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ABSTRACT 

Humans are facing the biggest energy challenges, transportation fuels especially. In 

this study, the effect factors of catalytic characters on the catalytic upgrading of petroleum 

residues in supercritical water, researched to produce more petroleum transportation fuels, 

were deeply investigated.  

In the first study, NiK/yCexZr1-xO2-macroporous Al2O3 catalysts (y = 0, 10, 20, and 

30; x = 0.73-0.92) were synthesized by dispersing different amounts of CexZr1-xO2 phase 

onto macroporous -Al2O3 as supports, and then subsequently impregnating Ni and K into 

the supports, which possessed advantageous properties, such as a high surface area, ordered 

macropores and high oxygen storage capacity. Moreover, the introduction of Ni and K 

metals into these supports created more oxygen vacancies in them. We applied these 

catalysts to the cracking of vacuum residue with steam. It was found that the variation of 

the liquid yield with the amount of CexZr1-xO2 phase showed a volcano pattern. The 

macropores in the supports played an important role in enhancing the diffusion of large 

molecules to the active sites, while the high oxygen storage capacity over the CexZr1-xO2 

phase improved the oxidative cracking rate, thereby increasing the lighter oil fraction from 

the vacuum residue. 

In the second study, a NiK/CeO2 catalyst was employed to investigate the 

interaction between Ni metal and CeO2 support and its effect on oxidative cracking of 

vacuum residue. In the reaction results, a large amount of light oils, including naphtha, 

diesel and VGO, was produced through oxidative cracking over CeO2, and the quality of 

the liquid products was significantly improved by hydrogenation. The interaction between 

Ni metal and CeO2 support induced the formation of a CeyNi1-yO2- solid solution and 

increased the number of oxygen vacancies, thus enhancing the oxidative cracking of 

vacuum residue. Further, the addition of NiK into the supports provided Ni metallic sites 



 

 

for hydrogenation, producing more liquid products with a high H/C ratio. As a result, 

NiK/CeO2 catalyst showed a higher diesel yield (22.87%) than that without catalyst 

(9.14%). 

In the third study, NiK/ceria-zirconia (CZ) and NiK/ceria-zirconia-alumina (CZ-A) 

catalysts were investigated in order to further understand the roles of mixed-oxide supports 

in the steam catalytic cracking of vacuum residue (VR). Compared to thermal cracking, 

higher conversions and liquid yields were achieved over the catalysts. Steam decomposition 

occurring over the CZ and ZrO2 phases provided an alternative hydrogen and oxygen 

sources for hydrogenation and oxidative cracking, respectively. The introduction of Ni into 

the CZ support induced the formation of Cex(Zr-Ni)1-xO2-δ solid solution and the isolation of 

the ZrO2 phase via a strong metal-support interaction, resulting in greater oxygen vacancy 

in the bulk structure. In contrast, the strong interaction of CZ and Ni phases with Al2O3 

induced higher dispersions of CZ and Ni phases in the NiK/CZ-A catalyst, which resulted 

in a greater density of oxygen vacancies on the surface and higher CeO2 reducibility. As a 

result, the quality of the liquid products and naphtha yields were significantly improved by 

hydrogenation over the nickel metallic sites and oxidative cracking through the metal-

support interaction. 

In the fourth study, steam oxidative cracking route of 1-methylnaphthalene were 

investigated through the combination of oxidation and hydrogenation over nickel-

containing mixed oxide catalysts. Depending on the used supports, several types of active 

sites for oxidation, hydrogenation, and steam decomposition were generated by various 

metal–support and support–support interactions. The steam-reforming routes were 

dominant without nickel, resulting in high gas selectivity due to a full-cracking process. 

With nickel, steam oxidative cracking routes were strongly enhanced by a synergistic 

combination between hydrogenation occurring on the Ni metallic sites and oxidation over 



 

 

mobile lattice oxygens in a CexZr1-xO2 solid solution, resulting to the higher selectivity of 

liquid products than that of gas products. Among the prepared catalysts, an optimal 

interaction between Ni and Ceria-Zirconia-Alumina mixed oxide support caused not only 

an increase of oxygen vacancies in solid solutions, but also the formation of smaller Ni 

metallic nanoparticles, resulting in reinforcement of steam oxidative cracking of 1-methyl 

naphthalene. 

Finally, the hierarchically macro-mesoporous grainy aluminas containing the novel 

properties were prepared for being a support in xK/Ni-Al2O3 catalyst which are applied to 

study 1-methyl naphthalene steam reforming. The impact of a hierarchically ordered macro-

mesoporous structure on steam reforming of 1-methyl naphthalene at the low temperature 

(600oC) was investigated over xK/Ni-MeAl (mesoporous alumina-supported nickel & 

potassium) and xK/Ni-MaAl (macro-mesoporous alumina-supported nickel & potassium) 

catalysts in a fixed-bed reactor system. The hierarchical ordered macro-mesoporous 

structure in Al2O3 support played an important role in enhancing the reactant diffusion to 

the active sites promoted both the catalytic cracking and steam reforming, resulting in high 

gas yields and 1-methyl naphthalene conversion. The introduction of potassium on Ni-

MeAl and Ni-MaAl supports created more nickel active sites enhancing significantly the 

steam reforming rate. In addition, using macro-mesoporous alumina as support also 

increased the nickel site dispersion, leading to enrichment of potassium location on alumina, 

which makes the catalytic deactivation being slow down. 
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PART I. OVERVIEW OF THE RESEARCH 

CHAPTER 1. INTRODUCTION 

1.1. Background and motivation 

Energy plays an important role in raising modern living standards around the world. It 

is not only used for responding to the basic demand in daily life but also applies in both 

industry and transportation. The demand for energy has increased continuously during past 51 

years (Figure 1) and it's predicted that world energy consumption will increase by 50 percent 

over the next 20 years, according to the Energy Information Administration (EIA). Nowadays, 

fossil fuels are still major energy resources (80% in 2013) (Figure 2). However, fossil fuels 

are non-renewable and finite resources. They will be becoming too expensive or too 

environmentally damaging in the future. In contrast, the many types of renewable energy 

resources, such as wind and solar energy, are constantly replenished and will never run out. 

Therefore, energy consumption from biofuels, solar, and wind energy have increased in the 

US. Renewable energy is expected to a major energy source in the further future but in the 

next 20 years, it will not replace completely non-renewable energy. Following global energy 

demand forecast 2018 by Exxon Mobil, renewable energy will contribute slightly to 

transportation, residential and electricity generation in 2040 (Figure 3). Especially, besides 

huge potential and benefits, application of renewable energy in transportation has faced many 

challenges, such as taking a long time for changes in technologies and public policy. 

Therefore, all types of transportation are still highly dependent on fossil fuels, especially oil or 

petroleum, because of the dominance of gasoline and diesel engines vehicles throughout the 

world even in developed countries where alternative energy generation systems have been 

used. For instance, in 2017, 92% of the total U.S. transportation energy was consumed from 

petroleum products (Figure 4). Whereas ethanol and biodiesel contributed about 5%, natural 

gas contributed nearly 3%, electricity provided less than 1% of total transportation energy use. 
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Figure 1. Primary energy consumption (1965-2016) [1] 

 

 

Figure 2.  Global final energy consumption in 2013 [2] 
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Figure 3. Global energy demand forecast (2016-2040) [3] 

 

Figure 4. U.S. transportation energy sources/fuels, 2017 [4] 
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The demand for oil in transportation increases fast and the human will still depend 

strongly on oil at least the next 20 years (Figure 3). However, just 30% light existing oil or 

petroleum (conventional oil) is exploiting using traditional drilling methods, others still exist 

in a potential source such as heavy oil, extra-heavy oil, and oil sands Bitumen (Figure 5). In 

2017, global oil consumption is in the region of 0.1 billion barrels (16,000,000 m3) per day. If 

just focusing on conventional oil, it will not respond to the oil demand in the world in the next 

12 years, which calculated following the world’s proven oil reserve in 2017 (Figure 6). That 

indicates worldwide oil is switching to heavier oil which is more viscous or hard to exploit 

because of the advanced requirements in production methods leading to high exploitation 

costs and the fuels price will raise highly. Therefore, sooner or later, the need for upgrading 

heavy oil will become a vital priority in the near future. Due to this serious problem, this study 

focuses on heavy oil upgrading to produce more liquid fuels with low costs in both 

construction and operation. 

 

Figure 5. Total world oil reserves [5] 
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Figure 6. Distribution of proved reserves in 1997, 2007 and 2017 (Percentage) [6] 

1.2. Research objectives 

The overall goal of the present research is to apply of the nickel-cerium containing 

catalysts in steam catalytic cracking of vacuum residue with high vacuum residue (heavy oils) 

conversion and fuel liquid yields, and the relationship between these values and active sites in 

the catalyst system. Secondly, the reaction mechanisms of steam oxidative cracking and steam 

reforming are also provided by using model component - 1-methyl naphthalene as a reactant.  

The objectives can be summarized as follows: 

(i)  Study of vacuum residue steam catalytic cracking over the nickel-cerium containing 

catalysts: macroporous structure, metal-support (M-S) and support – support (S-S) 

interactions effects. 

(ii) Using the model component - 1-methyl naphthalene for studying reaction mechanisms of 

steam oxidative cracking and steam reforming. 
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1.3. Outline of the dissertation 

The structure of this dissertation contains four main parts, including an overview of 

the research; VR steam catalytic cracking over nickel-cerium containing catalysts; reaction 

mechanisms of 1-methyl naphthalene steam catalytic cracking; and summary and 

recommendations for future work. An introductory chapter (Chapter 1) deals with the lack of 

oil problem in transportation in the near future leading to the motivation of the work. Chapter 

2 provides a brief overview of vacuum residue and methods for heavy oil upgrading, steam 

catalytic cracking, and catalysts for this reaction.  Chapter 3 gives the study of NiK/yCexZr1-

xO2 -Al2O3 catalysts on VR steam catalytic cracking and introduces macropores effect on the 

liquid fuel yields. These catalysts were prepared with different amounts of CexZr1-xO2 phase 

onto macroporous -Al2O3 as supports and then subsequently impregnating Ni and K into the 

supports. Two next chapters (chapter 4 and 5) indicates the effects of metal-support 

interaction on steam catalytic cracking over NiK/CeO2 and metal-support (M-S) and support – 

support (S-S) interactions on steam catalytic cracking over NiK/CexZr1-xO2 and NiK/CexZr1-

xO2 – Al2O3 catalysts. The two final chapters of this dissertation (chapter 6 and chapter 7) 

mention about the study of a reaction route of steam catalytic reaction by using model 

component - 1-methyl Naphthalene.  
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PART II. STUDY OF VACUUM RESIDUE STEAM CATALYTIC CRACKING OVER 

THE NICKEL-CERIUM CONTAINING CATALYSTS 

CHAPTER 2. VACUUM RESIDUE AND HEAVY OILS UPGRADING METHODS 

2.1. Vacuum residue 

In the crude oil distillation process, there are two main distillation units: atmospheric 

distillation (ADU) and vacuum distillation (VDU) (Figure 7). In the United States, about 80% 

of the refineries operating have a vacuum distillation unit (VDU) which is a secondary 

processing unit consisting of vacuum distillation columns. VDU is used to produce more 

petroleum products form the heavier oils left over from atmospheric distillation (atmospheric 

residue-AR). In the refining process, ADU separates the lighter hydrocarbons from the crude 

oils at the lower temperature of 400oC. Above this temperature, the oils will thermally crack, 

or break apart, which impedes the distillation process. To increase the production of high-

value petroleum products, the bottom products of ADU (AR) are run through a vacuum 

distillation column to further refine them. As the name vacuum distillation implies, the 

distillation column is under a vacuum, or significantly less than atmospheric pressure of 760 

millimeters of mercury (mmHg). At low pressures, the boiling point of the ADU bottoms is 

low enough that lighter products can vaporize without cracking or degrading the oil. Vacuum 

distillation produces several types of gas oil: light vacuum oil, heavy vacuum oil. And the 

bottom products in VDU is called vacuum residue. Therefore, vacuum residue is a heaviest 

fractional products of the crude oil distillation process in the oil refinery. 

Vacuum residue has atmospheric equivalent boiling points over 525°C and contains 

high molecular weight hydrocarbons such as asphaltenes, saturates, aromatics, and resins 

(Figure 8) [7]; heteroatoms (N, O, S); and metals. Residue content and its properties are 

different in each used crude oil, which is shown in Table 1.  
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Figure 7. An overall flow for the fractional distillation of crude oil [8]  
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Table 1. Different residue composition and physical properties [9] 

Crude oil 

Gravity 

(API) 

Ni + V 

(ppmw) 

S 

(wt.%) 

C-residue 

(wt.%) 

Residue yield 

 (vol.% of crude) 

AR, 343 C+ VR, 565 C+ 

Alaska, north slope 14.9 71 1.8 9.2 51.5 21.4 

Arabian, safaniya 13.0 125 4.3 12.8 53.8 23.2 

Canada, Athabasca 5.8 374 5.4 15.3 85.3 51.4 

Canada, Cold Lake 6.8 333 5.0 15.1 83.7 44.8 

California, Hondo 7.5 489 5.8 12.0 67.2 44.3 

Iranian - 197 2.6 9.9 46.7 - 

Kuwait, Export 15.0 75 4.1 11.0 45.9 21.8 

Mexico, Maya 7.9 620 4.7 15.3 56.4 31.2 

North Sea, Ekofisk 20.9 6 0.4 4.3 25.2 13.2 

Venezuela, Bachaquero 9.4 509 3.0 14.1 70.2 38.0 

 

 

Figure 8. Structures representing saturated, asphaltenes, aromatics and resins [10] 
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2.2. Heavy oils upgrading methods  

The most valuable products from a refinery are light and middle distillates which 

contain high H/C ratio. Whereas, residues are heavy hydrocarbons which have a low H/C ratio. 

To control the H/C ratio of products, there are two main methods: carbon rejection and 

hydrogen addition [1,9,11–13] (Figure 9). Both hydrogen addition and carbon rejection 

processes have disadvantages when applied to upgrade heavy oils. For example, removal of 

nitrogen, sulfur, and metals by exhaustive hydrodenitrogenation (HDN), hydrodesulfurization 

(HDS), and hydrodemetallization (HDM) are very expensive (excessive catalyst utilization), 

due to metal and carbon deposition. Noncatalytic processes yield uneconomically large 

amounts of coke and low liquid yield. 

 

Figure 9. Process alternatives for upgrading of heavy oils Figure 9 [14] 



 

11 
 

2.2.1. Carbon rejection  

Carbon rejection is a technology that carbon in heavy oils is considered to have been 

rejected in the form of coke with a low atomic hydrogen/carbon ratio, for example, thermal 

process (visbreaking and hydrovisbreaking, coking), deasphalting, and catalytic cracking. 

Table 2 shows the product yields from thermal processes [12]. The carbon rejection processes 

have the investment and operating costs more attractive than hydrogen addition but lower 

quality and yields of liquid fuels. 

Table 2. The yield of products (wt%) from thermal processes [12] 

Yield Visbr. Hydrovisbr. HCR 

Coking HCR/DEA 

(deasphalting) 

Ebullated 

Delayed Flexi 

Gas 1.7 2.5 3.0 10.7 10.0 3.0 4 

Naphtha 6.1 3.0 3.7 13.9 13.7 3.7 13 

Gas oil 10.4 34.5 53.3 42.6 54.4 67.3 66 

Total dist. 16.5 37.5 57.0 56.5 68.1 71.0 79 

Residue 81.8 60.0 40.0 32.8 22.0 26.0 17 

Form of 

residue 

Tar Liquid oil 

pitch 

Solid 

pitch 

Coke 

lumps 

Coke 

powder 

Solid pitch Vacuum 

residue 

 

2.2.2. Hydrogen addition  

Hydrogen addition is a process in which hydrogen involves in reaction to increase high 

H/C ratio in liquid products without rejection of carbon (reducing coke formation and 

increasing liquid fuels yields), for example, hydrogenation and hydrocracking. These 

reactions usually happen at high temperature and pressure because of using hydrogen gas and 

a high concentration of carbon oils (Table 3). During heavy oils hydro-processing, there are 

several reactions happened, such as saturation reactions, HDS reactions (Figure 10). 
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Table 3. Hydrotreating and Hydrocracking: Ranges of H2 Partial Pressure and 

Conversion [15] 

Process, Feedstock Types 

H2 Partial Pressure Conversion 

wt% psig kPa 

Hydrotreating 

Naphtha 250 to 450 1825 to 3204 0.5 to 5 

LGO (Kerosene) 250 to 600 1825 to 4238 0.5 to 5 

HGO (Diesel), LCO 600 to 800 4238 to 5617 5 to 15 

VGO, VBGO, DAO, CGO, HCO 800 to 2000 5617 to 13,891 5 to 15 

Residual Oil 2000 to 3000 13,891 to 20,786 5 to 15 

Mild Hydrocracking 

VGO, VBGO, DAO, CGO, LCO, HCO 800 to 1200 5617 to 8375 20 to 40 

Once-Through Hydrocracking 

VGO, VBGO, DAO, CGO, LCO, HCO 1500 to 2000 10,443 to 13,891 60 to 90 

Residual Oil 2000 to 3000 13,891 to 20,786 15 to 25 

Recycle Hydrocracking 

VGO, VBGO, DAO, CGO, LCO, HCO 1500 to 2000 10,443 to 13,891 80 to 99 

Ebullated-Bed Hydrocracking 

VGO, VBGO, DAO, HCO 2000 13,891 80 to 99 

Residual Oil 2000 to 3000 13,891 to 20,786 >50 

Recently, heavy oils upgrading in supercritical water has been much attention by many 

researchers [1,14]. This is a new method, compared to conventional hydrocracking method. 

Application of steam into the catalytic process method will provide cheap hydrogen and 

oxygen sources for reactions, instead of pure hydrogen and oxygen gases. That will remove 

the cost for producing or buying these gases which are expensive and risky.
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Figure 10. (a) Saturation of butenyl benzene, naphthalene, and phenanthrene, (b) Hydrodesulfurization of 4-ethyl-6 

methyldibenzothiophene  and (c) Hydrodenitrogenation (HDN) of quinoline [15] 

(a)       

 
 

 
 

 

 

 

 
 

(b) (c)          
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1-5, 7: Saturation reactions, 6 and 8-11: Ring-opening, 12-13: Cracking 

Figure 11. Hydrocracking reaction chain for polyaromatic and naphtheno-aromatic compounds [15]  
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2.3. Heavy oils upgrading in supercritical water or steam and catalysts 

At present, supercritical or steam has been studied the most as a solvent for upgrading 

heavy oils [16–22], due to its special physical and chemical properties. Supercritical water or 

steam has good solubility in organic and plays as hydrogen and oxygen donors. Heavy oils 

upgrading in supercritical water or steam can apply in the different range of oils in feedstock 

and low-temperature reaction. The recent research results show that this method improved the 

light product yields and decreased coke formation, enhanced the removal of heteroatoms 

without hydrogen gas supply [1]. 

Under the presence of catalysts, there are several reactions occur during the heavy oils 

upgrading process. The two main reactions are partial oxidation or oxidative cracking and 

hydrogenation of oil. The partial oxidation of heavy oil also is called oxidative cracking in 

which light oils and CO2 are products of the reaction between the carbons in heavy oils and 

the oxygen in the lattice of catalysts. The catalysts for this process usually possess high 

oxygen storage capacities and include species such as CeO2 [23], CeO2-ZrO2 (CZ) [21,24], 

Zr/FeOx [25,26], and ZrO2-red mud [27,28]. CeO2 is a superior heterogeneous catalyst for 

oxidative cracking because it can store and release oxygen, which is related to its reducibility 

and oxidatibility properties. According to other studies, adding Zr4+ into the ceria lattice of CZ 

mixed oxide improves the mobility of the oxygen species in the mixed oxide [29,30], 

enhances catalytic stability, and decreases the coke combustion temperatures [31]. The soot 

oxidation process catalyzed using a CZ catalyst exhibits high soot oxidation activity [32,33], 

which is caused by the formation of a CZ solid solution through the movement of Zr4+ into the 

ceria lattice [24,31,34]. Moreover, the interaction of the CZ phase with Al2O3 in the CZ and 

Al2O3 mixed oxide (CZ-A) raises the oxygen vacancies or lattice defects, avoids pore collapse, 

restrains the segregation of CZ [35], and increases the thermal stability of the catalysts [36]. 
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 In hydrogenation, the unsaturated oil will react with hydrogen to form saturated oils, 

increasing the liquid phase instead of gas phase or coke. Hydrogenation kinetics of benzene 

have been studied extensively both on supported group VIII metal (e.g., Ni, Pd, Pt) and on 

metal sulfide (e.g., MoS, WS2, Co-Mo-S/A12O3, Ni-Mo-S/A12O3, and Ni-W-S/A12O3) 

catalysts [37]. However, nickel has been used the most widely in metal-based catalysts and it 

has a lower cost than Pd and Pt. Furthermore, transition metals such as Ni have commonly 

been introduced into ceria to enhance the catalytic performance [2,5,9-11]. The replacement 

of a smaller cation radius and a lower valence cation Ni2+ into the CeO2 lattice induces the 

formation of a CeyNi1-yO2- solid solution [10,11]. As a result, the addition of Ni into CeO2 

having a high oxygen storage capacity can improve the catalytic performance via metal 

support interactions. Therefore, in this study, nickel-cerium containing catalysts have been 

applied for vacuum residue upgrading in steam to produce more liquid fuels. 
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CHAPTER 3. NIK/YCEXZR1-XO2 -MACROPOROUS AL2O3 CATALYSTS FOR 

STEAM CATALYTIC CRACKING OF VACUUM RESIDUE  

3.1. Introduction 

In this study, NiK/yCexZr1-xO2-MaAl2O3 catalysts are synthesized to produce high light 

product yields from the vacuum residue through oxidative cracking. Macroporous Al2O3 

(MaAl2O3) is used as a porous support which contains acid sites on the surface [41]. In a 

steam environment, these sites promote the catalytic cracking process. In addition, due to the 

existence of the macro-mesoporous system in the structure of MaAl2O3, the heavy component 

in VR will access the acid sites conveniently, thereby also promoting the catalytic cracking 

process. In our previous study [42], the hierarchical macro–mesoporous Al2O3-supported 

catalyst exhibited better catalytic performance than the mesoporous alumina supported 

catalyst in steam cracking, due to the fast diffusion of the reactants to the active sites for 

hydrogenation. Along with the macroporosity of the support, the CexZr1-xO2 phase dispersed 

onto MaAl2O3 plays an important role by acting as active sites for the oxidative cracking. 

Moreover, the introduction of Ni and K onto yCexZr1-xO2-MaAl2O3 supports increases the 

oxygen storage capacity [42] and promotes the decomposition of steam [43], improving the 

oxidative cracking by the CexZr1-xO2 phase. Accordingly, with NiK/yCexZr1-xO2-MaAl2O3 

catalysts, not only the accessibility of the large components such as asphaltenes, in the 

vacuum residue to the active sites will be increased due to the macro-mesoporous system in 

MaAl2O3, but also additional oxidative cracking will occur over the CexZr1-xO2 phase, 

eventually resulting in the enhancement of cracking rates with steam. 

3.2. Experimental   

3.2.1. Catalyst preparation 
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To prepare MaAl2O3, 10 g of aluminum-tri-sec-butoxide (ASB, Sigma Aldrich Korea) was 

dissolved completely in 10 g of 2-butanol (Sigma Aldrich Korea) by using a magnetic stirrer. 

Then, polystyrene (PS) spheres (ca. 320 nm diameter), which were prepared by an emulsifier-

free emulsion polymerization method, were added to the solution under continuous stirring for 

4 hours. The solid product was filtered and washed completely with a mixture of ethanol and 

water (1Vethanol/2Vwater). The washed solid product was dried in air at 70 oC for 24 hours. The 

PS spheres were removed by calcination in a muffle furnace in air. The temperature was 

ramped at 1 oC/min to 600 oC and then held at this temperature for 6 hours. 

The yCexZr1-xO2-MaAl2O3 supports were synthesized by impregnating MaAl2O3 with an 

excess solution of Ce and Zr precursors. The Ce(NO3)3.6H2O (Sigma-Aldrich, 99%) and 

ZrO(NO3)3.6H2O (Sigma-Aldrich, 99%)  salts were each dissolved in 12 ml of distilled 

water in separate beakers using sonication and, then, the two solutions were combined in one 

beaker. The combined solution was then added to a beaker containing 2 g of MaAl2O3, stirred 

at 30 oC for 1 hour and left to stand at 30 oC for 12 hours. The solution was heated slowly to 

and kept at 50 oC with constant stirring to evaporate the water. After that, the paste samples 

were dried at 100 oC for 12 hours in an oven and then ground with a mortar and pestle. The 

ground powders were calcined in a furnace by heating them from 30 oC to 600 oC with a ramp 

rate of 1.5 oC/min and then keeping them at this temperature for 6 hours. 

