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In this study, La0.4Sr0.6CoO3-d (LSC) oxide was synthesized via an EDTA-citrate com-
plexing process and its application as a mixed-conducting ceramic membrane for oxy-
gen separation was systematically investigated. The phase structure of the powder and
microstructure of the membrane were characterized by XRD and SEM, respectively. The
optimum condition for membrane sintering was developed based on SEM and four-probe
DC electrical conductivity characterizations. The oxygen permeation fluxes at various
temperatures and oxygen partial pressure gradients were measured by gas chromatog-
raphy method. Fundamental equations of oxygen permeation and transport resistance
through mixed conducting membrane were developed. The oxygen bulk diffusion coeffi-
cient (Dv) and surface exchange coefficient (Kex) for LSC membrane were derived by
model regression. The importance of surface exchange kinetics at each side of the mem-
brane on oxygen permeation flux under different oxygen partial pressure gradients and
temperatures were quantitatively distinguished from the oxygen bulk diffusion. The max-
imum oxygen flux achieved based on 1.6-mm-thick La0.4Sr0.6CoO3-d membrane was
�4.0 � 10�7 mol cm�2 s�1at 950�C. However, calculation results show theoretical oxy-
gen fluxes as high as 2.98 � 10�5 mol cm�2 s�1 through a 5-lm-thick LSC membrane
with ideal surface modification when operating at 950�C for air separation. VVC 2009
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Introduction

Dense ceramic membranes made from mixed ionic and
electronic conducting (MIEC) oxides have recently attracted
considerable attention not only from research community but

also from industrial companies because of their potential
applications in air separation and high-temperature
membrane reactors for partial oxidations of light hydrocar-
bons.1–10 Among various MIEC ceramics, perovskite-type
oxides (La,Sr)(Co,Fe)O3-d were proven to be promising
materials for oxygen separation membranes, membrane reac-
tors, and cathodes of solid-oxide fuel cells.11–18 These oxides
usually have overwhelming electronic conductivity, although
the oxygen-ionic conductivity could still be several orders of
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magnitude higher than that of typical solid-oxide electrolytes
of yttria-stabilized zirconia. The oxygen permeation fluxes of
the corresponding membranes are generally closely related
with the oxygen-ionic conductivity of the materials. In par-
ticular, the La1-xSrxCoO3-d-based perovskites exhibited not
only high electronic/ionic conductivity but also high surface
oxygen exchange kinetics.19–21 These excellent properties
make La1-xSrxCoO3-d ideal materials for surface coating to
improve oxygen surface exchange kinetics.21 Recently, more
fundamental understanding on the oxygen ionic conducting
mechanism of La1-xSrxCoO3-d oxides has been proposed by
using newly developed experimental techniques such as tran-
sient TG technique, XPS spectra, isotope exchange tech-
nique, electrical relaxation, and volumetric titration
method.22–26 However, the systematic investigation of oxy-
gen permeation behavior through La0.4Sr0.6CoO3-d mem-
branes for air separation has yet to be realized.

Under the driving force of oxygen gradient, oxygen will
permeate through dense MIEC membranes from the high-
pressure side to the oxygen lean pressure side. The permea-
tion process can be simply separated to three main stages:
(1) oxygen transfer from the gas phase to the membrane sur-
face, physical adsorption on surface, dissociation with elec-
tronic transfer to yield chemisorbed oxygen species, and the
incorporation in surface layer; (2) ambipolar conductivity:
oxygen ionic and electronic transport in opposite direction
under an oxygen chemical potential gradient; and (3) the de-
sorption of oxygen in the side of lower oxygen partial pres-
sure. Oxygen vacancy diffusion coefficient (Dv) and surface
exchange coefficient (Kex) are two basic parameters quantita-
tively determining the permeation process. Dv and Kex can
be identified by proper fitting of the oxygen fluxes under dif-
ferent conditions. Clarification of the rate-determination steps
of oxygen permeation through the membranes is important
for the optimization of operation condition and further devel-
opment of new materials.

In this study, the oxygen permeation behavior of one par-
ticular composition of LaxSr1-xCoO3-d, i.e., La0.4Sr0.6CoO3-d

(LSC) membrane, was investigated both theoretically and
experimentally. Dv and Kex and membrane characteristic
thickness were calculated by the application of the developed
models. The roles of surface exchanges and bulk diffusion in
the overall performance of LSC membrane for oxygen perme-
ation were discussed. The oxygen permeation polarization
resistances were identified to clarify the rate-limiting steps.

