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Zr-substituted perovskite membrane for air separation
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bstract

Zr-substituted Ba0.5Sr0.5Co0.8Fe0.1Zr0.1O3−δ (BSCFZO) powders for oxygen membrane were synthesized by the solid-state reaction (SSR)
ethod. Oxygen permeation fluxes (JO2 ) across the dense Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCFO) and BSCFZO membrane disks were measured at

73–1123 K, and they increased as BSCFO (synthesized by improved EDTA–citric acid complexing method, ECC) > BSCFO (SSR) > BSCFZO.
he reduced oxygen permeability of Zr-substituting BSCFZO material can be attributed primarily to the higher oxidation state of Zr cations than
nes of iron cations, thus lead to the decrease in the oxygen vacancy concentration in BSCFO. Oxygen permeation measurements with different
xygen partial pressure gradients and membrane thicknesses demonstrate the bulk oxide ionic diffusion is the rate-limiting step for the BSCFZO
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embrane in the range of temperatures investigated (973–1123 K). The enhanced stability of BSCFZO demonstrated by the differential thermal
nalysis (DTA) and high-temperature X-ray diffraction (HT-XRD) characterizations, show that the structural stability can be improved when the
e ions in the B-sites of BSCFO materials are substituted partially by Zr cations.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Oxygen-deficient perovskite-type oxides (ABO3) are of
nterest for practical applications in solid oxide fuel cell, oxy-
en sensor, and as oxygen-permeable membranes for oxygen
eparation at elevated temperatures [1–8], especially as mem-
rane reactors for the selective oxidation of light hydrocarbons
1,4,7,8]. Along with predominantly electronic conductivity,
hese perovskite oxides exhibit high oxygen ionic conduction,
hich often is greater than that in the solid electrolytes of the sta-
ilized ZrO2 or doped CeO2 [1]. The family of perovskite-type
rCo1−xFexO3−δ had been demonstrated to possess excellent

onic conduction and oxygen permeability by many researchers
1,3,7–12]. As one of the typical perovskite membrane materials,

rCo0.8Fe0.2O3−δ (SCFO), which possesses attractive oxygen
ermeability, the physicochemical properties for it, such as the
urface exchange kinetics, the electronic/oxide ionic conductiv-
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ties, the oxygen nonstoichiometry and structural stability, as
ell as the oxygen permeation and its mechanism, had been

tudied extensively [1,3,9,10]. Unfortunately, the poor chemical
nd structural stability (possible phase decomposition, segre-
ation or transformation) of SCFO in the reduced environment
imited its potential applications. In addition, SCFO material
ossess some other disadvantages, such as the extremely high
hermal expansion coefficients and the insufficient mechanical
trength, which further enable it to be improper as separation
embranes for oxygen separation and/or membrane reactors

or partial oxidation of light alkanes [1,3,8–12].
In order to overcome those disadvantages of SCFO men-

ioned above, extensive work had been performed on it
1,6,8,9–13]. Based on the SCFO material, Ba0.5Sr0.5Co0.8
e0.2O3−δ (BSCFO) perovskite-type material synthesized by

he improved EDTA–citric acid complexing method, exhibits
ood oxygen permeability and permeation stability performance
8,11–13]. Through the proper substitution of Sr2+ in SCFO
y the Ba2+ with a larger ionic radius, its structural stability

as improved, and the oxygen permeability and its stability
ere also increased. However, the structural and oxygen per-
eation stability of the BSCFO membrane was still not good at

he temperatures lower than 1123 K [11].

https://core.ac.uk/display/357194393?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:yangws@dicp.ac.cn
dx.doi.org/10.1016/j.mseb.2007.05.006
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We had developed some novel membrane materials with
mproved oxygen permeability and structural stability, which
ould be applied as oxygen-separation membranes or mem-
rane reactors for the selective oxidation of light hydrocarbons
6,8,11–13]. The interests for Zr-substituted system are associ-
ted with the possible improvement of the mechanic, structural
nd stable performance of SrCo(Fe)O3−δ ceramics, which can
e achieved by the partial substitution of Fe ions with Zr4+

14]. In this paper, Zr-substituted Ba0.5Sr0.5Co0.8Fe0.1Zr0.1O3−δ

embrane materials were synthesized. Furthermore, the crystal
tructure, oxygen permeation, as well as structural stability of
a0.5Sr0.5Co0.8Fe0.1Zr0.1O3−δ membranes were studied.

