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Comparison of preparation methods for iron–alumina
oxygen carrier and its reduction kinetics with hydrogen
in chemical looping combustion
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ABSTRACT: Seven preparation methods, namely sol-gel, co-precipitation, hydrothermal synthesis, low heating solid-state
reaction, freeze granulation, combustion synthesis, and mechanical mixing, were used to synthesize Fe2O3/Al2O3 oxygen
carrier for chemical looping combustion. A comprehensive physicochemical characterization (i.e. productivity, crushing
strength, crystalline characteristics, microstructure, and chemical reactivity with hydrogen) was carried out, and the effects
of preparation methods and processes on the oxygen carrier performance were explored. Taking into consideration various
physicochemical indices, the sol-gel method and the freeze granulation method were preferred for oxygen carrier preparation.
Following that, a critical chemical reaction in in situ gasification chemical looping combustion, the reduction reaction
between oxygen carrier and hydrogen, was clarified in terms of reaction kinetics through the non-isothermal kinetics analysis
and the double extrapolation method. Temperature programmed reduction experiments of the sol-gel-derived Fe2O3/Al2O3

particle and hydrogen were performed using a chemisorption analyzer. The reduction mechanisms and kinetics parameters
for the two-stage reaction (reduced from Fe2O3 to Fe3O4 and then from Fe3O4 to FeAl2O4) were determined. In the first stage,
the reduction reaction is described by the surface reaction model with an order of 2; on the other hand, the conversion from
Fe3O4 to FeAl2O4 is dominated by the nucleation and nuclei growth process. © 2014 Curtin University of Technology and
John Wiley & Sons, Ltd.
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INTRODUCTION

Chemical looping combustion (CLC) is one of the most
promising technologies to concentrate and separate
CO2 from the combustion of fossil fuel (e.g. coal).
Chemical looping technology is based on the cyclic
reduction–oxidation reaction of metal oxide or other
compound, named oxygen carrier (OC). The role of
OC is to transfer active oxygen from air to fuel,
avoiding direct contact between fuel and air. The new
carbon capture technology allows a sequestration-ready
CO2 stream to be directly generated from a two-step
reaction. There are two reactors, air reactor (AR) and
fuel reactor (FR), in a CLC system. Solid-state OC
particles circulate between the FR and the AR. Once
entering into the FR, OCs with high oxygen potential
(MeOx) react with the fuel in the FR and are reduced
to the low-valence oxides (MeOx� 1), which are then
re-oxidized backed to MeOx in the AR. The exhaust
from the FR contains mainly steam and CO2, from

which pure CO2 stream can be obtained after
condensation. Thus, the CLC technology is a low
energy penalty approach for CO2 capture.
Normally, Al2O3, TiO2, SiO2, ZrO2, kaolin,

sepiolite, bentonite, yttria-stabilized zirconium, or
hexaaluminate was used as an inert support in an OC
particle to improve its mechanical strength and attrition
resistance. The active component of OC could be
Cu-based, Fe-based, Mn-based, Ni-based and Co-based
oxide, and CaSO4.

[1] The OC was usually synthesized
through a well-rounded chemical or physical method
on experimental scale. The alternative methods for OC
preparation included sol-gel,[2] impregnation,[3–5] co-
precipitation,[6–8] hydrothermal synthesis,[9] low heating
solid-state reaction,[10] freeze granulation,[11–13]

combustion synthesis,[14–16] and mechanical mixing.
[17–19] For more details, readers could refer to the two
excellent reviews.[20,21] It has been verified that the
preparation method has obvious effects on the OC
physicochemical properties,[7,9,22] such as chemical
reactivity, surface area, pore structure, particle size,
mechanical strength, resistance to attrition and
fragmentation, resistance to sintering and agglomeration,
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oxygen transport capacity, and even composition
distribution. Even if the same preparation method is
used, different preparation processes (e.g. with different
calcination temperatures and calcination times) may
affect the physicochemical properties (e.g. long-term
recyclability and durability, thermodynamic characteris-
tics, and even active site distribution) as well. It is thus
necessary to classify the effects of the preparation
method and the preparation process on the OC
performance with regard to a specified OC.
Among different OCs, the iron-based OC has

been highlighted by researchers because it is at
comprehensive advantages of being economically
feasible, environmentally benign, resistant to agglo-
meration, mechanical resistant to friction stress, stable
under multi-oxidation/reduction cycles at high
temperature, and moderately reactive. Also, some
natural materials mainly consisting of Fe2O3 and
Al2O3, e.g. iron ore, were considered in the CLC
process. Therefore, this paper focuses on the
synthesized Fe2O3/Al2O3 OC with a content of 60wt
% Fe2O3 and 40wt% Al2O3. Using 40wt% Al2O3 as
support has been demonstrated to give stable
conversion and good reactivity.[23,24] The OC was
prepared through seven methods, namely sol-gel, co-
precipitation, hydrothermal synthesis, low heating
solid-state reaction, freeze granulation, combustion
synthesis, and mechanical mixing, to explore the effect
of the preparation techniques on its performance. It is
noted that the impregnation method is also an
important OC preparation method, which could give
highly reactive materials but with a lower active
material content.[25]

In the in situ gasification chemical looping
combustion (iG-CLC), solid fuel (e.g. coal) is first
gasified by an agent (steam/CO2), generating syngas
(contains mainly H2 and CO) in situ. The coal-
gasification process is a rate-limiting step[26,27] in the
iG-CLC, and the inhibition of H2 in gasification
products strongly affects the conversion of char in the
FR. The OC can also play a role of removing H2 by
reacting with it, which can thus accelerate the coal
gasification and then speed up the iG-CLC process.
This suggests that the coal conversion in the iG-CLC
can be enhanced by using an OC that can convert H2

more effectively. The kinetics and mechanism of
chemical reactions involved in the iG-CLC are
important for the design, operation, performance
prediction, and numerical simulation of iG-CLC
reactors.[28,29] There are mainly two methods for
kinetics determination, named the isothermal method
and the non-isothermal method.[30–34] For both
methods, many kinds of reaction kinetics models
[35–38] can be used to describe the reaction process,
such as the nucleation and nuclei growth model, the
shrinking core model, the phase-boundary-controlled
reaction model, the one/two/three-dimensional

diffusion model, the power-law relation model, and
the Sestak–Berggren model. For more comprehensive
summarization on reaction kinetics, readers can refer
to two excellent reviews by Hossain et al.[20] and
Adánez et al.[21] However, the understanding on the
reduction kinetics between H2 and the Fe2O3/Al2O3

