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KEYWORD: Hydrogen production, Chemical looping steam reforming of ethanol 
 Supalak Isarapakdeetham : Effect of CeO2 and La2O3 promoters on 

Ni/Al2O3 oxygen carrier performance in chemical looping steam reforming 
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The effects of Ce and/or La on NiO/Al2O3 were studied in chemical 

looping steam reforming of ethanol. Oxygen carriers (OCs) were prepared by wet 
impregnation method and characterized by various techniques. The redox test was 
performed by alternating between fuel feed (FFS) and air feed step (AFS) at 500oC. 
It was found that Ce- and La-doped improved the OCs’ properties. A suitable 
amount of Ce- and La-doping helped increase carbon tolerance due to oxygen 
storage capacity and mobility. The solubility limit was found at 50 mol% La in solid 
solution. At higher La-doping, La2O3 dispersed on the surface and adsorbed CO2 to 
form La2O2CO3 during the FFS. From the 1st cycle, N/7LCA displayed the highest H2 
yield (3.2 mol/mol ethanol-min). However, after the 5th cycle, N/3LCA exhibited 
more stability and presented the highest ethanol conversion (88%) and H2 yield 
(2.5) at 180-min TOS, which decreasing from the 1st cycle 7% and 5%, respectively. 
Amorphous coke on the OCs decreased with increasing basicity and could be 
removed at 500oC during AFS, while fibrous coke and La2O2CO3 could not 
decompose at 500oC. Therefore, after multiple redox cycles, highly La-doped OCs 
exhibited rather low stability – suggesting that for La-doped OCs, higher 
regeneration temperature in AFS should be considered while Ni sintering at 
elevated temperature should be concerned. 
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CHAPTER I 

INTRODUCTION 

 

1.1 Introduction 

 Nowadays, global warming is one of the world’s major problems which have 

drawn great attention from many countries. Greenhouse gases (e.g. CO2, CH4 and O3) 

generated from human activities especially fossil fuel burning are the main cause of 

global warming. Since 2006, CO2 concentration level (as shown in Fig. 1.1) has been 

increased from 380 ppm to 408 ppm. So, all sectors are cooperating to reduce 

energy consumption and to use more alternative energy such as solar power, wind 

power, biomass, tidal power, geothermal, etc. (http://www.altenergy.org/) 

 

Figure 1.1 Global CO2 emissions (https://climate.nasa.gov/) 

 

 Hydrogen has recently been given attention and proposed as one of the most 

desirable and efficient energy carriers instead of fossil fuels. It is often used as clean 

fuel in fuel cells because only water steam is produced in hydrogen combustion with 

very high energy release as shown in reaction (1) [1]. Moreover, hydrogen is used for 

the conversion of heavy petroleum fractions into lighters by hydrocracking process, 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 2 

for the production of ammonia by Haber process, for the reduction of carbon 

monoxide to produce methanol. Hydrogen can be produced through different 

methods as shown in Fig. 1.2. The dominant route to produce hydrogen on a large 

scale from hydrocarbons or biomass is steam reforming [2-15] while other 

technologies such as sorption enhanced steam reforming [16, 17] with or without 

chemical looping process [18-24] from methane [8, 16, 18-21], methanol [6, 15], 

ethanol [4, 7, 9, 13, 14, 22-24], glycerol [5, 10-12], acetic acid [2, 3] have been 

proposed. Among the hydrocarbons and oxygenated compounds, ethanol is 

considered as an important candidate because of high H content, less hazard, safe 

transport and high heating value, and it can be produced economically and 

sustainably in large amounts from biomass such as agricultural wastes [25, 26]. 

H2(g) + 1/2O2(g) → H2O(g)   ∆H298 K = -241.81 kJ/mol  (1) 

 

Figure 1.2 Hydrogen production methods 

(http://www.hydroville.be/en/waterstof/hoe-maak-je-waterstof/) 
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 Although carbon dioxide is produced from steam reforming of ethanol 

(reaction (7)), it can be captured for hydrogen purification by CO2 adsorbent such as 

calcium oxide (CaO) and be separated from the carbonate at high temperatures by 

reactions (2) and (3), respectively and be stored at deep underground or deep inside 

sea storage (Fig. 1.3) [27] with no CO2 emission. 

CaO(s) + CO2(g) → CaCO3(s)   ∆H298 K = -175.7 kJ/mol  (2) 

CaCO3(s) → CaO(s) + CO2(g)   ∆H298 K = 175.7 kJ/mol   (3) 

 

Figure 1.3 Flow-chart for CO2 collection, compression, transport, and storage [27] 

 

 There are two groups of metal which are often used as catalysts for steam 

reforming of ethanol, consisting of noble metals (Rh, Pt, Pd, Ru, Ir) and transition 

metals (Ni, Co, Cu, Fe). In case of noble metals, there are many advantages for steam 

reforming comprising of good catalytic activity and resistance to carbon formation 

except their high cost and low availability [28]. Among the transition metals, Ni is the 

best catalyst for hydrogen production by steam reforming which shows more than 

90% hydrogen selectivity [29]. However, Ni-based catalysts generally suffer rapid 

deactivation caused by sintering of active nickel species and carbon deposition, 

which remains a major challenge for developing Ni-based catalysts [30], [31]. An 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 4 

effective way of improving Ni dispersion and suppressing the aggregation of Ni 

nanoparticles is spreading them on porous supports [32]. Alumina is often used as 

support because of its high surface area but the Lewis acid sites of the alumina cause 

carbon deposition due to ethylene production [29], [33]. To adjust the stability of 

alumina supported Ni, rare earth metals are promoted on the catalysts to reduce 

acidity, reduce Ni particle size and improve Ni dispersion [34]. 

 Chemical looping steam reforming refers to the reduction and oxidation of 

oxygen carriers (OCs) which are circulated between a fuel reactor (FR) and an air 

reactor (AR). An oxygen carrier, often metal oxide, is used to transfer the oxygen from 

the air to the fuel between two reactors. The reduced oxygen carrier is then recycled 

by using air to oxidize the carrier to its original state. It should be noted that reduced 

oxygen carrier also acts as a reforming catalyst. The oxidation reaction of oxygen 

carriers is very exothermic and the reduction reaction is endothermic so this process 

acts as auto-thermal condition which reduces the external energy consumption [22]. 

Moreover, carbon deposition on catalyst can be eliminated during the process of 

oxygen carriers regeneration, this process utilizes air rather than pure oxygen from 

costly air separation process and achieves heat balance in auto-thermal condition 

[25].  

Metal oxides of Fe, Ni, Co, Cu, Mn and Cd have been studied, mostly for 

chemical looping of gaseous fuels such as natural gas or methane [20, 35, 36]. 

Chemical looping of liquid fuels such as ethanol has also been reported [22, 23, 37]. 

Metal oxide of Ni is relatively low cost and was found to provide a high 

oxidation/reduction rate which is suitable for chemical looping process [25, 38]. Zafar 

et al. have studied Ni, Cu, Fe and Mn supported on SiO2 or MgAl2O4 as oxygen 

carriers and the results showed that Ni-based oxygen carriers are the most feasible 

for chemical looping process [35]. However, Ni is still susceptible to agglomeration 

and carbon deposition during the reforming process. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 5 

For agglomeration problem, the impregnation of oxygen carriers onto 

substrates was found to reduce agglomeration and increase the reactivity of the 

oxygen carriers [25]. The different types of alumina support were reported to affect 

the reactivity of the oxygen carriers and on the gas product distribution. De Diego et 

al. reported that the reduction reactivity of the NiO/α-Al2O3 was higher than NiO/γ-

Al2O3 because of the limited solid state reaction between NiO and α-Al2O3 [39]. 

For carbon deposition problem, the usage of proper oxygen carriers with high 

oxygen storage capacity (OSC) and high mobility (OM) was found to reduce carbon 

deposition on the oxygen carriers. Jiang et al. studied various oxygen carriers and 

found that oxygen carriers with high OSC and OM could reduce carbon deposition 

during hydrogen production process due to the oxygen lattice diffusion to oxidize the 

carbon formation [40]. Therefore, the excellent oxygen carriers should perform as 

high reactivity, high OSC, high OM, high resistance to sintering and high stability [41]. 

Rare earths (Ce, La) have been widely used as a promoter doped on catalysts 

in reforming process to improve the metal dispersion and metal-support interaction 

[9, 33, 42, 43]. Ceria (CeO2-x) exists in a fluorite structure, which is favorable for the 

diffusion of oxygen lattice and oxygen vacancy formation. Therefore, ceria exhibits 

high OSC and OM since it easily releases, stores and transports oxygen [44]. 

Moreover, in reforming process, CeO2 can promote the water gas shift (WGS) reaction 

and also prevent the sintering of metallic species [45, 46]. In Ni-ceria/NiO-ceria 

chemical looping, ceria can also act as an oxygen carrier due to its high OSC and OM 

properties. In this work, La3+ aliovalent dopant (La2O3) was used to enhance OSC and 

OM of ceria as well as to reduce carbon deposition on the Ni catalyst. It should be 

importantly noted that La2O3 addition was reported to help reducing carbon 

deposition on catalyst in reforming process [33] since La2O3 can adsorb and react 

with CO2 to form lanthanum oxy-carbonate species act as a carbon reservoir 

(reaction (4)) [23, 47-50]. Therefore, La2O3 can act as CO2 sorption in the process. The 

addition of La2O3 is also expected to reduce the surface acidity of Al2O3 support. 
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Although lanthanum doped ceria has been employed extensively as a reforming 

catalyst, up to date the effect of ceria doping as an oxygen carrier on the redox 

property and stability has not been of much attention in the chemical looping 

process. 

