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ABSTRACT 

Bitumen-derived heavy gas oil contains large amounts of sulfur (~4.0 wt.%) and nitrogen (~0.4 

wt.%), which need to be lowered before it becomes suitable as a feedstock for refineries. The most 

widely used upgrading process is hydrotreating, and the conventional catalyst used for 

hydrotreating is Ni or Co and Mo or W supported on γ-Al2O3.  Additionally, environmentally 

driven regulations impose strict limits on sulfur and nitrogen levels in transportation fuels. 

Therefore, the main focus of this work was to enhance the activity of a NiMo supported catalyst 

through its modification and to improve its selectivity to removal of bulky sulfur- and nitrogen-

containing compounds from heavy gas oil under industrial hydrotreating conditions. This work 

was divided into four phases, and this thesis summarizes the research outcomes of each phase. 

 The first phase examined the effects of chelating ligands, specifically, ethylenediaminetetraacetic 

acid (EDTA), on hydrotreating activity and the sulfidation mechanism. EDTA was seen to have a 

beneficial effect on hydrotreating activity. Detailed mechanistic aspects of interactions between 

support and EDTA, EDTA and metallic species, support and metal, support and active phase, and 

metallic species and metallic species at different reaction conditions, were also studied. 

Characterization by XANES revealed that the presence of a chelating agent delayed nickel 

sulfidation, which was the main cause of improvement in hydrodesulfurization (HDS) and 

hydrodenitrogenation (HDN) activities. It also showed that EDTA plays a role in redistribution of 

active phases during sulfidation and favors the formation of octahedral molybdenum oxides.  

The second phase studied the effects of support modification and combinations of different 

supports and EDTA. In this phase, several mesoporous materials, including M-SBA-15 (M= Al, 

Ti and Zr), mesoporous mixed metal oxides (TiO2-Al2O3, ZrO2-Al2O3 andSnO2-Al2O3) and 

mesoporous metal oxides (ZrO2, Al2O3), were synthesized and used as support materials for a 

NiMo  catalyst. NiMo/M-SBA-15 catalysts showed higher HDS and HDN activities and, the 

increase in activity is attributed to incorporation of heteroatoms in an SBA-15 matrix, which 

resulted in increase in metal support interaction, acidic strength and dispersion of active metals.  

The addition of EDTA to these catalysts helps in the formation of octahedral molybdenum oxide, 

which are easily reducible during sulfidation. This is evident from the XANES Mo LIII-edge study 

of the oxide catalysts. The increase in hydrodenitrogenation (HDN), hydrodesulfurization (HDS) 
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and hydrodearomatization (HDA) activities as compared to that shown by the NiMo/γ-Al2O3 

catalyst were also observed on addition of EDTA in large-pore, high-surface-area mesoporous 

zirconia supported NiMo catalysts. The incorporation of different metal oxides in alumina, as in 

the case of mixed metal oxides, resulted in a change in acidic strength and metal support 

interactions. It was observed with acridine-FTIR analysis that the catalysts with higher acidic 

strength tightly held acridine at high temperatures. This implies that catalysts with higher acidity 

are prone to inhibition by nitrogen-containing compounds present in feed, which will affect 

catalytic activity.  The HDS and HDN activities for hydrotreating of heavy gas oil suggest that 

mesoporous alumina and titania-alumina supported catalysts perform better as compared to the 

conventional NiMo/γ-Al2O3 catalyst. Therefore, the effects of EDTA to Ni molar ratio (EDTA/Ni 

= 0 to 2) on the activities of the NiMo/MesoAl2O3 and NiMo/MesoTiO2-Al2O3 catalysts were 

studied, and EDTA was observed to have a negative impact on catalytic activity for these catalysts. 

This is attributed to a decrease in the active metal dispersion in these catalysts caused by the 

addition of EDTA. The catalysts NiMo/MesoAl2O3 and NiMo/MesoTiO2-Al2O3 without EDTA 

showed high active metal dispersion due to their high surface area and ordered structure.  

The third phase studied the combined effects of phosphorus and EDTA on the hydrotreating 

activity of NiMo supported catalysts. The effects of method of phosphorus addition (sequential 

and co-impregnation method) were also studied. When phosphorus was added using a co-

impregnation method, as in the catalyst NiMoP/MesoAl2O3(CI), an increase in HDN, HDA and 

HDS activities was observed. However, the catalysts containing both EDTA and phosphorus 

showed a decrease in HDS and HDN activities.  

The fourth phase included a kinetic study using the Power Law and L-H models. The catalyst, 

NiMoP/mesoAl2O3(CI), was found to have higher HDN and HDS activities as compared to a 

conventional γ-Al2O3 supported catalyst containing phosphorus.   
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NOMENCLATURE 

HDN   Hydrodenitrogenation 

HDS   Hydrodesulphurization 

HDA  Hydrodearomatization 

HDT  Hydrotreating 

°API   American Petroleum Institute gravity of petroleum liquids, dimensionless 

BET   Brunauer-Emmett-Teller method 

FBP   Final boiling point 

FID   Flame ionization detector 

FTIR   Fourier transform infrared 

G/O   Gas-to-oil ratio 

HDM   Hydrodemetallization 

HRTEM  High resolution transmission electron microscopy 

XANES X-ray absorption near edge structures 

EXAFS Extended X-ray fine structure 

IBP   Initial boiling point 

HGO   Heavy gas oil 

LHSV   Liquid hourly space velocity, h-1 

SBA-15  Santa Barbara amorphous-15 

MCM-41  Mobil Composition of Matter no. 41 

SG   Specific gravity, dimensionless 

TCD   Thermal conductivity detector 

TEM   Transmission electron microscopy 

TPR   Temperature programmed reduction 

TPD  Temperature programmed desorption 

XRD   X-ray diffraction 

SDA  Structure directing agent 



xxv 
 

S  Sulfur 

N  Nitrogen 

P  Phosphorus 

ε   Catalyst bed porosity, dimensionless 

εP   Porosity of the catalyst pellets, dimensionless 

μL   Viscosity of HGO at the operating temperature, (1/10)Pa.s  

ρ15.6   Density of HGO at 15.6°C, kg/L 

ρL   Density of HGO at the operating conditions, kg/L 

Ci   Concentration of reacting species i (sulfur or nitrogen), mol/L 

dP   Average diameter of the catalyst particles, 0.01m 

LA   Liquid mass flow over cross-sectional area, 10kg/(s∙m2) 

MAVE   Average molecular weight of HGO, kg/kmol 

Tb   Average boiling point of KLGO, K 

Db   Diameter of reactor, 0.01m 

uL   Superficial velocity, 0.01m/s 

L  Length of the reactor, 0.01m 

g   Gravitational constant, 0.01m/s2 

ηHDN   Effectiveness factor for the hydrodenitrogenation reaction, 

dimensionless 

ηHDS   Effectiveness factor at the inlet of the hydrodesulphurization reaction, 

dimensionless 

 Φ   Dimensionless Thiele modulus at the inlet of the hydrodenitrogenation 

[Di]e   Effective diffusivity of organonitrogen/organosulfur compounds, 10-4m2/g 

DL   Diffusivity of hydrogen in HGO, 10-4m2/s 

n   Order of reaction 

VC   Volume of loaded catalyst, ml 

E   Activation energy for the hydrotreating reaction kJ/mol 
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ki   Rate constant for species i (mol/L)(1-n) s-1 

Ki   Adsorption rate constant for species i, L/mol 

KH2S   Adsorption rate constant for H2S, 1/MPa 

KH2   Adsorption rate constant for H2, 1/MPa 

kL   H2/HGO mass transfer coefficient – gas/liquid side, 0.01m/s 

kOVR   Overall mass transfer coefficient, 0.01m/s 

kS   H2/HGO mass transfer coefficient – liquid/solid side, 0.01m/s 

PH2   Partial pressure of hydrogen, MPa 

PH2S   Partial pressure of hydrogen sulfide, MPa 

RHDS/HDN  Rate of reaction for hydrodesulfurization and hydrodenitrogenation reaction  

(mol/s.ml) 

βHDS   Isothermality ratio for the catalyst pellet in a hydrodenitrogenation reaction,  

dimensionless 

βHDN   Isothermality ratio for the catalyst pellet in a hydrodesulphurization reaction, 

dimensionless 

ΔρT   Temperature density correlation, 16.02kg/m3 

ΔρP   Pressure density correlation, 16.02kg/m3 

ΔHR,HDN  Heat of the hydrodenitrogenation reaction, kJ/mol 

ΔHR,HDS  Heat of the hydrodesulphurization reaction, kJ/mol 
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Chapter 1 

1. Introduction and Literature Review 

 

1.1 Introduction 

Increasing development around the world demands more energy, which means a need for more oil 

and gas. This requires oil extractions from non-conventional resources, such as shale oil and oil 

sands, along with the large extractions from conventional oil resources. Alberta and Saskatchewan 

contain the largest oil sands deposits in Canada. These oil sands are processed to obtain bitumen, 

which is then processed in a series of unit operations, such as cokers, atmospheric distillation and 

vacuum distillation, to obtain light gas oil (LGO) and heavy gas oil (HGO). Compared to oil from 

conventional sources, bitumen-derived gas oil contains greater amounts of sulfur and nitrogen 

content and other impurities such as vanadium and arsenic. The LGO and HGO are further 

processed in refineries to make final products such as diesel, kerosene, gasoline and naptha. Oil 

consumption significantly impacts the environment because of the produced combustion gases and 

the presence of sulfur, nitrogen, metals and other impurities in oil. The levels of sulfur and nitrogen 

species in oil, therefore, must be lowered to meet environmental regulations. Sulfur and nitrogen 

species also act as a poison for downstream catalytic processes; therefore, before transporting oil 

to a refinery, the LGO and HGO are upgraded in hydrotreater units, where the impurities such as 

sulfur, nitrogen, oxygen and metals are removed or reduced.  

Hydrotreating is a catalytic process at high temperatures (350-400 °C) and moderate pressures (8-

9.5 MPa), in which feed gas oil, in a fixed-bed reactor (hydrotreater), is treated with hydrogen in 

the presence of a catalyst to remove or reduce sulfur, nitrogen and other impurities. Additionally, 

many simultaneous reactions take place during hydrotreating, such as hydrodesulfurization (HDS), 

hydrodenitrogenation (HDN), hydrodearomatization (HDA), hydrodemetallization (HDM), and 

hydrodeoxygenation (HDO). The bitumen-derived heavy gas oils contain high sulfur (~4.0 wt%) 

and nitrogen (~0.4 wt%). Current environmental regulations limit sulfur content in diesel to 15 

ppm in the U.S. and Canada and to 10 ppm in some European countries. Consequently, to meet 

the ever increasing environmental regulations, the efficiency of the hydrotreating process must be 

increased in order to process heavier and sulfur-rich feed stocks. This can be achieved by changing 
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or modifying (i) the type of catalyst, (ii) the pre-treatment of feed, (iii) the type of reactor, or (iv) 

the process parameters such as temperature, pressure and flowrate (see Figure 1.1). Of these 

variables, changing the type of catalyst is the preferred route due to the high costs associated with 

modifying the reactor type, process parameters, and pretreating the feed.  

 

        Figure 1.1 Dependency of hydrotreating process variables 

The conventionally used catalyst is molybdenum or tungsten impregnated on γ-alumina support, 

with Ni or Co as a promoter (Satterfield 1996). However, bitumen-derived gas oils with high sulfur 

content (3.5-4.2 wt.%) requires hydrotreating catalysts with enhanced activity and selectivity to 

meet the stringent environmental sulfur specifications for transportation fuels (Rinaldi et al. 2010).  

Therefore, in recent years research has been primarily focused on increasing catalyst activity by 

changing the type of support materials, modifying the catalyst preparation methods, using 

chelating ligands, and using additives like fluorine, phosphorus and boron (Ninh et al. 2011; Sun 

et al. 2003). In certain cases, improvements have been achieved. Heavy gas oil is a mixture of both 

aliphatic and aromatic hydrocarbons; sulfur and nitrogen present in aliphatic hydrocarbons and 

single ring aromatics are easy to remove compared to those in bulky molecules such as 4, 6-alkyl 

substituted DBTs, alkyl pyridines and their derivatives. Also, different nitrogen and sulfur-

containing compounds present in actual feed (HGO) compete for the active sites on the catalysts. 

Feed Catalyst 

Process Parameters 

Product Quality 

Hydrotreating 

Process 
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Therefore, removing sulfur and nitrogen from these bulky molecules is essential to increase the 

product quality and meet stringent environmental regulations (40 CFR, Part 80, sub-part 1). To 

achieve this, more active catalyst is required. Therefore, the aim of this work was to understand 

the individual and combined roles of chelating ligands, support modification, and additives on the 

catalytic activity for hydrotreating of bitumen-derived heavy gas oil, and to possibly develop a 

catalyst with higher hydrotreating activity. In this work, various mesoporous materials, including 

SBA-15, modified SBA-15, mesoporous metal oxide and mesoporous mixed metal oxides, were 

synthesized and used as support materials for a NiMo catalyst. Ethylenediamene tetraacetic acid 

(EDTA) was used as chelating ligand, and optimization of EDTA loading was performed for 

different catalyst systems. Phosphorus was used as an additive, and its effect on the catalytic 

activity was studied. Also, the combined effects of phosphorus and EDTA on the hydrotreating 

activity of HGO were studied. 

1.2 Literature Review 

The γ-alumina supported, sulfided Ni(Co)-Mo(W) catalysts were used extensively for 

hydrotreating of gas oil. The active phase in these catalysts is the Ni (Co)-Mo-S phase, which is 

comprised of Ni (or Co) atoms sitting on the corner and edges of MoS2 crystallites. The amount 

of Ni atoms present on the edges relates linearly to the hydrotreating activity (Topsøe et al. 1996). 

The NiMoS phases can be in a single layer or multiple layer. Studies have shown that there are 

two types of Ni-Mo-S active sites, type I and type II. Type II has substantially higher activity than 

type I. Type I Ni-Mo-S structures are incompletely sulfided and are single layered because of a 

high metal support interaction; type II Ni-Mo-S structure  have moderate metal support interactions 

and are fully sulfided and multilayered (Rana et al. 2007). The catalytic activity depends on various 

factors, with active metal dispersion and morphology being the most important. Metal dispersion 

is a function of support metal interactions. Strong metal support interactions result in high 

dispersion; however, strong interactions do not allow the metals to reduce (Stanislaus et al. 2010). 

Rather, it results in incomplete sulfidation of molybdenum oxide to MoS2 crystallites and hence, 

lowers the activity. On the other hand, weak metal support interactions result in the formation of 

bigger active metal crystals, which eventually leads to less dispersion of MoS2. Therefore, 

moderate metal support interaction is required to achieve optimum dispersion and type II NiMoS 

structures.  
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Recent studies have shown that by varying the catalyst preparation methods and support materials, 

the optimum stacking degree and dispersion of Ni–Mo–S structures can be achieved, which can 

lead to the complete sulfidation of Mo with single and 2-3 layered, small length MoS2 slabs. It is 

well established that in order to increase the activity of NiMo hydrotreating catalyst, it is very 

important to form more Ni–Mo–S active sites, maximizing the concentration of two- to three-

layered type II Ni-Mo-S structures ( Rayo et al. 2008; Valencia & Klimova 2011). Considering 

this, extensive efforts have been made in recent years to understand the following: (i) the effect of 

modified supports, (ii) the use of additives such as fluorine, boron, phosphorus and (iii) the use of 

chelating ligands. Before discussing these in detail, it is important to understand the HDS and 

HDN reaction pathways and mechanism. 

1.2.1 Hydrodesulphurization and hydrodenitrogenation reaction mechanism 

Bitumen-derived gas oil (HGO or LGO) is a complex mixture of various kinds of hydrocarbons 

(both aliphatic and aromatic) and organosulfur and organonitrogen compounds. Each of these 

organosulfur/nitrogen compounds has differences in their structures, molecular weights and 

reactivities.  The sulfur and nitrogen need to be removed from the gas oil to meet environmental 

regulations. Therefore, in order to achieve the low levels of sulfur and nitrogen in fuels, it is 

important to understand the various organosulfur and organonitrogen compounds present in the 

crude gas oil and the factors influencing their reactivities and inhibition effects. The following 

section briefly describes the HDS and HDN reaction pathways and mechanism.  

1.2.1.1 Hydrodesulphurization reactions 

a) Types of sulfur compounds in crude oil 

The various sulfur compounds present in gas oil can be categorized into three groups (Depauw & 

Froment 1997). The first group includes aliphatic sulfur compounds such as thiols and sulfides. 

The second group consists of benzothiophenes (BTs) and alkyl substituted BTs, such as 

ethylbenzothiophene (EBT). The third group includes dibenzothiophene (DBT) and its  alkyl 

substitutes containing 1 to 5 carbon atoms, such as 4,6-DMDBT (dimethyldibenzothiophene) 

(Stanislaus et al. 2010). Figure 1.2 (Du et al. 2004) shows the sulphur-containing parent 

compounds and alkylated BTs and DBTs. 
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                                         Figure 1.2 Types of sulfur compounds in crude oil  

The desulfurization rate for benzothiophenes and their alkyl-derivatives is higher than that for 

DBTs. The less reactive DBTs are those which have alkyl groups closer to the sulfur atoms, such 

as 4-MDBT, 4,6-DMDBT, and 4,6-MEDBT (Ho 2004). 4,6- DMDBT is almost 4–10 times less 

reactive than DBT when hydrotreated using a conventional γ-alumina-supported CoMo catalyst 

(Kabe et al. 1993; Stanislaus et al. 2010).  

b) HDS reaction mechanism 

The hydrodesulfurization of aromatic organosulfur compounds such as 4,6-DMDBT molecule 

proceeds via two main routes (see Figure 1.3). One is direct desulfurization (DDS), and the other 

is hydrogenation (HYD). In DDS, there is direct scission of the C-S bond, which leads to the 

formation of biphenyl. However, in the HYD route, the double bonds are first hydrogenated and 

then followed by C-S bond scission.  As shown in Figure 1.3 (permission to use figure is attached 

in Appendix C), the hydrogenation of 4,6 DMDBT results in the formation of  

tetrahydrodibenzothiophene, which is then desulfurized to cyclohexyl benzene (Lélias et al. 2009; 

Stanislaus et al. 2010; Egorova & Prins 2004).  
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                 Figure 1.3 Hydrodesulphurization reaction mechanism (Egorova and Prins 2004; 

permission to reproduce the figure is attached in Appendix C) 

Studies for model compounds have revealed that the hydrodesulfurization reaction takes place 

mainly via the DDS route for unsubstituted DBT molecules. However, for alkyl-substituted DBT 

molecules, the hydrogenation HYD route becomes more dominant (Xiang et al. 2011; Chandra 

Mouli et al. 2011).  It has been also proposed that the different active sites present on the surface 

of sulfided NiMo/γ-Al2O3 are responsible for the DDS step and HYD steps in the HDS reaction 

(Xiang et al. 2011). It was found that fully sulfur-saturated Mo edges of MoS2 have some sites 

with metallic character (Moses et al. 2007), and these sites are called brim sites. These brim sites 

are responsible for the HYD route. They have wide openings, which create the possibility for 

adsorption of refractory molecules providing stearic hindrances. Also, the metallic character of 

these sites helps in adsorption of sulfur-containing compounds. Furthermore, the availability of 

hydrogen in the form of SH groups at the neighboring edge sites results in hydrogen transfer 

leading to hydrogenation.  The S–C bond scission is proposed to occur at the S edge vacancy on 

the MoS2 slab edges. The adsorption of aromatic sulfur-containing compounds proceeds via 
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adsorption of aromatic ring in π-mode, which is otherwise difficult on the edges of single MoS2 

slabs. Nevertheless, the top MoS2 slab of stacked MoS2 slabs favors this adsorption at edge sites. 

Therefore, multilayered type II Ni-Mo-S active sites favor the hydrogenation reactions, resulting 

in increased HDN, HDA and HDS reactions. However, higher stacking degree reduces dispersion 

(Sun et al. 2003). 

1.2.1.2  Hydrodenitrogenation reactions 

a) Types of nitrogen compounds in crude oil 

Two main types of nitrogen-containing compounds (see Figure 1.4) are present in bitumen-derived 

gas oil: aliphatics and aromatics/heterocycles. Further, nitrogen-containing heterocycle 

compounds can be categorized into two types: 5-membered ring (non-basic) and 6-membered ring 

(basic) (Stanislaus et al. 2010). The aliphatic nitrogen compounds include anilines and aliphatic 

amines, and they undergo HDN very easily and quickly. The 6-membered ring nitrogen 

compounds, such as quinoline and acridine, and the 5 membered ring nitrogen compounds, such 

as carbazole and indole (Landau 1997), are least reactive and difficult to undergo the HDN 

reaction. The alkylpyridines (quinolines, acridines) and pyrroles (indoles, carbazoles) are also hard 

to hydrodenitrogenate. 

 

                     Figure 1.4 Types of nitrogen compounds in crude oil 

b) HDN reaction mechanism 

The HDN reaction takes place by the HYD route and is followed by C-N bond cleavage, as shown 

in Figure 1.5 for HDN of quinoline (Liu et al. 2011). The rate-limiting step for the HDN reaction 
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is hydrogenation. A type II Ni-Mo-S active site with multi-stacking of MoS2 slabs is desired for 

the HDN reaction because it favors the hydrogenation of the aromatic ring of refractory nitrogen 

compounds. Basic nitrogen compounds inhibit HDS activity by selective adsorption at acidic sites. 

Also, basic nitrogen-containing compounds, such as acridine, interact strongly with the 

hydrogenating brim sites (Topsøe 2007).  

 

 

 

 

 

 

 

 

 

 

1.2.2 Role of supports on hydrotreating reactions 

In hydrotreating catalysts, the support is primarily used for dispersing the active phase. However, 

it also plays other crucial roles that affect the catalytic activity, such as influencing the morphology 

of the active phase, modifying the electronic properties, and participating in bifunctional reactions 

with acid sites. The Bronsted acidity in the support helps in the isomerization of alkyl DBTs and 

subdues the stearic hindrances, thus enhancing the activity (Breysse et al. 2003a). When the sulfide 

phase is in close proximity to acid sites, the acidic character of the support enhances the catalytic 

properties of the sulfide phase, and the increase in hydrotreating activity is linked to the electron-

deficient nature of the S2- particles in an acidic environment (Breysse et al. 2008). The excess 

acidity causes the pore structure to collapse and increases the catalytic cracking.  The basic support 

materials are preferred for the following two main reasons (Klicpera & Zdražil 2002): First, the 

Q-quinoline; THQ1-1,2,3,4-tetrahydroquinoline; OPA-ortho-propylaniline; PB-propylbenzene; THQ5-

5,6,7,8-tetrahydroquinoline; DHQ-decahydroquinoline; PCHA-2-propylcyclohexylamine; PCHE-

propylcyclohexene; PCH-propylcyclohexane 

Figure 1.5 Hydrodenitrogenation reaction mechanism for Quinoline (Jian and Prins 1998, 

permission to reproduce this figure is given in Appendix C) 
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interaction between basic support materials such as SBA-15 and acidic MoO3 results in better 

dispersion of molybdenum oxide; and second, the tendency to form coke is low on basic support, 

which is otherwise high over conventional Al2O3 catalysts. If the support is excessively basic, 

however, it will lead to poor metal-support interactions and thus poor Mo dispersion (more than 4 

MoS2 layer per stack) (Valencia & Klimova 2011).  

The role played by support material is extremely dependent on the active phase dispersion, the 

nature of support, and the sulfidation mechanism. For example, sulfidation was hardly achieved 

for niobium oxide impregnated on the alumina, even at ~ 350 °C. However, molybdenum 

supported on alumina started to sulfide at ~ 150-200 °C (Cattaneo et al. 2000). This may be because 

of variations in metal support interaction (Breysse et al. 2003a). Strong metal support interaction 

leads to better dispersion, but poor sulfidation causes the formation of type 1 Ni-Mo-S phase, 

which in turn leads to low activity. The weak interactions can lead to the formation of aggregates 

of MoS2 crystallites, leading to poor dispersion and reduced activity (Dhar et al. 2003; Topsøe 

2007). Therefore, optimum metal-support interactions are desired for proper sulfidation and 

dispersion of active species to generate more type II Ni-Mo-S active phases.   

With rising interest for better supports, which can provide high surface area, optimum pore 

diameter (5-15 nm), acidity, and moderate metal-support interaction—a variety of new materials 

have been synthesized and tested. These include TiO2, ZrO2, silica-alumina, mixed oxides, carbon, 

SiO2, zeolites and mesoporous materials (Carati et al. 2003; Duchet et al. 1991; Grzechowiak et 

al. 2001). TiO2 and ZrO2 supports show higher activity, but their low specific surface area is a 

limitation (Caero et al. 2003). To overcome the problem of low surface area of TiO2 and ZrO2, 

mixed oxides such as TiO2-Al2O3 (Breysse et al. 2003a), ZrO2- Al2O3, TiO2-SiO2 (Carati et al. 

2003), and TiO2- ZrO2 (Rana 2004) were examined by various research groups.  The high  surface 

areas and acid–base properties of mixed oxides favor the desulfurization of alkyl DBTs. TiO2-

Al2O3 support is found to be effective for the hydrogenation of aromatics (Harlé et al. 2000) and 

conversion of DBT and its alkyl-derivatives (Segawa et al. 1996).  Zeolites enhances the 

hydrodesulfurization activity for bulky molecules such as 4,6-DMDBT.  The modification of 

electronic properties of active phase by acidic strength of zeolites enhances hydrogenation, and 

the presence of Bronsted acidity boosts the DDS route (Pérot 2003). The main problem with 
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zeolites as support for hydrotreating catalyst is their small pore size, which makes it difficult to 

disperse the  Ni-Mo-S active phase (Michaud et al. 1998) 

Amorphous silica-alumina (ASA) materials provide higher surface area than zeolites and have less 

acidity than zeolities. However, the acidic strength of ASA can significantly tune the electronic 

properties of the active phase (Breysse et al. 2008). Michaud et al. (1998) observed that the 

Brønsted acid sites of ASA have resulted in isomerization of 4,6-DMDBT to 3,6-DMDBT, which 

led to a 2.5-fold increase in HDS activity of 4,6-DMDBT.    

Mesoporous materials like MCM-41 and SBA-15 have large surface areas (~500 m2/g) and well-

defined pore structure and textural properties (pore size: 5–30 nm; wall thickness: 3–7 nm) 

(Chandra Mouli et al. 2011). Therefore, the activity of catalysts supported on these materials is 

likely to be high due to the high dispersion of molybdenum. Silica-based supports are neutral in 

nature, and their incorporation of heteroatoms such as Al, Ti and Zr can increase the surface acidity 

(Klimova et al. 2003). Blanchard et al. (2005) have used AlSBA-15 as a support material and 

observed a change in selectivity for 4,6-DMDBT with respect to the support acidity. 

1.2.3 Role of chelating ligands on HDS and HDN reactions 

Molecules having two or more donor atoms (dentates), which are available to bind a metal cation, 

are called as chelating ligands (Sun et al. 2003). The use of chelating ligands, such as citric acid, 

glycol, nitriloacetic acid (NTA), ethylene diamine tetraacetic acid (EDTA), 1,2-

cyclohexanediamine-tetraaceticacid (CyDTA) and ethylenediamine (EN), with NiMo 

hydrotreating catalyst have shown better effect on hydrotreating activity (Stanislaus et al. 2010; 

Kishan et al. 2000; Cattaneo et al. 1999; Rana et al. 2007). These agents favor the formation of 

stable complex with Ni or Co as compared to Mo. In catalysts without chelating ligands, the 

sulfidation of Ni starts at 50 °C and completes at around 150 °C, while the sulfidation of Mo starts 

at 175 °C (Cattaneo et al. 2000). As discussed previously, the active phase is NiMoS2, where Ni 

atoms are located on the edges of MoS2 slabs. However, the sulfidation of nickel prior to the 

sulfidation of molybdenum results in less chance of nickel to sit on the corner and edges of MoS2 

slabs. Therefore, the sulfidation step is the most important step, as it leads to the formation of type 

I and type II Ni-Mo-S active phases in the catalyst. The chelating ligands form complexes with Ni 

or Co, and above 200 oC the chelating ligands start to decompose, leaving behind the Ni or Co. 
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Thus, the chances of the released Ni (Co) ions to move to the edges and corners of already formed 

MoS2 slabs are high, and results in the formation of more NiMoS active phases (Sundaramurthy 

et al. 2005).  Therefore, the chelating ligands-Ni/Co complex formation, resulting in delaying the 

sulfidation of Ni/Co to higher temperatures where molybdenum has already started to sulfide, is 

the main cause of increase in activity.  

The effect of chelating ligands on hydrotreating activity is dependent on the type and quantity of 

chelating ligand used. Certain chelating ligands such as CyDTA can only form complexes with Ni 

or Co ions. Conversely, chelating ligands such as NTA and EDTA has a tendency to chelate the 

bigger metal ions such as molybdenum. However, they have more affinity to Ni as compared to 

molybdenum, but if the amount of EDTA is more than what is required to encapsulate nickel, then 

it may start to form a complex with Mo. This might result in a decrease in catalytic activity 

(Cattaneo et al. 1999). Both EDTA and CyDTA delay the sulfidation of Ni up to the temperature 

where Mo starts sulfiding; however, CyDTA forms complex only with Ni and not with Mo, so the 

performance of CyDTA is slightly better than EDTA. CyDTA is much more expensive than 

EDTA. The chelating agents also helps increase the hydrotreating activity by reducing the metal 

support interactions, resulting in the formation of more type II Ni–Mo–S active sites. This is also 

confirmed by extended X-ray absorption fine structure (EXAFS) analysis of CoMo/Al2O3 catalyst 

with and without chelating agents (Cattaneo et al. 2000).  

1.2.4 Role of additives on hydrotreating reactions 
 

Further improvement in the performance of the hydrotreating catalysts is accomplished by using 

additives such as fluorine, boron and phosphorus (Rana et al. 2007). Catalysts with these additives 

show greater activity as compared to catalysts containing no additives. These additives possess 

basic characteristics and are able to form bonds with Al3+ cations present on the surface of alumina 

by replacing hydroxyl groups, thereby reducing the available hydroxyl groups for metal (Mo and 

Ni) anions. The following lists the effects of the strong interaction between the surface of alumina 

support and the additives (Kubota et al. 2010; Sun et al. 2003; Lélias et al. 2009):  

1. It alters the active metal dispersion and morphology. Due to additive-support interactions, 

polyanions or larger MoS2 crystallites are formed, which are easily sulfidable. It also 

lowers the dispersion.  
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2. The interaction of promotors such as Ni and Co with alumina support decreases, and it 

favors the movement of these promoters to the edges of MoS2 slabs to form catalytically 

active Ni–Mo–S and Co–Mo–S phases.  

3. The weak active metal (Mo or W) support interactions due to the presence of additives, 

resulting in the formation of multilayered MoS2 and WS2 slabs, which are the genesis for 

catalytically active type II Ni–Mo–S phases. The higher stacking degree favors the 

adsorption of bulky aromatic molecules, which is then followed by hydrogenation.   

4. Fluorine, boron and phosphorus increase the acidity of alumina support, which favours the 

acid-catalysed reactions, such as cracking and isomerization of alkyl-substituted DBTs, 

thus enhancing the activity.  

5. By reducing metal support interactions, the additives (phosphous, boron, etc.) help in 

inhibiting the formation of tetrahedrally coordinated cobalt (or nickel) and molybdenum. 

The use of additives has shown a positive effect on hydrodenitrogenation (HDN) reactions, 

whereas the effect on hydrodesulfurization (HDS) reactions is minimal. The influence on HDN 

activity is mainly due to the formation of Type II NiMoS phases, which favors the adsorption and 

hydrogenation of aromatic rings. 

1.2.5 Recent advances in hydrotreating catalyst by support modification, additives and 

chelating ligands 

Table 1.1 summarizes the recent advances in hydrotreating catalyst using chelating ligands. It 

demonstrates that the effect of chelating agents is positive on the HDS and HDN activities. Most 

of the work is reported on the interaction of various chelating ligands, with alumina and SiO2 as a 

support material.  Less work is reported on the interaction of chelating agents with other 

mesoporous supports, such as modified SBA-15, mesoporous oxides, mesoporous mixed metal 

oxides, amorphous alumina silicates and mesoporous zeolites. The mechanism of interaction of 

chelating ligands with Ni or Co is well established, but the interaction of chelating ligands with 

Mo and support is not clear. Cattaneo et al. (2001) presented EXAFS studies for γ-Al2O3 supported 

NiMo-EDTA and NiMo-NTA catalysts; they found a variation in the interaction of Mo with 

support in the presence of chelating ligands, but the effect of chelating agents was not clear. 

Escobar et al. (2008) presented the effects of EDTA and citric acid on the HDS of 

dibenzothiophene over the NiMo/ZrO2-TiO2 catalyst. They suggested that the EDTA/Ni molar 
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ratio of 1 is optimum because excess EDTA forms complex with Mo and delays sulfidation, which 

then reduces the hydrotreating activity.  

Various support materials such as γ-alumina, SiO2, TiO2, ZrO2, zeolites, and SBA-15 have been 

used as hydrotreating catalysts and have resulted in different hydrotreating activity. Hédoire et al. 

(2003) studied the effect of acidity of β-zeolites on hydrogenation of tetralin, and they observed 

that the presence of high bronsted acidity increases the hydrogenation activity. This may be 

attributed to the electron-deficient characteristic of active sites in the presence of H+ protons. The 

major limitation with β-zoeolites is their small pore size, which hinders the diffusion of bulky S 

and N containing molecules. HDN conversions over SBA-15 are less due to poor acidity and weak 

metal support interactions, but incorporation of Zr in the matrix of SBA-15 increases the HDS and 

HDN activity significantly (Garg et al. 2008). Similar effect of incorporation of ZrO2 in SiO2 has 

been reported by Rana (2004).  

Pour et al. (2010) studied carbon nanotubes as support material, and they observed easy reduction 

of Mo on carbon nanotubes as compared to γ-alumina; they also observed more HDS activity in 

case of carbon nanotubes supported catalyst. Table 1.2 shows the effect of different support 

materials on HDN and HDS activities. Table 1.2 shows that the support modification affects the 

activity and selectivity for removal of bulky sulfur and nitrogen compounds by varying the 

hydrogenation and hydrogenolysis reaction rates. It can be seen in Table 1.2 that support materials 

such as mesoporous metal oxides and mixed metal oxides, alumino-silicate, modified SBA-15, 

and mesoporous alumina have not been studied in depth for hydrotreating of actual feed.  
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Table 1.1 Recent advances in hydrotreating catalyst by chelating ligands 

 

 

 

 

 

 

Chelating 

Ligand 

Support 

material 

Active 

metal 

Feed Remarks/findings Reference 

Ethylene 

diamene 

Al2O3 CoMo Thiophene model 

feed 

-Pre-sulfidation heat treatment 

studies 

- EXAFS analysis 

(Leonova et 

al. 2014) 

Citric acid SBA-15 NiMo 4-6 DMDBT -Study on effect of different method 

of prepration and thermal treatment 

on HDS activity 

(Klimova et 

al. 2013) 

EDTA SiO2-Al2O3 NiMo Straight run gas oil 

(SRGO) 

-increase in HDS activity. 

-TPR technique used. 

(Al-Dalama 

& Stanislaus 

2011)  

EDTA Al2O3 CoMo 2,6-dimethylanline, 

thiophene 

-EDTA content used is 27 wt% 

-increase in HDN rate through HYD 

(Lélias et al. 

2010) 

EDTA Al2O3,SiO,

Al2O3MgO 

CoMo Thiophene -HDS activity follows the order - 

Al2O3 < SiO2 <Al2O3–MgO 

(Rana et al. 

2007) 

EDTA 

citric acid  

TiO2-ZrO2 NiMo DBT -HDS activity for EDTA is little 

better than CA 

(Escobar et 

al. 2008) 

Citric acid Al2O3 NiW 4-6 DMDBT -Increase in HDS activity. (Li et al. 

2011)  

Citric acid Al2O3 MoO3 Thiophene -Discussion on HDS activity 

-Mo Sulfidation increases with CA 

(Rinaldi et al. 

2010) 

Citric acid Al2O3 CoMo SRGO -Effect of drying condition of 

catalyst at 110, 220,300, 400 °C on 

HDS was studied. 

-110 and 220 °C were preferred due 

to higher activity. 

(Pashigreva 

et al. 2010) 

NTA Al2O3 CoMo 2,6-dimethylaniline 

Thiophene, DBT 

-No effect on DBT at liquid phase 

reaction.  

-Increase in Co-promoted sites. 

(Lélias et al. 

2009) 

CyDTA MgO- 

Al2O3 

CoMo Thiophene and 

Heavy maya crude 

oil 

-Discussed catalytic activity for 

HDS, HDN and HDM. 

-Difference in activity of calcined 

and uncalcined support was shown 

(Joshi et al. 

2008) 
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Table 1.2 Recent advances in hydrotreating catalyst by support modification 

Support material Active 

metal 

Feed Remarks/findings Year & 

reference 

Citric-treated Y zeolite 

mixedwith a titania–

silica composite 

catalyst 

NiW Coker gas oil -HDN studies of basic and non-basic 

nitrogen compounds were performed. 

(Wei et al. 

2015) 

AlOOH boehmites CoMo Diesel Fuel -Influence of boehmite particles 

morphology on activity was studies 

(Klimov et al. 

2014) 

Al2O3, SiO2, TiO2, 

ZrO2 

NiMo Thiophene &        

4-6, DMDBT 

-TiO2 and ZrO2 show better activity (Ninh et al. 

2011) 

Zr SBA-15 NiMo/ 

CoMo 

4-6, DMDBT,  

DBT 

-Support effect compared with SBA-

15 for HDS 

-Increase in Co-support interaction 

25% rise in activity for ZrSBA15 

(Valencia & 

Klimova 2011) 

ZrO2, Al2O3, SBA-15, 

and ZrO2-modified 

SBA-15 

Mo and 

NiMo 

4-6, DMDBT,  

DBT 

-ZrO2–SBA-15 giver higher activity 

-Multi stacking favours conversion of  

4-6 DMDBT 

(Gutiérrez & 

Klimova 2011) 

TiO2 on MCM41 MoP quinoline and 

decahydroquinoli

ne 

-HDN reaction discussed. 

-5% TiO2 loading is optimum. 

-It enhances C-N bond cleavage 

-Reduces HYD 

(Duan et al. 

2010) 

Silica Ni2P 

and CoP 

Quinoline and 

DBT 

-HDS>HDN 

-Ni2P more active 

(Infantes-

Molina et al. 

2010)  

Carbon nanotubes 

(CNT) and alumina  

CoMo Naptha Cut with 

S=0.12 wt % 

-CNT is good as it favour reduction 

of Mo. 

(Pour et al. 

2010)  

SBA-15 and HMS 

functionalized with 

mercaptopropyl 

groups 

CoMo Thiophene -Higher HDS activity (Parola et al. 

2010) 

TPA 

Modified(Al,Ti, W) 

SBA-15 

NiW Thiophene -HDS activity for W-SBA-15 support 

is high 

(Palcheva et al. 

2009) 

Multi-walled carbon 

nanotubes 

NiMo LGO -HDN and HDS conversion higher 

then NiMo/alumina 

(Eswaramoorthi 

et al. 2008)  

Al2O3 – TiO2 NiMo Thiophene, 

Diesel oil  

-HDN> HDS 

50% TiO2 gives higher activity 

(Grzechowiak 

et al. 2007)  

Carbon and alumina  NiW Thiophene -HDS activity follows the order 

NiW–CyDTA/SiO2 > NiW–

EDTA/SiO2 > NiW–NTA/SiO2 > 

NiW/SiO2 

-Carbon supported is better than 

alumina 

(Hensen et al. 

2007) 
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Table 1.3 shows the effect of phosphorus, boron, Ru, Pd, Sn and Pt on hydrotreating reactions. 

The addition of phosphorus increases the dispersion and acidity, which favors the C-N bond 

scission and thus increases the HDN activity (Sundaramurthy, Dalai, et al. 2008). Chun et al. 

(2011) reported that phosphorus helps in reducing the metal support interaction in a γ-alumina 

supported hydrotreating catalyst, and favors the formation of multiple stacking type II Ni-Mo-S 

phases, which enhances the hydrogenation reactions. They also stated that excess phosphorus 

forms lumps of molybdenum oxide and leads to poor dispersion. It is clear from Table 1.3 that 

addition of additives favors HDN activity, but most of the work is done with alumina supports 

only. The effect of phosphorus on other supports such as mesoporous zeolites, alumino-silicate, 

mixed oxides and modified SBA-15 (Al, Ti, Zr-SBA-15) is rarely discussed in literature. Also, 

limited work is reported in the literature on the combined effects of chelating agents, additives, 

and support modification on HDS, HDN and HDA. 

Steric hindrances by bulky sulfur- and nitrogen-containing compounds and inhibition effects by 

basic nitrogen compounds in gas oil limit the removal of sulfur and nitrogen from these 

compounds. However, sulfur and nitrogen need to be removed in order to reach low levels of sulfur 

and nitrogen in hydrotreated gas oil. To achieve this goal, severe hydrotreating conditions are 

required, resulting in high operating cost. Therefore, it is important to develop/modify a 

hydrotreating catalyst with higher selectivity to remove bulky sulfur- and nitrogen-containing 

compounds at industrial hydrotreating conditions. Based on the literature review, the following 

knowledge gaps were identified: 

1.3 Knowledge gaps 

1. The mechanism of interactions of chelating ligands with catalyst-support and Mo is not 

clear and limited literature is available on the same.  

2. The combined effects of support modifications such as modified SBA-15 (M-SBA-15, 

M=Al, Ti, Al), mesoporous metal oxides and mixed oxides (ZrO2, Al2O3, TiO2 -Al2O3, 

SnO2 -Al2O3) and chelating ligand on the activity of NiMo hydrotreating catalyst have not 

been studied in detail.  

3. Limited work is reported on the effects of combination of additives, chelating ligands, and 

support modification on activity and selectivity towards the removal of bulky sulfur- and 

nitrogen-containing compounds, and the mechanism is not clear yet. 
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Table 1.3 Recent advances in hydrotreating catalyst by additives 

Additives Support 

material 

Active 

metal 

Feed Remarks/findings Year & reference 

P Al2O3 CoMo Straight run 

gas oil 

-Inhibition behavior of N 

compounds were observed 

(Garcia-Gutierrez 

et al. 2014) 

P (0.5, 1.0, 1.5 

and 2.0 wt.%) 

HMS CoMo 4-6, 

DMDBT 

-High P cause medium strength 

acidity 

-Favors isomerization rxn 

-More coking 

(Nava et al. 2011) 

P Al2O3 NiMo DBT & 

Quinoline 

-High HYD selectivity 

-1.2 wt % P is best 

(Xiang et al. 

2011) 

P Al2O3 NiMo

W 

LGO -HDN> HDS (Sundaramurthy 

et al. 2008) 

P Al2O3- 

nitride 

NiMo HGO -1.6wt % P loading is optimum 

-HDN increases, No effect on HDS 

(Sundaramurthy 

et al. 2008) 

P Al2O3- 

carbide 

NiMo LGO -incremental effect on 

HDNactivity 

 -No effect on HDS 

(Sundaramurthy 

et al. 2007) 

B Al2O3 CoMo DBT and 

4,6-

DMDBT 

-3-5% B loading is optimum (Saih & Segawa 

2009) 

B Al2O3 NiMo DBT, o-

xylene 

-Increase in HDS (Giraldo & 

Centeno 2008) 

Ga Al2O3 WS2 DBT -Increase in HDS (Díaz de León et 

al. 2010) 

Ru &Pd Al2O3 NiMo DBT & 

SRGO 

-Ru & Pd help in hydrogenation 

-Ru =0.5% wt –performed better 

(Navarro et al. 

2009) 

Pt and Sn  Al2O3 

and SiO2 

PtSn Carbazole 

& 4,6-

DMDBT 

-PtSn/ SiO2 more active than PtSn/ 

Al2O3 

-More HDN because of  

enhancement of  HYD route  

(Lewandowski & 

Sarbak 2008) 

Triethylene 

Glycol and P 

Al2O3 CoMo 4-6 

DMDBT 

-Study sulfidation mechanism 

-Activity increases by DDS route  

(Nguyen et al. 

2011) 

Ethylene glycol 

and P 

Al2O3 NiMo DBT and 

SRGO 

-Study on HDS in activity (Escobar et al. 

2009) 

Citric acid and B Al2O3 CoMo Thiophene -Increases activity (Rinaldi et al. 

2009) 
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1.4 Hypothesis 

1. Chelating ligands will enhance (i) active metal dispersion, (ii) the formation of more 

octahedral MoO3, (iii) the amount of type II Ni-Mo-S active phases, and (iv) the optimum 

metal support interactions.  

2. Mesoporous support materials with high surface areas and ordered textural characteristics 

will increase the dispersion of active metals. Also, different types of supports will provide 

different metal support interactions and acidic properties, which will affect the active sites 

morphology. Additionally, chelating ligands will further boost hydrodesulfurization, 

hydrodenitrogenation and hydrodearomatization activities. 

3. Chelating ligands and additives such as phosphorus and boronwill help in multiple stacking 

of MoS2 active phase, resulting in enhanced hydrogenation reactions. This will improve 

HDS, HDN and HDA activities. Also, the use of additives will help to optimize metal 

support interaction, acidity and dispersion. 

1.5 Objectives 

The overall objectives are to understand the role of chelating ligands, phosphorus and support 

modifications on the activity and selectivity of NiMo hydrotreating catalysts, and to possibly 

modify/develop a catalyst to improve the hydrotreating activity for the removal of heavy sulfur 

and nitrogen-containing compounds present in actual feed at industrial hydrotreating conditions.  

Sub-objectives 

1. To study the effect of chelating ligands on sulfidation mechanism and hydrotreating 

activity. 

2. To study the support effect and the combined support and chelating ligand effect on the 

activity of catalyst for the removal of bulky nitrogen and sulfur-containing compounds 

present in HGO. 

3. To study the combined effect of additives, support modifications and chelating ligands on 

the selectivity and activity of catalysts for HDN and HDS of HGO. 

4. To perform kinetics and a long-term deactivation study. 
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1.6 Organization of the thesis 

In this research, various catalysts were synthesized, characterized and tested for the hydrotreating 

of heavy gas oil in a continuous trickle bed reactor under industrial hydrotreating conditions. The 

results from various characterization techniques were analyzed and explained to correlate the 

corresponding catalytic activities. The work conducted to accomplish the research objective was 

divided into four phases. This thesis is comprised of 10 chapters and describes the research 

outcomes for each phase.  

 

The first phase examined the effect of ethylenediaminetetraacetic acid (EDTA) (a chelating ligand) 

on hydrotreating activity and the sulfidation mechanism. The results are presented in Chapter 2. 

EDTA was seen to have a beneficial effect on hydrotreating activity. Detailed mechanistic aspects 

of interactions between support and EDTA, EDTA and metallic species, support and metal, 

support and active phase, metallic species and metallic species at different reaction conditions were 

also studied. It was shown that EDTA plays a role in redistribution of active phases during 

sulfidation and favors the formation of octahedral molybdenum oxides.   

 

The second phase examined the effects of support modifications and combinations of support 

modification and EDTA.  In this phase, several mesoporous materials, including M-SBA-15 (M= 

Al, Ti and Zr), mesoporous mixed metal oxides (TiO2-Al2O3, ZrO2-Al2O3 and SnO2-Al2O3) and 

mesoporous metal oxides (ZrO2, Al2O3), were synthesized and used as support materials for NiMo 

hydrotreating catalyst.  The research outcomes of this phase are presented in Chapters 3 to 7. 

Chapter 3 presents the synthesis and characterization of M-SBA-15 supported NiMo catalysts with 

and without EDTA. Chapter 4 describes the effects of mesoporous zirconia, with and without 

EDTA, on the hydrotreating of HGO. Chapter 5 reports on the effect of acidic strength on catalytic 

activity, using mesoporous mixed metal oxides. Chapter 6 describes the synthesis and 

characterization for different pore size mesoporous alumina and their effect on hydrotreating of 

HGO. Chapter 7 explains the combined effects of EDTA and (i) mesoporous alumina and (ii) 

mesoporous titania-alumnia. 

The third phase included adding phosphorus and studying the combined effects of phosphorus, 

EDTA and support modification on hydrotreating activity of NiMo-supported catalysts. The effect 
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of the method of phosphorus addition (sequential and co-impregnation method) were also studied. 

The details are presented in Chapter 8. 

Chapter 9 describes the kinetic and long-term deactivation study, which was the fourth and last 

phase of this research. This chapter includes the mass transfer evaluation and kinetic parameter 

estimation using the Power Law and L-H models. Chapter 10 summarizes the findings of the entire 

research project and provides recommendations for future work. 
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Chapter 2 

2 The effect of EDTA on the structure and catalytic properties of sulfided 

NiMo/SBA-15 catalysts for hydrotreating reactions 

2.1 Chapter overview  

This chapter discusses the results of a study on the effect of EDTA on the sulfidation mechanism 

and activity of a NiMo/SBA-15 catalyst for hydrotreating light gas oil (LGO). The NiMo/SBA-15 

catalysts were synthesized with different EDTA/Ni molar ratios. All catalysts, with and without 

EDTA, were characterized using N2 adsorption, X-ray diffraction (XRD), Fourier transform 

infrared spectroscopy (FTIR), CO-chemisorption, high-resolution transmission electron 

microscopy (HRTEM) and X-ray near edge absorption spectroscopy (XANES). XANES 

technique is the predominant method for atomic-level study of various structural changes in 

sulfided and oxide catalysts. A detailed scheme has been developed to explain the behavior of a 

chelating agent in mesoporous SBA-15-supported catalysts. Most of the content in this chapter is 

published in the paper: “Badoga, S., Mouli, K. C., Soni, K. K., Dalai, A. K., & Adjaye, J. (2012). 

Beneficial influence of EDTA on the structure and catalytic properties of sulfided NiMo/SBA-15 

catalysts for hydrotreating of light gas oil. Applied Catalysis B: Environmental, 125, 67–84.” 

Elsevier holds the copyright, and written permission to use the above-mentioned paper in this 

thesis was obtained from Elsevier (see Appendix C). 

