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Abstract

This study investigated the suitability of using nickel ferrite (NiFe,O4) oxygen carriers for a chemical looping process. NiFe,Oy4
powder was prepared by ball milling equimolar NiO and Fe,O; in a high temperature solid-state reaction. Material characteristics of
NiFe,0,4 samples were investigated by X-ray diffraction (XRD), Brunauer—-Emmett—Teller (BET) surface area measurements, and
scanning electron microscopy (SEM). Redox cycling of NiFe,O4 oxygen carriers was performed by thermogravimetric (TGA)
measurement under pure CH,4 gas and O,/Air atmospheres, respectively. After five successive cycles, NiFe,O, powder with a single
phase of spinel structure demonstrated higher redox cycling behavior and better stability than standard NiO and Fe,O3;. We also
addressed the mechanism underlying the redox cycling by NiFe,O4 spinel powder. Our results demonstrate the feasibility of using the
proposed preparation of NiFe,O, as an oxygen carrier in a reversible chemical looping process (CLP).
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Carbon dioxide (CO,) generated by the combustion of
fossil fuels is the greenhouse gas primarily responsible for
global warming [1]. The chemical looping process (CLP)
has been proposed as a cost effective scheme for separating
CO, from the emissions produced by burning coal [2-5].
Lewis and Gilliland patented the production of pure
carbon dioxide using metal oxides as a means to process
the cyclic reduction and oxidation (redox) reactions in two
interconnected fluidized beds [6]. CLP involves the use of
metal oxides as carriers to transport lattice oxygen to react
directly with fuels during reduction, thereby avoiding
direct contact between fuel and air. During oxidation,
the reduced metal oxide is re-oxidized to its original form
by combustion in air. The primary benefit of CLP
technology is the production of pure CO, and stream
(H,0) without the need to expend energy in the separation
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of CO, and N,. In addition, the CLP process associated
with cyclic redox reactions is exothermic [7].

Selection of the oxygen carrier is a key step in the
development of CLP technology to ensure continuous
reaction in the fuel reactor and air reactor. Previous
researches into the thermodynamic properties, reactivity,
recyclability, and mechanical strength of oxygen carriers
have indicated the applicability of Fe, Ni, Cu, Mn, and Co
oxides as candidates in CLP technology [5-10]. Fan et al.
[5,11] compared key properties of various metal oxide
candidates, determining that iron-based oxygen carriers
possess higher oxygen carrying capacity, a higher melting
temperature, and suitable mechanical strength, making
them a favorable choice for CLP. However, the less poor
reactivity of a-Fe,O5 with fuels is considered a complicated
gas—solid reaction due to the several structural changes
involved [12-14]. Nonetheless, the appropriate doping of
metal oxides to form composites is viewed as a promising
approach to increasing reactivity [15-18].

Shimokawabe et al. [14] reported the applicability of 13
metal oxides as doping agents to alter the reactivity of
a-Fe;03. The results of TGA testing on the hydrogen
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reduction of a-Fe,O3; demonstrated how the preparation of
the oxide influences reactivity. All of these doping agents,
except TiO,, lowered the reduction temperature of
a-Fe,03, demonstrating that the addition of metal oxides,
such as CuO and NiO, could improve the reactivity of
a-Fe,05 under reducing species (H, or CH4 gases). These
findings were supported by those of Pena et al. [19].

In our on-going study on the preparation of NiO-Fe,O3
composites as oxygen carriers in CLP, the composite
demonstrated superior redox cycling behavior under CHy
atmosphere in a TGA system. Meanwhile, spinel NiFe,O4
phase was observed in NiO-Fe,O; composites after the
redox cycling test. Therefore, the objective of this study
was to evaluate the redox cycling of spinel NiFe,O4 as an
oxygen carrier. XRD and SEM were used to examine the
crystal structure and microstructural morphology of the
prepared powder. The reduction kinetics of NiFe,Oy4
powder at temperatures of 600—-1000 °C under a reducing
atmosphere was performed using TGA. An additional H,
evolution profile was performed during the H,O decom-
position with reduced NiFe,O, in a fixed bed reactor. The
mechanism underlying redox cycling by spinel NiFe,Oy
powder is also discussed in this paper.