La2O3(s) + CO2(g) → La2O2CO3(s)                       (4) 

The aim of this study is to study the effect of addition CeO2 and/or La2O3 as a 

promoter on Ni-based oxygen carriers performance for chemical looping steam 

reforming of ethanol. It is expected that CeO2 and/or La2O3 incorporation ought to 

improve the Ni dispersion, enhance reducibility of NiO which shortened the dead 

time in the fuel feed step, improve the efficiency of hydrogen production and reduce 

carbon deposition due to carbon gasification during the fuel feed step. In case of 

La2O3, the formed La2O2CO3 should provide the higher hydrogen purity in the 

effluent gas. The role of lanthanum doped ceria as an oxygen carrier in corporate 

with Ni metal as well as the role of material in reducing carbon deposition is of 

interest. 

1.2 Objective 

To study effect of the addition of CeO2, La2O3 and CeO2-La2O3 on Ni/Al2O3 

oxygen carrier on hydrogen production in chemical looping steam reforming of 

ethanol. 

1.3 The scope of research 

 1) Various weight ratio of rare earth oxides (CeO2 : La2O3 are 0 : 10, 1 : 9, 3 : 7,  

5 : 5, 7 : 3, 9 : 1 and 10 : 0) were promoted on 12.5wt.%Ni/Al2O3 oxygen carriers by 

wet impregnation method to determine the activity of oxygen carriers for chemical 

looping steam reforming of ethanol. 
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 2) The oxygen carriers were characterized by N2 adsorption-desorption, XRD, 

H2-TPR, CO2-TPD, SEM-EDX and TGA to determine their physical and chemical 

properties. 

 3) The activity tests and stability tests with 5 cycles of oxygen carriers were 

carried out by chemical looping steam reforming of ethanol at atmospheric pressure. 

 4) Fuel feed step referred to fuel reforming as well as the reduction reaction 

of oxygen carriers while air feed step referred to oxidation reaction of a reduced 

oxygen carrier to oxidize the carrier to its original state. 

 5) Post analysis is performed. The used oxygen carriers were characterized by 

XRD, SEM-EDX and TGA to determine the change in properties and carbon 

deposition. 

1.4 Research methodology 

1) Doping CeO2 and La2O3 on Al2O3 via wet impregnation method and 

calcined at 650°C for 6 h to obtain CeO2-Al2O3, La2O3-Al2O3 and La2O3-CeO2-Al2O3. 

2) Loading Ni on Al2O3, CeO2-Al2O3, La2O3-Al2O3 and La2O3-CeO2-Al2O3 via wet 

impregnation method and calcined at 500°C for 4 h to obtain Ni/Al2O3, Ni/CeO2-

Al2O3, Ni/La2O3-Al2O3 and Ni/La2O3-CeO2-Al2O3 as oxygen carriers. 

3) Investigation the performance of each oxygen carriers in chemical looping 

steam reforming of ethanol at various operation condition at atmospheric pressure. 

4) Characterization of fresh oxygen carriers, used oxygen carriers by XRD, N2 

adsorption-desorption, H2-TPR, CO2-TPD, SEM-EDX and TGA/DSC. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER II 

BACKGROUND AND LITERATURE REVIEWS 

 

2.1 Ethanol 

 Ethanol (also called ethyl alcohol) is a volatile, flammable, clear colorless 

liquid with a slight characteristic odor. It is naturally produced by fermentation of 

sugars by yeasts or via petrochemical processes. This compound is widely used as a 

chemical solvent, either for scientific chemical testing or in synthesis of other organic 

compounds, and is a vital substance utilized across many different kinds of 

manufacturing industries. Ethanol is also used as a clean-burning fuel source 

(http://www.chemicalsafetyfacts.org/). Some properties of ethanol are shown in 

Table 2.1. 

Table 2.1 Structure and properties of ethanol molecule. 

(https://pubchem.ncbi.nlm.nih.gov/) 

Molecular formula C2H5OH 

Structure 

        
Molar mass 46.069 g/mol 

Appearance clear colorless liquid with a slight characteristic odor 

Density 789 kg/m3 (at 20°C) 
Melting point -114.1°C  

Boiling point 78.2°C 

Solubility in water 1,000,000 mg/L (at 25°C) 
Heating value 26.952 – 29.847 MJ/kg (from ESSOM CO.,LTD, Thailand) 
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2.2 Steam reforming process (SR) 

The steam reforming process is the most widely employed route for 

hydrogen which is consists of steam reforming reaction and water gas shift reaction 

as shown in reactions (5) and (6), respectively. There are two groups of fuels using in 

steam reforming system consist of light hydrocarbon (refinery gases, LPG, natural gas, 

naphtha) and heavy hydrocarbon (oil, tar, asphalt, petroleum coke, coal). Hydrogen 

production via steam reforming process is divided into 3 steps as shown in Fig. 2.1. 

Firstly, fuels are fed into the reformer with steam at high temperature and pressure 

due to highly endothermic reaction. The effluent gas from reformer is sent to the 

water gas shift reactor includes high temperature shift reactor (HTS) and low 

temperature shift reactor (LTS) to convert carbon monoxide into more hydrogen. 

Lastly, hydrogen is separated by a purification unit to obtain more than 95% purity of 

hydrogen. The advantage of steam reforming process is the high efficiency and low 

production costs. [51] 

CH4(g) +H2O(g) ↔ 3H2(g) + CO(g)  ∆H298 K = 206 kJ/mol   (5) 

CO(g) + H2O(g) ↔ H2(g) + CO2(g)  ∆H298 K = -41 kJ/mol   (6) 

 

Figure 2.1 Flow-sheet for a conventional steam reforming for hydrogen production 

[52] 
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 Ethanol is interesting source of hydrogen because it can be obtained from 

renewable biomass (e.g. sugar cane). Its advantage is also low toxic and safety 

handling. The overall ethanol steam reforming reaction are shown in reaction (7). 

However, there are several other reactions which generate unwanted products by 

ethanol dehydrogenation (reaction (8)), ethanol decomposition (reaction (9)), ethanol 

dehydration (reaction (10)), ethanol dehydrogenolysis (reaction (11)), acetaldehyde 

decomposition (reaction (12)), Boudouard reaction and other intermediate reactions 

for the carbon deposition on the catalyst surface (reactions (13) – (17)). [28] These 

reactions can be written in pathway as shown in Fig. 2.2. 

C2H5OH(g) + 3H2O(g) → 2CO2(g) + 6H2(g) ∆H298 K = 347.4 kJ/mol   (7) 

C2H5OH (g) ↔ CH3CHO(g) + H2(g)  ∆H298 K = 68.5 kJ/mol   (8) 

C2H5OH (g) ↔ CH4(g) + CO(g) + H2(g)  ∆H298 K = 49.6 kJ/mol   (9) 

C2H5OH (g) ↔ C2H4(g) + H2O(g)  ∆H298 K = 45.4 kJ/mol           (10) 

C2H5OH (g) + 2H2(g) → 2CH4(g) + H2O(g) ∆H298 K = -156.2 kJ/mol          (11) 

CH3CHO(g) ↔ CH4(g) + CO(g)   ∆H298 K = -18.9 kJ/mol           (12) 

C2H4(g) → 2C(s) + H2(g)   ∆H298 K = -52.4 kJ/mol           (13) 

CH4(g) ↔ 2H2(g) + C(s)   ∆H298 K = 75 kJ/mol           (14) 

2CO(g) ↔ CO2(g) + C(s)   ∆H298 K = -172 kJ/mol           (15) 

CO(g) + H2(g) ↔ H2O(g) + C(s)   ∆H298 K = -131 kJ/mol           (16) 

CO2(g) + 2H2(g) ↔ 2H2O(g) + C(s)  ∆H298 K = 306 kJ/mol           (17) 
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Figure 2.2 Reactions pathway in the ethanol steam reforming [29] 

 

2.3 Chemical looping reforming method 

 In the chemical looping steam reforming, metal oxide is used as oxygen 

carriers which are reduced and oxidized in a cyclic manner. It is usually performed in 

two reactors which are fuel reactor (FR) and air reactor (AR) to reduce and oxidize the 

oxygen carriers, respectively. In the fuel feed step, fuel is oxidized by lattice oxygen 

from the oxygen carriers into synthesis gas, which is convert to be H2 by WGS 

reaction, while metal oxide is (MeO) reduced into metal (Me) and MeyOx-1 (reaction 

(18)). The initial period in the fuel reactor also called ‘dead time’ because of no H2 

generation, and this ‘dead time’ is the indicator of the reducibility of oxygen carriers. 

When the MeO sufficiently convert to Me, steam reforming to syngas and WGS occur 

(reaction (19) and (6)). Then in the air feed step, the reduced oxygen carriers (Me) is 

transferred to air reactor for replenishment of oxygen from air to be MeO and to 

combust the carbon deposition on oxygen carriers as shown in reactions (20) and 

(21). The reactions in the fuel reactor and air reactor are endothermic and 

exothermic, respectively, so the overall reactions are achieved auto-thermal 
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conditions. [23, 25, 26, 53] The diagram of chemical looping reforming method is 

shown in Fig. 2.3.  

