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ABSTRACT: Chemical looping combustion (CLC) is a promising technology for fossil fuel combustion with inherent CO2
separation from flue gases, circumventing high cost for CO2 capture and NOx elimination as in conventional combustion
processes. Metal oxides are commonly used as oxygen carriers (OCs) in CLC. However, sintering and coking of OCs and the
consequent degradation in their activity and durability during multiple cycles inhibit the practical applications of CLC
technology. In the present study, we employed a silicalite-1 zeolite support to achieve OCs with high resistance against sintering
and coking in CLC. Iron oxides (Fe2O3) with methane fuel were employed to demonstrate the approach and to quantify the
influence of silicalite-1 support on conversion efficiency, durability, and selectivity of these OCs in CLC cycles. Two iron oxide−
zeolite geometrical structures, a core−shell Fe2O3@silicalite-1 and a Fe2O3-impregnated silicalite-1 (Fe2O3/silicalite-1), were
created to improve Fe2O3 stability. The CLC tests showed that both structures led to less aggregation of Fe2O3 OCs at 1223 K. A
comparison between Fe2O3/silicalite-1 and Fe2O3@silicalite-1 in CLC tests illustrates that Fe2O3 impregnated in zeolite had
higher durability than in the core−shell structure. The selectivity of CH4 to CO2 followed the order of Fe2O3/silicalite-1 >
Fe2O3@silicalite-1 ≫ bare Fe2O3. The high selectivity of Fe2O3/silicalite-1 to CO2 in CLC tests can be attributed to the
encapsulation of Fe2O3 inside channels of silicalite-1 that provides physical barriers for aggregation of OCs in CLC cycles as well
as coke deposition on OCs. In conclusion, our study of the structure−function relation for silicalite-1-supported Fe2O3 OCs can
form the basis for the development of silicalite-1 as an efficient support in chemical looping applications.

1. INTRODUCTION

The capture of CO2 released from fuel combustion is being
actively studied to mitigate the effects of climate change.1 A
number of processes, such as pre-combustion,2 oxy-fuel
combustion,3 and post-combustion,4 have been explored for
CO2 capture from fossil fuel combustion processes. However,
all of these techniques are energy-intensive, resulting in a
decrease of the overall combustion efficiency.
Chemical looping combustion (CLC) is being explored as a

next-generation combustion technology, because it operates
with the same thermodynamic efficiency as air-based
combustion but with a potential of near-zero CO2 emission.

5

CLC involves a two-step process, in which metal oxides serve as
the oxygen source rather than air, so that the direct contact
between fuel and air is avoided. Hydrocarbon fuels are oxidized
by metal oxides to water steam and CO2 in the first step, from
which a pure CO2 stream could be realized by single-steam
condensation.6,7 The reduced metal oxide is then regenerated
by combustion in air in the second step to complete the
combustion cycle. The isolation of hydrocarbon fuels from air
in CLC processes achieves a pure CO2 steam for direct
sequestration in an ideal situation and avoids NOx formation by
recovery of metal oxides at moderate temperature in air.
Because of the multi-cycling nature of the process, the choice of
metal oxides as oxygen carriers (OCs) with excellent activity
and long-term stability is critical to enable implementation of
CLC into industrial scale.8

Metal oxides based on copper, iron, nickel, manganese, etc.
as well as their mixtures are the most promising OC candidates

for CLC cycles because of their earth abundance, low cost,
mechanical stability, and recyclability.9−12 Among them, Fe-
based OCs have received intensive research efforts because of
their low cost, high melting point, and excellent mechanical
strength at high temperatures.13 The practical application of
iron oxide OCs in CLC, however, has been impeded by serious
sintering and a low reduction rate by fuels.14−16 Eventually, the
iron oxide OCs encounter agglomeration and deactivation and,
thus, durability loss in multiple CLC cycles. The introduction
of support materials for iron oxide OCs is being studied to
conquer the durability and deactivation issues in CLC cycles.
Currently, inert supports, including Al2O3,

