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ABSTRACT 

The continuous depletion of crude oil reserves and environmental concern has make 

the search for alternative energy source more imperative. Biomass, which is abundant and 

carbon neutral energy source has been identified as a potential feedstock for the 

production of fuel, chemicals and carbon-based materials. Bio-oil, a liquid product of fast 

pyrolysis of biomass, has gained substantial interest in recent decades with the aim of 

mitigating and subsequently substituting transport fuel. The combustion of bio-oil 

produces negligible amount of harmful emissions, such as nitrogen oxides (NOx), sulphur 

dioxide (SO2) and soot. Additionally, emitted carbon dioxide (CO2) is being recycled into 

the plant by photosynthesis, hence preventing global warming effect. However, bio-oil 

possesses undesirable properties such as high polarity, viscosity and acidity, and chemical 

instability due to its high oxygen and water contents. Consequently, this study 

investigated the first time application of Ni/Al-SBA-15 catalysts in hydrodeoxygenation 

of bio-oil model compounds (dibenzofuran and guaiacol). Ni/Al-SBA-15 catalysts with 

different Si/Al (Si/Al = 50, 60, 70 and 80) mole ratios were synthesized and their catalytic 

performance was tested for hydrodeoxygenation of dibenzofuran and guaiacol as bio-oil 

model compounds in a batch reactor. The catalysts were synthesized using the 

impregnation method and systematically characterized using XRD, N2-adsorption 

desorption, Raman, H2-TPR, NH3-TPD, XRF, and FESEM techniques. The 

characterization results reveal that all the synthesized catalysts are mesoporous (pore size 

range = 3.80–5.20 nm) and possess high surface areas ranging from 665–740 m2/g. 

Further, the incorporation of Al3+ into the SBA-15 matrix generates weak acidic sites and 

the total acidity generated increases with decrease in the Si/Al mole ratio (i.e. increase in 

amount of Al3+ incorporated). The activity results showed that the hydrodeoxygenation 

of dibenzofuran proceeds via hydrogenation of the benzene rings on the Ni sites followed 

by cleavage of C-O bonds on the acidic sites of the catalyst to yield unsaturated 
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hydrocarbons. Further hydrogenation of unsaturated hydrocarbons on the Ni sites gives 

bicyclohexyl as the major product. A remarkable 100.00% dibenzofuran conversion was 

found for all the catalysts except for Ni/SBA-15 and Ni/Al-SBA-15 (80) (Si/Al mole ratio 

= 80) catalysts, which showed 97.97% and 99.31%, respectively. Among the synthesized 

catalysts, the Ni/Al-SBA-15(50) (Si/Al mole ratio = 50) catalyst showed the highest 

efficiency (due to its high acidity), with superior selectivity of ~87.00% for bicyclohexyl 

and ~96.00% degree of deoxygenation at 10 MPa, 260 °C and 5 h. The obtained activity 

results reveal the synergetic effect of Ni and support in the hydrodeoxygenation of 

dibenzofuran reaction: the concentration of acidic sites has a significant effect on the 

selectivity of the desired products Further, the activity of Ni/Al-SBA-15(50) (being the 

most effective catalyst) was investigated for hydrodeoxygenation of guaiacol in a batch 

reactor at 5 MPa. The activity results showed that the reaction proceeded via 

demethoxylation of guaiacol to produce phenol, followed by direct hydrogenolysis to 

produce benzene. Subsequent hydrogenation of the benzene produces cyclohexane. After 

3 h of reaction at 250 oC, 89.00% conversion, 74.97% degree of deoxygenation and 

60.40% cyclohexane selectivity were achieved. 

Univ
ers

ity
 of

 M
ala

ya



v 

ABSTRAK 

Pengurangan rizab minyak mentah secara berterusan serta kesan negative bahan 

tersebut terhadap alam sekitar menjadikan pencarian sumber tenaga alternatif sangat 

penting. Sisa biomas yang banyak dan merupakan sumber tenaga yang neutral karbon 

menjadikannya sebagai bahan mentah yang berpotensi sebagai sumber pengeluaran 

bahan api, bahan kimia dan bahan-bahan berasaskan karbon. “Bio-oil” yang merupakan 

produk yang dihasilkan apabila biomas melalui proses pirolisis cecair secara pantas, telah 

mendapat perhatian ramai sejak beberapa dekad yang lalu dalam usaha untuk 

mengurangkan dan seterusnya menggantikan bahan api pengangkutan. Pembakaran 

bahan bio-minyak hanya menghasilkan jumlah bahan merbahaya kecil seperti oksida 

nitrogen (NOx), sulfur dioksida (SO2) dan jelaga dalam jumlah yang kecil. Malah, karbon 

dipancarkan dioksida (CO2) yang dihasilkan juga akan dikitar semula menerusi proses 

fotosintesis seterusnya mencegah kesan pemanasan global. Namun, “bio-oil” mempunyai 

ciri-ciri yang tidak diingini seperti kekutuban yang tinggi, kelikatan dan keasidan, serta 

ketidakstabilan kimia yang disebabkan kandungan oksigen dan air yang tinggi. Justeru, 

kajian ini menjurus kepada aplikasi Ni/Al-SBA-15 untuk proses "hydrodeoxygenation" 

buat pertama kali bagi kompaun model untuk minyak bio iaitu dibenzofuran dan guiacol. 

Ni/Al-SBA-15 dengan nisbah mol Si/Al yang berbeza (Si/Al = 50, 60, 70 dan 80) telah 

disediakan dan prestasi setiap sampel sebagai pemangkin telah diuji menerusi proses 

hydrodeoxygenation ke atas dibenzofuran dan guaiacol sebagai sebatian model yang 

dilaksanakan dalam reaktor. Pemangkin telah disediakan menggunakan kaedah 

pengisitepuan dan dianalisa secara sistematik menggunakan teknik-teknik seperti XRD, 

N2-adsorption desorption, Raman, H2-TPR, NH3-TPD, XRF, and FESEM. Keputusan 

analisa mendedahkan bahawa semua pemangkin yang disediakan adalah mesoporous 

(saiz liang antara 3.8–5.2 nm) dan mempunyai kawasan permukaan yang tinggi antara 

665-740 m2 / g. Di samping itu, pengenalan Al3+ ke dalam matriks SBA-15 telah menjana 
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laman asid lemah dan jumlah keasidan meningkat apabila nisbah mol Si/Al menurun 

(iaitu apabila terdapat peningkatan dalam jumlah Al3+). Keputusan turut menunjukkan 

bahawa hydrodeoxygenation terhadap dibenzofuran terhasil melalui penghidrogenan 

pada cincin benzena pada laman Ni diikuti oleh pemotongan jalinan C-O pada laman 

berasid pada pemangkin untuk menghasilkan hidrokarbon tidak tepu. Turut dapat 

diperhatikan adalah kesan penghidrogenan lanjut terhadap hidrokarbon tidak tepu 

tersebut pada laman Ni memberikan “bicyclohexyl” sebagai produk utama.  Kadar 100% 

penukaran dibenzofuran telah dicapai bagi semua pemangkin kecuali Ni/SBA-15 dan 

Ni/Al-SBA-15 (80) (nisbah mol Si/Al = 80) dengan kedua-dua  pemangkin tersebut 

menunjukkan 97.97% dan 99.31%. Di antara pemangkin yang disediakan, Ni/Al-SBA-

15 (50) (Si/Al nisbah mol = 50) menunjukkan kadar kecekapan tertinggi (disebabkan 

keasidan yang tinggi), dengan kadar pemilihan sekitar ~ 87% untuk bicyclohexyl dan ~ 

96 % tahap “deoxygenation” pada 10 MPa, 260 ° C dan 5 jam. Keputusan aktiviti yang 

diperoleh turut mendedahkan kesan sinergi Ni dan penyokong dalam tindak balas 

hydrodeoxygenation ke atas dibenzofuran: kepekatan laman berasid mempunyai impak 

yang besar ke atas pemilihan produk yang dikehendaki. Di samping itu, aktiviti Ni/Al-

SBA-15 (50) (menjadikannya sebagai pemangkin yang paling berkesan) telah dikaji lebih 

lanjut sebagai pemangkin bagi hydrodeoxygenation daripada guaiacol dalam reaktor pada 

5 MPa. Keputusan aktiviti menunjukkan bahawa tindak balas akan berterusan dan 

guaiacol akan melalui “demethoxylation” untuk menghasilkan fenol, diikuti oleh 

“hydrogenolysis” bagi menghasilkan benzena. Penghidrogenan berikutnya terhadap 

benzena menghasilkan “cyclohexane”. Selepas 3 jam, tindak balas pada 250 oC, memberi 

kadar penukaran sebanyak 89%, tahap “deoxygenation” pada 74.97% dan kadar 

pemilihan “cyclohexane” sebanyak 60.4% telah berjaya dicapai. 
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CHAPTER 1: INTRODUCTION 

1.1 Research background 

Owing to the increasing emissions of greenhouse gases such as carbon dioxide (CO2), 

human life and the ecological environment have been affected by global warming and 

climate changes. Also, increasing concerns about depletion of fossil fuel reserves, 

instability in crude oil prices and the fact that crude oil is only concentrated in few regions  

of the globe has resulted in research into alternative energy sources. The development of 

synthetic fuels and biofuels technologies using alternative energy sources has become 

increasingly important in recent years (Bui et al., 2012; Hahn-Hägerdal et al., 2006; Song, 

2006; Subramani & Gangwal, 2008; Wang et al., 2011). Biomass, which is the only 

carbon-based renewable resource on the earth, has emerged as a potential alternative 

feedstock to fossil fuels for the production of high-value chemicals and fuels (Wang et 

al., 2012). Bio-oil, a complex mixture of oxygenated compounds produced from fast 

pyrolysis of biomass, in particular, have the potential of substituting petrol and diesel. 

The combustion of bio-oil produces negligible amounts of harmful emissions, such as 

nitrogen oxides (NOx), sulphur dioxide (SO2) and soot. This is because the source of 

biomass contains a negligible amount of sulphur, nitrogen and ash. Additionally, emitted 

carbon dioxide (CO2) is being recycled into the plant by photosynthesis, hence preventing 

global warming effect (He & Wang, 2012; Jacobson et al., 2013; Mortensen et al., 2011; 

Ruddy et al., 2014). However, despite its advantages, bio-oil contains undesirable 

properties like high water and oxygen content that results into low heating value and pH, 

high viscosity and polarity, and poor thermal and chemical stability (Bui et al., 2012; He 

& Wang, 2012; Ruddy et al., 2014; Wang et al., 2015). To address these challenges (i.e. 

bio-oil undesirable properties), there is a need for post-production upgrading of bio-oil. 
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In open literature, there have been reports on different upgrading techniques (such 

catalytic hydrodeoxygenation, zeolite cracking, etc.) of bio-oil to biofuel or chemicals. 

However, catalytic hydrodeoxygenation (HDO) is considered as the most effective 

upgrading technique to produce high quality fuel. HDO involve the removal of oxygen 

from bio-oil by the cleavage of C–O bond under high temperature and H2 pressure to 

produce water as by-product in the presence of a catalyst. The technique is similar to 

hydrodesulfurization (HDS) technique used in conventional petroleum refineries 

(Bridgwater, 1994; Bridgwater, 1996; Jacobson et al., 2013; Mortensen et al., 2011; 

Ruddy et al., 2014). However, design of efficient catalyst(s) for HDO of bio-oil has been 

extremely challenging due to the complex nature bio-oil. Hence, recent studies have been 

focused on the use of bio-oil model compounds, such as guaiacol, dibenzofuran, phenol, 

furfural, etc. to gain insight into the chemistry that could provide useful information for 

effective catalyst(s) design (He & Wang, 2012; Honkela et al., 2010; Lee et al., 2015). 

For example, Lee et al., (2012) studied the HDO of guaiacol over noble metal dispersed 

on acidic support in a batch reactor at 40 bar and 250 oC. They reported that since the 

reaction proceeds via hydrogenation (HYD) – hydrogenolysis- hydrogenation (HYD) 

routes, therefore, HDO process requires bifunctional catalyst(s). 

In recent time, the most studied HDO catalysts have been the supported noble metal–

based catalysts. There have been reports on the use of noble metals such as Pd (Hong et 

al., 2014), Pt (Wang et al., 2015), Ru (Wang et al., 2014) and Rh (Gutierrez et al., 2009) 

in the literature and the targeted products have been saturated hydrocarbons. The 

supported noble metal-based catalysts show excellent catalytic activity both in conversion 

of the substrate used and in the selectivity to alkanes. For example, Wang et al., (2012) 

studied the HDO of guaiacol in an autoclave reactor at 200 oC and 40 bar. They reported 

high catalytic activity with cyclohexane, methylcyclohexane and methylcyclopentane 

being the products formed. Although the use of supported noble metal catalysts yield 
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excellent result, but noble metals are prone to poisoning and are relatively expensive 

(Honkela et al., 2010; Zhang et al., 2013). Thus, the development of less expensive 

catalysts will be more attractive to the global market. 

Another key component that dictates the activity of HDO catalysts is the support. 

Al2O3 was the earliest studied support for HDO catalysts because of its performance in 

HDS. However, in the HDO of bio-oil and its model compounds, phenolics like phenol 

and guaiacol chemisorbed to the surface of the Al2O3 to form phenate species at room 

temperature. Consequently, there is coke formation on the catalysts surface (Bui et al., 

2011; Popov et al., 2010). In addition, Al2O3 is metastable in the presence of water, and 

water forms about 30% of bio-oil (Laurent & Delmon, 1994). To overcome these 

challenges, supports like carbon (Zhao & Lercher, 2012), SiO2 (Bykova et al., 2012), 

ZrO2 (Ardiyanti et al., 2011), TiO2 (Bui et al., 2011) and zeolites (Zhang et al., 2014) 

have been studied in recent years. All these supports showed enhanced metal dispersion 

and good stability in HDO reaction in the presence of water. However, these supports 

have small surface areas, thus limiting the adsorption of reactant molecules on the active 

sites of the metal species dispersed on the supports and consequently, low reaction rates. 

To this note, the use of mesoporous materials, such as SBA-15 (Wang et al., 2014), 

mesoporous zeolites (Yuxin Wang et al., 2011) and alumina-silicates, Al-SBA-15 

(Sankaranarayanan et al., 2015) has attracted much attention because they exhibit 

superior surface areas and porosity. 

The catalytic HDO of bio-oil model compounds have been studied extensively over 

the last decade and many reports on this topic have been published. However, more 

insight into catalytic roles of each heterogeneous catalyst components and the interplay 

between these components need more investigations. Better understanding of the 
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catalysts and the model compounds chemistry will aid the design of highly active and 

selective catalysts. 

1.2 Statement of the research problem 

The prospect of complimenting conventional petro-fuel with bio-oil as a means of 

mitigating global warming have been met with challenges over the last decade. These 

challenges are the unwanted bio-oil properties such as high polarity, viscosity and acidity, 

and chemical instability associated with bio-oil. These properties are due to the presence 

of high oxygen and water content present in bio-oil and they are distributed across various 

functionalities. To curtail these challenges, researchers have been studying the upgrading 

of bio-oil by focusing on the use of model compounds. Furthermore, development of 

economically feasible HDO catalysts with better performance is another challenge for the 

upgrading of bio-oil. HDO is an hydrogenolysis process that involves saturating the 

double bonds present in the bio-oil on the metallic sites of the catalyst, and followed by 

cleavage of oxygen from carbon heteroatom on the catalyst acidic sites. Therefore, 

modifying the catalysts properties by using a less expensive transition metal supported 

on  a highly mesoporous material that possesses sufficient acidity can lead to enhanced 

activity and desired selectivity. In addition, the operating conditions of the upgrading 

technique are an expensive process, as it requires high temperature and pressure. To 

overcome these challenges, there is a need for development of cheap and effect catalysts 

that can replace the most studied sulfided and noble metal based catalysts. 

1.3 Justification for the study 

Cheap and robust HDO catalyst(s) that can withstand the rigorous operating conditions 

of bio-oil upgrading process will (without doubt) improve the economic feasibility of use 

of bio-oil in automobile engines. Therefore, development of a cheap and enhance 

catalyst(s) with high activity and selectivity to hydrocarbons will (without doubt) bring 
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the prospect of using bio-oil in automobile engines a step closer to reality. In addition, 

the study is expected to give more insight into the chemistry of bio-oil model compounds. 

1.4 Aim and objective of the research 

The aim of this study is in twofold: first, to synthesize supported mesoporous solid 

acid catalyst(s), while the second is to investigate the effectiveness in the 

hydrodeoxygenation of bio-oil model compound(s). 

The main research objectives of this study are as follows: 

1. To synthesize and characterize supported non-noble transition metal catalyst(s) 

that possesses surface acidity and mesopores. 

2. To investigate the activity of the synthesize catalyst(s) in the hydrodeoxygenation 

of bio-oil model compound(s) towards biofuel production in a batch reactor. 

1.5 Scope of the research 

The scope of the present study is to synthesize supported nickel-based catalyst(s) and 

investigate the activity in the hydrodeoxygenation of dibenzofuran and guaiacol in batch 

reactor. The intention is to reduce the expensive cost of the catalyst material(s). The major 

theme of the present research is synthesis of mesoporous catalyst with potential use in 

upgrading of bio-oil at a cheaper cost in the future. This would be achieved by 

synthesizing mesoporous silica (SBA-15) and subsequently incorporating Al3+ into the 

silica matrix to obtain Al-SBA-15. It is an established fact that the presence of acidity 

influences HDO reaction, as such, the incorporation of Al3+ into the matrix of SBA-15 

will generate both Lewis and Brønsted acidic sites. 
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1.6 Outline of the dissertation 

Chapter 1 

This chapter consists of introduction that gave a detailed background to the issues in 

which the research is concerned with, including the statement of the research problem, 

justification for the study, the aim and objectives of the study, scope of the research , as 

outlined in the dissertation. 

Chapter 2 

This chapter presents a review of literature on bio-oil, challenges associated with its 

direct usage automobile engines as transport fuel, different bio-oil upgrading techniques 

and comparison of the techniques. It also includes detailed review on different bio-oil 

model compounds that have been studied to understand the bio-oil upgrading chemistry 

and the possible reaction routes. Other reviewed aspects include detailed elucidation on 

the types of catalysts that have been used, how they influence the reaction routes and 

mechanisms, and challenges associated with the use of each catalyst. 

