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a b s t r a c t

Chemical-looping reforming (CLR) utilizes the same basic principles as chemical-looping combustion
(CLC), being the main difference that the wanted product in CLR is H2 and CO. Therefore, in the CLR
process the air to fuel ratio is kept low to prevent the complete oxidation of the fuel to CO2 and H2O.

Ni-based oxygen carriers prepared by impregnation on alumina have been studied in a thermogravi-
metric analyzer (TGA) and in a batch fluidized bed reactor in order to know its potential for CLR of CH4.
In the TGA the reactivity of the oxygen carriers has been determined. In the batch fluidized bed the effect
on the gas product distribution produced during reduction–oxidation cycles and on the carbon deposi-
tion of different operating conditions, as type of support, reaction temperature, H2O/CH4 molar ratio, and
preparation method, has been tested and analyzed.

It was found that the support (different types of alumina) used to prepare the oxygen carriers had
an important effect on the reactivity of the oxygen carriers, on the gas product distribution, and on the

carbon deposition. In addition, for all oxygen carriers prepared, an increase in the reaction temperature
and/or in the H2O/CH4 molar ratio produced a decrease in the carbon deposition during the reduction
period. Finally, it was observed that the oxygen carriers prepared by a deposition–precipitation method
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. Introduction

Catalytic reforming of CH4, natural gas or light hydrocarbons is
commercial process to produce synthesis gas, which is the main

ource for the production of ammonia, methanol, hydrogen, and
any other important products. At the present, steam reforming

f natural gas, where the reforming takes place in reactor tubes
acked with catalyst, is the most important method for synthesis
as production. However, important developments in processes, in
quipment designs, and in catalysts used are constantly been made
1–3].

Chemical-looping combustion (CLC) is a novel combustion tech-
ology with inherent separation of the greenhouse gas CO2 that

nvolves the use of an oxygen carrier, which transfers oxygen from

ir to the fuel avoiding the direct contact between them. CLC sys-
em is made of two interconnected reactors, designated as air and
uel reactors. In the fuel reactor, the fuel gas (CnH2m) is oxidized
o CO2 and H2O by a metal oxide (MeO) that is reduced to a metal

∗ Corresponding author. Tel.: +34 976 733 977; fax: +34 976 733 318.
E-mail address: ldediego@icb.csic.es (L.F. de Diego).
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the C deposition than the oxygen carriers prepared by dry impregnation.
© 2008 Elsevier B.V. All rights reserved.

Me) or a reduced form of MeO. The metal or reduced oxide is fur-
her transferred into the air reactor where it is oxidized with air,
nd the material regenerated is ready to start a new cycle. The flue
as leaving the air reactor contains N2 and unreacted O2. The exit
as from the fuel reactor contains only CO2 and H2O. After water
ondensation, almost pure CO2 can be obtained with little energy
ost for component separation.

As shown in Fig. 1, chemical-looping reforming (CLR) utilizes
he same basic principles as CLC, being the main difference that the
anted product in CLR are not heat but H2 and CO. Therefore, in the
LR process the air to fuel ratio is kept low to prevent the complete
xidation of the fuel to CO2 and H2O. An important aspect to be
onsidered in a CLR system is the heat balance. The oxidation reac-
ion of the metal oxide is very exothermic, however, the reduction
eactions are endothermic. So, the heat for the endothermic reduc-
ion reactions is given by the circulating solids coming from the air
eactor at higher temperature. The heat generated in the air reactor

ust be enough high to fulfil the heat balance in the system.
CLR, as described in Fig. 1, was proposed by Mattisson and Lyn-

felt [4]. These authors [5] examined the thermodynamics and
he heat balance of the fuel and air reactors using CuO/SiO2 and
iO/SiO2 as oxygen carriers and found that, in order to maintain a

http://www.sciencedirect.com/science/journal/13858947
mailto:ldediego@icb.csic.es
dx.doi.org/10.1016/j.cej.2008.06.004
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Fig. 1. Chemical-looping reforming.

igh temperature and CH4 conversion, the fraction of oxygen sup-
lied by the steam should not exceed approximately 0.3 of the total
xygen added to the fuel reactor. In addition, they found that the
electivity towards H2 production was higher with the NiO/SiO2
xygen carrier than with the CuO/SiO2 oxygen carrier.

