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Although coal chemical looping gasification (CCLG) is a promising technology for the efficient utilization of coal, limited studies
concerned about the industrial application of oxygen carrier in CCLG system owing to its performance requirements including
high reactivity with solid fuel, high carbon conversion, and good mechanical property. To meet the requirements of oxygen
carriers in CCLG system, novel Fe-Ni composite oxygen carrier (OC) samples were successfully prepared. The performances of
these OCs were evaluated in a fixed bed reactor, where they were reduced by solid fuel and then fully oxidized by air. Both
fixed bed tests and thermodynamic analysis showed that the prepare OCs exhibited high reactivity with coal and syngas
selectivity, making them suitable for the CCLG process. Specifically, when the loading amount of NiO was 20wt%, the Fe-Ni
composite OCs achieved the highest carbon conversion (93.03%) and synthesis gas selectivity (73.29%). Additionally, the
thermogravimetric data revealed that the Curie temperature of the OCs was higher than 550°C, making them suitable for
magnetic separation of the OC particles and carbon residue in the CCLG system.

1. Introduction

Chemical looping gasification is an innovative gasification
technology that splits the gasification process into two
sequential reactions. It is usually accomplished by involving
the use of oxygen carriers (OCs) that transport the needed
oxygen from air to fuel, converting the fuel into fuel gas
without the direct contact between oxygen and fuel. One of
the main advantages of this gasification technology is that
it avoids the cost and energy penalty of providing pure oxy-
gen to the gasification system, thereby eliminating the dilu-
tion of N2 and enhancing fuel gas calorific value [1].
Considering these unique features, there has been a growing
interest in the study of chemical looping gasification, partic-
ularly in the area of OC development, as the availability of
suitable OCs is considered a key issue for large-scale applica-
tion of the technology [2, 3]. Most of the studies about
chemical looping gasification focused on gas fuels such as

methane while limited research concerned about the gasifi-
cation of solid fuels [4–6]. The main reason is that chemical
looping gasification of solid fuels has some drawbacks, such
as low reaction rate, low conversion of solid fuel, and high
mechanical strength requirements for OCs. However, China,
a country rich in coal but lacking in crude oil and natural
gas, cannot rely solely on gas-fueled chemical looping gasifi-
cation to meet its energy demands. Therefore, it is necessary
to actively develop coal chemical looping gasification
(CCLG) technology, which uses coal as solid fuel. CCLG is
a new coal utilization technology that achieves noncontact
gasification of coal and air through the circulation of OC
particles between the air reactor and fuel reactor, making it
an effective way to achieve clean and efficient use of coal.
Unlike conventional coal gasification technologies, which
use molecular oxygen for direct oxidation, CCLG uses lattice
oxygen in OCs for partial oxidation, converting coal into
combustible gas [7]. Consequently, CCLG has great potential
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to meet China’s growing energy demands and reduce its
dependence on imported fossil fuels. Considering the impor-
tance of OCs in CCLG development, further research is
needed to develop suitable OCs to satisfy the performance
requirement of OCs in CCLG system.

The simplified reaction mechanism and process of coal
conversion in CCLG system are shown in Figure 1. Obvi-
ously, the CCLG system comprises two interconnected
reactors: a fuel reactor and an air reactor. In the fuel reac-
tor, coal is partially oxidized by oxidized OC particles to
produce high-quality syngas. The reduced OC particles
are then conveyed from the fuel reactor to the air reactor,
where they are oxidized with the aid of air, thus achieving
regeneration. As discussed above, the process of coal con-
version in the fuel reactor involves the following reactions
[8, 9]: (1) coal releases volatiles by thermal decomposition,
(2) oxidized OC is reduced by released volatiles, (3) direct
contact reaction between oxidized OC particles and coal,
and (4) water-gas shift reaction between gaseous products.
The reduced OC particles in the air reactor are reoxidized
by air, and the regeneration process of OCs is expressed as
follows: Me + O2→MeO. Therefore, the performance of
the CCLG system is largely determined by the properties
of the OCs. Suitable OCs require high-temperature stabil-
ity, great transportation ability of lattice oxygen, environ-
mental friendliness, and low cost [10]. More importantly,
in order to obtain a high-quality syngas, the OC samples
should also present high reactivity with coal but weak
reactivity with CO/H2. Considering these desirable proper-
ties for OCs, the selection narrows towards several typical
transition metals including Fe, Mn, Cu, Co, and Ni and
their corresponding oxide systems. For instance, nickel
oxides tend to sinter and agglomerate at high reaction
temperatures, leading to the reduction of reactivity with
solid fuel [11]. Among these metal transition oxides, Fe-
based OCs have received a lot of attention because of
low price, good recycling characteristics, and environmen-
tal friendliness [12]. Nevertheless, the low reactivity and
poor mechanical properties of the Fe-based OCs have lim-
ited their application in the CCLG system. It was found
that the addition of metal promoter could not only
improve the reactivity of Fe-based OCs with coal but also
produce a synergistic effect between the two metal oxides
during the CCLG process [13]. More than that, the syner-
gistic effect was help to improve the selectivity and yield of
synthesis gas and enhance coal gasification during CCLG
process. According to our previous study [14], Fe-based
composite oxygen carrier with diverse metal promoters
exhibited different gasification performance, and Fe-Ni
composite oxygen carrier presented high carbon conver-
sion of fuel and syngas selectivity in the CCLG process.
Since the addition amount of metal promoter might be
closely related to the gasification performance of OCs
[15], the Fe-Ni composite OCs with varied NiO loadings
were synthesized using microwave-assisted coprecipitation
method and used for CCLG in this study. To further
investigate the effect of addition amount of metal pro-
moter Ni on the OC performance in the CCLG process,
the reactivity of the prepared sample was tested in a fix

