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Perovskite-type oxides are a group of ceramic compounds
having the general formula of ABO; with a simple cubic crys-
tal structure. Perovskite-type ceramics have attracted increas-
ing interests since the 1940s. Among perovskite-type ceram-
ics, lanthanum cobaltite series has recently received increas-
ing attention, mainly for membranes separation and mem-
brane reactor applications. Several groups have studied oxy-
gen defect chemistry, oxygen ionic and electronic conductivi-
ties, oxygen permeability, and oxygen surface exchange rates
(van Hassel et al., 1993; Bouwmeester et al., 1994; Ma et al.,
1996; Liu et al., 1996; Chen et al., 1997; Zeng and Lin, 1998;
Zeng et al.,, 1998). Membranes made of this group of per-
ovskite-type ceramics offer very high oxygen permeability with
infinite selectivity for oxygen. Despite their many inherent
advantages for air separation and membrane reactor applica-
tions, perovskite-type ceramic based membrane processes still
face many technical challenges (Dyer et al., 2000; Lin, 2001)
such as chemical and structural instability of the perovskite
membrane and the complexity of designing and fabricating
large-scale dense membrane modules and a process that can
ensure safe operation. Nevertheless, recent studies on these
perovskite-type ceramic membranes have provided much use-
ful information that leads to the following new concept of
high temperature sorption processes for air separation.

Recently, Lin and coworkers (Lin et al., 2000; Yang et al.,
2002) reported a new application of the perovskite-type ce-
ramics as sorbents in high-temperature sorption processes for
air separation and oxygen removal. The high-temperature
sorption processes are based on the fact that the oxygen non-
stoichiometry & for a doped perovskite type ceramic
(A_,A,B;_BO;_;) is a function of temperature and oxy-
gen partial pressure. By changing temperature or oxygen par-
tial pressure, oxygen nonstoichiometry, or oxygen content in
the solid, changes. Within a certain range of temperature and
oxygen partial pressure, the change of the oxygen nonstoi-
chiometry does not affect its perovskite structure, and the
change of the oxygen content in the material is reversible.
Yang et al. (2002) reported that, at high temperature (600°C),
a lanthanum cobaltite sorbent can adsorb oxygen up to 0.6

Correspondence concerning this article should be addressed to Y. S. Lin.

AIChE Journal March 2003

mmol/g with zero sorption for nitrogen. The oxygen sorption
capacity of the perovskite-type ceramics at high temperature
is comparable to the nitrogen sorption capacity of LiX zeolite
(Rege et al., 1997). However, the former is oxygen selective
with an infinite oxygen to nitrogen selectivity, and the latter
is nitrogen selective with a maximum nitrogen to oxygen se-
lectivity of around 10. Yang et al. (2002) showed that the
perovskite-type ceramics are potentially excellent sorbents for
adsorption processes for air separation and oxygen removal.

In comparison with perovskite-type ceramic membrane
separation process, the high-temperature oxygen sorption
processes would not have the sorbent stability problem and
do not require a seal. Furthermore, sorption technology
(sorbent and adsorber fabrication, and design, manufacturing
and operation of large-scale sorption processes) is well estab-
lished as compared to the high-temperature membrane tech-
nology. These will make such high-temperature sorption pro-
cesses more attractive from an industrial viewpoint. To de-
velop these high-temperature oxygen sorption separation
processes, a systematic investigation is required to study the
oxygen sorption equilibrium and kinetic properties on this
group of new sorbents. This article reports results of a theo-
retical and experimental study on oxygen nonstoichiometry,
oxygen sorption isotherms, and the heat of sorption of a rep-
resentative perovskite-type ceramic sorbent
La;Srg9CogsFeqsO0;_ 5 (LSCF).

Modeling Oxygen Sorption Equilibrium

A point defect model has been successfully applied to sev-
eral lanthanum cobaltite perovskite-type materials with lower
Sr dopant (Mizusaki et al., 1984, 1985, 1989; van Roosmalen
et al.,, 1991; van Hassel et al., 1993). For the present lan-
thanum cobaltite (La,Sr,,Co,sFe,s05_5) with large Sr
doping amount and two metal species on B-site, the cluster
defect model (van Roosmalen et al., 1991; van Hassel et al.,
1993; Yasuda and Hishinuma, 1996) should work better.
Therefore, we present the cluster defect model below for the
present lanthanum cobaltite.

