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A B S T R A C T

Kinetics model which describes intrinsic characteristics of reactions involved in Chemical Looping Combustion
(CLC) can be used as a basic tool for reactor design and reactor modeling. To further develop previously studied
sol-gel Fe2O3/Al2O3 oxygen carrier, this work performed a detailed kinetics investigation for the reduction from
Fe2O3/Al2O3 to Fe3O4/Al2O3 by CO. In order to derive a reliable kinetics model, thermodynamics calculations
were first performed to identify the reaction pathways with full CO2 capture and no carbon deposition, excluding
their influence. Experimental data at 673–773 K during thermogravimetric analyzer (TGA) tests was considered
for kinetics analysis to attain good CLC performance. Finally, a widely used model-free method was employed to
develop the kinetics model. Accordingly, a 3D nucleation and nuclei growth model with the model function g
(X)= [-ln(1-X)]1/3, activation energy 270 kJ/mol and pre-exponential factor 1.6·1012s−1 was developed to
describe the first half reduction from Fe2O3/Al2O3 to Fe3O4/Al2O3 by CO (0 < X≤ 0.5). Following this, the
diffusion effects dominated the reduction process (0.5 < X≤1), which can be described by a 2D diffusion
model function g(X)= (1-X)·ln(1-X)+ X with the activation energy and pre-exponential factor as 131 kJ/mol
and 3.1·103 s−1, respectively. The whole kinetics model can be considered for the future application.

1. Introduction

The global energy requirement still depends highly on the trans-
formation of fossil fuels, which results in the continuing increase of CO2

emissions [1]. The impact of CO2 level on the average temperature of
Earth is crucial, since it is considered as the largest contributor to the
greenhouse effect [2,3]. In order to mitigate CO2 emission, clean
combustion technologies for fossil fuels were developed in the past
decades. Among them, Chemical Looping Combustion (CLC) has
emerged as a most competitive technology due to its low cost for CO2

capture [4]. The CLC concept based on the ideas of producing pure CO2

[5] and improving thermal efficiency via intermediate reactions [6]
was first introduced by Ishida et al. [7] to reduce exergy loss. Different
to conventional combustion, CLC avoids the direct contact between
combustion air and fuel (CnH2m) through the transportation of oxygen
carrier (MeOx), usually metal oxides, between air reactor (AR) and fuel
reactor (FR). The oxygen carrier provides lattice oxygen for the com-
bustion of fuel via reaction R1 in FR, where the oxygen carrier is
converted to a reduced state (MeOx-1). Then, MeOx-1 is circulated to the
AR to regenerate via reaction R2, ready for new cycles. Theoretically,

the gas stream at the outlet of FR contains only CO2 and H2O, where the
separation of H2O from CO2 can be easily accomplished through a
simple condensation process. In this way, high-energy penalty is pre-
vented for the CO2 separation in CLC with respect to the other CO2

capture technologies.

+ + → + + +−C H (2n m)MeO (2n m)MeO nCO (g) mH O(g)n 2m x x 1 2 2

(R1)

+ →−MeO 1/2O (g) MeOx 1 2 x (R2)

Oxygen carrier is a cornerstone for the CLC process, which has to
efficiently accomplish the task of oxygen transference between AR and
FR. Among the more than 700 oxygen carriers developed to date [8],
Fe-based oxygen carriers have high potentials due to the characteristics
of low cost, environmental friendliness, low agglomeration tendency
and low attrition rate. In the published works, Fe-based oxygen carriers
mainly include synthetic materials, minerals and industrial wastes.
Regarding the latter two cases, extensive investigations were carried
out [9–16], especially for ilmenite minerals which were recently con-
sidered for the scale-up to 50kW–1MW pilot plants for CLC [12,13]. In
comparison to the synthetic oxygen carriers, minerals and industrial
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wastes possess the advantages of low cost. Nevertheless, minerals and
industrial wastes always show lower reactivity than the synthetic ones
in terms of coal combustion [17,18]. High reactivity of the synthetic
oxygen carriers suggests a considerable decrease of materials inventory
for CLC. In this context, a highly reactive Fe2O3/Al2O3 oxygen carrier
was recently synthesized through sol-gel technique by Mei et al. [18].
During their tests in a fluidized bed reactor, the Fe2O3/Al2O3 oxygen
carrier exhibited extremely high rates of char gasification and com-
bustion over the other synthetic, mineral and industrial waste materials
[18]. In this case, a very low solid inventory of around 600 kg/MW is
adequate to reach a combustion efficiency of 99% at 1173 K.

