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Abstract Ba,glLag,Coggs_Fe,Nby1203_s membranes
(BLCFN) with different Fe-doping were successfully pre-
pared by solid-state reaction method. The microstructure,
oxygen permeability, thermal analysis, and oxygen per-
meation stability using CO, as sweep gas were systemati-
cally investigated. After being calcined under pure CO,,
BLCFN membranes remain their major perovskite phase
but diffraction peaks of BaCO;, CoO appeared on the
membranes which Fe content is less than 0.2. Apparent
activation energy of oxygen permeation are around
60-70 kJ/mol for all membranes. With the increase of Fe-
doping content, the flux through BLCFN membranes
decreases but the degradation of oxygen flux becomes less
pronounced when CO, is used as sweep gas at 850 °C.
Enhanced CO, resistance of the perovskite would be
resulted from an increasing average binding energy due to
the Fe-doping. For the membrane where the Fe-doped
content equals to 0.2, the oxygen permeation flux is
0.96 mL cm™ > min~' at 900 °C with He sweeping. When
using pure CO, as sweep gas, the oxygen permeation flux
decreases slightly in the first 50 h and then reaches a steady
state of ~0.31 mL cm 2 min~' for more than 60 h in a
prolonged continuous oxygen operation. The observations
indicated that a stable oxygen permeation could be realized
by suitable elemental doping in a single perovskite
membrane.
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Introduction

As a kind of green-house gas, carbon dioxide has been
attracting great attention worldwide in view of its effect on
global climate change [1]. CO, capture from coal-fired
power plants via oxy-fuel process is gaining prominence
[2]. Utilization of mixed ionic and electronic conducting
membranes (MIECM) for the oxygen production becomes
popular in the past decades due to the oxygen separation
using MIECM with infinite selectivity and low cost [3, 4].
For a practical application in the Integrated Gasification
Combined Cycle (IGCC) system, both high performance
and chemical stability to CO, are required for the MIECM.
However, it is well-acknowledged that perovskite ceramics
containing alkaline earth elements are susceptible to CO,
attack [5, 6]. Therefore, to explore the CO,-tolerant oxygen
transport membranes is a practical requirement of devel-
oping oxy-fuel IGCC system.

Nowadays, some oxygen transport membranes with CO,
tolerance have been explored, e.g., La,NiO,4, 5 type mate-
rials [7] or dual-phase materials [8]. However, the oxygen
permeation flux of these membranes is still limited. Nor-
mally, MIECM with ABO;_; perovskite structure exhibits
high oxygen flux, whereas, perovskite ceramics have been
found vulnerable to the presence of CO,. For instance,
when the membranes of Bag 5Srg sCog gFeg,03_5 [5] and
BaCoy 4Fe 4Nby,05_5[6] suffered an oxygen permeation
process with pure CO, as sweep gas, a complete break-
down of the oxygen permeation flux was observed within a
few minutes. A way to stabilize the perovskite structure is
via proper cation substitution, i.e., doping less reactive
elements on the A- and/or B-site [7, 8]. Chen et al. and
Zeng et al. doped SCF materials with 10 % tantalum [7] or
10 % titanium [8], which greatly improves tolerance
towards CO,. Yi et al. studied the effect of CO, exposure
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on sweep side for BaCo,_,_,Fe,Nb,O3;_; membrane after
the fully substitution of Co by Fe and Nb in the B-site, and
found the BaFey gNby,0O5;_s membrane shows no carbon-
ate formation but very low oxygen permeation [9]. In
addition, the authors compared the CO, tolerance of
membranes of SrFeq gNbg ,05_s and BaFey gNb, ,O5_s and
found that the former one shows the better CO,-tolerant
properties [10]. At 900 °C, a considerable oxygen flux of
0.25 mL cm 2 min~' was achieved for a 1.0 mm thick
SrFeq gNby ,03_s membrane, which is remained steady at
this value in a prolonged measurement running for over
210 h. Additionally, the elemental substitution of rare-
earth metal like La on the A-site of perovskite could
improve the tolerance towards CO, too [11, 12]. The
1.0 mm thick Lag ¢Srg 4Cog gFep 2,05_s membrane achieved
an oxygen permeation flux of 0.1 mL cm ™ min~" and was
stable in pure CO, atmosphere for the investigated period
of over 200 h continuous operation [11].