C2H5OH(g) + 6MeO(s) → 2CO2(g) + 3H2O(g) + 6Me(s)  

or C2H5OH(g) + MeyOx(s) → 2CO(g) + 3H2(g) + MeyOx-1(s)  ∆H298 K > 0           (18) 

C2H5OH(g) + H2O(g) → 2CO(g)+ 4H2(g)    ∆H298 K = 256 kJ/mol  (19) 

2Me(s) + O2(g) → 2MeO(s) 

or 2MeyOx-1(s) + O2(g) → 2MeyOx(s)    ∆H298 K < 0  (20) 

C(s) + O2(g) → CO2(g)      ∆H298 K = -394 kJ/mol (21) 

 

Figure 2.3 Working principle of chemical looping reforming [24] 

 

 For the fixed bed reactor, chemical looping reforming is performed by 

switching the feed gas between fuel feed and air feed. Adanez et al. [41] have 

proposed that the excellent oxygen carriers should fulfill several characteristics such 

as high oxygen mobility (OM), high resistance to sintering, high catalytic reactivity and 

limited cost.  
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2.4 Materials for steam reforming reaction and chemical looping reforming 

system 

Mattisson et al. [35] studied different transition state metal oxides as the 

active phase of oxygen carriers such as Ni, Cu, Fe and Mn supported on SiO2 and 

MgAl2O4 in the two interconnected fluidized beds, and the results conclude that Ni-

based particles are most feasible oxygen carriers for both chemical looping 

combustion (CLC) and CLR. In spite of the excellent reactivity of Ni-based oxygen 

carriers, the main obstacles for the application are the rapid deactivation from metal 

sintering due to the low Tamman temperature and insufficient oxygen mobility 

because of the high activation energy (2.23 eV in CLR) of oxygen anion diffusion of 

NiO [54]. The conversion of oxygenates are increased when increase amount of 

active Ni metal. 10-15 wt% is reported as the optimum Ni loading, however, the 

increased amount of Ni loading may affect to sintering [55]. 

Al2O3 is often used as inert support because of their high mechanical 

resistance, proper chemical stability and high melting point. The Al2O3 support 

increases the porosity, surface area and dispersion of metal loading and improves the 

reactivity. Karimi et al. [36] prepared oxygen carriers by precipitation method using 

inert materials Al2O3 and TiO2 as supports for chemical looping reforming system in 

fixed bed reactor at high temperature (700–1200°C). The results showed that the 

better reactivity of Al2O3 compared to TiO2 because of more porous structure and 

higher surface area for chemical looping reforming process. However, the acidic 

properties of Al2O3 are caused the carbon deposition [36]. The acidity and basicity of 

the support are affected to metal particle size and metal-support interaction [50]. 

The support with basicity properties or adding basic promoters on the catalyst 

surface proposes and increase of adsorbed oxygen atoms (Oad) [56]. It is well known 

that ceria-promoted materials are suppressed the carbon deposition on the active 

phase due to the properties of CeO2: high reducibility, oxygen mobility, oxygen 

storage capacity [57]. The CeO2 concentration influences on the metal-support 
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interaction, the dispersion of the active metal sites and carbon removal [50]. La2O3 is 

usually used as promoters because La2O3 can improve the properties of catalyst 

such as basicity properties of the supports and metal-support interaction [56]. 

Montero et al. [58] studied ethanol steam reforming by using Ni supported on La2O3-

Al2O3 and reported that La2O3 can suppress the formation of ethylene which is coke 

precursor. In addition, La2O3 can react with CO2 to form La2O2CO3 which improve the 

catalyst activity and stability [56, 59, 60]. 
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Table 2.2 Summary of previous works with different catalysts, supports and 

conditions for steam reforming reaction and chemical looping reforming system 

Catalyst Reaction Amount 
(g) 

Temperature 
(°C) 

S/E 
mol 
ratio 

Ethanol 
conver- 
sion (%) 

H2 yield 
(mol/mol 
ethanol) 

Ref. 

5%Co/calcium 
hydroxyapatite 

SR 0.15 500 6 41-67 1.5 [4] 

5.5%Ni/Ce-Al-
Mg 

SR 3.00 540 3 87 4.0 [9] 

6%Ni/SBA-15 SR 0.20 550 3 100 5.1 [13] 
7%Ni/CeO2-
MgO 

SR 0.03 600 6 100 4.2 [14] 

12%Ni/MMT-
TiO2 

SR 0.50 500 10 84 3.3 [61] 

15%Ni/Sr-
Al2O3-ZrO2 

SR 0.10 450 6 100 2.6 [34] 

7.5%Ni-
7.5%Co/Al2O3 

SR 0.50 550 13 97 N/A [62] 

14%Ni/Al2O3 SR 0.10 450 6 100 1.4 [63] 
15%Ni/ZnO-
Al2O3 

SR 0.02 500 3 100 N/A [64] 

NiMn2O4 CLR 1.00 600 3 N/A 3.3 [22] 

LaNiO3-Ca CLR 0.50 600 6 86 3.7 [23] 

LaNiO3/MMT CLR 0.50 650 6 90 4.2 [24] 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER III 

EXPERIMENTAL 

 

3.1 Chemicals and gases 

 1. Alumina (Al2O3, Sigma Aldrich) 

 2. Nickel nitrate hexahydrate (Ni(NO3)2.6H2O, Sigma Aldrich) 

 3. Lanthanum nitrate hexahydrate (La(NO3)3.6H2O, Sigma Aldrich) 

 4. Cerium nitrate hexahydrate (Ce(NO3)3.6H2O, Sigma Aldrich) 

 5. Nitrogen gas, 99.999% purity (N2, Linde) 

 6. Oxygen gas, 99.999% purity (O2, Linde) 

 7. Hydrogen gas, 99.999% purity (H2, Linde) 

 8. Argon gas, 99.999% purity (Ar, Linde) 

 9. Helium gas, 99.999% purity (He, Linde) 

 10. Deionized water 

3.2 Preparation of oxygen carriers 

 The oxygen carriers were prepared by wet impregnation method. Alpha-

alumina and mixed aqueous solution of cerium nitrate hexahydrate (Ce(NO3)3.6H2O) 

and lanthanum nitrate hexahydrate (La(NO3)3.6H2O) were stirred at the temperature 

of 70°C until the solution transforming to slurry. Then, the supports were dried at 

110°C overnight and calcined at 650°C for 6 hours under stagnant air. Supported Ni 

oxygen carriers were prepared by wet impregnation method using an aqueous 

solution of nickel nitrate hexahydrate (Ni(NO3)2.6H2O) and using similar procedure as 

mentioned above but calcined at 500°C for 4 hours. The Ni and mixed rare earth 
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oxides content were fixed at 12.5wt.% and 10wt.%, respectively, corresponding to 

12.5wt% Ni with lanthana and ceria doped alumina (12.5wt%Ni/xwt%La2O3-(10-

x)wt%CeO2-Al2O3). These samples were labeled as N/A, N/CA, N/LA and N/xLCA 

where N=Ni, C=CeO2, L=La2O3, A=Al2O3 and x represented as weight percent of 

lanthana in oxygen carriers. Figure 3.1 shows the synthesis steps of oxygen carriers. 

 

Figure 3.1 Steps of oxygen carrier synthesis by wet impregnation method 

3.3 Oxygen carrier characterization 

 3.3.1 X-ray diffraction (XRD) 

 The XRD patterns were analyzed by Bruker D8 Advance, using a Cu Ka 

radiation as x-ray source at a wavelength of 0.154056 nm. The patterns were 

recorded over Bragg angles between 20° and 80° with a step size of 0.04° and scan 

speed of 0.5. The crystallite size of the metal was calculated using the Scherrer’s 

equation. 

3.3.2 N2 adsorption-desorption 

 The Brunauer-Emmet-Teller (BET) method was performed with liquid nitrogen 

at -196°C on a Micromeritics ASAP 2020 instrument. All samples were degassed 

before the test under vacuum for 12h at 200°C. The surface area measurement was 

based on the BET method, and the pore volume and pore size were calculated by 

the BJH method. 
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 3.3.3 H2-temperature programmed reduction (H2-TPR) 

 H2-TPR experiments were carried out to determine the strength of the metal-

support interaction of the oxygen carriers. Each oxygen carriers (0.1 g) were packed 

into a quartz tube reactor and were pretreated under nitrogen flow (25 ml/min) at 

250°C for an hour to remove humidity and contaminates. Then, the sample was 

heated from room temperature to 800°C at a rate of 10°C/min in 10%H2 in Ar. The 

hydrogen consumption was recorded by thermal conductively detector (TCD) and 

the water produced in TPR was trapped by a cold trap. 

 3.3.4 CO2-temperature programmed desorption (CO2-TPD) 

 The basicity on oxygen carriers was determined by CO2-TPD. Each oxygen 

carriers (0.1 g) were packed into a quartz tube reactor and were pretreated under 

helium flow (25 ml/min) at 250°C for an hour before cooling down to 50°C. After 

that, 25 ml/min of CO2 was introduced to the reactor for 30 min. The CO2-saturated 

oxygen carrier was purged by He until baseline was stable. The TPD profile was 

recorded with TCD (Micromeritics 2750) with a heating rate of 10°C/min. 