For the further development of the sol-gel Fe2O3/Al2O3 oxygen
carrier synthesized by Mei et al. [18], the reaction characteristics be-
tween the oxygen carrier and the gases involved in coal evolvement, i.e.
CH4, CO and H2, must be thoroughly understood. Among them, the
reaction kinetics is a basic tool for reactor design and modeling. Pre-
vious work determined the kinetics model for Fe2O3 reduction by H2

based on a non-isothermal extrapolation method [19,20]. However,
there is no work focused on the reaction kinetics of CO and the specific
sol-gel Fe2O3/Al2O3 oxygen carrier. In fact, CO as a major component
during the CLC of coals, its low reactivity with Fe2O3/Al2O3 dominates
directly the concentration of CO2 in the product gas stream, which fi-
nally affects the CO2 capture. Although the Fe2O3/Al2O3 presents high
reactivity with coal [18], the detailed reaction mechanism of CO and
this oxygen carrier is not fully known. The knowledge of reaction ki-
netics of CO and Fe2O3/Al2O3 can assist the evaluation of reaction
process, which can further be used to the optimization for full CO
conversion to CO2. More indeed, despite the Water-Gas Shift (WGS)
reaction plays a role during the conversion of syngas-like (CO+H2)
fuels [21,22], the reactivity of this reaction may not be very relevant for
kinetics model determination and oxygen carrier evaluation due to the
low rate of WGS [23] and the origins of oxygen source from oxygen
carrier instead of H2O during CO combustion [21,22]. Therefore, the
direct reaction of CO and oxygen carrier can be considered as a domi-
nant pathway for CO combustion in syngas-like fuels. In this sense, it is
highly necessary for the development of the kinetics model for the re-
duction of the sol-gel Fe2O3/Al2O3 and CO.

The objective of this work is to develop a kinetics model for the
reduction of the sol-gel Fe2O3/Al2O3 oxygen carrier by CO. With this
aim, thermodynamics calculations were first conducted to identify the
dominant reactions for high CO2 purity and no carbon formation, which
is preferred in CLC. A series of experimental tests were carried out in a
thermogravimetric analyzer (TGA) under various heating programs to
understand the characteristics of Fe2O3/Al2O3 reduction by CO and to
identify the main region for good CLC performance. Finally, based on

the thermodynamic analysis, TGA tests and kinetics analysis, kinetics
model was developed for the specific sol-gel Fe2O3/Al2O3 oxygen car-
rier during its reduction to Fe3O4/Al2O3 by CO.

2. Experimental

2.1. Oxygen carrier

The oxygen carrier particles are the same as that used in our pre-
vious work, which was concluded as a highly reactive material for CLC
of coal [18]. This oxygen carrier containing 60wt.% Fe2O3 and 40wt.%
Al2O3 was prepared through a sol-gel technique and calcined at 1473 K
for 12 h in air. Detailed procedures of the oxygen carrier preparation
can be found in our previous work [18]. Main properties of the fresh
oxygen carrier are given in Table 1. The oxygen carrier particles were
sieved to diameters of 0.125–0.180mm, a desirable size for the fluidi-
zation in circulation fluidized beds. Crushing strength of the particles is
the average strength for the fracture of 20 randomly-selected particles,
measured by a Shimpo FGJ-5 apparatus, which is 1.39N and high en-
ough for the use in fluidized beds [24]. The X-ray diffraction (XRD)
patterns of the fresh and reduced materials were acquired in a Shi-
madzu 7000 diffractometer using a Ni-filtered Cu Kα radiation, which is
presented in Fig. 1. The phase composition of the oxygen carrier was
identified using the inorganic crystal structure database (ICSD). As
shown in Fig. 1, the fresh oxygen carrier particles mainly contain Fe2O3

and Al2O3 phases. Real density of the material was determined in a
Micromeritics AccuPyc 1330 picnometer, taking a value of 4653 kg/m3.
Specific surface area of the oxygen carrier particles is 1.39m2/g given
by a Micromeritics ASAP2020 instrument according to the Brunauer–-
Emmett–Teller (BET) method. Finally, the oxygen transport capacity
ROC of the oxygen carrier was calculated as 0.02, considering the
transformation from Fe2O3/Al2O3 to Fe3O4/Al2O3 during the reduction
in this work.

Nomenclature

A Pre-exponential factor, s−1

CnH2m Fuel
E Activation energy, kJ/mol
f(X) Differential form of reaction mechanism function
g(X) Integral form of reaction mechanism function
m Instantaneous mass of oxygen carrier, kg
MeOx Fully oxidized oxygen carrier
MeOx-1 Fully reduced oxygen carrier
mox Weight of completely oxidized oxygen carrier particles, kg
mred Weight of completely reduced oxygen carrier particles, kg
R Universal gas constant, J/(mol K)
r2 Linear coefficient
ROC Oxygen transport capacity
t Reaction time, s
T Temperature, K
X Oxygen carrier conversion

Greek symbols

β Heating rate for experimental tests, K/min
ω Mass variation of oxygen carrier

Acronyms

AR Air reactor
BET Brunauer-Emmett-Teller
CLC Chemical looping combustion
FR Fuel reactor
ICSD Inorganic crystal structure database
TGA Thermogravimetric analyzer
TPR Temperature programmed reduction
WGS Water-Gas shift
XRD X-ray diffraction

Table 1
Main properties of the fresh Fe2O3/Al2O3 oxygen carrier.

