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Abstract—We investigated the effect of the oxidation state of Mn in CaMnO; perovskite particles to improve their
oxygen transfer performance for chemical-looping combustion (CLC). Li was introduced in the Ca site of CaMnO; to
increase the Mn oxidation state. Ca,_,Li,MnO; particles were synthesized by the solid-state method, and the amount of
Li added ranged from 0 to 0.015 mol. The structure of the synthesized Ca, ,LiMnO; particles was examined using
XRD, and all particles were confirmed to have a CaMnO; perovskite structure. The shape and chemical properties of
the prepared particles were characterized by using SEM and CH,-TPD. The binding energy and oxidation state of the
different elements in the Ca,_,Li MnO; particles were measured by XPS. When Li was added, the oxidation state of Mn
in Ca,_,Li MnO; was higher than that of Mn in CaMnO,. The oxygen transfer performance of the particles was deter-
mined by an isothermal H,-N,/air and CH,-CO,/air redox cycle at 850 °C, repeated ten times, using TGA. All particles
showed an oxygen transfer capacity of about 8.0 to 9.0 wt%. Among them, Ca,gLiy,,MnO; particles had the best per-
formance and the oxygen transfer capacity under H,-N,/air and CH,-CO,/air atmosphere was 8.47 and 8.75 wt%,

PISSN: 0256-1115
eISSN: 1975-7220

respectively.
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INTRODUCTION Nz O: H:0  CO:
® MexOy
CO, emissions have increased due to industrialization and the
use of fossil fuels, both of which have accelerated global warming, o %% °%e%
If the rate of global warming continues to increase, plants, animals, Se® e e® e
and humankind will be profoundly impacted. Therefore, many 5|lee @ S oo ®
researchers have been working to reduce CO, emissions to delay E ® ° § ® ece
this problem. However, within the present industrial structure, it is o .. ® % o ®
difficult to significantly reduce CO, emissions. A more feasible solu- < |gve 2 ®
tion is to capture and store the generated CO,, or convert it to a o 0%
useful compound. There are three technologies aimed to capture * e ®
CO,. These technologies are divided according to their approach ©
as pre-combustion [1,2], oxy-fuel combustion [3,4], and post-com- MexOy-1
bustion [5,6]. Specifically, among the oxy-fuel combustions, chemi- I ) —/i I
cal looping combustions (CLC) can supply pure oxygen to the fuel; AIR FUEL (CnHzm)

therefore, they do not generate NOx, and no separation equip-
ment is required [7]. The reaction system is shown in Fig. 1, and
the mechanism is given by Eq. (1) and (2) [8,9].

1)
@

The reaction system consists of a fuel reactor (FR) and an air
reactor (AR). The fuel reactor receives oxygen from a metal oxide,

FR: (20+m/2)M,0,+C,H,—(2n+m/2)M,0, ,+nCO,+m/2H,0

AR:2M,0, ,+0,2M,0,
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Fig. 1. Schematic view of chemical looping combustion.

which acts as the oxygen carrier. This oxygen is then converted to
CO, and H,0, and the metal oxide is reduced to a metal. The re-
duced oxygen carrier particles move to the air reactor (AR) and are
regenerated with the metal oxide by reacting with oxygen in the
air. As can be seen from the mechanism of this reaction, the oxy-
gen transfer performance of the metal oxides as oxygen carriers is
very important. The main metal oxides used as oxygen carriers are
Mn,O, [10], Fe,0, [11], Co,0, [12], NiO [13,14], and CuO [15].
Among them, even though Fe,Os, Co,;0,, NiO, and CuO show an
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initially high performance, when the redox cycle is repeated, deac-
tivation rapidly occurs because of the aggregation of the particles with
each other. To solve this problem, MgO [16], ALO; [17], MgALO,
[18], SiO, [19], THO, [20], and ZrO, [21] are used as supports. How-
ever, these supports are difficult to reduce owing to their low reduc-
tion potential. Therefore, a decrease in the overall oxygen transfer
performance is inevitable when using the supports.

