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The fixed-bed oxygen absorption processes of the series of Ba1�xSrxCo0.8Fe0.2O3�d

oxides were studied by oxygen partial pressure swing absorption in the temperature
range of 300–850�C. The results show that SrCo0.8Fe0.2O3�d, with the smallest A-site ion
radius, has the largest oxygen absorption capacity (0.402 mmol/g) at 500�C. The oxygen
absorption and desorption kinetics fit well with the pseudo-second-order kinetics model.
Comparing the modeling absorption rate coefficient k2 with the desorption rate coeffi-
cient k2

0, all the oxides studied had higher oxygen absorption rates than oxygen desorp-
tion ones. In addition, the combined results of X-ray diffraction analysis, O2-TPD, room
temperature iodometric titration, and thermogravimetric analysis explained the relation-
ship between the oxygen absorption capacities and the average radii of the A-site ions
for this series of Ba1�xSrxCo0.8Fe0.2O3�d in the temperature range of 300–600�C. VVC 2009

American Institute of Chemical Engineers AIChE J, 55: 3125–3133, 2009
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Introduction

The production of oxygen by air separation is an impor-
tant chemical engineering process. Nowadays, there are
three main air separation processes: cryogenic distillation,
pressure swing adsorption (PSA), and membrane separation.1
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Cryogenic distillation technology, which requires a large-
scale plant and high investment, is widely used for produc-
ing high-purity oxygen (oxygen concentration � 99%).
Zeolites (A, X, and Y) absorbents, with their advantages of
low investment, low energy consumption and easy handling,
have already been used in commercial pressure swing
adsorption (PSA). Polymer membranes with their merits of
low cost and easy fabrication or molding, need to be oper-
ated under rigorous conditions, including not too high tem-
perature and pressure and not corrosive environments. The
oxygen produced by polymer membranes is oxygen-enriched
air (oxygen concentration about 40–50%). However, the
amount of nitrogen in air is nearly four times that of oxygen,
and zeolites usually adsorb nitrogen not oxygen, so it means
that larger quantities of absorbents are needed for air separa-
tion.2 Thus, new and more efficient absorbent materials are
needed to meet industrial demands. As reported by Lin’s
group,3,4 perovskite-type absorbent materials with variable
oxygen content have some important characteristics which
might overcome the drawbacks of zeolite absorbents. These
characteristics include an infinite selectivity of O2 over N2 or
other gases, a high oxygen absorption rate and a large oxygen
absorption capacity. Karppinen et al.5 and Hu’s group6–9

investigated the oxygen absorption/desorption properties of
YBaCo4O7þd and YBa2Cu3O7�d, REBaCo2O5þd (RE ¼ Pr,
Gd, Y), and their dopant oxides by a TG technique. Guntuka
et al. also engaged in this field, and they investigated the oxy-
gen absorption/desorption characteristics of A- and B-site
substituted lanthanum cobaltite perovskite oxides.10,11

Perovskite oxides (ABO3), where the replacement of A or
B or both results in drastic changes of properties, have been
widely studied as catalysts for hydrocarbon oxidation, as
cathode materials for SOFCs, and as oxygen separation
membranes for air separation or integrated with methane par-
tial oxidation. When the B-site ions take a mixed-valence
state, partial or total substitution of the A-site cations by
other metal ions with lower valences generally leads to the
formation of oxygen vacancies and/or a change of the aver-
age oxidation states of the B-site ions to maintain the charge
neutrality.12 Teraoka et al. initially investigated the absorp-
tion/desorption properties of Sr-substituted lanthanum cobalt
(iron) oxides La1�xSrxCo1�yFeyO3�d.