To simplify the model, we assume that both B- site ions
(Co, and Fe) have similar reactivity. There are two forms of

Vol. 49, No. 3 793



oxygen vacancies present in the material: one is randomly
distributed oxygen vacancy, and the other is oxygen vacancy
in a certain ordered cluster structure. Randomly distributed
oxygen vacancy is formed by a defect reaction described as
(in Kroger-Vink notations)

1
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The following equilibrium relation holds for reaction A
X 2 Ldd
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where K, is the defect reaction equilibrium constant. The
cluster oxygen defect is in the form of a certain cluster struc-
ture with the combination of B-site ions. For our material,
the cluster defect could be induced from the shift of valance
on B-site ions, in which two Bj cations transform into B}
and form a neutral cluster structure with oxygen vacancy as
[By — V3 — Bgl, and the defect reaction is given by

o (B)
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For reaction B, the formation of a cluster defect, the reac-
tion equilibrium constant at a given temperature K,, is de-
fined as

[B,~ V5"~ By1PY:
K,= 2 - (2)
(B3] 05 ]

Three other equations can be derived from mass balance
on the B-site species, charge neutrality of the system, and
oxygen stoichiometry. These equations are in the similar
forms as those published in literature (van Roosmalen et al.,
1991; van Hassel et al., 1993). These five equations form a set
of nonlinear equations which include five unknowns, the con-
centrations of the defects in the perovskite-type ceramic crys-
tals, [Bgl, [BX], [By —V3* — Byl [OX], [V3®]l. K, and K,
can be obtained by regressing experimental data with above
five equations. The simultaneous solution of these five equa-
tions will give dependency of the oxygen vacancy concentra-
tion and other defect concentrations on oxygen partial pres-
sure. The Microsoft IMSL subroutine NEQBF was used to
solve these nonlinear equations using factored secant update
with a finite-difference approximation to the Jacobian.

Experimental Section

La,Sr;,Co(sFe,s0;_; (LSCF) powder was prepared by
liquid citrate method followed by firing at 1250°C for 25 h
(Zeng et al., 1998; Yang et al., 2002). High-temperature firing
ensured the formation of a perovskite-type crystallographic
structure. The perovskite-type crystalline structure of the
LSCF sample was confirmed by XRD pattern (CuKe,).
Scanning electronic microscopic (Hitachi S-4000) analysis re-
vealed that the LSCF powder contained approximately spher-
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ical dense particles of about 180 um in diameter. The aver-
age density of the LSCF powder was 5.7 g/cm?>.

Oxygen nonstoichiometry § which can be directly related
to oxygen vacancy concentration or oxygen sorption capacity,
was experimentally determined by the gravimetric method
(Zeng and Lin, 1998; Yang et al., 2002). These measurements
were conducted on a Cahn electronic-microbalance (Cahn-
1000), and a description of the experimental setup was given
elsewhere (Zeng and Lin, 1998). Details on experimental
procedure and determination of oxygen nonstoichiometry
were given elsewhere (Yang et al., 2002).

Heat of sorption is one of the most important properties of
adsorbents. One of the objectives of this work is to estimate
the heat of sorption on this new type of adsorbent for oxygen
sorption. Isosteric heat of oxygen sorption was calculated from
oxygen nonstoichiometry data at different temperatures and
oxygen partial pressures. Apparent heats of sorption were also
determined by simultaneous DSC-TGA measurement (TA
Instruments, SDT-2960). During the experiment, about 20-30
mg sorbent material was put in the alumina sample pan in
the DSC-TGA instrument. The sample was first exposed to a
flow of dry nitrogen (99.999% purity) at a flow rate of 100
mL/min. At the steady state, the nitrogen flow was switched
to dry air flow at the same flow rate. The percentage of the
weight change w was obtained from the TGA curve, and the
integrated heat amount Q was obtained by integrating DSC
curve (heat flux vs time). The apparent heat of sorption of
the sample corresponding to a switch of the surrounding at-
mosphere from nitrogen to air at a given temperature was
then calculated by the following equation

©)

Q
Hipp = — X Mo, X CF

where My, is the molecular weight of oxygen and CF is the
calibration factor of the DSC-TGA system. To obtain an ac-
curate calibration factor, the melting heat of three metals,
aluminum, zinc, and silver, having melting points of 692.78 K,
933.5 K and 1235.1 K respectively, was measured and com-
pared with the literature heat of fusion. The average calibra-
tion factor obtained for the TGA-DSC instrument was 0.974.

Results and Discussion
Oxygen nonstoichiometry and its comparison with models

Figure 1 shows the comparison of oxygen nonstoichiometry
determined by experimental measurements and cluster model.
In the temperature and P, ranges of the investigation, the
cluster defect model agrees well with the experimental data.
Generally, oxygen nonstoichiometry decreases with decreas-
ing temperature and increasing P, in the ambient gas phase.
As seen from the figure, oxygen nonstoichiometry exhibits
nearly logarithmic dependence on the oxygen partial pres-
sure in the temperature range studied.

