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bstract

rCo0.9Sc0.1O3 (SCSc) perovskite powders with sub-micron particle size were synthesized by a modified Pechini method combined with a post-
reatment of sintering and ball-milling. From the prepared powders, the SCSc hollow fibre membranes with asymmetric structure and gas-tight
roperty were fabricated by spinning a polymer solution containing 58.4 wt% SCSc followed by sintering at 1200 ◦C for 5 h. The oxygen permeation
roperties of the obtained SCSc fibres were measured under air/He gradients at 500–800 ◦C. This showed the oxygen flux of 1 mL cm−2 min−1
t 750 ◦C and 4.41 mL cm−2 min−1 at 900 ◦C. Modeling analysis reveals that the oxygen permeation process is predominated by oxygen surface
xchange kinetics with an activation energy of 95.0 kJ mol−1. The SCSc membranes showed excellent oxygen permeation performance while
xhibiting high structural and permeating stability at intermediate temperatures (500–800 ◦C).

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Oxygen is an important chemical widely used in many indus-
rial processes and other special fields like military, aerospace
nd medical applications. In particular, global climate change
s challenging the traditional fossil energy technology with
igh CO2 emission to atmosphere. The use of pure oxygen
nstead of air is able to reduce carbon emissions by CO2 cap-
ure. Currently purified oxygen is produced using cryogenic
istillation or pressure/vacuum swing adsorption (PSA) tech-
ique is too expensive and energy intensive for use in the
ower industry. One technology gaining significant interest
ecently is the ceramic membrane process, which is considered
o be an economically promising technique with the poten-

ial to reduce the oxygen production cost by 30% compared
o the conventional methods.1 The dense ceramic membranes
re made from mixed ionic and electronic conductors (MIECs)

∗ Corresponding author. Tel.: +86 533 2786292; fax: +86 533 2786292.
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Intermediate temperature

hich separate oxygen at elevated temperatures through the
urface exchange reaction and bulk diffusion mechanism as
hown in Fig. 1.2,3 In order to further reduce the energy con-
umption and assembling cost in practical applications, the
perating temperature has to be decreased, which may be
chieved either by using novel membrane materials with higher
xygen permeability or by increasing the membrane area per
nit volume.

Perovskite oxides with the general structure ABO3, where
lements for the A site can be chosen from calcium, barium,
trontium, cerium or other rare earth metals to form 12 coordi-
ation with adjacent oxygen ions, and the B site can be occupied
y the transition metal ions like cobalt and iron, have been
emonstrated to possess excellent oxygen ionic conductivity
nd oxygen permeability.4–8 According to the literature, per-
vskites containing cobalt such as SrCoO3−δ (SC)-based solid
olutions have the highest oxygen permeability.8–13 However,
hese perovskites must be structurally stabilized by substi-
uting SrCoO3−δ oxides with proper cations to form a solid

olution.14–19 Nagai et al.20 studied the relationship between
ation substitution and stability of perovskite structure in
C-based mixed conductors, and found that SrCo0.9Nb0.1O3−δ

xhibits the most stable perovskite structure and the high-
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Nomenclature

Notation
DV effective diffusivity of oxygen vacancy (cm2/s)
F gas feed flow rate (mol/s)
kr reverse surface exchange reaction rate constant

(mol/(cm2 s))
kf forward surface exchange reaction rate constant

(cm/(Pa0.5 s))
l length variable of the hollow fibre membrane (cm)
pa atmosphere pressure (1.013× 105 Pa)
pl, ps pressure in the lumen and the shell side (Pa)
p′O2

, p′′O2
oxygen partial pressure in the air- and the sweep-

side (Pa)
PO2 oxygen permeation flow rate (mol/s)
R gas constant (8.314 J/(mol K))
Rm algorithmic radius of the fibre,

Rm = (Ro−Rin)/ln(Ro/Rin)
Rin, Ro inner and outer radius of hollow fibre (cm)
T permeation temperature (K)
Vs, Vl volumetric flow rate of the shell and the lumen

gas stream (cm3/s)
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st oxygen permeability. Recently, Sc partially substituted
rCo0.95Sc0.05O3−δ oxide was also found to exhibit both high
xygen permeability and high structural stability but displayed
low mechanical strength.21

