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� A commercial Ni-based catalyst tested for low temperature chemical looping systems.
� The activation of the oxygen carrier has been studied in detail and explained.
� The redox activity has been measured for different fuel types and gas compositions.
� The catalytic activity for steam methane reforming has been evaluated.
� Kinetics for redox and catalytic processes has been well described.
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The implementation of CO2 capture systems in conventional processes has been proposed by the IPCC as
an effective way to reduce anthropogenic CO2 emissions. However, these capture systems may represent
an important decrease in the global efficiency for conventional processes. Chemical Looping has already
been demonstrated as a promising technology for more efficient CO2 capture. Novel reactor concepts
have been proposed in the literature, in which the reactions take place at lower temperatures with
increased overall energy efficiency. However, few investigations have been carried out regarding the
behaviour of oxygen carriers at relatively low operating temperatures. In this work, an active Ni-based
oxygen carrier supported on CaAl2O4 inert material has been tested and characterized. The oxygen carrier
has shown a promising behaviour for low temperature applications. However, it has been demonstrated
that the oxygen carrier has to be pre-treated because of an interesting activation process which takes
place only at high reduction temperatures. Oxygen carrier activation is caused by a reorganization of
superficial nickel. Fresh oxygen carrier is covered by a layer of nickel with a strong interaction with
the support. However, once the sample is reduced at high temperatures Ni is reorganized into small
grains with reduced interaction with the support. This results in an enhancement in the reactivity and
a higher oxygen transport capacity. After about 200 redox cycles, a small decrease in the solid conversion
is observed due to agglomeration of the NiO grains. Nevertheless, the redox kinetics is still sufficiently
fast for low temperature applications, provided that the oxygen carrier is pre-activated. The kinetics rates
for the gas–solid reactions and gas-phase catalytic reactions have been determined, which can be used to
predict the performance of the activated NiO/CaAl2O4 oxygen carrier for low temperature chemical
looping applications.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The increase in greenhouse gas emissions and its relation with
climate change has brought general awareness that a reduction
in anthropogenic greenhouse gas emissions is required for a
sustainable future. Amongst all greenhouse gases affecting the
Earth’s climate, CO2 has the largest contribution [1]. The CO2 con-
centration in the atmosphere has increased dramatically over the
last decades as a result of fossil fuels combustion for energy
production.

In this context, different strategies have been proposed in
order to reduce carbon dioxide emissions to the atmosphere.
Most of them are related to a reduction in energy consumption,
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substitution of fuel sources for renewable energy sources or CO2

sequestration. An additional strategy that has been proposed for
such reduction is Carbon Capture and Storage (CCS), which could
account for up to 19% of the total reduction in emissions needed
according to the IPPC and IEA reports when limiting the increase
in the global average surface temperature to 2 �C [2,3].

The main objective of CCS is the production of a concentrated
CO2 stream that can be captured and subsequently kept in a suit-
able storage location for long time. The most energy intensive step
in CCS is the capture of the CO2. For CO2 capture from fossil fuel
power plants, the biggest concentrated emission sources, three
main capture possibilities can be differentiated: post-combustion,
oxy-fuel combustion and pre-combustion systems [4]. Amongst
all possible strategies related to CCS, Chemical Looping (a sort of
oxy-fuel combustion) is considered as the most efficient option
with the lowest efficiency penalty [5,6].

The chemical looping technology is based on the redox activity
of a (supported) solid with a high oxygen capacity, referred to as
oxygen carrier, which is oxidized when in contact with air and
subsequently reduced while supplying the oxygen needed for the
conversion of a fuel. Because the combustion does not take place
with direct contact with air, as in the conventional combustion,
mixing of CO2 with N2 is intrinsically avoided and a concentrated
CO2 stream is obtained during the reduction of the oxygen carrier
with the fuel. Thus, using the redox activity of the oxygen carrier
the energy-intensive physical gas separation has been modified
into an energy-wise less intensive mechanical gas–solid separa-
tion, which represents the main advantage of the chemical looping
technology compared to other methods proposed for CO2 capture.
However, there is still an important lack of maturity of this tech-
nology, which represents its main drawback [7]. Up till now,
research has been focused on experimental validation, modelling
of the process and oxygen carrier evaluation, as described, e.g. in
the review by Adanez et al. [8].

Chemical Looping has not only been proposed for power
production but also for fuel gas reforming. For this application,
the concept is named Chemical Looping Reforming and the product
is not electricity but syngas [9,10]. In a possible reactor configura-
tion for both Chemical Looping systems, the oxygen carrier is circu-
lated between two interconnected fluidized bed reactors. First, the
reduced solid (Me) is oxidized in the air reactor with air by a highly
exothermic reaction. This hot oxidized material (MeO) is then
Fig. 1. Left: schematic representation of the PB-CLC concept [18
transferred to the fuel reactor, where it is put into contact with
the fuel. Reaction between oxygen and fuel leads to a reduction
of the metal oxide and the solid needs to be regenerated. Thus,
the reduced material is again transferred to the air reactor, where
it is oxidized to start another cycle. By adjusting the solids circula-
tion rate, and hence the amount of oxygen in the fuel reactor, the
system can be operated for either fuel combustion (CLC) or fuel
reforming (CLR).

