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Fe2O3/Al2O3 and Fe2O3/Al2O3 modified by low content of Ni (below 2% in weight) oxygen carriers were pre-
pared by mechanical mixing and impregnation method. The synthesized oxygen carriers were characterized by 
means of X-ray diffraction (XRD), X-ray fluorescence (XRF), scanning electron microscopy (SEM), BET-surface 
area and temperature programmed reduction (TPR). Besides, redox cyclic reactivity and the performance of chemi-
cal looping reforming of methane of the oxygen carriers were studied in a thermal gravimetrical analysis (TGA) and 
fixed bed at 850 ℃. It was observed that the redox reactivity of the oxygen carriers is improved by Ni addition be-
cause synergic effect may occur between NiO and Fe2O3/Al2O3 to form NiFe2O4 and NiAl2O4 spinel phases. How-
ever, the improvement was not apparent as Ni addition reached 1 wt% or more because more nickel loaded resulted 
in methane decomposition into H2 and carbon leading to carbon deposition. The SEM and BET analysis showed 
that NiFe2O4 and NiAl2O4 particles dispersed into the pores of the Fe2O3/Al2O3 particles in the course of preparation. 
In addition, the resistance to sintering of the modified samples increased with the Ni addition increasing. The results 
of successive redox cycles showed that the Ni modified Fe2O3/Al2O3 oxygen carriers have good regenerability. With 
integration of reactivity and carbon deposition, the content 1.04 wt% of nickel doping was an optimal amount in the 
three modified samples. 
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Introduction 
Synthesis gas, which is mainly composed of H2 and 

CO, can be used to produce ammonia, methanol, hy-
drogen and other chemical products. At present, steam 
or CO2 reforming of natural gas was reacted in reactor 
tubes packed with catalyst and it has been developed 
into a large-scale production. The chemical reactions of 
the above-mentioned routes are shown as follows:[1] 

Steam reforming: 

CH4＋H2O＝CO＋3H2 (∆H298 K＝206 kJ/mol) (1) 

CO2 reforming: [2] 

CH4＋CO2＝2CO＋2H2 (∆H298 K＝260.5 kJ/mol) (2) 

These two reactions, which are highly endothermic 
reactions, consume a large amount of energy, and the 
H2/CO ratio is unsuitable for the Fischer-Tropsch and 
methanol syntheses in which the desired H2/CO ratio is 
2. In contrast to the two methods above mentioned, an-
other methane reforming approach, i.e. partial oxidation 
of methane (POM), was proposed with a mild exother-
mic reaction and a H2/CO ratio of 2 according to the Eq. 

(3). 
POM to synthesis gas: 

CH4＋1/2O2＝CO＋2H2 (∆H298 K＝−36 kJ/mol)  (3) 

An economic analysis[3] suggests that the POM to 
synthesis gas requires half of the capital investment in 
the gas-to-liquid process compared to the typical steam 
reforming for the reason that the significant capital cost 
of building and running the oxygen plant will be 
avoided, if lattice oxygen of solid oxygen carriers in-
stead of pure oxygen is used as the oxygen source of 
methane oxidation.[4,5] The Chemical-looping reforming 
(CLR) process was a new technology for synthesis gas 
(H2 and CO) production from natural gas and light hy-
drocarbons by using lattice oxygen instead of molecular 
oxygen, which was a POM process, essentially. This 
new technology was presented by Mattisson and  
Lyngfelt.[6] The most important advantage of CLR is to 
produce synthsis gas, which is not diluted with N2. Be-
sides, Since the heat transfer occurs directly between gas 
and oxygen carriers, it is more effective to reduce the 
size of the reformer, the CLR is economic than conven-
tional technology.[7-9]  
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Based on the principle of chemical-looping combus-
tion (CLC),[10] the CLR has a different target product, 
which is synthesis gas rather than heat in CLC.[11] Simi-
lar to CLC, the CLR system consists of two separate 
reactors, an air reactor (AR) and a fuel reactor (FR), as 
shown in Figure 1. As a carrier of oxygen and heat, the 
particles of oxygen carrier play an important role in the 
CLR process. The properties of oxygen carrier are criti-
cal and the following are desired: high reactivity, high 
oxygen transport capacity and high resistance against 
mechanical, thermal stress. 

 
Figure 1  Schematic description of chemical-looping reforming. 

