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In this paper, the relaxation kinetics of the oxidation
process of the YBaCo4O7+δ , Y0.95Ti0.05BaCo4O7+δ and
Y0.5Dy0.5BaCo4O7+δ oxygen carriers is studied with isothermal
reaction data. XRD analysis for fresh samples shows that all
the samples have YBaCo4O7+δ structure. Scanning electron
microscopy images of samples show that the samples consist
of porous agglomerates of primary particles. Isothermal
TG experiments are conducted with temperatures of 290◦C,
310◦C, 330◦C and 350◦C, respectively. It is found that the
Avrami-Eroféev model describes solid-phase changes in the
oxygen absorption process adequately. The results show that
the distributed activation energies of the oxidation process
obtained by the Avrami-Eroféev model are 42.079 kJ mol−1,
42.944 kJ mol−1 and 41.711 kJ mol−1 for the YBaCo4O7+δ ,
Y0.95Ti0.05BaCo4O7+δ and Y0.5Dy0.5BaCo4O7+δ oxygen carriers,
respectively. The kinetic model was obtained to predict the
oxygen carrier conversion of oxygen absorption for different
time durations. The kinetic parameters obtained here are quite
vital when this material is used in reactors.

1. Introduction
It is generally accepted that carbon dioxide (CO2) emission
is the main contributor to global warming. Oxygen-enriched
combustion, one of the possible options to reduce CO2 emission,
is not applied widely in industry due to the high cost of
oxygen production. The process of chemical looping air separation
(CLAS) was developed by Moghtaderi & Song in 2010 [1]. The
process saves 74% of the power of the cryogenic air separation
process [1]. The schematic of the CLAS process is described
elsewhere [2]. The oxygen carrier circulates between the oxidation
reactor and the reduction reactor. In the oxidation reactor, the
oxygen carrier is fully oxidized by oxygen. In the reduction
reactor, the oxygen carrier is fully reduced by steam or CO2.
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Oxygen carrier materials are mainly those of metal oxide, perovskite and sulfate. The metal oxide

oxygen carriers such as those that are Cu-based, Co-based and Mn-based have attracted the interest of
researchers [3–13]. Perovskite oxygen carriers such as Ca1−xPrxMnO3−δ , SrCoFe3−δ and LaFe1−xMnxO3
also have been investigated [14–16]. Zhao et al. [15] found that Mn substitution in LaFeO3 not only was
conducive to the partial oxidation of CH4, but also enhanced the lattice oxygen mobility from the bulk
to the surface of the oxygen carrier. Because of a low melting point and serious agglomeration of metal
oxide, various support materials such as ZrO2, TiO2 and SiO2 have been explored [11,17,18]. Wang et al.
[19] reported that the reduction rate of the combined CuO/Mn2O3 oxygen carrier with ZrO2 as a binder
increased with increasing reduction temperature. Wang et al. [20] found that the Fe2O3 oxygen carrier
had an effective impact on the conversion of typical bituminous coal in a chemical looping combustion
system. Whitty & Clayton [21] reported that the activation energy of the oxidation of the CuO oxygen
carrier with ZrO2 as a binder was 202 kJ mol−1. Arjmand et al. [12] found that the activation energy
of reduction reaction of the CuO oxygen carrier was 313 kJ mol−1. Hossain found that the reduction
kinetics of the NiO/Ce-γAl2O3 oxygen carriers was favourably expressed by the nucleation and crystal
growth model. The estimated energy of activation for the reduction process was found to be in the range
of 52–55 kJ mol−1 [22]. Zhu et al. found that the reduction characteristics of oxygen carriers of Fe2O3–
60 wt%/Al2O3 had an impact on the efficiency of the chemical looping hydrogen generation process.
Fe3O4–FeO was determined as the rate-limiting step with a lower reaction rate constant and a higher
activation energy [23]. Hossain & de Lasa [24] found that the nucleation and nuclei growth model
provided a better description of the reduction process for CoO–NiO/αAl2O3 oxygen carriers. Li et al.
[25] found that a moving-bed reducer showed better performance than a fluidized-bed reducer for the
syngas chemical looping process.