Recently, we found that a permeation flux of
2.61 mL cm~2 min~! can be obtained through BaCo 9Nby ;
0;_s (BCN) membrane at 900 °C under the Air/He gradient
[13]. On the basis of the high oxygen flux BCN material, we
prepared Ba, glag,CogggNbg 1,03_5 (BLCN) membrane by
doping La element on the A-site of BCN material. The BLCN
membrane shows improved tolerance against CO, as compared
to the BCN membrane. La-doping was found to be accorded
with an increase of average binding energy (ABE), which leads
to the enhanced CO, resistance [12].

Therefore, whatever rare-earth element is doped in
A-site or transition elements are doped in B-site, the tol-
erance towards CO, might be improved. Particularly, the
membrane of SrFe;gNby,03;_s has totally tolerance
towards CO,, which indicated that, even for the membrane
with alkaline earth metal fully occupied in A-site, car-
bonate formation can also be restricted through a suit-
able element doping in B-site. Inspired by this point, in this
study, BLCN membrane was chosen as a target membrane
material, the oxygen permeability, and structural stability
of the Fe-doped BLCN membranes were investigated under
He/CO, atmosphere. The results show that the Fe-doped
BLCN membranes are CO, tolerant and possess high
oxygen permeability.

Materials and methods

Preparation of membranes
Bao_gLao_2CO().88_XFCXNbo_1203_5 (BLCFN, X = 0, 01, 02,
0.3 and 0.5) powder was prepared by solid-state reaction
method which described in our previous work [14]. Stoi-

chiometric amounts of BaCQOs3, La,05, Co304, Fe;0,4, and
Nb,Os5 (AR grade) were mixed by wet-milling for 48 h
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with zirconia balls in ethanol. After fully mixed and dried,
the powders were calcined at a temperature range of
1040-1190 °C for 12 h to obtain the perovskite phase (the
higher Fe content is, the higher temperature is needed). The
calcined BLCFN powders were ball-milled for 36 h again
and then dried. After that, the powders were pressed into
disks under a pressure of ~ 110 MPa and then sintered at
1170-1270 °C for 8 h to get dense membranes. According
to the Fe-doping content, as-prepared membranes were
abbreviated as BLCFN-0.0, BLCFN-0.1, BLCFN-0.2,
BLCFN-0.3, and BLCFN-0.5, respectively.

Measurement of oxygen permeation

Silver rings were used to seal BLCFN membranes in a
thickness of 1.0 mm at 850 °C for permeation test. The
effective area of the membranes for oxygen permeation is
ca. 1.3 cm”. Synthetic air was used as feed gas and He or
CO, was used as sweep gas. Air was introduced into the
feed side with a flow rate of 110 ml/min and He or CO,
with a flow rate of 80 ml/min was swept on the permeate
side. The composition of the permeated effluent gas was
determined by gas chromatography (Varian CP-3800), and
the oxygen permeation flux was calculated based on the
following equation [13]:

21, Fpe
— 1
) X (1)

where Cp, and Cy, are measured oxygen and nitrogen
concentrations in the gas on the permeate side, respec-
tively, and Fyy is the flow rate of permeate stream (ml/min)
and A is the active membrane area (cmz). The leakage was
no more than 1.0 % for all the oxygen permeation
experiments.

Jo2 = (Co2 - CN2 X

Characterization of the membranes materials

The phase structure of the membranes was determined by
X-ray diffraction (XRD, Rigaku DLMAX-2200, Cu Ka).
Datasets were recorded at room temperature in a 26 range
of 10-90° with a step width of 0.02°. The thermal stability
of the material was studied by TG/DSC (Netzsch STA449
F3). The surface and cross section of membranes were
studied by scanning electron microscopy (SEM) using a
SEM (HITACHI SU-1510) at a voltage of 15 kV.

