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Abstract This paper presents the results of a chemical-
looping combustion (CLC) study. The CLC technology is
believed to be one of the most promising combustion
technologies. The production of a concentrated CO, stream
that is obtained after the water condensation without any
loss of energy in its separation is one of the most crucial
advantages of this technology. The objective of this work
was to study the kinetics of both the reduction and oxida-
tion reactions for naturally occurring oxygen carriers that
show promising reactivity in CLC reactions, and might
therefore be utilized as oxygen carrier materials. Kryvbas,
a Fe-based ore, was selected for this analysis because it
possessed sufficient concentrations of the active metal
oxides (Fe oxide above 80 % and traces of Mn oxide) and a
high melting temperature that was above 1500 °C. Exper-
iments were conducted under isothermal conditions within
the temperature range of 750-950 °C with multiple redox
cycles using a thermogravimetric analyzer (TG). For the
reduction and oxidation reactions, CH, (at different con-
centrations) and air were used, respectively. The sample
showed promising results where a sufficient reactivity was
observed with the fuel, and these results were reproducible.
Both fresh material and samples that were used in multiple
redox cycles were characterized by X-ray Diffraction
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(XRD) and Scanning Electron Microscopy combined with
X-ray Microanalysis (SEM-EDS) in order to detect any
structural or morphological changes as well as to determine
the stability of the ore in repetitive CLC cycles. Kinetic
parameters, such as the activation energy, the preexpo-
nential factor, and the reaction model, were determined for
the redox reactions. Models of the redox reactions were
selected by using a model fitting method. The F1 model
(volumetric) was a suitable model for the modeling of the
Kryvbas ore reduction reaction kinetics. The calculated E,
was equal to 42.00 kJ mol ™!, while the reaction order was
determined to be equal to 1.98. The best fit for the oxida-
tion reaction was obtained for the R3 model (shrinking core
model). The oxidation (regeneration) reaction activation
energy was equal to 16.70 kJ mol ™", and the reaction order
was determined to be equal to approximately 0.49.
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Introduction

The combustion of fossil fuels is one of the major sources
of the emissions of carbon dioxide (CO,) and nitrogen
oxides (NOy) that are responsible for greenhouse gases
being a significant contributor to the effects of global
warming. Consequently, it is necessary to develop new
combustion technologies for fossil fuels that promote a
significant reduction both of CO, and NO, emissions.
Because existing CO, capture technologies are both costly
and highly energy intensive, new energy-efficient fuel
combustion methods that produce high-purity CO, [1, 2],
such as chemical-looping combustion (CLC), might be a
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possible solution. In CLC technology, an oxygen carrier
(OC) was utilized; this OC is typically a metal oxide and it
is responsible for the transportation of oxygen from the air
to the fuel. Through the utilization of a metal oxide, direct
contact between the fuel and air is avoided, and this has a
significant implication on the lowering of the costs and the
energy penalties in the power plant.

The chemical-looping combustion system consists of two
reactors, namely an air reactor and a fuel reactor. In the fuel
reactor, the fuel reacts with the oxygen that is released from
the metal oxide structure. The reduced metal oxide and/or its
metallic form is oxidized (regenerated) in the air reactor back
to its metal oxide form. Afterward, the metal oxide can then
be used in another reduction—oxidation cycle. One signifi-
cant advantage of the CLC is that after the condensation of
water, a pure stream of CO, (not diluted by N,) can be
obtained from the fuel reactor. Based upon that advantage,
the CLC is one of the most encouraging combustion tech-
nologies with the production of a concentrated CO, stream
that is ready for sequestration without an additional energy
penalty for its separation [2, 3].

The requirements for the practical utilization of oxygen
carriers in a chemical-looping combustion power plant are:
a high redox reactivity, a high degree of selectivity toward
complete oxidation products, a sufficient stability under
repeated reduction/oxidation cycles at high temperatures,
high mechanical strengths associated with a high degree of
circulation of the particles, the materials must be non-toxic,
a low preparation cost, and a resistance to a buildup of
carbon and sulfur, which could lead to the deactivation of
the oxygen carrier [4, 5]. The identification of suit-
able candidates for their use as oxygen carriers in the CLC
process is difficult due to the previously mentioned com-
peting factors. In the past, most of the existing CLC liter-
ature focused on the development of simple
suitable synthetic oxygen carrier materials, such as NiQO,
CuO, Fe,03, Co0, and MnO, [5, 6].

More recently, the literature has highlighted the poten-
tial use of more complex materials, such as perovskite-type
oxides [7, 8], spinel-type oxides [9-12], and mixed-metal
oxides [4, 13, 14]. However, these studies were limited.

