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Abstract—The technology of chemical looping air separation, with the characteristics of simple operation, low cost,
and low energy consumption, separates oxygen from air with the oxygen carrier. In this work, reaction properties of
monolithic oxygen carriers were investigated in a fixed-bed apparatus, with the consideration of the reactor tempera-
ture, oxygen concentration, and reaction gas flow. The XRD results showed that active phase, ALOs, and cordierite can-
not react with each other in calcination processing. The SEM results showed that the micromorphology of oxygen
carrier was loaded on cordierite honeycomb uniformly with sphere or sphere-like particles. Oxygen carriers show a
faster oxygen release rate and a slower oxygen intake rate. With increasing of absorption temperature, oxygen concen-
tration of inlet gas, and desorption temperature, the reaction rate per unit mass increases. With increasing of gas flow
rate, the reaction rate per unit mass decreases. The maximum value of the reaction rate per unit mass was obtained by
Y95 i 0sBaCo,0;, s monolith sample. Samples substituted with Dy element showed fine performance of stability, as Dy
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substitution causes more serious local lattice distortions.
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INTRODUCTION

Chemical looping air separation (CLAS), a process of oxygen
production proposed in 2010, has the superiority of low cost, exten-
sive energy consumption and simple operation [1]. The CLAS
process consumes 26% of the power of deep cooling process [2].
Oxygen carrier is one of the essences of CLAS system. The oxy-
gen carrier takes oxygen from the air in an oxidation reactor and
then releases the oxygen in a reduction reactor. The focus of oxy-
gen carriers is metal oxide, sulfate, and perovskite [3-13]. Diego et
al. investigated the combustion properties of CH, and H, with CuO
oxygen carrier. The results showed that adding a supporter such as
ALO;, SiO,, TiO,, ZrO,, and sepiolite can enhance the cyclic sta-
bility of oxygen carrier [3]. Wang et al. investigated the properties
of coal reacted with CuO and Fe,O; oxygen carriers. The results
showed that combination of CuO and Fe,O; is more conducive to
combustion of coal than the CuO or Fe,O;. The CuO is reduced
to Cu and Fe,0; is reduced to Fe;O, and FeO in the reduction reac-
tor. The amount of CO, increases and the amount of H,O de-
creases when the temperature is lower than 700 °C. The combus-
tion trend is opposite when the temperature is higher than 700 °C
[4]. Ge et al. investigated the biomass gasification properties with
nickel-based oxygen carrier in a fixed bed reactor [5]. The results
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showed that the conversion efficiency increased in the tempera-
ture range of 650-680 °C, and the maximum value of syngas yield
was reached at 750 °C. In addition, adding CaO can improve the
syngas yield. Dou et al. investigated the hydrogen production prop-
erties of ethanol with Ni-based oxygen carrier in a fixed-bed reac-
tor [6]. The results showed that the ethanol conversion increased
with reaction time prolonged. The oxidation process of Ni-based
oxygen carrier can be described by the shrinking core model. And
the reduction rate is controlled by three stages. Mattisson et al.
investigated the reaction properties of Mn,O,, CuO, and CoO oxy-
gen carriers by the simulations method [7]. The results indicated
that Mn,0,/Mn,0O, and CuO/Cu,O oxygen carriers were the prom-
ising ones. CuO oxygen carrier reacting with gaseous and solid
fuels showed excellent properties. Siriwardane et al. investigated
the properties of coal reacted with CuO, Fe,0;, Co;0,, NiO, and
Mn,0O; oxygen carriers with ALO; as binder, separately [8]. The
results indicated that CuO oxygen carrier showed superb proper-
ties. The coal starts reduction reaction at 500 °C and combusts fully
at 700 °C with CO, and H,O generated. The Cu,O can be oxidized
tully to CuO at 700 °C. In the cydlic test, CuO oxygen carrier showed
fine stability. CoO oxygen carrier showed bad reaction properties
as generating CoALO,.