Chapter 2 addresses objective 1 of this research. The contributions of the PhD candidate to the 

manuscript included the following: (i) synthesizing and characterizing the material, (ii) performing 

hydrotreating reaction studies, (iii) analyzing the results in detail, and (iv) writing the paper and 

replying to reviewers’ comments. Drs. K.C Mouli and K.K Soni (postdoctoral fellows) have 

provided support by reviewing the synthesis procedure of the materials. The supervisors, Drs. A.K 

Dalai and J. Adjaye, provided overall guidance, reviewed the experimental data analysis, 

submitted the paper and monitored the research progress. 
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2.2 Abstract 

SBA-15 supported NiMo hydrotreating catalysts with different EDTA/Ni molar ratio were 

prepared by incipient wet impregnation method. Hydrotreating activities of these catalysts were 

studied with Athabasca bitumen-derived LGO and compared with NiMo/SBA-15 and NiMo/γ-

Al2O3 catalysts. A beneficial effect of chelating ligand was seen in the hydrotreating activities. A 

28% increase in hydrodesulfurization (HDS) activity of light gas oil (LGO) was found for catalyst 

having EDTA/Ni molar ratio 4, as compared to HDS activity showed by NiMo/ γ-Al2O3 catalyst. 

Using different characterization techniques such as XANES, FT-IR, HRTEM, XRD, Raman, TPR, 

ICP-MS, CO-chemisorption and N2 adsorption, detailed mechanistic aspects of interactions 

between support-EDTA, EDTA-metallic species, support-metal, and metallic species–metallic 

species at different reaction conditions were studied at different process parameters. A detailed 

scheme was developed to explain the behavior of chelating agents in mesoporous SBA-15 

supported catalysts.  HRTEM results explain the high dispersion of Ni and MoS2 active phases in 

a sulfided state, even though bigger crystallite of MoO3 was seen in an oxide state, as characterized 

by XRD and Raman spectra. The high dispersion of molybdenum sulfide explains role of EDTA 

in redistribution of active phases during sulfidation. XANES technique is the predominant method 

used for atomic-level study of various structural changes in sulfided and oxide catalysts to find the 

appropriate reaction mechanism. Characterization by XANES revealed that the presence of a 

chelating agent delayed Ni sulfidation, which is the main cause for improvement in HDS and HDN 

activities. Nickel starts to sulfide only when the EDTA-Ni complex decomposes, and the released 

nickel ions migrate to the edges of the MoS2 slabs to form a highly dispersed Ni–Mo–S type II 

active phases. 
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2.3 Introduction 

Hydrotreating is the process in refining industry for the removal of hetero-atoms such as sulfur, 

nitrogen and poisonous metals like vanadium, nickel, and arsenic from crude oil (Okamoto et al. 

2003). The available petroleum reserves worldwide are heavier than ever, with substantial 

increases in sulfur and nitrogen content. Additionally, new environmentally driven regulations 

require significant improvement in the quality of fuels (Song 2003). As per current US EPA 

regulations, sulfur content in transportation fuels is limited to 15 ppm. Consequently, hydrotreating 

catalysts with enhanced activity and selectivity are required to meet these sulfur specifications 

(Rinaldi et al. 2010). In recent years, research has been primarily focused on increasing the activity 

of catalysts, and significant progress has been achieved by changing the type of support materials, 

modifying the catalyst preparation methods, modifying the active metal species, using additives 

like fluorine, phosphorous and boron, and using chelating ligands (Sun et al. 2003; Breysse et al. 

2003a; Ninh et al. 2011; P.E. Boahene et al. 2011). 

Alumina-supported sulfided Ni(Co)-Mo(W) catalysts were extensively used for hydrotreating of 

gas oil. In the recent years, intensive efforts have been made to modify these catalysts using a 

variety of methods. One method is to modify the support material. Different supports such as 

molecular sieves (Kunisada et al. 2004), silica-aluminas (Klimova et al. 2008), zirconia (Duchet et 

al. 1991), titania (Ramirez et al. 1989a), niobia (Faro Jr & Dos santos 2006), other mixed oxides 

(Escobar et al. 2008; Kaluza & Zdrazil 2008) and zeolites (Ding et al. 2006; Kumaran et al. 2006) 

were used for hydrotreating. Recently, mesoporous materials such as MCM-41, HMS, SBA-15, 

KIT-6, and FSM-16 (Trong On et al. 2003; Sentorun-Shalaby et al. 2011; Soni et al. 2011; Chandra 

Mouli et al. 2011; Vradman et al. 2003; Klimova et al. 2004; Soni et al. 2009; Soni et al. 2010; 

Garg et al. 2008) have gained attention due to their ordered pore structure and larger surface areas. 

SBA-15-supported NiW catalyst has shown exceptional hydrodesulfurization (HDS), activity as 

reported by Vradman et al. (2003). Also, Dhar et al. (2005) observed a 2–2.5 times increase in 

activity as compared to a γ-Al2O3 supported catalyst.  

It is also well recognized that the use of chelating agents is an efficacious way to improve catalytic 

activity. Shell’s 1986 patent on use of the chelating ligand nitrilo triacetic acid (NTA) described 

the improvement in performances of CoMo catalysts (Thompson 1986). Many chelating ligands 

such as citric acid, glycol, 1,2-cyclohexanediamine-tetraaceticacid (CyDTA), nitriloacetic acid 
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(NTA), ethylene diamine tetraacetic acid (EDTA), and ethylenediamine (EN) with hydrotreating 

catalyst were used and showed positive effects (Stanislaus et al. 2010; Kishan et al. 2000; Cattaneo 

et al. 1999; Rana et al. 2007). Molecules having two or more donor atoms (called dentates) to bind 

a metal cation are called chelating ligands. These agents favor the formation of a stable complex 

with Ni or Co as compared to Mo. Further, above 200 oC, these chelating ligands start to 

decompose to release Ni or Co. The released Ni and Co atoms then sulfide and move to the edges 

and corners of MoS2 slabs to create the Ni–Mo–S type II active phases (Dugulan et al. 2004). The 

chelating agents also help increase the hydrotreating activity by reducing the metal support 

interactions, which results in the formation of more type II Ni–Mo–S active sites. This is also 

confirmed by Extended X-ray absorption fine structure (EXAFS) analysis of CoMo/Al2O3 catalyst, 

with and without chelating agents (Cattaneo et al. 2000). In another study by Cattaneo et al. (2001) 

on the role of chelating ligands on silica and alumina supported NiMo catalysts, they observed that 

chelating ligand only forms complex with Ni unless higher concentration of chelating ligand was 

taken. This results in higher dispersion of Ni ions. Blanchard et al. (1995) also observed the similar 

effect of ethylenediamine on cobalt dispersion in CoMo/γ-Al2O3 catalyst. However, they did not 

observe any Mo-ethylenediamine interactions at higher loading. Various studies have been done 

to apprehend the effect of chelating ligands on the morphology of active phase. The TEM study 

by Hensen et al. (2001) and Okamoto et al. (2003) for the catalyst Mo/Al2O3 with NTA showed 

that there is an increase in the length and stacking degree of MoS2 slabs. For CoMo/Al2O3 catalysts 

with EDTA, Gonzalez-Cortés et al. (2004) reported similar findings. However, Hiroshima et al. 

(1997) concluded from an EXAFS study that molybdenum dispersion is not affected by the use of 

NTA in CoMo/Al2O3 catalyst.  

Hence, in the literature there are some contradictions regarding the role played by chelating ligands 

on the hydroprocessing activity. Therefore, the objective of the current study is to determine the 

effect of EDTA on active phase dispersion and morphology, and relate it to catalytic activity more 

systematically. In this current study, the detailed mechanistic aspect of interactions between 

support-EDTA, EDTA-metallic species, support-metal, support-active phase, and metallic 

species–metallic species at different reaction conditions were studied at different process 

parameters using different characterization techniques such as XANES, FTIR, HRTEM, XRD, 

Raman, and TPR. A detailed scheme was developed to represent all these interactions, sulfidation 

mechanism and genesis of active phase at different temperatures.  XANES technique is a 
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predominant tool used for atomic-level study of various structural changes in sulfided and oxide 

catalysts to find out the appropriate mechanism of the reaction. A set of EDTA–NiMo/SBA-15 

catalysts with varying EDTA/Ni molar ratio were studied while the amounts of Ni and Mo were 

held constant. The effect of EDTA on hydrotreating activities was tested using LGO as feedstock. 

The hydrotreating activities were studied in a fixed-bed reactor operating under industrial 

conditions. 

2.4 Material and methods 

2.4.1 Materials 

P123, Poly(ethylene oxide)-blockpoly(propylene oxide)-block-poly(ethylene oxide), ammonium 

heptamolybdate, nickel nitrate and EDTA (ethylenediaminetetraacetic acid) were obtained from 

Sigma-Aldrich, Edmonton, Canada. Tetraethoxysilane (TEOS) was obtained from Alfa Aesar, 

USA. Anhydrous ethanol, hydrochloric acid and ammonium hydroxide were obtained from Fisher 

Scientific, Saskatoon, Canada.  

2.4.2 Synthesis of SBA-15 and NiMo/SBA-15 catalysts with varying EDTA/Ni molar ratio 

2.4.2.1 SBA-15 preparation 

The P123 was used as structure directing agent (SDA) for synthesis of SBA-15 material. The 

tetraethylortho silicate (TEOS) was used as a precursor for silica. In a typical synthesis, 60 ml of 

water at 40 °C was taken in container A, and 8 g of P123 was mixed into it. The mixture was 

stirred for 4 h and the temperature of the solution was maintained at 40 °C. To this solution, 2 M 

HCl solution was added and again stirred for 1 h (the composition was 20 SiO2:0.16 P123:0.46 

HCl). To this container A, 18.2ml of TEOS was added drop-wise while stirring. The resultant 

turbid solution was allowed to stir for 24 h at 40 °C. The formed gel solution was hydrothermally 

treated in closed container (Teflon bottle) at 120 °C for 72 h. The material was filtered, dried (at 

room temperature) and calcined at 500 °C for 5 h at ramp rate of 1 oC/min (Soni et al. 2012; 

Sundaramurthy et al. 2008). 

2.4.2.2 Catalyst Preparation 

All the catalysts were synthesized on SBA-15 support by sequential wet impregnation procedure. 

First of all, the SBA-15 material was dried at 110 oC for 5 h to remove moisture. Then the 
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ammonium hepta molybdate solution was wet impregnated on SBA-15 to form Mo/SBA-15 

catalyst (12.5 wt% Mo). The sample was dried at 100 oC for 6 h and then calcined at 550 oC for 5 

h to get Mo/SBA-15. The resulting material was used to synthesize NiMo/SBA-15 catalysts having 

various EDTA/Ni ratios (0–2 molar ratio). NiMo/SBA-15 was prepared by impregnating 2.5 wt% 

of Ni on Mo/SBA-15 with nickel nitrate solution. The nickel nitrate and ethylenediaminetetraacetic 

acid (EDTA) were together dissolved in aqueous solution (with ammonium hydroxide) and wet 

impregnated on Mo/SBA-15 to obtain catalysts with EDTA. The impregnated powder was dried 

at 120 oC for 5 h. NiMo/SBA-15 (EDTA/Ni =0) was calcined at 550 oC for 6 h but calcination was 

not carried out for NiMo/SBA-15 (EDTA/Ni =1 &2). These samples were designated by CAT 0 

(NiMoSBA-15; without chelating agent), CAT 1(NiMo/SBA-15, EDTA/Ni molar ratio 1) and 

CAT 2 (NiMo/SBA15, EDTA/Ni molar ratio 2). For comparison purposes, NiMo/Al2O3 catalyst 

was also synthesized using the sequential wet impregnation method.  

2.4.3 Characterization 

2.4.3.1 ICP-MS 

A 0.1-g sample was dissolved in 5 ml nitric acid (concentrated) at 80 °C for 2-3 days.  Then 100 

ml of millipore water was added to make a 5% nitric acid solution by volume. The sample was 

taken from this solution for ICP-MS analysis. However, prior to analysis, the sample was filtered 

using a 0.22-µm filter. 

2.4.3.2 Measurement of N2 adsorption–desorption isotherms 

The textural properties were measured by adsorption of nitrogen at 77 K using a Micromeritics 

ASAP 2000 instrument. The samples were degassed at 200 °C before the analysis. The surface 

area and pore volume were determined using Brunauer–Emmett–Teller (BET) method. The P/Po 

data in range from 0.01 to 0.95 were considered. The pore diameter and pore size distribution of 

the samples were determined using the Barrett, Joyner, Halenda (BJH) method. Further details are 

included in the previous work from our group (Soni et al. 2012). 
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2.4.3.3 X-ray diffraction (XRD) analysis 

The XRD profiles for the samples were obtained using a Bruker Advance D8, series II, Powder 

diffractometer with Cu K-α radiation. Low-angle XRD patterns were obtained from 0.5–9o with 

step size of 0.01o . The wide-angle scan was made from 10–80o with 2θ step size of 0.05o.  

2.4.3.4 X-ray absorption near-edge structure (XANES) spectroscopy 

The S K-edge, Ni K-edge and Mo LIII-edge XANES spectra of the sulfided and oxide catalysts   

were acquired in SXRMB beamline at the Canadian Light Source (CLS), Saskatoon, SK, Canada. 

The powdered samples were finely dispersed on double-sided conducting carbon tapes and the 

data was collected in total electron yield and fluorescence yield. Further details were mentioned in 

Appendix D. 

2.4.3.5 Raman spectroscopy 

Raman spectra for samples were obtained from Renishaw InVia Reflex Raman microscope using 

Ar+ laser (Spectra Physics Model 153-M42-010). The Raman Microscope was working at 514.5 

nm and 1800 line/mm grating. The Raman signals were recorded using a Peltier-cooled CCD 

detector. The internal silicon sample was used to verify the calibration, which was at 520 cm-1 

(Maley et al. 2011). 

2.4.3.6 Temperature programmed reduction (TPR) 

Hydrogen-TPR analysis of the catalysts was performed using TPD/TPR Quantachrome 

AutosorbiQ instrument. All of the samples were calcined at 550 °C before TPR experiments. A 

100-mg sample was packed in the bottom section of a quartz tube using quartz wool. The sample 

was purged in-situ with He for 1 h at 400 °C to remove any moisture or volatile impurities. The 

sample was then cooled, and a gas mixture 3% H2/N2 (v/v) was flown over the sample with a flow 

rate of 30 ml/min. The thermal conductivity detector (TCD) was turned on and stabilized for 30 

min. Then the sample was heated to 1000 °C with ramp rate of 10 °C/min. The TPR profiles were 

recorded by TCD detector and transmitted to computer software.   
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2.4.3.7 CO Chemisorption 

Using the Micromeritrics ASAP 2020 instrument, the carbon monoxide uptake on catalysts was 

measured to determine percentage metal dispersion. The sample was pre-treated in instrument for 

moisture removal in the presence of helium gas at 110 °C for 60 min. Prior to the CO chemisorption 

measurements, the sample was reduced in-situ in presence of H2 flow at 350 °C and was 

maintained at 350 °C for 2 h. The sample was then cooled to 35 °C, and the CO gas was injected 

into the sample tube. The CO uptake by the sample was recorded. The following expression was 

used to calculate the percentage metal dispersion of the active metal available for interaction with 

the adsorbate: 

  ….2.1 

where, 

 %MDisp      = metal dispersion (%) 

V       = volume intercept derived from the best line fit to the volume differences   

between the selected points of the first analysis and the repeat analysis  (cm3/g 

STP) 

             𝑆𝐹𝐶𝐴𝐿𝐶       = calculated stoichiometry factor 

2.4.3.8 High resolution - Transmission electron microscopy (HRTEM)  

The HRTEM images were obtained with a JEOL 2011 STEM. The powdered samples were 

sonicated in ethanol in an ultrasonic bath. Then, a drop of solution was positioned on the 200-mesh 

carbon coated copper grid and allowed to dry overnight; it was then put in TEM. 

2.4.3.9 Fourier transform infrared spectroscopy (FT-IR) 

FT-IR spectra were obtained using a Perkin Elmer Spectrum GX instrument (USA). The spectra 

were obtained in the wavenumber range of 400–4000 cm−1 with a resolution of 4 cm−1. Average 

of 16 scans for each analysis was reported. The samples were dried in oven at 110 °C for 8 h before 

FTIR measurement was performed. The samples were diluted with KBr (for 10 mg sample, add 



29 
 

200 mg of KBr) and then they were pelletized. The pellet was then placed in the instrument to get 

the infrared spectra.  

2.4.4 Catalytic activity  

The hydrotreating of bitumen-derived coker light gas oil (KLGO) was performed in a continuous 

trickle-bed reactor operating at industrial conditions. The sulfur and nitrogen content in KLGO 

was 2.3 wt.% and 0.24 wt.%, respectively, and the specific gravity was 0.95 at 25 °C. The carbon 

numbers were in the C11-C28 range and the boiling range was 200–450 °C.  The hydrotreating 

reaction setup is shown in Figure 2.1. The setup consists of a feed tank and feed pump, through 

which feed is pumped into a reactor. The mass flow controller was used to regulate the hydrogen 

flow. The reactor was heated to the desired temperature using a furnace. The hydrotreated product 

was scrubbed through a water scrubber to remove dissolved ammonia before it was collected in 

sample tank. The dimensions of reactor are length: 240mm and internal diameter: 12 mm. The 

length of the catalyst bed is 10.5 cm (approx.). It consists of a catalyst (5 cm3) and 90 mesh silicon 

carbides (12 cm3). The details on loading the catalyst into the reactor is provided in previous work 

from our group (Sundaramurthy et al. 2005).  

Figure 2.1 Hydrotreating reaction experiment setup. 
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Sulfidation of the catalyst was done by injecting 5 mL/min of sulfiding solution in two steps. First 

at 8.8 MPa and 193 °C for 24 h and then the temperature was raised to 343 °C for another 24 h. 

The sulfiding solution was made by mixing 14.5 ml of butanethiol in 500 ml of clean oil. The gas-

to-oil ratio of 600 mL/mL was maintained during sulfidation. After sulfidation, the hydrotreating 

reactions with KLGO were performed at 370 °C, 8.8 MPa and 2 h-1 (LHSV) for 5 days. This phase 

is called as precoking of catalyst. In this stage the catalyst was stabilized. Then after precoking, on 

the sixth day onwards, the hydrotreated samples were tested for HDN and HDS activities. The 

activity study was performed at three different temperatures of 330 °C, 350 °C, and 370 °C. The 

samples were collected every 12 h for 3 days at each temperature. The 24 h sample after each 

temperature change was discarded. Each sample was stripped with nitrogen to remove dissolved 

hydrogen sulfide. ASTM D4629 combustion/chemiluminence method was used to measure the 

total nitrogen content and ASTM D5463 combustion/fluorescence method was used to measure 

the total sulfur content. The concentration of sulfur and nitrogen was measured using Antek 9000 

NS analyzer. In N and S analysis, ±2% instrumental error was observed.  

2.5 Results and discussion 

2.5.1 N2 Adsorption–desorption isotherms 

The textural characteristics of catalysts were determined by BET and BJH method. Each sample 

was analysed in BET for three times. The average values were reported in Table 2.1. N2 

Adsorption–desorption isotherms of NiMo/SBA-15 catalysts, with and without chelating agents 

are given in Figure 2.2. All the catalyst samples show type-IV adsorption isotherms with a H1 type 

hysteresis loop. This represents the hexagonal pore system of SBA-15 material. Figure 2.2 shows 

that the structure does not change even after Mo, Ni and EDTA loading. This signifies that the 

SBA-15 material is stable. The inserted narrow pore size distribution graph in Figure 2.2 indicates 

the average pore diameter of SBA-15 supported catalysts is around 6.7 nm. 
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Figure 2.2 N2 adsorption-desorption isotherm and BJH pore size distribution of NiMo/SBA-15 

catalysts (A) CAT 0 (B) CAT 1 (C) CAT 2  

The numerical data of BET and BJH results are summarized in Table 2.1, which indicates the 

decline in the surface area and pore volume upon loading of nickel and molybdenum oxide, which 

further reduces with EDTA loading. The specific surface area and total pore volume decreases 

from 441 m2/g and 0.85cm3/g in CAT 0 to 282 m2/g and 0.57 cm3/g in CAT 2, respectively, 

whereas the average pore diameter remains the same (around 6.7nm) for CAT 0, CAT 1 and CAT 

2.  

This could be explained by substantial blocking of pore openings by large MoO3 cystallities (as 

discussed below in XRD analysis) and Ni-EDTA complex. Figure 2.2 shows that SBA-15 has 

ordered hexagonal pore structure with narrow pore size distribution. Thus, the blocking of pore 

openings by MoO3 crystallites reduces the total surface area and volume, not the average pore 

diameter. However, large MoO3 cystallities break down and re-disperse during sulfidation 

(Scheme 2), making pores accessible for the reaction. The re-dispersion is probably more uniform 

due to narrow pore size distribution and ordered hexagonal pore structure of SBA-15 catalyst. 
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Table 2.1 Textual properties of SBA-15 supported catalysts 

Catalyst 
BET Surface 

area (m2/g) 

Pore Volume 

(cm3/g) 

Avg. pore 

diameter (nm) 

CAT 0 :   NiMo/SBA15, Without EDTA                          441 0.85 6.6 

CAT 1 :   NiMo/SBA15, EDTA/Ni molar ratio 1    351 0.71 6.9 

CAT 2 :   NiMo/SBA15, EDTA/Ni molar ratio 2    282 0.57 6.7 

2.5.2 X-ray diffraction 

XRD studies were done to understand the crystallographic properties of the support material and 

catalysts. The low-angle XRD pattern for supported NiMo/SBA-15 catalysts with different 

EDTA/Ni ratios are shown in Figure 2.3. The XRD pattern for SBA-15 shows three well-resolved 

peaks (indexable as d100, d110 and d200) linked to the hexagonal ordered pore structure (Boahene et 

al. 2012). However, in this case the two peaks due to d110 and d200 have been merged and one 

broader peak is observed instead of two small peaks. It is clear from Figure 2.3 that the intensity 

of all three peaks in all catalysts are almost same, indicting the intact hexagonal structure of 

material after NiMo and EDTA loadings. 

Powder wide-angle XRD patterns for NiMo/SBA-15 catalysts with different EDTA loading are 

shown in Figure 2.4. It can be seen from Figure 2.4 that a broad peak between 20 to 30 degrees 

can be observed for all samples, which corresponds to amorphous silica material. Diffraction peaks 

due to the orthorhombic MoO3 crystalline phase is observed in all catalysts. It is clear from the 

figure that dispersion of MoO3 reduces with increasing the amount of EDTA in catalysts. The 

intensity of sharp peaks at 12.7, 23.3, 25.7 and 27.3 degrees is higher for CAT 1 and CAT 2 

catalysts compared to CAT 0 catalysts, indicating the presence of large MoO3 crystallites and poor 

dispersion in CAT 1 and CAT 2 catalysts. In the case of CAT 0, an additional peak of β-NiMoO4 

phase is observed at 26.7 degrees (Moreno et al. 2010).  
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Figure 2.3 Low angle XRD pattern of NiMo/SBA-15 catalysts (A) CAT 0 (B) CAT 1 (C) CAT 2 

The approximate crystallite size for MoO3 is calculated using Scherrer’s equation (Cullity 1978),  

           ….2.2                                            

 

Where davg-size is the average crystal size, λ the X-ray wavelength, β the FWHM (full width at half 

max) of the reflection peak, and θ is the Bragg angle (Cullity 1978). The MoO3 crystallite size for 

CAT 0 is 15 nm; for CAT 1 and CAT 2 catalysts, it is almost same and equals 25 nm. This is larger 

than the internal pore diameter of SBA-15. Therefore, these crystallites sit on the pore mouth of 

the support and block some pores as shown in Scheme 2. In the CAT 0 catalyst, the presence of 

nickel significantly improves the dispersion of Mo species (Gutierrez et al. 2008), whereas in case 

of catalysts with EDTA, nickel forms a complex with EDTA and does not play any role in 

dispersion of MoO3. This leads to a larger MoO3 crystal size in CAT 1 and CAT 2 as compared to 
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CAT 0, which results in the sharp crystalline peaks in the CAT 1 and CAT 2 catalysts. The metal 

dispersion of CAT 1 and CAT 2 improve significantly during sulfidation of molybdenum, as 

discussed in the CO chemisorptions and HRTEM section (2.5.5.3). 

 

Figure 2.4 Wide angle XRD pattern of NiMo/SBA-15 catalysts (A) CAT 0 (B) CAT 1 (C) CAT 

2, (*) represents MoO3 peaks and (+) represents β-NiMoO4 peaks 

2.5.3 XANES analysis at three different sulfidation temperatures 

2.5.3.1 Ni K-edge of oxide and sulfide catalysts 

Figures 2.4, 2.5 and 2.6 show the Ni K edge XANES spectra for catalysts CAT 0, CAT 1 and CAT 

2 sulfided at three different temperatures 150 oC, 250 oC and 350 oC along with the reference 

spectra for nickel oxide (octahedral geometry) and nickel sulfide (a mix of different nickel sulfides: 

pyrite-shaped NiS2, tetrahedral Ni3S2 or octahedral NiS). Ni K-edge for NiO shows an intense peak 

at 8355 ev due to dipole-allowed 1s to 4p transition, which is a property of transition metals. With 

reduction of nickel oxide to nickel sulfide the peak becomes less intense and broad as seen in 

Figures 2.4, 2.5 and 2.6 for reference peak of nickel sulfide (Oyama et al. 2009; Mazoyer et al. 

2005). This change in peak intensity and broadness also confirms that the octahedral coordination 

of nickel in nickel oxide is changed to tetrahedral or a mixture of octahedral Oh, tetrahedral Th and 
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other lower coordinations during the formation of nickel sulfide (Farges et al. 1997). Pre-edge 

spectra offers insight into the oxidation state and coordination geometry. Sharp pre-edge peak 

signifies the Td symmetry, and small pre-edge peak signifies the octahedral symmetry. But for Td 

symmetry the pre-edge peak intensity decreases as the periodic table progresses from Fe to Cu, 

and it is absent for Zn. This decline in intensity is because of the progressive filling of the 3d band. 

It indicates that the pre-edge peak intensity for Oh and Td is almost same for Ni (Lytle et al. 1988). 

Therefore, it is difficult to conclude anything from pre-edge in this case.   

It is clear from Figure 2.5 that Ni in CAT 0 catalysts is fully sulfided at 150 oC, as it resembles the 

XANES for reference nickel sulfide; whereas in CAT 1 and CAT 2, the Ni is still in an oxide state. 

This shows that EDTA helps in delaying the sulfidation of nickel. The sulfidation in catalysts CAT 

1 and CAT 2 starts at 250 ⁰C (see Figure 2.6) because the EDTA complex becomes unstable at 

around 220 oC and releases the Ni, which starts to sulfide. Figure 2.7 shows complete sulfidation 

of Ni at 350 oC. It can also be seen in Figure 2.7 that the Ni K-edge peak for CAT 1 and CAT 2 is 

sharp, whereas for CAT 0 it is broad. The sharp peak represents the octahedral geometry, whereas 

the broad peak is for tetrahedral geometry. As reported earlier, Ni sulfides in different coordination 

geometries, and the octahedral NiS are most favored for hydrotreating (Ryan et al. 1989); 

therefore, it can be assumed from Ni K-edge spectra that with EDTA, more octahedral NiS is 

formed. Another explanation for the difference in sulfided CAT 1 and CAT 2 Ni K-edge at 350 °C 

in reference to nickel sulfide spectra could be that the sulfidation of nickel is incomplete. On 

performing the linear combination fit of the spectra for CAT 1 and CAT 2 with reference to NiO 

and nickel sulfide, it was observed that CAT 1 and CAT 2 had 15% and 7% NiO character, 

respectively, and the balance is nickel sulfide. Hence, the increase in EDTA concentration results 

in better sulfidation. 
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Figure 2.5 XANES spectra of sulfided Ni K- edge of (A) CAT 0 at 150oC (B) CAT 1 at 150 oC 

(C) CAT 2 at 150 oC (D) NiO (E) nickel sulfide 

 

Figure 2.6 XANES spectra of Ni K- edge of (A) CAT 0 at 250oC (B) CAT 1 at 250 oC (C) CAT 

2 at 250 oC (D) NiO (E) nickel sulfide 
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Figure 2.7 XANES spectra of sulfided Ni K- edge of (A) CAT 0 at 350oC (B) CAT 1 at 350 oC 

(C) CAT 2 at 350 oC (D) NiO (E) nickel sulfide 

2.5.3.2 Mo LIII edge of oxide and sulfide catalysts 

Mo LIII edge was studied for oxide and sulfide states to better understand the effects of EDTA on 

Mo coordination and dispersion. Figure 2.8 shows the Mo LIII edge spectra for catalysts CAT 0, 

CAT 1 & CAT 2 at oxide states, along with reference spectra for MoO3 (octahedral symmetry) 

and alpha-NiMoO4 (octahedral). In all Mo LIII edges, there is a white line at around 2525ev 

corresponding to 2p to 4d electronic transitions, and the splitting in LIII edge is because of the 

ligand field splitting of the d orbitals. As per Rodriguez et al. (1998) splitting of Mo 4d orbital is 

smaller in a tetrahedral co-ordination as compared to an octahedral coordination. If the most 

intense peak of split peak is at higher energy, the geometry is tetrahedral; otherwise it is octahedral. 

So it can be assumed from XANES Mo LIII edge that reference MoO3 (splitting distance 3eV) and 

NiMoO4 (α-phase) are in octahedral geometry. It can also be seen in Figure 2.8 that the splitting 

between 4d orbitals in Mo LIII edge of CAT 0 is smaller (1.6ev peak to peak to distance) and also 

the intensity of split peaks is almost same. This signifies that Mo is in a mixture of octahedral 

MoO3, alpha NiMoO4 and Beta- NiMoO4 tetrahedral symmetry. But, with increasing the EDTA 

loading from CAT 1 to CAT 2, the splitting increases (2.5eV to 2.9eV) and more closely resembles 
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octahedral MoO3 peaks (splitting distance 3eV), which is quite obvious because EDTA forms 

complexes with Ni and much less Ni is available to form NiMoO4 phases. In the case of higher 

EDTA loading (CAT 2), less Ni is available, which consequently increases the presence of MoO3 

octahedral phase. Similar results have been found in XRD and RAMAN analysis (see sections 3.2 

and 3.4). 

 

Figure 2.8 XANES spectra Mo LIII-edge of (A) CAT 0 oxide (B) CAT 1 oxide (C) CAT 2 oxide 

(D) MoO3 (E) NiMoO4 

Mo LIII edge for sulfided catalysts CAT 0, CAT 1 and CAT 2, and references for MoS2 and MoO3 

are shown in Figures 2.8 and 2.9. Mo in MoO3 is in +6 oxidation state, whereas in MoS2 it is in +4 

oxidation state. This difference is the reason for the shifting in peak energies by 3eV between two 

spectra of MoS2 and MoO3 (Chaturvedi et al. 1998). In the case of CAT 1 and CAT 2 at 150 oC, 

the Mo LIII edge is at a similar energy to that of MoO3, which reflects that sulfidation of MoO3 

does not start at 150 oC. For CAT 0, Mo LIII edge is between the energy of MoO3 and MoS2 LIII 

edge (1.2eV below that of MoO3). This signifies that Mo is in between +4 and +6 oxidation state, 

indicating that Mo in NiMoO4 gets partially reduced upon sulfidation of NiMoO4. It does not 

happen with a catalyst with EDTA because there is almost no NiMoO4 phase. Figure 2.9 shows 

that as the temperature reaches to 250 oC, the Mo LIII edge energy of all three catalysts is very 
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close to that of Mo LIII edge of MoS2, which reflects that the sufidation of MoO3 is started, which 

completes at 350 oC. 

 

Figure 2.9 XANES spectra of sulfided Mo LIII- edge of (A) CAT 0 at 150 oC (B) CAT 1 at150 
oC (C) CAT 2 at150 oC (D) MoO3 (E) MoS2 

 

Figure 2.10 XANES spectra of sulfided Mo LIII- edge of (A) CAT 0 at 250oC (B) CAT 0 at 350 
oC (C) CAT 1 at 250 oC (D) CAT 1 at 350 oC (E) CAT 2 at 250 oC (F) CAT 2 at 350 oC (G) 

MoO3 (H) MoS2 



40 
 

 

It can be concluded from XANES Mo LIII edge and Ni K-edge that EDTA helps in the formation 

of more MoO3 phase, which starts to sulfide around 250 oC, and it also delays the Ni sulfidation 

to around 250 oC. The sulfidation of both Mo and Ni at around same temperature will help in the 

formation of more type II NiMoS active phases. This result is also supported by HRTEM analysis. 

2.5.3.3 S K-edge spectra of sulfided catalysts 

The sulfur K-edge for CAT 0, CAT 1 and CAT 2 is shown in Figures 2.10 and 2.11 along with the 

reference spectra for MoS2. The intense white line at 2471eV followed by additional feature at 

2479eV characterizes the spectra of MoS2. The similar spectra are reported for NiS (Muryn et al. 

1990). In other words, this intense white line signifies sulfur in -2 oxidation state, S2-. Chaturvedi 

et al. (1998) reported that the peak at 2482eV is because of sulfate ion SO4
2- (sulfur in +6 oxidation 

state), which is formed during partial sulfidation of alpha and beta- NiMoO4. Figure 2.11 shows 

that at 150 oC, CAT 0 shows a S2- peak at 2471eV. As per Mo LIII edge Figure 2.10, Mo starts 

sulfiding at around 250 oC, so this peak is only because of the sulfidation of nickel. Contrary to 

this, there is no S2- peak in CAT 1 and CAT 2 at 150 oC because EDTA complexes with Ni to 

prevent it from sulfiding. There is small sulfate peak at 2482eV in CAT 1, which signifies the 

presence of some amount of alpha or beta NiMoO4 which is partially sulfided (Chaturvedi et al. 

1998). But in CAT 2 there is no such peak. It can be inferred that EDTA to Ni molar ratio 1 is not 

sufficient to complex all Ni present, and as the molar ratio increases, the free Ni availability 

becomes negligible and no NiMoO4 phase is found, hence no sulfate peak. With an increase in 

temperature to 250-350 oC, all three catalysts show a S2- peak corresponding to MoS2 and NiS, 

which indicates the complete sulfidation (see Figure 2.12). 

The structural information provided by XANES, Ni K-edge, S K-edge and Mo LIII edge confirm 

that EDTA helps in delaying the Ni sulfidation temperature to 250 oC. EDTA also helps in the 

formation of more octahedral MoO3 phases, which is favorable during sulfidation as both NiO and 

MoO3 starts sulfiding at the same temperatures. This will help in the formation of more type II Ni-

Mo-S phases. S K-edge also reveals that EDTA to Ni molar ratio 1 is not enough to encapsulate 

all Ni with EDTA because the remaining Ni, either in NiO or NiMoO4, still sulfides at lower 

temperatures, which is not desired. Higher EDTA to Ni molar ratio is desired for better results.  
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Figure 2.11 XANES spectra of S K- edge of (A) CAT 0 at 150 oC (B) CAT 1 at 150 oC (C) CAT 

2 at 150 oC (D) MoS2 

 

Figure 2.12 XANES spectra of sulfided S K- edge of (A) CAT 0 at 250 oC (B) CAT 0 at 350 oC 

(C) CAT 1 at 250 oC (D) CAT 1 at 350 oC (E) CAT 2 at 250 oC (F) CAT 2 at 350 oC (G) MoS2 
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2.5.4 Vibrational spectroscopy of oxide catalysts 

2.5.4.1 Raman analysis 

Raman spectroscopy was implemented to know the nature and type of phases exhibited by active 

metals. The Raman spectra of CAT 0, CAT 1 and CAT 2 catalysts are shown in Figure 2.13. All 

spectra exhibit peaks at 155.0, 289.5, 664.0, 818.0, 994.0 cm-1 and these peaks represent MoO3 

crystallites on supported catalysts (Biswas et al. 2011). It can be seen that with increase in EDTA 

loading intense peaks corresponding to MoO3 are observed, which indicates an increase in MoO3 

crystallites size from CAT 0 to CAT 2 and implies poor dispersion in CAT 2 as compared to CAT 

0 and CAT 1. The Raman vibrations at 959 cm-1 in CAT 0 corresponds to the presence of the β-

NiMoO4 phase, which was also proved by the wide-angle XRD pattern (Rayo et al. 2008). The 

impregnation of Ni and Mo on SBA-15 support was done in the presence of water. The support 

surface in this condition is basic and negatively charged, which facilitates the interaction of 

molybdate ions with the Ni ions. This causes the formation of β-NiMoO4 phases when the catalyst 

is calcined. In EDTA loaded catalysts, EDTA forms the complex with available Ni species and 

inhibits the formation of NiMoO4 phase, which explains the absence of this peak at 959 cm-1. Peaks 

at 947 and 891 cm-1 indicate the symmetric stretching of the Mo=O bond present in octahedral Mo 

oxide species, which could be ascribed to Mo7O24
-6 species (Nava et al. 2007). These Mo oxide 

species are thought to be weakly bounded to the support material and hence easily reducible, 

resulting in higher HDS and HDN activity. Presence of MoO3 crystallites is not desired in oxide 

state of catalyst because it represents poor dispersion, but as discussed in the XRD section, the 

presence of chelating agent EDTA will increase the dispersion of MoO3 crystallites during 

sulfidation, which results in higher activity.  
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Figure 2.13 Raman Spectra of NiMo/SBA-15 catalysts (A) CAT 0 (B) CAT 1 (C) CAT 2  

2.5.4.2 Fourier transform infrared spectroscopy (FTIR) 

Figure 2.15 displays FTIR spectra of CAT 0, CAT 1 and CAT 2. All the catalysts show bands at 

3450-3650 cm-1 and 1574-1600 cm-1, which are attributed to the stretching and bending vibrations 

of the surface silanol groups (Wang et al. 2010). Intensity of these bands increases from CAT 0 to 

CAT1 to CAT 2 indicating the presence of more Si-OH groups. It implies that with increase in 

EDTA concentration there is an increase in formation of polymolybdates and decrease in 

dispersion from CAT 0 to CAT 2. The same result is presented by XRD and RAMAN analysis 

also. The bands around 925, 1050-1275 and 455 cm-1 represent Si–O-Si bonds corresponding to 

silica network. Additionally, the catalyst with EDTA shows intense peak at 1725, 1575-1605 and 

1410 cm-1 as compared to CAT 0. These bands are mainly due to interactions of the chelate 

carboxyls with inorganic hydroxyl groups present on the surface of SBA-15 (Ryczkowski 2001; 

Ryczkowski 2000; Ryczkowski 2005). The band at 1605 cm-1 is due to asymmetric stretching of 

COO- group present in EDTA, and the band at 1410 is because of symmetric stretching of COO-. 

The peak at 1725 cm-1 is because of C=O stretching vibration (Ryczkowski 2000). The increase in 

intensity of these bands from CAT 1 to CAT 2 is because of increase in concentration of EDTA. 

FTIR spectra reveal that there is interaction between EDTA and support material. The possible 
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interaction of surface hydroxyl groups of SBA-15 with EDTA is presented in Scheme 1 

(Ryczkowski 2005). 

 

Figure 2.14 Scheme 1- Interaction of EDTA with support surface 

 

Figure 2.15 FT-IR spectra of CAT 0, CAT 1 and CAT 2 
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2.5.5 Effect of EDTA on structure and dispersion of active metals 

2.5.5.1 Temperature programmed reduction (TPR) 

TPR patterns and trends in the reducibility of Mo in CAT 0, CAT 1 and CAT 2 catalysts are 

presented in Figure 2.16.  CAT 0 shows main reduction peak at 530 ⁰C corresponding to the 

reduction of Mo6+ species in polymolybedate structures to Mo4+ species. In CAT 1, the presence 

of EDTA favors the formation of large crystallites of easily reducible octahedral MoO3 (as shown 

by XRD and RAMAN section 3.2 and 3.4), which helps in reducing metal support interaction and 

results in low temperature reduction of molybdenum at 485 ⁰C.  

 

                           Figure 2.16 TPR profile of CAT 0, CAT 1 and CAT 2 

TPR profile of molybdenum reduction in CAT 2 (see Figure 2.16) covers the temperature region 

400-580 ⁰C, starting from 400 ⁰C and reaching a maximum at 582 ⁰C. The peak reduction 

temperature of Mo in CAT 2 is 52 ⁰C, more than that of the catalyst without EDTA (CAT 0). This 

is because CAT 2 contains double the amount of EDTA as compared to CAT 1 and some of the 

excess EDTA forms a complex with molybdenum oxide; the same has been reported by others 

(Sun et al. 2003; Ferdous et al. 2007). EDTA-Mo complex is stable, and reductive decomposition 

of [(MoO3)2EDTA] complex requires high temperatures resulting in a peak reduction temperature 

of 582 ⁰C in CAT 2. 
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2.5.5.2 CO chemisorption 

Table 2.2 shows the metal dispersion, surface area and crystal size measured by CO chemisorption 

for NiMo/SBA-15 (with various EDTA concentrations) catalysts. Prior to CO chemisorption, the 

catalyst was reduced with hydrogen at 350 ⁰C and the metal dispersion was based on CO uptake 

by the reduced catalyst. It can be seen that there is an increase in the quantity of CO adsorbed with 

increase in EDTA loading from 151 μmol/g in CAT 0 to 333 μmol/g in CAT 2. This rise in 

absorption is because of increase in metallic surface area per gram of catalyst. The percentage 

metal dispersion follows the order CAT 2 > CAT 1 > CAT 0. As shown in Table 2, the metal 

crystallite size measured by CO chemisorptions for CAT 0 catalyst is 14.5nm, which is in 

accordance with the 15-nm size obtained from Scherrer’s equation for CAT 0. But in CAT 1 and 

CAT 2, it is different than the crystallite size obtained from Scherrer’s equation. In catalysts with 

EDTA, Ni forms a complex with EDTA, and this complex is stable up to 200 oC. During CO 

chemisorption, the pretreatment takes place at 350 oC and at this temperature, Ni-EDTA complex 

in CAT 1 and CAT 2 catalysts decomposes and releases nickel. This nickel eventually helps in 

better dispersion of MoO3 species, resulting in a lower crystallite size of 6-8 nm (Table 2.2). 

Whereas during XRD, all the catalysts remain in oxide state, and the presence of stable EDTA-Ni 

complex in CAT 1 and CAT 2 leads to the formation of bigger MoO3 crystallites, which is shown 

by XRD pattern and Scherrer’s equation for CAT 1 and CAT 2. This explains the same crystallite 

size measurement by CO Chemisorption and Scherrer’s equation for CAT 0 and the difference in 

the case of CAT 1 and CAT 2.  

Table 2.2 Chemical composition and CO uptake of SBA-15 supported catalysts 

Catalyst 

 

ICP-MS 

Ni         Mo 

(wt%)     (wt%) 

Metal 

Dispersion 

(%) 

Metallic 

surface area 

(m2/g, of 

sample) 

Metallic 

surface area 

(m2/g, of 

metal) 

Crystallite 

size (nm) 

CO 

adsorbed 

(μmol/g) 

CAT 0 2.38 11.5 8.5±0.5 6.5 41.7 14.5 151 

CAT 1 2.40 11.4 14.2±0.7 10.8 69.5 8.7 252 

CAT 2 2.35 11.6 18.7±0.4 14.3 91.9 6.5 333 
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2.5.5.3 High resolution-Transmission electron microscopy 

To study in depth the effect of EDTA on structure and dispersion of active components on the 

supports, HRTEM characterization was carried out for the sulfided catalysts. HRTEM micrographs 

of the sulfided catalysts show the changes in active phase (MoS2) morphology with increasing 

EDTA loading (Figure 2.17). The HRTEM micrographs shown in Figure 2.17-A is at a resolution 

of 200 nm, and the hexagonal pore structure of SBA-15 template can be seen. In Figures 2.15B, -

C and -D, however, the resolution is at 20 nm, so the hexagonal pore structures of SBA-15 are not 

clearly visible. The typical fringes representing MoS2 crystallites can be seen in HRTEM images 

of all sulfided catalysts. The slab length and stacking degree distribution for the same catalysts can 

be seen in Figure 2.18. It is clear from Figure 2.18 that incorporation of EDTA in catalysts has 

significant impact on slab length and heights, which results in improved catalytic activity. Catalyst 

without EDTA (CAT 0, Figure 2.17 b) shows the length of MoS2 crystallites between 2 to 10 nm 

with average length of 6.2nm (Table 2.3) and stacking from 2 to 6 layers with average stacking of 

4.5 layers. Higher number of MoS2 stacks (up to six MoS2 layers or more) hampers the dispersion 

of active phase.  For catalyst CAT 1, there is reduction in slab length and stacking degree of MoS2 

particles with addition of EDTA (Figure 2.17 c and 13). As shown in table 2.3, average stack 

length of 4.8 nm with average stacking of 2.9 layers is observed for CAT 1.  With further increase 

in EDTA concentrations, short MoS2 particles were formed predominantly as seen in case of 

sulfided CAT 2 catalysts (Figure 2.17 D), with an average length of 3.3 nm and average stacking 

of 2.4 layers. HRTEM analysis of catalysts shown in Figures 2.15 and 2.16 clearly indicates that 

the EDTA addition has resulted in an increase in MoS2 dispersion.  

It was observed from XRD that the average metal crystallite size of oxide catalysts (CAT 1 and 

CAT 2) is large (~25nm) and is reduced to 6.5-8.7 nm during CO chemisorption measurements. 

The decrease in crystal size is because of the redistribution of metal crystals at 350 ⁰C, when they 

are reduced under hydrogen environment prior to CO adsorption. Similar reduction conditions 

existed during sulfidation (second paragraph, section 2.4.4). It was observed from CO 

chemisorption that the average size of metal crystallites in CAT 0 is 14.5 nm and for CAT 1 is 8.7 

nm. This size is more than the SBA-15 pore size (Table 2.1), so the fraction of MoO3 and then 

MoS2 after sulfidation is on the surface of SBA-15. In CAT 2, the crystal size was measured as 6.5 

nm and pore size was 6.7 nm, so the probability of the presence of MoS2 on the surface of CAT 2 



48 
 

is less. The presence of MoS2 slabs on the external surface of SBA-15 in CAT 1 and CAT 0 

signifies the presence of randomly oriented MoS2 slabs in the HRTEM micrographs for CAT 1 

and CAT 0 as compared to more organized MoS2 slabs in the HRTEM micrographs of CAT 2 

(Figure 2.17).  This may be one of the reasons for enhanced activity of CAT 2 over CAT 0 and 

CAT 1. 

 

Figure 2.17 Distribution of MoS2 slabs in SBA-15 supported catalysts (A) CAT 1 at resolution 

of 200nm  (B) CAT 0 @ resolution 20nm (C) CAT 1 @ resolution 20nm (D) CAT 2 @ 

resolution 20nm 

A 

B 

C 

D 
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Figure 2.18 Length and layer stacking distribution of MoS2 slabs in the catalysts 

 

Table 2.3 Average length (L) and number (N) of the stacking layers 

Catalyst 

Average length 

(nm) 

Average stacking 

 (no of layers) 

CAT 0 6.2 4.57 

CAT 1 4.8 2.89 

CAT 2 3.3 2.45 

 

2.5.6 Catalytic activity 

The catalytic activity is determined in terms of hydrodesulfurization (HDS) and 

hydrodenitrogenation (HDN) activities, measured in terms of percentage conversion. Athabasca 

bitumen-derived coker light gas oil (KLGO) was used as feedstock. Hydrotreating reactions were 

carried out under industrial reaction conditions. The HDS and HDN activities for the NiMo/γ-

Al2O3 catalyst were also determined for comparison purpose. During the precoking period, the 

initial catalytic activity was high and then reduced with time and become stable after the third day.  

This could be due to the coking of most acidic sites. 

The HDS and HDN conversions at 370 ⁰C for different catalysts are shown in Table 2.4. The 

values of activities reported are the average value for 12 data points (i.e., 4 oil samples and each 

sample is analyzed 3 times). It was observed that NiMo/SBA-15 (EDTA) catalysts have greater 
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HDS catalytic activities as compared to catalysts without EDTA. The sulfur conversion (HDS 

activity) follows the order: CAT 2 > CAT 1 > CAT 0 > NiMo/γ-Al2O3. Nitrogen conversion (HDN 

activity) follows the order CAT 2 > NiMo/γ-Al2O3 > CAT 1 > CAT 0. This greater hydrotreating 

activity of CAT 2 catalysts is due to (i) the presence of more EDTA, which forms a complex with 

almost all Ni present and delays the Ni sulfidation temperature, (ii) better dispersion of Ni and Mo 

active species (as seen in CO chemisorptions), and (iii) the formation of more dispersed type II 

NiMoS active phases. Higher HDS activity of the NiMo/SBA-15 catalyst as compared to NiMo/γ-

Al2O3 is due to the large surface area and ordered and narrow pore size distribution in SBA-15. 

Also, the weak metal support interactions in NiMo/SBA-15 as compared to NiMo/γ-alumina 

enhance the formation of polymolybdates. These are easy to sulfide, leading to the formation of 

more Type-II NiMoS active phases responsible for higher HDS activity. Low HDN conversions 

on SBA-15-supported catalysts as compared to NiMo/γ-Al2O3 catalysts are explained below. 

Table 2.4 HDN and HDS activities of NiMo/γ-Al2O3 and CAT 0 to 5 catalysts with KLGO at 

370oC (catalyst = 5 cm3, P = 8.8 MPa, LHSV = 2 h-1 and H2/oil ratio = 600 (v/v)). 

Catalyst % Sulfur conversion % Nitrogen conversion 

NiMo/γ-Al2O3 68 42 

CAT 0: EDTA/Ni molar ratio 0 70 24 

CAT 1: EDTA/Ni molar ratio 1 75 27 

CAT 2: EDTA/Ni molar ratio 2 82 34 

CAT 3: EDTA/Ni molar ratio 3 85 40 

CAT 4: EDTA/Ni molar ratio 4 88 47 

CAT 5: EDTA/Ni molar ratio 5 84 35 

 

Acidity and hydrogenation are the two important characteristics of a catalyst, and they affect the 

hydrodenitrogenation reaction. First about acidity, in previous work reported by our group 

(Ferdous et al. 2007; Biswas et al, 2011), it was observed that the total acidity of the NiMo/SBA-

15 catalyst is less than that of NiMo/γ-Al2O3. Results from the pyridine FTIR of catalysts NiMo/γ-

Al2O3 and NiMo/SBA-15 showed that a peak at 1540cm-1, indicating the Brɸnsted acid sites is 

missing NiMo/SBA-15 catalyst. Li et al ( 2012) performed NH3-TPD to measure the acid strength 
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of the catalyst, and they observed weak acidity of SBA-15 as compared to γ-Al2O3 supported 

catalysts.  It was observed that HDN activity for catalysts having low acidity and fewer Brɸnsted 

sites is less than that for catalysts having a large number of Brɸnsted sites. In our case, the weak 

acidic properties of SBA-15 may be responsible for its low HDN conversion as compared to 

NiMo/γ-Al2O3.  