Results and discussion

Microstructural analysis

BLCFN membranes were examined by XRD measurement
and XRD patterns of the membranes are shown in Fig. 1. It
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Fig. 1 XRD patterns of as-synthesized BLCFN powders

can be seen that all the calcined BLCFN membranes with
different Fe content display just perovskite cubic structure.
Figure 2 presents SEM images of the prepared BLCFN
membrane after being sintered at 1170, 1180, 1190,
1270 °C. We can find that BLCFN grains are distributed
very uniformly and the boundaries are clear in the mem-
brane, no typical intergranular fractured microstructure
with grains are visible. The grain sizes are in the range of
5-10 pm.

Carbonates are easily formed when the perovskite oxi-
des containing alkaline earth metal are exposed to a CO,

atmosphere [15]. The decomposition and formation tem-
perature of the carbonates depend on the partial pressure of
CO, and stability of the perovskite structure [5]. To test the
stability of the BLCFN membranes in an atmosphere of
CO,, the membranes were firstly calcined under pure CO,
at 850 °C for 5 h and 20 h, respectively, and then the phase
structures were identified by XRD. As shown in Fig. 3, all
the membranes calcined in pure CO, for 5 h remain their
major perovskite phase. However, diffraction peaks of
BaCOj; appeared on the BLCFN-0.0, BLCFN-0.1, and
BLCFN-0.2 membranes. In addition, CoO was also iden-
tified by XRD for the membranes which Fe content is less
than 0.2. Moreover, it can be seen that the peaks intensity
of carbonate decreases with the increase of Fe in B-site,
suggesting that the Fe-doped BLCN membranes are more
stable in CO, atmosphere. While the calcination time under
CO, is prolonged to 20 h, as shown in Fig. 3b, phase
structure of BLCFN membranes did not change signifi-
cantly comparing with the membrane treated in a short
time of 5 h. There are minor carbonate formation in the
membrane of BLCFN-0.2 and BLCFN-0.3, and no car-
bonate formation in the BLCFN-0.5 membrane. The results
are consistent with the observation in SEM images. Sur-
faces morphology of BLCFN-0.0, BLCFN-0.1, and
BLCFN-0.5 membranes calcined in pure CO, for 5 h and
20 h, are shown in Fig. 4. For the membrane of BLCFN-
0.0, i.e., no Fe-doping, the precipitation of carbonate can be
observed in the grain boundaries (Fig. 4a and b), which
was also proven by EDX analysis. The relative elemental
distribution of metallic cations of Ba:La:Co:Nb in the fresh

Fig. 2 SEM images of as-synthesized BLCFN membranes. a BLCFN-0.1, b BLCEN-0.2, ¢ BLCFN-0.3, d BLCFN-0.5
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Fig. 3 XRD patterns of BLCFN membranes after calcining at 850 °C
under pure CO, for 5 h (a) and 20 h (b). BaCO3: JCPDS 41-0373;
CoO: JCPDS 43-1004; Perovskite: JCPDS 46-0997

BLCFN-0.0 sample should be 80:20:88:12. Whereas, after
calcination for 5 h in CO,, the elemental distribution in the
grain boundaries becomes to 80:6.1:12.2:1.4, suggesting
that the Ba enrichment in the zone of grain boundaries. For
the Fe-doped BLCFN membrane, it can be seen that Fe-
doping further restricts the reaction of the membrane and
CO, (Fig. 4c—f). Particularly, when Fe content reaches 0.5,
there is no obvious carbonate formation even suffering the
calcination under pure CO, for 20 h (Fig. 4f).

