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Mixed ion-conducting ceramic membranes are promising in oxygen separation from
air due to their infinite permselecti®ity. Hollow-fiber-shaped membranes can pro®ide a
high surface area for such an application. A mathematical model for a hollow-fiber

( )La Sr Co F O LSCF membrane module for air separation was de®eloped0.6 0 .4 0 .2 0 .8 3y �

and a performance of the module at ®arious operating conditions was studied theoreti-
cally. The simulation results re®eal that the cocurrent is a better operating flow pattern
than the countercurrent flow pattern. The ®acuum operation on the lumen side of the
membrane module is preferable to the ele®ated pressure operation on the shell side for
achie®ing high oxygen producti®ity. A high ®acuum le®el and a desired membrane area
are essential to produce the pure oxygen and nitrogen simultaneously. Experimental
results and kinetic parameters in the literature obtained from the LSCF membrane for
air separation agreed satisfactorily with the theoretical solutions.

Introduction

Mixed conducting oxides exhibit both ionic and electronic
conductivities. When an oxygen partial-pressure differential
is imposed across a dense membrane made from these oxides
at high temperatures, oxygen is permeated in a form of oxy-
gen ions from the high partial-pressure side to the low par-
tial-pressure side without external electrical loadings. As no
species other than oxygen ions are transferred, the oxides
possess an infinite oxygen permselectivity. This unique char-
acteristic makes them promising as a clean, efficient, and
economical means of producing oxygen from air.

All the reported mixed oxygen ion and electron conducting
ceramics are doped compounds, which can be largely classi-

Ž .fied into four categories based on the following oxides: 1
Ž . Ž . Ž . Ž . Ž . Ž .Sr Co,Fe O SCF , 2 La Co,Fe O LCF , 33y � 3y �

Ž . Ž .LaGaO LGO , and 4 nonperovskite oxides. Among3y�

these categories, LCF-based oxides often exhibit much higher
electronic conductivity than ionic conductivity. Therefore, the
bulk ionic conduction is the rate-limiting factor for oxygen

Ž .permeation Kharton et al., 2000a . Conversely, LaGaO -3
based oxides show a lower electronic conductivity, but a much

Ž .higher oxide-ion conductivity Kharton et al., 2000b . A good
mixed conducting membrane should exhibit both high and
comparable electronic and ionic conductivities. Therefore,
SCF-based oxides are exceptional for oxygen permeation and
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even the electronic conductivity is still a prevailing one
Ž .Kharton et al., 2000c . Nonperovskite-type oxides generally
possess a better stability than the perovskite ones, but have

Ž .poorer oxygen permeability Bochkov et al., 1999 . As dis-
cussed in most of the previous work, the preparation of mixed
conducting materials with a high performance of oxygen per-
meation and a high stability is one of the most important
subjects and has attracted considerable attention. One of the
typical examples is the study of fluorite-type Bi Y Sm O1.5 0.3 0.2 3
Ž .BYS and silver dual-phase membranes in which the contin-
uous silver phase increases both the electronic conductivity
and surface reaction rate, with the result of substantial im-

Ž .provement of oxygen permeance Kim and Lin, 2000 .
Most work in oxygen permeation through mixed-conduct-

ing ceramics was focused on the disk-shaped symmetric mem-
branes because they are easy to fabricate using conventional
sintering methods. However, such small disk-shaped mem-
branes are capable of providing only a very limited area for
oxygen permeation. Moreover, a high electrochemical trans-
port resistance exists due to the symmetric structure of the
membrane prepared. These drawbacks cannot be overcome,
even using the dense tubular membranes prepared by the

Žplastic extrusion or the isostatic pressing technique Bal-
.achandran et al., 1995; Li et al., 2000 . Success in fabrication

of a dense hollow-fiber ceramic membrane with asymmetric
structures using a combined sol�gelrphase inversion method
provides the possibility of putting the mixed conducting
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Žmembrane to practical use Luyten et al., 2000; Liu et al.,
.2000 . Compared to the disk-shaped membrane, asymmetric

hollow-fiber membranes possess many advantages, such as
larger membrane area per unit volume, less membrane re-
sistance to oxygen transfer, and improved sealing options
Žadopting a long hollow fiber and keeping the two sealing

.ends away from the high-temperature zone .
In this study, a mathematical model for air separation in a

dense ceramic hollow-fiber module has been developed. Var-
ious factors affecting the performance of the module have
been investigated theoretically. The perovskite oxide

Ž .La Sr Co F O LSCF has been selected as the0.6 0.4 0.2 0.8 3y�

membrane to investigate the performances of the module due
to its high oxygen permeability and good chemical stability,

Ž .as reported in the literature Xu and Thomson, 1998 .