Recently, some minerals [15-18] industry wastes [15]
and other wastes [19, 20] have been considered as inex-
pensive oxygen carriers for the chemical-looping com-
bustion. The reason for the use of the aforementioned
oxygen carriers, which are derived from natural materials
and are therefore significantly less expensive, is that it
lowers the cost of the overall process. In order to determine
which materials are suitable candidates for the oxygen
carriers, the natural materials should also possess enhanced
kinetics, they must be stable and highly reactive, they must
have a good degree of mechanical stability, and they must
exhibit higher methane or syngas conversion rates [15].
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Successful examples of natural oxygen carriers have been
found in some natural ores, such as an iron ore from
Carajas, Malmberget or LKAB in [14], and a waste iron
oxide that is a residual product from the rolling of steel
sheets that consist mostly of Fe,O; and Fe;O,4, such as
Glodskal A [14]. Several suitable low-cost Fe-based oxy-
gen carriers have been identified [17] that exhibit higher
syngas (50 % H,/50 % CO) conversion rates than those
rates that were obtained using ilmenite. Promising results
were also obtained for sediments from potable water
purification, which were composed mainly of Fe,O3
(57.8-58.1 %) [19]. The maximum oxygen transport
capacity varied for these sediments, mainly from 4 to
13.9 mass%. These sediments also demonstrated a stability
in their crystalline structure and achieved complete
regeneration, which was very rare among the naturally
occurring oxygen carriers. It was concluded that it was
possible that other elements may have helped to maintain
its reactivity and prevented the formation of silicates. The
brief overview presented here highlights the growing
interest in the use of natural oxygen carriers [14, 17, 21].

The rates of the redox reactions of the oxygen carriers
with the fuel, the metal oxide oxygen transfer capacities,
and the redox reaction kinetic parameters must be deter-
mined in order to design a suitable CLC reactor system
[3, 4]. Iron oxides have been extensively investigated
worldwide due to their low cost, worldwide availability,
the fact that they are more environmentally friendly in
comparison with Ni- or Cu-based oxygen carriers, and their
favorable thermodynamic properties [13, 14]. The activity
of Fe,03 that was supported by SiO,, Al,03, and TiO, has
been examined by different researchers [13, 17, 22].
However, the kinetic data for some of the oxygen carriers
are still not fully available due to the different possible
combinations of the chemical compositions of oxygen
carriers. Son et al. [13] reported that the reduction reaction
of a 60 mass% Fe,Ox/bentonite material that was examined
by TG (thermogravimetric analysis) within the temperature
range of 700-1000 °C and with an application of 10 vol%
CH, followed the modified volumetric model. The deter-
mined E, (activation energy) was equal to 29 kJ mol~" for
the reduction reaction, whereas the oxidation reaction fol-
lowed the shrinking core model with an E, equal to
6.0 kJ mol~!. Abad et al. [23] studied 60 mass% Fe,Os/
Al,O5 with TG in the temperature range of 600-950 °C
with 5-70 vol% H, used as a reducer and 5 vol% O, used
as an oxidizer. For the reduction reaction, the calculated E,
was 24 kJ molfl, and for the oxidation reaction, E, was
calculated to be 14 kJ mol~'. For both reactions, the
shrinking core model was accurate. Cabello et al. [24]
presented results for the kinetic study of an impregnated
Fe;03/Al1,05 oxygen carrier with gaseous fuels such as
CH,, CO, and/or H,. The calculated reaction order values
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were (.25, 0.3, and 0.6 for CH4, H,, and CO, respectively.
The calculated activation energy value was between
8 kJ mol™" (H,) and 66 kJ mol~' (CH,). They concluded
that the kinetics of the oxidation reaction was only con-
trolled by the chemical reaction mechanism with a reaction
order of 0.9 and an E, = 23 kJ mol™'. For the reduction
reaction, they also assumed that it was controlled by two
different resistances. In other words, the reaction rate was
controlled by the chemical reaction in the first step,
whereas the mechanism that controlled the reactions at the
higher conversion values was a diffusion through the pro-
duct layer around the grains. Furthermore, they concluded
that the reduction reaction mechanism was based upon the
interactions of Fe,O3; with Al,Oj in the presence of the
reacting gases that formed FeAl,O,.

The kinetic parameters of the redox reactions of Kryv-
bas ore with CH,4 have not been reported in the literature.
Based upon the previous results of the bimetallic carriers, it
was concluded that the modeling of the reduction and
oxidation reactions is specific to a given oxygen carrier and
should be independently designated for each specific oxy-
gen carrier [4]. Therefore, the objective of the present work
is to study the kinetics of the reduction and oxidation
reactions for the Kryvbas ore for use as a promising, low-
cost, and naturally occurring oxygen carrier. The activation
energy, pre-exponential factor, reaction order with respect
to CH4 and O,, and reaction model were investigated. To
simulate the methane/oxygen carrier reactions, the reac-
tivity of the oxygen carriers was evaluated by conducting
multi-cycle CLC tests by TG with methane being utilized
as a fuel.

