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H I G H L I G H T S

• Chemical looping combustion was applied for the treatment of MSW syngas.

• BaAl2O4 greatly improved the reactivity of iron ore as the oxygen carrier.

• Lattice oxygen activity was enhanced due to the increased oxygen vacancies.

• Interaction between BaAl2O4 and iron ore gave rise to highly porous morphology.
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A B S T R A C T

Chemical looping combustion (CLC), as an advanced combustion technology, has attracted much attention
because of its applicability to a variety of fuels and its ability to achieve inherent carbon capture. However, CLC
of municipal solid waste (MSW) has been seldom reported. In this study, we investigated the CLC of simulated
MSW-derived syngas using iron ore (IO)-based oxygen carriers (OCs). To enhance the redox activity of the IO,
barium aluminate (BaAl2O4) was used for the first time as a promoter of the OC. It was found that the surface
decoration with BaAl2O4 significantly improved the redox performance of IO over the temperature range of
700–900 °C. Almost 100% syngas combustion over 30 redox cycles was achieved by IO modified with 10% of
BaAl2O4 (IO-10BA) at a space velocity of 31700 h−1, whereas only ~70% combustion efficiency was achieved by
pristine IO. Additionally, BaAl2O4 doping improved the oxygen transport capacity of the IO by 36.2%. Based on
complementary characterization analyses, we found that more oxygen vacancies were formed in the modified
OC due to the oxygen non-stoichiometry nature of the BaAl2O4 and its interaction with the iron oxide species.
This interaction facilitated the rapid migration of the lattice oxygen in the bulk phase, thereby enhancing the
reactivity and increasing the oxygen transport capacity of the OCs. The addition of BaAl2O4 also induced a
change to the solid morphology, making the OC become more porous over redox cycles, a phenomenon that was
partly responsible for the high combustion performance of the IO-10BA.

1. Introduction

Chemical looping combustion (CLC) has been investigated ex-
tensively in the last two decades as an energy-efficient carbon capture
technology, which addresses the excessive CO2 emissions to the atmo-
sphere [1,2], especially those generated by the combustion of fossil
fuels [3]. CLC consists of two steps, namely oxygen carriers (OCs)
supported combustion process in the Fuel Reactor (FR) and OCs

regeneration process in the Air Reactor (AR). Direct contact between
the fuel and the air is avoided in FR. As such, it does not require
downstream gas–gas separation of the flue gas for carbon capture which
often incurs intensive energy input. Typically, when metal oxides are
used as the OCs, the lattice oxygen of which facilitates the complete
combustion of fuel in the FR, producing a fairly pure stream with CO2 as
the main component, ready for compression and further utilization.

A variety of fuels such as natural gas [4], syngas [5], coal [6], and

https://doi.org/10.1016/j.apenergy.2020.115236
Received 3 February 2020; Received in revised form 28 April 2020; Accepted 17 May 2020

⁎ Corresponding authors.
E-mail addresses: wanghaiming89@gmail.com (H. Wang), g.lisak@ntu.edu.sg (G. Lisak).

Applied Energy 272 (2020) 115236

Available online 05 June 2020
0306-2619/ © 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T



biomass [7] have been studied in chemical looping processes. However,
the application of CLC to municipal solid waste (MSW) utilization to
achieve waste-to-energy (WtE) conversion, simultaneous carbon cap-
ture, and pollutant reduction has been rarely reported [8]. Recently,
advanced thermochemical MSW conversion processes, such as pyrolysis
and gasification for the generation of syngas, have attracted widespread
attention. Compared with conventional incineration, pyrolysis and ga-
sification show great potentials in inhibiting the formation of dioxins
and furans [9,10]. More importantly, the generated syngas can be uti-
lized in advanced combustion systems to achieve higher energy effi-
ciency with lower carbon footprint per unit electricity generated.
Nevertheless, the high concentrations of impurities in the MSW syngas,
such as HCl, H2S, and alkali chlorides still limit the efficient utilization
of the generated MSW syngas [11,12], owing to the need for syngas
purification by low temperature gas scrubbing systems [13,14].

Because of its ability to combust the fuel in the absence of air, CLC
presents an attractive solution to address the challenges arising from
the impurities in the raw MSW syngas. CLC is usually operated in the
temperature range of 800–1200 °C, which is similar to the operation
temperature range of MSW gasifiers [9]. Therefore, the generated raw
MSW syngas can be directly introduced to the FR for combustion with
minimal energy penalty. Simultaneously, the hot air generated by the
exothermic AR is free of contaminants, and thus is suitable for effective
heat exchange to raise the pressure of generated steam for efficient
power generation. As a result, CLC can achieve simultaneous flue gas
combustion for power generation and carbon capture. The potential
adverse effect of the syngas impurities on the performance of OCs can
be avoided through the screening of suitable OCs, which is the key to
efficient CLC performance [15]. The potential redox active OCs include
the oxides of Ni, Mn, Cu, Co– and Fe, etc. [2]. Amongst the oxides, NiO
has been proven to have high reactivity, especially for methane com-
bustion. However, Ni is more expensive than other metal oxides and is
both toxic and carcinogenic [1]. Mn- and Cu-based OCs have higher
oxygen transport capacity than Fe-based OCs, but they are susceptible
to H2S attack, forming metal sulfides [16], which may cause the de-
activation of the OCs during the long term cyclic operation. Another
concern with Cu-based OCs is their tendency for melting due to the low
melting point of Cu [17]. There are few reports on the development of
Co-based OCs [1], partially because of their serious environmental is-
sues, as well as low equilibrium conversion of H2 (~95–97%) and CO
(~87–97%) by the CoO/Co redox couple over the temperature range of
800–1200 °C (Figure S1 in supporting information).

Among suitable OCs, Fe-based materials are considered as a pro-
mising candidate for large-scale implementation, because of their
abundant natural source, low cost, thermal stability, and environmental
friendliness. More importantly, the reaction between the iron oxides
and impurity HCl is thermodynamically unfavorable, as shown in
Figure S2. In addition, it was found that the presence of H2S did not
have any adverse effects [18] and may even improve [19,20] the sta-
bility and capability of the iron oxides over redox cycles.