There has been extensive reporting in the literature on metallic oxides; unfortunately, industrial
applications of metallic oxides consume a large amount of energy as their reaction temperatures are
high. Hence investigations with oxygen carriers, which can react at low temperatures and are extremely
time-efficient. It is excellent that the waste heat of low temperatures can be used as heat resources as the
waste heat resources have not been used effectively. YBaCo4O7+δ (donated Y114 phase) was synthesized
originally by Valldor & Andersson in 2002 [26]. Karppinen et al. reported that YBaCo4O7+δ experienced
two processes: oxygen intake and release (the first being around 200–400◦C, the other around 600–
900◦C) when heated to 1100◦C in an oxygen-containing atmosphere. The first process was reversible
with no decomposition of the YBaCo4O7+δ phase [27]. The maximum oxygen content was obtained at
temperatures lower than 500◦C, achieving δ ≈ 1.0 and δ ≈ 1.2 in air and oxygen atmospheres, respectively
[27,28]. The unique ability of the YBaCo4O7+δ phase to reversibly absorb and release oxygen makes
it a possible candidate as an oxygen carrier that works at low temperatures in the CLAS system. The
crystal structure consists of the three-dimensional network of corner-sharing CoO4 tetrahedra. The
corner-sharing CoO4 framework allows oxygen modification in an atomic arrangement. As YBaCo4O7+δ

decomposition takes place at a temperature above 600°C, improving that dynamical stability is a critical
issue [29]. Doping in the Y or Co site is one of the positive choices to improve the stability. Ca, Tb-Lu and
Zr can partially or completely substitute Y [28–35]. Fe, Al, Ga, Mn, Ni, Cu and Zn can partially substitute
Co [36–38]. Kadota et al. [29] identified that the phase-decomposition temperature of RBaCo4O7+δ

increased with decrease in the radius of the R ion. The decomposition temperature increased with
increase in Sr doping concentration [35]. The phase-decomposition temperature of the 114 phase was
increased by Al, Ga and Zn substituting for Co [33,35–37]. The increase was prominent, especially for the
samples substituted by Al and Ga [35]. Räsänen et al. [36] reported that Al and Ga co-substituting for Co
was more favourable than a single substitution of Al or Ga for improving thermal stability. However, Fe
and Al co-substitution weakened the effects of Al substitution [31].

Very few works in the current literature focus on the kinetics of YBaCo4O7+δ oxygen carriers for
CLAS applications. As is known, YBaCo4O7+δ shows a slower oxygen absorption rate and a faster
oxygen desorption rate at lower temperatures [32,39]. For the application, the kinetics features are greatly
impacted by the reactor size and the solid inventory. The reaction rate of YBaCo4O7+δ varies with
different working parameters such as reaction temperature, conversion range, oxygen concentration and
particle size [40–42]. Generally, the kinetics of gas–solid reactions is complex. However, for YBaCo4O7+δ

oxygen carriers, the kinetic description of the process is relatively simple as there is no phase change.
Indeed, the product of the gas–solid reaction is of a different solid phase from that of the solid reactant,
the difference in density of the two solid phases imposing chemical constraints on the solid–solid
interface [43,44]. As this surface area is a kinetic parameter for the gas–solid reaction, a phenomenological
kinetic description of the process is often impossible. In the case of perovskite, the oxidation process
involves physical adsorption on the surface and the oxygen vacancies are filled by oxygen ions migrating
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from the bulk. The oxygen ions are involved in dissociative adsorption and chemical adsorption. The
diffusion of oxygen ions is one of the processes which might control the rate of the oxidation reaction.
The different adsorption steps and the possible surface migration of these adsorbed species to the
reaction sites might also be rate-controlling [43]. In the case of the chemical reaction-controlled process,
action there proceeds uniformly throughout the solid particles. In this case, different models need to be
employed. The mechanism and kinetic parameters obtained here are quite vital when this material is
used in the reactors.

2. Experimental section
2.1. Preparation of materials
Samples of YBaCo4O7+δ , Y0.95Ti0.05BaCo4O7+δ and Y0.5Dy0.5BaCo4O7+δ were synthesized by a solid-
state reaction. Mixed appropriate stoichiometric amounts of the starting materials, Y2O3, TiO2, Dy2O3,
BaCO3 and Co3O4, were ground thoroughly and then calcined at 1000◦C for 15 h. The calcined samples
were reground and calcined at 1100◦C for 30 h. After calcination, all the samples were ground with
a mortar and sieved with a 400-mesh sieve (average particle size less than or equal to 37.5 µm) for
experiments and kinetic analysis.

2.2. Characterization of materials
Phase composition was studied by a powder X-ray diffraction technique (Panalytical, PW 3040/60;
X’Pert Pro system with Cu Kα radiation). X-ray data were recorded with a step scan of 0.02° for 2θ

between 10° and 70°, and the cell parameters were determined with JADE software. The microstructure
of the synthesized samples was observed with scanning electron microscopy (SEM) on an ultra plus field
emission scanning electron microscope. The oxygen absorption behaviour was observed with isothermal
TG experiments in a thermogravimetric analyzer-TGA (STA409PC). During the TG experiment, a
powder sample, with a mass of 10 mg, was heated to the target temperature (290, 310, 330 and 350◦C) in
a N2 atmosphere to prevent the occurrence of oxygen absorption. Then the atmosphere was changed to
an air flow of 40 ml min−1, keeping the target temperature for 2 h to investigate the oxygen absorption
behaviour. Before the kinetic experiments, the internal and external diffusion were eliminated by the
experiments by varying the gas flow rate and the sample loading weight in the ranges of 20–40 ml min−1

and 10–20 mg, respectively.