13–15 TPD experiments
indicated that the amount of oxygen desorbed at low temper-
ature increased with the substitution of La3þ by Sr2þ. It was
shown that the partial or total substitution of La3þ by Sr2þ

increased the average oxidation state of the B-site ions from
Co3þ (Fe3þ) to Co4þ (Fe4þ), as well as producing oxygen
vacancies. As early as 1979, it was reported that on cooling
in a flow of oxygen or heating in a vacuum, the perovskite
oxide La1�xSrxCoO3�d absorbed or desorbed a large amount
of oxygen, and the amount increased with the Sr content of
the oxide.13 The properties of the composite oxides La1�x

AxCo1�yFeyO3�d (A ¼ Ba, Sr, Ca) have been widely studied
as oxygen permeation membranes by many groups.16–23

Therefore, it is suggested that if these La1�xAxCo1�yFeyO3�d

(A ¼ Ba, Sr, Ca) perovskite oxides can be used as oxygen
absorbents, it might lead to an unforeseen change in chem-
ical industry. As mentioned above, when the trivalent La
is completely substituted by the divalent alkali earth ions
A (A ¼ Ba, Sr, Ca), this will create the greatest number
of oxygen vacancies and/or B4þ (Co4þ, Fe4þ) in the

La1�xAxCo1�yFeyO3�d oxides, and might result in the highest
oxygen absorption or desorption capacities. The oxygen
desorption properties of the series of Ba1�xSrxCo0.8Fe0.2O3�d

have been systematically investigated using the O2-TPD tech-
nique in our laboratory.24 The results revealed that A-site
ions had considerable influence on the oxygen desorption
capacities.

Although complex oxides, especially perovskite materials
which theoretically have an infinite selectivity for oxygen,
have received significant attention as oxygen permeation
membranes for air separation, the membrane technology is
still far away from being industrially applicable due to the
poor stability of their chemical and mechanical properties,
and the difficulties of fabrication and sealing.25,26 If perov-
skite oxides are used as oxygen absorbents for air separation
on a fixed-bed apparatus, they go through almost the same
processes as membrane permeation, including two surface
oxygen exchanges and one O2� diffusion process. In this
way, the oxygen separation process may overcome the prob-
lems appearing in the permeation membrane technology, and
high purity oxygen can be produced via evacuation.

In this article, Ba1�xSrxCo0.8Fe0.2O3�d oxides were
selected to investigate the influences of the A-site ions on
the oxygen absorption/desorption properties within the tem-
perature range of 300–850�C. These materials were system-
atically studied by stable state oxygen absorption processes.
X-ray diffraction analysis, oxygen temperature-programmed
desorption (O2-TPD), room temperature iodometric titration,
and thermogravimetric analysis (TGA) were also applied to
investigate the properties of these oxides.

Experimental

Preparation of materials

Powders of the Ba1�xSrxCo0.8Fe0.2O3�d oxides were syn-
thesized by a combined EDTA-citric acid complexing
method, as described in reference.27 Concentrations of metal
nitrates solution were determined by titration. In the synthe-
sis process, the calculated amount of Ba(NO3)2 (�99.5%)
was dissolved in EDTA-NH3.H2O with heating and stirring,
then the appropriate proportions of Sr(NO3)2 (�99.5%),
Co(NO3)2�6H2O (�99.0%), Fe(NO3)3�9H2O (�98.5%) were
added to the solution. After stirring for about half an hour,
appropriate amount of citric acid was introduced. Finally,
the mole ratio of EDTA, citric acid and total metal ions is
1:1:1. NH3 H2O was added to adjust the solution pH value
to around 6, at which point the solution became transparent.
During the whole heating and stirring process, the pH value
of the solution was maintained at around 6, because EDTA-
NH3 H2O and citric acid formed a buffering solution. With
heating and stirring using a magnetic stirrer, the polymeriza-
tion and condensation reactions took place, and a dark pur-
ple gel was obtained. Then the as-prepared gel was heated
on an electric stove till self-ignition took place, and a pri-
mary powder with the desired stoichiometry was obtained.
The green powder was calcined in air at 950�C for 5 h. The
resultant powders were tested by XRD, SEM, TGA, and
iodometric titration. Absorbent granules, for stable state oxy-
gen absorption and O2-TPD experiments, were prepared
by pressing powders into pellets in a stainless steel mold
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(34 mm in diameter) under a hydraulic pressure of 75 MPa,
followed by crushing and sieving to 20–40 mesh.

Characterization of materials

The crystal structures of the synthesized sample powders
were checked by X-ray diffraction (XRD, Rigaku D/Max-
RB, Cu Ka radiation) in the 2h range of 20–80� with a step
width of 0.02�. The particle sizes of the resulting samples
were observed on a scanning electron microscopy (SEM;
Quanta 200 FEG, FEI Company, operating at 20 kV).