Further, although the redox cycle using Mn,O, is repeated, the
deactivation due to aggregation is not shown. Because Mn;O, is
composed of MnO-Mn,O;, Mn exists as 2" and 3" ions, and the
reduction potential of these ions is as follows:

Mn*+e &Mn* E’=1.56eV 3)

Mn™'+2¢ «>Mny, E’=—118eV @)

According to the reduction potential, although the Mn™" ion is
easily reduced to Mn™", it is difficult to reduce the Mn** ion to Mny,,.
Therefore, the reduction from manganese oxide to metallic Mn is
difficult, and this is the reason why the aggregation does not occur
on the manganese oxide oxygen carrier particles. However, this
property causes an approximately 6.9 wt% lower oxygen transfer
performance than other transition metal oxide particles. To improve
the performance of manganese oxide particles, the oxidation state
of the Mn ion in the structure should be increased to 4', 6", or 7.

In KMnO,, the oxidation state of Mn ion is 7. However, this
material cannot be used for CLC as an oxygen carrier particle be-
cause its melting point is 240 °C, which is rather low. Sodium and
lithium can replace potassium; however, sodium cannot be used
because Na,O also has a low melting point of 1,132 °C, which is
similar to the reaction temperature. Thus, LiMnO, was synthesized
using Li,O, which has a melting point of 1,438 °C, and subsequent
studies were carried out. The initial oxygen transfer performance
of the LiMnO, particles was 9.11 wt%, which is a value higher than
that of Mn,O,; however, as the reaction continued, it decreased to
6.88 wt%, and the reaction rate was also very slow. Therefore, these
compounds were considered to be improper oxygen carrier particles.

Other usable candidate materials include perovskites, with the
ABO; general formula. The A and B metal oxidation state of per-
ovskites are 2" and 4", respectively. Manganese is located in the B
site, and an alkaline earth metal is used in the A site. CaMnO;_
[22], CaMn,_,B,O; ; (B=Al, V, Fe, Co, and Ni) [23], Ca,_,A,MnO,
(A=Sr and Ba) [24], and CaMg,, Ti1,5Mny750,4 5 [25] have been
studied and reported. These reported particles have shown an ex-
cellent performance, but the oxidation state of Mn is based on 4".
Therefore, the present study aimed to improve the oxygen transfer
performance of particles by increasing the oxidation state of Mn
to a value higher than 4", To increase the oxidation state of Mn,
Ca,_,LiMnO; was synthesized with a substitution of Li in the Ca
sites and evaluated for CLC. The particles were synthesized by the
solid-state method, and their oxygen transfer performance was
tested under H, and CH, atmospheres using a TGA.

EXPERIMENTAL

1. Preparation of Ca,_,Li,MnQ, Particles
In this study, Ca,_,Li MnO; perovskites were prepared using a

solid-state method, and the prepared particles were labeled as X=0,
0.005, 0.01, and 0.015 according to the added Li ratio. Calcium
hydroxide (Ca(OH),, Shinyo pure chemical Co., LTD, Japan), lith-
ium hydroxide monohydrate (LiOH-H,O, Junsei chemical Co.,
LTD, Japan), and manganese dioxide (MnO,, Duksan pure Co.,
LTD, Republic of Korea) were used as precursors. The precursors
were homogeneously mixed by using a mortar and pestle for 1 hour.
Thereafter, the mixed powders were pelletized and heated at 1,300 °C
for 10h to bring about their crystallization. The particles were then
broken and sieved to 45-180 um.
2. Characterization

