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Tubular La Sr Co Fe O pero®skite-type membranes were prepared by iso-0 .6 0 .4 0 .2 0 .8 3y d

static pressing. A mathematical model was de®eloped to simulate the performance of
the tubular pero®skite-type dense membranes for oxygen permeation. The experimental
oxygen permeation fluxes of tubular La Sr Co Fe O pero®skite-type mem-0 .6 0 .4 0 .2 0 .8 3y d

brane increased with decreasing downstream oxygen partial pressure and increasing he-
lium flow rate, which coincided with the results of the oxygen permeation modeling
study. Parametric study indicated that air should be supplied sufficiently during the
oxygen permeation operation. Modeling oxygen permeation fluxes as a function of the
tubular membrane length and tubular membrane thickness are discussed in detail. The
oxygen flux slightly decreased after long-term operation o®er 110 h. EDS and XRD
analysis indicated that SrSO , CoSO , SrO, Co O , and La O were formed on the4 4 2 3 2 3
surfaces of the tubular membrane due to the interaction with trace SO in the air and2
the helium, and segregation of surface elements. The oxygen permeation of tubular
La Sr Co Fe O membrane was stable after SO in the air and the helium0.6 0 .4 0 .2 0 .8 3y d 2
has been remo®ed.

Introduction
Dense mixed-conducting ceramic membranes hold great

promises for applications in separating oxygen from air and
improving the performance of catalytic partial oxidation of

Ž .hydrocarbons Hsieh, 1996 . Among them, perovskite-type
Ž .oxide ABO containing a transition metal at B sites are3

found to be good materials that can be used as oxygen-
semipermeable membranes without electrodes and external
electrical circuits due to their high electronic and ionic con-

Ž . Ž .ductivity Lin et al., 1994 . Teraoka et al. 1985 were the first
to report very high oxygen fluxes through the cobalt-rich
compositions, which are known to become highly oxygen de-
fective because of the vacancy of the oxygen anions at ele-
vated temperatures and a reduced oxygen partial pressure.
Since then, increasing studies have been reported on the syn-
thesis and properties of the LaCoO -based perovskite-type3
ceramics because of their potential applications as mem-
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Žbranes in gas separation and membrane reactors Gur et al.,
1992; Itoh et al., 1994; van Hassel et al., 1993a,b, 1994;
Kawada et al., 1995; Chen et al., 1997; ten Elshof et al.,
1995a,b,c; Qiu et al., 1995; Kharton et al., 1996; Stevenson et
al., 1996; Tsai et al., 1997; Lin and Zeng, 1996; Zeng et al.,

.1998; Li et al., 1998, 1999a,b . More details on recent devel-
opments in this area have been critically reviewed in two re-

Ž .cent book chapters Boumeester and Burggraaf, 1996, 1997 .
For the dense perovskite-type membrane, the oxygen per-

meability is essentially controlled by two factors: the rate of
bulk diffusion through the membrane and that of the surface
reaction on either side of the membrane. Wagner’s equation
Ž .Boumeester and Burggraaf, 1996 was used to describe the
oxygen permeation flux through bulk diffusion as

X 1 RTs sP i eO 2J s d ln P , 1Ž .HO O22 2Y s qs L16F Ž .P i eO 2
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X Y Ž .where P , P Pa are the upstream and downstream oxy-O O2 2
Ž .gen partial pressures, respectively; s and s Srcm are thee i

electronic conductivity and the ionic conductivity, respec-
Ž . Ž .tively; R Jrmol ?K is the gas constant; F Crmol is the

Ž . Ž .Faraday constant; T K is the temperature; L cm is the
Ž .membrane thickness; and P Pa is the oxygen partial pres-O2

sure. For perovskite-type membranes, the conductivity term
can be simplified to be s in the case of s <s . Many stud-i i e

Ž .ies Itoh et al., 1994; Stevenson et al., 1996; Tsai et al., 1997
further simplified Eq. 1 to be

PXRTs Oi 2J s ln , 2Ž .YO 22 P16LF O2

assuming s is independent of P . However, the oxygen ioni O 2

or the oxygen vacancy concentration is dependent of PO2
Ž .Mizusaki et al., 1989; Boumeester and Burggraaf, 1996 . The
surface reaction of the perovskite-type membranes has also

Ž .been studied by many researchers. Lee et al. 1997 proposed
a model for the dependence of the surface exchange current
on the chemical potential drop at the gas]solid interface, ne-
glecting the dependence of the ion concentration in the solid

Ž .on the gas pressure. Zeng and Lin 1998 demonstrated ex-
perimentally a simple and efficient TGA method to study the
surface reaction rates for oxygen transport through thin
mixed-conducting perovskite-type ceramic membranes.

