical properties and oxygen permeation rate, it 
has been proposed to separate the two functions by 
using a porous substrate coated by a thin membrane 

layer. The porous layer ensures mechanical properties 
and access of air to dense membrane which ensures 
oxygen diffusion. A catalytic layer should be added to 
catalyze methane reforming (Figure 1). This paper 
focuses on the study of La0.8Sr0.2Fe0.7Ga0.3O3-δ as dense 
membrane. 

 

Figure 1: Schematic view of a multilayer membrane. 

A challenging problem is to found a material for the 
porous layer. This material must satisfy some 
requirements such as chemical compatibility with dense 
membrane, same conditions of sintering with similar 
shrinkage behaviour, similar thermal expansion.  
A first solution consists in using the same material for 
the dense and the porous membranes, but raw-materials 
of gallium are very expensive and the cost of catalytic 
membrane reactor has to be decreased for an industrial 
use. 
This paper proposes to study a second solution with  
La0.8Sr0.2FeO3-δ as support material. 
 

Experimental 
 
Powder synthesis 

La0.8Sr0.2FeO3-δ powder (referenced as LSF 821) was 
synthesized by a citrate route [8]. Metal precursors 
La(NO3)3.6H2O, Sr(NO3)2, Fe(NO3)3.9H2O (Alfa Aesar) 
were mixed in aqueous solution in the stoichiometric 
amount. Citric acid is added with a molar ratio [citric 
acid]/[metal ions] of 1.5. Then pH is adjusted by adding 
an ammoniac solution. After evaporation of solvent, an 
amorphous precursor is obtained by heating at 200-
250°C. The powder is obtained by calcination at 1000°C 
during 12h. The synthesized powder is attrition milled 
in ethanol to reach a mean grain size of 0.45µm. 
Dense membrane material La0.8Sr0.2Fe0.7Ga0.3O3-δ 
(referenced as LSFG 8273) is supplied by Pharmacie 
Centrale de France. Grain size of 0.3µm is obtained by 
attrition-milling. 
 
Multilayers elaboration 

Dense membrane and porous substrate are tape-cast [9]. 
Powders were planetary milled for 4h in azeotropic 
mixture of butanone–2 and ethanol with a dispersant. 
Then, an acrylic binder (methyl methacrylate, Degalan 
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LP51/07 Degussa) and a phthalate plasticizer (dibutyl 
phthalate, Sigma-Aldrich) were added to the slurry with 
a subsequent ball-milling of 12h. Porous membranes 
were obtained by adding corn starch, as pore forming 
agent, in the slurry after 12h ball-milling stage and with 
a subsequent 4hrs ball-milling. 
The suspensions were de-aired for 48h at a very slow 
rotation speed and tape-cast to obtain 150µm green 
tapes. Then, 30-mm disks were punched from the tapes, 
stacked and laminated under a pressure of 50MPa at a 
temperature of 85°C. Asymmetric membranes were 
obtained by stacking 7 disks of a corn starch containing 
tape (LSF 821) and one disk of a tape without pore-
forming agent (LSFG 8273). 
All membranes were slowly debinded at 650°C in air 
and sintered at 1250°C for 2h in air. 
 
Characterizations  

Phase crystallographic structures are determined by 
XRD using a Debye Scherrer system. Specific surface 
area is controlled by BET method (Micromeritics, 
ASAP-2010) and grain size by a laser granulometer 
during attriton milling (Malvern Instruments, 
Mastersizer 2000). The density of sintered samples is 
measured by the Archimedes' method and 
microstructure is observed on polished cross sections by 
SEM (S-2500, Hitachi). Sintering shrinkage and thermal 
expansion in air are measured by dilatometry (Setsoft, 
SETARAM). 
Gas permeability is measured using a nitrogen flow 
(Figure 2). Porous membranes are sealed on an alumina 
tube with a polymeric adhesive and are submitted to 
nitrogen pressure flow on one side while the other side 
is at atmospheric pressure. Pressure drop between the 
two faces is measured by a pressure sensor and the 
nitrogen flow is controlled with a flowmeter. 

p2 = 1atm

Porous substrate

Flow meterFlow meter

N2

PS

PS = pressure sensor

Alumina tube

Polymeric adhesive

 

Figure 2 : Schematic view of the permeability 
measurement device. 

 

Results and discussion 
 
Structural analysis 

Densities of powders measured with a helium 
pycnometer are reported on Table 1. 
 