bed reactor and the compositions of gas products includ-
ing CH4, CO2, CO, and H2 were measured by a gas
chromatograph.

For the CCLG process, the solid residue after gasification
is typically a mixture of reduced OCs and carbon residue, so
it is necessary to separate the reduced OC particles from the
carbon residue before the reduced OC particles are conveyed
from the fuel reactor to the air reactor for regeneration. Fer-
romagnetic iron oxide is usually adopted in the chemical
separation process due to its magnetic properties, which
allow for effective separation of reduced OC particles from
carbon residue by using magnetic separation. Compared
with other separation methods, the magnetic separation
has more advantages in reducing costs, saving energy, and
reducing pollutants [16]. The OC particles with good mag-
netic properties contribute to effective magnetic separation
from carbon residue in the CCLG process, and thus, the
magnetic properties of the prepared samples were also inves-
tigated in this paper. It is widely acknowledged that the mag-
netic properties of materials are closely related to the
operational temperature, and the magnetism of materials
diminishes with the increase of operational temperature
[17]. The Curie point is usually used for measuring the
change in the magnetism of materials, and it is the temper-
ature at which ferromagnetic iron oxide materials lose their
intrinsic permanent magnetic properties [18]. Therefore,
the Curie point gives an upper limit to the operational tem-
perature for the magnetic media. In this study, to investigate
the magnetic properties of OC samples synthesized by vari-
ous NiO loadings, the Curie points of OCs were determined
using thermomagnetic measurements.

2. Experimental

2.1. Preparation of the OC Particles. The Fe-based composite
OC samples were synthesized using microwave-assisted
coprecipitation method, and the synthesis steps were
described in detail as follows. Fe(NO3)3·9H2O and
Ni(NO3)2·6H2O were mixed thoroughly in the mass fraction
of NiO = 0%, 5%, 10%, 15%, and 20% and followed by being
dissolved in the diethylene glycol at 200°C in the microwave
reactor for 30min. After complete filtering and washing, the
obtained solid precipitate was dried in an oven at 100°C for
12 h and then heated in a muffle furnace to 600°C at a heat-
ing rate of 3°C/min and held at 600°C for 6 h. To inhibit the
agglomeration of the OC particles, 40wt% of Al2O3 was
added into the resulting calcined sample (Fe-Ni oxides)
using the urea deposition−precipitation method. Therefore,
the calcined sample and Al(NO3)3·6H2O were mixed in the
mass ratio of Al2O3 Fe −Ni oxides = 2 3 and dissolved in
deionized water. After complete mixing and stirring at
90°C, the obtained suspension liquid was washed twice with
deionized water to remove traces of acid and urea. After dry-
ing at 100°C overnight, the resulting production was heated
in a muffle furnace to 1000°C at the heating rate of 3°C/min
and kept at 1000°C for 6 h. The composite OC samples with
20% (mass fraction) of NiO were denoted as 20%-OCs. The
procedure for synthesizing OC samples with other mass
fraction of NiO in composite, including 15%, 10%, 5%, and
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0%, was essentially the same. The raw coal particles were
dried in a vacuum oven at 105°C overnight and subsequently
crushed and sieved to particles of size range 220−500μm for
experimentation. The proximate and ultimate analyses of
coal samples are presented in Table 1.

2.2. OC Characterization. N2 adsorption/desorption analysis
(Micromeritics ASAP 2020) was carried out at 77K for
obtaining specific surface area and pore structure of the fresh
and postreaction OCs. The specific surface area of Fe-based
composited OCs could be obtained based on the adsorption
isotherm by means of Brunauer−Emmett−Teller (BET) and
pore structure of the samples including pore diameter and
pore volume was also determined from the desorption iso-
therm according to Barret-Joyner-Halenda (BJH) method.
Besides, X-ray diffraction (XRD), considered as a definitive
technique to study the crystalline structures in a wide range
of materials, was performed to identify crystalline phases of
OC samples using an X-ray diffractometer in conjunction
with Copper Kα radiation (40 kV, 40mA). The samples were
scanned in an angular range (2θ) of 5° to 80° with a rate of
0.02°/s. The surface morphologies of Fe-based composited
OC samples were studied using a JEOL LSM-5400 SEM.