Theory

Oxygen fluxes in the mixed conducting membranes

Based on the Nerst-Planck equation combining Fick’s law
and ion migration, the fluxes of charged defects in mixed
conducting membranes at steady state under the electro-
chemical potential gradient is expressed in Eq. 127–29:

Ji ¼ �DiCi
1� ti
Ci
� dCi

dL
�
X
j¼i

zi
zj
� ti
Ci
� dCj

dL

" #
(1)

where D, C, z, t, L are the diffusivity, concentration, charge
number, and the transport number of defect i, and membrane

thickness, respectively. When the oxygen vacancy (V��Ö) and
electron hole ( _h) are the only mobile charged carriers in the
mixed conducting membranes,30 which are true for many
MIEC perovskite oxides under relatively high oxygen partial
pressure of the surrounding atmospheres, and then Eq. 1 can be
simplified to

JV ¼ �ðCh þ 4CVÞDvDh

ChDh þ 4CVDv

� dCV

dL
(2)

If the ionic transference number is very small (ChDh [[
CVDv and Ch [[ CV), it is true for many MIEC perovskite
oxides, Eq. 2 can be further simplified to

JV ¼ �Dv � dCV

dL
(3)

Based on the stoichiometric relations of oxygen and the
oxygen vacancy, the oxygen flux can be written as

JO2
¼ � 1

2
JV ¼ Dv

2
� dCV

dL
(4)

Before further theoretical derivation, two of the most im-
portant parameters, diffusion coefficient (Dv) and surface
coefficient (k or K), need to be clarified. They are considered
to be a constant at a given temperature, independent of
membrane thickness and gas flow rates or pressures, but de-
pendent on temperature and material properties. Surface
coefficients (k or K) are also dependent on membrane sur-
face microstructure or morphologies.28,31

Because Dv is a constant at a temperature, the oxygen flux
can be obtained by the integration of Eq. 4:

JO2
¼ Dv

2L
ðC00sV � C0sVÞ (5)

where C0V and C00V are the steady-state oxygen vacancy
concentrations at the high and low oxygen pressure sides of
the membranes, respectively.

The oxygen vacancy concentrations on both membrane
surfaces in Eq. 5 are also governed by surface exchange
reactions. The surface oxygen exchange reaction between
oxide surfaces and the gas phases is a multistep process,
although it can be simply explained by two elementary steps
as follows31,32:

1

2
O2 þ V��O �!

ka  �kd Ox
O þ 2h� (A)

Ox
O þ 2h�  �kd �!ka 1

2
O2 þ V��O (B)

Reactions A and B are taking place in membrane surfa-
ces-I (feed side) and II (sweep side), respectively. Ox

O repre-
sents the lattice oxygen in the perovskite crystal structure,
and ka, kd are the forward and reverse reaction rate constants
for the surface reactions, respectively. It is important to note
that the electron holes are essentially constant at both surfa-
ces of the membrane due to the high electronic conductivity,
and thus the reverse and forward surface reaction rates are
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pseudo zero-order at steady state under isothermal condi-
tions. Therefore, the oxygen consummation or formation rate
in the membrane surfaces can be expressed by:

JO2
¼ ka � C0sV � P

00:5
O2
� kd (6a)

JO2
¼ kd � kaC

00s
V :P0:5

O002
(6b)

where P0O2
and P00O2

are the partial pressures of oxygen at the
feed side and permeate side, respectively. When both surfaces
of the membrane are exposed to the atmospheres with the
same oxygen partial pressure (P0O2

¼ P00O2
), there is no oxygen

gradient (or driving force) across the membrane and the net
flux through the surface is zero (JO2

¼ 0). Equation 6 can be
converted to:

kaC
0e
VP

00:5
O2
¼ kaC

00e
VP
000:5
O2
¼ kd (7)

where C0eV and C00eV are the oxygen vacancy concentrations in
the material under thermal equilibrium with the atmosphere
surrounded by P0O2

and P00O2
, respectively.

Under steady state, the oxygen fluxes at the both mem-
brane surfaces and the bulk should be equal. Combining
Eqs. 5–7, the oxygen permeation flux with the controlling
steps of surface exchange kinetics and bulk diffusion can be
expressed as follows:

JO2
¼ ka C

0s
V P00:5O2

� kaC
0e
VP
00:5
O2

(8)

JO2
¼ kaC

00e
VP

000:5
O2
� kaC

00s
V P

000:5
O2

(9)

Solving Eqs. 4, 8, and 9 simultaneously, it gives the oxy-
gen flux as shown in Eq. 10:

JO2
¼ Dv

2L
�

ka
1

P00:5
O2

þ 1

P000:5
O2

ka
1

P00:5
O2

þ 1

P000:5
O2

þ Dv

2L

� ðC00eV � C
0e
VÞ (10)

Finally, Dv and ka can be determined by proper fitting of
the experimental data into Eq. 10, which requires prior
knowledge of (i) C0eV and C00eV values and (ii) the oxygen
permeation fluxes under the applied oxygen partial pressure
gradient across the membrane (P0O2

� P00O2
) at selected tem-

peratures by oxygen permeation experiments.

