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Abstract 

Chemical looping combustion (CLC) is an emerging flameless combustion technology of fossil fuels 

coupled with inherent CO2 capture. In this work, an analysis on choosing the best among five Nickel 

based oxygen carriers for Chemical Looping(CL) applications with different metal loadings and supports 

is done with emphasize on the physiochemical properties, metal-support interactions and its influence 

on kinetics for CL applications.  

The comprehensive study comprised of synthesizing of oxygen carriers, pre- and post-characterize 

these materials with help of X-ray Diffraction (XRD), Scanning Electron Microscope (SEM) coupled with 

EDX and the reactivity tests with H2 as fuel in a low pressure Thermogravimetric Analyzer (TGA). 

Overall, the results indicated that support-metal interaction had a greater influence than the metal 

loading. 17% NiO-CaAl2O4 tops for low & high temperature applications, and NiO-Al2O3 for high 

temperature applications owing to its thermal stability and good fluidization properties. 
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1. Introduction 

1.1 General Introduction 

The discovery of electricity in the nineteenth century is still considered as the greatest man-made 
technical accomplishment, and the extensive use of electricity has changed the way of life of human 
beings [1]. In the last 100 years or more, electricity has steadily developed from a luxury amenity for 
the affluent, to a basic need for survival. Besides, the advancements in the renewable sources of 
energy, the main source of power production still depends on fossil fuels majorly due to cheaper 
source energy and constraints involved in the industrial level production through renewable sources 
of energy accounting for 67% of the total energy production as of 2013[1, 3, 4]. It is evident from the 
above that fossil fuels is desired. Figure (1), below depicts the electricity supplies from diverse sources 
from 2000 and also indicates the above mentioned facts about the dependency on fossil fuels in the 
next quarter as well. 

 
Figure (1 & 2): Electricity supplies from different sources since 2000 & Energy-related CO2 Emissions peak [2]  

Burning of fossils fuels has been the major contributing & inevitable factor in global CO2 emissions 
which has risen close to 40% in the past 15 years with effects in the rise of surface temperature of the 
earth and sea level [2, 5]. To keep in phase with the goals set at Paris COP Summit Agreement 2015, 
the major challenge in front of world’s policymakers, engineers, scientists and entrepreneurs is to 
focus on providing energy supplies that propel the world’s economy and at the same bring about 
energy revolution with the needs to find ways that reduce the Greenhouse gas emissions (GHG) and 
mitigate the risk of climate change[2,6].The strategy proposed to reduce CO2 emissions is the use of 
Carbon capture and sequestration (CCS) process. However, there is a lot of drawbacks associated with 
current technologies that separate CO2 from the flue gases before being sequestrated owing to high 
cost and energy consumption [6]. Chemical looping technology is proposed as emerging flameless 
combustion process with low energy penalty producing power and generating heat with inherent 
Carbon di-oxide separation. The technology revolves around a solid with adequate oxygen capacity, 
called the oxygen carrier which is composed of transition metals like Nickel with an inert support 
material like Alumina. 
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1.2 Objectives 

The main objective was to study the impact of support based on the physiochemical properties, its 

interaction with the active metal and the performance of Nickel based Oxygen carriers (OCs) for 

chemical looping process. 

First, a comprehensive literature survey was carried out on the chemical looping processes, the 

importance and selection of oxygen carriers especially the nickel based oxygen carriers, about the 

various inert supports, metal-support interactions.  

Based on the initial literature study, In-house oxygen carriers based on different inert supports with 

desired metal loading, were synthesized and characterized using X-Ray Diffraction (XRD) and scanning 

Electron Microscope (SEM).  

The next section involved the testing of kinetic activity of 2 commercially prepared OCs and 3 in-house 

OCs with help of thermogravimetric analyzer (TGA) with H2 as fuel. After this process, the 

characterization techniques were made use to comprehend the structure and morphology of the 

materials, post the reactivity tests. Finally, based on all the above tests, a conclusive analysis for the 

best OC for CL process is obtained with recommendations for future work. 
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2. Theoretical Background 

2.1 Chemical Looping Combustion 

Chemical looping combustion (CLC) process offers an efficient way of combustion of fossil fuels with 
the aid of an oxygen carrier which is typically a metal oxide. The metal oxide comes in contact with the 
fuel in a fuel reactor (1st reactor) where it undergoes reduction providing the required oxygen for the 
combustion reaction. After this process, it is transferred to air reactor (2nd reactor) where the reduced 
metal is re-oxidized. The oxidized metal is again circulated back to the fuel reactor, and the process 
continues with cyclic redox reactions, forming a loop. In this way, a pure mixture of CO2 and H2O is 
formed at the first reactor high concentration CO2 can be obtained via condensation of steam, by 
avoiding the direct mixing of CO2 with N2 [7,10]. 

 

Figure (3): Chemical looping process [7] 

The origin of the concept of chemical looping combustion dates back to 1954, when Lewis and Gilliland 
presenting it as means of production of Carbon dioxide [14].After the suggestion from Jin [17], by using 
this technology involving Fe and Ni-based oxygen carriers for CO2 production, the CLC process has 
gained momentum all across the world and reaching new heights since then [1]. Now, CLC technology 
has developed manifold as the best possible way for Carbon capture and Storage (CCS) by under-going 
tremendous advances around the world which includes the usage of different kinds of fuels, 
improvement and synthesize of new oxygen carriers, various reactor systems, use of membrane 
technology, Pilot plant installations which has imparted confidence to researchers and industrialists to 
make this process commercially viable [1]. 