The potential of this technology has not only been limited to
CLC or CLR systems. In fact, Chemical Looping has been adapted
for other applications such as hydrogen production in the Chemical
Looping Hydrogen (CLH) concept [11,12] and fuel gasification in
Chemical Looping Gasification [13]. Recently, two new derived
concepts have been proposed in the literature for more efficient
use of Chemical Looping systems: Packed Bed Chemical Looping
Combustion (PB-CLC) concept for operation at elevated pressures
[14] and the Membrane Assisted Chemical Looping Reforming
concept for ultra-pure hydrogen production with integrated CO2

capture [15].
In the PB-CLC concept (Fig. 1 left), methane or syngas obtained

from conventional gasification of coal or biomass is used as fuel.
Exploiting the dynamically operated packed beds, the separation
of gas and solids via cyclones is avoided and the process can be rel-
atively easily operated at elevated pressures, which is required to
obtain high process efficiencies [14,16]. A continuous process can
be obtained by operating several packed bed reactors in parallel.
Three different main operating steps are distinguished: (I) reduc-
tion, (II) oxidation and heat generation and (III) heat removal.
Different operating strategies have been proposed for optimal heat
management depending on the oxygen carrier reactivity [14,17]. In
one of the strategies, an oxidized oxygen carrier is reduced at about
450 �C (I) and afterwards, the reactor is purged with N2 and oxi-
dized with air (II). During oxidation, the reactor temperature rises
to 1200 �C. When the bed is completely oxidized, air is heated in
the reactor from 450 �C (the adiabatic temperature rise when pres-
surizing air from ambient conditions to 20 bar) to 1200 �C (III),
which is fed to the gas turbine for power production. When the
heat has been removed from the reactor, the packed bed is again
at 450 �C and after a purge with N2, the oxygen carrier can be
reduced again. For this operating strategy, an oxygen carrier is
required that is reactive with H2 and CO at low temperatures
(450–600 �C), but can withstand the high temperatures (1200 �C)
]. Right: Schematic representation of the MA-CLR concept.
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during the oxidation step. So far, nickel-based oxygen carriers have
been identified as one of the most promising oxygen carriers,
because of the low melting point of copper and the high active
weight content required for manganese and iron based oxygen
carriers [14].

In the MA-CLR concept (Fig. 1 right), Pd-based selective mem-
branes for H2 separation are immersed in the fuel reactor. When
methane is used as fuel for the steam methane reforming process
(SMR), the produced hydrogen is directly extracted from the bed
resulting in a shift of the equilibrium towards the products (Le
Châtelier’s principle), allowing also the integration of the water
gas shift reaction (WGS). At the outlet, stream of the fuel reactor
will mainly contain CO2 and H2O, which can be easily separated
by steam condensation, while an ultra-pure H2 stream is produced
through the membranes. This novel concept achieves a high degree
of process intensification compared to the traditional steam
methane reforming process for H2 production. The optimal tem-
perature in the fuel reactor for this application is around 600 �C
[15] with a steam to carbon ratio (S/C) of two. At this temperature
the performance of the selective Pd membranes is maximized and
thermodynamic equilibria can be completely shifted. Moreover, at
this temperature a compromise between the highly endothermic
SMR reaction and the exothermic WGS reaction is obtained, where
full CH4 conversion can be achieved resulting in an efficient use of
the fuel. In this concept, the behaviour of the solid becomes critical
for a good performance in the fuel reactor. This is mainly related to
the fact that in this reactor gas–solid reactions and catalytic reac-
tions take place at the same time. When the solid behaves as an
oxygen carrier (gas–solid reaction), the small amount of oxygen
transferred from the air reactor is used for partial oxidation of
methane in order to sustain the temperature needed in the reactor.
Furthermore, when the solid is fully reduced it behaves as a cata-
lyst for the SMR process (catalytic reaction). Thus it is important
to find a solid able to combine both properties, making it suitable
for the concept.

Both proposed reactor concepts have in common that a good
activity of the oxygen carrier for reduction and reforming at low
temperatures are needed or desired. However, up till now all
Chemical Looping applications have been carried out at relatively
high temperatures. Due to this fact, there is still an important lack
of knowledge about the behaviour of oxygen carriers in low tem-
perature applications (400–700 �C). Thus, in this work it is aimed
the proposal of an active oxygen carrier that can be used for novel
concepts, all carried out at low temperatures. Ni, Cu, Fe and Mn
based metal oxides are the most studied oxygen carriers in
Chemical Looping systems, where more than 700 oxygen carriers
have already been developed and tested [8]. At low temperatures,
Ni-based materials show high oxygen carrier conversions and high
selectivities to the desired products. For Cu-based oxygen carriers
the product selectivity is also very high. The advantage of nickel for
the MA-CLR concept is that it is also a well-known catalyst for the
steam methane reforming [19]. Both metals have high oxygen
capacity and the total amount of active content needed is not high.
Fe-based oxygen carriers show low selectivities in case of high
degrees of reduction and also poor CH4 conversions. Mn-based
oxygen carriers have also low oxygen contents and are therefore
not considered interesting for low temperature applications.
Concluding, when comparing the different oxygen carriers for
low temperature chemical looping applications, Ni-based oxygen
carriers might be the most interesting and therefore this material
has been selected in this work.