The ceramic hollow fibre membranes fabricated via the spin-
ing/sintering process have attracted considerable interests in
ecent years due to the large membrane area per unit volume and
ase of high temperature sealing compared to the conventional
isc and tubular forms.22–27 These hollow fibre membranes
sually possess an asymmetric structure consisting of a dense
ayer and porous substrate, which are formed in the spinning
rocess, and exhibit noticeably less resistance to oxygen perme-
tion. However, the hollow fibres must possess high mechanical
trength to be assembled into modules for the commercial appli-
ations.
In this study, we reported the development of SrCo0.9
c0.1O3−δ (SCSc) perovskite hollow fibre membranes with both
ood mechanical strength and favorable oxygen fluxes at inter-
ediate temperatures (500–800 ◦C). The oxygen permeation

ig. 1. Schematic of oxygen permeation across mixed ion-electron conducting
embranes.
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roperties of the prepared SCSc membranes were investigated
oth experimentally and theoretically.

. Experimental

.1. Materials

Sr(NO3)2 (>99.9%), Co(NO3)2·6H2O (>99.9%, both from
ermel Chem Inc., Tianjin, China), and Sc(NO3)3 (>99.99%,
utai Fine Chemicals Ltd., Shandong) were used as metallic
recursors for the preparation of SrCo0.9Sc0.1O3−δ (SCSc) pow-
ers. Citric acid (>99%, Ajax) and ethylene diamine tetraacetic
cid (EDTA) (AR, Longjili, Tianjin) were used as complexing
gents. Nitric acid and ammonium hydroxide were used to adjust
he pH of starting solution. Polyethersulfone, (PESf) [(Radel A-
00), Ameco Performance, USA] and N-methyl-2-pyrrolidone
NMP) [AR Grade, purity >99.8%, Kermel Chem Inc., Tian-
in, China] were used to prepare the spinning suspension.
olyvinylpyrrolidone (PVP, K90) [GAF® ISP Technologies,
nc. Mw = 630,000] was used as an additive. Deionized water
nd tap water were used as the internal and external coagulants,
espectively.

.2. Preparation of SrCo0.9Sc0.1O3−δ powders

SrCo0.9Sc0.1O3−δ (SCSc) oxide powders were synthesized
y a modified Pechini technique. EDTA powder was dissolved
n aqueous ammonium hydroxide (28.0–30.0%). Stoichiometric
uantities of Sr(NO3)2, Co(NO3)2 and Sc(NO3)3 together with
ome amount of citric acid in granular form were then added
n the above EDTA solution under constant stirring. To avoid
recipitation, a pH of 3–4 was maintained in the mixture using
itric acid and ammonium hydroxide. Molar ratios of EDTA,
itric acid, and total metal ions in the final solution were 1:2:1.
he transparent solution was heated at 80 ◦C for 4–5 h under
ontinuous stirring to remove the excess water until a viscous
el was formed. The gel was heated by a hot plate. As the tem-
erature was increased to around 450 ◦C, auto-combustion took
lace to form a fluffy black powder, i.e., the SCSc powder pre-
ursor. Under an air flow, the powder precursor was calcined at
00–1000 ◦C for 5 h in a furnace to remove the residual carbon
nd form the desired structure. For spinning hollow fibre mem-
ranes, the powders calcined at 900 ◦C were ball-milled for 48 h,
ollowed by sieving to a 200-mesh to exclude agglomerates.

.3. Preparation of SrCo0.9Sc0.1O3−δ hollow fibre
embranes

A dry–wet spinning method was used to fabricate SCSc
ollow fibre precursors as described elsewhere.23 In this
ork, the spinning solution is composed of 58.4 wt% SCSc
owders, 7.5 wt% polyethersulfone (PESf), 33.3 wt% 1-methyl-
-pyrrolidinone (NMP) and 0.8 wt% polyvinyl pyrrolidone

PVP, K90). The hollow fibre precursors were sintered at
000–1200 ◦C for 5 h with a continuous air flow of 50 mL min−1

o form gas-tight membranes. The preparation conditions are
ummarized in Table 1.
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Table 1
Preparation conditions of the SCSc hollow fibre membranes.

