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Abstract 

Oxygen permeation measurements in air/He gradients were performed on dense La,_$+,FeO,_, membranes in the 
composition range x = 0.1-0.4 and temperature range 1123-1323 K. Pretreatment of the lower oxygen partial pressure side 
of the membranes in a CO-containing atmosphere for several hours at 1273 K led to higher oxygen fluxes, which were in the 
range of 0.1-4.5 mm01 m-’ s- ‘. After treatment, the observed oxygen fluxes could be described in terms of bulk 
diffusion-limited permeation behaviour. Experimental evidence for a bulk-diffusion controlled flux was found from thickness 
dependence measurements on membranes with thicknesses between 0.5 mm and 2.0 mm. Model calculations, based on 
Wagner theory in conjunction with data of oxygen nonstoichiometry and vacancy diffusion coefficients from literature, were 
performed. The experimental flux values deviated from the model calculations with factors up to 2.5. Adjustment of the 
value of the vacancy diffusion coefficient led to good agreement between the experimental data and the model calculations. 
The calculated vacancy diffusion coefficients Do, were virtually independent of composition and were found to be in the 
range 5.3-9.3 X lo+ cm2 s-‘. 
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1. Introduction 

Doping of oxygen-conducting ceramics with mul- 
tivalent cations can lead to the simultaneous occur- 
rence of ionic and electronic conductivity. In recent 
years the study of such mixed conductors has re- 
ceived considerable attention, since they hold promise 
for use as membranes for air separation or as a 
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combined oxygen supplying membrane and catalyst 
in membrane reactors [l-3]. Provided that the mem- 
brane is fully dense, it is impermeable to all gases 
except oxygen. Attention was initially paid to yttria- 
and calcia-stabilized zirconia (YSZ and CSZ, respec- 
tively) based systems [4-61. More recently, mixed 
ionic-electronic conducting oxides of the fluorite 
and perovskite structure have drawn interest [7-lo]. 

Oxygen fluxes through perovskite membranes 
were first reported by Teraoka et al. [8,11], who 
showed preliminary results for La 1 _ x A *- 
Co,_,M,O,_, membranes (A = Ca, Sr, Ba; M = 
Co, Fe, Cu, Ni). The oxygen flux was found to be 
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Fig. 1. Schematic oxygen activity profile inside a membrane 

placed in a gradient. The gas phase activities are denoted by do, 

and u’&,. 

roughly proportional to the ionic conductivity [ll]. 
The results obtained suggest a relationship between 
the oxygen semi-permeability and the reducibility of 
the perovskite [12]. Currently, the research efforts 
mainly focus on earth-alkaline doped cobaltites 
La,_,A,CoO,_ a (A = Ca, Sr, Ba) which combine 
high oxygen semi-permeability [9-111 in the temper- 
ature range of 1000-1200 K, and chemical stability 
above lo- 4 bar 0, at elevated temperatures [13]. 

The oxygen activity in a membrane of thickness 
L, placed in an oxygen partial pressure gradient, is 
schematically shown in Fig. 1 as a function of z 
(0 G z G L). Oxygen activity drops will generally 
occur in both interface regions and the bulk of the 
material. It is therefore of particular interest for 
practical applications to know whether the oxygen 
flux is limited by bulk diffusion or by a surface 
exchange process for a certain composition. In the 
former case, the oxygen flux will be inversely pro- 
portional to the membrane thickness. Higher perme- 
ation rates can then be achieved by reducing the 
thickness. 

In the latter case, beneficial effects can only be 
expected from surface enlargement and modification. 
A characteristic thickness L, indicating the mem- 
brane thickness at which the oxygen flux is equally 
limited by bulk diffusion and surface exchange kinet- 
ics, has been derived on theoretical grounds [14], 

provided that the electronic transference number is 
close to unity: 

L,+. (1) 

Here 0: is the tracer diffusion coefficient (cm’ s-l) 
and k is the surface exchange coefficient (cm s-l). 
If L < L,, the oxygen flux will be limited predomi- 
nantly by the surface exchange kinetics. It should be 
noted that the characteristic thickness is not an in- 
trinsic material property, but depends on oxygen 
partial pressure and temperature. 