Surface exchange coefficients, characteristic thickness,
and oxygen transport resistance

Membrane surface exchange coefficient at the feed side
(K0ex), surface exchange coefficient at the permeate side
(K00ex), and the overall surface exchange coefficient (Kex) can
be defined as follows:

K0ex ¼ kaP
00:5
O2

(11)

K00ex ¼ kaP
000:5
O2

(12)

Kex ¼ 1
1
K0ex
þ 1

K00ex

¼ ka
1

P00:5
O2

þ 1
P000:5

O2

(13)

By introducing the surface exchange coefficients, the oxy-
gen flux in Eq. 10 can be rewritten as

JO2
¼ ðC

00e
V � C

0e
VÞ

2L
Dv
þ 1

Kex

¼ Driving force

Diffusion resistanceþ Surface reaction resistance
(14)

When Kex is far greater than Dv

2L in case of ideal surface
modification, the surface reaction will not exert any resist-
ance to the oxygen permeation. The oxygen fluxes in Eq. 10
can also be written as follows:

JO2
¼ Dv

2L
� ðC00eV � C

0e
VÞ (14a)

It should be noted that Eq. 14a can also be derived by the
application of Wagner theory.

Another extreme situation lies in the case that Kex is far
less than Dv

2L. When the membrane is ultra thin and places lit-
tle resistances, the permeation rate will largely be controlled
by the surface reactions and the oxygen fluxes can be
described as in Eq. 14b:

JO2
¼ Kex � ðC00eV � C0eVÞ (14b)

At the condition of Kex ¼ Dv

2L, the surface exchange process
and bulk oxygen diffusion process give equal resistance to the
oxygen permeation through the membrane. The membrane thick-
ness at this condition is defined as characteristic thickness,33,34

Lc ¼ Dv

2 � ka ð
1

P000:5O2

þ 1

P00:5O2

Þ (15)

Lc is obviously dependent on the membrane material prop-
erties (i.e., Dv and ka) and membrane operating conditions
(i.e., gas atmosphere and temperature). The membranes with
higher Dv and operating at lower temperature or lower oxygen
partial pressure environment would encounter a larger charac-
teristic thickness. Based on TG results, the oxygen vacancy
concentration in the equilibrium of C0eV and C00eV on both mem-
brane sides can be calculated, and then the values of D and K
were calculated by Eq. 10, which further derives the respec-
tive transport resistances based on the assumption that the lin-
ear kinetics are applicable for both the surface reactions and
the bulk diffusion. It should be noted that SOFC electrodes of-
ten exhibit linear kinetics even under weak polarization.35 The
same idea of using the data of Dv and ka to infer the permea-
tion resistance was previously verified by other researchers.32

The overall driving force (chemical potential difference)
and the oxygen transport polarization resistance36 can be
expressed in the following two equations:

E ¼ �RT

4F
ln

P00O2

P0O2

( )
¼ � RT

4Fn
ln

C00eV
C0eV

� �
(16)

Rtotal ¼ � RT

42F2

1

SJO2

ln
P00O2

P0O2

( )
(17)

where S is the effective surface membrane area.
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The driving force lost over both surfaces (s1 and s2) sides
of the membrane and the oxygen bulk diffusion can be cal-
culated according to

gs1 ¼ �
RT

4F
ln

P
0s
O2

P0O2

( )
¼ � RT

4Fn
ln

C
0s
V

C0eV

� �
(18)

gs2 ¼ �
RT

4F
ln

P00O2

P00sO2

( )
¼ � RT

4Fn
ln

C
00e
V

C00sV

� �
(19)

gbulk ¼ �
RT

4F
ln

P
00s
O2

Ps
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C
00s
V
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� �
(20)

By the same token, Eqs. 18–20 can be rearranged as oxy-
gen transport resistances as follows:

RS1 ¼ Rtotal �
gS1
E
¼ RT

42F2
� 1

SJO2

� ln P00O2
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( )
�
ln
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C0e

V
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V
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V

n o (21)
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Rbulk ¼ Rtotal � gbulk
E
¼ RT

42F2
� 1

SJO2

� ln P00O2

P0O2

( )
�
ln

C
00s
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Experimental

Synthesis and preparation

Ceramic powders of LSC were synthesized via a combined
EDTA-citrate complexing route.37 Cobalt nitrate, lanthanum
nitrate, and strontium nitrate, all in analytical grades, were
used as the metal sources. EDTA powder and crystallized cit-
ric acid with purities higher than 99.5% were used as the che-
lating agents. After the calcination at 550–950�C for 5 h
under stagnant air atmosphere, the powders were compacted
into disk-shaped membranes using a stainless steel die (15
mm in diameter) under a hydraulic pressure of 20–40 tons.
The disks were subsequently sintered at 1080–1230�C for 5 h.
The final density of the membrane was estimated based on
the SEM results. The membranes were tested prior to oxygen
permeation measurements, and only gas-tight membranes
were used for further experimental work.