Mass fraction of Fe2O3 (wt.%) 60
Particle size (mm) 0.125–0.180
Real density (kg/m3) 4653
Crushing strength (N) 1.39
BET surface area (m2/g) 1.39
Oxygen transport capacity, ROC 0.02
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2.2. Thermogravimetric analysis

Reactions of the oxygen carrier and CO were carried out in a BOCI
WCT-1D thermogravimetric analyzer (TGA) with a precision of 0.1 μg.
More description of the TGA apparatus can be found elsewhere [25].
For each test, around 30mg materials were loaded in the platinum plate
in the atmosphere of 60mL/min of 50%CO+50%N2 to avoid the effect
of external film mass transfer and/or inter-particle diffusion [25].
Preliminary cyclic tests under various conditions were also conducted
to observe the stability of the materials. However, neither deactivation
nor activation of the oxygen carrier materials was noticed in cycles,
thus the first reduction data was used for kinetics analysis. Generally,
non-isothermal and isothermal methods can be both used for kinetics
model development. However, in non-isothermal process reaction
pathways can be more clearly identified, meanwhile synergy of dif-
ferent reactions can be avoided [26]. Moreover, the induction period of
activation sites usually cannot be observed in isothermal process, due to

the high reaction temperature [26]. With these considerations, non-
isothermal method was introduced to carry out kinetics analysis. In
order to obtain the kinetics information of the reaction, different
heating rates β=3–20 K/min were applied to raise the temperature of
samples from room level to 1273 K.

3. Data evaluation

Oxygen transport capacity of the oxygen carrier, ROC, represents the
ability of oxygen transference for CLC process. In TGA tests, the value of
ROC can be obtained through Eq. (1), where mox and mred are the
weights of completely oxidized and reduced oxygen carriers, respec-
tively. For the Fe2O3/Al2O3 oxygen carrier studied in this work, mox and
mred correspond to Fe2O3/Al2O3 and Fe3O4/Al2O3, respectively.

= −R m m
mOC

ox red

ox (1)

In the TGA tests, the mass variation of the oxygen carrier, ω, is
defined as the quotient between the instantaneous sample mass m and
the fully oxidized sample mass mox, see Eq. (2).

=ω m
mox (2)

In the oxygen carrier studied, the available transformation for CLC
is from Fe2O3/Al2O3 to Fe3O4/Al2O3 as discussed later in this work.
Therefore, the solids conversion X was normalized for the above men-
tioned transformation, given by Eq. (3).

= −X m m
R m

ox

OC ox (3)

As stated above in Section 2, non-isothermal kinetics analysis pos-
sesses the advantages of clear identification of reaction pathways and
induction process, as well as avoiding synergy reactions [26], therefore,
this method was considered for kinetics analysis. In this case, a model-
free isoconversion method proposed by Starink et al. [27] was in-
troduced to determine the activation energy, E, for the reduction, see
eq. 4 where T is the temperature at a fixed solids conversion, R is the
universal gas constant and β is the heating rate. This method is re-
commended as an effective approximation by the ICTAC Kinetics
Committee for the calculation of activation energy [28]. According to
eq. 4, ln(β/T1.92) and 1/T must have a linear trend when experimental
data was applied, which derived a fitted line at each conversion X. For

Fig. 1. XRD patterns of fresh, partially reduced and fully reduced oxygen carrier particles.

Table 2
Linear coefficient r2 with respect to lg[g(X)] and 1/T in Eq. (2) for 0 < X≤ 0.5, when various heating rates and g(X) were used.
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instance, when X=0.1 the temperatures T corresponding to this con-
version for different tests at various ramp rates β can be obtained.
Applying the T and the corresponding β to Eq. (4), the value of E at
X=0.1 can be determined via the slope of the fitted line between ln(β/
T1.92) and 1/T. For other conversions, the same rationale can be used to
get the activation energies at different X. Finally, the activation energy
can be determined as the arithmetic value for various X.

⎛
⎝

⎞
⎠

= − ⋅⎛
⎝

⎞
⎠

+
β

T
E

RT
ln 1.0008 const1.92 (4)

The rate of solids conversion as a function of temperature, dX/dT,
can be described as Eq. (5) where f(X) is the differential form of model
function for oxygen carrier conversion and A is the pre-exponential
factor.

= ⋅ ⎛
⎝

− ⎞
⎠

⋅dX
dT

A
β

E
RT

f Xexp ( )
(5)

The model function f(X) has an integral form g(X), which has a re-
lation with f(X) as described in Eq. (6). Either model function, f(X) or g
(X), represents the solids conversion term during the reaction process,
which was usually developed experimentally according to the geometry
of particles and the typical reaction characteristics. For a certain type of
particle and reaction atmosphere, f(X) as well as g(X) is representative
for the process. Based on large amount of investigations, a database was
formed for the expressions of f(X) and g(X), which can be directly used
for reaction kinetics model determination according to ICTAC Kinetics
Committee [28]. Various expressions of g(X) can be found in literatures
[19,20,28–31], some of which are used in the present work for ex-
perimental data fitting as shown in Tables 2 and 3.