Oxygen diffusion through the bulk may be mod- 
elled using Wagner theory [El, provided that suffi- 
cient literature data are available on the defect chem- 
istry or conductivity parameters of the material under 
consideration. The La, _ .Sr,FeO, _ s solid solution 
system (0 G x G 1) has been studied extensively, 
which makes it an attractive material for modelling 
purposes. Dissolution of SrO in LaFeO, _ s enhances 
the formation of oxygen vacancies. The oxygen non- 
stoichiometry parameter S depends on oxygen partial 
pressure and temperature and can, in principle, take 
any value between 0 and 0.5. From thermogravimet- 
ric measurements, Mizusaki et al. [16] were able to 
describe the defect chemistry for x = O-O.6 in the 
temperature range 873-1473 K and oxygen partial 
pressure range 10w20 -1 bar, assuming a random 
distribution of oxygen vacancies [16]. Adopting 
ISroger-Vink notation [17] the defect model consists 
of an oxidation reaction: 

2Fe& + Vo’ + +0,(g) + 2Fe& + 0: 

and a charge disproportionation reaction: 

(2) 

2Fet= + Fe,, + Fek . (3) 

The corresponding equilibrium constants are es- 
sentially independent of the level of nonstoichiome- 

try, which might indicate that the defects in 
La, _ x Sr,FeO, _ 6 are randomly distributed on their 
lattice sites. 

Comparison between the experimental results and 
statistical thermodynamic calculations later con- 
firmed that the defect chemistry of La, _ x Sr, FeO, _ 6 
can be properly described by the random distribution 
approximation [18]. Since according to this model all 
oxygen vacancies exist as point defects, it implies 
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Table 1 
Estimated characteristic thickness L, as function of composition. 
T = 1273 K and Po, = 0.065 bar. Data taken from Refs. [28,29] 

x LC 
(mm) 

0 3.10-4 
0.1 0.06 
0.25 0.3 
0.4 0.45 

that all oxygen vacancies can contribute to the trans- 
port of oxygen. Study of the local structure of sev- 
eral perovskite systems by electron diffraction, HR- 
TEM and MSssbauer spectroscopy has shown that, 
depending on the degree of nonstoichiometry, a vari- 
ety of phases with the general formula A, M,O,, _ 1 
can exist [19]. These are structurally located between 
the brownmillerite structure (AM0,5, m = 2) and 
the perovskite structure (AMO,, m = ml. Such 
phases have also been discovered for SrFeO,_ s [20] 
and for La,,,Sr,,,FeO,_, [21] and their general 
structure can be thought of as consisting of (m - 1) 
layers in which Fe is octahedrally coordinated by 
oxygen, separated by a layer in which iron occupies 
tetrahedrally coordinated sites. In the latter layer, all 
the oxygen vacancies are ordered along one of the 
cubic (110) directions. Within a single phase, mi- 
crodomains with vacancy ordering in different direc- 
tions may be intergrown [22,23] and the simultane- 
ous existence of microdomains with different m 
values has also been observed [20,24]. In any case, 
these observations are not only in disagreement with 
the point defect model described above, it is also 
generally believed that ordered oxygen vacancies are 

immobile and will thus not contribute to oxygen 
transport. Alternative structural models have been 
proposed for SrFeO,,, 125,261 and for La,,,- 
Sr,,,FeO,.,,, [21], in which layers of Fe in square 
pyramidal coordination are separated by two layers 
of Fe in octahedral coordination. In this structure, the 
oxygen vacancies would exist as point defects, though 
ordered. A similar model was proposed for 

La,,Ba,,FeO,.,, [27] on the basis of electron 
diffraction experiments. However, in order to be 
consistent with the experimental results, it had to be 
assumed that the oxygen vacancies are disordered in 
the layers with five-fold coordination. Unfortunately, 
the structural studies are usually carried out at room 
temperature on quenched samples. It is well possible 
that some ordering phenomena originate from the 
cooling process instead of representing high tempera- 
ture equilibrium structures. More research is required 
to study the evolution of these extended defects. 

A study on the oxygen semi-permeability of OS-2 
mm thick La_$,FeO,_, membranes (x = O.l- 
0.4) in air/He gradients is reported in this paper. To 
determine the nature of the rate-limiting step in 
oxygen transport, a comparison will be made be- 
tween fluxes calculated from Wagner theory, using 
data from literature, and the experimental results. 
The characteristic thicknesses L, for compositions in 
the range x = 0.1-0.4 can be estimated from data 
obtained by Ishigaki et al. from 180/ 160 isotope 
exchange experiments [28,29], as shown in Table 1. 
L, increases with increasing Sr-concentration and it 
is seen that the transition from bulk to surface con- 
trol occurs in the mm-range. In a forthcoming paper 
[30] we will report on the oxygen flux through 
La, _ ,Sr,FeO, _ s membranes when placed in a large 
gradient, i.e. CO/CO,. 

