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Enhanced performance of chemical looping
combustion of methane with Fe,Oz/Al,0z/TiO,

Hsuan-Chih Wu® and Young Ku*

Iron-based oxygen carriers supported on alumina or alumina/titania were prepared and evaluated for

chemical looping combustion of methane. The reduction conversion of Fe,O3/Al,O3 and Fe,Oz/AlL,O3/

TiO, particles was markedly increased with increasing inlet concentration and was slightly enhanced by

elevated operating temperatures. According to the shrinking core model, the mass transfer coefficients
(kg) of Fe,03/Al,05 and Fe,O3/Al,O3/TiO, reduction with methane are found to be 0.07 and 0.12 mm
sh Complete combustion of methane is almost achieved for experiments conducted with Fe,O/Al,0%
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and Fe,03/AlL,03/TiO, operated as the Fe,O3/CH4 molar ratio reached about 5.4 and 4.4, respectively.

Carbon deposition during methane combustion was avoided by using Fe,O3/AlL,O3/TiO, as an oxygen
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1 Introduction

Shale gas is an important natural gas resource, and distributed
in many countries, such as China, Argentina, Algeria, U.S.,
Canada, Mexico, Australia, South Africa, and Russia etc.* For
U.S. dry natural gas production, shale gas as the largest
contributor has rapidly grown by 40% from 9.7 trillion cubic
feet in 2012 to 13.6 trillion cubic feet in 2015.>* Natural gas is
one of the primary fuels composed of approximately 90% of
methane, which is widely used as a fuel and chemical feedstock
for the conversion of methane to generate a number of prod-
ucts, for instance, hydrogen, liquid fuels, chemicals, heat, and
electricity.” However, carbon dioxide (CO,) is also generated
during a variety of methane conversion processes. CO, is
a major contributor to global warming and climate change. In
order to combat global warming and mitigate the CO, emis-
sions, various carbon capture, storage, and utilization technol-
ogies have recently been developed.

Chemical looping process (CLP) is considered to be a novel
alternative for fuel combustion to achieve efficient energy
generation as well as inherent CO, separation. A chemical
looping system is typically comprised of a fuel reactor and an air
reactor. Carbonaceous fuels are oxidized by metal oxides
(oxygen carriers) in the fuel reactor to generate CO, and H,O.
The reduced oxygen carrier is subsequently oxidized and
regenerated by air in the air reactor.

The performance of the oxygen carrier is crucial for CLP
development and is greatly influenced by the characteristics of
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carrier. More heat was generated for the combustion of methane by Fe,Oz/ALO3/TiO, oxygen carriers
because methane more fully reacted with the Fe,Oz contained in the Fe,Oz/AlLO3/TiO, oxygen carriers.

metal oxide and support material. Fe-based oxygen carriers are
frequently applied for chemical looping combustion of gaseous
fuel; however, sintering and attrition during continuous and
high-temperature operations would decrease the reactivity of
these oxygen carriers. Therefore, oxygen carriers of mixed metal
oxide and support material are frequently employed for chem-
ical looping operations to retard the sintering of oxygen carriers
and to enhance their mechanical strength.® Adanez et al.®
studied the CLC of methane in a thermogravimetric analyzer
(TGA) using hematite as active phase and supported by various
inert materials, and also reported that Fe,05/Al,0; and Fe, 05/
ZrO, oxygen carriers containing 40-80 wt% Fe,O; sintered at
above 1100 °C exhibited high reactivity with methane and
delivered high crush strength. Johansson et al” utilized the
Fe,0; supported with MgAl,O, as an oxygen carrier to investi-
gate their reactivity properties on the CLC of methane in
a fluidized bed reactor. The results indicated that 60 wt% Fe, O3/
MgAl, O, oxygen carriers sintered at 1100 °C demonstrated high
reactivity regarding methane combustion. In addition, the
crush strength of Fe,0;/MgAl,O, particles ranged of 125 to 180
um was determined to be about 1.8 N. Zafar et al.® investigated
Fe,0; on the MgAl, O, and SiO, supports in a fluidized bed
reactor for CLC application, and found that the Fe,0;/MgAl,O,
oxygen carriers showed high reactivity with methane during the
Fe,0; reduced to Fe;O,, whereas the poor reactivity with
methane was observed during the Fe;O, reduced to FeO.
Besides, the unreactive iron silicate was formed at high
temperature by using SiO, as support. Corbella and Palacios®
revealed the methane conversion was reached about 90% for
methane combustion with titania supported Fe,O; oxygen
carriers in a fixed bed reactor operated at 900 °C, and also
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reported that the low oxygen capacity was caused in the
reduction stage because the interaction between
containing active phase and the support material lead to the
formation of an irreducible phase FeTiO;. Li et al.* indicated
TiO, as support can markedly lower the energy barrier for 0>~
migration within the dense solid phase, thus enhancing the 0>~
diffusivity." Qin et al.** stated the vacancy defect is easy to form
on the FeTiO; surface because the vacancy formation energy of
FeTiO; is lower than Fe,O; in the reduction stage. Conse-
quently, the enhancing the porous surface structure formation
on FeTiO;. However, Zhao and Shadman observed that phase
separation of iron oxide phase and titania phase during the
redox cycles. Iron oxide migrates to the surface of FeTiO; during
the oxidation, which could fracture the ilmenite particle. This
mechanism might lower the particle strength.

