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Abstract: A perovskite-type (LaoeSro4Tio2Feos0s.5) dense ceramic membrane was prepared by polymerized complex
method, using citric acid as a chelating agent and ethylene glycol as an organic stabilizer. Effect of Ti addition on
lanthanum-strontium ferrite mixed conductor was investigated by evaluating the thermal expansion coefficient, the oxygen
flux, the electrical conductivity, and the phase stability. The thermal expansion coefficient in air was 21.19 x 10%K at 473
to 1,223 K. At the oxygen partial pressure of 0.21 atm (20% O,), the electrical conductivity increased with temperature and
then decreased after 973 K. The decrement in electrical conductivity at high temperatures was explained by a loss of the
lattice oxygen. The oxygen flux increased with temperature and was 0.17 mL/cm’ - min at 1,223 K. From the temperature-
dependent oxygen flux data, the activation energy of oxygen ion conduction was calculated and was 80.5 kJ/mol at 1,073
to 1,223 K. Also, the Ti-added lanthanum-strontium ferrite mixed conductor was structurally and chemically stable after 450
hours long-term test at 1,173 K.

Keywords: ceramic dense membrane, perovskite type structure, oxygen permeation, ionic conductivity, activation

energy, phase stability

1. Introduction

Mixed conducting membranes possessing oxygen
ionic and electronic conductivities have been interested
due to their oxygen separation ability. Especially, the
ceramic dense membrane has a great potential to be
applicable in chemical and petroleum industries for
oxygen separation from oxygen mixture gas. It is very
attractive technology economically and environmentally
in industrial process with hot-turbine system [1,2].

Perovskite type oxides substituted with lower valence
cations and transition metals at A and B sites of ABO3-
Perovskite structure respectively showed improving el-
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ectrical conductivity and ionic conductivity. The im-
provements leads to high oxygen permeability of dense
ceramic perovskite type membrane of La(Sr)Fe(Co) that
have been studied by many researchers [3-8], since
Teraoka et al. [9] reported first about SrCopgFep20s.5.
Many researches have been deal with the new material
with high oxygen permeability, and good stability at
high temperatures and reducing conditions. In a feasi-
bility test, Bredesen and Sogge [10] reported that a
minimum oxygen permeation flux should be 10 mL/
cm’” + min to adapt commercially in viable processes to
have advantage with other traditional processes. Oxy-
gen permeation of membranes can be improved by
modification of many characteristics such as composi-
tion of membrane, membrane thickness, microstructure
and temperature at the condition where the membranes
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should be applied. Among these properties, the mem-
brane material and composition are intrinsic factor to
obtain good enough oxygen flux to be applied. It is
well known that different components can cause differ-
ent oxygen permeation fluxes [11]. The influence of
substitution of A site on oxygen permeation properties
in the system of La(A)CoFeO:.s (A = Sr, Ba, Ca)
was investigated by Stevenson et al [11] and Tsai et
al. [13]. Based on these results, although the oxygen
permeation flux is inclined to increase as increasing
A-site substitution with lower valence atom than host
atom, the phase stability became unstable in the low
oxygen partial pressure and high temperature environ-
ment. High Sr contents are associated with poorer di-
mensional stability under the large oxygen chemical
potential gradients [14,15]. Thermal expansion coeffi-
cients of membrane containing Co elements are usually
higher than that of other ceramic materials [16,17]. For
instant, LSCF series possessed thermal expansion co-
efficients, 20~26 x 10K, in the temperature region,
973~1,273 K. Nevertheless, LaosSro4Coo2Feys0s.s has
been promising material for oxygen-separating mem-
brane among the membrane containing Co elements.
Only long term stability was question so as to com-
mercialize, especially in oxidizing and reducing con-
dition [18,19]. To improve stability under reducing and
oxidizing conditions, the partially substituting Co with
more redox-stable cations such as chromium and tita-
nium can be answer. However, Cr had the polarizing
nature of the dopant causing substantial lower ionic
conductivity [20]. On the other hand, moderate addi-
tions of titanium were found to suppress to some ex-
tent the ordering processes in the oxygen sublattice of
LaSr(Fe, Ti)Os.; phases, with the highest ionic transport
under oxidizing conditions observed for a composition
with 20% titanium on the Fe site [21].

In this work, Co elements in LagsSro4Coo2Fe0s0i.s
were substituted with Titanium to improve long-term
phase stability and reduce thermal expansion coeffi-
cient. LagsSro4TiooFeosOs5, LSTF6428 perovskite type
oxides has been synthesized using polymerized com-

plex method which can synthesizes a homogeneous and
pure powder relatively low sintering temperature. The
purpose of this work was to investigate the funda-
mental properties of LageSro4TiooFeosOs.s, LSTF6428,
including the electrical conductivity depending on oxy-
gen partial pressure, and oxygen permeation property.
Long-term phase stability was also studied by using
XRD.