Zafar et al. [6] prepared and tested in a laboratory fluidized bed
eactor different oxygen carriers consisting of oxides of Fe, Mn, Ni
nd Cu supported on SiO2. They observed that the oxygen carriers
ased on Ni- and Cu- showed the highest reactivity, but only the
iO/SiO2 showed high selectivity toward H2. Some carbon depo-

ition was found on the oxygen carriers of Mn, Cu and Ni during
he reduction period, and considerable reactivity deactivation as
function of the cycle was observed for the Ni, Fe, and Mn based

arriers working at 950 ◦C. This was attributed to the formation
f metal silicates, which do not react at a sufficient rate. Zafar et
l. [7] also studied oxides of Ni, Cu, Fe and Mn supported on SiO2
nd MgAl2O4 in a thermogravimetric analyzer (TGA). Working with
iO2 as support they found similar results that those obtained in the
uidized bed, however they found that Fe and Mn oxides supported
n MgAl2O4 showed a rather high reactivity during reduction and
xidation and can be possibly used in the CLR process.

Ryden et al. [8] worked in a continuous laboratory reactor con-
isting of two interconnected fluidized beds with an oxygen carrier
ade of NiO and MgAl2O4. Complete conversion of natural gas was

chieved and the selectivity towards H2 and CO was high. Forma-
ion of solid carbon was noticed for some experiments with dry
as, but adding steam to natural gas the carbon formation was

educed or eliminated. These authors confirmed that the concept
hemical-looping reforming is feasible and should be further inves-
igated.

Although the same oxygen carriers are available for CLR and
LC, NiO appears the most interesting due to its strong catalytic

w
t
p
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able 1
hysical properties and solid composition of the oxygen carriers

xygen carrier Preparation method (*) Density (g/cm3)

iO21-�-Al2O3 Dry impregnation (2) 1.7
iO16-�-Al2O3 Dry impregnation (2) 2.0
iO11-�-Al2O3 Dry impregnation (2) 2.3
iO28-�-Al2O3 Precipitation-deposition 1.8
iO26-�-Al2O3 Precipitation-deposition 2.6

*) In bracket the number of impregnations carried out for the oxygen carrier preparation
ng Journal 144 (2008) 289–298

roperties. Metallic Ni is used in most commercial steam reforming
atalyst.

In this work, Ni-based oxygen carriers prepared by impregna-
ion on alumina have been studied in a TGA and in a batch fluidized
ed reactor, in order to know its potential as oxygen carriers for
LR. The main objective was to know the gas product distribu-
ion produced during the oxygen carrier reduction period and to
etermine the operating conditions that avoid or minimize carbon
eposition. Different operating conditions, as reaction tempera-
ure, H2O/CH4 molar ratio, type of carrier, and preparation method,
as been tested and analyzed.

. Experimental

.1. Materials

The oxygen carriers used in the process are composed of a metal
xide as an oxygen source for the combustion process, and an inert
s a binder for increasing the mechanical strength.

Commercial �-Al2O3 (Puralox NWa-155, Sasol Germany GmbH),
-Al2O3 (obtained by calcination of �-Al2O3 at 1100 ◦C during 2 h)
nd �-Al2O3 (obtained by calcination of �-Al2O3 at 1150 ◦C during
h) particles of 0.1–0.32 mm, with densities of 1.3, 1.7 and 2.0 g/cm3

nd porosities of 55.4%, 55.0 and 47.3%, respectively, were used as
upport to prepare oxygen carriers by dry impregnation. Ni-based
xygen carriers were prepared by addition of a volume of an aque-
us solution of Ni(NO3)2·6H2O (>99.5% Panreac) corresponding to
he total pore volume of the support particles. The aqueous solution
as slowly added to the alumina particles, with thorough stirring at

oom temperature. The desired active phase loading was achieved
y applying successive impregnations followed by calcination at
50 ◦C, in air atmosphere for 30 min, to decompose the impreg-
ated metal nitrates into insoluble metal oxide. Finally, the carriers
ere sintered for 1 h at 950 ◦C.

Two Ni-based oxygen carriers (using �-Al2O3 and �-Al2O3 as
upports) were prepared by precipitation-deposition by changing
he pH level of a nitrate solution [9]. Good distribution of high
ctive metal content over the internal surface of the support was
eported [9,10] using this method. Urea was used to increase the
H of the suspension to produce hydroxyl groups. The reaction, in
hich urea produce hydroxyl groups, exhibits a considerable rate

nly at temperatures above 60 ◦C [10]. In this work, the precipita-
ion was carried out keeping the suspension at 90 ◦C for 20 h under
tirring with an urea/Ni molar ratio of 1.9 (usually ratios are 1.5–2.5
imes the amount theoretically needed). The resulting solid was fil-
ered, thoroughly washed with distilled water and dried overnight
t 100 ◦C. Finally, the samples were calcined at 950 ◦C in a muf-
e for 1 h. The final metal content deposited in the sample was
etermined by analysis in an Inductive Coupled Plasma (ICP).
Table 1 shows all the oxygen carriers prepared. The samples
ere designated with the metal oxide followed by its weight con-

ent, and the inert used as support. These oxygen carriers were
hysically and chemically characterized by several techniques. The
ulk density of the oxygen carrier particles was calculated weight-