The structure of the prepared particles was determined through
powder X-ray diffraction (XRD, model MPD from PANalytical)
using a nickel-filtered CuKe radiation (40.0 kV; 30.0 mA) source,
at 2-theta angles from 10 to 80°. The shapes of the particles were
examined by a scanning electron microscope (SEM, S-4100, Hita-
chi, LTD, Japan) operated at 15KkV. The particles’ surface area was
measured with a Belsorp II instrument (BEL, Japan). CH,-TPD
(Temperature programmed desorption) experiments were con-
ducted using a BELCAT (BEL, Japan) to confirm the adsorption
ability of the particles. To remove the water and impurities on the
surface of the particles, the obtained particles were first pretreated
under a He atmosphere at 500 °C for 1h. Then, CH, (5vol% CH,/
He) gas flowed into the reactor for 1h at 50 °C. Subsequently, He
was introduced at 50 °C for 15 min to remove the physisorbed CH,.
Finally, the CH4-TPD experiments were conducted by increasing
the temperature from 50 to 1,000 °C, at a rate of 10°C min ', under
He flow. X-ray photoelectron spectroscopy (XPS, K-alpha, Thermo
Scientific, UK), using Al Ko (1,486.6 eV) X-rays as the excitation
source, was carried out to investigate the binding energies of Li 1s,
Ca 2p, Mn 2p, and O 1s. Prior to their measurement, the particles
were stored under vacuum (1.0x10~ Pa) overnight to remove the
water from their surface. The base pressure system was less than
1x10~ Pa. The obtained signals were fitted by using mixed Lorent-
zian-Gaussian curves.
3. Measurement of Redox Activity Cycles

Fig. 2 shows a schematic diagram of the reaction conditions for
the reduction-oxidation (redox) cycle test. The reactivity of the syn-
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Fig. 2. Schematic of experimental set up for redox cycle.
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thesized particles was evaluated using a thermogravimetric ana-
lyzer (TGA, Shinco co, Republic of Korea). About 20 to 30 mg of
the particles were loaded into an alumina container, which was
then placed in the furnace of the TGA. The furnace was then filled
with N, and the temperature was raised to 850 °C. Following this,
H, (15vol% H,/N,) or CH, (15vol% CH,/CO,) was used as fuel
for the reduction reaction, and air was used for the oxidation reac-
tion. All of the gases were kept at a constant flow of 100 mL/min.
The reaction time of the reduction and oxidation was 900 s and
600s, respectively. After the oxidation and reduction reactions, a
flow of N, or CO, was introduced for 150 s to prevent any mixing

(@) [+ camno, =«
(perovskite)

Intensity (a.u.)

10 20 30 4.0 5'0 6'0 '.;0
2 theta (degree)

between the fuel and air. These redox cycles were conducted ten
times. The oxygen carrier capacity of the particles was calculated
as follows:

Ro=[my,—m,,]/m,, ®)
RESULTS AND DISCUSSION
The XRD patterns of the Ca,_,LiMnO; particles are shown in

Fig. 3. For all particles, peaks were observed at 20=23.600, 33.672,
41.600, 48495, 60423, 71.101, and 81.135° and assigned to the (101),
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Fig. 3. The (a) XRD patterns and (b) enlarged view of (121) plane of the Ca,_,LiMnO; particles.

Fig. 4. The SEM images of the Ca,_,Li,MnO; particles.
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Fig. 5. N, adsorption-desorption isotherm curves at 77 K for the Ca,_,LiMnO; particles.

Table 1. The atomic % by XPS and surface area induced by N2 adsorption-desoroption isotherm curves for Ca,_,Li,MnO; particles

(Atomic %)

Particle Lils Ca2p Mn 2p O1ls Specific surface area (m’g ")
CaMnO; - 24.959 24.661 50.405 0.1900
Lij 005Cag00sMnOs 2.472 25.704 25.687 46.201 0.5040
Lig1CagsoMnOs 3.015 25.052 25.699 46.134 1.3077
Lig01:Ca05sMnO; 3.789 24.097 27.773 44340 14311

(121), (022), (202), (123), (242), and (204) planes, respectively, of with the feed gases.

CaMnO; perovskite (JCPDS 98-101-8097). Although up to 0.015
mol of Li was used to replace the Ca site, the XRD results do not
show any structural changes. According to the XRD results, it is
considered that the added Li was well substituted at the Ca site.
However, it was confirmed that the XRD peaks were shifted to the
lower angle as Li was added. This is because the CaMnO; per-
ovskite structure is distorted by the addition of Li. The structure
distortion can affect the oxidation state and oxygen mobility of the
lattice.