17 SiO2,
18

MgAl2O4,
19 TiO2,

20 ZrO2,
21 and CeO2,

22 and active supports,
such as perovskites,23 have been considered for Fe2O3 OCs.
The support materials help to promote dispersion of OC
particles and provide physical/chemical barriers against OC
migration into aggregates.14,17−20 Moreover, the support can
influence the oxide anion diffusion in the OC component,
which facilitates the reaction rate of OCs in fuel combustion in
CLC tests.20 It should be noted that all of these support
materials are oxides and their mixtures.
In the present work, we report a new type of support, a

silicalite-1 zeolite, for Fe2O3 OCs in CLC. Silicalite-1 is the
aluminum-free form of zeolite, with a mordenite framework
inverted (MFI) structure consisting of two intersected 10
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member ring (MR) microporous channels, one straight and
one sinusoidal, with a diameter of ∼0.55 nm.24,25 Silicalite-1 is
thermally stable (up to ∼1550 K) and mechanically stable,25

making it a potential desired inert support for Fe2O3 to form
durable OCs in CLC, which, to our knowledge, has not yet
been explored. In this study, two silicalite-1-supported Fe2O3
structures, (a) core−shell Fe2O3@silicalite-1 and (b) Fe2O3-
impregnated silicalite-1 (Fe2O3/silicalite-1) were created for
CLC and tested with methane fuel in a fixed-bed reactor.
Fe2O3@silicalite-1 represents the silicalite-1 shell covered on
the Fe2O3 core component26,27 in the OC sample. The
encapsulation of Fe2O3 inside the silicalite-1 shell or within its
channels provides physical barriers for avoiding aggregations of
OCs during CLC cycling, while the unique microporous
structure of zeolite allows for transport of methane in and CO2
out of Fe2O3 OC. An added benefit is that these structures
reduce coke deposition on Fe2O3.

2. EXPERIMENTAL SECTION
2.1. Material Synthesis. 2.1.1. Preparation of Core−Shell

Fe2O3@Silicalite-1 OCs. Fe2O3 particles were prepared by dissolving
20.2 g of Fe(NO3)3·9H2O (99.99% trace metal basis, Sigma-Aldrich)
in 50 mL of deionized (DI) water under rigorous stirring, followed by
the addition of 30 mL of KOH (⩾85%, Sigma-Aldrich) solution (5
mol L−1) to form a Fe(OH)3 suspension.

28 After adjusting pH of the
suspension to ∼10 by dropwise addition of NH4OH solution (28.0−
30.0%, Sigma-Aldrich), the mixture was stirred for 0.5 h, then
transferred to a Teflon-lined stainless-steel autoclave, and held at 453
K for 5 h. Finally, the sample was then filtrated, washed with DI water
and ethanol alternatively 4 times, and dried at 343 K for 12 h to form
Fe2O3 particles.
Scheme 1 shows the procedure to prepare the Fe2O3@silicalite-1

core−shell structure with Fe2O3 as the core and silicalite-1 as the shell.
First, a SiO2 shell was created on Fe2O3 particles to form the core−
shell Fe2O3@SiO2 structure. In this synthesis, 0.1 g of as-synthesized
Fe2O3 particles was first dispersed in a solution of 40 mL of 2-propanol
(99.5%, Sigma-Aldrich), 1.42 g of DI water, and 1.1 g of NH4OH
solution (28.0−30.0%) by ultrasonication for 1 h. Second, a SiO2
precursor solution was prepared by mixing 1 g of tetraethyl
orthosilicate (TEOS, 98%, Sigma-Aldrich) with 2 mL of 2-propanol,
and the resultant mixture was added to a Fe2O3 suspension at a rate of
0.4 mL h−1 via a syringe pump (NE-1000, New Era Pump System).
After the mixture was stirred for 12 h, the resultant Fe2O3@SiO2
particles were collected by centrifugation, washed with DI water 4
times, and then dried at 343 K overnight. Third, a vapor-phase
transformation process was carried out to convert SiO2 into silicalite-1
under assistance of silicalite-1 seeds to form the core−shell Fe2O3@
silicalite-1 structure according to a previously reported method.29,30 In
this synthesis step, the as-prepared Fe2O3@SiO2 particles were first
dispersed in 4 mL of DI water by ultrasonication. A total of 2 g of
poly(diallydimethylammonium chloride) (PDDA, 20 wt % in H2O,
Sigma-Aldrich) was mixed with 1 mL of DI water, and the resultant
mixture was added to the Fe2O3@SiO2 suspension. After the mixture
was stirred for 0.5 h, the particles were centrifuged and washed with