3. Results and discussion
3.1. Characterization
The phase composition of the YBaCo4O7+δ , Y0.95Ti0.05BaCo4O7+δ and Y0.5Dy0.5BaCo4O7+δ samples is
shown in figure 1. The cell parameters of the samples are refined from the data in space group P63mc,
and the refined cell parameters are presented in table 1. By combining with the XRD patterns and refined
cell parameters, the present samples are indexed to be of YBaCo4O7+δ structure. Typical SEM images
of samples are shown in figure 2. It is seen that the samples consist of porous agglomerates of primary
particles. The differences in morphology with different substituting ions of the oxygen carriers are very
small.

The 114 phase oxygen carriers can absorb certain amounts of oxygen at different temperatures.
The percentage change in mass �m (%) and total stoichiometric change (δ) obtained at different
oxidation temperatures are presented in table 2. The amount of oxygen absorption increases with
increase in the oxidation temperature lower than 330◦C. The amount of oxygen absorption obtained
at 350◦C is lower than that of the value obtained at 330 and 310◦C. Furthermore, at a given oxidation
temperature, the amount of oxygen absorption of Ti and Dy substituting samples is larger than that of the
unsubstituted sample. Figure 3a–c shows the conversions of the YBaCo4O7+δ , Y0.95Ti0.05BaCo4O7+δ and
Y0.5Dy0.5BaCo4O7+δ oxygen carriers during oxidation reactions at different temperatures, respectively.
As can be seen, the oxygen absorption rate of oxygen carriers increases with increase in the oxidation
temperature. The oxygen carriers absorb oxygen completely within 70 min when the temperatures are
330 and 350◦C. When the temperatures are 290 and 310◦C, the saturation time of oxygen adsorption
is approximately 100 min. The reason behind this may be that increase in oxidation temperature is
conducive to the greater diffusion of oxygen ions.
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Figure 1. The XRD of the YBaCo4O7+δ , Y0.95Ti0.05BaCo4O7+δ and Y0.5Dy0.5BaCo4O7+δ samples.

(a)
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Figure 2. SEM images of the (a) YBaCo4O7+δ , (b) Y0.95Ti0.05BaCo4O7+δ and (c) Y0.5Dy0.5BaCo4O7+δ samples.

Table 1. Refinement details for the samples.

sample a (Å) b (Å) c (Å) V (Å3)

YBaCo4O7+δ 6.2983 6.2983 10.1728 349.4661
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Y0.5Dy0.5BaCo4O7+δ 6.3076 6.3076 10.1953 351.2900
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Y0.95Ti0.05BaCo4O7+δ 6.2969 6.2969 10.1725 349.3005
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Figure 3. The conversion of oxidation in air atmosphere for the (a) YBaCo4O7+δ , (b) Y0.95Ti0.05BaCo4O7+δ and (c) Y0.5Dy0.5BaCo4O7+δ

samples.

Table 2. The mass change of the samples under different temperatures.

YBaCo4O7+δ Y0.95Ti0.05BaCo4O7+δ Y0.5Dy0.5BaCo4O7+δ

290◦C 310◦C 330◦C 350◦C 290◦C 310◦C 330◦C 350◦C 290◦C 310◦C 330◦C 350◦C
�m/% 1.982 2.211 2.244 2.123 2.011 2.341 2.376 2.209 1.897 2.289 2.315 2.237

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

δ 0.711 0.793 0.805 0.762 0.719 0.837 0.849 0.790 0.724 0.874 0.884 0.854
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3.2. Kinetic models
The reaction rate of the process [45] can be written as follows:

k = dα

dt
= k(T)f (α), (3.1)

where α is the extent of conversion, k(T) is the reaction rate content and f (α) is the kinetic model function.
Equation (3.1) can be modified as follows:

dα

f (α)
= k(T)dt. (3.2)

Equation (3.2) can be transformed into equations (3.3a,b):
∫α1

0

dα

f (α)
= G(α) =

∫ t1

0
k(T)dt (3.3a)

G(α) = k(T)t. (3.3b)
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Table 3. Kinetic mechanism functions used for describing oxidation kinetics of oxygen carriers.

symbol reaction model f (α) g(α)

R1 zero-order 1 α
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

R2 phase-boundary controlled reaction 2(1− α)1/2 [1− (1− α)1/2]
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

R3 phase-boundary controlled reaction 3(1− α)2/3 [1− (1− α)1/3]
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