Tian and Guo studied the influence of temperature, pressure
and oxygen ratio on the gaes process with CaSO, as oxygen carrier
for CLC process system [9]. The optimal operating parameters,
temperature of 750-950 °C, pressure of 1-15 bars, and oxygen ratio
of 0.4-0.8, were obtained by the simulated results. The TG results
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showed that when the partial pressure of CO or H, was higher
than 40 kPa, release of sulfurous gases could be avoided. Rydén et
al. investigated reduction and oxidization reactivity of LaFeO; 5
LaySr,FeO;_s LagsSrysFeO; s and LagsSrysFeysCoy ;055 oxygen
carriers added NiO, Fe,0;, and Mn;0, as support [10]. The results
indicated that the selectivity of CO and H, was high for LaySr,
FeO,_sand Lay;Sr,sFeO;_s oxygen carriers. Nalbandian et al. stud-
ied the properties of syngas with La,_,Sr,M,Fe, ,O; (M=Ni, Co,
Cr, Cu) as oxygen carrier [11]. The results showed that adding
NiO can enhance fuel reactivity and the selectivity for CO and H,.
Lay;Sr)3CrosFe 0:05 sample mixed with 5% NiO showed the best
performance in reaction stability and H, yields.

Oxide sulfate maybe release a harmful gas such as SO,. Perovskite
and metallic oxide oxygen carriers, reacting at high temperature,
consume considerable amounts of energy. YBaCo,O,, 5 reacting at
low temperature, consumes less energy than that of metallic oxides
[14,15]. Thus, YBaCo,O;,s oxygen carrier for CLAS system not
only can get oxygen with low energy consumption, but also can
provide a fresh way for utilization of waste heat resources at tem-
perature lower than 500 °C. Oxygen storage capacity of YBaCo,O,, 5
is 1,225 pmol O,/g, which is larger than that of oxygen storage
material, CeO,-ZrO, [16,17]. For the purpose of enhancing the
oxygen storage capacity of oxygen carrier, researches on substitu-
tions with Ca, Tj, Zr, Dy, Tb, Ho, Er, Lu, Yb, and T, in Y site and
7Zn, Mn, Ga, Al Fe, and Cu in Co site of YBaCo,O,, s were con-
ducted [18-26]. The results showed that Ti, Zr, Dy, and Tb substi-
tution had positive effects on enhancing the OSC. Very few studies
focused on the preparation of monolithic YBaCo,O,, s 0xygen car-
rier and reaction properties of samples in a fixed reactor. Mono-
lithic sample has shown sufficient activity and thermal dynamics
stability under operating conditions of interest.

The YBaCo,O;, s 0xygen carriers are mostly reported in the form
of particles mentioned above. In the work, the oxygen absorption
and desorption properties of YBaCo,O;, s monolithic oxygen carrier
in fixed-bed reactor were deeply studied, with consideration of oxy-
gen concentration, gas flow rate, absorption temperature, and desorp-
tion temperature. Moreover, the thermodynamic stability of mono-
lithic samples was evaluated by characterizing XRD, SEM, and reac-
tion properties of monoliths before and after cycle tests. The results
in the work can provide the practical design operation parameters of
YBaCo,0;, s oxygen carrier for industrial application in the future.

EXPERIMENTAL SECTION
1. Preparation of Materials

Active phases, YBaCo,0,, 5 Yo95 1iysBaC0,0;,5 Y,sDy,sBaCo,

Table 1. The experiment operating conditions

0,5 Yo,Tiy0sDyo7sBaCo,0;, 5 were synthesized by the solid-state
reaction. Starting material powders, thoroughly mixed with the
appropriate stoichiometric amount, were calcined at 1,000 °C for
15h. The calcined samples were ground and heated to 1,100°C
for 15 h, followed by the air-cooling [27]. Cordierite honeycombs,
square aperture with 400 CPSI (channels per square inch) and
wall thickness of 0.15 mm, were used as first carrier to support the
second carrier (ALO; sol) and active phases. First, to purify the
cordierite honeycombs, they were washed by deionized water and
calcined at 900 °C for 2 h [28]. The active phase was coated on the
cordierite honeycombs by dipping slurry with the slurry wash-
coating method [29]. To get the effective slurry, we mixed the
appropriate amount of active phase, ALO; sol and deionized water
in ultrasonic vibration system [29], and adjusted the pH of slurry
to 3.5 [30]. To get the desired amount of loading about 30 wt% of
the cordierite honeycomb, several times of dipping slurry were
needed [28]. And, the monolithic samples, dried at room tem-
perature and dried overnight at 100 °C, were calcined at 550 °C for
3 h to stabilize y~Al,Os.
2. Properties Evaluation and Characterization

