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Abstract

Fe,TiOs was studied for the reduction mechanism in chemical looping process. Fe,TiOs pellets were reduced by syngas that demonstrated
highest reduction rate in the beginning of reduction period from Fe,TiOs to FeTiO; and Fe,TiO,4. The reduction of Fe,TiOs is suggested in
sequence from Fe,TiO,4, FeTiO; to Fe. Fe,TiOs pellets performed reasonable reactivity and steady recyclability after continuous 100 redox
cycles. The increased surface area and decreased mechanical strength for pellets operated after 30 redox cycles was due to formation of cracks
and porous structures. Moreover, Fe,O3/TiO, was the major crystalline phase existed in the pellets after 30 redox cycles. Fe,TiOs attributed high
syngas conversion in the fixed bed reactor due to high equilibrium constants. The completed reduced form of Fe,TiOs oxygen carriers, Fe/TiO,,

demonstrated hydrogen generation by steam oxidation, and the Fe was oxidized to Fe;0,4 and FeTiOj; in the fixed bed reactor.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Chemical looping technology was proposed to increase
combustion efficiency of fuels as well as inherently to generate
high purity CO, [1]. Oxygen carrier is the looping media to
provide oxygen for fuel combustion, and the reduced oxygen
carrier is oxidized to the fully oxidation state for successive
redox cycles [2]. A chemical looping system comprises a fuel
reactor and an air reactor for continuous reduction and oxidation
of oxygen carriers, respectively, as illustrated in Fig. 1 [3]. In the
fuel reactor, oxygen carriers release oxygen for fuel combustion,
and CO, with over 90% purity is yielded after HO condensa-
tion. The reduced oxygen carriers are then moved to the air
reactor by mechanical devices, such as loop seal, valves and air
compressor [4]. The oxidation of reduced oxygen carriers is
carried out in the air reactor for heat generation.

Oxygen carriers should provide with high reaction rate, high
oxygen carrying capacity, great mechanical strength, and long-
term recyclability for applications of chemical looping process
[5]. Ni-, Fe-, Cu-, Mn- and Co-based metal oxides are the typical
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materials validated by thremogravimetric analysis (TGA) to be
employed as oxygen carriers [6,7]. However, their reactivity and
recyclability are greatly reduced due to the sintering and attrition
of oxygen carriers during the chemical looping operation.
Therefore, through coupling support materials, such as SiO,,
AL O3, TiO,, MgO, ZrO,, with the validated metal oxides to
manufacture oxygen carrier was an effective way to avoid
sintering and to reinforce the mechanical strength of oxygen
carriers [8,9]. However, the application of massive fabricated
oxygen carriers may significantly boost the operational cost of
chemical looping process. Therefore, the application of low-cost
natural minerals as oxygen carriers, such as ilmenite, was
frequently studied for chemical looping process [10].

The feasibility of application of ilmenite as oxygen carrier has
been widely evaluated with various fuels, such as syngas,
methane, coal and petroleum coke in recent years [11-13].
Combustions of methane and syngas (H, and CO) with ilmenite
were investigated by a lab-scale fluidized bed reactor [14] and a
120 kW circulating fluidized bed reactor [15], both literatures
indicated that over 80% of CO conversion was achieved for
experiments conducted at temperature above 960 °C; however,
only around 40% of CH, conversion was achieved under similar
operating condition. For coal and petroleum coke combustions,
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Fig. 1. Scheme of chemical looping process.

ilmenite showed relatively satisfactory combustion efficiency with
Fe,05/MgAl,O, composite oxygen carriers in a laboratory scale
fluidized-bed reactor operated at 950 °C [16]. Ilmenite demon-
strated similar performance to the fabricated iron-based oxygen
carriers; therefore, ilmenite was frequently selected for solid fuel
combustion in sub-pilot scale fluidized bed reactors [17,18].