Table 2 
Thermodynamic quantities of oxidation and charge disproportionation reactions (2) and (3) as a function of composition. Data taken from 
Ref. [16] 

X AH,, AH, AS, 
&J/m00 ;?:ol K) GJ/mol) (J/m01 K) 

0.1 -112 -67 159 11 
0.25 -112 -75 179 33 
0.4 -100 -67 123 -5 
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2. Theory 

2.1. Nonstoichiometry 

The equilibrium constants corresponding to reac- 
tions (2) and (3) are 

and 

(AH, - TAS,) 

RT 1 (4) 

(5) 
From thermogravimetric experiments, the values of 
the thermodynamic quantities were determined by 
Mizusaki et al. [16] The as-determined values are 
given in Table 2. Within experimental error, the 
thermodynamic quantities were found to be indepen- 
dent of composition for x = 0.1-0.6, with the excep- 
tion of AHi [18]. 

Taking into account the condition of charge neu- 
trality 

[Srk] + [Fe’,,] = [Fe;,] + 2[Vo’] (6) 

2.8 1 I 

-5 -4 3 -2 -1 0 

tog (Cb,/bar) 
Fig. 2. Calculated nonstoichiometries of La, _ .Sr,FeO, _ 6 for 

x = 0.1-0.4 as a function of log Paz at 1273 K. 

-5 -4 -3 -2 -1 0 

log (fb,/ba~) 

Fig. 3. Calculated activation energies for oxygen vacancy forma- 

tion. 

and the constraints given by Eqs. (7) and (8) due to 
the stoichiometry of the perovskite 

[Fe;e] + [Fe,,] + [Fe’,,] = 1, (7) 

[oo”] + [V&l =3 (8) 

we finally have five equations. The Sr concentration 
[Sr$] is given by the nominal A-site composition, 
thus [Sr’,] = X. The degree of nonstoichiometry [Vo ‘1 
will further be referred to as S. With Eqs. (4)-(8) 
and the data from Table 2, the concentrations of all 
species can be calculated analytically as a function 
of PO, and T for a given composition. If we set the 
nonstoichiometry to a certain value S at a given 
temperature T, we can combine Eqs. (5)-(7) to 
obtain a second-order polynomial expression for 

[Fe, I: 

[Fe,12(4K, - 1) + kl 
X[-4Ki+(x-26)(1-4K,)] 

+zC,[1+2(x-28) +(X-2s)2] =o. (9) 

With the values of S and [Fe,], the calculation of 
the concentrations of the other charge-carrying 
species is trivial. Finally, the corresponding oxygen 
partial pressure PO, can be calculated from Eq. (4). 
Fig. 2 shows the calculated oxygen concentrations of 
these compositions as a function of PO, at 1273 K. 
In Fig. 3 the activation energies for oxygen vacancy 
formation are shown as a function of the oxygen 
partial pressure. It can be seen that the activation 
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energy depends strongly on both the oxygen partial 
pressure and the Sr-content. 

2.2. Ionic conductivity 

In %-doped ferrite perovskites the ionic conduc- 
tivity is due to diffusion of oxygen anions. If the 
mobile ions move independently of another an ana- 
lytical expression is given by the Nemst-Einstein 
relation 

(10) 

with D, and co the diffusion coefficient and the 
concentration of oxygen anions. to and NA are the 
ionic charge of lattice oxygen and Avogadro’s con- 
stant, respectively. Since the diffusion of oxygen 
anions is physically equal to the diffusion of oxygen 
vacancies in the opposite direction, the product D, cO 
is related to the concentrations of oxygen vacancies 
cv via 

Deco = Dvcv, (11) 

D, is the vacancy diffusion coefficient. In accor- 
dance with the point defect model described above, it 
is assumed here that singly- and non-ionized oxygen 
vacancies do not exist. Furthermore, it is assumed 
that all oxygen vacancies are mobile, i.e. no cluster- 
ing of vacancies occurs. Then 

4F2D,c, 4F2D,S 
giion = RTN, = RT& ’ (12) 

where V, is the molar volume of the perovskite unit 
cell. Although V, is dependent on temperature and 
oxygen partial pressure, no data are available, and 
therefore it is assumed constant here. In general, the 
vacancy diffusion coefficient will be slightly depen- 
dent on the oxygen nonstoichiometry [31]. Due to the 
perovskite stoichiometry, the factor (1 - 6/3) repre- 

sents the fraction of sites in the oxygen sublattice to 
which an oxygen vacancy can jump. An expression 
for D, may thus be written as 

D,=D; 1-t. 
i i 

(13) 

Using nonstoichiometry data [16], Ishigaki et al. 
[28,29] calculated oxygen vacancy diffusion coeffi- 
cients D, from experimentally determined tracer 
diffusion coefficients for x = 0, 0.1, 0.25 and 0.4, as 
well as the corresponding activation energies for 
x = 0, 0.1 and 0.25. The latter values were found to 
be in the range of 75-114 kJ/mole. From the tracer 
diffusion coefficients reported by Kim et al. [32] for 
x = 0.4 and x = 0.6 a similar activation energy can 
be calculated. It was suggested that the activation 
energy is virtually independent of the Sr content [29]. 
Df, values used in this study were calculated from 
the results of Ishigaki et al. and are listed in Table 3. 