Characterization

The crystal structure of the synthesized powders and
membranes were characterized by X-ray diffraction (XRD,
Bruker D8 Advance) using Cu Ka radiation (k ¼ 1.5418 Å).
The experimental diffraction patterns were collected at room
temperature by step scanning in the range of 20� � 2y
�80�. The morphologies of the sintered membranes were
examined using an environmental scanning electron micro-
scope (QUANTA-2000).

The electrical conductivity was measured in oxygen, air,
or argon atmospheres by four-probe DC method using Ag as
electrodes upon cooling from 900 to 300�C, at 10�C per
step.36 The voltage response on the two voltage wires was
recorded using a Keithley 2420 source meter with the cur-
rent changed from 1 lA to 2 A. The conductivity was calcu-
lated based on the following equation:

r ¼ l

A
� K (24)

where A is the cross-sectional area, l is the distance between
the two voltage probes, and K is the slope of the curve of
current vs. voltage.

Investigation of oxygen fluxes through LSC membranes
was carried out by the gas chromatography (GC) method
using a home-constructed high-temperature oxygen permea-
tion reactor assembly described elsewhere.38 Silver paste was
used as the sealant to fix the membrane disk onto a dense
quartz tube. The effective membrane surface area at the sweep
side for permeation study was around 0.7 cm2. The permea-
tion cell was heated up to 950�C at the rate of 2�C min�1 to
ensure an effective sealing. The oxygen partial pressure at the
membrane feed side was stabilized at 0.21 atm (ambient air)
unless otherwise specified. The helium was introduced to the
sweep side chamber at a flow rate of 20–260 ml min�1 (STP).
A HP 5890II gas chromatography equipped with a molecular
sieve 5 Å molecular column was used to detect the gas con-
centrations. The oxygen partial pressure at the permeate side
atmosphere was calculated by estimating oxygen concentra-
tion in effluent gas. The oxygen fluxes was calculated by

JO2
ðmol cm�2 s�1Þ¼ CO2

� CN2
� 0:21

0:79
� 28

32

� �1
2

" #
� f

S

(25)

where CO and CN are the measured concentrations of oxygen
and nitrogen in the gas on the sweep side (mol ml�1), res-
pectively, f is the flow rate of the exit gas on the sweep side (ml
s�1), and S is themembrane surface area of the sweep side (cm2).

Results and Discussion

Phase structure and stability

The XRD pattern of as-prepared samples obtained after
calcination at 550–950�C are given in Figure 1. Very weak
diffraction peaks of rhombohedra perovskite phase in the
sample calcined at 550�C was detected together with some
impurities (i.e., SrCO3, SrCoO2.5). When the sintering tem-
perature was elevated to 850�C, the powder was character-
ized by the crystal phase of LSC perovskite with all the dif-
fraction peaks well indexed based on a rhombohedra struc-
ture. Because of the formation of thermally stable alkaline
earth carbonate as the intermediate phase, the preparation of
pure La1-xSrxCoO3-d perovskite phase with high strontium
content should be at temperatures higher than 900�C. How-
ever, too high sintering temperature may lead to undesirable
crystallite growth and hard particle agglomerates. The pre-
pared LSC powder calcined at 950�C displayed pure perov-
skite phase with appropriate grain size (35 nm) as estimated
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by applying Scherrer’s equation, and therefore was chosen
as the ceramic membrane material in this work.

Figure 2 depicts the XRD patterns of the samples after
annealed under various atmospheres (N2, air, or O2) for 10
h. It is observed that no phase structure changes occurred for
all the samples. This clearly indicates that samples attained
good stability in varying oxygen atmospheres from low to
high concentrations, thus emulating similar conditions during
oxygen permeation experiments. Good thermodynamic sta-
bility of La1-xSrxCoO3-d (x ¼ 0–0.8) oxides was also con-
firmed by DTA and high-temperature X-ray diffraction anal-
ysis in the temperature region from 597 to 997�C in Ref. 39.

Sintering behavior and electrical conductivity

Figure 3 shows the cross-sectional morphologies of the
sintered membranes at various temperatures. A large quantity
of pores with diameters of 1–5 lm was present in the mem-
branes when sintered below 1080�C, as these conditions
resulted in incomplete densification of the membranes. As
the sintering temperature increased, the membrane became
denser until reached 1180�C. The membrane deteriorated
due to the material’s melting behavior when the sintering
temperature elevated to 1230�C.

