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Abstract  - This work aimed to study nickel-based oxygen carriers (OC) for Chemical Looping Combustion (CLC) 
using H2 and CH4 as fuel. The reactivity and reaction kinetics of the OC were investigated, applying the shrinking 
core, nucleation and diffusion models in three dimensions, as well as whether the OC is thermodynamically favorable 
for the reaction. The results showed that the OC achieved high conversion for both fuels, proving to be quite 
reactive, while the fuel gas concentration and the temperature have a strong effect on the solids conversion. For the 
H2 combustion, the reaction rate can be described well by the shrinking core model, whereas for CH4 the nucleation 
model may better represent the experimental data. With respect to reactions that occur in the reduction reactor with 
the NiO/Ni redox system, it was observed that, for the investigated temperatures used in CLC, high values of the 
equilibrium constant were obtained, showing that practically complete conversion of the fuels is possible.
Keywords: Chemical looping combustion; Nickel oxide; Oxygen carrier.

INTRODUCTION

Chemical looping combustion (CLC) is a 
technology used for power generation with the 
possibility of CO2 capture, considered one of the best 
alternatives to reduce CO2 emission to the atmosphere 
(Adanez et al., 2012). The complete process occurs 
in two connected fluidized bed reactors (oxidation/
air reactor and reduction/combustion reactor), where 
the energy is generated by the burning of the fuel that 
occurs in the reduction reactor. The oxygen required 
for combustion is provided by the transfer of air to 
the fuel by oxygen carriers (OCs), which circulate 
between the two reactors, oxidizing in the air reactor 
and reduced thereafter in the combustion reactor. Thus, 
there is no need for an air separation unit (N2 + O2) and 

no emission of NOx compounds. An easy capture of 
CO2 is provided in CLC, considering that the output 
current in the reduction reactor would be composed 
only of CO2 and H2O (Pröll et al., 2010; Ortiz et al., 
2011).

In order to develop this technology, it is necessary 
to choose the appropriate oxygen carrier, which must 
have characteristics such as high mechanical and 
thermal stability (high melting point), be susceptible 
to several redox cycles, present high reactivity and 
high selectivity for complete conversion of fuel to 
CO2 and H2O (Forutan et al., 2015). Iron, copper 
and nickel have been selected as the most promising 
candidates (Adánez et al., 2004), with nickel being the 
most interesting for the CLC process due to its strong 
catalytic properties. This particular material presents 
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high reactivity and selectivity for H2, and resistance 
to agglomeration. High melting points of nickel oxide 
(2268 K) and nickel metal (1728 K) allow working at 
higher temperatures (1200-1400 K) in the CLC system 
in relation to other oxides, such as CuO. However, using 
nickel-based materials, thermodynamic limitations 
prevent the complete conversion of methane into CO2 
and H2O in the fuel reactor, due to the presence of 
CO and H2 at equilibrium conditions. Using a nickel-
based oxygen carrier for a CLC system, the possible 
reactions that can occur in the reduction reactor, using 
CH4 and H2 as fuel, are shown below (Ortiz et al., 
2011; Han et al., 2016). In view of the multiple routes 
of reduction of NiO by CH4, it is necessary to study 
the activity of the OC in relation to CH4, proposing 
kinetic models that can describe the rate of solids 
conversion, in order to predict conversion data to be 
used to calculate retention time and solids circulation 
rate in a CLC plant.

where Mox and Mre are the masses of the carrier in its 
oxidized and reduced forms, respectively.

The use of Al2O3 as a support for nickel-based 
oxygen carriers has been extensively studied in the 
literature because of its good fluidization properties 
and thermal stability. However, its main disadvantage 
for NiO based OC is the formation of NiAl2O4. At 
high temperatures of calcination (> 1073 K), the NiO 
can react with the alumina, forming nickel aluminate, 
which has lower reactivity when compared to NiO 
(Dueso et al., 2012).