2.3. Electronic conductivity 

The electronic conductivity in La, _ x Sr, FeO, _ a 
is thought to occur via Fe”+-O-Fe’“+ ‘)+ conduc- 
tion pairs (n = 2, 3) [33]. Because of the simultane- 
ous occurrence of Fe2+, Fe3’ and Fe4’, n-type and 
p-type conductivity coexist. An analytical expression 
for the electronic conductivity was given by Mizusaki 
et al. [341: 

a,, = q_ + up= [Feb,]$e(l - [Fe’,,])p, 
In 

+ [We] Fe(l- [%,I )b$ 
m 

(14) 

where Us and up are the electron and electron hole 
conductivity (S m-l >. p, and pP Cm2 V- 1 s- ‘> are 
the mobilities of electrons and electron holes, respec- 

Table 3 

Constants used in Eqs. (12)-(14). Data obtained from Refs. [16,28,29] CD:), Ref. [35] (V,) and Ref. [34] ( pp and pLe) 

x Do, (1O-6 cm2 s- ‘) 

(T = 1273 K) L3 mol-‘) 
PP I4 

(cm’ V-l s-l) (cm’ V-’ s-l) 

0.1 7.43 36.4 0.10 0.08 

0.25 13.38 36.0 0.09 0.07 
0.4 20.39 35.6 - 
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tively. The mobilities for x = 0.1 and x = 0.25 were 
determined from conductivity and Seebeck measure- 
ments [34] and are listed in Table 3. 

2.4. Bulk diffusion and ambipolar conductivity 

When an oxygen partial pressure gradient is ap- 
plied across a dense membrane made of La*_,- 
Sr,FeO,_, oxygen will diffuse from the high to the 
low partial pressure side. A joint flux of electrons or 
electron holes maintains local charge neutrality 
throughout the membrane. Assuming a bulk diffu- 
sion-controlled flux, the oxygen flux is expressed by 
[151: 

Here Jo, is the oxygen permeation flux in mol 
me2 s-r, PA, and P& are the oxygen partial pres- 
sures at opposite sides of the membrane and L is the 
membrane thickness Cm). The ambipolar conductiv- 
ity a,, (S m-’ ) is defined by 

aim %l 
a amb = 

uion + a,1 . 
(16) 

uion is the ionic conductivity (S m-‘> and a,, the 
electronic conductivity (S m- ’ ). The ambipolar con- 
ductivity can also be written in an empirical form: 

u amb 
= u. py%) ) (17) 

where a,, is a constant (S m-r) and n is called the 
order of the ambipolar conductivity. The validity of 
Eq. (15) is limited to cases where the overall trans- 
port is limited by bulk diffusion. With the model 
described above, the ambipolar conductivity can be 
calculated analytically. The total oxygen flux in a 
given partial pressure gradient can then be obtained 
by numerical integration. An analytical solution to 
the Wagner equation has also been described [361, 
assuming a constant D, and uamb = Uion. The for- 
mer assumption may not hold when the level of 
Sr-doping is considerable, while the latter does not 
hold at low oxygen partial pressures, typically in the 
range of 10-5-10- l5 bar in the temperature region 
of interest. 

Since the ambipolar conductivity is a function of 

the oxygen partial pressure, its order with respect to 
the oxygen partial pressure can be calculated from 

If a,, B uiion, then a,,, = uiion. Substitution of Eq. 
(12) into Eq. (18) then yields 

Since D, does not change strongly in comparison 
with S, the value of n(P$ will be determined 
mainly by the change of oxygen nonstoichiometry 6 
with changing oxygen partial pressure. An average 
value of n over a limited partial pressure range can 
be obtained from 