Reactions: 

Reduction:  CH4 + 4MeO   CO2 + 2H2O + 4Me 

       Oxidation:  4Me + O2  4MeO 
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2.2 Chemical Looping reforming: 

Chemical looping reforming (CLR) makes use of the principle of CLC for partial oxidation of fuel to get 
the desired product syngas (CO and H2), of which hydrogen is an essential feedstock for the chemical 
and petrochemical industry. CLR concept was first offered by Mattison and Lyngfelt in 2001 [19] has 
gained importance owing to highly efficient way of obtaining pure hydrogen stream in a single step 
together with inherent CO2 separation[11].The use of Palladium(Pd) based membranes for this 
concept, has gained attention as novel method of production of hydrogen [8,10]. 

 
Figure (4): Chemical looping reforming [23] 

Steam methane reforming: CH4 + H2O   CO+3H2 

                                               Partial Oxidation: CH4+MeO   Me + CO + 2H2 

 

2.3 Selection of Oxygen carrier 

The crucial factor for large-scale application of chemical looping processes (CLC and CLR) is the 
selection of oxygen carrier with favorable characteristics and properties. Any oxygen carrier should 
preferably have the following properties [1, 9] 

Possession of good oxygen carrying capacity (RO). 
Higher feedstock conversion Readily Fluidize and not agglomerate 
High mechanical strength & high melting point 
No or minimal carbon deposition on the carrier material 
Low-cost and Non-Toxic 

On the basis of the above preferred characteristics, different types of oxygen carriers have been 
examined and established for usage in CL processes [1].  

2.4 Need for Support 

Mostly, pure metal oxides do not placate all the necessary characteristics of an oxygen carrier. It is 
understood that the reaction rates are reduced very rapidly after a few cycles of reduction and 
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oxidation with pure metal oxides. Consequently, to get the preferred properties of oxygen carrier 

material for a successful CL process, many different metal oxides mixed with supports or sometimes 

combination of metal oxides has been preferred [1]. Support enhances the surface area for reaction, 

aids in adding to the mechanical strength and resistance to attrition and also improves the solid’s ionic 

conductivity, important role in carrying heat in OCs with less than 50% of active metal loading[6].Since 

the development of the process began, a thousand of oxygen carriers have been synthesized tested 

for CL [1].  

2.5 Ni-based oxygen carriers 

Nickel based oxygen carriers are the he most widely studied and examined of all the oxygen carriers. 

The advantages of Ni-based oxygen carriers are that they show very high reactivity with the fuel and 

almost complete conversions of hydrocarbons are procured, they exhibit good potential of working at 

high temperatures in the range of 900 °C –1100 °C and due to the catalytic properties [1]. However, 

there are some disadvantages associated with the use of Ni-based oxygen carriers. Disadvantages 

include presence of CO and H2 at the outlet of the FR due to thermodynamic restrictions, their toxic 

nature due to which certain safety measures are required for its usage, low reaction rate due to high 

porosity and they are costly than other metal oxides. Pure nickel oxides due to their high porosity have 

low reaction rates [1, 6]. Thus, the use of different materials came as support materials with nickel 

oxides to increase its reactivity and regenerability. A number of compounds have been used as support 

materials for Ni-based oxygen carriers. 

 
2.5.1 Alumina (Al2O3) 

Alumina has been widely used, recognized as support for all transition metals and especially for Ni-

based oxygen carriers majorly due to high reactivity towards fuels (CH4), thermally stable for 

operations even operations above (900°C), good fluidization properties with no agglomeration, low 

attrition and no carbon depositions at the CLC process conditions. Presence of the nickel as a dispersed 

nickel oxide on the support avoids agglomeration. But, it’s understood through literatures and 

research experiments across the years which state the metal-support interaction in case alumina 

support, forms a irreducible metal di-aluminate called spinel, whose reduction at optimum 

temperature range (600°C-800°C) is difficult and affects the reactivity, In case of CuO-Al2O3 as reported 

by Marian et al.,[12]there are two forms of spinel – CuAl2O4 and CuAlO2, the reduction of the latter 

form of spinel is the cause for the drop of reaction rate. This experimental study was also conducted 

to re-affirm that there is only one form in case of NiO-Al2O3, which is Nickel Di-Aluminate (NiAl2O4). 

Many Literatures also suggest the ways in which these effects could be averted by different methods 

of preparation, use of NiAl2O4, directly as the support. This helps in improving the carrier stability, but 

the down-side of this is the cost factor associated with using this a support, since Ni’s cost is really high 

when compared to other metals. Higher metal loading (~60%) which implies excess NiO to get the 

minimum free NiO for the combustion process. 

2.5.2 Calcium Aluminate (CaAl2O4) 

To avoid the metal-support interaction as in case of Alumina based OCs, the use of aluminates of 

Calcium was proposed by investigators and have shown promising results for both low temperature 

applications [8] as well high temperature (950°C) applications. The major advantage of this type of 

carrier is that the metal-support interaction is minimal and very high reactivity, carrier regeneration 
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even after 200 cycles of operation, higher selectivity of methane combustion to CO2 and H2O were 

obtained [1,8]. 