Coal is widely used in power plants for the generation of
electricity in Poland. Methane is the one of the main
components that is released during the pyrolysis of coal,
which is one step of the heat treatment of coal. Due to the
importance of the use of methane as one of the pyrolytic
gas components because it is less reactive then H, and CO,
it is important to investigate the performance of the oxygen
carriers with regard to the methane conversion. If the
oxygen carrier can quantitatively convert methane to CO,
and H,O, it should be considered to be a promising
material for use in future commercial applications.

Experimental
Oxygen carrier preparation

The oxygen carrier, Kryvbas ore, was obtained from the
worldwide known steel producer ArcelorMittal S.A.
Poland. Kryvbas ore, among other Fe oxide-based ores, is
commonly used for the production of steel. Prior to the
reactivity test and the study of the kinetics, the ore was

subjected to a thermal treatment at 950 °C for 2 h in air.
That procedure was necessary to remove any of the organic
ingredients and possibly to improve the cyclic stability of
CLC. The calcined sample was sieved, and the fraction of a
125-180 um was used for the measurements.

Oxygen carrier characterization

The elemental composition of the natural oxygen carrier
was measured with atomic emission spectroscopy by ICP-
OES (Thermo ICAP 6500). A Micromeritics 3Flex
instrument was used to determine the pore volume and
surface area via N, adsorption isotherms at 77 K. Prior to
the measurements, the samples were degassed under a
vacuum at 350 °C for 4 h. The surface area and pore size
were calculated using the BET and Barrett-Joyner—Hal-
enda methods, respectively. The crystal structures of the
prepared samples were examined by X-ray diffraction.
Powder XRD patterns were recorded with a Siemens D500
X-ray diffractometer with an auto-divergent slit and gra-
phite monochromator using CuK,, radiation at a scanning
speed of 2° min~'. The characteristic reflection peaks
(d values) were matched with JCPDS data files, and the
crystalline phases were identified.

A scanning electron microscope (JEOL 6300) equipped
with an X-ray EDS analyzer (Oxford Isis 2000) was used
for the morphological observations of the samples. In order
to be able to examine the morphologies and the composi-
tions of the interior of the small particles of the Kryvbas
ore (average size 125-185 um), the following method was
utilized. Small quantities of sample were embedded in
epoxy resin blocks that were initially kept at 40 °C under
vacuum to prevent bubble formation and were then hard-
ened for 24 h. The hardened epoxy blocks were then
ground and polished to expose the interiors of the particles
(approximate cross sections) using silicon carbide paper to
1000 grid and diamond paste to 1 pm, respectively. Prior to
data collection, the samples were cleaned in an ultrasonic
bath in order to remove any embedded grid material. A thin
gold film was deposited onto all of the samples by sput-
tering in order to make them conductive. Spot analysis and
line scanning were the techniques utilized for the study.
For the application of the line-scanning technique, a line
was drawn that crosses the area of interest and the varia-
tions in the concentration of the component elements
across this line were studied.

Stability of oxygen transport capacity was determined
by TG. The experiments were conducted in a thermal
analyzer (Netzsch STA 409 PG Luxx) coupled with a QMS
(403C Aéolos). In the TG experiments, the mass change in
the metal oxide OC was measured isothermally as a
function of time. Ten reduction/oxidation cycles were
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conducted at atmospheric pressure to determine the reac-
tivity of the oxygen carriers and their stability performance
at 850-950 °C. Approximately 100 mg of sample was
placed in an Al,O; crucible. Three percentage H, +
steam/Ar was used for the reduction reaction, and 20 % O,/
N, was used for the oxidation reaction, while the total
reaction gas flow rates were set at 125 mL min~'. The
reduction time was set at 45 min and the oxidation time at
30 min. To avoid the mixing of reduction gases and air, the
system was flushed with Ar for 15 min before and after
each redox reaction.

Study of the kinetics using a thermogravimetric
analyzer

Thermogravimetric analysis experiments were conducted
in an HP 150 s TA pressurized thermogravimetric ana-
lyzer with a Rubotherm balance element coupled with a
GSD-320 T3 Omnistar Pfeiffer Vacuum quadrupole mass
spectrometer. In the TG experiments, the mass change in
the oxygen carrier samples was measured isothermally as
a function of the time during the reduction—oxidation
cycles. Five reduction—oxidation cycles at each tempera-
ture and at atmospheric pressure were conducted for the
determination of performance stability. A sample of
approximately 100 mg was heated in helium in a quartz
crucible with fritted Al,O5; bottom to the reaction tem-
perature. A CH4/CO,/He gas mixture was used for the
reduction reaction in order to simulate the reaction of
methane. Different methane concentrations were used.
The range of the utilized fuel concentration was 10-25 %.
Methane was chosen as a fuel because it is the main
product of coal pyrolysis. Additionally, it has the lowest
reactivity (slow kinetics) among all gaseous combustible
gases. Therefore, it is significant to investigate the per-
formance of the oxygen carriers with regard to the
methane because it is less reactive than H, and CO. In
other words, the reduction reaction of OC with CH, will
be the step limiting [23]. Sixty percentage of CO, was

added to the gas mixture in the reduction reaction. The
reason for using CO, was that carbon dioxide was an
oxidation agent that helps maintain the reduction of
hematite to only the magnetite phase by preventing a
further reduction to wuestite or metallic Fe [24].