Chapter 3 

This chapter describes and explains the catalysts synthesis procedure, characterization 

equipment, importance of the characterization and the corresponding characterization 

method used. Other aspect includes a comprehensive description of the autoclave reactor 

(oleobed) used as well as the catalysts pretreatment/activation unit. It also describes the 

catalysts activity test using the autoclave reactors as well as the method of product 

analysis using both the GC-MS and GC-FID. 
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Chapter 4 

This chapter presents the result of the research. The results for both the catalysts 

characterization and activity test are presented in the form of figures and tables. It also 

presents the interpretation of the obtained results as well as how the results compared to 

those in open literature. 

Chapter 5 

This chapter presents the summary of the entire research as well as recommendations 

for future studies. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Bio-oil 

Bio-oil (or pyrolysis oil) is a dark brown liquid obtained from pyrolysis of biomass 

and contains approximate the same elemental composition as the source biomass. It is a 

complex mixture of oxygenated hydrocarbons with high water content and 

compositionally different from crude oil. The composition and properties of bio-oil varies 

with chemical composition of feedstock, moisture content, particle size, and pyrolysis 

conditions (temperature, heating rate and time). Detailed analysis of bio-oil revealed that 

it contains more than 300 compounds and oxygen content accounting for over 38 wt% 

(Bridgwater, 2010; Debdoubi et al., 2006; Demirbas, 2007; He & Wang, 2012; Jacobson 

et al., 2013). The oxygen is present in all the compounds across a variety of functional 

groups, such as alcohols, ketones, aldehydes, esters, sugars, phenolics, furans, ethers and 

acids. These functional groups present challenges for utilization as alternative liquid fuel 

in automobile engines. The challenges associated with using bio oil directly in automobile 

engines include: (i) Chemical instability, (ii) High viscosity, (iii) Immiscibility with 

conventional petro-fuels due to its polarity, and (iv) Low Heating Value. Due to these 

challenges, there is need for bio-oil post-production upgrading before it can be used as 

alternative to petro-fuel in automobile engines (Bridgwater, 2010; Jacobson et al., 2013; 

Ruddy et al., 2014). Table 2.1 present a comparison between bio oil and crude oil. 

2.2 Bio-oil upgrading 

The properties of crude bio-oil shows that it is inferior to conventional petro-fuel, thus, 

there is need for post-production upgrading. There have been reports of different 

upgrading techniques in the literature and they include physical, chemical and catalytic 

methods. Upgrading to conventional gasoline, kerosene or diesel required total bio-oil 

deoxygenation. However, partial deoxygenation produces products that are compatible 
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with existing refinery and taking this advantage is of economic benefits (Bridgwater, 

2010). Further, the combustion advantages associated with burning fuel that contains 

chemically bounded oxygen buttress the benefits of partial deoxygenation. For example, 

in the U.S. gasoline contains about 10–15 wt.% blended ethanol (3.5–5.2 wt% oxygen) 

(Hansen et al., 2005; Jacobson et al., 2013; Ruddy et al., 2014). In open literature, there 

have been series of detailed review on physical and chemical upgrading techniques of 

bio-oil and reported elsewhere (Bridgwater, 1994; Bridgwater, 2011; Chiaramonti et al., 

2003; Czernik & Bridgwater, 2004; Ikura et al., 2003; Zhang et al., 2007). 

Hydrodeoxygenation (HDO) and zeolite cracking (ZC) are the catalytic upgrading 

methods for bio-oil and produces fully or partially deoxygenated hydrocarbon depending 

on the target. 

Table 2.1: Comparison between bio-oil and crude oil 

Properties Bio-oil Crude oil 

Water (wt.%) 15 – 30 0.1 

pH 2.8 – 3.8 - 

ρ (kg/l) 1.05 – 1.25 0.86 

µ at 50 oC (cP) 40 – 100 180 

HHV (MJ/kg) 16 – 19 44 

Elemental and ash composition (wt.%) 

C  55 – 65 83 – 86 

O  28 – 40 < 1 

H  5 – 7 11 – 14 

S  < 0.05 < 4 

N < 0.4 < 1 

Ash  < 0.2 0.1 

[Adapted from (Jacobson et al., 2013; Mortensen et al., 2011; Venderbosch et al., 2010)] 

2.2.1 Zeolite cracking 

Zeolite cracking method for upgrading bio-oil is similar to fluid catalytic cracking 

(FCC) process used in the refinery since zeolite is also used. The method involves the use 

of acidic zeolites (including transition metal modified and non-modified zeolites) to 

eliminate oxygen as CO and CO2 at elevated temperature (> 400 oC) and atmospheric 

pressure (Bridgwater, 2010; Zacher et al., 2014). The reactions involved in this method 
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include cracking of C–C bond, methyl transfer, decarboxylation, isomerization, 

decarbonylation and dehydration. Although this method is efficient in removing oxygen 

from bio-oil, but the loss of carbon during the process lowers the quality of the produced 

fuel (Mortensen et al., 2011; Ruddy et al., 2014; Zacher et al., 2014). 

High temperature requirement to achieve proper deoxygenation implies increase in 

cracking rate to produce undesirable lighter gases (Bridgwater, 2010; Ruddy et al., 2014; 

Zacher et al., 2014). In addition, there is high coke formation on the catalyst surface and 

resulting to high catalyst deactivation. For example, the study by Samolada et al., (1998) 

revealed formation 20 wt.% of coke while Bertero & Sedran (2013) reported a lower 

amount (14 wt.%) of coke formation on the catalysts surface. Although, the challenges 

associated with coke formation can be overcome by continuous catalyst regeneration via 

oxidation of the coke in a conventional FCC arrangement (Bridgwater, 2010). However, 

the products quality and process cost are not competitive with conventional petro-fuel 

(Bridgwater, 2010; Bridgwater & Cottam, 1992). 

2.2.2 Hydrodeoxygenation 

The HDO method of upgrading bio-oil is similar to the hydrodesulphurization (HDS) 

process used in the refinery. It involve saturating bonds of C=O, C=C and aromatic rings 

present in bio-oil, then subsequently cleavage of carbon heteroatoms in the presence of a 

catalyst. The process eliminates oxygen in the form of water and produce high quality 

fuel as compare to ZC since all carbon atoms are conserve. The process requires high 

temperature (250 – 450 oC), high pressure (70 – 200 bar) and catalyst. The reactions 

involve in this process include hydrogenation, direct deoxygenation, dehydration, 

hydrogenolysis hydrocracking, dealkoxylation, demethoxylation, and demethylation. In 

order to achieve efficient HDO, an efficient catalyst that contains both metallic sites for 

hydrogenation and acid sites for dehydration is required. The initial tested catalysts were 

Univ
ers

ity
 of

 M
ala

ya



11 

the conventional HDS catalysts (sulfided NiMo or CoMo supported on Al2O3) and 

conditions similar to HDS process. However, for the catalysts to remain active during the 

reaction there is need for continuous re-sulfurization, which consequently contaminate 

the final products. In addition, the support (Al2O3) is unstable in the bio-oil environment 

because of its high water content. Advantageously, the HDO process is compatible with 

existing HDS unit in the refinery and produces higher quality fuel than the ZC process. 

Therefore, HDO is considered a better process for bio-oil upgrading. The properties of 

upgraded bio-oil via ZC and HDO processes are compared to that of crude oil and 

presented in Table 2.2, as adapted from (Mortensen et al., 2011). 

Table 2.2: Comparison of characteristics of bio-oil, catalytically upgraded bio-

oil and crude oil 

 Bio-oil ZC HDO Crude oil 

Upgraded bio-oil (wt.%)     

Yoil  100 12 – 28 21 – 65 − 

Ywater phase − 24 – 28 13 – 49 − 

Ygas − 6 – 13 3 – 15 − 

Ycarbon − 26 – 39 4 – 26 − 

Oil Characteristics  

Water (wt.%) 15 – 30 − 1.5 0.1 

pH 2.8 – 3.8 − 5.8 − 

Ρ (kg/l) 1.05 – 1.25 − 1.2 0.86 

µ at 50 ⁰C (cP) 40 – 100 − 1 – 5 180 

HHV (MJ/kg) 16 – 19 21 – 36 42 – 45 44 

C (wt.%) 55 – 65 61 – 79 85 – 89 83 – 86 

O (wt.%) 28 – 40 13 – 24 < 5 < 1 

H (wt.%) 5 – 7 2 – 8 10 – 14 11 – 14 

S (wt.%) < 0.05 − < 0.005 < 4 

N (wt.%) < 0.4 − − < 1 

Ash (wt.%) < 0.2 − − 0.1 

H/C 0.9 – 1.5 0.3 – 1.8 1.3 – 2.0 1.5 – 2.0 

O/C 0.3 – 0.5 0.1 – 0.3 < 0.1 ~ 0 

[Adapted from (Mortensen et al., 2011)] 

Although, the fuel quality obtain via HDO process is attractive, however, its excess 

hydrogen requirement makes its economically unfriendly. For example, Bridgwater 

(1996) estimated that 62 g of H2 is required for total deoxygenation of 1 kg of bio-oil. In 
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addition, excess of 100 – 200% of the H2 will be required for processing to maintain high 

partial pressure. Therefore, the major challenge confronting researchers on the use of 

HDO process is developing catalysts that will work at low pressure near H2 stoichiometric 

condition. Table 2.3 presents an overview of catalysts investigated for bio-oil upgrading 

via HDO and ZC process, as adopted from (Mortensen et al., 2011). The complex nature 

of bio-oil has made it more difficult for an effective catalysts design and development, 

thus, to overcome this challenge, there is need to understand in detail the basic chemistry 

of bio-oil model compounds. 

2.3 Bio-oil model compounds 

The complex nature of bio-oil has made it difficult for successful development of 

effective catalysts for HDO of bio-oil. Therefore, researchers have resulted into studying 

model compounds in order to understand the chemistry of bio-oil. It is worth mentioning 

that even HDO of same model compound over different catalysts proceed via different 

route, producing different products. Therefore, studying different model compounds and 

detail understanding of the reaction chemistry will enable proper catalysts development 

with selectivity to desired products (He & Wang, 2012). Table 2.4 presents the 

components of wood-based bio-oil. Some of the studied bio-oil model compounds include 

dibenzofuran, guaiacol, phenol, anisole, cresol, furfural, etc. The phenolics components 

of the bio-oil have the highest resistance in terms of oxygen removal and this is due to 

their high chemical stability (Furimsky, 2000; Honkela et al., 2010). 
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Table 2.3: Overview of catalysts investigated for bio-oil upgrading via HDO and ZC 

Substrate Reactor Catalyst t (h) P (bar) T (⁰C) DOD (%) Yoil (wt%) Reference 

HDO 

Bio-oil Batch Co-MoS2/Al2O3 4 200 350 81 26 (Wildschut et al., 2009) 

Bio-oil Continuous Co-MoS2/Al2O3 4 300 370 100 33 (Baldauf et al., 1994) 

Bio-oil Batch Ni-MoS2/Al2O3 4 200 350 74 28 (Wildschut et al., 2009) 

Bio-oil Continuous Ni-MoS2/Al2O3 0.5 85 400 28 84 (Sheu et al., 1988) 

Bio-oil Continuous Pd/C 4 140 340 64 48 (Elliott et al., 2009) 

Bio-oil Continuous Pt/Al2O3/SiO2 0.5 85 400 45 81 (Sheu et al., 1988) 

Bio-oil Batch Ru/Al2O3 4 200 350 78 36 (Wildschut et al., 2009) 

Bio-oil Continuous Ru/C 0.2 230 350 73 38 (Venderbosch et al., 2010) 

Bio-oil Batch Ru/C 4 200 350 86 53 (Wildschut et al., 2009) 

ZC 

Bio-oil Continuous H–mordenite 0.56 1 330 - 17 (Adjaye & Bakhshi, 1995) 

Bio-oil Continuous H–Y  0.28 1 330 - 28 (Adjaye & Bakhshi, 1995) 

Bio-oil Continuous HZSM–5 0.91 1 500 53 12 (Williams & Horne, 1994) 

Bio-oil Continuous MgAPO–36 0.28 1 370 - 16 (Katikaneni et al., 1995) 

Bio-oil Continuous SAPO–11 0.28 1 370 - 20 (Katikaneni et al., 1995) 

Bio-oil Continuous SAPO–5 0.28 1 370 - 22 (Katikaneni et al., 1995) 
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Table 2.4: Components of wood-based bio-oil 

Components Mass (%) 

Water 20 – 30 

Lignin fragments: Insoluble pyrolytic lignin 15 – 30 

Aldehydes: Formaldehyde, acetaldehyde, hydroxyacetaldehyde, 

glyoxal, and  methylglyoxal 

10 – 20 

Carboxylic acids: Formic, acetic, propionic, butyric, pentanoic, 

hexanoic, and glycoloic 

10 – 15 

Carbohydrates: Cellobiosan, α-D-levoglucosan, oligosaccharides, 

and anhydroglucofuranose 

5 – 10 

Phenolics: Phenol, cresol, anisole, guaiacol, and syringol 2 – 5 

Furfurals 1 – 4 

Alcohols: methanol, and ethanol 2 – 5 

Ketones: Acetol (1-hydroxy-2-propanone), and cyclopentanone 1 – 5 

[Adapted from (Honkela et al., 2010)] 

2.3.1 Guaiacol 

Guaiacol (i.e. 2-methoxyphenol) has –OH and –OCH3 groups attached to aromatic ring 

and it is the most abundant phenolic form of bio-oil model compound (Roberts et al., 

2011). It contains three types of C–O bonds, which are C(sp3)–OAr, C(sp2)–OMe, and 

C(sp2)–OH (Figure 2.1) with bond dissociation energy of 262 – 276, 409 – 421, and 466 

kJmol-1, respectively. Evidently, from the bond dissociation energies, cleavage of the 

C(sp2)–OMe and C(sp2)–OH are  more difficult as compared to the C(sp3)–OAr bond 

(Song et al., 2015). 

 

Figure 2.1: Structure of guaiacol  

[Adapted from (Song et al., 2015)] 
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The deoxygenation of guaiacol and other phenolics via HDO is believed to proceed 

via different routes which depends on the catalyst and operating conditions used (Zhao et 

al., 2011). The HDO of guaiacol could proceed via six (6) possible routes as shown in 

Figure 2.2 and these six routes include: 

 

Figure 2.2: Guaiacol HDO reaction pathways 

[Adapted from (He & Wang, 2012)] 

1. Demethylation (DME) to produce benzene-1, 2-diol (catechol), which 

subsequently undergoes direct hydrogenolysis (DH) to produce phenol. 

2. Direct demethoxylation (DMO) to produce phenol. 

3. DH to produce anisole, which can subsequently undergoes methyl transfer (MT) 

to produce cresol. 

4. Benzene ring hydrogenation (HYD) to produce 2-methoxy-cyclohexanol which 

can subsequently undergoes either DME or DH to produce cyclohexane-1, 2-diol 

or methoxy-cyclohexane respectively 
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5. DH of phenol to produce benzene and subsequently HYD to produce cyclohexane 

6. HYD of phenol to produce cyclohexanol followed by DH to produce cyclohexane 

The HDO of guaiacol over sulfided NiMo and CoMo supported on Al2O3 catalysts 

(i.e. conventional hydrodesulfurization catalysts) proceeds via routes 1, 2 and 3 of Figure 

2.2 (Bui et al., 2011a; Bui et al., 2011b; Bui et al., 2009; Hong et al., 2014b; Lin et al., 

2011; Romero et al., 2010). In addition to the products and intermediates shown in Figure 

2.2, there is report on formation of sulphur containing intermediates. For example, 

Gutierrez et al., (2009) studied the HDO of guaiacol in a batch reactor at 300 oC and 8 

MPa over sulfided CoMo/Al2O3 catalyst. They reported formation of extra compounds 

like methanethiol and dimethyl sulfide, and cyclohexanethiol and methylthiocyclohexane 

in the gaseous and liquid phases of the product respectively. They attributed the 

formations of these undesirable products to contamination caused by sulphur leaching 

from the catalyst. 

Unlike the sulfided catalysts, the HDO of guaiacol over non-sulfided noble metal-

based (Pd, Pt, Ru and Rh) catalysts proceeds via route 4 of Figure 2.2 (Gutierrez et al., 

2009; Hong et al., 2014a; Lee et al., 2012; Lin et al., 2011; Zhang et al., 2014). Noble 

metals with acidic supports exhibits higher catalytic activities than the sulfided CoMo 

and NiMo based catalysts in HDO of guaiacol (Zhao et al., 2011). The route 4 (Figure 

2.2) followed by these types of catalysts is attributable to their high hydrogenating ability. 

Massoth et al., (2006) reported that this route is energetically favourable than routes 1, 2, 

and 3 (Figure 2.2) since it involve hydrogenating the double bonds of the benzene rings 

on the metal surface to produce C(sp3)–O bonds from the C(sp2)–OMe and C(sp3)–OH 

bonds of the guaiacol. The produced C(sp3)–O bonds can subsequently be cleave easily 

of the metal surface of the through dehydration on the acidic supports. Therefore, the use 

of bifunctional catalysts (e.g. Ru/ZSM-5, Pt/H-Beta, etc.) is paramount since 
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hydrogenation and dehydration occur on the metal and acidic sites respectively (Zhang et 

al., 2014; Zhu et al., 2011). In addition, the final product from HDO of guaiacol over 

noble metals on acidic supports depends on the operating temperature and pressure. If the 

operating temperature is adequately high , the final product will be cyclohexane and more 

high hydrogen would be consumed (Zhao et al., 2011). 

The HDO of guaiacol over non-noble transition metals like Ni supported on metal 

oxides like SiO2, or mixed metal oxides like SiO2–ZrO2, SiO2–ZrO2–La2O3, etc. proceeds 

via either routes 1, 2, or 3 of Figure 2.2 (Bykova et al., 2012; Bykova et al., 2014; Zhang 

et al., 2013). For example, Bykova et al., (2012) studied the HDO of guaiacol over Ni 

and NiCu supported on CeO2–ZrO2, SiO2–ZrO2–La2O3, Al2O3, and SiO2 catalysts in an 

autoclave reactor operating at 320 oC and hydrogen pressure of 17 MPa. All the 

synthesized catalysts followed either the route1, 2, or 3 (Figure 2.2) with the exception of 

NiCu/ CeO2–ZrO2 which followed route 4 of Figure 2.2. Interestingly, the products 

formed were not limited to cyclohexane, cyclohexene, cyclohexanol and benzene. There 

was report of formation of bicyclic compounds like bicyclohexyl, cyclohexyl-phenol, 

cyclohexyl-benzene and, cyclohexyl-cyclohexanol which are products of two rings 

condensation. 