diluted NH4OH (2 wt %) solution 4 times. The as-obtained wet paste
was then dispersed in 10 mL of 1 wt % zeolite seed suspension for 0.67
h. The mixture was finally collected by centrifugation, washed with DI
water 4 times, and then dried at 343 K overnight. The as-prepared
Fe2O3@SiO2 particles coated with PDDA and silicalite-1 seeds were
transferred to a glass vial, which was placed in a Teflon-lined stainless-
steel autoclave containing 2.0 g of trimethylamine (99%, Sigma-
Aldrich), 0.2 g of ethylene diamine (99.5%, Sigma-Aldrich), and 0.4
mL of DI water.30 The autoclave was heated at 413 K for 3 days to
transform the amorphous SiO2 shell into a silicalite-1 shell. Finally, the
sample was calcined at 823 K for 4 h at a ramp rate of 1 K min−1 under
flowing air (100 mL min−1, Airgas). The Fe2O3@silicalite-1 sample
was designated as Fe2O3@Si.

For the synthesis of silicalite-1 seeds,29 typically, 0.43 g of NaOH
(99%, Sigma-Aldrich) was dissolved in 15 mL of DI water, followed by
the addition of 15 g of tetrapropylammonium hydroxide aqueous
solution (TPAOH, 40 wt %, Alfa-Aesar) and 9.5 g of fumed silica
(Sigma-Aldrich). The mixture was stirred at room temperature for 0.25
h and then heated at 353 K under stirring until a clear mixture was
obtained. The resultant clear mixture was placed in a Teflon-lined
stainless-steel autoclave, which was rotated at a speed of 30 rpm and
under a temperature of 403 K for 8 h in a convection oven. Finally, the
silicalite-1 nanoparticles were centrifuged, washed with DI water 4
times, and then dispersed in DI water to form 1 wt % silicalite-1 seed
solution.

2.1.2. Preparation of the Fe2O3/Silicalite-1 Composite. Silicalite-1
zeolite was synthesized by a hydrothermal method using a recipe of
1TPAOH/8.5TEOS/0.17NaOH/34CH3CH2OH/484H2O. In a typi-
cal synthesis, 0.032 g of NaOH was first dissolved in 20.2 g of DI
water, followed by the addition of 1.22 g of TPAOH (40 wt %)
aqueous solution. A total of 4.25 g of TEOS was added, and the
resultant mixture was held under rigorous stirring at room temperature
for 24 h. Finally, crystallization of silicalite-1 zeolite was conducted for
2 days in the autoclaves, tumbling vertically in an oven at 423 K. After
crystallization, the zeolite product was centrifuged, washed with DI
water until pH ∼ 9, and dried at 343 K overnight. Afterward, the
zeolite sample was calcined at 823 K for 6 h with a ramp rate at 1 K
min−1 under flowing air (100 mL min−1).

The synthesis of the Fe2O3/silicalite-1 composite was performed by
an impregnation method. Typically, 0.35 g of Fe(NO3)3 was dissolved
in 0.2 g of DI water, and the resultant aqueous solution was added to 1
g of silicalite-1 dropwise under rigorous stirring to form the 12 wt %
Fe2O3/silicalite-1 sample. The process was repeated to make 24 wt %
Fe2O3/silicalite-1, in which 0.70 g of Fe(NO3)3 was used. As-prepared
12 wt % Fe2O3/silicalite-1 and 24 wt % Fe2O3/silicalite-1 were dried at
393 K overnight, followed by calcination at 823 K for 4 h with a ramp
rate of 1.67 K min−1 under air flow (100 mL min−1). We designate 12
wt % Fe2O3/silicalite-1 and 24 wt % Fe2O3/silicalite-1 as Fe2O3/Si-12
and Fe2O3/Si-24, respectively, through the remainder of this paper.

