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ABSTRACT: Chemical looping combustion (CLC) is a novel technique, which exhibits the merit of CO2 inherent separation
and has been proposed as one of the most promising routes for CO2 capture and sequestration (CCS). The economically feasible
and environmentally benign oxygen carrier (OC) is of critical importance for the successful implementation of CLC processes for
industrial application. Natural iron ore, known as a kind of particularly cheap mineral material, has been verified as an appropriate
OC candidate. However, there are differences among the iron ores with variable contents of active and inert phases, which may
eventually result in diverse performance in CLC processes. In this work, CLC performance of hematite from Australia (AH) and
China (CH) were systematically compared in a batch fluidized bed reactor, using two low-rank coals: Victorian brown coal (VC)
from Australia and Inner Mongolia coal from China as fuels. The results showed that the maximum CO2 yield was 0.92 at 1000
°C under the match of CH OC with VC coal, even though the active phase composition of CH OC was relatively low. It
demonstrates that the amount of active phase in OC was not the only determinant for OC selection. Moreover, the reactivity of
CH OC was more sensitive to temperature and showed higher reactivity at elevated operational temperature (1000 °C), when
comparing with that of AH OC. The inert compounds were significantly conducive to maintaining the porous structure of the
OC at high temperature. The results are useful for the design and optimization of a CLC plant, and the application of CH with
VC was found to be the optimum match in in situ gasification CLC (iG-CLC) among all the tests.

1. INTRODUCTION
With concern over the ongoing anthropogenic CO2 emissions
together with the steadily growing needs for energy
consumption, it is of crucial importance to develop new fossil
fuel utilization techniques to reduce CO2 emission.1,2 Carbon
capture and sequestration (CCS) is suggested as one of the
promising methods for CO2 reduction by International Energy
Agency (IEA). Among the proposed CCS techniques, chemical
looping combustion (CLC) has become the focus because of its
inherent ability for CO2 capture.3 A typical CLC system
consists of two interconnected reactors, where the oxidation
process takes place in the air reactor (AR) and the reduction
process occurs in the fuel reactor (FR).4 Instead of air as the
oxidation agent in conventional combustion process, a metal
oxide, known as oxygen carrier (OC), acts as the medium of
lattice oxygen transportation in the CLC process. To be more
specific, the high valence state OC (MeO) reacts with fuel
(CnHm) in FR as R1 and the reduced OC (Me) regenerates
itself in AR by oxidizing with O2 in air as R2.
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Theoretically, the outlet gas of AR mainly consists of oxygen
depleted air, while the exhaust of FR primarily contains CO2
and H2O. Thus, high purity CO2 can be easily captured after
condensing the steam. As traditional one-step combustion

process is divided into two separated reduction and oxidation
processes in CLC, cascaded utilization of the overall energy is
ultimately realized.5 Additionally, since the operational temper-
ature of CLC is typically low (900−1000 °C) and there is no
N2 dilution in FR, the formations of thermal NOx and
promoted NOx are significantly reduced.6

Selection of suitable OC is a critical issue for the successful
implementation of the CLC process. In general, the appropriate
OC should have sufficient oxygen transport capacity,
satisfactory reactivity, high mechanical strength, good resistance
to sintering and agglomeration, as well as being environ-
mentally benign and of low cost.7 To date, over 700 metal
oxides (Fe-, Cu-, Mn-, and Ni-based, etc.) with various kinds of
inert support (Al2O3, SiO2, CuAl2O4, MgAl2O4, etc.) as OCs
have been developed and tested in thermogravimetric analyzer
(TGA), batch-scaled fluidized bed reactors, and pilot units.8−12

Comprehensive reviews of the OCs have been conducted by
Adańez et al.,7 Lyngfelt et al.,13 and Mattisson.14 In previous
works, many of the OCs were prepared from high purity
chemicals, which generally showed competitive redox reactivity
within the CLC process. However, for industrial application,
the high cost of synthetic OCs will undoubtedly be a stumbling
block. Additionally, the lifetime of the OC is possibly shortened
in the coal-direct CLC process, due to the contamination by
ash or partial loss of particles within the separation process of
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the OC and coal ash.15 Therefore, natural minerals (hematite,
ilmenite, manganese ore, and copper ore) were recently
suggested as suitable OC candidates with the consideration of
economical operation.16−21

