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A simple oxygen permeation model was developed based on the theoretical analysis of the role of interfaces of mixed
conducting membranes. The developed model equations contain three resistance constants, which can be determined by
correlating oxygen permeation flux to oxygen partial pressure on each side. A series of experimental measurements of
oxygen fluxes of Ba0.5Sr0.5Co0.8Fe0.2O3�� membranes over a wide range of temperature and oxygen partial pressures were
tested for the regression of three resistance constants with good correlation (R > 0.997). With this model, the interfacial
exchange resistances of each side can be well distinguished from the bulk-diffusion resistance under a wide-temperature
range. The kinetics parameters, including interfacial exchange coefficients on each side and ionic diffusion coefficient, can
be obtained through the three resistance constants. Parametric studies can predict the influences of membrane thickness,
oxygen partial pressures on oxygen flux, distribution of permeation resistances, and characteristic thickness. VVC 2011
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Introduction

Mixed ionic–electronic conducting (MIEC) membranes,
made of perovskite-type and/or fluorite-type oxides, can sep-
arate oxygen from air at elevated temperature with infinite
permeation selectivity.1–3 The MIEC materials can be
applied potentially in the field of oxygen separation, solid
oxide fuel cells (SOFCs),4–6 membrane reactors for the par-
tial oxidation of light hydrocarbons,7–10 oxy-fuel process for
CO2 capture, and so on.11,12

Oxygen permeation fluxes through MIEC membranes can
be well described by the Wagner equation, which assumes
the bulk diffusion to be the rate determining step (r.d.s.).13 If
the dipole conductivity is marginally affected by oxygen par-
tial pressure across membranes, the equation shows a simple
dependence of oxygen flux on the operating temperature and
oxygen partial pressure. However, only few membranes or
membranes with sufficient thickness can meet the require-
ment of bulk-diffusion limitation. To achieve practical and
effective applications of MIEC membranes, it is necessary to
understand the oxygen permeation mechanism and know the
r.d.s in the oxygen transport process.

Except for bulk diffusion, there are two potential r.d.s
involved in the oxygen permeation across a dense MIEC mem-
brane. They are the oxygen exchange at the gas–solid interface
of the feed side and the permeation side, as shown in Figure 1.
The exchange process between gas phase oxygen molecules
and solid membrane surfaces includes a series of reaction

steps, and every of these steps may play important roles in ox-
ygen permeation through membranes. Elemental steps, like
adsorption, dissociation, charge transfer, surface diffusion, and
oxygen ions merging into lattices, are involved on the interfa-
cial zone of the feed side. The same elemental steps occur on
the interfacial zone of permeation side but in the reverse direc-
tion. The overall reactions can be written as

1

2
O2 þ V��

O � Ox
O þ 2h� (1)

The interfacial exchange reactions on both sides become
the r.d.s. in oxygen permeation, if the bulk transport is fast
enough compared with the exchange reactions. The Wagner
equation can well describe the dependence of oxygen perme-
ation flux on operating temperature and oxygen partial pres-
sure gradients, if the bulk diffusion is the r.d.s. However, for
most MIEC membranes, the oxygen permeation process is
jointly controlled by the bulk diffusion and interfacial
exchanges and sometimes mainly limited by interfacial
exchanges. Under these circumstances, the Wagner equation
is ineffective to describe the permeation flux.

Jacobson and coworkers derived a general equation to
describe oxygen permeation through MIEC membranes based
on the dependence of net oxygen interfacial exchange flux
under a chemical potential of the gas and the ion–electron
holes at the gas/solid interface.14–16 However, the equation is
complicated when oxygen permeation is jointly controlled by
interfacial exchange and bulk diffusion and cannot show
clearly the dependence of the flux on temperature and oxygen
partial pressure across membranes. Another general equation
was developed by Xu and Thomson, who simplified Lin’s

Correspondence concerning this article should be addressed to X. Zhu at zhuxf@
dicp.ac.cn or W.S. Yang at yangws@dicp.ac.cn.

VVC 2011 American Institute of Chemical Engineers

1744 AIChE JournalJune 2012 Vol. 58, No. 6



model by analyzing the diffusion of oxygen vacancies through
membranes and the oxygen exchange reactions at the interfa-
ces.17,18 Three permeation resistances can be determined by
the regression analysis of their model parameters, and a clear
map can be easily drawn to show how the temperature and ox-
ygen pressure affect the distribution of permeation resistances.
In developing their model, four assumptions were proposed:
(1) the electronic conductivity is much greater than the ionic
conductivity; (2) the diffusion coefficient of oxygen vacancies
does not change with oxygen pressure; (3) the forward and
reverse reactions have the same rate constant, and (4) the law
of mass action can be used for the oxygen exchange reactions
on both sides. However, some membrane materials cannot sat-
isfy all these assumptions; especially, it is not the case that the
forward and reverse reactions have the same rate constant for
many perovskite oxides.

In this article, an explicit oxygen permeation model is
developed for MIEC membranes based on the theoretical
analysis by Virkar.19 In this model, the distribution of two
interfacial resistances and bulk resistance can be properly
addressed to show the effects of temperature, oxygen partial
pressures over both sides and membrane thickness on the
oxygen permeation process.