OC is still limited because of the particularity of the
iron’s valence (mainly Fe0, Fe2+, Fe8/3+, and Fe3+) in
the Fe-based OC and the formation of FeAl2O4

compound during the reduction processes of iron–
alumina OC.[24] When iron oxide is reduced to
different valences, the reduction mechanism and the
kinetics parameters have to be differentiated.
This paper focused on the optimal selection of the

preparation techniques for Fe2O3/Al2O3 OC particles
and the investigation of the reduction reaction kinetics
and mechanism between the sol-gel-derived Fe2O3/
Al2O3 and hydrogen. The paper was organized as
follows. In the section on Oxygen Carrier Preparation,
seven methods were introduced to prepare the Fe2O3/
Al2O3 (60wt%/40wt%) OC. Four different calcination
temperatures and four different calcination durations
were selected to investigate the effect of the calcination
process on the OC properties. In the section on
Comparison and Evaluation of the Preparation Tech-
niques, these OCs were compared and evaluated in
terms of productivity, crushing strength, crystalline
phase, morphological structure, and chemical reactivity
with hydrogen. The optimal preparation techniques for
the iron-based OC were then determined through the
comprehensive evaluation of the OC physicochemical
properties. In the section on Reaction Kinetics of the
Sol-gel-derived Fe2O3/AL2O3 with Hydrogen, the
reduction kinetics of the reaction between hydrogen
and the optimal OC was further investigated through
temperature programmed reduction (TPR) experiments
performed in a chemisorption analyzer. Finally,
conclusions were given in the last section.

OXYGEN CARRIER PREPARATION

Generally, the OC preparation process can be divided
into three subprocesses: the preparation of precursor,
the drying and calcination of precursor, and the
grinding and sieving of agglomerate. Usually, the
precursor drying and calcination and the agglomerate
grinding and sieving are common for these preparation
methods. The preparation methods differ mainly in the
preparation route of the precursor. Sol-gel, co-
precipitation, low heat solid reaction, hydrothermal
synthesis, mechanical mixing, combustion synthesis,
and freeze granulation are usually applied for the
precursor preparation. In this study, the OC of 60wt%
Fe2O3 loaded on Al2O3 was prepared through the
seven methods.
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Precursor preparation

Sol-gel
The sol-gel process can be divided into three steps, i.e.
the preparation of boehmite γ-AlOOH sol, the
preparation of the γ-AlOOH wet gel with Fe(NO3)3
distribution, and the drying of the wet gel. First of all,
the aluminum isopropoxide (Al(C3H7O)3, KESHI
Co., AR level, 99.9%) was ground and selected as a
precursor for the boehmite sol. Then, Al(C3H7O)3
(39.98 g) was dissolved in the deionized water, where
the molar ratio H2O/Al3+ was 100, and hydrolyzed in
a 85 °C water bath for 1.5 h. Following that, a certain
amount of HNO3 (1mol/L), given the ratio H+/Al3+

of 0.007, was added into the solution. Afterward, the
temperature of the water bath was raised to 90 °C, at
which the solution was aged for 12 h to obtain the
boehmite γ-AlOOH sol. After evaporation for 0.5 h, a
certain amount of Fe(NO3)3 solution (prepared from
75.95 g Fe(NO3)3·9H2O, Sinopharm Co., AR level,
99.9%) was added to the boehmite sol under the
condition of fully stirring. Finally, the generated wet
gel was dried in an oven in a step by step manner
(80 °C for 24 h, 100 °C for 5 h, 150 °C for 5 h, and
200 °C for 5 h) to obtain the dried precursor.

Co-precipitation
In the deionized water, 75.95 g Fe (NO3)3·9H2O
(Sinopharm Co., AR level, 99.9%) and 73.53 g
Al (NO3)·9H2O (Kermel Co., AR level, 99.9%) were
dissolved to obtain a 300-mL mixture solution.
Subsequently, 400-mL thick ammonia was slowly
dropped into the solution through a peristaltic pump till
pH of 9–10, generating a brown precipitation. The
turbid liquid was further evaporated to remove the
water to obtain a wet powder. It was then dried in an
oven at 80 °C for 24 h to obtain the precursor.

Low heat solid reaction
In an agate mortar, 52.27 g FeSO4·7H2O (Tianjin
chemical reagent Co., AR level, 99.9%), 65.31 g
Al2 (SO4)3·18H2O (Tianjin chemical reagent Co., AR
level, 99.9%), and 46.08 g NaOH (Sinopharm Co.,
AR level, 99.9%) were mixed and ground slowly, in
which three agents reacted with each other producing
a black intermediate product with a large amount of
heat release. After grinding for 0.5 h, the black product
was washed and filtrated more than five times through a
funnel till no SO4� was detected in the solution (by the
titration of Ba(OH)2 solution to observe if the white
precipitation BaSO4 is generated). Finally, the washed
intermediate was dried in an oven at 80 °C for 12 h
and then at 100 °C for 5 h to produce the precursor.

Hydrothermal synthesis
An Fe–Al precipitation was prepared through the same
process as that of the co-precipitation technique. The

precipitation was then separated from the solution and
dispersed into the deionized water and aged at 80 °C
for 5 h to gain hydrosol. Then, the hydrosol was mixed
with 100mL of 5% polyvinyl acetate to obtain a wet
gel. After cooling down, the gel was introduced into a
kettle in which the temperature of 200 °C was
maintained for 3 h under the self-generated pressure
to synthesize an intermediate. The intermediate was
then dried in an oven at 80 °C for 24 h to obtain the
precursor.

