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Abstract 

The hydrodeoxygenation of bio-oil performance is dependent on the efficiency and effectiveness of the applied 

catalyst. The effectiveness of a catalyst in hydrodeoxygenation reaction heavily depends on its composition. In 

this review, an overview of hydrodeoxygenation catalyst composition and its effective preparation methods are 

highlighted and discussed.  Various catalyst compositions such active metals, promoters, and catalyst supports 

used for hydrodeoxygenation of bio-oil to saturated hydrocarbon fuels are discussed. Furthermore, effective 

synthesis methods for nickel-based catalysts as well as factors that can enhance better distribution and 

dispersion of active nickel species over catalyst support at various developmental stages, i.e. during deposition, 

drying and activation (which involve calcination and reduction of catalysts synthesis) are discussed.  
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1. Introduction 

The role of catalyst in hydrodeoxygenation (HDO) 

reactions is tremendous. It is even believed that the 

future and prospect of HDO processes rely heavily on 

the efficiency and effectiveness of the applied catalyst 

[1,2]. Based on structure-activity relationship, as 

demonstrated by previous works on HDO of lignin 

derived bio-oil particularly with prototype compounds 

[3], bi-functional catalyst systems have been 

recognised as one of the best catalysts for HDO of 

lignin derived bio-oil [4,5]. 

The bi-functional catalyst systems consist of an active 

metal (e.g. Pt, Ru, Ni, Fe, Co, Ir, Re, Pd), catalyst 

support (e.g. transition metal oxides and silica 

materials), and in most cases with a promoter, either to 

the active metal or to the catalyst support which either 

enhance catalytic activity, selectivity or stability  [1,5]. 

The required bi-functional catalyst system should as 

well allow synergistic role between the active metal 

and support during the HDO reactions. The role of the 

metal is primarily to promote hydrogenation of 

aromatic ring or unsaturated compounds during HDO 

reaction [4,5]. Furthermore, the metal could also 

influence deoxygenation process by direct 

hydrogenolysis [2]. The duty of the catalyst support is 

to disperse and stabilize the active metal species. 

However, the catalyst support is also expected to 

provide functional sites for activation of C-O bonds 

during HDO reactions [4,6]. Therefore, acidic supports 

with Lewis acidity or Bronsted acidity or the presence 

of both are preferred for HDO reactions [7,8]. Acidic 

supports have also been noticed to influence the state 

and stability of the active phase through metal-support 

interactions during the activation process [9,10].  

For most HDO reactions, catalyst promoters such as 

Cu, Mo e.t.c. are usually employed to enhance activity, 

selectivity, or stability of the active metal. It has been 

observed experimentally that the synergy between 

promoter and active metal exert great influence on the 

catalytic activity, selectivity, and stability. Hence, 

bimetallic catalysts are more active than mono metallic 

catalysts for HDO of lignin derived bio-oil [7,11,12].   

2. Catalyst Composition 
Various types of materials such as sulphides, noble 

metals and non-noble metals have been investigated as 

active components in catalysts for HDO of lignin 

derived bio-oil. The conventional CoMoS and NiMoS 

catalysts used for hydrodesulphurization (HDS) 

process in petroleum refinery were initially 

investigated for the HDO reactions [13,14]. The 

catalytic activity of these catalysts mainly depended 

on the sulphide region of the catalyst, since loss of 

sulphur generates vacancies that serves as the active 

sites  for the HDO reaction [15]. The generated 

vacancies located at the edges of WS2 and MoS2 

exhibit Lewis acid properties with ability to adsorb 

heteroatoms resulting to C-O cleavage [16]. The 

catalysts also exhibit Bronsted acid properties, which 

comes from molecular hydrogen (H2), alcohols, thiols, 

or water activation into SH- and H+ over the catalysts 

surface. The SH- promotes deoxygenation while H+ 

per takes in multiple bond saturation [14,16-18].  



Ambursa, M. M et al.: A Review on Required Catalysts Composition and its Effective Preparation Method for 

Hydrodeoxygenation of Bio-oil 

137 
 

The promoters (e.g. Ni and Co) enhance the catalytic 

activity of the process by controlling the bond strength 

between molybdenum and sulphur during 

hydrogenation and deoxygenation processes 

[10,17,18]. However, there are many challenges 

associated with these catalysts: (i) the active sites 

require sulphiding agent to keep it catalytically active, 

which results to high cost of operations (ii) The 

excessive use of sulphiding agent (H2S) contaminates 

the products and (iii) the unconverted sulphur gets 

oxidised to sulphur oxides (SO2) and pollutes the 

environment [19,20]. The formation of sulphur 

containing intermediates as unwanted by-products 

during HDO reactions has also been reported [21, 22].  