2. Experimental details

2.1. Powder preparation and the characterization
of materials

Nickel ferrite (NiFe,O4) was prepared using the conven-
tional ceramic method from an equimolar mixture of NiO
and Fe,Os3. The initial materials used were high purity NiO
(99.9%, Aldrich) with a particle size of 20 um, and high
purity a-Fe>O3 (99.9%, China Steel) with a particle size of
90 um. For the preparation of NiFe,Oy, the raw materials
were physically mixed and ground for 2 h in ethyl alcohol
using high energy ball milling in a planetary ball mill
(Model PM100, Retsch, GmbH, Germany). Zirconium
oxide grinding jars (volume 50 mL) containing balls and
a mixture of powders were arranged on the sun wheel of
the planetary ball mill in the direction opposite to the
movement of the sun wheel with a rotation speed ratio of
1: —2. The rotation speed of the sun wheel was maintained
at 380 rpm. The mass ratios of the zirconium balls (I mm
in diameter) ball-to-material and solvent-to-material were
fixed at 5:1 and 2:3, respectively. The obtained slurry was
dried in a vacuum evaporator at 60 °C, whereupon the dry
powder was calcined at a heating rate of 10 °C/min using a
programmable cube furnace in air at 1200 °C for 2 h to
form the ferrite phase.

NiO + Fe,0; — NiFe,0, (1)

The exact spinel ferrite phase of the material was
examined using X-ray diffraction (Bruker D2 Phaser,
Cu-Ka radiation with A=1.5405 A), at a scanning rate of
0.05°/s~' in the 20 range, between 20° and 80°. Field

emission scanning electron microscopy (FESEM, JOEL
JSM-6500 F) was used to observe the microstructural
morphology and grain size of the samples.

2.2. Tests of redox cycling and H, production by
water-splitting

A Netzsch STA 449F3 thermogravimetric analyzer
(TGA) was used to analyze the redox cycling of the
prepared NiFe,O4 oxygen carriers. Three inlet flows
provided reducing gas (20% CHy), oxidizing gas (air),
and purging gas (N»). Programmable switching was used
to control the inlet flow using mass flow controllers
(Fujikin T1000) to perform redox cycles of NiFe,O4
oxygen carriers. Initially, 200 mg of powder samples was
placed in an alumina crucible in air, and heated to the
desired temperatures at a ramping rate of 10 °C/min under
N, atmosphere. The first reduction was then performed
using 200 mL/min of 20% CHy,, followed by a purge with
200 mL/min of N,, oxidization with 200 mL/min of air,
and final purging with 200 mL/min of N,.

To evaluate the ability of prepared NiFe,O4 to generate
H,, we employed a fixed bed reactor (FBR) comprising a
316 stainless steel reactor with an inner diameter of
2.54 cm, and a bed height of 20 cm in the heating section.
A 16-aperture supporting plate was fixed within the reactor
to facilitate the loading of oxygen carrier pellets (each
aperture was 0.25 mm in diameter). The heating element
was equipped with a thermocouple to measure the actual
temperature within the reactor and was controlled by a
proportional integral derivative controller. The FBR was
loaded with 1.0 g of prepared NiFe,O4 pellets. The
temperature of FBR was increased using a muffle furnace
from room temperature to 900 °C in N, atmosphere.
Reducing gas comprising 20% CH, balanced by N, was
injected into the FBR at a rate of 300 mL/min for 40 min.
N, gas was used to purge the FBR of residual reducing gas
prior to the water-splitting process. To test for the
production of H, by water-splitting, steam was generated
at an injection rate of 300 mL/min controlled using a
syringe pump (KD Scientific KDS100). Surplus steam was
cooled and collected using a cold trap device. A gas
chromatographic (GC) analyzer equipped with thermal
conductivity detector (Agilent 7890) was used to measure
the concentration of H, gas.

3. Results and discussions

We first examined the spinel NiFe,O4 using XRD. Fig. 1
shows the evolution in XRD patterns for the mixtures of
NiO+ Fe,O; before and after calcination in air at 1200 °C.
As shown in Fig. 1(d), the calcined powder revealed a
single phase of NiFe,O4 with a cubic-spinel structure; the
strongest diffraction peak of (311) plane was recorded at a
20 of 35.7°. The calculated lattice parameter of calcined
NiFe,O4 (a=8.332 A) was in a good agreement with
previous studies and the corresponding Joint Commission
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Fig. 1. X-ray diffraction patterns: (a) NiO, (b) Fe,O;, (c) physically
mixed NiO+ Fe,O; before calcination; and (d) following calcination in air
at 1200 °C.