The oxygen permeation flux was closely related with the
transport number and electrical conductivity of the membrane.
These mixed conducting perovskite oxides such as (La,Sr)
(Co,Fe)O3-d or (Ba,Sr)(Co,Fe)O3-d usually have overwhelming
electronic conductivity over the ionic conductivity.11,16,36 The
temperature dependence of the total conductivity of LSC is
shown in Figure 4. The electronic conductivity in LSC system
was dramatically higher than the ionic one, given an indica-
tion that measured conductivity mainly reflected the electronic
conductivity. However, the electrical conductivity went down
as temperature rose due to more oxygen vacancy formation. In
the perovskite-related mixed conducting oxides, electron hop-
ping through B-O-B bonds was realized via a mechanism like
the Zener double exchange process.40 The electron conduction
was therefore hindered by the destruction of B-O-B bonds.
Moreover, the electrical conductivity also increased as a func-

tion of the sintering temperature (1080–1180�C), which can
be attributed to more densified structure of the membranes
leading to the reduced grain boundary resistance (Figure 3).
The phenomenon that ceramic membranes sintered at higher
temperatures with less grain boundary area possessing higher
conductivity was also observed from other perovskites like
La0.6Sr0.4Co0.2Fe0.8O3-d.

41

Figure 5 illustrates the effects of oxygen concentration in
the surrounding atmosphere of the membranes on the electri-
cal conductivity of LSC measured by four-probe DC method.
These results clearly show that the conductivity decreased
with reducing oxygen partial pressures, which can be
explained by the p-type electrical conducting mechanism.
For p-type electrical conducting materials, the charge carrier
is electron hole via surface reactions A or B. With the
increase of oxygen partial pressure, the equilibrium of the
reaction shifts to the right side, so the concentration of elec-
tron holes or electrical conductivity was increased.

Oxygen permeation properties

Oxygen Surface Exchange and Bulk Diffusion Coeffi-
cient. The oxygen permeation fluxes through LSC mem-
brane (L ¼ 1.6 mm) at various oxygen partial pressures of
the oxygen lean side atmosphere and temperatures are shown
in Figure 6. As can be seen, the membrane had high oxygen
fluxes when operating at higher temperatures or lower oxy-
gen partial pressures of the permeate side atmosphere. The
parameters for permeation coefficient calculation in this
work are summarized in Table 1. The bulk diffusion coeffi-
cient (Dv) and surface exchange coefficient (ka) could be cal-
culated using the slope and intercept from the linear relation-

ship between
C00eV�C0eV

JO2
and 1

P00:5
O2

þ 1
P000:5

O2

. Figure 7 shows the cal-

culated Dv and ka at various temperatures and the effects of
oxygen partial pressure in the permeate side on the overall
surface exchange coefficients. Noteworthy is that the values
of (Dv) of La0.4Sr0.6CoO3-d derived in this work were quite
similar to La0.3Sr0.7CoO3-d perovskite via 18O/16O exchange

Figure 1. X-ray diffraction patterns of the as-prepared
La0.4Sr0.6CoO3-d powder from calcination at
varied temperatures.

Figure 2. X-ray diffraction patterns of the sintered
La0.4Sr0.6CoO3-d membranes after annealed
under varied atmospheres at 850�C for 10 h.

a: O2; b: air; c: N2.
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Figure 3. Cross-sectional morphologies of La0.4Sr0.6CoO3-d membranes sintered at varied temperatures.

a: 1080�C; b: 1130�C; c: 1180�C; d: 1230�C.

Figure 4. Temperature dependence of electrical con-
ductivity of La0.4Sr0.6CoO3-d ceramics in air-
sintered at varied temperatures.

Figure 5. Electrical conductivity of La0.4Sr0.6CoO3-d

under varied atmospheres.
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and dynamic SIMS analysis reported elsewhere.42 One possi-
ble reason for this phenomenon is due to the similar material
composition and phase structure between La0.4Sr0.6CoO3-d

and La0.3Sr0.7CoO3-d. Activation energies for oxygen surface
exchange, bulk diffusion, and the overall oxygen permeation
process determined via the Arrhenius equation were 82, 100,
and 93.4 kJ mol�1, respectively. Chen et al.43 reported a lower
value of around 60 kJ mol�1 for a La0.3Sr0.7CoO3-d mem-
brane. The oxygen permeation process can be rate-determined
by either the bulk oxygen diffusion or surface exchange
kinetics, so the activation energy reflected the overall thresh-
old energy to be overcome from these two limiting processes.
The decrease of Sr-doping in La1-xSrxCoO3-d may have led to
the reduction of surface exchange and bulk diffusion rate, thus
requiring higher activation energy for oxygen permeation.