2.3.2 Anisole 

Anisole (methoxybenzene) is a benzene ring with attached methoxy group. It contains 

two types of C–O bonds which are C(sp3)–OAr and C(sp2)–OMe and the C(sp2)–OMe 

is more stronger (Honkela et al., 2010). There have been reports of anisole HDO in the 

literature and the sequence of the reaction is believe to proceeds via DME, MT or benzene 

ring HYD (González-Borja & Resasco, 2011; Li et al., 2011; Prasomsri et al., 2011; Saidi 

et al., 2015; Sankaranarayanan et al., 2015; Yang et al., 2014). Yang et al., (2014) studied 

the HDO of anisole in a fixed-bed tubular reactor at 290 oC and 3 bar of hydrogen pressure 
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over Ni–based catalysts. They reported that the reaction proceeds via DME to produce 

phenol and subsequently HYD and DH to produce cyclohexanol and cyclohexane 

respectively. In addition, there was formation of benzene and they attributed it to the DH 

of phenol. Deutsch & Shanks (2012) reported the formation of methoxycyclohexane and 

attributed it to HYD of the benzene ring of anisole. Also, Viljava et al., (2000) reported 

MT to benzene ring to form cresol (methylphenol) and subsequently DH to produce 

toluene while Huuska & Rintala (1985) ruled out direct cleavage of methoxy group from 

anisole. Figure 2.3 shows the reaction pathway of anisole HDO. 

 

Figure 2.3: Anisole HDO reaction pathways 

[Adapted from Viljava et al., 2000 and Yang et al., 2014] 

2.3.3 Phenol 

Phenol, the simplest of the phenolics component of bio-oil has a phenyl group bonded 

to a hydroxyl group. It is form as an intermediate during the HDO of guaiacol, anisole, 

catechol, and cresol. The HDO of phenol proceeds via either HYD of the benzene ring to 

produce cyclohexanol or cyclohexanone, or DH to produce benzene or both HYD and 

DH (Echeandia et al., 2014; Hong et al., 2010; Massoth et al., 2006; Song et al., 2015). 

For example, Echeandia et al., (2014) studied the HDO of phenol in a fixed-bed reactor 
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at 250 oC and 15 bar over Pd supported on zeolite HY mixed with alumina and compared 

the catalyst performance with sulfided NiMo/Al2O3. They reported that each catalysts 

exhibited HYD and HD (Figure 2.4), and are occurring competitively. In addition to the 

HYD and DH, there was isomerization reaction taking place, which led to the formation 

of methylcyclopentane. Song et al., (2015) and Hong et al., (2010) reported formation of 

cyclohexanone as one of the intermediate during the HDO reaction. In addition, (Hong et 

al., 2010) reported formation of bicyclic compounds (Figure 2.5) resulting from ring 

coupling (condensation). 

 

Figure 2.4: Phenol HDO reaction pathways over Pd/HY catalyst 

[Adapted from Echeandia et al., 2014] 

 

Figure 2.5: Phenol HDO reaction pathways to bicyclic compounds over Pt/HY 

catalyst  

[Adapted from (Hong et al., 2010)]  
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2.3.4 Dibenzofuran 

Dibenzofuran (DBF) has a furan structure linking two aromatic rings via a C–C bond 

and C–O bond. It is considered as a bio-oil model compound with β–5 linkage with a 

molecular size of 0.67 nm. In biomass gasification, it is formed as an intermediate with a 

weight percent of 13.19% (Huelsman & Savage, 2012; Li et al., 2008; Wang et al., 2015). 

Like other bio-oil model compounds, the HDO of DBF and the products selectivity 

depends on the hydrogenating ability and acidity of the catalysts, and the process 

conditions used (Lee et al., 2015; Wang et al., 2014; Wang et al., 2015; Wang et al., 

2013; Yuxin Wang et al., 2011; Wang et al., 2012). For example, Wang et al., (2015) 

studied the influence of supports on the HDO of DBF over Pt supported on SiO2, Al2O3/ 

SiO2, and ZrO2/ SiO2 catalysts. They reported that the HDO reactions proceeds via HYD 

route, and that the major product was bicyclohexyl over Pt on Al2O3/ SiO2, and ZrO2/ 

SiO2 catalysts. In addition, they reported formation of cyclohexane over Pt/ Al2O3/ SiO2, 

and attributed its formation to the superior acidity of the catalyst. Figure 2.6 shows a 

detail reaction scheme of HDO of DBF. 

 

Figure 2.6: HDO reaction pathways of DBF  

[Adapted from (Gbadamasi et al., 2016; Wang et al., 2015)]  
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2.3.5 Ketones, aldehydes, and acids 

The chemical instability problem associated with bio-oils is because of the presence 

of high concentration of ketones and aldehydes. At high temperature during HDO, 

ketones and aldehydes undergo polymerization to form high molecular weight 

compounds (Bridgwater, 2012; Honkela et al., 2010). To eliminate this challenge, a two-

stage HDO process was studied where the first stage involves reaction temperature below 

300 oC and consumes lesser hydrogen. The removal of oxygen from aldehydes, ketones, 

ethers and aliphatic alcohols take place during this stage. The second stage requires a 

temperature range of 300 – 450 oC and more hydrogen is consume. During this second 

stage, oxygen removal from phenolics, furans carboxylic acids, esters, etc. occurs 

(Bridgwater, 1994; Furimsky, 2000; He & Wang, 2012; Honkela et al., 2010; Sharma & 

Bakhshi, 1991). 

The HDO of ketones and aldehydes proceeds via three major mechanisms. The 

mechanisms involve transformation of the carbonyl group present into methyl group as 

shown in Figure 2.7 (He & Wang, 2012; Honkela et al., 2010; Modak et al., 2012; 

Procházková et al., 2007; Wang et al., 2005). 

 

Figure 2.7: HDO reaction pathways of carbonyl group into alkanes  

[R implies alkyl groups; Adapted from (He & Wang, 2012; Honkela et al., 

2010)] 
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1. DH of the C = O bond 

2. HYD of the carbonyl group to form an alcohol, followed by dehydration to alkene 

and subsequently HYD to alkane 

3. HYD of the carbonyl group to form an alcohol, followed by DH to alkane 

The low pH (high acidity) of bio-oil is due to the presence of carboxylic acids such as 

acetic acids, and consequently making bio-oil to be corrosive (Bridgwater, 2011; Zhang 

et al., 2007). (Elliott & Hart, 2009) studied the HDO of acetic acid as bio-oil model 

compound over Pd/C and Ru/C in a batch reactor. They reported that Ru/C is effective in 

hydrogenating acetic acid to ethanol while with Pd/C, there was successful HYD to 

ethanol at 300 oC. 

2.4 Catalysts 

Catalysts are essential substances that play great role in the HDO of bio-oil and the 

model compounds. Active components like transition metal sulfides (TMS) catalysts, 

noble metal catalysts, non-noble transition metals, mixed oxides, and transition metal 

carbide, nitride and phosphide (TMC/N/P) have been studied for HDO processes. In 

addition, zeolites, Al2O3, SiO2, SBA-15, ZrO2, TiO2, etc. have all been studied as supports 

for the active components. However, the results obtained shows that there is need for 

more understanding of the catalysts reactivity and activity. 

2.4.1 Transition metal sulfides (TMS) 

Transition metal sulfides (TMS) are the oldest catalysts studied in the HDO of bio-oil 

and its model compounds. This is due to their HYD and DH capabilities and the success 

of their usage in hydrodesulfurization (HDS) and hydrodenitrogenation (HDN) of fossil 

fuel (Honkela et al., 2010; Ruddy et al., 2014). Of keynote, the most studied sulfided 

catalysts are CoMo/Al2O3 and NiMo/Al2O3, with Co and Ni acting as a promoter, Mo as 

the active component and Al2O3 as the support (Bui et al., 2011b; Krár et al., 2011; 
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Romero et al., 2010; Toba et al., 2011). Ni/W/Al2O3, Ni/W/TiO2 and ReS2/ZrO2 are some 

of the other studied sulfided catalysts but found limited use in the literature (He & Wang, 

2012; Hong et al., 2014b; Ruddy et al., 2014; Ruiz et al., 2010; Toba et al., 2011). 

Studies have shown that these types of catalysts are only active in the sulfided form 

and vacancies generated due to loss of sulphur during HDO reactions are the active sites 

(Topsøe et al., 1996). These sites (vacancies generated) are located at the edges of the 

MoS2 or WS2 phase, exhibiting Lewis acid properties, and can adsorb heteroatoms 

(Badawi et al., 2013). The cleavage of C–O during the HDO reaction over these types of 

catalysts therefore takes place in these vacancies because of the Lewis acid properties 

(Badawi et al., 2013; Şenol, 2007). In this type of catalysts, Ni-W-S, Ni-Mo-S and Co-

Mo-S structures are formed with Co and Ni occupying the edges of the MoS2 phases. The 

structures formed have the ability to mimic the noble metal based catalysts by donating 

d-electron(s) (Brorson et al., 2007; Chianelli et al., 2009). In addition to the Lewis acid 

characteristics, they exhibit Brønsted acid properties since activation of molecular 

hydrogen takes place at the edges to produce H+ and SH- on the catalyst surface. The 

activated hydrogen can originate not only from molecular hydrogen, but also from 

alcohols, thiols, or water. In HDO reaction, the Brønsted acid properties is of great 

importance as SH- enhance deoxygenation while H+ saturates multiple bonds to produce 

C–C bonds (Badawi et al., 2013; He & Wang, 2012; Ratnasamy & Fripiat, 1970; Romero 

et al., 2010; Ruddy et al., 2014). The addition of promoters like Co and Ni do not increase 

the number of active sites. However, they improve the catalytic activity by creating 

weakness in the bond between molybdenum and sulphur (He & Wang, 2012; Popov et 

al., 2010; Romero et al., 2010; Travert et al., 2002). 

Romero et al., (2010) studied the HDO of 2-ethylphenol in a fixed bed reactor as bio-

oil model compound over sulfided CoMo/Al2O3 and CoMo/Al2O3 and proposed a 
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mechanism as shown in Figure 2.8. They reported that the removal of sulphur in the form 

of H2S in the presence of H2 generate vacancies which act as the active sites. After 

formation of vacancies, heterolytic dissociation of H2 then led to the formation of one 

Mo–H and one S–H groups. The adsorption of 2-ethylphenol on the vacancies leads to 

the HYD of its benzene ring forming 2-ethylcyclohexanol. The 2-ethylcyclohexanol then 

undergoes dehydration on the acidic sites of the support and subsequent re-HYD to 

produce ethylcyclohexane. 

 

Figure 2.8: Mechanism of 2-ethylphenol HDO over MoS2-based catalyst  

[Adapted from (Romero et al., 2010)] 

2.4.1.1 Challenges associated with the use of sulfided catalysts 

Although the use of sulfided catalysts has produced high degree of HDO, however, the 

structures of the sulfided catalysts are not stable in the presence of sulphur free substrates. 

The loss of sulphur content during HDO reaction reduces the catalytic activity. 
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Consequently, there is need for continuous addition of sulphur to the system to maintain 

the catalysts activity (Furimsky, 2000; Furimsky & Massoth, 1999; Viljava et al., 2000; 

Viljava et al., 1999). In addition, there has been report of formation of sulphur containing 

intermediates, which are undesirable products (Gutierrez et al., 2009; Şenol et al., 2007). 

Another challenge with the use of these sulfided catalysts is the presence of water and 

the affinity of its support (Al2O3) for water. Water was formed as a by-product during 

HDO reaction and affects the activity of the sulfided catalyst by undergoing competitive 

adsorption for active sites (Laurent & Delmon, 1994). Although the water has low 

adsorption tendency for the sulfide phase, however, it binds strongly with the support and 

consequently inhibit the reaction to take place on the support. Another challenge is that 

the water vapour produce during HDO reaction causes Al2O3 to undergo recrystallization 

to produce boehmite. In addition, it causes nickel sulfide phase to undergo partial 

oxidation to form nickel oxide and consequently a decrease in the catalyst activity (Bu et 

al., 2012; Honkela et al., 2010; Laurent & Delmon, 1994). 

2.4.2 Noble metal catalysts 

The ease of deactivation of TMS catalysts during HDO reaction due to the substrate 

nature and subsequent product contamination has resulted into call for alternative 

catalysts. Thus, supported noble metal based-catalysts have gain attention over time. The 

supported noble metal based-catalysts are very attractive because they do not require 

sulphur and consequently do not contaminate the products (Honkela et al., 2010; Ruddy 

et al., 2014). In addition, the efficient ability of noble metal in activating H2 under mild 

condition makes the supported noble metal catalyst very attractive (Ruddy et al., 2014). 

Consequently, it is expected that the supported noble metal-based catalysts will exhibit 

higher catalytic activities than the TMS. The challenge of support stability associated with 

TMS is avoidable by not using Al2O3 as a support for the noble metals (He & Wang, 
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2012; Honkela et al., 2010). There have been reports on the use of noble metal such as 

Pd (Gutierrez et al., 2009; Hong et al., 2014a; Wang et al., 2014; Zhao et al., 2011), Pt 

(Gutierrez et al., 2009; Wang et al., 2014; Wang et al., 2015), Ru (Lee et al., 2012; Wang 

et al., 2014; Wildschut et al., 2009; Zhang et al., 2014; Zhao et al., 2011) and Rh 

(Gutierrez et al., 2009; Lee et al., 2012; Zhao et al., 2011) as active component in HDO 

reaction and gives better catalytic activities when compared with TMS catalysts. For 

example, Wildschut et al., (2009) studied the HDO of bio-oil over Ru/C and TMS 

(CoMo/Al2O3 and NiMo/Al2O3) catalysts in a batch reactor at a temperature of 250 and 

350 oC, and a pressure of 100 and 200 bar. Comparing the performances of the two 

catalysts, they reported that the Ru/C catalyst outperformed the TMS catalysts both in oil 

yield and degree of HDO. Table 2.5 presents a summary of some results of HDO of bio-

oil model compounds over supported noble metal catalysts. 

In HDO reaction over supported noble metal catalysts, activation of H2 takes place on 

the noble metal sites. The support and the metal-support interface on the other hand are 

responsible for the transfer of activated H2 (surface H* species) to the reactant. The 

support and the metal-support interface adsorb and activate the substrate (oxy-

compounds), and provide a platform for the spillover of the H* species during HYD and 

subsequently leading to C–O cleavage. If the substrate is polar, the interaction with metal-

support or support interface is via oxygen functionality. Recent studies show that HDO 

reaction over supported noble metal catalysts follows HYD–dehydration–HYD sequence 

and requires a HYD sites and an acidic sites (Boffa et al., 1994; Boffa et al., 1993; Lee et 

al., 2012; Lin et al., 2011; Mendes et al., 2001; Pestman et al., 1997).
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Table 2.5: Overview of results obtained for HDO of bio-oil model compounds over supported noble metal catalysts 

Feed Reactor Catalysts t (h) P (MPa) T (oC) Conversion (%) Main product(s) Reference 

Guaiacol Batch Pd/C 4.0 13.8 300 99.0 Cyclohexane (Elliott & Hart, 2009) 

Guaiacol Batch Pd/WOx/Al2O3 2.5 7.0 300 100.0 Cyclohexane (Hong et al., 2014a) 

Guaiacol Batch Ru/C 4.0 13.8 250 100.0 Cyclohexane (Elliott & Hart, 2009) 

Guaiacol Batch Rh/C 1.0 4.0 250 95.0 2–methoxycyclohexanol (Lee et al., 2012) 

Phenol Batch Pd/C 0.5 5.0 250 100.0 Cyclohexane (Zhao et al., 2011) 

Phenol Batch Ru/HZSM–5 2.0 5.0 150 99.9 Cyclohexanol (Zhang et al., 2014) 

Phenol Continuous Pt/HY - 4.0 200 100.0 Cyclohexane (Hong et al., 2010) 

Cresol Continuous Pt/Al2O3 - 0.1 260 74.0 Toluene, Methylcyclohexane (Foster et al., 2012) 

Anisole Continuous Pt/HBEA - 0.1 400 30.0 Benzene, Toluene, Xylene (Zhu et al., 2011) 

DBF Batch Pt/MFI 3.0 4.0 250 100.0 1,1–bicyclohexyl, 

(cyclopentylmethyl)- Cyclohexane 

(Lee et al., 2015) 

DBF Continuous Pt/Al2O3/SiO2 - 3.0 280 95.0 1,1–bicyclohexyl (Wang et al., 2015) 

DBF Continuous Pd/SBA–15 - 3.0 280 70.0 1,1–bicyclohexyl, Hexahydro 

dibenzofuran 

(Wang et al., 2014) 
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2.4.2.1 Challenges associated with the use of supported noble metal catalysts 

The use of supported noble metal catalysts in HDO of bio-oil and its model compound 

have proven to be a better catalyst than the TMS. However, their high costs make it 

difficult for any commercial (large-scale) usage. In addition to their high cost, noble 

metals are highly sensitive towards poisoning and consequently can lead to rapid 

deactivation (coking and sintering) (Dhandapani et al., 1998; He & Wang, 2012; Honkela 

et al., 2010; Ruddy et al., 2014). 

2.4.3 Non-noble transition metal catalysts 

In seeking solution to the challenges associated with the use of supported noble metal 

catalysts, there has been renewed interest in transition metals like Ni (Bykova et al., 2014; 

Sankaranarayanan et al., 2015; Yang et al., 2014), Co (Olcese et al., 2012; 

Sankaranarayanan et al., 2015), Fe (Olcese et al., 2012), and Cu (Bykova et al., 2014) 

etc. Unlike the noble metals, they are cheap and readily available. These metals (Ni, Co, 

Fe, and Cu), just like the noble metals, can activate H2 in HDO reaction but to a lesser 

degree. The metals have been studied as lone active component in HDO reaction and as 

bimetallic in order to improve the performance thermal resistance. In designing a catalyst 

using these metals (Ni, Co, Fe, and Cu), accurate choice of support is paramount since 

HDO reaction requires a bifunctional catalysts (Olcese et al., 2012; Song et al., 2015; 

Yang et al., 2014). 