For the selection of the support, it is important to consider
different characteristics that might influence its performance, in
particular agglomeration and interactions between the active
metal and the support [20]. In most of the used Ni-based oxygen
carriers, Al2O3 was selected as support. However, the formation
of nickel aluminates has been mentioned in the literature as one
of the main problems. When NiAl2O4 is formed, the reactivity is
strongly reduced compared to free NiO. Consequently, the use of
aluminates as support has been proposed as a suitable solution
for the prevention of the formation of nickel aluminates during
the oxidation step. In this study, CaAl2O4 has been selected as sup-
port, which has only been used for high temperature Chemical
Looping applications, where a very high reactivity, good regenera-
tive properties and a high selectivity for methane combustion to
CO2 and H2O were achieved [21]. However, all this properties
abovementioned are not conclusive for much lower temperatures
and thus it is important to have a better understanding of its per-
formance under these more stringent conditions (in terms of reac-
tivity). The combination of Ni supported on CaAl2O4 is a well know
catalyst for steam reforming processes and it is commercially
available. Due to this reason, in this work a commercial catalyst
has been used instead of a newly developed oxygen carrier, thus
gaining a rapid availability of the solid when needed and more
homogeneous properties.

Thus, the main objective and motivation of this work is to study
the suitability of a commercial catalyst (described in Section 2)
used for Steam Methane Reforming as a potential oxygen carrier
for low temperature applications. The novelty of this study is in
line with the development of novel Chemical Looping concepts
operated at low temperatures. Due to the lack of study on oxygen
carriers working at low temperatures, in this work the reactivity of
an oxygen carrier at temperatures is studied at temperatures rang-
ing from 500 �C to 700 �C. Furthermore, during this work it has
been discovered that this oxygen carrier behaves differently when
it is used at low temperatures and when it is used at higher tem-
peratures. This comes along with an activation occurring in the
surface of the solid. This activation, which is investigated in Sec-
tion 3 and which procedure is described, gives to this work
extra-novelty combined with reactivity tests at low temperatures.
The document is divided into three different parts. First, a deep
oxygen carrier characterization is carried out throughout different
characterization techniques for the explanation of the activation
observed. Secondly, gas–solid kinetics are determined in TGA at
different oxidation/reduction conditions. Finally, as the completely
reduced oxygen carrier behaves like a catalyst for steam methane
reforming reaction, catalytic kinetics is determined for the reduced
oxygen carrier in a differential packed bed reactor by comparison
with data from the literature. In this case the catalytic kinetics is
not fitted into a new expression but experimental results are com-
pared with another kinetics proposed in the literature under sim-
ilar experimental conditions. In the end the work is summarized
with main conclusions regarding the use of a commercial catalyst
as oxygen carrier for novel low temperature Chemical Looping
applications.

2. Materials and methods

2.1. Oxygen carrier and characterization

A Johnson Matthey product, HiFUEL� R110 (Ni-based catalyst
supported on CaAl2O4 for steam reforming of natural gas), available
in pelleted form from Alfa Aesar, is tested and evaluated as a suit-
able oxygen carrier for Chemical Looping applications at low tem-
peratures. For the experimental tests, the pellets are crushed to the
desired particle size and the content of (available) Ni is determined
by complete reduction and oxidation of the samples. The oxygen
carrier conversion (Xs) is subsequently calculated through the mass
change in the oxygen carrier under different experimental condi-
tions, defined by Eq. (1), where m is the current mass and mox

and mred are the mass of the fully oxidized and reduced forms of
the oxygen carrier.
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Xs ¼ m�mred

mox �mred
ð1Þ

The main properties of the oxygen carrier have been analyzed
through different characterization techniques for fresh material
and after-used samples. The particle density is measured in a Quan-
tachrome Ultrapyc 1200e. The surface area of fresh and used mate-
rial was determined by the Brunauer–Emmet–Teller (BET) method
by adsorption/desorption of nitrogen at 77 K in a Thermo-
Scientific Surfer. In addition, the microstructure of the different
samples was analyzed in a Phenom scanning electron microscope
(SEM).

Crystalline species were identified by X-ray Diffraction (XRD) in
a Rigaku (WAXS) diffractometer at 298 K with a mobile Cu anode.
The diffractometer uses a graphite monochromator to select Cu Ka
radiation and all experimental measurements have been carried
out by varying the diffraction angle between 10� and 90�.