Through the incipient wetness impregnation method, NiK/yCexZr1-xO2-MaAl2O3 catalysts 

were synthesized by impregnating an aqueous solution of the precursor salts, Ni(NO3)2 and 

KNO3, to reach 10 Wt.% Ni and 5 Wt.% K on the yCexZr1-xO2-MaAl2O3 supports. The 

precursors were dissolved in a predetermined amount of deionized water. One aliquot 

containing 200 l of the precursor was evenly dispersed on the calcined supports. The 

procedure was repeated until the ratio of liquid to support was 1.0 ml/g. The catalysts were 
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dried at room temperature for 24 hours and then at 100 oC for 12 hours in an oven and 

subsequently calcined at 600 oC for 4 hours in a furnace. The catalysts were reduced in a flow 

of hydrogen at 600 oC for 2 hours. In all of the catalysts, the atomic ratio of Ce to Zr was 

equal to 1.0. 

3.2.2. Catalyst characterization 

The textural properties of the NiK/yCexZr1-xO2-MaAl2O3 catalysts were measured by 

N2 adsorption analysis on a Micromeritics ASAP 2020 apparatus (USA). The X-ray 

diffraction (XRD) patterns were obtained using a Rigaku RAD-3C diffractometer (Japan) with 

Cu Ka radiation ( = 1.5418 Å) at a scan rate of 2° (2θ)/min, operated at 35 kV and 20 mA. 

The surface morphology and particle size were characterized by field-emission scanning 

electron microscopy (FE-SEM, JEOL JSM-600F, Japan). High-resolution transmission 

electron microscopy (TEM, JEM-2100F, JEOL) bright-field images were also obtained. The 

specimens were prepared by suspending and grinding them in an ethanol solution; two drops 

of ethanol solution containing the ground catalyst powder were placed onto a carbon film-

coated copper grid. The Raman spectra were obtained with a DXR Raman Microscope 

(Thermo Scientific, USA) using a 532 nm excitation source. The spectral resolution employed 

was 2 cm−1. 

3.2.3. Reaction test 

First, the catalysts were reduced in situ in flowing hydrogen (25 ml/min) at 600 oC for 2 h. 

Then, the reduced catalyst (0.5 g) was put into the reactor. A mixture of water and nitrogen 

was heated to vaporize the water and then entered the reactor at flow rates of 0.3 and 70 

ml/min, respectively. The VR feed (0.15 ml/min) was fed into the reactor. The reaction was 

allowed to proceed at 500oC for 2 hours in a fix-bed reactor (Scheme 1). The time 

factor, W/FR, was 0.6 h, where FR is the flow rate of VR without toluene and W is the amount 
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of catalyst. In this study, commercial VR was diluted to 10 wt% with toluene and the diluted 

liquid was used as a feedstock.  

 

Scheme 1.  Schematic diagram of the fixed-bed reactor system 

For its analysis, the gas product was sampled through a six-port valve via a sample loop 

(0.25 ml) into a chromatograph (YOUNG LIN-Acme 6100 GC, South Korea) using a thermal 

conductivity detector (TCD) and HPPLOT Q column. The distribution of the desired liquid 

products, such as gasoline (180 oC), diesel (180-350 oC), and VGO (350-560 oC), and the 

560 oC+ fraction (>560 oC) was measured by GC-SIMDIS (AC Analytical Controls, Agilent 

7890). The analysis conditions were based on the ASTM D-2887 (simulated distillation) and 

ASTM D-5307 methods. The coke yield was determined by TGA analysis (TG Q50, TA 

instrument). The conversion of the VR and the yield of each product were calculated by 

balancing the content of the desired boiling point products in the following equations: 
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Gas yield (wt%) =
[Input VR weight] − [Weight of all the products]

Feed VR weight
× 100 

Liquid yield (wt%) =
[Weight of gasoline, Diese, and VGO products]

Feed VR weight
× 100 

Coke yield (wt%) =
[weight of coke produced during reaction]

Feed VR weight
× 100 

Each desired product yield (wt%) =
[Products weight of desired boiling point]

Feed VR weight
 

Conversion (wt%) = [Gas yield] + [liquid yield] + [coke yield] 

3.3. Results and discussion 

3.3.1. Catalyst characterizations 

 

Figure 12. SEM images of (A) Polystyrene, (B) MaAl2O3 support, (C) NiK/MaAl2O3, (D) 

NiK/10CexZr1-xO2-MaAl2O3, (E) NiK/20CexZr1-xO2-MaAl2O3, (F) NiK/30CexZr1-xO2-

MaAl2O3 catalysts. 

Figure 12 shows the SEM images of the polystyrene, MaAl2O3 and NiK/yCexZr1-xO2-

MaAl2O3 catalysts. The macroporous structure of MaAl2O3 is built by making use of hard 

template-polystyrene spheres (average diameter of 320 nm, Figure 12A). After removing the 

PS spheres by calcination at 600 oC for 6 h, the ordered macro-mesoporous system is found in 
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the structure (Figure 12B). Because of the shrinking of the hard templates during the 

calcination process, the diameter of the macropores is smaller than that of the polystyrene 

spheres [44]. The wall thickness and diameter of the macropores are about 75 nm and 215 nm, 

respectively. The SEM images of the NiK/yCexZr1-xO2-MaAl2O3 catalysts are shown in Figs. 

12C-F.  According to these images, the macropores of MaAl2O3 are significantly covered with 

the CexZr1-xO2 phase during the addition of Ce and Zr. The consistent result shows that an 

increase in the Ce and Zr loading amounts onto MaAl2O3 results in a decrease in the surface 

areas (from 211.6 m2/g to 80.9 m2/g) and pore volumes (from 0.48 cm3/g to 0.19 cm3/g) of the 

catalysts (Table 4). Moreover, adding Ce and Zr to MaAl2O3 reduces the interaction between 

Ni and MaAl2O3, which promotes the aggregation of the Ni particles on the surface of the 

support [45]. This causes an increase in the nickel particle sizes with increasing amounts of 

Ce and Zr (Table 4).  

Table 4. Textural properties of NiK/CexZr1-xO2-MaAl2O3 catalysts 

Sample 

Surface area 

(m2/g) 

Pore size 

(nm) 

Pore volume 

(cm3/g) 

Ni particle 

size a (nm) 

MaAl2O3 211.6 7.4 0.48 - 

NiK/MaAl2O3 134.5 7.9 0.27 7.1 

NiK/10CexZr1-xO2-MaAl2O3 109.3 8.4 0.27 7.3 

NiK/20CexZr1-xO2-MaAl2O3 100.8 7.6 0.25 11.0 

NiK/30CexZr1-xO2-MaAl2O3 80.9 8.0 0.19 14.5 

a:  the values were obtained from TEM images 

Figure 13 shows the nitrogen adsorption-desorption isotherms and pore size distributions of 

the NiK/yCexZr1-xO2-MaAl2O3 catalysts. The nitrogen adsorption-desorption isotherms of the 

catalysts (Figure 13A) represent a typical type-IV isotherm with H3-shaped hysteresis loop 
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which doesn’t exhibit any limiting adsorption at high P/Po. This corresponds to capillary 

condensation in the mesopores and the existence of narrow slit-shaped pores in the materials 

[46]. The occurrence of the hysteresis loop at higher relative pressures of around 0.8–0.98 and 

the continuous nitrogen uptake near the saturation pressure indicate the presence of 

macropores in the catalysts [47]. In the pore size distribution curves of the NiK/yCexZr1-xO2-

MaAl2O3 catalysts (Figure 13B), one peak around 7 nm is obviously shown. This peak 

becomes broader and shifts to a higher pore diameter as the amounts of Ce and Zr increase. 

 

Figure 13. N2 adsorption-desorption isotherms and pore size distributions of 

NiK/CexZr1-xO2-MaAl2O3 catalysts and MaAl2O3 support 

Figure 14 shows the XRD patterns of the NiK/yCexZr1-xO2/MaAl2O3 catalysts after 

calcination at 500 °C and reduction in H2 at 600 °C for 2 h, where all of the characteristic 

XRD peaks for the crystalline structure of all of the catalysts are to be found. The peaks at 

2θ=28.64o (NiK/10CexZr1-xO2-MaAl2O3), 2θ=28.76o (NiK/20CexZr1-xO2-MaAl2O3) and 

2θ=28.91o (NiK/30CexZr1-xO2-MaAl2O3) are assigned to the reflection peaks of the solid 

solutions of Ce0.92Zr0.08O2, Ce0.83Zr0.0.17O2 and Ce0.73Zr0.27O2, respectively. These peaks have a 

broad shape which is indicative of the good dispersion of the ceria–zirconia crystallites over 

MaAl2O3. With increasing amounts of Ce and Zr, the position of the peak for the CexZr1-xO2 
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phase shifts to a higher two theta value (Table 5), suggesting a decrease in the lattice constant 

because of the incorporation of the smaller Zr4+ ions into the CeO2 lattice [31]. The chemical 

compositions of the solid solution CexZr1-xO2 in all of the catalysts are estimated from the 

calibration curve generated by plotting the 2 value of the (111) peak as a function of the 

atomic concentration of cerium using the JCPDS database. The estimated values of x are in 

the range of 0.73-0.92 (Table 5). In addition, strong sharp peaks for Ni metal phase are 

detected at 2=44.43o; 51.91o; 76.51o (JCPDS Card No. 04-0850), confirming the reduction of 

NiO to Ni under hydrogen media. The strong interaction between the Ni species and MaAl2O3 

induces the formation of surface nickel aluminate (NiAl2O4) [48], the characteristic peaks of 

which are detected at 2=36.4o; 45.5o and 65.3o (JCPDS Card No.10-0339). 

 

Figure 14. XRD patterns of fresh NiK/yCexZr1-xO2-MaAl2O3 catalysts 
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Table 5. Compositions and lattice constants of CexZr1-xO2 estimated from the standard 

XRD patterns 

Sample 

Experimental data Standard data 

(111) 

peak 

position 

Estimated 

composition 

(111) 

peak 

position 

Standard 

JCPDS 

NiK/MaAl2O3 nd nd 28.54 CeO2 

NiK/10CexZr1-xO2-MaAl2O3 28.64 Ce0.92Zr0.08O2 28.87 Ce0.75Zr0.25O2 

NiK/20CexZr1-xO2-MaAl2O3 28.76 Ce0.83Zr0.17O2 29.25 Ce0.50Zr0.50O2 

NiK/30CexZr1-xO2-MaAl2O3 28.91 Ce0.73Zr0.27O2 29.89 Ce0.36Zr0.54O2 

nd: not detected 

 

Figure 15. Raman spectra of catalysts: (A) fresh NiK/yCexZr1-xO2/MaAl2O3 catalysts 

(reduction) and (B) spent NiK/yCexZr1-xO2-MaAl2O3 catalysts 

In the Raman spectra of the NiK/yCexZr1-xO2/MaAl2O3 catalysts after reduction in H2 at 

600 °C for 2 h (Figure 15A), the Ce-O and Ce- (: a vacant site) bands can be clearly seen at 

467 cm-1 and 610 cm-1, respectively. The intensity ratio ICe- /ICe-O shows the relation between 

Ce-O bonding and Ce- bonding. An increase of the ICe- /ICe-O value indicates a relative 
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increase in the number of oxygen vacancies. The formation of oxygen vacancies in a catalyst 

depends on many factors, such as the calcination temperature, reduction or oxidation media 

and doping of metal into the catalyst [49–51].  

 

Figure 16. Raman spectra of (a) 30CexZr1-xO2-MaAl2O3 after calcination, (b) 30CexZr1-

xO2-MaAl2O3 after reduction, and (c) NiK/30CexZr1-xO2-MaAl2O after reduction 

Figure 16 shows the Raman spectra of 30CexZr1-xO2-MaAl2O3 after calcination at 600 oC 

for 6 hours, 30CexZr1-xO2-MaAl2O3 after reduction in H2, and NiK/30CexZr1-xO2-MaAl2O3 

after reduction in H2, respectively. The peak of the Ce-O band at 467 cm-1 is clearly present, 

while there is no peak for Ce-  at around 615 cm-1 in the case of 30CexZr1-xO2-MaAl2O3 after 

calcination (Figure 15a). However, for 30CexZr1-xO2-MaAl2O3 after reduction, the peak of Ce-

  at 615 cm-1 appears (Figure 15b), indicating that oxygen vacancies form over the CexZr1-
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xO2 phase after reduction in H2 and that the transformation of Ce4+ to Ce3+ occurs. The 

substitution of two Ce3+ for one Ce4+ in the lattice generates one oxygen vacancy in the lattice 

of CeO2 [52]. Moreover, the doping of Ni species onto the supports increases the number of 

the oxygen vacancies due to the formation of charge-compensating oxygen vacancies 

neighbouring the dopant, which is evidenced by the Raman spectra of 30CexZr1-xO2-MaAl2O3 

after reduction and NiK/30CexZr1-xO2-MaAl2O3 after reduction (Figure 15b-c).  

3.3.2. Cracking VR over NiK/CexZr1-xO2/MaAl2O3 catalysts 

Table 6. Product distributions and conversions obtained from cracking of VR with 

steam over NiK/yCexZr1-xO2-MaAl2O3 catalysts in the fixed-bed reactor 

 (Reaction conditions: T= 500oC, t = 2 h, W/FR, = 0.6 h) 

Samples 

 

Products distribution (%) Liquid 

yield 

(%) 

C  

(%) Gas Gasoline Diesel VGO Residue Coke 

Vacuum residue 

(VR) 
0 0 0 24 76 0 - - 

No catalyst  

(Blank test) 
5.5 1.49 9.14 39.49 42.74 1.64 50.12 57.26 

NiK/MaAl2O3 13.44 6.23 16.32 41.77 20.63 1.61 64.32 79.37 

NiK/10CexZr1-xO2 

-MaAl2O3 
6.29 6.28 17.04 47.27 21.34 1.78 70.59 78.66 

NiK/20CexZr1-xO2 

-MaAl2O3 
1.47 6.36 17.32 50.17 21.72 2.96 73.85 78.28 

NiK/30CexZr1-xO2 

-MaAl2O3 
2.08 7.06 13.45 42.05 33.78 1.58 62.56 66.22 

Table 6 shows the product distributions after VR cracking with steam over the 

NiK/yCexZr1-xO2-MaAl2O3 catalysts for 2 hours. The reaction temperature is 500oC and the 

time factor W/FR is 0.6 h. Without the catalyst, the main reaction is thermal cracking, which 
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produces a lower liquid yield (50.12 %) and conversion (57.26%). In the presence of 

NiK/MaAl2O3, however, the main reactions were suggested to be catalytic cracking and steam 

reforming [53], which increases the liquid yields from 50.12% to 64.32%. The gas yield in the 

presence of NiK/MaAl2O3 is higher than that without the catalyst (Table 6), indicating that 

this catalyst has high acidity and that the existence of the macropores accelerates the diffusion 

rate of large molecules to the acidic sites and Ni surface for the catalytic cracking and steam 

reforming reactions, respectively. Along with the catalytic cracking over the acid sites, the 

presence of CO2 gas in the gaseous products (Table 7) suggests that the steam reforming 

occurs over the Ni/support [54–56]; this is a secondary reaction derived from the light 

fractions, especially alkylbenzene. The alkyl chains of alkylbenzenes react with steam, 

transforming the aromatics and CO2. Therefore, this process has a high selectivity toward 

aromatics such as benzene and toluene [54,57], causing an increase in the gasoline and diesel 

yields in the product distribution. However, the steam reforming of high molecular weight 

hydrocarbons is a complex process, including several consecutive and parallel reactions, some 

of which may result in the formation of coke.  

Table 7. Gas products distribution obtained from cracking of VR with steam in the 

fixed-bed reactor at t=1 hour in presence of NiK/yCexZr1-xO2-MaAl2O3 catalysts  

(Reaction conditions: T = 500oC, W/FR, = 0.6 h) 

Samples 

Gas products (%) 

C1 CO2 C2 C3 C4 

NiK/MaAl2O3 18.10 16.81 26.39 22.32 16.38 

NiK/10CexZr1-xO2-MaAl2O3 20.21 24.54 18.16 23.36 13.73 

NiK/20CexZr1-xO2-MaAl2O3 32.13 32.27 9.17 23.09 3.34 

NiK/30CexZr1-xO2-MaAl2O3 25.70 36.38 17.19 16.43 4.30 
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With increasing Ce and Zr loading amounts, the surface areas of the catalysts decrease 

and the nickel particle sizes increase significantly (Table 4), implying a decrease in the 

catalytic activity of the acidic sites over MaAl2O3, as well as that of the Ni metal sites. The 

catalytic cracking over MaAl2O3 becomes less active due to the coverage of MaAl2O3 by 

CexZr1-xO2 phase. Instead, the oxidative cracking over CexZr1-xO2 phase increases. Oxidative 

cracking is a process mainly involving the breakage of the C-C bonds between the aromatic 

groups in both maltene and asphaltene in the residue and coke [23] to form lighter oils and 

release CO2 gas, indicating that this process enhances the VGO yields in the product. It is 

observed that the VGO yield increases as the Ce and Zr loading amounts increase (Table 6). 

Moreover, the amount of CO2 also increases in the gas products (Table 7), proving that CO2 

gas is generated by the oxidative cracking over the CexZr1-xO2 phase, as well as by the steam 

reforming on the Ni particles. The level of CO2 gas formation indicates the oxygen storage 

capacity (OSC) in the catalysts [50]. With increasing amounts of Ce and Zr, the relative 

portion of CO2 in the gas composition gradually rises (Table 7). In contrast, the catalytic 

cracking over the acidic sites over MaAl2O3 lessens, due to the surface coverage of MaAl2O3 

with CexZr1-xO2 phase, which is evidenced by a rapid decrease in the gas yield (Table 6) and a 

gradual decrease of C2 in the gas composition (Table 7) with increasing amounts of Ce and Zr 

[42,58]. The catalytic performance in this study is strongly related to the competition or 

combination of the catalytic cracking, steam reforming and oxidative cracking over each 

active site. The highest value of the liquid yield obtained in this study is 73.85% for the 

NiK/20CexZr1-xO2-MaAl2O3 catalyst (Table 6). As y increases up to y=20, the liquid yield 

increases gradually and then decreases again at y=30. We can observe clearly the competition 

of these reactions in Table 6; the reaction conversion is almost unchanged as the Ce and Zr 

loading amounts increase from 0% to 20%. Then, as the Ce and Zr loading amounts further 

increase to 30%, the reaction conversion decreases.  
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Scheme 2. Schematic illustration of proposed pathway for cracking of VR with steam over NiK/yCexZr1-xO2-MaAl2O3 catalysts.
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Scheme 2 shows the proposed scheme for the reaction pathways of VR cracking with 

steam over the NiK/CexZr1-xO2-MaAl2O3 catalysts. In the process of catalytic cracking, the C-

C bonds in the heavy oils are broken down by the acidic sites on MaAl2O3 to forms light oils. 

The catalytic cracking reaction mechanism is identified as the protolytic and -scission 

mechanism [59]. If the protolytic mechanism is followed, methane, ethane and even ethylene 

will be found in the gas products, while C3 and C4 gases will be formed by the -scission 

mechanism. In our previous study [42], C2 gases were generated from the catalytic cracking 

over the acidic sites of the supports, not from thermal cracking. In this study, with increasing 

amounts of Ce and Zr, the C2 gas composition gradually decreases (Table 7), due to the loss 

of the acidic sites on MaAl2O3. Along with the catalytic cracking, deposition and 

polymerization reactions occur, forming to coke. That is evidenced by the detection of a 

graphite peak at 2=25.2O in the XRD patterns of the spent catalysts, as shown in Figure 17.  

In this study, a parallel reaction with the catalytic cracking is oxidative cracking. In 

previous studies, it was proposed that the reaction mechanism for oxidation depends on the 

redox properties of CeO2  [60–62]. In general, the oxygen can adsorb onto the reduced surface 

of the CexZr1-xO2 phase in the vicinity of the hydrocarbon and, subsequently, electron transfer 

from the surface donor (Ce3+) to the adsorbed oxygen occurs as follows: Ce3+- + O2 → Ce4+-

(O-O)- (: oxygen vacancy) [32]. The formation of active oxygen species in this study can be 

explained by steam decomposition. The active oxygen species produced from steam 

decomposition over ZrO2 [43] can oxidize the carbonaceous residue or induce the oxidative 

cracking of heavy oil [26]. The active oxygen species on the surface of a catalyst can be 

divided into two groups: electrophilic and nucleophilic. Electrophilic oxygen comprises 

electron-deficient adsorbed species such as O2
−, O2

2− and O− which are generated from the 

activation of O2, whereas nucleophilic oxygen includes saturated species such as the terminal 

oxygen group (M O) and bridging oxygen (M–O–M), where the active oxygen species exist 
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in a nominal O2− state [60]. In this case, the carbon in heavy oil adsorbs on the nucleophilic 

oxygen in the lattice of CeO2 and the active oxygen species on the surface of the cerium oxide 

become unstable. As a result, cracking of the heavy oil takes place via oxidation and the Ce4+ 

is reduced to Ce3+ [23]. In this process, the surface mobility of the active oxygen species in the 

CeO2 lattices is a key step. In this study, CexZr1-xO2 solid solution plays an important role by 

acting as an oxygen species conductor which enhances the oxidative cracking of heavy oil 

[29]. In fact, the oxidation of hydrocarbons results in the formation of CO2 as one of the main 

gases. The detection of CO2 gas demonstrates that the active oxygen species are employed to 

decompose the heavy components into lighter fractions and CO2. The Ce2O3 phase detected 

by XRD, as shown in Figure 17, and the oxygen vacancies detected by Raman spectroscopy 

for the spent catalysts are decreased (Table 8), implying that the formation rate of the active 

oxygen species generated from the decomposition of steam is faster than the reduction rate of 

Ce4+. Besides the oxygen species react with heavy oils, many the active oxygen species react 

with Ni metal, leading to the formation of NiO phase in the spent catalysts (Figure 17).  

Table 8. Estimated ICe3+/Ce4+ and ICe-/Ce-O values in fresh and spent catalysts 

Sample 

ICe3+/Ce4+ (XRD) ICe-/Ce-O (Raman) 

Fresh cat. Spent cat. Fresh cat. Spent cat. 

NiK/MaAl2O3 - - - - 

NiK/10CexZr1-xO2-MaAl2O3 0.64 0.52 0.54 0.29 

NiK/20CexZr1-xO2-MaAl2O3 0.35 0.29 0.29 0.23 

NiK/30CexZr1-xO2-MaAl2O3 0.29 0.24 0.36 0.21 
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Figure 17. (A) XRD patterns of spent NiK/yCexZr1-xO2-MaAl2O3 catalysts and 

comparison of Ce3+ and Ce4+ peaks in XRD patterns of (B) fresh NiK/yCexZr1-xO2-

MaAl2O3 catalysts and (C) spent NiK/yCexZr1-xO2-MaAl2O3 catalysts 

3.4. Conclusion 

NiK/yCexZr1-xO2-macroporous Al2O3 catalysts were prepared for the process of 

cracking VR with steam, which was conducted in a fixed-bed reactor at 500oC to improve the 

liquid yield and the reaction conversion. The macro-mesoporous structure plays an important 
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role in reducing the diffusion time of large molecules to the active sites, thereby promoting 

the catalytic cracking over MaAl2O3, the oxidative cracking over the CexZr1-xO2 phase and 

the steam reforming on the Ni particles. However, since the CexZr1-xO2 phase possesses a 

high oxygen storage capacity, the oxidative cracking was enhanced when it was impregnated 

into MaAl2O3, whereas the catalytic cracking was inhibited, due to the loss of the acidic sites. 

The catalyst with y=20 showed the best catalytic performance (the highest liquid yield) 

resulting from the competitive process of catalytic cracking, steam reforming and oxidative 

cracking 
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CHAPTER 4. EFFECT OF A CEYNI1-YO2- SOLID SOLUTION ON OXIDATIVE 

CRACKING OF VACUUM RESIDUE OVER NIK/CEO2  

4.1. Introduction 

In this study, we prepare CeO2 and NiK/CeO2 catalysts and apply them to oxidative 

cracking of vacuum residue to investigate the influence of the metal support interaction on 

the catalytic performance. The introduction of Ni and K into CeO2 creates more oxygen 

vacancies over the support via the metal-support interaction, enhancing the catalytic activity 

for oxidative cracking. In addition, Ni metallic sites catalyze for hydrogenation [12], resulting 

in a high H/C ratio in the liquid products. Furthermore, the oxygen mobility over the catalyst 

is greater when adding Ni into CeO2, thus inducing a decrease in the coke combustion 

temperature over the spent NiK/CeO2 catalyst. 