For the oxidation reactions, 5-20 % of O,/He gas mix-
tures were used. The motivation for using different fuel and
oxygen concentrations in the experiments is that it is required
for the calculations of the reaction order with respect to
gaseous fuel. To understand the effects of temperature, the
TG experiments were performed at a range of temperatures
from 750 to 950 °C. Moreover, by applying different tem-
peratures at fixed fuel/He and O,/He concentrations, the
activation energy and pre-exponential factor calculations
were able to be performed. In all of the experiments, the
total reaction gas flow rates were 1000 mL min~!, the
reduction time was between 60—180 min, and the oxidation
reaction time was 30-40 min depending upon the tempera-
ture conditions. To avoid the mixing of the reduction
gases and air, the system was flushed with helium for
15-60 min before and after each reduction reaction. More-
over, the TG reaction parameters were set experimentally to
assure being in kinetic region (mass of the sample, flow
rates). The matrix of that describing the experiments for the
evaluation of the redox reactions kinetics for the oxygen
carriers is shown in Table 1.

Kinetic analysis

Fractional conversions, i.e., the fractional reduction con-
versions and the fractional oxidation conversions, were
calculated utilizing the TG data of the fifth redox cycle.
The fractional conversion (X) is defined as follows [4]:

. . Moxd -M
Fractional reduction: X = ——— 1
Moxd - Mred ( )
M—-M
Fractional oxidation: X = — "¢ (2)
oxd — Mred

where M is the instantaneous mass, M4 is the mass of a
completely oxidized sample in TG (maximum mass after

Table 1 Matrix of experiments for evaluation of redox reaction kinetics for oxygen carriers

Reduction 10 % CH4/60 % 15 %CH4/60 % 20 % CH4/60 % 25 % CH4/60 %
CO,/30 % He CO,/25 % He C0O,/20 % He CO,/15 % He

Oxidation 10 % O,/He 5 % O,/He 20 % O,/He 15 % O,/He
Temperature/°C

750 +

800 +

850 +

900 + + + +

950 +
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Table 2 Tested reaction models

Model fX) = 8X) =
Volumetric model (F1) 1-X —In(l1 —X)
Shrinking core model (R3) 31 = x*? 1—1-x¥"
Three-dimensional diffusion model (D3) 31— X231 = (1 - %)) 1 =1 =Xx"?
oxidation with air), and M,.q is the mass of a completely dx

reduced sample in TG (minimum mass after reduction f(X) = kdt (%)
with methane). In this study, M,.q is considered as the

mass of Fe;O,, and 100 % conversion means that the  Where

Fe,O; (hematite) was completely converted to Fe;O4 k=Fk . p" (6)

(magnetite).

Because the calculations described in this paper do
account for the concentration of the gaseous substrate, a
kinetic expression for the solid—gas reaction rate can be
described by the following Eq. (3):

dX !/ pn

= KPF(X) ()
where f(X) is a structural factor or a model of the reaction
that describes the physical or chemical properties during
the reaction, P is the partial pressure of methane or oxygen,
for the reduction and oxidation reactions, respectively, n is
the reaction order with respect to the gaseous reactant, and
k' is the reaction rate constant that can be described by the
Arrhenius Eq. (4):

K = Age® (4)
where Ay is the pre-exponential factor, E, is the activation
energy, and R is the gas constant that is equal to
8.314 T mol K.

In this paper, three models (Table 2) were chosen to
determine the model that best fit the experimental data and
that could describe the reaction in a proper manner. Among
them were the volumetric model, the shrinking core model,
and the three-dimensional diffusion model (Jander’s type).
Table 2 presents the models of these reaction as f{X) and
g(X) functions. These three models were applied to the
reactions occurring in the TG system during the cycling
experiments, i.e., the reduction by CH, and the oxidation
by O, from the synthetic air. The first step of calculations
was the fitting of the model with the raw TG data. For this
purpose, Eq. (7) was transformed to Eq. (5):

where k is the kinetic constant that relates the partial
pressure of the reactant to the reaction order power.

After integration, Eq. (2) can be described by the
expression of the g(X) Eq. (7):

ﬁﬁ=/%% (7)

The volumetric model assumes that the reaction occurs
throughout the particles of the oxygen carrier and that the
mass of the oxygen carrier grain changes linearly during
the reaction. The shrinking core model assumes that the
reaction occurs on the external surface of the grain, which
changes during the reaction. The three-dimensional diffu-
sion model describes a reaction in which the diffusion of
oxygen from the unreacted metal oxide through the metal
layer to the surface of the particle is the reaction-limiting
step.