Characteristic Thickness, Permeation Resistance, and
Oxygen Fluxes

The characteristic thickness (Lc) is an important parameter
that can be used to evaluate the roles that surface exchange

kinetics and bulk diffusion play in the oxygen permeation
process. For example, when the membrane thickness is far
less than Lc, the surface exchange reaction will become the
rate-limiting step and the oxygen permeation rate can only
be improved via surface modification. Figure 8 shows the Lc
values of LSC at various operating conditions calculated by
the application of Eq. 15. As shown in Figure 8, Lc ranged
between 0.6 and 2.2 mm as a function of temperature (800–
950�C) and oxygen partial pressure (0.002–0.21 atm). Lc
increased by a higher operating temperature or lower oxygen
partial pressure. In this work, the actual membrane thickness
of 1.6 mm was quite close to the characteristic thickness Lc.
As a consequence, both surface reactions and bulk diffusion
imposed important influences on the oxygen permeation flux
under the investigating temperature range or oxygen partial
pressure range. The controlling steps can be further clarified
by the analysis of the transport resistances over three main
permeation steps.

Figure 6. The lean side oxygen partial pressure depend-
ence of oxygen permeation fluxes through
La0.4Sr0.6CoO3-d membranes at various
temperatures.

Table 1. Parameters for Theoretical Calculation

Pellet Membrane La0.4Sr0.6CoO3-d

Membrane thickness (L) 1.6 mm
The effective membrane
surface area (S)

0.7 cm2

Operating temperature (T) 800–950�C
Oxygen partial pressure
at feed side (P0O2

)
0.21 atm

Oxygen partial pressure
at sweep side (P00O2

)
0.0002–0.05 atm

Crystal volume (Vc) 55.75 Å3

Mole volume (Vm) 33.56 cm3 mol�1

Oxygen nonstoichiometry
(d)

log d ¼ A þ Blog(PO2
)42

950�C: A ¼ �0.6394, B ¼ �0.0633
900�C: A ¼ �0.6556, B ¼ �0.0623
850�C: A ¼ �0.6915, B ¼ �0.0661

Oxygen vacancies
concentrations (Cv)

d/Vm, mol cm�3

Figure 7. (a) Oxygen vacancy diffusion coefficient (Dv)
and surface reaction coefficient (ka); and (b)
the overall surface exchange coefficient (Kex)
calculated from model derivation based on
oxygen permeation fluxes of 1.6 mm
La0.4Sr0.6CoO3-d membrane at various temper-
atures.
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The oxygen permeation polarization resistances at the
membrane surfaces (RS1, RS2) and the bulk diffusion ohmic
drop (Rbulk) together with the overall resistance (Rtotal) were
quantitatively determined based on Eqs. 21–23. Figure 9
shows the effects of the oxygen partial pressure at the per-
meate side atmosphere (P00O2

) on the resistances at 900�C.
The partial pressure (P00O2

) dependences of the four resistances
(RS1, RS2, Rbulk, and Rtotal) at five temperatures that ranged
from 800 to 950�C showed almost similar trend. As dis-
played in Figure 9, the surface resistance on the oxygen-rich
side almost kept constant at all ranges of P00O2

were investi-
gated. The observation of this phenomenon was reasonable
because the change of P00O2

did not affect the gas atmosphere
surrounding the membrane surface in the feed side.
However, the change of P00O2

did exert significant effect on
the surface reaction resistance on the permeate side. As
P00O2

decreased by using a larger sweep gas rate, the resist-
ance of RS2 increased sharply, which is consistent with the

observations by Xu and Thomson.32 For example, when P00O2

decreased from 0.01 to 0.001 atm, RS2 values were increased
from �0.3 to �0.7 X.

The effect of P00O2
on the bulk diffusion ohmic resistance

(Rbulk) can be explained as follows: the oxygen ion diffusion
from membrane surface-I (feed side) to surface-II (permeate
side) must comply with the oxygen vacancy diffusion in the
opposite direction. According to Reaction B at membrane
surface-II, a higher P00O2

lowered the concentration of oxygen
vacancies on the permeate side membrane surface or the ox-
ygen vacancy concentration gradient, which are unfavorable
to oxygen vacancy diffusion. This caused the oxygen diffu-
sion to attain a larger resistance as discussed earlier. How-
ever, when P00O2

was larger than 0.006 atm, the bulk diffusion
resistance remained unchanged regardless of further
increases of P00O2