2. Experimental Procedure

2.1. Sample Preparations

Polymerized complex method usually used a com-
plexation like citric acid that converted metal ions to
metal-chelates complex, which can be stabilized in eth-
ylene glycol with being dispersed homogeneously.
Heating the solution around 393~423 K, the solution
became polymer through the polymerization due to
successive esterification reaction. Dispersed the metal
chelates in solution became immobilized and poly-
merized homogeneously at first mixing condition. After
thermal decomposition, homogeneous and pure compli-
cate oxide materials were obtained from the polymer.

To synthesize the purposed composition, reagent gra-
de La(NOs), - 6H,0 (99.99%, Aldrich, USA), St(NOs),
(99%, Aldrich, USA), Fe(NO3); - 9H.0 (99%, Aldrich,
USA), Ti[OCH(CH3),)s (97%, Aldrich, USA), ethylene
glycol (99.5% DC chemical, Korea) and citric acid
(99.5%, SAMCHUN, Korea) were used as starting
materials. The chemical of Ti-source added and dis-
solved into ethylene glycol solution on the hot plate at
353 K. After obtaining transparent solution, Citric acid
added into the solution. After citric acid dissolved
completely, Sr and La added into ethylene glycol and
citric acid solution. Until the solution became trans-
parent on a hot plate at 403 K, it mixed continuously.
For esterification reaction, after that, the temperature of
hot plate raised up to 473 K with stirring for 12 h.
After the condensation, the polymer burned out for
thermal decomposition at 723 K in metal heater. The

obtained precursor was heated thermally at 1,073 K for
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Fig. 1. The schematic diagrams of He-gas tightness test.

2 h to remove residual carbon and impurity in air. The
as-synthesized powders were compressed into disks of
20 mm in diameter and 1.0~2.0 mm of thickness in a

stainless steel mold under a hydraulic load of 9 ton on

an area of 5.07 cm’ by unilateral press (model 25601

series, Specac Limited, UXK.). The green disk sintered
at 1,573 K for 5 h. The sintered disk waspolished with
600 grit SiC on both surfaces by Grinder (Beta series,
Buehler LTD., U.S.A) to smooth the surface and to
control the thickness of disk. After that, the disk was
cut into proper rectangular bars to measure electrical
conductivity.

2.2. Analyses of Powder and Membrane

The phase of the powder and the disk before and af-
ter sintering were characterized with an X-ray diffrac-
tometer (XRD, Rigaku Co Model D/Max 2200-Ultima-
plus, Japan) using CuKe radiation in the Bragg angle
range 20° < 260° < 80°. To measure electrical con-
ductivity, the rectangular specimen was painted with
silver paste. The oxygen partial pressure dependence of
electrical conductivity was measured by DC four-probe
method using Reference 600TM (Gamry instruments,
USA) witha flow rate 100 mL/min at 1,173 K. Dilato-
meter was used to measure the thermal expansion co-
efficients with the temperature region, 473~1,273 K,
heating rate 1 K/min.

2.3. He-gas Tightness Test of Membrane
Gas tightness was measured with unsteady state gas
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Fig. 2. The schematic diagrams of permeation test cell.

permeation setup. Fig. 1 shows the schematic diagram
of He gas-tightness test.

He gas-tightness test of as-prepared membrane
(LageSt0.4Tio2Fe0s0s.5, LSTF6428) was conducted at
room temperature. The membrane and rubber o-ring
are assembled and the permeation side of the whole
assembly cell was vacuumed with vacuum pump to be
zero (absolute pressure). The pressure change of per-
meation side was monitored, whilst helium gas was
supplied into feeding side. If the pressure maintained
within error range for 1 h, the membrane was recog-

nized as gas tightness.

2.4. Oxygen Permeation Measurement

The membrane permeation cell test parts used in this
work is shown in Fig. 2.