4.2. Experimental  

4.2.1. Materials and catalyst preparation 

CeO2 was prepared by a conventional precipitation method using an aqueous solution 

of cerium nitrate Ce(NO3)3.6H2O (≥99, Sigma–Aldrich Korea, Gyeunggi, South Korea) with 

Ce precursors and ammonia as the precipitant. 20.3 g of cerium nitrate hexahydrate was 

dissolved completely in the mixture of 10 mL H2O and 75 mL ethanol. Then, the dissolved 

solution was precipitated in a solution of ammonia 30 wt% under continuous stirring for 3 

hours at 80 ºC.  Finally, the entire mixture was evaporated to dryness at 100 ºC for 12 hours. 

The dry solid was calcined at 600 ºC for 5 hours in air. NiK/CeO2 was prepared by the 

incipient wetness impregnation method with an aqueous solution of the precursor salts, 

Ni(NO3)2∙6H2O (Sigma–Aldrich Korea, Gyeonggi, South Korea) and KNO3 (Sigma–Aldrich 

Korea, Gyeonggi, South Korea), to reach 10 Wt.% Ni and 5 Wt.% K in the supports, 

respectively. The precursors were dissolved in a predetermined amount of deionized water. 

One aliquot containing a 200 L precursor was evenly dispersed on the calcined supports. 
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The procedure was repeated until the ratio of the liquid to the support was 1.0 mL/g. The 

catalysts were dried at room temperature for 24 hours and then at 100 oC for 12 hours in an 

oven before being calcined at 600 oC for 4 hours in a furnace.  

4.2.2. Catalyst characterization 

BET surface area of catalysts was obtained by N2 adsorption and desorption analysis 

using a Micromeritics ASAP 2020 equipment (USA). X-ray diffraction (XRD) measurement 

of catalysts was carried out on Rigaku RAD=3C diffractometer (Japan) with Cu Ka radiation 

( = 1.5418 Å) at a scan rate of 2° (2θ)/min, operated at 35 kV and 20 mA. Transmission 

electron microscopy (TEM) images were taken by using JEM-2100F, JEOL Oxygen vacancy 

and defections in the catalysts were determined from Raman spectra, using a DXR Raman 

microscope (Thermo Scientific, USA) with a 532 nm excitation source.  

4.2.3. Reaction test 

Commercial VR (initial boiling point: 454 °C) containing 4.4 wt% of Sulfur, 0.48 wt% 

of Nitrogen, 2.38 wt% of Oxygen and heavy metals (V: 145.1 ppm, Ni: 44.5 ppm) was used 

as the feedstock for reaction in this study. The oxidative cracking of VR was carried out in a 

fixed-bed reactor. First, 0.5 g of the catalysts were reduced in situ in flowing hydrogen (25 

mL/min) at 600 oC under atmospheric pressure for 2 hours in a fixed-bed reactor.  A mixture 

of water flow (0.3 mL/min) and helium flow (70 mL/min) was heated to vaporize water 

before entering the reactor. The VR feed was fed into the reactor at 0.15 mL/min. Reaction 

tests were conducted at 500 oC under atmospheric pressure for 2 hours in the fixed-bed 

reactor. The time factor, W/FR, was 0.6 hour, where FR is the flow rate of VR without toluene 

and W is the catalyst amount and steam/oil vol/vol ratio was 2. In this study, VR was diluted 

to 10 wt% with toluene solvent and the mixture was used as a feedstock. The basic properties 

of VR are described elsewhere [13].  The products of the reaction existed in three phases: gas, 
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liquid, and solid (coke). The gas products were analyzed by a gas chromatograph (YOUNG 

LIN-ACME 6100 GC, South Korea), using a thermal conductivity detector (TCD) and HP-

PLOT Q column. The distribution of desired liquid products as naphtha ( 180 oC), diesel 

(180 - 350 oC), VGO (350 - 560 oC), and residue (> 560 oC) were measured by GC-SIMDIS 

(AC Analytical Controls, Agilent 7890) following ASTM D-2887 (simulated distillation) and 

ASTM D-5307 methods. The coke yield was determined by TGA measurements (TG Q50, 

TA instrument). The conversion of VR and the yield of each product were calculated by 

balancing the content of the desired boiling point products in the following equations. 

Gas yield (wt%) =
[Feed VR weight] − [Weight of all the products]

Feed VR weight
× 100 

Liquid yield (wt%) =
[Weight of Naphtha, Diese, and VGO products]

Feed VR weight
× 100 

Coke yield (wt%) =
[weight of coke produced during reaction]

Feed VR weight
× 100 

Each desired product yield (wt%) =
[Products weight of desired boiling point]

Feed VR weight
 

Conversion (wt%) = [Gas yield] + [liquid yield] + [coke yield] 

4.3.Results and discussion 

4.3.1. Characterization of catalysts 

Table 9. Textural properties of the catalysts 

Sample 

Surface 

area 

(m2/g) 

Pore 

size 

(nm) 

Pore 

volume 

(cm3/g) 

Ni metal size 

(nm) 

CeO2 lattice 

constant, a (nm) 

XRD* TEM** XRD* TEM** 

CeO2 11.43 7.25 0.014 - - 0.5410 0.5716 

NiK/CeO2 3.33 9.50 0.015 83.34 31.73 0.3955 0.5456 

* The values are calculated from the Scherrer equation. 

** The values are obtained from TEM images. 
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Table 9 gives the textural properties of CeO2 and NiK/CeO2 catalysts. The catalyst 

surface area significantly decreases after impregnating Ni and K into the CeO2 support. The 

decrease in surface area of NiK/CeO2 is ascribed to not only pore blocking of the support by 

the added Ni and K, but also the formation of specific solid solutions due to the metal support 

interaction between Ni crystallites and the support [10].  

 

Figure 18. XRD patterns of CeO2 and NiK/CeO2 

The XRD patterns of the CeO2 and NiK/CeO2 catalysts are shown in Figure 18. All of the 

characteristic reflection peaks represent a typical diffraction pattern for the cubic fluorite 

structure of CeO2 with Fm3m space group (JCPDS 34-03394). Additionally, their sharp 

peaks indicate the high crystalline structure in CeO2. Alternatively, when NiK is added into 

the CeO2 support, the XRD peak positions, including the CeO2 (111) plane, are shifted to the 

higher 2 values (from 2 = 28.57 for the (111) plane in CeO2 to 2 = 28.74 for the (111) 

plane in NiK/CeO2) This suggests the movement of smaller cations, such as Ni2+ (0.83Ao), 
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into the CeO2 lattice and the formation of the CeyNi1-yO2- solid solution [9,10], which is 

consistent with TEM results in Figure 19. When adding NiK into the CeO2 support, the d111 

values of CeO2 in the TEM images (Figure 19) and the lattice constants (Table 9) are 

decreased, indicating the formation of the CeyNi1-yO2- solid solution in the catalyst. Strong 

and sharp peaks of the Ni metal phase are detected at 2 = 44.43o, 51.91o, and 76.51o (JCPDS 

Card No.04-0850) for the NiK/CeO2 catalyst, which indicates that NiO is reduced to Ni metal 

in hydrogen at 600 oC. Therefore, Ni phases in the NiK/CeO2 catalyst exist in two forms: Ni 

metal crystallite and Ni2+ in the CeyNi1-yO2- solid solution. 

 

Figure 19. TEM images of (a-left) CeO2 only and (b-right) NiK/CeO2 

In the Raman spectra of CeO2 and NiK/CeO2 catalysts (Figure 20), there are two clear 

bands: a strong and sharp band at 465 cm-1 and a small and broad band at 614 cm-1. The 

strong band at 465 cm-1 can be attributed to the F2g vibration of the cubic fluorite of CeO2, 

and the broad band at 614 cm-1 may be due to the formation of oxygen vacancies (Ce-) in 

the CeO2 lattice [2,14,15]. The intensity ratio, ICe- /ICe-O, shows the relation between Ce-O 

bonding and Ce- bonding. The ICe- /ICe-O value of the NiK/CeO2 catalyst is 0.192, much 
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greater than that of the CeO2 catalyst (0.042). An increase in the ICe- /ICe-O values clearly 

indicates a relative increase in the number of oxygen vacancies. The formation of an oxygen 

vacancy in the catalysts depends on many factors such as calcination temperature, reduction 

or oxidation media, and metal doping to catalysts [16-18]. The formation of the CeyNi1-yO2- 

solid solution after the NiK addition also enhances the oxygen vacancies via the formation of 

charge-compensating oxygen vacancies neighbouring the dopants [9–11], resulting in a high 

ICe- /ICeO value of the NiK/CeO2 catalyst (Figure 20). 

 

Figure 20. Raman spectra of CeO2 and NiK/CeO2  



 

41 
 

4.1.1. Catalytic performance tests 

Table 10. Product distribution of cracking VR with steam over catalysts, ICe-/ICe-O in 

fresh and spent catalysts (Raman), H/C ratio, and oxygen content in the liquid product 

after 2 hours 

Sample VR Blank test CeO2 NiK/CeO2 

Gas composition at 

t=60 min 

H2  0 23.79 15.12 

CO  0 17.77 29.69 

CO2  0 3.34 5.47 

CH4  31.40 17.06 35.29 

C2  0 5.65 10.01 

C3  14.20 8.35 3.82 

C4
+  54.30 24.04 0.6 

Gas (wt%) - 5.5 4.54 3.81 

Naphtha (wt%) - 1.49 3.29 5.18 

Diesel (wt%) - 9.14 10.57 22.87 

VGO (wt%) 24 39.49 43.87 31.2 

Residue (wt%) 76 42.74 36.34 34.97 

Coke (wt%) - 1.64 1.39 1.98 

Conversion (wt%) - 57.26 63.66 65.03 

Liquid yield (wt%) - 50.12 57.73 59.25 

H/C ratio in the liquid products 1.36 1.32 1.48 1.63 

Oxygen (wt%) in the liquid products 2.38 2.51 2.21 2.24 

ICe-/ICe-O in fresh catalysts (Raman) - - 0.042 0.192 

ICe-/ICe-O in spent catalysts (Raman) - - 0.030 0.030 
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Oxidative cracking of VR is performed in a fixed-bed reactor for 2 hours at 500 oC in 

the presence of steam over CeO2 and NiK/CeO2 and the reaction results are shown in Table 

10. With catalysts, there are increases in the liquid yields, reaction conversion, and the light 

fractions (such as naphtha and diesel) compared to thermal cracking (Blank test in Table 10). 

The occurrence of oxidative cracking is evidenced by the appearance of CO2 in gas products 

(Table 10). In oxidative cracking, electron transfer from the surface donor (Ce3+) to the 

adsorbed oxygen occurs as follows: Ce3+- + O2 → Ce4+-(O-O)- (: oxygen vacancy) [21]. In 

this case, the C-C bonds in heavy oils adsorb to the nucleophilic oxygen in the CeO2 lattice 

and the active oxygen species on the CeO2 surface become unstable. As a result, C-C bonds 

in the heavy oils are broken down into light oils, CO2 is released through oxidation, and Ce4+ 

is reduced to Ce3+ [21], leading to the change in ICe- /ICe-O values of fresh and spent catalysts 

(Figure 20 and Figure 21a). The oxygen reacting with the C-C bonds can be compensated by 

active oxygen from steam decomposition, resulting in the transformation of Ce3+ into Ce4+. In 

this study, the detection of hydrogen and CO2 in the gas products (Table 10) indicates that 

steam decomposition occurs over CeO2 [19]. Steam is decomposed into active oxygen and 

hydrogen species, which spilt over the support surface. These active oxygen species improve 

oxidative cracking via the large conversion from heavy fractions (such as residue and VGO) 

into light fractions (such as naphtha and diesel) in the product distribution, which is clearly 

observed in Table 10.  
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Figure 21. (a) Raman spectra and (b) XRD patterns of spent catalysts 

Oxidative cracking is additionally improved by the addition of NiK into the CeO2 support, 

as the NiK addition creates more oxygen vacancies via the formation of the CeyNi1-yO2- solid 

solution. The formation of the CeyNi1-yO2- solid solution leads to the increase in oxygen 

vacant sites over the CeO2 lattice, enhancing the oxygen storage capacity and release ability 

of the CeO2 lattice. This promotes oxidative cracking over the NiK/CeO2 catalyst. Therefore, 

for the NiK/CeO2 catalyst, the CO2 concentrations in the gas products dramatically increase 

in Figure 22 and there is a strong conversion from heavy oils to lighter oils: a decrease in 

VGO yields and an increase in naphtha and diesel yields via the addition of NiK (Table 10). 

In general, both steam reforming and oxidative cracking can occur over the NiK/CeO2 

catalyst. In steam reforming, the steam can dissociate on the Ni metallic sites, resulting in the 

formation of a NiO phase in spent catalysts [2,5,12]. In this study, there is no appearance of 

characteristic peaks of the NiO phase in the XRD pattern of the spent NiK/CeO2 catalyst 

(Figure 21b). Instead, the XRD characteristic peaks of the Ni metallic phase are clearly 

detected for the spent NiK/CeO2 catalyst in Figure 21b, indicating that the steam reforming 

over the Ni metallic sites is nearly inhibited by strong oxidative cracking. The active oxygen 

from the steam decomposition is mainly consumed for oxidative cracking instead of 
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oxidizing the Ni metallic sites. Schemes for oxidative cracking over CeO2 or NiK/CeO2 and 

oxygen vacancy generation by Ni addition are illustrated in Scheme 3. 

In oxidative cracking, the C-C bonds in hydrocarbons are cut down to initially form 

hydrocarbon radicals, hydrogen, and CO2 [65]. These radicals can be cleaved continuously to 

form lighter radicals. However, hydrocarbon radicals can react with active hydrogen to form 

more stable hydrocarbons in the presence of hydrogen; this process is called hydrogenation, 

which occurs on the Ni metal surface [12,20]. In this study, the yields of naphtha and diesel 

in the VR cracking over the NiK/CeO2 catalyst are much greater than those over CeO2 only 

or without catalysts, suggesting the occurrence of hydrogenation on the Ni metallic sites as 

lighter hydrocarbon radicals react with the active hydrogen to form the desired products such 

as naphtha and diesel. Moreover, in the case of the NiK/CeO2 catalyst, the increase in the 

H/C ratio in the liquid products and the decrease in hydrogen percentage in the gas products 

(Table 10) again demonstrate the role of the Ni metallic sites in hydrogenation.  

 

Figure 22. CO2 concentrations in the gas products of VR oxidative cracking at 500oC 

and W/FR = 0.6 hour as a function of reaction times 
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Scheme 3. Schemes for oxidative cracking over CeO2 or NiK/CeO2 and oxygen 

vacancy generation by Ni addition 

4.2. Conclusions  

In this study, oxidative cracking of VR using the NiK/CeO2 catalyst was investigated at 500 

oC in a fixed-bed reactor. Even though the CeO2 support had high oxygen storage capacity 

and oxygen mobility related to oxidative cracking, the NiK addition into the CeO2 support 

created more oxygen vacancies by the formation of the CeyNi1-yO2- solid solution. The metal 

support interaction between Ni metal and the CeO2 lattice generated the CeyNi1-yO2- solid 

solution, resulting in enhanced oxidative cracking in the NiK/CeO2 catalyst. Further, the 

addition of NiK into the supports provided Ni metallic sites for hydrogenation, producing 

more liquid products with a high H/C ratio. As a result, NiK/CeO2 catalyst showed a higher 

diesel yield (22.87%) than that without catalyst (9.14%).  
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CHAPTER 5. DIFFERENT METAL SUPPORT INTERACTIONS OVER 

NIK/MIXED OXIDE CATALYSTS AND THEIR EFFECTS ON CATALYTIC 

ROUTES IN STEAM CATALYTIC CRACKING OF VACUUM RESIDUE 

5.1. Introduction 

 In our previous studies, we reported that the introduction of the CexZr1-xO2 phase into 

NiK/Al2O3 catalysts induces high yields of liquid products in VR cracking, and the CexZr1-

xO2 phase plays an important role as an active site for oxidative cracking [21,24]. In this 

study, mixed-oxide materials containing a high oxygen storage capacity, such as CZ and CZ-

A, are employed as supports for NiK catalysts during the steam catalytic cracking of VR in 

order to investigate the effects of the supports and metal support interactions through NiK 

addition on the catalytic performance and to clarify the role of each catalytic active site in the 

catalytic reaction routes. 

5.2. Experimental Section 

5.2.1. Catalyst preparation 

In this study, CZ was prepared using the co-precipitation method, with cerium nitrate 

Ce(NO3)3.6H2O (Sigma–Aldrich, ≥99%) and ZrO(NO3)3.6H2O (Sigma–Aldrich, 99%) as Ce 

and Zr precursors, respectively, and ammonia as the precipitant. CZ-A was synthesized via 

the wet impregnation method. The ceria-zirconia (CZ) was prepared by co-precipitation with 

ammonia using an aqueous solution of cerium nitrate Ce(NO3)3.6H2O (Sigma–Aldrich, ≥99%) 

and ZrO(NO3)3.6H2O (Sigma–Aldrich, 99%). Aqueous ammonia solution was added 

dropwise to the aqueous solution containing Ce and Zr salts with constant stirring until the 

pH was 9–10. After precipitation, the obtained hydroxide was filtered and washed with 

deionized water, and then dried overnight at 100 oC. The obtained solid was calcined in air at 

600 oC for 5 h. Cria-zirconia-alumina (CZ-A) was synthesized by the incipient wetness 

impregnation method. The precursors as Ce(NO3)3.6H2O (Sigma-Aldrich, 99%) and 
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ZrO(NO3)3.6H2O (Sigma-Aldrich, 99%) were dissolved in a predetermined amount of 

deionized water. One aliquot containing a 200 L precursor was evenly dispersed on Al2O3. 

After that, the sample was dried at 100 oC for 12 hours in an oven, and then ground with 

mortar and pestle. The ground powder was calcined in a furnace from 30 oC to 600 oC with a 

ramp of 1.5 oC/min and maintained at 600 oC for 6 hours. In all samples, the weight ratio of 

CeO2/ZrO2 was 1. To prepare the Al2O3, 6 g of aluminum-tri-sec-butoxide (ASB, Sigma 

Aldrich Korea) was dissolved completely in 10 g of 2-butanol (Sigma Aldrich Korea) by 

using a magnetic stirrer. Then, P123 (tri-block-copolymer) was added to the solution under 

continuous stirring for 4 hours. The solid product was filtered and washed completely with 

water. Then, the washed solid product dried in air at 70 oC for 24 hours. The P123 was 

removed by calcination in a muffle furnace in air. The temperature was ramped at 1 oC/min to 

600 oC and then held for 6 hours. 

NiK/CZ and NiK/CZ-A were synthesized via the dry impregnation method, using 

Ni(NO3)2 and KNO3 as Ni and K precursors, respectively. The contents of Ni and K in 

NiK/CZ and NiK/CZ-A are 10 Wt.% and 5 Wt.%, respectively. The impregnated samples 

were dried naturally at room temperature for 24 hours and then in an oven at 100 oC for 12 

hours. The dried samples were then calcined at 600 oC for 4 hours in a furnace.  

5.2.2.Catalyst characterization 

The BET surface area, pore size, and pore volume of the catalysts were measured via 

N2 adsorption/desorption analysis on a Micromeritics ASAP 2020 apparatus (USA). Crystal 

sizes were calculated using the Scherrer equation from X-ray diffraction (XRD) patterns 

obtained with a Rigaku RAD-3C diffractometer (Japan) with Cu Ka radiation ( = 1.5418Å) 

at a scan rate of 2°(2θ)/min, operated at 35 kV and 20 mA. The acidity of the catalysts was 

measured via the temperature-programmed desorption of ammonia (NH3-TPD, BELCAT-M, 
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MicrotracBEL, Japan). TEM images of the catalyst were obtained from a high-resolution 

transmission electron microscopy instrument (HRTEM, JEM-2100F, JEOL, Japan). The 

Raman spectra were obtained with a DXR Raman Microscope (Thermo Scientific, USA) 

using a 532-nm excitation source. X-ray photoelectron spectroscopy (XPS) data of the 

NiK/CZ and NiK/CZ-A catalysts were obtained via Thermo K-Alpha XPS with an Al-K X-

ray source (Thermo Fisher Scientific). The samples were collected using an X-ray spot size 

of 400 m, pass energy of 80 eV, and an energy step size of 0.1 eV.   

5.2.3. Reaction tests 

Steam catalytic cracking of VR with or without the catalysts was carried out in a fixed-

bed reactor system. There are two continuous stages occurring in this system: catalytic 

reduction and steam catalytic cracking of VR.  In the first stage, the catalyst (0.5 g) was 

reduced in situ under a hydrogen flow (25 mL/min) at 600 oC for 2 hours. In the second stage, 

helium gas (70 mL/min) was used to remove the hydrogen remaining inside the system 

before reaction. Water flow (0.3 mL/min) was thermally vaporized before entering the reactor, 

and a VR feed (0.15 mL/min) was simultaneously fed into the reactor. The reaction occurred 

at 500 oC for 2 hours in inert gas (helium) under atmospheric pressure. The time factor (W/FR) 

was 0.6 hour, where FR is the flow rate of VR without toluene, and W is the amount of 

catalyst. In this study, commercial VR was diluted to 10 wt% using toluene, and the resulting 

product was used as a feedstock.  

Gas products were analyzed via gas chromatography (YOUNG LIN-Acme 6100 GC, 

South Korea) using a thermal conductivity detector (TCD) and HPPLOT Q column. Liquid 

products were analyzed via GC-SIMDIS (AC Analytical Controls, Agilent 7890) based on 

ASTM D-2887 (simulated distillation) and ASTM D-5307 methods. Liquid products were 

divided into four fractions: naphtha ( 180 oC), diesel (180 - 350 oC), VGO (350 - 560 oC), 
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and residue (> 560 oC). The amount of coke was determined via TGA analysis (TG Q50, TA 

Instrument, USA). The conversion of VR and yields of the products were calculated using the 

following equations: 

Gas yield (wt%) =
[VR ]Input − [ Liquid ]Output − [ Coke]Output

[ VR ]Input

× 100 

Liquid yield (wt%) =
[Naphta] + [Diesel] + [VGO]

[ VR ]Input

× 100 

Coke yield (wt%) =
[Coke ]

 [ VR ]Input

× 100 

Conversion (wt%) = [Gas yield] + [Liquid yield] + [Coke yield] 

where [VR]Input is the total weight of VR entering the reactor during the reaction, 

[Liquid]Output is the total weight of liquid captured during the reaction, and [Coke]Output is the 

weight of coke generated during the reaction. 

5.3. Results and discussion 

5.3.1. Characterization of catalysts 

Table 11. Physicochemical properties of the prepared catalysts 

Sample 

Surface 

area 

(m2/g) 

Pore 

size 

(nm) 

Pore 

volume 

(cm3/g) 

Ni size (nm)* 
CZ size * 

(nm) a 

(nm)** 

a 

(nm)* 

Acidity 

(mmol

/g) 
Fresh 

cat. 

Spent 

cat. 

Fresh 

cat. 

Spent 

cat. 

CZ 62.4 3.49 0.057 - - 5.40 5.12 0.5369 0.5352 0.078 

CZA 106 9.07 0.293 - - 5.34 5.10 0.5283 0.5312 0.110 

NiK/CZ 1.71 12.2 0.013 21.1 15.21 14.5 15.2 0.5196 0.5282 0.039 

NiK/CZA 47.4 1.04 0.175 5.06 4.59 4.38 4.59 0.5283 0.5297 0.181 

* The values are obtained by the application of the Scherrer equation for characteristic XRD peaks of each crystallite.  

** The values are obtained from the FFT calculation in the TEM images. 
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Table 11 gives the textural properties of two mixed-oxide supports (CZ and CZ-A) and the 

corresponding NiK catalysts. Ni and K doping of the mixed supports significantly decreases 

the surface areas of the catalysts; this is attributed to pore blocking of the support by Ni 

crystallites and the formation of specific solid solutions due to the interaction between Ni 

crystallites and the mixed-oxide supports [39]. In the case of the NiK/CZ catalyst, a 

significant decrease in surface area (1.71 m2/g) with a significant increase in pore size (12.2 

nm) implies not simple pore-blocking by Ni crystallites, but rather a notable change in the 

pore structure of the mixed-oxide support. As shown in Table 11, the impregnation of CZ 

onto Al2O3 with a high surface area increases the surface areas of the NiK/CZ-A and CZ-A 

catalysts (47.3 and 106 m2/g, respectively). The presence of Al2O3 in the catalysts 

dramatically increases the acidity of the catalysts, which is measured in NH3-TPD 

experiments (Figure 23).   