2.5.3 Silicon Dioxide (SiO2) 

 Silica shows very high reactivity at lower temperature as observed in CuO/SiO2 in [12] and is a material 

highly active and stable in redox cycles at temperature below 850°C [20]. Above 900°C there an 

observed decrease in the reactivity as a function of cycle number due to the formation of silicates and 

the mechanical strength drastically reduces But, only few tests are found in the literature using SiO2 as 

support material[21]. 

2.5.4 Cerium Oxide (CeO2) 

The application of Ceria has found little attention and have been studied for few processes like syngas 

production via Steam methane reforming in the case of Ce-Fe mixed oxides [7].Usage of Ceria in Solar 

driven thermochemical dissociation of CO2 and H2O a process which in close relation to CLC, where 

concentrated solar power is used to thermally decompose the oxides [7]. 

 

The promoting effect of cerium oxide majorly due to its oxygen storage capacity makes it ideal as a 

support with an active metal for water gas shift and catalytic methane oxidation. Oxidation reaction 

using NiO-CeO2 could be an interesting, taking into account the O-buffering effect and thought to be 

crucial for enhanced methane combustion [7]. 

 

The above mentioned reasons, few prevailing and promising, motivated the present work in which we 

investigate the performance of 5 different oxygen carriers with 4 different supports which includes a 

reducible support (CeO2)[7].  
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3. Materials and Methods 

3.1 Materials 

The experimental study involved the use of five different Nickel based oxygen carriers with (17%-40%) 

metal loading by weight and with 4 different inert supports. It had a combination of 2 commercial 

oxygen carriers and 3 In-house synthesized oxygen carriers. 

Commercial Oxygen carriers 

17% NiO-CaAl2O4 

For this experimental work, the pellets of Nickel based catalyst on Calcium Aluminate (Johnson 

Matthey product R110)  which were crushed to a desired particle size(< 250µm) and with metal loading 

of 17% by weight was utilized[8].  The method of preparation of this catalyst is spray drying. 

 37% NiO-Al2O3 

The 37% by weight for Alumina supported catalyst was prepared by spray drying technique. The 

particle size of these catalyst were in close proximity to 100 µm. This catalyst was prepared by spray-

drying technique and calcined at a temperature above 600°C. 

In-house Oxygen carriers 

Nickel based oxygen carriers with 40% Ni weight loadings were synthesized from Alumina (Al2O3), Silica 

(SiO2) by simple wet incipient impregnation method and with Ceria (CeO2) using impregnation method. 

All the supports were obtained from Sigma-Aldrich. 0.25 g of Nickel Nitrate hexahydrate 

(Ni(NO)3)2.6H2O (from Sigma Aldrich) was dissolved  in 1ml of De-ionized water to obtain a clear 

solution. The support material of about 1.003grams was added stirred [7]. The slurry obtained was 

dried in a vacuum oven overnight and then the calcination at 450°C was performed to obtain the 

desired oxygen carrier. The particle size distribution was obtained through Fritsch Analyste 22.The 

crystalline species present in the calcined sample were identified by XRD and the surface morphology 

was studied with help of SEM coupled with EDX. The table below summarizes the all the materials used 

for this experimental work. 

Table (1): Oxygen carriers with their metal Loading & Preparation Method 

Oxygen Carrier Material NiO(%) Type Preparation Method 

Nickel Oxide on calcium Aluminate NiO-CaAl2O4 17 Commercial Spray-Drying 

Nickel Oxide on alumina NiO-Al2O3 37 Commercial Spray-Drying 

Nickel Oxide on alumina NiO-Al2O3 40 In-house Incipient Wet impregnation  

Nickel Oxide on Silica NiO-SiO2 40 In-house Incipient Wet impregnation  

Nickel Oxide on Ceria NiO-CeO2 40 In-house Impregnation  
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3.2 Methods 

Reactivity Tests - Low Pressure thermogravimetric Analyzer (LPTGA) 

The Low pressure thermogravimetric Analyzer (LPTGA) was used to measure the oxygen carrier 
reactivity and comprised of a cylindrical quartz reactor with internal diameter of 15mm, placed in an 
oven that can be operated at up to 1000 °C and at atmospheric pressure (1 bar). A representation of 
the setup for this experiment used is shown in figure below [12]. A sample (typically about 100mg) is 
placed in a quartz sample-holder (40μm pore size) connected to a CI Precision microbalance with a 
platinum wire. The temperature and weight of the sample are continuously monitored through the 
software. The N2 and H2 used in these experiments had a 99.999% purity (with O2 < 4 ppm) and were 
supplied by Linde gas. Gas flow rates are controlled by Mass Flow Controllers (Bronkhorst) with the 
total gas flow rate up to 600mL/min. The gas is fed from the bottom part of the reactor. A permanent 
nitrogen purge stream is fed to the balance to avoid the exposure of the balance electronics to reactive 
species, but this stream is not in contact with the sample [8]. The lines at the outlet of the TGA are 
traced in order to avoid steam condensation [8, 12]. 