Iron ore, which the main active content is iron oxide, has
been extensively investigated as OC in the CLC processes. It is
to be noted that due to the uncontrollable composition and
complicated structure of natural minerals, the iron ores exhibit
different performances in CLC. Extensive research has already
been conducted, indicating acceptable performance of iron ore
OC in various scales of CLC reactors. Ilmenite has been
investigated as OC in different CLC reactors with various fuels.
Ilmenite demonstrates sufficient reactivity with sulfurous
kerosene17 and syngas18 in a batch fluidized bed reactor as
well as with coal in a 500 Wth CLC unit.19 In a 120 kWth dual
circulating fluidized bed reactor, high gas conversion and good
fluidization behavior were observed when using ilmenite as
OC.20 Another kind of natural iron ore (hematite) with
satisfactory redox reactivity has been used for the demon-
stration of interconnected CLC system.21 CLC performance of
Chinese hematite was investigated in a 5 kWth interconnected
CLC unit using both methane22 and coal23 as fuel; no
significant reactivity degradation was observed during the long-
term operation. Xiao et al.24,25 found that the reactivity of the
CVRD iron ore particles gradually increased and then stabilized
after about 10 cycles in pressurized fixed bed reactor. To sum
up, iron ore is a kind of low-cost material with sufficient redox
reactivity in the CLC processes, which is suitable to be used as
OC.26

With dependence on the origin, iron ore and coal from
different countries may exhibit diverse characteristics in a CLC
process. In the present work, the reactivity of different iron ores
with different coal types is systematically compared, in order to
generate a complete database of OC characteristics and a
universal understanding of OC reactivity in coal-based CLC
processes. Performance of in situ gasification CLC (iG-CLC)
using two different natural iron ores from Australia (AH) and
China (CH) were investigated in a batch fluidized bed reactor,
and two low-rank coals from Australia (Victorian brown coal,
VC) and China (Inner Mongolia coal, IMC) were used as fuels.

2. EXPERIMENTAL SECTION
2.1. Materials. Two kinds of natural iron ores [i.e., Australian

hematite (AH) and Chinese hematite (CH)] were used as OCs. The
raw hematite particles were first calcined in a muffle oven: preheated at
500 °C in air for 2 h and subsequently calcined at 1000 °C in air for 10
h. The calcined iron ore samples were sieved to the range of 150−300
μm. The bulk densities of the particles were 3545 kg/m3 and 3472 kg/
m3 for AH and CH, respectively. The BET surface areas were 1.40 m2/
g for AH and 2.06 m2/g for CH. Two low-rank coals [i.e., Victorian
brown coal (VC) from Australia and Inner Mongolia coal (IMC) from
China] were used as fuels. The diameter of the coal particles was in the
range of 0.6−1.0 mm. Chemical analyses of AH and CH OCs are listed
in Table 1, while the proximate and ultimate analyses of both coals are
presented in Table 2.
2.2. Experimental Setup and Procedure. All the tests were

carried out in a batch fluidized bed reactor, as shown in previous

publications.27−30 A schematic of the reactor system is shown in Figure
1. It is composed of a gas feeding unit, a fluidized bed reactor, and an
online gas analyzing unit (Gasboard-3100). The fluidized bed reactor
is made of stainless steel with an inner diameter of 26 mm and height
of 892 mm. K-Type thermocouples are placed along the y axis of
reactor. A porous plate is used as the distributor, which is placed at a
distance of 400 mm from the bottom of the reactor. Both the OC and
coal samples were fed into the reactor from the hopper. The reactor
was heated by an electrical furnace. A multilayer fabric filter was used
to separate the fine particles contained in the exhaust gas, located at
the outlet of the reactor. The exhaust gas was analyzed by the online
gas analyzer after steam condensation. The gas concentrations were
analyzed for CO2, CO, CH4, O2 and H2, with CO2, CO, and CH4
being determined on the basis of nondispersive infrared analysis
detector (NDIR), H2 measured by thermal gas conductivity detector
(TCD), and O2 with an electron capture detector (ECD). The data
was automatically recorded by a computer with Labview 14.0.