 

Figure 23. TPD-NH3 profiles of (a) CZ-A, (b) NiK/CZ-A, (c) CZ, and (d) NiK/CZ 

catalysts 
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The XRD patterns of CZ, CZ-A, and the corresponding NiK catalysts are shown in 

Figure 24. The broad peaks at 2 = 28.84 o in CZ and 2 = 29.04o in CZ-A are assigned as 

reflections of Ce0.78Zr0.22O2 and Ce0.66Zr0.37O2 solid solutions, respectively, which is caused 

by the incorporation of smaller Zr4+ into the CeO2 lattice [31]. The x value in CZ is obtained 

by building a calibration curve using the two theta values of the (111) peaks as the atomic 

concentrations of cerium from the JCPDS database and then estimating the chemical 

composition of the solid solution CZ in the catalysts [21,24,31,67] (Figure 25). The greater is 

the content of Zr in the CeO2 lattice, the higher is the (111) peak position in 2θ and the lower 

lattice is the constant of the mixed oxide. XRD patterns show that the 2θ of the CeO2 (111) 

peak in CZ-A is higher than that of CZ (Figure 24), and the mixed oxide d spacing in the CZ-

A support is lower than that in the CZ support (Figure 26).  

 

Figure 24. XRD patterns of (a) CZ-A, (b) NiK/CZ-A, (c) CZ, and (d) NiK/CZ 
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Figure 25. Calibration curve to determine the composition of Ceria in CexZr1-xO2 phase 

base on the position of the XRD (1 1 1) reflection 

 

Figure 26. TEM images of (A) CZ and (B) CZ-A 

Moreover, when NiK is added to the supports, the CeO2 (111) peak positions are shifted 

to the higher 2 values (from 2 = 28.84 for CZ to 2 = 29.25 for NiK/CZ and from 2 = 
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29.04 for CZ-A to 2 = 29.12 for NiK/CZ-A). This suggests the movement of smaller cations 

such as Ni2+ (72 Ao) to the mixed oxide lattice, resulting in the formation of Cex(Zr-Ni)1-xO2-δ 

solid solution [30,38,39]. This is consistent with the results of the TEM images (see Figure 26 

and Figure 27) where the d111 values for the mixed oxide lattice in the NiK catalysts are lower 

than those in the supports only. The CZ lattice constants for each catalyst listed in Table 11 

show the same trend. Strong, sharp peaks indicating a Ni metal phase are detected at 2 = 

44.43o, 51.91o, and 76.51o (JCPDS Card No.04-0850) in both of the NiK catalysts (Figure 24). 

Therefore, we determine that Ni exists in at least two forms before the reduction in the 

hydrogen media: NiO and Ni2+ in the solid solution. NiO is reduced to Ni metal at 600 oC in 

hydrogen, while the Ni2+ in the solid solution is not readily reduced to the Ni metal phase 

[68], implying a metal-support interaction.  

 

Figure 27. TEM images of (a, b) NiK/CZ and (c, d) NiK/CZ-A 
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The metal support interactions from the Ni addition differ depending on the supports. In 

the case of the NiK/CZ catalyst, the appearance of characteristic peaks of the isolated ZrO2 

phase at 2 = 31.05o, 54.96o, and 56.47o (JCPDS Card No. 80-0966) mark an interesting 

change in the XRD patterns. It is noteworthy that the isolation of the ZrO2 phase is combined 

with a large shift in the CeO2 (111) peak position in the NiK/CZ catalyst, implying the 

substitution of Ni for Zr in the CZ lattice. For the NiK/CZ catalyst, the additional Ni 

substitutes for Zr in the lattice, and the Zr expelled from the lattice forms the isolated ZrO2 

phase. Accordingly, the NiK/CZ catalyst is composed of Ni metal, ZrO2, and Cex(Zr-Ni)1-xO2-

δ phases via the metal-support interaction. In another interesting change in the NiK/CZ 

catalyst, the characteristic peaks representing the Cex(Zr-Ni)1-xO2-δ phase become sharper and 

higher in intensity than those with the CZ support only. This indicates Cex(Zr-Ni)1-xO2-δ 

phase oligomerization during the NiK addition step, which increases the crystallite size from 

5.40 nm in the CZ phase of the CZ catalyst to 14.5 nm in the Cex(Zr-Ni)1-xO2-δ phase of the 

NiK/CZ catalyst (Table 11).  

The metal support interaction for the NiK/CZ-A catalyst differs significantly. There is a 

small shift in the CeO2 (111) peak position and a small decrease in the CeO2 (111) peak 

intensity in the NiK/CZ-A catalyst, implying that the CZ phase in the CZ-A support is stable 

even after the addition of NiK into the CZ-A support. A strong interaction between CZ and 

Al2O3  inhibits change in the size of CZ crystallites [35], and the existence of Al2O3 in the 

catalysts brings about a strong interaction between Ni and Al2O3, resulting in significantly 

smaller Ni crystallite sizes in NiK/CZ-A than in NiK/CZ, where the interaction between Ni 

and the CZ support is relatively weaker than that in the NiK/CZ-A (Table 11). Additionally, 

the strong interaction between Ni and Al2O3 forms the NiAl2O4 phase in the NiK/CZ-A 

catalyst, whose characteristic peaks appear at 2 = 37.44o, 59.78o, and 66.40o (JCPDS Card 

No. 10-0339) [69,70]. Therefore, the existence of Al2O3 in the CZ-A support induces strong 



 

55 
 

interactions with individual CZ and Ni phases, inhibiting the interaction between the Ni and 

CZ phases. At the same time, the strong interactions between CZ and Al2O3 or Ni and Al2O3, 

stabilize the CZ and Ni phases and minimize the CZ and Ni crystallites.  

 

Figure 28. Raman spectra of (a) CZ-A (b) NiK/CZ-A, (c) CZ and (d) NiK/CZ 

In the Raman spectra of CZ, CZ-A, and the corresponding NiK catalysts (Figure 28), 

there are two clear characteristic bands: a strong band at 465 cm-1 and a broad band at 614 

cm-1. The strong band at 465 cm-1 can be attributed to the F2g vibration of the fluorite cubic of 

CeO2 and the broad band at 614 cm-1 to the formation of oxygen vacancies (Ce-) in the 

lattice [21,31,63]. When Ni is added, the bands at 465 cm-1 are red-shifted by 14 cm-1 for 

NiK/CZ and 5 cm-1 for NiK/CZ-A catalysts. The formation of Cex(Zr-Ni)1-xO2-δ solid solution 

causes the band shift [71]. The higher band shift in the NiK/CZ catalyst implies increased Ni 
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substitution into the lattice. The intensity ratio, ICe- /ICe-O, shows the relationship between Ce-

O bonding and Ce- bonding. An increase in the ICe- /ICe-O value clearly indicates a relative 

increase in the quantity of oxygen vacancies: higher oxygen vacancy corresponds to greater 

oxygen storage capacity. In particular, the substitution of zirconium and aluminum into the 

ceria lattice gives rise to oxygen vacancies [35,63]. Similarly, Ni doping into the mixed-oxide 

supports also enhances the oxygen vacancies via the formation of charge-compensating 

oxygen vacancies neighbouring the dopant [30,38,39,68], leading to increased ICe- /ICe-O 

values in the NiK catalysts (Figure 28). There is a strong Ni-CZ interaction in the NiK/CZ 

catalyst, while the Ni-CZ interaction in the NiK/CZ-A catalyst is relatively inhibited by the 

Ni-Al2O3 interaction, resulting in a higher ICe- /ICe-O value in NiK/CZ than in the NiK/CZA 

catalyst. The strong metal-support interaction between the Ni and CZ phases in the NiK/CZ 

catalyst creates more oxygen vacancies than the dual metal support interactions of Ni-CZ and 

Ni-Al2O3 in the NiK/CZ-A catalyst.  

The XPS data of Ce 3d, Ni 2p, and O 1s of the NiK catalysts are shown in Figure 29. In 

the Ce 3d XPS data (Figure 29a and Figure 29b), there are four main 3d5/2 peaks at 879.7 eV, 

881.8 eV, 885.0 eV, and 888.6 eV; four main 3d3/2 peaks at 897.5 eV, 900.8 eV, 905.0 eV, 

and 909.4 eV; and one satellite peak at 915.99 eV. The Ce3+ and Ce4+ states coexist on the 

surfaces of the NiK catalysts. The appearance of Ce3+ in the catalysts can be attributed to a 

reduction in lattice surface atoms alone [72] or to the interaction of Ni with the mixed-oxide 

supports on the catalytic surfaces [39]. In the XPS results, the relative Ce3+ concentration on 

the catalytic surface of NiK/CZ (20.18%) is lower than that of NiK/CZ-A (37.54%), 

indicating the higher reducibility of CeO2 in the NiK/CZ-A catalyst than in the NiK/CZ 

catalyst. The small CZ mixed oxide crystallites (4.38 nm) on the NiK/CZ-A catalyst with a 

high surface area can be readily reduced compared to the large CZ mixed oxide crystallites 

(14.5 nm) in the NiK/CZ catalyst. Figure 29c and 24d show the Ni 2p3/2 spectra of the 
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NiK/CZ-A and NiK/CZ catalysts. In Figure 29d, there are three peaks and one satellite peak; 

the center peak near 854.5 eV and two shoulder peaks at 852 eV and 856 eV can be assigned 

to NiOx in the Cex(Zr-Ni)1-xO2-δ solid solution, metallic nickel, and nickel cation in NiAl2O4, 

respectively [73,74]. The presence of the NiOx peak again indicates the formation of the 

Cex(Zr-Ni)1-xO2-δ solid solution via the metal support interactions following the addition of 

NiK. Moreover, the interaction between Ni and Al2O3 induces the formation of NiAl2O4, 

resulting in an additional Ni phase, NiAl2O4, in the NiK/CZ-A catalyst. In contrast, there are 

two peaks and one satellite peak in Figure 29c, representing two Ni phases in the NiK/CZ 

catalyst: metallic nickel and NiOx in the Cex(Zr-Ni)1-xO2-δ solid solution. This result is 

consistent with the aforementioned XRD data. The strong interaction between Ni and Al2O3 

not only forms the NiAl2O4 phase in the NiK/CZ-A catalyst, but also inhibits the formation of 

the Cex(Zr-Ni)1-xO2-δ solid solution.  

In Figure 29e and 24f, the O 1s XPS data can be deconvoluted into three peaks at 

531.3, 530.1, and 528.3 eV, corresponding to three oxygen states: an oxygen neighbouring 

vacancy, oxygen in the bulk lattice, and oxygen in an edge or corner sites, respectively 

(Scheme 4) [39,75]. The portion of the oxygen in the bulk lattice for the NiK/CZ-A catalyst is 

significantly higher than that for the NiK/CZ catalyst because of the existence of Al2O3 in the 

NiK/CZ-A catalyst. The relative portion of the oxygen in edges or corners is the most 

interesting point; the portion of the oxygen in edges or corners in the NiK/CZ catalyst 

remains relatively high even after the reduction step in H2 medium, while oxygen in edges or 

corners in NiK/CZ-A nearly disappears following the reduction step. Scheme 4 describes 

several types of oxygen (oxygen in the bulk lattice, oxygen in edges or corners, and oxygen 

neighbouring vacancies) and two types of oxygen vacancy (oxygen vacancy in the bulk 

lattice and on the surface) in the solid solution. As depicted in Scheme 4A, oxygen vacancies 

on the surface are produced in the reduction step through the removal of oxygen in edges or 
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corners, inducing high CeO2 reducibility. A high portion of oxygen in the edges or corners of 

the NiK/CZ catalyst indicates low CeO2 reducibility and less oxygen vacancy on the surface. 

Conversely, a low portion of oxygen in the edges or corners of the NiK/CZ-A catalyst reflects 

high CeO2 reducibility and increased generation of oxygen vacancies on the surface 

following the reduction step. However, Raman data indicate a higher total oxygen vacancy in 

the NiK/CZ catalyst than in the NiK/CZ-A catalyst. This is closely connected to the oxygen 

vacancy in the bulk lattice, which can be generated through the metal support interaction in 

the Ni addition step. A schematic illustration for the metal-support interaction in each catalyst 

is proposed in Scheme 4B. The oxygen vacancy in the bulk lattice can be generated through 

the formation of the Cex(Zr-Ni)1-xO2-δ solid solution when the NiK is added. As depicted in 

Scheme 4B, the strong metal-support interaction between the Ni and CZ phases (single 

interaction) in the NiK/CZ catalyst can form larger Cex(Zr-Ni)1-xO2-δ solid solution 

crystallites (ca. 14.5 nm) containing a high concentration of oxygen vacancies in the bulk 

lattice. In the presence of Al2O3, the dual interactions between Ni and Al2O3 or CZ and Al2O3 

are dominant, and the interaction between Ni and CZ phases is relatively weaker. As a result, 

the NiK/CZ-A catalyst contains a low concentration of oxygen vacancies in the bulk lattice; 

instead, the total oxygen vacancies in the NiK/CZ-A catalyst increase following the reduction 

step in which oxygen vacancies with high CeO2 reducibility are produced on the surface.      
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Figure 29. Ce 3d, Ni 2p, and O 1s XPS of (a,c,e) NiK/CZ and (b,d,f) NiK/CZ-A 



 

60 
 

 

 

 

Scheme 4. Schematic illustrations of (A) types of oxygen and oxygen vacancies in the solid solution and (B) metal support interactions 

over the catalyst
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5.3.2. Catalytic performance tests 

The steam catalytic cracking of VR is conducted in a fix-bed reactor system at 500 oC 

for 2 hours to investigate the effects of two mixed-oxide supports (CZ and CZ-A) on the NiK 

catalysts. As shown in the reaction results (Table 12), the liquid yields, reaction conversion, 

and light fractions such as naphtha and diesel are increased in the presence of catalysts 

compared to thermal cracking (blank test in Table 12). In this study, the steam catalytic 

cracking of VR can be categorized into five main reaction routes: oxidative cracking, steam 

decomposition, catalytic cracking, steam reforming, and hydrogenation.  

Table 12. Product distribution of steam catalytic cracking of vacuum residue, H/C 

mole ratio, and oxygen content in the liquid products after 2 hours of reaction time 

(unit: wt%) 

Sample VR Blank test CZ CZ-A NiK/CZ NiK/CZ-A 

Gas  - 5.15 4.35 6.08 3.39 8.38 

Coke  - 1.81 1.42 0.70 1.32 1.19 

Naphtha  - 1.53 2.94 4.46 4.81 9.57 

Diesel  - 9.21 24.08 16.63 20.32 23.03 

VGO  24 39.58 32.37 37.69 34.87 27.73 

Residue  76 42.73 34.85 34.44 35.29 30.10 

Conversion  - 57.27 65.15 65.56 64.71 69.90 

Liquid yield  - 50.31 59.38 58.78 60.00 60.33 

H/C ratio 1.36 1.32 1.39 1.33 1.56 1.75 

Oxygen (wt%) 2.38 2.50 2.00 2.17 2.16 2.19 
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Table 13. Compositions of the gas products obtained from steam catalytic cracking of 

VR after 1 hour of reaction time (unit: %) 

Gas (%) CZ CZ-A NiK/CZ NiK/CZ-A 

H2 
33.20 31.03 19.73 27.97 

CO 17.43 24.33 29.63 8.80 

CH4 
10.30 9.99 31.23 46.30 

CO2 
3.10 5.72 4.39 9.67 

C2H4 
10.10 11.62 9.44 0.00 

C2H6 
15.13 0.00 0.00 0.00 

C3H6 
4.90 6.90 2.58 2.82 

C3H8 
4.05 8.33 2.23 3.62 

C4+ 1.78 2.0 0.76 0.81 

Oxidative cracking is usually evidenced by the appearance of CO2 in the gas products. 

Without the addition of NiK, it is apparent that the primary reaction-producing CO2 gas is 

oxidative cracking. In the reaction, C-C bonds in the heavy oils are adsorbed onto the mixed-

oxide supports and broken down into light oils through reaction with the active oxygen 

species in the mixed-oxide support lattice, resulting in the release of CO2 gas [21].  The 

oxygen reacting with C-C bonds is replaced by active oxygen from steam decomposition. In 

this study, the detection of H2 and CO2 in the gas products (Table 13) indicates that steam 

decomposition occurs over ZrO2, CZ, and Cex(Zr-Ni)1-xO2-δ solid solution phases [43,64,76]. 

Steam is decomposed into active oxygen and hydrogen species, which spill over the mixed-

oxide support surface. The active oxygen species over the mixed oxide surface improve 

oxidative cracking, resulting in high conversion from heavy fractions such as residue and 
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VGO into light fractions such as naphtha and diesel in the product distributions, as shown in 

Table 12. 

 

Figure 30. CO2 concentrations in the gas products obtained from the steam catalytic 

cracking of vacuum residue as a function of reaction time (T = 500 oC and W/FR = 0.6 h) 

The addition of NiK into CZ and CZ-A mixed-oxide supports can increase the ratio of 

CO2 in the gas products via oxidative cracking and steam reforming [55–57]. The interaction 

between Ni and the mixed-oxide supports causes the formation of the Cex(Zr-Ni)1-xO2-δ solid 

solution and the creation of more oxygen vacancies in the NiK catalysts, as evidenced by 

Raman, XRD, and XPS results. Moreover, the reducibility of CeO2 in NiK/CZ-A is improved 

in the presence of Al2O3 due to higher surface area and CZ dispersion [35], resulting in a high 

density of oxygen vacancies on the surface. This result explains why NiK/CZ-A catalysts 
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with lower total oxygen vacancies produce more CO2 gas during the reaction than do NiK/CZ 

catalysts with a higher total number of oxygen vacancies (Figure 30); however, CO2 

production can be enhanced via steam reforming. In the steam reforming process, the steam 

can dissociate on Ni sites,  resulting in the formation of a NiO phase in the spent catalysts 

[21,24,42]. While we did not observe a peak representing the NiO phase in the XRD patterns 

of the spent NiK/CZ and NiK/CZ-A catalysts, characteristic peaks for the Ni metal phase still 

appeared in both of the spent NiK catalysts (Figure 31). For both NiK catalysts, steam 

reforming over Ni phases is almost inhibited by the strong oxidative cracking catalyzed over 

the Cex(Zr-Ni)1-xO2-δ solid solution phase [21,24]. The active oxygen from the steam 

decomposition is primarily consumed in oxidative cracking since more oxygen vacancies are 

generated by the addition of NiK, as shown in the Raman spectra. Therefore, oxidative 

cracking is the primary process to produce CO2 gas over NiK/CZ and NiK/CZ-A catalysts.  
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Figure 31. XRD patterns of spent catalysts. (a) CZ-A, (b) NiK/CZ-A, (c) CZ and (d) 

NiK/CZ 

In oxidative cracking, the C-C bonds in the hydrocarbons are removed to form 

hydrocarbon radicals, hydrogen, and CO2 [23]. These radicals can be cleaved continuously to 

form lighter radicals; however, hydrocarbon radicals can react with active hydrogen to form 

more stable hydrocarbons in the presence of hydrogen. This process is referred to as 

hydrogenation and occurs on the Ni metal surface of the NiK catalysts [42,66]. In this study, 

the yields of naphtha and diesel in VR cracking over the NiK catalysts are significantly 

higher than those over the supports only, suggesting the occurrence of hydrogenation on Ni 

metallic sites, as lighter hydrocarbon radicals react with active hydrogen to form desired 

products such as naphtha and diesel. We also observed an increase in the H/C ratio in the 

liquid products (Table 12) and a decrease in the percentage of hydrogen in the gas products 
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(Table 13) with the NiK catalysts; further supporting the role of Ni metallic sites in 

hydrogenation. In addition, the high Ni dispersion of the NiK/CZ-A catalyst, resulting from 

smaller Ni metal crystallites, improves the hydrogenation rates over this catalyst, leading to a 

higher H/C ratio in the liquid products of NiK/CZ-A compared to NiK/CZ.  

 

Figure 32. DTGA profiles of spent catalysts. (a) CZ-A, (b) NiK/CZ-A, (c) CZ and (d) 

NiK/CZ
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Scheme 5. Main reaction routes in steam catalytic cracking of vacuum residue over NiK/CZ and NiK/CZ-A catalysts
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Catalytic cracking is a process in which C-C bonds in heavy hydrocarbons are broken 

down into lighter hydrocarbon liquid and hydrocarbon gases (not including CO2) in the presence 

of catalyst-containing acidic sites. In this study, the appearance of Al2O3 enhances the acidity of 

the catalysts (Table 11), improving catalytic cracking rates to produce more light oils and gas 

[21,58]. In Table 12, the gas yields of CZ-A and NiK/CZ-A are higher than those of other 

catalysts. Furthermore, the polymerization of aromatic compounds during reaction leads to the 

formation of coke, as evidenced by the appearance of a graphite peak in the XRD patterns of all 

spent catalysts shown in Figure 31. The amounts of coke in the spent catalysts are measured 

using TGA analysis (Table 12), and their DTGA profiles are plotted in Figure 32. The coke 

combustion temperature shifts lower after the addition of NiK. This phenomenon can be 

explained by the formation of Cex(Zr-Ni)1-xO2-δ solid solution and the existence of the Ni metallic 

phase over the NiK catalysts. The coke is combusted through a reaction with surface oxygen 

atoms generated on the metallic sites and migrates to the coke over the mixed-oxide supports 

[31]. In the case of the NiK catalysts, the Ni metallic sites generate surface oxygen atoms, and 

the Cex(Zr-Ni)1-xO2-δ solid solution improves the mobility of surface oxygen atoms to the coke 

over the support, resulting in a lower coke combustion temperature.   

Scheme 5 shows the full process of steam catalytic cracking of VR over NiK/CZ and 

NiK/CZ-A catalysts. First, steam decomposition occurs over ZrO2 CZ, or Cex(Zr-Ni)1-xO2-δ solid 

solution to form active oxygen (O*) and hydrogen species (H*). Then, the C-C bonds in heavy 

oils react with oxygen in the Cex(Zr-Ni)1-xO2-δ solid solution to form CO2 and lighter 

hydrocarbon radicals. The loss of oxygen in the lattice of the Cex(Zr-Ni)1-xO2-δ solid solution is 

compensated for by active oxygen (O*), which is adsorbed onto the surface of the catalyst. 

Electron transfer from the surface donor (Ce3+) to the adsorbed oxygen occurs as follows: Ce3+- 

+ O2 → Ce4+-(O-O)- (:oxygen vacancy) [21]. Therefore, the increase in oxygen vacancies and 
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self-reducibility of the catalysts enhance oxidative cracking, resulting in higher CO2 production 

and the change of ICe- /ICe-O in fresh and spent catalysts (Figure 33). Second, the hydrocarbon 

radicals formed via oxidative cracking react with active hydrogen to form hydrocarbons, which 

are catalyzed on the Ni metal surface. This increases the H/C ratio in the liquid products of VR 

cracking over the NiK catalysts. Moreover, high acidity in the CZ-A catalysts improves catalytic 

cracking, causing higher gas yields in CZ-A and NiK/CZ-A than in other catalysts (Table 12).  

 

Figure 33. Raman spectra of spent catalysts. (a) CZ-A, (b) NiK/CZ-A, (c) CZ and (d) 

NiK/CZ 
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5.4. Conclusion  

The steam catalytic cracking of VR was studied at 500 oC in a fixed-bed reactor with 

NiK/CZ and NiK/CZ-A catalysts. The addition of NiK into supports containing a high oxygen 

storage capacity created a greater number of oxygen vacancies due to the strong interaction of Ni 

with the CZ lattice, resulting in increased oxidative cracking activity in NiK/CZ and NiK/CZ-A 

catalysts. The addition of NiK into CZ and CZ-A enhanced hydrogenation on the Ni metallic 

sites, producing liquid products with a high H/C ratio. However, the impregnation of CZ into 

Al2O3 induced an interaction with Al2O3, stabilized the CZ phase, and minimized the particle 

size of Ni in the NiK/CZ-A catalyst, which improved the oxidative cracking and hydrogenation 

and increased the amount of CO2 in the gas products and the H/C ratio in the liquid products over 

the NiK/CZ-A catalyst. In addition, the catalytic cracking improved in the presence of Al2O3 

through the acidic sites over the Al2O3. As a result, the production of gas-phase products was 

significantly enhanced with the addition of CZ-A and NiK/CZ-A catalysts.  
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PART III. 1-METHYL NAPHTHALENE STEAM CATALYTIC CRACKING 

CHAPTER 6. REINFORCEMENT OF STEAM OXIDATIVE CRACKING OF 1-

METHYL NAPHTHALENE BY THE SYNERGISTIC COMBINATION OF 

HYDROGENATION AND OXIDATION OVER NICKEL-CONTAINING MIXED 

OXIDE CATALYSTS 

6.1. Introduction 

The reaction mechanism of steam catalytic cracking of residues is very complicated and 

limited because residues contain a lot of heavy components, including long-chain hydrocarbons; 

heavy aromatic compounds; heteroatoms such as N, S, and O; and metals such as nickel (Ni) and 

vanadium (V). It is impossible to separate the reaction products into individual components or to 

exactly determine what kind of components existed in the reaction products. In addition, the 

chemical reactions of residues with oxygen or H2 species occur complicatedly on various active 

sites over catalysts.[17,21,27,77–79] Therefore, to deeply and clearly understand the reaction 

routes and catalytic active sites in steam catalytic cracking over catalysts, it is necessary to select 

a single model compound as a reactant and to simplify the reaction mechanism with it.  