The properties of monolithic samples are evaluated in the fixed-
bed reactor (30 mm id. and 1,200 mm height). For oxygen absorp-
tion process, gas flow rates, oxygen concentration, and adsorption
temperature are considered. For oxygen desorption process, de-
sorption temperature is considered. The operating conditions are
shown in Table 1. The monolithic samples are placed in the reac-
tor supported by distributor plate [32]. The reaction gas is con-
trolled by the mass flow controller. The concentration of outlet gas
is analyzed by a gas analyzer. The schematic view of the experimen-
tal fix-bed system is showed elsewhere [27]. For oxygen intake
process, to avoid oxygen absorption, the monolithic sample is
heated to the desired temperature in N, atmosphere and then the
gas is turned to absorption gas. After finishing the oxygen intake
process, the sample is heated to the desired desorption tempera-
ture, then the gas is turned to N,. The influence of air/N, in the
system is eliminated by the data processing [32]. To investigate the
stability and reactivity of the oxygen intake and release processes,
cydlic experiments are performed at 350 °C and 430 °C upon switch-
ing the atmosphere from air to N, and vice versa. Data analysis is
as follows [32,33]:

For the oxygen intake process, amount of oxygen intake (V,,,)
can be got by Eq. (1).

Losi
Voxi = IO ((laut'>< Caut'_ Qout x Caut)dt (1)

where, Q,,, and Q,,, is the gas flow rate of the outlet with reaction

. Absorption Desorption Gas flow/ Oxygen
Monolith sample temperature/°C temperature/°C (ml/min) concentration/%
YBaCo,O;, 5 290 390 200 5.5
Y05 1100sBaC0,05, 5 310 450 400 10.5
Y, 5Dy, sBaCo,0;, 5 330 410 500 15.7
Yo, TiggsDyorsBaC0,05, 5 350 430 300 21
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and without reaction, respectively, ml/min; C,,, and C,,, is the oxy-
gen concentration of the outlet gas with reaction and without reac-
tion, respectively, %; t,,; is the oxygen intake time, min
Based on conservation of N, flow for the inlet and outlet, Eq.
(2) and Eq. (3) can be got.
Qinx(loo_cin):Qoutx(loo_caut) )
©)

Combined with the Eq. (1), Eq. (2) and Eq. (3), the following
equation is got.

Qin x (100 - Cin) = Qout'>< (100 - Caut')

e _ out' Caut
Voxi_".o (100 Cin)x Qi” * ((1_ Cour)(l_ Cout'))dt @
Reaction rate of oxygen intaking (v,,;) can be got by Eq. (5).
Voxi™= - (5 )

t

oxi

For the oxygen desorption process, amount of oxygen releasing
(V) can be got by Eq. (6).

697
v :JJWIOOXQ- ( Cour=Cout ))dt ©)
o " \1=C(-C,
where, t,,; is the oxygen releasing time, min
Reaction rate of oxygen releasing can be got by Eq. (7).
V (4
Viea= )

red

X-ray diffraction of the samples is performed in a PANalytical
XPert Pro PW 3040/60 with 26 of 10°-70°. SUPERSCAN SSX-
550 spectrometer system is used to observe the microstructure of
the samples.

RESULTS AND DISCUSSION

1. Results and Analysis of XRD and SEM Characterization
Fig. 1(a) and 1(b) show the phase composition of »~AlLO;, »
ALO; and cordierite. Fig. 1(c) shows the phase composition of
YBaCo,0;, 5 YogsL100:82C0,05, 5 YoAsDY0A5B3C04O7+&; and Y, Tiys
Dy,sBaCo,0,, s monolith sample. Fig. 1(a) shows that the ALO,
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Fig. 1. Phase composition of (a) ALOs, (a) <ALO; and cordierite, and (c) YBaCo,0;, 5 Y,95TipsBaC0,0,,5 Yo5DY,sBaC0,0,,5 Y, Tiges

Dy, ,sBaCo,0,, s monolith samples.
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Fig. 2. SEM of (a) and (b) cordierite honeycomb, (c) YBaCo,O,, s monolith sample, and (d) Y,;Dy,s;BaCo,O;,; monolith sample.
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Fig. 3. Outlet oxygen concentration of (a) YBaCo,0,,5 (b) Y45TiypsBaC0,0;, 5 () Y,5Dy,sBaCo,0;, 5 and (d) Y,,Ti,sDy,,sBaCo,O,,s mono-
lith samples at different temperatures.
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Table 2. Amount of oxygen intake per unit mass at different conditions

Amount of oxygen intake per unit mass/ml/(min-g)