Theory
Mechanism for oxygen permeation through a mixed ion-

conducting membrane is schematically shown in Figure 1. The
permeation process from the high oxygen partial-pressure side
to the low oxygen partial-pressure side includes the following

Ž .steps in series: 1 mass transfer of gaseous oxygen from the
Ž . Ž .gas stream to the membrane surface high-pressure side ; 2

reaction between the molecular oxygen and oxygen vacancies
Ž . Ž .at the membrane surface high-pressure side ; 3 oxygen va-

Ž .cancy bulk diffusion across the membrane; 4 reaction be-
tween lattice oxygen and electron-hole at the membrane sur-

Ž . Ž .face low-pressure side ; and 5 mass transfer of oxygen from
Ž .the membrane surface to the gas stream low-pressure side .

It has been shown that the gas-phase mass-transfer resist-
Ž . Žances steps 1 and 5 are small and negligible Xu and Thom-

.son, 1999 . Therefore, only the membrane bulk diffusion and
the surface reactions are taken into consideration in this work.

Oxygen flux in the mixed conducting membrane
The transport fluxes of charged defects in mixed conduc-

tors at steady state under the electrochemical potential gradi-
Žent can be expressed as the full derivation is given in the

.Appendix

t dC1y t dC z j ji i i
J syD C � y � � 1Ž .Ýi i i C dx z C dxi j jj� i

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

As shown in Figure 1, the oxygen vacancy, V , and electronö
˙hole, h, are the only mobile charged carried in the mixed

Ž .conducting membrane Xu and Thomson, 1999 ; Eq. 1 is
therefore reduced to

C q4C D D dCŽ .h V V h V
J sy � 2Ž .V C D q4C D dxh h V V

Furthermore, for the perovskite ceramic membranes whose
Žionic transference number closes to zero C D �C D andh h V V

. Ž .C �C Qiu et al., 1995; Kharton et al., 1996 ; Eq. 2 ish V
further simplified as

dCV
J syD � 3Ž .V V dx

Figure 1. Oxygen permeation in a mixed ion-conducting
membrane.

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

1
J sy J 4aŽ .O V2 2

or

D dCV V
J s � 4bŽ .O2 2 dx

Since D is generally considered to be a constant at a givenV
Ž .temperature Xu and Thomson, 1999 , the local oxygen flux

or molar flow rate for a hollow fiber can be written as

dN1 D dCO V V2J s s 5aŽ .O2 2� r dl 2 dr

or

C��
VdCH �� �V� C yCC V VVdN s� D dls� D dl 5bŽ .O V V2 dr RR oo lnH r RR inin

where R and R are the outer and inner radius of the hol-o in
low fiber, respectively; the prime and double prime represent
the high and low oxygen pressure sides of the membrane; and
dl is an element of the hollow-fiber length.

On the membrane surfaces, the following reversible reac-
tions take place at the high- and low-pressure sides, respec-
tively

k rk1 f r x66 ˙O qV O q2h 6aŽ .¨2 O O2

k rk 1f rx 66˙O q2h O qV 6bŽ .¨O 2 O2
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where O x represents lattice oxygen in the perovskite crystalO
structure, and k and k are, respectively, the forward andf r
reverse reaction rate constants for the surface reactions. It
may involve many substeps, such as oxygen adsorption, disso-

Žciation, recombination, and charge transfer van Hassel et al.,
.1993 .