Jerndal et al. (2006) showed a broad thermodynamic 
analysis of the different redox systems considered 
for CLC. They identified Cu, Ni, Co, Fe, and Mn 
oxides as thermodynamically favorable in terms 
of the equilibrium constant for the CH4, H2 and CO 
conversions. At temperatures and pressures relevant to 
CLC, hydrocarbons are not thermodynamically stable 
and amounts of CO2, H2O, CO and H2 may appear 
depending on the redox system (Adanez et al., 2012). In 
addition, with the reduction of the oxide at the surface, 
CH4 conversion may proceed through the reduction of 
NiO or the combination of vapor reforming (reaction 
3) and secondary reactions, such as decomposition to 
form H2 (reaction 5). The concentration of synthesis 
gas in the reactor exhaust may be the result of the 
partial oxidation reaction between CH4 and NiO or the 
steam reforming reaction and secondary reactions in 
equilibrium (Hann et al., 2016a). Thus, it is necessary 
to study thermodynamically the set of these reactions 
in order to obtain a complete conversion and to obtain 
data for the energy balance necessary for the use of the 
system in a self-thermal way.

The knowledge of the reduction reaction kinetics 
is essential for the design of the CLC system. For 
modeling purposes, it is fundamental to know the 
kinetics under different operating conditions. However, 
in most studies found in the literature only a partial 
analysis or studies without considering the effect of 
gas concentration or temperature were performed. 
Consequently, limited information can be extracted 
from the reactivity data for design purposes, although 
they can be used to compare different oxygen carriers.

There are several types of resistances that can affect 
the reaction rate of OC. The mass transfer resistances 
in the gas film and on the surface of the ash layer are 
reduced by the experimental conditions used in the 
process, so that the resistance is controlled by the 
chemical reaction. To determine the kinetic parameters 
of the OC with respect to the reduction (CH4 and H2), 
the Shrinking core model with the process controlled 
by the chemical reaction in the solid has been the 
adopted most in the literature (Zhou et al., 2014).

4 2 2CH 4NiO CO 2H O 4Ni+ ↔ + +

4 2CH NiO CO Ni 2H+ ↔ + +

4 2 2CH H O CO 3H+ ↔ +

4 2 2 2CH 2H O CO 4H+ ↔ +

4 2CH C 2H↔ +

2 2C H O CO H+ ↔ +

2 2H NiO H O Ni+ ↔ +

22Ni O 2NiO+ ↔

The oxygen carrying capacity (RO) is a characteristic 
of the oxygen carrier fundamental to the design and 
operation of the process. RO, defined by the ratio 
between the mass difference reduced and oxidized by 
the oxidized mass (Equation 1), is an indicator of the 
amount of oxygen that can be transferred by the OC 
between the reactors and which will be available for the 
reaction. The determination of ROC can be performed 
from the reactions (r1), (r7) and (r8); however, this 
value is altered when working with OC supported on 
inert material (Abad et al., 2007a). The actual oxygen 
carrying capacity (ROC) depends on the fraction of the 
metal oxide contained in the OC (xox), so the maximum 
available oxygen for the different OCs is expressed by 
Equation 2.
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In many gas-solid reactions, with formation of a 
solid product, oxidation and reduction of solid oxygen 
carriers can be approached by a nucleation process. 
According to the nucleation and growth models of 
nuclei, the process proceeds with the generation of 
metallic nuclei, which grow later and eventually 
overlap. The rate of reaction increases as the number 
of nuclei increases during the first moment of the 
reaction, the so-called induction period. After this 
point, the reaction will occur uniformly on the solid 
surface, advancing later uniformly to the inner part 
of the solid (Adanez et al., 2012). Thus, conversion 
versus time curves are characterized by a sigmoidal 
behavior, often described by the Avrami model.

Kinetic models have been used to describe 
kinetics of NiO reduction using different fuels. Han 
et al. (2016ab) presented a two-part study where 
they proposed a mathematical model to describe 
the reaction kinetics of NiO-CH4 and to estimate 
parameters, evaluating the understanding of the 
reaction system and its controversies. For the authors, 
one of the inconsistencies found in the literature for 
the reduction of NiO with CH4 is in the modeling by 
different reaction networks. Besides, the reduced Ni 
can catalyze several reactions such as CH4 reforming, 
the shift reaction and carbon formation, which occur 
simultaneously. In a previous study, the authors had 
analyzed the reactivity of OC in TGA (Han et al., 
2014) and proposed a model to evaluate the physical 
and chemical properties of the reaction rate. In this 
study, a two-phase model was proposed to describe 
the interactions between gas diffusion in the crucible 
(diffusion) and through the particle bed and within 
the pores (interparticle diffusion). In another work, 
Nordness et al. (2016) studied the pressure effect on 
the reactivity of Ni and Cu-based OCs using synthesis 
gas or methane in a bench-scale fixed-bed reactor. The 
results were used to determine the reaction kinetics 
for CLC at high pressures. The authors observed 
that the increase in pressure provided greater carbon 
deposition in the OC, and decreased the selectivity 
of CO2 for NiO. The numerical model with semi-
empirical correlation for the effect of kinetic pressure 
described the experimental results well, noting that the 
increase in pressure has a negative effect on kinetics of 
oxidation and reduction of the CO.