Porosity (%) Crushing strength (N) XRD

50.7 2.6 �-Al2O3, NiAl2O4

48.6 3.3 �-Al2O3, NiAl2O4, NiO
42.9 5.2 �-Al2O3, NiO, NiAl2O4

46.5 2.3 �-Al2O3, NiAl2O4, NiO
41.5 5.1 �-Al2O3, NiO, NiAl2O4

.
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ng a known volume of solid and assuming that the void was 0.45
orresponding to loosely packed bed. The mechanical strength,
etermined using a Shimpo FGN-5X crushing strength appara-
us, was taken as the average value of 20 measurements of the
orce needed to fracture a particle. Porosities were measured by
g intrusion in a Quantachrome PoreMaster 33. The identifica-

ion of crystalline chemical species was carried out by powder
-ray diffraction (XRD) patterns acquired in an X-ray diffractome-
er Bruker AXS D8ADVANCE using Ni-filtered Cu K� radiation
quipped with a graphite monochromator. As can be observed in
he table the oxygen carriers prepared using �-Al2O3 as support
ad lower density and mechanical strength than the oxygen carri-
rs prepared using �-Al2O3. XRD patterns showed the formation
f aluminium spinel compounds in the majority of the oxygen
arriers.

.2. Thermogravimetric analyzer

Multicycle tests to analyze the reactivity of the oxygen carriers
uring successive reduction–oxidation cycles were carried out in a
GA, CI Electronics type, described elsewhere [11,12]. For the exper-
ments, the oxygen carrier was loaded in a platinum basket and
eated to the set operating temperature in air atmosphere. After
tabilization, the experiment started by exposing the oxygen carrier
o alternating reducing and oxidizing conditions.

The reducing gas was saturated in water by bubbling it through a
ater containing saturator at the selected temperature to reach the
esired water concentration. The composition of the gas selected
or the reducing experiments was composed by 15 vol.% CH4, and
0 vol.% H2O (N2 balance) and the gas used for oxidation was
00 vol.% air. To avoid mixing of combustible gas and air, nitrogen
as introduced for two minutes after each reducing and oxidizing
eriod. The experiments were carried out at temperatures up to
50 ◦C.

Temperature programmed reduction (TPR) tests were also per-
ormed in the TGA. A gas stream of 75 mL/min containing 10 vol.%
f H2 in Ar was used as reducing gas. The temperature of the sample
as raised from ambient to 1000 ◦C at a rate of 20 ◦C/min.

.3. Fluidized bed reactor

Reduction–oxidation multicycles were carried out in a fluidized
ed reactor to know the gas product distribution during the reac-
ion of an oxygen carrier in similar operating conditions to that
xisting in a CLR process. The fluidization behaviour of the differ-
nt materials with respect to agglomeration phenomena can be also
bserved.

Fig. 2 shows the experimental setup used for testing the oxy-
en carriers. It consisted of a system for gas feeding, a fluidized bed
FB) reactor, a two ways system to recover the solids elutriated from
he FB, and a gas analysis system. The gas feeding system had dif-
erent mass flow controllers for different gases and water. The FB
eactor of 54 mm I.D. and 500 mm height, with a preheating zone
ust under the distributor, was fed with 300–400 g of oxygen carrier

ith a particle size of 0.1–0.3 mm. The entire system was inside an
lectrically heated furnace. The reactor had two connected pres-
ure taps in order to measure the differential pressure drop in the
ed. Agglomeration problems, causing defluidization of the bed,
ould be detected by a sharp decrease in the bed pressure drop
uring operation. Two hot filters located downstream from the FB

ecovered the solids elutriated from the bed during the successive
eduction–oxidation cycles. Different gas analyzers continuously
easured the gas composition at each time. The CO, CO2, H2O, and

H4 gas concentrations were measured in two infrared analyzers
FTIR and NDIR), the O2 concentration was measured in a param-
ig. 2. Experimental setup used for multicycle tests in a batch fluidized bed reactor.

gnetic analyzer, and the H2 concentration was measured by gas
onductivity.

The tests were carried out at 800–950 ◦C with an inlet superficial
as velocity into the reactor of 0.15 m/s. The composition of the gas
uring reduction was 25 vol.% CH4, 7.5–17.5 vol.% H2O (H2O/CH4
olar ratios of 0.3, 0.5, and 0.7) and the rest N2, and during oxi-

ation 10–15 vol.% O2 in N2. To avoid mixing of CH4 and O2, N2
as introduced for two minutes after each reducing and oxidizing
eriod.