It should be noted that because of the high electronic con-
ductivity, the electron holes are essentially constant at both
surfaces of the membrane, and thus the reverse and forward
reaction rates of the surface reactions of Eqs. 6a and 6b are
pseudo zero-order at steady state under isothermal condi-

Ž .tions Xu and Thomson, 1999 . Therefore, the local rate of
Ž . Ž .oxygen consumed step 2 or formed step 4 in the hollow

fiber can be, respectively, expressed in the following two
equations if they are assumed to be elementary

0.5� �dN s2� R k p C yk dl 7aŽ . Ž .O o f O V r2 2

0.5�� ��dN s2� R k yk p C dl 7bŽ . Ž .O in r f O V2 2

where p� and p�� are the partial pressures of oxygen at theO O2 2

hollow-fiber membrane outer and inner surfaces, respec-
tively. Solving Eqs. 5 and 7 simultaneously, the local oxygen
permeation rate in a hollow fiber can be correlated to the
partial pressures of oxygen

0.5 0.5� ��k p y pŽ . Ž .r O O2 2dN s dl 8Ž .O 0.5 0.5 0.5 0.5� �� � ��2 k ln R rR p p p pŽ . Ž . Ž . Ž .Ž .f o in O O O O2 2 2 2q q
� D 2� R 2� RV in o

Models for hollow-fiber membrane module
The membrane module consists of n hollow fibers, in which

are the operating flow patterns of cocurrent and countercur-
rent, as shown in Figure 2. Air is introduced into the shell
side of the module at elevated pressures, while a vacuum is
sometimes applied in the fiber lumen. With the different feed
pressure or vacuum level applied, various oxygen permeate
flow rates can be obtained.

In formulating the mathematical model, the following as-
sumptions have been adopted:

1. The membrane module is operated at steady state un-
der an isothermal condition.

2. The transport fluxes of charged defects are only in the
radial direction of the hollow-fiber membrane, and are negli-
gible in the axial direction because of the long hollow fibers
used.

3. The gas-phase mass-transfer resistances are negligible.
Therefore, oxygen partial pressures on the membrane sur-
faces are, respectively, equal to those in the module shell or
lumen.

4. Ideal gas law is used to describe the gas behavior of a
single-component and gas mixture.

5. The plug-flow conditions are attained in both gas
streams, and the axial dispersion is negligible.

( ) ( )Figure 2. Operating modes: a cocurrent flow; b countercurrent flow.
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Based on the preceding assumptions, the oxygen perme-
ation equation derived in the preceding section, that is, Eq.
8, can be readily employed, while the overall and component
material balances can be written based on operating flow pat-
terns as shown in Figure 2, and are given as follows

Cocurrent Flow

Overall: N sN qN , 9aŽ .f O R2

p�
O 2O : 0.21 N sN qN 9bŽ .2 f R O 2p

In addition, the Hagen�Poiseuille equation is employed to
describe the pressure profile in the lumen

dp�� 8�RTO2 sy �N 10Ž .O��4 2dl n� R pin O2

Boundary conditions for this case are

ls0, N sN , N s0, p� s0.21 p ,R f O O2 2

lsL, p�� s pO ®2

Countercurrent Flow

Overall: N sN qN 11aŽ .R R ,out O 2

p� p�
O O ,out2 2O : N sN qN 11bŽ .2 R R ,out O 2p p

Again, the Hagen�Poiseuille equation is employed to de-
scribe the pressure profile in the lumen

dp�� 8�RTO2 s �N 12Ž .O��4 2dl n� R pin O2

Boundary conditions for this case are

ls0, N sN , p� s0.21 p , p�� s p ,R f O O ®2 2

lsL, N s0O2

The preceding modeling equations derived for both the
cocurrent and countercurrent flow patterns are a group of
ordinary differential equations. Equations 8�10, describing
the cocurrent flow, and Eqs. 8, 11, and 12, describing
the countercurrent flow, are solved numerically using
Runge�Kutta method.