Hydrocarbons containing ring structures are usually chosen as compounds in heavy oil 

fractions. Pinilla et al.[80] used anthracene (three rings in a structure) to be a model compound 

for steam catalytic cracking over mesoporous aluminum oxide (Al2O3)-supported Ni-based 

catalysts doped with sodium, calcium, or potassium. It was found that, though the internal ring-

opening reaction, more valuable intermediates were generated at 450°C to 500°C with less H2 

consumption compared with during hydrocracking. Reina et al.[81] also employed anthracene as 

a model compound for upgrading a heavy oil process using water in a supercritical condition. 

Interestingly, they found that different physicochemical properties controlled by Ni–Mo ratio 

https://www.sciencedirect.com/science/article/pii/S0926860X13001877#!
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influenced the catalytic behavior, resulting in the production of liquid products, together with an 

H2-rich gas. However, Arribas and Martinez studied the influence of acidity on the coupled 

hydrogenation and ring-opening of 1-methyl naphthalene (1-MN) using Pt/USY catalysts[82]. 1-

MN is a model compound with two rings in a structure that can be useful to compare the 

catalytic reaction routes of active H2 and oxygen generated by steam decomposition.  

In the present work, 1-MN was employed as a model compound to investigate the catalytic 

reaction mechanism for steam oxidative cracking over mixed oxide-supported Ni catalysts. 

Oxidative cracking of 1-MN with steam was conducted in a fixed-bed reactor at 500 °C with the 

following Ni catalyst-supported mixed oxides: Al2O3, cerium oxide (CeO2)–zirconium dioxide 

(ZrO2), and CeO2–ZrO2–Al2O3, with different ratios. The formation of homogeneous solid 

solution phases in the Ni-CeO2-ZrO2 system, which was caused by the metal–support and 

support–support interactions, created great oxygen vacant sites, enhancing oxidation routes by 

active oxygen. The introduction of Al2O3 into the catalysts resulted in high dispersion of the Ni 

metallic sites, which promoted hydrogenation by active H2. As a result, the synergistic 

combination of oxidation and hydrogenation over Ni/CeO2–ZrO2–Al2O3 catalysts enhanced 

steam oxidative cracking of 1-MN with high selectivity of valuable liquid fuel oil products. 

6.2. Experimental  

6.2.1. Catalyst preparation 

In the present study, all supports were prepared by use of the solvent hydrothermal method, 

using (1) an aqueous solution of cerium nitrate Ce(NO3)3.6H2O (≥ 99%; Sigma-Aldrich Korea, 

Gyeonggi, South Korea), ZrO(NO3)3.6H2O (99%; Sigma-Aldrich Korea, Gyeonggi, South Korea) 

and Al(NO3)3.9H2O (Sigma-Aldrich Korea, Gyeonggi, South Korea) as precursor; (2) urea as the 

precipitator; and (3) triblock copolymer Pluronic P123 (PEG-PPG-PEG; Sigma-Aldrich Korea, 
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Gyeonggi, South Korea) for the porous structure. The Ce(NO3)3.6H2O, ZrO(NO3)3.6H2O, and 

Al(NO3)3.9H2O salts were completely dissolved by applying sonication in each beaker of 

distilled water and were then combined into one beaker. P123 (2.6 g) was completely dissolved 

in ethanol (75 mL). Both P123 and the salt solution were transferred into a Teflon-lined, 

stainless-steel autoclave (200 mL capacity), which was sealed and maintained at 80 °C for five 

hours and 120 °C for 12 hours. Then, following filtration and washing with deionized water, the 

resulting precipitate was dried at 100°C for 24 hours and calcined at 600 °C for six hours in the 

air. In all catalysts, the molar ratio of cerium to zirconium was 1, and the composition of 

supports (without oxygen) is shown in Table 14.  

Table 14. Composition of catalysts (Metal molar fraction) 

Catalyst Al Ce Zr 

Al2O3 1 0 0 

50Ce50Zr 0 1 1 

9Ce9Zr82Al 9.07 1 1 

29Ce29Zr42Al 1.51 1 1 

Ni/50Ce50Zr, Ni/29Ce29Zr42Al, and Ni/9Ce9Zr82Al were synthesized using the incipient 

wetness impregnation method with impregnation of nickel nitrate (Ni(NO3)2) salt solution to 

reach 10 wt.% Ni onto CeO2–ZrO2 (50Ce50Zr) and CeO2–ZrO2–Al2O3 (29Ce29Zr42Al and 

9Ce9Zr82Al) supports.  After nickel impregnation, these catalysts were dried at 100oC for 24 h 

and then, calcined at 600 oC for 6 h. All of Ni-containing catalysts were reduced in hydrogen 

media before doing catalytic characterization test (excepting the H2-TPR experiments). 

6.2.2. Catalyst characterization 
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The Brunauer–Emmett–Teller (BET) surface area of the catalysts was determined by 

nitrogen adsorption/desorption on an ASAP 2020 apparatus (Micromeritics, Norcross, GA, 

USA). The temperature-programmed desorption of ammonia (NH3-TPD; BELCAT-M; 

MicrotracBEL Corp., Osaka, Japan) was applied to measure the acidity of catalysts. Crystal sizes 

were calculated using the Scherrer equation from X-ray diffraction (XRD) patterns obtained with 

a RAD-3C diffractometer (Rigaku Corp., Tokyo, Japan) with copper K-α radiation (= 1.5418 Å) 

at a scan rate of 2°(2θ)/min, operated at 35 kV and 20 mA. Transmission electron microscopy 

(TEM) images of the catalyst were obtained from a high-resolution TEM (HRTEM) instrument 

(JEM-2100F; JEOL, Tokyo, Japan). The Raman spectra were obtained with a DXR Raman 

Microscope (Thermo Fisher Scientific, Waltham, MA, USA) using a 532-nm excitation source. 

X-ray photoelectron spectroscopy (XPS) data were obtained through the use of the Thermo K-

Alpha XPS with an aluminum K- X-ray source (Thermo Fisher Scientific, Waltham, MA, 

USA). The samples were collected using an X-ray spot size of 400 m, pass energy of 80 eV, 

and an energy step size of 0.1 eV.  Hydrogen temperature-programmed reduction (H2-TPR) was 

carried out in a multipurpose analytical system (BELCAT-M, MicrotracBEL Corp., Osaka, 

Japan) using a thermal conductivity detector (TCD). Nitrogen gas and mixture gas (5% H2 in N2) 

were used as a carrier gas and a reducing gas, respectively. The ramp rate was 2 oC/min from 

50 °C to 900 °C.  

6.2.3. Reaction test 

Ca*talysts were reduced in situ in flowing H2 (25 mL/min) at 600 °C for 2 h. After the 

reduction step, the mixture flow of water flow (0.3 mL/min) and helium flow (70 mL/min) was 

heated to vaporize the water and entered the reactor, where all H2 gas was removed. Then, the 1-

MN feed was fed into the fixed-bed reactor. The reaction tests were conducted for 2 h in the 
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range of 500 °C – 700 oC. Steam to carbon mole ratios (S/C = 1.4, 2.2, and 7.2) were also 

controlled in the reaction tests.  

 For online gas product analysis, the gas product was sampled through a six-port valve via 

a sample loop (0.25 mL) into a chromatographer (Acme 6100 GC, YL Instrument Co., Ltd., 

Dongan-gu, South Korea) using a TCD and HPPLOT Q flame ionization detector (FID). The 

coke amount was determined by TGA analysis (TG Q50, TA Instruments, New Castle, DE, 

USA). Liquid products were collected during the reaction with a reservoir installed after the 

reactor and then analyzed with a chromatographer (Agilent 6890N Network GC, Agilent 

Technologies, Inc., Santa Clara, CA, USA) using a HP-5 column and a flame ionization detector 

(FID) 

Table 15. The calculated carbon balance for each catalyst (reaction conditions: T = 500 oC, 

t = 2 h, mass of catalyst = 1 g, loading rate1-MN = 0.1 ml/min) 

Unit: mole % 
Carbon 

in gas 

Carbon 

in liquid 

Carbon 

in coke 

Carbon 

in non-reacted 1-MN 

Carbon 

balance 

Blank test 0.3 0.0 0.7 98.8 99.8 

Al2O3 19.0 1.4 0.7 76.8 97.8 

9Ce9Zr82Al 23.1 1.9 0.5 72.9 98.4 

29Ce29Zr42Al 20.1 0.6 0.5 77.6 98.8 

50Ce50Zr 19.8 1.9 0.6 76.3 98.5 

Ni/Al2O3 22.1 6.3 0.5 69.4 98.3 

Ni/9Ce9Zr82Al 19.5 14.1 0.2 63.5 97.2 

Ni/29Ce29Zr42Al 15.1 10.9 0.2 70.8 97.0 

Ni/50Ce50Zr 13.5 5.1 0.2 80.2 98.9 

 

https://en.wikipedia.org/wiki/Flame_ionization_detector
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In this study, carbon selectivity of liquid (SC-Liquid, mol%), carbon selectivity of gas (SC-Gas, 

mol%), and carbon selectivity of coke (SC-Coke, mol%) were calculated as the relative percentage 

of carbon moles in liquid, gas, and coke products divided by the carbon mole of the reacted 1-

MN, following the definitions suggested by Pinilla et al[80]. Conversion (C, mol%) was defined 

as the carbon mole of reacted 1-MN divided by the carbon mole of 1-MN fed into the reactor 

during the reaction time.  

• Selectivity  

Carbon selectivity of gas (mol, %) =  
Mole of carbon in gas

Mole of carbon in reacted 1 − MN
× 100 

Carbon selectivity of liquid(mol, %) =  
Mole of carbon in liquid (without 1 − MN)

Mole of carbon in reacted 1 − MN
× 100 

Carbon selectivity of coke (mol, %) =  
Mole of carbon in coke

Mole of carbon in reacted 1 − MN
× 100 

Mole of carbon in reacted 1 − MN = Mole of carbon in gas, liquid (without 1 − MN), and coke 

• Conversion  

Conversion ( mol, %) =
 Carbon in gas + Carbon in liquid (without 1 − MN) + Carbon in coke

Carbon in feed 1 − MN
× 100 

Carbon balance is defined as the percentage of accounted carbon after 2 hours of reaction 

or evaluated from non-converted 1-methyl naphthalene and carbon yields of identified and 

calibrated products from GC, TGA. The loss of carbon can come from identifying and 

calculating the amount of each gas, losing during doing experiments, and calculating coke 

amount from TGA (not well dispersion of coke onto all catalyst surface). Therefore, carbon 

balance could not reach 100 percent. Here, carbon balance is 100 ± 3% (Table 16). The carbon 

balance calculation is shown in the equation below. 

Carbon balance (mol, %) =
Mole of carbon in unreacted 1 − MN, gas, liquid, and coke)

mole of carbon in feed 1 − MN
× 100 
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Table 16. Estimated active sites (CeO2 and Ni) on catalytic surface 

Unit: mmol/g catalyst CeO2 
(a) (surface) Ni (b) (surface) 

9Ce9Zr82Al 0.028 0 

29Ce29Zr42Al 0.030 0 

50Ce50Zr 0.029 0 

Ni/Al2O3 0 0.003 

Ni/9Ce9Zr82Al 0.023 0.008 

Ni/29Ce29Zr42Al 0.033 0.005 

Ni/50Ce50Zr 0.048 0.004 

(a) Estimated based on the consumed hydrogen by the reduced surface Ceria  

at the lower 600oC through peak deconvolution in H2-TPR profiles 

(b) Estimated based on the released hydrogen in H2-TPD experiment 

Turnover Frequency (TOF) was defined as the carbon mole of products (gas products 

from steam reforming (SR) or liquid products from steam oxidative cracking (SOC)) divided by 

the reaction time and active sites roughly estimated (Table 16). The active site for steam 

reforming is calculated from the amounts of hydrogen consumed by surface ceria in the H2-TPR 

measurements and the active site for steam oxidative cracking is obtained from the amount of 

hydrogen released in the H2-TPD experiment. The TOF calculation is shown in the equations 

below. 

TOF (SR) =
Carbon moles in gas products produced in 1 hour

mmole of O∗
 

TOF (SOC) =
Carbon moles of liquid products produced in 1 hour

mmole of Ni 
 

6.3.Results and discussion 

6.3.1. Characterization of catalysts 
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The XRD patterns of the 50Ce50Zr, 29Ce29Zr42Al, 9Ce9Zr82Al, and Al2O3 supports are 

shown in Figure 34A. The change in CeO2 (111) peak position (from 2=28.59° to 2=28.80°) 

provides evidence of the existence of a homogeneous solid solution phase, CexZr1–xO2. Based on 

the CeO2 (111) peak position, [20] the determined x values in CexZr1–xO2 are 0.81 

(Ce0.81Zr0.19O2), 0.84 (Ce0.84Zr0.16O2), and 0.95 (Ce0.95Zr0.05O2) for 50Ce50Zr, 29Ce29Zr42Al, 

and 9Ce9Zr82Al, respectively. All of the CexZr1-xO2 solid solutions contain a high concentration 

of ceria, with confirmation that they have a cubic fluorite shape.[83] In addition, the CexZr1–xO2 

crystallite sizes are calculated using the Scherrer equation applied to the CeO2 (111) peak in the 

XRD patterns, and the values are listed in Table 17. Here, the CexZr1–xO2 crystallite size in 

50Ce50Zr (5.23 nm) is greater than that in 9Ce9Zr82Al (2.60 nm) and smaller than that in 

29Ce29Zr42Al (8.37 nm).  
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Figure 34. XRD patterns of (A) supports: (a) Al2O3, (b) 9Ce9Zr82Al, c) 29Ce29Zr42Al, (d) 50Ce50Zr; (B) Ni based catalysts: (a) Ni/Al2O3, 

(b) Ni/9Ce9Zr82Al, c) Ni/29Ce29Zr42Al, (d) Ni/50Ce50Zr; and (C) Enlarged area indicated in Figure 1B 
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Table 17. Physical Properties of catalysts 

Sample 

Surface 

area 

(m2/g) 

Pore 

size 

(nm) 

Pore 

volume 

(cm3/g) 

Ni size 

(nm) 

(a)/(b) 

CexZr1–

xO2 size 

(nm) 

(a) 

Ce3+/

Ce4+ 

(c) 

Ice-/ 

Ce-O 

(d) 

Ce 

(mmol

/g) 

(e) 

Al2O3 226 5.8 0.48 - - - - - 

9Ce9Zr82Al 165 5.9 0.26 - 2.6 - 0.12 1.35 

29Ce29Zr42Al 108 5.9 0.18 - 8.4 - 0.05 2.69 

50Ce50Zr 46 7.2 0.08 - 5.2 - 0.05 3.39 

Ni/Al2O3 165 4.0 0.23 5.5/15.2 - - - - 

Ni/9Ce9Zr82Al 115 4.6 0.19 1.5/5.8 2.8 0.72 0.90 1.18 

Ni/29Ce29Zr42Al 83 4.5 0.11 1.7/7.6 8.4 0.28 0.21 2.42 

Ni/50Ce50Zr 22 7.8 0.08 
11.1/23.

6 
10.5 0.12 0.31 3.05 

(a)The values are obtained by the application of the Scherrer equation for characteristic XRD peaks of each crystallite.  

(b) The values are obtained from the FFT calculation in the TEM images. 

(c) The values are obtained by calculating the ratio of peak areas in XPS Ce3d spectra: Ce3+/Ce4+= area (Ce3+)/area (Ce4+). 

(d) The values are obtained by calculating the ratio of peak intensity in Raman spectra: Ice- /Ce-O
 = Intensity (Ce-)/Intensity (Ce-

O). 

(e) The values are obtained by estimating the real millimole of Ce in 1 g of catalyst 

Figure 34B shows the XRD patterns of the Ni/50Ce50Zr, Ni/29Ce29Zr42Al, 

Ni/9Ce9Zr82Al, and Ni/Al2O3 catalysts. The CeO2 (111) peak in Ni/50Ce50Zr becomes 

significantly sharper when Ni is added into the 50Ce50Zr support, while the others are slightly 

changed by Ni addition. This indicates that the CexZr1–xO2 phase in the alumina-containing 

mixed oxide supports is stable, so that the CexZr1–xO2 crystallite sizes are almost unchanged 

(from 2.6 nm to 2.8 nm for Ni/9Ce9Zr82Al and 8.4 nm for Ni/29Ce29Zr42Al, respectively), 
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even after pretreatment steps at high temperatures (calcination and reduction). In contrast, the 

CexZr1–xO2 phase in Ni/50Ce50Zr is agglomerated, resulting in a greater CexZr1–xO2 crystallite 

size (from 5.2 nm to 10.5 nm). This can be interpreted by the strong interaction that occurs 

between Al2O3 and CexZr1–xO2, which limits the movement of CexZr1–xO2 nanoparticles during 

the pretreatment processes. Besides, in the XRD pattern of Ni/50Ce50Zr (Figure 34d), the ZrO2 

phase is detected when Ni is added, indicating a different interaction between Ni and CexZr1–xO2. 

There is a competition between Zr and Ni inside the CeO2 lattice of Ni/50Ce50Zr; smaller Ni 

atoms can be incorporated to CexZr1–xO2, forming a Cex(Zr–Ni)1–xO2–δ phase and rejecting Zr 

atoms from the solid solution. As a result, the ZrO2 phase is separately formed. In addition to the 

Ni and CexZr1–xO2 interaction, Ni additionally interacts with Al2O3. This is clearly evidenced by 

the detection of NiAl2O4 characteristic peak overlapped with characteristic peaks for Ni and 

CexZr1-xO2 phases in XRD patterns (Dashed box in Figure 34B and Figure 34C). The formation 

of the NiAl2O4 phase (Figure 34Ba) indicates a strong metal–support interaction between Ni and 

Al2O3 [84], inhibiting the movement of Ni nanoparticles on the Al2O3 surface during the 

pretreatment process. Therefore, the middle size of Ni crystallites (5.5 nm) is formed in Ni/Al2O3 

(Table 17 and Scheme 6). In contrast, a different metal–support interaction between Ni and the 

CexZr1–xO2 phase in Ni/50Ce50Zr leads to the formation of a larger Ni cluster (11.11 nm) on the 

surface of CexZr1–xO2 (Table 17 and Scheme 6). However, the Ni-mixed oxide support 

interaction is dramatically modified in the presence of Al2O3,[85] resulting in much smaller Ni 

crystallite sizes in Ni/9Ce9Zr82Al (1.5 nm) and Ni/29Ce29Zr42Al (1.7 nm) catalysts compared 

with those in Ni/50Ce50Zr and Ni/Al2O3 (Table 17). Optimal metal-mixed oxide support 

interactions in Ni/9Ce9Zr82Al and Ni/29Ce29Zr42Al catalysts are responsible for the high 

dispersion of Ni crystallites. 
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Figure 35 shows TEM images of Ni/50Ce50Zr, Ni/29Ce29Zr42Al, Ni/9Ce9Zr82Al, and 

Ni/Al2O3 catalysts. The black and brighter colored spots are attributed to Ni metal and supports, 

respectively. The average sizes of Ni nanoparticles in the catalysts, which are taken from TEM 

images, are represented in Table 17. The average Ni nanoparticle sizes in Ni/29Ce29Zr42Al and 

Ni/9Ce9Zr82Al are much lower at 5.8 nm and 7.6 nm, respectively. The larger Ni clusters in the 

Ni/50Ce50Zr catalyst are also detected in Figure 35d. These results are consistent with the XRD 

data.  

 

Scheme 6. Schematic illustrations of Ni and mixed oxides morphologies over various Ni 

containing mixed oxide catalysts 
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Figure 35. TEM images of (a) Ni/Al2O3, (b) Ni/9Ce9Zr82Al, (c) Ni/29Ce29Zr42Al, (d) 

Ni/50Ce50Zr catalysts 

The Ni 2p XPS data of Ni-containing catalysts are shown in Figure 36A. Three Ni 

oxidation states in Ni-containing catalysts are assigned for each deconvoluted peak: Ni in a 

metallic phase (852.3 eV), Ni in a Cex(Zr–Ni)1–xO2–δ solid solution (855.3 eV), and Ni in 

NiAl2O4 (856.3 eV).[73,74,85] For Ni/50Ce50Zr, Ni in the Cex(Zr–Ni)1–xO2–δ solid solution is 
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the main Ni state, while NiAl2O4 is dominant for Ni/Al2O3. In the case of Ni/29Ce29Zr42Al and 

Ni/9Ce9Zr82Al, the two Ni states coexist, reflecting different metal–support relationships of Ni–

Al2O3 and Ni–CexZr1–xO2, even in Ni/29Ce29Zr42Al and Ni/9Ce9Zr82Al. In the Ni/9Ce9Zr82Al 

catalyst, even though the CexZr1–xO2 content is much lower than that of Al2O3, the Ni–CexZr1–

xO2 interaction is stronger than the Ni–Al2O3 interaction, resulting in a higher Cex(Zr–Ni)1–xO2–δ 

peak intensity. Conversely, Ni interacts strongly with Al2O3 support in Ni/29Ce29Zr42Al, 

generating a larger NiAl2O4 phase. This indicates the formation of NiAl2O4 is accelerated and the 

generation of Cex(Zr–Ni)1–xO2–δ solid solution is inhibited.[85] The bigger crystallite size of the 

CexZr1–xO2 phase in the Ni/29Ce29Zr42Al catalyst (Table 17) is responsible for the weak Ni-

CexZr1-xO2 interaction, resulting in a lower Cex(Zr–Ni)1–xO2–δ peak intensity for 

Ni/29Ce29Zr42Al in the XPS Ni 2p data. 