Oxides of some metals, such as Ni, Fe, Co, Cu, and 
Mn have been intensively tested to be used as oxygen 
carriers for CLR.[12-15] Generally, Ni-based oxygen car-
riers are demonstrated a higher redox rate than other 
metals. While, its toxicity to the environment needs 
attention if much more Ni-based oxygen carriers are 
used.[16] Meanwhile, the CuO oxygen carriers were also 
found to have very favorable reactivity giving complete 
fuel combustion to CO2 and H2O.[17,18] However, 
Cu-based oxygen carriers are limited to use at a rela-
tively low temperature due to the low melting point of 
Cu.[19,20] Iron oxide is an attractive oxygen carrier for 
the application of CLR of methane because of its abun-
dance, high melting point and low price, but it is often 
restricted for the lower reactivity rate and oxygen trans-
port capacity.[21] Mixed-metal oxides by combining dif-
ferent materials may create synergistic effects giving 
good reactivity and selectivity,[22] as well as enhance the 
dispersion of active metals.[23-26] Therefore, mixed-metal 
oxides could be a way to develop novel oxygen carriers 
with better reactivity. Various combining oxygen carri-
ers such as Fe2O3-NiO, Fe2O3-Mn3O4, NiO-MgAl2O4, 
Fe2O3-MgAl2O4, and CeO2-Fe2O3, which reacted with 
CH4, coal and biomass were studied widely in fixed or 
fluidized bed reactors, indicating better reactivity, 
anti-sintering and carbon deposition than single 
oxide.[27-31] Also, Perovskite-type mixed metal oxides 
were examined in the chemical looping reforming of 
methane for their high oxygen mobility in the bulk and 
thermal stability,[32,33] however, there is a limitation of 
mechanical properties on its application for long time. 
Usually, an inert binder, such as Al2O3, SiO2, TiO2 and 

ZrO, was employed as support in the oxygen carriers to 
obtain a better reactivity, durability, and fluidizability of 
the oxygen carrier particles. 

Although a number of researches have been con-
ducted on the reactivity of Fe2O3 and NiO with 
CH4,[34-36] studies related to the reactivity of iron oxide 
combining with low nickel content are still scarce. 
However, the low nickel content in modified oxygen 
carriers is of significant practical importance in applica-
tions such as reduction of carbon deposition, environ-
ment pollution and reforming cost as well as improving 
reactivity of oxygen carriers from a methane reforming 
process for syngas production. Rydén et. al.[31] evaluated 
the reactivity of Fe2O3/MgAl2O4 with 1% and 10% 
NiO/MgAl2O4 in CLC or CLR of methane in a fixed- 
bed quartz reactor at 900  and the results showed that ℃
adding 1% NiO/MgAl2O4 into the Fe2O3/MgAl2O4 par-
ticles had no positive effects on CLC but increased both 
reactivity and selectivity of methane reforming. How-
ever, other different contents of NiO added into the 
Fe2O3 /Al2O3 particles were not further examined.  

Pans et al.[24] also used chemically and physically 
mixed iron and nickel oxides as oxygen carriers for gas 
combustion in a CLC process. Different bimetallic 
Fe-Ni-based OCs had been prepared and evaluated in a 
TGA, a batch fluidized bed reactor, and a continuous 
CLC unit in order to analyze the effect of NiO content 
on the CLC performance when CH4 was used as fuel. It 
was found that the use of a chemically mixed OC had a 
negative effect on the combustion efficiency since the 
formation of Fe-Ni compounds reduced the catalytic 
effect of Ni addition. On the other hand, a physically 
mixed OC with 2% of NiO increased significantly the 
combustion efficiency at low temperatures. Whereas, 
the Fe-Ni-based OCs were only tested for gas combus-
tion in a CLC process, the productions of which were 
CO2 and H2O, the capacity of the Ni active sites to cata-
lyze the chemical looping reforming (CLR) of methane 
was not investigated, the production of which was syn-
thesis gas rather than heat. Furthermore, though the 
oxygen carriers’ reactivity with different fuel gases in 
TGA was tested in their work, the multicycle redox re-
activity of the Fe-Ni oxygen carrier needed to be further 
studied.  

The aim of the current study is to investigate the re-
dox reactivity of Fe2O3/Al2O3 oxygen carriers modified 
by low contents of nickel and the reactions occurring 
between the oxygen carriers and CH4 in chemical loop-
ing reforming process. 

In the present work, the Fe2O3/Al2O3 oxygen carrier 
was prepared by mechanical mixing method and then it 
was modified by doping low content nickel to investi-
gate the synergic effect between NiO and Fe2O3 or 
Al2O3. Oxygen carriers were exposed alternately to an 
atmosphere of CH4 and air to investigate their reactivity 
when used in the CLR and a series of characterization 
analyses such as X-ray diffraction (XRD), X-ray fluo-
rescence (XRF), scanning electron microscopy (SEM), 
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and temperature programmed reduction (TPR) were 
employed to study the behavior of oxygen carriers be-
fore and after cyclic reactions. 