Variable
YBaCo,O, 5 Yo.05 i 0sBaC0,0;, 5 YosDyosBaC0,0;.5 Y02 Ti6.0sDy075BaC040;.5
290 13.057 13.753 13.230 13.734
Absorption 310 15.477 16.380 16.023 15.892
temperature/°C 330 15.708 16.591 16.205 16.041
350 14.861 15.515 15.477 15.192
200 14.861 15.515 15.477 15.192
Gas flow/ 300 14.224 14.551 14.468 14.357
(ml/min) 400 10.838 11.720 11.199 10.929
500 8.255 9.365 8.609 8.533
525 3.575 3.855 3.757 3.747
Oxygen 10.5 7.020 8.594 8.446 8.371
concentration/% 15.7 10.644 10.921 10.878 10.731
21.0 14.861 15.515 15477 15.192

gel has formed the »-ALO; after being calcined at 550 °C. »-ALO;
and cordierite are identified in Fig. 1(b). »~ALO;, cordierite, YBa-
C0,05.5 Y095 TigsBaC0,07, 5 Yo5sDY,5BaC0,05, 5 and Y, Tig s Dy
BaCo,0;, 5 are identified in Fig. 1(c), indicating that active phase,
Al,O;, and cordierite cannot react in the calcination process.

Fig. 2(a) and 2(b) display the micromorphology of cordierite
honeycomb. Fig. 2(c) and 2(d) display the micromorphology of
YBaCo,0O;, s and Y,5Dy,sBaCo,0;.s monolith sample at 1,000x
magnification, respectively. Fig. 2(a) shows that the micromorphol-
ogy of cordierite honeycomb is uneven polyhedron. Fig. 2(b) shows
that the micromorphology of oxygen carrier loaded uniformly is
sphere or sphere-like particles. Active phase, YBaCo,0;,s Yoos
Tip0sBaC0,07,5 YosDyosBaCo,075 Yo,Tig0sDyo7sBaCo,0;,5 are
synthetized at 1,150 °C with 30 h. The crystal structure is very sta-
ble in phase and micromorphology and difficult to react with
other substances. The YBaCo,O,, s oxygen carriers are reported in
the form of particles [18-26]. Particles of oxygen carriers are made
the monolithic samples without damaging the phase and mor-
phology.

2. Results and Analysis of Reactivity Properties

Fig. 3 shows the outlet oxygen concentration under different
absorption temperature of all monolith samples. The outlet oxy-
gen concentration increases with prolonging of oxygen intake. The
outlet oxygen concentration is maintained near the inlet oxygen
concentration at the end of the oxygen intake. For the same time,
the outlet oxygen concentration obtained is different at different
absorption temperatures. Based on the data of outlet oxygen con-
centration, the amount of oxygen intake per unit mass at different
temperatures can be got, shown in Table 2.

With increasing of temperature, the amount of oxygen intake
per unit mass increases first and then decreases. All the oxygen car-
riers start to absorb oxygen and stop to absorb oxygen at the time
of 10-15 min and 35-50 min under different temperatures, respec-
tively. There is a bigger difference for completion time of oxygen
absorption and starting time for oxygen carrier. For Y,;Dy,sBa-
Co,0;,s monolith sample, the amount of oxygen intake per unit
mass is 13.230 ml/g, 16.023 ml/g, 16.205 ml/g, and 15.477 ml/g ob-
tained at temperature of 290 °C, 310°C, 330°C, and 350 °C, respec-

tively. 330 °C is the most suitable for oxygen carrier to absorb oxy-
gen. Oxygen storage capacity per unit mass of YBaCo,O,, s and
Y,sDyosBaCo,0,, 5 is not lower than that of reported YBaCo,O,, 5
in the form of particle [18-21], indicating that the synthesis and
operating parameters are appropriate. At the same temperature,
the amount of oxygen intake per unit mass varies in the order:
Y005 i 0sBaC0,07, 5> Yo sDyo sBaCo,0;, 5> Yo, Tig 6Dy 7sBaCo,05, 5>
YBaCo,O;,; monolith samples. The oxygen storage capacity
varies in the order: Y,sDy,sBaCo,0;, 5> Y, Ty sDYo75BaC0,0;, 5>
Yo5 TioesB2C0,0;, 5> YBaCo,O,, s samples [26]. The order of amount
of oxygen intaking per unit mass and amount of oxygen storage
capacity is difterent as the relative micro molecular weight of doped
elements is different.