Experimental parameters Values

Compositions of the starting solution
SrCo0.9Sc0.1O3−δ 58.4 wt%
PESf, Radel A-300 7.5 wt%
NMP 33.3 wt%
PVP K90 0.8 wt%

Spinning temperature 28 ◦C
Injection rate of internal coagulant 10.3 mL min−1

Spinning pressure 0.12 MPa
Air gap 1.0 cm
S ◦
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intering temperature 1000–1200 C
intering time 5 h
ir flow rate in sintering 50 mL min−1

.4. Oxygen permeation measurements

Oxygen permeation properties of the SCSc hollow fibre
embranes were investigated in an oxygen permeation cell

chematically shown in Fig. 2. The SCSc hollow fibre membrane
f about 30 cm length was housed in a quartz tube (Φ18 mm
iameter and 400 mm length) with 1592 high-temperature sil-
cone sealant (purchased from Tonsan New Materials and
echnol. Co., Beijing) that is able to withstand up to 350 ◦C. The
ermeation cell was positioned in a Φ22 mm× 180 mm tubular
urnace having 50 mm effective heating length. Air was fed to
he shell side while helium sweep gas was passed through the
bre lumen to collect the oxygen permeate. The gas feed flow
ates were controlled by mass flow controllers (D08-8B/ZM,
hanxi Chuangwei Instrument Co. LTD, China) calibrated using
soap bubble flow meter. Effluent flow rates were measured by

he bubble flow meter. Composition of the permeate gas was
easured online using a gas chromatograph (Agilent 6890N)
tted with a 5 Å molecular sieve column (Φ3 mm× 3 m) and
TCD detector. Highly pure hydrogen was used as the carrier
as and the flow rate was fixed at 40 mL min−1. GC calibration
as performed using a gas standard mixture consisting of 5%
xygen, 5% nitrogen and 90% helium (mole fractions within
2% accuracy) purchased from Baiyan Gases Ltd. Co., Zibo.
ll gas composition measurements were made after 20 min fol-

owing a temperature change or sweep gas rate change. The
xygen permeation rate of the membrane was calculated from
he concentration change of oxygen in the helium stream:
O2 =
FHeyO2

1− yO2

(1)

here FHe is the helium feed flow rate and yO2 is the oxygen
oncentration in the helium effluent.

t
o
t
D

Fig. 2. Schematic graph of the ho
ramic Society 29 (2009) 2815–2822 2817

.5. Characterization methods

Thermogravimetric analysis (TGA) and differential thermal
nalysis (DTA) were conducted in a TG/DTA system (MDSC
100, TA) with a scanning rate of 10 ◦C min−1. Ten mil-

igram powder was placed in the sample holder and then heated
rom room temperature to 1200 ◦C in air with a flow rate of
0 mL min−1. Weight and the heat flux changes were recorded
s a function of temperature.

The crystal phases of the prepared SCSc powders and the hol-
ow fibres were ascertained by X-ray diffraction (BRUKER D8
dvance, Germany) using Cu-K� radiation (λ = 0.15404 nm).
he hollow fibres were ground into fine powders prior to the
RD measurements. Continuous scan mode was used to col-

ect 2θ data from 20◦ to 80◦ with a 0.02◦ sampling pitch and a
◦min−1 scan rate. The X-ray tube voltage and current were set
t 40 kV and 30 mA, respectively.

Microstructure and morphology of the SCSc powders and the
ollow fibres were observed by scanning electron microscopy
SEM) (FEI Sirion-200, the Netherlands). Gold sputter coating
as performed on the fibre samples under vacuum before the
easurements.
The gas-tightness of the sintered SCSc hollow fibre mem-

ranes was tested through a gas permeation measurement as
escribed elsewhere.28 The hollow fibre was glued to a stainless
teel sample holder using epoxy resin. The sample holder was
hen housed into a stainless steel cylinder in which the pressure
as controlled with nitrogen gas. The gas permeance of the hol-

ow fibre membrane could be calculated based on the pressure
hanges in the cylinder with time.