Although many researchers have studied surface reaction
and the bulk diffusion of the perovskite-type membranes,
most work was focused on disk-shaped perovskite-type mem-
branes and the effective area was very limited. Balachandran

Ž .et al. 1995, 1997 appeared to be the only group that re-
ported results on the tubular nonperovskite-type
SrFeCo O membrane by plastic extrusion. From the0.5 3yd

perspective of industrial applications, tubular membranes
should be prepared. For the modeling study of the tubular
dense membrane for oxygen permeation, in addition to cou-
pling the surface reaction with the bulk diffusion, the
solid]gas interface transfer resistance of oxygen transport
should also be considered.

The purpose of this study was to investigate the oxygen
permeability and long-term operation stability of tubular
dense perovskite-type membranes. A mathematical model was
developed to simulate the performance of the tubular per-
ovskite-type dense membranes for oxygen permeation. The
composition La Sr Co Fe O was selected in this0.6 0.4 0.2 0.8 3yd

work because of its high oxygen permeability and good chem-
ical stability among lanthanum cobaltite materials, as re-

Ž .ported by Xu and Thomson 1998 . The oxygen permeation
experiments were conducted in a tubular membrane perme-
ator. The element distribution and crystal structure of the
tubular membrane after 110-h oxygen permeation were ex-
amined to study the membrane stability.

Experimental Studies
La Sr Co Fe O powder was synthesized by a0.6 0.4 0.2 0.8 3yd

Žsolid-state reaction of the constituent cationic salts the Sec-
.ond Chemical Industry of Shanghai, purity of 99.9% . In the

preparation of the oxide, appropriate amounts of La O ,2 3
Ž .Sr CO , Co O , Fe O were mixed with deionized water.3 2 2 3 2 3

Figure 1. Particle-size distribution of the resulting
La Sr Co Fe O powders.0.6 0.4 0.2 0.8 3-d

ŽThe mixture was ball-milled for 24 h by a ball grinder Model
.QM-ISP, Nanjing University Experimental Industry, China

using two 250-mL stainless-steel tanks and stainless-steel balls
with a rotation speed of 150 rrmin. After being dried at 353
K for 24 h, the mixture was ground and sintered in air at
1,173 K for 5 h. The heating and cooling rates were con-
trolled at 2 Krmin. The process, including ball-milling, dry-
ing, and sintering, was repeated twice. The sintered powders
were sifted and the particle sizes of the resulting powders
were measured by a photo extinction sedimentation analyzer
ŽModel NSKC-1A, Silicalite Engineering Research Center,

.Nanjing University of Chemical Technology, China . The par-
ticle-size distribution of the resulting powders is shown in
Figure 1. As shown, the average particle size of the powders
is about 8 mm.

ŽIn order to increase fluidity of the powder, PVA 10 wt. %
.in water was added as an additive for the shaping process.

After grinding, the powder was sifted to an average particle
size between 40 and 60 mesh. Membrane tubes were pre-
pared by isostatic pressing at the pressure of 25 MPa, which
included loading, pressing, and ejecting. The green tubes were
sintered in air at 1,523 K for 5 h in a MoSi furnace at a2
heating and cooling rate of 3 Krmin and 2 Krmin, respec-
tively. The final tubular membranes were 8 mm in outer di-
ameter, 15 cm in length, and 1.5 mm in wall thickness.

Element analysis of the membranes was performed by en-
Ž . Ž .ergy-dispersive spectroscopy EDS U.S. Kevex-Sigma . The

densities of the sintered membranes were determined by the
Archimedes method. All the membranes had densities at least
90% of the theoretical density.