 

Figure 36. XPS Ni2p (A) and O1s (B) of (a) Ni/Al2O3, (b) Ni/9Ce9Zr82Al, (c) 

Ni/29Ce29Zr42Al, (d) Ni/50Ce50Zr catalysts 

Figure 36B shows O1s XPS data of Ni-containing catalysts. For Ni/Al2O3, the O1s 

spectrum had one single peak at 531.5 eV (Figure 36Ba), which can be assigned to lattice oxygen 

in Al2O3.[86] For Ni/50Ce50Zr, the O1s spectrum can be deconvoluted into the main peak at 
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529.9 eV and a shoulder peak at 532.5 eV, which are assigned to lattice oxygen in the CexZr1–xO2 

solid solution and oxygen vacancy, respectively.[87] For Ni/9Ce9Zr82Al and Ni/29Ce29Zr42Al, 

the peak position of O1s spectra are shifted to lower binding energy with increasing Ce and Zr 

contents, which is caused by different contributions of lattice oxygen in Al2O3 and the CexZr1–

xO2 solid solution—that is, the contribution of oxygen in Al2O3 relatively decreases when the 

amounts of Ce and Zr increase.[86] The oxygen vacancy peak at 532.5 eV is connected with the 

defects in the lattice structure. The replacement of smaller Ni2+ ions with Zr4+ or Ce4+ ions in the 

lattice generates more oxygen vacancies and Cex(Zr–Ni)1–xO2–δ solid solution[88] (illustrated in 

Scheme 7), resulting in the enhancement of oxygen mobility in the lattice structure. Additionally, 

the greater Ni–CexZr1–xO2 interaction (Figure 36A) forms more oxygen vacancies in 

Ni/9Ce9Zr82Al, leading to a higher relative peak ratio (oxygen vacancy peak at 532.5 eV to 

CexZr1–xO2 peak at 529.9 eV) for Ni/9Ce9Zr82Al (around 0.61) compared with that for 

Ni/29Ce29Zr42Al (around 0.41). The existence of oxygen vacancy is also confirmed by Raman 

spectra. The shoulder peaks seen around 600 cm−1 in Figure 37 display the defect band in the 

ceria lattice, which is closely connected with oxygen vacancies (Ce–).[89] The relative peak 

intensity ratio (ICe-/ Ce-O) for the oxygen vacancy band (Ce–) and the main F2g mode (Ce–O) 

are summarized in Table 17. The results show that the ICe–/Ce–O ratio is much higher when Ni is 

added into the supports, which confirms again the formation of oxygen vacancy through Ni 

incorporation into the ceria lattices.  
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Scheme 7. Formations of oxygen vacancy and Cex(Ni-Zr)1-xO2 solid solution in Ni-

containing mixed oxide catalysts 

 

Figure 37. RAMAN spectra of (A) supports: (a) Al2O3, (b) 9Ce9Zr82Al, (c) 29Ce29Zr44Al, 

(d) 50Ce50Zr; and (B) Ni-based catalysts (a) Ni/Al2O3, (b) Ni/9Ce9Zr82Al, c) 

Ni/29Ce29Zr44Al, (d) Ni/50Ce50Zr 

The TPR profiles of supports and Ni-containing catalysts are shown in Figure 38. Since 

the reduction of alumina and zirconia occurs at high temperatures (> 900 °C),[90,91] the 

appearance of reduction peaks on 50Ce50Zr, 9Ce9Zr82Al, and 29Ce29Zr42Al supports below 
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900 °C is mainly attributed to the reduction of CeO2 to Ce2O3 (Ce4+ to Ce3+). Two broad peaks 

are collected in the TPR profiles of supports only: a peak at low temperature (250 °C–600 °C) 

and a peak at high temperature (610 °C–890 °C). The former is assigned to the reduction of 

surface CeO2, while the latter is assigned to the reaction of bulk CeO2. In this study, all of the 

supports were reduced in-situ at 600 °C, implying that the formation of Ce3+ on supports mainly 

occurs on surface CeO2. Although the CeO2 content in each support is significantly different, H2 

consumption amounts for the reduction of surface CeO2 on three supports are almost the same 

(Table 18), indicating that the support–support interaction between Al2O3 and CexZr1–xO2 solid 

solution increases the dispersion of CexZr1–xO2 on the surface in the presence of Al2O3. Smaller 

CexZr1–xO2 crystallite size relatively increases the amount of surface CeO2 (Table 17), resulting 

in higher H2 consumption in TPR experiments even at lower Ce and Zr content levels. However, 

the peaks for surface CeO2 are shifted to lower temperatures with increasing Al2O3 content in 

catalysts, as follows: T50Ce50Zr (max) = 532.5 °C, T29Ce29Zr42Al (max) = 497.1 °C, and T9Ce9Zr82Al (max) = 

455.8 °C (Figure 38a-c). That proves the interaction of Al2O3 and CexZr1-xO2 solid solution, 

enhancing the surface oxygen mobility over supports[92] and then increasing the reducibility of 

supports.[87] The reduction of Ni oxide (NiO)-containing calcined samples was investigated by 

TPR experimentation. In the TPR profiles of Ni-containing catalysts (Figure 38e-g), three NiO 

reduction ranges were observed: (i) a reduction of NiO interacting weakly with the support 

(90 °C–250 °C); (ii) a reduction of NiO interacting strongly with a CexZr1–xO2 solid solution 

(250 °C–380 °C); and (iii) a reduction of NiO interacting strongly with Al2O3 (500 °C), whose 

illustration is shown in Figure 38B. According to Thaisa et al.,[93] the NiO phase affected by 

oxygen vacancies is more reactive, resulting in NiO reduction at lower temperatures. In this 

study, the reduction peak (i) in all of the Ni-containing catalysts (except Ni/Al2O3) indicates the 

existence of oxygen vacancies in the calcined samples wherein Ni is incorporated into the 
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CexZr1–xO2 solid solution, causing the formation of a Cex(Zr–Ni)1–xO2–δ solid solution. Moreover, 

the consumed H2 amount in NiO reduction for Ni/9Ce9Zr82Al (0.021 mmol/g) is higher than 

that for Ni/29Ce29Zr42Al (0.014 mmol/g), indicating there are more oxygen vacant sites over 

Ni/9Ce9Zr82Al than over Ni/29Ce29Zr42Al. This finding implies that the interaction of Ni and 

the CexZr1–xO2 solid solution in Ni/9Ce9Zr82Al is stronger than that in Ni/29Ce29Zr42Al, which 

is consistent with the XPS data (Figure 36b and Figure 36c). In the second reduction range, the 

reduction peak (ii) becomes smaller due to a decrease of Ce and Zr contents in the catalysts, 

resulting in a gradual decrease in H2 consumption from Ni/50Ce50Z to Ni/9Ce9Zr82Al (Table 

18). In addition to the reduction of NiO to Ni metal, there is another reduction step of CeO2 

reduction (Ce4+ to Ce3+) from 400 oC to 900 oC. Therefore, the reduction peaks from 400 oC to 

900 oC in the TPR profiles of Ni/9Ce9Zr82Al and Ni/29Ce29Zr42Al reflect a combination of 

CeO2 and NiO reduction (Figure 38e-g).  

Table 18. H2 consumption in H2-TPR experiment 

Sample 

H2 consumption (H2-TPR) 

Total 
(I) 

(a) 

(II)  

(b) 

(III) 

(c)/(d) 

9Ce9Zr82Al 0.033 0 0 0.028/0.05 

29Ce29Zr42Al 0.047 0 0 0.030/0.017 

50Ce50Zr 0.054 0 0 0.029/0.025 

Ni/Al2O3 0.102 0 0 0/0 

Ni/9Ce9Zr82Al 0.199 0.021 0 0.023/- 

Ni/29Ce29Zr42Al 0.156 0.014 0.009 0.033/- 

Ni/50Ce50Zr 0.195 0.017 0.011 0.048/- 

(a) NiO interacts weakly with support, (b) NiO interacts with CexZr1-xO2 solid solution, 

(c) Reduction of surface CeO2 to Ce2O3, (d) Reduction of bulk CeO2 to Ce2O3 



 

89 
 

 

 

Figure 38. (A) H2-TPR profiles of (a) 9Ce9Zr82Al, (b) 29Ce29Zr42Al, (c) 50Ce50Zr, (d) 

Ni/Al2O3, (e) Ni/9Ce9Zr82Al, (f) Ni/29Ce29Zr42Al, (g) Ni/50Ce50Zr and (B) Reduction 

areas in Ni-based catalysts 
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Scheme 6 simply illustrates the morphological difference in the Ni-containing catalysts 

following Ni addition and reduction. CexZr1–xO2 and Ni crystals in Ni/CexZr1–xO2–Al2O3 

catalysts are stable and maintained in a smaller size. Without Al2O3 support, CexZr1–xO2 and Ni 

crystals are agglomerated during the pretreatment processes, creating larger crystallites in 

Ni/CexZr1–xO2. Therefore, Ni/CexZr1–xO2–Al2O3 catalysts, which possess high Ni and CexZr1–xO2 

dispersion, are expected to achieve a high catalytic activity over Ni and CexZr1–xO2 active sites. 

In addition, Ni addition creates not only Ni metallic sites, but also Cex(Zr–Ni)1–xO2–δ solid 

solution though Ni incorporation into the CexZr1-xO2 lattice. Scheme 7 illustrates how the Ni 

incorporation induces oxygen vacancy formation in the CexZr1–xO2 lattice structure. The 

generation of Cex(Zr–Ni)1–xO2–δ solid solution creates more oxygen vacancies (defects) in the 

catalysts, enhancing oxygen mobility inside the lattice. That increases the number of active sites 

available for reaction, which these mobile oxygens can involve easily.  

6.3.2. Reaction results of 1-methyl naphthalene with steam over nickel-containing catalysts 

The reaction results of 1-MN over supports only and Ni-containing catalysts are 

summarized in Table 19. In the reaction occurring without catalysts, the conversion is very low 

(1.0 %), indicating that 1-MN is almost stable at 500 oC. In the presence of the catalysts, reaction 

conversions are in the range of 18.8% to 33.8% in Table 19. Here, an interesting point is that 

carbon selectivities of liquid and gas depend on whether the catalysts contain Ni nanoparticles or 

not. For supports only, the reaction of 1-MN with steam produces a high percentage of gas 

products (about 89% to 95% carbon selectivity of gas), whereas the amounts of liquid products 

for Ni-containing catalysts are greatly increased (about 20% to 45% carbon selectivity of liquid) 

in the reaction. Figure 39 clearly shows this trend. Carbon selectivity of gas of ca. 90% for 

supports only decreases to ca. 70% carbon *selectivity of gas for Ni/Al2O3 and Ni/50Ce50Zr and 
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ca. 50% carbon selectivity of gas for Ni/29Ce29Zr42Al and Ni/9Ce9Zr82Al. Conversely, low 

carbon selectivity of liquid for supports only (below 10%) increases to ca. 20% for Ni/Al2O3 and 

Ni/50Ce50Zr and ca. 40% for Ni/29Ce29Zr42Al and Ni/9Ce9Zr82Al. The different behavior is 

caused by the existence of Ni metallic sites for hydrogenation. The Ni metallic surface provides 

active sites for hydrogenation. Active H2 decomposed from steam can react with intermediates 

cracked from 1-MN, producing hydrogenated liquid fuel oils. Ni-containing catalysts with 

smaller Ni crystallites (e.g., Ni/29Ce29Zr42Al and Ni/9Ce9Zr82Al) produce greater liquid 

products than Ni-containing catalysts with larger Ni crystallites (e.g., Ni/Al2O3 and 

Ni/50Ce50Zr), since highly dispersed Ni nanoparticles provide more active sites on the Ni 

metallic surface. Inversely, without Ni metallic sites for hydrogenation, the cracking of 1-MN 

proceeds further, and gas products are dominantly produced. 

 

Figure 39. Selectivity of gas and liquid in products of steam catalytic reaction over different 

catalysts (reaction conditions: t = 2h, mass of catalyst = 1 g, S/C molar ratio = 2.2) 
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Table 19. Product distributions of steam catalytic cracking over catalysts (reaction 

conditions: T = 500 oC, t = 2 h, mass of catalyst = 1 g, loading rate1-MN = 0.1 ml/min) 

Sample 
SC-

Gas 

SC-

Liquid 

SC-

Coke 

C 

(%) 

Liquid product 

distribution (%) 

TOF (mol 

carbon/mmol*h) 

(1) 
(a) 

(2) 
(b) 

(3) 
(c) 

(4) 
(d) 

SR(e) SOC(f) 

Blank test 29.2 2.0 68.7 1.0 0 52 0 48 n.a.(g) n.a.(g) 

Al2O3 90.3 6.5 3.2 21.0 16 14 37 33 n.a.(g) n.a.(g) 

9Ce9Zr82Al 90.5 7.5 2.0 25.6 19 2 57 22 2.9 n.a.(g) 

29Ce29Zr42Al 94.9 2.6 2.4 21.2 2 4 76 20 2.3 n.a.(g) 

50Ce50Zr 89.2 8.3 2.5 22.3 3 2 61 34 2.4 n.a.(g) 

Ni/Al2O3 76.2 21.9 1.9 29.0 0 24 72 4 n.a.(g) n.a.(g) 

Ni/9Ce9Zr82Al 57.6 41.8 0.6 33.8 0 20 78 2 4.5 6.1 

Ni/29Ce29Zr42Al 57.5 41.6 0.8 26.3 0 21 76 3 1.9 7.6 

Ni/50Ce50Zr 72.1 27.1 0.8 18.8 1 35 60 4 1.1 4.4 

(a) Ring-opened products, (b) Single ring products, (c) Double rings products, (d) Condensed products or polymerizates, (e) 

Steam reforming, (f) Steam oxidative cracking, (g) not available 
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Figure 40. Gas products distributions at 1 h at T = 500 oC (reaction conditions: t = 2 h, 

mass of catalyst = 1 g, S/C molar ratio = 2.2, unit in Wt.%) 

However, depending on the catalyst, the cracking process of 1-MN varies, yielding 

different product distributions in the gas phase. Figure 40 exhibits gas product distributions 

conducted at one hour and 500 oC over the catalysts. With regard to Ni-containing catalysts 

except for Ni/Al2O3, the majority of the gas products is CO2, indicating an oxidative cracking 

process. For supports only, except in the case of Al2O3, H2 is sufficiently produced with the main 

product, CO2, implying that the reforming process is dominant. In contrast, Al2O3 generates 

neither H2 nor CO2, which is caused by the lack of steam decomposition over Al2O3. On CexZr1–

xO2 solid solution, steam can be dissociated into active H2 and hydroxide (OH). OH interacts 
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with CexZr1–xO2 solid solution to form lattice oxygen and H2 atoms. With steam decomposition 

over the CexZr1–xO2 solid solution, two active H2 atoms and one lattice oxygen are generated. 1-

MN adsorbed on the CexZr1–xO2 solid solution is cracked by surface lattice oxygen, which is 

called oxidation in this study. The C–C bond between the methyl branch (-CH3) and the aromatic 

ring in 1-MN is much weaker than others and is easily broken to form double-ring radicals (i.e., 

naphthalenyl radicals) with the release of H2 and CO2 in the gas phase. This causes the high 

double rings products (3) to occupy most of the liquid products (Table 19). In the case of 

supports only, the newborn radicals are still unstable and will continuously be attracted to the 

support surface, react with lattice oxygen, and finally be cracked to gas phase hydrocarbons 

including H2 and CO2; or the radicals react with one other to produce larger hydrocarbon 

products (4), which is a precursor of coke, since the selectivity of products (4) is closely related 

to coke selectivity. In the results, for supports only, 89% to 95% of the reacted 1-MN is 

converted to gases, and high selectivity of condensed products or polymerizates (19%–34%) in 

liquid products are acquired (Table 19). In contrast, in Ni-containing mixed oxide catalysts, the 

newborn radicals react with active hydrogen atoms adsorbed onto the Ni metallic surface to 

generate stable liquid hydrocarbons (3), causing a significantly low H2 percentage in the gas 

product distributions (Figure 40). The active H2 atoms are provided from steam decomposition 

over CexZr1–xO2, as mentioned before, and consumed for the formation of the stable hydrocarbon 

products (2) and (3) in the liquid phase. This reaction is called hydrogenation and inhibits further 

oxidation of unstable double-ring radicals generated from 1-MN oxidation. As a result, 40% to 

45% of the reacted 1-MN is converted into liquid products, with a sudden decrease in the 

selectivity of the condensed products or polymerizates in liquid up to 1% to 4% (Table 19). Ni-

containing mixed oxide catalysts clearly show a much greater production of liquid fuel oils by 

the synergistic combination of oxidation and hydrogenation of active oxygen and H2 
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decomposed from steam, which is called steam oxidative cracking in this study. The inhibition of 

further oxidation by hydrogenation also leads to an increase of single ring products (2) and 

double-ring products (3) in liquid products (Table 19).  

For CexZr1–xO2-containing supports only and Ni/Al2O3, the reaction of 1-MN and steam is 

contributed by steam reforming. CeO2-containing catalysts and Ni/Al2O3 have been applied for 

hydrocarbon steam reforming at high temperatures (700-900 oC),[94,95] but steam reforming 

still occurs at low temperatures (500 oC), though with low conversion. In this study, steam 

reforming of 1-MN occurred over CexZr1–xO2 and Ni metallic sites on Ni/Al2O3 (Scheme 8). The 

large percentages of CO2 and H2 in gas products for Ni/Al2O3, 50Ce50Zr, 29Ce29Zr42Al, and 

9Ce9Zr82Al in Figure 40 indicate that steam reforming is dominant. Supports such as 50Ce50Zr, 

29Ce29Zr42Al, and 9Ce9Zr82Al result in ca. 90% carbon selectivity of gas with large amounts 

of H2 and CO2 in the gas phase, since the CexZr1–xO2 solid solution provides active sites for 

oxidation and steam reforming including steam decomposition, but not for hydrogenation. 

Therefore, as calculated in Table 19, the TOF value (steam reforming) of 9Ce9Zr82Al is highest 

among three CexZr1–xO2-containing supports. For Ni/Al2O3, steam reforming competes with 

hydrogenation on the Ni metallic surface and catalytic cracking on the acidic sites of Al2O3, 

resulting in 21% carbon selectivity of liquid and large amounts of H2 and CO2 in the gas phase. 
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Figure 41. Effect of reaction temperatures on conversion and selectivities over 

Ni/9Ce9Zr82Al catalyst (t = 2 h, mass of catalyst = 1 g, S/C molar ratio = 2.2) 

In Ni-containing mixed oxide catalysts (i.e., Ni/29Ce29Zr42Al and Ni/9Ce9Zr82Al), even 

though steam reforming over Ni metallic sites can be completed with steam oxidative cracking 

over both CexZr1–xO2 and Ni metallic sites, steam oxidative cracking relatively prevails over 

steam reforming at low temperatures (500 oC) on the basis of high carbon selectivity of liquid 

(41%–45%) and predominant CO2 in the gas phase. With the TOF values in Table 19, this trend 

is clearly observed. For the Ni-containing mixed oxide catalysts, the TOF-SR values suddenly 

fall down and the TOF-SOC values immediately rise, compared to those for CexZr1–xO2-

containing supports only. However, steam reforming occurs strongly at the high temperature 
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with high carbon selectivity of gas. Figure 41 shows the reaction temperature effect on reaction 

routes over Ni/9Ce9Zr82Al catalyst. Even at 600 oC, the steam reforming is dominant over 

Ni/9Ce9Zr82Al catalyst, resulting in high carbon selectivity of gas and almost zero liquid 

selectivity.  In addition, strong steam reforming at the high temperature leads to the lack of 

oxygen addition, causing the dominance of methanization and coking at 700oC. This is proved by 

high coke selectivity in Figure 41 and a great portion of CH4 in the gas products distribution 

(Table 20). 

 

Figure 42. Effects of 1-MN loading rate and S/C mole ratio on catalytic activity (reaction 

conditions: Ni/50Ce50Zr catalyst (0.5 g), t = 2 h, S/C molar ratio = 2.2, H2O loading rate 

=0.3 ml/min, reaction temperature = 500 oC) 
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Table 20. Effect of reaction temperatures on gas compositions produced over 

Ni/9Ce9Zr82Al catalyst (t = 2 h, mass of catalyst = 1 g, Steam/1MN molar ratio = 23.7) 

 

Table 21. Effect of steam/1MN molar ratio on the reaction over Ni/50Ce50Zr catalyst  

(T = 500 oC, t = 2 h, mass of catalyst = 0.5 g, feeding rateH2O = 0.3 ml/min, loading rate1-MN 

= 0.03 - 0.15 ml/min) 

S/C 

molar 

ratio 

Selectivity (%) 
C 

(%) 

Selectivity (%) in liquid 

SC-Gas SC-Liquid SC-Coke (1) (2) (3) (4) 

7.2 48.7 51.0 0.3 10.4 1 23 73 3 

2.2 82.0 17.5 0.6 9.8 0 55 40 4 

1.4 85.5 10.6 3.9 4.2 3 20 60 17 

The effects of 1-MN loading rate and S/C ratio on catalytic activity in the reaction of 1-

MN with steam over Ni/50Ce50Zr catalyst are clearly shown in Figure 42. An interesting point 

here is that there are two cross-over in the data points along with the 1-MN loading rate. In the 

aspect of catalytic activity, the TOF-SOC values decrease with the 1-MN loading rate while the 

Temperature (oC) H2 CO CH4 CO2 C2
+ 

500 2.23 2.30 0.01 91.70 3.76 

600 3.27 3.05 2.54 88.54 2.6 

700 7.50 11.75 73.71 0 7.04 
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TOF-SR values increase. Additionally, the liquid selectivity also decreases along with the 1-MN 

loading rate whereas the carbon selectivity of gas is enhanced. Both of the trends indicate the 

same phenomenon in the reaction routes: improvement of the steam oxidative cracking rate at 

lower 1-MN loading rate. At low 1-MN loading rate of 0.1 ml/min, conversion can be easily 

increased due to the high space-time (low space velocity) and the increased conversion enhances 

the steam oxidative cracking route due to the high S/C ratio. In the high S/C ratio (7.2), the 

sufficient supplement of hydrogen produced from steam decomposition leads to fast 

hydrogenation over the catalyst, resulting in high liquid selectivity and high steam oxidative 

cracking activity. However, at lower S/C ratio (1.4), more radicals are produced but hydrogen 

source is insufficiently supplied for hydrogenation. These radicals might react together to form a 

bigger one (product (4) in Table 21), resulting in the higher coke selectivity and heavy oil.  

In summary,  Scheme 8 illustrates the catalytic reaction routes of 1-MN with steam at 500 

oC over mixed oxide supports and Ni-containing mixed oxide catalysts. First, active H2 atoms 

and lattice oxygen are generated by steam decomposition. 1-MN absorbed on the support surface 

is cracked by oxidation with surface lattice oxygens. The C–C bond between the methyl branch 

(-CH3) and the aromatic ring in 1-MN is easily cracked to form double-ring radicals with the 

release of CO2 in the gas phase. With Ni-containing mixed oxide catalysts (case II), the unstable 

radicals are converted into liquid products with double rings by hydrogenation on Ni metallic 

sites with active H2 atoms, resulting in a high carbon selectivity of liquid products and a 

prevalence of CO2 in the gas phase (steam oxidative cracking). In the absence of a Ni metallic 

phase (case II), the newborn radicals are continuously cracked by oxidation to smaller 

hydrocarbon radicals with the release of H2, CO2, and gases as final products. As a result, ca. 90 % 

gas selectivity is obtained with an abundance of H2 and CO2 in the gas phase (steam reforming).  
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Scheme 8. Types of catalytic reaction routes occurring over different active catalytic sites 
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6.4.Conclusions 

The introduction of Ni onto mixed oxide supports brings about a great change in Ni and 

CexZr1–xO2 morphologies by metal-support interactions—specifically, high Ni and CexZr1–xO2 

dispersions in Ni/29Ce29Zr42Al and Ni/9Ce9Zr82Al catalysts and the creation of more oxygen 

vacancies (defects) in the CexZr1–xO2 lattice through the formation of Cex(Zr–Ni)1–xO2–δ solid 

solution. Steam oxidative cracking of 1-MN was studied over different types of catalysts, 

including mixed oxides (50Ce50Zr, 29Ce29Zr42Al, and 9Ce9Zr82Al) and Ni-containing 

catalysts (Ni/50Ce50Zr, Ni/29Ce29Zr42Al, and Ni/9Ce9Zr82Al catalysts). In the absence of Ni, 

the steam reforming process is dominant in generating gas products with high carbon selectivity 

of gas (89%–95%). Over Ni-containing catalysts, liquid fuel oils are produced via steam 

oxidative cracking, which is the synergistic combination of oxidation (enhanced by oxygen 

vacancies) and hydrogenation occurring on Ni metallic sites. In the present study, the 

Ni/9Ce9Zr82Al catalyst showed the best catalytic performance with the highest Ni and CexZr1–

xO2 dispersions as well as greater surface oxygen vacancies, resulting in the highest 1-MN 

conversion and liquid yields in steam oxidative cracking.   
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CHAPTER 7. HIERARCHICALLY ORDERED MACRO-MESOPOROUS -ALUMINA 

WITH A GRAINY WALL STRUCTURE AND EFFECT OF ITS STRUCTURE ON 

STEAM REFORMING OF 1-METHYL NAPHTHALENE OVER XK/NIAL2O3 

CATALYSTS  

7.1.  Hierarchically ordered macro-mesoporous -alumina with a grainy wall structure 

7.1.1.  Introduction   

Recently, -alumina with a high crystallite degree has received much attention as a result of 

its various interesting physical properties, such as a large active surface area, high pore volume, 

high stability in terms of mechanical strength, and improvement in surface acidity [96–99]. 

Boehmite is the main precursor to highly crystalline -alumina, where the particle size, 

morphology, pore size, and pore distribution can be controlled. Boehmite-derived -alumina 

exists in various shapes including nano leaf [100], flower-like [101] and spheres [102]. The 

mesoporous -alumina with nanoparticles has attracted more attention since it has numerous 

potential applications. Due to possessing a large surface area, mesoporous -alumina 

nanoparticles have been used as an adsorbent to treat arsenic-contaminated water [97], to remove 

heavy metal ions from aqueous solutions [96,102] and for fluoride adsorption [103]. In 

polymeric composite materials, -alumina nanoparticles have been used as a filler to improve the 

tribological performance of the materials by introducing a large surface area and the ability to 

mechanically interlock with matrix [104].  

Despite possessing a high surface area and a sharp pore-size distribution [41,104], due to 

the complicated, disordered structure and narrow pore size, mesoporous -alumina nanoparticles 

exhibit diffusion resistance against large molecules, and thus, there is a necessity to modify the 

textural properties via the introduction of macroporosity. Therefore, hierarchically ordered 
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macro-mesoporous -alumina with a grainy wall structure (GM -alumina) was synthesized in 

the present study for the first time. As a result of the combination of the highly desirable 

properties of -alumina nanoparticles and the unlimited diffusion inside the macropores, this 

novel alumina material has a high potential for use in a wide variety of fields such as catalysis, 

adsorption, and composite materials. 