Oxygen desorption properties of these oxides were investi-
gated by the O2-TPD technique. 1.0 g of each sample was
packed into a quartz tube. Helium was used as the carrier
gas with a flow rate of 40 ml/min. The temperature was
increased from 100�C to 1000�C at a rate of 10�C/min. A
thermal conductivity detector (TCD) was equipped on line
for signal detection, along with a computer data acquisition
system.

Oxygen nonstoichiometries and the average oxidation
states of the B-site ions at room temperature were deter-
mined by an iodometric titration.28–30 The principle of the
iodometric titration is that the B-site transition metal ions
with higher oxidation state (B3þ and/or B4þ) can oxidize
iodide ions (I�) to iodine (I2). Thus by means of the amount
of iodide ions oxidized to iodine and the equations of their
reactions, the oxygen nonstoichiometry and the average oxi-
dation state of the B-site cations of a perovskite-type oxide
could be calculated.

TGA was performed on a thermogravimetric/differential
thermal analyzer (Pyris Diamond TG/DTA). Measurements
were carried out at 530�C in two kinds of gas atmospheres.
Synthesized air (O2, 21%) was used for the oxygen absorp-
tion processes, with high purity nitrogen for oxygen desorp-
tion or the so-called absorbent regeneration processes. The
flow rates of air and nitrogen were both 100 ml/min. Sam-
ples of powders for the tests weighed about 50 mg.

Oxygen absorption/desorption of materials

The oxygen absorption experiments were performed on a
fixed-bed oxygen absorption apparatus, as shown in Figure 1.
Figure 1a is a schematic diagram of the oxygen absorption
measurement setup, consisting of a gas delivery system, a
temperature controlling system, an oxygen absorption column,
an oxygen sensor (GPR-3100, Advanced Instruments), and a
computer for data storage. A quartz tube acted as the oxygen
absorption column, and its dimensions are shown in Figure
1b. Two calibrated thermocouples were used to monitor the
temperatures of the furnace and the absorption bed. One was
inserted into the absorption column in contact with absorbent
grains to display the thermal effects of the oxygen absorption
(desorption) process; the other was placed in the interspace
between the quartz tube and the furnace to monitor the tem-
perature of the furnace. Exothermic (endothermic) heat could
be estimated by the different temperatures between the two
thermocouples. During measurements, the oxygen concentra-
tions in the effluent gases exiting from the absorption column
were continuously monitored by the oxygen sensor. Data col-
lection and storage were performed by the computer.

The operation temperatures for all samples were in the
range of 300–850�C, and the gas pressures were both 1 atm.
Synthesized air and high purity helium (PO2, 10

�5 atm) were
used for oxygen absorptions and absorbent regenerations,
respectively. During all the oxygen absorption/desorption
experiments, the air and helium fluxes were kept at about
50 and 100 ml/min, respectively. The oxygen absorption/
desorption capacities in this article were all corrected for
dead-volume times.

Results and Discussion

The room temperature X-ray diffraction patterns, shown in
Figure 2, indicate that among the series of Ba1�xSrxCo0.8
Fe0.2O3�d oxides, the samples with Sr content x [ 0.3 are
single-phase cubic perovskites, while those with x \ 0.3 ex-
hibit different diffraction crystal patterns from that of cubic
perovskite structure. These results, together with the XRD
results reported by Shao et al.,24 suggest that
Ba0.7Sr0.3Co0.8Fe0.2O3�d (x ¼ 0.3) is a transition material
between the pure cubic perovskites and noncubic perovskite
oxides among the series of Ba1�xSrxCo0.8Fe0.2O3�d.

Oxygen partial pressure swing absorption experiments
were performed to test the oxygen absorption and desorption
properties of Ba1�xSrxCo0.8Fe0.2O3�d. At each temperature,
the equilibrium oxygen absorption/desorption processes were
carried out, and the results of the oxygen absorption capaci-
ties are shown in Figure 3. The oxygen absorption/desorption
capacities are calculated by the following equations:

Absorption process : qabs ¼ 1

m

Z t

0

Fairxin � Foutxoutð Þdt (1)

Figure 1. (a) Schematic diagram of the oxygen absorp-
tion setup; (b) dimensions of the oxygen
absorption tube (units: mm).