. Results and discussion

.1. Oxygen carrier reactivity in TGA

TGA experiments allowed to analyze the reactivity of the oxy-
en carriers under well-defined conditions, and in the absence
f complex fluidizing factors such as those derived from particle
ttrition and interphase mass transfer processes. For screening pur-
oses, at least five cycles of reduction and oxidation were carried
ut with each carrier. The carriers usually stabilized after the first
ycle, for which the reduction reaction rate was slower. The oxygen
arrier reactivity corresponding to the cycle 5 was used for com-
arison purposes. Reactivity data were obtained in TGA tests from
he weight variations during the reduction and oxidation cycles as
function of time. The oxygen carrier conversion was calculated

s:

For reduction:

X = mox − m

mox − mred
(1)

For oxidation:

X = 1 − mox − m
(2)
mox − mred

where m is the mass of sample at a generic time, mox is the mass
of the sample fully oxidized and mred the mass of the sample in
the reduced form.
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Oxidation

CH4 + 4NiO ↔ 4Ni + CO2 + 2H2O (R1)

H2 + NiO ↔ H2O + Ni (R2)
ig. 3. Reactivity in TGA of Ni-based oxygen carriers prepared by dry impregnation
n different supports. T = 950 ◦C.

The effect of the support on the oxygen carrier reactivity was
rst investigated. Fig. 3 shows the reduction and oxidation reac-
ivities for some carriers of NiO on �-Al2O3, �-Al2O3 and �-Al2O3.
he Ni-based oxygen carrier impregnated on �-Al2O3 showed the
owest reactivity during the reduction reaction. On the contrary,
he Ni-based oxygen carrier impregnated on �-Al2O3 showed the
ighest reactivity during the reduction reaction. All oxygen carri-
rs exhibited very high reactivity during oxidation. It seems that
he low reduction reactivity of the carrier of NiO on �-Al2O3 was
ue to the solid state reaction between the NiO and the �-Al2O3 to
orm NiAl2O4, as it is shown in the XRD patterns (see Table 1). It

ust take into account that the reaction rate of CH4 with NiAl2O4
s lower than with free NiO. On the contrary, the high reactivity of
he carrier of NiO on �-Al2O3 was because the interaction between
he NiO and the support was reduced using the �-Al2O3. As can
e seen in Table 1, free NiO was observed in this oxygen carrier.
he presence of an important fraction of active NiO was also visu-
lly confirmed because the oxygen carriers prepared with �-Al2O3
ere green coloured against blue samples containing high fractions

f NiAl2O4, as it was the case of the carriers prepared with �-Al2O3.
Fig. 4 shows the reduction and oxidation reactivities of the sam-

les prepared by the deposition–precipitation method. The carrier
repared on �-Al2O3 by the deposition–precipitation method had
igher reduction reactivity than the prepared by dry impregna-
ion. However, the carriers prepared on �-Al2O3 by both methods
howed more similar reactivities during reduction and oxidation
eactions.

The amount of NiO and NiAl2O4 was obtained in the TGA through
PR analysis using H2 as reducing gas. Fig. 5 shows the results of
he H2-TPR analysis performed with the oxygen carriers after 5
eduction–oxidation cycles in the TGA. The TPR spectra show a first
eight loss in the temperature range of 400–600 ◦C and a second
eight loss in the temperature range of 800–950 ◦C. The low tem-
erature weight loss is well known to be due to the reduction of
i2+ in the NiO phase, whereas the high temperature weight loss is
ttributed to the reduction of Ni2+ in the NiAl2O4 spinel phase. In
his sense, Fig. 5 shows that the reduction of the oxygen carrier pro-
eeded in two stages according to the reduction of the NiO at low

emperature and NiAl2O4 at high temperature, which was consis-
ent with XRD data which indicated the presence of both NiO and
iAl2O4 phases. It can be also observed that the fraction of oxy-
en carrier reduced at low temperature, i.e. the fraction of free NiO,

F
t

ig. 4. Effect of the preparation method on the reactivity of the oxygen carriers.
= 950 ◦C.

epended on the oxygen carrier. Comparing the results showed in
ig. 5 and those showed in Figs. 3 and 4 it is observed a good rela-
ionship between oxygen carrier reactivity and free NiO content
n the oxygen carrier. The highest fraction of free NiO the highest
eactivity.

.2. Oxygen carrier behaviour in batch fluidized bed

Reduction–oxidation multicycles with the Ni-based oxygen car-
iers were carried out in a batch fluidized bed reactor to determine
he gas product distribution as a function of the operating con-
itions in similar conditions to that found in a CLR process and
o analyze the fluidization behaviour of the oxygen carriers with
espect to the carbon formation and agglomeration phenomena.