on Powder Diffraction Standards (JCPDs) file card (054-
0964) [19,20]. From the XRD results, we also determined
the crystal size of NiFe,O4 from the broadening in the
diffraction peak, employing the Scherrer formula as
expressed by:

09
" Bcosf

2

where ¢ is the crystal size, 4 is the X-ray wavelength
corresponding to Cu K, radiation, 6 is the diffraction
angle, and B is the full width half maximum (FWHM) of
the diffraction (311) peak. The size of crystals was also
calculated for (220) and (440) planes with an average value
of approximately 200 nm. However, the particles of pre-
pared NiFe,O4 powder with well-defined crystalline struc-
tures were homogeneously distributed in the size range of
200-500 nm shown in Fig. 2.

In Fig. 3, the isothermal reduction of NiO, Fe,O3, and
NiFe>O4 were conducted in a TGA system at 900 °C using
20 vol% methane (CHy) as a reducing gas. The degree of
reduction (DOR) of the powder was defined as the ratio of
weight loss at a fixed time to the total weight loss after the

Fig. 2. SEM micrographs of prepared NiFe,O4 powder.
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Fig. 3. Degree of reduction for NiO, Fe,O3; and NiFe,O, under 20 vol%
CH,4 atmosphere.

complete reduction (the theoretical maximum oxygen
capacity) [19]. The theoretical maximum oxygen capacity
for NiO, Fe,O; and NiFe,O,4 are 21 wt%, 30 wt% and
27.2 wt%, respectively.

According to the Bell’s diagram, the kinetics of a
reduction of hematite (Fe,O3) under reducing species is
considered a complex gas—solid reaction, due to several
structural changes via magnetite (Fe;O,4), wiistite (Fe, _,O)
and metal iron (Fe) [12,13]. Pinecau at al. [21] found that
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the reduction path of magnetite to iron is related mainly to
reduction temperature. Above 570 °C, magnetite can be
fully reduced to wiistite prior to its reduction to metal iron.
The reduction path of Fe,O3 provides several pathways to
obtain metal iron, described as follows [12,13,19-21]:

Reduction over 570°C : Fe, O3 — Fe;04— Fe_,O— Fe
(3)

A typical reduction curve of Fe,O3 represents three
transitions of intermediate oxides under CH4 atmosphere,
as shown in Fig. 3. The first transition below 20% implies
a stepwise reduction of hematite (Fe,O3;) to magnetite
(Fes04, DOR: 11%), subsequently proceeding to the
second transition to wiistite (Fe; _,O, DOR: 25%) below
40%. Above 40%, wiistite was further reduced to metal
iron. Pena et al. performed XDR analysis on intermediate
iron oxides, indicating that a partially (approximately
11%) reduced sample was composed mainly of magnetite
(Fe30y4), and peaks of metal iron were observed only in
completely reduced samples [19]. Based on the results of
TGA and XRD, the mechanism underlying the kinetics
of reduction for hematite (Fe,Os3) could be addressed as
Eq. (3).

At a reducing temperature of 900 °C, NiO transformed
into metallic nickel within 3min, indicating that NiO has
relatively high reduction kinetics, compared to hematite
(Fe;O3). However, NiO has an intrinsically lower oxygen
capacity of 21%, lower physical strength, and is hazardous
to the environment and human health, making it unsui-
table for use as an oxygen carrier for CLP [5,11].

The addition of various metal oxides, such as NiO,
CuO,, LiO, and TiO, has been proposed to overcome the
low reduction kinetics of hematite (Fe,O3). Shimokawabe
et al. [14] proved that metal oxides with oxidation number
+2 (NiO and CuO) form metal ferrites (MFe,O4, M: Ni or
Cu) with higher reduction kinetics. As shown in Fig. 3,
only one stepwise reduction process was observed in the
prepared NiFe,O4 under CH,4 atmosphere, indicating that
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Fig. 4. Reduction isotherms of nickel ferrite versus reaction time under
20 vol% CH,4 atmosphere at various temperatures.

the addition of nickel oxide to hematite (Fe,Os) could
recover the lower reduction kinetics [19].