(n> = /3(Po,) d In Po2//~~’ d In PO,. (20) 
02 02 

3. Experimental 

3.1. Membrane synthesis 

Stoichiometric amounts of nitrate solutions of the 
constituent metals were mixed in Q,-water. 1.5 mole 
of citric acid was added per mole of metal. The pH 
was kept below 2 using HNO,. Water was evapo- 
rated until the liquid became viscous. The solution 
was then pyrolysed in a stove. The resulting powder 
was calcined at 1123-1150 K for 10 h and subse- 
quently ball-milled with YSZ milling balls in ace- 
tone for three hours. Disks of 20 mm diameter were 
obtained by subsequent uniaxial pressing at 1.5 bar 
and isostatic pressing at 4000 bar. The disks were 
sintered at 1473 K for 18-24 h in stagnant air. 
Membranes of 12.0 mm diameter and 0.5-2 mm 
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Fig. 4. Schematic diagram of the permeation reactor. 

thickness were cut from the sintered disks and pol- 
ished with 1000 MESH Sic. All results reported here 
refer to 1.0 mm thick membranes unless stated other- 
wise. The membrane densities exceed 92% of theo- 
retical in all cases. 

3.2. Oxygen permeation measurements 

The measurements were performed in a quartz 
reactor with a reactor volume of approximately 3 ml, 
schematically shown in Fig. 4. 1.0 mm thick Supre- 
max glass rings (Schott Nederland B.V.) were used 
to seal the membrane into the quartz reactor at 
1310-1330 K in stagnant air. Prior to sealing, the 
cylindrical sides of the membrane were painted with 
Supremax-based paint. Before data were taken, the 
permeate sides of the membranes were treated in a 
CO-containing atmosphere. The reader is referred to 
the next section for details. 

He (4.6N) was supplied to the permeate side of 
the membrane and the oxygen partial pressure in this 
compartment was varied by adjusting the total flow 
rate, under the assumption of ideal gas mixing. The 

oxygen partial pressure at the feed side could be 
varied between 0.01 and 1.0 bar by admixing of air, 
N, and 0,. Unless stated otherwise, all results re- 
ported here refer to measurements where air was 
supplied. The oxygen partial pressures of the reten- 
tate and permeate streams were continuously mea- 
sured by YSZ-based oxygen sensors [37]. Analysis 
of the composition of the effluent stream was per- 
formed by a Varian 3300 gaschromatograph contain- 
ing a molecular sieve 13X, which was coupled to a 
LDC/Milton Roy CL-10 integrator. All gas flows 
were controlled by Brooks 5800 mass flow con- 
trollers and the gas flow at the permeate side of the 
membrane was measured by a Brooks Volumeter. 
The oxygen flux was calculated from 

(21) 

where F is the flow rate at the outlet of the reactor 
(m3 s-l (ST?)), c&rmea*e the oxygen concentration 
in the effluent stream (mol rnm3) and A the geomet- 
ric surface area at the He-side of the membrane 
cm*). G is a dimensionless factor that corrects for 
the effect of non-axial diffusion, which occurs due to 
the fact that the surfaces exposed to air and He have 
different surface areas. See Appendix for further 
details on the calculation of G. 

The gas tightness of membrane and seal was 
checked by GC detection of N, in the effluent 
stream. The contribution of molecular oxygen to the 
total oxygen flux through leakages was in all cases 
below 1%. All measured fluxes were corrected for 
this contribution. 

4. Results and discussion 

4.1. Pretreatment 

Upon sealing, the ambient of one of the mem- 
brane sides is changed from high (air) to low (He) 
oxygen partial pressure. Therefore the membrane 
nonstoichiometry will adapt to the newly applied 
gradient by loosing oxygen. The observed time-de- 
pendent oxygen flux will therefore consist of two 
contributions. The first is the time-independent, 
steady-state contribution; the second is a time-depen- 
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dent contribution due to the loss of lattice oxygen. 
The second contribution will finally disappear, so 
that it is expected to observe a steadily decreasing 
flux after sealing. In contrast, it was observed that 
after the sealing procedure was performed and the 
flow rates were set to fixed values, the oxygen flux 
tended to increase for long periods of time at 1273 
K. This indicates a surface effect. 

The stabilization of the oxygen flux was also 
found to be dependent on the level of Sr-doping. 
Lower Sr-concentrations resulted in longer stabiliza- 
tion times. An example is La,,,Sr,,,FeO,_ s, where 
the oxygen flux increased 50% during the first week 
after sealing. However, the flux had still only reached 
half of its final value. 