In order to obtained more effective catalysts, noble 

metal based-catalysts have gained interest as potential 

catalyst for HDO process [21,23]. The noble metal 

catalysts appeared to be more advantageous than 

sulphide catalyst since they do not require sulphiding 

agent for their  activities to be maintained and, hence 

no product contamination is expected [14]. 

Additionally, they become more attractive because of 

their high hydrogenating ability to activate H2 under 

mild conditions [13,14].  The potential activities of a 

number of noble metals such as Pt [21,24,25], Ru 

[24,26-28], Pd (21,24,29,30], and Rh [21,26,30] for 

HDO of bio-oil and its model compounds have been 

investigated. The outcome of their findings revealed 

that these catalysts are more catalyti active than the 

previously applied sulphide catalysts.  For instance, 

Wildschutet et al. [31] compared Ru/C and 

CoMo/Al2O3 and also NiMo/Al2O3 catalysts for HDO 

of bio-oil in a batch reactor at mild (250 oC and 100 

bar) and high (350 oC and 200 bar) reaction conditions. 

They reported that, the Ru/C catalyst gave higher 

catalytic performance both in terms of yield and 

degree of deoxygenation. However, the challenges of 

expensiveness and less availability make it difficult for 

commercial application. Additionally, noble metals 

are less resistant to coking and sintering which 

resulted to their rapid deactivations during HDO 

reactions [10,13,14].  

In continuation of search for new, effective, and 

promising catalyst, non-noble transition metals have 

also been considered in the form of mono and bi-

metallic catalysts because they are cheap and readily 

available. These non-noble metal catalysts tend to 

have superior advantages over noble metal catalysts.  

Many of mono-metallic catalysts such as Ni [32-34], 

Fe [35], Cu [32], and Co [33,35] have been explored 

for HDO reactions. The investigations revealed their 

activity for HDO reactions. Other non-noble metal 

based catalysts such as phosphides  (Ni2P, Co2P, Fe2P, 

WP Ni2P, MoP and NiMoP) [30,34,36,37], carbides 

(Mo2C and W2C) and MoO3 [37,38], metal nitrides 

(MoN and Mo2N) [38,39] have been investigated for 

HDO reactions. Bimetallic non-noble metal-based 

catalysts such as Ni-Cu, Ni-Fe, Ni-La, Ni-Co, and Ni-

W were also reported [40-43]. 

2.2 HDO Catalyst Support          

The catalyst support (also known as carrier) is a key 

player in HDO reactions. Besides its function in 

dispersing and stabilizing the promoter and active 

phase of the catalyst, it also provides additional 

functional sites (Bronsted and Lewis acids) for 

deoxygenation reaction.  Some supports also interact 

with the metal active phase thereby forming new 

active phase on the surface or at the active metal-

support interface [44].  Al2O3 was initially considered 

as catalyst support for HDO of lignin derived bio-oil 

considering its high performance in HDS and 

hydrodenitrogenation (HDN) reactions [36]. However, 

the performance of Al2O3 in HDO reactions has been 

hindered by many factors: i.e., Al2O3 supports 

deactivate quickly due to presence of H2O in bio-oil. 

As by-product of HDO, H2O undergoes competitive 

adsorption on the Al2O3 active sites leading to its 

strong adsorption thereby preventing subsequent 

reactions from taking place [18]. Also, the presence of 

H2O vapour causes recrystallization of Al2O3 to 

boehmites and partial oxidation of nickel sulphide to 

nickel oxide, which causes deactivation of the catalyst 

[13,45]. As an alternative to Al2O3, SiO2 support has 

been investigated [32,46-49] for HDO reactions. The 

inner characteristics and small interactions of silica 

with supported active phase have been the main 

attracting features affiliated to silica supports [35,50]. 

Additionally, compared to Al2O3-based catalysts, 

SiO2-based catalysts show superior advantages of 

higher selectivity and weaker interactions with 

oxygenated-compounds. During HDO reactions, the 

SiO2 selectively interacts with oxygenated compounds 

via hydrogen-bonding and less affinity for aromatics 

compounds, thus making its stable for HDO reactions 

[18,30]. However, lack of acidity in SiO2 was the main 

challenge with these supports since acidity is 

necessary for HDO reactions. Hence, transition metal 

oxides such as CeO2, ZrO2, TiO2 and La2O3 were 

explored [6,51-53]. ZrO2 has been reported to have 

high resistivity to coking due to amphoteric character. 

Moreover, ZrO2 has been shown to possess good 

textural properties to strongly enhance adsorption and 

redox attributes of the supported catalyst [51,54,55]. 