The use of unmodified natural iron ores for CLC has been in-
vestigated in both batch [21–23] and continuous fluidized bed reactors
[24,25]. In general, the reactivity of the IO is relatively low compared
to synthetic materials because of their low surface area and porosity
[26,27]. To improve the reactivity and the regenerability of the IO
particles, a number of dopants, e.g. Mn2O3 [26], NiO [28], and CuO
[29,30] were used as promoters. However, these dopants are more
sensitive to the presence of impurities than iron oxides, thus limiting
their application in combusting MSW syngas. Alkali or alkaline earth
metals including K [31] and Ca [32], which are not redox active
themselves, were also used as promoters to decorate iron ores. In fact,
these alkaline materials are often used as adsorbents for acid gases
[33,34], thus the in situ purification of flue gas can be realized during
the CLC process.

In the present study, IO is chosen as the basis for developing OCs for
the CLC of syngas derived from MSW. To improve the redox

performance of natural IO for CLC of the syngas, barium aluminate
(BaAl2O4) was investigated as a dopant to promote the activity of the
OC. BaAl2O4, which belongs to the family of stuffed tridymites, was
reported to have a high melting point (1815 °C) [35,36] that may
benefit the cyclic stability of the OCs. Additionally, the structure of
BaAl2O4 can accommodate high concentration of oxygen defects [37],
which could potentially benefit redox kinetics by enhancing oxygen ion
diffusivity [38]. These properties make BaAl2O4 an attractive material
for chemical looping processes. To our best knowledge, this is the first
report of using BaAl2O4 as a dopant to the material formulation for the
development of highly efficient OCs.

2. Experimental

2.1. Preparation of oxygen carriers

Commercially available IO from China (imported by SG Labware,
Singapore) was used as the base material for the preparation of the OC.
Barium aluminate with a purity higher than 99% was purchased from
Alfa Aesar (US) and used without any further purification. The BaAl2O4

was loaded on the surface of the IO by wet-mixing. In a typical pre-
paration, 10 to 40 g (depending on the desired mass ratio of BaAl2O4 to
IO) of BaAl2O4 was added into 100 mL deionized (DI) water under
stirring (500 rpm). Then, 200 g of IO, crushed and sieved to the size
range of 150–250 µm, was added to the BaAl2O4 suspension. The re-
sulting mixture was heated at 70 °C until most of the water evaporated.
The slurry was transferred to a crucible and dried at 105 °C overnight,
followed by calcination at 950 °C for 5 hr in air. The obtained fresh OC
composites were sieved again to the size range of 150–250 µm. The OCs
with BaAl2O4 to IO mass ratios of 0:100, 5:100, 10:100, and 20:100
were prepared and labelled as IO, IO-5BA, IO-10BA, and IO-20BA, re-
spectively. Table 1 lists the composition of the IO before and after
BaAl2O4 loading, as measured by X-ray fluorescence (XRF). The XRF
analysis shows that the unmodified IO contains more than 85% of
Fe2O3.

2.2. Characterization of oxygen carriers

The OCs before and after redox cycles were characterized by com-
plementary techniques to explore possible underlying mechanisms that
resulted in the change in the performance of oxygen carrier after
BaAl2O4 doping. The composition of the OCs was analyzed by XRF
(PANalytical, Netherlands). X-ray powder diffraction (XRD) was used to
determine the crystal phase change of the OCs. The XRD analyses were
conducted using a XRD-6000 diffractometer (Shimadzu) with Cu-Kα
radiation in continuous scan mode with a step size of 0.02° in the 2θ
range of 15° to 90°. X-ray photoelectron spectroscopy (XPS) was carried
out on an AXIS Supra (Kratos), with monochromatic radiation from Al/
Ag Kα source, to identify the surface composition and the oxidation
state of the various metal elements. The binding energy of C1s, which is
fixed at 284.8 eV, was taken as an internal calibration standard for all

Table 1
Main composition of IO before and after loading with BaAl2O4 given by XRF.

Oxides IO (wt%) IO-5BA (wt%) IO-10BA (wt%) IO-20BA (wt%)

Fe2O3 85.45 72.83 69.67 68.04
SiO2 6.52 5.93 5.89 3.76
TiO2 3.54 3.35 3.36 2.92
MgO 0.61 0.46 0.42 0.32
CaO 0.94 0.93 0.91 0.70
Al2O3 1.71 10.18 11.96 12.84
BaO – 4.96 6.49 10.34
Others 1.23 1.36 1.30 1.08
BaAl2O4* – 8.36 10.81 17.22

* Calculated based on the content of BaO.
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tests. The morphology and surface elemental mapping of the OCs were
characterized by field emission scanning electron microscope with en-
ergy dispersive spectroscopy (FESEM-EDS, JSM-7200F, JEOL). To
identify the particle bulk morphology, cross sections of the OCs before
and after redox reactions were examined by FESEM. Briefly, the OC
particles were embedded in epoxy resin at room temperature.
Sandpaper (P1200, 3 M) was then used for the initial polishing of the
epoxy resin bed. A cross section polisher (SM-9020CP, JEOL) was fi-
nally applied to further fine-polish the particles cross section using an
argon ion beam. The Brunauer–Emmett–Teller (BET) surface area and
total pore volume of the OCs were analyzed based on the nitrogen
adsorption–desorption isotherms measured at 77 K on a Quadrasorb SI
(Quantachrome Instrument).

2.3. H2-TPR and TGA operation

Hydrogen temperature programmed reduction (H2-TPR) was per-
formed on Autochem 2910 (Micromeritics, US) to evaluate the activ-
ities of the lattice oxygen in the fresh and the used OCs. In a typical H2-
TPR, the OC powder (about 35 mg) was first degassed at 150 °C in N2

for 1 h, followed by naturally cooling to room temperature. After the
degassing, the OC particles were heated to 950 °C at a rate of 10 °C/min
in 50 mL/min of 5 vol% H2/N2. The H2 composition in the outlet was
quantified by a thermal conductivity detector.