The Curie temperature of OC samples was studied in a
thermogravimetric analysis (TGA) equipped with an Nd–
Fe–B magnet (100 × 50 × 5mm3) placed over the tested sam-
ples at a distance of about 10 cm OCs. In each test, about
15mg Fe-based OC samples (<100 mesh) placed in an alu-
mina crucible were heated from ambient temperature to
800°C at a heating rate of 10°C/min in argon (Ar) with a flow
rate of 50mL/min. When the temperature was lower than
the Curie temperature of OC particles, the weights of OC
particles recorded by TGA were less than their actual
weights due to the magnetic attraction between the OC sam-
ples and magnet. With the increase of temperature, the mag-
netism of OC samples decreased gradually, and the weights
of OC samples recorded by TGA increased gradually. When
the temperature was higher than the Curie temperature of
OC particles, the weights recorded by TGA were equal to
their actual weight as the OC particles lose their magnetism.
Generally, the Curie temperature of OC sample was the tem-

perature corresponding to the maximum weight increase
rate of the samples in the heating process [19].

2.3. Experiment Setup and Test Procedure. The fixed bed
reactor setup, shown in Figure 2, was designed to provide
information regarding the reactivity of Fe-based composite
OCs with coal and the influence of OCs with various NiO
loadings on product yields and gaseous composition. The
fixed reactor was a quartz tube with an outer diameter of
27mm, an inner diameter of 19mm, and a length of
900mm. Prior to each test, the samples including coal and
OC particles were mixed thoroughly and the mixing ratio
of coal and OCs was consistent with the stoichiometric oxy-
gen supply to produce CO, with the fully reduction to metal-
lic Ni and Fe [14]. For example, for Fe2O3, the
stoichiometric reaction for coal was Fe2O3 + 3C = 2Fe + 3
CO. In each experiment, about 3 g sample (coal–OC mix-
ture) placed into quartz tube, heated by a heating furnace,
whose temperature monitoring system on real time was real-
ized based on a K-type thermocouple and PID controller.
After removing air by introducing high purity N2 with a flow
rate of 100mL/min, the mixture sample was heated by an
electric furnace from room temperature to 800°C at a heat-
ing rate of 30°C/min. Subsequently, a proportion of steam
was introduced with a N2 stream to enhance the gasification
while temperature was maintained at 800°C for 30min.
According to our previous study about the effect of steam
concentration on product yields and gas composition, steam
concentration of 15 vol% contributed to the maximum yield
of synthesis gas and comparatively low yield of CO2 [13].
Therefore, steam concentration of 15 vol%, controlled by a
pump and an evaporator, was selected for gasification exper-
iments, and the compositions of resulting gas (CO2, H2, CO,
and CH4) produced in the gasification step were real time
analyzed with a gas chromatograph (GC-2010 Plus, SHI-
MADZU). After the gasification step, the flow gas was
switched to air to combust residual coal at 800°C for
120min and the gaseous products in oxidation step were
also measured to calculate content of residual carbon in
the solid residue. Furthermore, each test was repeated three
times to ensure repeatability.
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Figure 1: Illustration of the CCLG technology and coal conversion process.
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To investigate the effect of OCs with different NiO load-
ings on total carbon conversion, the flow gas was switched to
air after the gasification stage to oxidize the residual coal that
was not gasified. Additionally, the evolved gas produced in
the oxidation step was also analyzed to calculate carbon con-
version and content of residual carbon. Carbon conversion
(Xc) was defined as follows [14]:

XC =
V xCO + xCO2

+ xCH4

22 4 × nC,Coal
, 1

where xCO, xCO2, and xCH4 were the concentration of CO,
CO2, and CH4 in the exhaust gas measured by gas chro-
matograph, respectively; V was the total gas volume col-
lected during the oxidation process, including gas products
and air; and nC,Coal was the mole contents of fixed carbon
contained in the raw coal. As a result, the carbon conversion
was the ratio of carbon content in the gaseous products to
the total carbon content in the raw coal. Furthermore, the
residual carbon (Rc) in the raw coal could be also calculated
based on carbon balance:

Rc = 1 − Xc 2

Apart from carbon conversion, the selectivity of syn-
thesis gas was also important parameter to evaluate gasifi-
cation performance of the prepared OCs. As a result, the

synthesis gas selectivity (Sg) was discussed and calculated
as [13]

Sg =
xCO + xH2

xCO + xCO2
+ xH2

+ xCH4

, 3

where xH2
was the concentration of H2 in the outlet gas

stream measured by gas chromatograph. Obviously, Sg
referred to the molar volume fraction of synthesis gas includ-
ing CO and H2 in gas products.

