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Abstract: Fe;0,-Ceg75Zry 250, (FeCZ) is an oxygen carrier material aimed to produce syngas through methane partial oxidation in ab-
sence of oxygen gas feed. The objective of the present research is to study the catalytic effect of Ni on FeCZ using an evaluation of the
global kinetics (activation energy, reaction rate, order and constant) of its reaction with methane for syngas production. FeCZ and
0.05NiFeCZ (Ni/Fe = 0.05 molar ratio) were synthesized through co-precipitation of their precursor nitrate salts, while 2NiFeCZ was
prepared by impregnation of FeCZ with a nickel nitrate solution to obtain a 2 %W Ni material. Samples were calcined at 950°C during 4
hours in air. Kinetic study of oxygen carriers (FeCZ, 0.05NiFeCZ and 2NiFeCZ) reduction with methane was followed through thermogra-
vimetric analysis (TGA) at 5, 7.5 and 10% CH,/Ar and 600, 650 and 700°C. Initial reaction rate was obtained from the slope of the linear
region of the weight change signal as a function of time. Results indicate a first order global reaction rate for all materials. Activation
energies for samples FeCZ, 0.05NiFeCZ and 2NiFeCZ were 52.2, 39.5 and 28.3 Kcal/mol, respectively. Thus, reflecting the catalytic effect

of Ni over the FeCZ global reaction rate.
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1. INTRODUCTION

Hydrogen, as an energy carrier, has been considered to be an
environmentally acceptable option to face the global warming
problem that today harms the planet, because during its use does
not involve the production of greenhouse gases (CO,). Nowadays,
world’s demand for hydrogen is high (approximately 70 million
metric tons per year) with industrial applications such as: oil refin-
ing, metallurgy, food and electronic industries among others [1].
Recently, new hydrogen applications have emerged. Among those
are fuel cells, which employ hydrogen and oxygen to produce
electric energy at higher efficiencies than actual internal combus-
tion engines.

With equal importance as hydrogen is the mixture of carbon
monoxide and hydrogen (CO +H,), commonly known as synthesis
gas or “syngas”, which today is used as a raw material for many
industrial applications. Furthermore, this mixture is also used to
produce hydrogen through the water gas shift reaction process
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(WGS).

The conversion of methane to syngas is a crucial step in the use
of natural gas towards the production of hydrogen. Moreover, this
syngas mixture is a fundamental raw material for the Fischer
Tropsch (FT) process, where is converted to liquid hydrocarbons
to produce several synthetic substitutes of petroleum, such as: lube
oils, and all kinds of liquid fuels [2]. The use of syngas through the
FT process (for the production of liquid fuels) combined with a
growing demand of a vast number of chemicals derived from this
process, have converted this mixture in an strategic factor for na-
tions with growing economies facing the continuous increase in oil
prices during the last decade [3].

To supply this growing demand for syngas and hydrogen there
has been a growing interest in the scientific community towards
research focused in the reduction of operating costs and increasing
efficiencies in the related processes. A strategy that has been iden-
tified as potentially effective is the introduction of modifications to
the conventional hydrogen production processes from fossil fuels;
steam reforming, coal gasification and partial oxidation of hydro-
carbons. Some important advantages of this strategy are: to take
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advantage of the large experience gained through the years in the
operation of these processes and the reutilization of the existing
infrastructure around the world. Additionally, derived from these
modifications, it is possible to significantly reduce CO, emissions
in these processes, thus decreasing today’s global warming effects
that harm our planet. As a consequence, the innovations introduced
to conventional processes have become an essential bridge to reach
the desired hydrogen economy [4].