In this study, alumina is selected as support to improve the
mechanical strength of iron-based oxygen carrier, and titania is
employed as another support to promote the reactivity. Based
our previous research results, the components of the Fe,O;/
Al,O; and Fe,03/Al,05/TiO, oxygen carriers were optimized to
achieve the better reactivity during TGA tests and mechanical
strength.”'* The optimized composition of Fe,03/Al,0; and
Fe,03/Al,03/TiO, oxygen carriers were determined to be 60/40
and 70/20/10 in weight percentage. Alumina and alumina/
titania supported Fe,O; oxygen carriers (Fe,O3/Al,0; and
Fe,03/A1,05/TiO,) were fabricated to investigate their reactivity
properties in a fixed bed reactor. The effect of operating
temperature and inlet gas concentration on the combustion of
CH, with Fe,03/Al,0; and Fe,03/Al,0;/TiO, oxygen carriers in
a fixed bed reactor was examined and analyzed by shrinking
core model (SCM). Preliminarily kinetic study for CLC of
methane with Fe,0;/A,0; and Fe,0,/Al,0;3/TiO, oxygen
carriers are performed based on the experimental results from
this study. Furthermore, the performance of the moving bed
reactor using iron-based oxygen carriers was also discussed in
this study. Fe,03/Al,0; and Fe,03/Al,05/TiO, oxygen carriers
were employed for chemical looping combustion of methane in
a moving bed reactor (MBR) operated with the various CH,/
Fe,0; ratio. The methane conversion, carbon conversion, and
oxygen carrier conversion for methane combustion by Fe,O;/
Al,O; and Fe,053/A1,0;/TiO, oxygen carriers were evaluated by
the moving bed reactor. The crystalline phases of the reduced
oxygen carrier after the moving bed operation were identified by
X-ray diffraction (XRD). Heat analysis for chemical looping
combustion of methane was employed to evaluate the heat
balance of input and output processing capacities.

iron-

2 Experimental
2.1 Preparation of various iron-based oxygen carriers

Fe,03/Al,03; and Fe,05/Al,0;/TiO, particles were prepared to
serve as oxygen carriers in this study. Fe,03/Al,0; oxygen
carriers were formulated with 60 wt% hematite (99.9% Fe,Os3,
China Steel) and 40 wt% alumina (99% Al,O3, Chin Jung).
Fe,03/Al,0;/TiO, were formulated with 70 wt% hematite,
20 wt% alumina and 10 wt% titania. Hematite, alumina and
titania particles of roughly 1 pm were mixed in deionized water
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and dried at 80 °C for 6 hours to form a cake, and were then
pulverized and screened for sizes between 1.2 and 1.4 mm. The
Fe,03/Al,0; and Fe,03/Al,05/TiO, particles were later sintered
at 1300 °C and 1200 °C for 2 hours in a muffle furnace,
respectively. The crush strength of prepared oxygen carriers was
analyzed by a texture machine (TA.XT plus), and the attrition of
prepared oxygen carriers was examined by an attrition analyzer
following ASTM methods D4058-96. The true density, particle
density and bulk density of prepared oxygen carriers were
determined by eqn (1) and (2), respectively, similar defines and
results were reported by previous researchers.”

pp = (1 — P)p; (1)
po= (1 = &)py (2)

where p; is the true density of the oxygen carrier without the
pores which presented in the oxygen carrier; p,, is the particle
density of the oxygen carrier including the pores, which was
measured by the Archimedes method; is the bulk density of the
oxygen carrier; ¢ is 49.13% and 59.60% as the porosity of
prepared Fe,03/Al,0; and Fe,05/Al,05/TiO,, respectively; ¢ is
the fraction of void contained in the packed Fe,03/Al,0; and
Fe,03/Al,05/TiO, oxygen carriers, which were determined to be
41.61% and 40.17%, respectively. The main physicochemical
properties of these prepared iron-based oxygen carriers are
shown in Table 1.

A porosity of fresh oxygen carriers was measured by Archi-
medes method in water. The porosities of Fe,03/Al,0; and
Fe,03/Al,05/TiO, oxygen carriers were determined to be 49.13%
and 59.60%, respectively. The physical properties of 60 wt%
Fe,03/Al,0; oxygen carriers reported by De Vos et al.'® were
similar to the results of this study that the porosity was obtained
to be in the range of 49.10-59.70%." From the literature pub-
lished by Breault et al."” illustrated that the disappear of small
grains due to the growth of larger grain promoted by high-
temperature calcination, hence, the grain size and porosity
become larger, while the specific surface area becomes
smaller.”” Breault et al.*” also reported that as the calcination
temperature is raised to 1000 °C, the specific surface area of
hematite particles was dropped from 6.0 to 0.3 m> g~ .7 A
similar result was observed in this study, the specific surface
area of Fe,O3/Al,0; and Fe,03/Al,0;3/TiO, oxygen carriers

Table 1 Main physicochemical properties of the iron-based oxygen
carriers

Parameters Unit Fe,03/Al,0; Fe,03/A1,05/TiO,
Fe,O; fraction wt% 60 70
Particle size mm 1.2-1.4 1.2-1.4
True density, p, kgm™ 4673 4795
Particle density, p, kgm™® 2377 1937
Bulk density, py, kgm™ 1388 1159
Porosity % 49.13 59.60
Fraction void % 41.61 40.17
Crushing strength N 30.53 10.25
Attrition % 4.01 16.83
Specific surface area, BET m>g '  0.61 0.64
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determined by BET analysis were 0.61 and 0.64 m> g ' at
calcination temperatures of 1300 °C and 1100 °C, respectively.

2.2 Establishment of the fixed bed reactor system

A fixed-bed reactor system composed of a 25.4 mm ID SS310
reactor and with a PID-controlled heating element covering
200 mm of reactor length employed in this study is shown in
Fig. 1. A plate with sixteen 0.25 mm apertures was located in the
lower part of the reactor for supporting 40 g of prepared Fe,O5/
Al,O; particles or 30.2 g of prepared Fe,03/Al,03/TiO, particles.
The temperature of the loaded reactor was then increased from
room temperature with a ramping rate of 10 °C min~' and
eventually kept at a specific operating temperature, ranging
from 875 to 925 °C. For reduction experiments, methane was
introducing into the reactor at a flow rate of 1 L min™" at
different concentrations, ranging from 5 to 20%. After reduc-
tion, N, was introduced for sweeping reducing gas contained in
the reactor. Air at a flow rate of 1 L min~ ' was subsequently
introduced for 30 minutes to oxidize the reduced oxygen
carriers. The outlet stream from the reactor was passed through
a cold trap to condense steam, and was consequently analyzed
by a non-dispersive infrared sensor (NDIR, Molecular Analysis
6000i) and a gas chromatography equipped with a thermal
conductivity detector (GC-TCD, China Chromatography 2000) to
detect the concentrations of carbon dioxide, carbon monoxide,
methane, hydrogen, and oxygen.