Thermodynamics analysis 
Thermodynamics analysis of CLR is important for 

understanding of the reaction mechanism, technical pa-
rameters as well as the product composition. Also, it 
would be useful to know the final state of the oxygen 
carrier in this work. There are different Fe phases at the 
oxygen carriers used in this work from the CLR of CH4, 
shown as follows: 

Fe2O3＋CH4→ Fe3O4＋H2＋CO  (4) 

Fe4O3＋CH4→ FeO＋H2＋CO  (5) 

FeO＋CH4→ Fe＋H2＋CO  (6) 

NiO＋CH4 → Ni＋H2＋CO   (7) 

With related thermodynamic parameters, the equilib-
rium constants K can be calculated for oxygen carriers 
with CH4 in a wide range of operating temperatures. 
Figure 2 indicates the logarithm of equilibrium constant 
K as a function of temperature for CLR of CH4 with the 
oxygen carriers. It is observed that all the four CLR re-
action equilibrium constants increase with the tempera-
ture increasing in the range of 600－1200 ℃, indicating 
that the CLR reactions can be enhanced by increasing 
temperature and the temperature range of 800－900 ℃ 
can be suitable for the CLR. Besides, the logarithm of 
equilibrium constant K for the reaction of Fe2O3-Fe3O4 
varies from 5 to 10, which is the biggest in the four re-
actions. While, being smaller than the reaction of 
Fe2O3-Fe3O4, the lg K for NiO-Ni is about 2－5 and  
lg K for Fe3O4-FeO as well as FeO-Fe are almost less 
than 4. It is apparent that Fe2O3-Fe3O4 has a greater 
tendency to react with CH4 as compared to Fe3O4-FeO 
and FeO-Fe in the temperature range of 600－1200 ℃.  

Furthermore, the process of CLR between the oxy-
gen carriers and CH4 could be accompanied by side re-
actions like the CLC reaction, thermal pyrolysis, dry 

 

Figure 2  The equilibrium constants for CLR of CH4 with oxy-
gen carriers. 

reforming, steam reforming of CH4, etc. An acceptable 
way is to control the stoichiometric ratio of CH4 and the 
oxygen carriers to mainly generate the synthesis gas and 
avoid the side reactions. Also, the productions of CH4’s 
dry reforming and CH4’s steam reforming were H2 and 
CO making positive effect on the synthesis gas from 
CLR, which can be treated as continuation of the reac-
tions between CH4 and oxygen carriers. 

Experimental  
Preparation of the oxygen carrier  

The Fe2O3/Al2O3 oxygen carrier with a mass ratio of 
Fe2O3/Al2O3＝7/3 was prepared by mechanical mixing 
method and calcination. Starting materials Fe2O3 (ana-
lytically pure) and Al2O3 (analytically pure) were mixed 
according to the mass ratio, blended in a Planetary 
Mixer sufficiently and pressed into a 1 mm diameter 
cylindrical bar by the screw extrusion machine. The re-
sulting mixture was dried at 105 ℃ for 24 h after 
natural drying overnight and then calcined at 1100 ℃ 
for 6 h in a muffle furnace. Then the fresh oxygen car-
rier particles (OC1) with size of 60－80 mesh were ob-
tained after grinding and screening. The particles were 
impregnated respectively in 0.92 mol/L (10%, wt), 
2.075 mol/L (20%, wt) and 3.55 mol/L (30%, wt) nickel 
nitrate solution for 24 h. Then, the sample was dried at 
70 ℃ for 24 h after natural drying overnight and then 
calcined at 850 ℃ for 6 h in the muffle furnace and the 
Fe2O3/Al2O3 oxygen carrier samples modified with 
nickel, which were defined as OC2, OC3 and OC4, re-
spectively, were obtained.  

Characterization of oxygen carrier  
Powder X-ray diffraction (XRD, X’Pert PRO MPD) 

using Cu Kα (40 kV, 40 mA) was used to analyze the 
crystal structure of fresh and reacted samples. Data was 
collected between 2θ＝10°－80°. The element contents 
in the samples were determined by X-ray fluorescence 
(XRF, AXIOSMAX-PETRO). Temperature programmed 
reduction (TPR) experiments were preformed on TPR 
(Quantachrome, CPB-1) under a flow of 5 vol% H2/He 
(120 mL/min) with 150 mg oxygen carrier using a heat-
ing rate of 10 ℃/min. The surface morphology and 
characteristics of the samples were performed by scan-
ning electron microscopy (SEM) on a Hitachi S4800 
instruments. The BET surface was determined by N2 
physisorption using a Micromeritics ASAP 2010 in-
struments. The samples were degassed under vacuum at 
493 K for 6 h before measurement. 