Results and Discussion
Ž .Analysis of La Sr Co F O LSCF hollow-fiber0.6 0.4 0.2 0.8 3y�

membranes for air separation was carried out theoretically.
Values of the operating and the LSCF membrane parameters
listed in Table 1 were employed in the calculations unless
otherwise specified. The effects of process operating condi-
tions and the characteristics of the membrane employed on

Žoxygen permeation flux or productivity, � defined as ratio
Žof oxygen fed into the module to that produced � s

.N r0.21 N , are analyzed and presented below. The re-O ,out f2

sults generated from the mathematical model developed were

Table 1. Parameters Used in the Simulation of the
LSCF Hollow-Fiber Membrane Module

� 2Membrane area A s200, cmm
OD of the hollow fiber d s0.1, cmo
ID of the hollow fiber d s0.05, cmin
Length of the reactor
Ž .hollow fiber Ls20, cm
Operating pressure in shell side ps1, atm
Vacuum pressure in fiber lumen p s0.01, atm®
Operating temperature Ts1,173, K

3 y1Feed flow rate N s5, cm �sf
8852.5Diffusion coefficient of oxygen y22 y1 D s1.58�10 exp y ,®vacancy, cm �s ž /T

Ž .Xu and Thomson, 1999
27291Forward reaction rate constant

6y0.5 y1 k s5.90�10 exp y ,fof Eq. 6a, cm�atm �s ž /T
Ž .Xu and Thomson, 1999

29023Reverse reaction rate constant
4y2 y1 k s2.07�10 exp y ,rof Eq. 6b, mol�cm �s ž /T

Ž .Xu and Thomson, 1999

R yRo in� Defined as A s2n L�m p Ž .ln R rRo in

Žalso compared with experimental data from the literature Li
.et al., 2000 .

Effect of operating pressures and temperatures
Calculated values for these effects are given in Figures 3�5.

In Figure 3, oxygen permeation flux is plotted against the
vacuum pressure applied in the hollow-fiber lumen for differ-
ent operating temperatures, while keeping the shell-side
pressure at 1 atm. It can be seen from the figure that as the
vacuum level is increased, the oxygen flux is improved, but

Figure 3. Effect of vacuum pressure on oxygen perme-
( )ation flux ps1 atm : A: cocurrent; B: coun-

tercurrent.
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Figure 4. Effect of operating pressure on oxygen per-
( )meation flux p s1 atm : A: cocurrent; B:v

countercurrent.

only up to a certain value of the vacuum pressure, which may
be termed the effective vacuum pressure. Any further in-

Ž .crease in the vacuum level decrease in the vacuum pressure
after this, effective vacuum pressure does not result in better
oxygen permeation performance, as shown in the figure. This
behavior is true for different operating temperatures and flow
patterns, and it is interesting to note that the effective vac-
uum pressure, in this case about 0.01 atm, remains almost
identical and does not seem to be dependent on the operat-
ing temperature and flow pattern.

In Figure 4, the effect of shell-side pressure on the oxygen
permeation flux is shown for different operating tempera-
tures, keeping the lumen-side pressure at 1 atm. As expected,
elevation of the operating pressure in the shell side would
generally increase the oxygen permeation flux. However, the
trend of such an increase is clearly nonlinear, indicating that
the mass-transfer resistance of the membrane is a function of

Figure 5. Effect of operating temperature on oxygen
productivity.

the operating pressure applied. Further inspection of Fig-
ures 3 and 4 indicates that the LSCF hollow-fiber module
operated at the elevated pressure may not be a better choice
as compared to that operated at a vacuum condition. As can
be seen from the calculated data, at an operating tempera-
ture of 1,273 K, the oxygen permeation flux of about 2.3�
10y3 molrm2�s can be easily achieved when the vacuum pres-
sure applied in the lumen side of the module is reduced to

Ž .0.01 atm Figure 3 . Such an oxygen permeation flux would
not be possible to achieve at the elevated pressure operation;
even the shell-side pressure is increased to 30 atm, as shown
in Figure 4. It thus follows that the elevated pressure opera-
tion commonly employed in the conventional polymeric hol-
low-fiber membrane modules for gas separation is not suit-
able for the LSCF hollow-fiber module. Instead, the vacuum
operation in the lumen side of the membrane module would
be preferable, as it yields much higher oxygen production
rates.