 3.3.5 Scanning electron microscope/Energy dispersive x-ray spectroscopy 

(SEM/EDX) 

 The morphology and the elemental distribution on a surface of the catalysts 

was investigated by SEM/EDX (Hitachi S-3400N/EDAX Apollo X) using Link Isis series 

300 program SEM (JEOL model JSM-5800LV). 

 3.3.6 Thermogravimetry analysis/Differential scanning calorimeter (TGA/DSC) 

 TGA/DSC was carried out under air flow from room temperature to 1000°C at 

a rate of 10°C/min to calculate the amount of carbon deposition on the used 

sample. The technique was also used for comparing the oxidation degree and the 

oxidation rate in the oxidation half cycle in the fuel feed step. 
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3.4 Chemical looping steam reforming of ethanol  

The oxygen carriers (0.5 g) supported by quartz wool were loaded into a 

quartz fixed bed reactor (Ø16 x 500 mm) to perform chemical looping steam 

reforming of ethanol, equipped with a coaxial thermocouple for temperature 

monitoring and controlling. The reactor was heated electrically using a tubular 

furnace to a set temperature of 500°C. The schematic diagram of the laboratory 

system is shown in Fig. 3.2.  

 

Figure 3.2 Experimental equipment for hydrogen production by chemical looping 

steam reforming of ethanol 

In the fuel feed step, the mixture of water and ethanol with steam to ethanol 

(S/E) mole ratio of 3 was fed from a liquid phase by a syringe pump (KD Scientific 

Inc.) with a flow rate of 3.4 ml/h and then it was vaporized and mixed with N2 carrier 

gas with a total flow rate of 130 ml/min under a constant WHSV at 6.18 h-1. The 

outlet stream was trapped by an ice bath and was analyzed using a gas 

chromatography (Shimadzu GC-8A and Shimadzu GC-14B, Japan). The details and 

conditions of gas chromatography are presented in Table 3.1. 
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After the fuel feed step, the air feed step was performed. The gas products 

were removed by N2 purge until no residue gas was measured. The air feed step was 

performed by flowing air at a constant flow rate of 100 ml/min to eliminate coke 

deposition and oxidize Ni metal into NiO. The exit gas in the air feed step was 

collected and the amount of CO2 was analyzed using gas chromatography to obtain 

the amount of carbon oxidization. The air feed step was stopped when the 

concentration of oxygen returned to 20 vol.%, indicating that no oxidization reaction 

further occurred. 

All oxygen carriers were studied to investigate long-term redox stability after 5 

cycles of operation at 500oC at atmospheric pressure. 

The activity of oxygen carriers was calculated in terms of ethanol conversion 

(Xethanol) and hydrogen yield (YH2) as follows: 

𝑋𝑒𝑡ℎ𝑎𝑛𝑜𝑙 =
ṅ𝑒𝑡ℎ𝑎𝑛𝑜𝑙,𝑖𝑛−ṅ𝑒𝑡ℎ𝑎𝑛𝑜𝑙,𝑜𝑢𝑡

ṅ𝑒𝑡ℎ𝑎𝑛𝑜𝑙,𝑖𝑛
     (eq. 1) 

𝑌𝐻2
=

ṅ𝐻2,𝑜𝑢𝑡

ṅ𝑒𝑡ℎ𝑎𝑛𝑜𝑙,𝑖𝑛
        (eq. 2) 
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Table 3.1 Operating conditions for gas chromatography 

Gas chromatography Shimadzu GC-8A Shimadzu GC-14B 

Detector 
Column 
- Column material 
- Length (m) 
- Outer diameter (mm) 
- Inner diameter (mm) 
- Mesh range 
- Maximum temperature (°C) 
Carrier gas 
Carrier gas flow (ml/min) 
Column temperature 
- Initial (°C) 
- Final (°C) 
Injector temperature (°C) 
Detector temperature (°C) 
Current (mA) 
Analyzed gas 

TCD 
Molecular sieve 5A 

SUS 
2 
4 
3 

60/80 
350 

Ar (99.999%) 
30 
 

70 
70 
150 
150 
70 

H2, O2, N2, CH4, CO 

TCD 
Porapak Q 

SUS 
2 
4 
3 

60/80 
250 

Ar (99.999%) 
30 
 

70 
70 
150 
150 
70 
CO2 

FID 
InertCap Wax 

PEG 
60 
- 

0.32 
- 

250 
He (99.999%) 

 
 

80 
80 
150 
180 

- 
C2H4O, C2H6O 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER IV 

RESULTS AND DISCUSSION 

 

4.1 Characterization of fresh oxygen carriers 

4.1.1 N2 adsorption-desorption 

Table 4.1 shows physical properties of oxygen carriers (NiO/Al2O3) with 

different addition of rare earth oxide (CeO2 and La2O3) as a promoter. Addition of 

CeO2 and La2O3 was found to improve the physical properties of NiO/Al2O3, 

especially on decreasing NiO crystallite size (from 20.73 nm to the range of 6-16 nm), 

resulting in higher surface area, pore volume and pore size, similar to the work of 

Monica et al. which reported that the modified support by La2O3 and CeO2 leads to 

an enhancement of the Ni surface area and dispersion [43]. Crystallite size of CeO2 

decreased following to decreasing amount of CeO2 doped on the support [65]. 

Among the La2O3-CeO2 promoting oxygen carrier, NiO/7La2O3-CeO2-Al2O3 exhibited 

the largest surface area (11.07 m2/g) and the highest pore volume (0.059 cm3/g). 
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Table 4.1 Physical properties of oxygen carriers 

Oxygen carrier 
Surface 
areaa 
(m2/g) 

Pore 
volumea 
(cm3/g) 

Pore 
sizea 
(nm) 

NiO 
crystallite 
sizeb (nm) 

CeO2 
crystallite 
sizeb (nm) 

NiO/Al2O3 1.36 0.007 14.60 20.73 - 
NiO/CeO2-Al2O3 6.58 0.034 29.97 15.99 10.87 

NiO/1La2O3-CeO2-Al2O3 6.47 0.023 18.13 13.54 10.33 

NiO/3La2O3-CeO2-Al2O3 8.26 0.035 21.94 10.56 9.80 
NiO/5La2O3-CeO2-Al2O3 9.79 0.048 23.37 6.64 8.80 

NiO/7La2O3-CeO2-Al2O3 11.07 0.059 22.12 7.59 6.47 

NiO/9La2O3-CeO2-Al2O3 8.79 0.040 23.46 7.88 3.65 
NiO/La2O3-Al2O3 9.55 0.046 20.34 12.31 - 

a BET 
b XRD 

4.1.2 X-ray diffraction (XRD) 

 The XRD patterns of the calcined oxygen carriers are shown in Fig. 4.1, 

showing peaks corresponding to NiO (JCPDS 73-1523; 2θ = 37.3, 43.3, 62.9, 75.4 and 

79.3 [25]) and α-Al2O3 rhombohedral structure (JCPDS 88-0826; 2θ = 25.6, 26.8, 35.2, 

37.8, 43.4, 52.5, 57.5, 61.3, 66.5, 68.2 and 76.9 [66]) in all samples. The lower intensity 

and broader peaks of NiO were observed when the promoters were added, 

corresponding to the smaller crystallite size of NiO when rare earth oxides were 

introduced onto the Al2O3, presented in Table 4.1. 

Ahmed et al. reported that the peaks located at 28° and 49° are attributed to 

La2O3 (JCPDS 01-089-4016) and the La3O3 peaks are detected when 30 wt.% La-

loading on gamma-Al2O3 supported Ni catalyst [67]. In this study, no diffraction peaks 

of La2O3 for La-doped samples were observed, likely due to small amount of La 

loading comparing the main composition. It was reported that the La3O3 peaks are 

not detected for the sample with well formation of solid solution and well 
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dispersion on the support surface [68]. The work of Navarro et al. reported that the 

lanthanum exists in the form of a 2-dimensional over layer on alumina and is not 

detected by XRD for lanthanum loadings below 8.5 mol La/m2 [69]. 

The reflections at 2θ of 28.6, 33.2, 47.6, 56.4 and 69.4, which belong to the 

cubic phase of CeO2 (JCPDS 34-0394) [11], were detected in NiO/CeO2-Al2O3 sample. 

In a series of La2O3-CeO2 samples, it was found that the peaks corresponding to CeO2 

shifted to lower degree because of the formation of La2O3-CeO2 solid solution. La3+ 

(ionic radius 0.11 nm) substituted Ce4+ (ionic radius 0.097 nm) in the fluorite structure 

of CeO2 insulted in an increasing lattice parameter as well as increasing oxygen 

vacancies which is generated from the charge compensation mechanism. This led to 

an enhanced oxygen storage capacity and oxygen mobility of the material [70]. 

 

Figure 4.1 XRD patterns of the fresh oxygen carriers 
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4.1.3 H2-temperature programmed reduction (H2-TPR) 

 The reducibility of oxygen carriers was characterized by H2-TPR technique. 
There are 4 main peaks in the temperature range of 150 – 300°C, 300 – 400°C, 400 – 
500°C and above 500°C (Fig. 4.2) which represented the reduction of surface-
adsorbed oxygen and bulk NiO; NiO species having weak; medium; and, strong 
interaction with support, respectively [33]. In comparison with NiO/Al2O3 oxygen 
carrier, the area of the third peak of NiO/CeO2-Al2O3 decreased while the second 
peak increased and shifted to lower temperature due to the formation of oxygen 
vacancies and redox property of Ce (Ce4+ to Ce3+) [40]. 