Oxygen carrier reactivity test 
To test the reduction-oxidation (redox) reactivity, 

redox multicycle of the oxygen carriers were carried out 
in a TGA reactor (NETZSCH, STA409C/PC), which is 
schematically shown in Figure 3. An amount of 15 mg 
of oxygen carrier was placed in TG reactor. Prior to re-
dox reactions, the oxygen carrier was heated to 850 ℃ 
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under atmosphere of pure N2 at a rate of 10 ℃/min. 
CH4 (40 vol% CH4 in N2) and air were alternately      
introduced into TG reactor, which is simulating the cy-
clic conditions of CLR system. To avoid air and    
methane mixing during the shift between the reduction 
and oxidation periods, N2 gas was introduced for 10 min 
after each period. The total gas flow rate of the reaction 
was controlled by a mass flow controller at specific flow 
rate of 20 mL/min (room conditions).  

 

Figure 3  Schematic diagram of oxygen carrier redox experi-
ment device. 

Isothermal reaction tests 
Isothermal reaction tests were conducted in a fixed 

bed coupled with a gas chromatograph at 850 ℃. An 
amount of 2 g of oxygen carrier was placed in the reac-
tor and the fixed bed was electrically heated by an oven 
with a heating rate of 20 ℃/min in an inert atmosphere 
of N2. After reaching the set temperature, CH4 (40 vol% 
CH4 in N2) was introduced into the fixed reactor to react 
with oxygen carriers, the total gas flow rate of the reac-
tion was controlled by a mass flow controller at specific 
flow rate of 40 mL/min (room conditions). Outlet gas 
out of the fixed bed was collected with gas bags and 
analyzed by gas chromatograph (Shimadzu GC-2010 
plus). Nitrogen was employed as a carrier gas. CH4 
conversion and H2/CO molar ratio were calculated based 
on the analysis results of GC according to the following 
equation: 

Methane conversion＝ 
molar flow of methane consumed

100%
molar flow of methane introduced

×  (8) 

H2/CO molar ratio＝ 

2molar flow of H  produced
100%

molar flow of CO produced
×  (9) 

Results and Discussion 
Oxygen carrier characterization  

X-ray fluorescence (XRF)  Based on the X-ray 

fluorescence (XRF) measurement as shown in Table 1, 
the content of nickel in the different oxygen carrier 
samples (OC2, OC3, OC4) increased from 0.43 wt% to 
1.72 wt% with the concentration of the nickel nitrate 
solution increased and the samples were composed of 
over 30 wt% Fe element as reactivity component and 
over 28 wt% Al element as inert support. Some trace 
elements including P, Ti, Si, Ca, Cu, etc. were simulta-
neously detected by the XRF measurement, which could 
be from the preparation process and the film of plastic. 
On account of trace content, these elements had little 
influence on the chemical looping reforming of CH4. 

Table 1  XRF analysis results of oxygen carriers modified by 
nickel 

Sample OC2 Sample OC3  Sample OC4 
Com-
poud Conc./

wt%

Abso-
lute 
error

Conc./ 
wt% 

Abso-
lute 

Error 
 

Conc./
wt%

Absolute 
error 

O 39.55 0.2 39.72 0.3  39.72 0.3 
Fe 30.49 0.2 28.87 0.1  28.26 0.1 
Al 28.72 0.02 29.58 0.02  29.40 0.04 
Ni 0.43 0.02 1.04 0.03  1.72 0.04 
P 0.32 0.02 0.26 0.02  0.39 0.03 
Ti 0.16 0.01 0.17 0.01  0.19 0.02 
Si 0.16 0.02 0.14 0.02  0.14 0.02 
Ca 0.09 0.01 0.12 0.01  0.12 0.01 
Cu 0.02 0.004 0.01 0.003  0.02 0.004