2.3 Establishment of the moving bed reactor system

Schematic diagram of the annular duel-tube moving bed reactor
(ADMBR) employed in this study is shown in Fig. 2. The reactor
was composed of a 76.20 mm ID SS310S outer tube covered with
an electric heating element to provide isothermally atmosphere,
and a 25.40 mm ID SS310S inner tube. Roughly 3.0 kg of
prepared Fe,03/Al,0; oxygen carriers or 2.5 kg of prepared
Fe,03/Al,03/TiO, oxygen carriers were initially packed in the
spacing between inner and outer tubes of the ADMBR. Fe,O3/
Al,O; and Fe,053/Al,05/TiO, oxygen carriers were then contin-
uously fed into the packed reactor by a screw conveyor at flow
rate operated at 29.53 and 20.72 ¢ min ™, respectively. Methane
was fed into inner tube to serve as gaseous fuel, and N, was also
introduced into the inner tube at a flow rate of 2.2 L min~". The
fuel gas was then passing through the bottom of the inner tube
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Fig.1 Schematic diagram of the fixed bed reactor system used in this
study for CLP operation.
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Fig. 2 Schematic diagram of the moving bed reactor system used in
this study for methane combustion.

for consequent combustion with Fe-based oxygen carriers fed
into and moved through the moving bed reactor. The reduced
oxygen carriers were collectively removed out of the fuel reactor
by another screw conveyor. The outlet stream from the moving
bed reactor was cooled by a cold trap to condense water vapour
and was afterward analyzed by a gas chromatography equipped
with a thermal conductivity detector (GC-TCD, China Chroma-
tography 2000) to detect the concentration of H, and a non-
dispersive infrared sensor (NDIR, Molecular Analysis 6000i) to
detect the concentration of CO,, CO, CHy, and O,. The phase
transformation of prepared oxygen carriers during methane
combustion was characterized by X-ray diffraction (XRD).

3 Results and discussion

3.1 Methane combustion with iron-based oxygen carriers in
a fixed bed reactor

Moving bed reactor (MBR) with counter-flow for solids and
gases were proposed to enhance the utilization of available
oxygen in the oxygen carriers.” In order to estimate the influ-
ence of thermal and chemical effects only on the oxygen carrier
reduction, a fixed bed reactor was used instead of moving beds.
Indeed, the fixed bed allows avoiding any flow of the material,
and the performance of the oxygen carrier in this kind of reactor
may only be the consequence of chemical and thermal effects.
The reactivity of prepared Fe,03/Al,0; and Fe,03/Al,05/TiO,
oxygen carriers were investigated and conducted in the fixed

This journal is © The Royal Society of Chemistry 2018
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bed reactor operated at the temperature between 875 and 925 °C
by feeding CH,/N, gas mixtures containing 5 to 20 vol% CH,.
The iron-based oxygen carriers are fully reduced for methane
combustion as described by reaction (3).**2°

4 8
CH, + 3176203 « 3 Fe + CO, +2H,0 ()

Based on the mass balances of oxygen and hydrogen, the
reduction conversion of iron-based oxygen carriers for methane
combustion is determined as:

2Fco2 + FCO + FHZO)dZ

Xred f— J1(

4
<chz03’mOC) ( )
MFC203
Fu,0 = 2Fcn,in — QFcn, + Fu,) (5)

where Fcy,in is the inlet mole flow rate (mmol min~") of CHy; F;
is the outlet molar flow rate (mmol min ") of species i, i is
denoted as CO,, CO, H,0, H,, and CHy; mqc is the weight (g) of
oxygen carriers packed in the reactor; xgc o, is the fraction of
Fe,0; contained in the oxygen carriers; Mg o, is 159.69 g mol !
as the molecular weight of Fe,O;. Fig. 3 shows the effect of
operating temperature on the reduction of iron-based oxygen
carriers with methane. The reduction conversions of Fe,Os;/
Al,0;3/TiO, oxygen carriers calculated for experiments con-
ducted with constant operation time are significantly higher
than that of Fe,03/Al,0; oxygen carriers and are increased with
higher operating temperatures. For instance, more than 95%
Fe,03/Al,05/TiO, is reduced by methane at about 84 minutes
for experiments conducted at 925 °C, much higher than that for
Fe,03/Al,0;3 reduction with methane. Fig. 4 demonstrates the
effect of inlet methane concentrations on the CLC of CH, by
iron-based oxygen carriers. The conversions of Fe,03/Al,0; and
Fe,03/Al,05/TiO, reduction are increased for experiments con-
ducted with greater inlet methane concentrations, possibly
because of the existence of more methane molecules. More
methane molecules are more ready to react with Fe,O;

100 Fe
Reducing gas: 5 vol.% CH /N, AOOD
I Reducing gas flow rate: 1 L/min %DD AAA
Fe,0,/AL,O/TiO, weight: 30.2 g 20, AAdgee
80 [~ Operating temperature: oo AA o®
6k o AA °® "
o 875°C =} AA - o® u
o aYs] A% g0 ]
O 900°C &n AL e u"
o Ao® "
60 | & 925°C éo R
° "
~ o Ahe® =
i o A "
< N Ao [}
i) A0 L]
i B Ag®® "
Moo AP aget " X_=33.33%
& ade® u" Ko lw T
St Ae® 8 FeO
“go p Fe,0/AL,0, weight: 40 g
M CaEhh
20 L éQ “‘ L = Operating temperature:
.g. " m 875°C @ 900°C A 925°C
1
e L Fe,0,
SOX S| o
078 A 1 . I . I . I Fe,0,
0 2000 4000 6000 8000 ?