In the current research, we prepared grainy macro-mesoporous -alumina using only 

polystyrene spheres as a macroporous template, without any surfactants. In order to reduce the 

viscosity of aluminum tri-sec-butoxide, 2-butanol was used as a solvent, resulting in an increase 

in the dispersion of the aluminum precursor into the spaces between the polystyrene spheres. 

Following this step, the excess aluminum precursor and 2-butanol were removed via vacuum 

filtering. In the present study, since the macroporous structure and morphology of alumina is 

affected by the relative water content of this washing solution [105,106], a mixture of water and 

ethanol solution was used as the washing solvent, and then the effect of the volumetric ratio 

(VEtOH/VH2O) of the washing step on the macro-mesoporous structure of alumina was 

investigated.   

7.1.2.  Experimental procedure 

Hierarchically ordered macro-mesoporous -alumina with a grainy wall of nanoparticles was 

synthesized by completely dissolving 10 g aluminum-tri-sec-butoxide (ASB, Sigma Aldrich 

Korea) in 10 g 2-butanol (Sigma Aldrich Korea) using a magnetic stirrer. Polystyrene (PS) 

spheres (ca. 320 nm diameter), prepared using the emulsifier-free emulsion polymerization 

method [106], were then added to the solution with continuous stirring for 4 hours. The solid 

product was filtered and washed completely with a mixture of ethanol and water, and 

subsequently dried in air at 70oC for 24 hours. The PS spheres were removed via calcination in a 
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muffle furnace in air, and the temperature was ramped at 1oC/min to 600oC and held for 6 hours. 

The materials were designated as GM-i and prepared with different ratios of ethanol to water in 

the washing step (Table 22). 

Table 22. Textural properties of grainy macroporous -Al2O3 

Catalysts Solvent 

Surface 

area BET 

(m2/g) 

Pore 

size 

(nm) 

Pore 

volume 

(cm3/g) 

Macropore 

size 

(nm) 

Grain 

size* 

(nm) 

Crystal size 

(nm) 

XRD TEM 

GM-1 
VEtOH/VH2O 

= 1/0 
311 6.3 0.64 collapsed - - - 

GM-2 
VEtOH/VH2O 

=2/3 
247 7.7 0.60 260 14 - - 

GM-3 
VEtOH/VH2O 

=1/3 
214 6.6 0.45 215 44 3.6 5.6 

GM-4 
VEtOH/VH2O 

= 0/1 
193 6.4 0.40 290 - - - 

- Al2O3
 (a) - 220 7.0 0.49 - 50 - 4-4.5 

-Al2O3 (b) - 145 4-8 0.45 171 - - - 

 *Calculated from SEM images of grainy macroporous -Al2O3 

(a) Nano-sized porous -alumina [98] 

(b) 3DOM -Al2O3 [107] 

The textural properties of the GM-i materials were measured by N2 adsorption analysis on a 

Micromeritics ASAP 2020 apparatus (USA). X-ray diffraction (XRD) patterns were obtained 

using a Rigaku RAD-3C diffractometer (Japan) with Cu Ka radiation ( = 1.5418 Å) at a scan 

rate of 2°(2θ)/min, operated at 35 kV and 20 mA. Surface morphology and particle size were 

characterized by field-emission scanning electron microscopy (FE-SEM, JEOL JSM-600F, 

Japan). High-resolution transmission electron microscopy (TEM, JEM-2100F, JEOL) bright-
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field images were also obtained. Specimens were prepared by suspending and grinding in an 

ethanol solution; two drops of ethanol solution containing the ground catalyst powder were 

placed onto a carbon film-coated copper grid. 

7.1.3.  Results and Discussion 

 

Figure 43. Nitrogen adsorption-desorption isotherm curves of grainy macro-

mesoporous -Al2O3. (a) GM-1, (b) GM-2, (c) GM-3 and (d) GM-4 

Figure 43 shows the nitrogen adsorption-desorption isotherms of grainy macro-

mesoporous -alumina. These isotherms of the GM-i materials represent a typical type-IV 

isotherm with an H3-shaped hysteresis loop that does not exhibit any limiting adsorption at a 
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high P/Po in any material. This refers to capillary condensation in mesopores and the existence 

of narrow slit-shaped pores in a material [46]. The occurrence of a hysteresis loop at higher 

relative pressures around 0.8–0.98, and continuous nitrogen uptake near the saturation pressure, 

indicate the presence of macropores within a material [47]. This phenomenon was not observed 

in the nitrogen adsorption-desorption isotherm of nano-sized porous -alumina without a 

macroporous structure [98]. The hysteresis loops of the samples GM-1, GM-2, GM-3, and GM-4, 

are characterized by a well-defined step in the desorption branch of the isotherm curve at a P/Po 

value of ca. 0.24, 0.32, 0.37, and 0.39, respectively, which is characteristic of capillary 

condensation within uniform mesopores [106]. The water content influences the hydrolysis rate 

and the oligomerization rate of the precursor in neutral media. In the case of the lowest water 

content, oligomerization is limited, resulting in the formation of small mesopores between small 

crystals. This is evidenced by the sharp peak at 3.3 nm and the broad tail in the pore-size 

distribution curve of GM-1 (Figure 44). Increasing the water content induces oligomerization of 

the crystals, causing an increase in mesopore size and leading to a shift of the peak to higher 

values (Figure 44).  
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Figure 44. Pore-size distribution of grainy macro-mesoporous -Al2O3. (a) GM-1, (b) GM-2, 

(c) GM-3 and (d) GM-4 

FE-SEM images of the grainy macro-mesoporous -Al2O3 with different VEtOH/VH2O ratios 

are displayed in Figure 45. The grains in the structure of GM-2 and GM-3 can be clearly 

observed. The grain sizes for GM-2 and GM-3 are 14 nm and 44 nm, respectively (Table 22). As 

the water content increases, the surface tension increases, and thus, the primary particles 

aggregate together during drying [108]. This explains the increase in grain size of the GM-i 

materials (Figure 45B & C), causing the appearance of broad peaks from 10 nm to 50 nm in all 

samples (Figure 44), which relates to the formation of mesopores from the inter-grain spacing 
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[109]. Conversely, the rapid hydrolysis in a solution with a high water content causes a change in 

the morphology of the GM-i materials (Figure 45D). At a low water content, the hydrolysis 

reaction of ASB occurs extremely slowly, and exchange reactions between ethanol and alkoxo 

groups can take place [110]. The unreacted ABS in the spaces between the polystyrene spheres 

can react with water in the air to form aluminum hydroxide. Therefore, the aluminum hydroxide 

forms mainly in the interspacing of the PS spheres, causing the collapse of the macroporous 

structure following the removal of the PS spheres. For this reason, it is difficult to find an 

ordered macroporous structure in Figure 45A. Moreover, the water content in the washing step 

affects the grainy wall structure of GM-i materials. Increasing the water content in the washing 

step leads to an agglomeration of the nanoparticles and eventually their disappearance (Figure 

45D). In Figure 45C, it can be clearly observed that GM-3 possesses an ordered macroporous 

structure and nanoparticle grainy walls. Therefore, the VEtOH/VH2O ratio = 1/3 is a reasonable 

value for the synthesis of grainy macro-mesoporous -alumina. 
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Figure 45. SEM images of grainy macroporous -Al2O3 with different VEtOH/VH2O ratios. (a) 

VEtOH/VH2O = 1/0 (100% ethanol), (b) VEtOH/VH2O =2/3, (c) VEtOH/VH2O =1/3 and (d) 

VEtOH/VH2O = 0/1 (100% water) 

Figure 46 shows SEM images of polystyrene, boehmite, and GM-3, as well as HRTEM images 

of GM-3. The macroporous structure of GM-3 is built from hard template-polystyrene spheres 

(average diameter of 320 nm, Figure 46A). Following removal of the PS spheres via calcination, 

an ordered macro-mesoporous structure can be seen within the material (Figure 46C). Due to the 

shrinking of the hard template during the calcination process [105], the diameter of the 

macropores becomes smaller than the size of the polystyrene spheres. The wall thickness and 

diameter of the macropores are approximately 128-130 nm and 250 nm, respectively (Figure 

46D & E). In Figure 46D, it can be clearly observed that the grains (ca. 45 nm diameter) are 
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aggregated to form mesopores, which are within the interspacing of the grains [109]. In the 

HRTEM image of GM-3 (Figure 46F), the spherical shape of the microcrystals (ca. 5.45 nm) can 

be observed inside each grain. The arrangement of these crystals builds mesopores of 5-6 nm 

[98], which are smaller in size than those of mesopores formed from inter-grain spacing (Figure 

44). Therefore, this material contains two types of mesopores that form from the inter-grain and 

inter-crystal spacing, causing a high surface area. In the present study, GM-3 is synthesized 

without the use of any soft surfactants, thus, the mesopores are built mainly from the inter-grain 

and inter-crystal spacing. In Table 22, the surface area of GM-3 (213 m2/g) is similar to that of 

nano-sized porous -alumina (220 m2/g) [98], but much higher than that of 3DOM -Al2O3 (145 

m2/g), which does not have a grainy structure [107]. This indicates that the grainy structure has a 

higher surface area through the formation of mesopores from inter-grain spacing. In Figure 44, 

the pore-size distribution of GM-3 shows a sharp peak at around 6.5nm and a broad peak from 

15nm to 50nm, indicating that the mesopores formed from inter-crystal spacing (ca. 6.5 nm) and 

inter-grain spacing (15 nm – 50 nm), which is consistent with the SEM and TEM images (Figure 

46D-F).  
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Figure 46. SEM images of (A) polystyrene, (B) pseudoboehmite, (C) GM-3, (D) enlargement of (C), and HRTEM images of GM-3 (E & F)
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Figure 47. XRD patterns of a mixture of (A) polystyrene, (B) beohmite and 

polystyrene, and (C) GM-3 

Figure 47 shows the x-ray diffraction patterns of polystyrene, a solid product following 

drying at 70oC, and GM-3. The PS is assigned as a syndiotactic PS phase that possesses a high 

degree of crystallinity (Figure 47A) [111]. Following drying at 70oC, the solid contains a product 

of ASB hydrolysis and a hard template (PS). Bayerite (Al(OH)3) or boehmite (AlOOH) can form 

from ASB hydrolysis in aqueous media, and Figure 47B shows the XRD pattern of the product, 

indicating that boehmite has formed. The formation of boehmite can be explained by the fact that 

the hydrolysis rate of ASB is ultra-fast in aqueous media and controlling the H2O/Al molar ratio 

will affect the morphology of the product. At a low water content, pseudo-boemite forms as a 

colloidal boehmite. In contrast, at a high-water content, the transformation of pseudo-boehmite 

to bayerite occurs rapidly [112]. The reactions can be written as follows:  
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An ethanol/water mixture is used in the washing step in order to avoid the rapid 

hydrolysis of ASB to produce bayerite, and the addition of ethanol to the solvent effectively 

slows down the crystal growth and forms a stable wall of boehmite on the surface of the PS 

spheres. The position of the (020) peak in the XRD pattern of the solid product (Figure 47B) 

shifts to a lower 2 value (13.06o), implying that a greater amount of water is absorbed between 

the octahedral layers of the alumina, which makes boehmite transform into pseudo-boehmite 

[113]. The distance between the octahedral layers is 0.679 nm, which is calculated from Bragg’s 

Law. The crystal sizes, calculated from the Scherrer Equation along the (020), (021), (130), 

(150), (200), and (252) axes in the XRD pattern of boehmite (Figure 47B), are 3 nm, 3.4 nm, 3.1 

nm, 4.2 nm, 4 nm, and 4.12 nm, respectively, The reflection peaks in the XRD pattern of 

boehmite correspond to the orthorhombic structure with lattice parameters of ao = 0.270 nm, bo 

=1.358 nm, co = 3.691 nm, and the near-standard parameters of boehmite (ao= 0.2859 nm, 

bo=1.224 nm, co=3.691 nm). Microcrystal boehmite exists in nature in various shapes, and in the 

present study, it is observed as spherical, and the growth of the nuclear or microcrystals 

occurring in all directions formed the boehmite nanoparticles [100,114]. The SEM image of 

boehmite (Figure 46B) clearly shows the nanoparticles with an average diameter of 

approximately 17.6 nm. Furthermore, following calcination at 600oC, boehmite is transformed to 

-Al2O3. This can be described by the following reaction: 

 

The agglomeration of the nanoparticles occurs upon the dehydroxylation of boehmite, 

which can be explained through the SEM images (Figure 46B-D). The size of the boehmite 

nanoparticles is much smaller than that of GM-3, causing the formation of grains (around 44 nm) 
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in the wall of GM-3. The XRD patterns of GM-3 (Figure 47C) show that the average crystal size 

calculated from the Scherrer Equation is around 3.64 nm. In addition to the strongest (400) and 

(440) peak reflections of the -Al2O3 phase, some weak reflections such as (111), (220), (311), 

(222), and (511) are also observed. This indicates that GM-3 has a well-crystallized face-centred 

cubic structure [47].  

Scheme 9 is a schematic illustration of the formation process of grainy macro-

mesoporous -alumina. There are three steps: 1) diffusion of alumina precursors into the space 

between the PS template spheres; 2) formation of grainy pseudo-boehmite nanoparticles and 3) 

formation of grainy macro-mesoporous -alumina. The majority of the organic salts of aluminum 

have high viscosity and are easily hydrolyzed in air. Moreover, the high viscosity of the solutions 

makes their dispersion into the small pores much more difficult. In the first step, it is important 

to find a suitable solvent to reduce the viscosity and the hydrolysis rate of ASB in air. Since 2-

butanol is a byproduct of the hydrolysis of ASB, it is chosen as a solvent to reduce the viscosity 

as well as the hydrolysis rate of ASB in air. The main process in step 1 is the relatively fast 

diffusion of the aluminum precursor to the space between the PS spheres, resulting in the 

occurrence of the hydrolysis, condensation, and oligomerization of ASB on the PS spheres, in 

step 2. In step 3, the transformation of pseudo-boehmite to -alumina occurs during the 

calcination process, with the formation of the macro-mesoporous structure of -alumina. The 

grainy wall structure is generated via the formation of pseudo-boehmite in step 2. At a low water 

content even in the washing step, the hydrolysis of ASB is inhibited, resulting in the formation of 

pseudo-boehmite nanoparticles in step 2. The calcination in step 3 naturally generates the 

hierarchically ordered macro-mesoporous -alumina with a grainy wall structure.  
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7.1.4. Conclusions 

Here, we synthesized a hierarchically ordered macro-mesoporous -alumina with a grainy 

wall of nanoparticles, which was derived from pseudo-boehmite nanoparticles without a soft 

template (surfactant) for mesopores. Through the control of the water content in the washing step, 

the grainy structure of the hierarchically ordered macro-mesoporous -alumina was generated. 

This material possesses a high surface area (ca. 213 m2/g) and a large pore volume (ca. 0.45 

cm3/g). Moreover, this novel material has a macroporous structure with a stable pore wall, 

allowing for application in catalysis, adsorption, and composite materials. 
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Scheme 9. A schematic illustration of the formation process of grainy macro-mesoporous -Al2O3 
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7.2. Effect of hierarchically macro-mesoporous alumina and potassium-supports 

interaction on steam reforming of 1-methyl naphthalene over xK/Ni-Al2O3 

catalysts at the low temperature 

7.2.1. Introduction  

Due to the climate change and limitation of fossil fuels in the future, the portion of the 

world energy consumption from fossil fuel sources is shifting toward renewable energy 

sources which are environmentally friendly and can be naturally replenished in a short period 

of time. Biomass is one of the renewable sources to produce biogas or liquid biofuels. In 

2017, 11% of renewable energy consumed in total primary energy usage in the United States. 

Of that 11%, about 45% was from biomass (biomass waste 4%, biofuels 21%, wood 19%) 

[115]. Recently, many researchers have studied to develop biomass conversion to energy and 

fuels, such as biomass gasification (producing syngas, residual biomass, biofuels), biomass 

liquefaction (to produce bio-oils, chemical, gases), and biomass pyrolysis (to produce bio-oils, 

transportation fuels, chemicals) under several technologies (fast pyrolysis liquid of biomass 

[116–119], biological/biochemical conversion [120,121], and catalytic conversion [122]). 

Among the three methods for biomass conversions, biomass gasification has been received 

the most attractive because it provides higher heat capacity materials for producing heat and 

power [123]. However, a high-level of tars generated during biomass gasification is a big 

problem for operation in downstream processes. The condensation of heavy tars and the 

crystallization of light tars (naphthalene, for example) lead to fouling at the low temperature 

(< 350oC) on the gas engines, the control valves. Therefore, most biomass gasification 

products are required removal of dust and tar before using for the next process. Hence, tar 

conversion is a vital factor for a successful application of biomass gasification for energy 

production.  
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Steam reforming is one of the methods to remove tars generated during biomass 

gasification and also produces syngas and hydrogen fuels from tars [124–127]. In steam 

reforming reaction, C-C and C-H bonds are broken down by catalytic active sites and then 

react with water to form hydrogen and carbon oxides as final products. In many publications, 

nickel has been known as the famous catalytic element [127,128] for steam reforming since it 

is not quite expensive and has high catalytic activity. However, nickel metal-containing 

catalysts could face with catalytic deactivation because of the sintering of active site at the 

high reaction temperature, the generation of coke on the surface of catalysts, and the 

poisoning with hetero-compounds in feedstock such as sulfur and chlorine [129]. Recently, 

low-temperature steam reforming has been studied for decreasing thermal degradation and 

sintering of catalyst, for saving the cost of energy and reactor material [130,131]. 

Nevertheless, more coke deposition on the surface of catalysts at low temperature is also a 

serious problem in steam reforming of hydrocarbons, especially, of two or three rings 

aromatic hydrocarbons due to decreasing catalytic performance.  

To investigate the removal of tars by steam reforming, naphthalene is usually chosen as 

the representative tar compound because it is the most stable and hard to decompose 

[126,132–135]. In this study, steam reforming of 1-methyl naphthalene at low temperature 

(600oC) has been researched on xK/Ni-MeAl and xK/Ni-MaAl catalysts to clarify the role of 

hierarchically ordered macro-mesoporous alumina and potassium effect on steam reforming 

at the low temperature.  

7.2.2. Experimental  

Catalyst preparation 

xK/Ni-MeAl and xK/Ni-MaAl (x = 0%; 0.5%; 2%) catalysts were synthesized by using 

the incipient wetness impregnation method with impregnation of KNO3 salt solution to reach 

x wt.% K onto Ni-MeAl and Ni-MaAl supports. All these catalysts were calcinated in the air 
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at 600oC for 6 hours. Ni-MeAl and Ni-MaAl supports are prepared by the same method to 

xK/Ni-MeAl and xK/Ni-MaAl catalysts though the impregnation of Ni(NO3)2 salt solution to 

reach 10 Wt.% Ni onto MeAl and MaAl. 

MaAl (hierarchically macro-mesoporous -alumina) preparation was detailly described 

in the previous study [136]. The ratio of ethanol to water in the washing step is 1/3 and the 

calcination temperature is 600oC. MeAl (mesoporous -alumina) was prepared the same with 

MaAl (without using polystyrene beads), and triblock copolymer Pluronic P123 (PEG-PPG-

PEG) was used for building a porous structure. 

Catalyst characterization 

The BET surface area and pore size distribution of the catalysts was determined by the 

nitrogen adsorption/desorption method on a Micromeritics ASAP 2020 apparatus (USA). 

Catalysts were pretreated at 300oC for 6 hours before measurement.  

 The ammonia temperature-programmed desorption (NH3-TPD), hydrogen 

temperature-programmed desorption (H2-TPD) and hydrogen temperature-programmed 

reduction (H2-TPR) were carried in a multipurpose analytical system (BELCAT-M, 

MicrotracBEL Corp., Osaka, Japan) with a thermal conductivity detector (TCD). For TPD-

NH3, catalysts were pretreated at 600oC for 2 hours in the carrier gas (helium gas), after that 

ammonia gas (5% in helium) was adsorbed at 50oC for 1 hour, and then the temperature was 

increased up to 600oC (heating rate 2oC/min under carrier gas) while the desorbed ammonia 

was recorded by the TCD sensor. A similar procedure was applied for the H2-TPD, but the 

absorbed gas was hydrogen (5% H2 in N2) and the carrier gas was N2. For H2-TPR 

experiment, catalysts were oxidized by oxygen (5% in helium) at 600oC for 2 hours before 

starting the reduction step. The oxidized catalysts were reduced by hydrogen, the temperature 

was elevated from 50oC to 900oC (heating rate is 2oC/min). 
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  X-ray diffraction (XRD) data were obtained by a Rigaku RAD-3C diffractometer 

machine (Rigaku Corp., Tokyo, Japan) with Cu Ka radiation (= 1.5418Å) at a scan rate of 

2°(2θ)/min, operated at 35 kV and 20 mA. Based on XRD patterns, nickel crystal sizes were 

calculated using the Scherrer equation (1). 

Crystalline size (L) =
K

Bcos()
 (1) 

X-ray photoelectron spectroscopy (XPS) data were obtained by the Thermo K-Alpha 

XPS with an Al-K X-ray source (Thermo Fisher Scientific, Waltham, MA, USA). The XPS 

results were collected by an X-ray spot size of 400 m, pass energy of 80 eV, and an energy 

step size of 0.1 eV.   

Surface morphology was characterized by field-emission scanning electron microscopy 

(FE-SEM, JEOL JSM-600F, Tokyo, Japan) and TEM images of the catalyst were obtained 

from a high-resolution transmission electron microscopy instrument (HRTEM, JEM-2100F, 

JEOL, Tokyo, Japan). Specimens were prepared by suspending and grinding in an ethanol 

solution; two drops of ethanol solution containing the ground catalyst powder were placed 

onto a carbon film-coated copper grid. 

Reaction test 

Catalysts were reduced in situ in flowing hydrogen (25 ml/min) at 600 oC for 2 h in the 

fix-bed reactor. After the reduction step, the mixture of water flow (0.3 ml/min) and helium 

flow (70 ml/min) was heated to vaporize water before entering the reactor until all hydrogen 

gas was removed. Then, 1-methyl naphthalene (1-MN) feed was fed into the reactor. The 

reaction occurred at 600oC for 2 hours.  

Steam Reforming 

C11H10 + 11H2O → 11CO + 16H2 (Equation 1.1) 
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Water gas shift 

11CO + 11H2O → 11CO2 + 11H2 (Equation 1.2) 

Combination of steam reforming and water gas shift 

C11H10 + 22H2O → 11CO2 + 27H2 (Equation 1.3) 

For product analysis, the light gases (H2, CO, CO2, CH4) and C2-C4 gases were 

analyzed by GC-TCD machine using Carboxen 1000 and HPPLOT Q column, respectively. 

The liquid product was evaluated by GC-FID machine using HP-5 column. The coke amount 

was determined by TGA analysis (TG Q50, TA instrument, New Castle, DE, USA).  

Carbon selectivities of liquid (SC-Liquid, mol%), gas (SC-Gas, mol%), and coke (SC-Coke, 

mol%) were defined as the mole of carbon in the liquid, gas, coke products, respectively, 

divided by the mole of carbon of the reacted 1-MN, as the percentage. Conversion (C, mol%) 

is defined as the mole of carbon of the reacted 1-MN divided by the mole of carbon of the 

total 1-MN which was loaded into the reactor during reaction time. Potential hydrogen yield 

(YH2) is calculated by equation (2). 

𝑌𝐻2
=

𝑀𝑜𝑙𝑒 𝑜𝑓 𝐻2 gas 

𝑀𝑜𝑙𝑒 𝑜𝑓 𝑓𝑒𝑑 1 − 𝑀𝑁
× 100 (2) 

TOF (turnover frequency) is defined as the mole of hydrogen in product divided by 

(reaction time × mole of the active site). The number of nickel active sites is obtained by 

adsorbed hydrogen amount by H2-TPD experiment. 

𝑇𝑂𝐹 =
𝑀𝑜𝑙𝑒 𝑜𝑓 𝐻2 gas 

𝑀𝑜𝑙𝑒 𝑜𝑓 𝑛𝑖𝑐𝑘𝑒𝑙 𝑠𝑖𝑡𝑒𝑠 × 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒
 (3) 

7.2.3. Results and discussions 

Catalytic characteristics  
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Figure 48. SEM images of (A) Ni-MaAl, (B) 2K/Ni-MaAl 

The hierarchically macro-mesoporous structure on the surface of catalysts can be 

observed in the SEM images (Figure 48 and Figure 49) and TEM images (Figure 50). It is 

interesting that there is not much different in macropore structure when potassium was added 

onto macro-mesoporous alumina (MaAl). Compared to mesoporous materials (MeAl), it is 

easy to see that the coverage of potassium oxide (triangular shape particle) on the surface of 

alumina becomes more abundantly while increasing potassium from 0% to 2% (Figure 2 a-d). 