There have been series of studies on the use of these metals (Ni, Co, Fe, and Cu) in the 

HDO of bio-oil model compounds and promising results have been achieved. For 

example Bykova et al., (2012) studied the HDO of guaiacol over supported Ni-based 

catalysts in an autoclave reactor at 320 oC and 17 MPa. They reported the main products 

to be cyclohexane, benzene, 1–methylcyclohexane–1, 2–diol and cyclohexanone. In 

addition, they reported that the catalysts reactivity base on the degree of HDO follows the 
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order Ni/SiO2 > Ni–Cu/Zr2O–SiO2–La2O3 > Ni–Cu/ SiO2 > Ni–Cu/ Al2O3 > Ni–

Cu/CeO2–ZrO2. Similarly, Olcese et al., (2012) studied the HDO of guaiacol over Fe/SiO2 

catalyst in a fixed-bed reactor at atmospheric pressure and 350 – 450 oC. Toluene and 

benzene were identified to be the main products and proposed a reaction mechanism that 

is in agreement with the work of Popov et al., (2010). In the mechanism (Figure 2.9), 

oxygen atoms from the substrate are adsorbed on the acidic sites of the support while the 

metallic site activates the H2. The activated H2 are then spilled over to the adsorbed 

oxygen atoms and causes the cleavage of C–O bond. An oxy-compound like guaiacol, 

vanillin, etc. may have different adsorption sites. 

 

Figure 2.9: Possible mechanism of guaiacol HDO over non-noble metal catalysts  

[NM implies non-noble metal; Adapted from (Olcese et al., 2012; Popov et al., 

2010)] 

In another report by Sankaranarayanan et al., (2015), the effect of metal support 

interaction was investigated in the HDO of anisole over Ni and Co supported on Al-SBA-

15. Also, Song et al., (2015) studied the synergetic effects of Ni and support acidity for 

HDO of phenolics. Both reports agreed that the combine effect of support acidity and the 

metal HYD ability enhances the catalytic activity. However, strong metal support 

interaction (in the case of Co/Al-SBA-15) reduces the catalyst performance as it hinders 

the reduction of Co2+ to Co0 (Sankaranarayanan et al., 2015). Table 2.6 presents a 

summary of recent HDO of bio-oil model compounds over supported non-noble transition 

metal catalysts.
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Table 2.6: Overview of some recent results for HDO of bio-oil model compounds over supported non-noble metal catalysts 

Feed Reactor Catalysts t (h) P (MPa) T (oC) Conversion (%) Main product(s) Reference 

Guaiacol Continuous Co/Al-MCM–41 & 

Ni/Al-MCM-41 

- 0.1 400 100.0 Benzene, Phenol (Tran et al., 2016) 

Guaiacol Continuous Fe/SiO2 2.5 0.1 400 100.0 Benzene, Toluene (Olcese et al., 2012) 

Guaiacol Batch NiCu/SiO2-ZrO2-La2O3 1.0 17.0 320 85.6 Cyclohexane (Bykova et al., 2012) 

Guaiacol Batch Ni/SiO2 1.0 17.0 320 97.5 Cyclohexane (Bykova et al., 2012) 

Guaiacol Batch NiCu/SiO2-ZrO2 1.0 17.0 320 95.0 Cyclohexane, Benzene (Bykova et al., 2014) 

Guaiacol Batch Ni/SiO2-ZrO2 8.0 5.0 300 100.0 Cyclohexane (Zhang et al., 2013) 

Guaiacol Batch Ni/HZSM-5 2.0 3.0 200 18.0 Phenol (Song et al., 2015) 

Anisole Continuous Ni/SBA-15 - 0.3 290 100.0 Cyclohexane, Hexane (Yang et al., 2014) 

Anisole Batch Ni/HZSM-5 2.0 5.0 220 100.0 Cyclohexane (Sankaranarayanan et 

al., 2015) 

Anisole Batch Co/Al-SBA-15 2.0 5.0 220 70.0 Cyclohexane (Sankaranarayanan et 

al., 2015) 

Catechol Batch Ni/HZSM-5 2.0 3.0 200 100.0 Cyclohexane-1,2-diol (Song et al., 2015) 
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Studies on the use bimetallic catalysts for HDO of bio-oil and its model compounds 

have been reported. For example Xu et al., (2010) reported the HDO of acetic acid as bio-

oil model compound in an autoclave at 200 oC and 30 bar over MoNi/γ – Al2O3. They 

reported that the incorporation of Mo as a promoter into the catalyst system improve the 

performance by 200%. In addition, the addition of Mo enhances the dispersion of NiO, 

preventing formation of NiAl2O4 and improve the catalyst stability. Similarly, there has 

been report on the use of Co–Mo–B and Ni–Mo–B as catalysts for HDO of phenol HDO 

(Alexander & Hargreaves, 2010; Wang et al., 2009; Wang et al., 2010; Wang et al., 

2011). The studies shows that the selectivity of the catalysts depend on the Ni/Mo and 

Co/Mo ratio. For example, Wang et al., (2009) observed that with a Ni/Mo ratio of ~1 the 

main product is cyclohexanol while the main product is cyclohexane when Ni/Mo ratio 

is ½. In these types of catalysts, it was proposed that Ni and Mo act together with phenol 

being adsorb on the Brønsted acid Mo–OH sites while activation of H2 is on the Ni sites 

(Hicks, 2011; Wang et al., 2009). Further, the addition of promoters like Co and La to 

Ni–Mo–B enhances its activity and selectivity to cyclohexane (Wang et al., 2010). 

2.5 Catalyst supports 

Catalyst supports plays an important role during the HDO reaction. The catalyst 

supports enhance active components dispersion and stabilization, and consequently 

reduce the total costs of the catalysts (Stakheev & Kustov, 1999). In addition, some 

catalyst supports also act as active component (in bifunctional catalysts) by providing 

acid (Brønsted and Lewis) sites on its surface (He & Wang, 2012). Since HDO reaction 

is a high temperature process that requires both active metal and acidic sites, thus, it is 

paramount to understand how different type of catalyst supports affect the HDO reaction. 
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2.5.1 Alumina 

Alumina (Al2O3) is the earliest studied catalyst support for HDO reaction because of 

its excellent performance in HDS and HDN reactions. In addition, its excellent strength 

and presence of Lewis acid sites initially makes it a good choice of catalyst support for 

HDO catalysts (Li et al., 2011). However, the presence of high acidity led to rapid coke 

formation and consequently catalysts deactivation (Laurent & Delmon, 1994b; Popov et 

al., 2010). In addition, another challenge associated with the use of Al2O3 as support in 

HDO reaction is its instability in the presence of water, which is a bye-product of HDO 

reaction. Also, water vapour produced during HDO reaction causes Al2O3 to undergo 

recrystallization to produce boehmite (AlO(OH)). Boehmite (AlO(OH)) is an oxide that 

has the capacity to oxidized the active metal component of the catalysts into its oxides 

form while reaction ongoing and leads to rapid deactivation (Bu et al., 2012; Honkela et 

al., 2010; Laurent & Delmon, 1994a; Laurent & Delmon, 1994b). 

These challenges associated with the use of Al2O3 as catalysts support for HDO of bio-

oil and its model compounds have led to the search for alternative supports. Supports such 

as metal oxides (CeO2, TiO2, SiO2 and ZrO2), zeolites, mesoporous silica (MCM-41, 

SBA-15), etc. are now being studied as alternative to the Al2O3. These new types of 

catalyst supports are resistant to high temperature and are stable in the presence of water. 

2.5.2 Metal oxides 

The use of metal oxides as support of catalysts designed for HDO of bio-oil and its 

model compounds have been studied extensively in recent times. For example, silica 

(SiO2) has been used as support to Ni and Co alone, and to sulfided NiMo/SiO2 and 

CoMo/SiO2 for HDO process. Although these catalysts are not as active as the 

corresponding sulfided Al2O3–based catalysts, however, the inert nature of SiO2 prevents 

it from forming strong interaction with the active components. As reported in literature, 
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SiO2–based catalysts show better selectivity to hydrocarbons as compared to Al2O3–based 

catalysts, and this is because the strong metal–interaction formed by the latter is 

detrimental to its activity. In addition, SiO2 shows weak interaction with water and its 

affinity for coke formation is low as compared to Al2O3, thus, a good candidate for use 

as catalysts support for HDO of bio-oil. 

Zirconia (ZrO2), ceria (CeO2) and titania (TiO2) are the other metal oxides that have 

been studied and reported in open literature for HDO reaction. ZrO2 is considered a 

candidate for support in HDO catalysts due to its excellent textural and amphoteric 

properties, and its resistance to coke formation (Ardiyanti et al., 2011; Bui et al., 2011; 

Zhang et al., 2013). Schimming et al., (2015) and Yakovlev et al., (2009) studied the 

HDO of guaiacol using CeO2 and CeO2–ZrO2 as the catalysts without the incorporation 

of any active metal. They reported that CeO2 and CeO2–ZrO2 have the potential to activate 

hydrogen and ability of generating oxygen vacancies just like the sulfided catalysts. 

Therefore, they concluded that CeO2 and CeO2–ZrO2 fulfil the necessary criteria of 

support for use in HDO catalysts. Several reports also exist in open literature on the use 

of TiO2 as support for MoS2 in HDS, which is a reaction similar to HDO. It was reported 

that TiO2 enhances the dispersion of MoS2, sulfidability, ease of reduction and good 

morphology (Breysse et al., 1991; Bui et al., 2011). 

In general, all these metal oxides possess weak acidity that can activate oxy-compound 

during HDO reactions. The acidity of these metal oxides follows the order Al2O3 > TiO2 

> ZrO2 > CeO2 (He & Wang, 2012). However, these metal oxides are mostly microporous 

and possess relatively small surface areas, which in turn hamper their performances in 

HDO reactions. 
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2.5.3 Mesoporous silica 

Mesoporous silica (MCM-41 and SBA-15), unlike the metal oxides, possess high 

surface areas that increases the total number of available active sites (Corma, 1997). In 

addition, the presence of mesopores enhances molecular diffusion of the substrates (Duan 

et al., 2012), especially those of large molecules like benzaldehyde (Procházková et al., 

2007), dibenzofuran (Wang et al., 2011) and triglycerides (Duan et al., 2012). 

MCM-41 is a mesoporous material that consists of cylindrical pores that are arrange 

in a regular pattern to form one-dimensional (1–D) system. Due to its 1–D system, it has 

low degree of cross-linkages of silicate units and not highly hydrothermally stable 

(Silaghi et al., 2014). SBA-15 on the other hand consists of cylindrical pores that possess 

a two-dimensional (2–D) p6mm hexagonal symmetry (Zhao et al., 1998). In addition, due 

to its 2–D system, it has very high degree cross-linkages of silicate units and is more 

hydrothermally stable than the MCM-41 (Li et al., 2010; Zhao et al., 1998).
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CHAPTER 3: RESEARCH METHODOLOGY 

3.1 Materials 

The list of chemicals and solvent used in this study are presented in Table 3.1, and all 

chemicals used received except where stated otherwise. 

Table 3.1: List of chemicals used in this study, their suppliers and purity 

Chemicals Supplier Purity (%) 

Pluronic P123, EO20PO70EO20, Sigma Aldrich N/A 

Tetraethylorthosilicate (TEOS) Sigma Aldrich ≥ 98 

Hydrochloric acid, HCl (ACS reagent, 37%) Sigma Aldrich N/A 

Nickel (II) nitrate hexahydrate, Ni(NO3).6H2O Friendemann Schmidt 

Chemical 

≥ 97 

n–Heptane Merck ≥ 99 

Guaiacol (2–methoxyphenol) Sigma Aldrich ≥ 98 

Dibenzofuran (DBF) Merck ≥ 97 

Aluminum isopropoxide (AIP) Sigma Aldrich ≥ 98 

N/A: Not applicable 

3.2 Catalysts preparation 

3.2.1 Synthesis of SBA-15 

The SBA-15 synthesis follows the method described by Zhao et al. (1998). In a typical 

synthesis, 8 g of pluronic P123 was added to 250 ml of 1.9 M HCl and stirred at 40 oC 

until it is totally dissolved. Subsequently, 16.2 g of TEOS was added and the mixture was 

stirred at 40 oC for 20 h. The resultant mixture was aged at 90 oC for 24 h in an oven. The 

solid product was then recovered by filtration and washed with deionized water (until 

filtrate pH = ~7) to remove excess HCl. After drying overnight at 90 oC, the solid was 
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grinded to powder form and calcined at 550 oC for 6 h with a heating rate of 1 oC /min, 

and labelled SBA-15. Figure 3.1 shows a detail flow diagram for the synthesis of the 

SBA-15. 

 

Figure 3.1: Flow chart for the synthesis of SBA-15 

Pluronic P123 + HCl 

Calcination at 550 oC for 6 h 

with heating rate of 1 oC/min 
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20 h 
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3.2.2 Synthesis of Al-SBA-15 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Flow chart for the synthesis of Al-SBA-15 

The synthesis of Al-SBA-15 follows the procedure described by Yue et al. (1999). In 

a typical procedure, 17 g of TEOS and appropriate amount of AIP were added to 20 ml 

of HCl solution (pH = 1.5) with different mole ratios of Si/Al (50, 60, 70, and 80), and 

stirred at 40 °C for 3 h. The resultant solution was added to another solution that contains 
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dissolved 8 g of pluronic P123 in 300 ml of HCl (pH = 1.5) and stirred for 20 h at 40 °C. 

The resultant mixture was aged at 90 °C for 24 h in an oven. The solid product was 

recovered by filtration and washed with deionize water (until filtrate pH = ~7) to remove 

excess HCl. After drying overnight at 90 °C, the solid was grinded to powder form and 

calcined at 550 °C for 6 h at a heating rate of 1 °C /min. The obtained samples were 

labelled Al-SBA-15(n), where n represents the Si/Al mole ratio (50, 60, 70 and 80). 

Figure 3.2 shows flow diagram for the synthesis of the Al-SBA-15. 

3.2.3 Synthesis of supported Ni-based catalysts 

The synthesis of the Ni/SBA-15 and Ni/Al-SBA-15(n) catalysts was done by wetness 

impregnation method using Ni(NO3).6H2O as Ni precursor. In a typical synthesis 

methodology, finely grinded powder of the support was dispersed in deionized water and 

a solution of Ni(NO3).6H2O containing 5 wt.% of Ni was added drop-wise. Evaporation 

of the excess water was carried out on a hot plate at ~65 °C under stirring conditions. The 

obtained sample was oven-dried at 90 °C for 12 h and finally calcined at 550 °C for 6 h 

with a heating rate of 1 °C /min in air. Figure 3.3 shows flow diagram for the Ni-supported 

catalysts synthesis. 

3.3 Catalysts characterization 

3.3.1 X – Ray diffraction (XRD) analysis 

3.3.1.1 Background 

X – Ray diffraction (XRD) analysis is a non-destructive technique that relies on the 

dual wave/particle nature of X-rays to obtain information about the structure of crystalline 

materials. The XRD technique helps in identifying and characterizing compounds based 

on their diffraction pattern. It is used for phase identification of a crystalline material and 

can provide information on unit cell dimensions. Identification of unknown samples is by 
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comparing its XRD pattern with known standards in the JCPDS database containing more 

than 287,000 reference patterns (Barbara & Christine, 2015).  

 

Figure 3.3: Flow chart for the catalysts synthesis 
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The X-ray diffraction is based on constructive interference of monochromatic X-rays 

and a crystalline sample. A cathode ray tube, filtered to produce monochromatic radiation, 

collimated to concentrate, and directed toward the sample, generates these X-rays. The 

interaction of the incident rays with the sample produces constructive interference (and a 

diffracted ray) when conditions satisfy Bragg’s Law (nλ=2d sin θ). This law relates the 

wavelength (λ) of electromagnetic radiation to the diffraction angle (θ) and the lattice 

spacing (d) in a crystalline sample. These diffracted X-rays are then detected, processed 

and counted. By scanning the sample through a range of 2θ angles, all possible diffraction 

directions of the lattice should be attained due to the random orientation of the powdered 

material. Conversion of the diffraction peaks to d-spacings allows identification of the 

material because each material has a set of unique d-spacings. Typically, this is achieved 

by comparison of d-spacings with standard reference patterns (BRUKER, 2016; Thermo 

Scientific, 2015). 

3.3.1.2 Procedure 

The XRD analysis was carried out using a PXRD PANalytical EMPYREAN (for small 

angle) and a BRUKER D8 advance XRD diffractometer (for wide-angle), equipped with 

Cu-Kα (λ= 1.5406 Å) radiation source operating at 40 kV and 40 mA. For each analysis, 

the samples were finely grinded and packed tightly in a sample holder. Prior to placing 

the sample holder (with the sample in it) in the diffractometer for analysis, the sample 

surface was smoothened with a glass slide. The data were recorded in the 2θ ranges of 

0.5 – 5o with a step size of 0.1° s-1 for small angle, and 15 – 80° with a step size of 0.2° s-

1 for wide-angle. The XRD patterns obtained were matched against the JCPDS standard 

reference patterns to confirm the identity of the samples. The average crystallite size of 

NiO in the synthesized catalysts was estimated using Scherrer equation from main 

diffractions of d(111), d(200) and d(220). Equation 3.1 was used to calculate the unit cell 
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parameter (ao) and Equation 3.2 was used to calculate the wall thickness using data from 

small angle XRD analysis. 

𝒂𝒐 =
𝟐𝒅(𝟏𝟎𝟎)

√𝟑
… … … … … … … … … … … … … … … … … … … … … … … Equation 3.1 

 

𝑾𝒂𝒍𝒍 𝒕𝒉𝒊𝒄𝒌𝒏𝒆𝒔𝒔 = 𝒂𝒐 − 𝒑𝒐𝒓𝒆 𝒔𝒊𝒛𝒆 … … … … … … … … … … … . ..Equation 3.2 

Where d(100) is the d spacing for the peak indexed at plane (100) from small angle XRD 

analysis and pore size is the average pore size obtained from BJH analysis 

 

3.3.2 X – Ray fluorescence (XRF) analysis 

3.3.2.1 Background 

X-ray fluorescence (XRF) analysis is a non–destructive analytical technique used to 

determine the elemental composition of materials, be it liquids, solids or loose powders. 

It works on wavelength–dispersive spectroscopic principles that are similar to an electron 

microprobe. However, an XRF cannot generally make analyses at the small spot sizes (2-

5 microns); therefore, it is used for bulk analyses of larger fractions of materials. XRF 

combines highest accuracy and precision with simple and fast sample preparation for the 

analysis of elements from Beryllium (Be) to Uranium (U) in the concentration range from 

100% down to the sub-ppm-level (BRUKER, 2016; Thermo Scientific, 2015). 