2.4. Thermodynamic Analysis. The change of the Gibbs free
energy (ΔG) can be used as a criterion for the direction
and limit of thermodynamic processes and as a measure of
the magnitude of process irreversibility [20]. When ΔG was
positive, indicating that the thermodynamic process was
not thermodynamically feasible, and when ΔG was equal to
zero, the thermodynamic process reached equilibrium; while
ΔG was negative, the thermodynamic process was spontane-
ous, and the smaller the ΔG value was, the stronger the ten-
dency of this thermodynamic process will be. The purpose of
thermodynamic analysis was to clarify the possibility of the
reaction between composite OCs and C/CO/H2 and the rela-
tionship between the reaction tendency and temperature
based on this criterion [21]. The ΔG values for potential reac-
tions between C/CO/H2 and composite OCs at different tem-
peratures were calculated by adopting Aspen Plus software,
which illustrated the dependency of ΔG on temperature for

Table 1: Proximate and ultimate analyses of coal.

Proximate analysis (wt%) Ultimate analysis (wt%, daf)
Qnet,v,d (MJ/kg)

Ad Vd M FCd
∗ C H N S O∗

Coal 17.38 39.59 8.89 43.03 65.00 4.83 1.16 0.58 28.43 20.70
∗By difference.
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reactions between C/CO/H2 and composite OCs. Since the
initial and final reduction products of Fe2O3 are Fe3O4 and
Fe, respectively, and reaction ΔG of FeO formation was
between that of Fe and Fe3O4 formations, FeO generation
was not considered in the calculation of ΔG for reduction
products of Fe2O3.

3. Results and Discussions

3.1. Thermodynamic Analysis Data with Coal and OCs.
Figures 3(a) and 3(c) show the ΔG values for all possible
reactions between carbon and the composite OCs. At tem-
perature above 800°C, the ΔG values for these reactions
can be ordered as NiO>Fe2O3>NiFe2O4, indicating that
NiFe2O4 was the easiest to be reduced by carbon, followed
by Fe2O3 and NiO within the corresponding temperature
range. Similarly, Figures 3(b) and 3(d) revealed that NiFe2O4
was the easiest to be reduced by H2 and CO, followed by
Fe2O3 and NiO. Consequently, NiFe2O4 had the strongest
oxidation ability while NiO had the weakest oxidation ability
among three active components in the Fe-Ni composite
OCs. In addition, the reaction ΔG values for the initial and
final reduction products of Fe2O3 reduced by carbon were
negative at temperature higher than 400°C and 660°C,
respectively. Consequently, Fe2O3 was thermodynamically
feasible to react with carbon to generate CO at the tempera-
ture range of 400-1200°C. Similarly, NiFe2O4 and NiO were
thermodynamically favorable to react with carbon to gener-
ate CO at temperature higher than 600°C, as indicated by the
negative ΔG values for reactions between NiFe2O4/NiO and
carbon. The ΔG values for potential reactions between CO/
H2 and composite OCs are shown in Figures 3(b) and
3(d). According to the ΔG values, Fe2O3 could be reduced
to Fe3O4 by CO/H2 at the whole temperature range. Further-
more, NiFe2O4 and NiO could react with CO and H2,
respectively, to generate CO2 and H2O in the temperature
range of 400-1200°C. Overall, these results suggest that the
prepared composite OCs were ideal choice for CCLG to pro-
duce synthesis gas from the viewpoint of thermodynamics.

3.2. Fixed Bed Reactor Tests

3.2.1. Gas Composition with Different NiO Loadings. To
investigate the effect of NiO loadings in the prepared com-
posite OCs on gasification performance, coal mixed with
OC samples was heated in a fixed bed reactor from ambient
temperature to 800°C at a heating rate of 30°C/min in N2
with 15 vol% steam concentration. The compositions of
resulting gas, including CO, H2, CO2, and CH4 produced
during the gasification process, were analyzed with a gas
chromatograph, and the real-time concentration data is pre-
sented in Figure 4. It was remarkable that CH4 concentration
for prepared composite OCs with different NiO loadings
exhibited similar trends. This mainly resulted from that
most of CH4 was produced by coal devolatilization during
the CCLG process [22]. At the initial stage of the gasification
process, CH4 concentration increased dramatically and
reached the peak value in about 10 minutes. Afterward, the
amount of CH4 continuously decreased, approaching zero

in about 60 minutes with the consumption of carbon source
in coal.