. Results and discussion

.1. SCSc powders

A modified Pechini technique was used to synthesize the
CSc powders where ethylenediaminetetraacetic acid (EDTA)
nd citric acid (CA) are used as chelating agents to form the
omplexing solution. Deep-purple transparent gel-like precur-
or was obtained when the aqueous solution was continuously
hickening. Because no precipitation occurred over the entire
ondensation process, the compositional homogeneity of metal
on distribution on atomic level in the aqueous solution could
e well maintained in the resulting gel. Continuous heating of

he gel triggered the auto-combustion, during which most of the
rganics were removed with further heat treatment converting
he powders into perovskite structure. Fig. 3 shows the TGA and
TA curves of the SCSc powder precursor after combustion.

llow fibre permeation cell.
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Fig. 3. TGA/DTA curves of the SCSc powders after combustion.

s can be seen, the TGA curve shows a two-stage weight loss
rofile. The first stage with a span of 350–450 ◦C is attributed
o the burnout of carbon residue left from the previous auto-
ombustion process, corresponding to a high exothermic peak
t around 400 ◦C on the DTA curve. The second stage is a faster
eight loss of about 15% in the range of 700–860 ◦C, corre-

ponding to a DTA endothermic peak at around 850 ◦C. This is
ue to the thermal decomposition of carbonates to oxides dur-
ng the formation of perovskite phase. After 900 ◦C, no more
eight loss is noticed as the sample achieves the final perovskite

tructure.
The crystalline phase development as a function of sinter-

ng temperature is depicted by the XRD patterns plotted in
ig. 4. As can be seen, the starting precursor obtained after auto-
ombustion is a mixture of metal oxides or carbonates such as
rCO3 and Co3O4 in addition to other unknown intermediate
hases (Fig. 4a). For the samples calcined at 800 ◦C, the XRD
attern displays the existence of perovskite and SrO phases as
hown in Fig. 4b. With sintering temperature above 850 ◦C, the
amples have already reached the pure cubic perovskite phase,
hich is seen by the characteristic diffraction peaks with the

espective 2θ angles at 32.76, 40.3, 46.86, 58.32, 68.46 and 77.96
s shown in Figs. 4c and d. These results further confirm that
he formation of perovskite phase starts at around 850 ◦C.

Fig. 5 displays the morphology of the SCSc perovskite pow-

ers for spinning hollow fibres. It can be seen from Fig. 5a
hat the SCSc particles have shown some agglomeration during
he calcination process. These agglomerates can be harmful to
he uniform dispersion of SCSc particles in the spinning solu-

l
i
i
c

Fig. 5. SEM micrograph of the SCSc powders (a) before m
ig. 4. XRD patterns of the SCSc powders (a) after auto-combustion and (b)
intered at 800 ◦C, (c) 900 ◦C and (d) 1000 ◦C for 5 h (�, �, ♦ represent the
eaks of perovskite, Co3O4 and SrCO3, respectively).

ion, which brings about defects in the resultant hollow fibres. In
rder to obtain uniform powders, the post-treatment including
all-milling and sieving were carried out. As can be seen from
ig. 5b, the post-treated powders are very uniform with an aver-
ge particle size of 0.5 �m. Such a post-treatment is essential to
btain the necessary quality perovskite powders to synthesize
as-tight hollow fibre membranes.

.2. SCSc hollow fibre membranes

SEM micrographs of the SCSc hollow fibre precursors and
intered fibres are shown in Fig. 6. Fig. 6(1a) shows that the typ-
cal outer and inner diameter (o.d./i.d.) of the fibre precursors
re around 2.35/1.73 mm, respectively. From Fig. 6(1b), it can
e seen that short finger-like structures are present at the outer
nd inner sides while a sponge-like structure is possessed in the
entral region of the precursor. The formation of such asymmet-
ic structure can be attributed to the nature of the precipitation
s the rapid precipitation occurred at both the inner and outer
alls close to coagulants resulting in short finger pores but the

low precipitation at the center of the fibre giving the sponge-

ike structure.23 Micrographs of Fig. 6(1c and d) display the
nner/outer surfaces of the hollow fibre precursor, from which
t can be seen that small SCSc particles are well dispersed and
onnected with each other by the polymer binder. Fig. 6(2a–d)

illing and sieving, (b) after ball-milling and sieving.
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ig. 6. SEM pictures of (1) the SCSc hollow fibre membrane precursor and the
bre wall, (c) inner surface, (d) outer surface.