Fig. 4 shows SEM images of the surfaces of the particles. The
surface of the CaMnO; particles was observed to be smooth and
dense. However, as the amount of added Li increased, the pore on
the surface of the particles increased gradually. These observations
suggest that the oxygen transfer performance of the particles can
be increased owing to the high surface area that comes in contact

Fig. 5 shows the N, adsorption-desorption isotherm curves at
77 K of the particles. All the isotherm curves showed II type, which
were identified as non-porous according to the IUPAC dlassifica-
tion. However, the specific surface area of the particles in Table 1
was increased as the addition amount of Li is increased. This
result appears to be due to the increased porosity as shown in the
SEM image. These results lead to an increase in the area of con-
tact with the feed gases. Therefore, the reaction performance of
the particles can be improved.

The CH, absorption ability of the oxygen carrier particle is an
important factor during CLC reactions because CH, is used as the
feed gas. The CH,-TPD profiles of the Ca,_,Li MnO; particles are
shown in Fig. 6. Methane desorption peaks were widely observed
from 600 °C to 1,000 °C, and the highest peaks were discovered at
about 850 °C to 950 °C. Even though desorption peaks were ob-
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Fig. 6. The CH,-TPD profiles for the Ca, ,Li MnO; particles.

served at similar temperatures in every particle, because the basic
composition of the particles is not significantly different, as up to
0.015mol of Li were added, the desorption peaks shifted to a
higher temperature. This result means that the interaction between
the particle’s surface and CH, increased, which is considered to be
an advantage in CLC reactions carried out under CH, flow.

Fig. 7 shows the results of the redox cycle tests, which were re-
peated ten times under a H,-N,/air or CH,-CO,/air atmosphere,
at 850 °C. It was confirmed that the redox cycle reaction was sta-
ble in both the H,-N,/air and CH,-CO,/air atmospheres, and that
the oxygen transfer capacity was about 8.0 to 9.0 wt% in all parti-
cles. In the H,-N,/air atmosphere, the oxygen transfer capacity of
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CaMnO,, X=0.005, 0.01, and 0.015 was 8.25, 827, 8.47, and 8.29
wt%, respectively, as can be observed in Fig. 7(a) and (b). Simi-
larly, the oxygen transfer capacity of CaMnOs, X=0.005, 0.01, and
0.015 in the CH,-CO,/air atmosphere was 829, 845, 8.75, and
8.44 wt%, respectively, as presented in Fig. 7(c) and (d). The reac-
tion results show that the oxygen transfer capacity improved when
up to 0.01 mol of Li was used to replace Ca. However, a perfor-
mance decrease was revealed when the Li amount was increased
to more than 0.01 mol. These results suggest that a small amount
of Li substitution helps increase the oxidation state of Mn. How-
ever, when a large amount of Li was used, it induced the forma-
tion of LiMnO, in the Ca,_,LiMnO; structure, and the perfor-
mance of the material decreased.

To study the conversion versus oxygen transfer rate for the re-
duction and oxidation for the Ca, ,LiMnO; particles, the redox
cycle results were used to calculate the normalized conversion and
oxygen transfer rates of the particles, as follows: [26]

Reduction conversion: X,,;=[m,,—m]/[m,,—m,,] ©)
Oxidation conversion: X,,,=1— [m,,—m]/[m,,—m,,] 7)
Oxygen transfer rate: r, =Ro-dX/dt (8)

The determined results are presented in Fig. 8. The reaction
rate of the oxidation was faster than the reduction rate, and the
reduction rate in the CH, atmosphere was about twice as fast as
that in the H, atmosphere. In the H, atmosphere, a constant rate
of about 15 umol O,/g,. was observed because the supply of H,,
which can receive O,, was consistent. On the other hand, in the
CH, atmosphere, the rate increased from when CH, decomposed,
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Fig. 7. The cydlic redox ((a) and (c)) and Roc,t ((b) and (d)) on the Ca,_,Li MnO; particles in TGA at 850 °C. Condition: (a) and (b) H, (15 vol%