Operation time (sec)

Fig. 3 Effect of operating temperature on the reduction of Fe,Os/
Ale3 and Fezo3/Alzo3/Ti02 with CH4 in the fixed bed.
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Fig. 4 Effect of inlet CH4 concentrations on the reduction of Fe,Os/
Alb,Oz and Fe,O3/ALO3/TiO, with CH, in the fixed bed.

contained in the iron-based oxygen carriers to generate CO, and
H,O0, as described by reaction (3).

In this study, the temporal behaviour of iron-based oxygen
carrier reduction for methane combustion is described by
a shrinking core model (SCM), as exercised by most researchers
for the application of various oxygen carriers for chemical
looping:**-**

7\ 3
1= X = (3) ()
2
=t Xea + 1 =301 = X3 +201 = Xet)| ()
_ 1000xfc,0,0p R
T 3 Ca Mreoske (8)
~ 1000x¢e,0,0p R?
o7 6bCag Mre,0,Ds ©)
*%*kd’\@ed
De = Dp],() e ReT (10)
Eay

kg =kgoe ReT (11)

where R and r are the radius (m) of the fresh particle and the
unreacted core; T, and 1, are the time (s) required for complete
conversion of the oxygen carrier when the reaction is controlled
by the gas-film diffusion and the product layer diffusion; C,, is
the inlet molar concentration (mol m>) of the gaseous fuel;  is
the stoichiometric coefficient of gaseous fuel combusted with
Fe,O;, which is determined to be 4/3 by reaction (3); k, is the
mass transfer coefficient (m s~ ') between gaseous fuel and
oxygen carriers; D, is the effective diffusion coefficient (m* s ™)
of gaseous fuel in the product layer; Dy, (m® s™') and Eapy (K]
mol ') are the pre-exponential factor and activation energy for
the product layer diffusion reaction; k4, kq o and Eag (k] mol ™)
are the decay constant, pre-exponential factor and activation
energy for the product layer diffusivity; R, is the ideal gas
constant; 7 (K) is the operation temperature.
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The reduction kinetics of Fe,03/Al,0; and Fe,05/Al,03/TiO,
with methane are regressed and calculated by the shrinking
core model (SCM), as described in eqn (6)—-(11). After fitting the
conversion curves, the kinetic parameters are summarized in
Table 2. As listed in Table 2, the mass transfer coefficient (kg) of
around 0.07 mm s~ ' is calculated for the reduction of Fe,Os/
Al,O; with methane, while the k, of Fe,03/Al,0;3/TiO, for
methane combustion reached 0.12 mm s~ ', indicating that the
reaction rate of methane for Fe,03/Al,0;/TiO, reduction is
faster than that for Fe,03/Al,0; reduction. Less Dy, o is obtained
for experiments with Fe,03/Al,0; oxygen carriers than those
with Fe,03/Al,05/TiO, oxygen carriers, explicitly, demonstrating
that the methane more easily diffusion through the product
layer of Fe,03/Al,05/TiO, oxygen carriers. Moreover, the influ-
ence of operating temperature on the oxygen carrier conver-
sions for the reduction of Fe,03/Al,0; with methane are more
than that for Fe,03/Al,03/TiO, reduction with methane, as
shown in Fig. 3, because high activation energy for the product
layer diffusion reaction (Ea,) is obtained for Fe,O3/Al,O;
reduction with methane. Furthermore, the slop of the reduction
conversion vs. time curves is observed to be altered for experi-
ments conducted at the various operating temperature, which
may be also attributed to the decay constant (kq) is dependent
on the operating temperatures, similar to the results reported
by previous researchers.”®** For experiments conducted with
operating temperature of 900 °C, the slop of the reduction
conversion vs. time curves for Fe,03/Al,0; reduction is signifi-
cantly changed with inlet methane concentration ranged from 5
to 20%, as shown in Fig. 4, possibly due to high k4, is obtained
for Fe,05/Al, 03 reduction with CH,.>*

In this study, the gas-film diffusion and the product layer
diffusion were major reaction resistances contributed for Fe,O3/
Al,O5 and Fe,03/Al,05/TiO, reduction with methane in the fixed
bed reactor. Cabello et al** studied that the kinetic study of
20 wt% Fe,03/Al,0; oxygen carrier for gaseous fuel combustion
by chemical looping process, and also indicated that the
reduction reactions are controlled by the chemical reaction in
the grain surface and the diffusion through the product layer of
FeAl,0, around the grains. This can be attributed to the external
diffusion resistance is eliminated by using a small mass of solid
sample (50 mg).>> Comparing the results from the literature and
this study, methane more easily diffusion through the product
layer of 20 wt% Fe,03/Al,0; oxygen carriers, while less
temperature effect on the reduction conversion was observed
for experiments with both iron-based oxygen carriers. The
reason is due to the D, and Ep obtained here were signifi-
cantly lower than that found in the literature.?* Additionally, the

Table 2 Kinetics parameters for the reduction of iron-based oxygen
carriers conducted with methane

Parameter Unit Fe,0;/Al,0; Fe,03/A1,0;/TiO,
ky mm s 0.07 0.12

Dpio mm?s! 4.37 x 10*° 1.03 x 10**

Eay, kJ mol~* 476.45 446.61

kao — 3.08 x 102 7.88 x 10"

Eay kJ mol ! 736.19 305.41
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intensity of the reaction rate for reduction of both iron-based
oxygen carriers with methane was significantly changed with
various methane concentration probably due to higher k4, and
higher E4 were obtained in this work.