MFC: Mass flow meter; ID: inside diameter.
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Desorption process : qdes ¼ 1

m

Z t

0

Foutxoutð Þdt (2)

For the above two equations, the expressions for Fout are:

Absorption process : Fout ¼ Fair

1� xin
1� xout

� �
(3)

Desorption process : Fout ¼ FHe

1� xout
(4)

Substituting Eq. 3 into Eqs. 1 and 4 into (2)31 gives:

Absorption process : qabs ¼ Fair

m

Z t

0

xin � xout
1� xout

� �
dt (5)

Desorption process : qdes ¼ FHe

m

Z t

0

xout
1� xout

� �
dt (6)

where qabs (qdes) is the oxygen absorption (desorption)
capacity, Fair (FHe) and Fout are the fluxes of the synthesized
air (pure helium) and that exiting from the absorption column
during the oxygen absorption/desorption process, t and m are
the oxygen absorption/desorption time and the weight of an
oxide sample, xin and xout are the oxygen mole fractions in the
feed air and Fout, respectively. Figure 4 compares the oxygen
absorption/desorption processes at 500�C. It is evident from

Figure 2. Room temperature X-ray diffraction patterns
for the series of Ba12xSrxCo0.8Fe0.2O32d oxides.

l Peak of cubic perovskite.

Figure 3. Oxygen absorption capacities of the Ba12x

SrxCo0.8Fe0.2O32d series in the temperature
range of 300–850�C.

——n——BaCo0.8Fe0.2O3�d, ——*——Ba0.8Sr0.2Co0.8Fe0.2
O3�d, ——~——Ba0.7Sr0.3Co0.8Fe3�d, ——!——Ba0.5
Sr0.5Co0.8Fe0.2O3�d, ——^——Ba0.2Sr0.8Co0.8Fe0.2O3�d,
——$——SrCo0.8Fe0.2O3�d.

Figure 4. (a) Oxygen absorption kinetics curves and (b)
oxygen desorption kinetics curves for the
samples at 500�C.
1. BaCo0.8Fe0.2O3�d, 2. Ba0.8Sr0.2Co0.8Fe0.2O3�d, 3. Ba0.7
Sr0.3Co0.8Fe0.2O3�d, 4. Ba0.5Sr0.5Co0.8Fe0.2O3�d, 5. Ba0.2
Sr0.8Co0.8Fe0.2O3�d, 6. SrCo0.8Fe0.2O3�d.
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Figures 3 and 4 that at low temperature the oxygen absorption
capacities of these samples increase with Sr contents (decrease
with the increase of average radii of A-site ions). Figure 3 also
indicates that the single-phase cubic perovskite oxides
Ba1�xSrxCo0.8Fe0.2O3�d (x [ 0.3) prefer to absorb oxygen at
lower temperature, while Ba1�xSrxCo0.8Fe0.2O3�d (x ¼ 0, 0.2,
0.3) have the characteristics of oxygen absorption at higher
temperature. Therefore, the material SrCo0.8Fe0.2O3�d with the
smallest A-site ionic radius absorbs the largest amount of
oxygen at low temperature (T ¼ 500�C). The previous studies

of the O2-TPD of Ba1�xSrxCo0.8Fe0.2O3�d in our group
revealed the phenomenon that most perovskite oxides exhibit
two kinds of oxygen desorption peaks (a-/b-oxygen),24 which
were related to the lower and higher temperature oxygen
absorption peaks in Figure 3, respectively. As revealed in
Figure 4a, each plot comprises two sections. The first part is
linear, and the second is curved, gradually tending to form a
plateau (the equilibrium oxygen absorption capacity). Figure 5
shows the mole fractions of oxygen in the effluent air exiting
from the absorption tube during the oxygen absorption
processes. The linear parts (in Figure 4a) correspond to the
low plane sections (xout close to zero) before the breakthrough
curves (in Figure 5), while the others (in Figure 4a) correspond
to the steep uptake parts of the breakthrough curves (in Figure
5) up to the higher oxygen mole fraction plateaus, ending with
the mole fraction of oxygen in air xout � 0.21. Therefore, for
the linear sections in Figure 4a (xout � 0), the oxygen
absorption processes can be expressed:

qabs 1ð Þ ¼
Fair

m

Z t

0

xin � dt ¼ Fair

m
� xin � t (7)