Secondly, the hydrodenitrogenation reaction follows the hydrogenation pathway followed by the 

C-N bond scission. This implies that if the hydrogenation activity is better, the  HDN activity will 

be better.  In order for hydrogenation of aromatic nitrogen containing compounds to occur, these 

molecules should be adsorbed by their π-aromatic electrons; the adsorption will be favorable with 

optimum length and stacking of Ni-Mo-S slabs (Type II NiMoS active phase) (M. Girgis & Gates 

1991). In our case, HRTEM analysis has shown that CAT 2 has optimum length and stacking of 

MoS2 slabs  as compared to CAT 0 and CAT 1 and follows the order CAT 2> CAT 1>CAT 0. 

This implies that hydrogenation activity and hydrodenitrogenation activity should follow the same 

order. The results of catalytic activity studies support the above fact, and there is an increase in 

HDN activity of CAT 2 by 41% as compared to CAT 0 (Table 2.4). 

It can be concluded that the beneficial effect of EDTA on hydrotreating activity is mainly because 

of delay in Ni-sulfidation temperature to the point where molybdenum is already sulfided. Similar 

beneficial effects of EDTA on hydrotreating activity of γ-alumina supported catalysts have been 

previously reported by our group (Sundermurthy et al. 2005).  However, the extent of effect of 

EDTA on hydrotreating activity depends on the type of support material due to variation in support 

properties, including acidity and metal support interactions.  The percentage increase in HDS 

activity for γ-alumina-supported catalysts with and without EDTA is less as compared to that for 

a silica (SBA-15) supported counterpart because of high metal support interaction in the former 

case (Al-dalama & Stanislaus 2006; Rana et al. 2007). In the presence of EDTA, the weak metal 

support interactions lead to the formation of polymolybdates, which are easy to sulfide and are 

responsible for the formation of multiple stacking, type II NiMoS phases. Conversely, the strong 

metal support interaction in case of γ-alumina results in the formation of tetrahedral aluminum 

molybdenum complex, which is difficult to sulfide.  However, the HDN conversions for γ-alumina 

supported NiMo-EDTA catalyst is more as compared to that on the NiMo/SBA-15-EDTA catalyst 

because of the higher acidity of γ-alumina support, which makes alumina a better support. 
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2.6 Sulfidation mechanism in the presence of EDTA 

Based on the results from different characterization techniques such as XANES, XRD, RAMAN, 

FTIR, CO chemisorptions and HRTEM, the sulfidation mechanism and the role of chelating ligand 

can be represented by Scheme 2. Scheme 2-A shows that CAT 0 in oxide state has well dispersed 

MoO3, NiO and α, β – NiMoO4 inside the pores. The MoO3 groups are attached to the surface of 

SBA-15 via OH group. XRD and CO chemisorptions data show that the average MoO3 crystallite 

size is 14.5 nm, which is higher than that of SBA-15 pore size. Thus fraction of MoO3 crystallites 

will be on the external surface of silica SBA-15 as shown in schematic for CAT 0 oxide (see 

Scheme 2-A). During sulfidation at 150 ⁰C and beyond, the large MoO3 crystallites break down 

into small crystals, and the majority of them move inside the pores. Also, at 150 ⁰C nickel oxides 

convert to a mixture of nickel sulfides such as heazlewoodite Ni3S2, hexagonal shaped NiS and 

cubic structured NiS2, whereas the MoO3 remains unreacted as the sulfidation of Mo starts above 

150 ⁰C (Sun et al. 2003; Cattaneo, Rota, et al. 2001). The same conclusion can be derived from Ni 

K-edge and Mo LIII-edge in XANES spectra. With an increase in temperature, the MoO3 begins to 

sulfide, and at temperature of 250 ⁰C most of the MoO3 converts to MoS2. Further increases in 

temperature help form multiple layers of MoS2 slabs, as shown in CAT 0 sulfide at 350 ⁰C in 

Scheme 2-A. (Figure 2.17 B). At these conditions nickel is already in sulfide phase, which prevent 

the movement of Ni atoms to the corners and edges of MoS2 slab and resulted in less numbers of 

Ni-Mo-S active phases formation. This is the reason behind the lesser activity of CAT 0 even 

though it has multiple stacking of MoS2 slab. 
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Figure 2.19 Scheme 2 – Sulfidation mechanism and role of chelating ligands 
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Scheme 2-B represents the sulfidation mechanism and structure of active phase for CAT 1. In 

oxide state of CAT 1, MoO3 is present in lumps, and the average MoO3 crystallite size is around 

25 nm, which is one order magnitude higher than that of the SBA-15 pore size. Thus, a fraction of 

MoO3 crystallites stay on the external surface of silica SBA-15 as shown in the schematic for CAT 

1 oxide (see Scheme 2-B). This indicates the poor dispersion of MoO3. Also, most of the nickel is 

present in EDTA-Ni complex. Ni usually helps in better dispersion of molybdenum oxide because 

of its electron-donating nature as discussed in section 3.4 for Raman analysis and also shown by 

Gutierrez et al ( 2008). In CAT 1, only a small amount of Ni is in oxide state and most of the Ni is 

in complex with EDTA and does not participate in the dispersion of MoO3, resulting in the 

formation of large MoO3 crystallites. XRD and RAMAN analyses also present the same 

conclusion. During sulfidation at temperature of 150 ⁰C NiO converts to nickel sulfide and EDTA-

Ni complex remains stable. Large crystals of MoO3 start to break into small crystals and most of 

MoO3 present on the external surface of SBA-15 will migrate to inside the pores and lead to better 

dispersion. At sulfidation temperatures above 150 ⁰C MoO3 starts to sulfide as well as disperse 

better where as EDTA-Ni complex is still stable. As shown in Scheme 2-B, at a sulfidation 

temperature of 220 ⁰C EDTA-Ni complex breaks down and releases the Ni atoms. These Ni atoms 

help to further improve the dispersion of molybdenum. They then sit on the corners and edges of 

MoS2 slabs and where they get sulfide, resulting in the formation of NiMoS active phase, as shown 

in CAT 1 sulfide at 250 ⁰C in Scheme 2-B. 

Further increase in temperature to 350 ⁰C leads to the complete sulfidation and better dispersion 

of Ni and Mo, and also helps in formation of fully sulfided Ni-Mo-S multilayer type II active 

phases. These result in better activity of CAT 1 over CAT 0, as shown in Table 2.4. The CO 

chemisorptions data (Table 2.2) show that under these conditions the average crystal size is 8.7 

nm, which is much smaller than the 25 nm in the CAT 1 oxide. This signifies better molybdenum 

dispersion. As the average crystal size (8.7 nm) is more than the pore size of SBA-15, a fraction 

of molybdenum oxide is present on the outer surface of SBA-15. During sulfidation at 350 ⁰C, 

these will also sulfide on the external surface and may produce randomly oriented MoS2 slabs (see 

Figure 2.17 C). EDTA thus helps in delaying the sulfidation of Ni to the point where molybdenum 

is already sulfided. This effect helps in the formation of more Type II Ni-Mo-S active phases, 

which results in better activity as compared to a catalyst without a chelating ligand.  
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It can be seen from HRTEM analysis (Figure 2.18) and Table 2.3 that the number of layers was 

reduced from an average value of 4.6 for CAT 0 to an average value of 2.9 for CAT 1. The main 

reason can be explained as follows: in the case of CAT 0, dispersion of MoO3 is better as compared 

to CAT 1 and CAT 2 (XRD and Raman section 3.2 and 3.4) because Ni improves the dispersion 

MoO3 in the oxide state in CAT 0. However Ni converts to nickel sulfide at 150 ⁰C, which implies 

that no nickel is available to improve the dispersion at higher temperatures where multiple stacking 

of MoS2 happens; this leads to a higher stacking order and length of MoS2 layers in CAT 0. In 

oxide state of CAT 1, lumps of MoO3 crystals were formed as most of the Ni is in complex with 

EDTA. But at temperatures above 220 ⁰C the EDTA-Ni complex decomposes, leaving behind Ni 

which helps in the dispersion of Mo at higher temperatures, where multiple of stacking MoS2 

occurs. Thus, this leads to lower average stacking order and length. 

The sulfidation mechanism and genesis of active phase in CAT 2 is represented in Scheme 2-C. 

CAT 2 has twice the EDTA concentration as compared to CAT 1, which implies that almost all 

Ni forms complex with EDTA. Similar to CAT 1, there is formation of large MoO3 crystallites (~ 

25 nm), which are present on the external surface of silica SBA-15. Excess EDTA interacts with 

support via OH group as shown in Scheme 2-C for CAT 2 oxide, and it also forms [(MoO3)2EDTA] 

complex with Mo; the same is shown by TPR profile of CAT 2 in section 3.6. The interaction of 

EDTA with surface hydroxyl groups also reduces the number of available hydroxyl groups with 

which MoO3 can interact, leading to the formation of more lumps of MoO3 crystallites in oxide 

state as compared to CAT 1 (see schemes 2-B and 2-C). During sulfidation, as explained in case 

of CAT 1, large crystals of MoO3 start to break into small crystals at 150 ⁰C and tend to disperse 

better. With an increase in sulfidation temperature above 150 ⁰C, molybdenum starts to sulfide, 

and at 220 ⁰C, EDTA-Ni complex decomposes to release nickel. The nickel then sits on the corners 

and edge of the MoS2 slab to form NiMoS active phase, as shown in Scheme 2-C for CAT 2 sulfide 

at 250 ⁰C. A further increase in sulfidation temperature to 350 ⁰C helps in the complete sulfidation 

of molybdenum and nickel which is present on the corners and edges of MoS2 slab. The increase 

in temperature also helps in the multiple stacking of MoS2 slabs. At 350 ⁰C there is formation of 

fully sulfided, two- to three-layered type-II Ni-Mo-S active phase. The CO chemisorption data 

(Table 2.2) show that under similar reduction conditions the average crystal size reduces to 6.5 nm 

from 25 nm, as in case of CAT 2 oxide. This average crystal size (6.5 nm) is less than the pore size 

of SBA-15. It signifies that most of the molybdenum migrate to inside the ordered pore structure 
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of SBA-15. Thus MoS2 slabs for CAT 2 appear to be ordered as compared to CAT 1 (see Figures 

2.15-C and 2.15-D)  

 

Figure 2.19 continued… 
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The activity of CAT 2 is greater than the activity of CAT 1 because the numbers of type–II Ni-

Mo-S active phases are less in CAT 1 than CAT 2, as shown in schemes 2-B and 2-C for CAT 1 

and CAT 2 sulfided at 350 ⁰C. The main reason is that CAT 2 has more EDTA, resulting in 

encapsulation of almost all of the nickel present. Therefore, the amount of nickel released at 220 

⁰C in CAT 2 is more than that of CAT 1, resulting in availability of more of Ni atoms. More Ni 

leads to i) better dispersion of Mo at higher temperature zones where multiple stacking of MoS2 

occurs, thus leading to lower average stacking orders and length as compared to CAT 1, and ii) 

availability of more Ni atoms to sit on the corners and edges of MoS2 slab to form greater numbers 

of NiMoS active phases.  

 

Figure 2.19 Continued… 
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From the above discussion it can be concluded that all the characterization results are well 

correlated with catalytic activity. It is clear from the above discussion that increases in EDTA helps 

to increase activity. EDTA to Ni molar ratio of 3, 4 and 5 and corresponding catalysts also have 

been tried to get optimum EDTA/Ni ratio, and these catalysts are named CAT 3, CAT 4 and CAT 

5.  All these catalysts were screened with LGO and the activity results are shown in Table 2.4. It 

is clear from Table 2.4 that the hydrotreating activity increases with EDTA loading up to 4 EDTA 

and then starts to decrease because excess EDTA blocks the pores and thus reduces available 

surface area.  

2.7 Conclusions 

A series of SBA-15 supported NiMo catalysts with different EDTA/Ni molar ratio were prepared. 

A beneficial effect of chelating agent was seen when the sulfided catalysts were tested in the 

hydrotreating of light gas oil. Characterization by XANES pointed out the delayed Ni2+ sulfidation 

(to the temperatures where molybdenum already started to sulfide) as the main cause of 

improvement in HDS and HDN activities of the catalysts prepared in presence of organic chelates. 

The released nickel ions had the greater tendency to transfer to the reactive edges of the MoS2 

slabs. This results in the formation of NiMoS active phase. It was clear from XRD and RAMAN 

analyses that with an increase in EDTA/Ni molar ratio, the amount of Ni available to aid 

molybdenum dispersion decreases and the size of MoO3 crystallites increases, leading to poor 

dispersion. During sulfidation, released Ni helps in the better dispersion of Mo species, and there 

is significant reduction in length and stacking of MoS2 with maximum reduction in CAT 2 and 

minimum in CAT 0. This is confirmed by HRTEM and CO chemisorption analysis results. FT-IR 

results indicate the interaction of EDTA with support via surface OH groups leads to weak metal 

support interactions, which supports the formation of large MoO3 crystallites; these crystallites are 

then easy to sulfide. Activity studies have shown that catalyst CAT 4 has a 28% increase in HDS 

of LGO as compared to NiMo/γ-Al2O3. HDN conversions for NiMo/γ-Al2O3 are better than for 

NiMo/SBA-15 and are almost equal with the catalyst containing EDTA/Ni molar ratio of 4. This 

may be because of weak acidity of the SBA-15 support as compared to that of the γ-alumina 

support. It can therefore be concluded that the hypothesis for Phase I was supported by the 

experimental results. 
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Chapter 3 

3 Role of heteroatoms (Ti, Zr and Al) incorporation and EDTA on activity 

of NiMo/SBA-15 catalyst for hydrotreating of heavy gas oil 

3.1 Chapter overview 

This chapter discusses the results of a study on the combined effects of EDTA and heteroatoms on 

the activity of a NiMo/SBA-15 catalyst for hydrotreating heavy gas oil (HGO). Mesoporous 

materials such as Ti-SBA-15, Zr-SBA-15 and Al-SBA-15 were synthesized using a direct 

synthesis method. The Si/M ratio of 20 (M=Ti, Zr and Al) was maintained for each material. The 

M-SBA-15 supported NiMo catalysts with and without EDTA were synthesized. A EDTA/Ni 

molar ratio of 2 was used. All the catalysts were characterized using BET, TPR, TPD, CO-

chemisorption, XRD, XANES, HRTEM, ICP-MS and 13C NMR. An increase in hydrotreating 

activity was observed due to the incorporation of metals in SBA-15 framework. The addition of 

EDTA helps in further increasing the activity. A XANES Mo L-III edge study for oxide state of 

catalyst revealed that EDTA helps in the formation of a greater number of molybdenum in 

octahedral structures, which are easily reducible. A plausible mechanism of interaction between 

support heteroatom-active metal, EDTA-support heteroatoms and EDTA-active metal was also 

proposed. All the catalysts were screened with Athabasca bitumen-derived HGO in a fixed-bed 

reactor under industrial conditions. A Power Law based kinetic study was also performed to 

determine the reaction kinetic parameters. Most of the content in this chapter is published in the 

paper: “Badoga, S., Dalai, A. K., Adjaye, J., & Hu, Y. (2014). Combined effects of EDTA and 

heteroatoms (Ti , Zr , and Al ) on catalytic activity of SBA-15 supported NiMo catalyst for 

hydrotreating of heavy gas oil. Industrial & Engineering Chemistry Research, 53, 2137–2156”. 

ACS publications holds the copyright, and written permission to use the above mentioned paper 

in this thesis was obtained from ACS publications (see Appendix C). 

Chapter 3 addresses objective 2 of this research. The contributions of the PhD candidate to the 

manuscript are: (i) synthesizing and charactering the material, (ii) performing hydrotreating 

reaction studies, (iii) analyzing the results in detail, and (iv) writing the paper and replying to the 

reviewers’ comments. The supervisors, Drs. A.K. Dalai and J. Adjaye, provided overall guidance, 

reviewed the experimental data analysis, submitted paper and monitored the research progress. Dr. 
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Y.Hu facilitated the XANES experiments with the SXRMB beamline at the Canadian Light 

Source, Saskatoon, and participated in a discussion of the results. 

3.2 Abstract 

M-SBA-15 (M=Ti, Al and Zr) materials with Si/M ratio of 20 were synthesized using direct 

synthesis method. M-SBA-15 supported NiMo hydrotreating catalyst, with and without EDTA, 

was synthesized by incipient wet impregnation method. EDTA/Ni molar ratio of 2 was used for 

the catalysts with EDTA. The hydrotreating activities of these catalysts were measured using 

Athabasca bitumen-derived HGO, and comparison was done with the performance of NiMo/SBA-

15 and NiMo/γ-Al2O3 catalysts. All catalysts were thoroughly characterized by BET, TPR, TPD, 

CO-chemisorption, XRD, XANES, HRTEM, ICP-MS and 13C NMR. The incorporation of Ti, Al 

and Zr in SBA-15 framework results in increase in the surface acidity and metal support 

interactions in otherwise neutral SBA-15 material.  This increases the dispersion, and HDS, HDN 

and HDA activity of NiMo/SBA-15 catalyst increases by 12%, 70% and 22%, respectively as in 

case of NiMo/Ti-SBA-15 (Cat-Ti) catalyst. EDTA addition helps in a better re-dispersion of 

molybdenum during sulfidation/activation as indicated by HRTEM and CO chemisorption studies. 

XANES Mo L-III edge study for oxide state of catalyst reveals that EDTA helps in the formation 

of more number of molybdenum in octahedral structures, which are easily reducible during 

sulfidation as compared to molybdenum in tetrahedral structure. Power Law based kinetic study 

indicates that the addition of EDTA lowers the activation energy, which could be due to the 

formation of more favorable Type II NiMoS active site. The activity studies show that using EDTA 

increases the HDS, HDN and HDA activity of NiMo/M-SBA-15 catalyst by 18%, 36% and 22%, 

respectively; as in case of NiMo/Ti-SBA-15/2EDTA (Cat-TiE) catalyst. Based on the results from 

different characterization techniques, the schematic is presented related to the effect of EDTA-

Mo-Support interactions on dispersion of active metals in the catalysts. The results from 

characterization techniques are in parallel with catalytic activity that follow the order Cat-TiE > 

Cat-AlE > Cat-ZrE > Cat- Ti.  However, the catalytic activity of Cat-TiE is almost similar to that 

of NiMo/γ-Al2O3 catalyst and has a potential to be a superior hydrotreating catalyst. 
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3.3 Introduction 

Catalytic hydrotreating is the most mature technology used by petroleum refineries to reduce the 

sulfur and nitrogen levels in the gas oil. Conventional NiMo/γ-Al2O3 is widely used catalyst for 

hydrodesulfurization (HDS) and hydrodenitrogenation (HDN) reactions. Presently most of the 

available petroleum reserves, worldwide, are heavier and specifically bitumen-derived HGO 

contain high levels of sulfur and nitrogen contents than conventional crude oils (Botchwey et al. 

2004).  In order to generate sulfur and nitrogen free fuel from bitumen-derived HGO, and to meet 

ever growing stringent environment regulations it requires more active catalyst. Therefore, the 

development of new catalyst with better activity and selectivity has been the focus of research 

worldwide. Significant improvement in activity has been achieved by changing the active metals 

(Payen et al. 1994), support materials (Ninh et al. 2011), preparation methods (Bergwerff et al. 

2006) and use of additives (Sun et al. 2003) such as phosphorus and chelating ligands.  

γ-Al2O3 has been widely used as effective support material for hydrotreating catalyst due to its 

desirable mechanical and textural properties, low cost and well dispersion for active metals. 

However, it shows strong interaction with active metals such as Mo and Ni. The OH group present 

on the surface of γ-Al2O3 interacts strongly with molybdenum oxide resulting in predominantly 

tetrahedral co-ordination of molybdenum species with Mo oxide monolayers (Qu 2003). These 

mono-layered strongly bounded tetrahedral molybdenum oxides show resistance towards Mo 

reduction/sulfidation as compared to Mo reduction, in case of octahedral molybdenum oxides. 

This results in an improper sulfidation of active metals over γ-Al2O3. As the catalytic activity 

depends mostly on the structure and formation of active molybdenum sulfide phase, this affects 

the catalytic activity. Contrary to this, support materials such as silica, having weak interactions 

with active metals, leads to the formation of poly-molybdates thus affecting dispersion (Sun et al. 

2003). Therefore, the support material showing moderate interactions with active metals is 

required. Considering various support materials such as modified SBA-15 (Sundaramurthy, 

Eswaramoorthi, et al. 2008), MCM-41, mixed oxides (Klimova et al. 2009), zirconia (Duchet et 

al. 1991), amorphous alumino-silicate (Ramirez et al. 1989b), zeolites (G Muthu Kumaran et al. 

2006), titania (Breysse et al. 2003b) and carbon (Prabhu et al. 2011) have been tested for 

hydrotreating activity and some of them showed promising results.  In recent years, mesoporous 
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materials such as modified SBA-15 and mesoporus alumina got more consideration due to their 

ordered structure, large pore size and moderate metal support interactions.  

SBA-15 has been studied as support for NiMo hydrotreating catalyst by various researchers and it 

shows the promising results for HDS of model compounds such as DBT and 4,6-DMDBT (Dhar 

et al. 2005). This is due to the formation of octahedral MoO3 because of low MSI. EXAFS, 

XANES, RAMAN analysis confirmed the presence of octahedral MoO3 on SBA-15 supported 

NiMo catalyst (Cattaneo et al. 1999). It indicates the easy reducibility of Mo. The HDS results for 

NiMo/SBA-15 with actual feed (LGO) are not significantly different from γ-Al2O3 supported 

NiMo catalyst. However, NiMo/γ-Al2O3 catalyst shows higher HDN activity in comparison to 

NiMo/SBA-15 (Badoga et al. 2012a). The overall lower activity of NiMo/SBA-15 with actual feed 

could be, possibly, due to weak acidity and poor metal dispersion. In order to utilize the ordered 

mesoporous structure various modification are done with SBA-15. Boahene et al. (2011) have tried 

to synthesize various pore diameter SBA-15 materials to get best conversions by reducing the 

diffusion problems. Another important modification included the incorporation of hetero atoms in 

the frame work of SBA-15 (Lizama & Klimova 2009; Klimova et al. 2009). The hetero atoms such 

as Ti, Zr and Al are Lewis acids by nature, which impart acidity, and increases the metal support 

interaction (MSI) from weak to moderate levels. Various methods such as, direct synthesis and 

post-synthesis (grafting or impregnation) have also been tried, for incorporating heteroatoms in 

SBA-15 and their effect on hydrotreating activity was also studied (Rayo et al. 2009; Lizama & 

Klimova 2009; Klimova et al. 2009). Lizama & Klimova 2009 showed that Ti and Zr modified 

SBA-15 catalyst showed better HDS activity as compared to Al modified SBA-15. However, Rayo 

et al. 2009 showed that the Al modified SBA-15 catalyst showed HDS activity results as compared 

to Ti and Zr modified SBA-15 catalysts. The better HDS activity of Al-SBA-15 based catalyst was 

assigned to Brønsted acidity, resulting from the replacement of Si4+ by Al3+ in the framework of 

SBA-15. Biswas et al. (2011) showed better hydrotreating efficiency of NiMo/ZrSBA-15 prepared 

by post-synthesis method as compared to the direct synthesis method for heavy gas oil. Guiterez 

et al. (2006) presented in their work that NiMo/ZrSBA-15 (grafting) had better activity than 

NiMo/TiSBA-15 (grafting) for HDS of 4,6 DMDBT. Soni et al. (2012) and Guttierrez et al. (2007) 

have shown the effect of various TiO2 and ZrO2 loading on Ti/Zr-SBA-15 material synthesis and 

hydrotreating activity. 
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The active phase of the catalyst is achieved when promoter atoms such as Ni or Co is located on 

the edges and corner of the MoS2 slabs to form NiMoS active phases (Kibsgaard et al. 2010). 

Usually under industrial sulfidation conditions, Ni starts to sulfide at 50 °C and sulfidation 

completes at 150 °C. However, Mo starts to sulfide at 150 °C (Coulier et al. 2001; Kishan et al. 

2000). This implies that Ni is sulfided to nickel sulfide and it interacts with the support material 

before molybdenum starts to sulfide. Therefore, the chances for Ni to be located on the corner and 

edges of MoS2 slabs are less. This results in the formation of less number on NiMoS active phases, 

which leads to lower HDS and HDN conversions. To address this concern many researchers have 

used chelating ligands (Kishan et al. 2000; Stanislaus et al. 2010; Cattaneo et al. 1999) such as 

ethylene diamine tetraacetic acid (EDTA) (Rana et al. 2007), citric acid (Rinaldi et al. 2010), 

glycol, nitriloacetic acid (NTA), 1,2-cyclohexanediamine-tetraaceticacid (CyDTA), citric acid and 

ethylenediamine (EN) during catalyst preparation. The chelating ligands form a complex with Ni 

that is stable until about 200 °C. At temperatures above 200oC, the chelating ligands-Ni complex 

starts to decompose to release Ni2+ ion. The released nickel then moves to the edges of the already 

formed MoS2 slab, gets sulfided, and creates Ni–Mo–S type II active structures. Thus, by delaying 

the sulfidation temperature of the promoter atoms to a temperature where Mo is already sulfided, 

chelating agent favors the formation of more active phase, which results in better activity. 

Chelating ligands also helps in the formation of octahedral poly-molybdates, which are easy to 

sulfide and help increase the dispersion during sulfidation. The detailed mechanism is shown in 

our previous work (Badoga et al. 2012a).  

Heteroatoms incorporation in SBA-15 framework and use of chelating ligands show the potential 

to increase the catalytic activity. However, there is rare reference in literature on the combined 

effects of EDTA and heteroatoms (M = Ti, Zr and Al) on catalytic activity of SBA-15 supported 

NiMo catalyst for hydrotreating of heavy gas oil. Also, due to the limited literature available on 

comparison of M-SBA-15 supported NiMo catalysts, prepared and characterized and screened 

under similar conditions, the literature shows some conflict concerning the type of heteroatom. 

Therefore, with a focus to modify the catalyst and to deeply understand the role of different 

heteroatoms, in present work, we have synthesized the M-SBA-15 material under similar 

conditions and studied the combined effect of chelating ligand and heteroatoms incorporation on 

activity of NiMo/SBA-15 catalyst. In this work, we have synthesized the NiMo/M-SBA-15 (M= 

Ti, Al and Zr) catalysts in presence and absence of EDTA as chelating ligand. The catalysts were 
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characterized using BET, CO-chemisorption, ICP-MS, XRD, FTIR, TPD, TPR and HRTEM. To 

understand the interactions between active metal, support material and EDTA and to relate these 

with structural changes at atomic level, XANES techniques were employed. A plausible 

mechanism of interaction between support heteroatom-active metal, EDTA-support heteroatoms 

and EDTA- active metal is also proposed. All catalysts were screened with Athabasca bitumen-

derived heavy gas oil in a fixed-bed reactor under industrial conditions. The product was analyzed 

for HDN, HDS and HDA conversions. The Kinetic study was also conducted for the catalysts to 

determine the reaction kinetic parameters.  

3.4 Experimental section 

3.4.1 Materials 

Poly(ethylene oxide)-blockpoly(propylene oxide)-block-poly(ethylene oxide) (P123), TEOS 

(tetraethyl orthosilicate), aluminum iso-propoxide, zirconium iso-propoxide and titanium iso-

propoxide were obtained from Aldrich. Ammonium heptamolybdate, nickel nitrate and EDTA 

(ethylenediaminetetraacetic acid) were obtained from Sigma-Aldrich. Molybdenum oxide, 

molybdenum sulfide, nickel oxide and nickel sulfide were used as reference for XANES and were 

obtained from Sigma–Aldrich with purity >99.99%. 

3.4.2 Synthesis procedure for M-SBA-15 (M=Ti, Zr and Al) 

M-SBA-15 (M=Ti, Zr and Al) materials with Si/M=20, was synthesized using direct synthesis 

method as reported in the literature (Chen et al. 2004; Vinu et al. 2006; Kumaran et al. 2006). P123 

was used as a SDA for TiSBA-15 material synthesis and titanium isopropoxide was used as the 

precursor for titanium (Vinu et al. 2006). The molar ratio for the composition in Ti-SBA-15 is 

TEOS: 0.05 Ti(–OiPr)4: 0.016 P123: 0.46 HCl: 127 H2O. Targeted Si/Ti ratio is 20. 9.28 g of 

pluronic P123 was dissolved in 228.6 g of water by stirring for a 2h at 40 °C. Under stirring 4.54 

g of HCl (37%) was added to this solution and kept stirring for next 1h. To this solution the mixture 

of TEOS (20.6 g) and titanium isopropoxide was added drop wise. The resulting solution was 

stirred for 24 h at 40°C and then transferred to Teflon bottle for aging at 100 °C for 48 h. The 

material was then filtered and water washed to remove excess acid. The solid material obtained 

was room dried and then calcined at 600 °C for 6h to remove the template (Soni et al. 2012). 
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Synthesis of Zr-SBA-15 material was carried out using TEOS and (ZrOCl2·8H2O) as silica and 

zirconia precursor. The tri-block copolymer P123 was used to make a framework (structure 

directing agent), (Chen et al. 2004). The molar ratio for the composition used is 0.017 P123: 1.0 

TEOS: (0-0.1) ZrOCl2.8H2O: 220 H2O. The targeted Si/Zr ratio is 20. In this synthesis, 8.82 g of 

pluronic P123 was dissolved in 357.6 g of water by stirring for a few hours at 35 °C. After 

obtaining a clear solution, 1.74 g of ZrOCl2.8H2O and then 18.8 g of TEOS was added. The stirring 

was further continued for another 24 h. The resulting mixture was kept in Teflon bottle for 

hydrothermal treatment at 100 °C for 24 h. The material was then filtered and water washed to 

remove excess acid. The solid material obtained was room dried and then calcined at 500 °C for 

5h.  

Al-SBA-15 material was synthesized with targeted Si/Al ratio of 20.  4g of P123 was dissolved in 

150 ml of HCl aqueous solution at 1.5pH by stirring for a few hours at 40 °C. In other beaker 9 ml 

of TEOS and desired amount of aluminum isopropoxide were added to 10 ml of HCl solution at 

pH 1.5 (Kumaran et al. 2006). After stirring for 1h this solution was added drop wise to P123 

solution. The mixture was stirred for 1 h at 40 °C. After that, the mixture was kept in Teflon bottle 

for hydrothermal treatment at 100 °C for 48 h. The material was then filtered and water washed to 

remove the excess acid. The solid material obtained was room dried and calcined at 550 °C for 6 

h.  

3.4.3 Catalyst Preparation procedure 

The catalysts were synthesized by sequential wet impregnation method. The SBA-15 and M-SBA-

15 (M= Ti, Al, Zr) supports were dried at 110oC for 4h prior to impregnation for removal of 

moisture. 13 wt.% of molybdenum was wet impregnated on M-SBA-15 material using ammonium 

heptamolybdate as precursor for molybdenum. The samples were dried at 100oC for 6 h and 

calcined at 550oC for 5 h to get Mo/SBA-15 and Mo/M-SBA-15. 2.5 wt.% of Ni was impregnated 

on these materials using nickel nitrate solution. The material was dried at 100oC for 6 h and 

calcined at 550oC for 5 h to obtain NiMo/SBA-15 and NiMo/M-SBA-15 catalysts.  

To prepare the catalysts with EDTA, Mo/M-SBA-15 was impregnated with EDTA and nickel 

nitrate aqueous solution with EDTA/Ni molar ratio of 2. Few drops of ammonium hydroxide were 

added to aid the dissolution of EDTA. The materials were dried at 100 °C for 8h to obtain catalysts 
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NiMo/M-SBA-15-2EDTA. The material was not calcined to avoid the decomposition of EDTA-

Ni complex. The catalysts supported on M-SBA-15 without EDTA were designated as Cat-M, for 

example Cat-Ti, and with EDTA were designated as Cat-ME, for example Cat-TiE. The catalyst 

NiMo/SBA-15 was designated as such. For comparison purpose, NiMo/γ-Al2O3 catalyst was 

prepared by impregnation of 13 wt% Mo and 2.5 wt% Ni on γ-Al2O3 using similar procedure 

followed for preparation of NiMo/SBA-15 catalyst and was designated as NiMo/γ-Al2O3. 

3.4.4 Characterization of M-SBA-15 materials and NiMo/M-SBA-15 catalysts with and 

without EDTA 

The textural characteristics for M-SBA-15 materials and supported catalysts were determined 

using BET and BJH method using Micromeritics ASAP 2000 instrument. The low angle and wide 

angle X-ray diffraction patterns were obtained using a Bruker Advance D8, series II, Powder 

diffractometer with Cu K-α radiation. The elemental analysis was performed using ICP-MS 

technique. The percentage metal dispersion was measured by CO chemisorption using 

Micromeritics ASAP 2020 Chemisorption system. The XANES analysis was performed at 

SXRMB beamline in Canadian Light Source, Saskatoon, SK, Canada. The HRTEM images of the 

support and catalysts were obtained using JEOL 2011 scanning transmission electron microscope. 

The FTIR spectra for all materials were obtained using a Perkin Elmer Spectrum GX instrument 

(USA). The spectra were obtained in the wavenumber range of 400–4000 cm−1 with a resolution 

of 4 cm−1. H2-TPR analysis was performed in TPD/TPR Quantachrome autosorbIQ (USA) 

instrument for determining the reducibility of metal species present in the catalysts. The details of 

all the characterization methods mentioned above are presented in section 2.4.3 of Chapter 2. 

To determine the acidic strength of the catalysts, Ammonia-Temperature Programmed Desorption 

(NH3-TPD) was performed in TPD/TPR Quantachrome (USA) instrument. 0.1 – 0.15g of the 

sample was packed in a quartz tube. The sample was purged insitu with He for 1h at 400°C to 

remove any moisture or volatile impurities. The sample was then cooled down and a gas mixture 

3% NH3/He (v/v) was flown over the sample with flow rate of 30ml/min for 2 h. After that, the 

helium was passed over the sample for 1 h at 100 °C to remove the physisorbed ammonia. NH3-

TPD analysis was then performed by heating the sample at 10 °C/min from 100 to 800 °C. The 

TPD profile obtained from thermal conductivity detector were recorded in a computer software. 



 
 

67 
 

Aromatic content was determined by 
13

C NMR spectroscopy using 500 MHz Bruker Advance 

NMR Spectrometer. Operating conditions used were: pulse delay of 4s, sweep width of 28 kHz, 

inverse gated proton coupling and 2000 scans. Each sample was diluted with deuterated 

chloroform, CDCl3. Aromatic content is obtained by integrating the intensities over the aromatic 

hydrocarbon range (110-150 ppm) and saturated hydrocarbons range (0-50 ppm) Further details 

are mentioned in Appendix D. 

3.4.5 Catalytic activity  

The hydrotreating of Athabasca bitumen-derived HGO was performed in a trickle bed reactor 

operating at typical industrial conditions. The physical characteristics of heavy gas oil are shown 

in Table 3.1 and the details of the reactor setup are mentioned in section 2.4.4. 5ml catalyst was 

mixed with 90 mesh silicon carbide before loaded into the reactor and the further description of  

loading the catalyst are described elsewhere (Sundaramurthy et al. 2005). The catalyst was sulfided 

in-situ prior to the reaction with HGO. The details on sulfidation are mentioned in section 2.4.4.  

After precoking for 5 days, the hydrotreating activities of the catalysts for HGO were studied at (i) 

three different LHSV of 0.8 h-1, 1.0 h-1 and 2 h-1 at constant  pressure, H2/feed ratio and temperature 

of  8.96 MPa, 600 ml/ml and 385°C respectively, (ii) three different temperatures of 375°C, 385°C, 

and 395°C at constant  pressure, H2/feed ratio and LHSV of  8.96 MPa, 600 ml/ml and 1.0 h-1 

respectively, and (iii) three different pressures of 8.27, 8.96 and 9.65 MPa at constant  LHSV, 

H2/feed ratio and temperature of  1.0 h-1, 600 ml/ml and 385°C, respectively. The samples were 

collected after every 24 h for 3 days at each temperature. The 24h sample after each temperature 

change was discarded. Each sample was stripped with nitrogen to remove dissolved hydrogen 

sulfide. ASTM D4629 combustion/chemiluminence method was used to measure the total nitrogen 

content and ASTM D5463 combustion/fluorescence method was used to the sulfur content. The 

concentration of sulfur and nitrogen was analyzed in an Antek 9000 NS analyzer. ±2% 

instrumental error was observed in N and S analyzer. 
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Table 3.1 Physical properties of bitumen derived heavy gas oil 

Sulfur (wt.%) 3.94 

Nitrogen (wt.%) 0.34 

Density (g/ml) 0.95 

Aromatic content (%) 42.0 

Boiling point distribution  

IBP‡ (°C) 279 

FBP‡ (°C) 652 

 

Boiling range (°C)  

 

wt% 

IBP–300 3.0 

301–350 5.3 

351–400 15.7 

401–450 28.2 

451–500 25.8 

501–600 20.1 

600–FBP 1.9 

‡IBP=initial boiling point; FBP=final boiling point. 

3.5 Results  

3.5.1 Evaluation of physico-chemical properties 

3.5.1.1 Textural properties of synthesized materials  

Textural properties of the catalysts were examined by BET surface area and BJH pore size 

distribution method and are listed in Table 3.2. Each sample was analysed in BET for three times 

and the average values were reported.The N2 adsorption desorption isotherm and pore size 

distribution for oxide catalysts are shown in Figure 3.1. All isotherms are of type IV and represent 

H1 hysteresis loop. It indicates that the SBA-15 structure is retained even after incorporation of 

Ti, Al and Zr in the matrix. On comparing the textural characteristics (Table 3.2) of catalysts 

without EDTA and with EDTA as in case of Cat-Ti and Cat-TiE, it was observed that with the 

incorporation of EDTA there is an obvious decrease in pore volume and surface area but there is 
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an increase in pore diameter from 7.3nm to 7.7nm. It was observed from the pore size distribution 

curve for Cat-Ti (inset Figure 3.1) that, narrow pores of sizes 3-4 nm are present; whereas, these 

narrow pores are not visible in pore size distribution for Cat-TiE. This explains an increase in 

average pore diameter in Cat-TiE. The absence of narrow pores in case of catalysts with EDTA 

could be due to the filling of these pores by the excess amount of EDTA.  Although in oxide state 

EDTA clogs some of the pores but during sulfidation EDTA-Ni complex decomposes at 200 °C 

and the textural characteristics of catalysts with and without EDTA become similar. The BET 

analysis for oxide catalysts concludes that the catalysts follow the order: Cat-TiE > Cat-AlE  > 

Cat-ZrE for textural properties.  

Table 3.2 Textual properties of M-SBA-15 supported catalysts (M=Ti, Zr, Al) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 N2 adsorption-desorption isotherm and BJH pore size distribution of NiMo/M-SBA-

15 catalysts (M= Ti, Zr, Al) with and without EDTA. 

 
Ti-

SBA15 

Zr-

SBA15 

Al-

SBA15 

Cat-

Ti 

Cat-

TiE 

Cat-

ZrE 

Cat-

AlE 

BET surface area (m2/g) 560 507 410 360 185 140 157 

Pore Volume (cm3/g) 1.20 1.00 0.90 0.88 0.48 0.31 0.28 

Average pore Dia (nm) 7.0 7.5 8.1 7.3 7.7 7.3 8.4 

(A) Cat-Ti (B) Cat-TiE (C) Cat-ZrE (D) Cat-AlE 
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3.5.1.2 X-ray diffraction studies for catalysts 

Power wide-angle XRD patterns for NiMo/X-SBA-15 (X=Ti, Zr and Al) catalysts and for Mo/Ti-

SBA-15 are shown in Figure 3.2. The sharp diffraction peaks observed at 2θ= 12.7, 17, 22, 24, 26, 

degrees are due to orthorhombic MoO3 crystalline phase (Chang et al. 2010; Badoga et al. 2012a). 

The peak at 2θ=29 degree in spectrum B is due to zirconium molybdenum oxide Zr(MoO4)2 

(ICDD-01-079-0764). The sharp peaks indicate the presence of big crystallites, which implies that 

there is poor dispersion of molybdenum. The spectrum of Mo/Ti-SBA-15 (Mo=13 wt%) shows 

sharp peaks corresponding to orthorhombic MoO3, whereas, in Cat-Ti the sharp peaks due to MoO3 

are missing and only few low intensity broad peaks are present. Broad peak signifies the presence 

of small crystallites, indicating better metal dispersion. This indicates that Ni helps in better 

dispersion of molybdenum oxide in Cat-Ti. Gutierrez et al. (2008) also pointed the same fact. In 

case of catalysts with EDTA, the nickel is in Ni-EDTA complex and it is not available to help 

molybdenum dispersion and that is why the sharp peaks corresponding to MoO3 are seen in all the 

catalysts with EDTA. It implies that the presence of EDTA leads to poor metal dispersion by 

reducing the metal support interaction and it favors the formation of large MoO3 crystallites. This 

latter will help in the formation of Type II NiMoS phases. The average MoO3 crystallite size can 

be calculated from Scherrer’s equation (Domínguez-Crespo et al. 2008). 

𝑑𝑎𝑣𝑔 =  
0.9∗ 𝜆

𝛽∗𝐶𝑜𝑠 𝜃
       ….3.1 

Where davg is the average crystal size, λ the X-ray wavelength, β the FWHM (full width at half 

max) of the reflection peak and θ is the Bragg angle. The average MoO3 crystallite size calculated 

using Scherrer’s equation for Cat- Mo/TiSBA15 is 25nm and for Cat-Ti it is 11nm. The smaller 

crystal size also indicates better metal dispersion in Cat-Ti due the presence of nickel. The average 

crystal sizes for Cat-TiE, Cat-ZrE and Cat-AlE are 23nm, 26nm and 21nm respectively. These 

sizes are similar to the crystal size in catalyst Cat-Mo/TiSBA15. It infers that all of the nickel is in 

Ni-EDTA complex and not contributing in molybdenum dispersion. Although, EDTA causes poor 

metal dispersion in oxide state of catalyst, but metal dispersion improves significantly during 

sulfidation as discussed in CO-chemisorption section. Thus, EDTA not only delays the Ni 

sulfidation temperature to the region where molybdenum already started to sulfide but also 

increases the dispersion during activation/sulfidation of catalyst. It can be seen in Table 3.3 that 

the metal dispersion is better in catalysts with EDTA as compared to those without EDTA. 
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Figure 3.2 Wide-angle XRD patterns of catalysts (A) Cat-TiE (B) Cat-ZrE (C) Cat-AlE (D) Cat-

Ti (E) Mo/TiSBA-15 (*) represents MoO3 peaks 

 

3.5.1.3 Determination of percentage metal dispersion 

CO-chemisorption technique is used to determine the percentage metal dispersion in the catalysts 

and the results are shown in Table 3.3. Prior to CO chemisorption, the catalysts were reduced under 

hydrogen at 350 °C for 2hrs and the metal dispersion was calculated on the basis of CO uptake by 

the catalyst. Table 3.3 shows that the metal dispersion for catalysts without EDTA is 8.5%, 

whereas,for all catalysts with EDTA, it is around 28% (~230% increase). Also, it can be seen that 

the MoO3 crystallite size for catalysts without EDTA is 14 nm and for catalysts with EDTA it is 

around 4.3nm.  It indicates that EDTA helps in better dispersion of active metals. Percentage metal 

dispersion for reference catalyst NiMo/SBA-15 is also shown in the Table 3.3. It can be seen that 

addition of heteroatoms in SBA-15 framework increases the dispersion by 36%. It signifies that 

incorporation of heteroatoms increases the metal-support interactions.  
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Table 3.3 Chemical composition and CO uptake of M-SBA-15 supported catalysts (M=Ti, Zr, 

Al) 

 

The crystallite size (11nm) for Cat-Ti measured by Scherrer’s equation matches to that measured 

by CO-chemisorption for Cat-Ti (14 nm), but it does not  match for the catalysts with EDTA. This 

is due to the fact that Scherrer’s equation is based on XRD data, and the XRD was done for oxide 

catalysts whereas, the CO-chemisorption is done for reduced catalysts. The reduction conditions 

prior to CO-chemisorption resemble to the sulfidation conditions and under these conditions the 

Ni-EDTA complex breaks to release nickel. The released Ni then helps in further redistribution of 

MoO3 crystallites resulting in reducing the crystal size from around 25 nm to 4.3nm and increasing 

the metal dispersion to 27±2%.16,23,35 Among the catalysts with EDTA, the metal dispersion 

follows the order Cat-AlE ≈ Cat-TiE > Cat-ZrE. Further insight on the dispersion will be discussed 

in HRTEM Section 3.5.3.  

3.5.1.4 Fourier transform infrared spectroscopy (FTIR) 

The FT-IR spectroscopy was done to confirm the incorporation of metals (Ti, Zr and Al) in the 

SBA-15 framework. The FTIR profiles of the NiMo/M- SBA-15 catalysts are shown in Figure 3.3. 

The broad vibration band at 1088 cm-1 with shoulder at 1240 cm-1 in all samples can be allocated 

to the asymmetric Si-O-Si vibrations (Damyanova et al. 2003). The bands at 802 cm-1 and 466 cm-

1 are ascribed to symmetric stretching of Si-O-Si and Si-O-Si bending respectively (Lizama & 

Klimova 2009). The band at 960cm-1 is ascribed to Si-O-X (X= Ti, Zr and Al) stretching vibration 

and it indicates metal incorporation in the framework (Damyanova et al. 2003). The maximum 

intensity of the band at 960cm-1 in TiSBA15 supported catalyst is the strong indication of 

Catalyst ICP-MS Metal 

Dispersion 

(%) 

Metallic surface 

area (m2/g of 

sample) 

CO 

Absorbed 

(µmol/g) 

Crystal 

size 

(nm) 
Ni  

(wt%) 

Mo 

(wt%) 

Si/M ratio 

(=20) 

Cat-Ti 2.13 11.5 19.0 8.8 6.7 156 14.0 

Cat-Zr 2.10 12.0 19.5 8.8 6.7 156 14.0 

Cat-Al 2.10 12.0 20.2 8.3 6.3 148 14.8 

Cat-TiE 2.04 11.5 19.0 27.5 21.0 490 4.4 

Cat-ZrE 1.80 12.1 19.5 25.5 19.0 405 4.3 

Cat-AlE 1.88 12.0 20.2 28.2 21.8 500 4.2 
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incorporation of Ti in SBA15 framework. In NiMo/ZrSBA-15 and NiMo/AlSBA-15 catalyst, the 

peak for Si-O-Si vibrations at 1088cm-1 undergoes a broadening due to the superimposition of the 

vibrations from Si-O-X (X=Zr and Al). The broad band in hydroxyl region 3000-3700cm-1 is 

observed for all the catalysts and it is due the surface hydroxyl groups (Si-OH and M-OH) (Leyva 

et al. 2012). This band could be assigned to Si-O-H group in mesoporous silica materials. The 

intense band shown by spectra for Cat-Ti in this region, indicates the presence of more hydrogen 

bonding in TiSBA-15 materials as compared to other catalysts (Soni et al. 2012). Also, the shifting 

of band to lower energies in case of Cat-ZrE and Cat-AlE signifies more hydrogen bonding due to 

the presence of more defective sites (Damyanova et al. 2003). Additionally, the catalysts with 

EDTA show a band at 1650 and 1410 cm-1. These bands are due to the interactions of chelate 

carboxyl groups with inorganic hydroxyl groups present on the surface of SBA-15. The band at 

1410cm-1 is ascribed to symmetric stretching of COO- group and the band centered at 1650 cm-1 

can be assigned to C=O vibrations (Damyanova et al. 2003; Ryczkowski 2000; Ryczkowski 2001). 

These bands reveal that EDTA interacts with surface of X-SBA-15 (X=Al, Ti and Zr) through the 

surface hydroxyl (-OH) groups. The possible mechanism of interaction of EDTA with surface 

hydroxyl groups is presented in our earlier paper (Badoga et al. 2012a).   

 

Figure 3.3  FT-IR spectra of catalysts (A) Cat- Ti (B) Cat- TiE (C) Cat- ZrE (D) Cat- AlE 
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3.5.1.5 Active metal reducibility studies 

Hydrogen-Temperature programmed reduction (TPR) profiles for NiMo catalysts are shown in 

Figure 3.4. The catalyst NiMo/SBA-15 shows a reduction peak at 530 °C. This peak could be 

assigned to the reduction of Mo+6 species in the polymolybdates structure to Mo+4 species (Vakros 

et al. 2010). In case of catalyst without EDTA (Cat-Ti) this reduction peak is shifted to higher 

temperatures and is at 600 °C. The increase in reduction temperature reveals that there is increase 

in interaction between metal (Ni/Mo) and support (Ti-SBA-15). It indicates that the incorporation 

of heteroatoms in SBA-15 framework helps in increasing metal support interaction (MSI), which 

will help in increasing dispersion. Similar conclusions were also reported in literature (Maity et al. 

2004; Qu 2003). The results obtained from CO-chemisorption study supports the above fact. 

However, during CO-chemisorption we reduced the catalyst at 350 °C instead of higher reduction 

temperature shown by TPR. The reason being that during TPR measurements the catalyst was 

reduced in presence of 3% hydrogen (balance nitrogen) at the ramp rate of 10 °C/min. This will 

not give enough time for the catalyst to reduce at 350 °C. However, before the chemisorption  of 

CO, the sample was reduced in the flow of 99.9% pure hydrogen at 350 °C for two hours. This 

gives ample time for sample to reduce at 350 °C. In order to support this fact we have done the 

H2-TPR study for catalyst Cat-Ti using 99.9% pure hydrogen and allowing hydrogen to flow for 

2hrs at 350 °C. It can be seen in Figure 3.5 that the reduction peak appears at 350 °C when exposed 

with hydrogen for long duration. 

 

Figure 3.4 TPR profiles for (A) Cat-Ti (B) Cat-ZrE (C) Cat-AlE (D) Cat-TiE (E) NiMo/SBA-15 
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In catalysts with EDTA, the reduction peak is shifted to lower temperatures. It can be seen in 

Figure 3.4 that the reduction peak appears at lower temperature for catalysts with EDTA and for 

Cat TiE the Mo reduction peak is at 435 °C. It implies that EDTA decreases the interaction between 

the molybdenum and support surface. This favors the formation of more octahedral molybdenum 

structures, which are easily reducible. Although, initially it will hamper the dispersion (as shown 

by Scherrer’s equation) in oxide state, but during sulfidation dispersion will increase as discussed 

latter-on during HRTEM analyses. The ease in reducibility of molybdenum in the catalysts with 

EDTA follows the order Cat-TiE(435 °C) > Cat-AlE(468 °C)  > Cat-ZrE (483 °C).   