For each test, 50 g OC particles were placed on the porous
distributor. Then the reactor was heated to the desired reaction
temperature in N2 atmosphere at a flow rate of 800 mL/min. After the
desired temperature was reached, N2 was switched to the mixture of
N2 and CO2/H2O for the reduction process while air was used for the
oxidation process to simulate the CLC reduction and oxidation stages.
The experiments started at the oxidation stage. When the O2
concentration of the outlet gas became stable, indicating that the
oxidation process was finished, the inlet gas was switched to the
reducing mixture gas of N2 and CO2/H2O. Once the O2 concentration
reduced to 0, coal samples (based on the preset oxygen to fuel ratio)
were fed into the reactor from the hopper. When the reduction
process was completed (until no carbonaceous gas was detected in the
flue gas), N2 was employed to purge the reactor for around 10 min and
then air was introduced to regenerate the reduced OC, being ready for
another cycle. For different iron ores and coal types, experiments were
conducted at three isothermal conditions (900, 950, and 1000 °C),
four different oxygen-to-fuel ratios (1.5, 2.0, 2.5, and 3.0) and two
different fluidization agents (50 vol % N2/50 vol % H2O and 50 vol %
N2/50 vol % CO2). The gas flow rates during the oxidation and
reduction stages were always controlled at 800 mL/min, which
corresponded to a fluidization velocity ratio u/umf, of 4.4−5.3 for the
iron ores in the experimental temperature window of 900−1000 °C,
where u and umf represent the superficial gas velocity and minimum
fluidization gas velocity of the OC particles, respectively.

3. DATA PROCESSING

To analyze the impact of the amount of coal feeding on the
CLC performance of iron ore OCs, the concept of oxygen-to-
fuel ratio, ΩOC, was introduced; ΩOC denotes the ratio of the
active oxygen amount in OC and the oxygen demand to fully
convert the coal. It can be calculated as,

Ω =
Φ
R m

mOC
OC OC

coal coal (1)

where ROC is the oxygen carring capacity of OC, based on the
reduction of Fe2O3 to Fe3O4, Φcoal is the oxgen demand to fully
combust per unit coal, and mOC and mcoal represent the feeding
amout of OC and coal into the reactor, respectively.
In this work, no carbonaceous gases were detected during the

OC oxidation process in each test, indicating that carbon
decomposition did not occur within the OC reduction stage.
Thus, the CO2 yield, γCO2, and the carbon conversion, XC, can
be calculated as,
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Table 1. Chemical Analyses of the Hematite from Australia
(AH) and China (CH)

Fe2O3 (wt %) SiO2 (wt %) Al2O3 (wt %) others (wt %)

AH 91.6 3.2 2.3 2.9
CH 65.9 25.2 5.4 3.5

Energy & Fuels Article

DOI: 10.1021/acs.energyfuels.6b02101
Energy Fuels 2017, 31, 1896−1903

1897

http://dx.doi.org/10.1021/acs.energyfuels.6b02101


∫

∫
=

+ +

+ +
X

F y y y t

F y y y t

( ) d

( ) d

t

t

t

tC

out,red CO CO CH

out,red CO CO CH

0 2 4

0

total

2 4 (3)

where the total outlet gas flow rate in dry basis, Fout,red, can be
calculated on the basis of N2 balance,

=
− − − −
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where t0 and ttotal represent the time points of the start and the

end of the reduction, respectively, yi is the molar fraction of gas

component i (including CO, CO2, CH4, or H2) in the flue gas,

and FN2 is the inlet gas flow rate of N2.
Thus, the carbon conversion rate, xC, during the reduction

process of OC with coal can be expressed as,

=x
X
t

d
dC

C
(5)

Table 2. Proximate and Ultimate Analyses of the Coal from Australia (VC) and China (IMC)

proximate analysis (wt %, ad) ultimate analysis (wt %, ad)

moisture volatile ash fixed carbon C H Oa N S LHVb (MJ/kg)

VC 3.2 47.2 2.4 47.2 70.6 4.6 24.2 0.4 0.2 17.3
IMC 8.3 39.3 5.5 46.7 60.36 4.0 19.9 0.7 1.2 18.7

aBy difference. bLower heating value.