 In case of increasing La-doping on oxygen carrier, area of the first peak 
increased and the second peak shifted to lower temperature, indicated that more 
surface-adsorbed oxygen and also Ni species content with weaker metal-support 
interaction on the surface. The weaker metal-support interaction resulted in easier 
reduction of NiO and can help accelerating ethanol steam reforming. 

Fig. 4.3 displays the temperature at the center of reduction peaks. The first 
peak of NiO/CeO2-Al2O3 (278°C) and NiO/La2O3-Al2O3 (267°C) showed lower 
temperature than that of NiO/Al2O3 (296°C) oxygen carrier. This indicated that Ce-
doping and La-doping onto NiO/Al2O3 could help improve the reducibility of the 
oxygen carriers. Furthermore, doping small amount of La2O3 could promote thermal 
stability and enhance the strong metal-support interaction [26, 71] leading to higher 
temperature of the fourth peak from 452°C (NiO/Al2O3) to 564°C (NiO/La2O3-Al2O3).  

It should be noted that La-doping oxygen carriers showed an increased 
reducibility of surface-adsorbed oxygen, bulk NiO and Ni species with weak metal-
support interaction, which can further tune by optimizing the ratio of La2O3 and CeO2 
[46]. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 26 

 

Figure 4.2 H2-TPR profiles of the oxygen carriers 
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Figure 4.3 Temperature of center of reduction peak 

 

4.1.4 CO2-temperature programmed desorption (CO2-TPD) 

 CO2-TPD was performed to determine the strength and density of the basicity 
on oxygen carriers. Generally, types of Lewis basic sites depending on CO2 desorption 
temperature comprise weak (<200°C), medium (200 - 400°C), strong (400 - 600°C) 
and very strong (>600°C) basic sites [67]. From the results in Fig. 4.4, NiO/Al2O3 
oxygen carrier exhibited the smallest capacity to adsorb CO2 on the surface of 
sample with four desorption peaks centered at 101, 419, 459 and 617°C. Basic 
property of cerium and lanthanum caused more basic sites on the modified oxygen 
carriers. Therefore, La-doping significantly improved the strength and density of 
basicity (Table 4.2) of oxygen carriers in the following sequence: NiO/Al2O3 < 
NiO/1La2O3-CeO2-Al2O3 < NiO/3La2O3-CeO2-Al2O3 < NiO/CeO2-Al2O3 < NiO/5La2O3-
CeO2-Al2O3 < NiO/7La2O3-CeO2-Al2O3 < NiO/9La2O3-CeO2-Al2O3 < NiO/La2O3-Al2O3. In 
case of NiO/CeO2-Al2O3 oxygen carrier, oxygen storage capacity was improved from 
the Ce3+/Ce4+ redox process. Oxygen vacancy was then increased and the sample 
could adsorb more amount of CO2 [72]. La-doping improved basic property and 
enhanced CO2 adsorption capacity of the oxygen carrier [73]. 
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Figure 4.4 CO2-TPD profiles of the oxygen carriers 
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Table 4.2 Basicity of oxygen carriers 

Oxygen carrier Basicity (mmol CO2/g oxygen carrier) 
NiO/Al2O3 0.3 

NiO/CeO2-Al2O3 0.9 

NiO/1La2O3-CeO2-Al2O3 0.4 
NiO/3La2O3-CeO2-Al2O3 0.7 

NiO/5La2O3-CeO2-Al2O3 1.5 
NiO/7La2O3-CeO2-Al2O3 2.1 

NiO/9La2O3-CeO2-Al2O3 2.4 

NiO/La2O3-Al2O3 2.6 

 

4.1.5 Scanning electron microscope/Energy dispersive x-ray spectroscopy (SEM/EDX) 

The SEM micrographs and EDX mapping of Ni of the fresh oxygen carriers are 
shown in Fig. 4.5. The morphology of fresh oxygen carriers showed the uniform 
dispersion of metal on the surface. NiO/CeO2-Al2O3 oxygen carrier showed irregular 
particle shapes. In case of small amount of La-doping on NiO/CeO2-Al2O3 oxygen 
carrier, the shapes were similar to those of NiO/CeO2-Al2O3. When amount of La-
doping increased the needle-like shapes were observed, presented in Fig. 4.5f – Fig. 
4.5h. Ding et al. reported that the strong basicity of La plays an important role in the 
nucleation and growth of rods. The morphology of La2O3 from SEM micrographs are 
rod-like shapes [74]. 

From the results, NiO/1La2O3-CeO2-Al2O3, NiO/3La2O3-CeO2-Al2O3, and 
NiO/5La2O3-CeO2-Al2O3 showed the same morphology as NiO/CeO2-Al2O3 oxygen 
carriers. On the other hand, NiO/7La2O3-CeO2-Al2O3 and NiO/9La2O3-CeO2-Al2O3 
presented the same morphology as NiO/La2O3-Al2O3 oxygen carriers. The particle 
appearance observed by SEM micrographs in this study corresponded well with the 
solubility limit of  La2O3-CeO2 mixed oxides, which is typically between 40 – 70 mol% 
[75]. However, mixed oxide phases tended to form fluorite crystal structure because 
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the crystallization temperature of CeO2 (<450°C) is much lower than La2O3 (~700°C) 
[65]. 

   

   

   

   

Figure 4.5 SEM micrographs and EDX mapping of Ni of fresh (a) N/A (b) N/CA 

(c) N/1LCA (d) N/3LCA (e) N/5LCA (f) N/7LCA (g) N/9LCA (h) N/LA 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 
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4.1.6 Thermogravimetry analysis/Differential scanning calorimeter (TGA/DSC) 

In chemical looping steam reforming, Ni on the oxygen carrier can be oxidized 

together with carbon deposition during air feed step. The oxidization rate and oxygen 

consumption of fresh reduced oxygen carrier were investigated by TGA/DSC in order 

to compare with the spent oxygen carriers. The reduced oxygen carrier was obtained 

by 50 vol.% H2 in N2 at the temperature of 500°C for 1 hour. The results in Fig. 4.6 

showed the DTG profiles of the reduced sample oxidization. Weight loss (increased 

derivative weight) was observed in the temperature range of room temperature to 

200°C, assigned with the dehydration of crystallized water in La(OH)3 structure. Peter 

et al. studied the reactivity of La2O3 powder in air and the results showed that La2O3 

rapidly hydroxylate to form a stable hydroxide at room temperature [76]. The 

intensity of the first peak in DTG curve from the dehydration increased with 

increasing La-doping content. Rare earth oxide improved the oxidization behavior, 

resulting in the negative peak shifted to lower temperature. The oxidization of 

Ni/Al2O3, Ni/CeO2-Al2O3 and Ni/La2O3-Al2O3 oxygen carrier began at the temperature 

of 285, 255 and 174°C, respectively. It was found that higher area of the first peak in 

H2-TPR profiles (Fig. 4.2) displayed lower temperature of the beginning of the 

oxidization. 

The oxidization rate of the sample calculated from the slope of the weight 

gain with time on stream are shown as black bars in Fig. 4.7. Ni/7La2O3-CeO2-Al2O3 

showed the highest oxidization rate among the La2O3-CeO2 doped oxygen carriers. 

The weight gain during the oxidization step are shown as grey bars in Fig. 4.7. From 

the H2-TPR results (Fig. 4.2), 5 wt.% and higher La2O3 doped oxygen carriers showed 

stronger metal-support interaction, which would be reduced at high temperature 

above 500°C. Therefore, weight gain in Ni/5La2O3-CeO2-Al2O3, Ni/7La2O3-CeO2-Al2O3, 
Ni/9La2O3-CeO2-Al2O3 and Ni/La2O3-Al2O3 were lower, depending on amount of 

reduced Ni content on the oxygen carrier. 
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Figure 4.6 DTG profiles of reduced oxygen carriers 

 

Figure 4.7 Oxidization rate and weight gain in oxidization step of reduced oxygen 

carriers 
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4.2 Characterization of reduced oxygen carriers after five cycles of operation 

4.2.1 X-ray diffraction (XRD) 

 The XRD patterns of spent oxygen carriers after the 5th cycle of fuel feed step 
are presented in Fig. 4.8. All samples exhibited the peak corresponding to cubic Ni 

crystals (JCPDS 71-1179; 2θ = 44.5, 51.8 and 76.5 [25]) while graphitic carbon 

deposited on oxygen carriers (2θ = 26.4) was also detected. In addition, the peaks of 
NiO disappeared for all oxygen carriers, confirming that NiO was converted into metal 
Ni during the fuel feed step. The characteristic peaks of CeO2 from spent oxygen 
carriers located at the same position as those of the fresh oxygen carriers (Fig. 4.1), 
indicating that the oxygen carriers still remained as a solid solution of La2O3-CeO2 
after the 5th cycle of operation. 