Therefore, with the same ratio of the inlet air fluxes Fair to
the corresponding absorbent weights m, the transient rates for
the low planar parts in Figure 5 are the same, and the linear
parts in Figure 4a have the same slope when the absorbents
are subjected to sudden changes from helium to air:

qabs 1ð Þ ¼ ko � t (8)

ko ¼ Fair

m
� xin (9)

Figure 5. Mole fractions of oxygen in the effluent exit-
ing from the absorption tube during the oxy-
gen absorption processes.

xO2: Mole fraction of oxygen in effluent air ——n——
BaCo0.8Fe0.2O3�d, ——*——Ba0.8Sr0.2Co0.8Fe0.2O3�d,
——~——Ba0.7Sr0.3Co0.8Fe3�d, ——!——Ba0.5Sr0.5Co0.8
Fe0.2O3�d, ——^——Ba0.2Sr0.8Co0.8Fe0.2O3�d, ——$——
SrCo0.8Fe0.2O3�d,

Figure 6. SEM pictures of the as-prepared Ba1�xSrxCo0.8Fe0.2O3�d oxide powders.
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Because the oxides are all synthesized with the same condi-
tions (the wet-chemical EDTA-citric acid complexing
method), the aggregated grains are all less than 10 lm, as
shown by SEM (Figure 6). Just as for the thin mixed conduct-
ing membranes, the oxygen absorption/desorption processes
are controlled by the surface oxygen exchange rates and can
be simulated by a nonsteady state oxygen transport into or out

of those aggregated grains, neglecting oxygen diffusion in the
small grains bulk phase. Also, the surface reaction rates are
proportional to the different chemical potentials between the
surface of the solid grains at time t and that in equilibrium
with the atmosphere PO2.

32,33 During an oxygen absorption
process, the oxygen absorption capacity qabs is the converse
of the oxygen vacancy concentration. Thus, the pseudo-sec-
ond-order kinetic model equation34 is used to model the tran-
sient rates of oxygen transport into the solid grains for the
curved parts of Figure 4a, following the above approach and
assuming a uniform oxygen vacancy concentration in the solid
grain (as a result of surface reaction rate limiting), as follows:

dqabs
dt

¼ k2 qeq � qt
� �2

(10)

The integrated linear Eq. 11 is known as the Lagergren
equation:

t

qt
¼ 1

k2q2eq
þ 1

qeq
� t (11)

where qeq and qt are the amounts of absorbed oxygen in
equilibrium with the surrounding atmosphere at time t, and k2
is the rate coefficient of the oxygen absorption process.
Similar Eqs. 12 and 13 are used for modeling the oxygen
desorption kinetics:

dqdes
dt

¼ k02 q0eq � qt

� �2

(12)

t

qt
¼ 1

k02q02eq
þ 1

q0eq
� t (13)

The plots of the linear equation ((t/qt) against t) are shown
in Figure 7. The slopes and intercepts of these plots are used
to calculate the equilibrium absorption (desorption) capaci-
ties qeq, (qeq

0) and the rate coefficient k2 (k2
0), and the results

are shown in Table 1. The data in Table 1 suggest that the
fixed-bed oxygen absorption/desorption experimental data fit
well the pseudo-second-order kinetics model, although the
qeq

0 (modeling equilibrium oxygen desorption capacity)
shows a mismatch with qeq (modeling equilibrium oxygen
absorption capacity) at certain times, probably because the
oxygen desorption is not complete.

For defect perovskite oxides, the oxygen desorption char-
acteristics are usually studied by the O2-TPD technique. The
desorption of a(b) oxygen from an oxide is associated with
changes of its B-site ionic valence, and is accommodated by

Figure 7. (a) Modeling kinetics lines for the curved sec-
tions of the oxygen absorption processes in
Figure 4a and (b) modeling kinetics lines for
the oxygen desorption processes of Figure
4b.

1,10. BaCo0.8Fe0.2O3�d, 2,2
0. Ba0.8Sr0.2Co0.8Fe0.2O3�d, 3,30.

Ba0.7Sr0.3Co0.8Fe0.2O3�d, 4,40. Ba0.5Sr0.5Co0.8Fe0.2O3�d,
5,50. Ba0.2Sr0.8Co0.8Fe0.2O3�d, 6,6

0. SrCo0.8Fe0.2O3�d. 1, 2,
3, 4, 5, 6 are the experimental data plots; 10, 20, 30, 40, 50, 60
are the lines determined from kinetics model.