Although the real-time concentration data of CO, H2,
and CO2 exhibited similar trends with CH4, the time for
CO, H2, and CO2 concentration to reach the peak value
was different. It was evident from Figure 4 that the time
for CO2 concentration reach the peak was significantly
shorter than that for CO concentration. This was mainly
due to the selectively oxidation of the prepared composite
OCs. It was known that there existed two types of oxygen
species in OCs, including surface oxygen and bulk lattice
oxygen. The gasification reaction between coal and OC par-
ticles occurred via surface oxygen and bulk lattice oxygen
[23]. Surface oxygen tended to completely oxidize fuel and
gaseous intermediates to CO2 and H2O due to its higher
reactivity while lattice oxygen was prone to selective oxida-
tion of fuel to produce CO in conjunction with H2. There-
fore, at the initial stage of the reaction, fuel and gaseous
intermediates were completely oxidized to CO2 and H2O
by surface oxygen in OCs, which was consistent with the
conclusion obtained by concentrations of CO2 during gasifi-
cation processes. The results revealed the fact that the con-
centration of CO2 rapidly reached its maximum and then
gradually decreased due to the consumption of surface oxy-
gen in OCs. Subsequently, fuel and gaseous intermediates
were partially oxidized to CO by the lattice oxygen in OCs,
resulting in CO concentration rapidly increased and reach-
ing its peak value about 20 minutes, and then became
decreasing as the lattice oxygen in OCs was consumed.
Apart from the selective oxidation of fuel, the CO2 yield
might also be influenced by the water-gas shift reaction
which had a positive effect on the generation of CO2/H2
and elimination of CO/H2O. It was worth noting that there
were approximate CO concentrations between 5%-OCs
and 10%-OCs, which were evidently higher than that for
15%-OCs. Additionally, CO2 concentration for 10%-OCs
was significantly higher than that for OCs with other NiO
loadings, which was not favorable for its application in
CCLG process.

3.2.2. Gas Yield with Different NiO Loadings. To further eval-
uate the gasification properties of composite OCs with vari-
ous NiO loadings, fixed bed tests were conducted using a 3 g
sample containing OC and coal. The yields of gases includ-
ing H2, CO2, CH4, and CO produced during the CCLG pro-
cess were analyzed, and the results are shown in Figure 5.
Repeated tests with samples (coal–OC mixture) were also
performed to assess the consistency of the results, and the
variations of two repeated tests are presented in Figure 5.
It was noteworthy that CH4 yield was considerably lower
than those of the other gases. Moreover, there were no sig-
nificant differences in CH4 yield across the different NiO
loadings, whereas the CO2 yields exhibited an opposite ten-
dency. Specifically, the CO2 yield for 10%-OCs was much
higher than that for OCs with other NiO loadings, which
was consistent with the gas composition data. Additionally,
the yield of H2 and CO was much lower for 0%-OCs than
for other NiO loading OCs, suggesting that the addition of
Ni was beneficial for achieving a higher yield of synthesis
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gas. This might be attributed to the water-gas shift reaction,
which resulted in an increase in the synthesis gas yield. Fur-
thermore, several reactions might be involved in gasification
process when composite OCs contained Fe and Ni, includ-
ing methane decomposition and the direct solid-solid reac-
tion between coal and composite OCs, which could also
contribute to a higher yield of H2 and CO [24]. However,
when composite OCs with 20% NiO loadings were present,
unlike the 10%-OCs, they had comparatively high yields of
H2 and CO and a relatively low CO2 yield, making them a
feasible choice for producing synthesis gas during the CCLG
process.

3.2.3. Comparative Conversion and Selectivity with Different
NiO Loadings. Table 2 reveals the fact that the contents of
residual carbon were higher with 0%-OCs than with other
NiO loading OCs, indicating that the addition of Ni contrib-
uted to achieving the full conversion. This might attribute to
the interactions between iron oxide and metal promoter
during gasification process. Moreover, the results clearly
indicated that the amount of NiO loading had a significant
effect on the carbon conversion of the fuel. It was worth not-
ing that the carbon conversion for 20%-OCs was 93.03%,
which was the highest among five NiO loading OCs. How-

ever, 0%-OCs achieved the lowest carbon conversion at
68.64%. Generally, the higher the carbon conversion of the
fuel during the gasification process, the higher the reactivity
of OCs with coal. Consequently, according to the total car-
bon conversion during gasification process, the reactivity of
the five NiO loading OCs in the fixed bed reactor could be
ranked as follows: 20%-OCs>5%-OCs>10%-OCs>15%-
OCs>0%-OCs, which was in good agreement with the infer-
ence on the basis of gas composition data.

Table 2 shows the comparative synthesis gas selectivity
of five NiO loading OCs during fixed bed tests. The loading
amount of NiO was found to have a significant influence on
the selectivity of synthesis gas in addition to carbon conver-
sion of fuel. These data were very encouraging since 20%-
OCs not only achieved the highest carbon conversion during
gasification process but also had a relatively high selectivity
of synthesis gas, which was 73.29%. The gaseous products
mostly contained CO and H2 when 20%-OCs were present
during gasification process. This suggested that the reaction
could be controlled to produce mainly synthesis gas without
getting further oxidized to CO2 and H2O. Hence, the pre-
pared composite OCs with 20% loadings were found suitable
for various chemical processes for synthesis gas production.
To understand the effect of NiO loadings, the selectivity of
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synthesis gas for five NiO loading OCs during the gasifica-
tion process could be ranked as follows: 20%-OCs>0%-
OCs>15%-OCs>5%-OCs>10%-OCs.