With increasing of temperature, the reaction rate of oxygen
intaking per unit mass increases, shown in Fig. 4. For Y,;Dyys
BaCo,0;, s monolith sample, the reaction rate of oxygen intake
per unit mass is 0.272 ml/(min-g), 0.364 ml/(min-g), 0.396 ml/
(min-g), and 0.408 ml/(min-g) obtained at temperature of 290 °C,
310°C, 330°C, and 350 °C, respectively. At the same temperature,
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Fig. 4. Reaction rate per unit mass of oxygen carrier at different tem-
peratures.
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Fig. 5. Outlet oxygen concentration of (a) YBaCo,0;, 5 (b) Y,95Tis0s:BaC0,0;, 5 (c) Y,5Dy,5BaCo,0,, 5 and (d) Y,,TiysDy,;sBaCo,0;, s mono-

lith samples at different gas flow rates.

the reaction rate of oxygen intake per unit mass varies in the same
order as the amount of oxygen intake per unit mass.

Fig. 5 shows the outlet oxygen concentration under gas flows
during oxygen absorption process of all monolith samples. The out-
let oxygen concentration increases to the value of inlet oxygen
concentration with prolonging of oxygen intake. The larger the gas
flow, the earlier the oxygen carrier starts to absorb oxygen and the
shorter the oxygen carrier completes to absorb oxygen. The outlet
oxygen concentration increases with increasing the gas flow rate.
The amount of oxygen intake per unit mass at different gas flow
rates can be determined, shown in Table 2. For Y,;Dy,;BaCo,0,,
monolith sample, the amount of oxygen intake per unit mass is
15477 ml/g, 14.468 ml/g, 11.199 ml/g, and 8.609 ml/g obtained at
flow rate of 200 ml/min, 300 ml/min, 400 ml/min, and 500 ml/min,
respectively. The amount of oxygen intake per unit mass decreases
as gas flow rate increases. The reason for this is that there is less
oxygen reacting with oxygen carrier in unit time when gas flow rate
increases. The amount of oxygen intake per unit mass of mono-
lith sample obtained at same gas flow rate varies in same order as
absorption temperature.

With increasing of gas flow rate, the reaction rate of oxygen intake
per unit mass decreases, shown in Fig. 6. For Y,;Dy,;BaCo,0,,
monolith sample, the reaction rate of oxygen intake per unit mass

March, 2022
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is 0.408 ml/(min-g), 0.403 ml/(min-g), 0.381 ml/(min-g), and 0.364
ml/(min-g) obtained at gas flow rate of 200 ml/min, 300 ml/min,
400 ml/min, and 500 ml/min, respectively. At the same gas flow
rate, the reaction rate of oxygen intake per unit mass of monolith
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Fig. 7. Outlet oxygen concentration of (a) YBaCo,0;, 5 (b) Y,95Tis0sBaC0,05, 5 (c) Y,5Dy,5BaCo,0,, 5 and (d) Y,,TiyesDy,;sBaCo,0;, s mono-

lith samples at different oxygen concentrations of inlet gas.

samples varies in same order as absorption temperature.

Fig. 7 shows the outlet oxygen concentration under oxygen con-
centration of inlet gas during oxygen absorption process of all
monolith samples. The outlet oxygen concentration increases to
the value of inlet oxygen concentration with prolonging oxygen
intake. The outlet oxygen concentration increases with increasing
the oxygen concentration of inlet gas. The amount of oxygen
intake per unit mass at different oxygen concentrations of inlet gas
can be got, shown in Table 2. For Y, sDy,;BaCo,O,, s monolith sam-
ple, the amount of oxygen intake per unit mass is 3.855 ml/g,
8.594 ml/g, 10.921 ml/g, and 15.515 ml/g obtained at oxygen con-
centration of 5.5%, 10.5%, 15.7%, and 21%, respectively. The amount
of oxygen intake per unit mass increases with oxygen concentra-
tion increases for certain monolith sample. The reason for this is
that there is more oxygen reacting with oxygen carrier in unit time
when oxygen concentration increases. More oxygen is favored for
the absorption process in certain time for oxygen carrier. The
amount of oxygen intake per unit mass of monolith samples ob-
tained at same oxygen concentration varies in same order as absorp-
tion temperature.