Table 1. Kinetic Parameters for Modeling the Oxygen Absorption (Desorption) Rates and Data of the Fixed-Bed Oxygen
Absorption (Desorption) Capacities at 500�C

Materials k2 (k2
0) (g mmol�1 min�1) qeq (qeq

0) (mmol/g) qabs (qdes) (mmol/g) R2 (R02)

BaCo0.8Fe0.2O3�d 151 (24.3) 0.0146 (0.0199) 0.0143 (0.0140) 0.997 (0.998)
Ba0.8Sr0.2Co0.8Fe0.2O3�d 126 (5.98) 0.0654 (0.0670) 0.0650 (0.0507) 1.00 (0.992)
Ba0.7Sr0.3Co0.8Fe0.2O3�d 60.7 (1.67) 0.103 (0.160) 0.101 (0.0978) 1.00 (0.974)
Ba0.5Sr0.5Co0.8Fe0.2O3�d 83.0 (4.07) 0.127 (0.110) 0.126 (0.0853) 1.00 (0.994)
Ba0.2Sr0.8Co0.8Fe0.2O3�d 76.5 (1.88) 0.186 (0.215) 0.184 (0.173) 1.00 (0.995)
SrCo0.8Fe0.2O3�d 113 (0.366) 0.405 (0.402) 0.402 (0.326) 1.00 (0.991)

k2 (k2
0) is the oxygen absorption (desorption) rate coefficient, qeq (qeq

0) the modeling equilibrium absorption (desorption) capacity, qabs (qdes) the fixed-bed oxy-
gen absorption (desorption) capacity and, R2 (R02) the absorption (desorption) correlation coefficient.

3130 DOI 10.1002/aic Published on behalf of the AIChE December 2009 Vol. 55, No. 12 AIChE Journal



the oxygen vacancies that occur due to A-site ion substitu-
tion. Detailed analysis of the oxygen desorption (or absorp-
tion) behavior have already been described.35,36 As shown in
Figure 8, all samples except BaCo0.8Fe0.2O3�d exhibit two
characteristic desorption peaks, a oxygen and b oxygen, at
lower and higher temperature, respectively. Also, the two
oxygen desorption peaks relate well to the two oxygen
absorption peaks of the fixed-bed oxygen absorption experi-
ments within the two different temperature ranges, as men-
tioned above (Figure 3). Moreover, another phenomenon
appearing in both experiments (O2-TPD and fixed-bed
oxygen absorption) was that, for the series of
Ba1�xSrxCo0.8Fe0.2O3�d oxides, the amounts of oxygen de-
sorbed/absorbed at lower temperatures (300–600�C)
increased with Sr content. However, for SrCo0.8Fe0.2O3�d,
two overlapping peaks appeared in the lower temperature
range. It is well known that, when trivalent La is substituted
by divalent ions, the B-site ions of La1�xAxCo1�yFeyO3�d

(A ¼ Sr, Ba, Ca) will be oxidized from Co3þ (Fe3þ) to
Co4þ (Fe4þ), as well as producing oxygen vacancies, and
Fe3þ is more easily oxidized to Fe4þ than Co3þ.20 However,
when more Sr2þ, with smaller ionic radius, appeared at the
A-site, for instance SrCo0.8Fe0.2O3�d, not only was a lot of
Fe4þ formed, however, some Co4þ ions with smaller ionic
radius, appeared, in order to maintain its cubic perovskite
structure (tolerance factor t � 1). Therefore, between the
two a oxygen peaks of SrCo0.8Fe0.2O3�d, the first one may
result from the reduction of Co4þ to Co3þ, and the second
from the reduction of Fe4þ to Fe3þ. For other a desorption
peaks of Ba1�xSrxCo0.8Fe0.2O3�d (x \ 1), a synergetic effect
of the B-site ions (Co4þ, Fe4þ) gives two smaller a oxygen
peaks completely overlapped, because oxides containing
Ba2þ, which has a bigger ionic radius, gives rise to a larger
amount of B3þ (or B2þ) with bigger B-site ionic radius and