The oxygen transport capacities of the fresh and used OCs were
quantified by isothermal reduction–oxidation experiments carried out
in TGA (STA 449 F3 Jupiter, NETZSCH) at 900 °C. During the redox
cycle, the mass change of the OCs was measured with a precision of
0.1 µg. In each test, 17 vol% CO/N2 was used as the fuel to reduce the
OC for 60 min. After purging with N2 for 10 min, the reduced sample
was oxidized in air for 20 min. The gas flow rate was controlled at
340 mL/min by mass flow controllers. The amount of sample used in
each test was approximately 20 mg. The mass loss, X (wt%), of the OCs
during the redox reaction in TGA can be calculated as:

=
−

×X m m
m

100%t0

0 (1)

where m0 and mt are the masses (mg) of the OCs at their fully oxidized
state and at time t during the isothermal redox stage, respectively.

The mass loss rate, x (%/min), was calculated as:

=x dX
dt (2)

The oxygen transport capacity, R (wt%), was calculated based on
the mass loss at the end of the 60 min reduction (in 17 vol% CO/N2) in
the TGA:

=
−

×R m m
m

100%o r

o (3)

where mr is the mass (mg) of the OCs by the end of the isothermal
reduction stage.

2.4. Redox performance tests

The redox performance of the OCs was tested in a batch fluidized
bed (bFB) reactor as shown in Fig. 1. The reactor was a quartz tube with
an inner diameter of 15 mm. It was heated by an electrical furnace to
the desired temperature (700–900 °C). In the middle of the quartz tube,
a fritted silica disc was used as a sample holder as well as a gas dis-
tributor. Two type K thermocouples, 10 mm above and below the fritted
quartz disc, respectively, were used to monitor the temperature inside
the reactor. A simulated MSW syngas consisting of ~ 10 vol% CO,
~10 vol% H2, ~5 vol% CO2, and 25 vol% H2O, with N2 balance, was
used as the reduction gas. This composition was based on a previous
study [14]. Steam was generated by injecting water into the reactor
feed using a syringe pump with an infusion rate of 0.1 mL/min. To

avoid water condensation, all the pipelines were heated to 150 °C. 8 vol
% O2 in N2 was used as the oxidizing gas. In each redox cycle, the
syngas was introduced into the reactor for 5 min. After purging with N2

for 3 min, the OC was regenerated in the oxidizing gas for 10 min. At all
stages of a redox experiment, the total inlet gas flowrate was main-
tained at 500 sccm (standard cubic centimeters per minute), which
corresponds to 3.8 times the minimum fluidization velocity at 900 °C.
For consistency, the amount of IO used in each test was the same, i.e.
10 g, and without any diluting sand. The OC bed height was 23–27 mm
when unfluidized. The superficial gas residence time was about 0.12 s.
For each test, 20 to 50 redox cycles were performed. The syngas before
and after the reaction was collected in gas bags for off-line analysis by a
gas chromatograph equipped with thermal conductivity and flame io-
nization detectors (GC-TCD-FID, 7390B, Agilent). The concentration of
steam was calculated based on a hydrogen balance. For the 1st, 10th,
and 20th reduction cycle, the flue gas was sampled every minute. For
other cycles, the average of the flue gas composition over every 5 min
interval was sampled and analyzed. Each test was duplicated to validate
the repeatability of the results.

Based on the analyzed gas compositions, the combustion efficiencies
of CO and H2, respectively, were calculated based on a nitrogen bal-
ance:

= − ×η
y

y
y
y

1H
H

H in

N in

N,

,
2

2

2

2

2 (4)

= − ×η
y

y
y
y

1CO
CO

CO in
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N,

,2

2 (5)

where ηi is the combustion efficiency for species i; yi is the molar
fraction of species i as measured by GC-TCD-FID; the subscript in in-
dicates the inlet molar concentration.

The actual amount of lattice oxygen transported per unit mass of
OCs in each cycle was defined as:

=

∫ + ×( )η Y η Y dt

m
Ω

16H H in CO in
0

5 min

, CO,2 2

(6)

where Ω is the transported lattice oxygen ratio of the OCs; YH2,in and
YCO,in are the input mole flow rates of H2 and CO, respectively, in [mol/
min]; m is the mass of the OC used in the fluidized bed at its fully
oxidized state, in [g].

3. Results and discussion

3.1. Redox tests in a batch fluidized bed

3.1.1. Redox performance of the OCs
The typical profiles of the combustion efficiencies, viz. ηH2and ηCO,

during reduction, and gaseous oxygen concentration in the outlet
during oxidation are shown in Fig. 2. The combustion efficiency of

Fig. 1. Schematic diagram of bFB experimental setup.
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unmodified IO was generally lower compared to that of IO-10BA,
especially in the case of ηCO, which decreased from ~ 0.7 to 0.5 within
the first 5 min of reduction, as shown in Fig. 2 (a). With 10% BaAl2O4

doping, the combustion efficiencies of both CO and H2 remained >
0.95 during the first 3 min. As the Fe2O3 was gradually converted to
Fe3O4, the combustion efficiency decreased as a result of the reduced
lattice oxygen activity in Fe3O4–FeO/Fe compared to that in Fe2O3–
Fe3O4. In general, the reactivity of the OC with H2 was higher than that
with CO, which is in agreement with a previous study [39]. On the
other hand, ηH2 dropped off much faster between 2.5 and 5 min than
ηCO. This can be explained by the water–gas shift (WGS) reaction, which
is catalyzed by Fe3O4 [40], consuming CO whilst generating additional
H2 (see R1).

H2O(g) + CO(g) = H2(g) + CO2(g) (R1)

The effect of WGS was more clearly shown by the ηCO and
ηH2profiles in Figure S3. For IO, ηH2decreased from 94% to 24% over the
5 min reduction at 900 °C (Figure S3 (a)). At 800 °C, some H2 was
generated during the last minute of the reduction, resulting in
negativeηH2, as shown in Figure S3 (b). At 700 °C, about 50% more H2

was generated by WGS (Figure S3 (c)), whilst the onset of negative ηH2
was much earlier in each cycle than the case at 800 °C. The rapid drop
in ηH2with time was accompanied by the steady consumption of CO due

to the WGS. In fact, by comparing the measured composition at the
reactor outlet with the equilibrium composition (shown in Figure S3
(d)) calculated based on Eq (7):

=K H
H O

[CO ][ ]
[CO][ ]

2 2

2 (7)

it can be seen that chemical equilibria have been reached towards the
end of the reduction stage at both 800 and 700 °C. In the presence of
BaAl2O4, the onset of significant WGS was postponed, as shown in
Figure S3 (b) and (c), causing ηH2 to be much higher.