 
X-ray diffraction (XRD)  The fresh and Ni-modi-

fied oxygen carriers were examined by XRD to inden-
tify the crystalline phases (Figure 4). It is observed that 
there are Fe2O3 and Al2O3 characteristic peaks in the 
XRD patterns of the original oxygen carrier (OC1), 
which are in good agreement with JCPS card 
01-089-8104, indicating that the physical properties of 
Fe2O3 did not change during the original preparation 
process. Meanwhile, the characteristic peaks of NiO 
(JCPS 01-089-7390) were detected in the samples of 
OC2, OC3 and OC4, which indicated that the Ni(NO3)2 
was decomposed into NiO in the preparation process. 
Also, it is noted that NiFe2O4, NiAl2O4 crystalline 
phases were detected in the modified samples OC3 and 
OC4 respectively (JCPS 00-003-0875, 01-071-0965). 
There were four crystalline phases in OC3 and four in 
OC4, which demonstrated the synergistic effect between 
Fe3O4, Al2O3 and NiO.[33,34] It was suggested that reac-
tion between NiO and Fe2O3 occurs to generate NiFe2O4 
during calcination process. Besides, NiO may react with 
Al2O3 to produce NiAl2O4 with the increase of nickel 
content in the oxygen carriers, however, both the 
NiFe2O4 and NiAl2O4 were not detected in the sample of 
OC2 for the reason that the nickel content was too little 
to be detected by the XRD. 

The XRD patterns of the oxygen carriers reoxidized 
after redox cyclic reactions are shown in Figure 5. It was 
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observed that the original and Ni-modified samples kept 
the main phase structure although Fe3O4 was detected 
(ICPS 01-088-0315), suggesting the samples in a good 
crystalline state after successive cyclic redox reactions 
and partial oxygen carriers were not oxidized com-
pletely. The XRD patterns indicate that the synthetic 
oxygen carriers have good regenerability and reactivity. 

 
Figure 4  XRD patterns of fresh oxygen carriers. 

 

Figure 5  XRD patterns of reoxidized oxygen carriers after re-
dox cyclic reactions. 

Temperature-programmed reduction (TPR)  
TPR was performed aiming to investigate the re-

ducibility of the prepared oxygen carriers. As shown in 
Figure 6, it is clear that there are three reduction peaks 
in the TPR profiles of the OC1, which are observed at 
the temperature of 440, 611, and 673 ℃.[39,40] Similarly, 
the TPR profiles for the sample OC2 present three 
stronger peaks in the temperature range from 430 to 750 
℃ without a defined maximum. Whereas, the TPR pro-
files for the rest samples OC3, OC4 show a reduction 
peak at about 340－355  and other peaks at 500℃ －950 
℃. It was reported that the generated sequence of reduc-
tion products of Fe2O3 was Fe3O4, FeO, and Fe.[41,42] 
Therefore, we can infer that the first reduction peak of 
OC1 at 440  was attributed to the transform℃ ation of 
Fe2O3 to Fe3O4 via reacting with H2. Also, the rest two 
peaks at the temperature 611, 673 ℃ were assigned to 
FeO and Fe, which came from the further reduction of 

 

Figure 6  H2-TPR analysis of original OC& modified samples. 

Fe3O4 by reacting with H2. On the basis of the TPR 
curves, it is observed that the unmodified OC1 can pro-
vide lattice oxygen for the reaction of CLR of methane. 
However, it requires higher activation energy in deeper 
reduction stage in comparison to the nickel modified 
oxygen carriers. As an inert support, Al2O3 can be used 
to enhance the strength, improve specific surface area 
and anti-sintering of the oxygen carrier without reacting 
with H2. 

In comparison to OC1, the TPR profile for the sam-
ple OC2 displayed slight shift to lower temperature for 
the first peak and higher temperature for the second 
peak, which can be explained by the reduction of NiO 
highly dispersed on pores of Fe2O3/Al2O3 samples. 

While, the rest two samples OC3, OC4 showed a 
modest reduction peak at the defined temperature 350 

 followed by two intense H℃ 2 consumption peaks at 
about 580－900  for each sample, which can be illu℃ s-
trated by NiFe2O4, NiAl2O4 indentified by XRD and 
reacted by the following Eq.:[43-45] 

NiO＋Fe2O3→NiFe2O4   (10) 

NiFe2O4＋H2→Ni＋Fe2O3＋H2O    (11) 

Fe2O3＋3H2→Fe＋H2O    (12) 

Fe2O3＋H2→Fe3O4＋H2O   (13) 

Fe3O4＋H2→Fe＋H2O  (14) 

NiO＋Al2O3→NiAl2O4  (15) 

NiO＋H2→Ni＋H2O  (16) 

NiAl2O4＋H2→Ni＋Al2O3＋H2O (17) 

Generally, the first reduction peak at 350  was ℃
primarily attributed to the reduction of crystal NiO 
whose quantity was too little to be detected in the sam-
ples. Besides the formation of Fe4O3 and FeO, the sec-
ond and third H2 consumption peaks are associated with 
the reduction of NiFe2O4 and NiAl2O4 as shown in 
equations 11, 12, 13, 14 and 17. Also, the second and 
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third H2 consumption peaks exhibit features similar to 
those of peaks increasing in intensity and shifting to 
higher temperatures with increasing content of nickel. It 
can be explained by that more amounts nickel oxide and 
Fe-Ni alloy generated in the later stage reaction, which 
limited H2 to permeate the pores of the particles.[46] 

It was clear that a little added nickel (less than 0.5 
wt%) can improve the reactivity of the oxygen carrier 
and with the content of nickel increasing, NiFe2O4, 
NiAl2O4 generated sequentially as well as Fe-Ni alloy in 
the oxygen carriers (detected by XRD, JCPS 03-065- 
7752), which were shown at corresponding reduction 
peaks in TPR. 