3.2 Methane combustion with Fe,0;/Al,0; oxygen carriers
in the ADMBR

Chemical looping combustion of methane was conducted in the
ADMBR at 900 °C by feeding Fe,053/Al,0; oxygen carriers at flow
rate of 29.53 ¢ min~ " and CH, at flow rate from 328.4 to 985.3
mg min~'. The main components of outlet streams for the
combustion of methane from the moving bed reactor operated
at different inlet CH, flow rates were determined to be CO,,
CH,4, H, and slightly CO in this study, as illustrated in Fig. 5.
Outlet gas stream containing about 96% CO, and 4% CH, are
achieved for experiments conducted with CH,/Fe,O; ratio
ranged from 18.5 to 37.1 mg g~ '. However, CO, concentration of
the outlet gas stream is rapidly reduced for experiments carried
out with the CH,4/Fe,05 ratio more than 37.1 mg g~ '. More CO
and H, are observed due to the occurrence of incomplete
methane combustion and methane decomposition reaction, as
depicted by reaction (12).">*° Based on carbon and hydrogen
balance calculation, the steam generation rate (Fy,o) and
carbon deposition rate (Fc) for methane combustion are
determined by eqn (5) and (13) and were also shown in Fig. 5.

CH, — C + 2H, (12)

(13)

Fc = Fen,in — (Fen, t Feo, + Fco)

The carbon deposition rate and steam generation rate of
methane combustion by Fe,03/Al,0; in the ADMBR are found
to be increased for experiments conducted with greater CH,/
Fe,0; ratio. The increased in carbon deposition for experiments
carried out at high CH,/Fe,O; ratio may be ascribed to the
presence of excessive methane, thus more methane molecules
are decomposed to generate carbon and hydrogen. CO,
concentrations for CH, combustion conducted with CH,/Fe,O;
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Fig. 5 Effect of methane flow rates on the combustion of methane
with Fe,O3/Al,O3 in the moving bed.
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ratio of 27.8 and 37.1 mg g~ ! were determined to be about 98%
and 96%, respectively, indicating that hydrogen generated by
methane decomposition was completely combusted by Fe,O;/
Al,O;. Moreover, hydrogen was detected in the outlet stream for
experiments operated at CH,/Fe,O; ratio more than 37.1 mg
g~', possibly due to more hydrogen generated by methane
decomposition was higher than that consumed by Fe,03/Al,05
reduction reaction.

The carbonaceous gases (CO,, CO and CH,) and deposited
carbon are generated by methane combustion and decompo-
sition. Therefore, carbon conversion (X¢) is the conversion of
inlet methane to carbonaceous gases in the fuel reactor, as
described as eqn (14). Based on the oxygen balance, the
methane conversion (Xmethane) @and oxygen carrier conversion
(Xoc) for CH, combustion were determined by eqn (15) and
(16).25,26

_ Fco, + Feo + Fyo

X 14
‘ F CHy jn ( )
2Fco, + Fco + F
Xnethane = = 4F, € 19 (15)
CHyjn
2F F F
Xoc — co, + Fco + Fn,0 (16)

XFCZOJ;’OC
TFea0,M0C
( T >>< 000 x 3

where 771 o is the mass flow rate (g min~") of the oxygen carriers
in the ADMBR. As illustrated in Fig. 6, Xc and Xpethane are
significantly decreased for experiments carried out with
increasing CH,/Fe,0; ratio for the combustion of methane with
Fe,03/Al,0;3 oxygen carriers in the ADMBR operated at 900 °C,
indicating excessive methane is provided. Experimental results
obtained in this study suggest that the complete combustion
reaction between CH, and Fe,0;/Al,0; oxygen carriers could be
accomplished for experiment conducted with CH,/Fe,O; ratio
of 18.5 mg g~ *. As also indicated in Fig. 6, nearly 24.2% of the
oxygen carrier conversion is achieved for the complete

100

Operating temperature: 900 °C
N, flow rate: 2.2 L/min
Fe,0,/AL0, flow rate: 29.53 g/min
—=&— Oxygen carrier conversion

®— Carbon conversion
—#&— Methane conversion

80

60 - \

Conversion (%)
»

20 | —

20 30 40 50 60
CH,/Fe 0, (mg/g)

Fig. 6 Effect of methane flow rates on fuel and oxygen carrier
conversions for CLC of methane with Fe,Oz/Al,0s.
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combustion of methane with Fe,03/Al,0; oxygen -carriers,
demonstrating the Fe,03/Al,0; oxygen carriers operated in
a moving bed reactor is majorly reduced to Fe;O, and FeO,
similar to the results reported by previous study.”” However,
oxygen carrier conversion for CLC of methane is found to be
slightly enhanced for experiments conducted with greater CH,/
Fe,0; ratio, because more Fe,03/Al,0; oxygen carriers are
considered to be reduced by fuel gases, such as CH,, CO and H,,
which is generated by methane combustion and
decomposition.

3.3 Methane combustion with Fe,03/Al,0;/TiO, oxygen
carriers in the ADMBR

Chemical looping combustion of methane by Fe,03/A1,03/TiO,
oxygen carriers for experiments conducted with various CH,/
Fe,0; ratio were examined in this study. The outlet gas streams
for combustion experiments of methane were composed mainly
of CO,, CHy, H, and CO, as illustrated in Fig. 7. Outlet gas
stream of nearly 100% CO, is achieved for experiments con-
ducted with CH,/Fe,0; ratio of 22.6 mg g *. However, CO,
concentration of the outlet gas stream for CLC of methane are
found to be decreased for experiments carried out with CH,/
Fe,0O; ratio more than 34.0 mg g ', whereas H, and CO
concentrations are increased. Besides, methane concentration
of the outlet gas stream for methane combustion with Fe,0;/
Al,05/TiO, is enhanced for experiments conducted with CH,/
Fe,Oj; ratio ranged from 34.0 to 45.3 mg g~ '. Subsequently, CH,
concentration of the outlet gas stream is reduced for experi-
ments conducted with CH,/Fe,O; ratio above 45.3 mg g,
possibly due to the occurrence of methane reforming reaction,
as depicted by reaction (17).>** Thus, less steam generation rate
is observed for the combustion of methane with Fe,O3/Al,05/
TiO, than that for methane combustion with Fe,05/Al, 03, as
illustrated in Fig. 7.