Theory

The role of interfaces in the oxygen transport through
MIEC membranes has been discussed in detail,19 here, a
brief introduction of the analysis was presented. Appropriate
assumptions are necessary to allow for the theoretical analy-
sis, development of simple equations and understanding the
nature of interface effects. The following three assumptions
are proposed: (1) The transport properties of electrons/holes
and oxygen ions in a given zone are constants regardless of
position and oxygen chemical potentials. (2) The diffusion
resistance or concentration polarization resistance for oxygen
molecules transporting from the environmental atmosphere
to the membrane interfaces on both sides can be totally
ignored. It should be noted that this hypothesis may be in-
valid for thin membranes with thick supports. (3) All the
steps, including adsorption, dissociation, charge transfer, sur-
face diffusion, and oxygen ions merging into lattices, take
place under isothermal conditions.

For a mixed electronic–ionic conductor, the equilibrium of
interest is the following

1=2O2 þ 2e0 $ O2� (2)

And at thermodynamic equilibrium, the oxygen exchange
current density from the gas to the solid is equal to that

from the solid to the gas. Also, the following relationship
should be satisfied

1=2lO2
þ 2le ¼ lO2� (3)

For small deviations from the thermodynamic equilibrium,
one can expand Eq. 3 to give

1=2dlO2
þ 2dle ¼ dlO2� (4)

where dX denotes a small deviation in the thermodynamic
potential X from the equilibrium state. Local equilibrium needs
to be kept, and this requires that the membrane material can
transport at least two kinds of species in and out. For mixed
conducting materials, fast transport of both electrons and oxide
ions makes it easy to maintain local equilibrium. Oxygen ionic
and electronic current densities are given by

IO2� ¼ rO2�

2F
rlO2� ¼ rO2�

2F

dlO2�

dx
(5)

and

Ie ¼ re
F
rle ¼

re
F

dle
dx

(6)

Substituting Eq. 4 into Eq. 5, we can get the following
relationship

IO2� ¼ rO2�

4F

dlO2

dx
þ rO2�

F

dle
dx

(7)

Figure 1 shows a schematic illustration of a mixed con-
ducting membrane across which exists an oxygen chemical
potential difference (lIO2

� lIIO2
) and an electronic chemical

potential difference (lIe � lIIe ). Transport of oxygen ions and
electrons happens across the interfacial zones, which can be
greatly affected by external conditions. Therefore, the thick-
nesses of the interfacial zones are difficult to determine and
not very well defined either. Virkar assumed that the ‘‘inter-
facial zones’’ are of a certain thickness and used the assump-
tion to describe transport properties through both interfacial
zones in terms of conductivity and thickness.19 r0

O2� , r0e,
r00
O2� and r00e are the oxygen ionic and electronic conductiv-

ities at interfacial zones I and II, respectively. l0 and l00 are
the thickness of interfacial zones I and II, respectively. The
specific conductance (S cm�2) and specific resistance (X
cm2) are introduced, because it is impossible to separately
determine conductivities and the thickness of interfacial
zones, however, specific conductance and resistance can be
measured experimentally. As an example, the following rela-
tionship describes the specific oxygen ionic conductance and
resistance of interfacial zone I

j0
O2� ¼ r0

O2�

l0
¼ 1

r0
O2�

(8)

The equation is based on the simple assumption that the
transport properties are constants across the interfacial zones.
The interfacial oxygen ionic or electronic conductivity is not
equal to the conductivity in the bulk membrane, because it is
greatly influenced by microstructure, interfacial elemental
composition, and so on. Based on the assumption of homo-
geneous transport properties across the interfacial zones, the
oxygen ionic and electronic current densities are given by

Figure 1. Schematic graph of oxygen chemical poten-
tial drop across a MIEC membrane.
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I0
O2�¼

j0
O2�

4F
ðl0O2

�lIO2
Þ þ j0

O2�

F
ðl0e � lIeÞ ¼

l0O2
� lIO2

4Fr0
O2�

þl0e � lIe
Fr0

O2�

(9)

and

I00
O2�¼

j00
O2�

4F
ðlIIO2

�l00O2
Þþ j00

O2�

F
ðlIIe � l00e Þ¼

lIIO2
�l00O2

4Fr00
O2�

þ lIIe � l00e
Fr00

O2�

(10)

By analogy with oxygen ionic current densities through
the two interfacial zones, the electronic current densities can
be written as

I0e ¼
j0e
F
ðl0e � lIeÞ ¼

l0e � lIe
Fr0e

(11)

and

I00e ¼ j00e
F
ðlIIe � l00e Þ ¼

lIIe � l00e
Fr00e

(12)

In the above equations, l0O2
, l0e, l

00
O2

and l00e are the oxygen
chemical potential and electronic chemical potential at inter-
faces I and II, respectively. For mixed conducting mem-
branes, when the oxygen permeation reaches a steady state,
the oxygen ionic current densities in both interfacial zones
are equal to each other, so do the electronic current den-
sities. There is no differentiation any more, therefore, IO2�

and Ie will be used to denote the oxygen ionic and electronic
current densities, respectively. As there is no voltage is
applied to the MIEC membranes and only an oxygen chemi-
cal potential gradient imposed across the membranes, the net
current through the membranes is zero, that is IO2� þ Ie ¼ 0.
Furthermore, IO2�\ 0 and Ie > 0. By combining Eqs. 9 and
11 and Eqs. 10 and 12, respectively, and rewriting the equa-
tions, one can obtain expressions for the oxygen chemical
potentials at the interfaces

l0O2
¼ lIO2

� 4Fðr0
O2� þ r0eÞjIO2� j (13)

l00O2
¼ lIIO2

þ 4Fðr00
O2� þ r00e ÞjIO2� j (14)