 

Figure (5): Schematic diagram of TGA Setup used for this work [12] 

Reactor Setup for redox experiments: 

The Reaction to be carried out with the setup in is reduction and oxidation reaction ranging from 500°C 
to a maximum of 700°C using the inlet gas stream of Hydrogen (reducing gas),Nitrogen and 
Air(oxidizing agent). All these reactions will take place at atmospheric pressure. The Reactor setup 
consist of an oven which can heat up to desired temperature. Temperature of the oven and the reactor 
are monitored with the help of two thermocouples, one placed at the top and the other which is 
21.5cm from the distributor and the pressure sensors at both ends of the reactor to check the pressure 
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at the inlet and the outlet. The inlet gas stream is calibrated using Horiba gas Calibrator. Maximum 
flow rate that would be employed for these experiments would be under 5 litre per minute. The 
amount, opening and closing valves of hydrogen and Nitrogen that flows into reactor is controlled and 
monitored using the software. Purging of 2 minutes will be done between every reduction and 
oxidation reactions using Nitrogen. 

 

Figure (6): Schematic diagram of Reactor setup used for this experimental work 

X-ray Diffraction (XRD) 

To identify qualitatively and quantitively the possible chemical phases present in the calcined fresh 
samples and post reactivity tests, the MiniFlex 600 X-Ray Diffractometer at 298K with a mobile Cu 
mode was used. A Graphite mono-chromator is used by the diffractometer to select the Cu kα 1.2 
radiation. All the experiments were carried out by adjusting the diffraction angle (2Ө) between 10° to 
120°. The diffractogram (interface pattern) is obtained from this analysis and gives as information 
about the components present in the sample. An elaborate discussion about the XRD analysis will 
follow in the results section. The multipurpose instrument has the ability to determine the phases, 
crystallinity, crystallite size and strain and molecular structure [8, 12]. 
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Figure (8): Miniflex XRD equipment 

Scanning Electron Microscope (SEM) 

To examine the sample for its external (surface) morphology and the orientations of the materials 
making up the sample, The Phenom Pro X Scanning electron microscope (SEM) coupled with EDX 
(Energy Dispersive X-Ray Spectroscopy) analysis was used. The Elemental mapping and Line Scan 
Software allowed to determine qualitative information about the distribution of elements on the 
surface of the sample and for composition of elements as part of semi-quantitive analysis. 

 

 

Figure (9): Phenom Pro X (SEM) coupled with EDX Setup 
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4. Results and Discussion 

For any catalyst to be successfully utilized as oxygen carrier for the CL process it needs to be tested for 

various properties. These properties are enumerated in table 3. 

Table (2): Properties with reasons for experimentation 

Properties Reason 

Thermal Stability Test To demonstrate that the material can withstand 

alternating cycles/harsh conditions of CLC 

Mass transfer limitations Test To check for the resistances that can affect the 

reaction rate of OC 

Reactivity Tests to study kinetics To study the effect of temperature on redox 

kinetics, effect of concentration on reduction 

conversion 

X-Ray Diffraction (XRD) To study the chemical phases present in the 

sample 

Scanning Electron Microscope (SEM) & EDX To analyze the microstructure, surface of the 

sample and to reveal the composition 

 

4.1 Reactivity tests with Thermogravimetric Analyzer 

In order to mimic looping process where the particles are exposed to alternating reducing and oxidizing 

cycles, the reactivity tests of commercial (37% NiO-Al2O3 & 17%NiO-CaAl2O4) and the three oxygen 

carriers which were synthesized with  40% metal loading in each of the supports – ɣ-Al2O3, SiO2 and 

CeO2 were conducted. These tests were carried to determine the redox (reduction-oxidation) kinetics 

with H2 (reduction) and Air for oxidation at atmospheric pressure in a Low pressure thermogravimetric 

analyzer (LPTGA). The oxygen carrier was placed in a basket and heated under N2 atmosphere till the 

operating temperature was reached. In this report, the effect of temperature, effect of flow rates and 

effect of concentrations are studied. 

4.1.1 Thermal Stability Tests: 

To demonstrate that the material can withstand alternating reduction and oxidation cycles and adhere 

to the harsh conditions of the chemical looping process, thermal stability test for the oxygen carrier 

was carried out. Before starting the redox cycles, the full conversion at a higher temperature (900°C) 

was studied. This was done in order to obtain the fully reduced mass (mred) and the fully oxidized mass 

(mox). For calculation purposes, the mass when reduced was used to determine the conversion for the 

remaining experiments. 

𝒙 = (𝒎 −𝒎𝒓𝒆𝒅)/(𝒎𝒐𝒙 −𝒎𝒓𝒆𝒅) 

 

x is the reduction conversion, m is the sample mass, mred is the reduced mass and mox is the oxidized 

mass.  
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Table (3): Conditions used for thermal Stability test 

Exp Material T (°C)  Ftotal   

(ml/min) 

Reduction Time 

(min) 

Oxidation Time 

(min) 

Cycles 

1 37% NiO-Al2O3 900 480 20% H2 10 20% O2 7 >30 

2 40% NiO-Al2O3 900 480 20% H2 10 20% O2 7 >30 

3 17%NiO-CaAl2O4 900 480 20% H2 10 20% O2 7 >30 

4 40% NiO-SiO2 900 480 20% H2 10 20% O2 7 >30 

5 40% NiO-CeO2 900 480 20% H2 10 20% O2 7 >30 

 

 

The below figure (9) depicts the steady operation of the carrier with alternating patterns of reduction 

and oxidation cycles with identical mass at fully oxidized and fully reduced mass for one of the samples 

in this experimental work[8]. 