The literature still does not show any consensus as 
to which physical model describes the reaction kinetics 
of nickel-based OC, and still does not exhibit a single 
model to describe the kinetics of an OC, given the 
complexity of the process and the different variables 
that alter the solid reduction reaction rate. Therefore, 
in order to contribute to consolidation of technology, 
it is worth a study to evaluate the physical processes 
that occur in the solid, using models that describe the 
reduction reaction rate of the solid, that are essential to 

define the inventory of solids and the circulation rate 
of solids in a CLC plant. In addition, as a consequence 
of the large number of reactions that can occur in a 
reduction reactor, it is essential to study them from the 
thermodynamic point of view, providing an analysis 
based on the physical concepts of the equilibrium of 
reactions.

In this sense, this work aimed to investigate the 
performance of these nickel-based OCs, studying the 
reactivity for two fuels (H2 and CH4), evaluating the 
effect of increasing temperature and concentration, 
as well as proposing to a practical approach to 
the kinetics of the reduction NiO/Ni, considering 
the 3 main physical models and their associated 
resistances for solid conversion control, in order to 
obtain a satisfactory prediction of data in line with a 
thermodynamic study in terms of equilibrium constant 
and reaction coordinates for the multiple reactions that 
occur in the reduction reactor.

EXPERIMENTAL PROCEDURE

Nickel-based OCs synthesized by the research 
group at the Carbochemistry Institute (University 
of Zaragoza, Spain) were used according to the 
methodology described in (Adanez et al., 2009) and 
supplied to the Natural Gas Processing Laboratory 
(LPG) of the Gas Technology Center and Renewable 
Energy (CTGAS-ER), where the reactions were 
performed. The nickel-based OC has surface area 
characteristics of 49 g/m2, density of 2500 kg/m3 
and diameter of 200 ± 100 μm. For the study of the 
reactivity of the nickel-based OC, a thermobalance 
(1200C LTG-01, CI PRECION) was used, which is a 
system basically consisting of a set of thermocouples, 
furnace, reactor and a microbalance. The reactor 
consists of a quartz tube coupled inside an oven that 
can be operated at high temperatures (Tmax of 1200 
°C). The oxygen carriers (40 to 60 mg) were placed 
in a sample port consisting of a mesh basket formed 
of platinum wire to reduce the resistance to mass 
transfer around the sample, where it was heated to a 
desired temperature and then subjected to alternating 
reduction and oxidation cycles. During the oxidation 
cycle, a gas stream containing 100% atmospheric air 
flowed into the reactor, while in the reduction cycle a 
mixture of 10% of CH4, 22% and 10% of H2 diluted 
in N2 was used as fuel, with a flow rate of 416 mL/
min for both mixtures and air, at ambient pressure. 
The inlet gases were initially heated to a temperature 
of 393 K by a resistance along the pipes. To prevent 
the reducing and oxidation reactant gas from mixing, 
a stream of N2 flowed between the two steps. The 
weight variation and temperature were continuously 
recorded on a computer. Several cycles (an average 5 
cycles per analysis) were performed for each sample 
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at atmospheric pressure and the solids conversion 
calculated by Equation 3 was analyzed. For the 
purposes of calculating OC reactivity, data from cycle 
3 were used, since after the first cycle the carriers were 
stabilized, presenting similar behavior in subsequent 
cycles.

(Equation 6). The criterion for selecting the best kinetic 
model is based on the value of the linear correlation 
coefficient. For the calculations, conversions up to 
80% were used, because above this conversion, the 
solids conversion rate declines, entering the stationary 
state.

Hancock and Sharp (1972) described a convenient 
method to compare the kinetics of isothermal reactions 
of the solid state and obtaining the parameter m. Later, 
Luo et al. (2014) using the same methodology for 
iron-based OCs identified m and the mechanism of 
reaction. The experimental data can be expressed by 
Equations 8 and 9:

re re
S

ox re Oc ox

M M M M
X

M M R M
− −

= =
−

where M is the momentary mass and the denominator 
is the maximum oxygen transport between the OC fully 
oxidized (mox) and reduced (mre), which can also be 
expressed as the product of the actual oxygen carrying 
capacity (ROC) and the mass of OC totally oxidized.