TiO2 has been shown to enable good dispersion of 

MoS2 due to small crystallites, reducibility, favourable 

morphology as well as high activity in HDS reactions 

[55,56]. The HDO of guaiacol was investigated by 

Yakovlev [57] and Schimming [58] over CeO2–ZrO2 

and CeO2 as catalysts without active metal. The 

conclusion from these previous studies was that both 

CeO2–ZrO2 and CeO2 possessed greater ability to 

activate H2 and generate oxygen vacancies in a similar 

fashion to sulphide catalysts. The general explanation 

is that metal oxides such as TiO2, ZrO2 and CeO2 

possess suitable acidity to activate C=O bond during 

HDO reactions and the order of their acidity are TiO2 

> ZrO2 > CeO2 [9]. However, some of the drawbacks 

which tend to diminish their catalytic activity in HDO 
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reactions include their smaller surface area, lack of 

porosity and deactivation at high operating conditions. 

In order to enhance surface area, acidity and provide 

porosity necessary for HDO reactions, microporous 

supports such as zeolites (Alumino-silicate) [9-64,65] 

and mesoporous based supports such as  MCM-41, Ti-

MCM-41  [4,66], SBA-15, Ti-SBA-15, Al-SBA-15 

[7,60,67,68], Al-MCM-41 [8,69],  KIT-6 and Ti-KIT-

6 [7] have been evaluated. The textural properties and 

generated acidity greatly influenced the catalyst 

performance in terms of both activity and selectivity in 

HDO of bio-oil and its model compounds. A detailed 

discussion on the performance of mesoporous supports 

for HDO of bio-oil has been  reviewed [2].  

3. Synthesis of Nickel-Based Catalyst for HDO of 

Bio-oil 
A suitable catalyst synthesis method and synthesis 

conditions are very crucial for the activity, selectivity, 

and stability of the catalyst system for HDO of bio-oil 

towards transportation fuels. With regards to synthesis 

of nickel-based catalysts, impregnation, precipitation, 

ion exchange and sol gel methods have been utilized 

[4-6, 70-74]. However, impregnation and precipitation 

are the most considered methods due to several 

advantages associated with them such as high 

reproducibility, simplicity and economical, as 

compared to other methods [70, 71, 74]. Impregnation 

methods are of two types: wet impregnation and dry 

impregnation.  The wet impregnation involves 

contacting porous support with excess metal solution 

to be deposited into the pores through diffusion 

mechanism [71, 72, 75-77]. In the case of dry 

impregnation method, the volume of the metal solution 

used is equal to the pore volume of support, and metal 

deposition into the pores occurred mainly through 

capillary actions [5]. Studies revealed that a large 

number of mesoporous supported nickel-based 

catalysts have been prepared by impregnation methods 

[75, 78-81]. Therefore, the rest of this review is 

focused towards factors influencing good distribution 

and dispersion of active nickel species over 

mesoporous supports for improved catalytic activity 

during HDO of bio-oil. 

3.1 Influence of Precursor-Support Interactions on 

Dispersion  
The major goal of impregnation is to produce highly 

disperse and uniformly distributed Ni or Ni-based 

species on the external and internal surface of 

mesoporous supports, which has been found to be 

influenced by precursor-support interactions 

[74,76,77,81,82]. It has been shown experimentally 

that weak or moderate precursor-support interaction 

leads to better distribution and hence good dispersion 

of the supported nickel species [75,78,82]. It was 

reported that good distribution and dispersion of 

Nickel based supported catalyst was associated to 

weak interaction between the silica support and 

[Ni(OH2)6]2+ complex in Ni(NO3)2.6H2O solution 

[74,76]. Due to the weak precursor-support 

interaction, there was high migration of this complex 

into the pores, which led to homogenous distribution 

and consequently better dispersion [78]. However, 

when precursor-support interactions are high, there 

was slow mobility of this complex ions into the pores 

[75,78,82]. This was also demonstrated using 

[Ni(NH3)6]2+ when it was used to introduce nickel 

species into porous silica support at high pH (≈ 8). 

There was poor distribution of the resulting dispersion 

of the supported nickel-based catalyst due to strong 

interactions with silica support body [75,76,78]. It has 

also been found that the mobility of’ the complex ions 

such as [Ni(NH3)6]2+ and [Ni(OH2)6]2+ during synthesis 

can be enhanced by adjusting the pH of the solution 

[73, 75]. This is because pH affects the distribution and 

dispersion of the resulting nickel-based supported 

catalysts [74,76,77,82]. Therefore, regulating the pH 

during preparation of nickel-based catalysts with 

various types of supports or nickel precursors could 

also be used to enhance the distribution and dispersion. 