The XRF analysis is based on the behaviour of atoms when they interact with radiation. 

When materials are excited with high-energy (i.e. short wavelength) radiation like X-rays, 

they become ionized. If the energy of the radiation is enough to dislodge a tightly held 

inner electron, the atom becomes unstable and an outer electron replaces the missing inner 

electron. When this happens, there is a release of energy, which is due to a decrease in 
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the binding energy of the inner electron orbital. The emitted radiation is of lower energy 

than the primary incident X-rays and is termed fluorescent radiation. Because the energy 

of the emitted photon is characteristic of a transition between specific electron orbitals in 

a particular element, the resulting fluorescent X-rays can be used to detect the abundances 

of elements that are present in the sample (Karl & Andy, 2015; OXFORD Instruments, 

2016). 

3.3.2.2 Procedure 

The XRF analysis to determine the elemental composition of the catalysts was 

performed using a Bruker S4–Explorer X-ray Fluorescence. The machine was equipped 

with Spectra-plus V1.64 software for data acquisition and analysis, and x-ray source was 

operating at 1 kW. The analysis was done at ambient temperature using semi-quantitative 

method. Prior to analysis, the samples were grinded into a mortar and subsequently 

pressed to form pellet. The pellet in a 6 m Mylar film at the bottom was then transferred 

to the XRF analyzer. The data were recorded in the 2θ range of 11o to 140o. 

3.3.3 BET and BJH analysis 

3.3.3.1 Background 

BET analysis provides precise specific surface area evaluation of materials by nitrogen 

multilayer adsorption measured as a function of relative pressure using a fully automated 

analyzer. Adsorption results from relatively weak forces (van der Waals forces) between 

the adsorbate gas molecules and the adsorbent surface area of the test materials. The 

determination is done at the temperature of liquid nitrogen (-196 oC). The technique 

encompasses external area and pore area evaluations to determine the total specific 

surface area in m2/g yielding important information in studying the effects of surface 

porosity and particle size in many applications (James, 2006). BJH analysis on the other 

hand was employed to determine pore size and specific pore volume using adsorption and 
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desorption techniques. This technique characterizes pore size distribution independent of 

external area due to particle size of the sample. The BJH analysis also tells if a material 

is microporous, mesoporous or macroporous (Barrett et al., 1951; James, 2006; Joyner et 

al., 1951). 

3.3.3.2 Procedure 

The BET and BJH analysis (N2 adsorption–desorption measurements) were conducted 

on a Micrometrics TriStar II surface area and porosity analyzer at -196 °C using ASTM 

D3663–03 method. Before the analysis, all samples were degassed to remove physically 

adsorbed gases and vapours from the surface of the sample. This was achieved by heating 

300 mg of the sample at 300 °C for 5 h in the analyzer sample cell. After degassing, the 

sample cell was made airtight and re-weighed to determine the actual weight of the 

sample. The sample cell was then connected to the analysis section of the analyzer, and 

cooled in liquid nitrogen. The surface area was calculated by multiple point BET method 

and the BJH method was applied to the desorption branch of the isotherms to determine 

the pore size distribution and pore volume of the sample. 

3.3.4 Field Emission Scanning Electron Microscopy (FESEM) analysis 

3.3.4.1 Background 

The Field Emission Scanning Electron Microscopy (FESEM) is an analytical 

equipment that provides topographical and elemental information at high magnifications. 

The FESEM produces images of a sample by scanning it with a focused beam 

of electrons. The electrons interact with atoms in the sample, producing various signals 

that contain information about the sample's surface topography and composition. The 

electron beam is scanned in a raster scan pattern, and the beam's position is combined 

with the detected signal to produce an image (Al-Obaidi, 2015; Danilatos et al., 2015; 

Suga et al., 2014). Scanning can be observe in low vacuum or high vacuum. 
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3.3.4.2 Procedure 

The FESEM images were taken on a FEI Quanta 200 electron microscope operating 

at 5 kV. Firstly, the samples were made conductive by dispersing on a carbon tape. The 

samples were then mounted on a sample holder and loaded into the FESEM chamber. 

Vacuum was created in the chamber by evacuating air prior to scanning. Scanning was 

done under low vacuum, spot size of 3 µm and magnification range of 5,000 to 50,000. 

3.3.5 Raman spectroscopy analysis 

3.3.5.1 Background 

Raman spectroscopy is a spectroscopic technique that provides information about 

vibrational, rotational and other low frequency transitions in molecules. It is a technique 

that is based on inelastic scattering of monochromatic light, usually from a laser source. 

When monochromatic light is scattered from a molecule, most photons are elastically 

scattered. The scattered photons have the same energy (frequency) and, therefore, same 

wavelength, as the incident photons. However, a small fraction of the monochromatic 

light (approximately 1 in 107photons) is scattered at optical frequencies different from 

(i.e. inelastic scattering), and usually lower than, the frequency of the incident photons. 

Photons of the laser light are absorbed by the sample and then re-emitted. Frequency of 

the re-emitted photons is shifted up or down in comparison with original monochromatic 

frequency, which is called the Raman Effect. Raman spectroscopy can be used for both 

qualitative and quantitative applications (Bumbrah & Sharma, 2015; Kaiser Optical 

Systems Inc, 2016; Princeton Instruments, 2016). The spectra are very specific, and 

chemical identifications can be performed by using search algorithms against digital 

databases. 
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3.3.5.2 Procedure 

The Raman spectra were obtained at ambient temperature using Renishaw InVia 

Raman spectroscopy, equipped with a charge coupled device (CCD) detector. For the 

analysis, a 100%-20 mW power from 514 nm Ar laser was used. For each analysis, the 

sample was placed inside the spectrometer after it had been pressed into a self-supporting 

wafer. A monochromatic light (laser) is then shined on the sample and the resulting 

scattered rays were measured using the CCD detector. The measured data was 

subsequently saved and evaluated on a computer. 

3.3.6 H2–Temperature–Programmed Reduction (H2–TPR) analysis 

3.3.6.1 Background 

H2–Temperature-programmed reduction (H2–TPR) is a widely used tool for the 

characterization of metal oxides, mixed metal oxides, and metal oxides dispersed on a 

support. The H2–TPR method yields quantitative information of the reducibility of the 

oxide’s surface. In addition, it determines the number of reducible species present on a 

catalyst surface and reveals the temperature at which the reduction of each species occurs. 

An important aspect of H2–TPR analysis is that the sample need not have any special 

characteristics other than containing reducible metals (Knözinger, 2008; Micromeritics, 

2015; Reiche et al., 2000). 

The H2–TPR analysis begins by flowing an analysis gas (typically 5% to 20% 

hydrogen in an inert carrier gas such as nitrogen or argon) through the sample, usually at 

ambient temperature. While the gas is flowing, the temperature of the sample is increased 

linearly with time and a thermal conductivity detector (TCD) monitoring the consumption 

of hydrogen. Changes in the concentration of the gas mixture downstream from the 

reaction cell are determined. This information yields the volume of hydrogen uptake. H2–

TPR ultimately yields a bulk reduction of the sample; the peak maxima in the H2–TPR 
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profile is an indication of the reducibility of the metal oxide phase (Gervasini, 2013; 

Reiche et al., 2000). 

3.3.6.2 Procedure 

The H2-TPR analysis of the catalysts were carried out using ThermoFinnigan TPDRO 

1100 series equipped with a thermal conductivity detector (TCD). For each analysis, 61.7 

mg of the catalyst was used. Prior to analysis, the catalysts were pre-treated in a TPDRO 

cell at 120 °C for 1 h under N2 atmosphere to eliminate any volatile component. After 

pre-treatment, the TPR experiments were conducted by heating the sample at a rate of 10 

°C /min between 200 and 600 °C under the flow of 5% H2/N2 gas (20 ml/min). For each 

analysis, the sample was held at 600 °C for 1 h. 

3.3.7 NH3–Temperature–Programmed Desorption (NH3–TPD) analysis 

3.3.7.1 Background 

The NH3–TPD is one of the most widely used and flexible technique for characterizing 

the acid sites on oxide surface of catalysts. Determining the quantity and strength of the 

acid sites is crucial in understanding and predicting the performance of a catalyst. 

The NH3–TPD analysis begins by saturating the sample with NH3 (typically 5% to 

20% NH3 in helium): pulsing the NH3 using the loop or continuously flowing NH3. The 

temperature of the sample is then increased linearly with time while helium is flowing. 

During the analysis, a built-in thermal conductivity detector (TCD) in the analyzer 

monitors the desorbed NH3. 

3.3.7.2 Procedure 

The NH3-TPD analysis of the catalysts were carried out using ThermoFinnigan 

TPDRO 1100 series equipped with a thermal conductivity detector (TCD). For each 

analysis, a 61.7 mg of the catalyst was used. The catalysts were first outgassed in the 
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TPDRO cell at 120 oC for 1 h in flowing helium. After outgassing, the system was allowed 

to cool to 50 oC. The catalysts were subsequently saturated with 10% NH3/He (20 ml/min) 

at 50 oC for 1 h under continuously flowing method. The system was then purged for 1 h 

with 100% helium to remove weakly physisorbed NH3. The TCD profiles of the 

chemisorbed NH3 were obtained by heating the sample from 50 to 500 °C at a heating 

rate of 10 °C/min under the flow of helium. 

3.4 Catalysts activity study 

3.4.1 Catalysts activation 

The catalysts used in this study were activated (reduced) under hydrogen flow (50 

ml/min) at 500 oC for 3 h. This was done in a pretreatment block (Cambridge Reactor 

Design) that has a maximum attainable temperature of 700 oC. The pretreatment block 

consists of two (2) units that can operates independently, and each unit consist of six (6) 

parallel glass reactors (making 12 in total). The pretreatment block is equipped with a 

temperature and pressure controller, and a cooling medium that uses compressed air. In 

addition, gas lines for hydrogen, compressed air and inert, and a switch valve for changing 

gas that flow through the reactors are connected to the pretreatment block. 
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Figure 3.4: Pretreatment set-up for catalysts activation 

60 mg of the catalyst was weighed and loaded into the glass reactors, after which the 

upper part of the reactors were sealed by connecting a bulb. The sealed reactors were 

inserted into the pretreatment unit (Figure 3.4) and purged three (3) times with nitrogen 

after which the gas stream was switched to H2. While H2 was flowing (50 ml/min), the 

reactors and its contents were heated to 500 oC at a rate of 5 oC/min. The system was 

maintained at 500 oC for 3 h, after which it was cooled to room temperature. After 

removing the reactors, they were turned upside down so that the reduced catalysts can 

move into the bulb. Sealing of the bulbs was with a torch in the encapsulation unit to 

produce the catalysts bulbs (Figure 3.5). It worth mentioning that the sealed reactor, after 

loading the catalyst, was weighed before and after reduction. The difference between the 

two weights gave the approximate weight of the catalysts that was used for the HDO 

reaction. 
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Figure 3.5: Bulb sealing with a torch in the encapsulation unit and catalysts 

bulbs after sealing 

3.4.2 Reactor set-up 

The catalysts performance tests were carried out in a workstation that contains multiple 

100 ml stainless steel high-pressure batch reactors (Cambridge Reactor Design). The 

workstation comprises of 12 independent batch reactors (Figure 3.6) capable of operating 

at a maximum temperature and pressure of 300 oC and 30 MPa respectively. The reactors 

are equipped with a thermocouple, a mechanical stirrer (up to 1,500 rpm maximum 

speed), a pressure sensor, and a system for controlling temperature, stirring rate, and 

pressure. During the HDO reaction, the catalysts bulbs are usually mounted on the 

Polyether ether ketone (PEEK) holders that are connected to the mechanical stirrer. Upon 

starting the reaction, the mechanical stirrer breaks the catalyst bulb, and releases the 

catalyst into the reaction mixture. A recirculating cooling unit (Julabo, FC 600 model) 

that uses deionized water as cooling fluid was connected to the workstation for cooling 

the reactors after every reaction. The Julabo has a working temperature range of –20 oC 

to +80 oC, heating capacity of 1.2 kW and pump capacity flow rate of 20 l/min. 
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A hydrogen-dosing unit that receives supply from the main hydrogen cylinder is 

connected to each reactor. Subsequently, hydrogen is supplied to each reactor from the 

hydrogen-dosing unit through a check valve. In the case of drop in hydrogen pressure 

during the reaction (due to hydrogen consumption), the reactors are re-pressurized 

automatically from the hydrogen-dosing unit independently. 

 

Figure 3.6: A workstation that consist 12 independent batch reactors 

3.4.3 Hydrodeoxygenation reaction 

The HDO reaction was carried out using 3 wt.% substrate (DBF or guaiacol), 97 wt.% 

solvent (heptane) and approximately 50 mg of catalysts. For every reaction, 30 ml of 

solvent and substrate mixture was loaded into each reactor and sealed. The reactors were 

purge with nitrogen and subsequently filled with the same nitrogen to 11 MPa for leak 

check. After leak check, the reactors were de-pressurized and flushed with hydrogen. The 

reactors temperature was elevated to the reaction temperature (250 oC) after pressurized 

with H2 to 1/3rd of reaction set pressure. The reactors were left to stabilize at the reaction 

temperature, and the pressure was elevated to 80% of the reaction pressure. The reactors 
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were left again for some minutes to stabilize, and subsequently, the remaining 20% 

pressure make-up was supplied from the hydrogen-doing units. The reactors were allowed 

to stabilize again, and subsequently, the stirrer (stirring speed = 1000 rpm) and timer starts 

automatically. The stirrer immediately causes the catalyst bulb to break, and released into 

the reaction mixture. After every reaction, the reactors were cooled to room temperature 

by circulating cold water from the Julabo, and subsequently de-pressurized. The liquid 

products were collected and analysed offline using GC-MS and GC-FID. 

3.5 Product analysis 

3.5.1 GC analysis 

The Analysis of the products was done by Agilent GC 6890N equipped with 5973 

MSD and 30 m x 0.25 mm x 0.25 µm HP-5ms capillary column. In addition, products 

quantification was conducted on an Agilent GC 6890N equipped with flame ionization 

detector and 30 m x 0.25 mm x 0.25 µm HP-5ms capillary column. Prior to the analysis, 

the products were filtered using a micro filter to remove the catalysts. 

To separate the products of the DBF HDO reaction, the GC oven temperature was held 

at 40 oC for 5.0 min, after which it was heated to 161 oC with a ramping of 15 oC/min. It 

was again held at 161 °C for 10.0 min, then heated to 170 °C at a rate of 15 °C/min and 

held for 10.0 min. Some of the chromatographs obtained for the analysis are shown in 

Appendix A. 

To separate the products produced from guaiacol HDO reaction, the GC oven 

temperature was held at 40 oC for 2.0 min, after which it was heated to 60 °C at a ramping 

of 2 °C/min. It was again heated to 100 oC with a ramping of 5 oC, and subsequently 

heated to 200 oC with a ramping of 20 oC and held for 2.0 min. Some of the GC 

chromatographs obtained for the analysis are shown in Appendix A. 
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3.5.2 Conversion and selectivity calculation 

All the conversions reported in this dissertation were calculated using Equation 3.3. 

Conversion (X) = 
𝐀𝐦𝒐𝒖𝒏𝒕 𝒐𝒇 𝒔𝒖𝒃𝒔𝒕𝒓𝒂𝒕𝒆 𝒄𝒐𝒏𝒔𝒖𝒎𝒆𝒅

𝑨𝒎𝒐𝒖𝒏𝒕 𝒐𝒇 𝒔𝒖𝒃𝒔𝒕𝒓𝒂𝒕𝒆 𝒇𝒆𝒆𝒅
 × 𝟏𝟎𝟎 … … … Equation 3.3 

The HDO reactions of DBF and guaiacol led to the formation of more than one 

product. Therefore, the selectivity reported in this dissertation was calculated using 

Equation 3.4. 

Selectivity (S) = 
𝒏𝒊

∑ 𝒏𝒊
  × 𝟏𝟎𝟎 … … … … … … … … … … … … … … Equation 3.4 

Where 𝑛𝑖 is the amount of a defined HDO product and ∑ 𝑛𝑖  is the total amount of the 

HDO products. 
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CHAPTER 4: RESULTS AND DISCUSSION 

This chapter presents result of the research. The results for both the catalysts 

characterization and catalytic activity study are analyzed, discussed and compared to 

those in open literature. 

4.1 Catalysts characterization 

4.1.1 Surface area and porosity measurement 

The textural properties of the supports and corresponding supported Ni catalysts were 

investigated using N2 adsorption-desorption analysis. The specific surface areas were 

calculated using the multiple points (P/Po ranging from 0.00005 to 0.9937) BET method. 

Similarly, the porosity (pore size and volume) was calculated by applying the BJH 

method to the desorption branch of the isotherm at P/Po = 0.99. Figure 4.1 to 4.5 shows 

the N2 adsorption–desorption isotherms for the synthesized supports and the supported 

Ni catalysts, as well as the pore size distributions. 

All the synthesized materials exhibited Type IV isotherms, which are characteristics 

of mesoporous materials according to IUPAC classification (Condon, 2006). In addition, 

the presence of pore sizes ranging from 38 – 53 Å, as it is evident from the pore size 

distribution further confirm the mesoporous nature of the synthesized materials. SBA-15 

and Ni/SBA-15 samples exhibited H1 hysteresis loop (Figure 4.1a), while the Al-SBA-

15 and Ni/Al-SBA-15 (Figure 4.2a to Figure 4.5a) samples exhibited H2 hysteresis loop 

(Condon, 2006).  

The Type IV-H1 hysteresis loop exhibited by SBA-15 and Ni/SBA-15 is a typical 

adsorption for ordered mesoporous materials with 2D-hexagonal structure with well-

defined cylindrical pore channels. Three distinct regions are evident from the adsorption 

isotherms shown in Figure 4.1a: 
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i. Region (i) occurs at low relative pressure, with P/Po ranging from 0 to 0.58. 

This region is considered the monolayer-multilayer adsorption region, and a 

moderate amount of nitrogen becomes physisorbed to the catalysts material (Li 

et al., 2004; Zhao et al., 1998), 

ii. Region (ii) occurs at intermediate relative pressure, with P/Po ranging from 

0.58 to 0.77. In this region, a well-defined step occurs and this corresponds to 

the capillary condensation of N2, indicative of uniform pores (Li et al., 2004; 

Zhao et al., 1998), 

iii. Region (iii) occurs at high relative pressure, with P/Po ranging from 0.77 to 1.0. 