2.2. Characterizations. The morphologies of the zeolite-
supported Fe2O3 OC samples were characterized by scanning electron
microscopy (SEM, Hitachi SU-70) and transmission electron
microscopy (TEM, JEOL JEM 2100 FEG). The porosity, pore size,
and surface area of these samples were obtained by argon (Ar)
adsorption−desorption isotherms measured at 87 K with an Autosorb-
iQ analyzer (Quantachrome Instruments). Crystal structures of OCs

Scheme 1. Synthesis Procedure To Prepare Fe2O3@Silicalite-1 OC
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were characterized by X-ray diffraction (XRD) with a Bruker
Smart1000 under a Cu Kα beam. Fe and Si contents of the samples
were determined by inductively coupled plasma optical emission
spectroscopy (ICP−OES, Optima 4300 DV instrument, PerkinElmer).
The cyclability and reactivity of OCs with CH4 as fuel were carried

out in a vertically oriented fixed-bed reactor in an electrically heated
isothermal furnace, as reported in a previous publication.14 Mass flow
controllers (MFCs, MKS) regulated by a Labview VI program were
used for gas reactant flow rate control. The reactor effluent was
characterized by an online mass spectrometer (Stanford Research
UGA 300) operating with a mass resolution of <0.5 atomic mass unit
(amu), at 10% of the peak height and a detection limit of <1 ppm. Ar
was used as an inert internal standard to determine the volume change
of gaseous reactants and products during the reaction to assign
concentrations. When the flow rates of CH4 and O2 were varied with a
fixed Ar flow rate at 200 mL min−1, calibrations for the mass
spectrometer were obtained for CO2, CO, CH4, and H2. About 200
mg of OC was used for each test, and for the supported OCs, samples
containing this amount of Fe2O3 were used. The powders were packed
within a quartz reactor tube of 610 mm length, with an outer diameter
(OD) of 12.5 mm and inner diameter (ID) of 10 mm, as described in
our previous work.14 The particles were first annealed at 1023 K for 1
h and then exposed alternatively to 11% methane for 2 min and 20%
oxygen for 5 min, simulating the CLC reaction cycles, with argon as
the inert balance gas. Argon was introduced for 5 min during the shift
from methane to oxygen to avoid direct contact between oxygen and
methane. The CLC tests were run continuously for 50 cycles, at up to
15 h.

3. RESULTS AND DISCUSSION

3.1. Structural Properties of OCs. SEM and TEM images
in Figure 1 show the morphologies of synthesized core−shell
Fe2O3@Si and Fe2O3/Si composite OCs. Fe2O3@Si consists of
uniform spherical particles of diameter at ∼1 μm (Figure 1a).
The thickness of the silicalite-1 shell is ∼100 nm, and the Fe2O3
core has a diameter of ∼900 nm (Figure 1b). Panels c and e of
Figure 1 are SEM images of Fe2O3/Si-12 and Fe2O3/Si-24,
respectively, and both samples show a typical coffin-like
morphology of silicalite-1, indicating that the loading of
Fe2O3 and subsequent calcination did not change the
morphology of the silicalite-1 support. Moreover, a comparison
between the Fe2O3/Si-12 and Fe2O3/Si-24 samples, as
evidenced by TEM images in panels d and f of Figure 1,
indicates that there are more debris-like particle aggregates on
silicalite-1 in Fe2O3/Si-24 than that in Fe2O3/Si-12, which can
be attributed to the high loading of Fe2O3 in Fe2O3/Si-24.
The XRD patterns in Figure 2 identify the existence of both

Fe2O3 and silicalite-1 crystalline phases in these three OC
samples. For comparison purposes, the XRD patterns of
silicalite-1 and Fe2O3 are included in Figure 2. Apparently,
Fe2O3@Si contains the characteristic peaks of both hematite
Fe2O3 (2θ = 33°, 35°, and 54°) and silicalite-1 (2θ = 23° and
24°), confirming the existence of silicalite-1 and Fe2O3 in this
sample, consistent with morphology observation in Figure 1.
XRD patterns of Fe2O3/Si-12 and Fe2O3/Si-24 in Figure 2
show the characteristic peaks of silicalite-1, consistent with the