3.3. Characteristic of OCs

3.3.1. Surface Area and Porosity Analysis of OCs. The specific
surface area and pore structure of OCs were closely related
to the dispersion of active sites and the accessibility of reac-
tants to those sites [25]. Therefore, the surface area and pore
structure of prepared OCs with varied NiO loadings are ana-
lyzed and listed in Table 3. The surface area of fresh Fe-Ni
composite OCs was slightly higher than that of fresh Fe-
based OCs. In general, the OC particles with larger pore vol-
ume and surface area contributed to more active sites and
thus a higher reactivity with solid fuel during gasification
process [26]. From this point of view, the addition of NiO
had positive effects on improving reactivity of OCs with
solid fuel [27]. Notably, the pore volumes of the fresh OC
samples were relatively small and in the same order owing
to high-temperature calcination treatment in the process of
preparation of OCs [28]. Moreover, the loading amount of
NiO significantly influenced pore size of fresh OCs. Among
the five prepared OCs with different NiO loadings, 15%-OCs
had the largest pore size, subsequently followed by 20%-
OCs, 10%-OCs, 5%-OCs, and 0%-OCs, respectively. The
surface area and pore structure of postreaction OCs were
also analyzed and compared with those of fresh OCs. It
could be concluded that the surface area of OCs became
larger after gasification, whereas the pore size of postreaction
OCs was smaller than that of fresh OCs. This might result
from that the interactions between OC particles and reduc-
ing agent including gaseous intermediates and solid fuel dur-
ing gasification process, which increased the number of
micropores and led to an increase of surface area and reduc-
tion of average pore diameter [29]. Although the differences
were observed in surface area and pore structure between
fresh and postreaction OCs, the OC particles after reaction
still remained relatively large pore volume and surface area,
which was very favorable for their application in CCLG
system.

3.3.2. XRD Analysis of OCs. Figure 6 shows the XRD pat-
terns of five NiO loading OCs after reduction and oxidation
at 800°C and compares with the raw samples. The XRD data
of the OC samples before testing revealed that the active
component of OCs without NiO was Fe2O3, while OCs with
NiO addition also contained NiO and NiFe2O4 in addition

to Fe2O3. This might result from that the addition of metal
promoter Ni disrupted part of crystalline lattice of Fe2O3,
resulting in distortion of crystal lattice and simultaneous for-
mation of iron-nickel solid solution [30]. XRD data of the
0%-OCs after reduction indicated the presence of Fe3O4
and Fe2O3 phases, as shown in Figure 6(a). However, for
the Fe-Ni composite OCs after reduction, only the character-
istic peaks of Fe3O4 and NiFe2O4 were detected in the XRD
spectrogram, with no Fe2O3 characteristic peak presented.
These data suggested that composite OCs were easier to be
reduced with the addition of NiO during gasification pro-
cess, which was benefit for improving reactivity of OCs with
solid fuel. Notably, the characteristic peaks of FeO and Fe
were not detected in the OC sample after reduction. This
was mainly due to the fact that the conversion process of
iron oxides in the OC samples was primarily Fe2O3→Fe3O4
during the gasification process. Additionally, the small
amount of produced FeO and Fe could further react with
water vapor to generate Fe3O4, as steam was introduced into
the fixed bed reactor [31]. Based on these analyses, iron
oxides in composite OCs had the following conversion:

Fe + H2O⟶ Fe3O4 + H2

FeO +H2O⟶ Fe3O4 + H2

4

To evaluate the cycle performance of the tested OCs,
the crystal form evolutions of five NiO loading OCs at dif-
ferent reaction stage were analyzed using XRD and com-
pared with OCs before test, as shown in Figure 6. XRD
data of fresh OCs without NiO revealed the presences of
Fe2O3 phase, as shown in Figure 6(a). After a complete
cycle of reduction and oxidation, the XRD spectrogram
of 0%-OCs was similar to the fresh sample, indicating
the potential for OC regeneration. When OCs with NiO
addition were oxidized (oxidation with air) after gasifica-
tion with coal, the main components were still Fe2O3,
NiO, and NiFe2O4, indicating that the original phases were
reformed after a complete cycle of reduction and oxida-
tion. Therefore, it could be concluded that there was no
change in the composition of the five NiO loading OCs
since the fixed bed reactor tests were ended after a com-
plete contact with air. However, it could be observed that
the intense peaks showed a slight difference between fresh
OCs and samples after redox cycle, and the characteristic
peak intensity of fresh OCs was smaller than that of
OCs after cycling. This is mainly due to the increase in
the particle size and degree of crystallization of OCs after
a full cycle of gasification and oxidation [32]. Nevertheless,
there was no change in the material phases of the five NiO
loading OCs after cycling compared with fresh OCs, sug-
gesting that the prepared OCs were suitable for the cyclic
test. More importantly, the results revealed the fact that
NiO did not escape from composite OCs after a complete
cycle of reduction and oxidation, which further confirmed
previous conclusion that the addition of Ni disrupted part
of crystalline lattice of Fe2O3 and simultaneously formed
iron-nickel solid solution.