In this region, multilayer adsorption takes place on the outer surfaces of the 

catalysts materials, and after which desorption of nitrogen starts (Li et al., 

2004; Zhao et al., 1998). 

As evident from the obtained hysteresis loop (Figure 4.1a), the impregnation of Ni into 

the SBA-15 does not alter its original structure. However, the there was a decrease in the 

total surface area and the pore volume (Figure 4.1) after Ni incorporation. 
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Figure 4.1: (a) N2 adsorption-desorption isotherms (b) pore size distribution of 

SBA-15 and Ni/SBA-15 
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In contrast to the SBA-15, the Al-SBA-15 and Ni/Al-SBA-15 exhibited the Type IV-

H2 hysteresis loop with capillary condensation at relative pressure ranging from 0.47 to 

0.92. The Type IV-H2 hysteresis loop exhibited by the Al-SBA-15 and Ni/Al-SBA-15 

(Figure 4.2a to Figure 4.5a) catalysts reveals the presence of pores blockage in the 

synthesized Al-SBA-15 supports. This observation indicates that the incorporation of 

Al3+ into the SBA-15 matrix altered its textural properties. The impregnation of Ni into 

the Al-SBA-15 materials does not affect its structure, however, there was a decrease in 

the total surface area and pore volume. This is due to partial deposition of Ni on the 

surface and in the pores of the Al-SBA-15. 
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Figure 4.2: (a) N2 adsorption-desorption isotherms (b) pore size distribution of 

Al-SBA-15(50) and Ni/ Al-SBA-15(50) 
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Figure 4.3: (a) N2 adsorption-desorption isotherms (b) pore size distribution of 

Al-SBA-15(60) and Ni/ Al-SBA-15(60) 
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Figure 4.4: (a) N2 adsorption-desorption isotherms (b) pore size distribution of 

Al-SBA-15(70) and Ni/ Al-SBA-15(70) 
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Figure 4.5: (a) N2 adsorption-desorption isotherms (b) pore size distribution of 

Al-SBA-15(80) and Ni/ Al-SBA-15(80) 
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Table 4.1:Textural properties of the synthesized catalysts 

Sample BET 

surface area 

(m2/g) 

Mesopore 

Volume 

(cm3/g) 

Micropore 

Volume 

(cm3/g) 

Average pore 

size (Å) 

SBA-15 783 0.9183 0.0643 53 

Ni/SBA-15 711 0.8622 0.0427 52 

Al-SBA-15(50) 821 0.6117 0.0557 40 

Ni/Al-SBA-15(50) 694 0.5737 0.0359 39 

Al-SBA-15(60) 707 0.5703 0.0666 41 

Ni/Al-SBA-15(60) 665 0.5154 0.0471 41 

Al-SBA-15(70) 769 0.6131 0.0644 40 

Ni/Al-SBA-15(70) 740 0.5533 0.0458 39 

Al-SBA-15(80) 846 0.5749 0.0666 39 

Ni/Al-SBA-15(80) 672 0.4859 0.0400 38 

 

Table 4.1 present the surface areas, pore sizes and pore volumes, of the supports and 

the corresponding supported Ni catalysts. The obtained results show that SBA-15 has 

high surface area (783 m2/g) and moderate pore diameter (53 Å). Interestingly, the 

incorporation of Al3+ into the SBA-15 matrix leads to improved surface areas. The 

increase in surface area is an indication that the incorporated Al3+ ions have successfully 

replaced some of the Si4+ ions to aluminosilicate (Al-SBA-15). In addition, there is 

expectation of lattice expansion in Al-SBA-15 because Al3+ has bigger ionic radii than 

Si4+ (Al3+ = 0.039 nm; Si4+ = 0.026 nm) and consequently an increase in surface area. 

Both surface area and pore volume showed a V-shaped trend as the Al3+ amount increases, 

while the pore size decreased slightly, though not linear. Among the synthesized Al-SBA-

15 supports, Al-SBA-15(80) has the highest surface area (846 m2/g), while Al-SBA-
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15(60) has the least surface area (707 m2/g). Similarly, the synthesized Ni/SBA-15 and 

Ni/Al-SBA-15 catalysts exhibited high surface areas (665–740 m2/g) which could play a 

favourable role in HDO of DBF and guaiacol, because they increase the number of 

available active sites. In addition, owing to mesoporous nature of the catalysts (pore sizes 

in the range of 39–52 Å) the DBF and guaiacol molecules can be easily accessed into the 

active sites within the catalyst pores. Comparing the surface areas and pore volumes of 

each catalyst with its support, it is evident that there is a decrease in the surface areas and 

pore volumes after Ni incorporation. This is due to micropores filling by the NiO 

nanoparticles, and subsequent loss of mesopores area that coincides with shrinkage of 

average pore sizes. Evidence of the pore sizes shrinkage is clear from the downshift in 

the unimodal BJH pore sizes distributions (Figure 4.1 to Figure 4.5). 

4.1.2 Morphological properties 

Field Emission Electron Microscope (FESEM) was used to study the morphology of 

the synthesized supports. In addition, with the aid of the FESEM images, effect of Al3+ 

incorporation into the SBA-15 was evaluated. The FESEM images were obtained under 

low vacuum and at a magnification of 10,000. Figure 4.6 shows the FESEM images of 

the synthesized SBA-15 and Al-SBA-15. 

Figure 4.6a reveal that the synthesized SBA-15 contains many rod-like (cylindrical) 

structures with relatively uniform length of ~1–2 µm between each joints and ~300–500 

nm external diameter that are aggregated into wheat-like macrostructures. This is in 

agreement with the result obtained from the BET isotherm (Figure 4.1a), which shows 

that the synthesized SBA-15 is an ordered mesoporous materials with 2D-hexagonal 

structure with well-defined cylindrical pore channels. 

On the other hand, the original rod-like morphology of SBA-15 changes to a separate 

sub-unit (i.e. rice-like units) when Al3+ is incorporated into the SBA-15 matrix (Figure 

4.6b to 4.6e). The obtained rice-like units for the Al-SBA-15 are of ~400–900 nm in 
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length and ~180–350 nm in diameter. Comparing the morphologies of SBA-15 and Al-

SBA-15, it is evident that there is a lesser degree of uniformity in Al-SBA-15, indicating 

the possible distortion caused by the incorporation of Al3+ into the SBA-15 matrix. This 

is in agreement with the BET hysteresis loop obtained for the synthesized Al-SBA-15 

(Figure 4.2 to 4.5), and they both (BET and FESEM) confirm structural modification 

caused by Al3+ incorporation. 

 
 

 

 

Figure 4.6: FESEM images of (a) SBA-15 (b) Al-SBA-15(50) (c) Al-SBA-15(60) 

(d) Al-SBA-15(70) (e) Al-SBA-15(80); magnification = x 10,000 
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4.1.3 Powder XRD analysis 

The crystalline structures and phases of the synthesized supports and the 

corresponding supported catalysts were studied using powder XRD technique. Figure 4.7 

and Figure 4.8 shows the XRD patterns of the supports and the corresponding supported 

Ni catalysts. In addition, Table 4.2 and Table 4.3 presents the summary of both the small 

angle and wide angle XRD analysis respectively. For the record, it is worth mentioning 

that XRD analysis were carried out on calcined catalysts, and consequently, nickel is 

expected to exist in oxide form (i.e. NiO). Also, the XRD analyzer used has a detection 

limit of ~2 wt.% for composite samples. 

The small angle diffraction pattern (Figure 4.7a) of the synthesized SBA-15 reveal the 

presence of an ordered mesoporous structure. This is evident by the presence of three 

distinct peaks that can be indexed as (100), (110) and (200) diffraction peaks associated 

with a two-dimensional P6mm hexagonal symmetry (Zhao et al., 1998) and, this confirm 

the structure obtained from the FESEM image of the SBA-15. The intense (100) peak 

reflects a d spacing of 92.1 (Å), which correspond to a large unit cell parameter (ao) of 

106.35(Å) and a wall thickness of 53.35 (Å). In addition to the SBA-15, Figure 4.7a also 

shows the small angle XRD patterns for the synthesized Al-SBA-15. All the synthesized 

Al-SBA-15 shows a clear diffraction peak at 2θ = 0.96o and indexed as (100). The 

intensity of the (100) diffraction peak of the synthesized Al-SBA-15 decreases with an 

increase in the incorporated Al3+ amount (i.e. decrease in Si/Al mole ratio). Also, the 

diffraction peaks indexed at (110) and (200) decrease as Al3+ is being incorporated into 

the SBA-15 matrix and becomes difficult to observe for the Al-SBA-15(50). This results 

reveal that the synthesized Al-SBA-15 still possess a two-dimensional p6mm hexagonal 

symmetry. However, the incorporation of Al3+ into the SBA-15 results into partial 

distortion of the original SBA-15 structure and, this also confirm the FESEM images 

obtained for the synthesized Al-SBA-15. These results are consistent with those 
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previously reported for SBA-15 and Al-SBA-15 prepared from same materials and using 

the same method (Ochoa-Hernández et al., 2013). All the synthesized Al-SBA-15 have a 

large unit cell parameter (110.59 – 111.67 Å) and wall thickness ranging from 69.76 – 

72.67 Å. The unit cell parameter and wall thickness decreases with an increase in Al3+ 

incorporated into the SBA-15 matrix and Table 4.2 presents a summary of this results. 
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Figure 4.7: (a) Small angle and (b) wide angle XRD analysis of the synthesized 

supports 
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Figure 4.7(b) shows the wide-angle XRD patterns for all the synthesized supports 

(SBA-15 and Al-SBA-15). A broad peak is observable for all the supports with 2θ ranging 

from 20o to 23o. These broad peaks are characteristics features attributable to the presence 

of amorphous mesostructured silica. Comparing the XRD pattern of the SBA-15 with that 

of the Al-SBA-15, there was no formation of new peak. The absence of extra peaks 

formation for the Al-SBA-15 supports is not an indication that there was no structural 

change, as this is already confirmed from both the BET of FESEM results. However, the 

absence of extra peaks for the Al-SBA-15 is an indication that the quantity of Al3+ 

incorporated into the SBA-15 is below the XRD analyzer detection limit. 

Table 4.2: Summary of extract from small angle XRD analysis 

Sample d100 (Å) Intensity 

(counts) 

ao (Å) Wall 

thickness (Å) 

SBA-15 92.10 998 106.35 53.35 

Ni/SBA-15 91.84 854 106.05 54.05 

Al-SBA-15(50) 95.77 625 110.59 70.59 

Ni/Al-SBA-15(50) 95.11 210 109.82 70.82 

Al-SBA-15(60) 95.92 702 110.76 69.76 

Ni/Al-SBA-15(60) 95.39 303 110.15 69.15 

Al-SBA-15(70) 96.11 905 110.98 70.98 

Ni/Al-SBA-15(70) 96.67 400 110.47 71.47 

Al-SBA-15(80) 96.71 970 111.67 72.67 

Ni/Al-SBA-15(80) 95.98 615 110.83 72.83 
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Figure 4.8a presents the small angle XRD patterns of the synthesized catalysts. The 

pattern for Ni/SBA-15 reveals the presence of three peaks that are indexed as (100), (110) 

and (200) diffraction peaks associated with a two-dimensional P6mm hexagonal 

symmetry (Zhao et al., 1998). The pattern reveals that the original shape of the 

synthesized SBA-15 is conserved even after the impregnation of nickel and this is in 

agreement with the hysteresis loop obtained from the BET analysis of SBA-15 and 

Ni/SBA-15. Though the impregnation of nickel into the SBA-15 did not denatured its 

original shape, however, there was a decrease in the intensity of the (100) diffraction 

peak. In addition, the d spacing and unit cell parameter equally decreased, but there was 

an increase in the wall thickness after impregnating nickel. The decrease in the peak 

intensity and unit cell parameter, and increase in the wall thickness are due to partial 

coverage caused by nickel impregnation. Table 4.2 presents summary of extracts from 

the small angle XRD analysis. Figure 4.8a also presents the small angle XRD patterns for 

the Ni/Al-SBA-15 catalysts. Noticeably, after the impregnation of nickel into the Al-

SBA-15 to form Ni/Al-SBA-15 there was a decrease in the intensity (counts) of peak 

(100) for all the Ni/Al-SBA-15 catalysts. Impéror-Clerc et al., (2000) observed an 

increase in the intensity of peak (100) when they studied the ‘existence of a microporous 

corona around the mesopores of silica-based SBA-15 materials templated by triblock 

copolymers’. They attributed the increase in the intensity to increase in pore diameter 

when the SBA-15 was hydrothermally treated and similar result was reported by Bhange 

et al., (2011).  However, in the present study, as evident from the BET analysis, there was 

a slight decrease in the pore diameter (sizes) after nickel was impregnated. This could be 

the reason for the decrease in intensity of the peak (100). Similarly, there was a decrease 

in the d spacing of the peaks indexed at (100) and the unit cell parameters of the catalysts 

when compared with the corresponding supports. However, for all the catalysts (Ni/SBA-

15 and Ni/Al-SBA-15) there was an increase in the wall thickness and this is a desired 
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property, since high wall thickness will make the catalysts highly stable (thermally and 

hydrothermally). These observations are consistent with the work of Sankaranarayanan 

et al. (2015), when they deposited transition metals on SBA-15 for hydrodeoxygenation 

of anisole in a batch reactor. 
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Figure 4.8: (a) Small angle and (b) wide angle XRD analysis of the synthesized 

catalysts 
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Table 4.3: Summary of extract from wide-angle XRD analysis 

Catalyst Main peaks, 2θ (o) Phases NiO crystallite size (nm) 

Ni/SBA-15 43.37 200 9.5 

 

Ni/Al-SBA-15(50) 

37.32 111  

21.3 43.37 200 

63.00 220 

 

Ni/Al-SBA-15(60) 

37.32 111  

16.0 43.37 200 

63.00 220 

 

Ni/Al-SBA-15(70) 

37.32 111  

19.8 43.37 200 

63.00 220 

 

Ni/Al-SBA-15(80) 

37.32 111  

20.2 43.37 200 

63.00 220 

 

Figure 4.8(b) present the wide angle XRD patterns for Ni/SBA-15 and Ni/Al-SBA-15 

catalysts. Prominent peaks were observable at 2θ values of ~37.32, 43.37 and 63° for all 

the Ni/Al-SBA-15 catalysts. These peaks correspond to the (111), (200) and (220) 

crystallographic planes of face-centered cubic structured NiO, respectively (JCPDS 01-
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075-0197). The results are clear indication that the NiO present in the Ni/Al-SBA-15 

catalysts are crystalline. This is a desired property, as it shows that the synthesized 

catalysts will be stable during the cause of the HDO reactions. On the other hand, the 

Ni/SBA-15 catalyst shows only one small peak at 2θ = 43.37°, which correspond to the 

(200) reflection of NiO (JCPDS 01-075-0197). This observation indicates that abundant 

NiO are present inside the pores of SBA-15 owing to its larger average pore size than the 

Al-SBA-15, thus absence of remaining XRD peaks as found in the Ni/Al-SBA-15 

catalysts. The H2–TPR analysis will further substantiate this claim. In addition, the 

average NiO crystallite sizes of the catalysts were calculated using the Scherrer equation 

and results are shown in Table 4.3 (column 4). 

 

4.1.4 Elemental composition determination 

The measurement of Ni amount present in each of the catalyst was determined using 

the XRF analysis. This is an important analysis, as it reveals the actual amount of Ni 

present in the catalyst. Theoretically, the Ni amount loaded into each catalyst was 5 wt.% 

of the catalyst. The use of high metal loading is likely to lead to agglomeration and less 

dispersion (Ma'amor, 2005), therefore the choice of 5 wt.% Ni for this studies. 

Table 4.4 presents the theoretical and experimental Ni composition of each catalyst as 

determined by XRF. The results showed there was variation in the experimental and 

theoretical amount of Ni. The analysis shows that all the catalysts contains higher nickel 

amount than the theoretical amount, and this can be attributed to possible losses of 

supports during synthesis or instrument sensitivity. Ni/Al-SBA-15(50) has the least Ni 

loading of 5.28 wt.% while Ni/Al-SBA-15(80) has the highest loading of 6.60 wt.%. 

Since all the supports are mesoporous and have high surface area, it is expected with this 

result, Ni/Al-SBA-15(50) will have the highest Ni dispersion. 
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Table 4.4: Amount of Ni metal present in the catalysts 

 

Catalyst 

Weight of Ni metal (wt.%) 

Theoretical Experimental 

Ni/SBA-15 5.00 5.64 

Ni/Al-SBA-15(50) 5.00 5.28 

Ni/Al-SBA-15(60) 5.00 6.04 

Ni/Al-SBA-15(70) 5.00 6.09 

Ni/Al-SBA-15(80) 5.00 6.60 

 

4.1.5 Raman spectroscopy analysis 

 

The vibrational mode of the synthesized supports and the corresponding catalysts were 

studied using the Raman spectroscopy method. Unlike BET and BJH, FESEM and XRD 

analysis, the Raman spectroscopy reveals information on the intrinsic properties of the 

materials. This analysis reveals the internal structural modification to the SBA-15 due to 

the incorporation of Al3+ and impregnation of Ni. 
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Figure 4.9: Raman spectra of the synthesized (a) SAB-15 and Al-SBA-15 

supports, and (b) Ni/SBA-15 and Ni/Al-SBA-15(n) catalysts 

Figure 4.9 shows Raman spectra of the supports and the corresponding supported Ni 

catalysts in the range of 300-1200 cm-1. The SBA-15 and Al-SBA-15 supports exhibit 

Raman features at 493, 605, 815 and 975 cm-1 (Figure 4.9(a)). The band at 975 cm-1 

indicates Si-OH stretching of the surface silanols group, while the broadband at 815 cm-1 
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is due to symmetric stretching mode of the siloxane linkages (Gao et al., 1998b). The 

bands at 493 and 605 cm-1 are assigned to D1 and D2 defect modes, which are attributed 

to four-membered and three-membered siloxane rings produced by the condensation of 

surface hydroxyls, respectively (Gao et al., 1998b). An extra Raman band at ~909 cm-1 

was observed for all the Al-SBA-15 and the intensity increases gradually with increase 

in Al3+ loading (i.e. decrease in Si/Al mole ratio). This band, which was also observed in 

the Raman of TiO2/SiO2 and V2O5/SiO2, is a characteristic of Si(–O–)2 functionality (Gao 

et al., 1998a; Gao et al., 1998b). This Raman shift (909 cm-1) can be assigned to perturbed 

silica vibration, which is an indication of the formation of Al–O–Si bonds (Gao et al., 

1998a; Gao et al., 1998b). These results reveals that the incorporation of Al3+ into the 

SBA-15 matrix breaks some the Si–O–Si siloxane bridges for the formation of Al–O–Si 

bridging bonds. However, XRD experiments cannot detect the presence of the Al–O–Si 

(even at Si/Al mole ratio = 50), suggesting that the Al–O–Si bridges are below the 

detection sensitivity of the XRD analyzer. This observation demonstrates that Raman 

spectroscopy is extremely sensitive to the formation of Al–O–Si bridges. 

