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A B S T R A C T

A multilayer ceramic deposition process of La0.6Sr0.4Ti0.3Fe0.7O3-d (LSTF) was developed for the
fabrication of durable oxygen-permeable membranes. By optimizing the diameter of the starting
powder and sintering temperature, defects such as peeling and cracking in the ceramic multilayer
could be eliminated. With this optimized process, we have fabricated a thin membrane LSTF
formed by the slurry coating process on porous support LSTF and found its rate of oxygen per-
meation to be 18 cm3/min/cm2. With this multilayer ceramic LSTF membrane, we have demon-
strated the generation of oxygenated water with oxygen concentrations three times greater than
that in water placed in ordinary atmosphere (32 mg/l).
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1. Introduction

Ceramic membrane reactors based on oxygen-ion
conductors have drawn attention in recent years as a
new technology for separating oxygen (O2) from air.
This technology with the ceramic membrane reactors
allow low-cost on-site O2 generation with smaller facil-
ities, whereas a conventional cryogenic distillation
plant requires the construction of massive facilities.

For the facilities/sites that require a relatively small
volume of O2, O2 gas tanks delivered from an oxygen-
generating facility are usually used. The ceramic mem-
brane reactors allow the use of exhaust heat generated
by the O2 separating reaction as an auxiliary power

source, for use in small facilities. This advantage allows
the deployment of oxygen-permeable membranes not
only to replace conventional oxygen-generating facil-
ities but also to supply the by-product heat. For the
application related to water oxygen-permeable mem-
branes can also be used to generate oxygenated water,
as shown in Fig. 1. The steam and inert gas flow on one
side of the membrane-permeate-side and air flows on
the other side of the membrane-air-side. The oxygen
permeating the membrane dissolves in the steam, then
after cooling, the oxygenated water is generated.

The ceramic membranes based on oxygen-ion-
conductive ceramics induce dissociative absorption of
oxygen molecules on the air side and transport oxide
ions effectively using oxygen defects in the oxide,
resulting in the recombination of oxide ions into�Corresponding author
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oxygen molecules on the permeation side, which
promotes oxygen permeation. The oxygen permeation
becomes the rate-determining step for the oxygen ion
conduction when membranes are thick. The surface
reaction becomes the rate-determining step when
membranes are thin. For the rate-determining step of
oxygen ion conduction, the rate of oxygen permeation,
jO2, can be expressed by

jO2 ¼ RT = 16F2L
� �

� si � ln POh
2 = POl

2

� �
; ð1Þ

where R, T, F, L, si, PO2
h, and PO2

l are the gas constant,
absolute temperature, Faraday constant, membrane
thickness, oxygen ion conductivity, oxygen partial
pressure on the air side, and oxygen partial pressure
on the permeation side, respectively. According to
Eq. (1), if the conditions of the oxygen permeation reac-
tion (temperature, pressure) are fixed, the rate of oxy-
gen permeation increases when materials with a
higher oxygen ion conductivity or thinner membranes.

Two approaches have been used to enhance the
O2 permeation rate. The first is to develop new
materials with high electronic and ionic conductivities.
As it is well known, some perovskite-type oxides,
LaSrCoFeO3-d, LaGaO3-d, and BaSrCoFeO3-d, exhibit
high electronic and ionic conductivities, as well as high
oxygen permeability [1–8]. The second is to fabricate a
very thin dense layer of oxygen-ion-conductive
material on top of a porous support [9–11,13]. One
factor impeding thin-membrane formation is the
mismatch of the thermal expansion coefficient. Typical
oxygen-ion-conductive ceramic membranes have large
thermal expansion coefficients of 10–15 (�10�6/K�1) or
greater, while the thermal expansion coefficient of
porous ceramic supports (e.g., alumina) is around 5–7
(�10�6/K�1) [12–14]. This makes it difficult to use
oxygen-ion-conductive ceramic membranes under the
thermal cycle from R.T. to high temperatures. While
one could use zirconia or magnesia, which have rela-
tively high thermal expansion coefficients, such mate-
rials easily react with the membrane or degrade the

membrane owing to the thermal shock resulting from
the difference in thermal expansion coefficient.
Researchers are currently exploring the fabrication of
porous supports composed of the same material as
the membranes, but this approach can give rise to
other problems, including porosity deterioration and
warping, as the supports undergo burning shrinkage
when the membranes are heated to the densification
temperature.