For a membrane in the bulk-diffusion zone, the oxygen
ionic and electronic conductivities of the membrane are sup-
posed not to change along with the decrease of oxygen
chemical potential, or under a small gradient of oxygen
chemical potential, the oxygen permeation flux can be writ-
ten as

jO2
¼ � 1

42F2lb
rb
O2�rbe

rb
O2� þ rbe

DlbO2
¼ � 1

42F2

1

rb
O2� þ rbe

DlbO2

(15)

where rb
O2� , rbe, and DlbO2

are the oxygen ionic conductivity,
electronic conductivity and oxygen chemical potential
difference in the bulk-diffusion zone, respectively; lb is the
thickness of the bulk-diffusion zone. Considering
jI
O2� j ¼ 4FjO2

, and substituting this equation into Eq. 15,
one obtains an equation about the gradient of oxygen chemical
potential in the bulk-diffusion zone

DlbO2
¼ l0O2

� l00O2
¼ 4FjIO2� jðrb

O2� þ rbe Þ (16)

Subtracting Eq. 14 from Eq. 13 and combining the result
with Eq. 16 gives the equation

ðlIO2
� lIIO2

Þ ¼ 4FjIO2� jðr0
O2� þ r0eÞ þ 4FjIO2� jðrbO2

þ rbe Þ
þ 4FjIO2� jðr00

O2� þ r00e Þ ð17Þ
where the formula on the left side is the total oxygen chemical
potential difference across the membrane; the formulae on the
right side are the reduced oxygen chemical potential at
interface I, the reduced oxygen chemical potential in the bulk-
diffusion zone, and the reduced oxygen chemical potential at
interface II, so the available total driving force is distributed in
three parts across the membrane

DltotO2
¼ Dl0O2

þ DlbO2
þ Dl00O2

(18)

A general transport equation derived from Eq. 18 gives

jO2
¼ � 1

42F2

1

r0 þ rb þ r
DltotO2

¼ �DltotO2

42F2

1

rtot
(19)

where �DltotO2
=42F2 is the total driving force across the

membrane. rtot ¼ r0 þ rb þ r00 is the total permeation resis-
tance, and can be calculated from the following equations

rtot ¼ � DltotO2

42F2jO2

¼ � RT

42F2jO2

ln
PII
O2

PI
O2

(20)

In general, the specific resistances of the interfacial
regions are functions of oxygen partial pressure. Usually, a
simply power function can been used to describe the rela-
tionship between interface specific resistance and the oxygen
partial pressure;19 therefore, we can obtain the following
relationship

r0 ¼ r00ðPI
O2
=P0Þ�

1
n (21)

and

r00 ¼ r000ðPII
O2
=P0Þ�

1
n (22)

where P0, r
0
0, and r000 are the oxygen partial pressure of 1 bar,

area specific resistances of the feed side and permeation side at
oxygen partial pressure of 1 bar, respectively. n is a positive
number, typically an integer. Under conditions close to
thermodynamic equilibrium, the permeation flux through an
interface can be described as13

jO2
¼ �jex

DlO2

kBT
(23)

where jex is the balance exchange rate in the absence of
oxygen potential gradients at the interface. In the simplest
cases, the latter quantity is directly related to the equilibrium
interfacial exchange coefficient kex, which can be obtained
from experimental data of 18OA16O isotopic exchange13

jex ¼ 1=4kexCO2� (24)

where CO2� (mol m�3) is the volume concentration of oxygen
anions at equilibrium. Therefore, by combining Eqs. 23, 24,
and the relationship jI

O2� j ¼ 4FjO2
, the real exchange coeffi-

cient at interface I gives

k0ex ¼
RT

4F2C0
O2�

1

r0
(25)

Experimental and theoretical investigations reveal that the
equilibrium interfacial exchange coefficient is a function of
oxygen partial pressure
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kex ¼ k0
PO2

P0

� �0:5

(26)

where k0 is the equilibrium interfacial exchange coefficient at
oxygen partial pressure of 1 bar. Therefore, combining Eqs. 25
and 26, and considering that the concentration of oxygen ions
at the interfacial zone is almost a constant over a small oxygen
pressure range, one can derive that the value of n in Eqs. 21
and 22 is 2. In addition, over a small oxygen pressure range,
the influence of the oxygen partial pressure on the membrane
bulk resistance (including electronic resistance and ionic
resistance) can be ignored without inducing significant error.
Therefore, one can get the following two relationships

rtot ¼ r00ðPI
O2
=P0Þ�

1
2 þ ðrb þ r00Þ (27)

and

rtot ¼ r000ðPII
O2
=P0Þ�

1
2 þ ðrb þ r0Þ (28)