Fig. 2 (b) shows the variation in the mole fraction of oxygen during
the oxidation process of the 10th cycle. The rate of oxidation was faster
than that of reduction for both IO and IO-10BA, showing complete
oxygen uptake by the reduced OCs during the first several minutes (as
will also be evidenced by the TGA test in the following section). From
Fig. 2 (b), it can be seen that the oxygen breakthrough for IO-10BA was
delayed compared to IO, suggesting higher lattice oxygen activity in the
BaAl2O4 modified sample. Following breakthrough, the oxygen con-
centration quickly recovered to the inlet concentration level. Therefore,
the 10 min duration is sufficient for completely regenerating the lattice
oxygen in the OCs. In the following sections, the discussion will be
primarily focused on the reduction of the OCs.

Fig. 2. Variation of (a) combustion efficiency, and (b) oxygen content against reaction time in 10th redox cycle at the reaction temperature of 900 °C.

Fig. 3. Combustion efficiency for (a) H2 and (b) CO with IO modified by different contents of barium aluminate at the temperature of 900 °C.
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3.1.2. Effect of BaAl2O4 loading
The combustion efficiencies of the simulated syngas with IO

modified by 5%, 10%, and 20% of BaAl2O4 are shown in Fig. 3. For
unmodified IO, the average ηH2 over 20 cycles was 0.73. No obvious
improvement was observed after loading with 5% BaAl2O4. With 20%
of BaAl2O4, the ηH2 even dropped to 0.68, possibly owing to the

Fig. 4. Oxygen transport ability, Ω, of different OCs within 20 cycles at the
temperature of 900 °C.
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Fig. 5. Combustion efficiency for H2 and CO with IO modified by 10% of BaAl2O4 at different temperatures. (a) 700 °C; (b) 800 °C; (c) 900 °C; (d) combustion
efficiency of the 20th cycle at different temperatures. The error bars represent the standard error.
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coverage of the active Fe2O3 by BaAl2O4, hindering the contact between
H2 and IO. IO-10BA showed a distinct improvement compared to other
OCs, with ηH2reaching up to 0.94 after 10 cycles. The addition of
BaAl2O4 rendered even more improvement to ηCO. For the first several
cycles, ηCO increased from ~0.62 for IO to ~0.85 for the IO-10BA, the
performance of which continued to improve after 5 cycles, with ηCO
exceeding 0.95 after 12 cycles. For all OCs, ηCOincreased slightly with
the cycle number, suggesting some kind of activation process during the
redox experiments [41]. Furthermore, the addition of 10% BaAl2O4 not
only improved the combustion efficiency remarkably, but also ac-
celerated the activation process.

The actual amount of lattice oxygen transported per unit mass of OC
in each cycle, Ω, is shown in Fig. 4. For IO (containing 85.45% Fe2O3),
the theoretical lattice oxygen transport capacities for the Fe2O3/Fe3O4

and Fe2O3/FeO redox couples are 2.9% and 8.5%, respectively. Ther-
modynamically, only the Fe2O3/Fe3O4 redox couple could facilitate
complete combustion. Indeed, for unmodified IO, the lattice oxygen

transported per cycle was consistently below 2.4%, i.e. about 83% of
the available lattice oxygen (for the Fe2O3/Fe3O4 conversion) was
consumed during the 5-min syngas combustion in each cycle. Similar to
the combustion efficiencies, the amount of lattice oxygen consumed
also increased slightly with redox cycles. The doping of BaAl2O4 sig-
nificantly enhanced the Ω, especially in the cases of IO-5BA and IO-
10BA. For IO-10BA, Ω over 20 cycles was between 3.1% and 3.5%,
consistently higher than the maximum capacity of the Fe2O3/Fe3O4

redox couple, but lower than 8.5% for Fe2O3/FeO. The above results
suggest that the addition of BaAl2O4 not only accelerates the redox
reactions, but also promotes the reducibility of Fe2O3.

3.1.3. Stability of the modified iron ore at different temperatures
Fig. 5 shows the combustion efficiencies of CO and H2 by IO and IO-

10BA at different temperatures. It can be seen that the addition of
BaAl2O4 significantly improved both ηCO and ηH2at all temperatures
tested. At 900 °C (Fig. 5(a)), the addition of BaAl2O4 increased the
average ηCO and ηH2 by 28.3% and 14.4%, respectively. Furthermore,
the reactivity of IO-10BA increased gradually over the redox cycles,
suggesting an apparent activation process, which is also observed in
Figs. 3 and 4. At the lower temperatures of 800 and 700 °C, ηH2 values
are accordingly lower. At 700 °C (Fig. 5(c)), the average H2 combustion
efficiency in IO was only ~30%, which is much lower than the ~70%
measured at 900 °C. In IO-10BA, the H2 combustion efficiency varied
between 40% and 60% at 700 °C, also much lower than the ~90% as
observed at 900 °C. The trend of variation of ηCO with temperature was
different from that of ηH2. Fig. 5(d) summarizes the combustion effi-
ciencies at the 20th cycle measured at different temperatures. ηCO ap-
peared less temperature-dependent than ηH2. In general, ηCOremained at
relatively high levels for different operation temperatures. For IO-10BA,
ηCO decreased slightly from 94% (900 °C) to 83% (700 °C), whilst for IO,
ηCO was even slightly higher at lower reaction temperatures. The var-
iation of the apparent combustion efficiencies with temperature can be
explained by the fact that WGS is favored at low temperatures. As
mentioned above, CO can be consumed by WGS at low temperatures
resulting in the ηCO to remain high.

The stability of IO and IO-10BA was further evaluated by con-
ducting 50 redox cycles at 900 °C. The results of the 50 cycles are
presented in Fig. 6. For IO, ηH2and ηCO increased gradually from 70%
and 68% at the 1st cycle to 85% and 74% at the 50th cycle, respec-
tively. IO-10BA showed better long term performance, achieving almost
complete combustion of both H2 and CO from the 30th cycle onwards.

