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a b s t r a c t

As an industrial solid waste, pyrite cinder exhibited excellent reactivity and cycle stability in chemical
looping combustion. Prior to the experiment, oxygen carriers often experienced a high temperature cal-
cination process to stabilize the physico-chemical properties, which presented significant influence on
the redox performance of oxygen carriers. However, the effect of calcination temperature on the cyclic
reaction performance of pyrite cinder has not been studied in detail. In this work, the effect of calcination
temperature on the redox activity and attrition characteristic of pyrite cinder were studied in a fluidized-
bed reactor using CH4 as fuel. A series of pyrite cinder samples were prepared by controlling the calcina-
tion temperature. The redox activity and attrition rate of the obtained pyrite cinder samples were inves-
tigated deeply. The results showed that calcination temperature displayed significant impact on the
redox performance of pyrite cinder. Considering CH4 conversion (80%–85%) and attrition resistance,
the pyrite cinder calcined at 1050 �C presented excellent redox properties. In the whole experiment pro-
cess, the CO2 selectivity of the pyrite cinder samples were not affected by the calcination temperature and
were still close to 100%. The results can provide reference for optimizing the calcination temperature of
pyrite cinder during chemical looping process.
� 2021 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.

1. Introduction

With the rapid development of global society and economy, the
demand for energy has increased dramatically. It is facing more
and more challenges in the fields of energy utilization, environ-
mental protection and cleaner production [1]. Studies have shown
that large amounts of carbon dioxide from human activities are
most likely to be the main cause of global warming [2]. Among
all sources of carbon dioxide, the extensive use of fossil fuels (coal,
oil and natural gas) is the most important source of carbon dioxide
emissions [3,4]. From the perspective of long-term sustainable
development, alternatives to fossil fuels must be found to solve
the problem of carbon emissions. Nowadays, solar energy, water
energy, wind energy, tidal energy and other clean and renewable

energy have gradually played a role in human energy utilization
[5]. However, limited by the low energy density and utilization
technology, the dominant position of fossil energy will not be
changed in the next few decades. The development of efficient
and clean carbon capture technology in coal-fired power plants is
of great significance to the sustainable development of global
economy [6].

To date, some technological routes are being developed to
reduce CO2 emissions [7–11], such as: (1) improving energy effi-
ciency, (2) using low-carbon fuels, (3) developing new energy
sources such as solar, biomass, wind, etc., and (4) CO2 capture, uti-
lization and storage (CCUS) technology. CCUS technology is one of
the effective ways to solve the excess emissions of CO2 in the short
term. As the basis of CCUS technology, a lot of problems still need
to be solved in the CO2 enrichment process [12]. Among CO2 cap-
ture technologies, three main routes are feasible or expected to
be implemented in power plants: pre-combustion, post-
combustion and oxy-fuel combustion [13,14]. The above three
CO2 capture technologies are involved in excessive energy
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consumption of gas separation process [15,16], thus limiting the
commercialization of these technologies.

Chemical looping combustion (CLC) is a new combustion tech-
nology with inherent CO2 separation [17,18], which uses the lattice
oxygen transmitted by solid oxygen carrier (OC) particles to carry
out indirect combustion of fuels, thus avoiding direct contact
between fuels and air and achieving CO2 enrichment at near zero
energy consumption. Compared with the traditional combustion
technology, CLC process decomposes the direct combustion into
two relatively independent redox processes, realizing the step uti-
lization of chemical energy and reducing the exergy loss in com-
bustion process [15].

From the above analysis of CLC process, it can be seen that oxy-
gen carrier acts a crucial function in achieving the complete com-
bustion of fuels [19–21]. Iron-based oxides are regarded as the
most potential oxygen carriers for commercial applications
because of low cost, wide range of sources and environmentally
friendly [22–24]. At present, oxygen carriers mainly include syn-
thetic and natural/waste materials [25,26]. In general, synthetic
oxygen carriers present the characteristics of porous structure,
high reaction activity, poor attrition resistance and long operation
life. Considering the problems of crushing, attrition, sintering and
poisoning of oxygen carriers in the actual operation process, the
cost of using synthetic materials as oxygen carrier is too high
[15]. In recent years, more and more researchers began to pay
attention to low-cost oxygen carriers, such as iron ore [24,27,28],
copper ore [29–31] and manganese ore [32–34]. Ilmenite (FeTiO3)
[35,36] and hematite [37,38] are two common natural iron-based
oxygen carriers.