. Experimental

.1. Preparation of powders and membranes

The oxide powders of Ba0.5Sr0.5Co0.8Fe0.2O3−δ (designated
s BSCFO) and Ba0.5Sr0.5Co0.8Fe0.1Zr0.1O3−δ (designated as
SCFZO) oxygen-permeable membranes were synthesized by

he solid-state reaction (SSR) method. The analytical reagents of
aCO3, SrCO3, Co2O3, Fe2O3 and ZrO2 were used as the start-

ng materials. Weighted in the aimed stoichiometry, they were
ixed and milled well, and calcined at different temperatures

1123–1323 K) for 10 h with several intermediate grindings, and
hen the final oxide powders were obtained. As for BSCFO,
he improved EDTA–citric acid complexing (ECC) method was
lso used, and the synthesis details were presented in previ-
us references [11–13]. The calcined powders were dry-pressed

t 15–20 MPa into pellets with diameter 16–17 mm, thickness
–2 mm. The green disks were sintered by using heating rate
–2 K/min to 1423–1473 K, holding for 3–10 h, and then cool
own with the same rate to room temperature. These membranes

a
t
b
e

Fig. 1. Setup of the high-temperature permeato
gineering B  141 (2007) 55–60

ere dense sintering bodies with closed pores as verified by gas
esting, and the relative densities of ∼91% were obtained for
hese membrane disks.

.2. Characterizations

The crystal structure of the synthesized powders and sin-
ered membranes were characterized by X-ray diffraction
XRD, Miniflex, Rigaku, Japan, using the Cu K� radiation,
.1542 nm). The high-temperature XRD (HT-XRD) experi-
ents were performed in air by using a RINT D/MAX-2500/PC
RD instrument (Cu K� Rigaku, Japan) equipped with a
igaku PTC-30 heating unit. The HT-XRD output power was
0 kV × 100 mA, and the heating rate of the sample was 5 K/min.
he temperature was held constant from the room temperature

o 1373 K with an accuracy of about ±1 K.
Differential thermal analysis (DTA) was carried out at a scan

ate of 10 K/min by using TG/DTA system (Perkin-Elmer, Pyris-
iamond). Samples in platinum boats, were measured with

espect to an aluminum oxide reference.

.3. Oxygen permeation measurements

Fig. 1 presents the configuration of high-temperature per-
eator unit for oxygen permeation measurements. Two kinds

f special sealants were used as the high-temperature binding
gents to seal the disc onto the stainless steel tube B (SS-B),
nd the side wall of the membrane disc was also covered with
he paste to avoid the radial contribution to the oxygen perme-

tion. The leakage was below 5% for all determinations, and all
he calculated oxygen permeation fluxes (JO2 ) were corrected
ased on the measured leakage. Oxygen partial pressure differ-
nce across the membrane disks was established by using air on

r for oxygen permeation measurements.
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he primary side and pure helium (He) gas on the secondary per-
eable side at atmospheric pressure. The air flow rate was kept

t 150 ml/min on the primary side (sweep side, oxygen partial
ressure: 0.21 atm), and He as sweep gas flow rates were in the
ange of 20–80 ml/min on the opposite side (permeation side,
xygen partial pressure varying on He flow rate). The oxygen
ermeation fluxes were calculated from O2 concentration in the
ffluents of the permeated side of membrane disk by gas chro-
atography (GC, Agilent 6890 Plus, equipped with TCD and
13× molecule sieve column for O2 and possibly leaked N2

eparation) analysis. The details about the oxygen permeation
easurements for the dense membrane disks were described

reviously [6,11,12].