One modification to the conventional technology for hydrogen
production is the partial oxidation of methane by oxygen carriers
that consist in two steps. In the first step, the oxygen required for
the partial oxidation is supplied by a material that stores oxygen in
its structure such as a metal oxide (MeO). This oxygen is released
under a reducing atmosphere (methane) producing syngas (CO +
H,) and the reduced metal (Me). In the second step the reduced
material (Me) is re-oxidized with water vapor producing additional
hydrogen as a product. Finally, the oxidized material is sent back to
the initial step for its reutilization in the process. This material
(metal oxide), which is able to release and store oxygen in a cyclic
manner has been called an oxygen carrier (OC) [5]. If carbon depo-
sition would not occur over the surface of the solids, theoretically,
a high purity hydrogen product could be obtained during reduction
and re-oxidation of the material. This last can be accomplished
without the use of additional hydrogen purification processes such
as WGS and PSA (pressure swing adsorption). However, this car-
bon deposition issue has not been properly evaluated in many stud-
ies reported in the literature [6-11].

There exist a large number of materials that have been reported
in the literature as oxygen carriers for different redox applications
(partial oxidation, chemical looping, etc.) and are based on oxides
of Fe, Ni, Cu, Mn and Co supported on Al,Os, SiO,, TiO,, ZrO,,
NiALO4, MgAlLO4 as well as unsupported [12-22]. However, be-
cause iron oxide is an environmentally friendly material, thermody-
namically able to be reduced with methane and re-oxidized with
water vapor [23] and with high availability and low price, make of
this material an ideal selection as the main oxygen carrier to be
used for the purpose of the present investigation.

Methane partial oxidation from iron oxide to produce syngas and
its re-oxidation with water vapor to produce hydrogen is performed
according to the following reactions:

Fe;04(s) + CHa(g) <> 3FeO(s) + CO(g) + 2Ha(g)

AHP 05 = + 280.9 kJ/mol (1
3FeO(s) + H,0(g)«> Fe;04(s) + Hy(g) )
AH®03x =-74.7 kJ/mol

Khun et al., [24] studied the reduction of magnetite (Fe;0,) with
methane towards the production of syngas and metallic iron.
Hacker et al., [25, 26] also reported this as the “steam iron proc-
ess”, in which iron oxide was reduced from biomass decomposition
gases, while the reduced metal reacted with steam to produce high
purity hydrogen. Researchers have concentrated their work in in-
creasing iron oxide reactivity with methane and decreasing the
working temperature through the use of promoters such as Cu and
Ni [11, 27, 28]. However, they have found sintering problems of
these materials due to the high operating temperature. Oxides of Cr,
Co and Cu have been reported to alleviate this problem and to pre-
vent the formation of iron carbides and graphite [29]. The addition

of rare earths such as ceria have also been used to promote iron
oxide reducibility due to its high oxygen storage capacity (OSC)
and ability to easily store and release its lattice oxygen. This pro-
moting effect of ceria (CeO,) over iron oxide towards methane
oxidation has been reported by Kang and Wang [30] and Bao et al.,
[31], who demonstrated the positive effect of ceria in the catalytic
oxidation of CO. Ceria inclusion have been shown to increase the
activity and thermal stability of iron oxide (Fe;O4) after several
(seven) redox cycles as recently reported by Lorente et al., [32]. It
has been recognized that the presence of CeO, as promoter, partici-
pates in the removal of the adsorbed carbon over the surface of the
oxygen carrier during the methane oxidation with Fe;O, lattice
oxygen [33]. It has been reported that the inclusion of ceria within
zirconium oxide (ZrO,) enhances this promotion [5, 34, 35] and
increases its catalytic activity by limiting the superficial carbon
deposition in greater amount than the individual use of ceria. Addi-
tionally, ZrO, have been able to keep Fe;O4 stability at tempera-
tures as high as 1600°C as reported by Kodama et al., [36] and
Gokon et al., [37] in their cyclic experiments aiming the Fe;O4
(supported in ZrO,) thermochemical decomposition for hydrogen
production.

The combination of CeO,, which is recognized by its ability to
cyclically store and release oxygen within its structure (transfer
oxygen atoms) and ZrO,, that enhances ceria OSC [38] produces a
solid solution material (Ce 752192502, CZ). This novel material was
developed for three-way catalyst applications in the automotive
industry [30].