Mechanical mixing
A total of 15 g Fe2O3 (Tianjin Dengfeng Co., AR level,
99.9%) and 10 g Al2O3 (Shanghai Wusi Co., AR level,
99.9%) were mixed and ground for 30min in a mill to
obtain a well-dispersed powder. Then, the powder was
mixed with 100mL of 5% polyvinyl acetate to achieve
a well-dispersed powder mixture, which was then
ground for another 30min to produce the wet gel.
The gel was then dried in an oven at 80 °C for 24 h
and at 100 °C for 5 h successively to obtain the
precursor.

Combustion synthesis
A total of 75.95 g Fe(NO3)3·9H2O (Sinopharm Co., AR
level, 99.9%), 73.53 g Al(NO3)3·9H2O (Sinopharm
Co., AR level, 99.9%), and 11.64 g urea (Sinopharm
Co., AR level, 99.9%) were dissolved in the deionized
water with full stirring in a water bath at 75 °C for 6 h
to evaporate the water and produce a wet gel. The gel
was then dried in an oven at 80 °C for 6 h and
successively at 120 °C for 6 h to produce a dried gel.
The gel was then heated to 600 °C in a muffle furnace
and ignited to produce the precursor.

Freeze granulation
Fe(NO3)3 and Al(NO3)3 (produced from Fe(NO3)3·9H2O
and Al(NO3)3·9H2O, respectively) were fully dissolved
in the deionized water and then sprayed into a liquid
nitrogen with drastic stirring to prepare granules. The
granular products were then introduced into a freezer
for drying at�50 °C and 10Pa for 12 h to obtain a tawny
granule. The granule was then dried at 60 °C for 2 h in a
vacuum oven to remove the residual water. Following
that, the dried granule was rapidly heated to 300 °C and
kept for 4 h in a muffle furnace for the precursor
generation.

Calcination

All of the dried precursors were calcinated in a muffle
furnace to enhance the mechanical strength of OC
particles. The calcination procedure for each precursor
is similar. The dried precursor was divided into four
parts and firstly calcinated at 900 °C. After 6 h, the first
part of the samples was taken out and ground as an
OC product. The residual samples were continuously
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calcinated at 1000 °C for another 6 h to obtain the
second OC product. The third (calcinated at 1100 °C
for another 6 h, the total calcination duration is 18 h at
three different temperatures) and fourth OC products
(calcinated under 1200 °C for another 6 h, the total
calcination time is 24 h at four different temperatures)
were obtained in a similar way. Depending on
the differences of preparation methods, calcination
temperatures, and calcination hours, 28 types of
Fe2O3/Al2O3 (60wt% : 40wt %) OC particles were
produced, which were summarized in Table 1.

COMPARISON AND EVALUATION OF THE
PREPARATION TECHNIQUES

Productivity

The OC productivity (ξ), which is defined as the ratio
of the finally obtained OC mass to the design mass,
was introduced to quantify the production efficiency
in the OC preparation process. The productivity for
different preparation methods were listed in Table 2,
in which the low heat solid reaction and the mechanical
mixing techniques lead to the lower productivity due to
a larger amount of mass loss in the solid-phase particle
synthesis methods. Actually, certain amount of solid

reagents was lost during the grinding process in the
low heat solid reaction method, and in the mechanical
mixing method, the wet gel may conglutinate on the
ball surface, resulting in mass loss. Comparatively, in
the liquid-phase synthesis methods (e.g. sol-gel, co-
precipitation, hydrothermal synthesis, combustion
synthesis, and freeze granulation methods), the OC
productivities are all higher than 0.7. Therefore, the
liquid-phase methods should be considered first in the
practical preparation to obtain more OC particles each
batch. Still, it should be noted that higher productivity
and easier procedure are expected in the solid-phase
methods for large-scale OC preparation.

Crushing strength

In the CLC system, OC particles must circulate between
the AR and the FR. It thus requires that the OC particles
must be rigid enough to resist attrition and fragmen-
tation. In this work, the attrition resistance was reflected
by the crushing strength of the OC particle, which was
estimated by the peak force when a particle was crushed
(tested by a dynamometer, SHIMPO FGJ-5). All
particles from different preparation techniques were
respectively sieved into two diameter ranges, i.e.
d = 0.125–0.180mm and d> 0.180mm. Eight particles
were randomly selected (four from d= 0.125–0.180mm

Table 1. Classification of the Fe2O3/Al2O3 (60wt% : 40wt%) oxygen carriers.

Oxygen carrier type Preparation method Final sintering temperature (°C) Total sintering time (h)

SG900C6H Sol-gel 900 6
SG1000C12H Sol-gel 1000 12
SG1100C18H Sol-gel 1100 18
SG1200C24H Sol-gel 1200 24
CP900C6H Co-precipitation 900 6
CP1000C12H Co-precipitation 1000 12
CP1100C18H Co-precipitation 1100 18
CP1200C24H Co-precipitation 1200 24
LH900C6H Low heat solid reaction 900 6
LH1000C12H Low heat solid reaction 1000 12
LH1100C18H Low heat solid reaction 1100 18
LH1200C24H Low heat solid reaction 1200 24
HS900C6H Hydrothermal synthesis 900 6
HS1000C12H Hydrothermal synthesis 1000 12
HS1100C18H Hydrothermal synthesis 1100 18
HS1200C24H Hydrothermal synthesis 1200 24
MM900C6H Mechanical mixing 900 6
MM1000C12H Mechanical mixing 1000 12
MM1100C18H Mechanical mixing 1100 18
MM1200C24H Mechanical mixing 1200 24
CS900C6H Combustion synthesis 900 6
CS1000C12H Combustion synthesis 1000 12
CS1100C18H Combustion synthesis 1100 18
CS1200C24H Combustion synthesis 1200 24
FG900C6H Freeze granulation 900 6
FG1000C12H Freeze granulation 1000 12
FG1100C18H Freeze granulation 1100 18
FG1200C24H Freeze granulation 1200 24
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and the others from d> 0.180mm) and then crushed by
the dynamometer (meanwhile the crushing strength
was recorded). The average crushing strength of the
eight particles was used to represent the rigidity of
the OC.
The crushing strength for the different OCs was

listed in Table 3, which increases as the calcination
temperature and the calcination duration increase.
However, the increasing tendency is not very obvious
because the calcination temperature of 900 °C may be
high enough for particle rigidification. We also found
that the crushing strength of these OC particles (which
are prepared by the same method and calcinated at the
same temperature but for different hours) is almost
same (these experimental data are not shown here
because of the space limitation). It suggests that the
calcination temperature rather than the calcination
duration is a crucial influencing factor on the OC
crushing strength.
As estimated, the OC crushing strength should be

higher than 1N when used in the CLC system.[39]