The main reactions happening with different contribution in a
atch fluidized bed during the oxygen carrier reduction period are:
ig. 5. Behaviour of the oxygen carriers during temperature programmed reduction
ests in TGA. Reducing gas: 10 vol.% of H2 in Ar.
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CO + NiO ↔ CO2 + Ni (R3)

Partial oxidation

CH4 + NiO ↔ Ni + CO + 2H2 (R4)

Steam reforming catalyzed by Ni

CH4 + H2O ↔ CO + 3H2 (R5)

Methane decomposition catalyzed by Ni

CH4 ↔ C + 2H2 (R6)

Carbon gasification

C + H2O ↔ CO + H2 (R7)

C + CO2 ↔ 2CO (R8)

Water gas shift

CO + H2O ↔ CO2 + H2 (R9)

And during the oxygen carrier oxidation period:

Ni + 1
2 O2 ↔ NiO (R10)

C + O2 ↔ CO2 (R11)

C + 1
2 O2 ↔ CO (R12)

The conversions of the oxygen carriers as function of time during
he reduction and oxidation periods were calculated from the gas
utlet concentrations by the equations:

Reduction

Xred =
∫ tred

t0

Qout

n0Ptot
(2PCO2,out + PCO,out + PH2O,out)dt (3)

Qout = Qin

(
PN2in

PN2out

)

= Qin

(
PN2,in

(1−PCH4,out−PCO2,out−PCO,out−PH2,out−PH2O,out)

)

(4)

Oxidation

Xoxi =
∫ toxi

t0

2Qout

n0Ptot

(
Qin

Qout
PO2,in−PO2,out−

1
2

PCO,out−PCO2,out

)
dt

(5)

Qout = Qin(1 − PO2,in)

(1 − PCO2,out − PCO,out − PO2,out)
(6)

where X is the conversion of the oxygen carrier, Qin is the molar
flow of the gas coming into the reactor, Qout is the molar flow of
the gas leaving the reactor, Ptot is the total pressure, Pi,in is the
partial pressure of gas i incoming to the reactor, Pi,out is the partial
pressure of gas i exiting the reactor, n0 are the moles of oxygen
which can be removed from fully oxidized oxygen carrier, and t is
the time.

The last terms in Eq. (5) take into account the formation of
O and CO2 during the oxidation period due to the oxidation of
(reactions (R11) and (R12)) coming from the decomposition of
H4 (reaction (R6)) in the reduction period.
The back-mixing in the system, which was illustrated by the

ransient changes in gas concentration during the first seconds
f reaction, was considered in order to obtain the actual concen-
ration of the gases in the bed. The correction was done using a

t
h
c
t
H

ig. 6. Gas product distribution and H2/CO molar ratio in a test wit a reduction time
f 5 min. NiO11-�-Al2O3. H2O/CH4 = 0.3, T = 950 ◦C.

ethod of deconvolution, take into account for the distribution of
he residence time of the gas in the system [13].

In the following sections the effect of the support, reaction tem-
erature, H2O/CH4 molar ratio, and preparation method on the gas
roduct distribution and carbon formation is analyzed. For all the
ests carried out in the batch fluidized bed total carbon, hydrogen
nd oxygen mass balances were done. The maximum deviations of
he mass balances were ±6% for C and ±4% for H. All operating con-
itions were tested in the fluidized bed reactor for at least 10 cycles.
arbon deposited on the oxygen carrier was determined by inte-
ration of the CO2 and CO generated during the oxidation reaction
eriod. To determine the reduction period without carbon forma-
ion, different experiments were carried with decreasing reduction
imes. It was found that C deposited on the carrier increased with
ncreasing the reduction time as it can be observed in Figs. 6 and 7,

hich show the gas product distributions working with NiO11-�-
l2O3 at 950 ◦C, H2O/CH4 = 0.3, during 5 and 7 min of reduction

imes. Figs. 6 and 7 also show the H2/CO molar ratio as a function of
he time. It was found that the H2/CO molar ratio quickly increased
hen started the carbon formation, and the time without carbon

ormation corresponds to the points H2/CO < 3. According with the
et of reactions occurring during the reduction period (R1)–(R9)
nd for H2O/CH4 molar ratios lower than 1, the H2/CO molar ratio
hould be lower than 3 if the H2 is generated by reactions (R4),
R5) and (R7). However, when reaction (R6) occurs, there is carbon
eposition on the carrier and a parallel decrease in the CO gen-
ration. As a consequence of the decrease in the CO generation
he H2/CO molar ratio increases. Values of the H2/CO molar ratio

igher than 3 indicated important carbon formation. This finding
an be used to reduce the amount of experimental work because
he carbon formation can be analyzed through the evolution of
2/CO molar ratio. Table 2 shows the rough reduction time with-
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Fig. 7. Gas product distribution and H2/CO molar ratio in a test wit a reduction time
of 7 min. NiO11-�-Al2O3. H2O/CH4 = 0.3, T = 950 ◦C.