One method of fitting the model to the experimental data
is determining the linearity of the g(X) function versus
time. The slope of this function results in the reaction rate
constant k’. For the calculation of the other kinetic
parameters, such as E, and A, the reaction rate constant
must be calculated for the different temperatures. Then, the
activation energy and the pre-exponential factors are cal-
culated from the Arrhenius equation as the slope and
intercept of In(k) versus /T, respectively, based on Eq. (8):

E

-2 -%+1n(A0 . P") (8)

In(k) = R

The reaction order with respect to CHj (fuel,
reducer), the gaseous reagent that is in this paper and

Table 3 Chemical composition, phase composition, and BET surface area

Chemical composition/%

1

Phase composition  Surface area/m> g

F6203 SIOZ A1203 CaO P205 MgO
84.86 8.55 1.03 029 012 0.11

SO;  TiO,
004 003 002

Ml’l304 F6203, SIOZ 0.63
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Fig. 1 X-ray diffraction
patterns of Kryvbas ore

a calcined in air at 950 °C and
b after five redox cycles at
950 °C, with 25 % CH4/60 %

CO,/15 % He as “fuel mixture” LJ

and 15 % O,/He as “oxidation

mixture” \;

‘@

c

@

S

= . l
s 2
20 30
Alka,42

Sika,55 ' ' ' °
Feka,229 ' ' ' '
T v T

Fig. 2 Elemental concentration of Al, Si, and Fe across a particle
(along the yellow line) of Kryvbas oxygen carrier, calcined in air at
950 °C (magnification x500)

O, (oxidizer) was calculated based on Eq. (6) and its log-
arithmic form (9):

In(k) =In(k") + n-InP, 9)
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(b) Kryvbas Ore, after 5 cycles, at
950°C, 25 % CH4-15 % 02

R

(a) Kryvbas Ore, calcined at 950 °C
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This means that the reaction order with respect to the
gaseous reactant can be determined from Eq. (8) by the
slope and intercept of In(k) versus In(P) (Eq.9) at a
fixed temperature (as shown in Table 1, at 900 °C
temperature).

Results and discussion
Oxygen carrier characterization

The Kryvbas ore sample was studied, in terms of its
chemical composition, by ICP-OES, and the analysis
revealed that the Fe-based oxide material was mostly
composed of Fe,O; (84.86 mass%), SiO, (8.55 mass%),
and Al,O3 (1.03 mass%), as well as traces of other ele-
ments, as shown in Table 3.

Further analysis of the calcined samples of the Kryvbas
ore showed a small surface area, 0.63 m* g~', as pre-
sented in Table 3, while for the fresh Kryvbas ore, the
BET test resulted in a surface area of 1.49 m? g~ '. This
behavior indicated that the oxidation pretreatment caused
a decrease in the surface area. Because the surface area is
small, it is possible that the performance of this oxygen
carrier should not only be attributed to the surface area.
The pore size shares were calculated for the fresh sample
with the following results: 5.36 % micropores, 52.01 %
mesopores, and 42.63 % macropores; share results for the
calcined sample were determined as follows: 5.49 %
micropores, 40.33 % mesopores, and 54.19 % macrop-
ores. This means that the calcination caused an increase in
the percentage of the macropores at the expense of the
mesopores.

The XRD pattern of the Kryvbas ore sample calcined at
950 °C is shown in Fig. la together with its phase identi-
fication. From the figure, it can be revealed that the
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10 % CH4/60 % CO,/30 % He
10 % O,/He

Tempe-
rature/°C

850

950

20 % CH4/60 % CO,/20 % He
20 % O,/He

25 % CH,4/60 % CO,/15 % He
15 % O,/He

Fig. 3 SEM images of selected particles of Kryvbas ore after five redox cycles at the conditions denoted in the table

850 °C

Oxygen transport capacity/mass%

2 4 6
Cycle number/—

o0 -

10

Fig. 4 10-cycle reduction/oxidation TG data for the Kryvbas ore
oxygen carrier at 850 °C with 3 % H, + steam/Ar

dominating phases of the calcined ore were hematite and
inert silicon oxide, which is in agreement with the ele-
mental analysis (Table 3) that showed that Fe and, to a
lesser extent Si, were the main components of the ore. In
the same figure, the XRD pattern of the “reacted” ore is
presented (Fig. 1b) after five redox cycles at 950 °C with
25 % CH4/60 % CO,/15 % He as the “fuel mixture” and

Table 4 Oxygen transfer capacity of the oxygen carriers under dif-
ferent reduction states

Oxygen carrier Reactions Theoretical
oxygen transfer
capacity/mass%

84.86 % 3Fe,032Fe;04 + 1/20, 2.83

Fe,O5/support

Fe,0352Fe0 + 1/20, 8.50
Fe,032Fe + 3/20, 25.51

i)