The values of the two reaction equilibrium constants, K,
and K, in the simple cluster model obtained by the regres-
sion are listed in Table 1. Figure 2 shows Arrhenius plots of
the reaction equilibrium constants K; and K, based on the
cluster defect model. The negative slopes indicate that both
reaction A and reaction B are endothermic. This is expected
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Figure 1. Experimental data (points) and model fit for
oxygen nonstoichiometry at different Po2 at
temperatures.

since the formation of oxygen vacancy or defect can be con-
sidered as a desorption process, which is normally endother-
mic. The heat of reaction calculated from the Arrhenius plots
is 59.7 kJ/mol and 55.5 kJ/mol, respectively, for reaction A
and B.

Once constants K, and K, are determined, the concentra-
tions of various defects were calculated from the simple clus-
ter model at different temperatures and oxygen partial pres-
sures. Figure 3 shows the distribution of the randomly dis-
tributed oxygen defect [V/3*] and cluster oxygen defect [ By —
VS5 — Bgl, as a function of Pg,, at 400°C and 800°C. As seen
from the figure, with the increase of Pg,, both random and
cluster oxygen defects decrease. This is also true for other
temperatures. At 400°C, the concentration of cluster vacancy
is negligible in the P, range studied, but becomes apprecia-
ble at higher temperatures. For example, at 800°C in He (P,
of 1.3%x10™* atm), the oxygen vacancy & in cluster is 0.0655.
Therefore, the cluster defects can be important at higher
temperatures.

Reaction equilibrium constant K; is several orders of mag-
nitude higher than K,, suggesting that reaction A is thermo-
dynamically more favorable than reaction B. It is more likely
that La,,Sr,,Co,sFe,sO;_5; (LSCF), simplified as
Lay;Sry9BO;_;, should have a composition of
La ;Sroo(Bg)yo(Bg )y 05 stoichiometric condition due to
the charge balance and the fact that A-site cations have fixed
valances and B-site cations have variable valances. Mixed
valance on B-site cation(s) plays a very important role in the
formation of oxygen vacancy in perovskite-type ceramics at
elevated temperatures. The random oxygen defects are

Table 1. K, and K, in Cluster Defect Modeling

Temp. (°C) K, (atm"?) K, (atm"?)
400 0.062 1.07x1073
500 0.190 5.64x107°
600 0.510 1.58x107*
700 1.323 2.53x107*
800 3.531 4.58x1074
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Figure 2. Two reaction equilibrium constants in the
cluster defect model at different tempera-
tures.

formed to compensate the shift of the B-site valance from
[B3]to [B], and the cluster oxygen defects are formed due
to the shift of the B-site valence from [Bz] to [ B;]. Oxygen
defect concentration increases with increasing temperature
and/or decreasing Pg,. Due to the large amount of Bj (mole
fraction of 90%) in the stoichiometric condition, these de-
fects formed are initially the random ones due to the reduc-
tion of By to BZ, with negligible the cluster defects. When
the mole fraction of BZ increases and P, in the gas-phase
decreases to a certain extent, the formation of the cluster
defect becomes important, as shown in Eq. 2.

Oxygen sorption isotherms and heat of sorption

Oxygen sorption isotherms on the perovskite-type oxide was
determined from the oxygen nonstoichiometry at different
oxygen partial pressures and constant temperature. Different
from other conventional sorbents (such as zeolites and car-
bon molecular sieves) for oxygen sorption, the oxygen content
in the perovskite-type ceramics may change even at very low
oxygen partial pressure range. A reference state, correspond-
ing to the conditions where the sorbent is regenerated, should
be selected. In this study, Py, of 1.3X10™* atm was selected
as the reference state. The oxygen sorption isotherm of the
LSCF sample at different temperatures were calculated by
the following equation

—AS8/2
M

w

q= 4)
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Figure 3. Distribution of oxygen defects with P, at dif-
ferent temperatures.

where ¢ is the sorption capacity (mol/g adsorbent), A§ is the
difference of oxygen nonstoichiometry between a given Pg,
and the reference Py, (1.3x10* atm, or He), and M, is
the average molecular weight of the sorbent during the sorp-
tion process.