However, the crushing strength of the OC particles from
the low heat solid reaction and hydrothermal synthesis
methods are both beyond the reach of 1N. The OC from
liquid-phase synthesis methods, including sol-gel,
co-precipitation, combustion synthesis, and freeze

granulation, has a higher crushing strength than 1N,
which is suitable for using in the CLC.
In fact, the particle size distribution is also an

influencing factor on the performance of oxygen
carriers.[40] Therefore, the particle size of all the oxygen
carriers is fixed at the same range, 0.125–0.18mm, to
minimize its influence among different techniques.
Nevertheless, this work is mainly focused on the effects
of preparation techniques on the performance of oxygen
carrier. The size distributions of the particles were not
paid special attention.

Crystalline phase analysis

The OCs derived by sol-gel, co-precipitation, freeze
granulation, mechanical mixing, and combustion
synthesis methods were further tested in an X-ray
diffraction (XRD) analyzer to determine their crystalline
composition. About 1 g particles were characterized by a
SHIMADZU XRD-7000 instrument with Cu rake under
2θ = 10°–90°, whose maximum tube voltage and current
are 40 kV and 30mA, respectively. The patterns of all
samples were similar to that of the sol-gel-derived OC
(as presented in Fig. 1), and the main phases in the
calcinated particles were Fe2O3 and Al2O3. When the
calcination temperature is 900 °C, OC particles from

Table 2. Productivity of oxygen carriers by various methods.

Sol-gel Co-precipitation
Hydrothermal
synthesis

Freeze
granulation

Low heat solid
reaction

Mechanical
mixing

Combustion
synthesis

ξ (%) 92.99 87.27 71.44 79.18 56.96 53.08 86.35

Table 3. Crushing strength of oxygen carriers prepared through various techniques.

Sol-gel SG900C6H SG1000C12H SG1100C18H SG1200C24H
Crushing force (N) 1.34 ± 0.33 1.37 ± 0.25 1.35 ± 0.23 1.39 ± 0.24

Co-precipitation CP900C6H CP1000C12H CP1100C18H CP1200C24H
Crushing force (N) 1.53 ± 0.50 1.48 ± 0.19 1.60 ± 0.41 1.67 ± 0.55

Low heat solid reaction LH900C6H LH1000C12H LH1100C18H LH1200C24H
Crushing force (N) 0.70 ± 0.25 0.80 ± 0.20 0.47 ± 0.16 0.80 ± 0.41

Hydrothermal synthesis HS900C6H HS1000C12H HS1100C18H HS1200C24H
Crushing force (N) 0.95 ± 0.23 0.81 ± 0.33 0.95 ± 0.33 0.99 ± 0.35

Mechanical mixing MM900C6H MM1000C12H MM1100C18H MM1200C24H
Crushing force (N) 0.96 ± 0.18 0.98 ± 0.11 1.01 ± 0.15 1.33 ± 0.29

Combustion synthesis CS900C6H CS1000C12H CS1100C18H CS1200C24H
Crushing force (N) 1.06 ± 0.30 1.06 ± 0.29 1.10 ± 0.42 1.11 ± 0.47

Freeze granulation FG900C6H FG1000C12H FG1100C18H FG1200C24H
Crushing force (N) 1.08 ± 0.17 1.10 ± 0.20 1.17 ± 0.33 1.20 ± 0.22
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different techniques have crystallized. As shown in
Fig. 1, the intensity of Al2O3 phase is weak in the
patterns, indicating that only a small amount of Al2O3

phase was formed at this temperature. However, the
Fe2O3 phase can be clearly detected in the OCs, which
indicates that the Fe2O3 phase emerges earlier than the
Al2O3 phase as the calcination temperature increases.
We also checked carefully three typical peaks of the
XRD patterns of the OC particles calcinated at 900–
1100 °C, as shown in Fig. 2. It is clear that the intensity
of both Fe2O3 and Al2O3 phases increases as the
calcination temperature increases.
Screening all XRD patterns of these OC particles, we

found that the proper temperature for the Al2O3 phase
formation should be higher than 1000 °C for the co-
precipitation, freeze granulation, and sol-gel technolo-
gies but higher than 1100 °C for the mechanical mixing
and combustion synthesis techniques. It seems that a
higher temperature is better for the Al2O3 phase
formation. In order to verify the conjecture further, we
compared the XRD patterns of the OC particles
calcinated at 1200 °C (presented in Fig. 3) with those
calcinated at lower temperatures (presented in Fig. 1). It

is obvious that the intensity of the Al2O3 phase in high-
temperature-calcinated OC is higher than that calcinated
at lower than 1000 °C. Therefore, a higher but reasonable
temperature (too high temperature might lead to particle
sintering and agglomeration) should be considered in
the Al2O3-loaded OC preparation. Also as shown in
Fig. 3, the OC prepared by the combustion synthesis
method has the highest Fe2O3 phase intensity, and
the co-precipitation and the sol-gel-derived OCs have
the second highest intensity. It demonstrates that the
combustion synthesis process is positive to the crystalline
growth of the Fe2O3 phase.
Higher crystallization degree and crystallite dimen-

sion are advantageous to better physicochemical
properties, such as better mechanical strength, better
friction tolerance, and more steady reaction activity.[41]