Figure 1. Morphology of OC samples viewed by SEM images of (a) Fe2O3@Si, (c) Fe2O3e/Si-12, and (e) Fe2O3/Si-24 and TEM images of (b)
Fe2O3@Si, (d) Fe2O3/Si-12, and (f) Fe2O3/Si-24.
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silicalite-1 crystal viewed in Figure 1. The intensity of
diffraction peaks corresponding to Fe2O3 in Fe2O3/Si-12 is
much smaller than that in Fe2O3/Si-24, which can be ascribed
to the lower loading of Fe2O3 in the former sample.
3.2. Composition and Porosity of OCs. The concen-

trations of Fe2O3 in the OC samples were measured by ICP−
OES, as summarized in Table 1. The weight percentages of
Fe2O3 in Fe2O3/Si-12 and Fe2O3/Si-24 were 11 and 24 wt %,
respectively, the same as the Fe2O3 concentrations used in the
sample preparation recipe. The concentration of Fe2O3 in the
Fe2O3@Si core−shell sample is 22 wt %, comparable to that in
Fe2O3/Si-24.
Ar adsorption−desorption isotherms in Figure 3 are used to

characterize the porosity of silicalite-1, Fe2O3/Si-12, Fe2O3/Si-
24, and Fe2O3@Si samples. At the low relative pressure (p/p0 <
0.05), the Ar uptake follows the order of Fe2O3/Si-24 < Fe2O3/

Si-12 < silicalite-1, implying that the microporosity of silicalite-1
decreases with the increase of Fe2O3 loading. Fe2O3@Si (22 wt
%) and Fe2O3/Si-24 (24 wt %) have similar Fe2O3 loadings, but
the former sample has a much lower Ar uptake and, thus,
microporosity. The low Ar uptake in the Fe2O3@Si sample
might result from the existence of a portion of amorphous SiO2
or not well crystallized zeolite in the silicalite-1 shell.
The pore size distributions of the OC samples are shown in

Figure 3b, which are derived from the adsorption branch of the
Ar adsorption−desorption isotherms using the non-local
density functional theory (NLDFT) method.31 The intensity
of the micropore peaks, centered at ∼5 Å, shows the trend of
silicalite-1 > Fe2O3/Si-12 > Fe2O3/Si-24, consistent with the Ar

Figure 2. XRD patterns of silicalite-1, Fe2O3, and silicalite-1-supported
Fe2O3 OCs.

Table 1. Composition Analysis of Fe2O3 in the OC Samples

material
density
(g/cm3)

percentage of Fe2O3 in OC
samplesa (wt %)

micropore volume of physical
mixtureb (mL/g)

micropore volume of OC
samplesc (mL/g)

percentage of Fe2O3 diffused into
silicalite-1d (wt %)

silicalite-1 1.76e 0.128
Fe2O3 5.24f 0.000
Fe2O3/Si-12 11 0.114 0.103 52.0
Fe2O3/Si-24 24 0.097 0.086 24.6
Fe2O3@Si 22

aDetermined by ICP−OES. bAssumed that Fe2O3 is not diffused into silicalite-1 in Fe2O3/Si-12 and Fe2O3/Si-24.
cDetermined from Ar

adsorption−desorption isotherm. dFraction of Fe2O3 diffused into the micropores = [(1 − mass fraction of Fe2O3 in the OC) × micropore volume
of silicalite-1 − micropore volume of the OC] × density of Fe2O3/mass of Fe2O3 in the OC. eObtained from ref 25. fObtained from International
Chemical Safety Cards (ICSC), http://www.ilo.org/dyn/icsc/showcard.display?p_card_id=1577.

Figure 3. (a) Ar adsorption−desorption isotherms of OCs and (b)
NLDFT pore size distributions of OCs derived from the adsorption
branch of their Ar adsorption−desorption isotherms.
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isotherm data in Figure 3a, indicating that high Fe2O3 loading
leads to more Fe2O3 diffused into the microporous channels of
silicalite-1. The percentages of Fe2O3 diffused into the
microporous channels of silicalite-1 in the Fe2O3/Si-12 and
Fe2O3/Si-24 OC samples are 52.0 and 24.6% (Table 1),
respectively. The Fe2O3@Si sample has the lowest micropore
peak intensity, which might be due to amorphous SiO2 or not
well crystallized silicalite-1, as discussed above. The second
peak located at 8 Å might be due to the reminiscence of a phase
transition in Ar adsorbate according to previous reports.32−34