Table 4.5: Raman band assignment for the synthesized supports and catalysts 

Raman band position (cm-1) Assignment 

Literature Obtained 

(485 – 510) a, b 493 and 511 D1, four membered siloxane rings 

(600 – 610) a, b 605 D2, three membered siloxane rings 

(800 – 815) a, b, c 814 and 815 Symmetric siloxane stretching  mode 

(900 – 915) a 909 Si(–O–)2 functionality that result into 

formation of Al–O–Si bonds 

(960 – 976) a, b, c 963 and 975 Stretching of surface Si–OH groups 

a (Gao et al., 1998a; Gao et al., 1998b) 
b (Borodko et al., 2005) 
c (Scarano et al., 1993) 
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The impregnation of nickel onto the supports, as shown in Figure 4.9(b), led to the 

collapse of the D2 band. The collapse of the D2 band at 605 cm-1 is attributed to a decrease 

in concentration of reactive Si-O at the surface caused by nickel incorporation (Borodko 

et al., 2005). In addition, the D1 band blue shift from 493 to 511 cm-1 when compared 

with the supports. This blue shift may be due to shortening of some Si–O bond lengths 

caused by possible acidity generated by impregnating Ni species (Fang et al., 2005) and 

since bond length is inversely related to Raman vibration frequency (Hardcastle & Wachs, 

1991). In addition, comparing Figure 4.9(a) and Figure 4.9(b), it is evident that the 

intensity of the surface silanols (Si–OH) group also decreases with the impregnation of 

Ni specie. Table 4.5 present a summary of all the observable Raman bands and their 

corresponding assignments. 

 

4.1.6 H2-TPR analysis 

All the Ni supported catalysts in this study were synthesized with the sole aim of 

investigating their performance in HDO reaction. As mentioned in Section 2.2.2, one of 

the key reactions that take place during HDO is hydrogenation reaction catalyzed by 

transition metals. It is a general rule of thumb that transition metals catalysts are only 

active at zero oxidation state for hydrogenation reaction. Consequently, the reducibility 

of NiO to Ni metal (i.e. Ni2+ to Nio) is paramount. H2-TPR analysis reveals information 

on the reducibility of the synthesized catalysts and the minimum temperature for catalysts 

activation (reduction). In addition, information on the strength of interaction between the 

Ni metal and the corresponding support (SBA-15 or Al-SBA-15), as well as possible 

dispersion are revealed. 
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Figure 4.10: TPR profiles of all the synthesized catalysts 

Figure 4.10 presents the H2-TPR profiles of the supported Ni catalysts. The Ni/SBA-

15 catalyst shows a broad peak in the range of 375 – 525 oC and a centroid at 433 °C. 

This broad peak correspond to the reduction of Ni2+ (NiO) impregnated into the SBA-15 

to Ni0 in the presence of hydrogen gas. The presence of this broad high temperature 

reduction peak in the TPR profile of Ni/SBA-15 is attributed to highly dispersed NiO 

particles present inside the pores of the SBA-15 and possible strong metal-support 

interaction as well (Li & Chen, 1995; Liu et al., 2008; Takahashi et al., 2001). The 

presence of NiO nanoparticles inside the pores of the SBA-15 makes it difficult for 

reduction at lower temperature. This result justifies why there was absence of prominent 

NiO peaks in the wide-angle XRD profile of Ni/SBA-15 (Figure 4.8(b)). 

In the case of the Ni/Al-SBA-15 catalysts, two broad peaks in the range of 422–430 

and 465–475 °C were observed for the reduction of nickel from Ni2+ to Ni0. In addition 

to these two peaks, the Ni/Al-SBA-15(80) catalyst has an extra shoulder peak at 391 °C. 

As reported by Chary et al. (2006), this shoulder peak at 391 °C is attributed to the 
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reduction of free NiO species deposited mainly on the Al-SBA-15 surface without any 

form of interaction and it is easy to reduce. The observed sharp peaks in the region of 

422–430 °C for all the Ni/Al-SBA-15 catalysts can be assign to the reduction of 

homogeneous smaller particles of NiO within the pores of the Al-SBA-15. This is 

possible because the supports (i.e. Al-SBA-15) are mesopores as evident from the BET 

and BJH analysis. The presence of extra peaks at higher temperatures (465–475 °C) for 

all the Ni/Al-SBA-15 catalysts indicates the existence of strong metal-support 

interactions and, consequently difficulty in reduction. The incorporation of Al3+ into the 

SBA-15 matrix enhances the interaction between nickel and the support, in line with the 

literature reports (Klimova et al., 2003; Lindo et al., 2010; Ochoa-Hernández et al., 

2013). 

Based on the TPR data, 500 oC was chosen for the activation of the catalysts used in 

the HDO of dibenzofuran and guaiacol. 

4.1.7 NH3–TPD analysis 

Acidic property is a key property desired for any HDO catalysts, since the reaction is 

catalyzed by both metallic and acidic sites. It is desirable to have a catalyst(s) with weak 

acidity (strong acidity leads to formation of light HC via cracking) and sufficient acid 

sites. NH3-TPD is an analytical technique that reveals information on the catalysts acidic 

strength (weak, medium or strong) and the number of acidic sites. Ammonia is a suitable 

probe molecule for this technique because of its small size and high basicity, which allows 

it to interact with most of the acidic sites. Thus, the total amount of ammonia desorbed at 

particular temperature corresponds to the number of acidic sites, while the temperature 

range in which the ammonia is desorbed is an indicator of the strength of the acidic sites. 

Figure 4.11 presents the NH3-TPD profiles and Table 4.6 presents a summary of the total 

acidity of all the synthesized catalysts. 
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As shown in Figure 4.11, a sharp peak was obtained at ~121 °C for Ni/SBA-15 and 

Ni/Al-SBA-15(80), and 126 °C for Ni/Al-SBA-15(50), Ni/Al-SBA-15(60), and Ni/Al-

SBA-15(70). These results indicate that all the synthesized catalysts exhibit abundance 

weak acidic sites (Wang et al., 2015; Yang et al., 2014). Considering the fact that SBA-

15 is almost inert, the peak obtained for Ni/SBA-15 could be associated with acidic sites 

created by the incorporation of Ni metal into the silica matrix (Fang et al., 2005). This 

partly explains the high temperature reduction profile obtained during the H2-TPR 

analysis of Ni/SBA-15. 
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Figure 4.11: NH3-TPD profiles of the synthesized catalysts 

 

As evident from Table 4.6, the acidity of the catalysts increases with the decrease of 

Si/Al mole ratio. This observation indicates that the amount of incorporated Al3+ species 

into the SBA-15 matrix and subsequent interactions between Ni and Al-SBA-15 

influences the acidity of the catalyst. Among the synthesized catalysts, the Ni/Al-SBA-

15(50) catalyst has highest amount of acidic sites, and expected to influence its 

performance in HDO reaction of DBF and guaiacol. 
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Table 4.6: Summary of total acidity 

Catalyst Total acidity (mmol/g) 

SBA-15 0.371 

Ni/SBA-15 0.803 

Ni/Al-SBA-15(50) 1.351 

Ni/Al-SBA-15(60) 1.056 

Ni/Al-SBA-15(70) 0.922 

Ni/Al-SBA-15(80) 0.919 

 

4.2 Catalytic activity results 

4.2.1 HDO of DBF 

Table 4.7: Conversion of DBF over the synthesized catalysts at 250 °C and 2 h 

s/n Catalysts  Conversion (%) 

1 Ni/SBA-15 97.97 ± 0.96 

2 Ni/Al-SBA-15(50) 100.00 

3 Ni/Al-SBA-15(60) 100.00 

4 Ni/Al-SBA-15(70) 100.00 

5 Ni/Al-SBA-15(80) 99.31 ± 0.52 

 

The HDO of DBF was performed using supported Ni catalysts at 250 °C and 10 MPa 

of pure H2 for 2 h. The main products in HDO of DBF reaction over the Ni catalysts are 

bicyclohexyl (BCH), cyclohexyl-cyclohexene (CHCHE) and cyclohexyl-benzene 

(CHB). In addition, various oxygenated products are possible in this reaction, which 

include tetrahydro-dibenzofuran (THDBF), hexahydro-dibenzofuran (HHDBF), 
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dodecahydro-dibenzofuran (DHDBF), cyclohexyl-phenol (CHPOH), phenyl-

cyclohexanol (PCHOH), cyclohexyl cyclohexanone (CHCHO) and cyclohexyl-

cyclohexanol (CHCHOH). Also, there is a possibility for the formation of 

cyclopentylmethyl-cyclohexane (iso-BCH), which is an isomer of BCH. Table 4.6 

presents the obtained conversion results for HDO of DBF over the Ni-based catalysts. 

The Ni/SBA-15 and Ni/Al-SBA-15(80) catalysts show 97.97 and 99.31% DBF 

conversions, respectively, while a 100% DBF conversion was found for the remaining Ni 

based catalysts. These high DBF conversions for all the synthesized catalysts are 

attributed to their high BET surface area (Table 4.1), mesoporosity (Table 4.1), good 

reducible nature (Figure 4.10), and presence of acidic sites (Figure 4.11 and Table 4.6). 

However, highest selectivity towards hydrodeoxygenated products (Figure 4.12) was 

found for the Ni/Al-SBA-15(50) catalysts containing lowest Si/Al mole ratio. The acidic 

strength of the catalysts is a key factor for the observed differences in the products 

selectivity. As reported by Rana et al. (2000), the acidity of catalyst promotes 

hydrogenation and cracking. Also, the presence of acid sites in a catalyst enhances 

dehydration and isomerization that could co-operatively function with metal catalyzed 

hydrogenation, and in turn promote HDO reaction (Xinghua et al., 2010). The selectivity 

for total hydrocarbons (sum of BCH, iso-BCH, CHCHE and CHB) was found to be 73% 

for Ni/Al-SBA-15(50) and the selectivity of BCH, a non-aromatic product, was about 

57%. These findings are of great importance in the production of biofuels because the 

regulations are restricting the use of aromatics in fuels. 

Figure 4.12 shows products distribution in HDO of DBF obtained over supported Ni 

catalysts. It was found that the selectivity of HDO products (sum of BCH, iso-BCH, 

CHCHE and CHB) increases with the increase in the acidity of the catalysts (Figure 4.11 

and Table 4.6), with BCH being the dominant product. On the other hand, the selectivity 

of non-HDO products (sum of CHCHO, CHCHOH, DHDBF, HHDBF PCHOH, 
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CHPOH, and THDBF) decreased sharply with the increase of the catalyst acidity (Table 

4.6). Further, the isomerization ability of the catalysts was increased with the increase of 

the catalyst acidity. As shown in Figure 4.12, the formation of iso-BCH, which is a useful 

component of biofuel, gradually increased to 6.08% for Ni/Al-SBA-15(50) catalyst. 

These results show that the Ni/Al-SBA-15(50) catalyst (with lowest Si/Al mole ratio and 

highest acidity) proved to be the most efficient catalyst for HDO of DBF among the tested 

catalysts. In the case of Ni/SBA-15, the dominant products were oxygenated compounds, 

which accounted for 91.26% of the product distribution. Similarly, CHO (sum of CHCHO 

and CHCHOH) accounted for 41.67% of the products, indicating that the dehydration 

ability of Ni/SBA-15 is weak because of its less acidity compared to that of remaining 

Ni/Al-SBA-15 catalysts (Figure 4.11 and Table 4.6). These results imply that the presence 

of bifunctional sites (active metal species and sufficient acid sites) within the catalyst 

structure is of great importance for efficient HDO of DBF. Although direct comparisons 

with previous studies is quite difficult because of diversity in reactor type and reaction 

conditions used, however, the results of the present study show that Ni-based catalysts 

exhibited comparable performances in HDO of DBF reaction to those (e.g., Pd, Pt and 

Ru catalysts) reported in literature (Cecilia et al., 2013; Lee et al., 2015; Wang et al., 

2015; Wang et al., 2013; Yuxin Wang et al., 2011). As well, it must be noted that the 

price advantage of Ni over Pt, Pd, and Ru obviously highlights the significance of the 

present study in HDO of DBF reaction. Univ
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Figure 4.12: Products distribution obtained over supported Ni catalysts at 250 
oC and 2 h 
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4.2.1.1 Effect of reaction temperature on HDO of DBF 

The effect of reaction temperature (240, 250 and 260 °C) on HDO of DBF and product 

distribution was investigated using all the Ni catalysts and the obtained results are 

summarized in Table 4.8. Evidently, the reaction temperature has a pronounced effect on 

DBF conversion and products selectivity: the conversion of DBF increases with the 

increase in the temperature. Remarkably, all the catalysts showed a 100% DBF 

conversion at 260 °C except the Ni/SBA-15 catalyst, which exhibited a 99.33% DBF 

conversion. In all cases, numbers of products formed remain the same except for Ni/Al-

SBA-15(50) catalyst, which has zero quantity of CHB at 260 °C and Ni/SBA-15 with 

zero quantity of iso-BCH at 240 and 250 °C. For all the catalysts, BCH was the main 

product at all temperatures. Although, the selectivity of Ni/Al-SBA-15(80) and Ni/SBA-

15 catalysts towards BCH was low at 240 °C, there was a remarkable increment in BCH 

selectivity as the temperature increases to 260 °C. This observation reveals the 

significance of the temperature in the HDO of DBF reaction to obtain higher selectivity 

of the desired products. 

Figure 4.13 shows the comparison of HDO ability of the catalysts at 260 °C and 2 h. 

Clearly, the Ni/Al-SBA-15(50) catalyst, with a degree of HDO of 84%, is the most 

effective catalyst amongst all the catalysts. Since all the catalysts have the same Ni 

loading, the superior performance of Ni/Al-SBA-15(50) catalyst is due to its higher acid 
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Table 4.8: Products distribution in HDO of DBF at 2 h and varying temperature over the synthesized catalysts 

Temperature Catalysts XDBF Siso-BCH SBCH SCHCHE SCHB SCHO SDHDBF SPCHOH SCHPOH SHHDBF STHDBF %HDO 

240 °C Ni/SBA-15 97.21 0 3.51 0.32 3.56 34.03 5.41 9.53 6.09 23.32 14.23 7.39 

Ni/Al-SBA-15(50) 100.00 5.30 51.77 2.86 1.72 15.70 4.49 3.26 4.38 7.02 3.49 61.66 

Ni/Al-SBA-15(60) 100.00 4.82 39.87 5.89 9.72 9.10 3.82 1.48 4.25 12.12 8.92 60.30 

Ni/Al-SBA-15(70) 98.27 0.29 10.31 1.26 2.44 30.38 5.27 5.34 5.72 22.82 16.18 14.29 

Ni/Al-SBA-15(80) 98.16 0.37 10.93 0.97 3.19 25.11 5.10 6.00 5.98 22.38 19.97 15.46 

              

250 °C Ni/SBA-15 97.97 0 4.77 0.29 3.69 41.63 5.01 11.43 7.17 19.37 6.66 8.74 

Ni/Al-SBA-15(50) 100.00 6.08 56.78 2.46 4.93 10.73 3.48 2.67 3.03 6.49 3.34 70.26 

Ni/Al-SBA-15(60) 100.00 3.65 50.63 1.88 1.35 26.78 6.92 5.04 0.97 2.39 0.38 57.52 

Ni/Al-SBA-15(70) 100.00 2.54 37.04 2.35 4.74 26.12 5.79 4.82 2.90 10.09 3.62 46.67 

Ni/Al-SBA-15(80) 99.31 0.81 17.26 0.88 3.10 29.83 5.24 3.75 3.25 19.63 16.27 22.04 

              

260 °C Ni/SBA-15 99.33 0.79 25.80 1.31 4.13 37.07 7.34 14.38 1.78 6.00 1.40 32.02 

Ni/Al-SBA-15(50) 100.00 8.20 74.71 1.52 0.00 6.13 1.69 3.67 0.92 2.26 0.89 84.43 

Ni/Al-SBA-15(60) 100.00 5.47 59.35 1.45 2.16 19.00 5.88 4.16 0.44 1.44 0.66 68.43 

Ni/Al-SBA-15(70) 100.00 2.74 41.88 1.99 4.42 23.88 5.09 3.60 2.30 9.40 4.70 51.03 

Ni/Al-SBA-15(80) 100.00 2.27 42.35 1.71 1.06 32.73 8.33 7.55 0.88 2.27 0.86 47.38 
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Figure 4.13: DBF conversion and degree of deoxygenation (HDO) over 

synthesized catalysts at 260 °C and 2 h 

 

4.2.1.2 Effect of reaction time on HDO of DBF 

 

The effect of reaction time on degree of HDO and product selectivity was investigated 

using the Ni/Al-SBA-15(50) catalyst at 260 °C and the results are shown in Figure 4.14. 