15 % O,/He as the “oxidation mixture.” The reaction
conditions of the “reacted” sample of Fig. 1b are the most
severe among those used in the present study. Comparison
of the XRD patterns of the fresh and the “reacted” sample
indicated that Kryvbas ore retained its structure, it did not
decompose, and no new phases were formed after being
exposed to the redox reactions even at the highest tem-
perature that was tested. The lack of the phase changes is
not only due to the number of cycles performed. The most
probable reason for that is that the iron silicate formation
was prevented. Based on thermodynamic simulation with
application of HSC Chemistry v. 7.0 software, it was
proved that silicates are not stable within the used reaction
conditions. Moreover, since reduction of Fe,O; (hematite)
was processed to Fe;O, (magnetite), FeO (wuestite)
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Fig. 5 Fractional reduction versus time for Kryvbas ore for different temperature conditions and different regent (CH,) concentration conditions

Table 5 Reduction reaction kinetics study for Kryvbas ore

T/°C Model F1 Model R3 Model D3

kis™! R? kis™! R? kis™! R?
750 3.069 x 1073 0.996 8.040 x 107* 0.965 3.078 x 107* 0.923
800 4202 x 1073 0.999 1.105 x 1073 0.983 4.173 x 107 0.873
850 4914 x 1073 0.995 1.288 x 1073 0.965 4912 x 107 0.902
900 5.856 x 1073 0.992 1.536 x 1073 0.965 5.838 x 107 0.884

formation was not completed. Therefore, those reaction
conditions prevented iron silicates formation and main-
tained the crystal structure of OC. The XRD patterns of the
samples after the redox cycles at lower temperatures (not
shown here) also demonstrated, as expected, the stability of
the crystalline structure.

Figure 2 shows a linescan of a typical particle from the
calcined ore at 950 °C. The content distribution for the
most important elements, Fe, Si, and Al, is presented along
the yellow line indicated in the particle image at the lower
part of the figure. Variations in the concentration of Fe, Si,
and Al indicated the presence of different components of
the ore along the line: a solid hematite (Fe,O3) core that
was surrounded by a mixed phase composed of small
particles (2—10 pm) of SiO,, Al,Os, and Fe,Os5.

Figure 3 shows typical SEM images of the ore particles
after five redox cycles at the conditions described in
Table 1. By comparing the morphological characteristics
of the particles shown in Fig. 3 to those of the calcined
particle of Fig. 2, it can be concluded that the repetitive
reduction—oxidation reactions did not affect the crys-
talline structure of the material, although they did cause
extensive wearing away to the particles which can lead to a
reduced mechanical stability of the material. The extent of
the destruction was in direct comparison with the severity
of the redox reaction conditions.
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An example of the 10-cycle reduction/oxidation TG data
for the Kryvbas ore oxygen carrier at 850 °C with 3 % H,/
Ar+ steam as a function of reactivity pretesting is shown in
Fig. 4.

The continuous, constant chemical-looping combustion
performance was observed within the framework of the
10-cycle test. The same excellent behavior was also
observed for other temperatures in the range of
750-950 °C. Based on the pretesting in the severe reduc-
tion conditions with hydrogen, the 5-cycle test for the
kinetic study with methane was completed. It is important
to note that the use of the Kryvbas ore as a potential
oxygen carrier sample did not require an extra treatment,
such as an activation that is required in the case of ilmenite,
which is another natural carrier [16, 17].

The stable TG data from the fifth redox cycle were
used in the calculations. Mathcad Prime 2.0 software was
used in the determination of the kinetic parameters. The
complete redox cycle was composed of the reduction
reaction, a flush with helium, and a regeneration reaction
of the oxygen carrier. Due to the reduction reaction of
the oxygen carrier, a decrease in the mass was observed
because the reducing agent, CHy, was introduced into the
TG chamber. Afterward, the system was flushed with
inert helium to remove the combustion gases from the
TG chamber. After the flush, the oxidation reaction
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Fig. 6 Model fitting for the reduction reaction of Kryvbas ore for different temperatures and CH, partial pressure

occurred, regenerating the reduced oxygen carrier, and a Because one of the most important applied parameters
corresponding increase in mass was observed on the TG  for the selection of an oxygen carrier for a CLC power

graph. plant is the oxygen transport capacity, the oxygen transport
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capacities were calculated for an Fe-based, naturally
occurring oxygen carrier of 84.86 mass% Fe,0s,
8.55 mass% SiO,, and 1.03 mass% Al,Os. The theoretical
mass changes in accordance with the reaction stoichiome-
try for the CH4 gas reduction of Fe,O; were calculated
according to the reactions:

12Fe, 03 + CH4 — 8Fe304 + CO, + 2H,0 (]O)
4Fe,O5 + CH4 — 8FeO + CO, + 2H,O (1 1)
4Fe, 05 + 3CH4 — 8Fe + 3CO, 4+ 6H,0O (12)

The theoretical oxygen transfer capacity (mass %) depends
upon the material that comprises the oxygen carrier and the
final reduction state. The oxygen transfer capacities of the
oxygen carriers at the different reduction states are listed in
Table 4. Based on the reactions (Egs. 10, 11), it was
determined that the theoretical mass decrease that corre-
sponded to a reduction of Fe,O5 to Fe;O4 in the Kryvbas
ore sample (where the amount of active phase that is Fe,O3
is equal to 84.86 mass%) was 2.83 mass%. The reduction
of Fe,O; to FeO or to Fe corresponded to a percent mass
decrease of 8.50 and 25.51, respectively. In the TG
experiments, overall oxygen transport capacities of
approximately 2.8 mass% were achieved. That is similar as
for other natural Fe-based OC (ilmenite) [16].