The average amounts of lattice oxygen transported by all the OCs,
measured at different temperatures, are shown in Fig. 7. The theoretical
oxygen transport capacity for unmodified IO is also indicated for
comparison. Under all testing conditions, the OCs modified with
BaAl2O4 exhibited greater oxygen transport ability than the unmodified
IO. 10% BaAl2O4 loading showed the best performance (i.e. higher
reactivity and stability) at 800 and 900 °C. The enhanced oxygen
transport capacity will be further discussed in the sections below.

3.2. Characterization of OCs and the enhancement mechanism

3.2.1. Morphology change of the OCs before and after redox cycles
Interestingly, it was found that the total volume of the OCs in-

creased significantly after 50 cycles, as shown in Fig. 8, with the bed
height for IO and IO-10BA expanding by 1.9 and 2.5 times, respectively.

Fig. 7. Average oxygen transport ability, Ω, of 20 redox cycles for different OCs
at different temperatures. (For IO-900 and IO-10BA-900, the average was taken
for 50 cycles).

Fig. 8. Volume variation of the OCs after 50 cycles of redox reaction.

Table 2
Bed height, surface area and pore volume of the OCs before and after redox cycles.

Samples Before reaction After 50 cycles

Bed height (mm) BET surface area (m2/g) Total pore volume (cm3/kg) Bed height (mm) BET surface area (m2/g) Total pore volume (cm3/kg)

IO 23 0.21 0.56 43 0.25 0.68
IO-10BA 26 0.40 0.76 64 0.94 1.30
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The OC particles became more porous after the redox cycles, especially
in the case of IO-10BA. The surface area and pore volume for the IO and
IO-10BA before and after 50 cycles are listed in Table 2. For the fresh
OCs, the BET specific surface area and total pore volume of the OCs
increased slightly after loading with 10 wt% of BaAl2O4. After 50 cy-
cles, the surface area of the spent IO-10BA increased to 0.94 m2/g,
about 3.7 times that of the spent IO. The addition of BaAl2O4 also in-
creased the pore volume of the spent OC from 0.68 to 1.30 cm3/kg.

This pore generation phenomenon was further examined by FESEM.
The surface morphology changes of the IO and IO-10BA before and
after 50 redox cycles are shown in Fig. 9. It can be seen that the fresh IO
particles were non-porous materials with a dense surface structure. The
morphology of the fresh IO featured the structure of small cells (Fig. 9
A-2). The non-porous structure caused the small surface area of the
materials as shown in Table 2. After modification, it was found that
BaAl2O4 with the size of 1–2 µm was uniformly distributed on the
surface of the IO (B-1 and B-2). To distinguish the loaded BaAl2O4 from
the IO, a selected surface of the IO-10BA was scanned by EDS, with the
resulting element mapping shown in Figure S4. It may be the case that
the doping of small grains of BaAl2O4 caused the increases in the sur-
face area and the pore volume observed in Table 2.

Different from the smooth and dense surface of the fresh IO,

macropores emerged on the surface after 50 redox cycles (A-3). The
generation of the additional macroporosity, which facilitated better
access for syngas to react with the interior of the OC particles, may be a
factor enabling the activation of the IO over redox cycles. Apart from
the macropores, the surface texture of the cycled IO (A-4) also became
slightly more porous than that of the fresh sample (A-2). The cross
section of a cycled IO particle, shown in A-5, depicts the formation of
large cavities inside the particle, encapsulated by a dense shell that was
decorated with macropores.

With the loading of 10% BaAl2O4, the morphology of IO-10BA
changed significantly after 50 cycles. Uniformly distributed macropores
with size of several microns were formed on the surface of IO-10BA as
shown in Fig. 9 B-3 and B-4. The surface became highly porous after 50
cycles (B-4), contrasting the dense surface for spent IO particles (A-4).
The cross-sectional morphology of the IO-10BA is depicted in B-5,
which shows cavities with a variety of sizes inside the OC particle.
Different from the cross section of IO, in which large lumps were ob-
served inside the bulk (A-5), clusters of small grains dominate the in-
terior of the IO-10BA particle. The EDS element mappings shown in B-
5.1 to B-5.4 indicate the migration of BaAl2O4 from the surface of the
iron ore particles into their interior. This migration could probably
facilitate and accelerate the formation of pores inside the OC particles.

Fig. 9. FESEM-EDS images of OCs before and after 50 redox cycles. A1-A2: fresh IO; A3-A6: IO after 50 cycles; A5.1-A5.2: elements mappings for A5; B1-B2: fresh IO-
10BA; B3-B6: IO-10BA after 50 cycles; B5.1-B5.4: elements mappings for B5. The cross section morphology of the IO is shown in A-5 and A-6; the cross section
morphology of the IO-10BA is shown in B-5 and B-6.
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This is discussed in detail in the Discussion section below. The results of
FESEM analysis are consistent with the larger surface area and pore
volume of the cycled IO-10BA. The highly porous surface and inner
structure of the cycled IO-10BA greatly benefit intra-particle mass
transfer, providing better contact of the gaseous reactants with OCs.

3.2.2. Lattice oxygen transport capacity and its activity for IO-10BA
The redox performance of the fresh and used OCs was further tested

in TGA to demonstrate the effect of BaAl2O4 on the reactivity of the
lattice oxygen in the IO. Fig. 10 shows the fractional mass loss and the
rate of mass change of the OCs during the isothermal redox cycle at
900 °C. It can be seen that the addition of BaAl2O4 had significantly
improved the oxygen transport capacity during the 60 min reduction in
17 vol% CO/N2 (shown in Fig. 10 (a)), whilst the rate of reaction was
enhanced 2 to 3 times, especially for the reduction from Fe3O4 to Fe
(shown in Fig. 10 (b)).