X-ray photoelectron spectroscopy (XPS) data were recorded on
a Kratos AXIS Ultra spectrometer equipped with a monochromatic
Al Ka X-ray source and a delay-line detector (DLD). Spectra were
obtained using an aluminium anode (hv = 1486.6 eV) operating at
150 W, with survey scans at constant pass energy of 160 eV and
region scans at a constant pass energy of 40 eV. The background
pressure was 2 � 10�9 mbar. CasaXPS data processing software
was used for peak fitting and quantification, where all binding
energies were referenced to the C 1s line at 284.6 eV. Surface com-
position were estimated from the integrated intensities corrected
by the atomic sensitivity factors [22].
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Fig. 2. TGA setup us
Finally, temperature programmed reduction (TPR) analyses
were carried out for different samples in a Rubotherm Dyn THERM
MP HT-II instrument equipped with a magnetic suspension
balance. The sample was heated at 7 �C/min from room tempera-
ture to 1000 �C with a flow rate of 20 mL/min and 10% H2. The con-
sumption of hydrogen was then calculated in order to identify
possible components in the samples.

2.2. Gas–solid kinetics in TGA

Thermogravimetric analyses (TGA) have been carried out in
order to evaluate the gas–solid kinetics of the oxygen carrier (the
schematic representation of the experimental setup is reported in
Fig. 2). The TGA consists of a cylindrical quartz glass reactor
(15 mm i.d.) placed in an oven that can operate at up to 1000 �C
and atmospheric pressure. The sample (typically 100 mg) was
placed in a quartz sample-holder (40 lm pore size) connected to
a Sartorius balance with a platinum wire. Temperature and weight
of the sample, which is the key parameter for gas–solid kinetics
determination, are continuously monitored. Gas flow rates are con-
trolled by Mass Flow Controllers (Bronkhorst) and the gas is fed
from the bottom part of the reactor. A permanent nitrogen purge
stream is fed to the balance to avoid exposure of the balance elec-
tronics to reactive species, but this stream is not in contact with
the sample. Lines at the outlet of the TGA are traced in order to
avoid steam condensation.

Reactivity experiments are carried out using H2, CO (mixed with
CO2) and CH4 (mixed with steam) as reducing agents (N2 balance)
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and air during oxygen carrier oxidation. Temperatures between
500 �C and 800 �C have been used under different total flow rates
and gas compositions. Prior to an experiment, the temperature is
increased to the desired value at a constant heating rate and inert
flow conditions (nitrogen) and, after that, consecutive cycles of
reduction and oxidation are carried out at the desired conditions.
Two minutes purge (in nitrogen atmosphere) between reduction
and oxidation is always applied in order to avoid mixing of the dif-
ferent reactants. A minimum of five reduction–oxidation cycles at
the desired conditions have been evaluated to verify cyclic repro-
ducibility of the results. Tests with different total flow rates and
with samples with different particle sizes have demonstrated that
no external mass transfer limitations were observed and also no
internal mass transfer limitations for particle sizes up to 300 lm.
As reference case, experiments are carried out under a total flow
rate of 480 mL/min using samples with 200–300 lm particle size.
A summary of the conditions used for the gas–solid kinetics
determination is given in Table 1.

2.3. Catalytic kinetics in a batch fixed-bed reactor

As discussed during the introduction, when the oxygen carrier
is fully reduced it will behave as a catalyst in the fuel reactor of
the MA-CLR concept. Thus it is not only important to study gas–
solid kinetics in the TGA, but also the catalytic activity (kinetics)
for Ni/CaAl2O4. For this study a small packed-bed reactor has been
used for kinetic measurements for the catalytic gas phase reactions
(steam methane reforming and water gas shift reactions). The cat-
alyst bed consists of 1 g of fully reduced oxygen carrier (200–
300 lm particle size) mixed with 1 g of inert material (quartz) with
the same particle size and is placed in a U-shaped quartz reactor
(8 mm i.d.) where the temperature is controlled by an electrical
oven (Fig. 3). Inlet gas flow rates are controlled by Brooks Instru-
ments mass flow controllers, whereas steam is controlled by a C.
Table 1
Experimental conditions used in this work for redox kinetics determination in the TGA.

Temperature (�C) Total flow rate (mL/min)

Reduction with H2 500–800 480
Reduction with CO 500–800 480

Oxidation with O2 500–800 480

Fig. 3. Kinetic setup u
E.M. The outlet gas composition is continuously analyzed in an IR
and heat conductivity analyzer (Sick) once all steam has been con-
densed in order to avoid water condensation in the analyzer.

The catalytic activity of the oxygen carrier for the steam
methane reforming process is evaluated at temperatures between
500 and 700 �C. Different steam-to-carbon (S/C) ratios, CH4 con-
centrations and total flow rates have been used. Before the exper-
iments are started, the samples are heated at a constant heating
rate of 5 �C/min under nitrogen atmosphere. Then the sample is
reduced with 20%v/v H2 and a total flow rate of 600 mL/min during
1 h (N2 balance). After this reduction, the maximum degree of
reduction is reached. Therefore, all the reactions that take place
during the tests are only related to the catalytic reaction with
nickel and not to gas–solid redox reactions. After the reduction,
and 5 min purge in N2 atmosphere, CH4 is fed together with steam
at the desired composition (N2 balance) for the SMR reaction. In
the case of WGS reaction, CO2 is fed together with H2 at different
compositions (N2 balance). The operation is carried out until
steady state operation is reached. After that, the amount of carbon
deposition is evaluated with diluted air (10% O2) by determining
the total formation of CO2 and CO.
3. Results