In order to investigate the mechanism of ilmenite for chemical
looping operation, Fe,TiOs, as the fully oxidation state of
ilmenite [14], was selected as oxygen carrier in this study.
The redox cycles were conducted by thermogravimetrirc analy-
zer (TGA), and the crystalline phases and surface morphology of
the Fe,TiOs pellets during the redox cycling were identified by
X-ray diffraction (XRD) and field-emission scanning electron
microscope (FESEM), respectively. The analysis of effluent gas
during the reduction and oxidation of Fe,TiO5 were conducted
using a fixed bed reactor. Experiments with regard to steam
oxidation with completely reduced Fe,TiOs pellets for H,
generation in a fixed-bed reactor, and the crystalline phases of
oxygen carriers were identified by XRD patterns.

2. Experimental

Cylindrical Fe,TiO5 pellets (10 mm in diameter and 2 mm
in height) for thermogravimetric and X-ray diffraction analysis
were made of Fe,TiO5 (99.9%, Alfa Aesar) powder after ball-
milled, and were prepared by single-punch tablet press.
200 mg of Fe,TiOs pellets were loaded in an alumina crucible
for TGA analysis using a Netzsch STA 449F3 analyzer, the
temperature of TGA chamber was raised with a ramping rate
of 20 °C/min in N, atmosphere, and eventually kept at 900 °C.
200 mL/min reducing gas composed of 10% H, 10% CO and
80% N, was introduced into TGA chamber for 140 min to
reduce Fe,TiOs. After the reduction phase, 200 mL/min N,
was introduced for 20 min for sweeping reducing gas con-
tained in the TGA chamber. 200 mL/min air was then
introduced for 30 min to oxidize the reduced oxygen carriers.
The conversion for oxygen carriers (X,,.) is defined as:

_ m(t)—m,

Xoc (1)

my,—m,

where m,, is the weight of fully oxidized oxygen carriers; m, is
the weight of fully reduced oxygen carriers; m(f) is the weight

of oxygen carriers after reduction period of ¢. For determining
the conversion of oxygen for Fe,TiOs, only three oxygen
atoms were counted for fully oxidized oxygen carriers because
other two oxygen atoms were contributed to TiO, as the
support material. The reduction and oxidation was replicated
for 100 cycles to determine the reactivity and recyclability of
the prepared Fe,TiOj5 pellets; the periods of reduction, purging
and oxidation phases were 10, 5 and 6 min, respectively.
Fixed bed reactor system employed in this study is shown in
Fig. 2, and is composed of a 25.4 mm ID stainless steel (SS310)
reactor and a PID-controlled heating element covering 200 mm of
reactor height. A plate with sixteen 0.25 mm apertures was located
in the lower part of the reactor for supporting 1 g of Fe,TiOs
pellets. Fe,TiOs pellets were reduced at 900 °C, by introducing
200 mL/min reducing gas composed of 10% CH,, 10% H, and
80% N, into the reactor. N, gas was then purged into the fixed bed
reactor to sweep out the residual reducing gas prior to subsequent
oxidization phase. Steam generated by the pre-heat element was
injected into the reactor for H, generation with the rate of 2.64 mol/
min controlled by a syringe pump (KDS-100).The outlet stream
from the fixed bed reactor was passed through a cold trap to
condense steam, and was consequently analyzed by a non-
dispersive infrared analyzer (Molecular Analysis 6000i) to detect
the concentration of CO and CO,. A gas chromatography analyzer
equipped with thermal conductivity detector (Agilent 7890) was
used for measuring H, concentration. The phase transformation of
Fe,TiOs during redox cycling was characterized by the X-ray
diffractometer (XRD, Bruker D2 Phaser), the incident beam was
Cu K, characteristic X-ray at 30 kV and 10 mA, and employing a
scanning rate of 0.05° s~ ' in the 26 range from 10° to 80°. Surface
morphology and interfacial behaviors of Fe,TiOs pellets were
analyzed with field emission scanning electron microscope
(FESEM, JOEL JSM-6500F). The surface area of Fe,TiOs pellets
was determined by a Brunauer Emmett Teller (BET) analyzer
(MICROMETRICS, ASAP 2020) using N, as adsorption media.