After five cycles of operation, the peaks of La2O2CO3 (2θ = 29.6, 30.4, 33.8, 

44.5 and 54.8) and La(OH)3 (2θ = 63.4) were detected from the La-doping oxygen 
carrier. The surface of La2O3 with strong basicity could adsorb CO2 and formed 
La2O2CO3, reducing carbon deposition on the oxygen carrier thus improving the 
stability of oxygen carriers [70]. Belliere et al. proved from the XPS results that 
lanthanum dissolved in cerium with La segregation at its surface at 50 mol% and 
lower of La in Ce-La solid solution [75]. From this study (Fig. 4.8 (right)), it is observed 
that La-doped within solubility limits, including NiO/1La2O3-CeO2-Al2O3, NiO/3La2O3-

CeO2-Al2O3 and NiO/5La2O3-CeO2-Al2O3, showed low intensity of La2O2CO3 at 2θ = 
29.6, 30.4 due to the small segregation of La at the surface. In case of NiO/7La2O3-
CeO2-Al2O3, NiO/9La2O3-CeO2-Al2O3 and NiO/La2O3-Al2O3, the peak intensity of 
La2O2CO3 increased because larger amount of La2O3 particle dispersed on the 
surface. These results confirmed the solubility limits of La in solid solution structure, 
prepared by wet impregnation method, was likely at 50 mol%, corresponding to the 
SEM images in Fig. 4.5. A formation of La(OH)3 was likely due to unstable La2O3 phase 
under ambient as well as hygroscopic nature of La2O3 in the moist atmosphere [76, 
77]. 
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Table 4.3 shows the crystallite size of reduced Ni after the 5th cycle of fuel 
feed step. In comparison with the results of fresh oxygen carriers (Table 4.1). It was 
observed that active Ni was slightly sintered because oxygen carrier was operated 
under high temperature condition during the reaction. 

  

Figure 4.8 XRD patterns of spent oxygen carriers at full scale (left) and details with 
enlarged scale (right) 

 

Table 4.3 Crystallite size of Ni on reduced oxygen carriers 

Oxygen carrier Ni crystallite size (nm) 

NiO/Al2O3 22.04 
NiO/CeO2-Al2O3 16.66 

NiO/1La2O3-CeO2-Al2O3 19.55 

NiO/3La2O3-CeO2-Al2O3 14.68 
NiO/5La2O3-CeO2-Al2O3 11.32 

NiO/7La2O3-CeO2-Al2O3 13.75 

NiO/9La2O3-CeO2-Al2O3 14.48 
NiO/La2O3-Al2O3 13.51 
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4.2.2 Scanning electron microscope/Energy dispersive x-ray spectroscopy (SEM/EDX) 

 The SEM micrographs of spent oxygen carriers after the 5th cycle of fuel feed 

step (Fig. 4.9) were obtained to investigate the morphology structure of carbon 

deposition on the surface. It was observed that fibrous carbon deposited on the 

surface of all oxygen carriers and led to the decrease in activity of oxygen carriers. 

Mahadi et al. found that carbon nanofiber is observed on the catalyst from ethanol 

decomposition reaction, indicating that ethanol is the carbon precursor. The fibrous 

carbon formation is unavoidable in the CO2-rich environment [78]. The EDX mapping 

of Ni on the surface of spent oxygen carriers showed that the active Ni in spent 

oxygen carriers was less than fresh oxygen carriers (Fig. 4.5) likely due to carbon 

coverage on active surface, indicating the deactivation of active Ni after operation. 
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Figure 4.9 SEM micrographs and EDX mapping of Ni of spent (a) N/A (b) N/CA 

(c) N/1LCA (d) N/3LCA (e) N/5LCA (f) N/7LCA (g) N/9LCA (h) N/LA 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 
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4.2.3 Thermogravimetry analysis/Differential scanning calorimeter (TGA/DSC) 

 After the 5th cycle of fuel feed step, the spent oxygen carriers were heated to 
1000°C under air flow condition using TGA to determine the amount of carbon 
deposition on the oxygen carriers (Fig. 4.10a) and derivative weight (Fig. 4.10b), 
respectively. Song et al. reported that TPO profiles of spent catalysts can be divided 
into two regions using 550°C as a borderline, which indicates as amorphous carbon 
(<550°C) and filamentous carbon (>550°C) [73]. It is well known that filamentous 
carbon does not severely affect catalyst in steam reforming process while 
amorphous carbon can encapsulate the active sites until reactant cannot reach to 
the catalyst sites – significantly affects the catalyst activity [58]. It was reported that 
carbon deposition are formed from various carbon sources such as (i) intermediate 
compounds (ethylene, acetaldehyde and acetone), which likely to generate 
amorphous carbon; (ii) ethanol, which also causes amorphous carbon by means of 
condensation and dehydrogenation mechanisms; (iii) CO through Boudouard reaction, 
which causes filamentous carbon; and (iv) CH4 decomposition, which also causes 
filamentous carbon [79]. 

In Fig. 4.10a, carbon deposition was oxidized at temperature above 550°C, 
indicating filamentous carbon. The spent Ni/La2O3-Al2O3 showed the largest amount 
of carbon deposition of 84.17 wt.%, and this value decreased by the following 
sequence of Ni/5La2O3-CeO2-Al2O3 (83.95 wt.%) > Ni/3La2O3-CeO2-Al2O3 (83.12 wt.%) 
> Ni/CeO2-Al2O3 (79.56 wt.%) > Ni/1La2O3-CeO2-Al2O3 (78.13 wt.%) > Ni/Al2O3 (65.71 
wt.%) > Ni/7La2O3-CeO2-Al2O3 (64.36 wt.%) > Ni/9La2O3-CeO2-Al2O3 (49.97 wt.%). It 
can be observed that the peak of derivative weight curves (Fig. 4.10b) of rare-earth 
doped oxygen carriers shifted to the lower temperature, which indicated that the 
carbon deposition on the oxygen carriers was easier to be removed [25], likely due to 
the improved oxygen storage capacity and oxygen mobility. 
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Figure 4.10 (a) TGA and (b) DTG profiles of spent oxygen carriers 

 

(a) 

(b) 
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4.3 Activities of oxygen carriers on chemical looping steam reforming 

 The activity test of oxygen carriers was evaluated by the conversion of 
ethanol and H2 yield from the 1st cycle of chemical looping steam reforming. All of 
oxygen carriers presented the same trends of conversion of ethanol (Fig. 4.11) – 
Ethanol conversion increased within 60 minutes and then decreased. The ethanol 
conversion and H2 yield (Fig. 4.12) initially increased since NiO was reduced by 
ethanol to formed metallic Ni which also acts as a catalyst for ethanol steam 
reforming. After that both conversion and yield decreased, likely due to the 
deactivation of metallic Ni through carbon deposition. From Fig. 4.11, conversion 
from NiO/Al2O3 oxygen carriers showed the lowest value of time-on-stream at 180 
minutes because of severe deactivation from amorphous carbon encapsulating on 
the catalyst active sites. In case of Ce- and La-doping oxygen carriers, physical 
properties and basicity property were improved (as mentioned in 4.1.1 and 4.1.4). 
The basic sites could adsorb CO2 and reduced carbon deposition on the oxygen 
carriers. Moreover, Ce-La solid solution in the oxygen carrier structure enhanced 
oxygen storage capacity and oxygen mobility, then oxygen lattice could diffuse 
through the structure and could oxidize carbon deposition during the fuel feed step. 
At 180 minutes time-on-stream, the conversion of ethanol was obtained in the 
following sequence: NiO/La2O3-Al2O3 (97.83%) > NiO/5La2O3-CeO2-Al2O3 (96.24%) > 
NiO/CeO2-Al2O3 (95.28%) > NiO/9La2O3-CeO2-Al2O3 (94.99%) > NiO/3La2O3-CeO2-Al2O3 
(94.95%) > NiO/7La2O3-CeO2-Al2O3 (86.55%) > NiO/1La2O3-CeO2-Al2O3 (85.67%) > 
NiO/Al2O3 (83.26%).  
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Figure 4.11 Conversion of ethanol at the 1st cycle 

 

 During the initial fuel feed step, the period that there was no H2 generation 
was called ‘dead time’. Unless NiO was sufficiently reduced to Ni, steam reforming of 
ethanol would not occur. The dead time was considered as a significant indicator for 
the redox performance of oxygen carriers. Fig. 4.12a shows H2 yield of the initial 5 
minutes of the 1st cycle fuel feed step. The results showed that the highest H2 yield 
at 1-minute time-on-stream was obtained by NiO/3La2O3-CeO2-Al2O3 which is the 
easiest reducible oxygen carrier, according to the lowest temperature of first peak in 
the H2-TPR profiles. However, NiO/7La2O3-CeO2-Al2O3 and NiO/La2O3-Al2O3 showed 
higher H2 yield at 2-minute time-on-stream than NiO/3La2O3-CeO2-Al2O3 due to higher 
area of first reducing peak in H2-TPR profiles. It indicates higher amount of bulk NiO 
content on the surface which is easily reduce to Ni metal. Moreover, the largest 
surface area and smaller NiO crystallite size of NiO/7La2O3-CeO2-Al2O3 were the 
reason for increased H2 yield. 