With increasing of oxygen concentration of inlet gas, the reac-
tion rate of oxygen intake per unit mass increases, shown in Fig. 8.
For, Y,:Dy,sBaCo,0;, s monolith sample, the reaction rate of oxy-
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Fig. 8. Reaction rate per unit mass of oxygen carrier at different
oxygen concentrations of inlet gas.

gen intake per unit mass is 0.118 ml/(min-g), 0.199 ml/(min-g),
0.274 ml/(min-g), and 0.412 ml/(min-g) obtained at oxygen con-
centration of 5.5%, 10.5%, 15.7%, and 21%, respectively. At the same
oxygen concentration, the reaction rate of oxygen intake per unit
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Fig. 9. Outlet oxygen concentration of (a) YBaCo,0;, 5 (b) Y,95Tis0;:BaC0,05, 5 (c) Y,5Dy,sBaCo,0,, 5 and (d) Y,,TiysDy,;sBaCo,0;, s mono-

lith samples at different desorption temperatures.

mass of monolith samples varies in same order as absorption tem-
peratures (Except the value obtained at 15.7% for Y;,TiosDYos
BaCo,0O;, s monolith sample).

Fig. 9 shows the outlet oxygen concentration under desorption
temperature of all monolith samples. The outlet oxygen concen-
tration increases first and then decreases to the value of inlet oxy-
gen concentration with prolonging oxygen release. The oxygen of
intake can fully release at different temperatures. All the oxygen
carriers start to desorb oxygen and stop to desorb oxygen at the time
of 3-5min and 17 min under all the temperatures, respectively.
Oxygen carriers show a faster oxygen release rate and a slower oxy-
gen intake rate.

With increasing of oxygen concentration of inlet gas, the reaction
rate of oxygen release per unit mass increases, shown in Fig. 10.
Increasing desorption temperature is in favor of oxygen releasing.
For, Y,:Dy,sBaCo,0;, s monolith sample, the reaction rate of oxy-
gen release per unit mass is 0.696 ml/(min-g), 0.828 ml/(min-g),
0.916 ml/(min-g), and 0.938 ml/(min-g) obtained at temperature
of 390°C, 410°C, 430°C, and 450 °C, respectively. At the same tem-
perature, the reaction rate of oxygen release per unit mass of mono-
lith samples varies in same order as absorption temperatures (Except
the value obtained at 450°C for Y,,Tij¢;Dy,7:BaCo,0;,s mono-
lith sample).
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Fig. 10. Reaction rate per unit mass of oxygen carrier at different
desorption temperatures.

3. Results and Analysis of Cyclic Stability

Fig. 11 shows the outlet oxygen concentration under absorp-
tion temperature of 350 °C and desorption temperature of 430 °C
of monolith samples. The outlet oxygen concentration increases
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Fig. 11. Outlet oxygen concentration of (a) YBaCo,0, 5 (b) Yo05Tiy0sBaC0,0;. 5 (c) Y,5Dyo5BaCo0,0;, s and (d) Yy, TiyesDyo7sBaCo,0,, s mono-

lith samples in cyclic tests.

first and then decreases to the value of inlet oxygen concentration
with reaction prolonging. The maximum value of outlet oxygen
concentration decreases after 20 cyclic tests for YBaCo,O,, s and
Y05 Tig 0sBaCo,0,, 5 sample, indicating that performance degrada-
tion occurs. The maximum value of outlet oxygen concentration
maintains stability in 25 cyclic tests for Y,;Dy,sBaCo0,0;,s and
Yo2TioesDYo7sBaCo,0;, s sample, indicating that Y,;Dy,sBaCo,0;.5
and Y,,TiysDy,7sBaCo,0O,, s sample shows good cyclic stability.
The amount of oxygen intake per unit mass for YBaCo,O;, s sam-
ple in 20 cyclic tests is 14.5-149 ml/g. The smallest amount of
oxygen intake per unit mass for YBaCo,O;, s sample after 20 cyclic
tests is 11.9 ml/g. The amount of oxygen intake per unit mass for
Y005 Tig0sBaCo0,0;, s sample in 20 cyclic tests is 14.1-15.5 ml/g. The
smallest amount of oxygen intake per unit mass for YBaCo,O;, s
sample after 18 cyclic tests is 12.3 ml/g. The amount of oxygen intake
per unit mass for Y,;Dy,sBaCo,0;,s and Y, Tiye;Dyq,sBaCo,05, 5
samples in 25 cyclic tests is 15.2-15.5ml/g and 14.5-15.2 ml/g,
respectively.