As shown in Fig. 4, the reduction isotherms of nickel
ferrite versus the reaction time at various temperatures
were monitored according to changes in weight under a
20 vol% methane (CH,4) atmosphere. The change in weight
of nickel ferrite indicated inferior reduction behavior at
lower temperatures of 600 and 700 °C. The time required
for the (nearly) complete reduction of nickel ferrite was
approximately 530, 46, and 16 min at temperatures of 800,
900, and 1000 °C, respectively. In addition, none of the
oxides under CH4 atmosphere reached complete reduction
due to the formation of a compact metallic layer sur-
rounded the oxide particles. Pineau et al. described how
the metallic layer hindered the diffusion of reducing species
into the unreacted oxide region within the particles, which
subsequently slowed the reduction rate [21].

Furthermore, there was an increase in the initial reduc-
tion (up to 10 wt% loss) following an increase in reduction
temperature, which might be attributed to a stronger
reduction mechanism at higher temperatures. To identify
the initial reduction mechanism of NiFe,O,4, we obtained
the activation energy (Ea) of the reduction behavior using
the reduction rate equation (Eq. 4) and Arrhenius equation

(Eq. 5):

dR

S8 — KpP" 4
=K @
Kr = Kgo exp(—Ea /RT) (5)

where dR/dt is the reduction rate, Ky is the reduction rate
constant, P is the pressure of the reducing gases, m is the
order of reduction, Ky, is the frequency factor, R is the gas
constant, and 7 is the absolute temperature. In Fig. 5, we
present the initial reduction rates of NiFe,O,4 as a function
of reduction temperature (700-100 °C) using the Arrhenius
plots. The calculated Ea values obtained from the plots are
also shown in Fig. 5. The experimental results indicate
that, above 900 °C (Fa: 55.3 kJ/mol), the reduction process
was dominated by a combination of gaseous diffusion and
interfacial chemical reaction, while below 900 °C (Fa:
169.2 kJ/mol), the reduction process was controlled by
solid-state diffusion. The solid-state diffusion referred to
by Khedr is the transport of metal from the points where
oxygen is removed to points where nucleation and grain
growth occur [22-23]. Compared to the reduction behavior
of gas diffusion control (Ea: 8-16 kJ/mol) and interfacial
chemical diffusion control (Ea: 60—67 kJ/mol), solid-state
diffusion control (Ea: > 90 kJ/mol) hinders the reduction
kinetics of materials [22-23]. However, at 1000 °C, serious
coking was observed due to the metallic nickel layer acting
as a catalyst in the decomposition of CHy fuel gas, as the
sample approached a 27% loss in weight. Thus, the
reduction of NiFe,O4 using CH4 gas at 900 °C is believed
to be the optimal temperature for a practical implementa-
tion of the chemical looping process [5,11].
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Fig. 5. Arrhenius plots for reduction of NiFe,Oy, in initial stage.

The TGA curve of NiFe,O4 with CHy4 gas at 900 °C
(single reduction process) demonstrated an ultimate weight
loss of 25.66%, which means that approximately 3.8
oxygen atoms of the NiFe,O4 reacted with CH4 gas and
a nearly complete reduction was achieved. As a result, a
major phase of Fe(Ni) alloys with a small amount of a-Fe
in reduced Ni—ferrites was observed by XRD, as shown in
Fig. 6(a). According to the equilibrium phase diagrams for
Metal-Metal Oxide system redox reactions in the syngas
redox (SGR) process for the reaction of CO,/CO with
H,O/H,, reduced iron oxide or iron metals are capable of
decomposing steam (H,O) for the generation of H, [5,11].
To test for the decomposition of H,O into H, (water-
splitting), steam (10 vol%) was introduced into the reactor
with N, gas (60 sc/cm) at 900 °C. Fig. 7(a) shows the
evolution flow rate of H, gases from the H,O decomposi-
tion using reduced Ni—ferrites, reduced iron oxide, and
reduced nickel oxide. Within 5Smin of beginning the
water-splitting tests, a maximum hydrogen flow rate of
19.4 mL/min was obtained for reduced iron oxide. By
integrating the evolution flow rate of H, gas in Fig. 7(b),
we obtained an H, evolution volume profile of approxi-
mately 250ml over one hour. However, reduced
Ni—ferrites demonstrated a strong ability to decompose
steam (H,O) into H, achieving a hydrogen flow rate of
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Fig. 6. X-ray diffraction images: (a) reduced Ni-ferrite, and reduced
Ni-ferrite after water-splitting for production of H, at different time
(b) Smin and (c) 30 min.