F3/2 three-halves order (1− α)3/2 2[(1− α)−1/2 − 1]
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

F2 second-order (1− α)2 (1− α)−1 − 1
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

F3 third-order (1− α)3 (1/2)[(1− α)−2 − 1]
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A1/4 Avrami-Eroféev (n= 1/4) (1/4)(1− α)[−ln(1− α)]−3 [−ln(1− α)]4
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A1/3 Avrami-Eroféev (n= 1/3) (1/3)(1− α)[−ln(1− α)]−2 [−ln(1− α)]3
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A1/2 Avrami-Eroféev (n= 1/2) (1/2)(1− α)[−ln(1− α)]−1 [−ln(1− α)]2
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A2/3 Avrami-Eroféev (n= 2/3) (2/3)(1− α)[−ln(1− α)]−1/2 [−ln(1− α)]3/2
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A1 Avrami-Eroféev (n= 1) (1− α) −ln(1− α)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A3/2 Avrami-Eroféev (n= 3/2) (3/2)(1− α)[−ln(1− α)]1/3 [−ln(1− α)]2/3
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A2 Avrami-Eroféev (n= 2) 2(1− α)[−ln(1− α)]1/2 [−ln(1− α)]1/2
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A3 Avrami-Eroféev (n= 3) 3(1− α)[−ln(1− α)]2/3 [−ln(1− α)]1/3
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A4 Avrami-Eroféev (n= 4) 4(1− α)[−ln(1−α)]3/4 [−ln(1− α)]1/4
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

The plots of G(α) versus t should be straight lines whose slope can be used to determine the reaction
rate k(T). The model showing the best linear fitting is chosen as the favoured model. The reaction models
used for describing the oxidation process of oxygen carriers are presented in table 3 [41,42,45–49].

By linear fitting the mechanism functions against t (parameters were estimated in the 0.1–0.90
conversion range), the linear correlation coefficient R2 and the residual sum of squares (RSS) of each
function can be obtained. Figure 4 shows the fitting linear curves G(α) versus t under different oxidation
temperatures.

Tables 4 and 5 list the R2 and RSS values obtained by fitting functions, respectively. The discrimination
among the models was based on the higher R2 and lower RSS. The functions with the bigger
R2 and smaller RSS values are selected as the mechanism functions. For the YBaCo4O7+δ and
Y0.5Dy0.5BaCo4O7+δ samples, given the R2 and RSS values obtained, it was concluded that the A model
and R better fitting were achieved with n values of 4 and 1, respectively. For the Y0.95Ti0.05BaCo4O7+δ

sample, it was concluded that the A model and R better fitting were achieved with n values of 3 and
1, respectively. For the Avrami-Eroféev random nucleation and the nuclei growth model, the overall
conversion of the oxygen absorption reaction is determined by the relative rates of nucleation, nuclei
growth and nucleus formation [24,50–52]. Nucleation and crystal growth are a dynamic process which
practically initiates the oxygen absorption reaction. Generally, for the unreacted shrinking-core model,
the overall conversion of the oxygen absorption reaction is determined by the chemical process [24].
That is, the overall conversion of the reaction is dominated by the chemical reaction, not the diffusion
process for the A models and R models. The determined models can be used to evaluate the reaction
rate, apparent activation energy and pre-exponential factor of the oxygen absorption reaction. For the
YBaCo4O7+δ , Y0.95Ti0.05BaCo4O7+δ and Y0.5Dy0.5BaCo4O7+δ samples, the reaction rate constants are
evaluated and presented in table 6.

From table 6, for the different mechanism functions and oxygen carriers, the reaction rate constant
increases with increase in the reaction temperature, indicating that high temperature is propitious to the
rate of oxygen adsorption. Low temperature may be one of the reasons accounting for the slow reaction
rates shown in figure 3. Furthermore, the reaction rate (except for the reaction rate obtained at 290◦C
for the Y0.95Ti0.05BaCo4O7+δ sample) obtained by the A model is lower than that of the R model. After
evaluating the reaction rate constant, the pre-exponential factor and apparent activation energy can be
evaluated.

Along with the Arrhenius expression, the following is obtained:

k(T) = A exp
(

− E
RT

)
, (3.4)
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Figure4. Trends ofG(α) versus t under different temperatureswith commonmechanism functions for theYBaCo4O7+δ oxidationprocess
at (a) 290◦C, (b) 310◦C, (c) 330◦C and (d) 350◦C; for the Y0.95Ti0.05BaCo4O7+δ oxidation process at (e) 290◦C, (f ) 310◦C, (g) 330◦C and (h)
350◦C; and for the Y0.5Dy0.5BaCo4O7+δ oxidation process at (i) 290◦C, (j) 310◦C, (k) 330◦C and (l) 350◦C.
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Figure 4. (Continued.)

where A is the pre-exponential factor, E is the apparent activation energy, R is the gas constant and T is
the reaction temperature.