Figure 2 shows the oxygen permeator used in this work for
oxygen permeation measurement. The tubular membrane was
mounted on an alumina tube surrounded by a quartz tube.
The permeator was heated by a tubular furnace whose tem-
perature could be controlled within "18C by a microproces-

Žsor Model 708PA, Xiamen Yuguang Electronics Technology
.Research Institute, China . A type K thermocouple encased

in an alumina tube was used to measure the operation tem-
perature. A ceramic binder developed in our laboratory was
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Figure 2. Oxygen permeator.

used to obtain an effective sealing between the wall of the
tubular membrane and that of the alumina tube at high tem-
perature. The ceramic binder contains alumina and some of
the prepared perovskite-type oxide, so the coefficient of ther-
mal expansion can be adjusted to meet the need of high-tem-
perature sealing. The mounted membrane with the ceramic
binder was first conditioned at 1,173 K for 30 min, then cooled
to the desired temperature for oxygen permeation measure-

Žment at 2 Krmin cooling rate. Experimental results monitor-
.ing leakage of nitrogen showed that the airtight sealing could

be sustained at temperatures from 973 K to 1,173 K. A slight
reaction between the membrane tube and the ceramic binder
might be found at high temperatures, but it did not influence
the operation of oxygen permeation.

The oxygen permeation rates through the tubular La Sr0.6 0.4
Co Fe O membranes were measured on the perme-0.2 0.8 3yd

ation apparatus shown in Figure 3. The inlet gas flows were
Žcontrolled by mass-flow controllers Models D07-7ArZM,

.Beijing Jianzhong Machine Factory, China . Air was intro-
duced into the shell side of the permeator. Helium as the
sweep gas for the permeating oxygen was fed to the tube side
of the permeator. Both upstream and downstream gases were
maintained at the atmospheric pressure. The effluent streams

Žwere analyzed by a gas chromatograph Model Shimabzu
.GC-7A , which was equipped with a 2-m 5A molecular sieve

operated at 408C with H as the carrier gas. The amount of2
oxygen passing through the membrane was calculated from

Figure 3. Apparatus used for the measurement of oxy-
gen permeation rate.
Ž . Ž . Ž .1A, 1B gas cylinders; 2A, 2B gas regulators; 3A, 3B pu-

Ž . Ž .rifying traps; 4A, 4B, 4C mass flow controller; 5 perme-
Ž . Ž . Ž .ation reactor; 6 furnace; 7 cooler; 8 six-way valves;

Ž .V1]V4 flow control valves.

Figure 4. Cross section of the tubular membrane.

the helium flow rate, and the oxygen concentrations of the
effluents.

Theoretical Model
In this section, a mathematical model in consideration of

membrane bulk diffusion, membrane surface reaction, and
solid]gas interface transfer resistance has been developed to
simulate the performance of the tubular perovskite-type
dense membranes for oxygen permeation. The cross section
of the membrane is shown in Figure 4, where d , d , and d1 2 3
are 0.5, 0.8, and 1.5 cm, respectively.

For membrane bulk diffusion, oxygen permeation through
Žperovskite-type ceramic membranes can be given Lin et al.,

.1994

D® Y XJ s C yC , 3Ž .Ž .O ® , b ® , b2 2 L

where D is the oxygen vacancy diffusivity of the membrane,®
and CY , CX are the downstream and upstream oxygen va-®, b ®, b
cancy concentration in membrane bulk at a given tempera-
ture, respectively.

For membrane surface reaction, the oxygen permeation flux
can be described as

In tube side:

J s k CY yCY 4Ž .Ž .O d ® , s ® , b2

In shell side:

J s k CX yCX , 5Ž .Ž .O a ® , b ® , s2

where k , k are, respectively, the desorption and absorptiond a
rate constants, and CY , CX are the downstream and up-®, s ®, s
stream oxygen vacancy concentration on membrane surfaces,
respectively.

Combination of Eqs. 3, 4, and 5, and assuming that C A®
ym Ž .P Zeng et al., 1998 givesO2

A PY ym y PX ymŽ .O s O s2 2J s , 6Ž .O2 1 2 L 1
q q

K D Ka ® d

where the parameters A and m are constants.
Because of the solid]gas interface transfer resistance, oxy-

gen permeation flux can be given:
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In shell side:

PX PX
O O sX 2 2J s K y 7Ž .O g2 ž /RT RT

In tube side:

PY PY
O s OY 2 2J s K y 8Ž .O g2 ž /RT RT

where K X , K Y are the oxygen transfer coefficients in the shellg g
and tube sides, respectively.