 

 

Figure (9): Mass change versus time for one of the Oxygen carriers for more than 30 cycles at 900°C and 20% H2 

(Thermal Stability Test) 

 

 

Figure (10), represents the reduction conversion for the all OCs at different cycles. As observed from 

the figure, initially the conversion is really low. This could be attributed to the need for activation of 

the catalyst and also due to the dispersion. Conversion gradually increased and reached steady value 
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after (10-12 cycles) for the all the materials considered here, showing that NiO is both stable for 

continual series of experiments at high temperature and is fully activated. All the samples above were 

exposed to more than 30 alternating cycles of reduction and oxidation with 20% H2 as the reducing gas 

for 10 minutes and with oxidation time of 7 minutes with total volumetric flowrate at 480 ml/min. 

For Al2O3 support based catalysts we found that conversion is lower than the other supports and the 

possible when correlated with XRD revealed that the formation of Nickel Di-Aluminum oxide (Spinel) 

slows down the reaction. The effect of spinel would be discussed in detail in the coming sections. 
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Figure (10): Thermal Stability Tests: Reduction Conversion at 900°C for various cycles (Cycles: 1, 6, 12, 16, 26, and 30) 
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4.1.2 Mass Transfer limitations 

The overall reaction rate is often affected by internal and external mass transfer. In order to determine, 

the presence of these effects, experiments were carried out.  

4.1.2.1 Internal mass transfer 

From literatures it is revealed that the internal mass transfer limitations will not affect the reaction 

rate when the particle is less than 200 µm. In this case, the particles used were in close proximity to 

100 µm (proved by particle size distribution experiments) and from literatures particles in the same 

size range or even greater were not limiting the reaction [8][12]. 

4.1.2.2 External mass transfer 

The external mass transfer limitation is influenced by the total volumetric flowrate. To overcome this 

limitation, the oxygen carrier samples were exposed to different total flow rates at a constant 

temperature of 800°C.  

Table (4): Process conditions used for External mass transfer limitations test 

Exp Cycles Ftotal 

ml/min 

Reducing 

Gas 

Reduction 

Time 

Oxidation gas Oxidation time 

1 3 300 20% H2 10 20% O2 7 

2 3 480 20% H2 10 20% O2 7 

3 3 600 20% H2 10 20% O2 7 

 

Figure (11) below, shows the reduction conversion at different volumetric flowrates for different 

oxygen carrier samples. 

For all the cases the rate of the reaction remains the same. There are minor differences in the final 

conversions. From tests we can say that the system is devoid of external mass transfer limitations. 
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Figure (11): Reduction Conversion for external mass transfer tests with different flowrates at T=900°C for all 5 oxygen carriers 
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4.2 Reaction Kinetics 

Reactivity experiments were carried out using H2 as reducing agent balanced with N2 gas and air during 

oxidation. Temperatures between 700°C-900°C have been used under different gas compositions. 

These experiments were carried to study the following: 

 Effect of temperature on Reduction & oxidation Conversion 

 Effect of concentration on the reaction rate 

4.2.1 Effect of Temperature 

To study the influence of temperature on the oxygen carrier conversion, experiments were carried out 

under varying temperatures (700°C-900°C) for all the materials. The process condition used for these 

tests are given below: 

Table (5): Effect of Temperature 

Exp. Temp Cycles Ftotal 

(ml/min) 

Red Gas Reduction 

Time 

Oxidation 

gas 

Oxidation 

time 

700°C 3 480 20% H2 10 20% O2 7 

800°C 3 480 20% H2 10 20% O2 7 

900°C 3 480 20% H2 10 20% O2 7 

 

4.2.1.1 Reduction Reaction 

All carriers showed stable performance at the selected temperature of 900°C. Among the oxygen 

carriers, NiO-CaAl2O4 showed higher conversion even at low temperature when compared to Al2O3 

and SiO2 supports. These results once again proves that this support could be used for low-

temperature chemical looping applications as mentioned by Medrano et.al [8], and the results are in 

accordance with it. 

Initially, the reaction rate was faster in case of 37% and 40% Nickel oxide on Alumina even at 700°C, 

which can be attributed to the reduction of NiO to Ni, but after which the conversion slows down which 

is associated with formation of not easily reducible Nickel Di-Aluminate (Spinel).This effect was 

observed with other transition metal OC as well, namely CuO-Al2O3 where the conversion was affected 

by 2 different types of spinel [12].In case of Ni-based Al2O3 only type of spinel is formed and this 

confirmed later in this report through XRD analysis. At higher temperature range (900°C), the effect of 

spinel is anticipated to be lesser, and both carriers reached conversion of ~ 0.92 and ~0.94 at higher 

temperatures. The reason for the drop is better understandable after the X-ray diffraction studies. 

In case of SiO2 support, the reduction at higher temperatures (800°C-900°C) are almost the same. But 

at 700°C, the reduction is much lower, and the possible reason could be the incomplete oxidation at 

this temperature. To overcome this effect, Oxidation temperature could be set higher (say, 900°C) 

where complete oxidation takes place. This can be proved by the experiments reported on CuO-SiO2 

where full conversion reached at 600°C [12]. 