Figure 1. Schematic view of the batch fluidized bed reactor.

Figure 2. Gas concentration profiles of AH and CH OCs with IMC and VC coals at 1000 °C, 50 vol % H2O, and ΩOC = 2.5.
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The average apparent carbon conversion rate, x0.95,C, can be
determined as,

=
−=

x
t t

0.95
0.95,C

X 0.95 0C (6)

where tXC = 0.95 represents the time point when carbon
conversion reaches 95%.
Finally, the increased ratio of CO2 yield/average carbon

conversion rate (φCO2
/φdXc/dt) is defined as the ratio of the

difference between CO2 yields/average carbon conversion rate
in N2/H2O and those in N2/CO2, as eqs 7 and 8,
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γ γ
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where γCO2
′ represents the CO2 yield in N2/H2O and γCO2

represents that in N2/CO2. The dXC′ /dt represents the average
carbon conversion rate in N2/H2O, and dXC/dt represents that
in N2/CO2.

4. RESULTS AND DISCUSSION
4.1. Coals and OCs Matching. Figure 2 shows the outlet

gas concentrations as a function of time during the reduction
stage of AH and CH OCs with IMC and VC as fuels. In each
test, the fluidization gas agent was 50 vol % N2 + 50 vol % H2O
at an isothermal condition of 1000 °C. The oxygen-to-fuel ratio
was kept at 2.5. At the initial stage of the reduction process, the
volatile matter was released and the remaining char was
subsequently gasified by H2O/CO2, as R3−R7.16 Then the
devolatilization and gasification products were further oxidized
by natural iron ore (the active component, Fe2O3), as R8−R10.
Because of the high oxygen-to-fuel ratio, Fe2O3 was mostly
reduced to Fe3O4.

31,32 XRD analysis results shown in Figure 7
also demonstrate that the reduced phase of the OC is Fe3O4.

→ + + +coal char volatile H O ash2 (R3)

→ + + + +n n n n nvolatile CO CO CH H H O1 2 2 3 4 4 2 5 2
(R4)

+ = +C H O CO H2 2 (R5)

+ =C CO 2CO2 (R6)

+ = +CO H O CO H2 2 2 (R7)

+ = + +CH 12Fe O 8Fe O CO H O4 2 3 3 4 2 2 (R8)

+ = +CO 3Fe O 2Fe O CO2 3 3 4 2 (R9)

+ = +H 3Fe O 2Fe O H O2 2 3 3 4 2 (R10)

Figure 2a shows the results of AH OC with IMC, the
maximum CO2 concentration reached 49.5% while the CO
peak was 9.96%. When IMC was fed into the reactor, the CO2
concentration increased rapidly due to the rapid combustion of
volatile matters. The initial CO peak may result from the
insufficient contact between volatiles and OC particles because
of the typically fast coal devolatilization process as R4. Only
small proportions of CH4 and H2 were detected during the OC
reduction process. Then, the remaining char was further
gasified by steam and CO2 to CO and H2, as represented by eqs

R5−R7. As shown in Figure 2a, the CO concentration
decreased from 1.45% to 0.50% within 50−400 s, meanwhile
the H2 concentration was close to zero. It was explained that
the reduction of H2 by OC is faster than that of CO and some
light coal particles that were on the surface of the fluidized bed
resulted in insufficient gas−solid contact. After 700 s, the CO2
concentration decreased to zero, which marked the completion
end of the reduction process.
Figure 2c shows the gas concentration during the OC

reduction stage under the same operational condition as shown
in Figure 2a. The difference was using CH as OC. The CO2
concentration peak was 46.6%, which was lower than that of
AH+IMC. On the other hand, the CO peak was higher and the
integral area of CO was larger than those of AH+IMC. The
results indicated that the conversion of volatile was relatively
slower due to the short residence time of CO and insufficient
contact between CO and CH OC. However, the CO
concentration decreased to zero at the reaction time of 200 s
and the CO2 concentration reached zero at 300 s. The short
reduction time demonstrated a higher reactivity of CH OC
toward the gasification products. Thus, when fed with IMC, the
AH OC showed higher reactivity toward volatile matters at the
initial reduction stage, whereas, the CH OC was easier to be
reduced by the gasification products, such as CO, which also
resulted in the promotion of the char gasification reaction.
Figure 2 (panels b and d) showed the analysis of VC coal in