Thermal analysis

The Fe-doped BLCFN samples exhibited an excellent
resistance to CO, corrosion in comparison of the BLCN
membrane without Fe-doping. In order to obtain a quanti-
tative analysis of the weight change of BLCFN samples
under CO,-containing atmosphere, thermal analysis method
was applied and the results are shown in Fig. 5. It can be
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found that the weight change profiles of BLCFN samples
with different proportions of Fe-doping are similar. At the
initial stage, the weight of samples decreases very slightly,
which is due to the remove of the impurities adsorbed on the
surface of the samples. Then the samples exhibited an
obvious weight loss around 500 °C. As we know, there
should be two tendencies in the case of perovskite oxide upon
heating in CO,-containing atmosphere: on one hand,
BLCFN powders upon heating under an atmosphere of low
oxygen partial pressure (CO,/N,) would result in a loss of
lattice oxygen (known as -0, and 3-O,) due to the reduction
of transition metal cations; on the other hand, the reaction of
alkaline earth metal cation, lattice oxygen, and carbon
dioxide happens, e.g., Ba*>"+ 0>~ + CO, — BaCOs. The
former tendency will lead to a weight loss but the latter one
will result in a weight gain. According to the above analysis,
the weight loss around 500 °C indicated that the loss of the
lattice oxygen is dominant effect in comparison of carbonate
formation.

Temperature dependence of oxygen permeation

Figure 6 shows the temperature dependence of the oxygen
permeability of the BLCFN membranes and the related
Arrhenius plots. Here, all of the oxygen permeation data
were collected after reaching steady state. As shown in
Fig. 6a, the oxygen flux for all membranes increases with the
elevated temperature as expected. Obviously, perovskite
BLCFN-0.0 membrane has higher oxygen flux than all other
membrane with Fe-doping at each temperature, and the flux
through BLCFN membranes decreases with the increase of
Fe-doping content. At 900 °C, oxygen permeation flux
reaches 1.29, 1.16, 0.82, 0.59, and 0.32 mL min~" cm 2 for
BLCFEN-0.0, BLCFN-0.1, BLCFN-0.2, BLCFN-0.3, and
BLCFN-0.5, respectively. In addition, according to the
temperature dependence of oxygen flux through the mem-
branes, apparent activation energy (E,) can be obtained from
Arrhenius plots shown in Fig. 6b. Specifically, the values of
E, were calculated to be 67.5, 62.6, 70.5, 75.1, and
65.2 kJ mol ™" for the BLCFN membranes with increasing
Fe-doping content, respectively.

Time dependence of oxygen permeation

Whatever from the XRD patterns of the membrane after the
calcination in CO, atmosphere or TG results of the BLCFN
samples upon heating in a flowing CO,-containing atmo-
sphere, we can find that the Fe-doping enhances the CO,
tolerance properties of membranes. In order to better
understand the oxygen permeability of BLCFN after Fe-
doping in B-site, the oxygen permeation flux of BLCFN
membranes was tested with pure CO, sweeping, and the
results are shown in Fig. 7.
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Fig. 4 SEM images of BLCN,
BLCFN-0.1, and BLCFN-0.5
membranes after calcining
under pure CO, at 850 °C for
5 h (left side) or 20 h (right
side)
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Fig. 5 The weight change of BLCFN powder under CO,-containing
atmosphere. Flowing gas: 50 %CO, + 50 %N,; flowing rate: 20 mL/
min

Asshown inFig. 7, with pure He as sweep gas, the oxygen
permeability of the BLCFN membranes reaches a stable state
at 850 °C after 60 min. When the sweep gas is switched from
pure He to CO,, the oxygen permeation flux for all the
BLCFN membranes decreases, but the degree of decline is
different. Obviously, the more the doped Fe is, the less the
oxygen flux decreases. In addition, after CO, is used as the
sweep gas, the oxygen fluxes of the BLCFN membranes
decreases with the sweeping time. For instance, the oxygen
permeation flux of the membrane of BLCFN-0.0 decreased
from 1.1 to 0.35 mL cm ™2 min~" after pure CO, is intro-
duced, then to zero after 500 min. However, for the mem-
brane of BLCFN-0.5, at the same condition, the oxygen
permeation flux changes from 0.27 t0 0.19 mL cm™> min™"
firstly, and then to 0.11 mL cm ™2 min "',

After oxygen permeation with CO, sweeping, Fig. 8
shows the XRD patterns of permeate side of the BLCFN
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with CO, sweeping.