This capacity was completed by the application of CO,
stream that was added to fuel. Based upon the observed
mass decreases in the experiments, it can be concluded that
the final reduction state for the sample was Fe;O,4. That
observations were also supported by the data obtained
within thermodynamic calculations made in FactSage
program (The Integrated Thermodynamic Databank Sys-
tem). With FactSage calculation of the TG conditions for
multiphase and multicomponent equilibria, under different
constraints, that is addition of CO, to CH, and pure CHy,,
the phase was validated. Therefore, the kinetics data
describe the final reduction of Fe,O5 to FeszO,.

The fractional conversions for the reduction and oxida-
tion reactions were calculated based upon Egs. (1) and (2).
Figure 5 shows the fractional reduction for the highly con-
centrated Fe natural oxygen carrier that was calculated at a
temperature range of 750-950 °C. The temperature had on a
positive effect on the reaction rate, and this was evidenced
by the observation that when the temperature increased, the
reaction rate also increased. Figure 5 also shows the frac-
tional reduction versus time for the Kryvbas ore for different
methane concentrations (10, 15, 20, and 25 %). Here, an
increase in the reduction rate was also observed with a
corresponding increase in the reagent concentration.

In the literature, both the shrinking core and diffusion
model were the most frequently indicated for the
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description of the Fe oxide reduction reaction [14-17, 24],
which was the motivation of using both of these mentioned
models in the natural oxygen carrier (Fe-based) kinetics
calculations. In addition to these models, another model
(e.g., the volumetric model) was also tested. The results for
the volumetric model (marked by F1), the shrinking core
model (marked by R3), and the three-dimensional diffusion
model (marked by D3) are shown in Table 5.

For all of the models, the k—Xkinetic constant and the
correlation coefficient were calculated. Figure 6 shows the
fitting of these three models for the reduction reactions at
all of the temperatures and CH, concentrations. The plots
of the function g(X) versus time for the reduction of the
Kryvbas ore for these three models according to the
equations from Table 2 were also shown. Based upon the
calculated data, it may be concluded that both the R3 and
the F1 models fit well and they described the behavior of
the oxygen carrier during the reaction.

Considering the R values given in Table 5 throughout
the entire temperature range, the F1 model possessed the
best correlation. The calculated reduction reaction param-
eters for the Fl1 model were E, = 42.00kJ molfl,
R? = 0.982, and Ap = 9.88 107° s~! Pa", and these values
are shown in the Arrhenius plot of the reduction reaction in
Fig. 7. The data from the reaction at 950 °C were not
included in the calculation of E, because of its lower
reaction rate. This reduction in reaction rate was most
likely caused by a sintering of the sample during the redox
cycles. The E, value of the reduction reaction is a little bit
higher compared with the E, for other Fe-based oxygen
carriers that have been reported in the literature, which

-5.0
-5.2
i
S
< 541
]
—-5.6
-5.87 E, =42.00 kJ mol”' "
T T T
8.4x10™ 9.1x10™ 9.8x 10
T-1/K-1

Fig. 7 Arrhenius plot of the reduction reaction of Kryvbas ore for
applied model F1
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were reported as 33.8 kJ mol ™! for Fe,05/TiO, [4] and
29 kJ mol~! for Fe,Os/bentonite [13].

The determined reduction reaction order for model F1
was equal to 1.98 and that is shown in Fig. 8. This value of
reaction order suggests a more complex mechanism was
involved in the reduction of the Kryvbas ore. According to
the calculations, the reduction reaction proceeded uni-
formly throughout the whole grain and that there was no
diffusion limitation.

Figure 9 shows the oxidation conversion of Fe;O, to
Fe,O3 versus time for the Kryvbas ore under different
reaction conditions. The presented curves show the
fractional oxidation (regeneration) conversion for the
different tested temperatures and also the different con-
centrations of O,. For the model fitting calculations, the
range of the data that was taken into account was nar-
rowed to approximately 60 s, which corresponded to a
conversion degree of 0.7-0.9. The oxidation reaction was
significantly faster than the reduction reaction. It was

0.6 A

0.4 1

Conversion/—

0.2 |

0.0 T T T
20 30

Time/s

40

also observed that for tested temperature range of
750-950 °C, the temperature possessed a positive effect
on the oxidation reaction rate.