So, it is significant to explore the effect of temperature
on the crystallization process. As mentioned earlier, the
calcination temperature is one of the crucial influencing
factors on the crystalline structure. To explore the
temperature-dependent effect, the grain structure
parameters and the phase composition were quantified
using the XRD-pattern-fitting analysis. The crystalliza-
tion degree is defined as the percentage of the
crystallization area in that of the whole diffraction
patterns. The results are shown in Table 4. It was found
that the calcination temperature is positive to the
crystallization process and a higher temperature leads
to a higher crystallization degree. The crystallization
degree is less than 90% when the temperature is 900 °C
but more than 96% when it is higher than 1100 °C for
the co-precipitation, mechanical mixing, combustion
synthesis, and freeze granulation methods. We thus
concluded that the high temperature calcination is
advantageous to the Fe2O3/Al2O3 crystallization. The
calcination temperature has apparent effect on the
crystallite dimension (which was estimated by the
Scherrer formula[42]) as well. We observed from Table 4
that a higher temperature leads to a larger crystallite
dimension. Phase content in the crystalline was
estimated by the peak intensity of each phase, which
was listed in Table 4. The results showed that the

Figure 1. X-ray diffraction patterns of sol-gel-derived
oxygen carrier. This figure is available in colour online at
www.apjChemEng.com.
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Fe2O3 phase content reduces and the Al2O3 phase
content increases as the calcination temperature
increases. If one expects a good phase composition and
a good grain structure in the OC, a high but reasonable
calcination temperature should be applied in the
calcination process. Based on these considerations, the
calcination temperature was suggested as 1200 °C, at
which no agglomeration was found.

Reactivity with hydrogen

In order to examine the chemical reactivity of the
Fe2O3/Al2O3 OC prepared by different methods, TPR

experiments were performed using a chemisorption
analyzer (AutoChemП 2920, Micromeritics Co.). A
stream of gas containing 10% hydrogen in argon flowed
through a U-shape quartz tube containing 200mg of OC
particles at a rate of 50mL/min. The temperature of the
tube was raised from ambient to 1000 °C at a rate of
10 °C/min (maintaining the final temperature for 20min).
Meanwhile, the off-gas was first led to a cold trap to
remove the steam and then to a thermal conductivity
detector (TCD). The TCD was used to analyze the gas
leaving the oxygen carrier. In the TPR experiments,
Fe2O3/Al2O3 OCs derived from five preparation methods
(signed as SG1200C24H, CP1200C24H, MM1200C24H,
CS1200C24H, and FG1200C24H) were tested.
Figure 4 shows TPR profiles for different OCs,

where the TCD signals can be transformed to the
hydrogen consumption through the following equation:

Vt ¼ AtFc (1)

where Vt (cm3) is the hydrogen consumption volume
within the period of 0–t, At the peak area in the same
period, and Fc a constant coefficient. Based on Eqn (1),
the hydrogen conversion at time t can be calculated
through the following equation:

XH2 ¼
Vt

V total
(2)

where Vtotal (cm3) is the volume of hydrogen consumed
in the whole reaction. Accordingly, the hydrogen
conversion rate can be estimated by dXH2=dt.

Figure 3. X-ray diffraction patterns of different oxygen
carriers. This figure is available in colour online at www.
apjChemEng.com.

Table 4. Results of X-ray diffraction phase analysis.

Method and sample SG900C6H SG1000C12H SG1100C18H SG1200C24H
Fe2O3 (wt%) 100 63.40 71.79 54.50
Degree of crystallization (%) 93.01 96.61 96.90 98.00
Crystallite size (nm) 52.10 57.90 75.90 76.00

Method and sample CP900C6H CP1000C12H CP1100C18H CP1200C24H
Fe2O3 (wt%) 100 86.51 89.53 83.49
Degree of crystallization (%) 89.39 96.93 98.74 98.97
Crystallite size (nm) 51.40 66.40 90.80 68.70

Method and sample MM900C6H MM1000C12H MM1100C18H MM1200C24H
Fe2O3 (wt%) 100 100 100 70.86
Degree of crystallization (%) 85.33 89.59 97.12 98.05
Crystallite size (nm) 37.70 44.60 68.70 70.40

Method and sample CS900C6H CS1000C12H CS1100C18H CS1200C24H
Fe2O3 (wt%) 100 100 78.10 86.68
Degree of crystallization (%) 82.31 87.55 97.20 98.79
Crystallite size (nm) 65.00 72.20 88.40 108.90

Method and sample FG900C6H FG1000C12H FG1100C18H FG1200C24H
Fe2O3 (wt%) 100 74.70 99.35 61.40
Degree of crystallization (%) 88.03 92.72 98.07 98.45
Crystallite size (nm) 39.20 66.00 96.90 110.70
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As shown in Fig. 4, the TCD profiles for different
OCs demonstrated similar shape with the same peak
numbers and approximated peak temperatures (about
780 °C), expect those of mechanical-mixing-derived
OC. The characteristic temperature (tm) corresponding
to the maximum hydrogen conversion rate could be
determined by differentiating the TCD profiles in Fig. 4.
tm for different OCs was in the range of 795–830 °C.
Figure 5 presents the hydrogen conversion rate as a
function of the hydrogen conversion for different
OCs. Comparing with other samples, FG1200C24H
leads to the fastest hydrogen conversion, which is
followed by SG1200C24H and CS1200C24H OCs.
On the other hand, MM1200C24H and CP1200C24H
OCs perform slower conversions, which means that
the mechanical-mixing- and co-precipitation-derived
OCs cannot remove hydrogen more quickly in the iG-
CLC processes. Hence, the OCs derived by freeze

granulation, sol-gel, and combustion synthesis are
more promising for the iG-CLC from the viewpoint
of chemical reactivity.
We also examined the potential cyclic stability of the

SG1200C24H particles by carrying out successive
TPR–oxidation cycles in the chemisorption analyzer.
It was found that the TCD profiles of the ten redox
processes are nearly the same, meaning the reactivity
of the OC particles keeps well with the increase of
the cycle number.