The effect of the operating temperature on the oxygen per-
meation is shown in Figure 5, where the oxygen productivity
is plotted against the temperature. It can be seen that the
oxygen productivity is less than 0.1 at an operating tempera-
ture of 1,000 K or lower. Oxygen production increases drasti-
cally after 1,000 K, and then approaches its maximum value
at 1,300 K for A s0.02 m2, at 1,180 K, for A s0.05 m2,m m
and at 1,130 K for A s0.1 m2, respectively. The results in-m
dicate that the membrane area plays an important role in the
production of oxygen. For a given module, that is, membrane
area, the optimum production of oxygen can be achieved with
careful selection of operating pressure and temperatures, as
illustrated in the preceding three figures.

Effect of flow patterns
Predicted values for this effect are given in Figures 6 and

7. In Figure 6, the vacuum level in the hollow-fiber lumen is
plotted against oxygen productivity, � , for both the cocurrent
and countercurrent flow patterns. It can be seen that cocur-
rent flow exhibits higher oxygen productivity compared to the
countercurrent flow pattern when the vacuum pressure is less
than 0.05 atm. When the vacuum pressure is higher than 0.05
atm, the difference between two flow patterns becomes small.
This is clear in comparison to the results for a polymeric hol-
low-fiber membrane module, where the countercurrent flow
pattern always leads to better separation. Such contrary be-

(Figure 6. Cocurrent vs. countercurrent flow patterns T
)s1,273 K .
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Figure 7. Local oxygen permeate flow rate for cocur-
rent and countercurrent flow patterns.

havior is due to the high local oxygen permeation available in
the module for the cocurrent flow pattern. As illustrated in
Figure 7, profile of the local permeation flow of oxygen for
the cocurrent flow pattern is always greater than that for the
countercurrent flow pattern throughout the entire hollow-
fiber length, thus resulting in high oxygen productivity.
Therefore, the cocurrent flow pattern has been used in all
the subsequent simulation studies.

Effect of feed flow rate
The effect of the feed flow rate for a given membrane area

on the oxygen permeation flux is illustrated in Figure 8. As
can be seen, the oxygen permeation flux increases as the feed
flow rate is increased, but only up to 12�10y3 molrm2�s,
beyond which the oxygen permeation flux remains relatively
unchanged, as shown in Figure 8a. Because hydrodynamics of
the feed flow provides a negligible effect on the oxygen per-
meation, due to the dominance of the membrane resistance,
the dependence of the oxygen flux at a lower feed flow rate is
due to the change in the oxygen driving force. At a feed flow
rate of 20�10y3 molrm2�s or greater, the partial pressure of

Ž .oxygen in the shell side remains constant close to 0.21
throughout the module, and hence the maximum value of the
oxygen permeation flux is attained. It should be noted that
for the vacuum-pressure operation, such a maximum oxygen
permeation flux could not be reached unless the feed flow
rate is further increased to 25�10y3 �40�10y3 molrm2�s, as
shown in Figure 8b. The reason for this difference is proba-
bly due to the high oxygen permeation flux achievable under
vacuum-pressure operation. With the increased permeation
characteristics, the maximum oxygen permeation flux could
only be achieved by a further increase in the feed flow rate.

Figure 8. Effect of feed flow rate on oxygen permeation
( ) ( )flux: a ps20 atm, p s1 atm; b ps1 atm,v

p s0.01 atm.v

Effect of membrane area
As illustrated earlier, the operating pressure, p, in the shell

side of the module and the vacuum pressure, p , in the fiber®
lumen determine the oxygen permeation flux for a given
membrane module. If the pressure buildup in the fiber lu-
men is negligible, the maximum oxygen productivity, � ,max
can be derived from Eq. 9 with a condition that partial-pres-
sure oxygen in the shell side of the module is equal to that in
the lumen, that is, p� s p asO ®2

py p r0.21®
� s 13Ž .max py p®

Figure 9 illustrates the effect of the membrane area on the
oxygen productivity at different vacuum pressures, keeping
the shell-side pressure and operating temperature at 1 atm
and 1173 K, respectively. The dashed lines in Figure 9 are
the maximum oxygen productivities obtained from Eq. 13 for

Figure 9. Effect of membrane area on the oxygen pro-
ductivity.