 

Figure 3.5 H2-TPR profile for Cat-Ti 

3.5.1.6 Variation in acidic strength of different materials 

NH3-TPD experiments were performed to determine the acidic strength of NiMo supported 

catalysts (see Figure 3.6). Based on the NH3 desorption temperature the acidity of material is 

classified as weakly acidic (< 200 °C), medium acidic (200-350 °C) and strongly acidic (> 350 

°C).7 All catalysts, NiMo/SBA-15 and NiMo/M-SBA-15 (M=Ti, Zr and Al), show desorption peak 
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at 200 °C corresponding to weak acidic sites and it may be due to presence of surface hydroxyl 

group. However, the catalysts containing heteroatoms also show peaks at medium and strong acid 

regions. For instance, Cat-Ti shows two broad peaks centered at 460 °C and 600 °C corresponding 

to strong acidic sites, which may be generated due to the presence of Ti in SBA-15 frame work. 

The TPD profile of Cat-Al shows a broad peak in the temperature range of 200-450 °C with a 

shoulder at 240 °C. It indicates that the material is abundant with medium acid sites. In case of 

Cat-Zr, the weak acid peak centering at 200 °C is tailing till 400 °C indicates the presence of 

medium acid sites. The intense peak at 650 °C signifies the strong acidic sites in Cat-Zr. The 

medium acidity in Cat-Al may correspond to the mixture of Bronsted and Lewis acidic sites 

(Lizama et al. 2009). The Brønsted acidity may be coming from the replacement of Si4+ by Al3+ in 

the framework of SBA-15 (Rayo 2009). However, Ti and Zr are tetravalent and, their incorporation 

in SBA-15 framework maintains the electro-neutrality. As these metals are strong Lewis acids so, 

the acidic sites are expected to be Lewis acidic sites only (Tuel 1999). However, Cat-Ti may also 

show some bronsted acidic sites as well due to partial reduction of some of the Ti surface ions 

from Ti4+ to Ti3+ (Ramírez et al. 2004).  It can be concluded from NH3-TPD analysis that the 

incorporation of heteroatoms in SBA-15 framework increases the acidic strength of the catalyst. 

The presence of strong acidic sites in the catalysts follow the order Cat-Zr > Cat-Ti> Cat-Al.   

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 TPD profile for (A) Cat-Ti (B) Cat-Al (C) Cat-Zr (D) NiMo/SBA15 
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3.5.2 Effect of addition of different heteroatoms and EDTA on the structure of active 

metals in oxide state: X-ray absorption near edge spectra (XANES) study 

3.5.2.1 Mo LIII edge 

Mo L-III edge for all catalysts in oxide state was studied to gain in-depth understanding of Mo 

structure, coordination and dispersion in the presence and absence of EDTA. Figure 3.7 shows the 

Mo LIII edge spectra for all catalysts at oxide states along with reference spectra for MoO3 and 

AHM. All spectra show an intense peak at 2525 eV with peak split. This intense peak is Mo LIII 

edge corresponding to 2p to 4d electronic transitions, and the splitting in LIII edge is because of 

the ligand field splitting of the d orbitals. The pattern of molybdenum 4d orbital splitting gives 

information about the co-ordination and structure of Mo atom in the molecule. If the most intense 

peak of the split is at lower energy then the molybdenum is in octahedral geometry and if its vice-

versa then the Mo is in tetrahedral geometry (Aritani et al. 2001). Also, the splitting of Mo 4d 

orbital is smaller in a tetrahedral co-ordination as compared to octahedral coordination (Rodriguez 

et al. 1998). In other words, the peak to peak energy difference is smaller in tetrahedral co-

ordination. MoO3 is having octahedral symmetry and the same is shown by the Mo-LIII edge, 

where the most intense peak is at lower energy and the splitting between 4d orbitals is 2.9eV (peak 

to peak distance). The spectra for AHM also shows the most intense split peak at lower energy, 

and peak to peak distance of 2.9ev, but the intensity difference of split peaks is smaller as compared 

to that in Mo LIII edge in MoO3. It signifies that the AHM structure is distorted octahedral, which 

is in agreement with Evans et al. (1975) Mo LIII edge for Cat-TiE in Figure 3.7(a) shows that Mo 

is in octahedral co-ordination with 2.9ev peak to peak distance. However, peak to peak distance 

for Cat-AlE and Cat ZrE is 2.7 eV and 2.5 eV respectively. It indicates that along with octahedral 

Mo, some of the tetrahedral Mo is also present in Cat-AlE and Cat-ZrE. Lesser peak to peak 

distance in Cat ZrE indicates that Cat-ZrE is having more tetrahedral Mo as compared to Cat-AlE. 

XANES Mo LIII edge for oxide catalysts Cat-Ti, Cat-Zr and Cat-Al is shown in Figure 3.7(b). For 

Cat-Ti the intense peak is at lower energy but the peak to peak distance or ligand field splitting of 

4d orbitals is small, 1.8ev. It signifies that the molybdenum is in both octahedral and tetrahedral 

geometry, with predominantly more number of octahedral Mo. Contrary to this, Cat-Zr and Cat-

Al show the intense split peak at higher energy, which corresponds to tetrahedral geometry. It 

indicates that tetrahedral molybdenum is present predominantly as compared to octahedral MoO3 

in Cat-Zr and Cat-Al. Therefore, it can be concluded from XANES Mo LIII edge of oxide catalysts 
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that, the incorporation of heteroatoms Zr, Ti and Al increases the metal support interaction, which 

results in the tetrahedral orientation of Mo. TPR results (Figure 3.4) also point to the same fact.  

On comparing XANES Mo LIII edge of catalysts with and without EDTA, it can be concluded that 

addition of EDTA favors the formation of more desired octahedral MoO3, which are easily 

reducible during sulfidation. This suggests that EDTA is interacting with the support via hydroxyl 

groups, which results in reducing the available anchor sites for Mo. The mechanism of interaction 

of EDTA and support is shown in our previous paper (Badoga et al. 2012a). By doing so, EDTA 

reduces the metal support interaction and results in the formation of much desired orthorhombic 

MoO3 crystallites. This will help in formation of more type II NiMoS active sites during 

sulfidation/activation of catalyst. The octahedral geometry of Mo in catalyst with EDTA follows 

the order Cat-TiE > Cat-AlE > Cat-ZrE. TPR analyses also confirm that Mo reducibility also 

follows the same order. The Mo L-III edge for sulfided catalyst Cat-Ti and Cat-TiE is shown in 

Figure 3.7(c), along with the reference spectra for MoO3 and MoS2. It is evident from the Figure 

that molybdenum is fully sulfided in both of the catalysts.  

Weak metal support interaction and consequently, the presence of more octahedral molybdenum 

oxides in catalysts with EDTA also signifies that molybdenum oxide is present in large crystals or 

clusters. It represents poor dispersion in the oxide state for catalyst with EDTA as compared to 

catalyst without EDTA. This is also in agreement with crystal size obtained during XRD. However, 

after sulfidation the percentage dispersion for catalysts with EDTA changes. EDTA decomposes 

at 200 °C and the released Ni helps in the re-dispersion of these large octahedral MoO3 crystallites 

(Badoga et al. 2012a; Gutierrez et al. 2008). While on the contrary, in case of catalysts without 

EDTA, as nickel is present from the beginning there is no significant change in dispersion after 

sulfidation. CO-chemisorption study and HRTEM analyses also confirm better dispersion of active 

metals in activated/sulfide catalysts with EDTA.  
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Figure 3.7 XANES spectra Mo LIII-edge of (a) Catalysts with EDTA, (b) Catalysts without 

EDTA, and (c) Sulfided catalysts 
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3.5.2.2 Ni K-edge 

The Ni K edge XANES spectra for all the catalysts in oxide and sulfide state are shown in Figure 

3.8 along with spectra of reference samples such as nickel oxide and nickel sulfide. The nickel 

based catalyst samples in oxide state shows a Ni K-edge jump at 8342eV energy due to dipole 

allowed 1s to 4p transition. The pre-edge feature associated with 1s to 3d transition is formally 

dipole forbidden in octahedral field (Chaturvedi et al. 1998). The absence of pre-edge feature in 

the spectra for reference nickel oxide sample suggests that it has octahedral structure. On 

sulfidation, the nickel reduces to nickel sulfide and the peak becomes less intense and broad with 

the edge jump at 8337eV as seen in reference spectra of nickel sulfide (see Figure 3.8). The 5 eV 

shift in edge jump energy is due to chemical shift between nickel oxide and nickel sulfide. As 

oxygen is more electronegative as compared to sulfur therefore, it requires more energy to excite 

s-orbital electron from nickel in case of nickel oxide. 

Intense peak corresponding to Ni- K edge in catalyst Cat-Ti, Cat-Zr and Cat-Al appears at same 

energy as that of Ni in NiO (at 8355eV). It signifies the presence of octahedral Ni in oxide catalyst. 

On the other hand, the Ni K-edge for catalysts Cat-TiE, Cat-ZrE and Cat-AlE is at 8354eV, which 

is 1eV energy less than that in reference NiO (Figure 3.8(a)). It is due to the fact that Ni is having 

different co-ordination environment because of the formation of Ni-EDTA complex in these 

catalysts, even though the Ni-EDTA complex is also octahedral in geometry (Radanović et al. 

2007). To measure the extent of sulfidation in the catalysts with and without EDTA, Ni K-edge 

XANES for sulfided Cat-Ti and Cat-TiE was done. It was shown in Figure 3.8(b), that Ni K-edge 

for sulfided Cat-Ti and Cat-TiE resembles the reference spectra for nickel sulfide. It signifies the 

complete sulfidation of nickel in both of the catalysts. It can be concluded from Ni K-edge spectra 

that EDTA forms complex with Ni in oxide state of catalyst. This Ni-EDTA complex decomposes 

during sulfidation (at 200 °C), leading to the complete sulfidation of Ni at the end of sulfidation 

process. 
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Figure 3.8 XANES spectra of Ni K- edge of (a) Catalysts in oxide state, and (b) Catalysts in sulfided 

state 
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3.5.3 MoS2 slab distribution study using high resolution transmission electron microscopy 

(HRTEM) 

To attain further data on the dispersion of active components on the support material, with and 

without EDTA, HRTEM characterization was carried out for the sulfided catalysts. It is confirmed 

from HRTEM (Figure 3.9) that even after loading of heteroatoms Ti, Zr and Al on SBA-15 the 

material is having ordered hexagonal structure. HRTEM images in Figure 3.9 show the presence 

of extraneous matter outside the grains of mesoporous support. This may be some of the 

molybdenum sulfide (with or without nickel) that could not enter the pores.  It was observed that 

on an average the amount of extraneous matter per square inch is more in Cat-AlE and least in 

Cat-TiE. It follows the order Cat-AlE> Cat- ZrE ≥ Cat-TiE. However, the activity follows the 

order Cat-TiE > Cat-AlE > Cat-ZrE.  

To gather further understanding on relationship between dispersion and activity, the samples were 

observed at higher resolutions. HRTEM micrographs of the sulfided catalysts show the fringes due 

to MoS2 crystallites (Figure 3.10). HRTEM images of different sulfided catalysts shows changes 

in the morphology and the distribution of MoS2 crystallites with respect to stacking degree and 

slab length. It can be seen in Figure 3.11 and Table 3.4, that the NiMo/SBA-15 catalyst is having 

16% and 23% higher average stacking degree and slab length as compared to Cat-Ti. It shows that 

incorporation of heteroatoms favors the dispersion. It was also observed that Cat-Ti is having more 

number of four to five layered MoS2 slabs with longer slab length as compared to catalysts with 

EDTA. The average stacking degree and slab length for Cat-Ti is 3.2 and 4.8nm as compared to 2 

and 3.6nm for Cat-TiE respectively. Higher number of MoS2 stacks and longer slab length 

indicates poor metal dispersion. It implies that EDTA helps in increasing the dispersion of active 

metals in activated (sulfided) catalysts. CO-chemisorption studies also pointed out this fact. With 

the presence of EDTA short MoS2 particles were formed predominantly as seen in Figure 3.9. 

HRTEM images for Cat-AlE shows the MoS2 slabs of average length 3.34nm (Table 3.4) and 

average stacking of 2.4 layers. Cat-ZrE shows less dispersion as compared to Cat-TiE and Cat-

AlE due to higher degree of stacking of MoS2 slabs with average of 2.7 layers although the slab 

length of 3.45nm for Cat-ZrE is similar to that of Cat-TiE. Based on the distribution of stacking 

degree and slab length, metal dispersion follows the order Cat-TiE > Cat-AlE > Cat-ZrE > Cat-Ti.  
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Figure 3.9 HRTEM micrographs for (A) Cat-TiE, (B) Cat-ZrE, and (C) Cat-AlE 
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Figure 3.10 Distribution of MoS2 slabs in M-SBA-15 supported catalysts (A) NiMo/SBA-15, 

(B) Cat-Ti, (C) Cat-TiE, (D) Cat-AlE, and (E) Cat- ZrE  
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Figure 3.11 Length and layer stacking distribution of MoS2 slabs in the catalysts 
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Table 3.4 Average length (L) and number (N) of the stacking layers 

 

 

 

 

 

 

 

 

3.5.4 Catalytic activity for hydrotreating of heavy gas oil 

3.5.4.1 Liquid 13C NMR- Hydrodearomatization (HDA) study 

The hydrogenation of the aromatics is desired for the better quality of middle distillate, which 

serves as a feedstock for the production of diesel fuel. Therefore, in order to measure the 

hydrodearomatization activity (HDA) of the catalyst, liquid 13C NMR was used. This technique 

measures the percentage of carbon in the sample that is in aromatic environment. The ratio of 

carbon in aromatic and saturated hydrocarbons is measured by integrating the intensities over the 

aromatic hydrocarbon range (110-150 ppm) and saturated hydrocarbons range (0-50 ppm) in 13C 

NMR plot (Botchwey 2010).  13C NMR reveals that the aromatic content in feed heavy gas oil is 

42%. The HDA activity for different catalysts under similar reaction conditions of 385 °C, 8.96 

MPa, 1 LHSV and G/O=600 ml/ml, is shown in Figure 3.12. It was observed from Figure 3.12 

that incorporation of heteroatoms in SBA-15 increases the HDA activity by 22% as in case of Cat-

Ti. This can be assigned to the better acidity and dispersion in Cat-Ti as compared to NiMo/SBA-

15 catalyst. It was also shown in Figure 3.12, that addition of EDTA increases the HDA activity. 

For Instance, Cat-TiE shows 22% better hydrogenation/HDA activity as compared to Cat-Ti. This 

could be due to less dispersion in case of catalyst Cat-Ti. In catalysts with EDTA, the HDA activity 

follows the order Cat-ZrE > Cat-AlE > Cat-TiE. This should be related to the stacking degree of 

MoS2 slabs as observed by HRTEM. Higher degree of MoS2 slab stacking favors the adsorption 

of bulky aromatic molecules via π-π electronic interaction, which leads to hydrogenation (Qu & 

Prins 2003). It implies that higher the stacking degree better is HDA activity and it can be seen in 

Table 3.4 that MoS2 stacking degree follows the order Cat-ZrE > Cat-AlE > Cat-TiE.  

Catalyst Average 

length (nm) 

Average stacking 

 (no of layers) 

NiMo/SBA-15 5.90 4.3 

Cat-Ti 4.80 3.2 

Cat-TiE 3.60 2.0 

Cat-AlE 3.34 2.4 

Cat-ZrE 3.45 2.7 
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Nevertheless, there should be a balance between stacking degree and dispersion, because higher 

stacking degree will reduce the dispersion, which will affect the hydrogenolysis reaction and 

causes decrease in the overall activity (Rayo et al. 2009). On the other hand, higher dispersion will 

decrease stacking degree, which will decrease the hydrogenation, a primary pathway for HDN and 

HDA reactions. 

 

Figure 3.12 HDS, HDN and HDA activities of supported NiMo hydrotreating catalysts with 

Bitumen derived HGO at 385oC (catalyst = 5 cm3, P = 8.96 MPa, LHSV = 1 h-1 and H2/oil ratio 

= 600 [v/v]) 

3.5.4.2 Nitrogen/Sulfur removal 

Athabasca bitumen-derived HGO was used as feedstock for hydrotreating studies. The catalytic 

activity for hydrotreating of HGO was determined in terms of HDN and HDS activities, presented 

in terms of percentage removal/conversion. The values of activities reported are the average value 

for 12 data points (i.e., 4 oil samples and each sample is analyzed 3 times). For comparison, the 

hydrotreating activity study of NiMo/SBA-15 and NiMo/γ-Al2O3 was also carried out. The 

catalysts were first stabilized via Precoking by reacting with HGO for 5 days. After precoking, the 

HDN and HDS activities were determined at  three different pressures 8.27 MPa, 8.96 MPa and 

9.65 MPa, three different temperatures 375 °C, 385 °C and 395 °C, three different LHSVs 0.8 h-1, 

1 h-1 and 2 h-1 and constant gas/oil (G/O) ratio of 600ml/ml. At each operating condition the 

samples were collected for two days and tested for N and S conversions. The average value of N/S 
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conversion was reported and used for kinetic study (Table 3.5-3.7). For comparison, the HDS and 

HDN activities of different catalysts at similar reaction conditions of temperature 385 °C, pressure 

8.96 Mpa, LHSV 1 h-1 and G/O ratio of 600ml/ml are shown in Figure 3.12. The activity results 

represent that catalyst Cat-TiE shows better HDS and HDN activity than other catalysts and the 

activity is comparable to conventional NiMo/γ-Al2O3 catalyst. The HDS and HDN activity follows 

the order Cat-TiE ≈ NiMo/γ-Al2O3 > Cat-AlE > Cat-ZrE > Cat-Ti > NiMo/SBA-15. The higher 

hydrotreating activity of Cat-TiE catalysts can be assigned to better metal dispersion as shown by 

HRTEM, optimum metal support interaction and easy reducibility as shown by XANES and TPR 

analysis. However, almost comparable activity of conventional NiMo/γ-Al2O3 catalyst could be 

due to higher dispersion of sulfide active phase and higher acidic strength, high stability and large 

pore diameter of γ-Al2O3 support material. 

3.6 Effect of process parameters on HDS and HDN activity 

The behavior of the catalyst on variation of process parameters such as temperature, pressure and 

LHSV was studied in terms of HDN and HDS conversions for HGO. The percentage HDN and 

HDS conversions were calculated based on the equation (3.2). 

𝐻𝐷𝑆 (%) =  [(𝑆𝑓 − 𝑆𝑝)/𝑆𝑓] ∗ 100            ….3.2a 

𝐻𝐷𝑁 (%) =  [(𝑁𝑓 − 𝑁𝑝)/𝑁𝑓] ∗ 100             ….3.2b 

Where HDN (%) = extent of hydrodenitrogenation; HDS (%) = extent of hydrodesulfurization; Sf 

and Sp = amount of sulfur in feed and product, respectively (ppm); Nf and Np = amount of nitrogen 

in feed and product, respectively (Ferdous et al. 2006). In present study, the process parameters, 

temperature, pressure and LHSV are in the range of 375-395 °C, 8.2-9.7 MPa and 0.8-2 h-1 

respectively. 

3.6.1 Effect of reaction temperature 

Manipulating process temperature is the simplest and efficient way to tweak the hydrotreating 

conversions. However, excessive high temperatures will lead to shorting of catalyst life (Boahene 

et al. 2013). With the aim to study the effect of the temperature on hydrotreating activity, the 

reaction was carried out at three different temperatures of 375, 385 and 395 °C, at constant 

conditions of pressure- 8.96Mpa, LHSV- 1 h-1 and gas to oil ratio 600ml/ml. Table 3.5 shows the 

variation in HDS and HDN activities with temperature for catalysts Cat-Ti, Cat-TiE, Cat-ZrE and 
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Cat-AlE. All catalysts follow the similar trend. As shown in Table 3.5, for Cat-TiE, with increase 

in temperature from 375 to 385 °C there is 15% and 32% increase in HDS and HDN activity, 

respectively. On further increase in temperature to 395 °C, there is only 5.5% and 10% increase in 

HDS and HDN activity. It shows that the rate of increase in conversion is reduced at the higher 

temperatures. This indicates that the reaction is approaching equilibrium at higher temperature. 

Further increase in temperature over 400 °C, leads the reaction towards hydrocracking.  

Table 3.5 Effects of reaction temperature at constant pressure, LHSV and G/O ratio of 8.96 

MPa, 1 h-1 and 600ml/ml respectively 

Temperature 

(°C) 

Cat-TiE Cat-ZrE Cat-AlE Cat-Ti 

% conversion 

Nitrogen  Sulfur Nitrogen  Sulfur Nitrogen  Sulfur Nitrogen  Sulfur 

375 37 78 32 75 35 75 25 60 

385 49 90 42 85 46 88 36 76 

395 54 95 48 90 52 94 42 82 

3.6.2 Effect of liquid hourly space velocity (LHSV) 

Feed flow rate with respect to volume of catalyst is studied in terms of LHSV.   The effect of 

feed(untreated gas oil) flow rate on the HDS and HDN conversions was studied by varying the 

LHSV from 0.8 to 2 h-1 while the temperature, pressure and gas-to-oil ratio was kept constant at 

385 °C, 8.96 MPa and 600ml/ml respectively. Table 3.6 shows that at lower LHSV the HDN and 

HDS conversions over all catalysts are high due to increase in liquid-catalyst contact time. It has 

been shown in Table 3.6 that reducing the contact time by half or doubling up the LHSV, reduces 

the HDS and HDN conversions by 16 % and 59% respectively for catalyst Cat-TiE. 

Table 3.6 Effects of LHSV at constant pressure, temperature and G/O ratio of 8.96 MPa, 385 °C 

and 600ml/ml respectively 

LHSV (h-1) 

Cat-TiE Cat-ZrE Cat-AlE Cat-Ti 

% conversion 

Nitrogen  Sulfur Nitrogen  Sulfur Nitrogen  Sulfur Nitrogen  Sulfur 

0.8 55 94 49 88 54 92 42 80 

1 49 90 42 85 46 88 36 76 

2 29 75 25 70 28 70 20 60 
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3.6.3 Effect of system pressure 

The effect of pressure on HDS and HDN reaction was studied by varying pressure from 8.2 – 9.7 

MPa while maintaining temperature, LHSV and gas-to-oil ratio constant at the values of 385 °C, 

1 h-1 and 600ml/ml respectively. The effect of pressure on HDS and HDN reaction rates for each 

catalyst is shown in Table 3.7. It can be observed from Table 3.7 that the rate of increase in 

conversion is higher till 9 MPa pressure and then the increase is marginal. This may be due to the 

saturation of catalyst surface at such higher pressure (Speight 2000).  For example, in case of Cat-

TiE the increase in pressure from 8.2 to 9 MPa leads to an increase in HDS and HDN conversion 

by 12.5% and 32% respectively. Contrary to this, further increase in pressure from 9 to 9.7 MPa 

will increase HDS and HDN conversions by only 2.2% and 5% respectively. It has also been 

observed that with increase in hydrogen partial pressure the increase in HDN conversion is more 

as compared to HDS. This is due to the fact that HDN reactions usually follow the hydrogenation 

pathway, which is a function of hydrogen partial pressure whereas HDS reaction follows direct 

desulfurization pathway along with hydrogenation pathway.  

Table 3.7 Effects of reaction pressure at constant temperature, LHSV and G/O ratio of 385 °C, 1 

h-1 and 600ml/ml respectively 

Pressure (MPa) 

Cat-TiE Cat-ZrE Cat-AlE Cat-Ti 

% conversion 

Nitrogen  Sulfur Nitrogen  Sulfur Nitrogen  Sulfur Nitrogen  Sulfur 

8.27 37 80 33 73 36 78 27 63 

8.96 49 90 42 85 46 88 36 76 

9.65 52 92 45 88 48 90 39 79 

 

3.7 Kinetic study: Power Law and kinetic parameter estimation 

The Power Law model was used to perform the kinetic studies for hydrodesulfurization (HDS) 

and hydrodenitrogenation (HDN) reactions. Due to its simplicity, the Power Law was used by 

many researchers, however this model has no provision to consider the inhibition effects caused 

by other potential molecules in the feedstock (Kady et al. 2010; Ferdous et al. 2006; Owusu-

Boakye et al. 2005). The basic assumption is that, the reactor is essentially operating in isothermal 

and plug flow conditions. Axial dispersion, channeling effect and wetting characteristics 
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essentially vary the performance of trickle bed reactor.  Problems related to channeling effect and 

wetting efficiency was resolved by using SiC as diluent. Axial dispersion was substantially 

removed by using high length to diameter ratio. In the present study, L/dp = 65 (length, L = 11cm 

and particle diameter, dp =0 .168cm), which satisfies the Mears criterion (L/dp >50) (Mears 1975). 

The kinetic parameter estimation study was done for four catalysts, Cat-Ti, Cat-TiE, Cat-ZrE and 

Cat-AlE. The operating conditions used in kinetic study were: LHSV—0.8 to 2 h-1, temperature—

375 to 395 °C and pressure- 8.2 to 9.7 MPa. The Power Law model is described by the equation 

(3.4) and the solution depending on the value of n (order or reaction) is shown in equation 3.5 (a-

b) (Boahene 2011). 

−𝑟𝑖 =  −
𝑑𝐶𝑖

𝑑𝑡
=  𝑘𝑖𝐶𝑖

𝑛                        ….3.4 

ln (
𝐶𝑓

𝐶𝑝
) = 

𝑘𝑖

𝐿𝐻𝑆𝑉
    for n=1                    ….3.5a 

[
1

𝐶𝑝
𝑛−1 −  

1

𝐶𝑓
𝑛−1] = (𝑛 − 1)

𝑘𝑖

𝐿𝐻𝑆𝑉
    for n≠1            ….3.5b 

where, Ci = concentration of species i (S or N) and Cp and Cf are the concentration of species i 

in product and feed respectively (wt%). ki = apparent rate constant of species i. n= reaction order, 

t= residence time and LHSV = liquid hourly space velocity, h-1 (Boahene et al. 2012).  

The kinetic parameters derived using Power Law model are reaction order, apparent rate constant 

and activation energy. The activation energy was determined by using Arrhenius equation (3.6). 

Values for apparent rate constants are determined by plotting the left hand side of equation 1 and 

2 against inverse of LHSV at constant temperature and pressure, whereas, the activation energy is 

determined by plotting inverse of temperature verses ln ki at constant pressure and LHSV. The 

concentration of sulfur and nitrogen in feed HGO is 3.94 wt% and 0.34 wt% respectively, as 

measured using Antek 9000 N/S analyser. Table 3.8 summarizes the kinetic parameters for HDS 

and HDN reactions during hydrotreating of HGO over different catalysts. Using the general 

solution for power Law model, various values of n were tested using a trial and error approach 

until the best fit of experimental data was obtained. The value of regression co-efficients R2 for 

each fit is also shown in Table 3.8. 

𝑘𝑖 =  𝑘0𝑒(−
𝐸

𝑅𝑇
)
                       ….3.6 
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where, k0 = pre-exponential factor, E= activation energy (kJ/mol), T= absolute temperature (K) 

and R= universal gas constant (kJ/mol K). Kinetic data for HDS and HDN reactions over different 

catalysts in present study is in agreement with others who have used similar feedstock (Diaz-real 

et al. 1993; Bej et al. 2001; Yui & Ng 1995; Mapiour et al. 2010). It is clear from the Table 3.8, 

that the presence of EDTA increases the rate of reaction by increasing the apparent rate constant 

and decreasing the activation energy. This is due to presence of most favorable Type II NiMoS 

active sites in the catalysts with EDTA. CO-chemisorption, HRTEM and XRD results are also in 

agreement with this finding. The HDN reaction order is less than that of HDS reaction order for 

all catalysts. It indicates that nitrogen is adsorbed relatively much stronger than sulfur compounds 

causing inhibition. The HDN reaction follows the pseudo-first order for all catalysts with EDTA. 

The value of rate constant is highest for Cat-TiE among all catalyst studied. It can be concluded 

from Table 3.8 that rate of reaction for HDS and HDN reactions follow the order Cat-TiE ≈ Cat-

AlE  > Cat-ZrE  > Cat-Ti.  

          Table 3.8 Kinetic parameter estimation for HDS and HDN of heavy gas oil 

  Cat-TiE Cat-ZrE Cat-AlE Cat-Ti 

n 
HDS 1.25 1.7 1.25 1.9 

HDN 1 1 1 1.3 

R2-fit for power Law 
HDS 0.9944 0.9985 0.9999 0.9997 

HDN 0.9913 0.9962 0.9967 0.9992 

ki (h
-1 (wt%)n-1) 

HDS 2.28 1.50 1.99 0.84 

HDN 0.66 0.54 0.62 0.66 

E (kJ/mol) 
HDS 159 161 162 190 

HDN 94 99 96 122 

R2-fit for Arrhenius eqn 
HDS 0.9902 0.9916 0.993 0.964 

HDN 0.9408 0.9424 0.9654 0.9605 

ko 
HDS 9.40E+12 9.00E+12 1.40E+13 3.00E+11 

HDN 6.40E+07 6.40E+07 7.70E+06 3.00E+09 
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3.8 Discussions 

The results presented above clearly shows the followings (i) heteroatoms modified SBA-15 

supported NiMo catalysts shows better  activity as compared to SBA-15 supported NiMo catalyst 

and (ii) the catalysts prepared with complexing agent EDTA are more active than the ones without 

EDTA. The textural properties measured by BET signify that material retains the mesoporous 

structure even after metal incorporation in SBA-15 by direct synthesis. The presence of Si-O-M 

(M=Ti, Zr and Al) vibration band at 966 cm-1 in FTIR spectrum (Figure 3.3) indicates the 

incorporation of heteroatoms in the framework. The presence of more number of hydroxyl groups 

in 3000-3700 cm-1 region as compared to SBA-15 signifies the presence of metal anchoring sites, 

which will enhance dispersion. The main advantage of incorporating Ti, Zr and Al is to impart the 

acidic properties to more neutral SBA-15 material and to enhance the metal support interaction 

(MSI), which is otherwise very weak in SBA-15. The presence of acidic sites enhances the 

catalytic activity by interfering electronic properties (Michaud et al. 1998; Breysse et al. 2003b). 

TPD analysis (Figure 3.5) shows the increase in acidic strength of Cat-Ti as compared to 

NiMo/SBA-15. It was observed during TPR analysis that Cat-Ti reduces at higher temperature as 

compared to NiMo/SBA-15. It indicates that there is an increase in MSI in Cat-Ti and this may be 

attributed to the presence of Ti in SBA-15 framework.  

TPR profiles for catalysts with EDTA shows reduction at lower temperature as compared to 

catalysts without EDTA. This is due to the fact that EDTA interacts with support and lowers the 

MSI in order to form much desirable octahedral Mo species, which enhance better dispersion 

during sulfidation. It was observed that Cat-TiE reduces at lower temperature and the reducibility 

follows the order Cat-TiE > Cat-AlE > Cat-ZrE. This result implies that the MSI is more in Cat-

ZrE as compared to Cat-TiE and Cat-AlE. Further insight to MSI is provided by XANES Mo LIII 

edge analysis for oxide catalysts (Figure 3.7). It was observed that the presences of tetrahedral Mo 

species are predominant in Cat-Zr as compared to Cat-Al whereas, the Cat-Ti has predominately 

octahedral Mo species. This, points to the fact the Cat-Zr has comparatively stronger MSI. It was 

also observed that the addition of EDTA reduces the presence of tetrahedral Mo species 

significantly and the catalysts predominately have octahedral Mo species. However, the presence 

of tertrahedral Mo species still follows the same order. This again points to the stronger MSI in 

Cat-ZrE with order Cat-ZrE > Cat-AlE > Cat-TiE. The presence of tetrahedral Mo species will 
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effect reducibility and leads to improper sulfidation and formation of Type I partially sulfide 

NiMoS phases. This results in lower activity. The activity results maps with this fact, and follows 

the order Cat-TiE > Cat-AlE > Cat-ZrE with lesser activity in Cat-ZrE.   

3.8.1 Effect of EDTA-Mo-Support interactions on active metal dispersion 

The MSI follows the order Cat-ZrE > Cat-AlE > Cat-TiE so dispersion should also follow the same 

order. However, it’s not the case. According to CO-chemisorption and HRTEM analysis, Figure 

3.11, Table 3.3 dispersion follows the order Cat-TiE > Cat-AlE > Cat-ZrE. The difference can be 

attributed to the role of EDTA interactions with support and Mo, EDTA shows variation in the 

interaction with different kinds of support. Ryczkowski, et al. (Ryczkowski 2005) showed the 

EDTA interacts strongly with ZrO2 support and the strength of interaction follows the order ZrO2 

> Al2O3 > TiO2. EDTA interacts with the support via hydroxyl group as per the mechanism 

mentioned in our previous work (Badoga et al. 2012a). Therefore, a stronger EDTA - support 

interaction in Zr-SBA-15 will leave less number of hydroxyl groups to interact with molybdenum 

oxide as compared to that in Ti (Al)-SBA-15. This will result in the formation of bigger MoO3 

crystallities, which implies poor dispersion in Cat-ZrE. Scherrer’s equation also showed the 

presence of large size of MoO3 crystallities in Cat-ZrE as compared to Cat-TiE and Cat-AlE.  
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Figure 3.13 Scheme 3-Effect of EDTA-Mo-Support interactions on dispersion of active metals 

in catalysts (A) Cat-TiE and (B) Cat-ZrE  

Another possible reason for poor dispersion of active metal in Cat-ZrE instead of its comparatively 

stronger MSI could be assigned to EDTA-Mo interactions. Sun et al. (Sun et al. 2003) described 

the interaction of Mo with EDTA. Comparatively stronger EDTA - support interaction in Zr-SBA-

15 will leave less amount of EDTA to interact with Mo. Whereas, in Cat-TiE the interaction 

between support and EDTA is weak resulting in more number of EDTA to interact with Mo. 

During sulfidation at temperatures below 175 °C the big MoO3 crystallites re-disperse and start to 

sulfide, hence increasing the percentage dispersion.  However, the molybdenum in EDTA-Mo 

complex does not take part in re-dispersion; as EDTA-Mo complex is stable at those temperatures. 

At temperatures above 175 °C the EDTA molecules decompose at 200 °C and Mo-EDTA 
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interactions/ complex breaks to release Mo. The released molybdenum then redisperse and sulfide. 

Also, at 200 °C EDTA-Ni complex breaks and released Ni helps in further redistribution of 

molybdenum.  Nickel ions then sulfides and sit on the corner and edges of the already formed 

MoS2 and favor the formation of fully sulfide NiMoS type –II phases. As the number of EDTA-

Mo interactions in case of Cat-ZrE is low, there is lesser extent of Mo re-dispersion in Cat-ZrE at 

higher sulfidation temperatures as compared to Cat-TiE. Cat-AlE shows the intermediate 

interactions of EDTA with Mo and support materials resulting in intermediate dispersion in 

comparison with Cat-TiE and Cat-ZrE. This is illustrated by plausible schematic mechanism as 

shown in Scheme 3. 

 

 

 

Figure 3.13 continued… 

 

The activity results also maps with metal dispersion calculated from CO chemisorption and 

HRTEM. However, only dispersion does not determines the hydrotreating activity. Activity also 

depends upon the type of NiMoS active phases. Presence of fully sulfide single layer NiMoS2 will 
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result in better dispersion, but they will not help in removal of N and S from bulky molecules such 

as alkyl substituted poly- aromatic compounds. To remove the N and S from such molecules, 

multi-layered fully sulfide NiMoS phases are required, because they favor the adsorption of such 

molecules followed by hydrogenation (Qu & Prins 2003).  But, the presence of multi-layered 

NiMoS slabs will lower the dispersion. Therefore, optimum number of stacking degree and 

mixture of both types of sites are also important factors to consider for activity. The catalyst Cat-

ZrE has a higher average stacking degree as showed by HRTEM, which should help in 

hydrogenation reactions and this fact was supported by higher HDA conversions of Cat-ZrE as 

compared to Cat-TiE and Cat-AlE. This indicates that Cat-ZrE should perform better in HDN 

reactions, which primarily follows hydrogenation pathway, but the presence of comparatively 

strong MSI leading to the formation of higher number of tetrahedral Mo species results in lowering 

the overall hydrotreating activity of Cat-ZrE. Conversely, the presence of more octahedral Mo 

species in Cat-TiE as shown by XANES analysis, formation of fully sulfided multilayer NiMoS 

type-II active phases, easy reducibility as indicated by TPR, better dispersion and higher surface 

area result in the enhanced activity of Cat-TiE with respect to other synthesized catalyst. Also, the 

presence of Brønsted acidic sites in Cat-TiE enhances the HDN activity by tuning electronic 

properties of the active sites. It can be concluded that the activity of Cat-TiE is almost comparable 

to conventional NiMo/γ-Al2O3 catalyst. The higher activity of NiMo/γ-Al2O3 catalyst can be 

assigned to the presence of Brønsted acidic sites and large pore size (~7-9nm). It appears that, Cat-

TiE with large pore diameter (~7-9nm) may have potential for superior hydrotreating catalyst.  

3.9 Conclusions 

In this work, series of NiMo catalysts supported on M-SBA-15(M=Ti, Zr and Al) with and without 

EDTA were prepared, characterized and tested for hydrotreating activity using Athabasca 

bitumen-derived heavy gas oil under similar conditions. The heteroatoms incorporation in SBA-

15 framework and use of EDTA result in improvement of hydrotreating activity. It was observed 

that synthesis of M-SBA-15 using direct synthesis method retains the hexagonal ordered structure 

of SBA-15. It has been shown by TPD and TPR that incorporation of Ti, Al and Zr increases the 

support acidity and metal support interaction, which results in increasing dispersion as compared 

to NiMo/SBA-15 catalyst. The presence of different heteroatoms shows difference in acidic 

strength and metal support interactions and follows the order Cat-Zr > Cat-Al > Cat-Ti. In addition 
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EDTA not only favors in formation of Type II NiMoS active sites by delaying the Ni sulfidation 

temperature, but it also helps in better re-dispersion and sulfidation (CO-chemisorption and 

HRTEM). XANES Mo LIII edge pointed out the role of EDTA in formation of more octahedral 

molybdenum oxide crystallites, which are easy to sulfide and are more catalytically active. A 

plausible schematic showing interaction of excess EDTA with Mo and support and its effect on 

the active phase dispersion and morphology is also presented. It can also be concluded that the 

hydrotreating activity of NiMo/M-SBA-15 catalysts with EDTA also depends on nature of 

heteroatoms Al, Ti and Zr and their interaction with active metals. The difference in activity of 

Cat-TiE, Cat-ZrE and Cat-AlE can be attributed mainly to EDTA-support interaction along with 

difference in acidic strength and MSI for each material. Power Law based kinetic study for the 

catalysts reveals that addition of EDTA increases the rate of HDS and HDN by increasing the rate 

constant and decreasing the activation energy. Among the catalysts with EDTA the HDS and HDN 

activity follows the order Cat-TiE > Cat-AlE > Cat-ZrE, while HDA follows the order Cat-ZrE > 

Cat-AlE > Cat-TiE. Improved HDA activity of Cat-ZrE is because of higher average stacking of 

MoS2 slabs due to different EDTA-support-Mo interaction as discussed in Scheme 3. However, 

the presence of more octahedral Mo species in Cat-TiE, easy reducibility, presence of Brønsted 

acidic sites, higher surface area and better dispersion results in comparable HDS and HDN activity 

of Cat-TiE with conventional NiMo/γ-Al2O3 catalyst. 
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Chapter 4 

4 Hydrotreating of heavy gas oil using mesoporous zirconia supported NiMo 

catalyst with EDTA  

4.1 Chapter overview  

This chapter discusses the results of a study examining the efficacy of using of mesoporous 

zirconia supported NiMo catalysts, with and without EDTA, to hydrotreat heavy gas oil. Large-

pore, high-surface-area mesoporous zirconia was synthesized. Triblock copolymer P123 was used 

as a structure directing agent (SDA). The synthesized mesoporous zirconia was then characterized 

using BET, XRD, FTIR, Raman spectroscopy and HRTEM. The low-angle XRD and HRTEM 

analysis confirmed the mesoporous structure, and BET analysis confirmed the presence of large 

pore size and large surface area. FTIR and RAMAN analysis confirmed the presence of a mixture 

of monoclinic and tetragonal phases of zirconia. The synthesized mesoporous zirconia was used 

as a support material for the NiMo hydrotreating catalyst. The catalysts were synthesized with and 

without EDTA and tested for the hydrotreating of HGO in a continuous fixed-bed reactor under 

industrial conditions. The hydrotreating activity results were compared with catalysts NiMo/SBA-

15 and NiMo/γ-Al2O3. The mesoporous zirconia supported NiMo catalysts with and without 

EDTA were characterized using CO-chemisorption, BET, H2-TPR, NH3-TPD, XANES (Mo K 

edge), HRTEM, Raman, FTIR, pyridine FTIR and XRD. The catalytic activity was correlated 

systematically with the textural and structural properties of the catalysts. The content of this 

chapter is published in the paper: “Badoga, S., Sharma, R. V., Dalai, A. K., & Adjaye, J. (2014). 

Hydrotreating of heavy gas oil on mesoporous zirconia supported NiMo catalyst with EDTA. Fuel, 

128, 30–38”. Elsevier holds the copyright, and written permission to use above-mentioned paper 

in this thesis was obtained from Elsevier (see Appendix C). 

Chapter 4 discusses part of research proposed in objective 2 of this thesis. The contributions of the 

PhD candidate to this manuscript included the following: (i) synthesizing large-pore, high-surface-

area mesoporous zirconia and supported-NiMo catalysts with and without EDTA, (ii) 

characterizing mesoporous zirconia and supported NiMo catalysts, (iii) performing hydrotreating 

reaction studies, (iv) analyzing the results in detail, and (v) writing the paper and replying to 

reviewers’ comments. Dr. R. V. Sharma (postdoctoral fellow) provided support in developing the 
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experimental set-up to synthesize mesoporous zirconia. The supervisors, Drs. A.K. Dalai and J. 

Adjaye, provided overall guidance, reviewed the experimental data analysis, submitted paper and 

monitored the research progress. 

4.2 Abstract 

Large-pore, high-surface-area mesoporous zirconia was synthesized using P123 as SDA and was 

used as a support material for the hydrotreating of heavy gas oil. The mesoporous zirconia-

supported NiMo hydrotreating catalyst was prepared with and without EDTA via wet 

impregnation method. The structural characteristics of catalysts were measured by X-ray 

diffraction (XRD), FT-IR, RAMAN, TPD (Temperature Programmed Desorption), TPR 

(Temperature Programmed Reduction), HRTEM, XANES and N2-adsorption desorption 

isotherms (BET). The hydrotreating activities of the catalysts were measured using Athabasca 

bitumen-derived HGO at industrial reaction conditions. Catalytic activity of NiMo/γ-Al2O3 and 

NiMo/SBA-15 catalysts was also determined for comparative studies. Low-angle XRD and BET 

results support the formation of ordered mesoporous structure in the catalyst. Wide-angle XRD, 

FT-IR and RAMAN analyses confirm the presence of mixture of monoclinic and tetragonal phase 

of zirconia in the catalyst. Surface acidity and type of acidic sites present were measured using 

NH3-TPD and Pyridine-FTIR. The extent of active metal dispersion in NiMo/Meso-Zr, Ni(NO3)2-

Mo/Meso-Zr and NiMo/Meso-Zr(EDTA) catalyst is shown by CO chemisorption and HRTEM 

analysis. It has been confirmed from physio-chemical characterization that addition of EDTA 

increases the catalytic activity by (i) increasing the active metal dispersion as indicated by HRTEM 

and CO chemisorption, (ii) increase in Ni sulfidation temperatures and (iii) decreasing the metal 

support interaction as shown by XANES analysis. XANES analysis revealed that molybdenum 

oxide is present predominantly in tetrahedral form in NiMo/Meso-Zr catalyst whereas it is present 

predominantly in octahedral form in NiMo/Meso-Zr (EDTA) catalyst. The catalytic activity was 

investigated and correlated systematically with the textural and structural properties of the 

catalysts. The HDS and HDN activities follows the order: NiMo/Meso-Zr(EDTA) ≥ NiMo/γ-

Al2O3 > NiMo/Meso-Zr > Ni(NO3)2-Mo/Meso-Zr > NiMo/SBA-15. 
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4.3 Introduction 

Worldwide increasing demand of fuel puts pressure on the extraction of crude oils from the ground. 

These oils contain higher amount of sulfur and nitrogen-containing compounds. For example, 

Athabasca bitumen-derived HGO contains 4 wt % sulfur and 0.35 wt % nitrogen (Botchwey et al. 

2004). In order to remove such higher content of sulfur and nitrogen-containing compounds from 

heavy gas oils, hydrotreating catalysts with enhanced activity and selectivity is required. 

Therefore, the development/modification of catalysts to improve its activity and selectivity has 

been a prime focus of researchers worldwide. In past decade, significant interest has been seen in 

studying the effect of various support materials on catalytic activity. Different support materials 

show difference in activity because they differ in textural and structural properties, and also in 

extent of interaction with active metals. The conventional hydrotreating catalyst used is NiMo 

supported on γ-Al2O3. Other support materials studied are zeolities, amorphous silica-aluminas, 

mesoporous silica (such as SBA-15, MCM 41), metal oxides ( ZrO2, TiO2 ), and mixed oxides 

(Al2O3- ZrO2, Al2O3-TiO2). Out of various support materials, mesoporous material has drawn most 

of the attention because of ordered structures, high pore diameter, high surface area and stable 

structural properties. Detailed study therefore has been done on SBA-15, M-SBA-15 (M= Ti, Al, 

Zr) and MCM-41 type of materials for hydrotreating reactions.  

Metal oxides such as zirconia and titania appear to be most interesting ones because as compared 

to alumina, ZrO2 and TiO2 supported MoS2 catalysts show 3-5 times higher HDS and 

hydrogenation activities (Breysse et al. 2003a). The challenges in using these as a support materials 

is their less surface area and structural stability. However, significant improvements in the 

preparation procedure for TiO2 and ZrO2 had resulted in materials with higher surface areas. The 

mesoporous TiO2 (120 m2/g) was synthesized by novel method generated by Chiyoda corporation. 

The method was based on the aqueous precipitation method, which was previously applied to 

synthesize alumina (Ono et al. 1983). Afanasiev et al (1995) has synthesized zirconia-supported 

molybdenum oxide catalyst using molten salt method and attained surface area of upto 200 m2/g. 

Chuah et al (2000) has synthesized ZrO2 of high surface area (~380m2) by compromising with 

porosity using digestion in moderately basic medium. Other efforts in preparing ZrO2 for 

hydrotreating application include the surfactant-assisted synthesis and block copolymer assisted 

synthesis. Lyu et al. (2004) has synthesized mesoporous zirconia via Gemini surfactant and 
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attained surface area of 126 m2/g with pore diameter of 2.1nm. The mesostructures obtained from 

low molecular weight surfactants generally have small pore sizes (< 4nm) (Yang et al. 1999). 

However, the major problem reported for mesoporous zirconia materials synthesized via 

surfactant-assisted method is that, the structure of materials collapse at high-temperatures. Also, it 

is much more difficult to remove the surfactants while preserving the zirconia framework (Das et 

al. 2009; Breysse et al. 2003a). This greatly limits their practical application in catalysis. 

The block copolymers assisted synthesis of mesoporous materials is promising, and results in 

ordered and stable structure. For example P123 is used as a SDA for the synthesis of SBA-15 

material with large surface area (>700 m2/g) and large pore diameters (>11nm) (Philip E. Boahene 

et al. 2011). Yuan et al. (2009)  synthesized mesoporous zirconia using P123 as SDA and achieved 

the surface area of 97m2/g, pore diameter of 4.1nm and pore volume of 0.14cm3/g. Considering 

the feasibilty of tuning the textural properties, mesoporous metal oxides possess more attractive 

catalytic properties (Xiao 2005). Therefore, zirconia material having the mesoporous ordered 

structure, will be a promising support for NiMo hydrotreating catalyst. 

The objective of this work is (i) to synthesize and utilize large pore mesoporous zirconia as a 

support material for the NiMo catalyst with and without chelating ligand (EDTA) for hydrotreating 

of Athabasca bitumen derived HGO, (ii) to determine the active phase dispersion and morphology, 

and relate it to catalytic activity more systematically at industrial reaction conditions. Both 

catalysts were characterized by XANES, FT-IR, Py-FTIR, RAMAN, N2 adsorption-desorption, X-

ray diffraction, CO-chemisorption, HRTEM, TPD and TPR. XANES technique was 

predominantly used to determine the structural information at atomic level. The difference in metal 

support interactions in catalysts with and without EDTA are also explained. The catalysts were 

screened with Athabasca bitumen derived HGO in fixed-bed reactor under industrial reaction 

conditions. The catalytic activity of each catalyst is reported in terms of hydrodesulfurization 

(HDS), hydrodenitrogenation (HDN) and hydrodearomatization (HDA) and compared with that 

of NiMo/γ-Al2O3 and NiMo/SBA-15 catalysts.  
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4.4 Material synthesis 

4.4.1 Materials 

P123, Poly(ethylene oxide)-blockpoly(propylene oxide)-block-poly(ethylene oxide), diglycol and 

zirconium iso-propoxide were obtained from Aldrich. Ammonium heptamolybdate, nickel nitrate 

and EDTA (ethylenediaminetetraacetic acid) were obtained from Sigma-Aldrich, Edmonton, 

Canada. Anhydrous ethanol, 70% nitric acid and ammonium hydroxide were obtained from Fisher 

Scientific, Saskatoon, Canada.  

4.4.2 Synthesis procedure for large pore mesoporous zieconia and supported catalysts 

with and without EDTA 

The synthesis of mesoporous zirconia was performed with reference to method mentioned by Liu 

et al. (2007). In a typical synthesis, in container A 11.85 g P123 was dissolved in 300ml of 

anhydrous ethanol and 64.5 ml of distilled water. To this solution 4.5ml of nitric acid was added 

to maintain the pH at 3. The solution was stirred for 1h at 35 °C. In a container B, 52.5 ml of 

zirconium iso-propoxide was added in a mixture of 300ml anhydrous ethanol and 22.5 ml diglycol. 