Along with the Arrhenius expression, the following form is obtained:

ln k(T) = ln A − E
RT

, (3.5)

where the ln k(T) has been evaluated above, the plots ln k(T) versus 1/T are straight lines whose slope and
intercept can be used to evaluate the apparent activation energy and pre-exponential factor, respectively.

Figure 5 shows the plots ln k(T) versus 1/T as a function of different mechanism functions.
Table 7 lists the estimated apparent activation energy and pre-exponential factor as a function of

reaction temperatures. The apparent activation energies obtained by the different mechanism functions
remain close to constant levels for an oxygen carrier.

The activation energies for Y0.5Dy0.5BaCo4O7+δ oxidation are found to be lower than those for
YBaCo4O7+δ and Y0.95Ti0.05BaCo4O7+δ oxidation, thus confirming the favourable effect of Dy on the
oxidizability of the YBaCo4O7+δ oxygen carrier. This may be accounted for by the cell volume. The larger
the cell volume, the easier is the absorption of oxygen. For an oxygen carrier, the pre-exponential factor
obtained by the R model is larger than that of the A model.

For the purpose of further model discrimination between the A and R models, the A model is more
favourable considering the higher unity of data values. In the case of the A model, the activation energies
and the frequency factor remain close to constant levels at the different temperatures. Moreover, the
activation energies with the R model vary in a much wider range. Thus, these results confirm the
adequacy of the A model over the R model [24]. Thus, the nucleation and nuclei growth model is chosen
as the most possible mechanism function.

The values of the established kinetic parameters, the apparent activation energies, the pre-exponential
factors and the mechanism function were introduced into equation (3.1) and the differential equation
was obtained to predict the oxygen carrier conversion of the oxidation process for different reaction time
durations. The kinetic models are listed in table 8.



9

rsos.royalsocietypublishing.org
R.Soc.opensci.5:180150

................................................

Ta
bl
e4
.T
he
lin
ea
rc
or
re
lat
ion

co
effi

cie
nt
R2
of
th
em

ec
ha
nis
m
m
od
els

un
de
rd
iff
er
en
tt
em
pe
ra
tu
re
s.
Th
ev
alu
es
in
ita
lic
sa
re
th
et
hr
ee
lar
ge
st
va
lue
so
fR

2
ob
ta
ine
db
yfi
tti
ng
fu
nc
tio
ns
.