A mass balance on oxygen gives
In tube side:

dPY 4RTJO O2 2s 9Ž .
dx u d1 1

In shell side:

dPX 4RTJ dO O 22 2s , 10Ž .2 2dx u d y dŽ .2 3 2

with the boundary conditions

PY s0 when xs0 11Ž .O2

XP s0.21 when xs0. 12Ž .O2

Equations 6]12 were solved using the numerical method of
IMSL. The parameters used for modeling the oxygen perme-
ation are shown in Table 1. As shown, P, T are the operation
condition; u , u , K X, K Y are calculated from the gas flow1 2
rate and geometrical size of the tube membrane; K , K area d
cited from the perovskite-type La Sr CoO membrane0.2 0.8 3yd

Ž .reported by Zeng and Lin 1998 ; and D , A, m are obtained®
Ž .from our previous study Li et al., 1998 .

The oxygen permeation flux was calculated by the follow-
ing equation

J sQ CY yCY , 13Ž .Ž .O air O , In O , Ou2 2 2

Table 1. Parameters for Modeling the Oxygen
Permeation

Parameter Value
Ž .u cmrs 3.701
Ž .u cmrs 2.642
Ž .P atm 1
Ž .T K 1,123

3Ž .R atm ?cm rmol ?K 82.06
X Ž .K cmrs 7.47
Y Ž .K cmrs 57.6

2 y6Ž .D cm rs 3.36=10®
y4Ž .K cmrs 1.38=10a
y5Ž .K cmrs 8.89=10d

3 y0.02Ž .A molrcm ?atm 0.11
m y0.02

Figure 5. Pressure dependence of the oxygen flux of the
tubular La Sr Co Fe O membrane.0.6 0.4 0.2 0.8 3-d

Ž . Ž .v experiment results; modeling results.

where Q is the air flow rate, CY , CY are the up-air O , In O , Ou2 2

stream oxygen concentration of the inlet and outlet, respec-
tively.

Results and Discussion
Comparison of experimental and modeling results

Figure 5 shows oxygen permeation flux through the tubular
La Sr Co Fe O membrane at 1,123 K as a function0.6 0.4 0.2 0.8 3yd

of downstream oxygen partial pressure, PY . During the mea-O2

surement, the oxygen partial pressure at the air sweeping side
Ž .of the membrane was kept at a nearly fixed value 0.21 atm .

Under these experimental conditions, the oxygen flux de-
creased with increasing downstream oxygen partial pressure
and coincided with the results of the oxygen permeation
modeling study.

Figure 6 shows oxygen permeation flux through the tubular
La Sr Co Fe O membrane at 1,123 K as a function0.6 0.4 0.2 0.8 3yd

of the helium flow rate. It can be seen from Figure 6 that the
oxygen fluxes increase with the increase of the helium flow
rate. A drastic increase in the flux was observed experimen-
tally when the helium flow rate changes from 7.25 to 43.5
mLrmin. As shown in Figure 5, when the helium flow rate
changed from 7.25 to 43.5 mLrmin, the oxygen partial pres-
sure in the downstream changed from 3.6=10y2 to 2.9=
10y3. Therefore the oxygen fluxes increase drastically with
the helium flow rate. For a helium flow rate varying from
43.5 to 72.5 mLrmin, the oxygen partial pressure in the
downstream changed from 2.9=10y3 to 1.5=10y3, leading
to a less obvious change in the oxygen permeation flux. The
modeling result also proves the conclusion just mentioned.