In this study, we have fabricated a novel membrane
system composed of a dense and thin oxygen-ion-
conductive layer and a multilayer porous support of
the same material, changing the microstructure of each
porous layer. We have developed novel durable
oxygen-permeable membranes that do not cause any
mechanical failure such as peeling, cracking, or defor-
mation in the porous material by controlling the grain
size of each porous layer.

We have investigated the properties of oxygen
permeability of the membrane and demonstrated the
oxygen permeation with our membrane system for
water-related applications.

2. Experimental

2.1. Sample preparation

Fig. 2 shows the flowchart of the preparation of the
ceramic membrane in this study. The starting mate-
rial is an aqueous slurry of an oxide perovskite of a
fixed composition of La0.6Sr0.4Ti0.3Fe0.7O3-d (LSTF)
(average particle diameter: 1 mm). The slurry was
sprayed and dried to obtain granulated powders
with various particle diameters (A: 80 mm, B: 50 mm,
C: 30 mm, D: 2 mm) by calcination processes. To
predict the densification caused by the firing
process, these powders were compacted into pellets
(f 25 mm� t 3 mm) using a compact press of 100 MPa,
adding PVA aqueous solution. The pellets were fired
at 1,400�C in air for 3 h. We evaluated the average
pore size and porosity of the sintered bodies by the
mercury penetration method.

Next, as listed in Table 1, we prepared samples with
various support structures compacted into 25-mm-
diameter pellets by applying a pressure of 100 MPa.
We then screen-printed the paste (mixture of terpineol
solvent and ethyl cellulose) prepared with powder
D onto the top surface of the samples. By varying the
viscosity of the paste and the number of screen-
printing processes, we controlled the thickness of the
printed membrane. The thickness of the membranes
after drying ranged from approximately 0.1 to 0.5 mm.
We fired these multilayer samples at 1,400�C in air
atmosphere for 3 h to produce oxygen-permeable

membranes

Steam ( inert gas )

Air

O2−

Oxygenated steam

600~1000°C

Permeation-side 

Air−side 

Oxygenated 

water

Fig. 1. Process of oxygenated water using oxygen permeation
membranes.
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membranes. For sample No. 4, this firing temperature
was varied from 1,300�C to 1,450�C.

The thickness of the dense membrane was controlled
by adjusting the number of repetitions of the slurry

coating process. Powder compacts of (f 25 mm � t
3 mm) pellets were prepared with powder A and a bin-
der. The pellets were fired at 1,400�C in air for 3 h to pre-
pare porous supports. The sintered supports were
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Fig. 2. Experimental flowchart.

Y. Takahashi et al. / Desalination and Water Treatment 17 (2010) 57–65 59



porous and the average pore diameter and porosity
were 10 mm and 32%, respectively.

The slurry for coating was prepared with powder
D (LSTF), xylene and a binder. A thick ceramic film
was coated onto the porous support by dip coating and
drying. The thickness of the film was controlled by the
number of repetitions of dipping. Drying was carried
out at 80�C for 30 min, and then, the sample was fired
at 1,400�C in air for 3 h to prepare oxygen-permeable
membranes.

To study the oxygen permeation performance of the
samples, the electrode and catalyst were formed on the
surface of the dense membrane. Also, an air electrode
of LaSrCoO3 was formed at the bottom of the porous
support, as shown in Fig. 2.

A slurry made of mixed powder of NiO and
Ce0.8Sm0.2O2 with the mixing ratio of 1:1 by weight was
screen-printed on top of the sample and dried. An
organometallic solution of LaSrCoO3 was screen-
printed at the bottom of the sample and dried. The
sample pellets were fired at 1,000�C for 1 h.

2.2. Characterization

The microstructures of the sintered oxygen-
permeable membranes and porous supports were
investigated using an SEM (JSM6490LA manufactured
by JEOL) and a porosity meter (Auto Pore III manufac-
tured by SHIMADZU) by the mercury penetration
method. This method of using the high surface tension
of mercury causes mercury to fill the pores in the sam-
ple. The specific surface area and porosity distribution
are then determined from the applied pressure and the
amount of infiltrated mercury.

Fig. 3 shows the oxygen-permeable membrane eva-
luation equipment. The sample placement section was
constructed by placing a pellet of the oxygen

separation membrane between two high-density alu-
mina tubes and joining them with glass.