3.1. Reactivity tests

For both reactor concepts abovementioned, the oxygen carrier
needs to present fast kinetics at relatively low temperatures. For
instance, the PB-CLC concept works during the reduction step at
450–600 �C and at these temperatures no reported reactivity data
are available. On the other hand, the MA-CLR concept has an opti-
mum temperature of around 600 �C in order to maximize the
hydrogen recovery. In this concept the oxygen carrier combines
gas–solid reactions and gas-phase catalytic reactions, thus the
Inlet gas composition Conditions respective cycle

5–50% H2 (N2 to balance) Oxidation at 700 �C with air
5–40% CO
CO2/CO = 2 (N2 to balance)

Oxidation at 700 �C with air

2–21% O2 (N2 to balance) Reduction at 700 �C with 20% H2

sed in this work.
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solid should show high activity for both systems at the low tem-
peratures aimed for the concepts.

During reactivity experiments, fresh material was tested in the
TGA with H2 as reducing agent at different temperatures. The max-
imum tested temperature was 900 �C and, at such conditions, the
maximum degree of reduction was measured. This value indicated
a NiO content of 20 wt%. The results were reproducible, but the
reduction reactivity was found to depend on the operating condi-
tions of the previous cycles. The oxygen carrier conversion during
the reduction with 20% H2 at 700 �C is depicted in Fig. 4 for the
same sample with a different temperature history. The so-called
fresh material has been tested only at relatively low temperatures
of 700 �C, while the activated one is the same sample once it has
been tested under reacting conditions at high temperatures above
900 �C before carrying out the experiment at 700 �C. As can be
observed, the oxygen carrier reactivity is strongly increased as a
result of the high temperature tests. The maximum conversion is
also clearly increased and, moreover, faster kinetics was observed.

The oxygen carrier has been thoroughly characterized (Sec-
tion 3.2) to investigate and explain this behaviour. When fresh
material is directly oxidized at high temperatures (no oxygen car-
rier reduction), the behaviour of the oxygen carrier is similar to a
fresh sample. This implies that the activation of the oxygen carrier
is caused by its reduction at high temperatures. Finally, the
reversibility in the change of the behaviour was verified. Therefore,
the oxygen carrier was tested over more than 200 redox cycles and
only a small decrease of 8% in the final maximum conversion was
observed, while the initial slope (thus the initial kinetics) remained
unchanged.

Methane was also used as reducing agent in TGA reactivity
tests, since methane is the fuel used in the MA-CLR concept. CH4

was fed together with sufficient H2O in order to avoid carbon
formation (S/C-ratio of 3) and the results are shown in Fig. 5. The
oxygen carrier did not show activity at low temperatures when
the sample was fully oxidized. Only when the sample was not fully
oxidized (i.e. it contained some remaining reduced oxygen carrier),
reduction with CH4 was observed. In these experiments the sample
was previously oxidized at 700 �C with 5% O2 and a total flow rate
of 480 mL/min during different times in order to determine the
exact amount of reduced oxygen carrier in the sample. As it can
be observed, only when there is some free metallic Ni in the sam-
ple, the reduction of the oxygen carrier with methane takes place.
This is explained by the fact that Ni is a catalyst for the steam
methane reforming process and hence, prior to the reduction of
Fig. 4. Oxygen carrier conversion for reduction with 20% H2 at 700 �C for different
samples (NiO/CaAl2O4).
the oxygen carrier, the gas-phase catalytic reaction occurs. In this
catalytic reaction CO and H2 are produced and they are the respon-
sible for the reduction of the oxygen carrier. Fully oxidized oxygen
carrier does not react with methane at 700 �C. However, when 11%
of the nickel is in the form of free Ni, catalytic reactions can take
place and the reduction of NiO starts with the formed H2 and CO.
However, there is a dependency on the total amount of free Ni
needed to reduce the oxygen carrier as a function of the tempera-
ture. As can be discerned from Fig. 5, when the same amount of
free Ni is present in the sample, but the reduction is carried out
at 500 �C, there is hardly any reactivity. Only if the total amount
of free Ni is increased, catalytic reactions can take place. For that
reason, kinetics with CH4 as reducing fuel has not been further
studied for this oxygen carrier.

Since it has been demonstrated that the activated material has a
better performance, all subsequent reactivity experiments were
carried out with activated material. However, prior the determina-
tion of the gas–solid kinetics in TGA and gas-phase kinetics in
packed bed reactor, the activation observed for the solid is ana-
lyzed and explained through characterization of different samples
of the solid.

3.2. Oxygen carrier characterization

The main activation of the oxygen carrier can be observed
through TPR results (Fig. 6). For the fresh sample, it is possible to
identify an intense reduction peak at around 800 �C which is
directly correlated to the activation of the oxygen carrier. The
TPR results of activated material show different profiles. These
results are in agreement with results obtained by Cabello et al.
[23] for a similar oxygen carrier. Thus, it is demonstrated that if
the oxygen carrier is directly used at temperatures around 500–
700 �C, which are desired for low temperature Chemical Looping
concepts, its behaviour would be completely different compared
to when it is first activated at high temperatures.