The conversion rate, following the kinetics, can be 
described by Equation 4:

( ) ( )S
S

dX
k T f X

dt
=

where f(XS) is the reaction model that describes the 
physical or chemical properties during the reaction, 
and k(T) is the kinetic constant described by the 
Arrhenius equation (Equation 5). 
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Integrating both sides of Equation 4 under 
isothermal conditions, Equation 6 can be obtained.

( )g x kt=

where t is the maximum time for complete conversion 
of solids (XS) and g(x): 

( ) ( )
S

S
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m is the exponential factor that describes the process of development of nuclei for the nucleation model and the speed at which the diffusion mechanism occurs.

Table 1. Kinetic models used in this study (LUO et al., 2014).

The determination of the kinetic model of nickel-
based OC reduction using H2 and CH4 as fuel was 
performed by adjusting the mathematical equations of 
the models (Table 1), where a treatment of the kinetic 
curves was performed to determine the reaction rate 
constant (k) represented by the linear regression 
coefficients of the function g(x) as a function of time 

mnt
S1 X e− =

( ) ( ) ( )Sln( ln 1 X m ln t ln n− − = +

For the calculation of the other kinetic parameters, 
such as the activation energy (Ea) and the pre-
exponential factor (A0), the reaction rate constant was 
calculated at different temperatures (1073, 1123, 1173 
and 1223 K), using H2 at 10% by volume. The activation 
energy and the pre-exponential factor of the Arrhenius 
equation were obtained from the linearization of the 
Arrhenius equation (Equation 5).

The thermodynamic analysis consisted of evaluating 
the equilibrium constant of the reactions that occur in 
the reduction reactor for the NiO/Ni redox system, 
reactions (1) to (7), from which it was possible to obtain 
information on how thermodynamically favorable the 
redox system is for complete conversion of reagents 
into products. Besides, it was possible to enable the 
calculation of the equilibrium concentrations by 
determining the reaction coordinate, through Equation 
10.

( ) i
i i i eq 0

Py K
P

ˆ
−νν  f =∏  
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where yi is the mole fraction of the component i, fi 
di is the fugacity coefficient, Keq is the equilibrium 
constant, P is the system pressure, P0 is the reference 
pressure (1 bar), vi is the stoichiometric coefficient 
of the component i, and v is the overall reaction 
coefficient. 
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Since the pressure ratio term becomes 1 because 
the system is at ambient pressure, and the vapor-
phase (under the conditions of high temperature 
and low pressure) was considered ideal (fi =1), the 
equilibrium constant can be calculated as the product 
of the fractions of the components raised to their 
respective stoichiometric coefficients. The fractions of 
the components can be expressed as a function of the 
reaction coordinate (e), as shown in Equation 11.

than 2 min. It can also be seen that there is a faster 
and slower conversion step, which can be attributed 
to the reductions of the free NiO in the OC and the 
nickel aluminate formed during the calcination step, 
respectively. Dueso et al. (2012) also observed this 
event in the reduction of a nickel-based OC at 18% 
of mass, using CH4 (15% vol + 20% vol H2O) as a 
fuel, and a temperature of 1223 K. The maximum 
solids conversion found by the authors was lower 
than that observed in this study (96%); however, this 
OC presented a higher conversion rate because the 
temperature was higher.

A higher conversion was found for CH4, probably 
due to the catalytic effect of metallic nickel on the 
intermediate reactions during the combustion of CH4, 
reactions (r3) and (r5), which also give rise to the 
reaction (r7). Furthermore, there is a higher oxygen 
stoichiometric ratio (O/C) when compared to H2 (O/H) 
(Abad et al., 2007a; Ortiz et al., 2011). Even though no 
H2O was used in the fuel mixture, probably no coke 
formation was observed; this event is evidenced by the 
mass gain of the OC during the reduction cycle. This 
is because the O/C molar ratio used was higher than 
1. In addition, the carbon deposited in the OC can be 
in the form of CO and H2 through reaction (6). Ortiz 
et al. (2011) also reported the absence of coke when 
working with an O/C molar ratio higher than 1.