The reducible support (NiO-CeO2) showed complete carrier utilization which is evident from the figure 

(12), this probably due to the reducibility of the support in this OC, where the conversion drops slightly 
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below zero signifying the impact of CeO2 oxygen reservoir in addition to NiO during reduction. The 
reducibility is so fast that the conversion attains higher value and becomes stable in less than 100 
seconds. However the impact of the reducible support is insignificant in comparison to NiO [7]. This 
effect can be overcome by extending the reduction time, where all the Ce will completely get reduced 
and the conversion reaches a steady (X=1).This feature of Ceria could be detrimental to chemical 
looping reforming (CLR) process, where the desired product is syngas (CO & H2). But at the same time 
it cannot be neglected as well, since the other non-reducible carriers final conversions are lesser when 
compared to Ceria [7]. Figure 13, represents the reduction conversion for different materials at various 
temperatures. 

From these experiments it once again proves or is in agreement with the previous research/literatures 
which state that higher the temperature higher is the reduction conversion in the most cases. 

 
Figure (12):40% NiO-CeO2 Reduction conversion at 900°C 

4.2.1.2 Oxidation Reaction 

All carriers reach full oxidation at the selected temperatures (800°C, 900°C) and the kinetics were much 
more similar than the reduction kinetics between them. This proves that the oxidation reaction is not 
having any restrictions to achieve full conversion with fast initial kinetics and constant final conversion. 
There is was slightly slower kinetics for silica at 700°C possibly due the incomplete oxidation in this 
temperature, which had an impact in the reduction conversion at this temperature. In case of Al2O3 
the Oxidation conversion is higher than the reduction conversion at lower temperatures (700°C, 800°C) 
and gradually increases at higher temperature. For CaAl2O4, CeO2 oxidation conversions are equally 
close justifying that interactions between the support and the metal oxide does play a role in in the 
kinetics of the reaction. Figure 14, depicts the oxidation conversion for all materials at different 
temperatures.
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Figure (13): Reduction conversion for all materials at different temperatures; Reduction conversion at 900°C 
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Figure (14): Oxidation conversion at different temperatures; Oxidation conversion at 900°C
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4.2.2 Effect of concentration 

To study the effect of the concentration on the reaction rate, the experiments were conducted varying 

the concentration of the inlet reducing gas, while keeping the temperature and the total flowrate 

constant.  

Table (6): Process conditions for effect of concentration experiments 

Exp Cycles Temp Reduction Time(min) Oxidation Time(min) 

1 3 800°C 10% H2 10 20% O2 7 

2 3 800°C 20% H2 10 20% O2 7 

3 3 800°C 30% H2 10 20% O2 7 

 

The results revealed the time to reach steady state in case of oxygen carriers with CaAl2O4, CeO2, SiO2 

as supports, was more less the same, with minor differences in final conversion. 

In case of Al2O3 based carriers, 37% NiO carrier, showed that there is a dip in the final conversion after 

it reaches a steady state and time to reach full conversion was affected by concentration of hydrogen 

as it is evident from the graph below. This was not observed in the case of 40% NiO. This difference is 

may be due to some experimental error and unable to explain the slope inn conversion. All the above 

mentioned reasons is depicted in figure 15.  
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Figure (15): Effect of Concentration (reduction conversion) with 10%, 20%, 30% H2 at 800°C
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Figure (16): Comparison of reduction conversion for all OCs. 

Overall the TGA tests, demonstrated that support interactions played major role irrespective of the 

metal loading as evident from the conversions for 37% and 40% NiO-Al2O3. Among the carriers, NiO-

CaAl2O4 demonstrated the potential to be used even for low temperature applications. The SiO2 

support could also be used for low temperature chemical looping combustion applications, if the 

oxidation process is carried at higher temperature. The downside could be fluidization properties and 

more mechanical strength is needed. 

Reducible support CeO2, enable faster kinetics and significantly higher oxygen carrier utilization than 

the non-reducible support. But, thermal stability of Ceria and reducibility of support are undesirable 

and will be a serious concern when applied to CLR concept.  

Though Al2O3 performance was curtailed at optimum temperature ranges, they can be still be used for 

higher temperature chemical looping process owing to their advantages of better thermal stability 

than other materials. 
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4.3 Characterization of the Oxygen carriers 

All the carriers were physically and chemically characterized by various techniques. The identification 

of crystalline chemical species was carried out by powder X-Ray Diffraction patterns acquired using 

Rigaku Miniflex equipment. The oxygen carriers were also analyzed in Scanning electron microscope 

(SEM) coupled with detector for energy dispersive X-Ray (EDX) analysis. 

4.3.1 X-Ray Diffraction(X-RD) Analysis 

The purpose of XRD analysis was to identify the chemical phases present in the sample. In this work, 

three different sets of XRD characterization tests were carried out after various stages to identify the 

phases on the basis of comparison of d-spacing (2-theta) values and their corresponding relative 

intensities with those corresponding standard reference materials from other literatures [Ref-lishil et 

al). 

4.3.1.1 XRD analysis for different samples of NiO-Al2O3 

For NiO-Al2O3 Oxygen carrier three different sets of XRD characterization tests were performed to 

study and establish the impact of calcination temperature on the formation of Nickel Di-Aluminum 

oxide (Spinel), confirm the presence of only one type of spinel and the formation of this phase in the 

temperature range of 500°C-650°C. The below table(7) indicates the set of analysis carried out for Al2O3 

support based OC. 