As it can be seen from Fig. 9, an increase in the O,
concentration led to a corresponding increase in the oxi-
dation reaction rates. That indicates that both temperature
and the O, concentration have a positive effect on the
oxidation rates of the Kryvbas ore.

In Fig. 10, the plots of the function g(X) versus time for
the temperature range between 750-950 °C and at different
partial pressures of O, are presented. Table 6 shows the
reaction rate constants and the correlation coefficients for
the three models that were studied. The most suit-
able model for the description of the sample behavior when
it was oxidized by air in the given temperature range, as
indicated by the data collected, was the R3 model. The F1
and D3 models both possessed a poor fit to the data
(Table 6; Fig. 10).

Based upon the correlation factors, the R3 model was
the most suitable model for the description of the oxi-
dation reaction. Therefore, the activation energy was
determined for the model, and the plot of the logarithm of
the reaction rate constant versus the inverse temperature
(Arrhenius plot) is shown in Fig. 11. The calculated
activation energy for the oxidation reaction was equal to
16.70 kJ mol ™', and the pre-exponential factor was equal
to 1.53 s~! Pa" The oxidation reaction order, shown in
Fig. 12, was determined and was estimated to be 0.49.
The data presented by Son et al. [13] for the 60 mass%
Fe,Oz/bentonite showed that the activation energy of the
oxidation reaction was lower and equal to 6 kJ mol™".
During the oxidation reaction, which was faster than the
reduction reaction, an Fe,O3; product layer can be formed
around the unreacted core of Fe;O,, and a resistance to
the diffusion of O*~ or Fe** ions may play an important
role.

1.0
0.8 4
4
= 0.6 -
Ke]
(2]
o
E 0.4 - —#— 0.05 bar
8 0.10 bar
02| —®—0.15 bar
——0.20 bar
0.0 T T
0 20 40 60

Time/s

Fig. 9 Oxidation degree versus time of Kryvbas ore for both different temperatures and different regent (O,) concentration conditions
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Table 6 Oxidation reaction kinetics study for Kryvbas ore

T/°C Model F1

Model R3

Model D3

kis™! R? kis™!

R? kis™! R?

750
800
850
900
950

6.620
7.760

X 0.976
X
8.040 x
X
X

0.970
0.995
0.970
0.953

2.000 x
2.280 x
2.370 x
2430 x
2.900 x

8.300
1.079

1072
1072
1072
1072
1072

0.987
0.985
0.997
0.987
0.980

3.560
5.050

X 0.795
X
5.210 x
X
X

0.790
0.857
0.789
0.788

5.600
1.010

Kinetics study
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Fig. 12 Oxidation reaction order determination

To recap the results of the kinetics study, the calculated
activation energy for the reduction reaction was
42.00 kJ mol~" for the F1 model and for the oxidation
reaction, it was equal to 16.70 kJ mol~" for the R3 model;
these models were the models that best fit the data.

Conclusions

In this study, the kinetics of the reduction and oxidation
reactions for a naturally occurring Fe-based oxygen carrier
were examined. The determination of the kinetic parame-
ters based upon the performances of the Fe-based carriers
is extremely important for the use of these carriers in real
applications. The kinetic parameters obtained as a result of
the study of the redox reactions of potentially suit-
able oxygen carriers might be useful for the designing of
CLC reactors, as well as for the modeling of the systems.
Tests were performed under isothermal conditions
(750-950 °C) for multiple redox cycles using an pressur-
ized thermogravimetric analyzer. The activation energies,
the pre-exponential factors, and the reaction orders were
determined. The results showed that the F1 (volumetric)
model was suitable for the reduction reaction of the
Kryvbas ore, and the activation energy and the reaction
order with respect to partial pressure of CH, were calcu-
lated to be 42.00 kI mol™' and approximately 1.98,
respectively.

For the oxidation reaction of the Kryvbas ore, the R3
model demonstrated the best correlation with the data, and
the activation energy and the reaction order were calculated
to be 16.70 kJ mol ™" and approximately 0.49, respectively.

Physicochemical characterizations of the ore samples,
both the unreacted and the reacted revealed that the
repetitive redox reactions did not affect the crystalline
structure of the material. However, they did cause wearing
away to the particles, and this can lead to a reduced
mechanical stability of the material.

Based upon the obtained data, it may be concluded that
the Kryvbas ore presents a good CLC performance: this is
because stable oxygen transport capacity while cyclic
redox reactions, and also due to its large oxygen transport
capacity, which can be attributed to the presence of the
highly concentrated hematite (above 80 mass%).

The cost of the whole process can be reduced because a
low inventory of carrier is needed to convert the fuel due to
its high oxygen transfer capacity, as well as by the fact that
the cost of the material itself is low because it is obtained
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from a naturally occurring ore and does not require any
elaborate pretreatment procedures.
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