The intensity of the mesopore peak in all OCs is very low,
which suggests the absence of mesoporosity in these zeolite-
supported OC samples.
3.3. OC Performance Tests in CLC. Table 2 lists the

possible reactions occurring in the reduction stage of the CLC
tests with Fe2O3 OCs and methane fuel. The CO2 yield in each
reaction is computed according to the equation stoichiometry.
Our measured CO2 yield stabilized at 0.52 mmol/g of Fe2O3

for all OC samples at both 1023 and 1223 K for a 50-cycle CLC
test, as shown in Figure 4. The CO2 yield suggests that all OC
samples give methane conversion preferentially following the
first reaction equation in Table 2, which means that Fe2O3 is
reduced into the Fe3O4 phase and is consistent with a previous
report.35 The XRD patterns in Figure 5 show the existence of
Fe3O4 in the OC samples after the CLC test, which is
consistent with the conclusion that Fe2O3 reduced to Fe3O4 in
the CH4 reduction step drawn from CO2 yield data in Figure 4.
The silicalite-1 support did not influence the reaction nature of
Fe2O3 OCs in the CLC tests, consistent with the chemical and
thermal inertness of silicalite-1 zeolite in the CLC conditions.
In contrast to the independence of the CO2 yield on the
silicalite-1 support, the conversion rate of OCs in the CLC tests
was influenced by the presence of the silicalite-1 support, as
shown in Figure S1 of the Supporting Information. The OC
conversion rates of three silicalite-1-supported Fe2O3 OCs are
similar to each other but much faster than that of the bare
Fe2O3 OC at both 1023 and 1223 K. This is due to the smaller
Fe2O3 particles in the supported OCs because nanoporous
silicalite-1 was effective in mitigating the sintering and/or
agglomeration of these OC samples.
Because the primary motivation of developing the CLC

process is for CO2 sequestration, the exclusive formation of
CO2 versus other byproducts, such as coke (C), from methane
fuel over OCs in the reaction is desired. In the present study,
we did not observe any other gaseous carbon-based product,
except CO2, in the reduction stage of OCs. In the regeneration
(or oxidation) stage of OCs, the CO2 product was also
observed, which results from the combustion of coke species
deposited on OCs during the reduction stage in the CLC tests.
Additionally, the H2 product was detected in the reduction
stage of OCs.

It is noted that two nominal side reactions, the Boudouard
reaction (reaction 1) and the methane decomposition reaction
(reaction 2), could occur in CLC of methane fuel.36

→ +2CO C CO2 (1)

→ +CH C 2H4 2 (2)

The thermodynamic analysis shows that the methane
decomposition reaction is endothermic while the Boudouard
reaction is exothermic. Therefore, the methane decomposition
reaction is thermodynamically preferred at high-temperature
reaction conditions, while the Boudouard reaction is favored at
low temperatures.36 The absence of the CO product and
presence of H2 in the reduction stage of the CLC test indicate
that methane decomposition is the side reaction in our study.
Thus, the selectivity of CO2 (γCO2

) is analyzed on the basis of

the ratio of the CO2 amount (nCO2
) to total carbon-based

species [i.e., the summation of nCO2
and the amount of C (nC)]

Table 2. Reaction Equation in the Reduction Stage of CLC and Corresponding CO2 Yield

reaction equation CO2 yield (mmol/g of Fe2O3)

(1) + → + +1
4

CH 3Fe O 2Fe O
1
4

CO
1
2

H O4 2 3 3 4 2 2 0.52

(2) + → + +1
4

CH Fe O 2FeO
1
4

CO
1
2

H O4 2 3 2 2 1.56

(3) + → + +3
4

CH Fe O 2Fe
3
4

CO
3
2

H O4 2 3 2 2 4.69

Figure 4. CO2 yield in the CH4 step at (a) 1023 K and (b) 1223 K of
Fe2O3, Fe2O3@Si, Fe2O3/Si-12, and Fe2O3/Si-24 during the 50-cycle
CLC reaction.
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in the reduction stage, as shown in eq 3. It should be noted that
coke generated from methane decomposition during the
reduction step will subsequently be oxidized to CO2 during
the OC regeneration step (the O2 oxidation step). The amount
of coke was quantitied on the basis of the CO2 emission from
the oxidation step.