∫=g X
f X

dX( ) 1
( )

X

0 (6)

It should be pointed out that the eqs. 5 and 6 cannot be analytically
solved; thereby some approximations were proposed to achieve rea-
sonable estimation of this equation [28]. One of the most cited methods
developed by Doyle et al. [32] as shown in Eq. (7) was used to de-
termine the integral form of model function, g(X). In this case, the ex-
pression of g(X) presented in Tables 2 and 3 was used in Eq. (7) to see if
a linear relation between lg[g(X)] and 1/T occurred. The g(X) showed
the best linear relation in Eq. (7) is confirmed as a suitable model to
describe the reaction process after a full-scale comparison of model

results and the experimental data.

= ⎛
⎝

⎞
⎠

− −g X AE
RT

E
RT

lg[ ( )] lg 2.315 0.4567
(7)

4. Thermodynamics

4.1. CO2 purity

In this work, the oxygen carrier studied is composed of Fe2O3 and
Al2O3, where the former component can be converted to Fe3O4, FeO
and Fe by fuels. In the temperature programmed reduction (TPR)
condition, successive reduction from Fe2O3 to Fe3O4, FeO and Fe can be
clearly identified [26], as described in reactions R3-R6. Initially, Fe2O3

in the compound was reduced to Fe3O4 while Al2O3 was inert, as evi-
denced by the XRD pattern in Fig. 1. With the further reduction of
Fe3O4, a new phase FeAl2O4 was formed as indicated in reaction R4 and
the XRD pattern in Fig. 1. Because the content of Fe2O3, 60 wt.%, was
excessive over the Al2O3 for the formation of FeAl2O4, free Fe3O4 was
finally reduced to Fe phase, meanwhile Al2O3 was converted to
FeAl2O4, as seen in XRD patterns of Fig. 1. It should be noted that the
reduction of FeAl2O4 to Fe by CO was negligible at 673–1473 K ac-
cording to the thermodynamics calculation and experimental results
[26] as well as XRD tests in Fig. 1. In this sense, FeAl2O4 can be con-
sidered as an irreducible component during the reaction between CO
and Fe2O3/Al2O3.

+ + → + +3Fe O Al O CO(g) 2Fe O Al O CO (g)2 3 2 3 3 4 2 3 2 (R3)

+ + → +Fe O 3Al O CO(g) 3FeAl O CO (g)3 4 2 3 2 4 2 (R4)

+ → +Fe O CO(g) 3FeO CO (g)3 4 2 (R5)

+ → +FeO CO(g) Fe CO (g)2 (R6)

For the reductions of Fe3O4 and FeO in reactions R5 and R6, the
conversion of CO was much lower than 100%. As an example, Fig. 2
illustrated the incomplete conversion of CO during the reductions from
Fe3O4 to FeO and then to Fe, determined by HSC Chemistry 6.1 [33].
According to the equilibrium composition in Fig. 2(a), the reaction
between Fe3O4 and CO started at around 973 K which approached
higher extents at increased temperatures. Despite this, the highest
conversion of CO to CO2 was still lower than 65% even at 1473 K. In the

Table 3
Linear coefficient r2 with respect to lg[g(X)] and 1/T in Eq. (2) for 0.5 < X≤1,when various heating rates and g(X) were used.
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case of FeO in Fig. 2(b), quite low conversion of CO was also en-
countered meanwhile higher temperature is more detrimental to the
yield of CO2. The decrease of CO conversion at higher temperatures for
the reduction of FeO was due to the basic characteristics of thermo-
dynamics, that is, higher temperature favors the endothermic reaction
and lower temperature benefits the exothermic reaction. The reduction
of FeO to Fe by CO is exothermic; thereby the increase of temperature
was disadvantageous for the conversion of CO. Anyway, thermo-
dynamics limitations were observed both for the reductions of Fe3O4

and FeO by CO, which is disadvantageous for the capture of CO2. In this
sense, the further reduction of Fe3O4 cannot be recommended for the
application to CLC, which was also concluded elsewhere [34,35]. In
contrast, for the reaction R3 where Fe3O4 and Al2O3 were the solid
products, the CO conversion was always 100%, suggesting that a full
CO2 capture could be achieved in this case.

4.2. Carbon formation

During the circulation of oxygen carrier particles from FR to AR,
carbon deposited on the particles could be conveyed to the AR where it
is burnt to CO2. This behavior can lead to the decrease of CO2 capture
efficiency of the entire CLC system, thus it is important to analyze if
carbon is formed in the reaction of Fe2O3/Al2O3 and CO, as well as the
strategies to avoid carbon formation. Two types of thermodynamics
calculations were carried out to study the influences of temperature and
oxygen carrier to fuel ratio on carbon formation, respectively.

Thermodynamics calculation was first performed under different

temperatures while keeping the amount of reactants at stoichoimetric
ratio. In this way, the possible carbon formation can be evaluated
within a wide interval of temperature. For the reduction from Fe2O3/
Al2O3 to Fe3O4/Al2O3, i.e. reaction R3, carbon was never observed at
any temperature. However, the further reductions of Fe3O4 to FeO and
Fe were usually accompanied by carbon formation, which can be ob-
served in Fig. 2. At temperatures between 673 and 973 K carbon was
seen, but no reductions of Fe3O4 or FeO were found at the same time in
Fig. 2. It is valuable to note that in Fig. 2 the fractions of carbon and
CO2 were identical, which decreased gradually to zero with the rise of
temperature in the range of 673–973 K. In fact, the fractions of CO2 and
CO in Fig. 2 achieved the equilibrium compositions of Boudouard re-
action at each temperature within 673–973 K. Consequently, the Bou-
douard reaction, reaction R7, was dominant for the formation of
carbon, whereas the presence of Fe3O4 and FeO never showed any
enhancement or inhibition to the carbon formation.