o
c
T
d
H

3

d
1
o
s
H
s

C
d
a
t
T
s

a
C
t
i
A
c
t
C
i
b
(

Table 2
Operating conditions used in the batch fluidized bed experimental tests and rough time a

Oxygen carrier Temperature (◦C) H2O/CH4 molar ratio

NiO11-�-Al2O3 950 0.3
0.5
0.7

NiO11-�-Al2O3 800 0.3
0.5
0.7

NiO16-�-Al2O3 950 0.3
0.5
0.7

NiO16-�-Al2O3 800 0.3
0.5
0.7

NiO21-�-Al2O3 950 0.3
0.5
0.7

NiO21-�-Al2O3 800 0.3
0.5
0.7

NiO21-�-Al2O3 850 0.3
NiO21-�-Al2O3 900 0.3

NiO28-�-Al2O3 950 0.3
0.5
0.7

NiO26-�-Al2O3 950 0.3
0.5
0.7
ng Journal 144 (2008) 289–298

ut carbon deposition at different operating conditions using this
riterion to determine the time for starting the carbon formation.
he time without carbon formation during the reduction reaction
epended on the oxygen carrier, temperature of operation, and
2O/CH4 molar ratio.

.2.1. Effect of support
�-Al2O3, �-Al2O3 (obtained by calcination of �-Al2O3 at 1100 ◦C

uring 2 h) and �-Al2O3 (obtained by calcination of �-Al2O3 at
150 ◦C during 2 h) particles were used as support to prepare
xygen carriers by dry impregnation (see Table 1). Figs. 6 and 8
how the gas product distribution obtained, working at 950 ◦C and
2O/CH4 = 0.3, with the oxygen carriers prepared with the different

upports.
With Ni-based oxygen carriers prepared on �-Al2O3 (Fig. 8a),

O2, H2O, CO, and H2 were formed almost immediately after intro-
uction of CH4 into the reactor. The CH4 conversion was complete,
nd high H2 and CO concentrations were present in the gas outlet
ogether with CO2 and H2O during most of the reduction period.
his behaviour indicated that the reduction process was mainly
elective towards the formation of H2 and CO.

With Ni-based oxygen carriers prepared on �-Al2O3 (Fig. 6), CO2
nd H2O were formed immediately after the CH4 feeding, and no
H4 was detected during the whole carrier reduction time. During
he first period, CO and H2 concentration were those correspond-
ng to the thermodynamic equilibrium at the reaction temperature.
fter that, CO2 and H2O concentrations decreased, whereas the
oncentrations of CO and H2 increased, indicating that the reduc-

ion process was mainly selective towards the formation of H2 and
O. The change in the product selectivity during the reduction step

s associated to changes in the catalyst degree of oxidation. At the
eginning, the fully oxidized NiO favours the total oxidation of CH4
reactions (R1)–(R3)). As the sample was reduced, the selectivity

nd oxygen carrier conversion without carbon deposition

Rough time without
carbon deposition
(minutes)

Maximum oxygen carrier
conversion without carbon
deposition (%)

5 89 ± 3
6 89 ± 4
8 85 ± 5

1.5 52 ± 3
2 55 ± 5
3 57 ± 4

5 65 ± 2
7 67 ± 3
8 68 ± 5

1 21 ± 3
1.25 21 ± 2
1.5 23 ± 4

9 77 ± 4
12 76 ± 4
17 70 ± 7

3 20 ± 3
5 20 ± 4
7 24 ± 4

5 30 ± 3
7 58 ± 4

<1 20 ± 6
1 22 ± 4
3 35 ± 6

<1 25 ± 4
<1.5 30 ± 5
<2.5 35 ± 6
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ig. 8. Effect of support on the gas product distribution and oxygen carrier conver-
ion. (a) NiO21-�-Al2O3 and (b) NiO16-�-Al2O3. H2O/CH4 = 0.3, T = 950 ◦C.

f gas product formation changes from CO2 and H2O to CO and H2,
ue to the occurrence of the CH4 reforming and partial oxidation
eactions (R4) and (R5), catalyzed by reduced Ni active sites.

The oxygen carrier prepared on �-Al2O3 (Fig. 8b) showed the
ehaviour similar to the �-Al2O3, but with this carrier the reduction
ime with almost complete conversion of CH4 to CO2 and H2O was
maller than with �-Al2O3.

Zafar et al. [7] found significant amounts of unconverted CH4
t the outlet the fuel reactor working with Cu-, Fe-, and Mn-based
arriers, however, these authors found complete CH4 conversion
orking with Ni-based oxygen carriers due to the catalytic effect

f Ni on CH4 pyrolysis. In our tests, the selectivity toward differ-
nt gaseous products depended on the support used to prepare
he Ni-based oxygen carrier, but with the three supports the CH4
onversion was complete, in good agreement with these authors.