16.6 mL/min within 5 min. (Fig. 7(a)). In addition, an H,
evolution volume profile of approximately 30 ml was
obtained within 5 min due to the phase transformation
of a-Fe into FeO (Fig. 6(b)). After 30 min, the accumu-
lated volume of H, remained at a constant value of 150 ml
(Fig. 7(b)), indicating that the reduced Ni—ferrites had
completely oxidized with steam to form a mixture phase of
Fe;04 and metallic nickel (Fig. 6(c)). Conversely, reduced
nickel oxides or nickel metals are intrinsically less capable
of water-splitting, which is consistent with the equilibrium
phase diagrams of the SGR process [5,11].

For the practical application of oxide materials as oxygen
carriers for CLP, ensuring the redox feasibility of the
reoxidation process of the powder after the reduction process
and steam decomposition is imperative. Fig. 8 shows the
XRD patterns of the reoxidization of the oxidized sample
with a mixture phase of Fe;O,4 and nickel metals under air
atmosphere at various temperatures. Interestingly, NiFe,Oy4
can be regenerated by reoxidization in air at 900 °C
(Fig. 8(c)), whereupon catalytic activity is believed to be
restored to its original value. Therefore, the redox cycling of
NiFe,O, was evaluated by thermogravimetric (TGA)
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Fig. 7. H, evolution profile during the H;O decomposition with various
oxygen carriers at 900 °C: (a) hydrogen flow rate, and (b) accumulated
volume of H,.

measurement under CH4 gas and Op/air atmospheres,
respectively. After repeating the two-step process through
five successive redox cycles at 900 °C (Fig. 9), the prepared
NiFe,04 powder demonstrated higher redox cycling behavior
with no apparent degradation.

Kodama et al. proposed a two-step redox cycling
process via solar methane reformation using a Ni-ferrite
redox system, in which solar heat converted chemical fuels
to produce co-rich syngas and hydrogen in separate steps
[20]. They also pointed out that using Ni—ferrite as the
oxidant toward methane (CH,) under solar-simulated
irradiation of high flux visible light yielded more than
90% methane conversion with feasible reversibility follow-
ing oxidization above 800 °C. This study also proposed a
three steps mechanism for redox cycling using NiFe,0y4
powder in a chemical looping process with methane.

In the first process, the prepared NiFe,O4 powder was
fully reduced to metals (Fe(Ni) alloys and a-Fe) through a
reaction with methane to yield gaseous CO, and H,O.
Subsequently, Fe (Ni) alloys and a-Fe encountered steam
to generate H, gas and form the mixture phase of Fe;Oy4
and Ni. Finally, the mixture phase of Fe;04 and Ni was
reoxidized back to the original ferrite phase at 900 °C.
These results demonstrate the applicability of using
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Fig. 8. X-ray diffraction of re-oxidation at different temperatures for
reduced NiFe,0, following production of H,: (a) 700 °C, (b) 800 °C, and
(c) 900 °C.
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Water decomposition:

. A
FC(NI)(S) + oc-Fe(s) + H20(g) —> F6304(S)
—i—Ni(S) + Hz(g) (5)

Reoxidization:

' A
Ni(y) + Fe304(5) + Oog)(from air)—>

. A )
NiOy) + Fe; 03— NiFe,O M (6)

4. Conclusions

Nickel ferrite (NiFe,O4) with a spinel single phase was
prepared through ball milling of equimolar NiO and Fe,O3
and a high temperature solid state reaction. Only one
stepwise reduction process was observed in the preparation
of NiFe,O4 by TGA under CH,4 atmosphere, indicating
that the addition of NiO to Fe,O5 could be used to recover
the lower reduction kinetics of iron oxide. Following the
first step of complete reduction, the reduced nickel ferrite
comprised Fe(Ni) alloy and a-Fe was capable of promot-
ing the production of hydrogen by water-splitting with a
yield of 150 mL within 30 min, which is superior to that of
nickel. After repeating the two-step process through five
successive redox cycles at 900 °C, the reversibility of the
process was demonstrated with no apparent degradation.
This supports the feasibility of the proposed mechanism of
redox cycling using NiFe,O4 as an oxygen carrier for a
chemical looping process (CLP), with performance exceed-
ing that of iron oxide.
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