Nevertheless, CZ unique features towards the partial oxidation of
methane above described, its oxygen storage capacity (OSC) is
significantly limited. Recently Sosa et al., [5] used the high OSC of
Fe;04 and the ability of CZ to store and release oxygen to produce
a material with a high OSC and being able to partially oxidize
methane to produce hydrogen. They found that the presence of CZ
(Ceo.75Z10250,) generates an increase in Fe;O, reducibility accom-
panied with a decrease in its reduction temperature in hydrogen as
well as in methane atmospheres.

Furthermore, Ni has been recognized by its catalytic action to-
wards methane partial oxidation in CeO, and in ZrO, supports.
With ceria, the effect is reflected in higher methane conversions,
while zirconia allows the elimination of the adsorbed carbon over
the catalyst surface, thus promoting CO formation [39]. Ni surface
specifically, has been reported to catalyze the methane decomposi-
tion and to present a selective action towards syngas formation [40,
41 42]. Finally, in experiments in this laboratory the addition of CZ
to Fe;04 (Fe) produced an increase in methane oxidation conver-
sion at 700°C of twice with respect to Fe;O4 and this was associ-
ated to a catalytic effect of Ni in FeCZ (Fe;04-Cey75Z192505) [5].
Even though FeCZ reported values in the literature show a catalytic
effect of Ni towards an increase in methane conversion, an appro-
priate kinetic study is needed in order to properly evaluate such
effect.

Therefore, the objective of the present research is the evaluation
of the global kinetic parameters (reaction rate, constant, order and
activation energy) of FeCZ during its reduction with methane and
to assess the Ni catalytic effect on the oxygen carrier (FeCZ). The
kinetic study of this material is a crucial step to realistically deter-
mine the feasibility of a potential process and to provide a better
understanding of the influence of reaction conditions over the ma-
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Figure 1. Temperature effect of sample FeCZ at 10% CH./Ar

terial and to help postulate in the future a possible reaction mecha-
nism that fits the kinetic results of the process. It is important to
notice that results of the present kinetic study must be considered
as a first attempt to describe the reaction rate of the hydrogen
and/or syngas production step of the process and this can be used
(with the appropriate considerations) to predict the process per-
formance under several operating conditions in future studies.

2. EXPERIMENTAL

FeCZ (Fe304-Ce.75Z10250,) and 0.05NiFeCZ (0.05 mols of Ni
per mol of Fe) synthesis was performed by co-precipitation of
Fe(NO;);-9H20 (J.T. Baker), (NH4),Ce(NO3)s (Merck) and
ZrOCI-8H,0 (spectrum Chemical Mfg-Corp) and Ni(NO;3) (J. T.
Baker). Each one of these reagents was dissolved in 50 ml of de-
ionized water and later was precipitated with an ammonium hy-
droxide stoichiometric solution. The addition of the precipitant
solution was performed using a peristaltic pump at a rate of 3
ml/min followed by heating at 60°C to dryness. The sample was
then calcined at 900°C by 4 hours. The addition of Ni to FeCZ (in
the case of sample 2NiFeCZ) was made by incipient impregnation
employing a nickel nitrate solution in order to obtain a sample with
2%W Ni and this was called 2NiFeCZ. The amount of 2%W was
carefully calculated in order to insure that amount of Ni used in
both syntheses (precipitation and impregnation) were the same.
Finally, the sample was dried at 100°C and later calcined at 900°C
during 4 hours.

Follow up of oxygen carriers (FeCZ, 0.05NiFeCZ and 2NiFeCZ)

Table 1. TGA matrix test for the global kinetic study
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Figure 2. CH,4 concentration effect for sample FeCZ at 600°C

reductions was performed by thermogravimetric analysis (TGA) in
a Q500 from TA-Instruments under a 100 ml/min flowrate and at
different methane concentrations and temperatures. Table 1 shows
a matrix of the tests made for the present kinetic study, where mix-
tures of 5, 7.5 and 10% CHy at temperatures of 600, 650 and 700°C
were employed.