Table 2: Effect of NiO loadings on carbon conversion of fuel and
syngas selectivity.

NiO loading (wt%) Xc (%) Rc (%) Sg (%)

0 68.64 31.36 71.91

5 91.29 8.71 68.81

10 88.78 11.22 60.25

15 80.34 19.66 69.05

20 93.03 6.97 73.29
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3.3.3. Morphological Analysis of OCs. As shown in Figure 7,
the SEM images of five NiO loading OCs after reaction were
analyzed and compared with the fresh samples.
Figures 7(a)–7(e) depict the morphology of fresh OC sam-
ples. Clearly, the fresh OC particles were featured by irregu-
lar shape. Additionally, the fresh 0%-OC particles exhibited
relatively compact physical structure while the fresh Fe-Ni
composite OC samples showed comparatively loose surface
condition. Generally, the OC particles with comparatively
loose physical structure contributed to relatively large sur-
face area. Therefore, the addition of NiO was beneficial for
Fe-based OCs to achieve larger surface area, which was con-
sistent with the inference based on BET data. More impor-
tantly, there was barely any pore structure on the surface
of fresh 0%-OCs, whereas the fresh Fe-Ni composite OC
particles contained well-developed porous structure and part
of particles cracked. Generally, the compact physical struc-
ture of OC particles was not conducive to the gaseous com-
ponents entering the inner channel to react with the active
components, and gas products could not be discharged in
a timely manner [33]. Therefore, insufficient contact of solid
fuel and OC particles was an important reason for the
decrease in gasification activity of OC samples, which was
verified by the XRD spectrum that 0%-OCs after gasification
remained Fe2O3 phase. By comparing the morphology of
fresh OCs with different NiO loadings, it could be concluded
that the addition of NiO enhanced the reactivity of OCs with
solid fuel by improving pore structures of the OC particles.

As shown in Figures 7(f)–7(j), the OC particles after gas-
ification became smaller in size and rougher on surface but
presented more abundant pore structures compared with
fresh OC samples. The possible reason was that the lattice
oxygen located in equilibrium positions of the lattice struc-
ture randomly transferred to the contacted particle interface
during gasification process, thus forming an irregular struc-
ture with different grain sizes [34]. Actually, OC particles
with porous structure were beneficial for the diffusion of
reactants and enhancement of the gasification reaction.
From this point of view, the OC sample exhibited a good
heat-resistant properties as particles retained their pore
structures after gasification. Moreover, there were no signif-
icant changes in the particle morphology between the regen-
erated and fresh OCs with NiO addition since the OC
samples after gasification were oxidized with air atmosphere
to recover the lattice oxygen completely. However, 0%-OC
particles were crushed into small grain particles under iden-
tical conditions owing to their poor mechanical strength.
The surfaces of the 0%-OC particles after a complete cycle

of reduction and oxidation were quite rough, yet no pores
were found on the surface of an individual grain. Further-
more, the particle morphology and porous structure of
regenerated 5%-OCs and 20%-OCs (Figures 7(l) and 7(o))
were basically consistent with fresh samples, which was con-
ducive to keeping stable performance for the cyclic tests.
However, the SEM images of the 10%-OC samples after oxi-
dation (Figure 7(m)) clearly showed a change in morphology
compared with the fresh sample. This might result from that
mineral matter in coal, such as alkali metal, which caused
pore blockage and formation of larger agglomerates [35].
Nevertheless, there were no significant changes in the crys-
talline structures between the regenerated and fresh 10%-
OCs according to previous analyses based on the XRD spec-
trum. Combined with the XRD data of OC samples, it could
be concluded that the synthesized OCs with NiO addition
were suitable for application in the gasification process with-
out significant aggregation or reactivity deterioration.

3.3.4. Curie Temperature of OCs. To investigate effect of the
loading amount of NiO on magnetic properties of OC sam-
ples, the Curie temperatures of fresh and postreaction OC
samples were analyzed using thermomagnetic measure-
ments. The TG and DTG curves of the fresh OC samples
with different NiO loadings are shown in Figure 8. It was
evident that the weight of 0%-OC samples almost did not
change with the temperature increase from ambient to
800°C, owing to their weak magnetism. In contrast, signifi-
cant changes in the weights of OC samples with NiO addition
were observed, resulting from their magnetic properties
sharply decreasing during heating process. The major weight
change occurred in the temperature range of 550–650°C, dur-
ing which the OC samples achieved the maximum rate of
weight increase. Of the tested OC samples with NiO addition,
20%-OCs exhibited the maximum rate of weight increase,
owing to the interaction of iron-nickel mixed metal oxide
OCs, leading to the enhancement of magnetism [36]. Addi-
tionally, the characteristic temperature of 20%-OCs, corre-
sponding to the maximum weight increase rate, was higher
than that of the other OC samples. Based on the TG and
DTG curves of fresh OC samples, the Curie temperature of
five fresh OC samples could be concluded in the order of
20%-OCs>10%-OCs>15%-OCs>5%-OCs>0%-OCs. The TG
and DTG curves of OC samples after gasification are also
shown in Figure 9. It was worth noting that a significant differ-
ence in TG and DTG curves between fresh and postreaction
OC samples was observed, suggesting that the magnetism of
five NiO loading OCs changed substantially after gasification,