Under these reaction conditions, 100% DBF conversion was obtained in all cases (Figure 

4.14(a)). It was found that the selectivity of BCH increases with reaction time to an excess 

of 87% (Figure 4.14(b)). Similarly, the selectivity of iso-BCH increased to an excess of 

9.3% after 5 h (Figure 4.14(b)). In addition, the degree of HDO increases with the increase 

of the reaction time and a deoxygenation degree of 96.3% was obtained at 5 h (Figure 

4.14(a)). With the increase of reaction time from 3 to 5 h, the main hydrocarbons formed 

were BCH and iso-BCH, which indicates that total HDO was achieved as reaction time 

increases up to 5 h. 
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Figure 4.14: Effect of reaction time on (a) DBF conversion and selectivity, and 

(b) product selectivity 
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4.2.1.3 Possible reaction pathways in HDO of DBF 

 

Possible reaction products in the HDO of DBF over the synthesized Ni/SBA-15 and 

Ni/Al-SBA-15 catalysts are shown in Figure 4.15. As shown in Figure 4.15, the HDO of 

DBF reaction involves partial and total hydrogenation of one of the benzene rings on the 

nickel metal surface to form THDBF, HHDBF, and DHDBF. This assertion is consistent 

with the reports of Massoth et al. (2006) and Resasco (2011), which proposed that 

aromatic rings are partially or wholly hydrogenated initially to produce an intermediate 

that converts sp2 C-O bond to sp3 C-O bond. The later bond is easier to cleave on a metal 

or dehydration on acid sites. Subsequently, hydrogenolysis of the sp3 C-O bond of 

HHDBF and DHDBF produces CHPOH and CHCHOH, respectively. Direct 

hydrogenolysis of sp2 C-O bond without breaking the aromaticity is energetically 

unfavourable because of stability created when the out of plane O-lone pair orbital gets 

delocalized. However, cleavage from both sp2 C-O bond and sp3 C-O bond in HHDBF is 

possible because of the reaction conditions. As a result, direct hydrogenolysis of sp2 C-O 

bond in HHDBF produces PCHOH. Similarly, hydrogenation of CHPOH produces 

CHCHO, while hydrogenation of PCHOH and CHCHO results into the formation of 

CHCHOH. Certainly, hydrogenolysis of CHPOH gives CHB, while the dehydration of 

CHCHOH on the catalyst acidic sites produces CHCHE. The subsequent hydrogenation 

of CHB and CHCHE forms BCH and its isomer (iso-BCH). 
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Figure 4.15: Proposed reaction scheme of DBF HDO over the synthesized catalysts 

 

4.2.2 HDO of guaiacol 

Guaiacol contains adjacent hydroxyl (–OH) and methoxy (–OCH3) functional groups. 

It is a typical phenolic model compound obtained from thermal conversion of 

lignocellulosic biomass. Based on the results obtained for the HDO of DBF, Ni/Al-SBA-

15(50) being the most effective catalysts, was chosen to study the HDO of guaiacol. For 

further justification, HDO of guaiacol was equally studied over Ni/SBA-15 for proper 

comparison. Figure 4.16 presents the conversion of guaiacol over these catalysts 

(Ni/SBA-15 and Ni/Al-SBA-15(50)) at 250 oC, 5 MPa and 3 h, and the corresponding 

degree of hydrodeoxygenation. A conversion of ~89% and ~74.97% degree of 

hydrodeoxygenation were obtained for the Ni/Al-SBA-15(50) catalyst. As expected, a 

lesser conversion (~78%) and degree of hydrodeoxygenation (~59.33%) were obtained 

for the Ni/SBA-15. As explained in Section 4.2.1, this high activity exhibited by the 

Ni/Al-SBA-15(50) is due to its higher acidity. These results further confirm the 

significance of presence of sufficient number of acidic sites. 
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Figure 4.16: Guaiacol and degree of HDO at 250 oC and 2 h of reaction 
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Figure 4.17: Products distribution from HDO of guaiacol at 250 oC and 2 h of 

reaction 

In Section 2.3.1, a detail structural analysis of guaiacol was described in relation to the 

bond dissociation energies (BDE) of its C–O bonds. It would be expected that guaiacol 

DME to form catechol should be favoured over DMO to phenol based on the BDE. 

However, the products obtained in this study (Figure 4.17) suggest otherwise as there was 
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no catechol detection in the product analysis. The products obtained include cyclohexane, 

benzene, phenol, cyclohexanol and cyclohexanone. The result is a clear indication that 

these catalysts (Ni/SBA-15 and Ni/Al-SBA-15(50)) favour the DMO reaction route over 

DME. This is in agreement with the work of Bykova et al. (2014), and Song et al. (2015), 

and in all these reports, Ni–based catalysts were used. This preference for DMO over 

DME is speculated to be due to steric hindrance, i.e. the C(SP2)–OMe bond approaches the 

Ni surface more easily. 

In open literature, there have been reports on the HDO of guaiacol over different types 

of catalysts in recent time. For example, Bui et al. (2011b) studied the HDO of guaiacol 

in a batch reactor at 300 oC and 4 MPa over sulfided CoMo catalysts supported on γ-

Al2O3 and ZrO2. Although 100% conversion was reported, however, the dominant 

products were oxygenated compounds like cresol and phenol. In addition, the selectivity 

for HDO products was not more than 30% and benzene was the dominant among the 

HDO products. However, in this present work, the selectivity for total of hydrocarbons 

(i.e. degree of HDO (Figure 4.16)) was the dominant products over both catalysts and is 

in excess of 74.97% for Ni/Al-SBA-15(50) catalyst. Among these hydrocarbons 

(cyclohexane and benzene), the dominant product is cyclohexane (Figure 4.17) and the 

selectivity was 60.4% over Ni/Al-SBA-15(50) catalyst. These results are of great 

important for the production of bio-fuels from biomass because current regulations are 

restricting aromatics content in fuel. 

4.2.2.1 Effect of reaction temperature on HDO of guaiacol 

 

The effect of reaction temperature (240, 250 and 260 oC) on HDO of guaiacol and 

product distribution was investigated over Ni/Al-SBA-15(50) at 5 MPa of H2 pressure 

and 3 h of reaction. Figure 4.18 and Figure 4.19 present the obtained results. Evidently, 
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the reaction temperature has a pronounce effect on guaiacol conversion and products 

selectivity. The conversion and degree of HDO increases from ~83% and ~72% to ~98% 

and 89% as the temperature increases from 240 to 260 oC respectively (Figure 4.18). In 

all cases, the dominant product was cyclohexane and it attained a selectivity of ~73% at 

260 oC. At 260 oC, there was absence of phenol, and this indicates that the phenol has 

either undergo direct hydrogenolysis to benzene or hydrogenation of its benzene ring to 

form cyclohexanol or cyclohexanone. Both direct hydrogenolysis and hydrogenation are 

reactions that are highly favoured in the presence of high temperature (Hong et al., 

2014a). This observation reveals the significance of temperature in guaiacol HDO 

reaction to obtain higher selectivity of the desired products. 
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Figure 4.18: Guaiacol conversion and degree of HDO as a function of 

temperature at 5 MPa and 3 h of reaction 
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Figure 4.19: product selectivity obtained over Ni/Al-SBA-15(50) as a function of 

temperature at 5MPa and 3 h of reaction 

 

4.2.2.2 Reaction pathways and effect of reaction time on HDO of guaiacol 

Figure 4.19 and 4.20 presents the variation of conversion, degree of HDO and products 

selectivity as a function of time over Ni/Al-SBA-15(50) catalyst at 5 MPa and 250 oC. 

The conversion, degree of HDO and products selectivity as a function of time reported in 

this section are analysis of separate batch reaction since in situ sampling was not possible. 

Guaiacol conversion increases from ~79% to ~99% in the range of 1–5 h, similarly, the 

degree of HDO also increase from ~75% to ~92% within the same range (Figure 4.20). 

At the beginning of the reaction, the selectivity of cyclohexane was ~52% and benzene 

was ~24%. However, as the reaction proceeds from 1–5 h, the selectivity of cyclohexane 

gradually increased and attained a value of ~76%. Comparing Figure 4.20 and Figure 

4.21, it is evident that conversion and cyclohexane selectivity are linearly related, while 
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phenol on the other hand is inversely related as it diminishes with time. The continuous 

increase in the catalyst performance with time is a clear indication of the catalyst stability. 
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Figure 4.20: Guaiacol conversion and degree of HDO as a function of reaction 

time at 5 MPa and 250 oC 
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Figure 4.21: Product selectivity obtained over Ni/Al-SBA-15(50) as a function of 

reaction time at 5 MPa and 250 oC 
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The HDO of guaiacol over the synthesized Ni/SBA-15 and Ni/Al-SBA-15 (50) 

catalysts goes through DMO reaction route as shown in the proposed reaction pathway 

(Figure 4.22). Briefly, DMO of the methoxy (–OCH3) group of guaiacol takes place first 

to produce phenol. The produced phenol subsequently undergoes both direct 

hydrogenolysis and hydrogenation competitively to produce benzene and cyclohexanone 

respectively. This assertion is consistent with the report of Echeandia et al. (2014), which 

proposed competitive hydrogenation and hydrogenolysis of phenol over Pd/HY and 

sulfided NiMo/Al2O3 catalysts. Further hydrogenation of the produced benzene ring 

forms cyclohexane. Similarly, further hydrogenation of cyclohexanone produces 

cyclohexanol, and subsequently undergoes dehydration to produce cyclohexane. 

 

Figure 4.22: Proposed reaction scheme of guaiacol HDO over Ni/SBA-15 and 

Ni/Al-SBA-15(50) 
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CHAPTER 5: CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusion 

Bio-oil obtained from biomass is considered a suitable candidate that possesses the 

potential of mitigating petro-fuel because it is renewable and sustainable. This looks more 

interesting because in addition, it is eco-friendly, as it does not release any greenhouse 

gas to the environment. However, the cost of its post-production upgrading has not been 

friendly, as the upgrading technique requires high hydrogen pressure and high 

temperature. In addition, most catalysts that have been investigated in recent time have 

been the noble metal-based catalyst and consequently increase the production cost. 

Accordingly, proper understanding of the reaction chemistry that takes place during the 

upgrading procedure will definitely lead to the development of cost effective catalysts. 

As a result, mesoporous solid acid catalyst(s) that consists of non-noble transition metal 

was developed and synthesized. In addition, the applicability of the synthesized 

catalyst(s) was investigated for the HDO of DBF and guaiacol as bio-oil model 

compounds to fuel grade hydrocarbons in a batch reactor. 

In synthesizing the mesoporous catalyst(s) (Ni/Al-SBA-15), firstly Al-SBA-15 (with 

different Si/Al mole ratio) and SBA-15 was synthesized via a one-pot synthesis method. 

Subsequently, Ni (5 wt.%) was impregnated into the SBA-15 and Al-SBA-15 to obtain 

the Ni/SBA-15 and Ni/Al-SBA-15 catalysts. These catalysts were systematically 

characterized using N2-sorption method, XRD, XRF, RAMAN, FESEM, H2-TPR and 

NH3-TPD techniques. 

The characterization results revealed that the synthesized catalysts possess high 

surface areas, mesoporous and crystalline structures, and varying acidity properties. For 

example, Ni/SBA-15 has a surface area of 711 m2g while the Ni/Al-SBA-15 catalysts 

have a surface area ranging from 665 – 740 m2/g. In addition, all the catalysts have 
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average pore sizes in the range 38 – 52 Å. Although the incorporation of Al3+ into the 

SBA-15 matrix altered the morphology as revealed by the BET hysteresis loops and the 

FESEM images, however, the desired properties were the high surface areas and 

mesoporous structures. The XRD patterns reveal that the synthesized catalysts are 

crystalline, which is desired property as it gives the catalysts stability. In addition, the 

XRF analyses confirm the successful impregnation of Ni (though more than the calculated 

amount) into the supports to form the catalysts.  The NH3-TPD analyses confirm the 

acidity properties of the catalysts and that all the catalysts contain weak acids sites. It 

reveals that the catalysts acidity is inversely related to the Si/Al mole ratio (i.e. acidity 

increases with a decrease in the Si/Al mole ratio). 

Investigation of the catalysts performance tests in HDO of DBF and guaiacol 

confirmed that bifunctional catalysts (containing both hydrogenation and acidic sites) are 

required for HDO reactions. The HDO of DBF reveals that Ni/Al-SBA-15(50) is the best 

performing catalyst among the synthesized catalysts, and this is due to its superior acidity. 

DBF conversion at all time over Ni/Al-SBA-15(50) was 100% and the major product was 

bicyclohexyl. The highest bicyclohexyl selectivity was ~87% and ~96% degree of total 

hydrodeoxygenation.  These were achieved at a reaction condition of 5h, 260 oC and 10 

MPa H2 pressure and this is a clear indication of the stability of the catalyst. 

Similarly, the HDO of guaiacol was investigated using Ni/Al-SBA-15(50) because of 

its superiority in the HDO of DBF. The HDO reaction of guaiacol proceeded via 

demethoxylation (DMO) reaction and the major product was cyclohexane. The highest 

conversion ~99% was achieved at 250 oC, 5 h and 5 MPa, and the corresponding degree 

of HDO was 92%. Cyclohexane was the dominant product with a maximum selectivity 

of 76%, while benzene is the other HDO product obtained. 
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The performances of the synthesized catalysts have answered some important 

challenges associated with upgrading bio-oil model compounds, such as operating 

temperature (since temperature used in reports available in open literature is 300 oC and 

above). In addition, the price advantage of Ni over noble metal-based catalysts offers a 

prospect of lowering the financial upgrading cost of bio-oil model. It is plausible because 

despite the choice of Ni-based catalysts, the results obtained are comparable with those 

obtained with noble metals. 

5.2 Recommendations for future work 

Though this work articulately reported a compelling advancement of knowledge in the 

development of catalysts for upgrading bio-oil model compounds, however, there is need 

for further studies on these achievements. These include: 

i. Catalysts deactivation mechanism studies and possibility of leaching. 

ii. There is need to investigate the applicability of the synthesized catalysts in HDO 

of real bio-oil and not just only the model compounds. 
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APPENDIX 

Appendix A. GC-FID Chromatograms for product analysis at various 

reaction time  for HDO of DBF at 10 MPa and 260 oC 
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Appendix B. Calculation for dibenzofuran conversion at 2 h and 10 MPa  

For the table below, the following equations together with Equation 3.3 where used for the calculations. 

𝑹𝒆𝒔𝒑𝒐𝒏𝒔𝒆 𝒇𝒂𝒄𝒕𝒐𝒓 =  
𝑫𝑩𝑭 𝑰𝒏𝒋𝒆𝒄𝒕𝒆𝒅 (𝑷𝒆𝒂𝒌 𝑨𝒓𝒆𝒂)

𝑬𝒒𝒖𝒊𝒗𝒂𝒍𝒆𝒏𝒕 𝒂𝒎𝒐𝒖𝒏𝒕 𝒐𝒇 𝑫𝑩𝑭 𝒇𝒆𝒆𝒅 (µ𝒈)
  … … … … … … … … … … … … … … … … … … … … … … … . … … … … … … … …. Equation 5.1 

𝑬𝒒𝒖𝒊𝒗𝒂𝒍𝒆𝒏𝒕 𝒂𝒎𝒐𝒖𝒏𝒕 𝒐𝒇 𝑫𝑩𝑭 𝑳𝒆𝒇𝒕 (µ𝒈) =  
𝑫𝑩𝑭 𝑷𝒆𝒂𝒌 𝑨𝒓𝒆𝒂 𝑳𝒆𝒇𝒕

𝑹𝒆𝒔𝒑𝒐𝒏𝒔𝒆 𝑭𝒂𝒄𝒕𝒐𝒓
  … … … … … … … … … … … … … … … … … … . … … … … … … … … … … Equation 5.2 

𝑨𝒎𝒐𝒖𝒏𝒕 𝒐𝒇 𝑫𝑩𝑭 𝑪𝒐𝒏𝒔𝒖𝒎𝒆𝒅 (µ𝒈) =  𝑬𝒒𝒖𝒊𝒗𝒂𝒍𝒆𝒏𝒕 𝒂𝒎𝒐𝒖𝒏𝒕 𝒐𝒇 𝑫𝑩𝑭 𝒇𝒆𝒆𝒅 (µ𝒈) −  𝑬𝒒𝒖𝒊𝒗𝒂𝒍𝒆𝒏𝒕 𝒂𝒎𝒐𝒖𝒏𝒕 𝒐𝒇 𝑫𝑩𝑭 𝑳𝒆𝒇𝒕 (µ𝒈) … Equation 

5.3 

 

CONVERSION @ 240 oC 

Catalyst DBF Injected 

(Peak Area) 

Equivalent amount 

of DBF feed (µg) 

Response 

Factor 

DBF Peak 

Area Left 

Equivalent amount 

of DBF Left (µg) 

Amount of DBF 

Consumed (µg) 

Conversion 

(%) 

Ni/SBA-15 40249.30 39.39 1021.82 1123.76 1.10 38.29 97.21 

Ni/Al-SBA-15(50) 40249.30 39.39 1021.82 0.00 0.00 39.39 100.00 

Ni/Al-SBA-15(60) 40249.30 39.39 1021.82 0.00 0.00 39.39 100.00 

Ni/Al-SBA-15(70) 40249.30 39.39 1021.82 695.74 0.68 38.71 98.27 

Ni/Al-SBA-15(80) 40249.30 39.39 1021.82 739.12 0.72 38.67 98.16 
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CONVERSION @ 250 oC 

Catalyst DBF Injected 

(Peak Area) 

Equivalent amount 

of DBF feed (µg) 

Response 

Factor 

DBF Peak 

Area Left 

Equivalent amount 

of DBF Left (µg) 

Amount of DBF 

Consumed (µg) 

Conversion 

(%) 

Ni/SBA-15 40249.30 39.39 1021.82 817.00 0.80 38.59 97.97 

Ni/Al-SBA-15(50) 40249.30 39.39 1021.82 0.00 0.00 39.39 100.00 

Ni/Al-SBA-15(60) 40249.30 39.39 1021.82 0.00 0.00 39.39 100.00 

Ni/Al-SBA-15(70) 40249.30 39.39 1021.82 0.00 0.00 39.39 100.00 

Ni/Al-SBA-15(80) 40249.30 39.39 1021.82 276.60 0.27 39.12 99.31 

 

CONVERSION @ 260 oC 

Catalyst DBF Injected 

(Peak Area) 

Equivalent amount 

of DBF feed (µg) 

Response 

Factor 

DBF Peak 

Area Left 

Equivalent amount 

of DBF Left (µg) 

Amount of DBF 

Consumed (µg) 

Conversion 

(%) 

Ni/SBA-15 40249.30 39.39 1021.82 271.00 0.27 39.12 99.33 

Ni/Al-SBA-15(50) 40249.30 39.39 1021.82 0.00 0.00 39.39 100.00 

Ni/Al-SBA-15(60) 40249.30 39.39 1021.82 0.00 0.00 39.39 100.00 

Ni/Al-SBA-15(70) 40249.30 39.39 1021.82 0.00 0.00 39.39 100.00 

Ni/Al-SBA-15(80) 40249.30 39.39 1021.82 0.00 0.00 39.39 100.00 

 

Univ
ers

ity
 of

 M
ala

ya