YB
aC
o 4
O 7

+δ
Y 0
.95
Ti 0

.05
Ba
Co

4O
7+

δ
Y 0
.5
Dy

0.5
Ba
Co

4O
7+

δ

co
de

29
0◦
C

31
0◦
C

33
0◦
C

35
0◦
C

av
er
ag
e

29
0◦
C

31
0◦
C

33
0◦
C

35
0◦
C

av
er
ag
e

29
0◦
C

31
0◦
C

33
0◦
C

35
0◦
C

av
er
ag
e

R1
0.9
65
7

0.9
38
8

0.9
98
4

0.9
54
8

0.9
64
4

0.9
84
2

0.9
86
2

0.9
98
4

0.9
92
0

0.9
90
2

0.9
83
3

0.9
95
9

0.9
97
5

0.9
85
5

0.9
90
6

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

R2
0.9
96
2

0.9
83
7

0.9
72
9

0.8
83
3

0.9
59
0

0.9
98
4

0.9
94
3

0.9
72
9

0.9
59
9

0.9
81
4

0.9
96
1

0.9
91
6

0.9
77
3

0.9
79
9

0.9
86
2

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

R3
0.9
97
8

0.9
91
3

0.9
54
2

0.8
50
1

0.9
48
4

0.9
93
2

0.9
86
8

0.9
94
2

0.9
40
0

0.9
78
6

0.9
90
3

0.9
80
1

0.9
60
5

0.9
69
2

0.9
75
0

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

F3
/2

0.9
26
0

0.9
51
8

0.7
88
3

0.6
35
1

0.8
25
3

0.8
82
6

0.8
64
8

0.7
88
3

0.7
74
0

0.8
27
4

0.8
76
9

0.8
43
6

0.8
04
0

0.8
43
8

0.8
42
1

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

F2
0.8
35
8

0.8
77
3

0.6
33
0

0.5
04
0

0.7
12
5

0.7
73
1

0.7
50
5

0.6
63
0

0.6
52
1

0.7
09
7

0.7
66
7

0.7
27
0

0.6
82
4

0.7
35
9

0.7
28
0

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

F3
0.6
63
5

0.7
20
3

0.4
68
0

0.3
26
1

0.5
44
5

0.5
81
2

0.5
54
6

0.4
68
9

0.4
64
8

0.5
174

0.5
74
9

0.5
34
8

0.4
90
5

0.5
55
4

0.5
38
9

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

A1
/4

0.6
44
6

0.7
02
8

0.4
48
2

0.3
04
7

0.5
25
1

0.5
62
5

0.5
36
2

0.4
48
2

0.4
43
9

0.4
97
7

0.5
55
8

0.5
14
3

0.4
69
9

0.5
34
8

0.5
18
7

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

A1
/3

0.7
31
4

0.7
83
4

0.5
39
2

0.3
82
0

0.6
09
0

0.6
57
9

0.6
33
1

0.5
39
2

0.5
30
4

0.5
90
2

0.6
50
7

0.6
06
8

0.5
60
1

0.6
20
9

0.6
09
2

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

A1
/2

0.8
56
0

0.8
93
0

0.6
89
0

0.5
24
6

0.7
40
6

0.8
01
3

0.7
80
3

0.6
89
0

0.6
74
1

0.7
36
2

0.7
94
8

0.7
53
0

0.7
07
1

0.7
55
5

0.7
52
6

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

A2
/3

0.9
27
0

0.9
50
8

0.7
91
0

0.6
34
6

0.8
25
8

0.8
87
7

0.8
70
5

0.7
91
0

0.7
74
0

0.8
30
8

0.9
89
6

0.8
47
1

0.8
06
1

0.8
42
9

0.8
71
4

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

A1
0.9
85
1

0.9
91
5

0.9
00
6

0.7
71
3

0.9
12
1

0.9
65
2

0.9
54
0

0.9
00
6

0.8
85
2

0.9
26
3

0.9
61
1

0.9
40
1

0.9
110

0.9
32
4

0.9
36
2

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

A3
/2

0.9
99
4

0.9
92
8

0.9
61
9

0.8
47
0

0.9
50
3

0.9
93
7

0.9
87
7

0.9
61
9

0.9
51
7

0.9
73
8

0.9
89
6

0.9
83
5

0.9
67
6

0.9
78
8

0.9
79
9

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

A2
0.9
93
9

0.9
80
9

0.9
82
7

0.7
95
7

0.9
38
3

0.9
90
0

0.9
91
9

0.9
82
7

0.9
76
7

0.9
85
3

0.9
80
2

0.9
93
4

0.9
85
6

0.9
92
5

0.9
87
9

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

A3
0.9
77
8

0.9
58
9

0.9
93
7

0.9
36
5

0.9
66
7

0.9
85
2

0.9
85
0

0.9
93
7

0.9
93
1

0.9
89
3

0.9
79
6

0.9
92
4

0.9
93
5

0.9
97
1

0.9
90
7

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

A4
0.9
65
4

0.9
49
1

0.9
94
9

0.9
52
7

0.9
64
2

0.9
75
7

0.9
76
9

0.9
94
9

0.9
97
4

0.9
86
2

0.9
69
4

0.9
93
3

0.9
93
9

0.9
95
7

0.9
88
1

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.



10

rsos.royalsocietypublishing.org
R.Soc.opensci.5:180150

................................................

Ta
bl
e5
.T
he
re
sid
ua
ls
um

of
sq
ua
re
sR
SS
of
th
em

ec
ha
nis
m
m
od
els

un
de
rd
iff
er
en
tt
em
pe
ra
tu
re
s.
Th
ev
alu
es
in
ita
lic
sa
re
th
eR
SS
va
lue
so
bt
ain
ed
by
fit
tin
gt
hr
ee
fu
nc
tio
ns
wi
th
th
el
ar
ge
st
va
lue
so
fR

2 .