In Figure 3, the effect of the fuel gas concentration 
on the solids conversion of the nickel-based OC is 
presented. The increase in H2 concentration caused a 
higher conversion rate, reaching maximum conversion 
(93%) in a shorter time. This implies that the 
resistances associated with the chemical reaction step 
are the limiting ones and that, for use in the CLC plant, 
different times must be used in the reduction reactor 
for different gas concentrations, in an inverse ratio. 
Dueso et al. (2012) also found that the increase in gas 
concentration had a positive effect on solids conversion 
using a nickel-based OC and carbon monoxide as fuel.

i0 i
i

0

n
y

n
+ ν e

=
+ νe

where ni0 is the initial number of mols of component i, 
and n0 is the total number of initial moles.

From the reactions (1) to (7), the equilibrium 
constant as a function of temperature was calculated 
using the Chemical Equilibrium Constant Calculation 
Program software (SANDLER, 2006) for the NiO/Ni 
redox system. An analysis of the Gibbs energy variation 
as a function of temperature was also performed.

RESULTS AND DISCUSSION

Figure 1 shows the mass variation of the nickel-
based OC during the cycles of oxidation and reduction 
of the OC obtained in the thermobalance using H2 as 
fuel. The decrease in mass of the oxygen carrier is the 
result of the change from the oxidized initial state to 
a reduced state (reduction cycle) and the increase in 
mass relative to its complete regeneration (oxidation 
cycle). During the 4 redox cycles shown in Figure 1, 
the behavior of OC remains similar, indicating that 
there was no decrease in its reactivity.

The conversion of solids at 1223 K is observed 
in Figure 2, varying the gas atmosphere, where the 
OC proved to be quite reactive for the CH4 and H2 
fuels in 10% by volume, reaching high conversion 
in both cases (100% for CH4 and 90% for H2) in less 

Figure 1. Variation of mass with time during the 
cycles of reduction and oxidation of the nickel-based 
OC using 10% H2 as fuel at 1223 K.

Figure 2. Conversion in the reduction step for the 
nickel-based OC using H2 (■) and CH4 (○) 10% by 
volume as fuel (___) (Dueso et al., 2012).

(11)
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In order to evaluate the effect of temperature, the 
nickel-based OC was reduced at different temperatures 
using H2 10% by volume as the fuel. Figure 4 shows 
the reduction profile for each temperature.

The increase in temperature promoted higher 
solids conversion, indicating that the temperature has 
a positive effect on solids conversion and conversion 
rate. From 1173 K there is not a large variation in 
the conversion rate, observing only the difference 
between the maximum conversions. However, at 
lower temperatures, there is a reduction in both the 

conversion rate and the maximum conversion. In 
this way, it can be stated that heat transfer is also a 
limitation for the reaction. Gayán et al. (GAYÁN 
et al., 2012) also observed an increase in the solids 
conversion rate with the increase in temperature; 
for achieving maximum conversions, however, the 
authors used 100% H2 as fuel.

Table 2 presents the values of K, as well as the 
correlation coefficient (R2) obtained by linearization 
of the function g(x) and time for nickel-based OC 
using 10% of H2 (18Ni-H2-1073, 18Ni-H2-1123, 18Ni-
H2-1173, 18Ni-H2-1223) at different temperatures, 
22% of H2 (18Ni-22H2-1223) and 10% of CH4 (18Ni-
CH4-1223) at 1173 K (shown in Figure 5). The value of 
m was extracted from the equation of the line ln (-ln(1 
- XS)) versus ln(t) and represents the possible rate at 
which the mechanism (nucleus growth or diffusion) 
occurs.

For the nickel-based OC using 10% H2 at all 
temperatures analyzed, the shrinking core model 
presented the best correlation coefficient, being the 
most appropriate model to represent the experimental 
data. However, upon increasing the gas concentration 
to 22% by volume (18Ni-22H2-1223), the nucleation 
model better represented the experimental data, 
presenting a better correlation coefficient. OC 18Ni-
10CH4-1223 also presented the nucleation model as 
the best correlation coefficient, being able to describe 
the experimental data with good precision, as seen in 
Figure 5. It is also observed that, with the increase 
in temperature with 10% of H2, the rate constant 
increases, which is in accord with Figure 4, where 
the increase in temperature caused an increase in the 
conversion rate.