During CH4 reforming, as it is showed in Table 2, the reduction
ime without carbon deposition followed the order �-Al2O3 > �-
l2O3 > �-Al2O3. However, as a consequence of the different
eactivity of the oxygen carriers (see Fig. 3), the maximum con-
ersions without carbon deposition reached by the oxygen carriers
ollowed the order �-Al2O3 > �-Al2O3 ≈ �-Al2O3. These results sug-
est that to obtain high H2 and CO concentrations in a continuous
LC system the solid circulation rate and/or the solid inventory in
he fuel reactor must be lower using the oxygen carrier prepared on
-Al2O3 than using the carriers prepared on �-Al2O3 or �-Al2O3.

Finally, it was found that all of the oxygen carriers showed a
onstant reaction rate during reduction and oxidation as a function

f the number of the cycle, that is, deactivation was not observed.
imilar results using MgAl2O4 as support were found by Zafar et al.
7], however, these authors [6,7] using SiO2 as support observed a
lear decrease in the reactivity as a function of the number of cycles.

o
s
a
o

ig. 9. Effect of H2O/CH4 molar ratio on the gas product distribution and oxygen car-
ier conversion. NiO11-�-Al2O3, T = 950 ◦C. (a) H2O/CH4 = 0.5 and (b) H2O/CH4 = 0.7.

.2.2. Effect of H2O/CH4 molar ratio
Thermodynamic analyses show that in order to reach carbon

ree operation working with Ni-based oxygen carriers the O/C molar
atio must be higher than 1, being O/C (OH2O/C) + ONiO/C), where:
H2O, oxygen coming from the H2O and ONiO, oxygen coming from

he oxygen carrier. The ONiO/C molar ratio depends on different fac-
ors, the most important being the oxygen carrier reactivity (that
epends on the type of oxygen carrier, operating temperature, . . .)
nd the NiO content in the carrier. So, for a given temperature and
xygen carrier (ONiO/C = constant), an increase in the OH2O/C molar
atio increases the O/C molar ratio and decrease the carbon for-
ation. If the O/C is lower than 1 and the reaction (R4) (methane

ecomposition) is not produced, it is very obvious that at the exit
f the fuel reactor unconverted methane should be measured.

The effect of the H2O/CH4 molar ratio on the gas product dis-
ribution and carbon formation was analyzed with all the oxygen
arriers prepared. Figs. 9 and 10 show examples of the results
btained. As expected from thermodynamic analysis, for a given
emperature, with all oxygen carriers, an increase in the H2O/CH4

olar ratio produced an increase in the time of the reduction period
ithout C deposition (see also Table 2). On the contrary, the maxi-
um conversions of the oxygen carriers without C deposition were

lmost not affected by the H2O/CH4 molar ratio. Fig. 11 shows the
2/CO molar ratio in the gas product generated during CH4 reform-

ng. The H2/CO molar ratio was between 2 and 3 in most of the
eriod without carbon formation, and this molar ratio increased
o values higher than 3 when the C formation started. It was also

bserved that an increase in the H2O/CH4 molar ratio produced a
light increase in the H2/CO molar ratio. These findings suggest that
n increase of the H2O/CH4 molar ratio increased the contribution
f the steam reforming reaction (R5) and water gas shift (R9) in
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ig. 10. Effect of H2O/CH4 molar ratio on the gas product distribution and
xygen carrier conversion. NiO21-�-Al2O3, T = 950 ◦C. (a) H2O/CH4 = 0.5 and (b)
2O/CH4 = 0.7.

he global process and decreased the contributions of the partial
xidation (R4) and methane decomposition (R6).

.2.3. Effect of reaction temperature
The effect of the reduction reaction temperature on the gas

roduct distribution and carbon formation was analyzed with the
ifferent oxygen carriers prepared. Fig. 12 shows the experimental
esults obtained with the oxygen carrier NiO21-�-Al2O3, working
t four different temperatures between 800 and 950 ◦C and a molar
2O/CH4 ratio of 0.3. It can be observed in the Fig. 12, and also in the
able 2, that when the reduction reaction temperature increased
he oxygen carrier conversion and the time of the reduction period
ithout C formation increased significantly for all of the oxygen

arriers. This is in agreement with the thermodynamic analysis
ecause an increase in the operating temperature increases the
xygen carrier reactivity, and as a result increases the ONiO/C molar
atio. At 950 ◦C the carbon formation working with the oxygen car-
iers prepared by dry impregnation started when the oxygen carrier
onversion was higher than 65–70%, even higher than 80% for the
arrier NiO11-�-Al2O3, however, this conversion decreased with
ecreasing the reduction reaction temperature.