July 2002 Vol. 48, No. 7 AIChE Journal1474



Figure 10. Effect of membrane area on the nitrogen pu-
rity in the residual stream.

the different vacuum pressures. It can be seen that for a given
feed flow rate, the oxygen productivity increases as the mem-
brane area is increased. However, further increase in the
membrane area would result in no effect once the maximum
value of the oxygen productivity is reached. It is interesting to
note that the higher the vacuum level, the less the membrane
area required to achieve the high oxygen productivity. This
therefore suggests that economically there is a trade-off be-
tween the vacuum level and membrane area required to ob-
tain optimum pure-oxygen production.

The membrane employed in this study has the absolute se-
lectivity to oxygen; hence, the pure-oxygen product is achiev-
able in the permeate side of the module. However, the puri-
fied nitrogen in the residual side is not simultaneously
achieved, as the oxygen in air would not be entirely perme-
ated unless an absolute vacuum is applied in the fiber lumen,
as shown in Figure 10. In addition, a desired membrane area
must also be provided for a given feed flow rate. As a result,
the high vacuum level as well as enough membrane area is
essential to produce the pure oxygen and nitrogen simultane-
ously.

Comparison with experimental data
Although there are so far many studies on oxygen perme-

able ceramic materials, very limited experimental work on
membrane modules for air separation has been conducted. Li

Ž .et al. 2000 performed some experiments on oxygen perme-
ation through a tubular LSCF membrane, the dimensions of
which were 8 mm in outer diameter, 15 cm in length, and 1.5
mm in wall thickness. Air was introduced into the shell side
of the module. Helium used as a sweep gas was fed to the
bore of the tube. Both upstream and downstream were main-
tained at atmospheric pressures. The partial pressure of oxy-
gen in the bore side of the tube was maintained by adjusting
the flow rate of helium. Figures 11 and 12 compare the ex-
perimental results with the theoretical values calculated based
on the models developed in this study. In Figure 11, the oxy-
gen permeation flux is plotted against the oxygen partial
pressures in the bore side at the temperature of 1,123 K, while
the oxygen partial pressure in the shell side was kept at a
constant value, that is, 0.21 atm. As can be seen, all the oxy-
gen permeation fluxes, except for one point at the highest
oxygen partial pressure, are in good agreement with the cal-

Figure 11. Permeation flux of oxygen at various down-
stream oxygen partial pressures at the tem-

( )perature of 1,123 K ps1 atm .

culation results predicted using kinetic parameters given by
Ž .Xu and Thomson 1999 .

Figure 12 plots the oxygen permeation through the mem-
brane at different operating temperatures while keeping the
partial pressures of oxygen in the shell and bore sides at 0.21
atm and 0.001 atm, respectively. The increasing trend of oxy-
gen permeation with temperature is also in good agreement
with the modeling results. However, the theoretical results
show some deviations at a temperature above 1,073 K, where
experimental results reflected distinctly the order�disorder

Ž .transition of the oxygen vacancy Li et al., 2000 , which is not
predictable by the model. Nevertheless, the comparisons given
in Figures 11 and 12 indicate the theoretical model devel-
oped in this study, together with the kinetic parameters given

Ž .by Xu and Thomson 1999 , can be used with confidence to
predict the performances of the hollow-fiber LSCF mem-
branes for oxygen separation from air.

The simulation results and experimental data under differ-
ent helium flow rates and operating temperatures are also
shown in Figure 13. As expected, the oxygen fluxes increase
with the increasing helium flow rate, because the oxygen par-
tial pressure in the downstream decreases as the helium flow
rate is increased, giving an increased driving force for oxygen

Figure 12. Temperature dependence of the oxygen per-
( � �� )meation flux p s1 atm, p s0.001 atm .O O2 2
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Figure 13. Helium flow-rate dependence of the oxygen
(permeation in a tubular LSCF membrane air

)flow rate: 200 mLrrrrrmin : �: 1,073 K; �: 1,123
K; �: 1,173 K.

permeation. In the theoretical analysis, the area used to per-
form the calculation was only about 40% of the experimental

Ž .value given by Li et al. 2000 . Such a difference in the mem-
brane area may be due to the configuration of the membrane
module design, where the effective area available for oxygen
permeation is considerably less than the actual area em-
ployed. Meanwhile, it is seen that all the experimental data
at lower helium flow rates are much less than theoretical re-
sults, possibly due to the mass-transfer resistance in the gas
phase, which may play a role in the oxygen permeation under
such operating conditions.