The reduction of Fe2O3 in IO and IO-10BA can be divided into three
stages, viz. Fe2O3 to Fe3O4, Fe3O4 to FeO, and FeO to Fe. Nevertheless,
these three stages, especially the last two, usually overlap one another,
as shown in Fig. 10 (b) and (d). Based on the elemental analysis of IO
(shown in Table 1), the fractional mass loss curve can be mapped
against the theoretical phase transitions, as shown in Fig. 10 (a). As
BaAl2O4 was not redox active, it is anticipated that the theoretical mass
loss of IO-10BA would be less than in case of IO, due to the dilution
effect. In 17 vol% CO/N2, all OCs except fresh IO could be completely
reduced past Fe3O4 in ~ 150 s. For fresh IO, the reduction mainly

achieved the conversion from Fe2O3 to FeO in 60 min. The observed
rate of reduction of IO was the lowest, mainly because of the low
porosity and reactivity of the IO. As the number of redox cycles in-
creased in bFB, the IO particles appear to be gradually activated be-
cause of the generation of additional porosity and surface area, as
clearly shown in Table 2 and Fig. 9. Thus, the IO particles taken from
the bFB after 20 and 50 cycles achieved faster rates and subsequently
reduction beyond FeO, i.e. final mass losses were 13.4% and 18.8% for
IO after 20 cycles and 50 cycles, respectively, compared to the 7.8% for
the fresh IO. With BaAl2O4, the reduction of fresh IO-10BA from Fe2O3

to Fe3O4 was almost twice as fast as that of fresh IO. The rate of the
subsequent reduction stages (Fe3O4–FeO–Fe) was also boosted sig-
nificantly. This observation is in agreement with the enhanced perfor-
mance seen in Fig. 7. For IO-10BA, there was not much difference in
performance between after 20 cycles and after 50 cycles, i.e. the re-
activity of IO-10BA has stabilized after 20 redox cycles; this is also
consistent with the bFB results shown in Fig. 6. The oxygen transport
capacity reached 23.9 wt% for IO-10BA after 50 cycles, which is close
to the theoretical oxygen transport capacity for IO (Fe2O3–Fe, 25.6 wt
%). Furthermore, the oxidation rate of the reduced OCs was also im-
proved with the addition of the BaAl2O4 as can be seen in Fig. 10 (b).

To further elucidate the role of BaAl2O4 in the redox reactions, pure
BaAl2O4 was tested in TGA under the same operation condition. The
normalized mass loss curve is shown in Fig. 10 (c). Upon introducing
17 vol% CO/N2, a mass loss of ~ 0.25 wt% was observed following a
small mass gain. This suggests that a small fraction of the lattice oxygen

Fig. 10. TGA and H2-TPR data. (a): mass losses, X, and (b): mass loss rates, x, for IO and IO-10BA before and after redox reactions; (c): mass loss ratio of fresh
BaAl2O4 powder; (d) H2-TPR patterns.
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in BaAl2O4 can participate in the redox reaction using CO as a fuel.
Although this mass change seems negligible compared to that of IO-
10BA (shown in Fig. 10 (a)), the formation of these oxygen vacancies in
BaAl2O4 under the reducing environment might facilitate the enhanced
mobility of the bulk lattice oxygen in the OCs, thus improving the redox
reactivity. During the oxidation stage, BaAl2O4 rapidly gained an ad-
ditional mass of 0.5 wt%, which also evidenced that the BaAl2O4 can
accommodate substantial oxygen non-stoichiometry during the redox
cycles [35].

H2-TPR was conducted to further examine the nature of the lattice
oxygen in the OCs. Fig. 10 (d) shows the TPR profiles for IO and IO-
10BA before and after redox cycles. Under identical experimental
conditions, the addition of BaAl2O4 resulted in the shift of reduction
peaks to lower temperatures, manifesting the improved reducibility and
lattice oxygen activity. The intensity of the TCD signals for IO-10BA
was also enhanced, meaning higher H2 consumption and oxygen car-
rying ability than the pristine IO.

For fresh IO, two reduction peaks ranging from 600 to 950 °C are
presented. The first peak around 800 °C, can be assigned to the trans-
formation of Fe2O3 to Fe3O4. The second peak around 927 °C can be
ascribed to the partial reduction of Fe3O4 to FeO. This is in line with the
observation in TGA, where the successive reduction steps overlap with
each other (Fig. 10 (b)) while only partial reduction of Fe3O4 to FeO
was achieved at 900 °C. The weak peak at low temperature (308 °C)
could be caused by surface adsorbed oxygen. After redox cycles in bFB,
the TPR peaks of IO shifted to lower temperatures, revealing the in-
creased reducibility, which is in agreement with the TGA results.

For the fresh IO-10BA, the peaks corresponding to the transforma-
tion of Fe2O3–Fe3O4 and Fe3O4–FeO shifted to lower temperatures of
784 and 910 °C, respectively, comparing to fresh IO. In addition, two
new peaks appeared around 171 and 274 °C, which may be attributed
to the release of lattice oxygen of BaAl2O4, as shown in the TGA results
(Fig. 10 (c)). After the redox cycles, the disappearance of the low
temperature peaks suggested the loss of BaAl2O4 from the OC surface.

After 20 cycles, the Fe2O3–Fe3O4 peak of IO-10BA shifted to around
581 °C, which is much lower than that of IO. It was also observed that
the Fe3O4 was further reduced to FeO with a major peak at 810 °C. Due
to the short reaction time in TPR, the complete reduction peak of
FeO–Fe after 850 °C was not observed, which was also reported pre-
viously when IO was used as OCs [28]. It is worth noting that IO-10BA
after 20 cycles showed an apparent H2 consumption peak at 337 °C,
which is possibly ascribed to the formation of perovskite type iron
ferrite species, e.g. BaFeO3, as a result of the chemical interaction be-
tween BaAl2O4 and Fe2O3. This assertion is supported by a previous
study, which reported a broad H2 consumption peak between 280 and
480 °C during the H2-TPR of BaFeO3 [42], producing Ba2Fe2O5 and H2O
[43,44]. The IO-10BA after 20 and 50 cycles showed similar TPR pro-
files except for a slightly shift of the reduction peak to lower tem-
peratures from 20 cycles to 50 cycles. This is in agreement with the TGA
result suggesting that the performance of IO-10BA tended to be stable
after 20 cycles.