CLC. When AH was used as OC, the CO2 and CO peak value
reached 67.3% and 16.57%, respectively. The results showed
that the volatile releasing rate of the VC coal was faster than
IMC. Actually, the amount of volatile content in VC was also
larger than that of IMC, as shown by the proximate analysis in
Table 2. During the char gasification process, the CO2
concentration decreased rapidly and the reduction process
lasted for 300 s, which was half of the duration time of AH
+IMC. The results indicated that VC was much easier to be
converted than the IMC in CLC condition. This can be
explained by the porous nature of the VC and the reactive
nature of its volatiles and its nascent char.33

Note that when using CH as OC and VC as fuel (shown in
Figure 2d), the CO peak was much smaller than that when
using AH as OC, which indicated the CH OC has sufficient
reducing ability toward volatile matters during the fast volatile
releasing process of VC. The CO concentration decreased from
1.06% to 0 within 180 s, which indicated that the reduction
process was accomplished. In comparison with Figure 2b, the
CH OC showed relatively higher reactivity toward the low-rank
coal, even though the active component of CH (Fe2O3) was
much lower than that of AH, as shown in Table 1. The results
can be explained as on the one hand, the used CH OC shows
more developed porous structure with 2.69 m2/g than that of
used AH OC with 1.58 m2/g, as shown in Table 4; on the other
hand, the inert compounds (e.g., SiO2) were beneficial to
maintain the porous structure, especially at relatively higher
temperature (1000 °C) for the CH OC. Thus, the lattice
oxygen was much easier to be efficiently utilized by the
devolatilization and gasification products. This result was also
consistent with previous publication.34 Thus, the CH OC was
the best match to VC coal in iG-CLC with the lowest CO peak
and shortest reduction time.

4.2. Comparison of OCs and Coals. Different temper-
ature conditions (i.e., 900, 950, and 1000 °C) were conducted
to investigate the temperature sensitivity of AH and CH OCs in
the CLC process, using IMC and VC as fuels. In each test, the
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oxygen-to-fuel ratio was kept at 2.5 and the fluidization agent
was 50 vol % N2 + 50 vol % H2O.
As shown in Figure 3, the carbon conversion rates were

enhanced when the temperature increased from 900 to 1000

°C. It was because the devolatilization and gasification rates
were increased at higher temperatures and then the generated
combustible gaseous products were converted by OCs, which
can accelerate the char gasification rate in return, as eq R6. In
Figure 3a, the carbon conversion rate increased slightly when
the temperature increased from 900 to 1000 °C, using AH as
OC. It indicated that the reactivity of AH was less sensitive to
reaction temperature. However, the carbon conversion rates of
CH OC improved over one time (shown in Figure 3c), when
the temperature was increased from 900 to 1000 °C. Thus, the
CH OC was more suitable at high temperature (1000 °C) fed
with IMC.
At 900 °C, the carbon conversion rates were similar to CH

OC in comparison with Figure 3c (IMC) and 3d (VC),
whereas the carbon conversion rate of AH+VC was much
higher than that of AH+IMC, as shown in Figure 3 (panels a
and b). The results indicated that the gasification of VC coal
was easier, and the carbon conversion was limited by the
reactivity of CH OC at relatively lower temperature (900 °C).
At 1000 °C, without the limitation of CH reactivity, there was
no doubt that the VC exhibited a much better combustion
characteristic than that of IMC.
4.3. Optimization of Operation. Theoretically, more OC

inventory in the FR can provide more lattice oxygen for the
oxidation of the coal gasification products, decreasing the
amount of CO, CH4, and H2. However, the running cost should
be considered for commercial application, so that it is of crucial
importance to find a suitable ΩOC. Therefore, the effects of
different ΩOC on the CLC performance were further
investigated. In each test, the mass of OC input was kept at
50 g and the different ΩOC values were realized by adjusing the
amount of coal feeding, as shown in Table 3. The reaction
temperature was 1000 °C and the fluidization agent was 50 vol
% N2 + 50 vol % H2O.
Figure 4 shows the CO2 yield of AH and CH OCs with IMC