less B4þ, in order to maintain their perovskite structures.
Also, in the O2-TPD, the higher temperature peaks, exclud-
ing the rather weak ones for the single-phase cubic
perovskite oxides (x [ 0.3), become sharp for
Ba1�xSrxCo0.8Fe0.2O3�d (x ¼ 0, 0.2, 0.3). The conclusion
from the O2-TPD results is that the introduction of Sr in
BaCo0.8Fe0.2O3�d facilitates the oxidation of Co3þ/Fe3þ to
Co4þ/Fe4þ and causes more a-oxygen to be desorbed (or
absorbed) in the lower temperature zone. Consequently,
SrCo0.8Fe0.2O3�d is the best sorbent within the temperature
range of 300–600�C, as evidenced by the iodometric titration
combined with XRD.

The iodometric titration can be used to determine the av-
erage oxidation states of the B-site transition metal ions and
the oxygen nonstoichiometry d of a perovskite-type oxide.
Figure 9 shows the average oxidation states of the B-site
ions and the largest lower-temperature oxygen absorption
capacities of the samples. The average oxidation state of the
B-site transition metal ions at room temperature is deter-
mined by the iodometric titration, while the largest oxygen
absorption capacities in the lower temperature range (300–
600�C) are evaluated from Figure 3 (qabs � T curves). As
shown in Figure 9, although the oxygen absorption capacities
of the Ba1�xSrxCo0.8Fe0.2O3�d oxides decrease with increase
of the average radii of the A-site ions, the plot of the aver-
age oxidation states of the B-site ions as a function of the
average radii of the A-site ions does not exhibit a monotonic
curve. For the single-phase cubic perovskite oxides
(Ba1�xSrxCo0.8Fe0.2O3�d with x [ 0.3), the iodometric titra-
tion curve and the oxygen absorption capacity curve have
similar trends. That is because, for perovskite-type oxides,
the amount of a-oxygen desorbed is determined by the pro-
portion of B-site transition metal ions that are reduced from
B4þ to B3þ. As seen in Figure 2, BaCo0.8Fe0.2O3�d and
Ba0.8Sr0.2Co0.8 Fe0.2O3�d are not cubic perovskite oxides,
and Ba0.7Sr0.3Co0.8Fe0.2O3�d is a transition material between
the cubic and noncubic perovskite-type structure oxides, so

Figure 8. O2-TPD diagrams of the Ba12xSrxCo0.8Fe0.2
O32d oxides.

Figure 9. Average oxidation states of the B-site transi-
tion metal cations and the largest low-tem-
perature oxygen adsorption capacities versus
the average radii of the A-site ions for the
Ba12xSrxCo0.8Fe0.2O32d series.

——n——qabs � rA curve; ——$—— iodometric titration
curve.
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they probably have some unusual characteristics that differ
from the cubic perovskite-type oxides. This is exemplified
by the average oxidation states of the B-site ions as shown
in Figure 9, where the transition material Ba0.7Sr0.3
Co0.8Fe0.2O3�d breaks the step-down trend of the iodometric
titration curve. Therefore, SrCo0.8Fe0.2O3�d, with the highest
average oxidation state of the B-site ions and the smallest
A-site ion radius among the cubic perovskite oxides of the
series Ba1�xSrxCo0.8Fe0.2O3�d (x[ 0.3), has the largest oxy-
gen adsorption capacity at low temperature.

The results of the TGA measurements are shown in Figure
10. All the materials studied undergo certain weight changes
when they are subjected to switching of the surrounding
gases between the synthesized air and high-purity nitrogen.
An oxygen desorption process starts when the gas flow is
changed from air to nitrogen, while an oxygen absorption
process takes place as the gas is switched from nitrogen
back to air. All of the oxides have faster oxygen absorption
rates than desorption ones, just like the different values of k2
and k2

0 (k2 [ k2
0) shown in Table 1, hence the oxygen

absorption processes shown in Figure 10a exhibit quite steep
breakthrough curves, while the desorption ones in Figure

10b show some ‘‘long tails.’’ The most important result from
the TGA experiments is that the equilibrium oxygen absorp-
tion capacities can be obtained from Figure 10a. It is clear
that, at lower temperature (530�C), the equilibrium oxygen
absorption capacities of the Ba1�xSrxCo0.8 Fe0.2O3�d series
increase as the average radii of the A-site ions are reduced,
and the tend is consistent with the results of the O2-TPD and
fixed-bed oxygen absorption experiments in the temperature
range of 300–600�C. Thus SrCo0.8Fe0.2O3�d has the largest
oxygen absorption (desorption) capacity in the low tempera-
ture range investigated.