Time (min)

0 20 40 60 80 100 120 140 160 180 200

C
o
n
v
e
rs

io
n
 (

%
)

0

20

40

60

80

100

N/A 

N/CA 

N/1LCA 

N/3LCA 

N/5LCA 

N/7LCA 

N/9LCA 

N/LA 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 41 

H2 yield (mol/mol ethanol) at 180 minutes time-on-stream showed in the 
following sequence of NiO/7La2O3-CeO2-Al2O3 (2.94) > NiO/La2O3-Al2O3 (2.85) > 
NiO/3La2O3-CeO2-Al2O3 (2.59) > NiO/9La2O3-CeO2-Al2O3 (2.43) > NiO/5La2O3-CeO2-Al2O3 
(2.32) > NiO/1La2O3-CeO2-Al2O3 (2.12) > NiO/CeO2-Al2O3 (2.07) > NiO/Al2O3 (1.93). 

 

 
Figure 4.12 H2 yield at 1st cycle 
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Amount of CO in product stream is shown in Fig. 4.13. NiO/Al2O3 showed the 
highest overall produced CO. In case of modified oxygen carriers, rare earth oxide 
with strong basic sites improved oxygen storage capacity and oxygen mobility. 
Therefore, CO generation was inhibited at the beginning of fuel feed step. However, 
an increased in CO generation later was due to the formation of La2O2CO3 and 
caused a reverse Boudouard reaction, which reduced amorphous carbon deposition 
on oxygen carriers [67]. Overall amount of CO produced were presented in the 
following sequence: NiO/Al2O3 > NiO/9La2O3-CeO2-Al2O3 > NiO/5La2O3-CeO2-Al2O3 > 
NiO/La2O3-Al2O3 > NiO/7La2O3-CeO2-Al2O3 > NiO/1La2O3-CeO2-Al2O3 > NiO/CeO2-Al2O3 
> NiO/3La2O3-CeO2-Al2O3. 

 

Figure 4.13 Effluent CO flowrate at the 1st cycle 

  

After 3 hours of fuel feed step and no residue gas in the reactor, air (20 vol.% 
O2 balanced with N2) was fed into the reactor to regenerate the oxygen carriers at 
500°C. In the air feed step, carbon deposition on the oxygen carriers are oxidized into 
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CO2 and active metallic Ni are regenerated to form active NiO. Fig. 4.14 shows the 
molar flowrate of CO2 in the exit gas during air feed step. Amount of CO2 formation 
can indicate to amount of carbon deposition on oxygen carriers. As mentioned in 
section 4.2.3, amorphous carbon can be oxidized easier than fibrous carbon (above 
550°C). So, it was an amorphous carbon encapsulating on active sites, which was 
eliminated at the temperature of 500°C during the air feed step. Overall amount of 
amorphous carbon deposition was presented in the following sequence: NiO/Al2O3 > 
NiO/1La2O3-CeO2-Al2O3 > NiO/CeO2-Al2O3 > NiO/3La2O3-CeO2-Al2O3 > NiO/5La2O3-
CeO2-Al2O3 > NiO/7La2O3-CeO2-Al2O3 > NiO/9La2O3-CeO2-Al2O3 > NiO/La2O3-Al2O3. The 
results showed that as increasing La-doping, carbon deposition decreased. According 
to CO2-TPD profiles, La-doping improved basicity property of oxygen carriers and CO2 
adsorption. 

 Addition of rare earth oxide on NiO/Al2O3 helped decreased carbon 
deposition and also decrease oxygen carrier regeneration duration. This was likely 
due to an increased oxygen storage capacity by a redox property of Ce3+/Ce4+ and an 
increased oxygen mobility in La2O3-CeO2 solid solution by a lattice distortion of La3+ 
introduced into fluorite structure of CeO2, which facilitated oxygen lattice diffusion 
through the structure of oxygen carriers and oxidized carbon deposition on the 
oxygen carriers during fuel feed step. In case of increasing La-doping over the 
solubility limit, La3+ did not introduce into CeO2 structure but La2O3 dispersed on the 
surface of oxygen carrier and adsorbed CO2 using the basic sites to form La2O2CO3. 
Therefore, carbon deposition on the oxygen carrier in this case was removed through 
the reverse Boudouard reaction on the oxygen carrier’s surface. A reduction of 
carbon deposition could also reduce the heat generation during the air feed step, 
decreasing the risk of Ni sintering. 
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Figure 4.14 Carbon deposition on oxygen carriers at 1st cycle (AFS) 

 

4.4 Stability of oxygen carriers on chemical looping steam reforming 
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NiO/CeO2-Al2O3 oxygen carriers showed the highest conversion during first 2 hours, 
hydrogen yield (Fig. 4.16) was lower than four other oxygen carriers. NiO/3La2O3-
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(2.46 mol/mol ethanol) at 180-minute time-on-stream. The catalyst also exhibited 
relatively most stable among other oxygen carriers – ethanol conversion and H2 yield 
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acetaldehyde was formed from ethanol dehydrogenation (reaction (8)) and 
acetaldehyde decomposed (reaction (12)) to CH4 and CO. Then, CO reacted with 
water to produce H2 through water gas shift reaction (reaction (6)). From Fig. 4.18, 
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other oxygen carriers, agreed with the study of Xue et al. reporting that Ce-based 
supported catalysts favor a pathway of ethanol dehydrogenation to acetaldehyde 
rather than ethanol dehydration to ethylene and La-doping can give low CO 
selectivity due to the high water gas shift activity [46]. From the DTG results (Fig. 
4.10b), the peak from NiO/3La2O3-CeO2-Al2O3 presented at the lowest temperature, 
indicating easier carbon deposition removal. From these results, NiO/3La2O3-CeO2-
Al2O3 oxygen carrier showed the lowest deactivation behavior and could be suitable 
catalyst used for a long-term hydrogen production. 

 

Figure 4.15 Conversion of ethanol at 5th cycle 
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 Figure 4.16 H2 yield at the 5th cycle 

  

 Fig. 4.17 shows the flow rate hydrogen at 5-minute time-on-stream in effluent 
stream during the fuel feed step of each cycle. In the 1st cycle, NiO/Al2O3, NiO/CeO2-
Al2O3, NiO/1La2O3-CeO2-Al2O3 and NiO/3La2O3-CeO2-Al2O3 presented the same level 
of hydrogen production. The more La was doped, oxygen carriers showed the higher 
hydrogen production, likely due to more bulk NiO content dispersed on the surface, 
confirming by a larger area of the first reduction peak (Fig. 4.2). The bulk NiO was 
easier to be reduced into Ni metal and acted as catalyst for quick hydrogen 
production. Moreover, the dispersed La2O3 on the surface acted as CO2 sorbent 
which facilitated more hydrogen production in the 1st cycle and reduce carbon 
deposition through the reverse Boudouard reaction. In case of NiO/5La2O3-CeO2-Al2O3 
and higher amount of La2O3 on the oxygen carriers, the deactivation behavior was 
evidently observed at the 2nd to the 5th cycle, which was caused by an irreversible 
La2O3 on the oxygen carriers’ surface. According to the XRD patterns of spent oxygen 
carrier (Fig. 4.8), the peaks of La2O2CO3 were observed from the La-doping oxygen 
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carriers which contained over than 50 mol% of La in solid solution. La2O3 could not 
be regenerated during air feed step at the temperature of 500°C due to La2O2CO3 
decomposition is endothermic reaction, which can occur at the temperature above 
800°C [80]. At elevated temperature where La2O2CO3 decomposes into La2O3, Ni 
sintering might occur. Calvin et al. studied the sintering kinetics in the temperature 
range between 650 to 750°C of Ni-based catalysts in H2 atmosphere. The results 
showed that at the temperature above 650°C, the rates of decreasing Ni surface due 
to Ni sintering are significant, causing 70% loss of the original metal surface area 
within 50 hours at 750°C [81, 82]. 

 

Figure 4.17 Comparison of H2 yield at 5 minutes time-on-stream 
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flowrate in air feed step. Hydrogen production exhibited the same trend in each 
cycle – initially increasing and then decreasing. It was observed that when 
acetaldehyde content in effluent increased and hydrogen content rapidly decreased 
with more cycle operated. Rare earth oxide-doped on oxygen carriers showed lower 
amount of CO in effluent stream. Because of larger oxygen storage capacity and 
oxygen mobility in the structure, CO could be oxidized to CO2. In case of coke 
deposition, CO2 was released about the same level in each cycle of each oxygen 
carrier.  
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CHAPTER V 

CONCLUSION AND RECOMMENDATIONS 

 
5.1 Conclusion 

 Ni-based oxygen carriers were prepared by wet impregnation method on the 
alumina support. The addition of Ce4+ and La3+ into the oxygen carriers decreased Ni 
crystallite size and increased Ni dispersion, resulting in larger active surface area and 
easier NiO reduction. As increasing La3+, the surface area initially increased and 
decreased after reaching its peak at 7 wt.% La2O3 (N/7LCA, 12.5wt%Ni/7wt%La2O3-
3wt%CeO2-Al2O3). The addition of Ce4+ and La3+ also induced larger Lewis basic sites 
and more oxygen storage capacity and oxygen mobility. In this study, CeO2-La2O3 
solid solution was formed with a solubility limit of La at 50 mol%.  

 During the first cycle of fuel feed step, all oxygen carriers exhibited rather 
high ethanol conversion over 80% after 30 minutes time-on-stream, except N/A and 
N/1LCA which rapidly deactivated. The N/3LCA (12.5wt%Ni/3wt%La2O3-7wt%CeO2-
Al2O3) was the easiest reducible oxygen carriers according to the H2-TPR profiles. 
However, the highest overall hydrogen yield of 3.2 mol H2/mol ethanol-min was 
obtained from N/7LCA, which exhibited high surface area (11.07 m2/g), small NiO 
crystallite size (7.6 nm), and large basicity site (2.1 mmol CO2/g oxygen carrier). 