Figure 7 shows the oxygen permeation flux through the
tubular La Sr Co Fe O membrane at 1,123 K as a0.6 0.4 0.2 0.8 3yd

function of air flow rate. Compared to the effects of the he-
lium flow rate, the oxygen permeation flux remains essen-
tially unchanged with varying air flow rate. This was because
the change in the air flow rate did not cause apparent changes
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Figure 6. Helium flow-rate dependence of the oxygen
flux of the tubular La Sr Co Fe O0.6 0.4 0.2 0.8 3-d

membrane.
Ž . Ž .B experiment results; modeling results.

in the oxygen partial pressure in the upstream. So the effect
of the change of the air flow rate on the oxygen flux was
negligible. It can also be seen from Figure 7 that the experi-
mental oxygen permeation flux is lower than the results of
the oxygen permeation modeling study. The cause is that the
parameters of the modeling study were obtained from mem-

Žbranes reported in the literature Li et al., 1998; Bouw-
.meester and Burggraaf, 1996; Zeng and Lin, 1998 and may

be slightly discriminatory toward those of the tubular
La Sr Co Fe O membrane. The model results pre-0.6 0.4 0.2 0.8 3yd

dict a decrease of the oxygen permeation flux below an air
flow rate of 100 mLrmin. The reason for these are discussed
in the next section.

Figure 7. Air flow-rate dependence of the oxygen flux of
the tubular La Sr Co Fe O mem-0.6 0.4 0.2 0.8 3-d

brane.
Ž . Ž .B experiment results; modeling results.

Figure 8. Modeling air flow-rate dependence of the oxy-
gen permeability of the tubular La Sr Co0.6 0.4 0.2
Fe O membrane.0.8 3-d

Parametric study
Figure 8 shows the modeling oxygen permeation data at

1,123 K as a function of a small air flow rate. Compared to
the effects of a large air flow rate, a drastic increase in flux
was predicted by a modeling study when the air flow rate
changes from 1 to 40 mLrmin. The results indicated that dur-
ing the oxygen permeation operation, air should be supplied
sufficiently.

Figure 9 shows the modeling downstream oxygen pressure
data at 1,123 K as a function of the membrane length. For
the membrane with oxygen vacancy concentration insensitive

Ž . Yto oxygen partial pressure ms0.02 , P increases obvi-O2

ously with the increasing of tube length. However, for the
membrane with oxygen vacancy concentration sensitive to

Ž . Yoxygen partial pressure ms0.2 , P maintains a nearlyO2

Figure 9. Influence of the tube length on the down-
stream oxygen partial pressure.
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Figure 10. Influence of the tube length on the oxygen
permeation flux.

constant value along the axial length of the tubular mem-
brane. Figure 10 shows the influence of tube length on the

Ž .oxygen permeation flux ms0.02 . As can be seen, for the
membrane with an oxygen vacancy concentration insensitive
to the oxygen partial pressure, the oxygen permeation flux
decreases when the tube length increases. Increasing the air
flow rate will remit the decreasing of the oxygen permeation
flux.

Figure 11 shows the modeling of the oxygen permeation
data of the tubular membrane at 1,123 K as a function of

Ž .membrane thickness. When the membrane thickness L is
Ž .larger than the characteristic membrane thickness Lc , the

oxygen flux varies inversely with Ln, where ns1, in agree-
ment with Wagner’s theory. Lc can be obtained from Figure
11. The values are, respectively, 0.02, 0.2, and 2 mm for the

Ž .membrane with an oxygen vacancy diffusivity D of 3.36=®
10y7, 3.36=10y6, 3.36=10y5 cm2rs.

Figure 11. Influence of the membrane thickness on the
oxygen permeation flux.

Figure 12. Oxygen flux through the tubular La Sr0.6 0.4
Co Fe O membrane for long-term op-0.2 0.8 3-d

( )eration 1,123 K .

Membrane stability
For industrial applications, the membrane material must

exhibit a long-term phase stability under the tubular mem-
brane operating conditions. Figure 12 shows the oxygen per-
meating data of tubular La Sr Co Fe O membrane0.6 0.4 0.2 0.8 3yd

operated for 110 h in an oxygenrnitrogen gradient at 1,123 K.
The oxygen flux slightly declined after several hours of opera-

Ž .tion. Kruidhof et al. 1993 reported similar results on an-
other perovskite-type ceramic membrane.