↔ +2CO(g) CO (g) C2 (R7)

In practical operation of a CLC system, the oxygen carrier to fuel
ratio is difficult to be kept exactly at stoichoimetric value meanwhile
obtain high CO2 capture efficiency. Thus, the second thermodynamics
calculation was carried out using various values of Fe2O3 to CO ratio at
constant temperatures to explore its influence on carbon formation.
Fig. 3 depicted the evolution of C-, Fe- and Al- based species as a
function of Fe2O3 to CO ratio at 773 K, a representative temperature of
the reduction from Fe2O3/Al2O3 to Fe3O4/Al2O3 during the TPR process
in TGA, see also Fig. 4. At such a temperature, the reaction between
Fe3O4 and CO cannot assure the full conversion of CO according to the

Fig. 2. Equilibrium composition for the reduction (a)
from Fe3O4 to FeO and (b) from FeO to Fe by CO at
673–1473 K.

Fig. 3. Effects of Fe2O3 to CO ratio on the equilibrium composition for the reduction from
Fe2O3/Al2O3 to Fe3O4/Al2O3 at 773 K.

Fig. 4. Mass variation ω and dω/dt for the reduction of Fe2O3/Al2O3 by CO with the
temperature being increased from 673 to 1273 K at 10 K/min.
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thermodynamics calculations in Fig. 2, so the reduction of oxygen
carrier can only be limited to Fe3O4/Al2O3. In this sense, the thermo-
dynamics analysis in this part was performed with respect to reaction
R3 for oxygen carrier reduction and R7 for carbon formation. It can be
seen in Fig. 3 that the carbon was formed at low Fe2O3 to CO ratios, e.g.
lower than 2.8, suggesting that the reaction R7 was relevant under
these conditions. With the increase of Fe2O3 to CO ratio, the fraction of
carbon decreased linearly and finally reached zero when the Fe2O3 to
CO ratio was higher than 2.8. Therefore, carbon formation could be
possible at low Fe2O3 to CO ratios via the Boudouard reaction during
the reduction of Fe2O3/Al2O3 to Fe3O4/Al2O3. However, it must be
noted that carbon formation can be easily eliminated in practical op-
eration by the elevation of reaction temperature and/or the addition of
CO2 and/or H2O, possibly by recycling the residual heat of the exhaust
gas streams of CLC reactors, to the FR.

5. Temperature programmed reduction (TPR)

As stated in Section 2, the non-isothermal method has the ad-
vantages of clear identifying the reaction pathways in terms of kinetics
analysis, avoiding synergy reactions at high temperatures and showing
induction period, especially for the Fe-based oxygen carrier which
contains complicated reactions [26]. With this consideration, the non-
isothermal process was used to determine the reaction kinetics models.
In order to accomplish this purpose, the Fe2O3/Al2O3 oxygen carrier
was reduced by CO until 1273 K at various temperature increasing rates
β in the TGA. A representative reaction process is described in Fig. 4,
where three steps can be identified according to the peaks of dω/dt
curve. At temperatures lower than 823 K, the dω/dt peak could be re-
lated to the reduction of Fe2O3/Al2O3 to Fe3O4/Al2O3, of which Fe3O4

was subsequently reduced to FeO and Fe resulting in the peaks of dω/dt
at around 1000 and 1200 K, respectively. The formation of these phases
in the reduction steps was evidenced by the XRD patterns shown in
Fig. 1. For the fully reduced sample, Fe and FeAl2O4 were detected. Due
to the three steps occurred at different temperatures, the rate of each
reduction was not the same. In the end of reduction the mass variation
was ω=0.86, which was lower than that corresponded to the reduction
to Fe3O4/Al2O3, i.e. ROC=0.02, indicating the Fe3O4 was further re-
duced. In combination with the XRD results shown in Fig. 1, it can be
found the final reduction products were Fe, FeAl2O4 and minor Al2O3. It
should be noted that little reduction of FeAl2O4 occurred in the end of
reaction with CO. In fact, less than 3% of FeAl2O4 was further converted
to Fe, which suggested an extremely slow reaction of FeAl2O4 and CO
even at temperatures close to 1273 K. This behavior confirmed that the
reduction of FeAl2O4 and CO was negligible, which is in consistence
with the XRD findings as seen in Fig. 1 and thermodynamics calculation
not shown here. According to the calculations in the temperatures of
673–1473 K, negligible reduction of FeAl2O4 to Fe and Al2O3 by CO was
also noticed. In this case, Fe, FeAl2O4 and minor amount of Al2O3 can
be considered as the final products during the full reduction of Fe2O3/
Al2O3 by CO. For the tests carried out at other heating rates, i.e.
β=3–20 K/min, the same consequence was obtained. However, only
the reduction of Fe2O3/Al2O3 to Fe3O4/Al2O3 was considered for the
kinetics analysis due to the limitations of good CLC performance for the
further reduction of Fe3O4/Al2O3.