hows the micrographs of the hollow fibres sintered at 1000 ◦C
or 5 h. After sintering, the o.d./i.d. of the fibres shrank from
.35/1.73 mm to 2.17/1.60 mm, respectively, due to the removal
f organics and densification of the porous structure. The cross-
ectional structure of the sintered fibres shown in Fig. 6(2b) is
imilar to that of the fibre precursor suggesting that the sintering
oes not change the general structure of the hollow fibres. With
intering, the fibres become porous due to the removal of organic
inders however the SCSc particles became partly coalesced as
hown in Fig. 6(2c and d). When the sintering temperature is
ncreased to 1100 ◦C, the o.d./i.d. of the fibres further shrank to
.87/1.34 mm, respectively (Fig. 6(3a)). Fig. 6(3b) shows that
lthough the sandwiched structure is retained, the quantity and
ize of the pores have greatly reduced after sintering. Further-
ore, the SCSc particles grew leading to bigger and clearer

rain boundaries as shown in Fig. 6(3c and d). During the gas
ermeation tests, the hollow fibres sintered at 1100 ◦C exhibited

itrogen permeability of ∼8.7× 10−4 mL cm−2 min−1 kPa−1,
nd thus were not completely gas-tight. Accordingly, the sinter-
ng temperature was further increased to 1200 ◦C. Fig. 6(4a–d)
isplays the microstructure of the resultant hollow fibres. As can

o
m
o
a

red membrane at (2) 1000 ◦C, (3) 1100 ◦C, (4) 1200 ◦C. (a) Cross-section, (b)

e seen, the o.d./i.d. of the fibres became 1.72/1.24 mm, respec-
ively, and the SCSc grain size in the membrane increased to
–5 �m. The nitrogen permeability of these membranes was less
han 1× 10−6 mL cm−2 min−1 kPa−1, which was measured by
ressure change but could not be detected by bubble flow meters.
herefore, the SCSc hollow fibres have to be sintered at 1200 ◦C

n order to obtain completely gas-tight membranes. The pores
n the inner surface (Fig. 6(4c)) have no effect on the gas-tight
uality of the membrane as both the central layer and the outside
ayer provide the necessary densification.

.3. Oxygen permeation through the SCSc membranes

Oxygen permeation through the SCSc hollow fibre mem-
ranes was tested using air as feed in the shell side and helium
s sweep gas in the lumen side. At elevated temperatures, oxy-
en permeates from the air- to the sweep-side in the form of

xide ions under the oxygen concentration gradient across the
embrane, resulting in the changes of oxygen concentrations

n both the air- and the sweep-side along the hollow fibre. In
ddition, the permeation temperature also varies with the fibre
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ength from the inlet because a temperature profile is always
resent in the furnace tube. In order to analyze the membrane’s
ermeation property, a mathematical model of the permeation
ell is presented as follows.

The following assumptions were adopted for the development
f the mathematical model: (1) isothermal operation. It implies
he permeation of the fibre beyond the constant temperature zone
5 cm) may be neglected as the permeability of the MIEC mem-
ranes decreases exponentially with decreasing temperature; (2)
lug flow for both the air and the sweep gas; (3) independence of
he surface exchange rate constants and vacancy diffusion coef-
cient with oxygen partial pressure; (4) negligible mass transfer
esistance between the gas and the membrane surface; (5) ideal
as behavior. The mass conservation equations for the shell and
umen gas streams can be written, respectively, as:

hell side for oxygen :
d

dl

(
p′O2

Vs

RT

)
= −2πRmJO2 (2)

hell side for nitrogen :
(ps − p′O2)Vs

RT
= 0.79FAir (3)

umen side for oxygen :
d

dl

(
p′′O2

Vl

RT

)
= 2πRmJO2 (4)

umen side for helium :
(pl − p′′O2

)Vl

RT
= FHe (5)

ith the boundary condition:

= 0, p′O2
= 0.21pa, p′′O2

= 0 (6)

here p′O2
and p′′O2

are the oxygen partial pressures in the air-
nd the sweep-side, respectively; Vl and Vs are the volumetric
ow rates of the lumen and the shell gas stream; pl and ps are
espectively the pressures in the lumen and shell side, and here
qual to atmospheric pressure, i.e., pl = ps = pa = 1.013× 105 Pa;
m the logarithmic radius, Rm = (Ro−Rm)/ln(Ro/Rin) , in which
o and Rin are respectively the outer and the inner radius of the
bre; FAir and FHe are the molar feed flow rate of air and sweep
as, respectively; R is ideal gas constant and T is the operat-
ng temperature. The local oxygen permeation flux through the

IEC hollow fibre membranes, JO2 can be given by28–30:

O2 =
kr

[
(p′O2

)0.5 − (p′′O2
)0.5
]

Rm/Ro(p′′O2
)0.5 + (2kf (Ro − Rin)/DV ) (p′O2

p′′O2
)0.5

+Rm/Rin(p′O2
)0.5

(7)

here DV is the diffusion coefficient of oxygen vacancy; and kf
nd kr are, respectively, the forward and the reverse reaction rate
onstants for the surface exchange reaction:

1 •• kf /kr x •

2 O2 + Vo ←→Oo + 2h (8)

here the charged defects are defined using the Kröger–Vink
otation. That is, O×o stands for lattice oxygen, V

••
o for oxygen

acancy and h
•
i for electron hole.

r
a
t
o

ig. 7. Effect of sweep gas flow rate on (a) the oxygen permeate concentration
nd (b) the oxygen permeation flux through the SCSc hollow fibre membranes
t different temperatures (effective membrane area = 2.06 cm2).

For the membranes having a small thickness, the perme-
tion at lower temperatures is mainly controlled by the surface
xchange kinetics.21,30 Eq. (7) then reduces to:

O2 =
kr

[
(p′O2

)0.5 − (p′′O2
)0.5
]

Rm/Ro(p′′O2
)0.5 + Rm/Rin(p′O2

)0.5 (9)

Fig. 7 shows the oxygen permeate concentration and the
verall oxygen permeation rate as a function of helium sweep
as flow rate at intermediate temperatures (500–800 ◦C), where
he air feed flow rate is fixed at 200 mL min−1. As expected
y increasing sweep flow rate at a given permeation tempera-
ure, the oxygen concentration decreases in the sweep-side and
ence the driving force for oxygen permeation is increased. This
mprovement leads to an increased oxygen permeation rate, as
hown in Fig. 7b. However, such an increase in oxygen perme-
tion rate is minimal at lower temperatures as the permeation
ate is more limited by temperature activation than by driv-
ng force. On the other hand, for a fixed sweep gas flow rate,
he oxygen permeation rate increases with increasing tempera-
ure as both the exchange reaction rate and the ionic diffusion
ate show temperature activation. This leads to an increase in
he oxygen permeate concentration implying that the operating
emperature plays a more important role than the driving force
n oxygen permeation through SCSc membranes. The mod-
ling results based on Eq. (9) are also plotted with the solid
urves in Fig. 7, where the surface exchange reaction constants
re obtained by regressing the experimental data with the least
quares method. It can be seen that the experimental data are
n excellent agreement with the modeling results. Moreover, the

elationship between the surface exchange reaction constant, kr

nd temperature can be depicted quite well with Arrhenius equa-
ion (R2 = 0.998), as shown in Fig. 8. Such results indicate the
xygen permeation process in the SCSc hollow fibre membranes
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Fig. 8. Plot of the surface exchange reaction constant against tempera-
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Fig. 10. Long-term test of oxygen permeation (operating temperature = 800 ◦C,
air feed flow rate = 180 mL min−1, sweep gas flow rate = 74 mL min−1, effective
membrane area = 2.06 cm2).
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ure (� this work; � La0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF) disc membrane3; ♦
a0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) fibre membrane30; � highly asymmetric
SCF fibre membrane31).