The total specific resistance can be calculated from Eq.
20, and if the oxygen pressure on the permeation side is
fixed and on feed side is varied, one can obtain r00 and
rb þ r00 through linear regression. Similarly, r000 and rb þ r0

can be obtained through linear regression of Eq. 28.
Bouwmeester and Burggraaf introduced the characteristic

thickness, Lc, to define the membrane thickness correspond-
ing to the transition from predominantly controlled by bulk
diffusion to the state when permeation is mainly governed
by the interfacial exchange.13,20

Lc ¼ Ds

kex
¼ D�

kex
(29)

and

Ds ¼
rb
O2�RT

4F2CO2�
(30)

where Ds is the self-diffusion coefficient of oxygen ions
derived from the classical Nernst–Einstein relationship, and
D� is the tracer diffusion which coefficient equals to the self-
diffusion coefficient, if correlation effects can be neglected.
The above equations are simplified and only valid for small
oxygen partial pressure gradients applied across membranes,
and under the condition that the concentration of oxygen ions
in oxides can be treated as constants. Considering that both
interfacial exchange processes make contributions to the
characteristic thickness, a combined oxygen exchange coeffi-
cient is defined as

ktotex ¼ k0exk
00
ex=ðk0ex þ k00exÞ (31)

Combining Eqs. 25, 29, and 31, and assuming
l0; l00\\ lb � L, one can obtain the following relationship

Lc ¼ r0 þ r00

rb
L (32)

Therefore, it can be found that Lc is a process parameter
which changes with oxygen partial pressure on both sides of
membranes. Also, the relationship reveals that at the charac-
teristic thickness the bulk-diffusion resistance equals to the
total interfacial exchange resistance.

In this article, Ba0.5Sr0.5Co0.8Fe0.2O3�d (BSCF) was inves-
tigated to determine the distribution of permeation resistance
across the membranes using the above theoretical model.
The effects of temperature, oxygen partial pressure on both
sides, and membrane thickness were considered.

Experimental

BSCF composite oxide powder was synthesized via the
ethylenediamine tetraacetic acid (EDTA)–citric acid complex
method, and the detail procedure was described in the litera-
ture.21–23 The composite oxide powder was then pressed and
sintered at appropriate temperatures.21 After being polished
by 800 mesh SiC papers to the required thickness, the disks
were sealed by silver rings at its melting point. The proce-
dures of oxygen permeation testing were the same as previ-
ous reports.21–23 Oxygen partial pressures in the feed were
adjusted by changing the flow rates of pure oxygen and pure
nitrogen and controlled in the range of 0.07–0.4 bar. The
flow rate of synthesized air was 200–300 mL min�1. Oxygen
partial pressures of the permeation side were adjusted by
changing the flow rate of sweeping gas (helium) and con-
trolled in the range of 0.005–0.05 bar, corresponding to the
helium flow rates of 20–300 mL min�1. Oxygen permeation
fluxes through the membranes were calculated from the
effluent flow rate and the concentration of oxygen in the
effluent. The leakage was\1% in all the oxygen permeation
experiments, and was subtracted when calculating the oxy-
gen permeation fluxes.

Results and Discussion

Determination of permeation resistance parameters

BSCF, a popular mixed conducting material, has been
investigated thoroughly as oxygen permeable mem-
branes21,24–29 and cathodes of SOFCs recently.4 It was cho-
sen as a typical material for this report, because its transport
properties have been well addressed. Two membranes with
different thicknesses were evaluated by the model over a
wide range of variables. To determine the three parameters
in Eqs. 27 and 28, one side of the oxygen partial pressure
was kept constant while changing the other side, and then
the two interfacial exchange constants were obtained through
linear regression. The relative errors were found to be no
bigger than 2%. The bulk-permeation resistances, rb, calcu-
lated from the two equations show small relative average
errors in the range of 0.1–2.7%, and the average values were

Figure 2. Dependence of total permeation resistance
on oxygen partial pressure of each side for a
0.5-mm BSCF membrane.

Solid symbols: varying the oxygen partial pressure of

feed side; open symbols: varying the oxygen partial pres-

sure of permeation side.
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used for the modeling investigation. Experimental measure-
ments of total permeation resistance, rtot, for the 0.5-mm
BSCF membrane plotted against oxygen partial pressure on
each side are shown in Figure 2. It reveals that the model
Eqs. 27 and 28 are an excellent match to the experimental
data with correlation coefficient larger than 0.997.

The applicability of the model with the parameters listed
in Table 1 was investigated by applying the parameters to
model another membrane with a thickness of 1.0 mm. Figure
3 shows the dependence of oxygen flux on oxygen partial
pressure on each side at 900�C. As shown in Figure 3, the
model data are a little higher than the experimental data by
a factor of 1.05. The surface morphologies and microstruc-
ture (such as grains boundaries, impurities, gas pore, and
grain size) of perovskite membranes have big influences on
oxygen permeation.24,25 Although the preparation procedures
are the same, it still cannot guarantee the identical surface
morphologies and microstructure for membranes. Consider-
ing the modest difference from one membrane to another,
the model gives a good prediction. Table 1 lists the three pa-
rameters obtained on the 1.0-mm membrane at 900�C. The
interfacial exchange resistance at the interfacial I is a little
smaller than that of the 0.5-mm membrane, but the resist-
ance constant at the interfacial II shows a slightly larger
value. After normalized by dividing by the thickness, the
small difference between the bulk-permeation resistances
may be promoted by the different microstructures of the two
membranes.