. Results and discussion

Fig. 2 shows the room temperature XRD patterns of the sin-
ered BSCFO and BSCFZO membranes. It can be seen that
he purely cubic perovskite-type structures were observed for
oth sintered BSCFO membrane disks synthesized by ECC and
SR methods (as shown in Fig. 2). While for BSCFZO mate-
ial (Fig. 2c), minor impurities phase (Ba,Sr)ZrO3 was found.

eanwhile, the expansion of lattice parameter (a = 0.3989 nm)
f the cubic perovskite was observed due to the dissolution
f larger ionic radius Zr4+ (r = 186 pm) ions in the B sites of
SCFO perovskite-type structure [14–16]. It was also reported

hat the solid solubility of ZrO2 in the B-sites of La0.7Sr0.3MnO3
LSM) lattice occurred when exposed to Y2O3-stabilized ZrO2
YSZ), which resulted in the lattice expansion of LSM [17]. For
SCFO sample fabricated by SSR method, the lattice parame-

er (a) is 0.3977 nm, which is in agreement with that of BSCFO
repared by ECC method [11]. The lattice parameter of BSCFO
s larger than that of SCFO (a = 0.3863 nm), and it might be due

2+
o the larger ion size of Ba (175 pm) than that (158 pm) of
r2+.

Fig. 3 shows the oxygen permeation fluxes (JO2 ) of the dense
SCFO and BSCFZO membrane disks synthesized by SSR

ig. 2. XRD patterns of BSCFO and BSCFZO membranes: (a) BSCFO-ECC;
b) BSCFO-SSR and (c) BSCFZO. *, impurity (Ba,Sr)ZrO3.
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ig. 3. Oxygen permeation fluxes of BSCFO and BSCFZO membranes disks at
73–1123 K, membrane thickness L: 1.46 mm.

ethod at 973–1123 K. For comparison, the oxygen permeation
uxes of BSCFO synthesized by ECC method are also presented.
s for BSCFO membrane disk prepared by SSR method, the
xygen permeation fluxes could be reached 0.41 ml/(min cm2)
t 973 K, and 1.05 ml/(min cm2) at 1123 K, respectively. These
alues are slightly lower than ones for BSCFO membrane
ynthesized by ECC method, 0.50 ml/(min cm2) at 973 K
nd 1.09 ml/(min cm2) at 1123 K, respectively. The prepara-
ion methods and sintering of membrane can influence on
he physicochemical features of resultant membrane such as

icrostructure and crystallinity, and on the uniformity of local
omposition, possibly resulting in the difference of oxygen per-
eability [18–20]. In addition, these oxygen permeation results

urther demonstrated that BSCFO membrane possess excellent
xygen permeability.

Moreover, it can also be seen that the oxygen permeation
uxes of BSCFZO are lower than ones of BSCFO (as shown

n Fig. 3). For the partially Zr-substituted BSCFZO mate-
ial, Zr cations with relative higher ionic value state (4+) are
ncorporated into the B-sites of BSCFO perovskite structure,
eading to the decrease in the oxygen vacancy concentration,
ust like Ce3+/4+ (or Cr3+/4+) as dopant [6,21,22]. In addition, Zr-
ncorporation into BSCFO can also increase the metal–oxygen
M–O) bonding energy and reduce the oxygen ionic conduc-
ivity, thus resulted in the lowered oxygen permeability. In the
uch case, oxygen anions near Zr4+ may be partially blocked
nd provides a minor contribution to the totally ionic trans-
ort [14]. The assumption could also be demonstrated based
n the fact that oxygen ionic conduction in Cr-containing
rCo0.9−xFe0.1CrxO3−δ (x = 0.01–0.05) perovskites were lower

han that in the parent compound, SrCo0.9Fe0.1O3−δ [21,22].
eanwhile, the impurities (Ba,Sr)ZrO3 existing in perovskite
SCFZO may have certain contributions to the lowered oxygen

ermeability of BSCFZO membranes, which can block partly
he oxygen ions transport route in the bulk and influence neg-
tively on oxygen surface exchange kinetics at the membrane
urfaces.
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ig. 4. Oxygen permeation fluxes of BSCFZO membranes with (a) sweep gas
ow rate (L: 1.46 mm), and (b) membrane thickness (L), at 973–1123 K.