Experimental data of oxygen sorption isotherms for the
LSCF sample are presented in Figure 4. For this LSCF sam-
ple, oxygen sorption capacity follows approximately linear de-
pendency on log(Pp,), which is determined by the shape of
8 — P, curve shown in Figure 1. Above 500°C, the sorption
capacity decreases with increasing temperature, while a con-
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Figure 4. Oxygen sorption isotherms of LSCF.
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Figure 5. Calculation of isosteric heat of sorption of
LSCF (points are experimental data).

tradictory trend is seen between 400 and 500°C. As stated
above, oxygen nonstoichiometry always increases with in-
creasing temperature. However, oxygen sorption capacity is
proportional to the difference of oxygen nonstoichiometry
between a given P, and the reference condition Py, =1.3X
10~* in this case. For this specific perovskite-type ceramic
LSCEF, this difference at 400°C is slightly lower than that at
500°C, as shown in Figure 1; this explains the seemingly
“contradictory trend” at 400 and 500°C. It should be noted
that the sorption capacity for the perovskite type ceramic sor-
bent is fairly high even at such high temperatures. These val-
ues are comparable to nitrogen sorption capacity of zeolite
LiX at room temperature (Yang et al., 2002).

In this work, the heat of sorption was first obtained by the
isosteric method, and the relationship is expressed in the fol-
lowing equation

o] o

Regression of the straight lines of the plots of InPy, ~1/T in
Figure 5 gave the slopes from which the isosteric heat of
sorption was calculated. For the LSCF sample, the isosteric
heat of sorption obtained is in the range of 108—133 kJ/mol.
These data of isosteric heat of sorption are also consistent
with the modeling results described above. In the simple clus-
ter model, the heats of reaction are 59.7 kJ/mol and 55.5
kJ/mol for the formation of random and cluster oxygen va-
cancy, respectively. These values are translated to 119.4
kJ/mol and 110.0 kJ/mol based on a unit mole of the molecu-
lar oxygen. A lower isosteric heat of sorption suggests a
weaker bonding of oxygen with the metal ions on the LSCF
sample studied. B-site doping amount has a marked effect on
the properties of adsorbed oxygen, especially the bonding
strength (Zhang et al., 1989, 1990). Therefore, it is possible
to tailor the properties of the heat of sorption of the per-
ovskite materials by controlling B-site composition.

The apparent heat of sorption for the LSCF sample was
also measured by the DSC-TGA method. Typical simultane-
ous DSC-TGA curves are given in Figure 6. By using Eq. 3,
the apparent heat of sorption was calculated as 104.9 kJ/mol
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Figure 6. Representative data for simultaneous DSC-
TGA measurement of oxygen sorption on
LSCF at 600°C.

at this temperature. The apparent heats of sorption at other
temperatures were also obtained and the results are given in
Table 2. As seen from the table, from 400°C to 750°C, the
apparent heat of sorption is in the range of 98.5 to 121.0
kJ/mol. The apparent heat of sorption decreases with in-
creasing temperature. We believe this is due to the fact that
the heat capacities of reactants and products change with
temperature. In the broad range of the temperature
(400-750°C) in this work, it is not surprising to observe the
change of heat of sorption with temperature. Although the
heat of sorption can be modified by controlling the material
composition, a good heat management is essential to the de-
sign of a sorption process based on this group of ceramic
sorbents.

Conclusions

Oxygen nonstoichiometry and heat of sorption of a per-
ovskite-type ceramic La,Sr,4Co,sFe(s05_; (LSCF) was
investigated in this work. The material exhibits large changes
of oxygen defect with respect to temperature and oxygen par-
tial pressure. As a result, this material offers a large capacity
for oxygen sorption at high temperatures. Sorption isotherms
of the material at different temperatures are obtained from
the oxygen nonstoichiometry 6 data.

A simple cluster model was used to describe oxygen sorp-
tion equilibrium for this perovskite-type ceramic sorbent. The

Table 2. Apparent Heat of Sorption at Various Temperatures

by DSC-TGA
T(CC) QUQU/gSorbent) wt.%  Heat of Sorption (kJ/mol)
400 37.48 1.016 120.95
450 41.02 1.113 120.84
500 40.52 1.192 112.37
550 40.69 1.202 111.91
600 35.37 1.124 104.90
650 33.91 1.099 102.85
700 28.39 0.9604 98.54
750 27.54 0.8928 101.55

AIChE Journal

model fits the experimental data well. Isosteric heat of oxy-
gen sorption calculated from the oxygen nonstoichiometry
data for this material is in the range of 108—133 kJ/mol. The
apparent heat of oxygen sorption measured by TGA-DSC is
in the range of 99-120 kJ/mol and increases with decreasing
temperature. These heat of oxygen sorption data agree with
the heat of reaction for the formation of oxygen vacancy based
on the simple cluster defect model. The heat of oxygen sorp-
tion in this group of ceramics is significantly larger than the
heat of physical adsorption of oxygen.
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