Kinetic parameters

The interfacial exchange kinetic constants, k00 and k000 , can
be calculated through Eqs. 25 and 26. For the BSCF perov-
skite oxide, the electronic conductivity is far higher than its
ionic conductivity. Therefore, the bulk-transport resistance,
rb, is dominated by the oxygen ionic transport resistance,
rb
O2� . Combining Eqs. 8 and 30 gives

Ds ¼ RT

4F2CO2�

L

rb
O2�

(33)

In the literature, a few studies on the oxygen nonstoichi-
ometry (d) of BSCF are available.30–33 The value of d has a
similar dependence on the oxygen partial pressure and tem-
perature, typically found in the range of 0.35–0.65. Here, d
¼ 0.5 was adopted to calculate the kinetic constants in the
investigated temperatures without causing significant errors.
The calculated kinetic constants are listed in Table 1. If the
two interfaces have the same exchange constants, the r00

would be far larger than r0 due to PII
O2
\\ PI

O2
, so r0 cannot

significantly affect the oxygen permeation through mem-
branes. However, many experimental results show that the
porous active coating layer on feed side can effectively
improve the oxygen fluxes for perovskite membranes,28,34,35

which means that r0 makes a big contribution to the total re-
sistance. For example, Tan et al. reported that the oxygen
flux was increased by �300% at 900�C for a La0.6Sr0.4Co0.2-
Fe0.8O3 (LSCF) hollow fiber membrane modified by a LSCF
porous layer on the feed side.34 In our earlier research, we
found that the oxygen flux was improved by 40–100% at
940�C for a BaCe0.15Fe0.85O3 membrane coated by a BSCF
porous layer on the feed side.35 These results suggest that
under oxygen permeation process, the two interfaces have
different exchange constants, and oxygen exchange kinetics
on interface II is faster than that of on interface I. The dif-
ference may be a result of the microstructure developing on
interfaces during oxygen permeation. Many researchers have
found that perovskite membranes have different surface mor-
phologies on both sides after permeation tests.36–38 As listed
in Table 1, the exchange constants of interface II are several
times larger than those of the interface I. That is to say, oxy-
gen exchange rates on interface II are faster than those on
interface I under the same oxygen partial pressure.

The kinetic parameters of BSCF have been widely investi-
gated with many methods and by different researchers. How-
ever, the kinetic parameters shown in the literature are
chemical diffusion coefficients, vacancy diffusion coeffi-
cients, tracer diffusion coefficients, or self-diffusion coeffi-
cients obtained by different methods. Here, for the compari-
son purpose, the chemical diffusion coefficients and vacancy
diffusion coefficients are converted to self-diffusion coeffi-
cients according to Ref. 27. The chemical exchange coeffi-
cients were treated similarly. The kinetic parameters
obtained in this work are summarized in Table 2 and are

Table 1. Permeation Resistance Constants and Kinetic Parameters of BSCF Membrane at Various Temperatures

Temperature (�C) r00 (�103 X cm2) r000 (�103 X cm2) rb (�103 X cm2) k00 (�104 cm s�1) k000 (�104 cm s�1) Ds (�106 cm2 s�1)

940 6.86 1.69 15.7 6.08 24.7 13.3
900 7.17 1.73 19.3 5.63 23.3 10.5
900* 6.63 2.28 40.6 6.09 17.7 9.94
850 7.56 2.05 27.9 5.11 18.9 6.92
800 7.80 3.04 40.2 4.73 12.1 4.59
750 10.2 4.01 62.3 3.45 8.78 2.83
715 12.3 6.41 81.7 2.76 5.30 2.08
680 16.5 8.08 114 1.99 4.06 1.44

*The data in the column obtained on 1.0 mm BSCF membrane.

Figure 3. Comparison of model data from 0.5-mm disk
with the experimental data of 1.0-mm disk at
900�C.
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compared with the converted literature data. It is found that
the interfacial exchange parameters are similar, if they are
obtained under the same oxygen partial pressure. The big
discrepancies between diffusion coefficients may be related
to the phase transformation from cubic to hexagonal at inter-
mediate temperatures.40 Regarding the different experimental
methods listed in Table 2, it should be pointed out that con-
ductivity relaxation and tracer diffusion experiments were
performed in thermal equilibrium, whereas the oxygen per-
meation was studied under permeation steady state. There-
fore, the kinetic parameters obtained under permeation
steady states are more useful for practical applications in the
field of MIEC membranes and SOFCs.

Influences of temperature

After the three parameters were determined, the three per-
meation resistances through the membrane can be calculated
under a certain oxygen partial pressure on each side. Figure
4 shows the effects of temperature on the distribution of
resistances. It reveals the share of each component of the
total permeation resistance and shows which step would be
the r.d.s. As shown in the figure, the share of r0 increases
with the temperature, whereas the share of rb decreases with
the increase of temperature, and as a result the share of r00

remains almost constant during the change of temperature.
As shown in Figure 4, with the increase of temperature the
permeation r.d.s. gradually shifts from predominantly bulk-
diffusion limitation to interfacial exchange limitation under
an oxygen partial pressure gradient of 0.21 bar/0.02 bar.