Conclusions
A mathematical model has been developed for a ceramic

hollow-fiber membrane module for the cases of cocurrent and
countercurrent operating conditions. The problem of air sep-
aration in a mixed ion conducting La Sr Co F O0.6 0.4 0.2 0.8 3s�

Ž .LSCF membrane has been considered in the simulation. The
results indicate that the cocurrent flow pattern is advanta-
geous over the countercurrent flow pattern, and the vacuum
operation in the lumen side of the membrane module is
preferable for higher oxygen productivity compared to the el-
evated pressure operation in the shell side. In addition to the
operating temperature, a high vacuum level and the desired
membrane area are essential for producing pure oxygen and
nitrogen simultaneously. Experimental results and kinetic pa-
rameters in the literature obtained from the LSCF modules
with different dimensions for air separation are in satisfac-
tory agreement with the theoretical solutions.
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Notation
A smembrane area, cmy2

m
C sconcentration of defect i, mol�cmy3

i

C� s vacancy concentration at upstream gasV
C��s vacancy concentration at downstream gasV
D seffective diffusivity of defect i, cm2�sy1

i
J s transport flux of defect i, mol�cmy2�sy1

i
J soxygen flux across membrane, mol�cmy2�sy1

O 2
k sreverse reaction rate constant of Eq. 6, mol�cmy2�sy1

r
k s forward reaction rate constant of Eq. 6, cm�atmy0 .5�sy1

f
ls length variable of hollow-fiber membrane module, cm

Ls length of hollow-fiber membrane module, cm
nsnumber of hollow-fiber membranes

N s feed flow rate of air, mol�sy1
f

N smolar flow rate of residual, mol�sy1
R

N smolar flow rate of residual at exit of the module, mol�sy1
R ,out
N smolar flow rate of oxygen in fiber lumen, mol�sy1

O 2
N smolar flow rate of oxygen at exit of the module, mol�sy1

O ,out2
psoperating pressure at shell side, atm

p� soxygen partial pressure at upstream, atmO 2
p�� soxygen partial pressure at downstream, atmO 2

p s vacuum pressure in the fiber lumen, atm®
p soxygen partial pressure, atmO 2

rsradius variable of hollow fiber, cm
Rsgas constant, 82.06 atm�cm3�moly1�Ky1

R s inner radius of hollow fiber, cmin
R souter radius of hollow fiber, cmo

t s transport number of defect Ii
Tsoperating temperature, K
xsmembrane thickness variable, cm
z scharge number of defect Ii

Greek letters
�soxygen productivity, �sN r0.21 NO f2

� s the limit oxygen productivitymax
�soxygen viscosity, g�cmy1�sy1
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Appendix
The flux of charged species in a conductor is described by

Ž .the Nernst�Planck equation Goto, 1988 , which is a combi-
nation of Fick’s law and the equation for ion migration

	i
J sy 
� qC © A1Ž .i i i2 2z Fi

where 	 , � , © are the conductivity, electrochemical poten-i i
tial, and local velocity of the inert marker, respectively. The
electrochemical potential for each charged species consists of
a chemical potential or an activity term and a local electro-
static potential, �

� s�0qRT ln a q z F� A2Ž .i i i i

where �0 and a are the standard chemical potential andi i
activity, respectively.

For the general case, the local velocity of the inert marker
is negligible, and a one-dimensional model is applicable in
expressing the defect fluxes in the conductor with a small
area. Therefore

	 d ln a d�i i
J sy RT q z F A3Ž .i i2 2 d x d xz Fi

The conductivity of the defect, which is a measure of the
random motion of the species i in the lattice by the
Nernst�Einstein equation, can be correlated with its concen-
tration and diffusivity

z2F 2
i

	 s C D A4Ž .i i iRT

In addition, when no external current is imposed on the
membrane, the following correlation applies at steady state

z J s0 A5Ž .Ý i i
i

The electroneutrality condition also gives the relationship be-
tween the defect concentration gradients as

dCi
z � s0 A6Ž .Ý i dxi

With the given assumptions, rearranging Eqs. A3 to A6 yields
the flux of charged species of Eq. 1.
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