A disk type permeation cell was used in this work
for oxygen permeation study. Au ring (Au plate, 99.9
%, Aldrich) was used as the sealant material to seal
the disk onto the dense alumina tube. Prior to oxygen
permeation test, the cell part was purged with He gas
to remove the air in permeation cell tube and to con-
firm the sealing onto the assembly consisted of alumi-
na tubes, membrane and sealant for 20 h. The leakage
test for the outer parts of apparatus such as line, fitting
and valve was conducted with supplying N, gas at
feed side. Permeation study was performed within the
temperature range of 1,023~ 1,123 K. The temperature
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Fig. 3. X-ray diffraction patterns of LagsSro4Tio2FeosOs.s,
(a) after sintering at 1,573 K for 5 h, (b) treating ther-
mally at 1,073 K for 2 h, comparing with that of
Lag ¢Sro4Coo2Feps0s.s sintered at 1,573 K for 5 h.
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of the cell was increased up to 1,123 K, with a heat-
ing rate of 1.5 K/min and holing at desired temper-
ature for 100 min to attain steady state condition of
gas flow. Synthesis air (21 vol.% O + 79 vol.% N»)
and pure He (99.999%) were introduced into the dif-
ferent side of the membrane disk, which were con-
trolled by the mass flow controller (MKS 247C). The
feed flow rate was kept at 20 mL/min, and sweep flow
rate was 20 mL/min on the permeated side. The oxy-
gen content in the permeate stream was measured with
a gas chromatograph (GC-TCD, Acme 6000, YoungLin,
Korea). Helium was used as a reference gas, and a 1.8
m — 5 A molecular sieves was employed for gas
separation. The gas chromatograph equipped with an
automated sampling pump was used to analyze both
oxygen and nitrogen concentration of sweep side. The
gas chromatograph was frequently calibrated by using
standard gas mixture of oxygen and nitrogen in helium

in order to ensure reliability of the experimental data.
3. Results and Discussion

3.1. Sample Preparation and Characterization

Fig. 3 showed XRD patterns of LageSro4Tio2FensOs.s,
(LSTF6428) in calcinations at 1,073 K for 2 h and
sintering at 1,573 K for 5 h, for the comparison,

LagsSr04Co02Fe0s0s.5, (LSCF6428) sintered at 1,573 K
for 5 h.

It was confirmed that single-phase perovskite struc-
ture was already obtained even at calcinations temper-
ature by XRD. XRD patterns of LSTF6428 are similar
with LSCF6428, having the same number of peaks in
the observing 28 region. However, the observed XRD
peaks in LSTF6428 slightly shifted to lower angle than
that of LSCF6428. The substitution of smaller ionic ra-
dius Ti*", 0.88 A [22] at CN = 8 than that of Co™,
1.04 A at CN = 8 into Co element results in decreas-
ing of the averaged radius of B atoms, which leads to
decrease the unit cell volume of ABO3 perovskite
structure. The XRD result of the substitution of smaller
ionic radius atoms usually let peaks shift to higher
angle. However, our XRD patterns showed opposite re-
sult; the observed XRD peaks in LSTF6428 slightly
shifted to lower angle than that of LSCF6428, which
means the unit cell volume of LSTF6428 became larg-
er than that of LSCF6428, even though the substituted
Ti ion has smaller ionic radius than Co ion. The tran-
sition metal ions such as Co and Fe ions oxidized to
form Co”" and Fe* in order to maintain electrical neu-
trality from the charge imbalance caused by sub-
stitution of Sr* ions into La’" ions in LSCF6428 [7].
According to the Pauling’s rules, when Co”™ and Fe**
ions transited to the trivalent or tetravalent ions, it will
strengthen B-O bonds in the BO6 in the perovskite
lattice. As a result, the volume of the unit cell will
decrease. In our case, redox-stable cations and tetrava-
lence Ti'" acted a role to prevent Fe'" from converting
tetravalence Fe'', in other word, 20% Ti substitution
prevented Fe oxidation to some extent enough to be-
come larger unit cell than LSCF6428, based on the
XRD results. It indicated that LSTF6428 could be
more stable than LSCF in oxidizing and reducing con-
dition, even if the concentration of electron-hole pairs
caused by substitution of St*" ions into La’’ ions in
LSTF6428 would decrease.

Dilatometric curve of LSTF6428 measuring in the

temperature region between 473 and 1,273 K in air
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Fig. 4. Dilatometric curves of the LagSro4Tio2Feps0s.s,
arrow indicated the discontinuity of thermal expansion co-
efficient in air.
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Fig. S. Electrical conductivity (o) versus absolute temper-
ature T (K) of Lag¢Sro4Tig2Feos0s., membrane sintered at
1,573 K for 5 h.

shows in Fig. 4.