CH4 + H2O — CO + 3H2 (17)
100 250
80 - — 200
Operating temperature: 900 °C =
= [ N, flow rate: 2.2 L/min é
= Fe,0,/ALO/TiO, flow rate: 20.72 g/min %
S 60 |- 4 150
g Gas concentration: g
z
= —=—CO, —4A—CO =
=] [ - Q
b= ®—CH, —v—H, §
£
= 40 - —o— Carbon deposition rate | 100 =z
5] . =}
Qo —O— Steam generation rate /O =
g o 5
@] O/ - =
20 /o/,,,;m, /////' ds0 =
o] o TTT—
- )
- /// - )'/::  =—a
0 Lo | e AT o 7 0
20 30 40 50 60 70
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Fig. 7 Effect of methane flow rates on the combustion of methane
with Fe,O3/AlL,O3/TiO, in the moving bed.
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Fig. 8 Effect of methane flow rates on fuel and oxygen carrier
conversions for CLC of methane with Fe,Oz/AlL,O3/TiO,.

As shown in Fig. 5 and 7, the carbon deposition rate for
methane combustion with Fe,03/Al1,05/TiO, is noticeably lower
than that for methane combustion with Fe,0;/Al,03, indicating
carbon deposition is significantly reduced as methane is com-
busted with Fe,03/Al,05/TiO, oxygen carriers. Carbon deposi-
tion is impeded because the reactivity of Fe,03/Al,03/TiO,
oxygen carriers for methane combustion is higher than that of
Fe,03/Al,0; oxygen carriers. Fig. 8 demonstrates that high
carbon conversions (approximately 99%) are obtained for
methane combustion conducted with CH,/Fe,O; ratio ranged
from 22.6 to 56.6 mg g ', while the carbon conversion of
methane combustion reached about 94.5% for experiments
carried out with CH,4/Fe,O; ratio of 67.9 mg g~ ', due to the
insufficient oxygen carriers are provided to react with methane.
Thus, methane molecules are slightly decomposed to generate
carbon and hydrogen. As also illustrated in Fig. 8, methane is
completely combusted by Fe,03/Al,05/TiO, oxygen carriers for
experiment conducted with CH4/Fe,O; ratio of 22.6 mg g~
However, as for experiment conducted with CH,/Fe,O; ratio
more than 22.6 mg g, the methane conversions are found to
be decreased with increased with increasing CH,4/Fe,O; ratio.
The decreased in methane conversion for experiments carried
out at high CH,/Fe,O; ratio may be ascribed to the occurrence
of incomplete methane combustion and methane reforming
reaction, thus more combustible gases are observed.
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Oxygen carrier conversion of around 29.7% is achieved for
the complete combustion of methane with Fe,03/Al,03/TiO,
oxygen carrier, while the oxygen carrier conversions are
enhanced for experiment conducted with CH,/Fe,O; ratio above
22.6 mg g ', as shown in Fig. 8, further demonstrating
increased CH,/Fe,O; ratio to promote the Fe,03/Al,03/TiO,
reduction. Besides, Fe,03/Al,0; flowrate of around 29.53
g min~ " was provided for complete methane combustion, while
the Fe,03/A1,05/TiO, flow rate needed to about 20.72 g min~ "
for the complete combustion of methane. Less oxygen carrier is
demanded for the complete combustion of methane with
Fe,03/Al,0;/TiO, than that for methane combustion with
Fe,03/Al,03, possibly due to the methane is considered to be
consumed more rapidly by Fe,05/Al,0;3/TiO, reduction reaction
than by Fe,03/Al,0; reduction reaction. Moreover, less oxygen
carriers are required may also be ascribed to the higher Fe,0O;
contained in the Fe,03/Al,0;3/TiO, oxygen carrier. Abad et al.*
analyzed the design criteria for a CLC system and reported that
the solid circulation rate was decreased with increasing the
et al. oxide content for the combustion of fuel gases (H,, CO and
CH,) with different metal oxides (CuO, NiO, and Fe,03).

As listed in Table 3, the gas hourly space velocity (GHSV) of
CH,/N, mixture was increased with increasing inlet methane
concentration. Higher GHSV means higher fuel/oxygen carrier
ratios and shorter residence time. Therefore, the increase in the
GHSV led to a decrease of methane and carbon conversion,
whereas an increase of oxygen carrier conversion.

3.4 Performance evaluation and heat analysis for CH,
combustion

In order to differentiate the theoretical and actual Fe,O;
amount for the combustion of one mole of methane, a Fe,0;/
CH, molar ratio was determined for evaluating the demand of
oxygen carrier. For moving bed operation, a five-stage RGibbs
reactor model has been shown to accurately simulate the
experimental results for syngas and natural gas conversion.***"
The parameters for the ASPEN Plus® model have been proposed
by Li et al.*® and Kathe et al.**> The maximum fuel and oxygen
carrier conversions for chemical looping combustion of
methane with Fe,O; in the counter-current moving bed reducer
operated at 900 °C and 1 atm could be obtained from ASPEN
simulation under the thermodynamic equilibrium. Based on
the stoichiometry calculation, 4/3 mole of Fe,O; are consumed
for 1 mole of methane combustion, indicating the minimum

Table 3 The operating conditions of methane combustion with iron-based oxygen carriers in the moving bed reactor®

Fe,03/Al,04 Fe,03/Al,0;/TiO,
Fcu,in mmol min~* Cca, in VO1% GHSV h ™! Mo g min™* CH,/Fe,0; mg g " Moc g min ™! CH,/Fe,0; mg g~ *
20.5 18.52 295.1 29.53 18.54 20.72 22.64
30.7 25.42 322.4 27.80 33.96
41 31.25 349.8 37.07 45.29
51.2 36.23 377.1 46.34 56.61
61.4 40.54 404.4 55.61 67.93

“ GHSV: gas hourly space velocity; Fcy, in: the inlet mole flow rate of methane; Ccy, in: the inlet concentration of methane; #i1oc: the mass flow rate of

the oxygen carriers in the ADMBR.
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Fig. 9 Effect of Fe,O3z/CH4 molar ratio on fuel and oxygen carrier
conversion for methane combustion in the moving bed.