3. Results and discussion

The temporal conversion of Fe,TiOs pellets reduced by
syngas for 140 min and oxidized by air for 20 min in TGA is
illustrated in Fig. 3, indicating that the reduction of Fe,TiOs
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Fig. 2. Scheme of fixed bed reactor system.
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Fig. 3. Degree of conversion as a function of reaction time for single redox
cycle of Fe,TiOs conducted with 200 mL/min of syngas for reduction and

200 mL/min of air for oxidation at 900 °C.

pellets can be roughly divided into 3 consecutive stages. In the
first stage, 30 wt% of oxygen contained in Fe,TiOs was
rapidly reduced in 5 min. From 5 to 37 min for the second
stage, the reduction rate was decreased and approximately

) bFe:"fi‘O: reduction for 37 min
O

A O
Fe:Ti(ﬁ)5 reduction for 10 min

A0® 4

o

5000 %

Fresh-Fe TiO_
L 1 T N

40 wt% of oxygen was reduced. Finally, the remaining 30 wt%

of oxygen was reduced from 37 to 140 min for the third stage.
The pellets were then sampled at the reduction time of 5, 10,
37 and 120 min for phase characterization by XRD, the results
are shown in Fig. 4, Fe,TiO5 was the sole crystalline phase of
the fresh pellet. After 5 min of reduction, FeTiO5 and Fe,TiO4
were found to be the major crystalline phases. Therefore, the
reduction of Fe,TiO5 pellets in the first stage is suggested by

following reactions:

2Fe,TiOs5 +H; + CO — 2Fe,TiO4 +H, O+ CO,

2Fe; TiO4 4+ 2Ti10, +H, +CO — 4FeTiO; +H,0+CO,

50 60 70 80

2 Theta (degree)

Fig. 4. XRD patterns of Fe,TiOs fresh pellet, and the pellets sampled at 5, 10,
37 and 120 min in the reduction phase conducted by TGA at 900 °C.

(@)
(€)

For pellets sampled at 10 min of reduction, Fe was observed
and the intensity of Fe,TiO, was decreased. For pellets
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sampled at 37 min of reduction, Fe and FeTiO; were observed
to be the major crystalline phases, while Fe,TiO4 was almost
vanished in the XRD pattern. Hence, reactions (3) and (4) are
suggested taken place in the second stage.

2FeTiO3 +H, +CO — 2Fe +2TiO, + H,O+ CO, 4)

For pellets sampled at 120 min of reduction, only Fe and
TiO, were identified indicating that FeTiO; was complete
reduced. Therefore, sequential stages of reduction may restrain
the overall reactivity of iron-based oxygen carriers; only the
oxygen reduced in the first stage would be utilized for most
studies [14,19]. Furthermore, Fe,TiO4 and FeTiO; generated
during reduction might serve as support materials as well as
oxygen carriers for chemical looping process.

Fe,TiO5 pellets were examined in TGA for continuous 100
redox cycles with 5 minutes for each redox cycle. The utilization
of oxygen was maintained at approximately 33% during 100
continuous redox cycles operated at 900 °C, shown in Fig. 5,
indicating that Fe,TiOs pellets exhibited reasonable reactivity
and steady recyclability as oxygen carriers. Fe,TiOs pellets were
sampled at 1, 30 and 100 redox cycles, and were characterized
by XRD. As shown in Fig. 6, for Fe,TiO5 pellets operated after
30 redox cycles, Fe;,O; and TiO, were the major crystalline
phases indicating that Fe,TiOs was reformed as Fe,O5/TiO,
composite. The crystalline phase of pellets was still Fe,O3/TiO,
composite after 100 redox cycles; therefore, Fe,O5/TiO, com-
posite was the full oxidation state for continuous redox cycling.
Hence, reaction (2) was modified as reaction (5).