3.2.3. Phase change of the OCs
The XRD patterns of the IO and IO-10BA before and after 20 redox

cycles are shown in Fig. 11. For the fresh IO, the major phase was Fe2O3

(hematite, JCPDS 87-1166). The unidentified peaks with 2θ in the
range of 25 to 30° may come from impurities containing oxides of Si, Ti,
and/or Al as suggested by the results of the XRF (Table 1) analysis. In
IO-10BA, the diffraction peaks of BaAl2O4 (JCPDS 72-0387) can be
clearly seen suggesting the loading of BaAl2O4 on the IO surface. For
both IO and IO-10BA, the conversion of Fe2O3 to Fe3O4 (JCPDS 88-
0866) can be seen after reduction. After oxidation, the reduced samples
were oxidized to their initial state with Fe2O3 as the major phase. No
obvious diffraction peaks of FeO were identified in the XRD patterns for
the reduced IO, implying that the reduction of Fe2O3 mostly terminated
at Fe3O4. By contrast, FeO diffraction peaks were observed for the re-
duced IO-10BA sample. Thus some of the Fe3O4 could be further re-
duced to FeO with the loading of BaAl2O4 during the reaction, causing
the enhanced oxygen transport capacity as observed in Fig. 4 and Fig. 7.
The significantly reduced intensity of the BaAl2O4 diffraction peaks
after 20 cycles suggests the possible chemical interaction between
BaAl2O4 and Fe2O3. This interaction may involve simple ionic ex-
changes, such as the one reported by Huang et al [45]. However, no
new crystal phase was observed in the cycled OC, meaning that either
the amount of new phase formed was insignificant or the new phase
had low crystallinity. Nevertheless, given that the formation of barium
ferrites is thermodynamically feasible [46,47], the possible interaction
between iron oxides and BaAl2O4 merits further and more systematic
investigations.

Fig. 12 shows the XPS spectra of Fe2p and O1s for the IO and IO-
10BA before and after 20 redox cycles. The high resolution Fe 2p3/2
spectra were fitted using peaks corresponding to the Gupta and Sen
(GS) multiplets [48] as shown in Fig. 12 (a). These peaks have full
widths at half-maximum (FWHM) ranging from 1.0 to 1.6 eV and with a
binding energy interval of ~ 1 eV. In addition to the multiplet structure,
a surface peak and a satellite peak due to the shake-up or charge
transfer process were also used for fitting [48]. The multiplet para-
meters are summarized in Table 3. For the fresh IO and IO-10BA shown
in Fig. 12 (a), only the Fe3+quadruplet was observed, which is con-
sistent with the observation in the XRD patterns. After reduction pro-
cess, the Fe2+ 2p3/2 triplet was also observed for both IO and IO-10BA.
In the reduced IO, the ratio of Fe2+/ Fe3+, calculated from the area
under the corresponding multiplets, was 0.46 (shown in Table 3), which
is slightly less than the theoretical ratio for Fe3O4 (0.5), implying the
incomplete reduction of Fe2O3 to Fe3O4 after 5 min time-on-stream; this
result is in line with the low oxygen transport ability of unmodified IO,
as shown in Fig. 4 and Fig. 7. In the reduced IO-10BA, a ratio Fe2+/
Fe3+ of 0.60 was obtained (shown in Table 3), indicating that the
presence of BaAl2O4 promotes the reduction of Fe3+ to Fe2+ beyond
the Fe2O3/Fe3O4 redox couple. This is also in accordance with the

Fig. 11. XRD patterns of the OCs before and after redox reactions.
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observation of FeO diffraction peaks of reduced IO-10BA shown in
Fig. 11 (e).

The high resolution O 1s spectra are shown in Fig. 12 (b). The
spectra can be deconvoluted to three different peaks corresponding to

lattice oxygen (Olat), physically adsorbed oxygen (Oads), and hydroxyl
oxygen (Ohyd) with binding energies of 529.8, 531.2, and 532.5 eV,
respectively [49,50]. It is generally accepted that the surface adsorbed
oxygen, Oads, is mainly associated with the oxygen vacancies formed on

Fig. 12. XPS spectra of IO and IO-BA before and after 20 cycles (a) Fe2p, (b) O1s.
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the surface [50]. The ratio of Oads/Olat can reflect the surface oxygen
vacancies for the catalysts. The relative abundance of the three oxygen
species on the surface of OCs before and after the redox cycles are listed
in Table 4. When freshly calcined, the Oads/Olat of IO-10BA (1.71) was
much larger than that of IO (0.55). This indicates the introduction of
BaAl2O4 may possibly increase the oxygen vacancies on the IO surface
and then improve its activity. On the other hand, the surface exposure
of lattice oxygen from the IO would be reduced due to the surface
coverage of the BaAl2O4, which can also increase the Oads/Olat ratio.
After 20 cycles, Oads/Olat for IO-10BA drastically decreased from 1.71 to
0.45, which can be ascribed to the loss of surface BaAl2O4 due to
chemical interaction with the IO or surface abrasion during fluidization.
Nevertheless, the Oads/Olat of IO-10BA remained high compared to that
of IO after the 20th oxidation (0.39). After the 20th reduction, Oads/Olat

increased to 0.69 and 0.88 for IO and IO-10BA, respectively, suggesting
the formation of more surface oxygen vacancies as lattice oxygen was
consumed. Because of its stronger oxygen transport ability, the reduced
IO-10BA exhibited higher Oads/Olat ratio than the reduced IO.

3.3. Discussion

The addition of BaAl2O4 significantly improved the redox activity
and the durability of the IO-based OC, as indicated by the fluidized bed
results (Fig. 3 to Fig. 6). The TGA results ubiquitously demonstrated the
enhanced oxygen transport capacity of the BaAl2O4 modified IO
(Fig. 10). The lattice oxygen activity was boosted resulting in the en-
hanced reducibility of the OC as suggested by H2-TPR shown in Fig. 10
(d). BET and FESEM analyses revealed that the loading of BaAl2O4

substantially changed the morphological behavior of the OCs. BaAl2O4

appears to facilitate the accelerated migration of materials within the
OC particles, which makes the OC particles much more porous, thus
enhancing the intra-particle mass transfer during the redox reaction.
Since the OC was repeatedly reduced and oxidized over redox cycles,
the ion migration process may influence the state of the solid particles.
As discussed above, under reducing environments (such as the ones in
FR), BaAl2O4 can host high concentration of oxygen vacancies as the
point defects exist in the structure of BaAl2O4 [35]. The TGA tests of
pure BaAl2O4 in a CO atmosphere also proved that BaAl2O4 was see-
mingly redox active (Fig. 10 (c)) and could participate in the redox
reaction as a promoter under a variety of operations conditions,