. Combining all the resistance changes, the
overall oxygen permeation resistance was increased by a
lower P00O2

or by larger oxygen partial pressure gradient.
Meanwhile, there was no significant differences between the
total surface resistance and bulk resistance, suggesting again
that the oxygen overall permeation rate was controlled by
the mixed mode (i.e., both surface reaction and bulk diffu-
sion). Moreover, in comparison of the two surface polariza-
tion resistances, the resistance in the permeate side was
much larger than that on the oxygen feed side, indicating
that the surface reaction on the permeate side played a more
important role for oxygen permeation than the feed side.
Similar results for other perovskites were reported else-
where.36 Under these circumstances, if membrane surface
modification was carried out to improve the oxygen permea-
tion rate, the modification is likely to be more beneficial on
the surface of the membrane’s permeate side rather than the
feed side. In addition, this work also demonstrated that it
was not effective to increase the oxygen fluxes by reducing
the oxygen partial pressure to extremely low values in the
permeate side due to the large increase of the overall perme-
ation resistance. Figure 10 illustrates the temperature de-
pendence on the resistances (RS1, RS2, Rbulk, and Rtotal) at the

Figure 8. The lean side oxygen partial pressure (P00O2
)

dependence of characteristic membrane
thickness (Lc) for oxygen permeation at vari-
ous temperatures, P0O2

5 0.21 atm.

Figure 9. The lean side oxygen partial pressure (P00O2
)

dependence of various oxygen permeation
resistances at 900�C, P0O2

5 0.21 atm.

Figure 10. The temperature dependence of oxygen per-
meation polarization resistances through
LSC membrane at P0O2

5 0.21 atm and P00O2
5

0.009 atm.
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same oxygen partial pressure (P00O2
) of 0.009 atm. As

expected, all the resistances dropped as the temperature rose.
Further inspection of the differences between these resistan-
ces reveals that at lower temperatures (800�C) bulk diffusion
largely controlled the permeation process since the Rbulk was
twofold of the surface reaction resistances. However, at high
temperatures (950�C), the surface reaction resistance gradu-
ally equaled to the bulk diffusion resistance, thus clearly
indicating their similar influences on the oxygen permeation
flux.

Figure 11 shows the effects of thickness and the O2 partial
pressure (P00O2

) in the permeate side on the oxygen fluxes
through LSC membranes in two rate-controlling cases with
one under the mixed bulk diffusion and surface exchange
rates and another one only under bulk diffusion rate, which
can be derived by the application of Eqs. 10 and 14a,
respectively. According to oxygen permeation polarization
resistance analysis, the reduction in membrane thickness and
surface modification of the permeate side are required to fur-
ther increase the oxygen fluxes through LSC membranes. In
general, thinner thickness and larger partial oxygen gradient
favor the oxygen fluxes. However, the permeation flux ini-
tially drops down with the decrease of oxygen partial pres-
sure (P00O2

) in the permeate side as can be seen from Figure
11a. This phenomenon can be reasonably explained by the
analysis of the effect of oxygen partial pressure (P00O2

) on the
surface reaction resistance. As shown in Figure 9, the sur-
face reaction resistance on the feed side increases dramati-
cally due to the lowering of oxygen partial pressure (P00O2

),
which enlarges the total transportation resistance thus lead-
ing to a reducing permeation flux. Figure 11 can also be
used to predict the oxygen fluxes at different conditions. For
example, according to Figure 11a, operating at 850–950�C
and the oxygen partial pressure at the permeate side around
10�5 to 10�6 atm, a 5-lm-thick membrane with similar sur-
face morphology as membranes tested in this study could
deliver an oxygen flux up to 3.57–8.46 � 10�6 mol cm�2

s�1. When the membrane surfaces are ideally modified and
the surface reaction exchange kinetics does not pose signifi-
cant resistance, the oxygen permeation process was totally
controlled by the relatively slow oxygen bulk diffusion. In
this case, according to Figure 11b, the permeation flux will
be significantly improved. For instance, the permeation flux
of the 5-lm-thick membrane under same operating condi-
tions (P00O2

¼ 10�5 to 10�6 atm, 850–950�C) will be
improved to 1.63–2.98 � 10�5 mol cm�2 s�1. Therefore, the
surface modification is essential for thin membranes to
increase the permeation fluxes especially under low permeate
side O2 partial pressure. It should be mentioned that theoreti-
cal prediction from Figure 11b is quite consistent with the
permeation results from other researchers with the material
of La0.3Sr0.7CoO3-d by the application of Wagner’s equa-
tion.43

It is reported that under the vacuum operation model, the
oxygen partial pressure in the permeate side as low as 10�13

atm could be reached.44 In this case, the fluxes would be
extremely high. Because of the poor mechanical strength of
thinner perovskite materials, such membrane systems in real
application can be realized in asymmetric structure where
the thin membranes are supported on porous substrates.
Many thin film technologies such as mechanical copressing,

tape casting, slurry coating, wet powder spray, electrochemi-
cal vapor deposition, and so on can be used to realize this
purpose. However, it should be noted that the practical appli-
cations of perovskite membranes, such as fuel cell and gas
separation, are often carried out in high-temperature environ-
ment where cracks of the composite membranes are, there-
fore, inevitable due to the mismatch of the thermal expan-
sion between the different materials unless the membrane
system is made from the same or similar materials.