According to the thermodynamics analysis in section 4, carbon could
be formed especially at low Fe2O3 to CO ratios and low temperatures,
which is the case for the TPR process of Fe2O3/Al2O3 in the TGA be-
cause a continuous CO stream was passed through a small amount of
oxygen carrier in the temperature increasing environment. In this sense,
the Boudouard reaction was also evaluated experimentally with a blank
test in a Micromeritics AutoChem II 2920 chemisorption analyzer,
where CO was heated from room temperature to 1273 K at 10 K/min
with highly pure quartz wool as inert bed material. Under this condi-
tion, there is no reaction between CO and the bed material, thus the
Boudouard reaction can be examined at various temperatures. The

evolution of CO in the gas stream is described in Fig. 5 as a function of
temperature within the interval of 673–1273 K, where only one peak
for CO consumption was detected. As discussed above, the consumption
of CO for the blank test using highly pure quartz wool as bed material
was attributable to the Boudouard reaction, which occurred at tem-
peratures higher than 1000 K in the experimental case as seen in Fig. 5.
However, according to the thermodynamics calculations carbon for-
mation was predicted at much lower temperatures than 1000 K as
shown in Figs. 2 and 3. The different behaviors of experimental tests
and calculations might be attributed to the effects of reaction kinetics
which was not considered during the thermodynamics analysis.
Anyway, the temperature obtained experimentally for Boudouard re-
action was much higher than that at the end of the reduction of Fe2O3/
Al2O3 to Fe3O4/Al2O3 in TGA tests, see Fig. 4. Therefore, the conclusion
can be drawn that carbon was never deposited on the oxygen carrier
during the reduction to Fe3O4/Al2O3 in the TPR process of TGA tests
due to the reaction temperatures in this stage were lower than 1000 K.
In this case, the reduction from Fe2O3/Al2O3 to Fe3O4/Al2O3 during
TGA tests was not influenced by carbon formation.

As a consequence, the TGA data obtained at 673–773 K corresponds
to the conversion of Fe2O3/Al2O3 to Fe3O4/Al2O3 which was not af-
fected by carbon formation from the Boudouard reaction. Another fact
that needs to be stressed is the irrelevance of WGS reaction for kinetics
determination of CO conversion during syngas-like combustion in CLC.
This statement can be verified by: firstly, the lower rate of CO con-
version via WGS with ilmenite as bed material, i.e.
1.67·10−6–4.16·10−5 mol/((gram of ilmenite)·s) obtained by Ortiz et al.
[23], than that of CO conversion by Fe2O3/Al2O3, i.e.
11.8–12.7·10−5 mol/((gram of oxygen carrier)·s) calculated using the
kinetics model determined later in the present work; secondly, the fact
that oxygen source for CO and H2 combustions in syngas comes mainly
from oxygen carrier materials instead of H2O steam that involved in
WGS reaction [21,22]. In this sense, the following kinetics analysis
carried out at the interval 673–773 K only corresponds to the reduction
of Fe2O3/Al2O3 to Fe3O4/Al2O3 by CO, which would be significant for
its use in CLC process.

6. Kinetics model

6.1. Activation energy

Because of the advantages of clear identifying reaction pathways,
avoiding synergy reactions at high temperatures as well as showing

Fig. 5. Blank test of CO consumption as a function of temperature in the chemisorption
analyzer with highly-pure quartz wool as bed material.
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induction period [26], the present work applied the non-isothermal
method and TPR data to determine the reaction kinetics. Table 4 lists
the distribution of temperatures reached at given solid conversion and
fixed heating rate. In general, all the reduction from Fe2O3/Al2O3 to
Fe3O4/Al2O3 by CO was completed in the temperature range of
673–773 K. In Table 4, it is obvious that higher solids conversions were
reached at higher temperatures under various heating rates. For a given
value of X, the increase of heating rate also showed some positive ef-
fects on the increase of the temperature. This behavior can be ascribed
to that the minimum reaction temperature for Fe2O3/Al2O3 and CO can
be more easily reached at lower heating rates.

In order to obtain the activation energy, a model-free method pro-
posed by Starink et al. [27] was used, which is shown in Eq. (4). At a
given value of X in Table 4, ln(β/T1.92) was plotted against 1/T in Fig. 6.
It can be seen in Fig. 6 that the relation of ln(β/T1.92) and 1/T for each X
cannot be fitted by only one line. Instead, two segments can be ob-
served in Fig. 6, which is divided by the rate β=10 K/min. More in-
deed, this similar behavior was also noticed by Erri et al. [36] for the
reduction of a Ni-based oxygen carrier with H2 under various heating
rates. They concluded that this phenomenon was attributed to different
reaction mechanisms –intrinsic kinetics regime at low heating rates and
internal diffusion control at intermediate heating rates–. Accordingly,
the present work considered chemical reaction at lower heating rates
and diffusion effect at higher heating rates as the dominant reaction
mechanisms. For each conversion from 0.1 to 0.9 in Fig. 6 the linear
coefficients r2 with respect to the values of ln(β/T1.92) and 1/T for the
two segments were both higher than 0.97, which suggested that the Eq.
(4) was fulfilled at all the conversions studied. According to the slopes
of the two linear fitting lines for ln(β/T1.92) and 1/T, the activation
energy for chemical reaction and diffusion control at each value of X
can be calculated, respectively. It is noted that the difference of acti-
vation energy value for various solids conversions is lower than 25 kJ/
mol. In this sense, the activation energy for the reduction of Fe2O3/
Al2O3 to Fe3O4/Al2O3 was determined as the arithmetic average for the
different conversions. For chemical reaction control, the activation
energy was 270 kJ/mol, whereas for diffusion control this parameter
took 131 kJ/mol.