Successive redox cycles reactivity  
To test successive redox reactivity of the nickel 

decorated samples, multicycles of redox of the oxygen 
carriers exposed to alternating methane and air condi-
tions were carried out in the TGA reactor at 850 ℃. In 
present work, each sample was tested for 20 cycles. As a 
result, different reactivity was observed during the ex-
periments for the four kinds of oxygen carriers with 
various contents of nickel. The mass change which re-
flected the degree of oxidation or reduction, as a func-
tion of time for each sample is shown in Figure 7. As for 
the sample OC1, there was approximately 4% mass loss 
when the samples were exposed in CH4 flow, which 
indicates 19 wt% reactive lattice oxygen in the OC1 was 
used as oxidant (mFe2O3∶mAl2O3＝7∶3). If the samples 
were further reduced from the mass 94.5 wt% to less,  

the reaction rate became much slower. Therefore, when 
the consumption of lattice oxygen in the OC1 was close 
to 19 wt%, the atmosphere was shifted from methane to 
air to regenerate the oxygen carrier. The oxidation rates 
of reduced samples in air flow were quite faster in com-
parison to their reduction stage. As the number of redox 
cycles increased, the reaction rate and weight loss ratio 
began to decrease for the reason of sintering.  

In comparison to the original OC1, the samples OC2 
gave a relatively bigger degree of reduction changes, 
with weight loss up to 81% in the reduction stage [Fig-
ure 7(b)]. Meanwhile, the slope of mass loss curve in-
creases, which indicated that the redox rate was im-
proved greatly. As for the samples OC3, OC4, the 
changes of weight loss ratio during the methane oxida-
tions are very close to the samples OC2, while, giving 
higher reaction rates than it. Though the two samples 
OC3, OC4 showed a close reaction rate, the rate of car-
bon deposition on the two oxygen carriers was different. 
It was found that OC4 caused more carbon deposition in 
the later stage of methane oxidation. 

In brief, as the reaction time is prolonged, the origi-
nal OC1 is prone to sintering to lead to decline in reac-
tivity, while low content nickel decorated samples can 
display better reactivity in reduction stage and better 
regenerablility in oxidation stage. The redox reaction 
rate and weight loss rate of the nickel modified samples 
were improved significantly, however, more carbon 
deposition was observed on the samples with more 
nickel content in the course of redox cycles, which was  

 
Figure 7  Mass changes of oxygen carriers with reaction time in successive redox cycles. (a) Mass changes of OC1, (b) mass changes of 
OC2, (c) mass changes of OC 3, (d) mass changes of OC4.      



Chemical-Looping Reforming of Methane Using Iron Based Oxygen Carrier  

 
Chin. J. Chem. 2014, 32, 1271—1280 © 2014 SIOC, CAS, Shanghai, & WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cjc.wiley-vch.de 1277 

from 11.4 wt% of OC2 to 13.1 wt% of OC3 and 17.9 
wt% of OC4. The reactivity was not much improved in 
redox rate as the content of nickel increased in the sam-
ples when it was more than 1 wt%, which was in 
agreement with the open literatures.[31] Therefore, the 
content 1.04 wt% of nickel was the optimum in the three 
modified samples with integration of reactivity and car-
bon deposition. 