TGA experimental procedure is described as follows: 20 mg of
sample was placed in a platinum-made sample holder and then
heated up to the desired reaction temperature under an Argon at-
mosphere. Once the reaction temperature was reached the selected
CH4/Ar gas mixture was introduced. The reaction started and the
follow up was made by the weight change (%W) signal with re-
spect to time.

3. RESULTS AND DISCUSSION

3.1. Temperature Effect

Figure 1 presents the TGA response in %W vs time (minutes) for
sample FeCZ at a 10% CH4/Ar concentration and 600, 650 and
700°C. Tests presented in this Figure were selected for illustrative
purposes. In this Figure, a strong temperature effect is evident over
the initial reaction rate. The separation between curves indicates a
high dependence of the initial reaction rate with respect to tempera-
ture.

3.2. Feed Gas Composition
Figure 2 shows the TGA response in %W vs time for sample
FeCZ at 600°C and feed concentrations of 5, 7.5 and 10% CH,/Ar.

Temperature
Material
600°C 650°C 700°C
FeCZ 5% CHy/Ar  7.5% CH4/Ar 10% CH4s/Ar 5% CH4/Ar  7.5% CH4/Ar 10% CH4s/Ar 5% CH4/Ar 7.5% CH4s/Ar 10 CH4/Ar
0.05NiFeCZ 5% CH4/Ar  7.5% CH4/Ar 10% CHy/Ar 5% CH4/Ar  7.5% CHy/Ar 10% CHy/Ar 5% CH4/Ar 7.5% CHy/Ar 10 CHy/Ar
2NiFeCZ 5% CHy/Ar  7.5% CH4/Ar 10% CH4/Ar 5% CH4/Ar  7.5% CH4/Ar 10% CH4/Ar 5% CH4/Ar  7.5% CH4/Ar 10% CH4/Ar
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Figure 3. Reaction order calculation plot for sample FeCZ

In this Figure it can be observed a strong methane concentration
effect over the initial reaction rate. Especially in concentrations
between 5 and 7.5% CH,, because the separation of these test
curves is significant, while separation between 7.5 and 10% CHy is
somewhat small. These results suggest that at small CH4 concentra-
tions (5%) diffusional effects of this gas at the interior of the react-
ing particles are more accentuated than at higher concentrations
(7.5 and 10% CHy). Since, according to results recently published
by Sosa et al., [5] the two materials 0.05NiFeCZ and 2NiFeCZ
presented 5.3 and 1.8 m%g BET surface areas, respectively and
practically no porosity. However, a deeper analysis of the global
kinetics and initial reaction rate is needed in order to properly
evaluate this reaction system.

3.3. Global Reaction Rate

In a TGA thermogram (like the one shown in Figure 2) the initial
reaction rate can be reasonable estimated, assuming that this is
proportional to the slope of the signal curve (%W vs time) within
the initial linear region. The initial reaction rates were evaluated for

Table 2. Initial reaction rate of oxygen carriers with CHy

Initial Reaction Rate, 7, [min™']

Material [CH4], %
600°C 650°C 700°C

5.0 0.00550 0.01997 0.11459
FeCZ 7.5 0.00755 0.02932 0.18211
10.0 0.01084 0.04419 0.22223
5.0 0.01332 0.02736 0.16959
0.05NiFeCZ 7.5 0.01857 0.03969 0.25131
10.0 0.02673 0.05994 0.32223
5.0 0.01132 0.03019 0.17532
2NiFeCZ 7.5 0.01636 0.04379 0.25860
10.0 0.02256 0.05851 0.30890

each one of the 27 tests that were performed. Three materials;
FeCZ, 0.05NiFeCZ and 2NiFeCZ, three temperatures; 600, 650 and
700°C and three concentrations; 5, 7.5 and 10% CH4/Ar and results
are presented in Table 2.

According to the general reaction rate equation this initial rate is
equal to the following expression:

=k C, 3)

where k is the reaction rate constant, C, is the CH4 concentration
in molar fraction and n is the reaction order with respect to Ca.