3.2 Influence of Drying Process on Dispersion 

Drying process has been reported to affect the 

distribution of nickel precursors, which directly affect 

the dispersions of the resulting active Ni species 

[75,83,84]. During the drying process, solvent 

removal, temperature, and air flow rate significantly 

affect the redistribution of the supported nickel 

precursors, especially in the case of weak-precursor-

support interaction [75,77]. High air flow rate during 

drying may lead to redistribution of Ni precursor 

species having weak interaction with the support. This 

has been demonstrated in a recent study by Sietsma et 

al. [75] who investigated the influence of drying on the 

distribution and dispersion of NiO supported catalyst 

using  mesoporous SBA-15 as a model support. The 

authors reported that redistribution occurred because 

of high air flow rate during the drying processes.  

Generally, the drying processes begins with solvent 

evaporation from the larger pores, with slight delay of 

that in the smaller pores at the periphery of support’s 

body [75,82]. The evaporation of the solvent in the 

smaller pores is delayed due to additional solution 

received from the larger pores. The excess solution 

flowing may result to migration and accumulation of 

the complex precursors at the periphery of the 

support’s body. Due to high concentration of complex 

precursors, there could be existence of back-diffusion 

of precursor complexes toward the centre of the 

support’s body leading the formation of various 

isolated patches inside the mesopores, and hence 

redistribution and poor dispersion can occur inside and 

outside of the mesopores [75,83-85]. However, 

redistribution of nickel precursors has been reported to 

be minimal with strong precursor-support interactions, 

particularly with moderate air flow rate.  

Drying temperature should be controlled in a way to 

avoid rigorous evaporation and to allow gentle loss of 
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evaporating solvent in order to ensure better 

mechanical properties and to prevent sintering of the  

supported NiO during activation process [75,82]. 

Therefore, preferable temperature should be below the 

boiling point of evaporating solvents and the air flow 

rate during drying should be moderate [75,78,86]. 

3.3 Influence of Activation on Dispersion 

The redistribution of complex precursors and 

dispersion of the final active metal phase could also be 

affected by the activation processes (calcination and 

reduction). The major factors affecting redistribution 

and sintering during activation process include the 

type of gaseous environment, temperature and porosity 

of the mesoporous support [75,82,86]. With regards to 

gaseous environment, the rate of sintering of nickel 

species based on supported catalyst decreases with 

gaseous environment as follows: NO > O2 > H2 > N2. 

The redistribution and sintering of NiO species were 

observed to occur during calcination in air [75,86]. It 

was further revealed that the degree of sintering of NiO 

species at the interior and exterior of the mesopores 

increased with formation of NO2 species and O2 from 

decomposition of the complex species 

((Ni3(NO3)2(OH)4)) of Ni precursor during thermal 

treatment [86]. However, water vapour was observed 

to control migration and particles growth of NiO 

species during decomposition of Ni3(NO3)2(OH)4. 

Further studies on redistribution and sintering control 

found that the presence of H2 or NO during 

decomposition of Ni3(NO3)2(OH)4 could inhibit the 

formation of NO2 and O2, which resulted into the 

formation of water vapour and thus preventing 

redistribution and sintering of the active NiO species 

during thermal treatment [75,78,86].  

The temperature of activation affects redistribution 

and particle growth. In general redistribution and 

migration as well as particle growth of the active 

nickel species can be promoted at high temperature. 

Lowering the activation temperature of nickel-based 

catalysts can be achieved with the use of promoters 

such as Cu metal during the synthesis processes 

[4,6,75,87]. Pore size in porous supports may 

significantly decreases the rate of sintering of nickel-

based catalysts, particularly when the active nickel 

species growth approaches the pore diameter [88]. In 

another study, it was revealed that to obtain good 

dispersion and small particles size of the supported 

nickel-based catalyst, porous supports with high 

surface area such as mesoporous silica (MCM-41, 

SBA-15, KIT-6 etc.) and an atmosphere containing 

hydrogen (e.g., 5% H2/He) should be employed 

[75,78,86]. Therefore, good dispersion of nickel 

species could be obtained using appropriate gaseous 

environment, moderate temperature, and porosity. 

4. Conclusion 
Based on the literatures reviewed, it can be concluded 

that metallic sites promote hydrogenation while acidic 

sites play an important role in deoxygenation. It has 

been found that good catalyst promoters greatly 

improve catalyst performance in terms of activity, 

selectivity, and stability during HDO of bio-oil. Also, 

good performing catalytic materials, which are less 

expensive such as noble metals, could greatly enhance 

economical value of the HDO reactions. Therefore, 

less expensive catalyst composition, with active 

metallic and acidic sites as well as a suitable promoter 

are the required catalyst composition for HDO of bio-

oil to transportation fuels with moderate metal-support 

interaction, suitable gaseous environment such as 

H2/He mixture, moderate drying and activation 

temperature and appropriate porosity of porous 

supports during catalyst synthesis by impregnation, 

could yield highly disperse nickel-based catalysts for 

HDO of bio-oil. 
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