6.2. Reduction mechanism function

After the determination of activation energy, a model fitting process
proposed by Doyle et al. [32], see Eq. (7), was applied to find the model
function g(X) that can best describe the reduction from Fe2O3/Al2O3 to
Fe3O4/Al2O3. The usually used kinetic models and the corresponding
functions g(X) recommended by the ICTAC Kinetics Committee [28] are
gathered in Tables 2 and 3, which were taken into account in the
present work. Using the g(X) values calculated at various conversions
and temperatures derived from TGA tests, the linear coefficient r2 be-
tween lg[g(X)] and 1/T based on eq. 7 was obtained, which are shown
in Tables 2 and 3. However, during the correlation between lg[g(X)]
and 1/T, it was found that the conversion X must be divided into two
segments, i.e. 0 < X≤ 0.5 and 0.5 < X≤ 1, to give good linear re-
lation between lg[g(X)] and 1/T, which was due to the different
dominant mechanisms for the reduction process, as stated below. In the
case of 0 < X≤ 0.5 as shown in Table 2, it was found that the values of

r2 were distributed between 0.970 and 0.994 for all the expressions of g
(X) considered. The power law model has the lowest preciseness for the
description of the reduction from Fe2O3/Al2O3 to Fe3O4/Al2O3, since
the corresponding values of r2 were always smaller than 0.982. For the
diffusion model, contacting sphere model and contacting cylinder
model, unsatisfactory predictions of the experiments performed at
β=10 K/min and β=15 K/min were encountered. In this sense, these
kinetic models were not suitable for the description of the reduction
from Fe2O3/Al2O3 to Fe3O4/Al2O3 by CO. Differently, the Avrami-
Erofeev model with various dimensions, i.e. 1D, 2D and 3D, presented
good linear relation of lg[g(X)] and 1/T, which suggested the possible
feasibility of using this type of model to describe the reaction for
0 < X≤ 0.5. In the case of 0.5 < X≤ 1 as shown in Table 3, the
Avrami-Erofeev models showed values of r2 smaller than 0.985. For
power law models, unsatisfactory linear relationships of lg[g(X)] and 1/
T were also observed. In comparison to the above two types of models,
diffusion model, contacting sphere model and the contacting cylinder
model have better correlations of lg[g(X)] and 1/T. Among them, the
2D diffusion model g(X)= (1-X)∙ln(1-X)+ X exhibited the highest va-
lues of r2 for all the heating rates.

In order to confirm the linear relation of lg[g(X)] and 1/T in the
whole process of the reduction from Fe2O3/Al2O3 to Fe3O4/Al2O3, the
models were examined for all the solids conversions and the corre-
sponding temperatures. Fig. 7 shows the full scale comparison when 1D
Avrami-Erofeev model, 3D Avrami-Erofeev model, 2D diffusion model
and contacting sphere model were considered for 0 < X≤ 0.5 and
0.5 < X≤ 1, respectively. It can be seen that at lower temperatures
the 1D Avrami-Erofeev model g(X)=−ln(1-X), 2D diffusion model g
(X)= (1-X)∙ln(1-X)+ X and contacting sphere model g(X)= 1-(1-X)1/3

exhibited a non-linear relation of lg[g(X)] and 1/T. On the contrary, the
3D Avrami-Erofeev model g(X)= [-ln(1-X)]1/3 showed the best linear

Table 4
Temperature distribution T(K) at various solid conversions X and heating rates β.

Solids conversion β=3K/min β=5K/min β=10 K/min β=15K/min β=20 K/min

X=0.1 676 684 694 700 708
X=0.3 684 699 706 710 719
X=0.5 689 705 715 718 728
X=0.7 695 712 720 725 737
X=0.9 701 720 727 736 747

Fig. 6. Determination of activation energy E for the reduction of Fe2O3/Al2O3 to Fe3O4/
Al2O3 by CO using the Starink method [27] considering chemical reaction at low heating
rates (β=3–10 K/min) and diffusion mechanism at high heating rates (β=10–20 K/
min).
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relation in the full scale of 0 < X≤ 0.5 and T for the reduction of
Fe2O3/Al2O3 to Fe3O4/Al2O3 at various heating rates. Then, the pre-
exponential factor A can be determined from the interception of Eq. (7)
using g(X)= [-ln(1-X)]1/3 and E=270 kJ/mol, which took a value of
1.6·1012 s−1. With regard to 0.5 < X≤ 1, 2D diffusion model g
(X)= (1-X)∙ln(1-X)+ X showed the best linear relation, according to
which the pre-exponential factor in this stage was determined as
3.1∙103 s−1.