For perovskite membranes, it is commonly found that the
apparent activation energies for oxygen permeation show a
two-stage phenomenon. The activation energies at the high-
temperature stage are usually smaller than those at low-tem-
perature stage. For example, LSCF shows a smaller activation
energy (91 kJ mol�1) when the temperature is higher than
880�C, and a larger value (153 kJ mol�1) when the tempera-
ture is in the range of 750–850�C.17 The change of activation
energy was regarded as the r.d.s. shifting from predominantly
bulk diffusion to predominantly interfacial exchange during
cooling down. For BSCF membranes, the change of activation
energies has also been reported by many researchers. Typi-
cally, the transition temperature is in the range of 750–800�C.
For example, Shao et al. found that the permeation activation
energy is 40.9 kJ mol�1 in the range of 775–950�C and 72.6
kJ mol�1 in the range of 600–775�C.21 Figure 5 shows the
Arrhenius plots of oxygen permeation through the BSCF
membrane. The data points marked as solid circles are calcu-
lated from the resistance constants of bulk diffusion, which
reveal the ideal permeation fluxes, if there is no influence of
interfacial exchange. For the real permeation process, the per-
meation fluxes are marked as solid squares and lower than the
ideal permeation fluxes. The two-stage activation energies
shown in the figure are similar to those reported in the litera-
ture except a little difference, which is produced by the differ-
ent methods used for the measurement. Here, the activation
energies were obtained under a fixed oxygen partial gradient
0.21 bar/0.02 bar, whereas others in the literature were
detected usually under fixed flow rate sweep gas.

Table 2. Comparison of Kinetic Parameters Obtained in This Work with Literature Data

Method Temperature (�C)
Exchange Coefficient

(�104 cm s�1)
Self-Diffusion Coefficient

(�106 cm2 s�1) Ref.

Oxygen permeation 800 k0ex ¼ 2.1, PO2
¼ 0.21 bar Ds ¼ 4.59 This work

k00ex ¼ 5.4, PO2
¼ 0.21 bar

Oxygen permeation* 700 k0ex ¼ 1.1, PO2
¼ 0.21 bar Ds ¼1.77 This work

k00ex ¼ 2.3, PO2
¼ 0.21 bar

Oxygen permeation 700 Ds ¼ 1.6 30
Conductivity relaxation 700 kred ¼ 0.094, PO2

¼ 0.021 bar Ds ¼ 0.06 27
kox ¼ 0.17, PO2

¼ 0.009 bar
Conductivity relaxation 800 kred ¼ 3.5, PO2

¼ 1.01 bar Ds ¼ 3.0 40
kox ¼ 4.6, PO2

¼ 0.334 bar
Tracer diffusion† 700 k� ¼1.3, PO2

¼ 0.5 bar D� ¼ 0.8 39

kred and kox correspond to the interfacial exchange constants of reduction of oxygen molecules and oxidation of oxygen ions, respectively.
*The data in the column calculated from the linear relationship shown in Figure 6.
†The data obtained on a dense BSCF thin film.

Figure 4. Effects of temperature on distribution of permeation resistances.

Feed side: PI
O2

¼ 0.21 bar; permeation side: (a) PII
O2

¼ 0.02 and (b) PII
O2

¼ 0.005 bar.
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Figure 6 shows the activation energies of the interfacial
resistance constants r00 and r000 , and the bulk-resistance con-
stant rb. As shown in the figure, the two interfacial resistance
constants show lower activation energies at the high-temperature
stage and higher values at lower temperature. However, the acti-
vation energy of the bulk-resistance constant does not change
over a wide-temperature range (680–940�C), and gives 83.2 �
0.9 kJ mol�1. That is to say, the change of apparent activation
energies as a function of temperature for BSCF membrane is due
to the r.d.s. shifting from predominantly interfacial exchange to
predominantly bulk diffusion. Hong and Choi also found the acti-
vation energies of BSCF at high temperature were lower than
those at low temperature. They found that the activation energy
for bulk diffusion is bigger than that for interfacial exchange at
high temperature.41 This conclusion matches very well with the
results obtained by our model. In addition, higher activation
energy was reported for the bulk diffusion (86 � 8 kJ mol�1)
than that for the exchange kinetics (64� 12 kJ mol�1) in temper-
ature range of 550–750�C measured by electrical conductivity
relaxation method.27 The two values are all closed to those
obtained through the model. For the investigated BSCF mem-
brane, the Lc values defined by Eq. 32 decrease gradually from
0.86 mm at 940�C to 0.44 mm at 680�C under an oxygen partial
pressure gradient of 0.21 bar/0.02 bar. This phenomenon also
was verified by other researchers.41 However, the changes of
activation energies of the two interfacial resistance constants are
still not clear. Because the interfacial exchange process includes
several steps, such as adsorption, dissociation, charge transfer,
surface diffusion, and oxygen ions merging into lattices, it is dif-
ficult to identify which step is the r.d.s. even if it is assumed that
the interfaces are not affected by the change of temperature.