The solution mixture in container B was also stirred for 1h at 35 °C. After that, the solution in 

container B was added drop wise in container A. The mixture was stirred and pH was maintained 

at 3 by adding more nitric acid. The solution mixture was stirred for 2h and then kept for 

hydrothermal treatment at 45 °C for 24h in Teflon bottle. Then after, aqueous ammonia solution 

was added drop wise till pH of 10 was achieved. The solution was then refluxed for 48h. The 

resulted suspension was then filtered under vacuum; washed with anhydrous ethanol. The obtained 

solid material was then dried at 100 °C for 12h. Finally, the powered material was calcined at 600 

°C for 4h at ramp rate of 1°C/min to remove the template.  

All the catalysts were prepared by sequential incipient wet impregnation method. The mesoporous 

zirconia (Meso-Zr) support was dried at 110oC for the removal of moisture. Ammonium 

heptamolybdate was used as a precursor for loading 13wt% of molybdenum on mesoporous 

zirconia. The sample was dried and calcined at 550oC for 5.5h and then 2.5wt% of Ni was 

impregnated on the material using nickel nitrate aqueous solution. The material was dried and then 

calcined at 550oC for 5.5h to obtain NiMo/Meso-Zr catalyst.  
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To prepare the catalysts with EDTA, Mo/Meso-Zr material was impregnated with aqueous solution 

of EDTA and nickel nitrate, having EDTA/Ni molar ratio of 2. Few drops of ammonium hydroxide 

were added to aid the dissolution of EDTA. The material was dried at 100°C for 12h to obtain 

NiMo/Meso-Zr(EDTA) catalyst. The catalyst Ni(NO3)2-Mo/Meso-Zr was synthesized by 

impregnating 2.5 wt%  Ni(NO3)2 (nickel basis) on  Mo/Meso-Zr. The material was dried at 100°C 

for 12h to obtain Ni(NO3)2-Mo/Meso-Zr catalyst. NiMo/γ-Al2O3 catalyst was also synthesized by 

sequential pore filling impregnation procedure for comparison, with equal loading of Mo and Ni 

as in NiMo/Meso-Zr catalyst.   

4.4.3 Synthesized materials characterization 

The synthesized mesoporous zirconia and supported catalysts with and without EDTA were 

characterized using N2 adsorption–desorption analysis (performed in Micromeritics ASAP2020) , 

X-ray diffraction (XRD) analysis, X-ray absorption near-edge structure (XANES) spectroscopy 

(at HXMA beamline in Canadian light source), H2-Temperature programmed reduction (TPR), 

NH3-Temperature programmed reduction (TPR), CO Chemisorption, High resolution transmission 

electron microscopy (HREM), Fourier transform infrared spectroscopy (FTIR), Raman 

spectroscopy and Liquid-Carbon-13 Nuclear magnetic resonance (13C NMR). The details of each 

analysis were described in Section 2.4.3 of Chapter 2 and Section 3.4.4 of Chapter 3.  

4.4.4 Experimental methodology to determine catalytic activity  

The hydrotreating of bitumen derived HGO was done in a continuous fixed-bed reactor under 

industrial operating conditions. The sulfur and nitrogen content in HGO is 3.9 wt.% and 0.34 wt.%, 

respectively. The details of reactor set up and the sulfidation were mentioned in section 2.4.4. After 

sulfidation, the temperature was increased to 395°C and the HGO was pumped over the catalyst 

in the presence of hydrogen for 5 days (at 8.8 MPa, 1.0 h-1 and 600 ml/ml). This stage is called as 

pre-coking. After pre-coking for 5 days, the HDN, HDS and HDA activities of the catalysts for 

HGO were recorded. The activity studies were done at three different temperatures of 375°C, 

385°C and 395°C. The samples were collected after every 24 h for 3 days at each temperature. The 

24 h sample after each temperature change was discarded. Each sample was stripped with a 

nitrogen to remove dissolved hydrogen sulfide. The concentration of sulfur and nitrogen was 
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determined using Antek 9000 NS analyzer. ±2% instrumental error was observed in the N and S 

analysis. 

4.5 Results and discussion 

4.5.1 N2 Adsorption-desorption isotherms for mesoporous zirconia and supported 

catalysts 

The textural characteristics of the support material and catalysts were determined by BET and BJH 

method. The mesoporous zirconia material was synthesized two times and no significant difference 

in textural properties was observed. Each sample was analysed in BET for three times and the 

average values were reported in Table 4.1. The N2 adsorption-desorption isotherms and pore size 

distribution curves are shown in Figure 4.1. The isotherm for Meso Zr material is type IV with H1 

hysteresis loop. This implies that the synthesized Meso Zr material has mesoporous structure. 

Table 4.1 shows that the Meso Zr material has surface area of 120 m2/g with pore volume 0.38 

cm3/g, and average desorption pore diameter of 13 nm. NiMo hydrotreating catalyst was 

synthesized using Meso Zr as a support material and the isotherm of NiMo/Meso-Zr, Ni(NO3)2-

Mo/Meso-Zr and NiMo/Meso-Zr(EDTA) were also shown in Figure 4.1. These isotherms are also 

of Type IV with H1 hysteresis loop, indicating that the structure remains intact even after metal 

loading. However, there is decrease in width of hysteresis loop and surface area in case of 

NiMo/Meso-Zr, and that is due to the impregnation of Ni and Mo inside the pores. Further decrease 

in surface area and pore volume in case of the Ni(NO3)2-Mo/Meso-Zr catalyst is due to the 

presence of nitrate component of nickel nitrate. Moreover, the decrease in textural characteristics 

of NiMo/Meso-Zr(EDTA) is due to the presence of EDTA. Nonetheless, during sulfidation nickel 

nitrate and EDTA will decompose and leave the textural properties as similar to that of 

NiMo/Meso-Zr. The pore size distribution for NiMo/Meso-Zr, Ni(NO3)2-Mo/Meso-Zr and 

NiMo/Meso-Zr(EDTA) is also shown in Figure 4.1.  
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Figure 4.1 N2 adsorption-desorption isotherm and BJH pore size distribution of (A) Meso Zr, 

(B) NiMo/Meso-Zr, (C) Mo/Meso-Zr-Ni(NO3)2, and (D)NiMo/Meso-Zr(EDTA) 

Table 4.1 Textual properties of mesoporous zirconia and supported catalysts 

 Meso Zr NiMo/Meso Zr Ni(NO3)2-

Mo/Meso-Zr  

NiMo/Meso Zr 

(EDTA) 

Surface Area, m2/g 120 90 70 50 

Pore Diameter, nm 13 12 12 11 

Pore volume, cm3/g 0.38 0.26 0.25 0.12 

4.5.2 Structural details determination using X-ray diffraction 

XRD analysis was performed to determine the structural information of synthesized mesoporous 

zirconia and NiMo supported catalysts. Low-angle XRD pattern for mesoporous zirconia is shown 

in Figure 4.2. As synthesized mesoporous zirconia material shows three well resolved peaks at 2θ 

= 0.85, 1.6 and 2.5 degree, these peaks are indexed as (100), (110) and (200), respectively, and 

they are typical for hexagonal ordered mesoporous structures. Therefore, it can be concluded from 

low-angle XRD measurements that the synthesized mesoporous zirconia material has ordered 

mesoporous structure. A similar findings were also observed from HRTEM analysis (Figure 4.10 

a) 
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        Figure 4.2 Low-angle XRD pattern for mesoporous zirconia 

Powder wide-angle XRD patterns for catalysts NiMo/Meso-Zr, Ni(NO3)2-Mo/Meso-Zr and 

NiMo/Meso-Zr(EDTA) are shown in Figure 4.3. The peaks at 2θ = 28, 31.3, 34, 40.5, 55.1 

correspond to monoclinic zirconia (ICDD-01-070-2491), and peaks at 2θ = 30, 35, 50.1, 60, 62.9 

(ICDD-01-072-7115) represent tetragonal zirconia. A similar findings are also reported in 

literature (Afanasiev, Pavel Geanlet, Christophe and Breysse 1995; McIntosh & Kydd 2000; Liu 

et al. 2005; Liu et al. 2007). Presence of these peaks in both the catalysts, signifies that the 

synthesized mesoporous zirconia is in both tetragonal and monoclinic phase. The XRD pattern for 

catalyst NiMo/Meso-Zr does not show any peak for molybdenum oxide. It indicates that 

molybdenum oxide is well dispersed. This could be due to strong metal-metal interaction between 

Mo and Zr. The XRD spectra for Ni(NO3)2-Mo/Meso-Zr calayst, also does not show any extra 

peak for nickel nitrate. This indicares that it is well dispered and has suitable interaction with 

zirconia support. It is interesting to observe that the XRD pattern for catalyst NiMo/Meso-

Zr(EDTA) show some peaks at  2θ = 13.8, 15.8, 17.8, 25.5 that are not present in NiMo/Meso-Zr. 

The peak at 2θ of 25.5 is because of MoO3 (Badoga et al. 2012), whereas peaks at 2θ of 13.8, 15.8, 

17.8 are also due to Mo but either in Mo4O11 or Mo7O24 form or in Mo-EDTA complex  (Ha 1998; 

Hanna 2000; Kumar et al. 2012; Guerrero et al. 2007). Presence of XRD peaks for Mo in the 

catalyst NiMo/Meso-Zr(EDTA) confirms the presence of Mo in crystalline phases indicating that 

Mo is not well dispersed. This implies that the presence of EDTA leads to poor dispersion of 
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molybdenum. This could be explained as follows: Ni aids in better dispersion of Mo as discussed 

by Gutierrez et al. (2008) but in case of catalyst with EDTA, Ni forms complex with EDTA and 

hence Ni is not available to improve the Mo dispersion (Badoga et al. 2012). However, in case of 

catalyst without EDTA, Ni is available and favors the Mo dispersion, and that could be the reason 

for better Mo dispersion in catalyst NiMo/Meso-Zr. Also EDTA interacts with support and reduces 

metal support interaction, which could be another possible cause of poor dispersion as in case of 

catalyst with EDTA. Nevertheless, EDTA-Ni complex decomposes during catalyst 

activation/sulfidation and released Ni then helps in Mo re-dispersion. 

 

Figure 4.3 Wide-angle XRD pattern for (A) NiMo/Meso-Zr, (B) Ni(NO3)2-Mo/Meso-Zr and (C) 

NiMo/Meso-Zr (EDTA) ; m and t represents monoclinic and tetragonal phase of zirconia 
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4.5.3 Ease in reducibilty: H2-Temperature programmed reduction (TPR) study 

Hydrogen-TPR is used to determine the ease of reducibility of molybdenum. The reduction of pure 

molybdenum oxide takes places in 2 steps(Arnoldy et al. 1985). In first step Mo+6 reduces to Mo+4 

at 750 °C and in second step Mo+4 reduces to Mo0 at 990°C (Bhaskar et al. 2001). The H2-TPR 

profile for NiMo/Meso-Zr catalyst is shown in Figure 4.4. The first peak at 540°C could be 

assigned to reduction of MoO3 (Mo+6) to MoO2 (Mo+4). It was observed from TPR result that 

zirconia support helps in lowering the reduction temperature of molybdenum and also favors the 

formation of octahedral MoO3. In case of CuO supported on Zirconia it is well known that well 

dispersed CuO reduces at lower temperature as compared with bulk CuO (Zhou et al. 1999). 

Similarly lower reduction temperature of molybdenum in NiMo/Meso-Zr catalyst indicates that 

molybdenum oxide is well dispersed and this is also in accordance with CO-chemisorption and 

XRD analysis. 

 

Figure 4.4 TPR profile for NiMo/Meso-Zr catalyst 

4.5.4 Determination of acidic strength and type of acidity, Lewis or Bronsted 

4.5.4.1 Acidic strength: NH3-Temperature programmed desorption (TPD) study 

TPD of adsorbed ammonia was performed to determine the acidic strength of the catalyst. 

Ammonia is a basic molecule and it adsorbs strongly on the acidic sites. More the strength of acidic 

site the greater is desorption temperature. Therefore, based on the NH3 desoprtion temperature 
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during TPD, the acidic site are classified as weekly acidic (<200 °C), moderately acidic (200-350 

°C) and strongly acidic (>350°C). Figure 4.5 shows the NH3-TPD profile for mesoporous zirconia 

NiMo/Meso-Zr and Ni(NO3)2-Mo/Meso-Zr catalysts. It can be seen in Figure 4.5 that mesoporous 

zirconia shows a flat and broad TPD curve, indicating that it has a broad acid sites distribution 

(Manrı́quez et al. 2004). TPD profile for NiMo/Meso-Zr catalyst shows two peaks. One at 180-

320 °C corresponds to moderate acidity and other at 480-580 °C corresponding to strong acid sites. 

TPD profile for Ni(NO3)2-Mo/Meso-Zr catalyst also showed peak corresponding to moderate and 

strong actidic strength at 180-250 °C and 470-540 °C, respectively. This implies that catalyst 

NiMo/Meso-Zr has more acidic strength as compared to catalyst Ni(NO3)2-Mo/Meso-Zr. With 

reference to literature (Manrı́quez et al. 2004), zirconia has only lewis type acid sites, therefore, 

the acidic strength of the NiMo/Meso-Zr and Ni(NO3)2-Mo/Meso-Zr catalysts are because of 

Lewis sites. The same has also been confirmed from pyridine FTIR. 

 

Figure 4.5 TPD profile for (A) NiMo/Meso-Zr catalyst, (B) Ni(NO3)2-Mo/Meso-Zr and (C) 

Mesoporous zirconia 

4.5.4.2 Deteriming the type of acidity using Pyridine-FTIR 

Pyridine-FTIR was done to identify the type of acidic sites present on catalyst. The presence of 

bands at 1540 cm-1 and 1450 cm-1 represents the Brønsted and Lewis type acid sites respectively 
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(Zhao et al. 2002). In Figure 4.6, the Py-FTIR spectra for NiMo/Meso-Zr, Ni(NO3)2-Mo/Meso-Zr 

and NiMo/Meso-Zr(EDTA) does not show the presence of Brønsted type acid site peak at 1540 

cm-1. However, the peaks at 1445 and 1610 cm-1 corresponding to Lewis acid are present. Also, 

the week bands at 1485 and 1635 cm-1 corresponding to both Brønsted and Lewis sites are present 

(Miyata et al. 1990; Zhang et al. 2010). Therefore, it can be concluded from Pyridine-FTIR 

analysis that the acid sites present in catalyst are Lewis type. 

 

Figure 4.6 Pyridine-FTIR spectra for (A) Ni(NO3)2-Mo/Meso-Zr, (B) NiMo/Meso-Zr and (C) 

NiMo/Meso-Zr (EDTA) 

4.5.5 FT-IR and RAMAN spectroscopy 

FT-IR spectroscopy was done to determine the vibrational modes of bulk and surface structures of 

mesoporous zirconia and NiMo/Meso-Zr, Ni(NO3)2-Mo/Meso-Zr and NiMo/Meso-Zr (EDTA) 

catalysts. For tetragonal ZrO2, three modes are IR active- 1A2u and 2 Eu, and for monoclinic ZrO2, 

8Au and 7Bu modes are IR active (Hirata et al. 1994). FTIR spectra of mesoporous zirconia  in 

Figure 4.7 show bands at 467 cm-1 and 585 cm-1  corresponding to Eu modes of tetragonal ZrO2 

(Hirata et al. 1994; Milman et al. 2009; Phillippi & Mazdiyasni 1971), and  band at 740 cm-1  

representing Au vibrational mode for monoclinic ZrO2. It implies that mesoporous zirconia 

material is a mixture of tetragonal and monoclinic structures. This is also in agreement with XRD 

analysis. The FTIR spectra of Mo/Meso-Zr, Ni(NO3)2-Mo/Meso-Zr and NiMo/Meso Zr show 

additional bands at 875 and 990 cm-1 due to the presence of molybdenum oxide. The band at 875 

cm-1 is due Mo-O-Mo stretching vibration and band at 990 cm-1 is due to M=O streching mode 
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(Maity et al. 2000; Sohn et al. 2003). This confirms the impregnation of molybdenum oxide on 

zirconia. FTIR spectrum for catalyst with EDTA is also shown in Figure 4.7. The peak at 1605 

cm−1 is assigned to asymmetric stretching of COO− group present in EDTA and the peak at 1410 

cm−1 is assigned to symmetric stretching of COO− (Badoga et al. 2012). The bands 940-1000 cm-

1 are due to C-C stretch of the carboxyl group and the band at 1100 cm-1 corresponds to presence 

of Ni-EDTA complex (Faulques et al. 1998) 

 

Figure 4.7 FT-IR spectra of (A) NiMo/Meso-Zr, (B) Mo/Meso-Zr, (C) Meso-Zr, (D) 

NiMo/Meso-Zr (EDTA) and (E) Ni(NO3)2-Mo/Meso-Zr 

Raman spectra for mesoporous zirconia, Mo/Meso-Zr, NiMo/Meso-Zr, Ni(NO3)2-Mo/Meso-Zr 

and NiMo/Meso-Zr(EDTA) catalysts are shown in Figure 4.8. In the mesoporous zirconia 

spectrum, the peaks at 618, 638 and 477 cm-1 are due to A1g and Eg vibrational modes for tetragonal 

Zirconia (Naumenko et al. 2008). The peaks at 500, 335-345, 310 cm-1 are due to monoclinic ZrO2 

(Phillippi & Mazdiyasni 1971). The doublet band at 180-190 cm-1 is due to Ag mode and band at 

222 cm-1 is assigned to Bg mode of vibration in monoclinc ZrO2. RAMAN spectra of Mo/Meso-

Zr, Ni(NO3)2-Mo/Meso-Zr and NiMo/Meso-Zr shows some additional peaks at 668, 820 and 995 

cm-1 and these peaks correspond to the presence of MoO3 crystallites on supported catalysts (Sohn 

et al. 2003; Badoga et al. 2012b). The peak at 1045 cm-1 in spectra of NiMo/Meso-Zr(EDTA) is 



 
 

114 
 

due to asymmetric vibrations  of C3N present in EDTA and the peak at 910 cm−1 is due to C-C  

vibrations.  

 

Figure 4.8 RAMAN spectra of (A) Meso-Zr, (B) NiMo/Meso-Zr (EDTA), (C) Mo/Meso-Zr, (D) 

NiMo/Meso-Zr and (E) Ni(NO3)2-Mo/Meso-Zr 

It can be concluded from RAMAN and FT-IR analysis that mesoporous zirconia material is a 

mixture of tetragonal and monoclinic structures. Both FT-IR and RAMAN spectra are 

complimentary to each other and they signify the presence of molybdenum oxide and EDTA in 

the catalysts. 

4.5.6 Mo K-edge XANES analysis 

The XANES technique was employed to understand the electronic configuration of molybdenum 

in the catalyst. The Mo K edge XANES spectra for NiMo/Meso-Zr and NiMo/Meso-Zr (EDTA) 

catalysts are shown in Figure 4.9. The pre-edge feature in Mo K-edge XANES is due to 1s – 4d 

transition. The intensity of the pre-edge peak is function of the local symmetry of the molybdenum 

atom. In case of tetrahedral symmetry (+4 oxidation state) the intensity of pre-edge peak is high 

due to the effective mixing of metal d-orbitals and ligand p-orbitals (Mohanty 2011).  However, 

in case of octahedral symmetry (+6 oxidation state) the 1s-4d transition is only slightly allowed. It 

can be seen in Figure 4.9, that catalyst NiMo/Meso-Zr has a relatively intense pre edge peak as 
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compared to catalyst NiMo/Meso-Zr (EDTA) at 19994 eV. This implies that the catalyst 

NiMo/Meso-Zr (EDTA) has higher percentage of octahedrally bounded molybdenum oxide and 

catalyst NiMo/Meso-Zr has higher percentage of tetrahedrally bounded molybdenum oxide. This 

indicates that EDTA helps in decreasing the metal support interaction, and favors the formation of 

more number of octahedral molybdenum structures, which are easily reducible during sulfidation 

as compared to the molybdenum in tetrahedral structure. 

 

Figure 4.9 Pre-edge feature in Mo-K edge XANES spectra of (A) NiMo/Meso-Zr and (B) 

NiMo/Meso-Zr (EDTA)   

4.5.7 Active metal dispersion and distribution on mesoporous zirconia supported 

catalysts and role of EDTA 

4.5.7.1 CO chemisorption 

Table 4.2 shows the percentage metal dispersion, amount of CO adsorbed, and crystal size 

measured by CO-chemisorption for NiMo/Meso-Zr, Ni(NO3)2-Mo/Meso-Zr and NiMo/Meso-Zr 

(EDTA) catalysts. It was shown in Table 4.2 that the quantity of CO adsorbed by NiMo/Meso-Zr 

is less than that absorbed by Ni(NO3)2-Mo/Meso-Zr and NiMo/Meso-Zr (EDTA) catalysts. 

Consequently, the metal dispersion of Ni(NO3)2-Mo/Meso-Zr and NiMo /Meso-Zr (EDTA) is 27% 

and 90% greater than that of NiMo/Meso-Zr, respectively. Also, the crystal size of active metals 

is reduced from 10 to 5.9nm on addition of EDTA. This implies that addition of EDTA helps in 

increasing the active metal dispersion. In order to understand the reason behind increase in metal 
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dispersion using EDTA, the CO chemisorption for Ni/Meso-Zr and Ni/Meso-Zr(EDTA) materials 

were carried out. These materials contain original amount of Ni, i.e., 2.5 wt%. It has been observed 

(Table 4.2) that the CO amount adsorbed, and consequently, percentage Ni dispersion increase 

with addition of EDTA in Ni/Meso-Zr. Also, the crystal size decreases. This is due to the fact that 

in case of Ni/Meso-Zr (EDTA), Ni and EDTA form Ni-EDTA complex and gets finely dispersed 

in comparison to bulk nickel as in case of Ni/Meso-Zr. Gutierrez et al. (2008) has reported that Ni 

helps in dispersion of molybdenum, therefore, more finely the Ni is dispersed, better will be the 

dispersion of molybdenum oxide and lower will be the crystal size. This could be the reason behind 

increase in active metal dispersion on addition of EDTA.  

Table 4.2 CO uptake and percentage metal dispersion of mesoporous zirconia supported 

materials 

  
Metal Dispersion 

(%) 

Crystallite size 

(nm) 

CO- Quantity absorbed 

(µmol/g) 

NiMo/Meso-Zr  11 10.0 188 

Ni(NO3)2-Mo/Meso-Zr 14 8.7 251 

NiMo/Meso-Zr (EDTA) 21 5.9 366 

Ni/Meso-Zr 19 3.2 83 

Ni/Meso-Zr (EDTA) 35 1.8 160 

 

4.5.7.2 High resolution transmission electron microscopy (HRTEM) 

The HRTEM analysis was carried out to derive further information on structure of mesoporous 

zirconia, and dispersion of active metals in sulfided catalysts. Figure 4.10 shows the HRTEM 

images for mesoporous zirconia, and for catalysts NiMo/Meso-Zr and NiMo/Meso-Zr (EDTA). It 

can be observed in Figure 4.10 (a) that mesoporous zirconia has ordered structure. The same is 

shown by low-angle XRD and BET analyses. The HRTEM images for sulfided catalysts in Figure 

4.10 (b) and 10 (c) show the typical fringes due to MoS2 crystallites (Badoga et al. 2012). It can 

be seen in Figure 4.10 (b) and 10 (c) that there is difference in morphology and distribution of 

MoS2 in terms of MoS2 slab stacking degree and slab length. This implies that there is difference 

in active metal dispersion in catalysts with and without EDTA. The average slab length and 

stacking degree in NiMo/Meso-Zr is 5nm and 4.5 layers, and average slab length and stacking 

degree in NiMo/ Meso-Zr (EDTA) is 3.8nm and 3 layers. This indicates better metal dispersion in 

catalyst NiMo/ Meso-Zr (EDTA), and this is in agreement with CO-chemisorption analysis. 
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Figure 4.10 HRTEM micrographs for (A) Mesoporous zirconia, (B) NiMo/Meso-Zr and (C) 

NiMo/Meso-Zr (EDTA)  

4.5.8 Catalytic activity for hydrotreating of heavy gas oil 

The catalytic activity is determined in terms of hydrodesulfurization (HDS), hydrodenitrogenation 

(HDN) and hydrodearomatization (HDA), measured in terms of percentage conversion. Athabasca 

bitumen derived HGO was used as feedstock and hydrotreating reactions were carried out at 

industrial reaction conditions. Figure 4.11 shows the HDS and HDN activities at 3 different 

temperatures for Ni(NO3)2-Mo/Meso-Zr, NiMo/Meso-Zr and NiMo/Meso-Zr (EDTA) catalysts. 

The HDS and HDN activities of laboratory made NiMo/γ-Al2O3 and NiMo/SBA-15 are also shown 

C 
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for comparison. The HDA activity for all the catalysts at 395 °C is shown in Figure 4.12. The 

values of activities reported are the average value for 12 data points (i.e., 4 oil samples and each 

sample is analyzed 3 times). The HDS, HDN and HDA results at 395 °C show that the catalyst 

NiMo/Meso-Zr EDTA is better than the catalyst NiMo/Meso-Zr, and its activity is comparable to 

that of NiMo/γ-Al2O3.  

 

Figure 4.11 HDS and HDN activities of NiMo supported catalysts for hydrotreating of bitumen 

derived HGO at 395 °C, 385 °C and 375 °C  (catalyst = 5 cm3, P = 8.8 MPa, LHSV = 1 h-1 and 

H2/oil ratio= 600 (v/v)) 

The higher catalytic activity of NiMo/Meso-Zr catalyst is due its mesoporous structure, and 

presence of catalytically active tetragonal phase of ZrO2 in mesoporous zirconia material. Low-

angle XRD and N2 adsorption desorption isotherms confirmed that the material is having ordered 

mesoporous structure with high surface area. Likewise, the presence of tetragonal phase of ZrO2 

is confirmed by FT-IR, RAMAN and XRD analyses. The acidity of support also plays an important 

role in driving HDN and HDS reactions (Badoga et al. 2012). It has been confirmed that 

NiMo/Meso-Zr material has strong acidic sites as shown by TPD and Py-FTIR, which are also 

responsible for higher activity. However, possible inhibition of active/acidic sites of the catalyst 

by nitrogen containing compounds will limit the acitivity of NiMo/Meso-Zr catalyst. The 

Ni(NO3)2-Mo/Meso-Zr catalyst shows less HDN and consequently less HDA activities as 

compared to NiMo/Meso-Zr catalyst.. The catalyst Ni(NO3)2-Mo/Meso-Zr was not calcined and 
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the nickel is present in form of nickel nitrate instead of nickel oxide, which is otherwise easy to 

sulfide. Therefore, improper sulfidation of nickel nitrate could have resulted in the formation of 

less number of NiMoS active sites, which are responsible for HDN reactions. The HDS, HDN and 

HDA activities shown by catalyst Ni(NO3)2-Mo/Meso-Zr could be largely attributed to MoS2 

phase. On addition of EDTA, there is increase in activity and this may be due to (i) increase in 

active metal dispersion as confirmed by HRTEM and CO chemisorption, (ii) decrease in metal 

support interaction as shown by XANES analysis and (iii) due to delay in Ni sulfidation 

temperatures. During sulfidation, Ni starts to sulfide at 75 °C and molybdenum starts to sulfide at 

175 °C. Therefore, by the time molybdenum sulfides and forms MoS2, the Ni is already sulfided 

and stabilized. Hence it becomes difficult to form NiMoS active phases. However, in the presence 

of EDTA, Ni and EDTA form Ni-EDTA complex, which is stable upto 220 °C. On further increase 

in temperature during sulfidation the complex breaks and nickel ions are released. These well 

dispersed nickel ion play two roles (i) it helps in further redistribution of molybdenum and (ii) it 

sits on the corner and edges of already formed MoS2 slabs and form NiMoS active phases. The 

more the number of NiMoS active phase, the more is activity.  

 

Figure 4.12 HDA activities of supported NiMo hydrotreating catalysts with Bitumen derived 

HGO at 395 °C (catalyst = 5 cm3, P = 8.8 MPa, LHSV = 1 h-1 and H2/oil ratio= 600 (v/v)) 
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4.6 Conclusions 

In this work, mesoporous zirconia material was syntheized and utilized as a support material for 

NiMo hydrotreating catalysts. The synthesized mesoporous zirconia, and NiMo supported 

catalysts with and without EDTA were characterized by XRD, FT-IR, Pyridine-FTIR, BET, 

RAMAN, TPD, TPR, HRTEM and XANES. Low-angle XRD and BET analysis confirmed the 

synthesis of high-pore ordered mesoporous zirconia. XRD, FT-IR and RAMAN spectroscopic 

studies ascertains the formation of tetragonal ZrO2 phase, which is more catalytically active. The 

activity of the catalysts NiMo/Meso-Zr, Ni(NO3)2-Mo/Meso-Zr and NiMo/Meso-Zr (EDTA) was 

determined in terms of HDS, HDN and HDA conversions. The activity test was carried out at 

industrial conditions with Athabasca bitumen derived heavy gas oil. Catalytic activity of NiMo/γ-

Al2O3 and NiMo/SBA-15 was also determined for comparative studies. The HDS and HDN 

activities follows the order: NiMo/Meso-Zr(EDTA) ≥ NiMo/γ-Al2O3 > NiMo/Meso-Zr > 

Ni(NO3)2-Mo/Meso-Zr > NiMo/SBA-15. The catalytic activity of mesoporous zirconia supported 

catalysts can be ascribed to the ordered mesoporous structure and presence of tetragonal phase of 

ZrO2. It has been confirmed that NiMo/Meso-Zr material has strong acidic sites as shown by TPD 

and Py-FTIR, which are also responsible for higher HDS and HDN activity.  The comparatively 

lower HDN and HDA activities of Ni(NO3)2-Mo/Meso-Zr catalyst could be due to improper 

sulfidation of nickel and low acidity as shown in NH3-TPD analysis. However, the better activity 

of NiMo/Meso-Zr(EDTA) catalyst is due to role of EDTA in; (i) increase in active metal dispersion 

as confirmed by HRTEM and CO chemisorption, (ii) increase in Ni sulfidation temperatures and, 

(iii) decrease in metal support interaction as shown by XANES analysis. It has been observed from 

Mo-K edge XANES that in case of the NiMo/Meso-Zr catalyst, molybdenum oxide is present 

predominantly in tetrahedral geometry. Conversely, in case of the NiMo/Meso-Zr(EDTA) catalyst, 

molybdenum is present predominantly in octahedral environment. This signifies the strong metal-

support interactions in case of catalyst without EDTA, and it affects proper sulfidation of 

molybdenum oxide in NiMo/Meso-Zr catalyst. Therefore, the ease of molybdenum reducibility in 

NiMo/Meso-Zr(EDTA) catalyst favors the complete sulfidation, and results in comparatively 

higher activity. Moreover, in case of catalyst with EDTA, the nickel-EDTA complex decomposes 

at 220 °C and release nickel ions. These nickel ions then move to the corner of already formed 

MoS2 slabs and sulfide to form NiMoS active sites responsible for higher hydrotreating activity. 

However, almost comparable activity of the NiMo/Meso-Zr(EDTA) catalyst with that of the 
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NiMo/γ-Al2O3 catalyst indicates that the NiMo/Meso-Zr(EDTA) catalyst has a potential for 

hydrotreating of havy gas oil. 
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Chapter 5 

5 Hydrotreating of heavy gas oil using mesoporous mixed metal oxides M-

Al2O3 (M=TiO2, ZrO2, SnO2) supported NiMo catalysts: Influence of 

surface acidity 

5.1 Chapter overview 

This chapter discusses the results of the synthesizing and characterizing of mesoporous mixed 

metal oxides TiO2-Al2O3, ZrO2-Al2O3 and SnO2-Al2O3. Low angle XRD and BET analyses 

confirmed that the method developed for synthesis was suitable for the preparation of mesoporous 

mixed oxides. These materials were used as a support for a NiMo hydrotreating catalyst and were 

tested for hydrotreating heavy gas oil under industrial operating conditions. The catalysts were 

characterized using BET, X-ray diffraction, FTIR, Pyridine-FTIR, Acridine-FTIR, CO-

chemisorption, ICP-MS, TPD and TPR. The characterization study revealed the effects of different 

metals in alumina-based mesoporous mixed oxide on hydrotreating activity. The difference in 

acidic strength was observed for different mixed oxides, and the effect of acidic strength on activity 

was studied. The acridine-FTIR study showed that the catalysts with higher acidic strength are 

prone to inhibition by basic nitrogen species present in heavy gas oil, which reduces catalytic 

activity. The content of this chapter is published in the paper: “Badoga, S., Sharma, R. V, Dalai, 

A. K., & Adjaye, J. (2014). Hydrotreating of heavy gas oil on mesoporous mixed metal oxides 

(M−Al2O3, M = TiO2, ZrO2, SnO2) supported NiMo catalysts: Influence of surface acidity. 

Industrial & Engineering Chemistry Research, 53, 18729–18739”. ACS publications holds the 

copyright, and written permission to use the above-mentioned paper in this thesis was obtained 

from ACS publications (see Appendix C).  

Chapter 5 is based on objective 2 of this research. The contributions of the PhD candidate to the 

manuscript included the following: (i) synthesizing mesoporous mixed metal oxides and supported 

NiMo catalysts, (ii) characterizing support materials and catalysts, (iii) performing hydrotreating 

reaction studies, (iv) analyzing the results analysis in detail, and (v) writing the paper and replying 

to reviewers’ comments. Dr. R. V. Sharma (postdoctoral fellow) provided support in developing 

the experimental set-up to synthesize the mixed oxides. The supervisors, Drs. A. K. Dalai and J. 
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Adjaye, provided overall guidance, reviewed the experimental data analysis, submitted paper and 

monitored the research progress. 

5.2 Abstract 

Mesoporous mixed metal oxides; TiO2-Al2O3, ZrO2-Al2O3 and SnO2-Al2O3 were synthesized 

using novel method and were utilized as a support material for NiMo hydrotreating catalyst. The 

catalyst was prepared via incipient wet sequential impregnation method. All catalysts were 

characterized using N2 adsorption-desorption isotherms (BET), X-ray diffraction, FTIR, Pyridine-

FTIR, Acridine-FTIR, CO-chemisorption, ICP-MS, TPD and TPR. The hydrotreating activities of 

the catalysts were determined using Athabasca bitumen-derived heavy gas oil under industrial 

reaction conditions. Catalytic activity of synthesized NiMo/γ-Al2O3 catalyst was also determined 

for comparative studies. Low angle XRD and BET analysis has confirmed that the method 

developed for synthesis is suitable for the preparation of mesoporous mixed oxides based NiMo 

hydrotreating catalyst. H2-TPR analysis has confirmed that the introduction of metal oxides such 

as ZrO2, TiO2 and SnO2 in alumina increases the active metal (Mo) and support (alumina) 

interactions. The highest reduction temperature is observed in SnO2 containing catalyst. NH3-TPD 

has confirmed the increase in acidic strength of catalysts after introduction of metal oxides and it 

follows the order NiMo/ SnO2-Al2O3 > NiMo/ ZrO2-Al2O3 > NiMo/ TiO2-Al2O3. It was observed 

from Acridine-FTIR analysis that the catalysts having strong acidic strength hold acridine strongly 

at high temperatures. This implies that catalysts with higher acidity are prone to inhibition by 

nitrogen containing compounds present in feed and it will affect the catalytic activity. The HDS 

and HDN activities follow the order NiMo/TiO2-Al2O3 > NiMo/mesoAl2O3(mesoporous) > 

NiMo/ZrO2-Al2O3 > NiMo/γ-Al2O3 > NiMo/SnO2-Al2O3. The higher activity of NiMo/TiO2-

Al2O3 catalyst is due to higher metal dispersion as observed from CO-chemisorption and moderate 

increase in acidic strength. Therefore, increasing the acidity of alumina support to much higher 

levels by incorporating metal oxides having strong Lewis acidity would not help in enhancing 

HDN and HDS activity for nitrogen rich feeds, such as, Athabasca bitumen derived heavy gas oil 

due to inhibition effects. 
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5.3 Introduction 

Increasing demand of fuel leads the refiners to process oil sands. These oil sands derived gas oil 

contains very high content of sulfur, S and nitrogen, N. Such as, Athabasca oil sands derived HGO 

has ~ 4 wt % sulfur and ~ 0.4 wt % nitrogen (Chandra Mouli et al. 2011). The levels of S and N 

are required to be lowered before downstream processing of HGO because of two reasons (i) sulfur 

is known to be poisonous for catalyst and it hinders downstream catalytic processes and (ii) the 

stringent environmental regulations limit the sulfur content in diesel to 15ppm in US and Canada 

and 10ppm in some European countries (Đukanović et al. 2013). To remove N and S containing 

compounds, hydrotreating is the most commonly used process by refiners. The efficiency of the 

hydrotreating process needs to be increased in order to process heavier feedstocks and that can be 

achieved by varying the (i) type of catalyst, (ii) feed and hydrogen flow rates, (iii) temperature 

and, (iv) pressure. Out of these, changing the type of catalyst is always a preferred route. Therefore, 

worldwide research is focused on modifying/developing a catalyst with higher activity towards 

removal of S and N content. Catalyst has two main components, active metals and support material. 

In commercial catalyst Ni/Co and Mo/W are used as active metals and γ-Al2O3 is used as support 

material. It is well established that support material plays a major role in reaction along with active 

metals. Considering this, many support materials have been studied for hydrotreating catalyst such 

as SiO2, Zeolites, metal oxide (TiO2, MgO, ZrO2), mesoporous materials (SBA-15, AlSBA-15, 

MCM-41) and mixed oxides (TiO2- Al2O3) (Breysse et al. 2003b; Koranyi et al. 2008; Kibsgaard 

et al. 2009; Maity et al. 2003). 

Metal oxides such as TiO2 and ZrO2 have shown significant increase in activity, almost 3-5 times 

more active in hydrodesulfurization (HDS) as compared to NiMo/γ-Al2O3 catalyst. However, their 

low surface area and thermal and mechanical instability have prevented them from being used 

commercially. To exploit the property of metal oxides and to overcome the low surface area issue, 

mixed metal oxide supports were synthesized and studied. Support materials such as TiO2- Al2O3, 

ZrO2-TiO2, ZrO2-Al2O3, ZrO2-Y2O3, SiO2-Al2O3 and MgO-Al2O3 have been tested for 

hydrotreating and have shown promising results (Dhar et al. 2003; Maity et al. 2006). Out of these 

many, TiO2-Al2O3 material is the most studied mixed metal oxide. The support material 

characteristics such as, active metal dispersion, metal-support interaction and textural properties 

shown by support material also depends on method of preparation. Maity et al. (2003) have 
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synthesized TiO2-Al2O3 mixed oxide using co-precipitation and urea hydrolysis method and 

observed the difference in physico-chemical properties of materials synthesized. Similar findings 

were observed by Rodenas et al. (1981). They observed that the samples prepared by ammonia 

precipitation were more acidic as compared to urea hydrolysis. Maity et al. (2003) has shown in 

their work that the activity of the mixed oxide based catalysts synthesized for hydrotreating of 

Maya crude oil, varies with the method of preparation. In some cases the activity of CoMo/TiO2-

Al2O3 is less than that of CoMo/Al2O3 catalyst.  

Afanasiev (2008) has synthesized TiO2-ZrO2 using co-precipitation method and calcined it at 923 

K(Material_1) and 823 K (Material_2) temperatures and obtained surface area of 165 and 195 

m2/g. The material synthesized was used for preparing CoMo hydrotreating catalyst and studied 

for thiophene HDS. It was observed that activity of the catalyst Mo/Material_1 was less than that 

of Mo/Material_2 whereas; the activity of CoMo/Material_2 was greater than that of 

CoMo/Material_1, which in turn is less than the activity shown by the corresponding alumina-

based catalyst. Fedrous et al. (2007) had synthesized TiO2-Al2O3 material by grafting method and 

observed increase in activity for gas oil. Flego et al. (2001) reported that CoMo/ZrO2-Al2O3 

showed less HDS activity for thiophene as compared to CoMo/Al2O3 catalyst. However, B2O3-

Al2O3 has shown the highest activity. Klimova et al. (1998) have synthesized ZrO2-Al2O3 material 

using sol-gel method to attain surface area of 385 m2/g and observed that the density of acid sites 

increases with zirconia content. Other techniques such as chemical vapor decomposition (Segawa 

et al. 2000), molten salt synthesis (Harlé et al. 2000), homogenous precipitation (Trejo et al. 2011) 

and simple complexing decomposition method (Li et al. 2004), were also utilized to synthesize 

mixed oxide materials. It is therefore concluded from the literature that mixed oxides provide 

different metal-support interaction and acid-base characteristics, which interferes and tunes 

hydrotreating reactions. However, the increase or decrease in hydrotreating activity depends on 

method of preparation of mixed metal oxides. Hence, there is a scope to develop new methods for 

synthesis of mixed oxides, which might further enhance the hydrotreating activity to meet current 

environmental needs.  

Mesoporous materials have got considerable attention in past decade because of high surface area 

and ordered structure. Researchers have described the use of mesoporous materials such as SBA-

15 and mesoporous metal oxides, in hydrotreating. The use of structure directing agents (SDA) 
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such as P123 has also been reported for the synthesis of ordered mesoporous metal oxides such as 

mesoporous Al2O3, TiO2, ZrO2. However, rare literature is available on synthesis of mesoporous 

mixed metal oxides using SDA.  Considering the importance of mesoporosity and need to develop 

new method for synthesis of mixed oxide, the scope of this work is defined. In this work we have 

utilized tri block co-polymer, P123 as a SDA and developed a new method to do direct synthesis 

of ordered mesoporous mixed metal oxides.  

The overall objective of this work is to synthesize mesoporous mixed metal oxide, TiO2-Al2O3, 

ZrO2-Al2O3 and SnO2-Al2O3 materials and utilize them as support material for NiMo hydrotreating 

catalyst. The catalysts were characterized by CO-chemisorption, TPD, TPR, N2 adsorption-

desorption, X-ray diffraction, FT-IR, Py-FTIR and acridine-FTIR. The variation in acidic strength 

of the catalyst due to the presence of different metals was related to activity. All catalysts were 

screened with Athabasca bitumen derived HGO, in fixed-bed reactors under industrial conditions. 

The catalytic activity is determined in terms of percentage hydrodesulfurization (HDS) and 

hydrodenitrogenation (HDN) conversions. 

5.4 Materials and methods  

5.4.1 Materials 

Poly(ethylene oxide)-blockpoly (propylene oxide)-block-poly(ethylene oxide) (P123), aluminum 

isopropoxide, titanium isopropoxide, zirconium iso-propoxide and tin(IV) chloride pentahydrate 

were obtained from Aldrich, Edmonton, Canada. Ammonium heptamolybdate and nickel nitrate 

were purchased from Sigma-Aldrich, Edmonton, Canada. Anhydrous ethanol and 70% nitric acid 

were obtained from Fisher scientific, Saskatoon, Canada.  

5.4.2 Synthesis procedure for mesoporous mixed metal oxides (TiO2-Al2O3, ZrO2-Al2O3 

and SnO2-Al2O3) 

The procedures to synthesize mesoporous mixed oxides were developed during this work.  

However, the synthesis of mesoporous alumina was performed with reference to method 

mentioned by Dacquin et al. (2009). The weight percentage of TiO2, ZrO2 and SnO2 in mixed 

oxide is kept constant at 10% and balance is Al2O3. In a typical synthesis, 12.24g of aluminum 

isopropoxide and 1.09g of titanium isopropoxide are taken in container A containing 40ml 

anhydrous ethanol and stirred for 30 min. In container B, 6g P123 was mixed with 80ml anhydrous 
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ethanol till it get fully dissolved at 40 °C. To solution B, 9ml of 50wt% nitric acid was added and 

stirred vigorously for 30 min. The solution in container A was added drop wise to solution in 

container B and the mixture was stirred for 2h at 35 °C. The mixture was kept for hydrothermal 

treatment at 65 °C for 4.5 days in Teflon bottle. Then, the material was filtered, dried and calcined 

at 600 °C for 5h with ramp rate of 0.6 °C /min to remove the template. For ZrO2-Al2O3 and SnO2-

Al2O3 mesoporous mixed oxides the same procedure was followed but instead of titanium 

isopropoxide, 1.15g of Zirconium isopropoxide and 0.71g tin(IV) chloride pentahydrate was added  

respectively.   

5.4.3 Catalyst synthesis 

The catalysts were prepared using sequential impregnation procedure. The mesoporous mixed 

oxide materials were dried at 110oC for removal of moisture. 13wt% molybdenum was wet 

impregnated on the mixed oxides using ammonium heptamolybdate as precursor. The materials 

were dried and then calcinated at 550 °C for 5.5h with 1°C/min ramp rate. 2.5 wt% of nickel was 

then wet impregnated on this material using nickel nitrate as precursor. Again the materials were 

dried and calcined at 550 °C for 5.5h with 1°C/min ramp rate to obtain the catalysts. The 

mesoporous catalysts NiMo/TiO2-Al2O3, NiMo/ZrO2-Al2O3 and NiMo/SnO2-Al2O3 were named 

as NiMo/Al-Ti, NiMo/Al-Zr and NiMo/Al-Sn, respectively. NiMo catalyst with mesoporous 

alumina support material was also synthesized and was named as NiMo/mesoAl2O3. For reference 

the commercial hydrotreating catalyst NiMo/γ-Al2O3 was also synthesized in laboratory. However, 

γ-Al2O3 material was purchased from VWR Canada. 

5.4.4 Characterization of mixed oxides and supported catalysts 

The textural properties of synthesized mesoporous mixed oxides and supported catalysts were 

determined using Micromeritics ASAP 2020 instrument. The XRD crystallographs of the catalysts 

and mixed oxide materials were obtained using a Bruker Advance D8, series II, Powder 

diffractometer with Cu K-α radiation. Hydrogen-TPR and Ammonia-TPD of the samples were 

carried out in TPD/TPR Quantachrome (USA) instrument. The percentage metal dispersion was 

calculated using Micromeritics ASAP 2020 chemisorption system. Perkin Elmer Spectrum GX 

instrument (USA) and Harrick made Praying Mantis cell was used to obtain FTIR, Pyridine-FTIR 

and Acridine-FTIR spectra. If required, the sample was diluted with KBr powder based on the 
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spectra intensity. The spectra were recorded in the range of 400–4000cm−1 with a resolution of 

4cm−1. For pyridine adsorption-desorption experiments, the samples were dried at 150°C in-situ 

and under nitrogen flow. Pyridine was then introduced into the sample chamber by saturating it in 

carrier nitrogen gas. The flow was maintained for 60 min at room temperature. Excess pyridine 

was flushed by flowing nitrogen at 150°C before recording the spectra. For acridine FTIR 

experiments, the acridine was dissolved in acetone and the samples were wet impregnated with 

acridine solution and dried at 90 °C. The samples were then transferred to Praying Mantis cell and 

spectra were recorded. The samples were then in-situ heated to 350°C and held at that temperature 

for 30 min under nitrogen flow. The spectra were then recorded in the range of 600–1800cm−1 

with a resolution of 4cm−1. Further details of analysis were described in Section 2.4.3 of Chapter 

2 and Section 3.4.4 of Chapter 3. 

5.4.5 Catalytic activity  

Hydrotreating of Athabasca bitumen derived heavy gas oil (HGO) was performed in a continuous 

fixed trickle bed reactor. The physical characteristics of heavy gas oil are shown in Table 5.1. The 

reactor set-up is shown in Figure 2.1 in chapter 1. The catalysts sulfidation procedure and other 

experimental plan is mentioned in Section 3.4.5 of chapter 3. 

The hydrotreating activities of the catalysts for hydrotreating of HGO was determined at different 

temperatures of 375°C, 385°C, and 395°C at constant  pressure, H2/feed ratio and LHSV of  8.8 

MPa, 600 ml/ml and 1.0 h-1, respectively. The sulfur and nitrogen content present is sample was 

determined using Antek 9000 N/S analyzer. ±2% instrumental error was observed in N and S 

analysis. 
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Table 5.1 Physical properties of bitumen derived heavy gas oil  

Sulfur (wt.%) 4.0 

Nitrogen (wt.%) 0.37 

Density (g/ml) 0.95 

Aromatic content (%) 44.0 

Boiling point distribution  

IBP‡ (°C) 281 

FBP‡ (°C) 655 

Boiling range (°C)  wt.% 

IBP–300 3.0 

301–350 5.2 

351–400 15.6 

401–450 28.0 

451–500 26.0 

501–600 20.2 

600–FBP 2.0 

‡IBP=initial boiling point; FBP=final boiling point. 

5.5 Results and Discussions 

5.5.1 Determination of mesoporosity 

5.5.1.1 N2 Adsorption-desorption isotherms 

BET surface area and BJH pore size distribution method were used to determine the textural 

characteristics of the materials. The mesoporous mixed metal oxide materials were synthesized 

three times to confirm the reproducibility of the method of synthesis. Each sample was analysed 

in BET for three times and the average values were reported. Total surface area, total pore volume 

and average pore diameter of the mixed oxide support materials and catalysts are shown in Table 

5.2. The table indicates that the surface area of mixed oxides is atleast 100m2/g more than that of 

alumina.  This is congruent with literature that combination provides much higher surface areas 

(Dhar et al. 2003; Breysse et al. 2003b). The pore volumes of mixed oxides are also larger than 

that of alumina (see Table 5.2). Except in the case of SnO2-Al2O3, the pore volume is equal to that 
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of alumina. Among all the materials TiO2-Al2O3 has higher surface area and pore volume. The 

pore diameter is similar for all the supports other than SnO2-Al2O3. The adsorption isotherms for 

all the materials are of Type IV (isotherms not shown), indicating that the material is mesoporous 

in texture. Textural characteristics of the mixed oxides indicate the synthesis of mesoporous mixed 

oxides.  

Table 5.2 Textual properties of mesoporous mixed oxide and supported catalysts 

 BET Surface 

Area, m²/g 

Pore 

volume,  

cm³/g 

Pore 

diameter , 

nm 

Density, 

g/cm3 

Porosity 

ε 

γ-Al2O3 275 0.80 7.6 0.64 0.51 

Mesoporous Al2O3 320 0.57 5.8 0.60 0.34 

TiO2-Al2O3 480 0.86 5.2 0.53 0.46 

ZrO2-Al2O3 420 0.76 5.2 0.68 0.52 

SnO2-Al2O3 450 0.60 4.1 0.70 0.42 

NiMo/mesoAl2O3 279 0.32 4.3 0.78 0.25 

NiMo/Al-Ti 424 0.41 4.1 0.75 0.31 

NiMo/Al-Zr 398 0.42 4.2 0.85 0.36 

NiMo/Al-Sn 225 0.29 4.5 0.90 0.26 

NiMo/ γ-Al2O3 225 0.50 7.0 0.80 0.40 

 

The N2 adsorption-desorption isotherms for the catalysts were shown in Figure 5.1. All the 

catalysts have type IV isotherm and exhibit H1 type hysteresis loop. This indicates that even after 

metal impregnation the material retains its mesoporousity. There is decrease in surface area, pore 

volume and pore diameter, which is obvious because of loading of nickel and molybdenum. It can 

be seen in Table 5.2 that in case of NiMo/Al-Sn catalyst there is almost 50% decrease in surface 

area and increase in average pore diameter. It could be due to strong interaction of Mo with Sn, 

which could have changed the textural characteristic of SnO2-Al2O3 mixed oxide (Herrmann et al. 