Calcination is a necessary process for preparing oxygen carriers
[34,39]. On the one hand, high calcination temperature is usually
beneficial to improve the mechanical strength of oxygen carrier
particles. On the other hand, calcination can increase the oxygen
carrying capacity of oxygen carriers by oxidizing the active compo-
nent to high valence state. In order to fully oxidize ilmenite prior to
the redox reactions, the calcination process is often needed [40].
The results of Zheng et al. [39] showed that low calcination tem-
perature could generate a CeO2-ZrO2 sample with good uniformity
and three-dimensional ordered macroporous structure, thus
enhancing the redox activity of CeO2-ZrO2 by increasing the diffu-
sion of oxygen species. Appropriate calcination conditions are con-
ducive to the microstructure and cycle stability of oxygen carrier.
So far, the studies on the calcination process of oxygen carrier
are rare.

In the fluidized-bed CLC system, two main factors affect the
stable operation of the whole system [41]: one is the cycling stabil-
ity of oxygen carrier, the other is the attrition rate of oxygen car-
rier. The low attrition rate of oxygen carrier material can reduce
the supplement of fresh oxygen carrier during operation, thus
decreasing the system investment, the cost of operation and waste
treatment. Therefore, it is of great significance to study the attri-
tion resistance of OC. At present, the attrition characteristics of
Ca-based sorbents in CO2 capture process are studied extensively
[42–44], but the research on the attrition characteristics of OC in
CLC process is not enough. If the mechanical strength of oxygen
carrier particles can’t bear the mechanical stress produced by col-
lision, the OC particles are easy to be broken.

Based on the above analysis, the calcination process has an
important influence on the performance of oxygen carrier. Com-
pared with other iron-based oxygen carriers, our previous results
showed that pyrite cinder exhibited excellent reactivity and cycle
stability in CLC process [45–47]. However, the effect of calcination
temperature on the cyclic reaction performance of pyrite cinder
has not been studied. In this work, the influence of calcination tem-
perature on the redox activity and attrition characteristics of pyrite
cinder were studied in a fluidized-bed reactor. This work provides

an important reference for the selection of proper calcination tem-
perature for pyrite cinder.

2. Experimental

2.1. Preparation of pyrite cinder samples

Detailed preparation process of pyrite cinder particles (0.180–
0.250 mm) was shown in Fig. S1 (see Supplementary Material).
In the first step of pyrite cinder particles preparation, the addition
of deionized water was to improve the viscosity of pyrite cinder
powders. Three calcination temperatures (950 �C, 1050 �C,
1150 �C) were investigated. The obtained pyrite cinder samples
named Pc-950, Pc-1050 and Pc-1150, respectively. The calcination
time for the three samples was 2 h, the heating rate was
10 �C�min�1 and the heating atmosphere was air. The chemical
composition of pyrite cinder samples were presented in the Sup-
plementary Material (Table S1).

2.2. Characterization of oxygen carriers

The microstructure of fresh and spent OCs were characterized
by XRF, SEM, XRD and BET. More details of the characterization
were described in the Supplementary Material.

2.3. Evaluation of oxygen carriers

The cyclic reactivity of OCs were evaluated in a fluidized bed
reactor. The schematic diagram of the fluidized bed reactor was
shown in Fig. 1. The detailed description of experimental system
and procedures were presented in the Supplementary Material.
In this study, the mass of OC sample was 50 g. The experimental
steps of a reduction–oxidation cycle was shown in Table 1. The
flow rate of reaction gases was 2.0 L�min�1.

The equations for CH4 conversion and CO2 selectivity can be
found in the previous study [45]. The attrition rate of different pyr-
ite cinder samples in fluidized bed reactor was studied. The attri-
tion rate can be obtained through the following equation:

Attrition rate ¼ mf

Dt �m
ð1Þ

In the above equation, mf is the mass of pyrite cinder fines col-
lected after the experiment.m is the mass of pyrite cinder.Dt is the
time interval.

3. Results and Discussion

3.1. Microscopic physico-chemical properties of fresh pyrite cinder
samples

The physico-chemical properties of fresh pyrite cinder samples
were characterized by XRF, BET and SEM, as shown in Fig. 2 and
Fig. 3.

Pyrite cinder mainly contains iron oxide, calcium sulfate and
some inert components. Calcium sulfate (CaSO4) can decompose
into CaO and SO2 at high temperature, as shown in Eq. (2). Fig. 2
(a) showed the content of CaSO4 in different pyrite cinder samples
from XRF analysis.