The elements on both the surfaces and the cross section of
the membrane before and after the oxygen permeation ex-
periment were analyzed by EDS. The results show that the
composition in the cross section of the membrane after the
permeation experiment is similar to that of the fresh mem-
brane. Sulfur was found on both surfaces of the membrane
after the permeation experiment. The results of XRD analy-
sis on both the surfaces of the membrane after the oxygen
permeation are shown in Figure 13. As shown, SrSO and4
CoSO are present on the membrane surface exposed to air,4
and SrSO is the only sulfur-containing species on the mem-4

Ž .brane surface exposed to helium. Ten Elshof et al. 1995b
also found the presence of SrSO on the membrane surface4
during oxidative coupling of methane in a mixed-conducting
perovskite membrane reactor, but he did not explain the phe-
nomenon. In this study, the origin of SrSO and CoSO was4 4

Žattributed to the interaction of a trace amount -1000 ppm
.according to the purity of gas of SO in the air and the2

helium with the surface of the membrane.
In addition to the perovskite phase and the sulfates, the air

surface of the membrane contains phases of SrO, Co O , and2 3
La O , and the helium surface contains only SrO and La O .2 3 2 3
These results show that segregation of surface elements oc-
curred over 110 h of oxygen permeation, which is in agree-

Ž .ment with the observation of Tsai et al. 1997 and ten Elshof
Ž .et al. 1995b . Although the perovskite phase is still present

on the membrane surface, the composition of the perovskite
phase must be very different from the fresh membrane due
to the formation of the other pure oxide phases summarized
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Figure 13. X-Ray diffraction patterns of tubular La0.6
Sr Co Fe O membrane after 110 h0.4 0.2 0.8 3-d

oxygen permation.
Ž . Ž .Perovskite: a helium sweeping side surface; b air sweep-

Ž . Ž .ing side surface; 1. SrSO 002 ; 2. Co O 002 ; 3. SrSO4 2 3 4
Ž . Ž . Ž . Ž .220 ; 4. CoSO 131 ; 5. SrO 220 , 6. SrO 311 ; 7. La O4 2 3
Ž .662 .

earlier.
Ž .The sulfates SrSO and CoSO and the segregation prod-4 4

Ž .ucts SrO, Co O , and La O that formed on the surfaces2 3 2 3
or in the bulk of the membrane may decrease either the rate
of bulk diffusion or the surface reaction, causing a decline in
the oxygen flux of La Sr Co Fe O membrane. Fig-0.6 0.4 0.2 0.8 3yd

ure 14 shows the oxygen permeation data of a tubular
La Sr Co Fe O membrane at 1,123 K after SO in0.6 0.4 0.2 0.8 3yd 2
the air and helium have been removed. In comparison to the
result shown in Figure 12, the oxygen permeation was stable

Figure 14. Oxygen permeation through the tubular
La Sr Co Fe O membrane for0.6 0.4 0.2 0.8 3 - d

long-term operation after SO in air and he-2
( )lium has been removed 1,123 K .

over a period of 80 h. Sulfur was not found on both surfaces
of the membrane after the permeation experiment from the
EDS results.

Conclusions
Tubular La Sr Co Fe O perovskite-type mem-0.6 0.4 0.2 0.8 3yd

branes were prepared by isostatic pressing. A mathematical
model was developed to simulate the performance of the
tubular perovskite-type dense membranes for oxygen perme-
ation. The experimental oxygen permeation fluxes increase
with the decrease of the downstream oxygen partial pressure
and the increase of the helium flow rate, which coincide with
the results of the oxygen permeation modeling study.

Parametric study indicated that during the oxygen perme-
ation, air should be supplied sufficiently. The oxygen perme-
ation flux decreases when the tube length increases. Increas-
ing the air flow rate will remit the decreasing of the oxygen
permeation flux. The oxygen permeation flux can be in-
creased by reducing the membrane thickness until it becomes
less than a characteristic value.

The oxygen flux decreased by about 30% over 110 h of the
oxygen permeation experiments. EDS and XRD analysis in-
dicated that SrSO , CoSO , SrO, Co O , and La O are4 4 2 3 2 3
formed on the surfaces of the tubular membranes due to in-
teraction between trace SO in the air and the helium with2
the surface of the membrane and segregation of surface ele-
ments. The changes on the surface chemical composition and
phase structure are responsible for the decline of the oxygen
permeation flux. The oxygen permeation of the tubular
La Sr Co Fe O membrane at 1,123 K was stable0.6 0.4 0.2 0.8 3yd

after SO in air and helium was removed.2
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