Morphological structure

The Brunauer–Emmett–Teller (BET) surface area of
the Fe2O3/Al2O3 OC particles was evaluated by the
N2-absorption method (Micromeritics, ASAP2020).
The BET area of OC particles under different
calcination temperatures demonstrates similar ten-
dency. A higher calcinations temperature results in a
lower BET surface area. For example, the BET area
of SG1100C18H is 2.36m2/g, while that of
SG1200C24H is 1.39m2/g. The shape and morphology
of SG1200C24H, CS1200C24H, and FG1200C24H
were further studied with environmental scanning
electron microscopy. Figure 6(a) shows the
microstructure of SG1200C24H, in which the grain
size is smaller than 1 μm with slight sintering.
However, the sintering is clear in the OC derived
by freeze granulation (Fig. 6(b)), and the grain size
is larger than 2 μm. It illustrates that the OC from
sol-gel has a better anti-sintering property than that
from freeze granulation. In addition, we noticed that
the sintering in the OCs derived by combustion
synthesis (Fig. 6(c)) and sol-gel is similar, which
indicates that the two preparation methods are more
resistant to particle sintering than the freeze
granulation method. However, the OC particles derived
by combustion synthesis are not uniform on grain size
distribution compared with sol-gel-derived OCs,
indicating that the sol-gel method is more appropriate
for OC particle preparation. These phenomena are
involved with the preparation methods themselves.
The sol-gel method was designed based on homo-
geneous reaction idea, in which the precursor was
prepared by a homodisperse process. Although in the
combustion synthesis method the gel generation was
a homogeneous process as well, the combustion
process was drastic and rapid, making the grain grow
quickly with a non-uniform distribution. In the freeze
granulation method, water in the Fe–Al mixture was
quickly removed by the liquid nitrogen, which leads
to a lower sintering temperature as a result of probable
change of molecular structure during the fast water-
removing process. Therefore, the sol-gel method was
recommended for the preparation of homogeneous
and sintering-resistant Fe2O3/Al2O3 OCs.

Figure 5. The changing of dXH2=dt with XH2 . This figure is
available in colour online at www.apjChemEng.com.

Figure 4. Temperature programmed reduction profiles for
different oxygen carriers. This figure is available in colour
online at www.apjChemEng.com.
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Finally, based on the comprehensive physico-
chemical characterization and measurements for the
Fe2O3/Al2O3 OCs, the sol-gel and freeze granulation
methods were preferred for laboratory-scale OC
preparation, and the optimal calcination temperature
was selected as 1200 °C. However, we also noted here
the freeze granulated particles did not show good fuel
conversion[43] in CLC units, whereas impregnated
particles on Al2O3 allow complete combustion of
gases,[44] being resistant to sulfur.[45]

REACTION KINETICS OF THE SOL-GEL-DERIVED
FE2O3/AL2O3 WITH HYDROGEN

In the iG-CLC process, the coal gasification is a rate-
limiting step. However, it can be accelerated by
removing H2 (generated in the gasification) quickly
through the reduction reaction with the OC. Therefore,
the reaction between the Fe2O3/Al2O3 OC and H2 is
worth of investigation. This section focused on its
reduction kinetics and mechanism. We concentrated
on the sol-gel-derived Fe2O3/Al2O3 OC calcinated at
1200 °C (signed as SG1200C24H). TPR experiments
were performed at different heating rates (β = 5, 7, 10,
13, 15, 18, 21 °C/min).

Oxygen carrier conversion

The mass-based OC conversion was calculated by the
following equation:

X ¼ mox � m

mox � mred
(3)

where mox (g) is the mass of the OC when fully
oxidized and mred (g) is the mass of the OC in complete
reduction form. (mox�m) is equal to the oxygen
consumption within 0–t, and (mox�mred) is equal to
the oxygen consumption within the whole reduction.
According to the reaction equation H2 +O→H2O, the
oxygen consumptions within 0–t and the whole
reduction are equal to the corresponding hydrogen
consumptions. It means that the OC conversion X is
equal to the hydrogen conversion XH2.

The use of alumina as support allows the formation
of iron aluminate as the reduction state, increasing the
oxygen transport capacity of the OC.[24] Our XRD of
OC particles after reduction also showed the presence
of the mixture of Fe3O4 and FeAl2O4. The reduction
of Fe2O3 does not follow the sequence Fe2O3-Fe3O4-
FeO-Fe. The sequence in the reduction for particles
composed by Fe2O3 and Al2O3 is Fe2O3-Fe3O4-
FeAl2O4-Fe. Moreover, thermodynamic calculations
by HSC software showed that by using iron-based
OCs supported on alumina, it is possible to reach full
combustion of H2 and CO into H2O and CO2 when
Fe3O4 and/or FeAl2O4 are formed. Further reduction
to wustite (FeO) or Fe would produce a high decrease
in the CO2 purity obtained in the FR because of the
increase in the equilibrium concentrations of CO and
H2. Therefore, the Fe2O3 should be reduced as
maximum to a mixture of Fe3O4 and FeAl2O4 in order
to obtain full fuel gas combustion in a CLC system.
The TCD patterns under different heating rates are

similar to that displayed in Fig. 4. The two peaks in
the TCD signal correspond to two reactions (R1) and
(R2) in the TPR process. Theoretically, the critical
temperature between the two reactions is 380 °C from
the thermodynamic simulation of HSC software;
however, the actual transition temperature was about
600 °C (as shown in Fig. 4). Accordingly, the hydrogen
conversion patterns were divided into two segments by
the temperature 600 °C. On the other side, the hydrogen
consumption in (R2) is two times of that in (R1), which
means that X = 0.33 is a critical point for the two
reactions. As a result, the conversion patterns, as shown
in Fig. 7, can be further divided into two segments by
the conversion 0.33. No obvious effect of temperature
ramp rate has been observed for this subject. Taking
into consideration the actual transition temperature
and the critical conversation, the hydrogen conversion
patterns were divided into two segments as follows.

Segment I. Temperature 25–600 °C; OC conversion
X = 0–0.35;

Reaction : H2 gð Þ þ 3Fe2O3→2Fe3O4

þH2O gð Þ
(R1)

Figure 6. Environmental scanning electron microscopy graphs of SG1200C24H (a),
CS1200C24H (b), and FG1200C24H (c).
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Segment II. Temperature 600–1000 °C; OC conversion
X=0.35–0.95;

Reaction : H2 gð Þ þ Fe3O4 þ 3Al2O3→3FeAl2O4

þH2O gð Þ
(R2)

In the following analysis, we respectively analyzed
the reaction mechanisms and kinetics of the two stages
using the non-isothermal kinetics analysis and the
double extrapolation method.[46] The conversion of
each stage were generalized to the range of 0–1. For
the two stages, the different signs were used to represent
the OC conversion: XI represents the OC conversion in
stage I and XII in stage II. The OC conversion for each
stage was then used to confirm the respective activation
energy (E, kJ/mol), pre-exponential factor (A, s�1),
reaction order (n), and mechanism function (G(X)).