including CO-TGA and H2-TPR. The increase in oxygen vacancy con-
centration (in the form of Oads/Olat in Table 4) was also confirmed by
the XPS result in this study. A previous report suggested the strong
influence of surface oxygen vacancy on the morphology of BaAl2O4

containing catalysts [35]; this may also be the underlying factor causing
the distinct structures of the IO-BA comparing to the unmodified IO.
The relative abundance of the oxygen vacancies can remarkably in-
crease the rate of oxygen migration from the bulk to the surface through
vacancy-enhanced ionic diffusion [51]. The migration of the bulk lat-
tice oxygen and the iron ions generates more vacancies in the bulk. The
coalescence of these vacancies ultimately results in the formation of a
highly porous structure [52] inside the particle, as observed from the
micrographs of the cross sections of the particles (Fig. 9 B-5 and B-6).
During the redox cycles, BaAl2O4 also migrates into the bulk (as sup-
ported by the EDS mapping in Fig. 9 B-5) and interacts with the newly
exposed interior surface, which further promotes the formation of more
pores inside the particles.

Despite the lack of direct experimental detection, the possible in-
teraction between Fe2O3 and BaAl2O4 cannot be ruled out. According to
the recent DFT calculation by Görke et al., the perovskite BaFeO3 is
capable of releasing gaseous oxygen and decompose to Ba2Fe2O5 [53].
Even though the XRD did not identify the existence of BaFeO3 or
Ba2Fe2O5, barium ferrite phases produced by the interaction between
BaAl2O4 and Fe2O3/Fe3O4 may still exist at small quantities. The pre-
sence of barium ferrite phases was also suggested by the H2-TPR pro-
files of the cycled IO-10BA, which showed H2 consumption peaks at the
low temperature range between 280 and 480 °C. The enhanced oxygen
mobility, as a result of phase interactions in the Ba-Fe-Al-O system, was
also reported by Wang’s group for the chemical looping combustion
[53] and reforming [54] of methane. Additionally, during the oxidation
step of the OCs, the temperature variation could reach about 40 °C
(Figure S5 in SI). The pyroelectric voltage may be generated during this
process because of the pyroelectric property of BaAl2O4 [35,55], which
may possibly affect the mobility of the oxygen ions and enhance the
oxygen transport ability during the oxidation step. To fully understand
the underlying mechanism driving the improvement of the redox per-
formance following BaAl2O4 doping, the phase interaction in a Ba-Fe-
Al-O trimetallic oxides should be systematically investigated in the
future. Bridging such knowledge gap would benefit the design of the
iron based OCs for a variety of chemical looping processes.

4. Conclusion

The redox performances of iron ore modified by different amounts
of BaAl2O4 were tested for chemical looping combustion of simulated
syngas derived from a MSW gasifier. During the 20–50 cycles of redox
tests in the fluidized bed reactor, it was found that the reactivity of the
iron ore was significantly improved by the doping of 10 wt% of
BaAl2O4. Both XRD and XPS analysis suggested that part of the Fe2O3 in
IO-10BA can be reduced to FeO. While in the unprocessed iron ore,
Fe2O3 can only be partially converted to Fe3O4. As evidenced by the
TGA tests, both the oxygen transport capacity and the reaction rate of

Table 3
Binding energy of the fitting peaks of Fe 2p3/2 spectra for IO and IO-BA*.

Samples IO IO-10BA IO Red IO Oxi IO-10BA Red IO-10BA Oxi

Fe3+ 2p3/2 Peak 1 712.7 [1.3] 712.8 [1.4] 712.8 [1.1] 712.8 [1.1] 712.9 [1.5] 712.7 [1.4]
Peak 2 711.7 [1.4] 711.8 [1.4] 711.8 [1.0] 711.8 [1.2] 711.9 [1.3] 711.6 [1.4]
Peak 3 710.7 [1.2] 710.8 [1.5] 710.8 [1.0] 710.8 [1.2] 710.9 [1.5] 710.7 [1.2]
Peak 4 709.7 [1.1] 709.9 [1.5] 709.8 [1.4] 709.8 [1.1] 709.9 [1.4] 709.7 [1.4]

Fe2+ 2p3/2 Peak 1 – – 710.5 [1.0] – 710.5 [1.1] –
Peak 2 – – 709.5 [1.4] – 709.5 [1.3] –
Peak 3 – – 708.5 [1.4] – 708.5 [1.4] –

Fe2+/Fe3+ – – 0.46 – 0.60 –

* Values in the brackets are full width at half-maximum (FWHM) in eV.

Table 4
O1s spectra derived oxygen species contents.

Samples Oxygen species percentage (%) Oads/ Olat

Olat Oads Ohyd

Fresh IO 0.42 0.23 0.35 0.55
Fresh IO-10BA 0.21 0.36 0.42 1.71
IO 20th oxi 0.55 0.21 0.24 0.39
IO 20th red 0.39 0.27 0.34 0.69
IO-10BA 20th oxi 0.56 0.25 0.19 0.45
IO-10BA 20th red 0.39 0.34 0.27 0.88
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the iron ore were improved remarkably due to the introduction of
BaAl2O4. H2-TPR tests indicate that the lattice oxygen activity was
boosted resulting in the enhanced reducibility of IO-10BA. The addi-
tional oxygen vacancies resulted from BaAl2O4 doping facilitated the
rapid oxygen/iron migration during the redox cycles. In addition, the
enhanced rate of oxygen ion diffusion also played a role in determining
the evolution of the morphologies of OC particles over 50 cycles; the OC
particles became much more porous, both on the surface and inside the
particle, in the presence of BaAl2O4. The findings in the present study
suggest that the BaAl2O4-promoted iron ore could be a promising
oxygen carrier for CLC, owing to the readily availability of the mate-
rials, facile preparation method, and satisfactory redox activity.
Nonetheless, the effect of syngas impurities such as HCl and H2S on the
performance of the IO-BA remains to be investigated. Lastly, the de-
tailed phase interaction of Ba-Fe-Al-O system merits further investiga-
tion for the rational design of OC materials that can be applied to a
variety of chemical looping applications.
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