To investigate the reason for performance degradation of YBaCo,
0,5 and Yo5Tiy0sBaCo,0;, s samples, the XRD and SEM for sam-

ples before and after cyclic tests were conducted. Fig. 12 shows the
phase composition of the samples before and after cyclic tests. The
results show that there is no phase transition before and after cydic
tests. Fig. 13 shows the micromorphology of YBaCo,O;,s and
Y,sDyosBaCo,0,, s before and after cydlic tests. From Fig. 13(a)
and 13(b), YBaCo,O;, 5 experiences extensive cracking and agglom-
erate, including fracture of some grains. Agglomeration is the macro-
scopic manifestation of sintering of grains. The cracking and agglo-
meration of sample restricts the gas flow, which is the reason ac-
counted for performance degradation of YBaCo,O;, s and Y5 Tiyes
BaCo,0;, s samples. There is no cracking and agglomeration for
Y,sDy,sBaCo,O;, s sample, shown in the Fig. 13(c) and 13(d). The
unit cell volume of YBaCo,0, 5 Yo Tp0sBaC0,0;, 5 Y,sDyosBaCo,
O,,5 and Yy, TisDyy,sBaC0,0,,5 is 349.4661 A°, 3493005 A°,
351.2900 A® and 350.6864 A, respectively. The local lattice distor-
tions, caused by the Dy substitution and Ti and Dy co-substitu-
tion, are larger than that of Ti substitution, which can inhibit the
movement of grain of oxygen carrier. This probably accounted for
the good cyclic stability of Y,sDy,sBaC0,07.5 and Yo, TiysDyoss
BaCo,O;, s samples [35].
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CONCLUSIONS

In this work, the reaction properties of YBaC0,0,,5 YoosLiges
BaCo,0;,5 Y,5Dy,sBaCo,0,. 5 and Y, Ty 5Dy, 7sBaCo,0,, s mono-
lithic oxygen carriers were studied. Particles of oxygen carrier can
be made monolithic samples without damaging the phase and
morphology. Oxygen carriers show a faster oxygen release rate and
a slower oxygen intake rate. With increasing of absorption tem-
perature, the amount of oxygen intake per unit mass increases first
and then decreases and the reaction rate of oxygen intake per unit
mass increases. With increasing of gas flow rate, the amount of
oxygen intake per unit mass and the reaction rate of oxygen intake
per unit mass decreases. With increasing of oxygen concentration
of inlet gas, the amount of oxygen intake per unit mass and the
reaction rate of oxygen intake per unit mass increases. The maxi-
mum values of the amount of oxygen intake per unit mass and
the reaction rate of oxygen intake per unit mass are obtained by
Y005 Tig0sBaCo,0;, s monolith sample. The absorbed oxygen can be
released fully at different desorption temperatures. With increas-
ing of desorption temperature, the reaction rate of oxygen release
per unit mass increases. Cyclic stability of Y,;Dy,;BaCo,O,, s and
Y, TioesDyo75BaCo,0;, 5 samples is better than that of YBaCo,O,, 5
and Y5 Tiy0sBaCo,0O;, s samples. The local lattice distortions, caused
by substitution, can inhibit the movement of grain of oxygen carrier.

ACKNOWLEDGEMENTS

This study was financially supported by Natural Science Foun-
dation of Inner Mongolia (Grant No. 2020BS05030, 2019ZD13),
National Key Research and Development Project (Grant No. 2020
YFC1909102), and National Natural Science Foundation of China
(Grant No. 51866013, 51576035). Thanks for Start-up Funds for
Talent Introduction and Scientific Research of Institutions in Inner
Mongolia Autonomous Region.

NOTES
The authors declare no competing financial interest.
REFERENCES

1. B. Moghtaderi, Energy Fuels, 24(1), 190 (2010).

2.H. Song, K. Shah, E. Doroodchi and B. Moghtaderi, Energy Fuels,
28(1), 163 (2014).

3.L.E DE Diego, E Gacia-labiano, J. Adéneza, P. Gayan, A. Abad,
B. M. Corbella and J. M. Palacios. Fuel, 83(13), 17490 (2004).

4.N. Son, J. Y. Do, N. Park, U.S. Kim, ]. Baek, D. Lee, H. Ryu and M.
Kang, Korean J. Chem. Eng, 36(12), 1971 (2019).

5.H.]. Ge, L.H. Shen, E Feng and S.X. Jiang, Appl. Therm. Eng., 85,
52 (2015).

6.Y. Gao, J. Xiao, J. D. Ye and Y. T. Shen, Korean J. Chem. Eng, 37(1),
54 (2020).