Mechanism and kinetics analysis for the two
stages

Generally, two kinds of methods can be used to
determine the mechanism, i.e. the differential method
and the integral method. Because a bigger error might
arise in the differential process,[46] we utilized the

integral method to study the reduction kinetics in this
work. The widely used kinetic equations in the integral
method are Eqns (4.1)–(4.3), in which G(X) is the
integral form of mechanism function (partly listed in
Table 5), A is the pre-exponential factor, β (K/min)
represents the heating rate, T0 and T (K) refer
respectively to the start and the end temperatures of
the reaction, E (kJ/mol) the activation energy, and R
(kJ/(mol·°C)) the gas constant.

Arrhenius function : k Tð Þ ¼ A exp � E

RT

� �
(4:1)

Kinetic equation :
dX
dt

¼ k Tð Þf Xð Þ (4:2)

Integral form : G Xð Þ ¼ ∫
X

0
dX
f Xð Þ ¼

A

β
∫
T

T0
exp � E

RT

� �
dT

¼ k Tð Þt

(4:3)

After variables separation and integration, Eqn (4.3)
leads to

G Xð Þ ¼ A

β
∫
T

0 exp � E

RT

� �
dT � ∫

T0

0 exp � E

RT

� �
dT

� �
(4:4)

Further, using the same procedure as Tian et al.,[36]

Eqn (4.4) was transferred to

lnF X;E; Tð Þ
¼ ln

G Xð Þ

T2Q uð Þ 1� T0

T

� �2Q u0ð Þ
Q uð Þ exp � u0 � uð Þ½ �

( )

¼ ln
AR

βE
� E

RT

(5)

where u =E/RT, and Q(u) is expressed as

Q uð Þ ¼ ∫
∞

u y
�2 exp �yð Þdy
u�2 exp �uð Þ (6)

Q(u) was further approximated by Chen et al.[47] to the
following formula with quite high accuracy:

Table 5. Part of the generally used kinetics mechanism functions.

Reaction model G(X)

Jander function [1� (1�X)1/2]n (n = 1/2, 2)
Z–L–T function [(1 +X)�1/3� 1]2

Avrami–Erofeev [�ln(1�X)]n (n= 1/4, 1/3, 2/5, 1/2, 2/3, 3/4, 1, 3/2, 2, 3, 4)
P–T function ln[(1�X)/X]
Mampel Xn (n = 1/4, 1/3, 1/2, 1, 3/2, 2)

1� (1�X)n (n= 1/4, 1/3, 1/2, 2, 3, 4)
(1�X)�n (n = 1, 1/2)

Index law lnXn (n = 1, 2)

Figure 7. Oxygen carrier conversion under different heating
rates. This figure is available in colour online at www.
apjChemEng.com.
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Q uð Þ ¼ 3u2 þ 16uþ 4
3u2 þ 22uþ 30

(7)

When taking the (X, T) values from TPR experiments
into Eqn (5) under a certain β (signed as β1), the linear
correlation coefficient r between lnF(X, E, T) and 1/T
was obtained. In our calculation, the frequently used
40 different reaction mechanism functions G(X)
(Table 5) were examined one by one to identify G(X)
candidates with good linear relation (|r|> 0.99). For
each G(X), the corresponding activation energy Eβ1
and the pre-exponential factor Aβ1 can be obtained by
regression analysis. The similar procedures were
adopted for other heating rates to identify their G(X)
candidates that lead to a very high linear relation
between lnF(X, E, T) and 1/T. Then, the mechanism
functions G(X) with good linear factor r close to 1
(e.g. |r|> 0.99) for all the eight heating rates were
determined. The values of the kinetic parameters with
heating rate close to zero, Eβ→0, and lnAβ→0, for every
screened function were gained when the heating rate
was extrapolated to zero.
The value of activation energy can be achieved

directly using the Ozawa equation (Eqn (8)),[48] even
though the reaction mechanism function is not yet
known. For a given reaction, the G(X) is fixed,
indicating that the values of G(X), E, and A are constant
under a certain X. Under this condition, lgβ has a linear
relation with 1/T (Eqn (8)); thus, the activation energy
EX under this conversion can be determined. After
screening the other X, the EX under all the conversions
can be obtained. By extrapolating X to zero, the
activation energy EX→0 can be estimated.

lg β ¼ lg
AE

RG Xð Þ
� �

� 2:315� 0:4567
E

RT
(8)

The last step was to compare Eβ→0 with EX→0 one by
one. The G(X) that leads to the smallest difference
between Eβ→0 and EX→0 was determined as the most
probable mechanism function.
For the first-stage reduction, the linear relation of lnF

(X, E, T) and 1/T was directly used to determine the
mechanism function because only one G(X) can lead to
the best linear relation for all heating rates. As displayed
in Table 6, the mechanism functionG(X) = (1�X)�1� 1

leads to the best linear relation between lnF(X, E, T) and
1/T under different β, which was confirmed as the most
probable mechanism function for the first-stage
reduction. This G(X) is a surface reaction model, which
means H2 adsorbs on the Fe2O3 surface and reacts with
it, and then Fe3O4 is generated and the resultant gaseous
H2O is then desorbed from the OC surface. The
differential form of the G(X) is f(X) = (1�X)2, so the
conversion rate is described by dX/dt= k(T)(1�X)2,
and the maximum power of X is 2, which is at the same
time the reaction order. The EX

I under different XI was
shown in Fig. 8, in which the activation energy decreases
with the increasing of the conversion XI. This
phenomenon occurs because there is no active site on
the surface of the particles under a low temperature at
the very start of the reduction. The activation energy is
reduced under higher temperatures because of the
emergence of more active sites. When XI was
extrapolated to zero, the activation energy is EXI→0 =
125.4 kJ/mol, and the logarithm of the pre-exponential
factor is lnAX

I
→0 = 16.3 s�1.