Composition Density  
kg/m3 

Specific area 
m²/g 

LSFG 8273 6.40 10.04 
LSF 821 6.34 7.30 

Table 1: Powders characteristics. 

Powders show perovskite-type structure and no 
secondary phases are detected in the limit threshold 
(Figure 3).  
 

 

Figure 3: XRD of LSF 821 and LSFG 8273. 

 
Lattice parameters are refined using the full-profile 
Rietveld method using silicium as an internal standard 
(Tab.2). Orthorhombic structure (Pbnm space group) is 
found for LSF 821 and LSFG 8273 was refined with a 
monoclinic structure (P 2/C space group) [10-11]. 
 

Composition a Å b Å c Å α ° 
La0.8Sr0.2Fe0.7Ga0.3O3-δ 7.8169 5.5471 5.5267 90.1 

La0.8Sr0.2FeO3-δ 5,5278 5,5532 7,8180 90 

Table 2: Lattice parameters of LSF821 and LSFG8273. 

 
Co-sintering 

Porous LSF 821 and dense LSFG 8273 have been co-
fired to obtain a plane asymmetric membrane.  

 

Figure 4: Linear shrinkage of LSF 821 and LSFG 8273 
during sintering in air. 

Flat crack free asymmetric LSF 821/LSFG 8273 
membranes can be obtained by sintering at 1250°C 
during 2h, because of similar final shrinkages and 
sintering behaviours.  
Perovskite materials present particular thermal 
expansion behaviour. Thermal Expansion Coefficient 
(TEC) increases at high temperature (T>T*) (Figure 5) 
because of oxygen departure. Oxygen vacancies are 
created above a temperature threshold, in equilibrium 
with the oxygen partial pressure, that causes coulomb 
repulsion of cations and the reduction of Fe4+ to Fe3+ 
and then increase of the cell volume [3, 4, 6, 7].  
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Figure 5: Linear dilatation and TEC of LSF 821 and 
LSFG 8273 in function of temperature in air.  

The average TEC of the two materials are very close, 
both at low and high temperatures (Table 3). The 
discontinuity on first derivative curve at about 380°C is 
due to the monoclinic (or orthorhombic) to 
rhombohedra phase transition. This phase transition 
occurs at the same temperature for the two materials. 
TEC values for low temperature are considered between 
400°C and 800°C. 
 

Average TEC (10-6 K-1) in air  Composition 
αT<T*  αT>T* 

La0.8Sr0.2Fe0.7Ga0.3O3-δ 12.02  16.25  
La0.8Sr0.2FeO3-δ 12.40  15.82  

Table 3: Average TEC of LSF 821 and LSFG 8273. 

 

Figure 6: SEM observations of (a) dense/porous 
interface, (b) dense membrane and (c) porous substrate. 

After sintering at 1250°C-2h, LSFG 8273 membrane is 
densified at more than 98% of theorical density. 
Porosity of porous substrate is totally open and is 
around 34%. No delamination or cracks are observed on 
the dense/porous interface.  
 
Permeability  

Porous substrate must not slow down the air flow that 
reaches the dense membrane. Several amounts of pore 
forming agent have been introduced in the tape-casting 
slurry to lead to final porosity values ranging from 26% 
to 41%. 
Pores are organized in a more or less complex network 
[12-13]. Three kinds of pores can be defined (Figure 7):  

� Interconnected pores: pores form a continuous 
path through the support layer, 

� Ox-bow: Pores that are connected only on one 
side, 

� Closed pores. 

 

Figure 7:Typical porous structure. 

The open porosity, measured by the Archimedes' 
method, gathers the two first kinds of pores. Porous 
volume is characterized by its tortuosity and 
connectivity. Tortuosity is defined as the ratio of the 
real distance covered by molecules L on the Euclidean 
distance Le.  

eL

L=τ      (1) 

Three kinds of flows can be considered: (i) the Knudsen 
diffusion for small pores, (ii) slip flow and (iii) viscous 
flow for larger pores. The flow regime is determined by 
the Knudsen number K=D/λ where D is the pore 
diameter D and λ is the mean free path of the gas (65nm 
for nitrogen). When the diameter of pores is lower than 
the mean free path of the gas molecules, the Knudsen 
number is lower than unity and so Knudsen flow is 
dominant. For larger pore size, where the ratio is higher 
than 10, Poiseuille flow dominates with a contribution 
of slip flow. In our case, Knudsen number is very high 
and so Knudsen diffusion can be neglected and viscous 
flow is dominant [14]. 
In the case of incompressible gas and laminar flow, 
Darcy law can be used: 