and VC at different ΩOC. Generally, the reaction of CH OC
with VC exhibited the highest CO2 yield at the same ΩOC

condition. The CO2 yield of VC with CH increased from 0.82
to 0.92 when ΩOC increased from 1.5 to 2.5 and then slightly
increased to 0.93 when the ΩOC value reached 3.0. Moreover,
for both AH and CH OCs, a higher CO2 yield could be attained
with VC than IMC, which further indicated that the VC was
easier to be converted than the IMC in CLC. To be noted, a
relatively stable CO2 yield could be acquired when ΩOC was
higher than 2.5 for the reaction of AH and CH OCs with IMC
and VC at different ΩOC. This means that the optimum value of
ΩOC was 2.5 within the CLC process, both using AH and CH
as OCs.
In an iG-CLC process, H2O and CO2 are usually used as

gasification agent to improve the coal conversion efficiency. To
better understand the enhancing effects of H2O gasification and
CO2 gasification on the performance of coal-direct CLC
process, experiments of AH and CH OCs with IMC and VC
under different fluidization agents were conducted. In this
series of tests, the reaction temperature was kept at 1000 °C
and the ΩOC value was 2.5. The fluidization agent was 50 vol %
N2 + 50 vol % CO2 (or H2O).
Table 4 shows the CO2 yield and average carbon conversion

rate of AH and CH OCs with IMC and VC for different
fluidization agents. As seen in Table 4, a higher γCO2 value using
N2/H2O as the fluidization agent was attained. For example, the
increased ratio of CO2 yield (φCO2) was 16.5% at maximum in
the test of CH+VC when using H2O as the gasification agent
than CO2. Generally, the CO2 yields showed a larger increase
using CH as OC irrespective of using IMC or VC coal. The
results indicated high reactivity between volatile/gasification
products (CO and H2) and CH OC, mainly because of its well-

Figure 3. Carbon conversion rates of AH and CH OCs with IMC and
VC at three different temperature conditions, 50 vol % H2O, and ΩOC
= 2.5.

Table 3. Operation Conditions at Different ΩOC (1000 °C
and 50 vol % H2O)

coal feeding amount ΩOC IMC (g) VC (g)

AH 1.5 0.550 0.541
2.0 0.413 0.406
2.5 0.330 0.325
3.0 0.275 0.271

CH 1.5 0.481 0.381
2.0 0.361 0.286
2.5 0.288 0.229
3.0 0.240 0.190

Figure 4. CO2 yield and γCO2 of AH and CH OCs with IMC and VC
at different ΩOC, 1000 °C, and 50 vol % H2O.

Energy & Fuels Article

DOI: 10.1021/acs.energyfuels.6b02101
Energy Fuels 2017, 31, 1896−1903

1900

http://dx.doi.org/10.1021/acs.energyfuels.6b02101


developed porous structure generated by the support of inert
phase (Al2O3 and SiO2). The CO2 yield of the best match (CH
+VC) was the highest among all the tests.
IMC contains relatively higher sulfur content (1.2 wt %) than

that of VC, which may be detrimental to the reactivity of
OCs,35 no matter using AH as OC or CH as OC, shown in
Figure 4. Thus, the AH OC with higher content of Fe2O3
showed better CLC performance than that of CH OC. In this
sense, there is a better match between AH OC with higher
content of Fe2O3 and IMC with a higher component of sulfur.
The same varying trend of average carbon conversion rate

was also observed using different fluidization agents. A much
higher x0.95,C value could be achieved when the reduction stage
was fluidized with N2/H2O, as shown in Table 4. The result can
be explained by the different gasification rates of CO2 and H2O
with coal/char;36 the gasification rate of H2O-char (R5) is well-
known to be much higher than that of CO2-char (R6). The
highest average carbon conversion rate was achieved with the
match of CH+VC.
4.4. Verification of Stability Behavior. Ten redox cycles