2003), although material retains its mesoporous structure. The pore size distribution curve for all 

the catalysts is also shown in inset of Figure 5.1. It is shown in Figure 5.1 inset, that the catalysts 

have narrow pore size distribution.  The average pore diameter of all the catalyst is around 4.3 nm. 

Pores are distributed in the region of 3nm to 7nm however, the maximum percentage of pores are 
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in the range of 3.5 nm to 4.5 nm. It is therefore concluded from BET analysis, that the synthesized 

mixed oxide and corresponding catalysts possess mesoporous characteristics and the method of 

synthesis is suitable for the preparation of mesoporous mixed oxides based NiMo hydrotreating 

catalyst. 

 

Figure 5.1 N2 adsorption-desorption isotherm and BJH pore size distribution of mesoporous 

alumina and mesoporous mixed oxides supported NiMo catalysts 
 

5.5.1.2 Low angle X-ray diffraction measurements 

XRD studies were performed to further confirm the formation of mesoporous materials and to 

extract the structural information about the catalysts. Low angle XRD in the range of 2θ =0.5 to 6 

was carried out for all catalysts and the profiles are shown in Figure 5.2a. All these calcined 

materials showed three well resolved peaks. One sharp peak at 2θ = 0.8 degree and two weak peaks 

at 2θ = 1.7 and 2.4 degrees. These peaks are indexed as d100, d110 and d200 (h l k planes), 

respectively. These peaks are characteristics of a hexagonal ordered mesoporous structures (p6mm 

symmetry) (Soni et al. 2013; Zhao 1998). Therefore, it can be concluded from low angle XRD 
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analysis that the synthesized mixed oxides and mixed oxide supported NiMo catalysts have 

ordered mesoporous structure. 

5.5.2 Difference in active metal dispersion on different mixed oxides 

5.5.2.1 Percentage metal dispersion based on CO adsorption 

The amount of active metal dispersed on the support is related to activity and therefore it is 

important to measure the percentage metal dispersion in the catalysts. In this work CO-

chemisorption technique is employed to determine metal dispersion and the results of CO-

chemisorption analysis are shown in Table 5.3. The amount of CO adsorbed on the catalyst 

corresponds to metal dispersion and it can be seen in Table 5.3 that highest amount of CO is 

adsorbed on NiMo/Al-Ti catalyst. The percentage metal dispersion follows the order NiMo/Al-Ti 

> NiMo/mesoAl2O3 > NiMo/Al-Zr > NiMo/Al-Sn. Among all catalysts, comparatively lower 

dispersion was observed in catalyst NiMo/Al-Sn. Tin has very strong interaction with Mo and it 

might have led to the formation of agglomerates with molybdenum oxides (Herrmann et al. 2003; 

Marques et al. 1995). This could be the reason for lower metal dispersion in NiMo/Al-Sn catalyst. 

Table 5.3 Chemical composition and CO uptake of mesoporous mixed oxide supported catalysts 

5.5.2.2 Wide-angle X-ray diffraction 

Wide-angle XRD was also performed in the range of 2θ = 10 to 80 degree, and the patterns are 

shown in Figure 5.2b. The broad peaks are observed for all the catalysts at 2θ = 46 and 67 degrees. 

These peaks mainly correspond to alumina phase for mesoporous mixed oxides (Leyva et al. 2008; 

Ramírez et al. 2005; Maity et al. 2006). Small peak at 2θ = 25 is observed in pattern for catalyst 

Catalyst ICP-MS Metal 

Dispersion 

(%) 

CO 

Absorbed 

(µmol/g) 

Ni  

(wt%) 

Mo 

(wt%) M* (wt %) 

NiMo/mesoAl2O3 2.0 13 - 11.0 196 

NiMo/Al-Ti 1.9 13 8.3 12.5 220 

NiMo/Al-Zr 2.0 13 8.7 10.0 165 

NiMo/Al-Sn 2.0 13 8.0 6.5 120 

M* = TiO2, ZrO2, SnO2 
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NiMo/Al-Ti and it corresponds to anatase titanium oxide (Maity et al. 2001). In catalysts NiMo/Al-

Zr and NiMo/Al-Sn, no XRD peaks corresponding to zirconia and tin are observed. However, peak 

at 2θ =33 degree in catalyst NiMo/Al-Sn can be assigned to both SnO2 and MoO3 (Gonçalves et 

al. 2000). The peaks at 2θ = 14.5, 23.5 and 25.5 present in catalyst NiMo/Al-Sn corresponds to 

octahedral MoO3 (Eswaramoorthi et al. 2008; Badoga et al. 2012a) and peak at 26.7 corresponds 

to β-NiMoO4 (Gutierrez et al. 2008). The absence of peaks corresponding to molybdenum oxide 

in catalysts NiMo/Al-Ti, NiMo/Al-Zr and NiMo/mesoAl2O3 signifies that molybdenum is well 

dispersed in these catalysts. However, molybdenum oxide is less dispersed in catalyst NiMo/Al-

Sn and is present in the form of cystallities of polymolybdates. The less dispersion of molybdenum 

in catalyst NiMo/Al-Sn could be due to the strong interaction of Sn with Mo. The presence of Mo 

alters the morphology of tin particle and leads to the formation of Mo-Sn systems, which are 

formed by agglomeration of SnO2 crystals aggregated by polymolybdate (Herrmann et al. 2003; 

Fernández et al. 2006). This, results in formation of polymolybdate, which implies comparatively 

less active metal dispersion. 
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Figure 5.2 (a) Low-angle XRD pattern and (b) Wide-angle XRD pattern for catalysts (A) 

NiMo/Al-Ti, (B) NiMo/Al-Zr, (C) NiMo/mesoAl2O3 and (D) NiMo/Al-Sn 

5.5.3 Fourier transform infrared spectroscopy (FTIR) spectra for mesoporous mixed 

oxide and supported catalysts 

FT-IR spectra of the synthesized mesoporous mixed oxides are shown in Figure 5.3a. The broad 

band from 400-1100 cm-1 is observed in all mixed oxides and it could be due to superimposition 

of many bands corresponding to Al-O vibrations. For instance, the peaks at 439 cm-1 and  583 cm-

1 are assigned to hetro-metal-oxygen bonds -(Ti/Zr/Sn)-O-Al- (Tursiloadi et al. 2004). The small 

shoulders at 1100 cm-1 are due to the symmetric and asymmetric bending modes of Al-O-Al bonds 

(Ahmed & Abdel-Messih 2011). The bands between 700-900 cm-1 are attributed to the AlO4 

vibrations and the band at 600 cm-1 is due to stretching mode of AlO6 (Song et al. 2012). It was 

shown in Figure 5.3a that spectra of all mixed oxides show band at 1620 cm-1 and  2700-3750 cm-

1 corresponding to hydroxyl groups of oxides and surface absorbed water (Ahmed & Abdel-Messih 

2011; Soler-Illia et al. 2002). The broad band at 2700-3750 cm-1 is due to grouping of different 

hydroxyl groups. The band between 3745-3740 cm-1, 3735-3730 cm-1 and 3700-3710 cm-1 are 

ascribed to OH groups bonded to aluminum (octahedral-octahedral and/or octahedral-tetrahedral) 
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(Sundarmurthy et al. 2006; Ferdous et al. 2007). The band at 3680-3660 cm-1 is for adjacent OH 

group interacting via hydrogen bond and the band at 3500 cm-1 is due to OH groups of strongly 

held water (Saniger et al. 1998). 

The FT-IR spectra for mesoporous metals oxide and mixed oxides supported NiMo catalysts are 

shown in Figure 5.3b. The peaks at 1620 cm-1 and 2800-3800 cm-1 are due to the presence of 

hydroxyl groups. The spectra region from 800-1200 cm-1 is due to molybdenum species. The band 

at 930-990 cm-1 is attributed to Mo-O vibrations of the octahedral species MoO6
6- and the band at 

930-830 cm-1 is due to Mo-O vibrations of tetrahedral species MoO4
2-. The band at 990 cm-1 is due 

to streching mode of terminal M=O (Prinetto et al. 1995; Maity et al. 2000; Maity et al. 2001). The 

presence of IR bands for molybdenum species confirms the impregnation of Mo on mesoporous 

mixed oxides. 
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Figure 5.3 FTIR spectra for (a) mesoporous materials (A)  mesoAl2O3, (B) TiO2-Al2O3, (C) 

SnO2-Al2O3 and (D) ZrO2-Al2O3 and (b) catalysts (A) NiMo/mesoAl2O3, (B) NiMo/Al-Ti, (C) 

NiMo/Al-Sn and (D) NiMo/Al-Zr 

5.5.4 Influence of different metals on acidity 

5.5.4.1 NH3-Temperature programmed desorption 

The introduction of other oxide in alumina affects the acid-base characteristics of the support 

material, which in turn affects the catalytic activity. Therefore, to quantify the acidic strength of 

different mesoporous metal oxides supported NiMo catalysts, ammonia-TPD was carried out. 

Ammonia is a basic molecule and it adsorbs strongly on acidic sites. The greater is the strength of 

acidic site, the stronger is adsorption and higher is desorption temperature. Therefore, based on 

ammonia desorption temperature the strength of acidic sites were classified as weakly acidic (<200 

°C), moderately acidic (200-350 °C) and strongly acidic (>350 °C) (Sundaramurthy et al. 2008; 

Flego et al. 2001).  The acid sites distribution based on the results of NH3-TPD analysis are 

presented in Table 5.4. It was observed that the amount of ammonia desorbed at 350 °C for 

NiMo/Al-Sn catalyst is highest among all catalysts. This implies that NiMo/Al-Sn catalyst has a 

tendency to hold more NH3 at high temperatures, which suggests that NiMo/Al-Sn catalyst has the 

highest acidic strength. Therefore, based on NH3-TPD analysis as shown in Table 5.4, the acidic 
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strength of the catalysts follows the order NiMo/Al-Sn > NiMo/Al-Zr > NiMo/Al-Ti > 

NiMo/mesoAl2O3. Similar findings were observed from acridine-FTIR. The presence of strong 

acidic sites in SnO2- and ZrO2-based catalysts make them more susceptible for inhibition by 

nitrogen containing compounds present in feed. 

Table 5.4 NH3-TPD results of mesoporous catalysts 

Catalyst 
Amount of  NH3 desorbed (µmol/g) 

at 140 °C at 350 °C 

NiMo/mesoAl2O3 45 120 

NiMo/Al-Ti 39 174 

NiMo/Al-Zr 48 264 

NiMo/Al-Sn 17 315 

 

5.5.4.2 Pyridine-FTIR to determine type of acidic sites 

The type of acidic sites, Lewis or Bronsted, was determined by performing FTIR of pyridine (Py) 

adsorbed samples. The pyridine adsorbed on Lewis type acid sites and Bronsted type acid sites 

give characteristic FTIR band at 1450 cm-1 and 1540 cm-1, respectively (Zhang et al. 2010). Py-

FTIR spectra of all the catalysts are shown in Figure 5.4. All catalysts show peaks at 1445 cm-1, 

1490 cm-1 and 1610-1630 cm-1. The sharp peak at 1445 cm-1 and weak peaks at 1610-1630 cm-1 

are attributed to Lewis type acid site whereas, the peak at 1490 cm-1 is due to pyridine adsorbed 

on both Lewis and Bronsted type acid sites (Hess & Kemnitz 1994; Biswas et al. 2011). Therefore, 

it can be concluded from Py-FTIR analysis that the types of acid sites present are predominantly 

Lewis type sites. 
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Figure 5.4 Pyridine-FTIR spectra mesoporous catalysts (A) NiMo/mesoAl2O3, (B) NiMo/Al-Ti, 

(C) NiMo/Al-Sn and (D) NiMo/Al-Zr 

5.5.4.3 Acridine-FTIR to determine the strength to adsorb nitrogen containing 

compounds 

Inhibition of active sites by nitrogen containing compounds present in feed is one of the major 

reasons for the deactivation of catalyst. These nitrogen containing compounds are basic in nature 

and they are easily adsorbed on the acidic sites (Sun et al. 2003). Stronger the strength of acidic 

sites, stronger is adsorption and more difficult is desorption of these nitrogen containing 

compounds, which results in inhibition of active sites. The catalysts NiMo/Al-Ti, NiMo/Al-Sn, 

NiMo/Al-Zr and NiMo/mesoAl2O3 have different acidic strength because of presence of different 

heteroatoms. To study the acidic strength of these catalysts, acridine-FTIR was performed and the 

spectra are shown in Figure 5.5. Figure 5.5a shows the spectra of acridine adsorbed on all the 

catalysts at room temperature. The peaks at 1030 cm-1 and 1620 cm-1 with similar intensities are 

present in all catalysts. The peak at 1620 cm-1 is due to acridine ring stretch and the peak at 1030cm-

1 is attributed to C-H in plane bend, C-H out of plane bend and skeletal deformations (Mitchell et 

al. 1981). The acridine adsorbed catalysts were heated to 350 °C in order to desorb physisorbed 

acridine and the spectra were recorded and presented in Figure 5.5b. It can be seen that the peak 

intensity at   1030 cm-1 and 1620 cm-1 is least in catalyst NiMo/mesoAl2O3 and NiMo/Al-Ti 

indicating the removal of acridine. However, intense peaks at 1030 cm-1 were observed in catalysts 

NiMo/Al-Sn and NiMo/Al-Zr with maximum peak intensity for catalyst NiMo/Al-Sn. This 
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indicates that the calaysts NiMo/Al-Sn and NiMo/Al-Zr have more strong acidic sites as compared 

to that in catalysts NiMo/mesoAl2O3 and NiMo/Al-Ti, which can hold acridine at higher 

temperatures. The acidic strength follows order NiMo/Al-Sn > NiMo/Al-Zr > NiMo/Al-Ti ≈ 

NiMo/mesoAl2O3. Therefore, it can be concluded that the stronger inhibition effect by nitrogen 

containing compounds will be on NiMo/Al-Sn and NiMo/Al-Zr catalysts. 

 

 

Figure 5.5 Acridine-FTIR for mesoporous catalysts at (a) room temperature and (b) 350 °C  
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5.5.5 Effect of different metals on reducibility 

Hydrogen (H2)-TPR technique is used to determine the ease of reducibility of molybdenum in 

mesoporous mixed oxide based NiMo hydrotreating catalysts. The H2-TPR profile for all the 

catalysts are shown in Figure 5.6. The TPR profiles of all catalysts exhibit peak at 450-550 °C. 

These peaks could be assigned to the reduction of octahedral molybdenum species from Mo6+ to 

Mo4+, which are weakly bounded to the mesoporous mixed oxide supports (Zhang et al. 2010). 

The presence of octahedral MoO3 in all catalysts is also confirmed by FT-IR (see Figure 5.3). The 

reduction peak for catalyst NiMo/mesoAl2O3 is at 450 °C and the reduction peak for catalysts 

NiMo/Al-Ti, NiMo/Al-Zr and NiMo/Al-Sn is at 460 °C, 470 °C and 545 °C, respectively. The 

higher reduction temperature indicates the difficulty in reduction because of higher metal support 

interactions. This implies that the incorporation of heteroatoms in mesoporous alumina framework 

increases the metal support interactions, which in turn increases the active metal dispersion. This 

is in agreement with the CO chemisorption analysis (see Table 5.3). The ease of molybdenum 

reduction follows the order NiMo/mesoAl2O3 > NiMo/Al-Ti > NiMo/Al-Zr > NiMo/Al-Sn. 

 

Figure 5.6 H2-TPR profile of mesoporous catalysts 
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5.5.6 Catalytic activity study for hydrotreating of heavy gas oil 

The catalytic activity was measured in terms of percentage removal of nitrogen and sulfur content 

expressed as hydrodenitrogenation (HDN) and hydrodesulfurization (HDS), respectively. 

Athabasca bitumen derived HGO was used as feed for hydrotreating. The reaction was carried out 

in continuous systems having fixed-bed reactors under industrial conditions of pressure 8.8MPa, 

H2/HGO ratio of 600ml/ml and LHSV of 1 h-1, although, the temperature was changed from 375 

°C to 395 °C. For comparison, activity study of laboratory made NiMo/γ-Al2O3 catalyst was also 

carried out. The N and S conversion decreases initially but reaches steady state after 3 days. 

Therefore, all catalysts undergo hydrotreating of HGO for first five days before reporting the 

conversion (Badoga et al. 2014). This period is called as precoking and the change in activity with 

time on stream during precoking is presented in Figure 5.7. The HDS and HDN activities for all 

catalysts were determined at three different temperatures 375 °C, 385 °C and 395 °C and are 

presented in Figure 5.8. The values of activities reported are the average value for 12 data points 

(i.e., 4 oil samples and each sample is analyzed 3 times). The hydrodearomatization (HDA) 

activities were measured using 13C NMR (Badoga et al. 2014) for all catalysts and are shown in 

Figure 5.9. It can be observed that HDA activity follows the order NiMo/Al-Ti > NiMo/ γ-Al2O3 

> NiMo/mesoAl2O3 > NiMo/Al-Zr > NiMo/Al-Sn. 

 

Figure 5.7 HDS and HDN activities of mesoporous material supported NiMo hydrotreating 

catalysts with HGO during precoking period at 395 °C (catalyst = 5 cm3, P = 8.8 MPa, LHSV = 

1 h-1 and H2/oil ratio= 600 (v/v)) 
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Figure 5.8 HDS and HDN activities of mesoporous material supported NiMo hydrotreating 

catalysts with HGO at 395 °C, 385 °C and 375 °C  (catalyst = 5 cm3, P = 8.8 MPa, LHSV = 1 h-1 

and H2/oil ratio= 600 (v/v)) 

 

Figure 5.9 HDA activity of mesoporous material supported NiMo hydrotreating catalysts with 

HGO at 395 °C (catalyst = 5 cm3, P = 8.8 MPa, LHSV = 1 h-1 and H2/oil ratio= 600 (v/v)) 

5.5.6.1 Kinetic and internal mass transfer study, and discussion 

The first order apparent rate constant and activation energy were calculated for HDS and HDN 

reactions using Power Law model. The HDN and HDS reactions were assumed as pseudo first 

order for simplicity. The reactor is considered to be isothermal and in plug flow conditions. The 
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problems related to wetting, wall effects and back-mixing was minimized by maintaining high 

reactor diameter to catalyst particle diameter ratio of 54, by using silica carbide as a diluent 

(Boahene 2011). The reaction conditions were 1 h-1 LHSV, 8.8MPa, H2/HGO ratio of 600ml/ml 

and the temperature was varied from 375 °C to 395 °C in step of 10 °C.  

The Power Law model and its solution  for first order reaction are described below in equation 5.1 

and 5.2 (Boahene 2011).  

−𝑟𝑖 =  −
𝑑𝐶𝑖

𝑑𝑡
=  𝑘𝑖𝐶𝑖

𝑛                        ….5.1 

ln (
𝐶𝑓

𝐶𝑝
) = 

𝑘𝑖

𝐿𝐻𝑆𝑉
    for n=1                    ….5.2 

𝑘𝑖 =  𝑘0𝑒(−
𝐸

𝑅𝑇
)
                            ….5.3 

 

where, Ci = concentration of species i (S or N) and Cp and Cf are the concentration of species i in 

product and feed respectively (wt%). ki = apparent rate constant of species i. n= reaction order, t= 

residence time, LHSV = liquid hourly space velocity, h-1, k0 = pre-exponential factor, E= activation 

energy (kJ/mol), T= absolute temperature (K) and R= universal gas constant (kJ/mol K). 

The activation energy was determined by using Arrhenius equation (equation 5.3). The inverse of 

temperature was plotted against ln ki and the slope gives the value for activation energy. The 

calculated values are shown in Table 5.5. 

Table 5.5 Activation energy estimation for HDS and HDN reactions for heavy gas oil 

Catalysts 
E (kJ/mol) R2 fit for Arrhenius plot ko (h-1) 

HDS HDN HDS HDN HDS HDN 

NiMo/mesoAl2O3 89 94 0.99 0.96 2.7E+07 2.0E+07 

NiMo/Al-Ti 110 98 0.99 0.97 1.5E+09 4.5E+07 

NiMo/Al-Zr 81 95 0.99 0.97 5.6E+06 2.3E+07 

NiMo/Al-Sn 74 103 0.99 0.98 9.3E+05 5.8E+07 

NiMo/γ-Al2O3 64 65 0.97 0.99 2.6E+05 9.3E+04 
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Figure 5.8 shows that HDN and HDS activity of mesoporous alumina supported NiMo 

hydrotreating catalyst is 13 % and 5%, respectively, higher than that of the conventional γ-alumina-

based catalyst. This increase in activity could be attributed to mesoporous structure, which provide 

more and ordered surface area for dispersion and reaction. Among all catalysts NiMo/Al-Ti 

catalyst showed best performance with conversions of 97 wt.%, 62 wt.% and 63 wt.% for HDS, 

HDN and HDA reactions, respectively. The other mixed oxides, ZrO2-Al2O3- and SnO2-Al2O3-

based catalysts, performed no better than the mesoporous alumina-based NiMo catalyst. The HDN 

and HDS activities follow the order NiMo/Al-Ti > NiMo/mesoAl2O3 > NiMo/Al-Zr > NiMo/ γ-

Al2O3 > NiMo/Al-Sn. The bitumen derived HGO contains a large amount of nitrogen (0.37 wt%), 

as shown in Table 5.1. These nitrogen-containing compounds will adsorb on acidic sites.  The 

higher acidity of material favors the strong nitrogen adsorption on the surface and results in 

inhibition of active sites (Sun et al. 2003).  

It was shown by TPD (see Table 5.4) that the acidic strength follows the order NiMo/Al-Sn > 

NiMo/Al-Zr > NiMo/Al-Ti. Also, acridine-FTIR (see Figure 5.5) analysis has shown the inhibition 

of acridine on acidic site. Therefore, one of the main reasons for comparatively lower activity of 

NiMo/Al-Zr and NiMo/Al-Sn catalyst could be their higher acidic strength. The higher activity of 

NiMo/Al-Ti catalyst could be due to (i) high metal dispersion as compared to other catalyst as 

observed by CO chemisorption analysis (see Table 5.3), (ii) ease in reducibility of molybdenum 

as compared to NiMo/Al-Zr and NiMo/Al-Sn catalysts as discussed during TPR analysis (see 

Figure 5.6) and (iii) moderate increase in acidity as observed during TPD analysis (see Table 5.4). 

The acidity of support plays an important role in driving HDN and HDS reactions  but strong acidic 

sites get blocked by nitrogen compounds (Sun et al. 2003; Badoga et al. 2012a). It has been 

observed during acridine-FTIR analysis that the inhibition effects by nitrogen containing 

compounds are least in catalyst NiMo/Al-Ti. This implies that the increase of acidic strength in 

catalyst NiMo/Al-Ti shows positive effect on activity. Furthermore it should be accounted that, 

the HDS and HDN activities for all catalysts are measured on the basis of equal catalyst volume. 

Moreover, it can be observed from Table 5.2 that all materials have different densities and the 

density of catalyst NiMo/Al-Ti is lowest of all. This implies that the amount of molybdenum 

present in NiMo/Al-Ti catalyst is least as compared to that in same volume of other catalysts. It 

indicates that the catalyst NiMo/Al-Ti is more active per unit mass of molybdenum. However, the 

catalyst NiMo/Al-Sn shows maximum density in the catalyst series, which implies that it contains 
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maximum amount of molybdenum, but shows least activity per unit mass of molybdenum. The 

least activity of NiMo/Al-Sn catalyst could be attributed to lower molybdenum dispersion and 

highest acidity.  

Furthermore, the least activity of NiMo/Al-Sn catalyst could be related to mass transfer limitations 

due of its lower surface area and least pore volume. The internal mass transfer limitations are a 

function of effective diffusivity, which in turn is a function of porosity of catalyst pellets. Besides, 

porosity is based on the textural properties of the catalyst (Fogler 2006). It can be observed from 

Table 5.2 that the porosity is different for each catalyst. Consequently the effective diffusivity is 

different and in present case it is calculated to be in range from 4.3 *10-6 to 8.4 *10-6 cm2/s. The 

internal effectiveness factor is the parameter to describe whether the reaction is internal mass 

transfer (diffusion) limited or reaction rate limited. The internal effectiveness factor is defined as 

(Fogler 2006) 

𝜂 =
actual overall reaction rate

overall reaction rate without internal diffusion
                ….5.4 

If the value of η is 0.95 or higher, it can be considered that internal mass transfer limitations are 

not present (Fogler 2006). The value of η is calculated using the following equations: 

Φ =
dP

2 ∗{Ri}

4∗[D]E∗[Ci]S
                          ….5.5 

Φ = 𝜑2 ∗ 𝜂                      ….5.6 

η =
3

𝜑
[

1

tanh (𝜑)
−

1

𝜑
]                   ….5.7 

where, Φ = dimensionless modulus, dp = average diameter of the catalyst particle =0.17cm, {Ri} 

= global reaction rate for HDS or HDN reactions, mol/(s.ml), [D]E = effective diffusivity of sulfur 

or nitrogen compounds cm2/s and [Ci]S =catalyst surface concentration of sulfur/nitrogen species, 

mol/ml. 

The calculations were not shown here, however the details on calculations can be found in previous 

work from our group (Boahene 2011). It was calculated that for HDS reaction the value of η for 

catalysts NiMo/MesoAl2O3, NiMo/Al-Ti, NiMo/Al-Zr, NiMo/Al-Sn and NiMo/γ-Al2O3 are 0.63, 

0.52, 0.81, 0.91 and 0.86, respectively. This implies that the internal diffusion limitations play role 
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for HDS reactions and they are predominant in catalyst NiMo/Al-Ti and NiMo/MesoAl2O3. 

Nevertheless the catalyst NiMo/Al-Ti performs the best in the series of catalyst studied. The 

calculated values of η for HDN reactions for all catalysts are in range from 0.95-0.98, indicating 

that the HDN reactions are not mass transfer limited. However, it can be observed that the value 

of η for HDS for NiMo/Al-Sn is very close to 0.95 and it is highest among all mixed oxide-based 

catalysts. This implies that the mass transfer limitations due to lower surface area and pore volume 

are least in catalyst NiMo/Al-Sn and the reaction is limited by reaction kinetics. Therefore, the 

mass transfer limitation is not the major factor for lower activity  of NiMo/Al-Sn catalyst. 

Therefore, it can be concluded that in present work, TiO2- Al2O3 mixed oxide boosts the acidity to 

moderate levels that showed positive effect on activity. However, addition of stronger Lewis acids 

such as ZrO2 and SnO2, in alumina frameworks increases the acidity of alumina support to higher 

levels, which results in negative effect on activity. Therefore, it can be concluded that increase in 

acidity of alumina support to higher levels by incorporating heteroatoms would not help in 

enhancing HDN and HDS activity for nitrogen rich feeds such as Athabasca bitumen derived 

heavy gas oil due to inhibition effects. 

5.6 Conclusions 

In present work, new method to synthesize mesoporous mixed oxides was developed and the 

synthesized mixed oxide was characterized using BET, FTIR and XRD. Mesoporous alumina was 

synthesized with reference to method mentioned in literature. BET and XRD analysis confirmed 

the synthesis of mesoporous mixed oxide. The mesoporous alumina and mesoporous mixed oxides 

were utilized as a support material for NiMo hydrotreating catalysts. All catalysts were 

characterized by XRD, FT-IR, Pyridine-FTIR, Acridine-FTIR, BET, CO- chemisorption, ICP-MS, 

TPD and TPR. The activity test of catalysts was done under industrial conditions with Athabasca 

bitumen-derived HGO; the activity was determined in terms of HDS and HDN conversions.  The 

HDN and HDS activities follow the order NiMo/Al-Ti > NiMo/mesoAl2O3 > NiMo/Al-Zr > NiMo/ 

γ-Al2O3 > NiMo/Al-Sn. The difference in activity is attributed to difference in metal support 

interactions and acid-base characteristic. TPR analysis showed that introduction of heteroatom in 

mesoporous alumina resulted in increase of reduction temperatures. This implies increase in metal 

support interactions and it follows order NiMo/Al-Sn > NiMo/Al-Zr > NiMo/Al-Ti > 

NiMo/mesoAl2O3. Higher is metal support interactions, less is ease in reducibility. It was observed 
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from NH3-TPD that the amount of ammonia absorbed at 350° C follows the order NiMo/Al-Sn > 

NiMo/Al-Zr > NiMo/Al-Ti > NiMo/mesoAl2O3. This indicates that SnO2- and ZrO2-based 

catalysts have a greater number of strong acidic sites. The acidity of support plays an important 

role in driving HDN and HDS reactions. However, presence of strong acid sites favors strong 

adsorption of nitrogen containing compounds causing inhibition of active sites. This results in 

decrease in activity as observed in the case of SnO2- and ZrO2-based catalysts. Acridine-FTIR also 

concludes to same fact. The higher activity of NiMo/Al-Ti catalyst as compared to 

NiMo/mesoAl2O3 catalyst is due to moderate increase in acidic strength, surface area and high 

metal dispersion. Therefore, for rich nitrogen feeds such as Athabasca bitumen-derived HGO, 

addition of TiO2 boosts acidic strength of alumina to optimum level. Further enhancement in 

acidity by adding ZrO2 and SnO2 decreases the activity because of the strong inhibition effects by 

the nitrogen-containing compounds. 
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Chapter 6 

6 Synthesis and characterization of different pore sized mesoporous 

aluminas and supported NiMo catalysts 

6.1 Chapter overview  

The results described in previous chapters indicate that the mesoporous alumina and titania-

alumina supported NiMo catalysts exhibit better hydrotreating activity. Therefore, this chapter 

discusses the synthesis and characterization of different mesoporous aluminas and their effect on 

hydrotreating of heavy gas oil. Pluronic P-123 triblock copolymer was used as a structure directing 

agent (SDA), and aluminum isopropoxide was used as a precursor for aluminum. The change in 

HNO3/H2O ratio in the synthesis procedure resulted in the structure changing from ordered 

hexagonal to wormlike/sponge-like and fibular, and then to corrugated platelets/rod-like 

structures. Six different mesoporous aluminas were synthesized and used as a support material for 

NiMo hydrotreating catalysts. The catalysts were characterized by BET, XRD, FT-IR, RAMAN, 

CO-chemisorption, HRTEM, TPD and TPR. The hydrotreating of heavy gas oil under industrial 

conditions using synthesized catalysts was performed, and the results were compared with that of 

a γ-Al2O3 supported NiMo catalyst. This chapter is published in the paper: “Badoga, S., Sharma, 

R. V., Dalai, A. K., & Adjaye, J. (2015). Synthesis and characterization of mesoporous aluminas 

with different pore sizes: Application in NiMo supported catalyst for hydrotreating of heavy gas 

oil. Applied Catalysis A: General, 489, 86-97.” Elsevier publications holds the copyright, and 

written permission to use the above-mentioned paper in this thesis was obtained from Elsevier (see 

Appendix C).  

Chapter 6 is based on the research proposed in objective 2 of this thesis. The contributions of the 

PhD candidate to this manuscript included: (i) synthesizing and characterizing material, (ii) 

performing hydrotreating reaction studies, (iii) analyzing results in detail, and (iv) writing the 

paper and replying to reviewers’ comments. Dr. R. V. Sharma (postdoctoral fellow) provided 

support in developing the experimental set-up to synthesize the support material. The supervisors, 

Drs. A.K. Dalai and J. Adjaye, provided overall guidance, reviewed the experimental data analysis, 

submitted paper and monitored the research progress.  
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6.2 Abstract 

Mesoporous alumina materials having different textural properties were synthesized by modifying 

the procedures mentioned in the literature. Pluronic P-123 was used as SDA and aluminum 

isopropoxide was used as a precursor for aluminum. The materials were characterized using N2 

adsorption-desorption isotherms (BET), X-ray diffraction, FT-IR and High resolution-TEM 

(HRTEM). BET, XRD and HRTEM analyses confirmed the synthesis of mesoporous aluminas 

with different textural characteristics. The synthesized mesoporous aluminas were utilized as a 

support material for a NiMo catalyst to hydrotreat oil sands bitumen-derived HGO in a fixed-bed 

reactor under industrial conditions. The catalytic activity was measured in terms of 

hydrodesulfurization (HDS) and hydrodenitrogenation (HDN). The catalysts were characterized 

by BET, XRD, FTIR, RAMAN, CO-chemisorption, HRTEM, TPD and TPR. The activity study 

for a conventional NiMo/γ-Al2O3 was also performed for comparison. Six types of mesoporous 

aluminas and corresponding catalysts were synthesized based on HNO3/H2O ratio varying from 0 

to 2. It was observed that with an increase in water content, a corresponding increase of the 

mesoporous aluminas surface area, pore volume and pore diameter occurred. Moreover, an 

increase in water content also led to structural changes, from ordered hexagonal to 

wormlike/sponge-like and fibular and then to corrugated platelets/rod-like structures. However, 

morphology of the structure was changed after loading of active metals and the catalytic active 

followed the order NiMo/Meso-Al-0.6 > NiMo/Meso-Al-0.4 > NiMo/Meso-Al-2 ≈ NiMo/Meso-

Al-0.2 > NiMo/Meso-Al-0 > NiMo/γ-Al2O3 > NiMo/Meso-Al-1.25. The highest activity shown 

by catalyst NiMo/Meso-Al-0.6 could be assigned to its (i) greater pore volume and surface area, 

(ii) highest ability to disperse metal , (iii) greater number of weak acidic sites and (iv) lower Mo 

reduction temperatures. 
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6.3 Introduction 

Alumina is widely used as an adsorbent, catalyst or support for catalyst in numerous industrial 

applications because of its favorable textual properties, high thermal stability and moderate Lewis 

acidity. Worldwide, it is being used as a support material for Ni or Co and Mo or W based 

hydrotreating catalysts. The ever-increasingly stringent environmental regulations and the 

availability of sour crudes such as crude from oil sands, requires more active and selective catalysts 

for hydrotreating. The type of support material plays a significant role in hydrotreating reactions 

and various support materials such as silica, zeolites, TiO2, ZrO2, mixed oxides, etc., have been 

tested for hydrotreating reactions (Badoga et al. 2012). Out of many, mesoporous material such as 

SBA-15, MCM-41, Al-SBA-15 and mesoporous metal oxides have gained lots of consideration 

due to their ordered structure, high surface area, large pore diameter and pore volumes (Badoga, 

Dalai, et al. 2014). Mesoporosity not only favors the dispersion but also increases the amount of 

accessible active site and boosts the diffusion of reactant and product molecules (Groen et al. 

2007). Recently, ordered mesoporous aluminas having high surface area and tailored pore diameter 

were synthesized and used as a support material for CoMo hydrodesulfurization (HDS) of 

thiophene and it showed promising results (Bejenaru et al. 2009). The synthesis of mesoporous 

aluminas was recently reviewed ( Čejka 2003; Márquez-Alvarez et al. 2008), and materials up to 

a surface area of 800 m2/g and pore diameter in the range of 2-10 nm with a narrow pore size 

distribution, were attained. 

The synthesis of mesoporous alumina is categorized in two parts (i) using surfactants (anionic and 

cationic) as structure directing agents (SDA) and, (ii) di- and tri-block co-polymers as SDA. 

Valange et al. ( 2000) synthesized mesoporous alumina using aluminum nitrate as a precursor and 

anionic surfactant soliumdodecylsulfate as SDA, and they attained surface area and pore diameter 

of 443 m2/g and 3.4 nm, respectively. Kim et al. (2005) used stearic acid as SDA for synthesis of 

mesoporous alumina and varied the H2O to Al ratio to obtain different materials with surface area 

and pore diameter in the range of 300-500 m2/g and 7.7-3.5 nm, respectively. Yada et al. (1997) 

obtained mesoporous alumina using soldium dodecylsulpate as SDA. However, the major problem 

encountered with synthesis using surfactants as SDA is the removal of the surfactant template after 

synthesis.  The mesostructure collapses after surfactant removal. The reason proposed is the strong 

interaction between alumina framework and sulfate head groups.  Also, there is least Al-O-Al 
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connectivity due to more surfactant content (Valange et al. 2000; Sicard et al. 2001). These 

materials also possess low thermal stability and the heat treatment, such as calcination temperature 

has strong influence on the textural property (Zhang & Pinnavaia 1998). Yang et al. (1999) 

synthesized mesoporous alumina via sol-gel method, using block co-polymers Pluronic P-123 as 

SDA, and obtained surface area and pore diameter of 300 m2/g and 14nm, respectively. Niesz et 

al. (2005) synthesized hexagonally ordered mesoporous alumina using P-123 as SDA and 

aluminum tri-tert-butoxide as precursor for aluminum and attained surface area and pore diameter 

of 410 m2/g and 6.7nm. Dacquin et al. (2009) synthesized highly ordered macroporous-

mesoporous alumina using P-123 and latex spheres. Grant et al. (2011) used Pluronic F-127 as 

SDA and the facile one-pot evaporation induced self-assembly method to synthesize ordered 

mesoporous alumina with a surface area of 330 m2/g. Other methods to synthesize mesoporous 

alumina such as facile reverse precipitation method (Wu et al. 2012), solvent deficient synthesis 

(Huang et al. 2013), and precipitation method (Zhao et al. 2007), were also exploited. 

The study on utilization of mesoporous alumina as a support material for NiMo catalyst for 

hydrotreating of heavy gas oil is limited. In this work,  mesoporous aluminas with different pore 

sizes were synthesized by modifying the procedures mentioned in literature (Dacquin et al. 2009). 

Pluronic P-123 was used as SDA and aluminum iso-propoxide was used as precursor for 

aluminum. The material was characterized using XRD, N2 adsorption-desorption isotherms (BET), 

FT-IR and HRTEM. The synthesized different pore size mesoporous aluminas were used as 

support material for NiMo hydrotreating catalyst. The catalysts were characterized by BET, XRD, 

FTIR, RAMAN, CO-chemisorption, HRTEM, TPD and TPR. All catalysts were screened with 

Athabasca bitumen-derived HGO, in a fixed-bed reactor under industrial conditions. The activity 

study for conventional NiMo/γ-Al2O3 was also performed for the comparison. The catalytic 

activity was measured in terms of hydrodesulfurization (HDS) and hydrodenitrogenation (HDN). 

6.4 Materials and methods  

6.4.1 Materials 

Pluronic P-123 (EO20PO70EO20), ammonium heptamolybdate, aluminum isopropoxide and nickel 

nitrate were purchased from Sigma-Aldrich, Edmonton, Canada. Anhydrous ethanol and 67% 

nitric acid were obtained from Fisher Scientific, Saskatoon, Canada.  
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6.4.2 Synthesis procedure for different pore size mesoporous aluminas and supported 

catalysts 

Different pore size mesoporous aluminas were synthesized by modifying the procedure mentioned 

in the literature (Dacquin et al. 2009). 24.48 g of aluminum isopropoxide was mixed with 80 ml 

of anhydrous ethanol in a container A and stirred for 1 h at 40 °C. In a container B, 12 g P123 was 

dissolved in 160 ml anhydrous ethanol and stirred for 2 h at 40 °C. In solution B 18 ml of nitric 

acid and water solution in different HCL/H2O ratio of 2, 1.25, 0.6, 0.4, 0.2, and 0 was added and 

stirred vigorously for 30 min. The material in container A was added dropwise in container B and 

allowed to stir for 2 h at 40 °C. The mixture was then kept for hydrothermal treatment in Teflon 

bottle for 4.5 days at 65 °C. The resulting materials were filtered and kept for drying at room 

temperature for 24 h, followed by calcination at 600 °C with dwell of 6 h and ramp rate of 0.5 °C. 

The materials were named based on HCL/ H2O ratio as Meso-Al-2, Meso-Al-1.25, Meso-Al-0.6, 

Meso-Al-0.4, Meso-Al-0.2, Meso-Al-0. 

All catalysts were prepared by sequential impregnation method. The mesoporous aluminas were 

dried overnight at 110 oC and then wet impregnated with 13 wt% molybdenum using ammonium 

heptamolybdate as a precursor. The materials were dried and then calcined at 550 °C for 5.5 h with 

1°C/min ramp rate. The resulting materials were wet impregnated with 2.5 wt% of nickel using 

nickel nitrate as precursor. The materials were then dried and calcined at 550 °C for 5.5 h with 

1°C/min ramp rate to obtain the catalysts. The mesoporous aluminas supported NiMo catalysts 

were named as NiMo/Meso-Al-2, NiMo/Meso-Al-1.25, NiMo/Meso-Al-0.6, NiMo/Meso-Al-0.4, 

NiMo/Meso-Al-0.2 and NiMo/Meso-Al-0. NiMo/γ-Al2O3 catalyst was also synthesized for 

activity comparison purpose. 

6.4.3 Experimental and characterization techniques 

The textural characteristics of the mesoporous aluminas and supported catalysts were determined 

using Micromeritics ASAP 2020 instrument. The surface area and pore size distribution was 

calculated using BET and BJH method, respectively. The low-angle and wide-angle XRD profiles 

were obtained from Bruker Advance D8, series II, Powder diffractometer with Cu K-α radiation. 

The low-angle XRD profiles were obtained from 0.5 – 9 degrees with step size of 0.01 degrees. 

The wide-angle scan was made from 10–80o with 2θ step size of 0.05 degrees. The H2-TPR and 

NH3-TPD measurements were performed in autosorbiq-Quantachrome (USA) instrument. FT-IR 
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and Pyridine–FTIR spectra were obtained using Perkin-Elmer Spectrum GX instrument and 

Harrick made Praying Mantis cell. The CO-chemisorption studies for metal dispersion were 

carried out in Micromeritics ASAP 2020 Chemisorption system. The following expression was 

used to calculate the percentage metal dispersion of the active metal available for the interaction 

with the adsorbate (Badoga et al. 2012). 

%𝑀𝐷𝑖𝑠𝑝 =  
100∗100

22414⊗
∗  

𝑉∗ 𝑆𝐹𝐶𝐴𝐿𝐶
% 𝑤𝑒𝑖𝑔ℎ𝑡1

𝑊𝐴𝑇𝑂𝑀𝐼𝐶 1
+

% 𝑤𝑒𝑖𝑔ℎ𝑡2

𝑊𝐴𝑇𝑂𝑀𝐼𝐶 2

       ….6.1 

where, 

%MDisp   = metal dispersion (%) 

    V       = volume intercept derived from the best line fit to the volume differences     

         between the selected points of the first analysis and the repeat analysis  (cm3/g STP) 

 𝑆𝐹𝐶𝐴𝐿𝐶   = calculated stoichiometry factor 

The transmission electron micrographs were acquired from STEM JEOL 2011 microscope. 

Further details of characterization techniques and methods are mentioned in our previous paper 

(Badoga et al. 2014a). Raman spectra for samples were obtained from Renishaw InVia Reflex 

Raman microscope using Ar+ laser (Spectra Physics Model 153-M42-010) operating at 514.5 nm 

and 1800 line/mm grating. Further details were mentioned elsewhere (Maley et al. 2011). The 

hydrotreating activities of NiMo-supported catalysts were determined in terms of 

hydrodesulfurization (HDS) and hydrodenitrogenation (HDN) of oil sands-derived heavy gas oil 

(HGO). The hydrotreating reactions were performed in a continuous trickle fixed-bed reactor 

under industrial operating conditions of 8.8Mpa, 1 h-1 LHSV, 1:600 oil/H2 ratio and three different 

temperatures (395 °C, 395 °C, 395 °C). The details of reactor set-up, procedure to load the catalyst 

inside the reactor, sulfidation and experimental methodology were described in section 3.4.5 of 

Chapter 3.  

6.5 Characterization of different pore size mesoporous aluminas 

6.5.1 Textural properties, pore size distribution and N2 adsorption-desorption isotherms  

The BET N2 adsorption-desorption isotherms technique was used to determine the surface area 

and type of porosity for synthesized materials and the isotherms are shown in Figure 6.1. The pore 

size distribution was measured using BJH method and is shown in inset of Figure 6.1. Furthermore, 

the textural characteristics for all materials were tabulated in Table 6.1. The different pore size 
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mesoporous aluminas were synthesized two times and no significant difference in textural 

properties was observed. Each sample was analysed in BET for three times and the average values 

were reported. It can be seen in Figure 6.1 that, all isotherms are of Type IV, which indicates that 

the materials are mesoporous in nature. The shape of isotherms for Meso-Al-2, Meso-Al-1.25, 

Meso-Al-0.6 and Meso-Al-0.4 corresponds to H1 type hysteresis however the shape of isotherms 

for Meso-Al-0.2 and Meso-Al-0 corresponds to H3 type hysteresis (Sing 1982). The H1 type 

hysteresis ends with horizontal plateau and corresponds to the narrow pore size distribution as 

shown in inset of Figure 6.1. This also indicates the presence of P6mm symmetry representing 

hexagonal ordered mesostructure (Badoga et al. 2014). However, the H3 type hysteresis shows 

adsorption at high P/P0 indicating the presence of large pore size and broad pore size distribution 

as shown in inset of Figure 6.1 for materials Meso-Al-0.2 and Meso-Al-0 (de Llobet et al. 2013). 

The H3 type hysteresis is generally observed for slit-shaped pores formed due to aggregates of 

plate-like particles (Sing 1982).  Thus, it is established from isotherms that as the water content is 

increased during synthesis, the structure changes from ordered mesoporous to partially ordered 

mesoporous structure. The TEM analyses discussed in this paper will elaborate more on this.  

 

Figure 6.1 N2 adsorption-desorption isotherm and BJH pore size distribution for mesoporous 

alumina (A) Meso-Al-0, (B) Meso-Al-0.2, (C) Meso-Al-0.4, (D) Meso-Al-0.6 (E) Meso-Al-1.25 

and (F) Meso-Al-2 
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The surface area of synthesized mesoporous alumina varies from 320 m2/g to 741 m2/g for Meso-

Al-2 to Meso-Al-0 as shown in Table 6.1. It was also observed that the average pore size for the 

materials Meso-Al-2, Meso-Al-1.25, Meso-Al-0.6 and Meso-Al-0.4 were similar however, the 

surface area and pore volume increase with increase in water content during synthesis.  The 

material Meso-Al-0 shows the best textural characteristics among all mesoporous aluminas with 

pore diameter of 13nm and pore volume of 3cm3/g with surface area 741 m2/g. Therefore, it can 

be concluded from BET analysis that all synthesized aluminas have (fully or partially ordered) 

mesoporous structure. In addition, the decrease in nitric acid to water ratio results in structural 

disordered-ness and increase in surface area, pore size and pore volume.  

Table 6.1 Textual properties of synthesized mesoporous aluminas 

 BET Surface Area, m²/g Pore volume,  cm³/g Pore diameter, nm 

Meso Al-2 320 ± 5 0.6 7.0 

Meso Al-1.25 345 ±7 0.7 6.0 

Meso Al-0.6 543 ±5 1.0 6.2 

Meso Al-0.4 568 ±5 1.2 6.7 

Meso Al-0.2 683 ±6 2.0 10.0 

Meso Al-0 741 ±10 3.0 13.0 

 

6.5.2 Structural confirmations from low- and wide-angle X-ray diffraction  

The low-angle XRD peaks for all mesoporous aluminas are shown in Figure 6.2a. It was observed 

that all materials possess sharp low-angle peak at 2θ ≈ 0.8 degrees corresponding to ordered 

mesoporous structure. All materials show well-resolved peaks at 2θ ≈ 1.6 and 2.5 degrees. These 

three well resolved peaks could be assigned to dhlk (100), (110) and (200), planes of hexagonal 

ordered mesoporous structure (Badoga et al. 2014a). 
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The wide-angle XRD patterns for all materials are shown in Figure 6.2b. It can be seen that no 

peak is observed for Meso-Al-2 and Meso-Al-1.25 materials, which indicates that these materials 

are amorphous and exhibit ordered mesoporous structure. Similar findings were observed during 

BET analysis. However, the wide-angle XRD pattern for materials Meso-Al-0.6, Meso-Al-0.4, 

Meso-Al-0.2 and Meso-Al-0 shows peaks at 2θ =37, 45 and 66 degrees (see Figure 6.1b). These 

peaks correspond to the dhlk (311), (400) and (440) planes of cubic γ-Al2O3 (Xu et al. 2012; Li et 

al. 2008; Khanna & Bhat 2006). This indicates the presence of crystalline phase of γ-Al2O3 in 

materials, although the peaks are broad and based on Scherrer’s equation the crystal sizes are less 

than 1Å. Consequently, the presence of low angle peak in these materials indicates the presence 

of ordered mesoporous structure and the presence of peaks at higher angles indicated the 

crystallinity in framework wall of materials. This implies that, the materials have mixed 

amorphous and crystalline character. This also supports the findings from BET analysis regarding 

partially ordered/disordered mesoporosity in these materials. Therefore, it can be concluded that 

the materials Meso-Al-2 and Meso-Al-1.25 have ordered hexagonal mesoporous structures and 

materials such as Meso-Al-0.6, Meso-Al-0.4, Meso-Al-0.2 and Meso-Al-0 have partially 

ordered/disordered mesoporous structure with presence of low degree of crystallinity in framework 

walls (de Llobet et al. 2013; Xu et al. 2012). 