The stabilization times differed from sample to 
sample, even for those with equal Sr-content. Some 
representative results are shown in Fig. 5. For x = 
0.4, steady-state permeation is reached after 30 h. 
For x = 0.2, only a 20% increase is seen during the 
same period of time. Fig. 5 also shows the effect of a 
treatment of the He-side of the membrane in a 0.2 
bar CO-containing atmosphere for x = 0.3. After 
treatment, the oxygen flux has increased significantly 
and restores quickly to a steady-state value after 
evacuation of all CO. Similar results were obtained 
for all other compositions. Treatments of 1.5-3 h 
were in all cases sufficient for the oxygen flux to 
increase significantly and further treatment did not 
result in any further increase of the flux. It should be 
noted that only the side of the membrane that is 
normally exposed to He was exposed to the He, CO, 

0 10 20 30 40 50 

time (h) 
Fig. 5. Oxygen flux as a function of time after sealing at 1273 K 
for x = 0.2-0.4. x = 0.2: F, = 46.8 ml/min (UP); x = 0.3: 
FHC = 69.3 ml/min (STP); x = 0.4: FHe = 30.1 ml/min (STP). 
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Fig. 6. Membrane thickness dependence of oxygen fluxes for 
x = 0.1 and n = 0.4 at 1273 K. Oxygen partial pressures at 
permeate side are Po, 
( x = 0.4). 

= 10m3 bar (X = 0.1) and Po, = lo-‘.’ bar 

CO, mixture. This indicates that the oxygen flux is 
initially limited by a surface exchange process at the 
permeate side of the membrane. All further results 
reported here apply to measurements that were per- 
formed after treatment in a CO-containing atmo- 
sphere. The nature of the effect of CO pretreatment 
will be reported elsewhere [30]. Possibly its main 
effect is that of an enlargement of the area on which 
oxygen exchange occurs. 

4.2. Thickness dependence 

The results of thickness dependence measure- 
ments for x = 0.1 and x = 0.4 are given in Fig. 6. It 
is clearly seen that the oxygen flux is inversely 
proportional to the membrane thickness for both 
compositions, in agreement with Eq. (15). These 
results strongly indicate an overall transport limita- 
tion by bulk diffusion. 

The characteristic thicknesses L,, shown in Table 
1, suggest that in the membrane thickness range 
investigated here, an influence of the limiting role of 
surface exchange kinetics on oxygen permeation 
should be observed. In contrast, the experiments 
show a purely bulk-controlled permeation rate. As 
was already stated in the introduction, the character- 
istic thickness is not an intrinsic materials property. 
However, changing conditions affects the character- 
istic thickness by much less than an order of magni- 
tude. The deviation between the predicted values and 
the observed bulk behaviour may be explained if it is 
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considered that the oxygen fluxes reported here were 
calculated by normalizing with respect to the geo- 
metric surface areas (A,). The real surface area A, 
may be several factors larger. This may imply that 
surface exchange can occur on a much larger area 
than the geometrical one. Hence the characteristic 
thickness for the membrane systems investigated here 
may be a factor of A,/A, smaller than as deter- 
mined from Eq. (1). 

4.3. Oxygen partial pressure dependence 

Another indication for a bulk-controlled flux is 
obtained from the oxygen partial pressure depen- 
dence of the oxygen flux. Regardless of the nature of 
the rate-limiting transport process, the oxygen flux 
can be related to the oxygen partial pressure by the 
empirical equation 

Jo, = “PO”, + p, (22) 
(Y, p and n are constants. Their values may be 
obtained by least-squares fitting of results of experi- 
ments in which the oxygen partial pressure is varied 
on one side of the membrane. In the case of a bulk 
diffusion-controlled flux, the value of n should be 
close to that of (n) in Eq. (201, if the limits of 
integration are set properly in the latter formula. 

Fig. 7 shows fluxes from experiments in which 
the oxygen partial pressure at the feed side was 
varied between low2 and 1 bar at 1273 K. Least- 
squares fitting of the experimental values to Eq. (22) 

c 

l x-o.1 

. x-o.2 A 

I 
-2.5 -2 -1.5 -1 -0.5 0 -2.5 -2 -1.5 -1 -0.5 0 

log (po, /bar) 

Fig. 7. Fluxes with varying oxygen partial pressure at the feed Fig. 8. Comparison between experimental values of feed side 
side at 1273 K. Permeate side oxygen partial pressures are 3.8 X dependence of x = 0.1 and Wagner theory at 1273 K. Best fit to 
10e3 bar (x = 0.11, 7.3 X 10m3 bar (x = 0.2,0.3) and 6.8X 10m3 the experimental data, as described in the text, and curve calcu- 
bar (x = 0.4). Drawn lines indicate best fit. lated from literature data (Ref. 1291) are shown. 