Isothermal reaction tests  
Isothermal reaction tests were conducted in a fixed 

bed coupled with a gas chromatograph at 850 ℃. The 
outlet gas concentrations as a function of time in the 
course of methane oxidation reactions for the four kinds 
of the oxygen carriers are shown in Figure 8. Figure 9 
illustrates typical kinetic curves of methane conversion 
and H2/CO ratio towards the reaction of methane with 
oxygen carriers. The four kinds of oxygen carriers give 
high methane conversion at the initial stage and OC4 
presents the highest methane conversion. Afterward, 
there is a sharp decline of methane conversion from 1 to 
12 min, then a quick increase thereafter for the OC1, 
OC2 and OC3. On the other hand, the OC4 displays a 
different variation trend, which gives a steady state level 
over 95 wt% of the methane conversion till 25 min and 
then declines dramatically. The initial decline of meth-
ane conversion could be attributed to the high consump-
tion rate of surface absorption oxygen, while bulk lattice 
oxygen in oxygen carrier can not be released as soon as 
possible to supplement this deficiency. As seen in Fig-
ure 8, the reaction initially occurs to generate high con-
centrations of CO2 with little fractions of CO and H2 in 
the early stage. As the reaction proceeds, the CO2 frac-
tions decrease sharply after 15th minute, whereas the 
CO fractions increase continuously and then keep stable. 
Apparently, CH4 is mainly oxidized to CO2 and H2O in 
total oxidation at the beginning of the reaction, then is 
partially oxidized to H2 and CO in the mid and later 
stages, which can be verified by the H2/CO ratio as 
shown in Figure 9 as well. As above mentioned, the 
oxygen species is classified into two types: surface ab-
sorbed oxygen and bulk lattice oxygen. Surface oxygen 
contributes to the complete oxidation of methane to CO2 
and H2O, because it has high reactivity. The lattice 
oxygen is usually prone to CH4 partial oxidation into H2 
and CO. It is clear that the higher degree of methane 
deep oxidation at the early stage is due to the surface 
oxygen species on the fresh oxygen carrier particles. As 
the surface oxygen species is depleted, lattice oxygen 
diffused from the bulk to surface of particles to cause 
the methane selective oxidation resulting in the increase 
of the CO and H2 fractions. This is easy to explain why 
methane is oxidized to CO2 and H2O at the initial stage 
of the reaction and then selectively oxidized to CO and 
H2 at later stage. Literatures gave very similar results to 
this work.[47] 

For the samples of OC1 and OC2, the fractions of H2 
and CO are lower than CO2 even in the initial stage. As 

the reaction proceeded, the fractions of CO2 reversed at 
20th minute, the fractions of CO and H2 increased 
quickly (Figures 8a and 8b). The methane conversion of 
the two samples was lower and the original OC1 gave 
the lowest methane conversion rate among the four 
oxygen carriers (Figures 9a, 9b). A reason was that the 
diffusivity of lattice oxygen from NiO and NiFe2O4 can 
reduce the activation energy and enhance the reactivity 
of the oxygen carrier,[34] which was also demonstrated 
by TPR measurement as shown in Figure 6. Also, the 
H2/CO ratio was near to 2, suggesting more methane 
was partial oxidized to CO and H2. With low content 
nickel, the samples of OC2 exhibited very similar pro-
files of gas distribution versus reaction time, but a 
higher methane conversion rate than original samples. 

The samples of OC3 and OC4 displayed higher 
methane conversion and H2 concentration, moreover, 
the later gave the highest methane conversion rate 
among the four samples. From Figure 8 c and d, it can 
be seen that H2 is the overwhelming gas product during 
the whole reaction process and the CO/H2 ratio increases 
rapidly after the reaction time of 25 min, reaching 20 at 
35 min. This indicates that methane starts to decompose 
to H2 and carbon in the later stage of the reaction. Fur-
thermore, as the surface oxygen is consumed, the in-
creasing concentration of lattice oxygen vacancies may 
provide pathways of oxygen transport through the lattice, 
therefore, it is rather reasonable that the methane con-
version rose rapidly with the reducing of surface 
NiFe2O4 or other oxygen species after the reaction time 
of 12 min and declined with the lattice oxygen depletion. 
An exception was the sample OC4, the methane conver-
sion curves kept stable in a range from beginning to 25 
min, which can be attributed to the NiAl2O4 to improve 
reaction activity of lattice oxygen in the oxygen carrier 
with the proper content.  

Though lattice oxygen from nickel oxide can en-
hance the reactivity of the oxygen carrier, more content 
of nickel is prone to generate methane decomposition, 
which is a negative factor for the chemical looping re-
forming (CLR).  

SEM micrographs 
The shape and morphological features of the fresh 

and used iron based oxygen carriers at 850 ℃ were 
characterized by SEM and the result was shown in Fig-
ure 10. It is observed that the four kinds of fresh oxides 
have similar micro morphology, which are in good 
agreement with the oxygen carriers synthesized by 
combustion and deposition-precipitation method re-
ported by previous literatures.[48] The morphology of the 
fresh oxygen carriers particles exhibits irregular cube 
structure with an average size of around 3－6 μm. Parti-
cles of Al2O3, NiFe2O4 and NiAl2O4 were dispersed on 
that of Fe2O3. Small interconnected pores exit on the 
surface of particles, which are beneficial to diffusion 
and penetration of reactant gas in to solid particles. 
When the samples were exposed to successive alternat-   
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Figure 8  Gas concentration profiles of methane chemical looping reforming by using different oxygen carriers. (a) OC1, (b) OC2, (c) 
OC3, (d) OC4. 