CaSO4 ! CaOþ SO2 þ O2 ð2Þ
It indicated that the content of CaSO4 in pyrite cinder decreased

gradually with the increase of calcination temperature. Pc-950
sample presented the highest content of CaSO4 (14.28%). When
the calcination temperature increased to 1150 �C, the content of
CaSO4 in Pc-1150 was 5.69%. Some studies have shown that a syn-
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ergistic effect is existed between Fe2O3 and CaSO4, which can
improve the cyclic reaction performance of composite Fe2O3/CaSO4

oxygen carrier [48,49].
The BET surface area of different pyrite cinder samples were

presented in Fig. 2(b). It can be seen that the surface area of the
three samples follow the order: Pc-950 > Pc-1050 > Pc-1150. It
showed that the surface area decreased with the increase of calci-
nation temperature, which was attributed to the agglomeration of
pyrite cinder particles at high calcination temperature. Many stud-
ies have shown that high surface area and rich pore structure are
beneficial to improve the cyclic activity of OC [50,51]. The porous
microstructure can promote the diffusion of reaction gas into OC.
High surface area is also conducive to the adsorption of reactants
on the surface of OC.

Fig. 3 showed the characterization results of surface microstruc-
ture of the three pyrite cinder samples. For Pc-950 sample, obvious
pores could be observed on the surface, indicating that the sample

presented rich pore structure. Moreover, agglomeration for the
surface grains of Pc-950 occurred, which was because the content
of iron oxide in pyrite cinder was as high as 65.5% [45], thus mak-
ing pyrite cinder easy to sintering at high calcination temperature
and resulting in agglomeration of surface grains. With the increase
of calcination temperature to 1050 �C, the agglomeration of grains
on the surface of pyrite cinder was more obvious, leading to form-
ing many large grains. When the calcination temperature contin-
ued to rise to 1150 �C, the surface pores of Pc-1150 were
disappeared. A dense surface structure was formed for this sample.
This microstructure was disadvantageous to the gas–solid reaction
in cyclic reactions. When the temperature exceeds the Tammann
temperature (half of the temperature of melting point), the surface
grains of material are much easier to merge and grow [52]. The
melting point of Fe2O3 is 1565 �C. Therefore, the high content of
active components in pyrite cinder resulted in a serious agglomer-
ation under high calcination temperature. The characterization
results in Fig. 3 were completely consistent with that in Fig. 2(b).
It indicated that the pyrite cinder presented relatively dense struc-
ture after high temperature calcination.

Fig. 4 displayed the XRD characteristics and particle crushing
strength of fresh pyrite cinder samples. In Fig. 4(a), all the three
samples were composed of CaSO4, Fe2O3 and SiO2. With the
increase of calcination temperature, the intensity of CaSO4 diffrac-
tion peaks decreased gradually, which was attributed to the

Fig. 1. Simplified schematic of fluidized-bed system.

Table 1
Experimental steps of a reduction-oxidation cycle

No. Stage Temperature/�C Duration/min Reaction gas

1 Reduction 900 10 5%CH4/N2

2 Inert purge 5 N2

3 Oxidization 10 5%O2/N2

Fig. 2. (a) CaSO4 content from XRF analysis and (b) BET surface area of fresh pyrite cinder samples.
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decomposition of CaSO4 at high temperature. In addition, the
intensity of diffraction peaks of Fe2O3 in XRD patterns increased
with the increase of calcination temperature. It is because high cal-
cination temperature can improve the crystallinity of crystal phase.
Due to the low content of CaSO4 in Pc-1150 sample, the diffraction
peak intensity of CaSO4 in the XRD pattern of this sample signifi-
cantly decreased. Fig. 4(b) provided the crushing strength of pyrite
cinder particles. In the CLC reaction system, the oxygen carrier par-
ticles need to be circulated between the fuel reactor and air reac-
tor. In order to avoid the breakage of oxygen carrier particles by
the collision, the oxygen carrier particles should possess sufficient
mechanical strength to maintain a complete physical structure in
reaction system. The crushing strength of the three samples are
1.10 N (Pc-950), 2.11 N (Pc-1050) and 3.24 N (Pc-1150), respec-
tively. It suggested that increasing the calcination temperature
could effectively improve the crushing strength of pyrite cinder
particles. It was attributed to that the high temperature calcination
decreased the porosity and formed a compact structure for the pyr-
ite cinder. The increase of crushing strength could enhance the
attrition resistance of pyrite cinder particles in fluidized-bed
system.