 
 

157 
 

  



 
 

158 
 

 

Figure 6.2 (a) Low-angle XRD pattern for mesoporous aluminas, (b) Wide-angle XRD pattern 

for mesoporous aluminas: (A) Meso-Al-0, (B) Meso-Al-0.2, (C) Meso-Al-0.4, (D) Meso-Al-0.6 

(E) Meso-Al-1.25 and (F) Meso-Al-2 and (c) Wide-angle XRD pattern for mesoporous 

alumina’s supported NiMo catalysts: (A)  NiMo/Meso-Al-0, (B) NiMo/Meso-Al-0.2, (C) 

NiMo/Meso-Al-0.4, (D) NiMo/Meso-Al-0.6 (E) NiMo/Meso-Al-1.25 and (F) NiMo/Meso-Al-2 

 

6.5.3 Morphological changes in different pore size alunimas-High resolution TEM study 

The HRTEM was performed to study the surface morphology of synthesized materials and images 

are shown in Figure 6.3. The HRTEM images for materials Meso-Al-2 and Meso-Al-1.25 (Figure 

6.3a, 6.3b) shows highly ordered pores as in honeycomb structure with pore diameter of ~6nm and 

wall thickness of 5-6nm. The calculation based on low-angle XRD using d-spacing and 

a=d100*2/(3)0.5 unit cell parameter for hexagonal structure also results in similar value of wall 

thickness (calculations not shown).  The Figures 6.3a and 6.3b also supports the findings from 

XRD and BET analysis for Meso-Al-2 and Meso-Al-1.25. For materials such as, Meso-Al-0.6, 

Meso-Al-0.4, Meso-Al-0.2 and Meso-Al-0, the HRTEM images (Figure 6.3c-f) shows the change 

in morphology with decrease in nitric acid to water ratio during synthesis. It can be seen in Figure 

6.3c that the structure is a mixture of ordered honeycomb and wormlike/sponge like for Meso-Al-

0.6 and it changes to more of wormlike and fibular for Meso-Al-0.4 (Figure 6.3d). It was also 

observed in HRTEM images that the ends of the fibular/platelets structures have round 
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morphology which could be a reason for narrow size pore distribution. Furthermore, at low 

HNO3/H2O ratio for Meso-Al-0.2 and Meso-Al-0 the structure changes to corrugated platelets/rod 

like structure (Figure 6.3e,f), which resembles the crystal structure reported for pseudo-boehmite 

and/or γ-Al2O3 (Gonzalez-Pena et al. 2001a; Gonzalez-Pena et  al. 2001b; Lesaint et al. 2008; Park 

et al. 2008). In all the images as shown in Figure 6.3c-f some ordered pores were visible and this 

explains the presence of low-angle peak in XRD, indicating the presence of amorphous nature as 

well.  

The corrugated platelets or fibrous type structure in Meso-Al-0.2 is highly cross-linked giving rise 

of partially ordered pore structure (Li et al. 2008) (Figure 6.3e). The length and width of 

platelets/rod is about 10-15nm and 2nm respectively. The presence of large numbers of platelets/ 

fibrous/rod like structures results in high surface area as shown by BET analysis (see Table 6.1). 

It was observed in HRTEM image for Meso-Al-0 (see Figure 6.3f) that the length (20-25nm) and 

thickness (3nm) of platelets is higher than that in Meso-Al-0.2 material. This result in higher 

surface area, higher pore volume and large pore diameter (see Table 6.1) and also it gives rise to a 

wider pore size distribution in Meso-Al-0 (de Llobet et al. 2013) as shown in Figure 6.1. It was 

also observed that as the size of platelets increases, the structure changes from wormlike to slit-

like or fibular or lamellar. This indicates that fraction of crystallinity is increasing in framework 

walls. The HRTEM images (Figure 6.1a-f) also strengthen the explanation of presence of different 

type of hysteresis for mesoporous aluminas as observed in BET study (Figure 6.1). 

 

 

 

(a) (b) 
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Figure 6.3 HRTEM micrographs for (a) Meso-Al-2, (b) Meso-Al-1.25, (c) Meso-Al-0.6, (d) 

Meso-Al-0.4 (e) Meso-Al-0.2 (f) Meso-Al-0 and (g) NiMo/Meso-Al-0 

(c) 

(d) 

(e) (f) 

(g) 
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Therefore, it can be concluded from HRTEM study that the materials Meso-Al-2 and MesoAl-1.25 

have ordered hexagonal structure. Beside the morphology of materials changed with increasing 

the amount of water content, which is proportional to degree of disordered-ness in mesoporous 

structure of Meso-Al-0.6, Meso-Al-0.4, Meso-Al-0.2 and Meso-Al-0. Moreover, it is also 

proportional to the presence of crystalline framework walls. However, the weak wide-angle XRD 

intensities show that material is largely amorphous (see Figure 6.2b).  

6.5.4 Fourier transformed infrared spectroscopy of mesoporous aluminas 

The FT-IR spectra of mesoporous alumina materials are shown in Figure 6.4a. All materials show 

broad peak at 3000-3700 cm-1 corresponding to contribution of hydroxyl groups and water 

molecules (Chakravarty et al. 2013). The peaks at 1550 and 1425 cm-1 are attributed to different 

vibration modes of Al-O-Al and Al-O bond and are present in all materials. The existence of broad 

band between 500- 930 cm-1 in all catalysts signifies the presence of γ- alumina (Boumaza et al. 

2009; Sun et al. 2008). The appearance of bands at 545 cm-1 and 788 cm-1 represents aluminum 

ions in octahedral and tetrahedral environments (Karim et al. 2011). However, it can be seen in 

the spectra for all catalysts that the band at 545 cm-1 is present whereas, the band at 788 cm-1 is 

weakly defined as it is merged in broad band between 500 and 930 cm-1.  Therefore, it can be 

concluded that the synthesized mesoporous alumina materials have γ type alumina with aluminum 

ions predominantly in octahedral environment.  
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Figure 6.4 FTIR spectra for (a) mesoporous aluminas: (A) Meso-Al-0, (B) Meso-Al-0.2, (C) 

Meso-Al-0.4, (D) Meso-Al-0.6 (E) Meso-Al-1.25 and (F) Meso-Al-2, (b) mesoporous aluminas 

supported NiMo catalysts and (c) pyridine adsorbed on mesoporous alumina’s supported NiMo 

catalysts: (A)  NiMo/Meso-Al-0, (B) NiMo/Meso-Al-0.2, (C) NiMo/Meso-Al-0.4, (D) 

NiMo/Meso-Al-0.6 (E) NiMo/Meso-Al-1.25 and (F) NiMo/Meso-Al-2 
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6.6 Characterization of different pore size mesoporous aluminas supported NiMo 

catalysts 

6.6.1 Physical properties evaluation using BET, BJH, FTIR and HRTEM 

The textural characteristics of all the catalysts are shown in Table 6.2. The N2 adsorption-

desorption isotherm and pore size distribution of all the catalysts are shown in Figure 6.5. It was 

confirmed from the isotherms data that all materials exhibit type IV isotherm, which indicates that 

all materials retained their mesoporosity even after metal loading. The decrease in surface area, 

pore volume and pore diameter of the catalysts (see Table 6.1 and 2) is due to deposition of active 

metals inside the pores. However, it was also observed that the surface area of catalyst NiMo/Meso 

Al-0.6 remains almost the same even after metal loading. This could be due to the morphological 

changes in material during active metal impregnation. It can be observed from pore size 

distribution curve (see Figures 1 and 5) that the pore volume at low pore diameter region is high 

in case of NiMo/Meso Al-0.6 as compared to Meso Al-0.6. This could have compensated in 

maintaining the surface area of NiMo/Meso Al-0.6 equivalent to that of Meso Al-0.6. The large 

drop in pore volume and pore diameter was observed in case of catalyst NiMo/Meso-Al-0. The 

pore volume and pore diameter drop down from 3 cm3/g to 0.42 cm3/g and 13 nm to 4.0 nm, 

respectively. It could be due to structural changes in material Meso-Al-0 after metal loading. The 

N2 adsorption-desorption isotherm also explains the change in structure. It can be seen in Figure 

6.1 that the isotherm for material Meso-Al-0 was having H3 type hysteresis, but after metal loading 

the hysteresis was changed to H1 type (see Figure 6.5) which ends with flat plateau. The BJH pore 

size distribution is also narrow for catalyst NiMo/Meso-Al-0 (see Figure 6.5) as compared to that 

of material Meso-Al-0. Similar kind of drop in textural parameters was observed in catalyst 

NiMo/Meso-Al-0.2. Therefore, it can be concluded from N2 adsoption-desorption isotherms that 

the material NiMo/Meso Al-0.6 has shown the least loss in textural properties. This could also 

suggest that the wormlike morphology is most stable.  
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Figure 6.5 N2 adsorption-desorption isotherm and BJH pore size distribution for mesoporous 

alumina supported NiMo catalysts: (A) NiMo/Meso-Al-0, (B) NiMo/Meso-Al-0.2, (C) 

NiMo/Meso-Al-0.4, (D) NiMo/Meso-Al-0.6 (E) NiMo/Meso-Al-1.25 and (F) NiMo/Meso-Al-2 

Table 6.2 Textual properties of mesoporous alumina supported NiMo catalysts 

 BET Surface Area, 

m²/g 

Pore volume,  

cm³/g 

Pore diameter, 

nm 

NiMo/Meso Al-2 280 ±5 0.32 4.3 

NiMo/Meso Al-1.25 280 ±5 0.25 3.6 

NiMo/Meso Al-0.6 547 ±5 0.63 4.4 

NiMo/Meso Al-0.4 445 ±7 0.53 4.4 

NiMo/Meso Al-0.2 360 ±4 0.47 5.0 

NiMo/Meso Al-0 400 ±5 0.42 4.0 

NiMo/γ-Al2O3 225 ± 4 0.53 7.0 
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HRTEM image for catalyst NiMo/Meso-Al-0 was also studied to understand the structural changes 

in catalyst and is shown in Figure 6.3g. On comparing the Figure 6.3f and 3g, it can be inferred 

that after metal loading the structure is more condensed and the large corrugated platelets or fibrous 

type structure are broken down into small sizes resulting in decrease in textual characteristics. The 

wide-angle XRD for all the catalysts (see Figure 6.2c) does not show any addition peak 

corresponding to molybdenum oxide. This implies the fine dispersion of molybdenum oxide in the 

catalysts.  

The FT-IR spectra for all catalysts are shown in Figure 6.4b. The IR bands for MoO3 appear in the 

region of 400–1050 cm-1. The bands at 950-980 cm-1 are characteristic for polymolybdates. The 

absence of these bands in all catalysts (see Figure 6.4b) indicates the fine dispersion of 

molybdenum oxide. Similar conclusion was obtained from XRD study. However, the bands 

corresponding to molybdenum oxide species are observed in the range of 850- 930 cm-1 in all the 

catalysts. These bands correspond to the Mo–O vibrations in tetrahedral species MoO4
-2. (Maity 

et al. 2000). The RAMAN spectroscopy was also performed to analyze the presence of 

molybdenum oxide in the catalysts and the spectra were shown in Figure 6.6. All catalysts shows 

only one RAMAN peak at around 940-960 cm-1 which corresponds to Mo=O bond vibrations of 

the molybdenum oxide interacting with the support (Sohn et al. 2003). 

 

Figure 6.6 RAMAN spectra for mesoporous alumina supported NiMo catalysts: (A)  

NiMo/Meso-Al-0, (B) NiMo/Meso-Al-0.2, (C) NiMo/Meso-Al-0.4, (D) NiMo/Meso-Al-0.6 (E) 

NiMo/Meso-Al-1.25 and (F) NiMo/Meso-Al-2 



 
 

166 
 

6.6.2 Differences in ease of active metal reducibility 

H2-TPR study was performed to determine the ease in reducibility of molybdenum oxide.  The H2-

TPR profile for all the catalysts are shown in Figure 6.7. The reduction of molybdenum oxide takes 

place in two steps. The first peak in all spectra could be assigned to reduction of Mo6+ to Mo4+  and 

the second peak  could be assigned to reduction of Mo+4 to Mo0 (Badoga et al. 2014a). For catalyst 

NiMo/Meso-Al-2 and NiMo/Meso-Al-1.25, the first and second reduction peaks are at 450 and 

885 °C, respectively. The reduction peaks for catalysts NiMo/Meso-Al-0.6 and NiMo/Meso-Al-

0.4 are at 440 and 850 °C, respectively, whereas, the reduction peaks for catalysts NiMo/Meso-

Al-0.2 are at 485 and 890 °C and for NiMo/Meso-Al-0 catalyst they are at 540 and 940 °C. This 

implies that the ease of molybdenum reducibility follows the order NiMo/Meso-Al-2 ≈ 

NiMo/Meso-Al-1.25 > NiMo/Meso-Al-0.6 ≈ NiMo/Meso-Al-0.4 > NiMo/Meso-Al-0.2 > 

NiMo/Meso-Al-0. The low reduction temperatures observed for catalyst NiMo/Meso-Al-0.6 and 

NiMo/Meso-Al-0.4 are attributed to high metal dispersion. The percentage metal dispersion in all 

the catalysts was measured using CO-chemisorption technique. Table 6.3 shows the amount of CO 

adsorbed and corresponding percentage metal dispersion. It was observed from the analysis that 

the catalyst NiMo/Meso-Al-0.6 has highest metal dispersion of 19 % followed by the metal 

dispersion of 17% for catalyst NiMo/Meso-Al-0.4. The high reduction temperature in case of 

catalysts NiMo/Meso-Al-0.2 and NiMo/Meso-Al-0 could be due to strong interaction between 

molybdenum and alumina support. The support Meso-Al-0 has very high pore volume and pore 

diameter as shown in Table 6.1 which could have resulted in thin walls with large number of 

hydroxyl groups resulting in strong molybdenum oxide-alumina interactions. This resulted in 

condensed structure as observed from BET and HRTEM (see Figure 6.2g and Figure 6.5). 
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Figure 6.7 H2-TPR profile of mesoporous alumina supported NiMo catalysts: (A)  NiMo/Meso-

Al-0, (B) NiMo/Meso-Al-0.2, (C) NiMo/Meso-Al-0.4, (D) NiMo/Meso-Al-0.6 (E) NiMo/Meso-

Al-1.25 and (F) NiMo/Meso-Al-2 

 

Table 6.3 Chemical composition and CO uptake of mesoporous mixed oxide supported catalysts 

 

 

 

 

 

 

 

 

6.6.3 Acidic strength and type measurements 

6.6.3.1 NH3-Temperature programmed desorption (TPD) 

Ammonia-TPD was carried out to determine the acidic strength of the catalysts and the results are 

presented in Table 6.4. The strength of acidic sites was determined on the basis of NH3 desorption 

temperature. Ammonia from weak acidic sites desorbs at <200 °C, from moderately acidic sites it 

Catalyst Metal Dispersion (%) CO Absorbed (µmol/g) 

NiMo/Meso Al-2 14 250 

NiMo/Meso Al-1.25 11 196 

NiMo/Meso Al-0.6 19 335 

NiMo/Meso Al-0.4 17 315 

NiMo/Meso Al-0.2 12 204 

NiMo/Meso Al-0 11 200 
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desorbs at 200-350 °C and from strongly acidic sites it desorb at  >350 °C (Badoga et al. 2014). It 

can be seen in Table 6.4 that all catalysts have weak acidic sites at 150 °C, however the catalysts 

have difference in the number/strength of strong acidic sites at 375 °C. The catalyst NiMo/Meso-

Al-1.25 shows desorption of 155µmol/g NH3 at 415 °C, indicating the presence of strong acidic 

sites. It was observed that catalysts NiMo/Meso-Al-0.6 and NiMo/Meso-Al-0.4 showed less 

amount of ammonia desorbed at 375 °C. This indicates that these catalysts have less acidic strength 

as compared to other catalysts. It can be concluded from data in Table 6.4 that the catalyst 

NiMo/Meso-Al-0.6 has maximum number of weak acid site and least amount of strong acidic 

strength among all catalysts. 

Table 6.4 NH3- TPD results of mesoporous alumina supported NiMo catalysts 

Catalyst 
Amount of  NH3 desorbed (µmol/g) 

at 150 °C at 375 °C at 415 °C 

NiMo/Meso Al-2 225 187 - 

NiMo/Meso Al-1.25 135 111 155 

NiMo/Meso Al-0.6 240 65 - 

NiMo/Meso Al-0.4 183 95 - 

NiMo/Meso Al-0.2 215 185 - 

NiMo/Meso Al-0 240 173 - 

 

6.6.3.2 Pyridine FT-IR 

The types of acidic sites present in all catalysts were determined using Pyridine-FTIR and the 

spectra are shown in Figure 6.4c. All spectra show the presence of sharp bands at 1445 cm-1 

corresponding Lewis site (interaction of pyridine with Al3+ ions) (Zhang et al. 2014). The band 

corresponding to Bronsted acid sites (pyridinium ion) at 1540 cm-1 is present in all catalysts except 

NiMo/Meso-Al-0.2, but it is weak and broad. Another strong band and a shoulder were observed 

in all spectra at 1490 cm-1 and 1577 cm-1. These bands are attributed to the overlapping of Bronsted 

and Lewis acid sites (Chen et al. 2011). Therefore, it can be concluded from the Pyridine-FTIR 

analysis that all mesoporous alumina supported catalysts have mixture of Bronsted and Lewis type 

acid sites. 



 
 

169 
 

6.7 Catalytic activity of different pore size mesoporous alumina supported NiMo catalysts 

for hydrotreating of heavy gas oil 

Oil sands bitumen derived heavy gas oil was used as a feedstock for hydrotreating and the catalytic 

activity was determined in terms of percentage sulfur and nitrogen removal (wt% HDS and wt% 

HDN, respectively) from feed gas oil. The processes are termed as hydrodesulfurization (HDS) 

and hydrodenitrogenation (HDN), respectively. The hydrotreating reaction was performed in a 

continuous fixed-bed reactor under industrial conditions of 8.8MPa, 1h-1 LHSV and Gas/Oil ratio 

of 600:1 at three different temperatures 375 °C, 385 °C and 395 °C. The HDS and HDN 

conversions for all catalysts were shown in Figure 6.8 and 6.9, respectively. The conventional 

NiMo/γ-Al2O3 was also tested for activity and the results are given in Figures 8 and 9 for 

comparison.  

 

Figure 6.8 HDS activities of mesoporous material supported NiMo hydrotreating catalysts with 

HGO at 375 °C, 385 °C and 395 °C (catalyst = 5 cm3, P = 8.8 MPa, LHSV = 1 h-1 and H2/oil 

ratio= 600 (v/v)) 

The values of activities reported are the average value for 12 data points (i.e., 4 oil samples and 

each sample is analyzed 3 times). The catalytic activity for HDS and HDN follows the order: 

NiMo/Meso-Al-0.6 > NiMo/Meso-Al-0.4 > NiMo/Meso-Al-2 ≈ NiMo/Meso-Al-0.2 > 

NiMo/Meso-Al-0 > NiMo/γ-Al2O3 > NiMo/Meso-Al-1.25. The higher activity of mesoporous 
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aluminas supported NiMo catalysts is due to the presence of high surface area and mesoporosity, 

which results in fine dispersion of active metals. The difference in activity shown by all catalysts, 

instead of their similar composition, could be assigned to difference in their physico-chemical 

properties. It was observed from Table 6.1, that the catalysts follow the similar pattern for pore 

diameter as that of activity except for catalyst NiMo/Meso-Al-0.2 and NiMo/γ-Al2O3. It can be 

therefore concluded that the increase in pore diameter is not only the deciding factor which affects 

the activity. Conversely, pore volume, surface area and ordered mesoporosity of material also play 

important role. The HRTEM study pointed out that the orderedness of mesoporosity follows the 

order Meso-Al-2 > Meso-Al-1.25 > Meso-Al-0.6 > Meso-Al-0.4 > Meso-Al-0.2 > Meso-Al-0. 

This explains that instead of having highest pore diameter of 5nm, the catalyst NiMo/Meso-Al-0.2 

has similar activity as compared to catalyst NiMo/Meso-Al-2 whose pore diameter is 4.3nm.  

 

Figure 6.9 HDN activities of mesoporous material supported NiMo hydrotreating catalysts with 

HGO at 375 °C, 385 °C and 395 °C (catalyst = 5 cm3, P = 8.8 MPa, LHSV = 1 h-1 and H2/oil 

ratio= 600 (v/v)) 

6.8 Discussion and internal mass transfer evaluation 

The activities at 395 °C for each catalyst are very close. However, to differentiate and correlate 

the effects of physico-chemical properties of each material on its activity, the results at lower 
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temperature of 375 °C, corresponding to lower conversion are compared. Although, it can be 

concluded from Figures 6.8 and 6.9 that the order of activity remains the same at each temperature. 

It can be seen from Table 6.1 that based on the textural properties the materials can be characterized 

in 3 groups. The first group includes materials Meso Al-2 and Meso Al-1.25, second group 

includes Meso Al-0.6 and Meso Al-0.4 and third group includes Meso Al-0.2 and Meso Al-0. Each 

group has surface area, pore volume and pore diameter in close range. Also, the HTREM analysis 

states that each group has similar morphology, group 1 has ordered mesoporous structure, group 

2 has wormlike/sponge like and fibular structure and group 3 has corrugated platelets like structure. 

After metal impregnation it was observed that the textural properties of each material were changed 

(see Table 6.2) and the conversion at 375 °C (see Figures 8 and 9) is similar within each group. 

For HDS, in group 1 and 3 the conversion is 80-82% and for group 2 its 87-89%. The increase in 

conversion in group 2 as compared to group 1 is due to the improvement in textural properties of 

catalysts. The lower activity shown by group 3 could be related to significant decrease in their 

textural properties. It was observed from HRTEM analysis (Figure 6.3g) that on loading of metals 

on Meso Al-0 (catalyst NiMo/Meso-Al-0) the structure changed and became more condensed and 

the large corrugated platelets were broken down to small sizes. The material Meso Al-0.2 also 

shows the decline in textural properties for catalyst NiMo/Meso-Al-0.2 (see Table 6.2) which is 

also related to change in morphology on metal loading. It can be calculated that the percentage 

decrease in pore volume and pore diameter during synthesizing NiMo/Meso-Al-0 catalyst from 

Meso Al-0 is 89% and 69%, respectively. However, the decrease in pore volume and pore diameter 

during synthesizing NiMo/Meso-Al-0.2 catalyst is 79% and 50%, respectively. The HRTEM study 

shows that orderedness of mesoporosity follows the order Meso-Al-0.2 > Meso-Al-0. Therefore, 

it can be concluded that the tendency of structure to collapse or condense increases with decrease 

in orderedness in group 3. It can be observed that the activity also decreases for catalyst 

NiMo/Meso-Al-0 as compared to that shown by catalyst NiMo/Meso-Al-0.2. It could be 

considered that the drop in activity could be assigned to internal mass transfer limitations due to 

collapsed pore structure. Therefore, the internal mass transfer calculations were performed to 

determine if the reaction is mass transfer (diffusion) limited or reaction rate limited [40] . The 

internal effectiveness factor (η) is defined as (Fogler 2006) 

𝜂 =
actual overall reaction rate

overall reaction rate without internal diffusion
                ….6.2 
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where, the value of η ≥ 0.95 signifies that the reaction is kinetic limited and not diffusion limited, 

The following equations  were used to calculate the the value of η [40]: 

Φ =
dP

2 ∗{Ri}

4∗[D]E∗[Ci]S
                          ….6.3 

Φ = 𝜑2 ∗ 𝜂                      ….6.4 

η =
3

𝜑
[

1

tanh (𝜑)
−

1

𝜑
]                    ….6.5 

where, Φ = dimensionless modulus, dp = average diameter of the catalyst particle =0.17cm, {Ri} 

= global reaction rate for HDS or HDN reactions, mol/(s.ml), [D]E = effective diffusivity of sulfur 

or nitrogen compounds cm2/s, which is a function of textural property (porosity) of material  and 

[Ci]S =catalyst surface concentration of sulfur/nitrogen species, mol/ml. 

The calculated values of η at different temperatures for different materials at inlet and outlet of 

reactor are shown in Table 6.5 (calculations not shown). At inlet of reactor, the surface 

concentration of nitrogen and sulfur species was taken as the concentration in feed. At outlet of 

reactor, the surface concentration was taken as the concentration in product. It can be noticed from 

Table 6.5 that for HDS at 375 °C the value of η is equal or greater than 0.95 for catalysts 

NiMo/Meso-Al-0.6, NiMo/Meso-Al-0.4 and NiMo/Meso-Al-0.2. This signifies that in these 

catalysts the HDS reaction is not mass transfer limited. However, the values of η=0.94, 0.93 and 

0.91 for catalysts NiMo/Meso-Al-0, NiMo/Meso-Al-2 and NiMo/Meso-Al-1.25, respectively 

indicates, the slight influence of mass transfer along with reaction rate limitations. For HDN 

reactions, all catalysts have shown η≥0.95, indicating HDN reactions are not mass transfer limited. 

At outlet of the reactor the value of η is significantly below 0.95 indicating, that at outlet of reactor 

the HDS reactions are mass transfer limited. This is due to the less concentration gradient at reactor 

outlet. However, it can be observed that all mesoporous alumina based catalysts have η value less 

than that for NiMo/γAl2O3. Table 6.5 shows that, at reactor outlet the HDN reactions are not mass 

transfer limited. Therefore, from the internal mass transfer calculations it can be concluded that 

mass transfer limitations are not present for catalyst NiMo/Meso-Al-0.6, NiMo/Meso-Al-0.4, 

NiMo/Meso-Al-0.2 and NiMo/Meso-Al-0. However, the minute influence of mass transfer for 

HDS reaction is observed for catalysts NiMo/Meso-Al-2 and NiMo/Meso-Al-1.25. Therefore, 

inspite of high surface area and pore volume, the lower activity of catalyst NiMo/Meso-Al-0 could 



 
 

173 
 

be assigned to its high reduction temperature. The availability of high surface area during metal 

impregnation provides access to large number of hydroxyl anchoring sites, which favors the strong 

metal support interaction resulting in high reduction temperatures. Also, the decrease in conversion 

for group 3 catalysts could be assigned to their low metal dispersion as shown in Table 6.3. The 

change in morphology of material during metal impregnation indicates that some active metals 

may not be available for hydrotreating reactions. 

Table 6.5 Calculated effectiveness factor (η) for all catalysts 

Value of effectiveness factor 

(η) 

NiM/

Meso 

Al-2 

NiMo/

Meso 

Al-1.25 

NiMo/

Meso 

Al-0.6 

NiMo/

Meso 

Al-0.4 

NiMo/

Meso 

Al-0.2 

NiMo/

Meso 

Al-0 

NiMo/  

γ-Al2O3 

η for 

HDS 

reaction   

At 

Inlet 

375°C 0.93 0.91 0.96 0.95 0.95 0.94 0.97 

385°C 0.93 0.91 0.96 0.95 0.95 0.94 0.97 

395°C 0.94 0.92 0.96 0.96 0.96 0.95 0.97 

At 

outlet 

375°C 0.69 0.64 0.69 0.7 0.78 0.74 0.83 

385°C 0.56 0.57 0.58 0.61 0.70 0.66 0.78 

395°C 0.42 0.48 0.37 0.41 0.51 0.56 0.76 

η  for 

HDN 

reaction   

At 

Inlet 

375°C 0.96 0.96 0.97 0.97 0.97 0.97 0.98 

385°C 0.96 0.95 0.97 0.97 0.97 0.97 0.98 

395°C 0.96 0.95 0.97 0.97 0.97 0.97 0.98 

At 

outlet 

375°C 0.94 0.93 0.95 0.96 0.96 0.95 0.97 

385°C 0.91 0.92 0.94 0.94 0.94 0.94 0.96 

395°C 0.91 0.92 0.93 0.93 0.93 0.93 0.96 

The lowest activity of catalyst NiMo/Meso-Al-1.25 is ascribed to low surface area and small pore 

diameter. The catalysts NiMo/Meso-Al-0.6 and NiMo/Meso-Al-0.4 have a similar pore diameter 

of 4.4nm. However, the pore volume and surface area of catalyst NiMo/Meso-Al-0.6 are 19 % and 

23% higher than that of catalyst NiMo/Meso-Al-0.4. This results in higher activity of catalyst 

NiMo/Meso-Al-0.6. Moreover, the percentage metal dispersion measured by CO-chemisorption 

(see Table 6.3) for catalyst NiMo/Meso-Al-0.6 is 18%, which is highest among all catalysts, thus 

also favoring the increase in activity. Another reason for higher activity of catalyst NiMo/Meso-

Al-0.6 could be due to its lower reduction temperature as observed in H2-TPR studies (see Figure 

6.7). Therefore, it can be concluded that the catalyst NiMo/Meso-Al-0.6 has required 

physicochemical properties to be a suitable hydrotreating catalyst.
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6.9 Conclusions  

The variety of mesoporous alumina was synthesized and used as a support material for NiMo 

hydrotreating catalyst. A series of mesoporous alumina with different textural and morphological 

characteristics were obtained by varying the HNO3/H2O ratio. The BET analyses results in Type 

IV N2 adsorption-desorption isotherms for all materials, which signifies the presence of 

mesoporosity. It was also observed that increase in water content results in increase of textural 

characteristics. The material with no nitric acid, Meso-Al-0, shows maximum surface area, pore 

volume and pore diameter of 741 m2/g, 3 cm3/g and 13 nm, respectively. HRTEM analysis 

confirmed the formation of ordered hexagonal structure for materials with HNO3/H2O ratio of 2 

and 1.25. Further decrease in HNO3/H2O ratio, resulted in morphological changes and the structure 

changes from honeycomb to wormlike/sponge-like and fibular and then at low HNO3/H2O of 0.2 

and 0 the structure changes to corrugated platelets/rod like structure. It was also observed from 

HRTEM that small amount of hexagonally ordered structures were also present at lower 

HNO3/H2O ratio. The presence of low-angle XRD peaks at d100, d110 and d200, which are typical for 

hexagonally ordered structure, strengthen the above-mentioned fact. The wide-angle XRD spectra 

confirmed the presence of low degree of crystallinity in framework walls for materials at low 

HNO3/H2O ratio. XRD and FTIR analyses have confirmed the presence of γ type alumina with 

aluminum ions predominantly in octahedral environment.  

The synthesized mesoporous aluminas were used as a support for dispersing Ni and Mo atoms and 

the obtained supported NiMo catalysts were tested for hydrotreating of bitumen-derived heavy gas 

oil. The mesoporous alumina materials showed difference in textural properties after loading of` 

Ni and Mo. The decrease in surface areas after loading of metals was obvious but the sharp 

decrease in textural properties was observed for materials with very low HNO3/H2O ratio. This is 

due to the structural changes as shown by HRTEM. The morphology of material Meso-Al-0 

becomes more condensed and the large corrugated platelets or fibrous type structures are broken 

down into small sizes due to strong metal support interactions. It was observed from H2-TPR 

studies that catalyst NiMo/Meso-Al-0 shows maximum reduction temperature which also indicates 

maximum metal support interactions. XRD studies revealed that the active metals are finely 

dispersed and no peak corresponding to molybdenum oxide was observed. Pyridine FT-IR showed 

that all catalysts have Bronsted and Lewis acid sites with predominantly more Lewis sites. The 
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catalytic activity follows the order NiMo/Meso-Al-0.6 > NiMo/Meso-Al-0.4 > NiMo/Meso-Al-2 

≈ NiMo/Meso-Al-0.2 > NiMo/Meso-Al-0 > NiMo/γ-Al2O3 > NiMo/Meso-Al-1.25. The difference 

in activity shown by all catalysts, instead of their similar composition, could be assigned to 

difference in their physico-chemical properties. The lower activity of catalyst NiMo/Meso-Al-0 

instead of high surface area, pore diameter and pore volume could be assigned to its high reduction 

temperature and change in material morphology. The lowest activity of catalyst NiMo/Meso-Al-

1.25 is ascribed to presence of low surface area and small pore diameter. The highest activity 

shown by catalyst NiMo/Meso-Al-0.6 could be assigned to (i) its higher pore volume and surface 

area, (ii) highest metal dispersion, (iii) more number of weak acidic sites and, (iv) lower reduction 

temperatures.  It can be therefore concluded, that the ordered (fully/partially) mesoporous aluminas 

were synthesized and the supported NiMo hydrotreating catalysts shows comparable HDS and 

HDN activities. The catalyst NiMo/Meso-Al-0.6 has required physicochemical properties to be a 

suitable hydrotreating catalyst. 
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Chapter 7 

7 Hydrotreating of heavy gas oil using mesoporous Al2O3 and TiO2-Al2O3 

supported NiMo catalyst with EDTA 

7.1 Chapter overview  

This chapter details the optimization studies for the loading of EDTA on mesoporous alumina and 

TiO2-Al2O3 supported NiMo catalysts. The EDTA/Ni molar ratio was varied from 0.5 to 2.0. All 

the catalysts were tested for hydrotreating reactions in a continuous trickle-bed reactor under 

industrial conditions. The activity of the catalysts was measured with respect to 

hydrodesulfurization (HDS), hydrodenitrogenation (HDN) and hydrodearomatization (HDA); 

studies on NiMo/γ-Al2O3 were also performed for comparison. The catalysts were characterized 

using various techniques, and the results were correlated to the corresponding hydrotreating 

activity. X-ray diffraction and N2 adsorption-desorption studies were performed to determine 

textural properties. However, X-ray absorption near edge structure (XANES) technique was 

predominantly used to determine the structural changes, and High resolution transmission electron 

microscope (HRTEM) was used to visualize and measure the active metal dispersion. The majority 

of the content of this chapter will be a part of the paper entitled “Effect of phosphorus and EDTA 

on activity of mesoporous alumina supported NiMo catalyst for hydrotreating of heavy gas oil,” 

and will be submitted to a journal. 

This chapter is based on the final part of the research proposed in second objective. The 

contributions of the PhD candidate to this manuscript were the following: (i) synthesizing and 

characterizing the material, (ii) performing the hydrotreating reaction studies, (iii) analyzing the 

results in detail, and (iv) writing the paper and replying to reviewers’ comments. The supervisors 

were Drs. A. K. Dalai and J. Adjaye, and they provided overall guidance, reviewed the 

experimental data analysis and monitored the research progress. 
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7.2 Abstract 

Mesoporous alumina and TiO2-Al2O3 was synthesized and utilized as a support material for NiMo 

hydrotreating catalysts. The EDTA/Ni molar ratio was varied from 0.5 to 2.0 for optimization and 

studying the effect of EDTA. The catalysts were characterized using N2-physisorption, X-ray 

diffraction, high resolution-TEM and XANES. XANES was predominantly used to determine 

structural changes, and HRTEM was used to visualize and measure active metal dispersion. All 

the catalysts were tested for hydrotreating reaction in a continuous trickle-bed reactor under 

industrial conditions. The activities were measured with respect to hydrodesulfurization (HDS), 

hydrodenitrogenation (HDN) and hydrodearomatization (HDA); studies on NiMo/γ-Al2O3 were 

also performed for comparison. An increase in HDS and HDN activities was observed for the 

NiMo/MesoAl2O3 catalyst, and this was assigned to be due to a high metal dispersion caused by 

the large surface area and specific pore volume. The addition of EDTA resulted in an increase of 

MoS2 slab length and stacking degree, which further led to a decrease in dispersion and thus had 

a negative impact on HDN and HDS activities.  

7.3 Introduction  

The availability of oil sands and the increasing demand for oil has led to the extraction of heavy 

gas oil from oil sands. Oil sands bitumen-derived HGO contains higher amounts of sulfur (~ 4%) 

and nitrogen (~0.4%). Consequently, catalysts with greater activity and selectivity are required to 

lower the sulfur and nitrogen levels in bitumen-derived heavy gas oil. This catalytic upgrading 

process, known as hydrotreating, is most commonly used by industries for preparing clean fuels. 

The catalyst consists of active metals and support materials. Mo or W, promoted with Ni or Co, 

are usually used as the active metals, and γ-Al2O3 is used as the support material. The support 

material not only helps in the dispersion of active metals but also favors the change in electronic 

properties of active phase, which could drastically improve the catalytic activity (Satterfield 1996). 

Therefore, with the aim to increase the catalytic activity, various researchers have worked on 

changing or modifying the support materials. Different materials have been tested as support 

materials for hydrotreating catalysts, including carbon, metal oxides (TiO2, ZrO2), silica, modified 

silica (Al-SBA-15, Zr-SBA-15), zeolites, amorphous alumino-silicates, mixed oxides (TiO2-ZrO2) 

and ordered mesoporous materials such as MCM-41 and SBA-15 (Badoga et al. 2014; Badoga et 

al. 2014a; Sundaramurthy et al. 2008; Eswaramoorthi et al. 2008; Leyva et al. 2008; Badoga et al. 
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2014). These materials have been observed to differ in hydrotreating activity, which confirms the 

role played by support materials. Of the materials tested, mesoporous materials have attained 

significant consideration due to their ordered structure, tunable pore diameters, and large surface 

area and pore volume. These properties favor active metal dispersion and reduce the diffusional 

resistances. Another material of interest is the metal oxide because of its higher activity in 

comparison to conventional γ-Al2O3 (Breysse et al. 2003a). 

Additional methods adopted to increase the catalytic activity include the following: (i) the use of 

chelating ligands such as EDTA, NTA, CyDTA and (ii) the use of additives such as phosphorus 

and boron (Badoga et al. 2012; Ferdous et al. 2005). These agents favor the formation of a stable 

complex with Ni or Co as compared to Mo. The EDTA-Ni complex is stable up to 220 °C. Topsoe 

et al ( 1996) and Besenbacher et al. (2008) reported that the active phase for hydrotreating reactions 

was the NiMoS-type phase in which nickel metal is on the edge and corner of the MoS2 slabs. The 

NiMoS phase is classified into two types, Types I and II.  Type I NiMoS active phases are single-

layered and partially sulfided; whereas, Type II NiMoS active phases are two or more layered and 

fully sulfided. Type II NiMoS active phase is more desired. In a typical catalyst 

activation/sulfidation process, nickel oxide starts to sulfide at 50 °C and finishes at 150 °C, whereas 

molybdenum oxide starts to sulfide at 150-175 °C (Sun et al. 2003; Badoga et al. 2012b). The 

nickel sulfide formed during sulfidation interacts with the support, and the chances for it (nickel 

or nickel sulfide) to sit on the corner and edges of MoS2 slabs are less, thus reducing the number 

of active NiMoS sites. However, with the addition of chelating ligands, such as EDTA, the nickel 

forms an EDTA-Ni complex, which is stable until 200-220 °C. Thus, during catalyst sulfidation, 

the sulfiding temperature for nickel is delayed in the presence of EDTA. This results in a greater 

chance for released nickel ions to sit on the corner and the edges of already-formed MoS2 slabs, 

hence increasing the number of active NiMoS sites. Additionally, EDTA helps in the formation of 

Type II NiMoS phases by decreasing metal-support interactions (Badoga et al. 2012; Badoga et 

al. 2014).  Furthermore, it also helps increase the dispersion of active metals. The aforementioned 

are the main reasons for the observed beneficial effects of the EDTA (chelating ligand) on 

hydrotreating activity.  

Therefore, the objectives of this work were defined with the aim of improving the catalytic activity 

to meet current challenges. In this work, mesoporous alumina and titania-alumina with high 
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surface area were synthesized and used as support material for a NiMo hydrotreating catalyst. The 

effect of EDTA and mesoporous alumina or titania-alumina on the hydrotreating activity of 

bitumen-derived HGO was studied. For the optimization study of EDTA loading, the EDTA/Ni 

molar ratio was varied from 0 to 2. For comparison, the corresponding γ-Al2O3-based NiMo 

catalysts were also synthesized and tested for hydrotreating of HGO. All synthesized catalysts 

were characterized by XANES, HRTEM, N2 physisorption (BET) and X-ray diffraction. All 

catalysts were tested in a continuous fixed-bed reactor under the industrial conditions.  The 

observed differences in catalytic activity were explained using characterization techniques.  

7.4 Materials and methods 

7.4.1 Materials 

Anhydrous ethanol and 67 wt.% nitric acid were obtained from Fisher Scientific, Saskatoon, 

Canada. The tri-block copolymer Pluronic P-123 (EO20PO70EO20), ammonium heptamolybdate, 

aluminum isopropoxide and nickel nitrate were purchased from Sigma-Aldrich, Edmonton, 

Canada. γ-Al2O3 was obtained from Alfa Aesar, USA. 

 

7.4.2 Synthesis of mesoporous Al2O3 and TiO2-Al2O3 supported catalysts with and 

without EDTA and with different EDTA/Ni molar ratio 

The mesoporous alumina and titania-alumina material were synthesized using the method 

described in our previous work (Badoga et al. 2014b). In a container, 12.24 g of aluminum 

isopropoxide was added to 40 ml of anhydrous ethanol and stirred for 30 min at 40 °C. This 

material was then added drop-wise to a solution of 6 g P123, 80 ml anhydrous ethanol, 6.5 ml 

HNO3 and 2.5 ml distilled water. The resulting solution was stirred for 2 h at 40 °C and kept for 

hydrothermal treatment at 65 °C for 4.5 d. The material was then dried and calcined at 600 °C for 

6 h, with a ramp rate of 0.5 °C. The material was named Meso Al2O3, or Meso Al; the mesoporous 

alumina-titania material was named Meso TiO2-Al2O3 or Meso Al-Ti. 

Using ammonium heptamolybdate as a precursor, 13 wt% molybdenum was wet impregnated on 

the resulting material, followed by drying at 110 °C for 5 h and calcination at 550 °C for 5 h to 

obtain Mo/Meso Al and Mo/Meso Al-Ti. On this material, 2.5 wt% of nickel (using nickel nitrate 

as a precursor) was wet impregnated, dried at 110 °C for 5 h and calcined at 550 °C for 5 h to 
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obtain the catalyst NiMo/Meso Al and NiMo/Meso Al-Ti. For catalysts with EDTA, nickel and 

EDTA were mixed in the required amount of EDTA to Ni molar ratio and wet impregnated on   

Mo/Meso Al and Mo/Meso Al-Ti. The material was dried at 110 °C for 10 h to obtain the catalyst. 

The detailed nomenclature corresponding to the composition of the catalyst is recorded in Table 

7.1. 

Table 7.1 List of catalysts synthesized, characterized and tested for hydrotreating activity 

NiMo Catalyst-Type 1 NiMo Catalyst-Type 2 

EDTA and Meso Al2O3 EDTA and Meso TiO2-Al2O3 

EDTA/Ni Molar ratio EDTA/Ni Molar ratio 

0.5 1 2 0.5 1 2 

NiMo/MesoAl

/0.5E 

NiMo/MesoAl

/1E 

NiMo/MesoAl

/2E 

NiMo/Meso

Al-Ti/0.5E 

NiMo/Meso

Al-Ti/1E 

NiMo/Meso

Al-Ti/2E 

 

7.4.3 Characterization and experimental techniques  

Using the Barrett, Joyner, Halenda (BJH) and Brunauer–Emmett–Teller (BET) method, the 

Micromeritics ASAP 2020 was used to determine the surface area, pore volume and pore diameter 

of all materials. Powder wide-angle XRD cystallographs were obtained from a Bruker Advance 

D8, series II, Powder diffractometer, with Cu K-α radiation. The pattern was obtained for 2θ = 10θ 

to 80°, with a step size of 0.05°. Mo LIII-edge XANES spectra were obtained from the SXRMB 

Beamline at the Canadian Light Source (CLS), Saskatoon, Saskatchewan, Canada. The high-

resolution transmission electron micrographs (HRTEM) were acquired from a STEM JEOL 2011 

microscope. The quantification of MoS2 slab lengths and stacking degree distribution from 

HRTEM images was done statistically. Further details of analysis are described in Chapter 2, 

section 2.4.3 and Chapter 3, section 3.4.4. The hydrotreating reactions were performed in a 

continuous fixed-bed reactor under industrial operating conditions of 8.96 Mpa, 1 h-1LHSV, 1:600 

oil/H2 ratio and at 3 different temperatures (375 °C, 385 °C and 395 °C). The details of reactor set-

up, procedure to load the catalyst inside the reactor, sulfidation, and the experimental methodology 

are described in Chapter 3, section 3.4.5.  
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7.5 Effect of EDTA and mesoporous Al2O3 and TiO2-Al2O3 on hydrotreating activity of 

NiMo catalyst 

7.5.1 Textural properties of catalysts with EDTA/Ni molar ratio varying from 0 to 2 

The N2 adsorption-desorption isotherms and pore size distribution were determined using the BET 

and BJH methods, respectively. Each sample was analysed in BET for three times and the average 

values were reported. Figure 7.1 illustrates that Meso Al material shows an H1 hysteresis loop for 

type IV isotherm, which are representative for mesoporous materials. A similar type of isotherm 

was represented by γ-Al2O3; however, the isotherm of Meso Al ends with a horizontal plateau. 

This indicates a narrow pore size distribution and a uniform and ordered pore structure. The 

adsorption at high P/Po in the case of γ-Al2O3 signifies the presence of broad pore size distribution 

and non-uniformity (de Llobet et al. 2013). The pore size distribution, shown in the inset of Figure 

7.1, also represents the same. Figure 7.1 also shows that the isotherms type was maintained even 

after loading of Ni and Mo metal species, indicating structural stability.  

 

Figure 7.1 N2 adsorption-desorption isotherms for (A) Meso Al, (B) γ-Al2O3, (C) NiMo/Meso Al 

and (D) NiMo/γ-Al2O3 (E) NiMo/MesoAl/2E, (F) NiMo/γ-Al2O3/1E, (G) NiMo/MesoAl/1E and 

(H) NiMo/MesoAl/0.5E  
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Table 7.2 shows the textural properties of mesoporous alumina catalysts with and without EDTA. 

It also presents the corresponding textural properties of γ-Al2O3 based catalysts with and without 

EDTA.  The surface area and pore volume of Meso Al material are 475 m2/g and 1.0 cm3/g as 

compared to 275 m2/g and 0.78 cm3/g for γ-Al2O3. The better textural characteristics of Meso Al 

material enhance the properties of the catalyst. As shown in Table 7.2, the NiMo/Meso Al catalyst 

has a greater surface area and pore volume as compared to NiMo/γ-Al2O3. However, the pore 

diameter of NiMo/γ-Al2O3 is 1 nm greater than that of NiMo/Meso Al. Upon addition of EDTA, 

the surface area, pore volume and pore size decreases, as shown in Table 7.2. This is due to the 

filling of the pores with EDTA. However, during sulfidation at temperatures above 220 °C, EDTA 

decomposes and opens the pores for the reaction. Figure 7.1 does not show N2 adsorption-

desorption isotherms for catalysts with EDTA; however, pore size distribution of catalysts with 

EDTA is shown in the inset of Figure 7.1. Similar studies were performed for Meso Al-Ti 

supported catalysts. Table 7.3 shows the textural properties for Meso Al-Ti supported catalysts 

with and without EDTA 

Table 7.2 Textual properties of the mesoporous alumina supported catalysts with and without 

EDTA 

 

 

 

 

Catalyst BET Surface Area, m²/g Pore volume, cm³/g Pore diameter, nm 

Meso Al 470 ± 5 1.0 6.5 

γ-Al2O3 275 ± 6 0.80 8.0 

NiMo/Meso Al 345 ± 7 0.70 6.1 

NiMo/MesoAl/0.5E 232 ± 4 0.25 5.0 

NiMo/MesoAl/1E 210 ± 10 0.22 4.5 

NiMo/MesoAl/2E 90 ± 5 0.20 4.5 

NiMo/γ-Al2O3 240 ± 6 0.60 7.2 

NiMo/γ-Al2O3/1E 200 ± 7 0.30 5.0 
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Table 7.3 Textual properties of the alumina-titania supported catalysts with and without EDTA 

 

7.5.2 X-ray diffraction studies 

Powder wide-angle XRD patterns for all mesoporous alumina supported catalysts with and without 

EDTA are shown in Figure 7.2. Each material shows peaks at 2θ = 37°, 46° and 66.5°, 

corresponding to dhlk (311), (400) and (440) planes of cubic γ-Al2O3 (Xu et al. 2012). However, 

the peaks are sharp and intense for γ-Al2O3-based material as compared to a mesoporous alumina 

supported catalyst. This signifies the presence of a small crystalline particles in mesoporous 

alumina as compared to that in commercial γ-Al2O3. The presence of peak at 2θ = 23.5° in Mo/γ-

Al2O3 corresponds to MoO3 (Badoga, R. V Sharma, et al. 2014). With the addition of nickel, 

molybdenum gets re-dispersed and no peak corresponding to MoO3 is observed. Figure 7.2 also 

illustrates that no peak corresponding to molybdenum is observed in Mo/Meso Al material, 

signifying a fine dispersion of molybdenum. This could be due to a large surface area or strong 

metal support interactions. Based on XRD results, as shown in Figure 7.2, it can be concluded that 

the addition of nickel and/or EDTA on Mo/Meso Al material does not create any difference in 

dispersion. Further insight on dispersion can be obtained from XANES and HRTEM, as discussed 

in sections 7.5.3 and 7.5.4. Similar conclusions were obtained for the mesoporous alumina-titania 

supported catalysts with different EDTA to Ni molar ratio. The XRD patterns for all Meso Al-Ti 

supported catalysts are presented in Figure 7.3. 

Catalyst BET Surface Area, m²/g Pore volume,  cm³/g Pore diameter, nm 

Meso Al-Ti 650 ± 5 0.88 5.0 

NiMo/Meso Al-Ti 476 ± 6 0.60 4.5 

NiMo/MesoAl-Ti/0.5E 208 ± 3 0.40 3.9 

NiMo/MesoAl-Ti/1E 175 ± 3 0.22 3.8 

NiMo/MesoAl-Ti/2E 90 ± 2 0.18 3.5 
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Figure 7.2 Powder wide-angle XRD spectra for (A) NiMo/Meso Al, (B) NiMo/MesoAl/0.5E, 

(C) NiMo/MesoAl/1E, (D) NiMo/MesoAl/2E, (E) Mo/Meso Al, (F) NiMo/γ-Al2O3, (G) NiMo/γ-

Al2O3/E and (H) Mo/γ-Al2O3; + represents MoO3  

 

Figure 7.3 Powder wide-angle XRD spectra for (A) NiMo/MesoAl-Ti/0.5E, (B) NiMo/MesoAl-

Ti/1E, (C) NiMo/MesoAl-Ti/2E, and (D) NiMo/MesoAl-Ti  
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7.5.3 Effect of different EDTA/Ni molar ratios on structure of molybdenum oxide: Mo 

LIII-edge XANES analysis 

To understand the structure of molybdenum oxide, Mo LIII-edge XANES analysis of mesoporous 

alumina supported oxide catalysts was performed. Figure 7.4 shows the Mo LIII-edge XANES 

spectra and its second derivative. The intense peak at 2525 eV is due to 2p to 4d electronic 

transition. The split in the peak is due to the ligand field splitting of five d orbitals into two sets, 

Eg and T2g. The intensity and separation of peaks give information about structure and co-

ordination of molybdenum in its oxide state. The splitting of 4d orbitals or peaks (peak-to-peak 

energy difference) is smaller in the case of tetrahedral co-ordination as compared to in octahedral 

co-ordination (Chaturvedi et al. 1998). Rodriguez et al. (1998) has determined that for Mo in an 

octahedral environment, as in case of MoO3, the peak-to-peak energy difference is 2.9 eV. 