Fe,0; to CH, molar flow rate ratio is determined to be 1.33 for
theoretically complete combustion of CH,. Experiments and
ASPEN simulations to examine the effect of Fe,O;/CH, molar
ratio on the fuel and oxygen carrier conversions were conducted
with various Fe,03;/CH, molar ratio, and the results were shown
in Fig. 9. The decrease in the oxygen carrier conversion is
observed for ASPEN simulation carried out with Fe,O3;/CH,
molar ratio more than 0.9, while complete conversion of
methane is achieved as Fe,O;/CH, molar ratio reached more
than 2.6, similar to the results reported by previous study.*>*
For the complete methane combustion, higher Fe,0;/CH,
molar ratio is determined by ASPEN simulation than that by
stoichiometry calculation, which may be attributed to the
thermodynamic resistance, hence, Fe,0O; is not fully reduced to
Fe for the complete combustion of methane.

Compared with the simulation result, the methane conver-
sion for the combustion of methane with Fe,0;/Al,0; and
Fe,03/Al,05/TiO, oxygen carriers are increased for experiments
conducted with higher Fe,0;/CH, molar ratio, and reached 98.4
and 98.8% as Fe,03/CH, molar ratio reached 5.4 and 4.4, as also
shown in Fig. 9. More oxygen carriers are required for experi-
ments conducted with Fe,03/Al,0; oxygen carriers than that
with Fe,03/Al,05/TiO, oxygen carriers, probably because lattice
oxygen present in the Fe,03/Al,05/TiO, oxygen carriers are more
readily to react with combustible gas. Thus, the oxygen carrier
conversions for the combustion of methane with Fe,03/Al,05/
TiO, oxygen carriers are higher than that for methane
combustion with Fe,03/Al,0; oxygen carriers.

According to the XRD patterns illustrated in Fig. 10, the
crystalline phases of freshly prepared Fe,03/Al,0; oxygen
carriers are mainly Fe,O; and Al,O;. The oxygen carriers moved
through the ADMBR was also sampled, and characterized to be
mostly Al,FeO,, indicating that the amount of oxygen utilization
from F,0; to FeO. Similar observation was reported by previous
researchers.”™* It has been reported that the crystal phase of
Fe,;C might be formation during ASPEN simulation of chemical
looping combustion of methane.* The formations of Fe;C and
Fe were observed for experiment conducted with CH,/Fe,O3
ratio of 55.6 mg g~ and Fe,05/Al,O; flow rate of 29.53 ¢ min ™.

This journal is © The Royal Society of Chemistry 2018
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Fig. 10 X-ray diffraction patterns of fresh, reduced and regenerated
Fe,O3/AlL,O3 oxygen carriers for methane combustion.

Takenaka et al.** analyzed the formation of filamentous carbon
over supported Fe catalysts through methane decomposition,
and also reported that Fe;C formation is favored at the mass
fraction of Fe,O; contained in the Fe,O3/Al,0; was more than
38%. Additionally, Fe;C and Fe are the typical active species to
be employed as catalyst for methane decomposition.***
Consequently, carbon deposition is also contributed by the
Fe;C and Fe generated by the reaction between methane and
Fe,03/Al,0; oxygen carrier. Subsequently, the reduced Fe,O3/
Al,O; oxygen carriers are completely oxidized by air in the air
reactor to generate Fe,O; and Al,O3, which are observed in the
XRD pattern.

The fresh Fe,03/Al,03/TiO, particles were characterized by
XRD for phase identification as shown in Fig. 11. Fe,03, Fe,TiO5
and Al,O; are the major crystalline phases of fresh oxygen
carriers. For experiment conducted with CH,/Fe,O; ratio of
67.9 mg g " and Fe,03/Al,0,/TiO, flow rate of 20.72 ¢ min™~",
the reduced Fe,03/Al,0;/TiO, oxygen carriers were sampled
from moving bed operation. The absence of Fe,O3, Fe,TiO5 and
Al,O; in the XRD pattern indicated that Fe,O; and Fe,TiOs is
completely reduced. Hence, the crystalline phases of the
reduced Fe,0;/Al,0;/TiO, oxygen carriers are composed of Fe,
Fe;0,4, Al,FeO, and FeTiOj3, as illustrated in Fig. 11. In addition,
Al,FeO, and FeTiO; generated during reduction might serve as
support materials as well as oxygen carriers in practical opera-
tion by moving bed reactor for chemical looping process,
similar to the results reported by previous study.'**® For Fe,O3/
Al,O;/TiO, oxygen carriers sampled after regeneration, Fe,O3,
Fe,TiOs and Al,O; are observed in the XRD pattern, demon-
strating that Fe, Fe;O,4, Al,FeO, and FeTiO; contained in the
reduced Fe,03/Al,03/TiO, oxygen carriers were completely
oxidized to Fe,0j3, Fe,TiO5 and Al,Os.