Figure 6 shows the comparison between the models 
tested with the best R2 and the experimental points for 
the OCs at 1223 K.

For the H2 fuel at 10% volume, it is observed that 
the shrinking core model does not describe well the 
data for conversions from the time on average of 60 
seconds, where the conversion of solids is between 
60 and 80%. This could be linked to the heat transfer 
associated resistances (as can be seen in Figure 4) and 
the gas concentration, where the limiting resistances 
were not sufficient for breaks. Dueso et al. (2012) 
observed a linear behavior for the reduction of the 

Figure 3. Conversion in the reduction step at 1223 K 
for the nickel-based OC using H2 10% (■) and 22% (*) 
by volume as fuel.

Figure 4. Conversion in the reduction step for the 
nickel-based OC using H2 at 10% by volume fuel at 
different temperatures: (▲) 1073 K, (♦) 1123 K, (■) 
1173 K, (●) 1223 K.

Table 2. Kinetic parameters of the reduction reaction of the nickel-based OCs, using H2 and CH4 10% by volume 
as fuel.
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Figure 5. Linear fits for models, g (x) as a function of 
time. (a) 10% of H2 at 1073 K, (b) 10% of H2 at 1123 
K, (c) 10% of H2 at 1173 K, (d) 10% of H2 at 1223 K, 
(e) 22% of H2 at 1223 K, (f) 10% of CH4 at 1223 K. 
Shrinking core model (■), nucleation model (●) and 
diffusion model (▲).

Figure 6. Conversion of solids in the reduction step of 
nickel-based OCs for different fuels and temperatures: 
(a) 10% of H2 at 1073 K, (b) 10% of H2 at 1123 K, (c) 
10% of H2 at 1173 K, (d) 10% of H2 at 1223 K, (e) 22% 
of H2 at 1223 K, (f) 10% of CH4 at 1223 K. Shrinking 
core model (____), nucleation model (---) and diffusion 
model (....). Symbols (▲, ♦,■, ●, ×, ) are experimental 
data.nickel-based OC for the H2 fuel, which is also observed 

in this study up to 80% conversion. Considering that 
the authors used higher temperatures (> 1243 K) it is 
possible that limiting resistances are associated with a 
drop in the conversion rate. The shrinking core model 
has been used to describe the reactivity of nickel-based 
OC in the literature (Hancock and Sharp, 1972; Abad 
et al., 2007b) and can be applied to kinetic calculations 
and represent what occurs during the reaction.

The nucleation model can describe the conversion 
rate of the CH4 combustion reaction with better 
efficiency. This model has been applied to describe the 
reaction rate of the reduction reaction of nickel-based 
OC. Sedor et al. (2008) using a 20% mass of nickel 
oxide, observed that, for the CH4 combustion reaction, 
the nucleation model described better the experimental 
data of reaction rate when compared to the shrinking 
core model. 

The methodology used to determine the kinetic 
parameters was also tested with the experimental 
data found by Dueso et al. (2012) quoted in Figure 
2. A rate constant of 0.16 s-1 was obtained, similar 
to that found by the authors (0.15 mol1-nm2-3ns-1) for 
the reduction of NiO. The nucleation model also 
correlated satisfactorily the experimental data found 

by the authors, presenting a correlation coefficient of 
0.9937.

From the kinetic constants obtained for each 
temperature in the reduction reaction of the nickel-
based OC with 10% H2, it was possible to calculate the 
activation energy (Ea) and the pre-exponential factor 
(A0). Figure 7 shows the straight line obtained by the 
linearization of Equation 5.

Figure 7. Linearization of the Arrhenius equation for 
the reduction reaction of nickel-based OCs at different 
temperatures with H2 at 10%.
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The values obtained from the equation of the straight 
line for the activation energy and the exponential factor 
were 25.53 kJ/mol and 1.39×10-1 s-1, respectively. The 
coefficient of correlation of the obtained straight line 
was 0.945, which is satisfactory, being possible to use 
the data of Ea and A0 to determine the value of the 
kinetic constant at different temperatures, allowing the 
simulation of the conversion rate. The low activation 
energy shows that the reaction rate does not show 
strong dependence on temperature. This is also evident 
when observing Figure 4, where, with the variation 
of temperature, the greater effect is identified in the 
conversion of solids.