The discontinuity was observed at 1,003 K in dilato-
metirc curve. The calculated thermal expansion co-
efficients of LageSro4Tio2FeosOs s were 21.19 x 10K
from 473 to 1273 K. The increase of thermal expan-
sion coefficient in high temperature region is caused
by chemically-induced expansion of the lattice due to
oxygen loss [21]. It indicates that the temperature start-
ing oxygen loss in sub-lattice is around 973 K. The
Ti-substitution results in considerable decrease of ther-
mal expansion coefficient comparing with LSCF6428,
26 x 10%K at high temperature region above 973 K.
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Fig. 6. Po, dependence of the electrical conductivity of
Lag¢St0.4Tio2Fe0g0s. at 1,173 K.

3.2. Electrical Conductivity

Fig. 5 shows the electrical conductivity of
LageSro4TigoFepsOs.5 sintered at 1,573 K for 5 h in
air.

The electrical conductivities of the LapeSro4Tio2FeosOs.s
increased to a maximum conductivity at 823 K, kept
plateau until 923 K, and then decreased from 1,003 K
that is consistent with the temperature showing dis-
continuity in dilatometric curve in Fig. 4. It indicates
the loss of oxygen in sub-lattice for compensating
charge carriers from the resulting in formation of oxy-
gen vacancies in the high temperature region appeared
to start at 1,003 K. Kim et al. [23] explained this tem-
perature dependence with two competitive factors; one
is electronic compensation of charge disproportion of
transition metal ions (Fe*™ ions into Fe4+) and the other
is the ionic compensation of oxygen vacancy forma-
tion. The phenomenon of electric conductivity depend-
ing on temperature might relate with the oxygen losses
that reduce the charge carriers generated from acceptor
(Sr) dopants.

The dependence of electrical conductivity on oxygen
partial pressure between 2 x 107 and 0.21 atm at
1,173 K, shown in Fig. 6.

Electric conductivity LSTF6428 increased with increa-
se of oxygen partial pressure. This is typical behavior
of p-type conduction (electron hole, h’). The experi-
mental measurement of In (o) for LaggSro4Tig2FeosQs.s
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Fig. 7. Temperature dependence of oxygen permeation
flux of LageSro4Tio2Feos0s.5 membrane at partial pressure
of 0.21/1 x 10 atm (helium flow rate: 20 mL/min).

at 1,173 K showed =~ -1/6 dependence of In (Poy)
within Po, range between 2 x 10° to 0.21 atm. This
electric conductivity dependence on oxygen partial
pressure suggests doubly-ionized oxygen vacancies.
When the oxygen vacancy is doubly ionized at ele-
vated temperature, thermal dissociation of the oxygen
in sublattice occurs into oxygen vacancies with elec-
tron or ionized oxygen vacancies. The possible defect
equation and relation in equilibrium condition can be
considered with following ;

[08]1= [V I+ [Fet.]+ S0, m

[VS}ZPO%/GGXP(—AH)

3RT @
In[Ve | = % In Po, ©)

where ./H represented standard enthalpy change of re-

action (1). Consequently, the equilibrium between oxy-
gen in LageSro4TiooFeosOss and oxygen in the gas
phase at 1,173 K can be stated by following relation-
ship.

2[Fep, |+ [03]= [V |+ [Fei ]+ 20, @

3.3. Oxygen Permeability

The oxygen permeation study was performed
Lag¢Srp4Tio2FeosOs.5, after sealing test with gold ring
at 1,336 K. Oxygen in equipment is removed by in-
troducing N, as purge gas, and then helium and air
were introduced to the lines. After the introduction of
helium, the oxygen partial pressure gradient generated
gradually onto both sides of the membrane from high
oxygen partial pressure (air side, Po, = 0.21 atm, feed
side) to low oxygen partial pressure (He sweep side,
permeated side). The oxygen permeation flux through a
disk type dense membrane of LageSro4TiooFeosOs.s
with 1.6 mm thickness was measured in the temper-
ature range between 973 and 1,223 K. Fig. 7 shows
the oxygen permeation flux for dense membrane
LaosSro4TipaFes0s.5 as function of temperature.

The oxygen permeation flux was increased with tem-
perature exponentially. The measured oxygen per-
meation flux was 0.17 ml/min - cm’ at 1,223 K. For
the comparison, the oxygen permeation fluxes of
Lao sSrosFe0s.5 and Lag sSrosTip 1 FepsOs.s [20,21] shows
in Table 1.