The mechanism for reduction of Fe,03/Al,0; and Fe,O;/
Al,0;3/TiO, oxygen carriers with methane are proposed as reac-
tions (18)-(24) based on the experimental results from this
study. Unfortunately, from the analysis of the fixed bed curves,
the reduction conversion contributed by each reduction reac-
tions were not possible to be separated because these reduction

RSC Adv., 2018, 8, 39902-39912 | 39909
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Fig. 11 X-ray diffraction patterns of fresh, reduced and regenerated
Fe,Oz/AlLO3/TiO, oxygen carriers for methane combustion.

reactions may occur simultaneously. Therefore, as described by

reaction (3), the overall reduction reaction of iron-based oxygen

carrier for methane combustion is summarized and simplified

by Integrated Rate of Reduction (IRoR) model, which has been

widely used for evaluating the total reduction rate of iron ores.*”
For Fe,03/Al,0; reduction:

4Fe,05 + 8A1,0; + CHy < 8ALFeO,4 + 2H,0 + CO, (18)
4A1LFeO4 + CH4 < 4Fe + 4A1,0;5 + 2H,0 + CO, (19)
3Fe + 2CO < Fe;C + CO, (20)

For Fe,03/Al,03/TiO, reduction:
4Fe,05 + 8A1,0; + CHy < 8ALFeO,4 + 2H,0 + CO,  (18)
4ALFeO4 + CHy < 4Fe + 4A1,05 + 2H,0 + CO, (19)
4Fe,TiOs + 4TiO, + CH4 < 8FeTiO; + 2H,0 + CO, (21)
12Fe,05 + CHy4 < 8Fe;04 + 2H,0 + CO, (22)
4Fe;04 + CHy < 12FeO + 2H,0 + CO, (23)
4FeO + CH4 < 4Fe + 2H,0 + CO, (24)

The input processing capacity (Qj,) is the enthalpy of
methane calculated as:

Oin = MmAHpye (25)
where 71oc and AHp are the molar flow rate (mol s™*) of
methane and the higher heating value (k] mol %), respectively.
The heat balance analysis is determined by the following
equation:

Qin = QC,oul + QunC,out (26)
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Fig. 12 Effect of methane flow rate on processing capacity for
methane combustion in the moving bed.

where Qc oyt and Qunc,out are the output processing capacity (W)
for methane combustion and unburned, respectively. The
output processing capacity for CLC and unburned is subse-
quently calculated by the following equations:

QC,out = Z(Fﬁ,in -

Fj,out,C)Aern,j (27)

QunC,out = ZB,OUI,CAHanJ (28)

where Fjj, is the inlet mole flow rate of species j; Fj out,c i the
molar flow rate of species j generated by methane combustion;
AH,n is the enthalpy of species j; j is denoted as CO, CHy, H,
and C.

As shown in Fig. 12, 269 W and 270 W are released for
methane combustion with Fe,03/Al,0; and Fe,03/Al,03/TiO,
oxygen carriers in the ADMBR, indicating that roughly 98% of
Qin released for methane combustion using Fe,03/Al,0; and
Fe,03/Al,05/TiO, oxygen carriers in the ADMBR. Afterward,
Qc,out for methane combustions with Fe,0;3/Al,0;/TiO, oxygen
carriers are increased for experiments conducted with higher
CH,/Fe,0; ratio, and reached 578 W as methane conversion
reached 72.7%. However, Q¢ ou: for methane combustion with
Fe,03/Al,0; oxygen carriers conducted with CH,/Fe,O; ratio
greater than 37.1 mg g ', and reached 350 W as methane
conversion reached less than 64.6%, as shown in Fig. 12. More
heat is generated for combustion of methane by Fe,03/Al,03/
TiO, oxygen carriers, probably because methane is more fully to
react with the Fe,O; contained in the Fe,03/Al,03/TiO, oxygen
carriers. Moreover, less heat is generated for combustion of
methane by Fe,03/Al,0; oxygen carriers because more carbon
deposition is formed.

4 Conclusions

Fe,0; supported with Al,O3; and Al,O;3/TiO, as oxygen carrier
were investigated for CLC of methane. The reduction kinetic of
Fe,03/Al,05 and Fe,03/Al,05/TiO, with methane are agreeably
described by a shrinking core model. The results indicated that
the reduction rate of CH, for Fe,03/Al,0;/TiO, reduction was

This journal is © The Royal Society of Chemistry 2018
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faster than that for Fe,03/Al,O5; reduction, also indicated that
the methane more easily diffusion through the product layer of
Fe,03/Al,03/TiO, oxygen carriers. The activation energy for the
product layer diffusion reaction (Eap) estimated for CLP by
employment of Fe,O3/Al,0; and Fe,03/Al,03/TiO, as oxygen
carrier are about 476 and 447 k] mol ' for oxygen carrier
reduction with methane, respectively. Approximately, methane
is completely combusted for experiments conducted in the
moving bed reactor with Fe,0;/Al,0; and Fe,0;/Al,05/TiO,
operated at Fe,O3/CH, molar ratio reached about 5.4 and 4.4,
respectively; in addition, the oxygen carrier conversions are
respectively reached about 24.2% and 29.7%. Carbon deposi-
tion during methane combustion is noticeably avoided by using
Fe,03/Al,03/TiO, as oxygen carrier. According to the XRD
characterization, Al,FeO, is the major crystalline phase gener-
ated during CLC of methane with Fe,03/Al,0; oxygen carrier.
The formations of Fe;C and Fe were observed for experiment
conducted with CH,4/Fe, O3 ratio of 67.9 mg ¢~ and Fe,03/Al,0;
flow rate of 29.53 ¢ min~", which would serve as catalyst for
methane decomposition. For Fe,03/Al,03/TiO, oxygen carriers
sampled after reduction, Fe, Fe;0,, Al,FeO, and FeTiO; were
identified by the XRD pattern, demonstrating Al,FeO, and
FeTiO; generated during reduction might become support
materials as well as oxygen carriers in practical operation by
moving bed reactor for chemical looping process. Output pro-
cessing capacity estimated for CLC by employment of Fe,Os/
Al,O5 and Fe,03/Al,03/TiO, as oxygen carrier are increased for
experiments conducted with higher CH,/Fe,O; ratio, and
reached 350 W and 578 W as methane conversion reached
around 64.6% and 72.7%, respectively. About 269 W and 270 W
are released for complete methane combustion with Fe,O3/
Al,O; and Fe,03/Al,03/TiO, oxygen carriers in the ADMBR,
indicating that roughly 98% of Q;, released for methane
combustion using Fe,03/Al,0; and Fe,03/Al,0;/TiO, oxygen
carriers in the ADMBR.
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