3.4. Reaction Order

Figure 3 presents the calculation of the reaction order for the
FeCZ oxygen carrier with respect to methane concentration evalu-
ated under reaction conditions previously described in the experi-
mental section. In this Figure the logarithm of the reaction rate vs
the logarithm of the methane concentration is plotted. Results of
the linear regression analysis at each temperature lead to a linear
equation, where the y axis intersect represents the logarithm of the
reaction rate constant (k) and the slope (n) the reaction order at a
specific temperature.

According to Figure 3 reaction order for the FeCZ oxygen carrier
varies between 0.96 and 1. Therefore, it can be concluded that this
sample presents a first reaction order with respect to methane con-
centration.

Literature related to Fe;O, reduction is focused in the reaction of
this oxygen carrier with hydrogen and in some cases with H,/CO
reducing mixtures [43, 44 45]. Although there exist a great deal of
discrepancy among the proposed models, there is agreement,
among literature studies, in the fact that Fe;O, reduction with hy-
drogen presents first order kinetics. This fact is important to keep it
in mind, since during the reduction process of Fe;O, with methane
the first step is the reduction of the metal oxide with the hydrogen
generated by methane decomposition over the surface of the oxy-
gen carrier. However, there have been few studies related to the
Fe;0,4 reduction kinetics with hydrocarbons and especially with
methane. Among those reported studies of Fe;O, reduction with
methane is the case of Ghosh et al., [46] who determined that dur-
ing the reduction process there are two main fundamental steps; the
first is the decomposition of methane in carbon and hydrogen ac-
cording to the following reaction:

CH4(g) = C(S) +2 HZ(g) (4)
AH®,95x = + 74.6 kJ/mol

The second is given by the reduction of Fe;0, by hydrogen, car-
bon and carbon monoxide according to the following possible reac-
tions:

[O] + H; (g) « Hy0 (g) Q)
[O] +C(s) «>CO (g) (6)
[O] +CO (g) « COa (2) (7

where [O] is the lattice oxygen present in Fe;0,.

Furthermore, it was reported that reduction kinetics of methane
with respect to the reduction with hydrogen is about 4 Y2 times
slower [43, 46] at high temperatures (= 930°C). As mentioned be-
fore, in the literature is reported that the reduction kinetics of Fe;O4
with hydrogen is of first order. Therefore, it can be presumed that
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Figure 4. Reaction order calculation plots for samples 0.05NiFeCZ and 2NiFeCZ
for the case of sample FeCZ, the general reaction scheme implies
the decomposition of methane into carbon and hydrogen with the 19 = INiFeCZ
consequent reduction of the metal oxide from the generated hydro- ® 005NiFeCZ
gen and the subsequent production of carbon oxides (CO and CO,) A FeCZ
coming from the lattice oxygen, which is provided by Fe;O4. This 0
phenomenon is further promoted by the presence of CZ due to its
high oxygen mobility. These results agree well with data from the
initial reduction reaction for sample FeCZ with methane obtained x
in this laboratory and recently reported [5]. £ -1
Figure 4 shows the calculation of the reaction order for samples
0.05NiFeCZ and 2NiFeCZ, which were promoted with Ni as cata-
lyst. For both samples, the reaction order varied between 0.98 and Material Ao E,(Kcal/mol)
Iwith a good linear correlation. Therefore, here also it can be con- 2 FeCZ 1.21E+12  -52.188
sidered that the global reactiop orderl is. approximately c?f one with ] gﬁ;’:‘ggcz ;ggE:gg :ggggg
respect to methane concentration. It is important to notice that the

reaction order for samples with Ni is closer to unity than with sam-
ple FeCZ.