In order to explain why the oxygen carrier behaviour is modi-
fied when reduction is carried out at high temperatures, three dif-
ferent samples have been characterized in detail. The main results
of the characterization have been summarized in Table 2. Fresh
sample is referring to a sample taken from pellets crushed to the
desired particle size, where the sample has never been exposed
to reacting conditions after its preparation. Activated material is
referring to samples that have been reduced during several cycles
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at 900 �C and that show an improved performance compared to
fresh material. The third sample has been activated and exposed
to more than 200 redox cycles and has shown a slight decrease
in the final oxygen carrier conversion.

First, the sample is characterized by means of pore size, particle
density and crystalline species in order to evaluate the possible
structural changes in the sample caused by the activation. Accord-
ing to the results reported in Table 2, there is not a significant
change in the morphological structure of the particles since the
superficial area remains almost constant and the mean pore size
is not increasing.

Migration of Ni species from the bulk to the surface or vice versa
could also explain the observed activation of the oxygen carrier.
Therefore, XPS analyses have been carried out to determine the
surface composition. The results show unexpected losses of super-
ficial nickel in the oxygen carrier once it has been activated. Hence,
Ni migration from the bulk to the surface cannot be responsible for
the observed activation. In addition, also a decrease in the superfi-
cial content with respect to the activated material was observed
once the sample had undergone numerous reduction–oxidation
cycles. This can be related to agglomeration of the Ni. Another
important aspect observed in the XPS analyses is the fact that
the binding energy for Ni2p is strongly reduced from the fresh to
the activated material (Fig. 7). This might indicate the main cause
of the activation, which is correlated with the Ni-support interac-
tions. This strong Ni-support interaction is not caused by the pres-
ence of nickel aluminates, because they have not been detected in
the XPS measurements for any sample. Moreover, this is in agree-
ment with results obtained during XRD analyses. Hence, it can be
concluded that the use of the spinel CaAl2O4 as support avoids
the formation of less reactive nickel aluminates. The XPS analyses
are in line with literature [23].

It has been concluded that the activation of the oxygen carrier is
not caused by either structural changes or increase in Ni
concentration on the surface. However, a significant decrease in
the surface Ni concentration has been observed after the sample
was activated. This indicates the possibility of a different interac-
tion or reorganization of the Ni with the support. This has also been
evaluated by taking SEM images of the different samples (Fig. 8).
For all samples, nickel was in the form of NiO. For the fresh sample
it is possible to observe the presence of a well distributed and
homogeneous NiO layer (white) on the support. This layer has a
strong interaction with the support (as observed during XPS anal-
ysis) and is assumed to be caused by the preparation method of the
catalyst. However, for the activated sample, Ni is reorganized into
small spots with a small grain size. It implies that there is a mod-
ification in the superficial organization of the nickel. This is also
explained by the differences in the binding energy measured with
XPS, which decreases once the sample has been activated. Thus,
the activation is believed to be caused by the reorganization of
the active component on the support. Mile et al. [24] already deter-
mined the presence of different NiO forms in silica-supported cat-
alysts. The presence of a bi-dimensional NiO monolayer covering
the top of the support with a strong interaction implies a less redu-
cible NiO for TPR experiments. This explains the fact that fresh oxy-
gen carrier is less active compared to the activated sample.
However, once the oxygen carrier has been reduced at high tem-
peratures there is a reorganization of the monolayer NiO into small
NiO grains, which show higher activities for reduction (confirmed
by BE in XPS). SEM images for the activated samples after more
than 200 reduction–oxidation cycles show bigger NiO grains. This
confirms Ni agglomeration over time, which reduces the active
amount of reducible NiO (confirmed by XPS). Nevertheless, after
even more cycles, solid conversion was not decreasing anymore
and further agglomeration was not observed. However, this
exposed sample has still NiO in the form of grains. Due to this fact,
the reactivity is the same as for the just activated sample, as shown
in Fig. 4. Moreover, the decrease observed in Ni concentration in
XPS analysis after activation can be explained by this reorganiza-
tion of the superficial NiO. XPS measures a fixed small spot win-
dow. Thus under the presence of a NiO layer in the fresh
material, the coverage is higher than the small grains for activated
sample. Therefore, this higher coverage will imply a higher content
of NiO in the sample.