Table 3: Surface area and porosity analysis of oxygen carrier before and after reaction.

NiO loading (wt%)
SBET (m2/g) Pore volume (cc/g) Pore size (nm)

Fresh Postreaction Fresh Postreaction Fresh Postreaction

0 2.45 7.03 0.01 0.02 6.19 4.27

5 2.51 8.77 0.01 0.02 9.53 5.53

10 2.85 9.50 0.01 0.03 10.41 6.97

15 2.99 10.71 0.01 0.02 13.13 7.34

20 2.92 13.22 0.01 0.02 11.02 6.87
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especially the magnetism of 0%-OCs, which was obviously
enhanced compared with that of fresh 0%-OCs. This resulted
from that the conversion process of iron oxides in 0%-OCs,
which was mainly Fe2O3→Fe3O4 during the gasification pro-

cess, resulting in Fe2O3 in 0%-OCs being reduced to Fe3O4
with stronger magnetism [37]. Moreover, the magnetism of
the other four OC samples after gasification was also improved
to some extent due to the effect of iron oxides conversion.
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Figure 6: XRD patterns of oxygen carrier before and after reaction: (a) 0%; (b) 5%; (c) 10%; (d) 15%; (e) 20%.
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Figure 7: SEM images of the oxygen carrier before ((a) 0%; (b) 5%; (c) 10%; (d) 15%; (e) 20%) and after gasification ((f) 0%; (g) 5%; (h) 10%;
(i) 15%; (j) 20%) and oxidation ((k) 0%; (l) 5%; (m) 10%; (n) 15%; (o) 20%) reaction.
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Figure 8: TGA and DTG curves of fresh oxygen carrier: (a) mass loss; (b) mass loss rate.
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Based on the TG and DTG curves, we concluded the
Curie temperatures of fresh and postreaction OC samples,
which are listed in Table 4. It should be mentioned that in
addition to magnetic properties, the loading amount of
NiO had a significant influence on the Curie temperature
of OC samples. Among the five fresh OC samples, 20%-
OCs exhibited the highest Curie temperature, close to
589°C, making it favorable for application in the separation
of OC particles from carbon residue. However, for OC sam-
ples after gasification, 5%-OCs obtained the highest Curie
temperature, close to 680°C. The Curie temperatures of the
five postreaction OC samples could be concluded in the
order of 5%-OCs>15%-OCs>10%-OCs>20%-OCs>0%-
OCs. In general, among the five OC samples, except for
OCs without adding NiO, the Curie points of the other four
composite OCs before and after gasification were higher
than 550°C, meeting the requirement of magnetic separation
of OC particles.

4. Conclusions

In this work, Fe-based composite OC samples were success-
fully synthesized using microwave-assisted coprecipitation
method, with the addition of Ni as a metal promoter. The
effect of varying amounts of NiO on the gasification perfor-
mance of OCs was analyzed using a fixed bed reactor. The
Curie temperature, pore structure, and crystal structure of
fresh and postreaction OCs were characterized using TGA,
BET, SEM, and XRD. Such conclusions have been drawn
as follows:

(1) Fix bed data and thermodynamics results indicated
the addition of NiO significantly enhanced the reac-
tivity and stability of Fe-based composite OCs dur-
ing gasification. This was likely due to the addition
of disruption of the crystalline lattice of Fe2O3 by
the addition of NiO, resulting in a distortion of the
crystal lattice and the formation of an iron-nickel
solid solution as evidenced by XRD analysis

(2) The amount of NiO loading had a significant impact
on the distribution of gas products, selectivity of syn-
gas, and carbon conversion of fuel during the CCLG
process. Fe-Ni composite OCs achieved the highest
carbon conversion (93.03%) and synthesis gas selec-
tivity (73.29%) when the loading amount of NiO was
20wt%

(3) The addition of NiO greatly improved the magnetic
properties of Fe-based composite OCs. The thermo-

gravimetric data revealed that, except for OCs with-
out NiO, the Curie temperatures of both fresh and
postreaction OC samples were higher than 550°C,
meeting the requirements for magnetic separation
of OC particles and carbon residue in the CCLG
system
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