Influences of membrane thickness

Figure 7 shows the distribution of permeation resistances
across the BSCF membranes when the thickness is reduced
from 10 mm to 10 lm. As expected, the share of rb decreases
with the reduction of membrane thickness. The interfacial
exchange process becomes the dominant steps when the thick-
ness is less than �0.6 mm. Further, reducing the thickness can
marginally improve the permeation fluxes, as shown in Figure
8. That is why, there is previously no report that the permea-
tion fluxes exceed 10 mL cm�2 min�1 through unmodified
BSCF membranes. Recently, Leo et al. reported a BSCF hol-

low fiber membrane with high-permeation flux but still smaller
than 10 mL cm�2 min�1, unless there are Pt nanoparticles as
oxygen exchange catalysts being coated on both sides.42 If
there is no influence of interfacial exchange on permeation,
just like the dash line shown in the figure, the flux increase
linearly with the reduction of membrane thickness. In addition,
the line reveals the upper limit of oxygen fluxes through
BSCF membranes at 900�C and under the oxygen partial pres-
sure gradient of 0.21 bar/0.02 bar. It can be expected that the
BSCF membrane has permeation fluxes compared with micro-
porous membranes, when the thickness is reduced to less than
100 lm, if there is no support layer controlling the mass trans-
port between the dense layer and atmosphere.

Influences of oxygen partial pressure

The oxygen partial pressure on each side of the membrane has
great influences on oxygen permeation process, which not only
affect the oxygen chemical gradient (or total permeation driving

Figure 5. Arrhenius plots of oxygen permeation fluxes
of the 0.5-mm BSCF membrane under oxygen
partial pressure gradient of 0.21 bar/0.02 bar.

Figure 6. Activation energies of interfacial resistance
constant r00, r000 and bulk-resistance constant
rb under oxygen partial pressure gradient of
0.21 bar/0.02 bar.

Figure 7. The dependence of distribution of permeation
resistances on membrane thickness across
the BSCF membranes at 900�C.
Oxygen partial pressure of feed and permeation sides

are 0.21 and 0.02 bar, respectively.
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force) across the membrane but also oxygen exchange kinetics at
interfacial zones. The dependence of oxygen fluxes on oxygen
partial pressure of permeation side is plotted in Figure 9, and cor-
responding distribution of permeation resistances exerted by the
individual permeation steps is shown in Figure 10. Under a cer-
tain feed oxygen pressure, the permeation flux increases with the
reduction of PII

O2
. At the same time, r00 increases with the

decrease of PII
O2
, as shown in Figure 10. The share of r00 at 800�C

is about 15% at PII
O2

¼ 0.1 bar, gradually increasing to about
40% at PII

O2
¼ 0.007 bar. The reduction of PII

O2
can enhance the

total driving force across membranes, but the increment can be
completely consumed by the increased resistance at interface II.
Finally, the permeation flux can only be marginally improved for
the 0.5 mm BSCF membrane by further decreasing PII

O2
. This

Figure 8. Influences of membrane thickness on oxygen
permeation fluxes of BSCF membrane at
900�C.
Oxygen partial pressure of feed and permeation sides

are 0.21 and 0.02 bar, respectively.

Figure 9. Dependence of oxygen fluxes on oxygen par-
tial pressure of permeation side of the 0.5-
mm BSCF membrane at 800 and 900�C.

Figure 10. Distribution of permeation resistances across the 0.5-mm BSCF membrane under various oxygen partial
pressures of permeation side.

(a) and (b) 800�C and (c) and (d) 900�C.
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trend remains unchanged with the alteration of temperature and
feed pressure. As expected, the characteristic thickness, Lc,
increases with the decrease of PII

O2
(Figure 11).

For a real air separation process, the membranes should be
operated at high-feed pressures for economic considerations.
However, it is difficult to obtain such experimental data in labo-
ratories, because the sealing of membranes at high temperatures

and high pressures is still a big problem up to now.29 Therefore,
it is interesting and necessary to predict the oxygen permeation
performance of BSCF membranes at high-operating pressures
using model approach. To do this, here we need to assume that
the three resistance constants do not change significantly at high
pressure. Figure 12 shows the prediction by the model of
changes in the oxygen partial pressure at the feed side under ox-
ygen gradients of high-pressure air (CO2

¼ 21%) vs. helium

Figure 11. Influence of oxygen partial pressure of per-
meation side on characteristic thickness of
BSCF membrane at 800 and 900�C.

Figure 12. Dependence of oxygen fluxes on oxygen
partial pressure of feed side of the 0.5-mm
BSCF membrane at 800 and 900�C.

Figure 13. Distribution of permeation resistances across the 0.5-mm BSCF membrane under various oxygen partial
pressures of feed side.