H,/N,)/air, (c) and (d) CH, (15 vol% CH,/CO,)/air.
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and the 40 pmol O,/g, oxygen transfer rate presented a conversion
of over 0.6. This is considered to be because four oxygen atoms
were used to convert 1 mol of CH, to CO, and 2H,O. In the oxi-

dation reaction, similar reaction trends were observed for the H,
and CH, atmospheres, and the reaction rate increased as the amount
of Li increased. It is considered that the Mn oxidation was effected
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Fig. 9. The XPS curves for the Ca2p, Lils, Mn2p and Ols in the Ca,_,LiMnO; particles.
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Table 2. The Roc;t value of the last cycle of Ca,_,Li,MnO; particles and surface area of particles

(wt%)
Condition CaMnO, Cay g95Lig 00sMnO; Cay goLig o MnO; Cay ggsLig 01sMnO;
H,/air 8.25 8.27 8.47 8.29
CH,/air 8.29 8.45 8.78 8.44

by Li, which is a strong oxidizing agent.

The XPS spectra of the Ca,_,LiMnO; particles were measured
to determine the oxidation state of the elements based on their
chemical bonds (results are shown in Fig. 9). The main Ca 2p;),,
Mn 2p;,, and O 1s peaks were clearly observed in the spectra of
the Ca,_,LiMnO; particles, and the Li 1s peak intensity increased
as the amount of Li was increased. The binding energies of Li 1s,
Ca 2ps, and Mn 2p,;, were 54.98, 34548 and 642.18 eV, which
were assigned to be Li", Ca™* and Mn", respectively. The Mn 2p;,,
and 2p,,, peaks were confirmed at a binding energy of 642.18 eV
and 653.78 eV, respectively. These peaks were shifted to higher bind-
ing energies as the amount of added Li was increased. When de-
convolution work was performed, two peaks were observed at
641.80 and 644.27 eV. The peak at 641.80 eV corresponds to Mn**
because it appears at the same position as Mn,,, of CaMnO, which
is Li-free particle and the peak at 644.27 eV corresponds to Mn***
more oxidized. Comparing the areas of the two peaks, the Mn*?*/
Mn*" of X=0.005, 0.01 and 0.015 were 0.58, 1.20 and 0.63, respec-
tively. This analysis confirms that the amount of Mn with a high
oxidation state at X=0.01 particle was more than other particles.
The results indicate that the oxidation state of Mn in the CaMnO,
perovskite structure was increased as a result of using Li to substi-
tute Ca sites. The high oxidation state of Mn means that it can
contain more oxygen, which is a factor considered to have an im-
portant effect on the improved performance of the synthesized par-
ticles. In addition, two O, peaks were found in the spectra, and
the peaks at 531.68 eV and 528.98 eV were assigned to the oxy-
gen of Ca-O [27] and Mn-O [28], respectively. Table 1 is the result
of quantitative analysis. Ca and Mn were present in a ratio of about

1:1, and the contents varied depending on the amounts of Li and
Ca added.

CONCLUSIONS

We investigated the effect of the oxidation state of Mn on CLC re-
actions. This was achieved by replacing Ca with Li in Ca,_LiMnO;
particles to increase the oxidation state of Mn and thus improve
the oxygen transfer performance of the particles under H, and
CH, atmospheres. The synthesized Ca, ,LiMnO; particles pre-
sented a CaMnO; perovskite structure; therefore, Li was stably and
well substituted at the Ca site of the CaMnO; perovskite struc-
ture. XPS analysis results confirmed that the addition of Li affected
the oxidation state of Mn in CaMnO;. Corresponding to these ana-
lytical results, the oxygen transfer performance of the Ca,_LiMnO;
particles was higher than that of CaMnOs. Particularly, the Caygo
Lipo,MnO; particles presented the highest performance of 8.47
and 8.78 wt%, under H,-N,/air and CH,-CO,/air conditions, respec-
tively. Through this study; it was confirmed that the change of the
oxidation state of the active metal is an important factor to improve

July, 2017

the performance of oxygen carrier particles in CLC reactions.
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