Conclusions

In this article, the oxygen absorption properties of the series
of Ba1�xSrxCo0.8Fe0.2O3�d oxides have been systemically
examined by oxygen partial pressure swing absorption at tem-
perature T � 300�C. As expected, all the perovskite oxides
exhibited some oxygen absorption capacities in the temperature
range of 300–600�C, which increased as the average radii of the
A-site ions decreased. Hence, the material SrCo0.8Fe0.2O3�d,
with the smallest A-site ionic radius, had the largest oxygen
absorption capacity at lower temperature (500�C). In contrast,
BaCo0.8Fe0.2O3�d absorbed the largest amount of oxygen (qabs
¼ 0.533 mmol/g) at higher temperature (850�C). The pseudo-
second-order kinetics model is a good model for the fixed-bed
oxygen absorption experiment. The X-ray diffraction results
showed that the series Ba1�xSrxCo0.8Fe0.2O3�d with x[0.3 had
a single-phase cubic perovskite structure. The oxygen absorp-
tion (desorption) properties of this series were also investigated
by TPD, iodometric titration, and TG techniques, which have
further confirmed the fixed-bed oxygen absorption properties of
all the studied materials.

When compared with conventional PSA absorbents (zeo-
lites) used for air separation, this new type of oxygen
absorbents, perovskite-type oxides with an oxygen deficient
structure, exhibits many merits, such as large oxygen absorp-
tion capacities and an infinite selectivity for oxygen. Taking
these advantages into account, the perovskite-type oxides
will be a good candidate for oxygen separation from air or
other oxygen-containing gases. Furthermore, if the oxygen
partial pressure swing absorption technique is combined with
the oxygen permeation processes of dense membranes, two
high-purity and very important industrial products, O2 and
N2, will be obtained.37
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Notation

Fair ¼ flux of the synthesized air (ml min�1)
FHe ¼ flux of the pure helium (ml min�1)
Fout ¼ flux of the effluent exiting from the absorption column (ml

min�1)
ko ¼ rate coefficient for the line parts of the Figure 4a (ml min�1 g�1)
k2 ¼ pseudo-second-order rate coefficient for the curved parts of

Figure 4a (g mmol�1 min�1)
k2

0 ¼ pseudo-second-order rate coefficient for oxygen desorption
processes (g mmol�1 min�1)

Figure 10. TG curves of the series of Ba12xSrxCo0.8

Fe0.2O32d: (a) the oxygen absorption proc-
esses; (b) the oxygen desorption processes.

1. BaCo0.8Fe0.2O3�d, 2. Ba0.8Sr0.2Co0.8Fe0.2O3�d, 3. Ba0.7
Sr0.3Co0.8Fe0.2O3�d, 4. Ba0.5Sr0.5Co0.8Fe0.2O3�d, 5. Ba0.2
Sr0.8Co0.8Fe0.2O3�d, 6. SrCo0.8Fe0.2O3�d. T ¼ 530�C; Air
and N2 flow rates: 100 ml/min.
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m ¼ weight of an oxide absorbent (g)
qabs ¼ oxygen absorption capacity (mmol g�1)

qabs(1) ¼ oxygen absorption capacity for the low plane parts in Figure 5
(mmol g�1)

qdes ¼ oxygen desorption capacity (mmol g�1)
qeq ¼ modeling equilibrium absorption capacity (mmol g�1)
qeq

0 ¼ modeling equilibrium desorption capacity (mmol g�1)
qt ¼ oxygen absorption/desorption capacity at time t (mmol g�1)
rA ¼ average radius of A-site cations of an oxide (pm)
R2 ¼ absorption correlation coefficient
R02 ¼ desorption correlation coefficient
t ¼ oxygen absorption/desorption time (min)

xin ¼ oxygen mole fraction in the feed air
xO2 ¼ oxygen mole fraction in the effluent exiting from the

absorption column
xout ¼ oxygen mole fraction in the Fout
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