(a) and (b) 800�C and (c) and (d) 900�C.
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(PO2
¼ 0.02 or 0.1 bar), and the corresponding distribution of

permeation resistances is shown in Figure 13. As observed in
Figure 12, the oxygen permeation flux increases quickly in the
air pressure range of 1–5 bar, then slowly with further increase
of pressure, and finally can be marginally improved when the air
pressure is greater than 20 bar. This modeling result agrees with
the our previous experimental and model findings on tubular
BSCF membranes.29,43 From Figure 12, one can find that the dif-
ference of oxygen flux brought by the two permeation oxygen
pressures becomes smaller during the enhancement of air pres-
sure, especially for the membrane operated at higher tempera-
ture. The permeation resistance r0 decreases quickly with the
increase of air pressure; and under a higher permeation oxygen
pressure (0.1 bar), r0 decreases more quickly, as shown in Figure
13. That is to say, increasing the air pressure does not only
improve the driving force across the membrane but also make
less oxygen chemical potential consumed by the interfacial
exchange at zone I. The characteristic thickness, Lc, as shown in
Figure 14, decreases quickly with the increase of air pressure,
which is attributed to the reduction of permeation resistance r0.
From Figures 11 and 14, one can clearly see that Lc is a process
parameter affected by oxygen partial pressures across mem-
branes and operating temperature. The thickness of the investi-
gated BSCF membrane is 0.5 mm. If Lc is larger than 0.5 mm
under a certain condition, the permeation process is mainly con-
trolled by interfacial exchange; similarly, if Lc is smaller than
0.5 mm, the permeation process is mainly controlled by bulk dif-
fusion. All the information is reflected by Figures 11 and 14
with the changes of oxygen partial pressures and temperature.

Conclusions

A simple oxygen permeation model for mixed conducting
membranes has been developed, which can well describe the per-
meation fluxes. The model parameters can be easily solved by
measuring oxygen fluxes as functions of oxygen partial pressures
on both sides of the membrane and operating temperature. The
obtained three resistance constants can be used to calculate
kinetics constants, including interfacial exchange constants and
the oxygen ionic self-diffusion coefficient. The different interfa-
cial exchange constants of the two interfaces obtained through
the model agree with many reported experimental results. With
this model, the oxygen permeation resistances across membranes

can be distinguished, and a map of the resistance distribution can
be drawn. The results of this model indicate that the activation
energy of bulk diffusion is 83.2 � 0.9 kJ mol�1 in a wide-tem-
perature range, and this value is close to the data obtained using
the conductivity relaxation method. The two interfacial exchange
processes have different activation energies and show a two-stage
behavior, but are both smaller than that of bulk diffusion. The
interfacial exchange activation energies at higher temperature are
smaller than those at lower temperature. The discrepancy in acti-
vation energies for interfacial exchange and bulk diffusion leads
to the apparent activation energies of oxygen permeation through
BSCF showing a two-stage phenomenon.

The influences of membrane thickness and oxygen partial
pressure of both sides on the oxygen permeation of the BSCF
membrane were investigated. The interfacial exchange process
becomes the predominant step when increasing the operating
temperature or decreasing the thickness of the membrane. Fur-
ther improvement of the permeation flux by decreasing mem-
brane thickness must be accompanied with surface modification,
such as coating active porous layers on both sides. On the basis
of permeation resistance analysis, it has been determined that the
interfacial resistances are greatly influenced by the oxygen partial
pressure. To enhance the permeation driving force by decreasing
PII
O2

results in the increase of total resistance and share of r00.
However, to enhance driving force by increasing PI

O2
leads to the

reduction of total resistance and share of r0. A low-permeation
oxygen pressure is unnecessary, if the membrane is operated
under a high-feed air pressure. Altering the operating parameters,
including temperature, and oxygen partial pressure on each side,
can make the r.d.s. shifted from predominantly bulk diffusion to
predominantly interfacial exchange. Finally, with this model, one
can clearly know which step is the important step and how much
the oxygen permeation process controlled by the steps, and know
what kind of strategies (for instance, decreasing membrane thick-
ness, reducing PII

O2
or rising PI

O2
) would be effective to improve

the oxygen flux.
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Notation

CO2� ¼ volume concentration of oxygen anions at equilibrium
D� ¼ tracer diffusion coefficient
Ds ¼ self-diffusion coefficient of oxygen ions
e ¼ electronic charge
F ¼ Faraday constant
jex ¼ balance exchange rate
jO2

¼ oxygen permeation flux
kB ¼ Boltzmanm constant
kex ¼ equilibrium interfacial exchange coefficient
k0 ¼ equilibrium interfacial exchange coefficient at oxygen partial

pressure of 1 bar
Ie ¼ electronic current density

IO2� ¼ oxide ionic current density
l ¼ thickness of interface layers or membrane bulk
L ¼ thickness of membrane
Lc ¼ characteristic thickness
n ¼ a positive number

PO2
¼ partial pressure of molecular oxygen

P0 ¼ oxygen partial pressure equals to 1 bar
r ¼ area specific resistance of species i
r0 ¼ area specific resistance at oxygen partial pressure of 1 bar
R ¼ gas constant
T ¼ temperature

Figure 14. Influence of oxygen partial pressure of feed
side on characteristic thickness of BSCF
membrane at 800 and 900�C.
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Greek letters

d ¼ oxygen nonstoichiometry
ji ¼ specific conductance of species i

Dli ¼ chemical potential deference of species i across the membrane
li ¼ chemical potential of species i
ri ¼ conductivity of species i

Superscripts

b ¼ membrane bulk
I ¼ gas phase of feed side
II ¼ gas phase of permeation side
tot ¼ including both interfaces and membrane bulk

0 ¼ interface I
00 ¼ interface II
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