3.2. Reactivity of pyrite cinder samples

For studying the effect of calcination temperature on the reac-
tivity of pyrite cinder, the reactivity of pyrite cinder samples were
investigated in the 1st reduction process of CH4 CLC.

Fig. 5 displayed the redox activity of different pyrite cinder
samples. It can be found that the CO2 concentration increase
rapidly for both Pc-950 and Pc-1050, which indicate that the two
samples present high reactivity with CH4. The peak values of CO2

concentration for Pc-950 and Pc-1050 are 4.6% (vol) and 4.5%

(vol), respectively. For Pc-950 sample, the concentration of CH4

increased rapidly after 200 s. Pc-1150 sample presented relative
low CO2 concentration with a peak value of 2.4% (vol). For the
Pc-1150, the concentration of CH4 increased rapidly after the
beginning of the reaction, indicating that the reaction activity of
the sample with CH4 was low, resulting in a large amount of CH4

not participating in the reaction. It suggested that the lattice oxy-
gen in Pc-1150 was inactivity and presented low reactivity with
CH4. In Fig. 5(a), (b) and (c), the content of by-products (CO, H2)
in the product gas for the three samples were very low, which
meant that the reacted CH4 was completely converted into CO2

and H2O. In Fig. 5(d), the CH4 conversion of Pc-950 and Pc-1050
are 88.13% and 85.27%, respectively. It indicated that Pc-950 sam-
ple possessed the highest CH4 conversion, which was attributed to
this sample exhibited the highest surface area. However, Pc-1150
sample presented the lowest CH4 conversion (58.57%), which was
mainly ascribed to the severe grains agglomeration after high tem-
perature calcination. In addition, CaSO4 also has the ability to pro-
vide lattice oxygen in the cyclic reactions. The low content of
CaSO4 in Pc-1150 sample could reduce the CH4 conversion. The
CO2 selectivity of the three samples were close to 100%. This
showed that the lattice oxygen in pyrite cinder possessed excellent
CO2 selectivity in CH4 CLC process. The similar results have been
found in our previous study [45].

3.3. Redox stability test of fresh pyrite cinder samples

Fig. 6 showed the effect of calcination temperature on the cyclic
stability and attrition rate of pyrite cinder samples. By comparison,
the CH4 conversion and CO2 selectivity of the three samples can
remain stable in 20 consecutive cycles. Among these samples, both
Pc-950 and Pc-1050 maintained high CH4 conversion (around 85%)

Fig. 4. (a) XRD patterns and (b) Particle crushing strength of fresh pyrite cinder samples.

Fig. 3. Surface microstructure of fresh pyrite cinder samples.
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during the whole experiment process. The CH4 conversion of Pc-
950 sample was slightly higher. The Pc-1150 sample possessed
the lowest CH4 conversion in the successive reactions. The CO2

selectivity of the three samples were maintained around 100%,
indicating that pyrite cinder could keep stable reactivity and CO2

selectivity in the continuous cycle reactions. It showed that the cal-
cination temperature only affected the CH4 conversion of pyrite
cinder and had little effect on the cycling stability and CO2 selectiv-
ity of pyrite cinder in CH4 CLC.

Fig. 6(d) presented the attrition rate of pyrite cinder samples in
continuous cycle reactions. It indicated that the attrition behavior
of the three samples were similar in the whole reactions. The sam-
ples presented the largest attrition rate in the initial five cycles. The
attrition rate of the three samples decreased with the number of
cycles. After 20 cycles, the attrition rate of Pc-950, Pc-1050 and
Pc-1150 are 0.19%, 0.10% and 0.05%, respectively. It indicated that
the attrition resistance of pyrite cinder was improved by increasing
the calcination temperature. The high irregularity and roughness of
the surface for fresh samples often result in the collision of sample
particles in the fluidized-bed reactor, which lead to high attrition
rate for fresh samples. As the number of redox cycle increased,
the surface of pyrite cinder particles became smooth and the attri-
tion rate decreased accordingly. The similar phenomenon has also
been reported in other studies [46,53]. According to the results of
Fig. 4(b), high calcination temperature increased the crushing
strength of pyrite cinder. Therefore, the Pc-1150 sample showed
the lowest attrition rate. The order of the attrition resistance for
the three samples is: Pc-1150 > Pc-1050 > Pc-950.