Table 4 

Experimental nexpl, (Eq. (22)) and theoretical values (n) (Eq. 

(20)) for the power dependence of the oxygen flux on the oxygen 

partial pressure at 1273 K. 

x n,,rl. (n> 

0.1 - 0.39 - 0.42 

0.2 -0.24 - 0.20 

0.3 -0.17 -0.16 

0.4 - 0.09 -0.12 

results in values of nexpt as shown in Table 4. The 
corresponding theoretical values (n) are also given. 
Since no data were available for x = 0.2 and x = 0.3 
from literature, the data for x = 0.25 were used for 
modelling in these two cases (except for the value of 
x>. There is a fair agreement between the experimen- 
tal and theoretical dependencies. In the partial pres- 
sure range considered here, v~, B- miion. Thus, taking 
Eq. (19) into account, the comparison between nexpt 
and (n) mainly shows that the experimental results 
are in agreement with the nonstoichiometry model of 
Mizusaki et al. [16]. In Fig. 8, the absolute values of 
the fluxes of x = 0.1 are compared with a model 
calculation, based on literature data. As can be seen, 
the model calculation predicts higher fluxes than 
were, determined experimentally. If we assume that 
the deviation between the model calculation and the 
experimental results is mainly caused by the error in 
the reported vacancy diffusion coefficient, the exper- 
imental results can be fitted by adjusting the value of 



106 J.E. ten Elshof et al. /Solid State Ionics 81 (1995) 97-109 

x-o.2 

x-o.3 

x-o.4 

4 -3 -2 -1 0 0.75 0.6 0.95 0.9 
log &Jbar) 1OOO~(~/K) 

Fig. 9. Fluxes with varying oxygen partial pressure at the perme- 
ate side at 1273 K. Drawn lines indicate least-squares fits to 
Wagner equation as described in the text. 

Fig. 10. Temperature dependencies between 1123-1323 K for 
x = 0.1-0.4 in a fixed gradient (Table 6). Since the measurement 
for x = 0.4 was obtained on a 2.01 mm thick sample, the experi- 
mental values and least-squares fit for x = 0.4 have an offset of 
“log 2 for reasons of consistency. 

D\ only. This adjustment will not influence the 
calculated (n)-values. Attributing the difference be- 
tween model and experimental data to the nonstoi- 
chiometry model is less likely, because fitting the 
fluxes by changing the thermodynamic quantities 
would involve very large adjustments. 

Least-squares refinement for all compositions 
leads to values for Do, that are 20-60% lower than 
as reported by Ishigaki et al. [29]. Fig. 7 shows the 
curves obtained with the best fits. The same proce- 
dure was applied to the permeate-side partial pres- 
sure dependence of the flux. The experimental values 
and the fitted curves are shown in Fig. 9. The values 
of Dt , fitted independently from both dependencies, 
are in close agreement. The results for both types of 
fits are given in Table 5. The largest deviation is 
found for x = 0.4, being equal to 20%. 

Table 5 
Do, values at 1273 K determined from two least-squares fits of 
oxygen permeation experiments to Wagner model. Conditions are 
described in the text 

n D”, (low6 cm2 s-t) D$ (lo-” cm* s-l) 

0.1 
0.2 
0.3 
0.4 

high Po2-side low Po2-side 

5.98 5.32 
7.84 7.58 
8.16 7.96 
7.77 9.34 

. x-o.1 

4.4. Temperature dependence 

The activation energies were determined between 
1123-1323 K. If we assume that a,,, = aiO,,, then it 
can be seen from Eqs. (12) and (15) that the apparent 
activation energy of oxygen semi-permeability is 
given by 

L(Jo*) = JLPv> + E,C,( a>* (23) 

Since Fig. 3 showed the activation energy for oxygen 
vacancy formation to depend strongly on the oxygen 
partial pressure, the activation energy for oxygen 
permeation will be dependent on the gradient. There- 
fore, oxygen permeation measurements were per- 
formed as a function of temperature with a fixed 