In the literature it is reported that Ni presents a catalytic activity
towards methane partial oxidation, in CeO, as well as in ZrO, as
supports. Its effect is reflected in an increase of methane conver-
sion and in the elimination of the adsorbed carbon over the surface,
thus promoting CO formation [39]. The Ni surface specifically as
catalyst has been reported to promote methane decomposition and
to present a selective action towards the formation of syngas [40,
41, 42]. Therefore, it can be expected of Ni to increase the reaction
rate due to its catalytic effect, as can be seen in results of Table 2,
where the addition of Ni to FeCZ at 600°C (samples 0.05NiFeCZ
and 2NiFeCZ) produce and increase from 1.3 to 2.5 times in its
initial reaction rate.

3.5. Activation Energy

Once determined the values of the reaction rate constants (k) and
reaction order (n) the next step is the calculation of the activation
energy by means of the Arrhenius equation:

T T T T T T T T T T T T
1.03x10°  1.05x10°  1.08x10°  1.10x10°  1.13x10°  1.15x10°
1T, K"

Figure 5. Activation energies for the oxygen carriers studied

k=4, ™" )

Figure 5 presents the Arrhenius plot (Ink vs 1/T) for the three
oxygen carriers studied in the present research (FeCZ, 0.05NiFeCZ
and 2NiFeCZ).

In this Figure it can be observed that sample FeCZ presents the
greatest activation energy among all oxygen carriers with a value of
52.18 Kcal/mol. It is useful to compare this last value with reported
activation energies reported in the literature for similar metal ox-
ides. For example, NiO reduction with methane presents an E; =
63.9 Kcal/mol in a temperature range of 750-1000°C, while for
ZnO this value was found to be E, = 67.09 Kcal/mol in a tempera-
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ture range of 875-930°C [48]. Whereas, for Fe;04 its reduction
with methane presents a value of 52.7 Kcal/mol in a temperature
range of 875-950°C [46], which is a very close value to the one
found for FeCZ in the present research. This FeCZ activation en-
ergy value is greater to the characteristic apparent activation energy
of a surface chemically controlled reaction (E, = 18-20 Kcal/mol)
[49]. Therefore, it can be assumed that FeCZ reduction kinetics is
also controlled by this phenomenon. It is important to mention that
when methane is the reducing agent at high temperatures, this tends
to generate carbon deposits over the surface of the oxygen carrier,
which may eventually block surface pores in the material causing a
substantial reaction kinetics reduction. This can be observed to-
wards the middle of the reaction as pointed out by recent results
reported by Sosa et al., [5]. This behavior has been reported to be
severe at higher temperatures than 900°C [47]. However, the pre-
sent study is focused on temperatures below 700°C, where this
carbon deposition problem is expected to be no that significant.

Results of Figure 5 allows to observe that the presence of Ni as
catalyst has a positive effect over the global reaction rate, since it
leads to a reduction of around 25% and 50% for samples
0.05NiFeCZ and 2NiFeCZ, respectively with respect to the appar-
ent activation energy of FeCZ. Finally, according to the above ob-
tained results, the global kinetic expressions for each one of the
oxygen carriers are as follows:

—r,[FeCZ]1=121E +12exp(~52.188 /RT )y o, (9)
—r,[0.05NiFeCZ]=1.95E + O9exp(— 39.539/RT)yCH4 (10)

~r,[2NiFeCZ 1= 2.70E + 06 exp (- 28.333/RT )y, (11)

4. CONCLUSIONS

The initial reaction rate was obtained by calculating the slope
within the linear region of the weight change versus time TGA
signal for each oxygen carrier (FeCZ, 0.05NiFeCZ and 2NiFeCZ).
A strong temperature and methane concentration effects over the
initial reaction rate were found for all studied materials. Results
indicated a global first reaction order for all the oxygen carriers in
the temperature and methane concentration ranges studied. Activa-
tion energies for samples FeCZ, 0.05NiFeCZ and 2NiFeCZ were
52.2, 39.5, and 28.3 Kcal/mol, respectively, which reflect the cata-
lytic influence of Ni over the global reaction rate of FeCZ. These
apparent activation energy values indicate that the reaction is pre-
sumably controlled by the surface chemical reaction.
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