 
Figure 9  Methane conversion (a) and H2/CO molar ratio (b) as a function of time during methane oxidation reactions.

ing reducing and oxidizing atmosphere, sintering oc-
curred in OC1 particles and the particles were agglom-
erated into the massive structure, while, though ag-
glomeration occurred in OC2 and OC3 samples, serious 
sintering did not happen and the particle size decreased 
indicating that the NiFe2O4 can prevent sintering and 
improve redox reactivity (shown in Figures 10d, 10f, 
10h). OC4 maintained the crystalline phase structures 
after 20 cycles, though the surface became much 
rougher and the irregular cube was loosened in the 
course of cyclic reactions.  

Specific surface area analysis 
Table 2 lists the BET-surface area of the synthesized 

oxygen carriers fresh and after redox cyclic reactions. It 
is observed that the surface area decreases with the con-
tent of nickel in the oxygen carrier samples increasing, 
which indicates that the NiFe2O4, NiAl2O4, particles 
disperse into the pores of Fe2O3/Al2O3 in the process of 
preparation. Therefore, the improvement in oxygen car-
rier by performance based nickel addition can be as-
cribed to a mechanism of chemical effect like NiFe2O4 

Table 2  Specific surface area of the synthesized oxygen carriers 

Fe-based oxygen carrier OC1 OC2 OC3 OC4
Fresh 3.194 3.057 3.028 2.544BET surface area/

(m2•g−1) Regenerated 1.299 2.712 2.703 2.767
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Figure 10  SEM analysis of fresh and decorated oxygen carriers by nickel before and after redox cyclic reactions.. (a) OC1 fresh, (b) 
OC1 after redox reactions, (c) OC2 fresh, (d) OC2 after redox reactions, (e) OC3 fresh, (f) OC3 after redox reactions, (g) OC4 fresh, (h) 
OC4 after redox reactions.

other than surface area enhancement. Furthermore, the 
specific surface areas of the former three samples de-
crease after redox cycles and that of OC1 declines rap-
idly leading to decrease of the reaction activity, which 
could be ascribed to thermal sintering and agglomera-
tion occurred in the oxygen carrier particles. However, 
the surface of OC4 slightly increases after 20 times cy-
clic reactions, this can be illustrated by the crack and 
interstice of oxygen carrier particles in the process of 
lattice oxygen release and recover, which can be obvi-
ously confirmed by the SEM images of Figure 10. Also, 
the reactivity of the decorated sample did not decline 
significantly, which was indentified by XRD patters 
(Figure 5) and mass changes with reaction time (Figure 
7). As the NiFe2O4, NiAl2O4 generating, the reactivity 
and anti-sintering of the oxygen carriers particles were 
improved in different degrees.[49] The resistance to sin-
tering of the modified samples increased with the NiO 
addition increasing. 

Conclusions 
In the present research, Fe2O3/Al2O3 oxygen carriers 

with low content of nickel for chemical-looping re-
forming of methane were prepared by mechanical mix-
ing and impregnation method. XRF, XRD and TPR re-
sults indicated that the Fe2O3/Al2O3 oxygen carriers 
have good regenerability and NiO particles addition can 
create synergic effect with the Fe2O3/Al2O3 particles to 
generated NiFe2O4 and NiAl2O4 spine phases. Also, the 
cyclic reactivity test in TGA showed that low content 
nickel addition may improve the reactivity of the oxy-
gen carriers, however, the improvements were not ap-
parent as the content of nickel increased to more than 1 
wt% in the samples due to the methane decomposition 
and carbon deposition. Besides, the isothermal reaction 
tests in fixed bed displayed that the surface absorbed   
oxygen contributed to oxidizing methane completely to 
CO2 and H2O in the initial stage of the reaction, whereas 
the bulk lattice oxygen prone to methane partial    
oxidation into H2 and CO. The SEM and BET analysis 
confirmed that NiFe2O4, NiAl2O4 particles disperse into 
the porosity of Fe2O3/Al2O3 particles in the process of 
preparation. In addition, the anti-sintering of the oxygen 
carriers particles was increased with the NiO addition 
increasing. Consequently, the content of nickel doping 
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in the oxygen carrier from 0.43 wt% to 1.72 wt% was 
investigated for CLR of methane, the content 1.04 wt% 
of nickel doping was optimal in the three modified sam-
ples with integration of reactivity and carbon deposition. 
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