Table (7): Various XRD Analysis for NiO-Al2O3 

Effect of Calcination Temperature  Redox Experiments  Pre & Post TGA  

(Finished in Oxidation 900°C) 

40% NiO-Al2O3 37% NiO-Al2O3 37% NiO-CaAl2O4 

Dried,450°C,700°C,900°C Fresh,500°C,600°C,650°C 40% NiO-Al2O3 

 

NiO was found in all the samples at following distinctive peaks 37.3°, 43.3°, 62.8° and 75.4° that 

corresponds to the face-centered cubic phase of NiO. Metallic Ni was found in the dried sample at 

(44.5°, 51.8°, and 76.6°) [11]. From the figure 17 (a), it is evident that for 40% NiO-Al2O3, in dried and 

the fresh sample calcined at 450°C, do not have the chemical phase –Spinel. As the temperature 

increases above 500C, the spinel phase is evident from the peaks at 2 different diffraction angles [11].  

The presence of the peak at diffraction angles of 45.2° and 65.7° in calcined samples above 500°C is 

attributed to NiAl2O4.However, the ɣ-Al2O3 support also exhibits peaks at 46° and 66° respectively, 

making it challenging to endorse the presence of crystalline NiAl2O4 in all calcined OCs with Al2O3 as 

support [11]. XRD analysis also confirmed that phase change Al2O3 did not occur even after more than 

50 hours of operations [10]. 
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Figure (17): XRD patterns for NiO-Al2O3 at different temperature
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The Intensity of peaks at (45°,66°) increased with increase in temperature (600°C-800°C), which 

justifies the presence is greater at these temperature ranges, reduces at higher temperature (900°C). 

The possible reason for decrease could be due to the decomposition of Spinel after 900°C, and can be 

affirmed with the increase in intensity of NiO peaks at 900°C [11]. These findings are agreement with 

literatures which have stated the presence of this phase. In order to graphical indicate the above 

conclusion, that presence of spinel and its content getting lower as the temperature rises above 800° 

C, A comparison of peak intensities overlapping the patterns was made as a pseudo-quantitative 

analysis as followed for CuO-Al2O3 [12].  

The below histogram compares the intensity of the peaks at two different diffraction angles (2Ө-

45.2°and 65.7°) during different temperatures. (Note: in the dried sample it is Al2O3) 

 

Figure (18): Presence of Spinel; Intensity vs temperature 

 These findings clearly indicate the reason for slower kinetics observed in reactivity tests in TGA with 

H2 as fuel, in optimum temperature range, which is directly related to the calcination temperature of 

the samples. Also, these analyses prove that for NiO-Al2O3 OC, there is only one form is spinel is formed 

which is consistent with the findings of the other researchers [11].  

4.3.1.2 XRD analysis pre & Post reactivity tests for other OCs: 

XRD patterns for other oxygen carriers, both fresh and samples finished in oxidation, revealed that 

revealed there were no formation of any other phases and this consistent with the reactivity tests. NiO 

and Supports were present in separate phases. Analyses from XRD revealed that, interaction of the 

support with the metal oxide will have an impact in the reduction kinetics, as revealed in the reactivity 

tests for Al2O3 based supports. 
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Figure (19): XRD patterns for NiO-CaAl2O4, NiO-SiO2, and NiO-CeO2
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4.3.2 SEM Analysis: 

To study the topography the structure of the oxygen carrier and to know the chemical composition, 
Scanning Electron Microscope (SEM) coupled with EDX were carried for the fresh and post reactivity 
tests. The results from these analyses are discussed below. 

EDX analysis complemented that Nickel was uniformly disturbed inside the particles .In the fresh and 
post reactive sample for both NiO-Al2O3, it was observed that Sphericity of the particles was 
maintained throughout. Coarseness of the surface was observed as a result of sintering. The hollow 
part in the SEM Image is assumed to have been caused by the preparation procedure. Literature [23] 
state that this observed hollow structure, doesn’t have an influence on the physical characteristics of 
the materials. 

 

 

Figure(20):SEM Images of 37% NiO-Al2O3 : Fresh and Post reactivity tests. 

 
Figure (21): SEM images of 40% NiO-Al2O3: Fresh and Post reactivity tests. 

 



38 

SEM micrographs of NiO-CeO2 before and after the reactivity tests indicated the higher extent of grain 
growth which is associated with increase in crystallite size in the material at higher temperature. 
During re-crystallization, reduction in the stability and subsequent increase in ductility is common. This 
once again makes Ceria a weak contender among the other OCs besides better reducible properties 
than Alumina based OCs [8]. 
 

 

Figure (22): SEM images of 40% NiO-CeO2: Fresh and Post reactivity tests. 

In NiO-CaAl2O4, the presence of well distributed and homogenous layer of NiO is observed in the fresh 
sample. The post reactivity samples revealed larger NiO grains, which can be linked to agglomeration 
of nickel species over the cycles [8]. 