s controlled by the surface exchange kinetics in the temper-
ture range of 500–800 ◦C. The activation energy obtained
rom the slope of the Arrhenius line is Ea = 95.0 kJ mol−1,
hich is close to that for the SrSc0.05Co0.95O3−δ disc
embranes.21 For a better comparison, the surface exchange

eaction constants of the Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF)30

nd La0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF)3,31 membranes are also
lotted in Fig. 8. From this comparison, it can be seen that the
r for the SCSc membrane may be of at least one order of mag-
itude higher than that for the LSCF and BSCF membranes in
he lower temperature range. This means the SCSc hollow fibre

embranes possess much better low-temperature permeation
erformance than the other membranes. For example, the SCSc
embrane could provide 1 mL cm−2 min−1 (calculated by 5 cm
bre length with 2.06 cm2 membrane area) permeation flux at

emperature as low as 750 ◦C, whereas LSCF or BSCF mem-
ranes required temperatures higher than 850 ◦C to provide the
ame permeation rate.

Fig. 9 compares the experimental permeation rates with the
odeling results at different temperatures, where the sweep and

he air feed flow rates are fixed at 59.3 and 200 mL min−1,
espectively. It can be seen that the experimental data agrees
ell with the modeling results although the permeation rate con-
tant kr was obtained only from the low-temperature data. As the
emperature is increased from 500 to 900 ◦C, the overall oxygen
ermeation rate increases from 0.09 to 6.25 mL min−1. How-

ig. 9. Effect of temperature on the oxygen permeation through the SCSc
embrane (He flow rate = 59.2 cm3 min−1; air feed flow rate = 200 cm3 min−1,

ffective membrane area = 2.06 cm2).
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ig. 11. XRD patterns of (a) the fresh hollow fibre membrane and (b) the used
CSc fibre after oxygen permeation measurements.

ver, if the sweep gas flow rate is increased to 147 mL min−1, the
xygen permeation rate can attain up to 9.53 mL min−1 at 900 ◦C
ith the corresponding permeate concentration of 7.16%. That

s to say, the oxygen permeation flux through the SCSc hol-
ow fibre membranes may reach at least 4.41 mL cm−2 min−1

t 900 ◦C, which is much higher than those obtained from other
IEC membranes.
A long-term operation test was also conducted on the SCSc

ollow membranes under the condition of 800 ◦C, 74 mL min−1

weep gas and 180 mL min−1 air feed flow rates. The oxygen
ermeate concentration and the permeation rate plotted against
peration time are shown in Fig. 10. As can be seen, the oxygen
ermeation rate varies within a very narrow range, i.e., from 3.45
o 3.50 mL min−1 in the entire 181 h duration. This shows that
he SCSc membrane is very stable when operated at intermediate
emperatures. Its stability has been also further confirmed by the
RD measurements on the used and the fresh fibre membranes.
he perovskite structure has been well preserved after the long-

erm permeation test, as shown in Fig. 11.

. Conclusions

SrCo0.9Sc0.1O3 (SCSc) powders having a sub-micro par-

icle size were synthesized by a modified Pechini method.
n order to make the powders appropriate for spinning hol-
ow fibre membranes, the post-treatment including sintering at
00 ◦C and ball-milling is necessary. Gas-tight SCSc hollow
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bre membranes with an asymmetric structure can be fabri-
ated by spinning a polymer solution containing SCSc powders
ollowed by sintering at 1200 ◦C for 5 h. The resulted SCSc
embranes not only possess high oxygen permeation fluxes,

.e., 1 mL cm−2 min−1 at 750 ◦C and 4.41 mL cm−2 min−1 at
00 ◦C, respectively, but also exhibit high structural and stable
ermeating stability at intermediate temperatures (500–800 ◦C).
he oxygen permeation process though the SCSc membranes is
redominated by the oxygen surface exchange kinetics with the
ctivation energy of 95.0 kJ mol−1.
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