At temperatures between 800�C and 1,000�C, we
supplied air to the air electrode side and fuel gas of
CH4 or helium gas mixed with water vapor to the fuel
electrode side. The CH4 supplied to the fuel electrode
side reacted with the oxygen permeating the oxygen
separation membrane near the fuel electrode catalyst
(CH4 þ 1/2O2 ? 2H2 þ CO), generating a synthesis
gas (H2 þ CO). The rate of oxygen permeation was
calculated from the flow rate for each gas and the
concentration of oxygen or synthesis gas analyzed at the
fuel-side flow. The gas was analyzed with a gas chroma-
tograph (GL science CP-4900). The volumetric ratio of
the nitrogen contained in the entire fuel electrode emis-
sion gas was defined as the nitrogen leak ratio.

3. Results and discussion

Fig. 4 shows the SEM images of the raw powders
A, B, C, and D and of the sintered bodies after
sintering. Dense microstructures could be obtained
with the starting powder of smaller particle size.

Table 1
Fabrication of multilayer ceramic membrane

Sample Porous support Dense membrane (D)

No. Stacking Thickness
(mm)

�Process Thickness
(mm)

1 A 1 s.p 0.1, 0.2
0.3, 0.52 AþC 2 s.p

3 AþB 2 s.p
4 AþBþC 3 s.p
5 A 3 d 0.2
6 A 3 d 0.1
7 A 3 d 0.07
8 A 3 D 0.05

s.p ¼ screen printing, d ¼ dip coating
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Fig. 3. Experimental setup for oxygen permeation of the
membranes.
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The finest powder D resulted in the highest density in
the sintered body. From these results, powder D
was chosen for the preparation of dense oxygen-
permeable membranes.

After sintering, numerous defects involving peeling at
layer boundaries were found in sample No. 1. We
attribute these flaws to the stress induced by the large
difference in shrinkage rate between the support and the

A powder 

100 µm 100 µm

B powder 

100 µm 100 µm

C powder 

D powder 

100 µm 100 µm

100 µm 100 µm 

(a) powder (b) after sintering at 1400°C 

Fig. 4. SEM image of (a) LSTF powder and (b) after sintering.
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Fig. 5. SEM image of La0.6Sr0.4 Ti0.3Fe0.7O3-d membrane 2
sintering at 1,400�C.
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Fig. 6. Cross section SEM image of La0.6Sr0.4 Ti0.3Fe0.7O3-d

membrane 4 sintering at 1,400�C.
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membrane during firing. No peeling occurred in samples
No. 2 and 3, but a large deformation resulted, causing
many cracks on the surface of the membrane, as shown
in the SEM image in Fig. 5. We suspect that the double-
layer structure of the supports of samples No. 2 and 3
reduced the difference in shrinkage rate during firing.

The membranes with the particle-size-graded
structure could reduce the stress induced by the differ-
ent shrinkage behaviors. Sample No. 4 exhibited no
peeling or cracking (Fig. 6). Table 2 shows the data of
the microstructure of the sintered body in each layer.
Table 3 shows the frequency of defect formation in the
20 samples prepared. We obtained the best results in
sample No. 4, which featured the particle-size-graded
structure. On the basis of the results in Tables 2 and
3, the difference between the shrinkage rates of the
membrane and support should be below 10% to prohi-
bit any unwanted defects.

Fig. 7 shows SEM images of the surfaces of the sam-
ple No. 4 fired at different temperatures from 1,300�C
to 1,400�C. Firing at 1,300�C generated a relatively
large number of pores. Firing at 1,350�C and higher
resulted in a dense structure. At 1,450�C, grain growth
occurred.

Fig. 8 shows the oxygen permeation of the mem-
branes of No. 4 sintered at different temperatures,
investigated under methane reforming conditions. The
sample fired at 1,300�C exhibited a low density and
appreciable nitrogen leakage, and its rate of oxygen
permeation was low. The dense sample fired at
1,400�C showed a high rate of oxygen permeation:
12 cm3/min/cm2. For the sample fired at 1,450�C, the
rate of nitrogen leak was about the same as that of the

sample fired at 1,400�C, but its oxygen permeability
was lower. We hypothesize that the oxygen permeabil-
ity of the sample fired at 1,400�C is degraded by
decreased ion conductivity in areas where sectional
grain growth occurred.