Although in Fig. 7 the best linear relation between lg[g(X)] and 1/T
is observed at various heating rates, it is necessary to compare the
model results with the experimental data in terms of oxygen carrier
conversion. Therefore, Fig. 8 shows the model prediction and the ex-
perimental results under various heating rates. Clearly, the model ex-
hibits sufficient accuracy for the prediction of experimental data, which
indicates that the model functions g(X)= [-ln(1-X)]1/3, g(X)= (1-X)∙ln
(1-X)+ X and the corresponding kinetics parameters are reliable for the

description of the reduction from Fe2O3/Al2O3 to Fe3O4/Al2O3 by CO.

6.3. Reaction process description with the kinetics model

According to the 3D Avrami-Erofeev model g(X)= [-ln(1-X)]1/3 and
the 2D diffusion model g(X)= (1-X)∙ln(1-X)+ X, the reduction of
Fe2O3/Al2O3 to Fe3O4/Al2O3 can be described as a 3D nucleation and
nuclei growth process followed by a 2D diffusion control, as shown in
Fig. 9. After the induction period, nuclei of Fe3O4 were formed in a 3D
manner, as seen in Fig. 9(a). Then, the growth of Fe3O4 nuclei and the
formation of new Fe3O4 nuclei occurred simultaneously; see Fig. 9(b).
With the reduction of oxygen carrier, the Fe3O4 nuclei grew larger and
then overlapped to form the nucleation in Fig. 9(c). Afterwards, the
Fe3O4 nucleation ingested the smaller nucleation sites in Fig. 9(d) to
form bigger nucleation. The Fe3O4 sites were eventually constructed
after continuing Fe3O4 nuclei growth and Fe3O4 nucleation formation

Fig. 7. Full scale comparison of linear relation between lg[g(X)] and 1/T at various heating rates β when 1D Avrami-Erofeev model, 3D Avrami-Erofeev model, 2D diffusion model and
contacting sphere model were used for (a–d) 0 < X≤ 0.5 and (e–h) 0.5 < X≤ 1.

Fig. 8. Comparison of model predictions and experimental solids con-
versions for the reduction from Fe2O3/Al2O3 to Fe3O4/Al2O3 by CO at
various heating rates.
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as illustrated in Fig. 9(e). With the increase of Fe3O4 sites in the oxygen
carrier particles, reactant and product gases (CO and CO2) have to pass
through the channels between sites, which changed reaction me-
chanism to 2D diffusion control, that is, the diffusion via the vertical
direction of the reaction surfaces, as illustrated in Fig. 9(f–g). Finally, in
Fig. 9(h) after the full reduction of Fe2O3 to Fe3O4, the Fe3O4 sites
joined together to form the reduced oxygen carrier particles.

7. Conclusion

The previously investigated sol-gel Fe2O3/Al2O3 oxygen carrier was
studied in this work focusing on the development of reaction kinetics
model for the reduction by CO. In order to derive reliable kinetics
model, thermodynamics analysis was first performed to identify the
preferred region for CLC operation. Afterward, temperature pro-
grammed reduction (TPR) tests were carried out in a thermogravimetric
analyzer (TGA) to find the available reaction process for kinetics model
development.

According to the thermodynamics calculation, the available system
to gain high purity of CO2 for CLC corresponds to the conversion of
Fe2O3/Al2O3 to Fe3O4/Al2O3. Further reduction will lead to carbon
formation and lower CO2 capture. However, in experimental case, the
carbon formation was never detected at temperatures lower than
1000 K which might be attributable to the kinetics of Boudouard re-
action. During the TPR tests, the oxygen carrier was reduced to Fe3O4/
Al2O3 at temperatures of 673–773 K and various heating rates in TGA.
Based on a non-isothermal analysis in this temperature interval, a 3D
Avrami-Erofeev model with the model function g(X)= [-ln(1-X)]1/3

and activation energy 270 kJ/mol was confirmed suitable for the de-
scription of the first half of Fe2O3/Al2O3 reduction to Fe3O4/Al2O3, i.e.
0 < X≤ 0.5. The pre-exponential factor using this model was de-
termined as 1.6·1012 s−1. After that, the rest reduction, i.e.
0.5 < X≤ 1, from Fe2O3/Al2O3 to Fe3O4/Al2O3 was dominant by a 2D
diffusion model g(X)= (1-X)∙ln(1-X)+ X. The activation energy and
pre-exponential factor for this stage were 131 kJ/mol and 3.1∙103 s−1,
respectively. According to the developed kinetics model, the reduction
of the oxygen carrier initiated via a 3D nucleation and nuclei growth
process to form the nucleation of Fe3O4, which was followed by the

diffusion of reactant and product gases (CO and CO2) through channels
among Fe3O4 sites. Finally, the reduced oxygen carrier particles were
generated by the combination of the above mentioned active sites.
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