 

Figure (23): SEM Images of 17% NiO-CaAl2O4: Fresh and Post reactivity tests 

 

NiO-SiO2 SEM analysis revealed larger particles and in different shape to that of other OCs. Literatures 
reveal that the larger particles is attributed to higher metal loading of the catalyst. It further states 
percentage of Ni-loading would have an effect on the particle size. The Ni particle size affects the 
oxidation tendency, and particles formed in the sample with lower Ni loading freely oxidized even at 
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low temperature as the oxygen diffusion is at ease from the surface to inner part. This finding 
contradicts to the findings by Marian et.al [12], where 70% CuO-SiO2 was utilized to achieve full 
oxidation 870°C. Further investigation is required to exactly know the cause for this irregular shape 
exhibited by the 40% NiO-SiO2 OC.  

 

Figure(): SEM images of 40% NiO-SiO2 : Fresh and Post reactivity tests. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 



 Technische Universiteit Eindhoven University of Technology  

40 

 

Conclusion 

The aim of the study was to evaluate the performance of Nickel based oxygen carriers with different 

inert supports like alumina, Calcium aluminate, Silica and Ceria for their suitability to different chemical 

looping applications. The study was based on their physical properties and reaction kinetics. All the 

carriers exhibited stability over 20 hours of operation under alternating reducing and oxidizing 

atmosphere, which is a key criterion for CL process. SEM and EDX analysis helped us to understand the 

surface morphology, composition, and to know that the sphericity was maintained even after long 

hours of operation and affirm the uniform distribution of nickel oxide on the supports respectively. 

After this work, it is possible to conclude the drop in redox kinetics of NiO-Al2O3 based OC in optimum 

temperature range (600°C to 800°C) is majorly due to the metal-support interaction. The formation of 

spinel at this temperature range plays a role in the drop and it is observed that influence of by the 

percentage metal loading is not significant. XRD analysis and the pseudo quantitative analysis, re-

affirmed the reason for the drop in kinetics. It also helped us to reveal that the effect could be 

mitigated to a little extent if the sample is calcined below 500°C.Nevertheless, impact of spinel in this 

temperature range cannot be avoided when operated at atmospheric pressure. Moreover, the 

advantage that NiO-Al2O3 possess is in terms of better thermal stability, good fluidization which can be 

channelized to higher temperature applications above 900°C, where the spinel formation is 

considerable lesser and best suited for reforming applications. 

Among all the oxygen carriers, 17% NiO-CaAl2O4 stands out on all criteria, mainly the averting of 

formation of non-reducible nickel aluminate, making it the best for both low (after activation at higher 

temperature) and high temperature chemical looping combustion and reforming applications. Nickel 

oxide on Ceria (reducible support) showed good redox kinetics and the oxygen utilization was 

significant compared to non-reducible supports. Even though ceria exhibited promising kinetics, the 

drawbacks of using Ceria are its high cost being a rare-earth metal, reducibility is un-suited for 

reforming operations, its poor thermal stability and risk of attrition since most of chemical looping 

applications are based on fluidized bed reactors.NiO-SiO2 can be applied for looping processes even at 

low temperature, if its oxidized at higher temperature (900°C) owing to this fluidization properties. 

Even though, the usage of toxic Nickel based oxygen carriers is a risk, the high melting point, strong 

catalytic properties make it the best among the other transition metal based OCs. Thus, among the Ni-

based carriers tested for utilization in chemical looping processes, 17% NiO-CaAl2O4 tops for low 

temperature applications, and Al2O3 for high temperature applications owing to its thermal stability 

and good fluidization properties. 
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Recommendations 

The following section includes the possible recommendations and the future tasks that could be 

carried out for better understanding of the oxygen carriers and making a suitable carrier for both for 

chemical looping combustion and chemical looping reforming operations. 

 Uniform Metal Loading for all the materials 

From the study it was evident that even with lower metal loading (NiO %), better conversions were 

achievable. Since 17% NiO-CaAl2O4, was the best among the studied carriers, it would be great idea to 

prepare in-house oxygen carriers with different supports (Al2O3, SiO2 and CeO2) with 17% metal loading 

by incipient wet impregnation method. If the reactivity tests are conducted with the same metal 

loading across all OCs, it can give us large amount of information for lesser metal loading of catalyst 

and subsequent cost reduction. 

Use of Higher Pressures and Low temperatures 

Since NiO-Al2O3 oxygen carrier’s usage at optimum temperature range of 600°C-800°C is limited by 

formation of undesirable nickel aluminate. This effect could be averted by experimenting at same 

temperature range, but at higher pressures. 

Use of modified supports 

During the literature phase of the thesis work, it was interesting to note about the 0.5 to 5 weight% 

rare-earth metal doping (Ceria) to ɣ-Al2O3 support prior to Nickel loading. The thermal stability of the 

material improved, metal-support interactions which caused the formation of spinel is avoided, and 

creation of barrier phase between the support and metal helps in the formation of desirable NiO. The 

final conversion was reported to improve from by at least 15% than that of the OC without doping [24]. 

Reactivity investigation with methane as fuel & reactor level tests 

All the oxygen carriers could be evaluated with methane as fuel (along with steam; Steam to Carbon 

Ratio of 3) to check for thermal stability, effect of temperature, effect of concentration, effect of 

carbon deposition and various other parameters. The reactivity tests in TGA exhibits the differences 

between the various oxygen carriers based on kinetics. If the same operations could be tested in a 

larger scale with fixed bed, fluidized bed reactors with total flowrates in liter per minutes. 
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