Oxygen permeation results showed that oxygen flux
decreased obviously with the change of sweep gas from
pure He to CO, for the Fe-doped BLCFN membranes.
However, XRD patterns do not show any new phases of
carbonate, which means that the degradation mechanism of
BLCFN membrane may not be caused by barium carbonate
formation. Tan et al. [16] investigated the oxygen perme-
ation behavior of LSCF hollow fiber membranes with CO,
as sweep gas and they considered that a sharp drop of
oxygen permeation flux should be resulted from the che-
misorbed CO, on the surface of membrane. Additionally,
another explanation for the sharp drop of oxygen flux,
particularly for the alkaline earth metal fully occupied at
A-site of perovskite oxides, is the formation of a
stable carbonate layer (BaCO; or SrCOs) on the surface or
permeate side [5, 17-19]. It is well-acknowledged that
oxygen permeation is preceded by the oxygen ions trans-
portation via oxygen vacancies in the perovskite cubic
oxide. Hence, CO, chemically adsorption must be the
negative effect in the oxygen permeation process due to the
decrease of oxygen vacancy concentrations. In this study,
although there is no stable barium carbonate (BaCOj;) or
strontium carbonate (SrCQOj3) observed in the XRD patterns,
the oxygen permeation is also suppressed obviously.
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For perovskite oxides, in order to obtain high oxygen
ionic conductivity, elemental composition with low ABE
should be selected [4]. However, to achieve high CO,
tolerance, elemental composition with high ABE must be
chosen. ABE affects both oxygen surface exchange kinet-
ics and the oxygen ionic bulk diffusion. The ABE value
can be calculated as follows [20]:

1 n 1
ABE = — (AH — mAHAs — =D, — (AH,
12m( An0, — MAHA =2 02)+6m( BwOy
n
—mAHB —EDOZ),

(2)

where AHa, o, and AHa o, are the standard formation
enthalpy of the oxides and AH5 and AHp are the subli-
mation energy of the elementary substance, Do, is the
decomposition energy of oxygen. Based on the ABE cal-
culation, we can find that the Fe-doping increases the ABE
markedly. The ABE values are —295.3, —297.7, —300.0,
—302.3, and —307.0 kJ/mol for the membrane of BLCFN-
0.0, BLCFN-0.1, BLCFN-0.2, BLCFN-0.3, and BLCFN-
0.5, respectively.

Although the Fe-doping could enhance the tolerance
towards CO, of the BLCFN membrane, the oxygen per-
meation flux of the BLCFN membrane is still decreasing
with the CO, sweeping time at 850 °C. In order to explore
the oxygen permeability of BLCFN at 900 °C using CO, as
the sweep gas, the membrane of BLCFN-0.2 was selected
for the oxygen permeation measurement and the results are
shown in Fig. 9. It can be seen that the permeation flux is
0.96 mL cm™ > min~"' at 900 °C with He sweeping. When
the sweep gas was switched from He to CO,, the oxygen
permeation flux decrease with time in the first 50 h and
then reach a steady state of ~0.31 mL cm > min~'. The
observations indicated that a stable oxygen permeation
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Fig. 9 The oxygen permeation flux of BLCFN-0.2 membrane using
pure He and pure CO, as sweep gas at 900 °C

could be realized by suitable elemental doping in a single
perovskite membrane. Similar to other reports, when the
sweep gas was shifted back to He, the oxygen permeation
flux through the BLCFN-0.2 membrane can be recovered
[5, 21-23].

Conclusions

Perovskite BagglLag,Coq g Fe,Nbg 1205_5 (BLCEN)
powder and membrane were prepared by solid-state reac-
tion and the corrosion behavior of CO, on the BLCFN
oxide was investigated. Using pure CO, as sweep gas,
although the oxygen permeation flux of the BLCEFN
membranes decreases slightly at 850 °C, the degradation
becomes less pronounced with increasing content of Fe.
The enhanced CO, resistance of the perovskite would be
result from an increasing ABE due to the Fe-doping. For
the membrane which the Fe-doped content equals to 0.2,
the oxygen permeation flux is 0.96 mL cm > min~' at
900 °C with He sweeping. When using pure CO, as sweep
gas, the oxygen permeation flux decreases slightly in the
first 50 h and then reaches a steady state of
~0.31 mL cm™2 min~" for more than 60 h in a prolonged
continuous oxygen operation.
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