Taking into account thickness of the membrane, our
oxygen permeation flux was similar with that of
LaysSrosTip 1 Feo90s.5 reference data, but lower than
that of LagsSrosFeOs.s without Ti. Ti-substitution did

not help to improve oxygen permeation properties be-

Table 1. Oxygen Permeation Flux Data of Various Co Free Perovskite Type Membranes

Membrane composition Temperature, (K) Thickness Oxygen permeation flux
LageSro4Tio2Fes0s.5, in our experiment 1,223 1.6 mm 0.17 mL/min - cm’
Lag3Sr07Cro2Alo3Feps05.6, 18] 1,173 1 mm 0.05 mL/min - cm®
Lay sSrosFeOs.4, [19] 1,223 1 mm 0.39 mL/min - cm’
Lao sSrosTio.1 FeosOs.5, [19] 1,223 1 mm 0.21 mL/min - cm’

Korean Membrane J. Vol. 9, No. 1, 2007
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Fig. 8. Arrhenius plot of the ionic conductivity calculated
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Fig. 9. X-ray diffraction patterns of permeation side and
feed side of LageSro4Tio2Feos0s.s membrane after oxygen
permeation test.

cause tetravalent Ti*" reduced the charge carrier con-
centration generated from substitution of Sr™* ions into
La’" ions in LSTF6428, which evidence was shown in
XRD pattern shifting to lower angle, even smaller ion-
ic radius Ti"" was substituted with.

Ionic conductivities were calculated from the meas-
ured oxygen permeation flux by using the following
relation (5) [12].

o, = (4 F7t)(RT 1n [P(0))/ P(05)]) 5)
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Fig. 10. XRD analysis of LaoeSro4Tio2FeosOs.s powder
sintered 1,573 K after long-term phase stability test in He
atmosphere at 1,173 K.

Where F is Faraday’s constant, J is oxygen flux (in
Alem?), t is membrane thickness, R is gas constant, T
is absolute temperature, and (021 ) and P(O{I) are
the oxygen partial pressures on the feed and sweep
side of the surface of the membranes, respectively.

Ionic conductivity of the LageSroaTio2Feos0;.5 mem-
brane was calculated from the measured oxygen per-
meation flux using equation (5). Fig. 8 showed the
Arrhenius plots calculated from the ionic conductivity
as function of temperature.

The apparent activation energy was calculated from
the Arrhenius plot of ionic conductivity as function of
reciprocal temperature (1/T (K)). The apparent activa-
tion energy was 80.5 kJ/mol between 1,073 and 1,223
K temperature range. The activation energies for ionic
conduction are similar in magnitude to that of LSCF
membranes, Taraoka et al reported from 64 to 86
kJ/mol [24].

3.4. Chemical Stability
Fig. 9. shows the X-ray diffraction pattern of

LagSto4Tio2Feos0s.s membrane before and after oxy-
gen permeation test for 40 h. There were no ob-
servation of peaks of second phase on both feed side
and permeate side.

Fig. 10. shows the X-ray diffraction pattern of
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LayeSroaTiooFeosOs.s powder after long-term stability
test with various time durations in He atmosphere at
1,173 K.

There was no observation of second peaks even after
450 h. This shows LagSro4Tio2FeosOs.s membrane has
excellent phase stability at high temperature and low
OxXygen partial pressure.

4. Conclusions

Lao6Sro4Tio2Feos0s.5 ceramic powders have success-
fully synthesized via polymerized complex method us-
ing citric acid as the chelating agent. The single per-
ovskite oxide was obtained even at calcinations tem-
perature 1,073 K. The discontinuity in the dilatometric
curve was observed at 1,003 K. The thermal expansion
coefficients of LageSro4Tio2FeosOs.s were 21.19 x 107/
K from 473 to 1,273 K, which is lower thermal ex-
pansion coefficient comparing LSCF series. The total
conductivity and electric conductivity depending on
oxygen partial pressure studied in the oxygen partial
pressure range, 2.1 x 10°~021 atm. The electrical
conductivities of the LagSto4Tig2Feos0s.5 increased to
a maximum at 823 K, kept plateau until 923 K, and
then started to decrease from 1,003 K. The total con-
ductivity showed predominantly p-type electronic in the
oxygen partial pressure range. The oxygen flux of
Lag¢Sro 4Tig2Feo803.5 membrane increased with increas-
ing temperature, and the oxygen permeation flux
through 1.6 mm membrane exposed to flowing air (P
= 0.21 atm) and helium (P, = 0.037 atm) was 0.17
mL/cm’® - min at 1,223 K. The activation energy of
ionic conductivity calculated from oxygen permeation
flux of LaoSro4Tio2Feos03 s membrane was calculated
to be 80.5 kl/mol. The long-term stability test with
various time durations in He atmosphere at 1,173 K
confirmed no phase change even after 450 h, display-
ing excellent phase stability of LageSro4Tio2FeosOs.s
membrane.
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