were carried out to evaluate the CO2 yield within the CLC
process, as an indicator of the stability of natural iron ore. The
optimized experimental conditions were that the reaction
temperature was at 1000 °C, the ΩOC value was 2.5, and the
fluidization agent was 50 vol % N2 + 50 vol % H2O.
Figure 5 shows the CO2 yield during the 10 redox cycles for

the two natural iron ores (AH and CH) and two kinds of coals
(VC and IMC). For each test, the CO2 yield increased first with
the cycle numbers (no.) and then tended to be relatively
constant after 6 redox cycles, which is attributed to the positive

self-activation effect. The activation process of natural iron ore
has also been observed in previous publications.18,37 After
several reduction and oxidation cycles, porous structures and
cracks were formed on the surface of the OCs, as shown in
Figure 6, which was also proven by the increase of the surface
area, as evident from Table 5. Thus, the inner lattice oxygen of
the OC was easier to react with the devolatilization and
gasification products of coals, not only the surface lattice
oxygen of the OC. Thus, the OC with the developed porous
structure showed an improved reactivity. Among these, the CH
OC showed the best performance in CLC within the 10 redox
cycles when using VC as fuel.

4.5. Physicochemical Characterization. The surface
morphology of fresh and used AH and CH OC samples were
analyzed by a scanning electron microscope (ESEM, FEI
Quanta 200) at two different magnifications. The surface area
and pore characteristics of the samples were measured by
Brunauer−Emmett−Teller (BET) analysis (Micromeritics,
ASAP-2020). Furthermore, X-ray diffraction (XRD, X’
PertPRO) patterns of the OCs in the oxidation state were
determined to investigate the possible phase/composition
changes during the iG-CLC tests.
Figure 6 shows the ESEM images of the Australian hematite

OC samples and Chinese hematite OC samples. As is evident,
the fresh AH sample appears to have a relatively smooth
surface, while the used samples with VC or IMC exhibit rather
rough surface structures. This phenomenon eventually results
in a larger BET surface area of the used samples when
compared with the fresh ones. It can also verify the previous
conclusion of the activation process of iron ores.18 Note that
many fine particles (not coal ash, which can be verified by the
XRD analysis) cover the surface of the used samples, which
may be the reason for the enhanced BET surface area of the
used OC samples.
The BET surface area and total pore volume and pore size of

the OC particles are listed in Table 4. As can be seen, the BET
surface areas of used CH and AH OCs were enlarged after
redox cycles. This can be attributed to the changes of the grain
on the surface of the OC, as shown in the ESEM images. It is
worth noting that CH OC generally showed a much larger pore
structure and specific surface than that of AH OC.
Figure 7 shows the XRD pattern of the fresh (in oxidation

state) and used (in reduction state) OCs of AH and CH. As
detected from the XRD analyses, the main compositions of
fresh AH and CH are the same (i.e., Fe2O3 and SiO2).
Furthermore, for both OCs, the reduced phase of the active
content (Fe2O3) was always Fe3O4. There was no obvious
difference among the fresh and used OCs, which indicated that
there was no significant change of crystalline phase in OC
particles.

5. CONCLUSIONS
Performance of typical Australian hematite (AH) and Chinese
hematite (CH) as oxygen carriers and two low-rank coals from
Australia (VC) and China (IMC) as fuels in the CLC process
were compared in a batch fluidized bed reactor. Experiments at
different temperatures (900, 950, and 1000 °C), oxygen to fuel
ratios (1.5, 2.0, 2.5, and 3.0) and fluidization agents (N2, 50 vol
% N2 + 50 vol % H2O and 50 vol % N2 + 50 vol % CO2) were
systematically conducted. At the optimized condition, both
OCs achieved relatively stable reactivity after 6 redox cycles.
The following conclusions can be drawn: (1) The best match of
VC coal and CH OC in iG-CLC was observed at 1000 °C. (2)

Table 4. (a) CO2 Yield, γCO2, and (b) Average Carbon
Conversion Rates, x0.95,C, of AH and CH OCs with IMC and
VC under Different Fluidization Agents

CO2 yield
average carbon conversion rates

(s−1)

tests CO2 H2O φCO2 (%) CO2 H2O φdXc/dt (%)