γ =
+
n

n nCO
CO

C CO
2

2

2 (3)

Figure 6 reveals CO2 selectivity in CLC tests over Fe2O3 and
silicalite-1-supported Fe2O3 OCs at two different tempreatures.
At 1023 K (Figure 6a), all of the supported OCs (Fe2O3@Si,
Fe2O3/Si-12, and Fe2O3/Si-24) showed similar CO2 selectivity,
∼97%, which was slightly higher than that of bare Fe2O3 OCs
that had a CO2 selectivity of ∼95%. When the temperature was
raised to 1223 K (Figure 6b), significant differences in CO2
selectivity across these four OC samples were observed. The
bare Fe2O3 OC only had a selectivity of ∼65%. Fe2O3@Si had a
better performance than bare Fe2O3, showing a selectivity of
∼87%, but much less than Fe2O3/Si-12 and Fe2O3/Si-24 OCs.
As shown in Figure 6b, both Fe2O3/Si-12 and Fe2O3/Si-24 had
minimal performance degradation in the reduction stage, with a
selectivity of ∼95%. The slight differences in CO2 selectivity at
relatively lower temperature (1023 K) and significant differ-
ences at higher temperature (1223 K) across these four OC
samples suggest that a higher reaction temperature may change
the structures of the OC samples and, thus, alter their
selectivity in the CLC reaction. The fluctuation in CO2
selectivity for Fe2O3@Si and bare Fe2O3 samples might result
from their morphology change in the CLC tests, as discussed

below. Apparently, the Fe2O3-impregnated silicalite-1 samples
have the best stability compared to others in the CLC tests.
To further understand the CO2 selectivity at different

temperatures over these OC samples discussed above, we
monitored the temporal evolution of CO2 and H2 in the
reduction step of the CLC process (shown in Figure 7). In the
CO2 evolution profile at 1023 K shown in Figure 7a, the CO2
yield initially increased with the reduction time, reached a
maximum, and then decreased. The peaking of the CO2 signal
for reaction over the silicalite-1-supported Fe2O3 OCs emerged
earlier than the bare Fe2O3 OC sample. This is due to the large
particle size of bare Fe2O3 without any zeolite support, which
causes sluggish reaction kinetics compared to the reaction over
smaller Fe2O3 particle sizes in the silicalite-1-supported Fe2O3
OCs.14,17−20 At a higher reaction temperature (1223 K), the
emergence of the maxima in the CO2 evolution profile over
every sample is earlier than that at 1023 K, suggesting that the
reaction rate is facilitated as a result of the increase in the
reaction temperature. Again, the peaking of the CO2 signal for
reaction over bare Fe2O3 lagged behind all other silicalite-1-
supported Fe2O3 OCs. It should be noted that the CO2 peak
area resulting from reaction over every OC sample or every
tested temperature is the same. This is consistent with the fact
that the total yield of CO2 was independent of the temperature
or OC sample, as evidenced in Figure 5.
For the evolution profiles of H2 in the CLC tests (shown in

Figure 7b), all OCs showed nearly zero H2 production at 1023
K, indicating the insignificant methane decomposition to form

Figure 5. XRD patterns of Fe2O3 and silicalite-1-supported Fe2O3
OCs after the 50-cycle CLC reaction test.

Figure 6. CH4 to CO2 selectivity, γCO2
, at (a) 1023 K and (b) 1223 K,

respectively, over Fe2O3, Fe2O3@Si, Fe2O3/Si-12, and Fe2O3/Si-24
samples during the 50-cycle CLC reaction.
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coke during the CLC reaction, consistent with the selectivity
data presented in Figure 6a. At a reaction temperature of 1223
K, the H2 evolution profile of bare Fe2O3 exhibited a
pronounced H2 peak, followed by the medium-sized peak
from the Fe2O3@Si sample and invisible peak from Fe2O3/Si-
12 and Fe2O3/Si-24. The emergence of the H2 signal in the
CLC tests indicates that coke was being formed from the
methane decomposition reaction. Quite clearly, the resistance
to coking in the CLC tests at 1223 K follows the sequence of
Fe2O3/Si-24 ∼ Fe2O3/Si-12 > Fe2O3@Si ≫ Fe2O3. This
analysis fits well with the conclusion drawn from CO2
selectivity data illustrated in Figure 6b. It is worth noting that
H2 production does not occur concurrently with CO2 evolution
and, instead, occurs behind the CO2 formation. This scenario
indicates that the side reaction, methane decomposition, is
strongly promoted when labile framework oxygen in OCs is
mostly consumed by the reduction of CH4 to CO2 at high
temperatures. The zeolite support apparently helps the Fe2O3
OCs limit this side reaction and, thus, promote the CO2
selectivity in the CLC process.
To examine the morphological structure of OCs after a high-