Fig. 4 presents the dependences of oxygen permeation fluxes
f BSCFZO membranes on the sweep gas (He) flow rate and
embrane thickness (L). It can be seen in Fig. 4a, the oxygen

ermeation flux was increased with the sweep gas flow. It is
ttributed to the higher oxygen partial gradient across the mem-
rane as the sweep gas flow rate increases, and then result in the
ncreasing of oxygen permeation flux of membrane, as expected.

oreover, it can also be seen that the oxygen permeation flux
ncreased with decreasing membrane thickness in the range of
emperature investigated (as shown in Fig. 4b).

For the dense mixed-conducting oxygen-permeable mem-
rane, the bulk oxygen ionic diffusion and surface exchange
inetics steps are crucial for the whole oxygen transporting
rocess [1,3–5,9,10]. According to the surface exchange cur-
ent model suggested by Jacobson and co-workers [9,10], the
xygen permeation flux (JO2 , mol s−1 cm−2) is given by the fol-
owing equation if the bulk oxygen ionic diffusion process is the
ate-limiting step for oxygen permeation across the disk-type

embrane:

O2 = CiDa

4L
ln

(
P2

P1

)
(1)

o

c
p

ig. 5. Dependences of oxygen permeation flux of BSCFZO membrane on (a)
xygen partial pressure term, ln(P2/P1), and (b) membrane thickness (1/L), at
73–1123 K.

here Ci (mol/cm3) is the density of oxygen ions, Da (cm2/s) the
mbipolar diffusion coefficient, L (cm) the thickness of mem-
rane disk, P1 (atm) and P2 (atm) are the oxygen partial pressure
or the low and high oxygen partial pressure sides across the
embrane disk, respectively [9,10]. Eq. (1) predicts that, if the

ulk oxide ionic diffusion process limits the oxygen permeation
ransport, the oxygen permeation fluxes should be proportional
o the oxygen partial pressure gradients term ln(P2/P1), and to
he reciprocal of the thickness (1/L) of the membrane disks.
ig. 5a shows the dependences of the oxygen permeation fluxes
f BSCFZO membrane on pressure term ln(P2/P1), in the
emperature range of 973–1123 K. It can be seen that linear
elationships were obtained in the range of temperatures inves-
igated. Fig. 5b also shows the oxygen permeation fluxes were
asically proportional to the reciprocal of the membrane thick-
ess (1/L). The results demonstrate that the bulk oxide ionic
iffusion process is dominant across the BSCFZO membrane,
nd the contribution from the surface exchange kinetic steps
ay be poor or negligible to the overall rate-limiting process of
xygen permeation.
As for an oxygen-permeable membrane for practical appli-

ations, it is not enough to possess only excellent oxygen
ermeability, and the good stability of oxygen permeation is also
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ig. 6. DTA curves in the heating and cooling processes for BSCFO and
SCFZO: (a) BSCFO and (b) BSCFZO.

ery crucial [1,3,11]. The BSCFZO membranes exhibit good
tability of oxygen permeation even at lower temperature of
023–1048 K. However, a decay in the oxygen permeation was
ound for BSCFO membranes at lower temperatures (<1123 K)
11,23]. The different phase compositions in the surface layer
nd the bulk demonstrated that surface segregation might be one
eason for the oxygen permeation decay at reduced temperature
<1123 K). Meanwhile, the formation of carbonates on the mem-
rane surface and the phase degradation/transformation possibly
ight be other important reasons [11,13,23]. The approximate

tability limit of perovskite SrCo0.9Fe0.1O3−δ doped by Cr ions
as determined from the equilibration kinetics, and signifi-

antly improved phase stability could be obtained [21,22]. The
mproved stability of SCFO material may be attributed to the
igher oxidation state of Cr3+/4+ cations with respect to Fe
ons because the presence of these higher oxidation ions in B-
ites may stabilize neighboring octahedral oxygen resulting from
tronger columbic attraction.