Abad et al. (2007b), using the shrinking core 
model, which best correlated the experimental data, 
obtained values of the activation energy and pre-
exponential factor of 26 kJ/mol e 9.3 ×10-3 mol1-

nm3n-2s-1, respectively, for a Nickel-based OC at 40% 
by mass using 20% by volume of H2 as the fuel. The 
results do not differ much from those found in this 
study, considering that a higher concentration of nickel 
in the γ-alumina support was used (40% and 18 % in 
this study) and a higher gas concentration (20% in the 
study of Abad et al (2007b) and 10 % in this study). 
Dueso et al. (2012) used a nickel-based OC at 18 % by 
mass and studied its reduction reaction rate for H2 fuel 
at 5 % volume, obtaining results for activation energy 
of 5 kJ/mol and pre-exponential factor of 1.5 ×10-1 
mol1-nm3n-2s-1, using a combined model.

In addition to the reactivity analyses of OCs, it is 
important to note that a thermodynamic study was 
conducted to see if the OC is stable and capable of 
converting all the reagent into product. A Figure 
8 shows the thermodynamic analysis through the 
equilibrium constant (Keq) as a function of temperature 
and the Gibbs free energy variation for the combustion 
reaction of H2 and CH4, for the set of reactions (1) to 
(7). In Table 3, the Keq and the Gibbs energy variation 
can be observed for the possible reactions that occur in 
the reduction reactor, at 1223 K.

The values found for the equilibrium constants for 
all reactions (ln Keq > 3) at the investigated temperatures 
(273 to 1273 K) were quite high only at temperatures 
higher than 973 K, showing that the complete 
conversion of the fuels was obtained. Similar results 
were reported by Adenez et al. (2012) and Jerndal et al. 
(2006).The increase in temperature causes a increase in 
the equilibrium constant, although high temperatures 
are required for the complete reduction of OC, as seen 
in Figure 4. Still in Figure 8, the higher Keq values 
for the reactions (r1) or (r2), using CH4 as fuel, show 
that NiO is more favorable for this fuel, as seen in the 
reactivity data (Figure 2). Among the combustion and 
reforming reactions of CH4, (1) and (2) respectively, 
Keq is higher for reaction (r1), showing that it is the 
most thermodynamically favorable. The Gibbs energy 
variation is minimal at temperatures above 973 K for 

Figure 8. Equilibrium constant (___) and Gibbs free 
energy variation (---) as a function of temperature 
for the reactions occurring in the reduction reactor 
(described in Table 3) using different fuels.

chemical recirculation for combustion, indicating that 
the combustion reaction occurs spontaneously.

The reaction coordinate, calculated by Equations 
10 and 11, for the temperature of 1223 K, was 0.999 
and 0.853 mols for the CH4 and H2 fuel (reaction 1 and 
7), respectively, indicating the degree of progress of 
the reaction, that is, how much the reaction progressed 
in equilibrium. For the calculation of the reaction 
coordinate, only the species in the vapor phase were 
considered and the substances in the solid phase 
were pure and did not mix. Comparing the reaction 
coordinates for the two reactions, the combustion 
reaction of CH4 from the reduction of NiO is more 
favorable thermodynamically than for H2, as was also 
seen in Figure 2. For the other reactions with CH4, 
the reaction coordinate is near to 1, which indicates 
that the conversion is high. De Diego et al. (2009) 
reported that, due to thermodynamic constraints or 
temperature not sufficiently high, CH4 combustion 
was not complete.
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CONCLUSIONS

In this study it was possible to verify that the nickel-
based OC is quite reactive, being suitable for use in 
chemical looping combustion, showed high reactivity 
for H2 and CH4 fuel, achieving a conversion of over 
90% for temperatures of 1223 K. There was a positive 
effect of the temperature, increasing the reactivity of 
the OC and improving its performance in terms of the 
conversion rate, where a faster final conversion was 
observed. The same effect was noted with the increase 
of gas concentration. The kinetic study performed with 
the main resistances associated with gas-solid processes 
satisfactorily described the reaction kinetics of H2 and 
CH4 for nickel-based OCs, using the shrinking core 
model for the 10% H2, and the nucleation model for 
CH4 and 22% of H2 as fuel. The equilibrium constants 
obtained for the temperature range used in a CLC plant 
(1073 to 1223 K) for the reaction indicate that nickel 
oxide was thermodynamically favorable for both fuels 
(H2 and CH4), converting practically all of the fuel into 
products.
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