AH+IMC 0.75 0.82 9.3 0.0012 0.0033 175
CH+IMC 0.70 0.80 14.3 0.0013 0.0039 200
AH+VC 0.73 0.83 13.7 0.0015 0.0052 246.7
CH+VC 0.79 0.92 16.5 0.0022 0.0058 163.3

Figure 5. CO2 yield in 10 redox cycles at 1000 °C, 50 vol % H2O, and
ΩOC = 2.5.
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The reactivity of CH OC showed more sensitivity to reaction
temperature. It was noted that the porous structure increased
the contact between the reducing gases and the active
component (Fe2O3), especially at high temperatures. (3) The
reactivity of OC did not depend solely on the percentage of
active component in natural iron ores, as indicated by the best
CLC performance of CH OC, whose active component was
lower than that of AH OC.
Further work involves the continuous test of CH OC and VC

in an interconnected fluidized bed reactor. The results from the

batch fluidized bed can provide guidelines for the next step in
research.

■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: klinsmannzhb@163.com.
*E-mail: sankar.bhattacharya@monash.edu.

ORCID
Haibo Zhao: 0000-0003-4700-4933
Sankar Bhattacharya: 0000-0002-7590-6814
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors acknowledge the support from the Australian
Academy of Technological Sciences and Engineering (ATSE)
for funding through the Australia-China Joint Coordination
Group on Clean Coal Technology (JCG) for this work. The
authors were also supported by National Key Research and
Development Program (2016YFB0600801) and “National
Natural Science of China” (51522603 and 51561125001).
The staff of the Analytical and Testing Center, Huazhong

Figure 6. ESEM images of AH/CH (5000X): (a) fresh sample, (b) used sample with VC, and (c) used sample with IMC, where 1 and 2 represent
AH and CH, respectively.

Table 5. BET Surface Area and Total Pore Volume and Pore
Size of the Oxygen Carrier Particles

samples
BET results
(m2/g)

total pore volume
(cm3/g)

average pore
diameter (nm)

fresh AH 1.40 0.0020 46.27
AH with VC 1.58 0.0022 46.27
AH with
IMC

2.04 0.0028 48.15

fresh CH 2.06 0.0051 121.35
CH with
VC

2.69 0.0063 133.24

CH with
IMC

3.14 0.0082 135.80

Figure 7. XRD analyses of AH and CH samples in the oxidation state: (a) fresh AH, (b) used AH with VC, (c) used AH with IMC, (d) fresh CH,
(e) used CH with VC, and (f) used CH with IMC.

Energy & Fuels Article

DOI: 10.1021/acs.energyfuels.6b02101
Energy Fuels 2017, 31, 1896−1903

1902

mailto:klinsmannzhb@163.com
mailto:sankar.bhattacharya@monash.edu
http://orcid.org/0000-0003-4700-4933
http://orcid.org/0000-0002-7590-6814
http://dx.doi.org/10.1021/acs.energyfuels.6b02101


University of Science and Technology, are also acknowledged
for the related analytical work.

■ REFERENCES
(1) Figueroa, J.; Fout, T.; Plasynski, S.; McIlvried, H.; Srivastava, R.
Advances in CO2 capture technology - the US Department of Energy’s
Carbon Sequestration Program. Int. J. Greenhouse Gas Control 2008, 2,
9−20.
(2) Rao, A.; Rubin, E. A technical, economic, and environmental
assessment of amine-based CO2 capture technology for power plant
greenhouse gas control. Environ. Sci. Technol. 2002, 36, 4467−4475.
(3) Richter, H.; Knoche, K. Reversibility of combustion processes.
ACS Symp. Ser. 1983, 235, 71−85.
(4) Lyngfelt, A.; Leckner, B.; Mattisson, T. A fluidized-bed
combustion process with inherent CO2 separation: application of
chemical-looping combustion. Chem. Eng. Sci. 2001, 56, 3101−3113.
(5) Ishida, M.; Jin, H.-G. A new advanced power-generation system
using chemical-looping combustion. Energy 1994, 19, 415−422.
(6) Ishida, M.; Jin, H.-G. A novel chemical-looping combustor
without NOx Formation. Ind. Eng. Chem. Res. 1996, 35, 2469−2472.
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