To elucidate the structural stability of BSCFO and BSCFZO
aterials, the DTA and HT-XRD were performed. The DTA

urves of BSCFO and BSCFZO materials are shown in Fig. 6,
nd a small endothermic peak at 818 ◦C in heating pro-
ess for BSCFO material was found. However, no obvious
ndothermic or exothermic peaks were observed for BSCFZO
aterial in the heating and cooling processes. Furthermore, the

igh-temperature XRD experiments of BSCFO and BSCFZO
owders were also conducted (as shown in Fig. 7). Two
dditionally unidentified diffraction peaks appeared when the
emperature increased to 1073 K (Fig. 7a), indicating the occur-
ence of the partial phase decomposition/segregation or phase
ransformation of the cubic perovskite structure. Dassonneville
t al. [24] also observed the similar phase changes phenom-
na in the BSCFO material, though the unidentified peaks were

ifferent from the results here. However, the cubic perovskite
tructure could be kept in the range of temperatures investigated
xcept for the appearance of these two unidentified peaks, and
o phase transition/transformation of cubic perovskite structure

a
m
m
(

ig. 7. High-temperature XRD patterns of BSCFO and BSCFZO: (a) BSCFO
nd (b) BSCFZO. *, impurity (Ba,Sr)ZrO3 in BSCFZO; +, appeared unknown
eflections in BSCFO; and the other unmarked reflections, cubic pervoskite.

ere observed for BSCFO material. However, for cubic per-
vskite BSCFZO, the cubic perovskite and impurities phases
ere kept in BSCFZO material. There were not any other phase

ransformation/transition observed in the range of temperatures
nvestigated (as shown in Fig. 7b), demonstrating the highly
tructural stability of the as-synthesized BSCFZO. The partial
ubstitution of Fe ions in the B-sites of the perovskite-type struc-
ure parents by higher valence state ions (Zr4+, Sn4+, Ce3+/4+ or
r3+/4+, etc.) can increase the M–O bonding energy, and then

esulted in the enhanced structural stability [6,14,21,22]. For
he practical application of BSCFO and its related materials
ither as oxygen-separation membranes or membrane reactors
or catalytic oxidation of light hydrocarbons [3,8,24–36], or
pplication as cathode in solid oxide fuel cells [2,37,38], the
urther studies would be necessary.

. Conclusions

The oxygen-permeable Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCFO)

nd Zr-substituted Ba0.5Sr0.5Co0.8Fe0.1Zr0.1O3−δ (BSCFZO)
embranes were synthesized by the solid-state reaction
ethod. BSCFZO possess cubic perovskite structure, but minor

Ba,Sr)ZrO3 impurity exists. The lattice parameter (a) of
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SCFZO was increased as compared with that of BSCFO, which
s ascribed to the larger ionic radii of octahedral Zr4+ ions than
hat of Fe3+ ions. Oxygen permeation measurements of the dense
SCFO and BSCFZO membrane disks showed the oxygen per-
eability were increased in the order: BSCFO (ECC) > BSCFO

SSR) > BSCFZO. Moreover, oxygen permeation studies also
emonstrated that the bulk oxide ionic diffusion process was
he rate-limiting step for BSCFZO membrane in the range
f temperatures investigated. The improved structural stabil-
ty demonstrated by DTA and HT-XRD characterizations on
SCFZO membrane, which was resulted from the presence
f Zr4+ in the B-sites of BSCFZO can stabilize the neighbor-
ng oxygen octahedral, and increase the metal–oxygen (M–O)
onding energy. Considering the good oxygen permeation and
tability, BSCFZO should be an attractive material for practical
pplications as an oxygen-separation membrane or in membrane
eactors for the catalytic conversion of light alkanes.
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