Cho et al. [14] investigated for CLC the carbon formation of
xygen carriers based on nickel oxide and iron oxide. No carbon
ormation was found with oxygen carriers based on iron oxide.
owever, with the oxygen carriers based on nickel oxide these
uthors found that significant carbon formation started when the

articles had lost so much oxygen that they were not able to con-
ert much the fuel, and this was when 80% of oxygen had been
onsumed. The results obtained in our tests with the oxygen car-
ier NiO11-�-Al2O3 were similar to the results observed by Cho
t al. [14]. However, it is clear that the conversion reached by

H
d
t
s
p

ig. 11. Effect of H2O/CH4 molar ratio on the H2/CO molar ratio. NiO21-�-Al2O3,
= 950 ◦C. (a) NiO21-�-Al2O3 and (b) NiO11-�-Al2O3. T = 950 ◦C.

he oxygen carrier before starting the carbon formation depended
n their reactivity. As the reactivity increased with increasing the
emperature, the carbon formation decreased with increasing the
emperature.

.2.4. Effect of preparation method
Two oxygen carriers, using �-Al2O3 and �-Al2O3 as supports,

ere also prepared by a deposition–precipitation method using
rea. With this method a high active NiO content over the internal
urface of the support was obtained in only one impregnation.

Fig. 13 shows the gas product distributions obtained with these
xygen carriers. A comparison of these results with the results
btained with the oxygen carriers prepared by dry impregnation
howed that the carriers prepared by dry impregnation had a
eduction time period without carbon deposition longer than the
xygen carriers prepared by the deposition–precipitation method.
n addition, the maximum oxygen carrier conversions without car-
on deposition reached during the reduction period by the oxygen
arriers prepared by the deposition–precipitation method were
ower than those reached by the oxygen carriers prepared by dry
mpregnation. At 950 ◦C the deposition of C with the NiO28-�-
l2O3 and NiO26-�-Al2O3 oxygen carriers started at oxygen carrier
onversions of 20–35% and 25–35%, respectively. These conver-
ions were significantly lower than those obtained with the carriers
iO21-�-Al2O3 and NiO11-�-Al2O3, ∼75% and ∼85%, respectively.

owever, it is not clear why the oxygen carriers prepared by the
eposition–precipitation method had a higher tendency to increase
he carbon formation because the reactivity of these carriers was
imilar or even higher that the reactivity of the oxygen carriers
repared by dry impregnation.
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Fig. 12. Effect of reduction reaction temperature on the gas product distrib

Fig. 13. Gas product distributions and oxygen carrier conversions obtained with
the oxygen carriers prepared by the deposition–precipitation method. (a) NiO28-�-
Al2O3 and (b) NiO26-�-Al2O3. T = 950 ◦C, H2O/CH4 = 0.7.
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ution and oxygen carrier conversion. NiO21-�-Al2O3, H2O/CH4 = 0.3.

. Conclusions

The Ni-based oxygen carrier impregnated on �-Al2O3 showed
he lowest reactivity during the reduction reaction. On the con-
rary, the Ni-based oxygen carrier impregnated on �-Al2O3 showed
he highest reactivity during the reduction reaction. All oxygen
arriers exhibited very high reactivity during oxidation. The low
eduction reactivity of the carrier of NiO on �-Al2O3 was due to
he solid state reaction between the NiO and the �-Al2O3 to form
iAl2O4. The high reduction reactivity of the carrier of NiO on �-
l2O3 was because the interaction between the NiO and the support
as reduced using the �-Al2O3.

The carrier prepared on �-Al2O3 by the deposition–precipitation
ethod had higher reduction reactivity than the prepared by dry

mpregnation. However, the carriers prepared on �-Al2O3 by both
ethods showed similar reactivities during reduction and oxida-

ion reactions.
The test carried out in the batch fluidized bed showed that

i-based oxygen carriers prepared by dry impregnation on �-
l2O3, �-Al2O3, and �-Al2O3 are suitable for autothermal reforming
f methane during long periods of time without carbon depo-
ition. On the contrary, the oxygen carriers prepared by a
eposition–precipitation method using urea had a higher tendency
o increase the C formation.

For all of the oxygen carriers, the reduction time without car-
on deposition increased with increasing the reduction reaction
emperature and the H2O/CH4 molar ratio in the feed. Work-
ng at temperatures of 950 ◦C and H2O/CH4 molar ratios of
.3–0.7, with the oxygen carriers NiO21-�-Al2O3, NiO16-�-Al2O3
nd NiO11-�-Al2O3, the carbon deposition started when the oxy-
en carrier conversions were higher than 60–70%. However this

alue decreased when the temperature decreased.

The H2/CO molar ratio in the gas product generated during CH4
eforming was between 2 and 3 in the period without carbon for-
ation. This molar ratio increased to values higher than 3 when

he C formation started.
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