By the slurry coating process, a very thin and dense
membrane with a thickness of 50 mm was prepared
(Fig. 9). As shown in Table 3, a thinner oxygen-
permeable membrane was confirmed to exhibit a lower
frequency of defects generation such as membrane

Table 2
Data of the microstructure of the sintered body in each layer

Starting powder/Average grain
diameter of starting powder (mm)

1,400�C sintered average
pore diameter (mm)

1,400�C sintered
porosity (%)

1,400�C sintered
shrinkage (%)

A/80 10 32 7
B/50 5.8 17 10
C/30 1.5 5 15
D/�10 �0.5 �2 20

Table 3
Frequency of defect in the 20 samples prepared

Sample No. 1 2 3 4 5 6 7 8

Frequency of peeling and cracking for membranes 90% 20% 30% 0% 90% 70% 40% 30%
Frequency of bending for supports 5% 20% 10% 5% 30% 10% 10% 10%

1400�C sintered

1300°C 1350°C 

1400°C 

20 µm 20 µm 

1450°C 

20 µm 20 µm 

Fig. 7. SEM image of La0.6Sr0.4 Ti0.3Fe0.7O3-d membrane 4
sintering at 1,300–1,450�C.
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cracking, peeling, and warping of the support. We
believe that this is attributable to the large shrinkage
observed in the lateral direction of the membrane cross
section and the lack of any mitigation of this stress.
With the thin membrane formed by the slurry coating
process, we successfully improved the rate of oxygen
permeation to 18 cm3/min/cm2. This increase in per-
meation performance is attributable to the reduced
thickness of the membrane, which increased the ion
conduction across the membrane thickness.

Fig. 10 indicates the relationship between the reci-
procal of membrane thickness and the rate of oxygen
permeation of the LSTF oxygen-permeable membranes

prepared by the screen printing and slurry coating
processes. The rate of oxygen permeation increased
proportionally to the reciprocal of membrane thick-
ness, but the gradient declined in thin-membrane
regions. The deviation from the theoretical value
derived from Eq. (1) was greater in thin-membrane
regions. In other words, other factor than the conduc-
tivity of ions in the membrane seems to cause limiting
effects. One reason is insufficient catalyst activity due
to inadequately supported catalyst particles in the
support near the membrane. In short, an increase in
the amount of permeated oxygen appears to have func-
tioned as a limiting factor in surface reactions between
the membrane and the catalyst boundary surface.
Another possible cause is the factor that limits gas
diffusion within the support.

Comparing the multilayer and slurry coating pro-
cesses, we determined that membranes formed by the
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slurry coating process, which enables the creation of
thinner membranes, provide a higher oxygen perme-
ability. However, when the membrane and support
are made of the same material, as in our experiments,
the frequency of defects generated by shrinkage
resulting from firing was significantly low. For future
industrial applications, we recommend the combina-
tion two processes: the formation of a membrane by
the slurry coating process on a support prepared
by the multilayer process.

We performed an evaluation with water vapor and
helium gas/membrane/air (membrane thickness:
0.5 mm) to assess the durability in a water-related
application. Fig. 11 shows the results of this evaluation.
Oxygen permeability remained at 97% or above after
eight hours under temperatures of 800�C, 900�C, and
1,000�C, indicating an adequate basic durability in
water-related processes.

Fig. 12 shows the relationship between the recipro-
cal of membrane thickness and the concentration of
oxygen dissolved in water. For the membranes with
high oxygen permeability, concentrations of dissolved
oxygen were also high. From this result, we deduce
that improving the performance of oxygen-permeable
membranes increases the productivity of a high-
concentration oxygenated water manufacturing pro-
cess. The concentrations of oxygen dissolved in the
oxygenated water obtained in our experiments were
32 mg/l more than three times greater than oxygen
concentrations in water placed in ordinary atmosphere
and approached oxygen concentrations in commercially
available high-concentration oxygenated water

products. In environments where exhaust heat is avail-
able, it is suggested that using ceramic oxygen-
permeable membranes offers a practical way to generate
high-density oxygenated water.

4. Conclusions

A multilayer ceramic deposition process of LSTF
was developed for the fabrication of durable oxygen-
permeable membranes. By optimizing the diameter of
the starting powder and sintering temperature, defects
such as peeling and cracking in the ceramic multilayer
could be eliminated. The diameter of the starting pow-
der particles for the membrane and the sintering tem-
perature were 2 mm and 1,400�C, respectively. The
difference between the shrinkage rates of the mem-
brane and the support should be below 10%. With this
optimized process condition, we fabricated a thin LSTF
membrane formed by the slurry coating process on
porous support LSTF and found its rate of oxygen per-
meation to be 18 cm3/min/cm2. With this multilayer
ceramic LSTF membrane, we have demonstrated the
generation of oxygenated water with oxygen concen-
trations three times greater than that in water placed
in ordinary atmosphere (32 mg/l).
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