Conclusions

In this work, La0.4Sr0.6CoO3-d perovskite oxide was syn-
thesized via a complexing EDTA-citrate process followed by
heat treatment at 950�C. The oxygen permeation was meas-
ured at different conditions. Mathematical models for the
evaluation of oxygen permeation fluxes and resistances
through the mixed conducting perovskites were developed,

Figure 11. The thickness and lean side oxygen partial
pressure (P00O2

) dependence of oxygen perme-
ation flux through La0.4Sr0.6CoO3-d mem-
brane at a fixed oxygen partial pressure (P0O2

5 0.21 atm) of the feed side atmosphere at
950�C.
(a) In mixed rate determination; (b) controlled by bulk dif-
fusion with ideal surface modification.
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which are more useful for the application in practical sepa-
rating conditions where bulk diffusion and surface reactions
jointly influence the oxygen permeation process. The derived
oxygen surface exchange and bulk diffusion coefficients at
800–950�C ranged from 2.49–9.97 � 10�5 cm2 s�1 to 2.12–
5.43 � 10�3 cm s�1 atm�0.5, respectively. The highest oxy-
gen flux through the prepared disk-shaped La0.4Sr0.6CoO3-d

membrane measured at 950�C was �4.0 � 10�7 mol cm�2

s�1 in this study. Theoretical analysis indicated that the oxy-
gen permeation rate through La0.4Sr0.6CoO3-d disk-shaped
membrane was controlled by both the bulk diffusion and ox-
ygen surface reaction kinetics. In comparison of the two sur-
face reaction resistances, the resistance in the permeate side
was much larger than that on the feed oxygen-rich side.
Membrane thickness reduction with surface modification was
an effective method to further improve the oxygen permea-
tion fluxes. The model simulated the performance of disk-
shaped La0.4Sr0.6CoO3-d membranes with surface modifica-
tion for air separation and oxygen permeation flux through a
membrane thickness of 5 lm could reach up to 2.98 � 10�5

mol cm�2 s�1 at 950�C, respectively.
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Notation

JO2
¼ oxygen permeation flux, mol cm�2 s�1

T ¼ operating temperature, K
R ¼ gas constant, 8.314 J mol�1 K�1

F ¼ Faraday constant, 96,500 C mol�1

S ¼ the effective membrane surface area, cm2

rtotal ¼ the sum of oxygen ionic conductivity and electronic
conductivity, S cm�1

rion ¼ oxygen ionic conductivity, S cm�1

re ¼ electronic conductivity, S cm�1

P0O2
¼ oxygen partial pressure at the oxygen feed side atmosphere, atm

P00O2
¼ oxygen partial pressure at the oxygen sweep side atmosphere,

atm
P0sO2
¼ oxygen partial pressure at the oxygen feed side membrane

surface, atm
P00sO2
¼ oxygen partial pressure at the oxygen sweep side membrane

surface, atm
Dv ¼ effective diffusivity of oxygen vacancy, cm2 s�1

C0sV ¼ oxygen vacancies concentrations of high oxygen pressure sides
of the membrane, mol cm�3

C00sV ¼ oxygen vacancies concentrations of low oxygen pressure sides
of the membrane, mol cm�3

C0eV ¼ oxygen vacancies concentrations in the material under thermal
equilibrium of high oxygen pressure sides of the membrane,
mol cm�3

C00eV ¼ oxygen vacancies concentrations in the material under thermal
equilibrium of low oxygen pressure sides of the membrane, mol
cm�3

C0h ¼ electron-holes concentrations of high oxygen pressure sides of
the membrane, mol cm�3

C00h ¼ electron-holes concentrations of low oxygen pressure sides of
the membrane, mol cm�3

Kex ¼ the overall surface exchange coefficient, cm s�1

K0ex ¼ the surface exchange coefficient at the feed side membrane
surface, cm s�1

K00ex ¼ the surface exchange coefficient at the sweep side membrane
surface, cm s�1

Lc ¼ characteristic membrane thickness, mm
E ¼ the overall driving force, V

gs1 ¼ the lost of driving force over the feed side membrane surface, V
gs2 ¼ the lost of driving force over the sweep side membrane surface,

V
gtotal ¼ the lost of driving force over the oxygen bulk diffusion, V
Rtotal ¼ the overall oxygen transport resistance, X
Rs1 ¼ the resistances to surface oxygen exchange at high oxygen

partial pressure side, X
Rs2 ¼ the resistances to surface oxygen exchange at low oxygen

partial pressure side, X
Rbulk ¼ the resistances to surface oxygen exchange at bulk, X
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