YB
aC
o 4
O 7

+δ
Y 0
.95
Ti 0

.05
Ba
Co

4O
7+

δ
Y 0
.5
Dy

0.5
Ba
Co

4O
7+

δ

co
de

29
0◦
C

31
0◦
C

33
0◦
C

35
0◦
C

av
er
ag
e

29
0◦
C

31
0◦
C

33
0◦
C

35
0◦
C

av
er
ag
e

29
0◦
C

31
0◦
C

33
0◦
C

35
0◦
C

av
er
ag
e

R1
0.0
20
6

0.0
36
7

0.0
01
0

0.0
27
1

0.0
21
4

0.0
09
5

0.0
08
3

0.0
09
7

0.0
05
3

0.0
08
2

0.0
10
0

0.0
02
5

0.0
02
5

0.0
02
7

0.0
04
4

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

R2
0.0
01
4

0.0
05
8

0.0
09
7

0.0
41
9

0.0
14
7

0.0
00
6

0.0
02
0

0.0
09
7

0.0
14
3

0.0
06
7

0.0
01
4

0.0
03
0

0.0
08
2

0.0
07
2

0.0
05
0

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

R3
0.0
00
5

0.0
01
9

0.0
10
2

0.0
33
3

0.0
115

0.0
01
5

0.0
02
9

11.
46
87

0.0
13
3

2.8
71
6

0.0
02
1

0.0
04
4

0.0
08
8

0.0
06
8

0.0
05
5

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

F3
/2

1.0
94
5

0.7
12
0

3.1
30
0

4.3
93
2

2.3
32
4

1.7
35
2

1.9
98
7

3.1
30
0

3.3
40
0

2.5
50
9

1.8
19
5

2.3
12
6

2.8
97
4

2.3
08
6

2.3
34
5

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

F2
10
.68
3

7.9
83

21
.92
1

32
.26
4

18
.21
28

14
.75
84

16
.23
0

21
.92
1

22
.62
8

18
.88
4

15
.18
0

17.
76
2

20
.66
1

17.
18
1

17.
69
6

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

F3
68
8.6
4

57
2.2
9

10
86
.69

13
79
.06

93
1.6
70

85
7.0
6

91
1.4
5

10
86
.69

10
95
.18

98
7.5
9

86
9.8
2

95
1.8
7

10
42
.48

90
9.8
4

94
3.5
0

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

A1
/4

24
1.7
4

20
2.1
8

37
5.3
1

47
2.9
4

32
3.0
4

29
7.6
1

31
5.4
7

37
5.3
1

37
8.2
5

34
1.6
6

30
2.1
4

33
0.4
0

36
0.5
8

31
6.4
2

32
7.3
9

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

A1
/3

34
.46
4

27
.78
9

59
.12
4

79
.28
9

50
.16
6

43
.88
8

47
.07
9

59
.12
4

60
.24
8

52
.58
5

44
.81
0

50
.44
7

56
.43
8

48
.64
0

50
.08

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

A1
/2

3.4
89
8

2.5
93
1

7.5
35
3

11.
51
83

6.2
84
2

4.1
83
2

5.3
23
5

7.5
35
3

7.8
95
3

6.2
34
2

4.9
72
4

5.9
83
4

7.0
96
2

5.9
23
3

5.9
93
8

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

A2
/3

0.7
56
6

0.5
09
3

2.1
65
2

3.7
84
4

1.8
03
9

1.1
63
6

1.3
41
6

2.1
65
2

2.3
40
7

1.7
52
8

1.2
19
7

1.5
83
8

2.0
08
1

1.6
27
8

1.6
09
9

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

A1
0.0
61
7

0.0
35
1

0.4
113

0.9
46
5

0.3
63
7

0.1
43
9

0.1
90
2

0.4
113

0.4
74
8

0.3
05
1

0.1
61
0

0.2
48
1

0.3
68
5

0.2
79
8

0.2
64
4

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

A3
/2

0.0
01
1

0.0
14
1

0.0
74
5

0.2
61
7

0.0
87
9

0.0
12
3

0.0
24
0

0.0
74
5

0.0
94
3

0.0
51
3

0.0
20
3

0.0
32
2

0.0
63
3

0.0
41
6

0.0
39
4

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

A2
0.0
07
3

0.0
22
7

0.0
20
6

0.1
08
8

0.0
39
9

0.0
05
9

0.0
09
7

0.0
20
6

0.0
27
6

0.0
15
9

0.0
115

0.0
07
9

0.0
17
2

0.0
09
0

0.0
114

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

A3
0.0
31
3

0.0
24
5

0.0
07
6

0.0
33
2

0.0
24
2

0.0
08
9

0.0
09
0

0.0
03
8

0.0
04
1

0.0
06
5

0.0
12
2

0.0
04
6

0.0
03
9

0.0
01
7

0.0
05
6

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

A4
0.0
12
5

0.0
20
3

0.0
01
9

0.0
15
0

0.0
12
4

0.0
08
8

0.0
08
4

0.0
01
9

9.5
62
8

2.3
95
5

0.0
111

0.0
04
6

0.0
02
6

0.0
01
6

0.0
04
8

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

Ta
bl
e6

.T
he
re
ac
tio
nr
at
ec
on
sta
nt
so
ft
he
de
te
rm
ine
dm

ec
ha
nis
m
m
od
els

un
de
rd
iff
er
en
tt
em
pe
ra
tu
re
s.

YB
aC
o 4
O 7

+δ
Y 0
.95
Ti 0

.05
Ba
Co

4O
7+

δ
Y 0
.5
Dy

0.5
Ba
Co

4O
7+

δ

co
de

29
0◦
C

31
0◦
C

33
0◦
C

35
0◦
C

co
de

29
0◦
C

31
0◦
C

33
0◦
C

35
0◦
C

co
de

29
0◦
C

31
0◦
C

33
0◦
C

35
0◦
C

A4
0.0
08
13

0.0
10
50

0.0
14
88

0.0
18
95

A3
0.0
09
33

0.0
113
0

0.0
17
27

0.0
21
65

A4
0.0
07
44

0.0
09
56

0.0
14
52

0.0
16
77

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.