Table 6 
Experimental activation energies of the oxygen flux in a fixed 
gradient in the temperature range 1123-1323 K. PO, indicates 
oxygen partial pressure at the permeate side. Calculated activation 
energies for oxygen vacancy formation in corresponding gradient 
are also shown 

x po* E,,, 0) E,,, (6) 
(bar) (kJ mol-‘1 &.I mol-‘1 

0.1 1.0x 10-s 17s*7 65 
0.2 2.5 x 10-s 199* 18 38 
0.3 5.0x 10-3 206*12 32 
0.4 a 3.0x10-3 173fll 21 

a Obtained on a 2.01 mm thick membrane. 
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oxygen partial pressure gradient for each composi- 
tion independently. The Arrhenius plots are shown in 
Fig. 10. The corresponding activation energies and 
experimental conditions are shown in Table 6. All 
values are in the range of 170-210 kJ/mol. Also 
shown in Table 6 are the activation energies of 
oxygen vacancy formation in the same gradient, as 
calculated from the nonstoichiometry model. Accord- 
ingly, in view of Eq. (231, the activation energies of 
the vacancy diffusion coefficient will have values in 
the range of 113-175 kJ/mol. Ishigaki et al. [29] 
reported activation energies for the vacancy diffusion 
coefficient in the range of 75-85 kJ/mol at an 
oxygen partial pressure of 0.065 bar. Since the va- 
cancy diffusion coefficient cannot be expected to 
depend strongly on the oxygen partial pressure, these 
results do not seem to be in agreement. Possibly, an 
explanation can be found from the fact that the 
aforementioned study of Ishigaki et al. was per- 
formed on single crystals, in contrast to the polycrys- 
talline membranes used here. 

5. Conclusions 

It was shown that the oxygen semi-permeability 
of La I _ x Sr, FeO, _ s ( x = 0.1-0.4) membranes can 
be increased significantly by exposure of the mem- 
brane lower partial pressure side in CO. The oxygen 
fluxes through pretreated membranes of 0.5-2.0 mm 
thickness can be described properly in terms of a 
bulk diffusion-limited permeation behaviour. Assum- 
ing a point defect model, qualitatively good agree- 

25 
A this study 

0 0.1 0.2 0.3 0.4 
X 

Fig. 11. Comparison of vacancy diffusion coefficients with data 

from Ref. [29]. 

r 

--I X 

co ‘h 
* 

IIAL 
v 

Glass ring 
Glass paint 

Cl rl 

Fig. 12. Schematic diagram of membrane geometry. Thick lines 

indicate insulating boundaries. Gas phase oxygen concentrations 

are indicated as co and cl. 

ment was found with the experimental data. Quanti- 
tative agreement was obtained by adjustment of the 
vacancy diffusion coefficients Do, in the model. The 
Do, values were virtually independent of composi- 
tion and were in the range 5.3-9.3 X lop6 cm2 s-l. 
With respect to the differences found between the 
vacancy diffusion coefficients reported here and those 
reported by Ishigaki et al. [28,29], it may be con- 
cluded that the agreement is fair, since they do not 
differ by more than a factor of 2.5. A stronger 
deviation between both series of results is found in 
the trends upon changing the Sr concentration. Both 
series of diffusion coefficients are shown in Fig. 11. 
The vacancy diffusion coefficients found in this study 
slightly increase with X. A larger dependence is 
found in Ishigaki’s study. 

The activation energies of oxygen permeation 
were found to be in the range of 170-210 kJ/mol 
and were much larger than is expected on the basis 
of literature data. We found no clear explanation for 
this discrepancy. 

Appendix 

Due to the applied method of sealing, the mem- 
brane side exposed to He has a smaller surface area 
than the side exposed to 0,/N,. This sealing effect 
is schematically depicted in Fig. 12. As a result, the 
oxygen flux has a non-zero radial component. Since 
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the measured oxygen flux is normalized with respect 
to the He-side surface area, the axial flux is overesti- 
mated. A factor G can be calculated to correct for 
this effect and in order to obtain the one-dimen- 
sional, axial oxygen flux. 

The basic equation to be solved is the steady-state 
diffusion equation in cylindrical coordinates 

( 
2 

Lr$+ 
a2c 1 ac 
g+;$ =O, 

i 
(24) 

where D (cm’ s-r> is the diffusion coefficient (as- 
sumed isotropically) and c the oxygen concentration 
(mol m-3). The boundary conditions are 

c(x=O) =cg, (25) 

c(x=L, r,<ri) =q, (26) 

for the gas/solid interfaces, 

(27) 

= 0 

for the insulating boundaries, and 

(28) 

ac ( I ar r=fJ 

= 0 (29 

for the central axis. This set of equations can be 
solved numerically or analytically [38] under certain 
assumptions. This will finally result in an oxygen 
flux J,. Dividing this flux by the calculated one-di- 
mensional flux J, will yield G. For the membranes 
used in this study, r, = 4.5 mm and r,, = 6 mm. The 
correction factors used here were calculated by a 
numerical procedure and were found to be equal to 
1.12, 1.21 and 1.38 for membranes of 0.5, 1.0 and 
2.0 mm thickness, respectively. 
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