With respect to the second-stage reduction, Fe3O4

was further reduced to FeAl2O4. The mechanism
function was determined by the double extrapolation
method. By using the Ozawa equation, the values of
EX

II (in the range of 85–110 kJ/mol) were obtained.

Table 6. The mechanism functions with higher linear factors in the first stage.

G(X)

β = 5 °C/min β = 7 °C/min β = 10 °C/min

E lnA r E lnA r E lnA r

�ln(1�X) 18.058 2.127 0.995 43.799 3.653 0.991 39.342 2.930 0.992
[�ln(1�X)]3/2 17.192 6.206 0.995 43.474 8.509 0.991 39.155 7.321 0.992
[�ln(1�X)]4 16.369 26.800 0.996 43.271 32.853 0.991 39.165 29.319 0.991
(1�X)�1� 1 10.608 3.087 0.999 35.199 4.923 0.996 35.213 4.280 0.997

Figure 8. Effects of oxygen carrier conversion on the
activation energy in the first stage. This figure is available
in colour online at www.apjChemEng.com.
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As presented in Fig. 9, EX
II increases as XII increases.

When XII was extrapolated to zero, the value of EX
II
→0

is estimated as 87.1 kJ/mol. Afterward, Eqn (5) is
employed to find the mechanism functions G(X) that
give good linear relation between lnF(X, E, T) and
1/T and to obtain the corresponding activation
energy Eβ and pre-exponential factor Aβ. The results
showed that the following five mechanism functions,
i.e. G(X) = [(1 + X)�1/3� 1]2, G(X) = [�ln(1�X)]4,
G(X) = [�ln(1�X)]1/2, G(X) = [�ln(1�X)]3/4, and
G(X) = [�ln(1�X)]1/3, lead to good linear relation
(|r|> 0.99). The corresponding Eβ of each G(X)
decreases with the increase of the heating rate, as
shown in Fig. 10. The most probable mechanism
function was determined as G(X) = [�ln(1�X)]3/4

because its Eβ→0 (88.4 kJ/mol) approximates nearly
to EX

II
→0 (87.1 kJ/mol). The mechanism function

represents a nucleation and nuclei growth model. This

means that in the reaction between Fe3O4 and H2, the
Fe–O bond is broken first, generating FeAl2O4 with
Al2O3 and gaseous product H2O. The generated
FeAl2O4 then diffuses away from the reduction centers
and agglomerates together to form FeAl2O4 molecular
clusters. Finally, the FeAl2O4 clusters coalesce to form
FeAl2O4 crystallites. The activation energy EX

II
→0 and

the logarithm of the pre-exponential factor lnAX
II
→0

are 87.1 kJ/mol and 15.3 s�1, respectively.

CONCLUSIONS

In this paper, a commonly used Fe2O3/Al2O3 OC for
CLCwas prepared by seven methods. A comprehensive
physicochemical characterization was carried out to
investigate the effects of preparation techniques on the
OC performance. In the comparison of the preparation
methods, the liquid-phase methods, such as sol-gel,
co-precipitation, hydrothermal synthesis, freeze granu-
lation, and combustion synthesis, showed higher
Fe2O3/Al2O3 OC productivities. They should be given
priority for the OC preparation. The crushing strength
measurements illustrated that a higher temperature
leads to a higher crushing strength and the preparation
technique also has influence on the crushing strength
of the OC. The OCs derived by the low heat solid
reaction and hydrothermal synthesis methods have a
crushing strength lower than 1N, which is not hard
enough for using in the CLC system. A high calcination
temperature is advantageous to the growth of Fe2O3 and
Al2O3 crystalline. The temperature impact on growth of
the Fe2O3 crystalline is more evident than that on
Al2O3, that is, the Fe2O3 crystalline grows earlier than
the Al2O3 crystalline as the calcination temperature
increases. For the formation of Al2O3 phase, the
calcination temperature was confirmed as 1200 °C.
Calcination duration has no evident influence on the
OC properties. The reactivity tests of the OCs
calcinated at 1200 °C showed that the OCs derived by
freeze granulation, combustion synthesis, and sol-gel
perform faster hydrogen conversion and better
reactivity than others. Among them, the OCs derived
by freeze granulation lead to the fastest hydrogen
conversion rate. However, environmental scanning
electron microscopy measurements indicated that the
sol-gel-derived OC exhibits more homogeneous
morphological structure than that derived by the other
two methods. Taking into consideration various
physicochemical indices, the sol-gel and freeze granula-
tion methods were preferred for OC preparation.
The kinetics and mechanism of reduction reaction

between the sol-gel-derived Fe2O3/Al2O3 and H2 were
further investigated through the non-isothermal
kinetics analysis and the double extrapolation method.
The conversion of the sol-gel-derived Fe2O3/Al2O3 in
the reduction reaction by H2 can be divided into two

Figure 9. The activation EX
II changing with XII. This figure is

available in colour online at www.apjChemEng.com.

Figure 10. The activation Eβ changing with β. This figure is
available in colour online at www.apjChemEng.com.
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stages. For the first-stage reduction, Fe2O3 is converted
to Fe3O4, which can be described by the chemical
reaction model G(X) = (1�X)�1� 1 with an order of
2, indicating that the reaction between H2 and Fe2O3

is controlled by a surface reaction process. Hydrogen
first adsorbs on the OC surface and reacts with
the active component Fe2O3, generating Fe3O4 and
gaseous H2O, which is then desorbed from the OC
surface. The activation energy EX

I
→0 and the pre-

exponential factor lnAX
I
→0 are 125.4 kJ/mol and

16.3 s�1, respectively. For the second-stage reduction,
Fe3O4 is further reduced to FeAl2O4 in a nucleation
and nuclei growth mode, which means that the Fe–O
bond in Fe3O4 is broken in the reaction with H2,
generating FeAl2O4 molecule and gaseous H2O. Once
generated, the FeAl2O4 molecule diffuses away from
the active centers and agglomerates together to form
FeAl2O4 clusters. Finally, the clusters grow to form
FeAl2O4 crystal. The mechanism function for the
second stage is G(X) = [�ln(1�X)]3/4. The activation
energy EX

II
→0 and the pre-exponential factor ln AX

II
→0

are 87.1 kJ/mol and 15.3 s�1, respectively.
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