The XRD and SEM results of the samples after 20 cycles were
given in Fig. 7. In Fig. 7(a), the XRD patterns of the three samples
were basically the same, which only contained the diffraction
peaks of Fe2O3 and CaSO4. The diffraction peak of CaSO4 was not

observed, which was attributed to the decomposition of CaSO4 in
the redox cycles. According to the actual composition of pyrite cin-
der, the content of Fe2O3 is much higher than that of CaSO4.
Although CaSO4 can provide lattice oxygen at high temperatures,
the content of CaSO4 in pyrite cinder is relatively less. In addition,
CaSO4 was unstable and decomposed after multiple cycles. So,
CaSO4 was not the main active component in pyrite cinder.
Compared with the results in Fig. 3, the surface microstructure of
Pc-950 has changed after 20 cycles. However, the 20th cycled Pc-
950 still maintained small grain size and porous structure. For
Pc-1050, the surface of the 20th cycled sample showed compact
structure without pores. After 20 cycles, the Pc-1150 presented a
very dense surface microstructure. Although the surface
microstructure of both Pc-1050 and Pc-1150 changed significantly
during the cyclic reactions. The two samples could maintain stable
activity and cycle stability in continuous cycle reactions (Fig. 6).
The lattice oxygen in pyrite cinder revealed high redox activity,
and the thermal sintering in redox cycles had no obvious effect
on the cyclic reactivity of pyrite cinder. When pyrite cinder was
used as OC in CH4 CLC process, the CO2 selectivity was not affected
by the calcination temperature of pyrite cinder and was still close
to 100%. When considering the reactivity and attrition resistance of
pyrite cinder, 1050 �C is the suitable calcination temperature.

Based on the above results, increasing the calcination tempera-
ture was beneficial to the attrition resistance of pyrite cinder.
However, a contradiction between improving the attrition resis-
tance and maintaining high cyclic reactivity of pyrite cinder is
existed. When the calcination temperature is raised to 1150 �C,
serious grain aggregation was appeared for pyrite cinder, which
reduced the surface area and pore volume of the material, thus
decreasing the cyclic reactivity of pyrite cinder. In industrial appli-
cations, oxygen carrier particles need to be circulated in circulating

Fig. 5. Evolution of gas composition for pyrite cinder samples in the 1st reduction process: (a) Pc-950, (b) Pc-1050, (c) Pc-1150. (d) CH4 conversion and CO2 selectivity of
different pyrite cinder samples.
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fluidized-bed reactors for a long time, which require oxygen carrier
particles must have sufficient mechanical strength to deal with
friction, thermal stress and volume stress [54]. Otherwise, the oxy-
gen carrier particles experience serious attrition, which decrease

the efficiency of the whole reaction system. If the mechanical
strength of particles is improved by directly increasing calcination
temperature, the cyclic reactivity of pyrite cinder is decreased.
Then large holding capacity of pyrite cinder is needed in reactor,

Fig. 6. Redox stability of pyrite cinder samples in continuous 20 cycles: (a) Pc-950, (b) Pc-1050, (c) Pc-1150. (d) Attrition rate of different pyrite cinder samples.

Fig. 7. (a) XRD and (b) SEM results of pyrite cinder samples after 20 cycles.
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thus increasing the reactor size and the oxygen carrier cost. There-
fore, it is necessary to take effective measures to obtain pyrite cin-
der particles with enough mechanical strength and high redox
activity in the near future study.

4. Conclusions

The effect of calcination temperature on the cyclic reactivity of
pyrite cinder were studied deeply. The results indicated that the
calcination temperature presented an important influence on the
physico-chemical properties and reactivity of pyrite cinder. With
the increase of calcination temperature, the surface structure of
pyrite cinder became dense and the pores were gradually disap-
peared, thus leading to high crushing strength of pyrite cinder par-
ticles. Among the studied samples, the pyrite cinder sample after
high temperature calcination (1150 �C) exhibited the lowest CH4

conversion (58.57%) and highest crushing strength (3.24 N). Both
Pc-950 and Pc-1050 presented higher CH4 conversion of around
85%. It indicated that high calcination temperature could decrease
the redox activity of pyrite cinder. However, calcination tempera-
ture had little effect on the CO2 selectivity of pyrite cinder in CH4

CLC. All the samples displayed a CO2 selectivity of approximate
100%. In this study, 1050 �C was the best calcination temperature
for pyrite cinder. In redox cycles, surface sintering occurred for
the most studied samples. Nonetheless, the cyclic reactivity of pyr-
ite cinder was not affected by sintering, which indicated that the
lattice oxygen in pyrite cinder possessed high reactivity.
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