The appearance of potassium oxide (K2O) is a result of nitrate removal after calcinating the 

potassium nitrate at 600oC, which is in an agreement with James Zokoe et. al. [137]. 

However, potassium oxide is hard to be seen in the MaAl materials, which indicates the 

potassium oxide particles are too small or well-dispersed onto pores of MaAl. TEM images 
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also show that nickel particle size becomes smaller in MaAl materials, which proves that 

nickel and K2O dispersed better on hierarchically MaAl support than on MeAl support. 

 

Figure 49. SEM images of (a) MeAl, (b) Ni-MeAl, (c) 0.5K/Ni-MeAl, (d) 2K/Ni-MeAl, (e) 

MaAl, (f) Ni-MaAl, (g) 0.5K/Ni-MaAl, and (h) 2K/Ni-MaAl 

 

Figure 50. TEM images of (A) Ni-MeAl, (B) Ni-MaAl, (C) 2K/Ni-MeAl, and (D) 2K/ Ni-

MaAl 
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Nitrogen adsorption and desorption isotherms curves and pore size distributions of 

both MeAl and MaAl are shown in Figure 51. The surface area of MeAl decreases 

significantly when nickel and potassium are added, meanwhile, it almost doesn’t influence to 

the surface area of MaAl. Figure 4B shows that the mesopore size range in MaAl (2 – 5 nm) 

is larger than that in mesoporous alumina (2 – 35 nm).  

Figure 51. Nitrogen adsorption-desorption isotherms curves (A) and Pore size 

distribution (B) of (a) MeAl, (b) Ni-MeAl, (c) 0.5K/Ni-MeAl, (d) 2K/Ni-MeAl, (e) MaAl, 

(f) Ni-MaAl, (g) 0.5K/Ni-MaAl, and (h) 2K/Ni-MaAl 

Figure 52 provides XRD patterns of both mesoporous and macro-mesoporous catalysts 

after calcining in air and reducing in hydrogen at 600oC. As this figure, there are four main 

detected phases: nickel metallic phase, nickel oxide, nickel aluminate, and alumina. The 

existence of nickel oxide indicated that the calcined catalysts weren’t completely reduced in 

hydrogen at 600oC for 2 hours. In addition, the sharp nickel peaks can be observed clearly in 

the mesoporous catalysts (Figure 52b-d), while nickel peaks are hard to see in the macro-

mesoporous catalysts (Figure 52f-h). Based on the Scherrer equation, it can be calculated that 

nickel particle size in macro-mesoporous catalysts is much smaller than that size in 

mesoporous catalysts. The deconvolution results of overlapped peaks in XRD patterns at the 
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range of 2= 41-50o also indicate that nickel peaks are sharper in mesoporous catalysts and 

broader in macro-mesoporous catalysts. 

 

Figure 52. XRD patterns of (a) MeAl, (b) Ni-MeAl, (c) 0.5K/Ni-MeAl, (d) 2K/Ni-MeAl, 

(e) MaAl, (f) Ni-MaAl, (g) 0.5K/Ni-MaAl, and (h) 2K/Ni-MaAl  ( Al2O3, • NiO,  Ni,  

NiAl2O4) 

The reducibility of catalysts conducted from 50oC to 900oC in H2-TPD experiment is 

shown in Figure 53. According to the obtained data, the main reduction peaks (II) at around 

700oC in all catalysts are assigned as the reduction of nickel oxide locating on the mesopore 

to nickel metal. The detection of the shoulder peak (I) at the lower temperature (around 

600oC) in macro-mesoporous materials is responded to the existence of NiO on macropore, 

which indicates the past accessibility of hydrogen to NiO positioning on macropore. In 

addition, the larger mesopore size in macro-mesoporous materials leads to the peak (II) shift 

to the lower temperature. That results in a much higher adsorbed hydrogen amount on nickel 

metallic sites in macro-mesoporous materials (Table 23). The addition of potassium on Ni-
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Al2O3 (both MeAl and MaAl) might have a negative effect on hydrogen chemisorption in all 

catalysts, leads to a decrease in adsorbed hydrogen amount shown in Table 23. By calculation 

of desorption energies of potassium atoms (K) and ions (K+) for the nickel catalysts, Tadeusz 

Borowiecki et. al. [138] reported that K  strongly interacts with Ni, decreasing the working 

activity with increasing content of potassium added onto Ni-γ-alumina. LeszekZnak [139] 

also indicated potassium species locate directly on the nickel surface, suppressing the nickel-

hydrogen chemisorption. However, the loss of adsorbed hydrogen is more serious in 

mesoporous materials, which may cause of the lower nickel dispersion on alumina. xK/Ni-

Al2O3 catalysts with different morphologies possess distinctive nickel dispersion. Because 

xK/Ni-MaAl catalysts have a higher nickel dispersion evidenced by TEM and XRD results, 

K-Al interaction in meso-macroporous catalysts after K addition is stronger than that of 

mesoporous catalysts.  

Table 23. The properties of catalyst 

Sample 

Surface 

area 

(m2/g) 

Pore 

size 

(nm) 

Pore 

volume 

(cm3/g) 

Ni 

size 

(nm) 

Relative area ratio 

(XPS)/(XRD) 

Unit: mmol/g 

Ni NiO NiAl2O4 

Acidic 

site 

Nickel 

site 

MeAl 314.2 9.5 1.2 - - - - 2.06 - 

Ni-MeAl 177.7 4.0 0.3 4.7 7/33 31/5 62/62 1.08 0.012 

0.5K/Ni-MeAl 172.0 5.1 0.3 8.2 8/33 44/11 49/56 0.54 0.008 

2K/Ni-MeAl 168.8 5.1 0.3 7.9 11/21 55/44 35/37 0.60 0.006 

MaAl 266.2 11.5 1.0 - - - - 2.03 - 

Ni-MaAl 221.5 10.8 0.8 1.8 11/11 46/23 43/66 1.51 0.017 

0.5K/Ni-MaAl 202.1 10.2 0.7 2.1 11/27 54/24 35/48 1.09 0.018 

2K/Ni-MaAl 199.5 10.4 0.7 2.1 11/33 60/21 29/46 0.98 0.014 
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Figure 53. H2-TPR profiles of (a) Ni-MeAl, (b) 0.5K/Ni-MeAl, (c) 2K/Ni-MeAl, (d) Ni-

MaAl, (e) 0.5K/Ni-MaAl, and (f) 2K/Ni-MaAl 

Figure 54 shows the details XPS spectra of Ni2p representing for the electronic states 

of nickel on the surface of reduced catalysts. There are three main peaks, fitted by the 

deconvolution of the Ni2p curve, centered at 852.1 eV, 854.9 eV, and 856.9 eV. These peaks 

are ascribed to nickel metallic form (Nio), nickel oxide (Ni-O), and nickel aluminate (Ni-O-

Al), respectively [19,20,140–142]. After impregnation of nickel on alumina supports, Ni2+ 

could incorporate into the Al2O3 crystal to form spinel nickel aluminate (NiAl2O4) [143,144]. 

In the literature [145,146], aluminium ions occupy octahedral and tetrahedral interstices in 

the γ-alumina crystal and they are surrounded by densely packed oxygen ions. Based on 

molecular orbital energies, Al3+ in tetrahedral interstice plays like a stronger electron acceptor 
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than one in the octahedral interstice, leading to higher acidity of tetrahedral surface Al site. In 

a normal spinel structure, divalent cations (Ni2+) occupy tetrahedral interstice, and trivalent 

cations (Al3+) occupy octahedral interstice [147]. The dramatical decrease in the alumina 

acidity after Ni addition (Table 23) suggests the substitution of Ni2+ into tetrahedral interstice 

of Al3+ in alumina. In the presence of potassium, K+ not only interacts with Ni but also with 

alumina and nickel aluminate. In the previous studies [148,149], it is reported that K mostly 

cooperates with tetrahedrally coordinated Al3+ ions placed at the alumina surface because of 

the excess negative charge AlO2
 tetrahedron whose negative charge is compensated by K+, 

generating KAlO2. In this study, K might attract both the tetrahedral alumina and spinel 

nickel aluminate, which causes decreasing in the acidity of catalysts (Table 23) and 

decreasing in nickel aluminate phase when the potassium content is raising (Figure 54) [150]. 

That trend is consistent with the XRD data shown in Table 23.  

Figure 55 presents the XPS spectra of O1s of mesoporous and macro-mesoporous 

materials after a reduction in hydrogen at 600oC for 2 hours. The O1s spectra reveal a peak 

with three main components: one at 530.5 eV can be attributed to lattice oxygen in alumina, 

the peak at higher binding energy (532.5eV) characterizes for oxygen in O-H of aluminium 

oxo hydrides, the highest binding energy peak at 533.5 eV is assigned to oxygen in absorbed 

water on alumina surface [151,152]. The water absorbability of catalysts is strongly related to 

the acidity of γ-alumina, especially acid Lewis sites. Oxygen in H2O has lone electrons pairs 

that can share electrons with Al3+ acceptor in alumina (especially Al3+ in tetrahedral interstice) 

to generate the covalent bond between Al in alumina and O in water. The significant decrease 

in absorbed water peak intensity after K addition in Figure 55 indicates the disappearance of 

Lewis acidic sites on catalysts. That might be caused by the interaction between K+ and Al3+ 

in the tetrahedral interstice of alumina. In the mesoporous materials, the absorbed water peak 

intensity is changed not much when increasing potassium contents whereas, it can observe 
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clearly the decrease of this peak in the macro-mesoporous materials. It demonstrates that the 

K-Al interaction is stronger in macro-mesoporous materials, which confirms the high 

dispersion of nickel on alumina leading to an increase in the K and Al association.   

 

Figure 54. XPS Ni2p of (a) Ni-MeAl, (b) 0.5K/Ni-MeAl, (c) 2K/Ni-MeAl, (d) Ni-MaAl, (e) 

0.5K/Ni-MaAl, and (f) 2K/Ni-MaAl 
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Figure 55. XPS O1s of (a) Ni-MeAl, (b) 0.5K/Ni-MeAl, (c) 2K/Ni-MeAl, (d) Ni-MaAl, (e) 

0.5K/Ni-MaAl, and (f) 2K/Ni-MaAl 

Catalytic activity 

The catalytic performance for 1-methyl naphthalene steam reforming over xK/Ni-

Al2O3 catalysts at 600oC is given in Table 24. Without catalyst (Blank test), 1-MN is cracked 

by thermal cracking with low conversion (6.2%) and produces CH4 and C2+ in the gas 

product. In the presence of catalysts, all reaction results show higher 1-MN conversions for 

macro-mesoporous catalysts (6.9%-16.1%), compared to mesoporous catalysts (13.9%-
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20.4%). This might be a contribution of the interconnected macroporous and mesoporous 

structure of alumina supports in the effective diffusion of reactant to active sites 

[21,44,153,154]. 

Table 24. Product distributions and conversions of 1-MN steam reforming over 

different catalysts (reaction conditions: T = 600 oC, t = 2 h, mass of catalyst = 0.25 g, 

loading rate 1-MN = 0.1 ml/min, water pump rate = 0.4 ml/min), average value. 

Sample 

Liquid product 

distribution (%) 

C selectivity in 

product (%) 
C 

(%) 

YH2 

(%) 

TOF 

(mol/mol.h) 

(1) (2) (3) Coke Gas Liquid 

Blank test 5 84 11 3.3 26.1 70.6 6.2 0.0 - 

MeAl 27 65 8 0.4 22.9 76.8 11.5 0.0 - 

Ni-MeAl 22 77 1 0.3 49.8 49.9 16.1 26.5 736 

0.5K/Ni-MeAl 31 61 7 0.6 48.9 50.5 11.3 9.8 430 

2K/Ni-MeAl 26 52 21 0.7 55.2 44.1 6.9 0.0 - 

MaAl 23 67 10 0.3 47.0 52.7 13.9 0.0 - 

Ni-MaAl 6 86 8 0.5 56.9 42.5 20.1 28.2 577 

0.5K/Ni-MaAl 10 79 11 0.5 65.4 34.1 23.1 48.5 952 

2K/Ni-MaAl 13 76 10 0.4 55.1 44.4 20.4 37.5 950 

 In alumina support only, 1-MN was cracked into lighter hydrocarbons such as 

aromatics (1), opened rings products (2) through the selective catalytic steam cracking (SCSC) 

[56]. 1-MN might be oxidized by OH group on alumina (Figure 55 a and b) to produce 

oxygen-containing intermediates, these products continue reacting with OH group through 

the open of the central ring and release CO2 in the gas product (Table 25). The hydroxyl 
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groups on alumina surface are limited, resulting in a fast decrease of 1-MN reaction rate by 

time (Figure 56) and the low 1-MN conversions for both MeAl and MaAl catalysts. 

Table 25. Gas composition at 1 hour at 600oC 

Sample H2 CO CH4 CO2 C2+ H2/(CO+CO2) 

Blank test 0 0 66 0 34 - 

MeAl 0 0 66 6 28 0.00 

Ni-MeAl 28 29 3 38 2 0.42 

0.5K/Ni-MeAl 18 8 48 12 15 0.90 

2K/Ni-MeAl 0 0 38 22 40 0.00 

MaAl 0 0 62 5 33 0.00 

Ni-MaAl 28 26 20 9 17 0.80 

0.5K/Ni-MaAl 43 26 14 7 10 1.26 

2K/Ni-MaAl 41 26 16 9 7 1.16 

In Ni-Al2O3 catalysts, the steam reforming of 1-MN happened dominantly over nickel 

active sites, resulting in the appearance of CO and H2, and the decrease in hydrocarbon gases 

(thermal cracking) in the gas product (Table 25). Over Ni-MaAl catalyst, the higher nickel 

dispersion on alumina improves the contact between 1-MN and nickel site, steam reforming 

occurs stronger than SCSC. Therefore, there are a lower CO2 gas and a higher H2, CO gases 

than that in Ni-MeAl catalyst. However, the large space on macropore also enhances thermal 

cracking of 1-MN, resulting in higher CH4, C2+ gases in Ni-MaAl, compared to Ni-MeAl. 

That explains the lower TOF value for steam reforming and the higher 1-MN conversion for 

Ni-MaAl.  

In xK/Ni-MaAl catalysts, more nickel sites generated through K-Alumina interaction 

develops steam reforming, which is evidenced by the lower portion of CH4 and C2+, and the 
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higher portion of CO and H2 in gas composition (Table 25). In the result, the TOF values are 

also higher for xK/Ni-MaAl catalysts (Table 24). In higher potassium content (2%), the raise 

in K-Ni interaction on the surface of catalyst or K coverage on Ni active sites leads to 

decrease in steam reforming which results in a small drop of TOF value for 2K/Ni-MaAl 

catalysts (Table 24). Nevertheless, the result for xK/Ni-MeAl catalysts is opposite with 

xK/Ni-MaAl catalysts. Most of nickel active sites covered by potassium because of low Ni 

dispersion on xK/Ni-MeAl catalysts steam reforming, lessening dramatically both steam 

reforming and SCSC. Hydrogen and CO gases almost disappear when the potassium loading 

content is 2%. The thermal cracking is dominant, causing of fast decrease in 1-MN 

conversion from 16.1% (Ni-MeAl) to 6.9% (2K/Ni-MeAl). 

In overall, there are three possible reactions occurred between 1-MN and steam over 

xK/Ni-Al catalysts. Firstly, 1-MN can be cracked at 600oC without catalyst through the 

expansion of C-C bonds, then the formation of hydrocarbon radicals [155]. These ones can 

react together to form heavier hydrocarbon, especially coke (Table 24). Because C=C bond in 

two benzene rings of 1-MN is strong, a methyl group is weaker, it is broken into CH4 in gas. 

Secondly, over Ni sites on nickel-containing catalysts, absorbed water is dissociated into a 

hydroxyl group and hydrogen and then, this OH group is disconnected into H and O which 

are adsorbed on Ni surface [156,157]. Adsorbed 1-MN on Ni site could react with these O 

species to form oxygen-containing intermediates in SCSC and CO in steam reforming. The 

oxidation of 1-MN happens completely, the H2/CO+CO2 ratio will reach the highest value at 

2.45, roughly estimated from the chemical equation (Equation 1.3). However, among all 

nickel-containing catalyst, this ratio is lowest for Ni/Me-Al catalyst (0.42) and highest for 

0.5K/Ni-Ma-Al2O3 catalyst (1.26) (Table 25). That indicates 1-MN is oxidized step by step in 

the steam reforming over nickel site. The high percentage of the aromatic product (2) in 
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liquid also improves the difficulty in the oxidation of a high molecule such as 1-methyl 

naphthalene.  

 

Figure 56. Reaction rate by time on stream 

The change of reaction rate on the time on stream in all catalyst is shown in Figure 56. 

In overall, the reaction rate declines dramatically in xK/Ni-MeAl catalysts (dash lines) and 

decreases slightly in xK/Ni-MaAl catalysts (continuous lines), which might relate to the 

catalytic deactivation of nickel sites to nickel oxide sites [131]. In XRD patterns of spent 

catalyst (Figure 57), the more nickel oxide phase generated after 2 hours of reaction. This can 

be seen clearly in Table 26, presenting the relative nickel phases estimated from the 

deconvolution of XRD peak (2 = 41o - 49o) in Figure 57. In xK/Ni-MeAl spent catalysts, the 

percentage of NiO (Ni-MeAl 11%, 0.5K/Ni-MeAl 28%, 2K/Ni-MeAl 66%) is much higher 

than that in xK/Ni-MeAl fresh catalysts (Ni-MeAl 4%, 0.5K/Ni-MeAl 11%, 2K/Ni-MeAl 
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42%). In contrast, in xK/Ni-MaAl spent catalysts, the change of nickel to nickel oxide is not 

considerable (Table 26). It can be explained by the oxygen mobility over the surface of the 

catalyst, which is higher on the macro-mesoporous catalyst because of the well-dispersion of 

Ni site on support.  

 

Figure 57. XRD patterns of spent catalysts: (a) Me-Al2O3, (b) Ni/Me-Al2O3, (c) 

0.5K/NiMe-Al2O3, (d) 2K/NiMe-Al2O3, (e) Ma-Al2O3, (f) Ni/Ma-Al2O3, (g) 0.5K/NiMa-

Al2O3, (h) 2K/NiMa-Al2O3 ( Graphite, Al2O3, • NiO,  Ni,  NiAl2O4) 

 

 



 

136 
 

 

Table 26. Relative nickel phases area percent (XRD) in fresh and spent catalysts 

  Sample 

Spent catalyst 

 

Fresh catalyst 

 
NiO Ni NiAl2O4 NiO Ni NiAl2O4 

Ni-MeAl 11 27 61 4 33 62 

0.5K/Ni-MeAl 28 18 54 11 33 56 

2K/Ni-MeAl 66 0 34 42 21 37 

Ni-MaAl 24 11 65 23 11 66 

0.5K/Ni-MaAl 27 23 50 24 27 48 

2K/Ni-MaAl 23 31 46 21 33 45 

 

7.2.4. Conclusions 

The hierarchically macro-mesoporous alumina and mesoporous alumina were used as 

a support in xK/Ni-Al2O3 catalysts for the steam reforming of 1-methyl naphthalene at the 

low temperature (600oC) in a fixed bed reactor. By adding different content of potassium (0%, 

0.5%, and 2%) on nickel-containing support, the effect of the interactions K-Alumina and K-

Ni on steam reforming was recommended. Potassium attracted to tetrahedral of both alumina 

and nickel aluminate, decreasing the acidity of catalysts and nickel aluminate phase, causing 

more formation of nickel active sites after reduction at 600oC in hydrogen. That led to the 

enhancement of the steam reforming over nickel sites. In contrast, potassium also interacted 

with Ni metallic sites on the catalyst surface, which is competitive with hydrogen-nickel 

adsorption during the reaction, lessening the steam reforming. The higher nickel dispersion 

on macro-mesoporous catalysts decreased the K-Ni interaction and increased the K-Alumina 

collaboration, enhancing the steam reforming. Moreover, oxygen mobility was higher in 
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xK/Ni-MaAl catalysts, reducing in the nickel to nickel oxide phase transition. That induced 

the slow deactivation of macro-mesoporous catalysts in comparison with mesoporous 

catalysts. The 1-MN diffusion to the active sites was greater in xK/Ni-MaAl catalysts, 

resulting in higher 1-MN conversions. 
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PART IV. SUMMARY AND RECOMMENDATIONS FOR FUTURE WORK 

8.1. Summary 

Following the research objectives in chapter 1, two main research objectives for this 

dissertation were identified. This is a summary of all the main points of the conclusion that 

can be taken from the researches.  

8.1.1. Developments and findings relating to research objective 1 

“Study of vacuum residue steam catalytic cracking over the nickel-cerium containing 

catalysts: macro-mesoporous structure, metal-support (M-S) and support – support (S-S) 

interactions effects” 

Table 27. The relationship between active sites and VR conversion, liquid yields 

Catalyst Active site 
Catalytic 

characterizations 

Reaction 

(*) 
Results 

NiK/yCexZr1-

xO2-MaAl2O3 

Active sites on 

macro-

mesopores 

High surface area and 

larger mesopore size 

SCC, 

OC, SR 

High conversion 

CexZr1-xO2 
High OSC 

Oxygen mobility  
OC 

High liquid yields 

and conversion 

 

NiK/CeO2 

CeO2  High OSC OC 

High liquid yields, 

conversion and 

H/C ratio in the 

liquid product 

CeyNi1-yO2-  
High OSC (Ni-CeO2 

interaction) 
OC 

Ni Hydrogen absorption HYD 

NiK/CZ 

NiK/CZ-A 

Cex(Zr-Ni)1-xO2-δ  
High OSC (Ni-support 

interaction) 
OC 

High liquid yields 

and conversion 

Increasing in the 

H/C ratio in the 

liquid product 

CexZr1-xO2 

Minimize CexZr1-xO2 

phase size (Al2O3-

CexZr1-xO2 interaction)  

OC 

Ni 
Small Ni size (Ni-

Support interaction) 
HYD 

Note: (*) Steam catalytic cracking (SCC), Oxidative cracking (OC), Steam reforming (SR), Hydrogenation (HYD) 
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Firstly, 74% VR was converted to liquid fuels by application of NiK/20CexZr1-xO2-

macroporous Al2O3 catalysts in the VR steam catalytic reactions at 500oC for 2 hours. 

Secondly, the simplification of NiK/yCexZr1-xO2-Al2O3 catalyst into NiK/CeO2, NiK/ceria-

zirconia (CZ) and NiK/ceria-zirconia-alumina (CZ-A) catalysts brought many interesting 

things about Ni-supports interaction and support-support interaction, which produced more 

active sites for steam oxidative cracking. These were summarized in Table 27. 

8.1.2. Developments and findings relating to research objective 2 

“Using the model component - 1-methyl naphthalene for studying reaction mechanisms of 

steam oxidative cracking and steam reforming” 

Steam oxidative cracking and steam reforming routes of 1-methylnaphthalene were 

investigated through the combination of oxidation and hydrogenation over nickel-containing 

mixed oxide catalysts. The results were given in Table 28.  

Table 28. Reaction mechanisms of steam oxidative cracking and steam reforming 

Rxn. Temp. Catalyst Reaction results Reaction route 

500oC 

Ceria 

support 

High gas yields Steam reforming  

Ni-ceria 

support  

High liquid yields 

Steam oxidative (the synergistic 

combination of oxidation and 

hydrogenation) 

600oC 

xK/NimeAl 

Low 1-MN conversion 

Fast deactivation 
Thermal cracking  

xK/NimaAl 

High conversion 

Slow catalytic 

deactivation 

Steam reforming and selective 

catalytic steam cracking   

 



 

140 
 

8.2. Recommendation for future works 

The researches undertaken for this dissertation have highlighted a few topics on which 

further research would be beneficial. Even though some of these were addressed by the 

research in this dissertation, others remain. In VR upgrading, steam oxidative cracking of 

heavy oils over CexZr1-xO2 and Ni sites produced more liquid fuels with high quality (high 

H/C ratio). However, CexZr1-xO2 detected in all researches were cubic phase and the nickel 

content was kept constant (10 wt%). There is no conclusion until now showing the 

relationship between CexZr1-xO2 crystal phase and steam oxidative cracking; the interaction 

of different crystal phase CexZr1-xO2 (Figure 58) and Ni still are unknown. In the future work, 

studies of the interaction of nickel and different CexZr1-xO2 phases (cubic, tetragonal, 

monoclinic) on the formation of oxygen vacancy in Ni/ CexZr1-xO2 catalysts and the optimal 

nickel content for steam oxidative cracking are recommended. 

 

Figure 58. Calibration curve to determine the composition of Ceria in CexZr1-xO2 phase base 

on the position of the XRD (1 1 1) reflection 
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