R1
0.0
10
37

0.0
13
48

0.0
19
18

0.0
24
34

R1
0.0
09
29

0.0
113
4

0.0
19
18

0.0
21
68

R1
0.0
09
49

0.0
12
36

0.0
18
78

0.0
21
48

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.



11

rsos.royalsocietypublishing.org
R.Soc.opensci.5:180150

................................................
–3.6

–3.8

–4.0

–4.2

ln
 k

(T
)

ln
 k

(T
)

ln
 k

(T
)

–4.4

A3
R1 A4

R1

–4.6

–4.8

–4.0

–3.8

–4.2

–4.4

–4.6

–4.8

–4.0

–3.8

–4.2

–4.4

–4.6

–4.8

–5.0

0.00159 0.00162 0.00165 0.00168
1/T(1/K)

1/T(1/K) 1/T(1/K)

0.00171 0.00174 0.00177 0.00180

0.00159 0.00162 0.00165 0.00168 0.00171 0.00174 0.00177 0.00180 0.00159 0.00162 0.00165 0.00168 0.00171 0.00174 0.00177 0.00180

(a)

(c)(b)

A4
R1

A4
R1

A4
R1

Figure 5. The plots of ln k(T) versus 1/T for different mechanism functions for the (a) YBaCo4O7+δ , (b) Y0.95Ti0.05BaCo4O7+δ and
(c) Y0.5Dy0.5BaCo4O7+δ samples.

Table 7. The apparent activation energy and pre-exponential factor of the obtained function for the oxidation process of oxygen carriers.

oxygen carrier code R2 RSS slope intercept E (J mol−1) A (min−1)

YBaCo4O7+δ A4 0.9948 0.00814 −4526.9800 3.2842 42078.5466 64.1677
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

R1 0.9949 0.00853 −4522.3570 3.5280 42649.0491 92.2406
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Y0.95Ti0.05BaCo4O7+δ A3 0.9759 0.00977 −5165.2298 4.0446 42943.7206 84.8258
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

R1 0.9739 0.01296 −5228.2237 4.5719 43467.4518 96.7277
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Y0.5Dy0.5BaCo4O7+δ A4 0.9739 0.01117 −5016.9196 4.0446 41710.6696 57.0901
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

R1 0.9723 0.01234 −5040.2659 4.2952 41904.7707 73.3469
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 8. The kinetic models of different oxygen carriers.

oxygen carrier code kinetic model

YBaCo4O7+δ A4
dα
dt

= 256.671 exp
(

− 42078.547
RT

)
(1 − α)[− ln(1 − α)]3/4

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Y0.95Ti0.05BaCo4O7+δ A3
dα
dt

= 254.477 exp
(

− 42943.721
RT

)
(1 − α)[− ln(1 − α)]2/3

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Y0.5Dy0.5BaCo4O7+δ A4
dα
dt

= 228.360 exp
(

− 41710.670
RT

)
(1 − α)[− ln(1 − α)]3/4

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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................................................
4. Conclusion
In this work, kinetic behaviour of the oxidation process for the YBaCo4O7+δ , Y0.95Ti0.05BaCo4O7+δ

and Y0.5Dy0.5BaCo4O7+δ oxygen carriers for CLAS operations was investigated for the temperature
range of 290–350◦C. The oxidation rate was found to increase gradually with increase in reaction
temperature. It has been found that the A model provides a better description of the oxidation,
indicating that the oxygen absorption process is rate-determined by nucleation and nuclei growth. The
activation energies of the oxidation process obtained by the A model were determined as 42.079 kJ mol−1,
42.944 kJ mol−1 and 41.711 kJ mol−1 for the YBaCo4O7+δ , Y0.95Ti0.05BaCo4O7+δ and Y0.5Dy0.5BaCo4O7+δ

oxygen carriers, respectively. The distributed activation energy of Y0.5Dy0.5BaCo4O7+δ is lower than that
of YBaCo4O7+δ , which corroborates the favourable effect of the substitution of Dy on the oxidizability of
the oxygen carrier. The pre-exponential factors of the oxidation process obtained by the A model were
determined as 64.168 min−1, 84.826 min−1 and 57.090 min−1 for the YBaCo4O7+δ , Y0.95Ti0.05BaCo4O7+δ

and Y0.5Dy0.5BaCo4O7+δ oxygen carriers, respectively. The kinetic model was obtained to predict the
oxygen carrier conversion of oxygen absorption for different time durations.
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