7.T. Mattisson, A. Lyngfelt and H. Leion, Int. J. Greenhouse Gas Con-
trol., 3(1), 11 (2009).
8.R. Siriwardane, H.J. Tian, G. Richards, T. Simonyi and P. James,
Energy Fuels, 23(8), 3885 (2009).
9. H. Tian and Q. Guo, Chem. Eng. Res. Des., 89(9), 1524 (2011).
10. M. Rydén, A. Lyngfelt, T. Mattisson, D. Chen, A. Holmen and E.
Bjergum, Int. J. Greenhouse Gas Control, 2(1), 21 (2008).
11. L. Nalbandian, A. Evdou and V. Zaspalis, Int. J. Hydrogen Energ,
36(11), 6657 (2011).
12.B.Y. Li, W. Zhang, Y. Q. Qian and Z.Y. Wang, Korean J. Chem.
Eng, 37(4), 688 (2020).
13.Y.R. Gwak, J.H. Yun, S.I. Keel and S.H. Lee, Korean J. Chem.
Eng, 37(11), 1878 (2020).
14. T. Mattisson, A. Lyngfelt and H. Leion, Int. J. Greenhouse Gas Con-
trol, 3(1), 11 (2009).
15.M. Arjmand, A. Azad, H. Leion, A. Lyngfelt and T. Mattisson,
Energy Fuels, 25(11), 5493 (2011).
16. Y. Nagai, T. Yamamoto, T. Tanaka, S. Yoshida, T. Nonaka, T. Oka-
moto, A. Suda and M. Sugiura, Catal. Today, 74(3-4), 225 (2007).
17.]. Kaspar and P. Fornasiero, J. Solid State Chem., 171(1-2), 19 (2003).
18. M. Karppinen, H. Yanauchi and S. Otani, Chem. Mater., 18(2), 490
(2006).
19.S. Kadota, M. Kappinen, T. Motohashi and H. Yamauchi, Chem.
Mater., 20(20), 6378 (2008).
20.S. Wang, H.S. Hao, B.E Zhuy, J.E Jia and X. Hu, J. Mater. Sci,
43(15), 5385 (2008).
21.S. M. Zhang, MA Dissertation, ZhengZhou University (2011).
22.L.]. Guo, MA Dissertation, ZhengZhou University (2005).
23.L.P. Kozeeva, M. Y. Kameneva, A.N. Lavrov and N.V. Pod-
berezskaya, Inorg. Mater., 49(6), 626 (2013).
24.0. Parkkima, H. Yamauchi and M. Karppinen, Chem. Mater,
25(4), 599 (2013).
25. M. Valldor, Solid State Sci., 7(10), 1163 (2005).
26.L.M. Hou, Q.B. Yu, K. Wang, T. Wang, E Yang and S. Zhang, J.
Therm. Anal. Calorim., 49(1), 317 (2019).
27.L.M. Hou, Q.B. Yu, K. Wang, S. Zhang, Q. Qin and E Yang,
Korean J. Chem. Eng, 36(1), 84 (2019).
28.A.D. Qj, S.D. Wang, G.Z. Fu, C.]. Ni and D. Y. Wu, Appl. Catal.
A: Gen., 281(1-2), 233 (2005).
29.B.B. Shiand Z. D. Jiang, Nat. Gas Chem. Ind., 38(3), 11 (2013).
30. Wang, K. MA Diss., Shanghai Jiaotong University (2009).
31.S. Cimino, L. Lisi, R. Pirone, G. Russo and M. Turco, Catal. Today,
59(1), 19 (2000).
32.K. Wang, Q.B. Yu, Q Qin, Z.L. Zuo and T. W. Wu, Chem. Eng. ],
287, 292 (2016).
33.Q Liu, J.J. Shi, S. D. Zheng, M. N. Tao, Y. He and Y. Shi, Ind. Eng.
Chem. Res., 53(29), 11677 (2014).
34.L.M. Hou, Q. B. Yu, T. Wang, K. Wang, Q Qin and Z. E Qi, Korean
J. Chem. Eng., 35(3), 626 (2018).
35. A. A. Yaremchenko, M. V. Patrakeev; V. V. Kharton, E M. B. Marques,
I. A. Leonidov and V. L. Kozhevnikov, Solid State Sci., 6(4), 357
(2004).

Korean J. Chem. Eng.(Vol. 39, No. 3)