temperature CLC reaction, SEM observation and XRD
measurements were conducted on the used OC samples.
Panels a, c, e and g of Figure 8 show SEM images of the four
OC samples after 50-cycle CLC at 1023 K. In comparison to
the morphology of silicalite-1-supported Fe2O3 samples before
CLC tests (Figure 1), the Fe2O3@Si particles lost their smooth
surface feature in the core−shell structure but still kept the
spherical morphology. The Fe2O3/Si-12 and Fe2O3/Si-24
samples, however, have quite similar morphologies to those
before CLC tests. The XRD patterns in Figure 5 confirmed the
crystalline-phase integrity of four OCs after reaction at 1023 K,
because all of them do not have new peaks in the diffraction
patterns. These data confirm that all of the OCs can reserve
their structural and chemical reactivity features at 1023 K in the
CLC reactions.
Panels b, d, f and h of Figure 8 show the morphologies of all

investigated OCs after 50-cycle CLC at 1223 K. Both
unsupported Fe2O3 and Fe2O3@Si seem to be sintered together
to form large aggregates (panels b and d of Figure 8,

respectively). Particularly, the XRD patterns in Figure 5
indicate the transformation of silicalite-1 into amorphous
SiO2, consistent with the SEM observation on these two OC
samples. The sintering of the silicalite-1 shell of the Fe2O3@Si
particles might be due to the low structural crystallinity of the
silicalite-1 shell (∼100 nm thick), which is vulnerable and
prone to collapse at high temperatures. Panels f and h of Figure
8 illustrate that Fe2O3/Si-12 and Fe2O3/Si-24 have little
morphological change after 50 cycles of the CLC reaction at
1223 K. The XRD results in Figure 5 further confirm the
presence of the silicalite-1 zeolite phase in the samples after
CLC tests. In comparison to the thin silicalite-1 shell in
Fe2O3@Si, the excellent structural stability of Fe2O3/silicailte-1
OCs should be ascribed to the large (∼1 μm) and well-
crystallized silicalite-1 crystals. Overall, the stable silicalite-1
zeolite provided physical barriers to avoid aggregation of active
Fe2O3 OCs in CLC cycles, limited the coke deposition from the
side methane decomposition reaction, and thus led to high CO2
selectivity in CLC of methane fuel.

4. CONCLUSION

Silicalite-1 is explored as a novel support material for Fe2O3 to
form supported OCs for the CLC reaction with methane as the
fuel. Two silicalite-1-supported Fe2O3 structures, core−shell
Fe2O3@silicalite-1 and Fe2O3-impregnated silicalite-1 (Fe2O3/
silicalite-1), were created to study their influences on the CLC
reaction at 1023 and 1223 K. After 50 cycles of CLC tests at
1023 K, both Fe2O3@silicalite-1 and Fe2O3/silicalite-1 OCs
showed a similar CO2 yield and slightly higher CO2 selectivity
than those of bare Fe2O3 OCs. All of the OC samples were able
to preserve their structural integrity at 1023 K. An increase of
the reaction temperature to 1223 K resulted in significant
sintering of bare Fe2O3 and Fe2O3@silicalite-1 OCs, and thus,
they showed inferior CO2 selectivity than that of Fe2O3/
silicalite-1 OCs. The larger silicalite-1 crystal in Fe2O3/silicalite-
1 OCs keeps its structural integrity and provides physical
barriers for Fe2O3 OCs against aggregation and coke deposition
in CLC cycles. In conclusion, our study of the structure−
function relation for silicalite-1-supported Fe2O3 OCs can form

Figure 7. Evolution profile of (a) CO2 and (b) H2 in the reduction step during the 30th CLC cycle at 1023 K (open symbols) and 1223 K (filled
symbols) for all OCs.

Energy & Fuels Article

DOI: 10.1021/acs.energyfuels.7b01689
Energy Fuels 2017, 31, 11225−11233

11231

http://dx.doi.org/10.1021/acs.energyfuels.7b01689


the basis for the development of silicalite-1 as an efficient
support in chemical looping applications.
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