( ) PP
PL

kPP
PL

k
S

Q
m

aa ∆=−= .
...2...2 2

2
2

2
1

2 µµ   (2) 

with Q the flow of nitrogen (m3.s-1), S (m²) the 
membrane area, ka (m²) the apparent permeability, µ 
(Pa.s) the gas viscosity, L (m) the membrane thickness, 
Pm (Pa) the average pressure ((p1+p2)/2) and ∆P (Pa) the 
pressure drop (p1-p2). Only an apparent permeability can 
be calculated since the flow is not exclusively viscous.  
The Reynolds number makes it possible to determine if 
the flow is laminar or turbulent: 

µ
ρ vdh ..

Re=      (3) 

dh, ρ and v, are respectively the hydraulic diameter of 
pores (m), the density (kg.m-3) and the velocity (m.s-1) . 
For laminar flows through a membrane, Carman and 
Klinkenberg have proposed to express volumetric flow 
rate Q as a function of the average pressure:  

BPA
PS

Q
m+=∆ .

.
    (4) 

with A a constant representing viscous flow B a 
constant corresponding to non viscous flow.  

(a) (b) (c) 
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LTR

k
A v

... µ
=       (5) 

where ( ) 2.8 pv rk τε=  (m²) is the intrinsic 

permeability corresponding to viscous flow, ε the 
porosity; τ the tortuosity, rp (m) the pore radius, R the 
gas constant and T (K) the temperature. 

nvk
LTR

B
...3

.4ν=      

 (6) 

where ( ) pnv rk τε .2=  (m) is the intrinsic 

permeability corresponding to slip flow, 

MRT πν 8= is the mean molecular velocity. M is 

the molecular mass of the gas molecule. 
 
The intrinsic permeabilities kv and knv respectively for 
viscous flow and for slip flow can be calculated from 
gas permeability measurements. 
 
From Eq. (4), (5) and (6), pore radius and tortuosity can 
be calculated: 
 

M
RT

B

A
rp π

µ 8
.3
..16=     (7) 

µ
π
ετ

LMB

A

....9

..256
2

=     (8) 

Eq. (4), (5), (6), (7) and (8) are written using the 
approximation of capillary tubes. The pore radius and 
tortuosity calculated are then approximations. 
Permeability of the porous substrate is measured using 
the device represented in Figure 2. Samples are ceramic 
disks of 24mm diameter and 1mm thick with different 
porosity values ranging from 26% to 41%. In our range 
of pore size, the Reynolds (Eq. 3) number is less than 
1x10-2 and thus laminar flow can be considered.  

 

Figure 8: Evolution of nitrogen flow in function of 
porosity. 

Nitrogen flow through porous support increases with 
porosity (Figure 8). 
Pore radius (µm) and tortuosity have been calculated 
(Figure 9). 
When the amount of pore agent forming in the 
suspension increases, first tortuosity decreases, and the 
pore radius slowly increases and nitrogen flow raises. 
Pores, initially only connected on one side become 

interconnected pores. Then, when porosity exceeds a 
critical value (about 33%), tortuosity increases  
probably due to the increase of the number of possible 
paths for gas and the pore radius also increases. 
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Figure 9: Pore radius (m) and tortuosity in function of 
porosity. 

Contact area with gas will be increased with porosity 
which can be profitable for oxygen permeation through 
the dense membrane because the porous support is 
active for oxygen permeation. However, the porosity of 
the support is detrimental for good mechanical 
properties.  
Asymmetric membranes with supports of different 
porosity characteristics (volume, size, tortuosity) have 
to be tested in term of oxygen permeation in order to 
know the influence of the area of contact between the 
porous support and gas phase on the membrane 
performances. 
 

Conclusions 
 
A plane asymetric membrane was obtained by tape-
casting and co-sintering of dense LSFG 8273 membrane 
and porous LSF821 support. Sintering behaviour and 
thermal expansion of these two materials have been 
adapted and are very similar at high temperature under 
air. No cracks and no delamination have been observed 
on a cross section of asymmetric membrane. Influence 
of the concentration of pore forming agent on 
permeability and tortuosity have been studied. A 
compromise between air flow, which requires a high 
porosity, and mechanical properties will have to be 
found. The influence of the porosity characteristics 
(volume, size, tortuosity) on the membrane 
performances remains to be studied. 
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