As a summary of the characterization carried out in this work, it
has been determined that activation of the oxygen carrier should
be done in order to provide full reduction of the Ni at low temper-
atures (TPR). This activation takes place only when the solid is
exposed at temperatures around 900 �C under reducing conditions.
Thus prior starting experiments, a procedure based on reduction of



Fig. 8. SEM pictures for different samples of the oxygen carrier (NiO/CaAl2O4). Left: fresh material. Centre: activated material. Right: Material exposed to more than 200 redox
cycles.
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the solid at 900 �C should be done providing that there is full
reduction conversion of the solid. Before this activation, the NiO
layer is covering part of the superficial Ni that is available for reac-
tion. Therefore, conversions achieved with fresh material are far
from full oxygen carrier conversion. Nevertheless, once it has been
activated, Ni in the surface is more accessible for gas–solid reac-
tions and oxygen carrier conversion is clearly improved.
3.3. Fixed bed operation

The improvement in oxygen carrier conversion has been proven
after solids activation. This has lead into a more accessible superfi-
cial Ni. Therefore, it might be thought that during the gas-phase
reaction (catalytic activity when Ni is fully reduced), the maximum
fuel conversion achieved at the outlet of the reactor will be
increased. This is of interest for the MA-CLR concept and, in order
to verify it, different experiments have been carried out in a small
packed bed reactor. In this case, activated and fresh particles have
been tested separately. An example of CH4 conversion is shown in
Table 3 for different S/C-ratios and different inlet compositions for
the fresh and activated particles. In this case, a temperature of
600 �C has been used with N2 to balance. It is clearly demonstrated
that the activation of the oxygen carrier leads to an increase in the
final CH4 conversion achieved. According to the results depicted in
the table, this activation is more important when the conditions
are unfavoured for achieving high conversions, like observed in
the cases of low Steam-to-Carbon ratio or for high inlet fuel con-
centrations. Actually, it is observed a clear trend in the improve-
ment of the conversion as a function of the experimental
conditions. The higher the Steam-to-Carbon ratio, the lower is
the increase associated to the use of activated catalyst, and also
the higher the inlet concentration of CH4, the higher is the increase
in the improvement. The fact that the conversion is increased
demonstrates that there is a modification in the grain size of the
Table 3
CH4 conversion in a small packed bed reactor for steam methane reforming reaction
when using activated and non-activated material.

Conditions CH4 conversion

T (�C) S/C C3H8,0 (%v/v) Activated Non-activated Improvement (%)

600 2 12 49.0 43.2 13.6
3 12 54.8 50.6 8.4
4 12 61.1 59.3 2.9
3 8 60.8 57.1 6.4
3 16 50.4 44.0 14.5
superficial Ni and that it becomes especially important for the
most unfavoured cases. This has been confirmed with the SEM
analyses and implies that Ni is more accessible for the reaction.
Moreover, these results are in agreement with gas–solid reactivity
studies in the TGA, since for that case, the oxygen carrier conver-
sion is also increased when using the activated particles. However,
during the present experiment only gas-phase catalytic reaction
takes place.

3.4. Kinetics for gas–solid and catalytic reactions

A different reactivity was observed with this material compared
to previous reported redox reactions with NiO/Ni oxygen carriers
in the literature [25,26], especially because this oxygen carrier
has never been used at such low temperatures. Therefore the
kinetics of the activated oxygen carrier has been determined for
the reduction reactions with CO and H2 and the oxidation with
O2. The kinetics has been determined in the TGA with particles that
were crushed to 200–300 lm particle size with the procedure that
has been explained in Section 2.2. No internal mass transfer limita-
tions were measured with the selected particle size and absence of
external mass transfer limitations were assured by the relatively
high flow rates, therefore true kinetics was measured. TGA exper-
iments have shown that the reduction kinetics depend on the tem-
perature at which the previous oxidation cycle was carried out.
This effect has been excluded by performing the previous oxidation
always at 800 �C as it is expected that this temperature is reached
in the air reactor in the MA-CLR process. The oxidation kinetics has
been evaluated by experiments carried out after a reduction at
700 �C with 20% H2 in the inlet composition. With these conditions,
the experiments were reproducible, which has been verified by
performing every experiment for at least three times.

During the reductions, the reactant fraction and temperature
have been varied between 5–50% and 500–800 �C, respectively.
For the reductions with CO, some CO2 (CO2/CO-ratio of 2) has been
added to avoid carbon deposition. For the oxidation, the maximum
O2 fraction is 21% (O2 fraction in air) and a temperature of 600–
800 �C has been varied. The desired gas fractions have been
obtained by dilution with N2. All the experiments have been per-
formed at atmospheric pressure.

From the solid conversion curves from the TGA experiments an
active weight content of 20 wt% NiO has been derived. The markers
in Fig. 9 show the solid conversion as a function of time on stream
for the different operating conditions. It appears that during reduc-
tion the reaction rates decrease with the solid conversion. At lower
temperatures, it is even not possible to get full conversion of the
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NiO. This behaviour has been described by a shrinking core model
with a mixed control of chemical reaction and diffusion, which is
summarized in Table 4. Experiments with larger particles did not
show a different slope in the second part of the curve, which means
that it is questionable if the observed decrease in the reaction rate
is indeed caused by diffusion limitations. Thus, although this
model is often used in literature and gives a good description of
the observed kinetics, the underlying assumptions may not be fully
correct.

In the kinetics expression, the grain radius has been calculated
with the BET surface and the apparent density. An overview of the
determined kinetic parameters is provided in Table 5 and the lines
Table 4
Expressions used for the kinetic terms.

rNi ¼ es;pqsx0
act

b�Mj

dXj

dt
(1)

dXj

dt ¼
3Cng

b�r0 �Cs
1
kð1�XÞ�2

3þr0
D ð1�XÞ�1

3�r0
D

� �
(2)

k ¼ k0 exp � EA
RT

h i
(3)

D ¼ D0 exp � ED
RT

h i
exp½�kxX� (4)
in Fig. 9 represent the solids conversion curves that are obtained
with these kinetics. The figure shows that the derived kinetic cor-
relation gives a good description of the experimental data.