 Basicity of Ce4+ and La3+ doped oxygen carriers enhanced the CO2 adsorption 
while carbon tolerance of the oxygen carrier was expected to be facilitated through 
an oxygen storage capacity as well as the formation of La2O2CO3. When carbon 
tolerance increased, regeneration duration of the oxygen carriers during the air feed 
step decreased. Moreover, decreasing carbon deposition could reduce the heat 
generation during the air feed step, leading to reduced risk of Ni sintering. Carbon 
deposition on the modified oxygen carriers also could be removed easier than on 
the other, verifying by the DTG results.  
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 However, although N/7LCA exhibited the highest H2 yield at the 1st cycle of 
operation, after the 5th cycle of operation N/3LCA exhibited the highest conversion of 
ethanol (88%) and also H2 yield (2.5 mol/mol ethanol) at 180-minute time-on-stream 
- decreasing from the first cycle about 7% and 5%, respectively. The ethanol 
conversion and H2 yield of N/7LCA significantly decreased from the 1st cycle – 23% 
and 40%, respectively. Because the regeneration temperature in the air feed step 
was 500°C which was lower than the decomposition temperature of La2O2CO3, the 
formation of La2O2CO3 could not be reversible. Therefore, highly La3+ doped oxygen 
carriers showed relatively lower stability after prolong operation. This suggests that 
regeneration temperature in air feed step should be elevated when highly La3+ 
doped oxygen carriers was employed, in concerning of Ni sintering at increased 
temperature. 

 

5.2 Recommendations 

 From the experimental results, the following recommendations were 
presented including; 

1) The oxygen carrier preparation method should be varied among many 
methods such as co-precipitation method, sol-gel synthesis method, to improve the 
physical properties, including higher surface area and small NiO crystallite size. 

2) A GC-online unit should be connected in the GC work station to accurately 
determine the duration of ‘dead-time’ for each oxygen carrier. Oxygen carrier with 
the shortest dead-time and high amount of produced H2 might be more suitable with 
the fluidized bed system, which can be applied in industry. 

 3) Another designed reactor, which is using in industry, should be studied, 

such as, two interconnected fluidized bed reactors, to consider heat balance of the 

fuel and air reactor in an auto-thermal system.    
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APPENDIX A 

CALIBRATION CURVES 

 
 Calibration curves was done from gas chromatography (Shimadzu GC-8A and 

Shimadzu GC-14B) with the operating conditions as mentioned in Table 3.1. The gas 

and liquid standard were injected into gas chromatography at different 

concentrations. Peak area for each concentration was analyzed from gas 

chromatography. Then, calibration curves were plotted between peak area and mole 

of the sample injected into gas chromatography. Fig. A.1 – Fig. A.8 presented the 

calibration curves for H2, N2, O2, CH4, CO, CO2, C2H4O, and C2H6O, respectively. 

 

 

Figure A.1 Calibration curve of H2 
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Figure A.2 Calibration curve of N2 

 

 

Figure A.3 Calibration curve of O2 
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Figure A.4 Calibration curve of CH4 

 

 

Figure A.5 Calibration curve of CO 
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Figure A.6 Calibration curve of CO2 

 

 

Figure A.7 Calibration curve of C2H4O 
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Figure A.8 Calibration curve of C2H6O 
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APPENDIX B 

CALCULATIONS 

 

B.1 Oxygen carriers’ preparation 

 N/xLCA oxygen carrier composed of 12.5 wt.% of Ni, x wt.% of La2O3, 10-x 

wt.% of CeO2 and 77.5 wt.% of Al2O3. 

 The modified support was prepared by wet impregnation method. Alumina 

and mixed aqueous solution of cerium nitrate hexahydrate (Ce(NO3)3.6H2O) and 

lanthanum nitrate hexahydrate (La(NO3)3.6H2O) were stirred at the temperature of 

70°C until the solution transforming to slurry. Then, the modified supports were 

dried and calcined.  

𝑊La precursor = 𝑊Al2O3 ×
2𝑥

77.5
×

𝑀𝑊La precursor

𝑀𝑊𝐿𝑎2𝑂3
 

𝑊Ce precursor = 𝑊Al2O3 ×
(10 − 𝑥)

77.5
×

𝑀𝑊Ce precursor

𝑀𝑊𝐶𝑒𝑂2
 

Supported Ni oxygen carriers were prepared by wet impregnation method 

using an aqueous solution of nickel nitrate hexahydrate (Ni(NO3)2.6H2O) and using 

similar procedure as mentioned above. 

𝑊Ni precursor = 𝑊𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝑠𝑢𝑝𝑝𝑜𝑟𝑡 ×
12.5

87.5
×

𝑀𝑊Ni precursor

𝑀𝑊𝑁𝑖
 

where W = Weight, g 

 MW = Molecular weight, g/mol 
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B.2 Ratio of lanthanum in Ce-La solid solution 

Table B.1 Ratio of Ce and La in oxygen carrier 

Oxygen carrier 
Rare earth 

loading (wt.%) 
Amount of rare earth 

(mol/100 g oxygen carrier) 
La in solid 
solution 
(mol%) 

La2O3 CeO2 La Ce La/(La+Ce) 

NiO/Al2O3 - - - - - 

NiO/CeO2-Al2O3 - 10 - 0.0581 0 
NiO/1La2O3-CeO2-Al2O3 1 9 0.0061 0.0523 10.5 

NiO/3La2O3-CeO2-Al2O3 3 7 0.0184 0.0407 31.2 

NiO/5La2O3-CeO2-Al2O3 5 5 0.0307 0.0290 51.4 
NiO/7La2O3-CeO2-Al2O3 7 3 0.0430 0.0174 71.1 

NiO/9La2O3-CeO2-Al2O3 9 1 0.0552 0.0058 90.5 
NiO/La2O3-Al2O3 10 - 0.0614 - 100 

 

B.3 Sherrers’ equation 

 The crystallite size was calculated from the width at half of height (FWHM) of 

diffraction peak of the XRD pattern by using Scherrer equation. 

𝑑 =
𝐾𝜆

𝐵𝑐𝑜𝑠𝜃
 

where d = Crystallite size, A° 

 K = Crystallite shape factor or Scherrer constant depending on shape 

of crystal (= 0.9 for FWHM of spherical crystals with cubic symmetry) 

B = The width at half of height, radian 

𝜆 = X-ray wavelength, (= 1.5418 A° for CuKα) 

𝜃 = Observed peak angle, degree 
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B.4 Basicity 

 The surface basicity and strength of basic sites for oxygen carriers can be 

evaluate from the CO2-TPD profiles by the following steps. 

The mole of CO2 was determined from the calibration curve of CO2 

desorption as following equation: 

𝑀𝑜𝑙𝑒 𝑜𝑓 𝐶𝑂2 (𝑚𝑚𝑜𝑙)  =  0.017624 × 𝐴 

 The number of basic sites of sample was determined by the following 

equation: 

𝑇ℎ𝑒 𝑏𝑎𝑠𝑖𝑐𝑖𝑡𝑦 (
𝑚𝑚𝑜𝑙 𝐶𝑂2

𝑔𝑜𝑥𝑦𝑔𝑒𝑛 𝑐𝑎𝑟𝑟𝑖𝑒𝑟
) =  

0.017624 × 𝐴

𝐵
 

where A = The area of the CO2-TPD profiles 

  B = Weight of oxygen carrier, g 

 
Figure B.1 Calibration curve of CO2 from CO2-TPD profiles  
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APPENDIX C 

SEM-EDX FOR Ce AND La ON OXYGEN CARRIERS 

   

   

   

   

Figure C.1 SEM images of (a) N/A (b) N/CA (c) N/1LCA (d) N/3LCA (e) N/5LCA (f) 

N/7LCA (g) N/9LCA (h) N/LA oxygen carrier at 500 magnification 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 
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Figure C.2 EDX mapping for Ce on fresh (a) N/CA (b) N/1LCA (c) N/3LCA (d) N/5LCA 

(e) N/7LCA (f) N/9LCA oxygen carriers 
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(c) (d) 

(e) (f) 
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Figure C.3 EDX mapping for La on fresh (a) N/1LCA (b) N/3LCA (c) N/5LCA (d) 

N/7LCA (e) N/9LCA (f) N/LA oxygen carriers 
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Table C.1 Element content from EDX mapping of fresh oxygen carriers 

Oxygen carrier Ni (wt.%) Ce (wt.%) La (wt.%) 

NiO/Al2O3 36.81 - - 
NiO/CeO2-Al2O3 21.94 16.85 - 

NiO/1La2O3-CeO2-Al2O3 30.03 10.28 1.38 
NiO/3La2O3-CeO2-Al2O3 23.53 9.48 4.48 

NiO/5La2O3-CeO2-Al2O3 21.03 6.31 6.21 

NiO/7La2O3-CeO2-Al2O3 25.77 4.98 9.93 
NiO/9La2O3-CeO2-Al2O3 31.85 2.13 11.26 

NiO/La2O3-Al2O3 27.12 - 16.96 
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