2Fe,03 4+ 2TiO, +H, + CO — 2Fe, TiO4 +H, O+ CO, (5)

The surface morphology of fresh Fe,TiOs pellets, and the
pellets operated after 1, 30 and 100 redox cycles were observed
by SEM with 100 x of magnification. As shown in Fig. 7(a)
and (b), the surfaces of fresh pellets and pellets operated after
only one redox cycle were observed to be very condensed.
However, cracks and porous structures were found on the
surface of pellets operated after 30 redox cycles, as revealed in
Fig. 7(c) and (d), leading to the increase of BET surface area

100 redox cycles of Fe, TiO_ in TGA
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I~ Reduction with 200 mL/min of syngas for 5 min
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Fig. 5. Degree of conversion as a function of reaction time for Fe,TiOs pellets
during the 100 redox cycles at 900 °C.
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Fig. 6. XRD patterns of Fe,TiOs pellets for fresh pellets, and the pellets
operated after 1, 30 and 100 redox cycles at 900 °C.

from 0.75 m*/g for fresh pellets to 1.16 m*/g for pellets operated
after 100 redox cycles. Similar observations of porous structure
for titanium supported Fe,O5, which leading to better reactivity,
were reported in the previous studies [14,19]. Li et al. reported
that interaction between Fe ions and TiO, resulted in lattice
substitution during redox cycling, since the size of Fe ions are
similar with Ti ions. The observations by SEM and EDX
illustrated Fe ions were moving toward the surface to form
condensed surface and left porous structure in the inner side of
particle [20]. Fe,TiOs pellet prepared in this study illustrated
similar phenomena observed after 30 redox cycles as well as
demonstrated better reactivity. The cracks were found by the
previous study for synthetic Fe,TiO5 oxygen carriers during the
redox cycles in a fluidzied bed reactor; however, no obvious
cracks were found for natural ilmentite [21]. The species present
in natural ilmenite, such as SiO,, CaO, MgO, Al,O3, MnO [12],
may enhance the mechanical strength of ilmenite. By observing
5000 x SEM images, the size of grain was enhancing with
increasing operated redox cycles as shown in Fig. 7(e)—(h). The
size of grains on the surface of fresh pellets was observed to be
roughly 0.5-10 pm, as shown in Fig. 7(e). Grains on the surface
of pellets were sintered after the first redox cycle as observed in
Fig. 7(f), which was corresponded to the observation of iron-
based oxygen carriers reported by the literature [22]. However,
the 100 x SEM image of pellets after the first redox cycle did
not illustrate noticeable change comparing with fresh pellets, as
revealed in Fig. 7(b). Agglomeration of grains on the pellets
was more noticeable operated after 30 and 100 redox cycles
as shown in Fig. 7(g) and (h). The increase of grain size is
probably provoked by the agglomeration of Fe,O3; because
Fe,05 is identified to be the major crystalline phase by XRD
for pellets operated for redox cycles. Based on the experience
of ceramic sintering, the occurrence of solid state sintering for
ceramic materials would be started at around 2/3 of its
melting point [23]. The 900 °C of operating temperature
employed in this study was closed to 2/3 of melting point of
Fe>05 (1560 °C) and Fe (1535 °C); therefore, the grain size
of Fe,O3 was increased possibly because of the solid state
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Fig. 7. SEM images of 100x Fe,TiOs pellets for (a) fresh pellets, operated after (b) 1 redox cycle, (c) 30 redox cycles and (d) 100 redox cycles; 5000x Fe,TiOs
pellets for (e) fresh pellets, operated after (f) 1 redox cycle, (g) 30 redox cycles and (h) 100 redox cycles at 900 °C.

sintering during redox cycling. Consequently, the formation Combustion of syngas with Fe,TiO5 pellets was employed
of cracks may improve the reactivity of oxygen carriers by in a fixed bed reactor at 900 °C as shown in Fig. 8. Only CO,
increasing the surface area, since the grain size of Fe,O3; was was detected in the outlet stream during the time between
increased. 80 and 100 s indicating complete combustion of syngas was
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achieved. The high CO, yields for the reduction of Fe,TiOs5 by
syngas, as described by reactions (2) and (3), might be
attributed to the very high equilibrium constants of Pco,/Pco
and Pp,o/Py, for the reduction of Fe,O; by syngas, both
around 10° [24]. Concentration of CO, in the outlet stream was
decreased rapidly during the time between 100 and 500 s,
while concentrations of CO and H, were both increased in this
period. The low levels of CO, was generated by the reduction
of FeTiO5 to Fe with syngas, as depicted by reaction (4), and
the equilibrium constants of Pco,/Pco and Pu,0/Pn, were
determined to be between 10! and 10! [24]. The reduction of
oxygen carriers was almost completed as CO, concentration in
the effluent stream approached zero. After N, purging, oxida-
tion of iron was then carried out by purging air into the fixed
bed reactor from 6100 to 9600 s as described by reaction (6).