While gas–solid kinetics can be well described after experi-
ments in TGA, fully reduced oxygen carrier has been used for
studying its gas-phase catalytic activity in fixed bed operation
(see for the description Section 2.3). The measured kinetic data
have been compared to the reaction scheme and kinetics proposed
by Numaguchi and Kikuchi [27]. The selection of this reaction
Derived kinetic parameters for the NiO/CaAl2O4 particles.

H2 CO O2

Cs (mol/m3) 89,960 89,960 151,200
r0 (m) 3.13 � 10�8 3.13 � 10�8 5.8 � 10�7

k0 (m/s) 9.00 � 10�4 3.5 � 10�3 1.2 � 10�3

EA (kJ/mol) 30 45 7
n 0.6 0.65 0.9
D0 (m2/s) 1.70 � 10�3 7.4 � 106 1
ED (kJ/mol) 150 300 0
kx 5 15 0
b 1 1 2
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description is related to the fact that a similar material was used
(Ni/Al2O3) with similar Ni content in the sample (8.7 wt%).
Moreover, the temperature range used in their study is suitable
for the low temperature chemical looping applications.

The catalytic reaction has been carried out under different con-
ditions defined in Section 2.3, and results have been compared
with simulated results according to the kinetic model described
by Numaguchi and Kikuchi. In Fig. 10 a parity plot between our
experimental results and computed results using the literature cor-
relation for the same conditions is shown. For both cases results
are presented as the dry composition of products at the outlet of
the reactor. The parity plot shows that, despite some deviations
for some of the cases, there is a reasonable agreement between
the experimental and calculated values. It brings as a conclusion
that the gas-phase catalytic behaviour of the oxygen carrier during
the catalytic reforming can be well described with the kinetics
proposed by Numaguchi and Kikuchi.
4. Conclusions

A Johnson Matthey Ni-based catalyst (HiFUEL� R110, available
from Alfa Aesar) has been studied as oxygen carrier for novel reac-
tor concepts based on low temperature Chemical Looping applica-
tions such as PB-CLC and MA-CLR. The oxygen carrier is supported
on CaAl2O4, which avoids the formation of nickel aluminates as
was confirmed by XRD analyses. Due to the absence of studies on
low temperature behaviour of oxygen carriers, it has been discov-
ered that this oxygen carrier behaves differently when it is used
fresh for low temperature applications as when it is used directly
for common high temperature Chemical Looping systems. Actually,
this important difference can be somehow reduced via the activa-
tion of the oxygen carrier, which has been identified as an impor-
tant action that should be taken prior using the oxygen carrier for
the presented applications. In order to short out this issue, a
procedure for the activation has been given in this work. TGA
experiments have shown an increase in the oxygen carrier conver-
sion and its kinetics after carrying out a reduction at 900 �C. It was
found that after many redox cycles the nickel content was slightly
reduced. Characterization of the sample has confirmed that the
activation of the oxygen carrier is not related to structural changes
in the morphology (BET) or the formation of new compounds
(XRD). The activation of the oxygen carrier and the change in
the measured Ni content on the oxygen carrier surface was
investigated by TPR, XPS and SEM. The explanation for observed
behaviour is related to the interaction of the Ni with the support.
In fresh material a monolayer of Ni is coating the support, and this
monolayer has a strong interaction with the support and partially
covers a certain content of the Ni available for reaction, resulting in
a decrease in the observed reaction rates compared to activated
material and also lower final solid conversions. However, once
the oxygen carrier is activated, a redistribution of the Ni has been
observed. The monolayer turns into nickel grains that show high
reactivity due to an increase in the contact area. This is also sup-
ported by the observed reduction in the binding energy for Ni2p

in the surface for activated material compared to fresh material.
After several cycles, the activated oxygen carrier suffers somewhat
from Ni agglomeration, which was observed in both XPS analyses
and SEM images, where the grain size increases and hence the total
amount of superficial nickel decreased. This agglomeration implies
a small concomitant decrease in the oxygen carrier conversion.
Despite this agglomeration, the activated oxygen carrier reactivity
remains comparable to the activated material.

Thus, a NiO/CaAl2O4 catalyst was found to be a suitable oxygen
carrier for low temperature Chemical Looping applications, pro-
vided that the oxygen carrier was first activated by a reduction
step at 900 �C. A good description has been obtained for the gas–
solid kinetics of the redox reactions with H2, CO and O2 at 500–
800 �C and atmospheric pressure. Moreover, due to the solid also
behaves as catalyst for reforming reactions, the gas-phase kinetics
of the reduced material has been compared to the kinetics descrip-
tion proposed by Numaguchi and Kikuchi and a reasonable agree-
ment was found. In future works, this oxygen carrier material and
its kinetics descriptions will be used to investigate and evaluate
novel low temperature chemical-looping applications.
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