4Fe +30, —2Fe,0; (6)

CO and CO, were observed at the early stage of oxidation
indicating that some carbon may be deposited during reduction
through Boudard reaction described as follow:

2C0—CO,+C (7)

The deposited carbon was then oxidized to form CO and
CO..

Iron-based oxygen carriers can be employed in reduced form
to generate hydrogen by water splitting reaction as described
by reactions (8) and (9) [24]:

3Fe+4H,0 — Fe;04+4H, (8)

3FeO+3H,0—Fe;04+3H, 9)

The Fe,TiOs pellets were fully reduced to Fe/TiO, pellets,
as described in sequence of reactions (2)—(4), prior to the
introduction of steam to the fixed bed reactor at 900 °C for
hydrogen generation. As shown in Fig. 9, steady hydrogen
generation was achieved for replicated 5 cycles for experi-
ments with the same stock of pellets. Fes04 and FeTiO5 were
characterized by XRD as shown in Fig. 10 for oxygen carriers

N, | syngas (10 % H,+10 % CO) i N, ‘ Air

' Redox cycle of Fe,TiO; in fixed bed reactor
- Weight of Fe,TiO: 1000 mg O
11 - Reaction temperature: 900 °C
10 Flow rate of syngas =200 mL/min
{ Flow rate of air = 200 mL/min

P et S =i e

Concentration of Effluent Gases (%)

I 1 { 1
0 1000 2000 3000 4000 5000 6000 7000 8000

Reaction Time (sec)

Fig. 8. Concentrations of effluent gases as a function of reaction time for reduction
and oxidation of Fe,TiOs pellets from the fixed bed reactor at 900 °C.
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Fig. 9. Concentration of H, as a function of reaction time by steam oxidation
of full reduced Fe,TiOs pellets replicated for 5 times at 900 °C.
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Fig. 10. XRD pattern of the pellet sampled after steam oxidation for H,
generation at 900 °C.

sampled after steam oxidation. Hence, hydrogen generation
through steam oxidation of Fe/TiO, pellets can be expressed
by reactions (8) and (10).

Fe + TiO, + 2H,0 — FeTiO; + H, (10)

Hence, Fe,TiOs pellets for chemical looping hydrogen gen-
eration is suggested employed with counter-flow moving bed
reactor, which may provide long residence time for complete
reduction of Fe,TiOs to Fe/TiO, [25,26].

4. Conclusions

Fe,TiOs pellets which pelletized by commercial Fe,TiOs
powders exhibit reasonable reactivity and steady recyclability
for experiments conducted by TGA at 900 °C for continuous
100 redox cycles. Three consecutive stages of reduction
were illustrated by XRD characterization for the reduction of
Fe,TiOs pellets that Fe,TiOs was reduced to FeTiO; and
Fe,TiO, after first stage of reduction; and then Fe and FeTiO3
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were observed after the second stage; finally, FeTiO; was
completely reduced to Fe and TiO, at the end of reduction.
Fe,03/TiO, composite was observed to be the full oxidation
state of the prepared oxygen carriers instead of Fe,TiOs after
30 redox cycles. The increased grain size of Fe,O; was
observed by 5,000x SEM images possibly due to the agglom-
eration of Fe,O3 during redox cycling. However, cracks and
porous structures were found on the surface of pellets operated
after 30 redox cycles to increase the surface area for reasonable
reactivity. Fe,TiOs illustrated high CO, yield for syngas
reduction in the fixed bed reactor; however, the intermediate
phase, FeTiOj3, performed low CO, yield due to low equili-
brium constants for syngas conversion. Hydrogen generation is
technically feasible by conducting steam oxidation with
Fe/TiO, pellets in the fixed bed reactor; however, Fe/TiO,
was oxidized to Fe;O4 and FeTiO; after steam oxidation.
In sum, Fe,TiOs pellet is feasible to be an oxygen carrier for
syngas combustion as well as employment of chemical looping
hydrogen generation.
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