Moreover, for Mo in the tetrahedral environment, as in case of β-CoMoO4, the peak-to-peak energy 

difference is 2.0 eV. Figure 7.4 shows the Mo LIII-edge for all catalysts with and without EDTA; 

it also shows the Mo LIII-edge corresponding to γ-Al2O3-based reference catalysts. It can be 

observed that splitting of 4d orbitals (i.e, the peak-to-peak energy difference) is different for 

different materials and that some of the peaks are broader. Therefore, to measure the energy 

separation between peaks, a second derivative plot of spectra was performed (see Figure 7.5).  

 

Figure 7.4 Mo LIII-edge XANES spectra for (A) MoO3, (B) Mo/Meso Al, (C) NiMo/Meso Al, 

(D) NiMo/MesoAl/0.5E, (E) NiMo/MesoAl/1E, (F) NiMo/γ-Al2O3, (G) NiMo/γ-Al2O3/1E, (H) 

Mo/γ-Al2O3and (I) NiMo/MesoAl/2E  
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Figure 7.5 2nd derivative Mo LIII-edge XANES spectra for (A) MoO3, (B) Mo/Meso Al, (C) 

NiMo/Meso Al, (D) NiMo/MesoAl/0.5E, (E) NiMo/MesoAl/1E, (F) NiMo/γ-Al2O3, (G) NiMo/γ-

Al2O3/1E, (H) Mo/γ-Al2O3and (I) NiMo/MesoAl/2E 

The peak-to-peak energy differences for different materials were measured from Figure 7.5 and 

are shown in Table 7.4.  In present study, the energy difference between two peaks for octahedral 

MoO3 is 3.4 eV. It can be seen that for Mo/γ-Al2O3 material, the peak split is 3.3 eV. This indicates 

that molybdenum is in octahedral co-ordination. However, with the addition of Ni, three peaks are 

observed, which can be considered as two peak splits. The energy difference for the first split is 

2.3 eV and 3.3 eV for the second split (see spectra for NiMo/γ-Al2O3, Figure 7.5). This signifies 

that adding Ni helps in re-dispersion of molybdenum and some of the molybdenum shifts from 

octahedral to tetrahedral co-ordination. The addition of EDTA, as in catalyst NiMo/γ-Al2O3/1E, 

capsules the Ni in an EDTA-Ni complex, which results in no change in molybdenum dispersion 

and the co-ordination of molybdenum staying octahedral, having one peak split with an energy 

difference of 3.4 eV between the peaks. It also implies that EDTA favors the formation of 

octahedral-molybdenum co-ordinations, which are easy to sulfide.  
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Table 7.4 Peak- to-peak energy difference for Mo LIII-edge peak splits for catalysts with and 

without EDTA 

 

 

 

 

 

 

 

 

 

 

As can be seen in Figure 7.5 and Table 7.4, the two peak splits in Mo/Meso Al2O3 are at energy 

differences of 2.2 eV (intense peak) and 3.3 eV, corresponding to tetrahedrally and octahedrally 

coordinated molybdenum, respectively. The presence of tetrahedrally coordinated molybdenum 

signifies that molybdenum interacts more strongly with a mesoporous alumina support as 

compared to a γ-Al2O3 support. Addition of Ni in this material (NiMo/Meso Al) re-disperses the 

molybdenum and two distinct peak splits at 2.4 eV and 3.3 eV. This indicates that a fraction of 

molybdenum atoms has changed its co-ordination from tetrahedral to octahedral. However, the 

change is not significant. The addition of EDTA changes the molybdenum co-ordination, due to 

the formation of EDTA-Ni complex (as mentioned above) and EDTA-support interaction. In the 

case of catalyst NiMo/Meso Al/0.5E, only half of the nickel is in the EDTA-Ni complex and the 

remaining nickel helps in re-dispersion of molybdenum. This is the reason for the octahedral peak 

split at 3.4 eV and 2.2 eV. For catalyst NiMo/Meso Al/1E, almost all the nickel is in the EDTA-

Ni complex, so again the peak splits at 2.2 eV and 3.2 eV (intense peak) are observed, 

corresponding to a mixture of tetrahedral and octahedral co-ordination.  On further increase in 

EDTA concentration, as in catalyst NiMo/Meso Al/2E, the additional EDTA interacts with the 

support via OH groups, as shown in our previous work (Badoga et al. 2012). This results in a 

decreasing the number of available OH groups with which molybdenum can interact; hence there 

Material Mo LIII-edge Peak splits (eV) 

MoO3 3.4 

Mo/Meso Al 2.2s*, 3.3w* 

NiMo/Meso Al 2.4w, 3.3s 

NiMo/MesoAl/0.5E 2.2, 3.4 

NiMo/MesoAl/1E 2.2w, 3.2s 

NiMo/γ-Al2O3 2.3w, 3.3s 

NiMo/γ-Al2O3/1E 3.4 

Mo/γ-Al2O3 3.3 

NiMo/MesoAl/2E 3.3 

* s = strong peak; w = weak peak 
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is a resulting  decrease in molybdenum dispersion, leading to the formation of polymolybdates 

with octahedral symmetry. This is why only one peak split at 3.3 eV is observed corresponding 

with octahedral-coordinated molybdenum. This indicates that EDTA helps in forming octahedral 

molybdenum co-ordinations. However, at temperatures above 220 °C, the EDTA-Ni complex 

decomposes, releasing nickel ions, which helps re-disperse molybdenum. HRTEM analysis, 

shown in a following section, elaborates on this. Similar findings were observed for Meso Al-Ti 

supported catalysts with and without EDTA. Figure 7.6 shows the second derivative Mo LIII-edge 

XANES spectra, and Table 7.5 shows the peak-to-peak energy difference for Mo LIII-edge peak 

splits for Meso-Al-Ti supported catalysts with EDTA. 

 

Figure 7.6 Second derivative Mo LIII-edge XANES spectra for (A) NiMo/MesoAl-Ti/0.5E, (B) 

NiMo/MesoAl-Ti/1E,  (C) NiMo/MesoAl-Ti/2E, and (D) NiMo/MesoAl-Ti 
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Table 7.5 Peak-to-peak energy difference for Mo LIII-edge peak splits for Meso-Al-Ti supported 

catalysts with EDTA 

 

 

. 

 

 

 

7.5.4 MoS2 dispersion studies for catalysts with different EDTA/Ni molar ratio: High 

resolution-TEM analysis 

XANES Mo LIII-edge analysis showed the changes in molybdenum coordination between 

tetrahedral and octahedral structure depending upon the type of support material and the interacting 

molecules. This analysis provided information on the differences in metal-support interaction 

among different materials. Further insight on dispersion of active metals in different materials was 

provided by HRTEM analysis. The HRTEM micrographs of all sulfide catalysts are shown in 

Figure 7.7. The typical fringes with 6.1Å inter-planar distances, shown in micrographs, are due to 

MoS2 crystallites (Badoga et al. 2014). The changes in MoS2 morphology, shown in HRTEM 

micrographs for different materials, give information about the difference in metal dispersion 

among different catalysts. Two parameters defining dispersion are MoS2 slab length and number 

of layers/stacking degree. All HRTEM micrographs were analyzed statistically, and the MoS2 slab 

length and stacking degree distribution are presented in Figure 7.8. It can be seen from Figure 7.8 

that for catalyst NiMo/γ-Al2O3, the majority (45%) of slabs have a length of 2.2-2.8 nm, followed 

by 35% of slabs having a length of 3.0-3.8 nm. Also, 50% of the slabs are single-layered, and the 

average number of layers per stack is 1.7. Upon addition of EDTA, as in catalyst NiMo/γ-

Al2O3/1E, the observed change in the slab length was approximately 10%. However, the change 

in stacking degree was significant. The average number of layers per stack increased to 2.4, with 

40% stacks having 3 layers of MoS2 slab. This implies that EDTA helps increase the number of 

layers and hence increases the formation of Type-II NiMoS active phases, which are more 

catalytically active for the removal of nitrogen and sulfur from bigger molecules. This also 

Material Mo LIII-edge Peak splits 

NiMo/Meso Al-Ti 2.2, 3.2 

NiMo/MesoAl-Ti/0.5E 2.4, 3.5 

NiMo/MesoAl-Ti/1E 2.4, 3.5 

NiMo/MesoAl-Ti/2E 2.4w*, 3.5s* 

* s = strong peak; w = weak peak 



 
 

190 
 

suggests that EDTA helps in lowering the metal-support interactions that favor the formation of 

more octahedral molybdenum co-ordinations, as suggested in Mo LIII-edge XANES analysis. 
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Figure 7.7 HRTEM images for catalysts with and without EDTA 

The HRTEM images and the distribution of MoS2 slabs for catalyst NiMo/Meso Al, as shown in 

Figures 7.7 and 7.8, show greater dispersion as compared to the NiMo/γ-Al2O3 catalyst. About 

35% of slabs have a length of 1.5-2.0 nm, followed by 45% of slabs having a length of 2.2-2.8 nm; 

70% of slabs are single-layered. This implies that the metal-support interaction between 

molybdenum and alumina is high in catalyst NiMo/Meso Al as compared to catalyst NiMo/γ-

Al2O3. This could be due to the high surface area, which exposes more hydroxyl groups. The 

addition of EDTA resulted in an increase in slab length and an increase in the number of MoS2 

layers per stack. Table 7.6 shows that with an increase in EDTA to Ni molar ratio of 0.5 to 2, the 

average slab length increases from 2.6 nm to 3.8 nm, as compared to 2.3 nm in the case of 

NiMo/Meso Al. Also, the average number of layers increases from 1.6 to 2.3 as compared to 1.4 

in NiMo/Meso Al. Therefore, it can be concluded that with a mesoporous alumina-based catalyst, 

adding EDTA decreases the dispersion significantly. This decrease in dispersion indicates more 

octahedral molybdenum co-ordinations have been formed. This explains the shift of tetrahedral to 

octahedral molybdenum co-ordinations on addition of EDTA, as shown by Mo LIII-edge XANES 
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analysis. Similar results were observed for Meso Al-Ti supported catalysts and are shown in Table 

7.7 and Figure 7.9. 

 

Figure 7.8 (a) Length and (b) Layer stacking distribution of MoS2 slabs in Meso-Al supported 

catalysts with and without EDTA 
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Table 7.6 Average MoS2 slab length (L) and number of layers (N) for Meso-Al supported 

catalysts with and without EDTA 

 

 

 

 

 

 

 

Table 7.7 Average MoS2 slab length (L) and number of layers (N) for catalysts  

 

 

 

 

Catalyst Average length (nm) Average no. of layers/stack 

NiMo/Meso Al 2.3 ± 4% 1.4 ± 4% 

NiMo/MesoAl/0.5E 2.6 ± 4% 1.6 ± 4% 

NiMo/MesoAl/1E 3.3 ± 4% 1.8 ± 3% 

NiMo/MesoAl/2E 3.8 ± 3% 2.3 ± 3% 

NiMo/γ-Al2O3 3.0 ± 4% 1.7 ± 4% 

NiMo/γ-Al2O3/1E 3.3 ± 3% 2.4 ± 4% 

Catalyst Average length (nm) Average no. of layers/stack 

NiMo/Meso Al-Ti 2.4 ± 4% 1.5 ± 5% 

NiMo/MesoAl-Ti/0.5E 2.8 ± 4% 1.9 ± 5% 

NiMo/MesoAl-Ti/1E 3.6 ± 4% 2.2 ± 3% 

NiMo/MesoAl-Ti/2E 4.4  ± 4% 2.4 ± 4% 
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Figure 7.9 (a) Length and (b) Layer stacking distribution of MoS2 slabs in mesoporous TiO2-

Al2O3 supported catalysts 

7.6 Catalytic activity and discussion 

Catalytic activity of all catalysts, with and without EDTA, was determined for hydrotreating of 

bitumen-derived HGO in terms of hydrodesulfurization (HDS), hydrodenitrogenation (HDN) and 

hydrodearomatization (HDA). The hydrotreating reactions were done in a continuous fixed-bed 

reactor under the industrial operating conditions of 8.96 MPa, 1 h-1 LHSV, 600:1 (ml/ml) gas/oil 



 
 

195 
 

ratio and at the three different temperatures of 375 °C, 385 °C and 395 °C.  For comparison and to 

elucidate the role of EDTA, the activity test for γ-Al2O3 based catalysts, with and without EDTA, 

were also performed. The activity results for the catalysts are shown in Table 7.8. The 

hydrotreating of heavy gas oil was performed for two times. The values of activities reported are 

the average value for 24 data points (i.e., 2 run, 4 oil samples each run and each sample is analyzed 

3 times). It can be observed that the percentages of sulfur and nitrogen removal for the NiMo/Meso 

Al catalyst are 4% and 16% respectively, higher than that for the NiMo/γ-Al2O3 catalyst. This 

higher percentage can be attributed to greater dispersion of active metals in catalyst NiMo/Meso 

Al, as shown by XRD and HRTEM analyses.  

Table 7.8 HDS, HDN and HDA activities of catalysts with and without EDTA with HGO at 395 

°C (catalyst = 5 cm3, P = 8.96 MPa, LHSV = 1 h-1 and H2/oil ratio= 600 [v/v]) (error ± 1.0%) 

Catalyst 

Hydro-

desulfurization 

(HDS) wt.% 

Hydro-

denitrogenation 

(HDN) wt.% 

Hydro-

dearomatization 

(HDA) wt.% 

NiMo/Meso Al 96 63 42 

NiMo/MesoAl/0.5E 96 59 44 

NiMo/MesoAl/1E 94 58 45 

NiMo/MesoAl/2E 93 60 51 

NiMo/γ-Al2O3 92 54 42 

NiMo/γ-Al2O3/1E 94 60 50 

NiMo/Meso Al-Ti 95 63 40 

NiMo/MesoAl-Ti/0.5E 94 60 41 

NiMo/MesoAl-Ti/1E 93 58 41 

NiMo/MesoAl-Ti/2E 91 53 45 

 

It is well established that EDTA favors an increase in nitrogen (primarily) and sulfur removal; 

similar finding were observed in our previous work (Badoga et al. 2014; Badoga et al. 2012b; 

Badoga et al. 2014a). This increase is attributed to the role played by EDTA in (a) increasing the 

number of NiMoS sites by delaying the nickel sulfidation temperatures to a point where 

molybdenum starts to (or already) sulfide, (b) re-dispersing molybdenum species during 

sulfidation, (c) increasing the nickel dispersion, which increases the chances of Ni to be present in 
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more corners and edges of MoS2 slabs, and (d) interacting with support, which results in the 

formation of Type II NiMoS sites (two- to three-layered MoS2 slabs). Multi-layered NiMoS2 slabs 

causes the hydrogenation reactions, which are the primary route for HDN reactions and for HDS 

of alkyl-substituted bulky molecules (Sun et al. 2003). It can be observed from Table 7.8 that 

adding EDTA to a NiMo/γ-Al2O3 catalyst increases the activity. The HRTEM analysis, as shown 

in Figure 7.8 and Table 7.6 for catalyst NiMo/γ-Al2O3/1E, indicates that the average number of 

layers increased from 1.7 to 2.4, with 40% of stacks having three layers of MoS2 slabs. An 

increased number of layers increases hydrogenation; as HDN and HDA reactions follow the 

hydrogenation pathway, HDN and HDA activities increase by 11% and 19%, respectively.  

The HDS reactions do not significantly improve upon addition of EDTA, as in catalyst NiMo/γ-

Al2O3/1E. The HDS reaction follows two pathways, direct desulfurization (DDS) and 

hydrogenation (HYD). The DDS pathway involves direct scission of C-S bond (hydrogenolysis), 

and the HYD pathway involves hydrogenation followed by C-S bond scission. Both pathways 

require adsorption; the adsorption for hydrogenolysis can take place on the edge Mo sites/sulfur 

vacancies either in a single MoS2 slab or on all the layers of multi-stack MoS2 slabs.  The HYD 

pathway requires the adsorption of molecules using π-π interactions, and it becomes impossible 

for such molecules to adsorb on the edge of MoS2 slabs. However, special brim sites (Mo-edge) at 

the edge of a MoS2 slab in the top layer of a multi-layered MoS2 stack can facilitate the adsorption 

of bulky molecules, which then leads to hydrogenation. In a NiMo/γ-Al2O3/1E catalyst, it was 

observed that the average length of the MoS2 slab was not affected by re-dispersion of 

molybdenum in the presence of EDTA. However, the increase in MoS2 stacking degree was 

observed (which implies decrease in dispersion). As DDS reaction can occur at MoS2 edges of all 

layers, this signifies that the loss of dispersion by forming multi-layered MoS2 slabs contributing 

to the loss of DDS pathways is minimal. The increase in HYD pathway due to the presence of 2- 

to 3-layered MoS2 stacks increases HDS reactions of alkyl-substituted refractory molecules. 

However, the competitive adsorption of nitrogen-containing compounds and aromatics will hinder 

the HDS reactions. This explians the least increase in HDS activity, as compared to HDN and 

HDA activities shown by a NiMo/γ-Al2O3/1E catalyst. 

The activity results (see Table 7.8) for mesoporous alumina supported catalysts with EDTA shows 

an unexpected decline in HDN and HDS activity. This unexpected decline in activity with addition 
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of EDTA can be explained using HRTEM and Mo LIII-edge XANES analysis. Figure 7.8 and Table 

7.6 show that in catalyst NiMo/Meso Al, the molybdenum sulfide is well dispersed, with an 

average length of 2.3 nm and with more than 30% less than 2 nm in length. Also, most of the MoS2 

slabs are single layered. Upon addition of EDTA, the average slab length increases as the EDTA/Ni 

molar ratio increases from 0.5 to 2. For catalyst NiMo/Meso Al/0.5 EDTA, the average length is 

2.6 nm, and for catalyst NiMo/Meso Al/1 EDTA, the slab length increases to 3.3 nm, with more 

than 50% of the slabs having a length greater than 3 nm. On further increasing the EDTA loading, 

as in catalyst NiMo/Meso Al/2 EDTA, the average slab length increases to 3.8 nm, with 35% of 

the MoS2 slabs having a length greater than 4 nm. Also, with the addition of EDTA, the average 

number of layers per stack increases. Catalyst NiMo/Meso Al/1 EDTA has 50% of the stacks 2- 

to 3-layered, and catalyst NiMo/Meso Al/2 EDTA has 65% of the stacks 2- to 3-layered. This 

indicates that adding EDTA helps to reduce the metal-support interaction in Meso Al supported 

catalysts. The Mo LIII-edge XANES analysis also showed that the addition of EDTA leads to the 

formation of more octahedral MoO3. The octahedral-molybdenum co-ordinations are easy to 

sulfide, and multiple-layered MoS2 stacks favor the hydrogenation reaction; however, it affects 

dispersion. In this case, the increase in slab length and stacking degree on addition of EDTA 

decreases the metal dispersion significantly, and this could be the reason for lower activity. 

However, the increase in HDA activity is linked to the increase in stacking degree of MoS2 slabs 

associated with increasing EDTA concentration. 

Therefore, it can be concluded that EDTA plays different roles with different supports in re-

dispersion of molybdenum oxide during sulfidation. In our previous work, it was observed that 

EDTA helps in increasing dispersion in SBA-15, Al-SBA-15, Ti-SBA-15 and mesoporous 

zirconia supported NiMo catalysts. Thus increases the HDS and HDN activities. However, in the 

present study, the large surface area of mesoporous alumina exposes more hydroxyl group as 

compared to other materials. This results in a fine dispersion of molybdenum as shown by 

HRTEM. Also, the presence of more hydroxyl sites leads to more EDTA-support interactions, 

resulting in weak metal-support interactions. This causes a decline in dispersion as compared to 

the catalysts without EDTA, resulting in lower HDS and HDN activities.  

Similar studies examining the role of EDTA were performed with mesoporous Al2O3-TiO2 mixed 

oxide (see Table 7.8 for results). The studies found similar negative effects of EDTA on catalytic 
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activities for hydrotreating of HGO. It can therefore be concluded that for the support materials 

showing high dispersion, similar to the one shown by NiMo/Meso Al, the addition of EDTA 

negatively affects HDS and HDN activity of bitumen-derived HGO.  

7.7 Conclusions 

This work studied the effects of EDTA on catalytic activity of mesoporous alumina and 

mesoporous Al2O3-TiO2 supported NiMo catalysts. Catalysts with three different EDTA/Ni molar 

ratios of 0.5, 1 and 2 were synthesized and characterized using BET, XRD, Mo LIII-edge XANES 

and HRTEM. XANES technique was predominantly used to determine the structural changes and 

HRTEM was used to visualize and measure active metal dispersion. All catalysts were tested for 

hydrotreating of HGO in a fixed bed reactor under the industrial conditions. When EDTA was 

added, HDS and HDN activities increased for NiMo/γ-Al2O3 catalyst but decreased for 

NiMo/MesoAl and NiMo/Meso Al-Ti catalysts. The HRTEM analysis showed an increase in slab 

length and stacking degree with the addition of EDTA. This decreases the metal dispersion 

significantly and could be the reason for lower activity for Meso Al and Meso Al-Ti supported 

catalysts with EDTA. However, the increase in HDA activity is attributed to an increase in the 

stacking degree of MoS2 slabs with increasing EDTA concentrations. Therefore, it can be 

concluded that EDTA plays different roles with different supports in re-dispersion of molybdenum 

oxide during sulfidation. It helps in improving the desired dispersion in materials that are having 

low and improper metal dispersion, as in SBA-15 and NiMo/γ-Al2O3. However, EDTA decreases 

the dispersion on those support materials that can otherwise provide fine dispersion without 

EDTA, such as mesoporous alumina supported NiMo catalyst. 

Therefore, the proposed hypothesis on change in active phase morphology, resulting in increase in 

hydrotreating activity with the use of different support materials was justified. However, the 

proposed hypothesis on increase in hydrotreating activity with combined use of support 

modification and EDTA was justified only in those cases where large formation of polymolybdates 

was observed in catalysts without EDTA. 
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Chapter 8 

8 Combined effects of support modification, EDTA and phosphorus on 

activity of mesoporous Al2O3 and TiO2-Al2O3 supported NiMo catalysts 

for hydrotreating of heavy gas oil 

8.1 Chapter overview  

In this chapter, the effects of phosphorus (P), and the combined effects of EDTA and P on the 

catalytic activity of mesoporous alumina and TiO2-Al2O3 supported NiMo catalysts were studied 

for hydrotreating of heavy gas oil (HGO). Phosphorus was added in the catalyst using two different 

methods, sequential and co-impregnation, and the effects of the methods of preparation on catalytic 

properties were studied. All the catalysts were characterized using N2-physisorption, CO-

chemisorption, pyridine-FTIR, H2-TPR, NH3-TPD, X-ray diffraction, high resolution-TEM and 

XANES. The characterization studies revealed that the influence of phosphorus on textural 

properties, active metal dispersion, ease in molybdenum reducibility and acidity depends on the 

method of phosphorus impregnation into the catalyst. The hydrotreating studies performed in a 

continuous trickle-bed reactor confirmed that the catalysts prepared using co-impregnation method 

resulted in greater activity. The combined effects of phosphorus and EDTA were not promising, 

and the addition of EDTA resulted in a decrease in the dispersion and consequent decreases in 

HDS and HDN activities. However, EDTA favors hydrodearomatization due to the formation of 

more multi-layered MoS2 slabs. Most of this chapter will be a part of the paper titled, “Effect of 

phosphorus and EDTA on activity of mesoporous alumina supported NiMo catalyst for 

hydrotreating of heavy gas oil,” and will be submitted to a journal.  

This chapter addresses the third objective, “To study the combined effect of additives, support 

modification and chelating ligand”. The contributions of the PhD candidate to this manuscript were 

the following: i) Synthesis of catalysts containing phosphorus and EDTA, (ii) characterizing all 

synthesized material using various techniques, (ii) performing hydrotreating reaction studies, (iii) 

analyzing the results in detail, and (iv) writing the paper and replying to reviewers’ comments.  

The supervisors provided overall guidance, reviewed the experimental data analysis, and 

monitored the research progress. 
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8.2 Abstract 

The combined effects of phosphorus, EDTA and support modifications on hydrotreating of 

bitumen-derived heavy gas oil were studied. The mesoporous alumina and TiO2-Al2O3 was 

synthesized and utilized as a support material for a NiMo hydrotreating catalyst. Phosphorus was 

impregnated using sequential and co-impregnation methods. All the catalysts were characterized 

using N2-physisorption, CO-chemisorption, pyridine-FTIR, H2-TPR, NH3-TPD, X-ray diffraction, 

high resolution-TEM and XANES. XANES technique was predominantly used to determine 

structural changes, and HRTEM was used to visualize and measure the active metal dispersion. 

The influence of phosphorus on acidity, textural properties, active metal dispersion, and ease in 

molybdenum reducibility depends on the method of phosphorus impregnation into the catalyst. All 

catalysts were tested for hydrotreating reactions in a continuous trickle-bed reactor under industrial 

conditions. The catalysts that were prepared using sequential impregnation displayed a greater loss 

of surface area and dispersion as compared to the catalysts prepared using co-impregnation. The 

catalyst NiMoP/MesoAl2O3/(CI) containing only P prepared by the co-impregnation method 

showed the best HDS (97 wt%) and HDN (77 wt%) activity among all catalysts that were studied. 

This increase in activity is attributed to the influence of P on reducibility, acidic strength, structural 

changes and desired dispersion. The combined effect of EDTA and P resulted in a decline in 

hydrotreating activity for the catalysts prepared using the co-impregnation method. This is due to 

the decrease in active metal dispersion on the addition of EDTA in the phosphorus-containing 

catalyst prepared by co-impregnation method, as seen by HRTEM analysis. 

 

  



 
 

201 
 

8.3 Introduction  

Hydrotreating is the most common catalytic process used by refiners to eliminate impurities such 

as sulfur, nitrogen and metals (e.g., arsenic, vanadium) from HGO. Efficient hydrotreating 

methods are essential due to the increasing reliance on bitumen-derived HGO containing high 

sulfur (~ 4%) and nitrogen (~0.4%), and the increasingly stringent environmental regulations for 

these fuels. Consequently, hydrotreating catalysts with enhanced activity and selectivity are 

required to meet these environmental sulfur specifications. The conventional catalyst used in 

industry is Mo or W supported on γ-Al2O3 and promoted with Ni or Co. Worldwide, various 

researchers have worked to increase the catalytic activity by changing or modifying the support 

material. Different materials have been tested as support materials for hydrotreating catalysts, such 

as carbon, metal oxides (TiO2, ZrO2), silica, modified silica (Al-SBA-15, Zr-SBA-15), zeolites, 

amorphous alumino-silicates, mixed oxides (TiO2-ZrO2) and ordered mesoporous materials 

(MCM-41, SBA-15)  (Badoga et al. 2015; Badoga et al. 2014a; Sundaramurthy et al. 2008; 

Eswaramoorthi et al. 2008; Leyva et al. 2008; Badoga et al. 2014). Additional methods known to 

increase catalytic activity, include (i) using chelating ligands such as EDTA, NTA and CyDTA 

and (ii) using additives such as phosphorus and boron (Badoga et al. 2012; Ferdous et al. 2005). 

The effect of EDTA is discussed in Chapters 2, 3, 4 and 7.  

The use of additives such as phosphorus and boron has been shown to significantly improve 

hydrotreating activity. Phosphorus is also called as the second promoter (Iwamoto & Grimblot 

1999). It adsorbs strongly on the surface hydroxyl (OH) groups of alumina, thereby reducing the 

number of basic OH available for molybdenum oxo-species. This decreases the interaction of 

active metals with the support, which promotes the formation of Type II NiMoS phase (Iwamoto 

& Grimblot 1999; Rayo et al. 2012). The increase in stacking of MoS2 slabs supports 

hydrogenation reactions. This implies that adding phosphorus will enhance hydrodenitrogenation 

(HDN) reactions more than hydrodesulfurization (HDS) reactions because the former follows the 

hydrogenation pathway. Eijsbouts et al. (1989) have reported that phosphorus has a greater effect 

on HDN activity than on HDS. Phosphorus also reduces the formation of non-reactive nickel 

aluminate, thereby providing more nickel to the active sites (Maity et al. 2008).  

The influence of phosphorus on hydrotreating activity is strongly dependent on its concentration 

and method of preparation (Atanasova et al. 1997). It was reported by Atanasova et al. (1997) that 
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a catalyst prepared using a sequential impregnation procedure exhibited greater activity than a 

catalyst prepared using a co-impregnation method. Contrary to this, however, Maity et al. (2008) 

showed that a catalyst prepared by co-impregnation had shown higher hydrotreating activity of the 

gas oil. They also reported that the increase in activity was observed with increasing the 

phosphorus concentration and reached a maximum at 1 wt.% loading. Further increases in 

concentration decreased the activity due to the formation of agglomerates of crystalline MoO3, 

which are not the active sites. Phosphorus also has positive effect on hydrogenolysis reactions, 

which require acidic property. Eijsbouts et al. (1989) proposed that phosphorus leads to the 

formation of acidic AlPO4 sites, which enhances the HDN reactions. It can be concluded that 

phosphorus addition induces the structural and morphological changes of the active sites. 

However, its effect on activity strongly depends on the method of preparation, concentration, and 

type of support material and feed (Iwamoto & Grimblot 1999). 

Therefore, the aim of this work is to meet current environmental challenges by improving catalytic 

activity. This work investigated the effect of phosphorus and the combined effect of EDTA, 

phosphorus and mesoporous alumina or titania-alumina on the hydrotreating activity of bitumen-

derived HGO.  For comparison purposes, the corresponding γ-Al2O3-based NiMo catalysts were 

also synthesized and tested. The effect of the method of phosphorus impregnation (sequential or 

co-impregnation) on activity was also studied. All synthesized catalysts were characterized by CO 

chemisorption, X-ray diffraction, XANES, physisorption (BET), H2-TPR, NH3-TPD, HRTEM and 

FTIR. The catalytic activity was measured in terms of HDS, HDN and HDA for hydrotreating of 

HGO in a continuous fixed-bed reactor under industrial conditions.  The catalytic activity is related 

to the results obtained from characterization techniques. It was observed that the 

NiMoP/MesoAl2O3/(CI) catalyst prepared by co-impregnation showed the best activity. 

8.4 Experimental details 

8.4.1 Materials 

Ammonium dihydrogen phosphate, anhydrous ethanol and 67 wt% nitric acid were obtained from 

Fisher Scientific, Saskatoon, Canada. The tri-block copolymer Pluronic P-123 (EO20PO70EO20), 

ammonium heptamolybdate, aluminum isopropoxide and nickel nitrate were purchased from 

Sigma-Aldrich, Edmonton, Canada. The γ-Al2O3 was obtained from Alfa Aesar, USA. 
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8.4.2 Methods of phosphorus addition: Sequential and co-impregantion, on mesoporous 

Al2O3 and TiO2-Al2O3 supported NiMo catalyst 

The mesoporous alumina and titania-alumina material were synthesized using the method 

described in our previous work (Badoga et al. 2014b).  The catalysts containing phosphorus (P) 

were prepared by two methods: (i) sequential impregnation (SI), and (ii) co-impregnation (CI).  

In the SI method, 2.5 wt% P was wet impregnated on mesoporous alumina (Al) using ammonium 

dihydrogen phosphate as the precursor. The material was dried for 10 h at 110 oC, followed by 

calcination at 550 oC for 5 h with a ramp rate of 1.0 °C. Next, 13 wt% molybdenum was wet 

impregnated on the resulting material using ammonium heptamolybdate as the precursor, and then 

dried and calcined. The resulting material was named MoP/Al (SI), and on this material, 2.5 wt% 

of nickel was wet impregnated using nickel nitrate as the precursor, dried at 110 °C for 5 h and 

calcined at 550 °C for 5 h to obtain the catalyst NiMoP/Al(SI).  

In the CI method, 2.5 wt% P was wet impregnated on mesoporous alumina using ammonium 

dihydrogen phosphate as the precursor. The material was dried at 110 oC for 10 h. Next, 13 wt% 

molybdenum was wet impregnated on the dried material and the resulting material was again dried 

for 10 h at 110 oC and then calcined at 550 oC for 5 h with a ramp rate of 1.0 °C. The resulting 

material was named MoP/Al(CI), and on this material, 2.5 wt% of nickel was wet impregnated 

using nickel nitrate as the precursor, dried at 110 °C for 5 h and calcined at 550 °C for 5 h to obtain 

the catalyst NiMoP/Al(CI).  

For catalysts with EDTA, nickel and EDTA were mixed in the required EDTA to Ni molar ratio 

and wet impregnated on MoP/Al(CI) and MoP/Al(SI). The material was dried at 110 °C for 10 h 

to obtain catalysts NiMoP/Al(SI)/E and NiMoP/Al(CI)/E. Catalysts NiMoP/γ-Al2O3, NiMo/γ-

Al2O3 and NiMo/γ-Al2O3/E were also synthesized for reference, and activity comparison studies 

were conducted. A similar procedure was adopted to synthesize mesoporous titania-alumina (Al-

Ti) supported NiMo catalysts containing phosphorus and EDTA. The nomenclature corresponding 

to the composition of the catalysts is detailed in Table 8.1. 
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Table 8.1 List of catalysts synthesized, characterized and tested for hydrotreating activity 

NiMo Catalyst-Type 1 NiMo Catalyst-Type 2 NiMo Catalyst-Type 3 NiMo Catalyst-Type 4 

Phosphorus and Meso 

Al2O3 

EDTA, Phosphorus 

and Meso Al2O3 

P and Meso TiO2-

Al2O3 

EDTA, P and Meso 

TiO2-Al2O3 

NiMoP/Al 

(SI) 

NiMoP/

Al (CI) 

NiMoP/Al 

(SI)/1E 

NiMoP/Al 

(CI)/1E, 

NiMoP/Al 

(CI)/0.5E 

NiMoP/Al

-Ti (SI) 

NiMoP/Al

-Ti (CI) 

NiMoP/Al

-Ti(SI)/1E 

NiMoP/Al

-Ti(CI)/1E 

1E= EDTA/Ni molar ratio 1; 0.5E = EDTA/Ni molar ratio 0.5 

 

8.4.3 Characterization techniques  

Hydrogen-temperature programmed reduction (H2-TPR) and ammonia-temperature programmed 

desorption (NH3-TPD) experiments were performed in the AutosorbiQ, Quantachrome (USA) 

instrument. In a quartz tube, 100-150 mg of sample was collected and then degassed in a flow of 

helium at 400 °C for 30 min prior to analysis. The H2-TPR analysis was performed using 3% H2 

balance nitrogen (v/v) gas mixture; the NH3-TPD analysis was performed using 3% NH3 in helium 

(v/v) gas mixture. The TPD/TPR profiles were recorded using a thermal conductivity detector 

(TCD) . Powder wide-angle XRD crystallographs were obtained using a Bruker Advance D8, 

series II, Powder diffractometer with Cu K-α radiation. The spectra was obtained for 2θ = 10° to 

80°, with a step size of 0.05°. Mo LIII-edge and P K-edge XANES spectra were obtained at 

SXRMB beamline at the Canadian Light Source (CLS), Saskatoon, Saskatchewan, Canada. The 

powder samples were finely dispersed on double-sided conducting carbon tapes, and the data were 

collected in total electron yield and fluorescence yield. A Perkin-Elmer Spectrum GX instrument 

and a Harrick-made Praying Mantis cell were used to perform Pyridine-FTIR. A micromeritics 

ASAP 2020 chemisorption system was used to determine metal dispersion. The Micromeritics 

ASAP 2020 instrument was also used to determine the surface area, pore volume and pore diameter 

of all the materials. The high-resolution transmission electron micrographs (HRTEM) were 

acquired from a STEM JEOL 2011 microscope. The quantification of MoS2 slab lengths and 

stacking degree distribution from the HRTEM images was done statistically. Further details of 

analysis are described in Chapter 2, section 2.4.3 and Chapter 3, section 3.4.4. 
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8.4.4 Catalytic activity 

The catalytic activity test was done in a continuous trickle bed reactor under the industrial 

operating conditions of 8.96 Mpa, 1:600 oil/H2 ratio, at four different LHSVs (0.5 h-1, 0.75 h-1, 1.0 

h-1and 1.5 h-1) and at four temperatures (375 °C, 385 °C, 395 °C and 400 °C). Oil sands bitumen-

derived HGO was used as a feedstock, and the activities were measured in terms of 

hydrodesulfurization (HDS), hydrodenitrogenation (HDN) and hydrodearomatization (HDA).  

The reactor setup details and catalyst-loading procedure are described in our previous work 

(Sundaramurthy et al. 2005).  

The catalyst was sulfided in-situ before the reaction. The sulfidation was done by pumping 5 ml/hr 

of sulfiding solution for 24 h at 175 °C, 8.96 MPa and 50 ml/min H2 and then for another 24 h at 

340 °C, 8.96 MPa and 50 ml/min H2. HGO was then pumped through the reactor at 395 °C, 8.96 

MPa, LHSV-1.0 h-1 and H2/gas oil ratio of 600 ml/ml for 5 days. Samples were collected every 24 

h. The activity decreased initially for the first 3 days and then stabilized. This first 5-day period is 

known as pre-coking. Following this, 2 samples were collected every 24 h at different reaction 

conditions. Each time, after changing the operation condition, the first 24-h sample was discarded. 

The samples were stripped with nitrogen for 2 h before taking them to the Antek N/S analyser. 

The total nitrogen and sulfur content in the sample was measured using the ASTM D4629 and 

ASTM D5463 methods, respectively. The instrumental error was ±1%. Additional information and 

details are described in our previous work (Badoga et al. 2014). 

 

8.5 Combined effect of phosphorus, EDTA and mesoporous Al2O3 and TiO2-Al2O3 on 

hydrotreating activity of NiMo catalyst 

8.5.1 Influence of phosphorus on textural properties 

8.5.1.1 Surface area, pore volume and pore diameter-BET analysis 

The textural properties of the catalysts containing phosphorus and phosphorus-EDTA are shown 

in Table 8.2. The corresponding N2 adsorption-desorption isotherms with BJH pore size 

distribution (PSD) are shown in Figure 8.1. The catalysts were synthesized three times (for each 

method SI and CI) to confirm the reproducibility, and each sample was analysed in BET for three 

times. The average values were reported in Table 8.2. It can be observed from Table 8.2 that on 
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addition of phosphorus, the surface area decreases, with the extent of decrease depending on the 

method of preparation. For catalyst NiMoP/Al(SI), synthesized by sequential impregnation, the 

surface area decreases from 345 to 145 m2/g with reference to catalyst NiMo/Al. At the same time, 

the pore volume is also reduced from 0.69 to 0.27 cm3/g. However, for catalyst NiMoP/Al(CI), 

synthesized by sequential co-impregnation, the surface area decreases from 345 to 278 m2/g and 

the pore volume decreases from 0.69 to 0.53 cm3/g with reference to the catalyst NiMo/Al. Similar 

observations were reported by Lewis et al. (1992). The decrease in surface area on the addition of 

phosphorus could be due to (i) pore plugging and surface crumbling by phosphate species and (ii) 

partial solubility of alumina in the acidic medium (Ferdous et al. 2004; Cruz et al. 2002; Maity et 

al. 2005). Figure 8.1 shows that the isotherm for all catalysts is type IV, which is typical of 

mesoporous materials. However, it can be seen that the isotherm for catalyst NiMoP/Al(CI) ends 

with a horizontal plateau, whereas the isotherm for catalyst NiMoP/Al(SI) adsorbs at a high P/Po 

value; this signifies a broad pore size distribution. Upon addition of EDTA, further decrease in 

surface area and pore volume was observed (isotherms and PSD not shown) due to the pores filling 

with EDTA-Ni complex. However, during sulfidation, the EDTA decomposes and leaves the pore 

open for reaction. Therefore, it can be concluded from the BET analysis that the catalysts follow 

the order NiMoP/Al(CI) > NiMoP/Al(CI)/0.5EDTA > NiMoP/Al(CI)/1EDTA > NiMoP/Al(SI) 

for their textural properties. Catalyst NiMoP/γ-Al2O3 has greater surface area and pore volume 

than that of catalyst NiMoP/Al(CI)/1EDTA; however, NiMoP/γ-Al2O3 has the largest pore 

diameter among all catalysts. The textural properties for mesoporous titania-alumina supported 

catalysts with EDTA and P are shown in Table 8.3, where it can be observed that these catalysts 

follow a similar trend to that discussed for the mesoporous alumina supported catalysts. 
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Table 8.2 Textual properties of the Meso Al supported catalysts containing phosphorus and 

EDTA 

Catalyst 
BET Surface Area, 

m²/g 

Pore volume,  

cm³/g 

Pore diameter, 

nm 

NiMo/Meso Al 345 ± 4 0.70 6.1 

NiMoP/Al (SI) 145 ± 3 0.27 5.9 

NiMoP/Al (CI) 278 ± 5 0.53 5.8 

NiMoP/Al (CI)/1E 155 ± 9 0.32 5.0 

NiMoP/Al (CI)/0.5E 250 ± 4 0.45 5.4 

NiMoP/Al (SI)/1E 75 ± 3 0.15 5.0 

NiMo/γ-Al2O3 240 ± 5 0.60 7.2 

NiMoP/γ-Al2O3 160 ± 3 0.38 7.0 

 

 

 

 

 

Figure 8.1 N2 adsorption/desorption isotherms for catalysts (A) NiMoP/Al(CI), (B) NiMoP/γ-

Al2O3 and (C) NiMo/Al(SI) 
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Table 8.3 Textual properties of the Meso Al-Ti supported catalysts containing phosphorus and 

EDTA 

Catalyst 
BET Surface Area, 

m²/g 

Pore volume,  

cm³/g 

Pore diameter, 

nm 

NiMo/Meso Al-Ti 476 ± 6 0.60 4.5 

NiMoP/Al-Ti (SI) 140 ± 3 0.22 4.5 

NiMoP/Al-Ti (CI) 350 ± 3 0.51 4.1 

NiMoP/Al-Ti(CI)/1E 200 ± 4 0.30 3.8 

NiMoP/Al-Ti (SI)/1E 70 ± 3 0.15 3.8 

 

8.5.1.2 X-ray diffraction study 

Powder wide-angle XRD patterns for all catalysts with phosphorus and EDTA are shown in Figure 

8.2. The spectra for MoO2 and MoO3 are also shown as reference. The peaks at 2θ = 23.3° and 

26.1° corresponding to MoO3 and MoO2 are observed in the case of MoP/Al(SI). The peaks at 2θ 

= 20.7° and 22° corresponding to Mo7O24 are also observed in MoP/Al(SI). This indicates poor 

dispersion of molybdenum oxide. In the XRD spectra for catalyst NiMoP/Al(SI), it can be seen 

that with the addition of Ni, the peaks at 2θ = 20.7° and 22° disappear. This signifies that nickel 

helps in further dispersion of molybdenum oxide. The broad peak observed between 2θ = 26-27° 

for catalyst NiMoP/Al(SI) could be due to the overlapping of peaks for MoO2 and β-NiMoO4 

(Gutierrez et al. 2008; Moreno et al. 2010). The additional peak at 2θ = 35.4° corresponds to MoO3. 

The XRD spectra for catalysts MoP/Al (CI) and NiMoP/Al(CI) prepared by co-impregnation does 

not show any peak corresponding to MoOx. This suggests that the molybdenum oxide is finely 

dispersed in the catalyst prepared by co-impregnation; conversely, poor dispersion of molybdenum 

oxide was observed in the catalyst prepared by sequential impregnation.  

The addition of EDTA does not create any visible difference in molybdenum dispersion in 

catalysts NiMoP/Al(CI)/1EDTA with reference to catalyst NiMoP/Al(CI). However, the peaks at 

2θ = 15° and 16.2° in catalyst NiMoP/Al(CI)/0.5EDTA correspond to β-NiMoO4 (Rodriguez et al. 

1998).  
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The CO chemisorption analysis was performed to calculate the active metal dispersion in catalysts 

containing phosphorus (Table 8.4). It was determined that the percentage of metal dispersion 

decreases as phosphorus is added. Catalysts NiMo/γ-Al2O3 and NiMoP/γ-Al2O3 show 12% and 

7% metal dispersion, respectively. In addition, catalysts NiMo/Meso-Al and NiMoP/Al(CI) show 

19% and 17% metal dispersion, respectively. Phosphate interacts with the surface hydroxyl groups 

present on alumina and reduces the number of anchoring sites for metal dispersion. This leads to 

the formation of polymolybdates and causes a decrease in active metal dispersion. However, 

phosphorus helps in increasing the stacking degree, which promotes hydrogenation reactions, 

which in turn increase HDN activity. It was also observed that catalyst NiMoP/Al(SI) formed by 

sequential impregnation shows very low (8%) metal dispersion. This is due to the formation of 

polymoybdates, as shown by XRD analysis (see Figure 8.2). Similar observations were noted for 

the Meso Al-Ti supported catalysts containing EDTA and P (see Figure 8.3) 

 

Figure 8.2 Powder wide-angle XRD spectra for (A) MoO2, (B) MoO3, (C) NiMoP/Al(CI)0.5E, 

(D) NiMoP/Al(CI), (E) NiMoP/Al(CI)/1E, (F) MoP/Al(CI), (G) NiMoP/Al(SI), (H) MoP/Al(SI) 

and (I) NiMoP/γ-Al2O3; + and * represents molybdenum oxide and β-NiMoO4, respectively 
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Table 8.4 Chemical composition and CO uptake of mesoporous alumina supported catalysts 

containing phosphorus 

 

 

 

 
Figure 8.3 Powder wide-angle XRD spectra for (A) NiMoP/Al-Ti(SI), (B) NiMoP/Al-Ti(CI)/1E, 

(C) NiMo/MesoAl-Ti, (D) NiMoP/Al-Ti(CI) and (E) NiMoP/Al-Ti(SI)/1E 

 

8.5.2 XANES analysis to estimate structural changes on addition of phosphorus using 

different methods and EDTA 

8.5.2.1 Mo LIII-edge 

The Mo LIII-edge XANES analysis of the NiMo/Meso Al catalysts containing phosphorus and 

EDTA was performed, and the spectra are shown in Figures 8.4 and 8.5. The Mo LIII-edge XANES 

Catalyst Metal Dispersion (%) CO Absorbed (µmol/g) Crystal size (nm) 

NiMo/Meso Al 19 335 ± 3 6.7 

NiMoP/Al(CI) 17 320 ± 2 6.8 

NiMoP/Al(SI) 8 140 ± 3 15.0 

NiMo/γ-Al2O3 12 225 ± 4 9.7 

NiMoP/γ-Al2O3 7 135 ± 2 15.0 
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spectra for MoO3 was also obtained and analyzed in this work for reference. Table 2 shows that 

the peak-to-peak distance for MoO3 is 3.4 eV (see Figure 7.5).  The peak-to-peak energy difference 

for various catalysts containing phosphorus and EDTA are shown in Table 8.5. It can be observed 

in Table 8.5 that with the addition of Ni on MoP/Al(SI), the peak-to-peak distance decreases from 

2.4 eV to 2.25 eV. This indicates that the proportion of tetrahedral molybdenum oxide increases, 

suggesting that the addition of nickel increases molybdenum dispersion. In the case of catalysts 

synthesized by co-impregnation, no such change was observed after nickel addition. Table 7.4 

shows that the NiMo/Meso Al catalyst had two peaks, at 2.4 and 3.3eV, representing the presence 

of both tetrahedral and octahedral molybdenum oxides. The addition of phosphorus will enhance 

the formation of poly-molybdates or multi-layered molybdenum sulfide slabs; therefore, the 

octahedral proportion of molybdenum oxide should increase. The weak and broad peak in the 

octahedral region (i.e, 3.3eV) is observed for catalyst NiMoP/Al(CI). However, for catalyst 

NiMoP/Al(SI) the peak-to-peak energy separation in Mo LIII-edge is small, yet the peak is broad. 

This indicates either the molybdenum is present in predominantly tetrahedral coordination (for 

example, poly-molybdates, MoO4
-2) or this could be assigned to a distortion in octahedral structure 

of molybdenum oxide caused by other elements (Serfontein & Smit 1967; Fischer et al. 1974; 

Aritani et al. 2001). In the case of a distorted octahedral, the three t2g orbitals degenerate into two 

energy levels, and the two Eg orbitals also degenerate into two energy levels (Blanchard et al. 

2014). Therefore, a total of four peaks at different energy separations can be observed. Also, the 

XRD analysis (see Figure 8.2) indicated the presence of Mo7O24 in catalyst NiMoAl/P(SI); the 

structure of Mo7O24 can be distorted as explained by Evans et al. (1975).  

The effect of EDTA on molybdenum co-ordination in phosphorus-promoted catalysts was also 

studied. It was observed that additional EDTA results in an increasing proportion of octahedral 

molybdenum oxides. The proportion of octahedral molybdenum oxides also increases with an 

increase in the EDTA concentration, as observed from Table 8.5. The data for the 2nd derivative 

Mo LIII-edge XANES spectra for the Meso Al-Ti supported catalysts are shown in Figure 8.6 and 

Table 8.6.  
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Figure 8.4: Mo LIII-edge XANES spectra for (A) NiMoP/Al(CI), (B) MoP/Al(SI), (C) 

MoP/Al(CI), (D) NiMoP/Al(CI)/1E, (E) NiMoP/Al(SI) and (F) NiMoP/Al(CI)/0.5E 

 

Figure 8.5 2nd derivative Mo LIII-edge XANES spectra for (A) NiMoP/Al(CI), (B) MoP/Al(SI), 

(C) MoP/Al(CI), (D) NiMoP/Al(CI)/1E, (E) NiMoP/Al(SI) and (F) NiMoP/Al(CI)/0.5E 
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Table 8.5 Peak-to-peak energy difference for Mo LIII-edge peak splits for Meso Al supported 

catalysts containing phosphorus and EDTA 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.6 2nd derivative Mo LIII-edge XANES spectra for (A) NiMoP/Al-Ti(CI), (B) 

NiMo/MesoAl-Ti, (C) NiMoP/Al-Ti(CI)/1E and (D) NiMoP/Al-Ti(SI) 

 

 

Material Mo LIII-edge Peak splits (eV) 

MoP/Al(CI) 2.4 

NiMoP/Al(CI) 2.4 

NiMoP/Al(CI)/0.5E 2.4, 3.2 

NiMoP/Al(CI)/1E 3.1 

MoP/Al(SI) 2.4 

NiMoP/Al(SI) 2.25 
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Table 8.6 Peak-to-peak energy difference for Mo LIII-edge peak splits for Meso Al-Ti supported 

catalysts containing P and EDTA 

 

 

 

 

 

 

The Mo LIII-edge analysis for the sulfided catalysts was also performed. Figure 8.7 shows the 

XANES spectra for catalysts NiMoP/Al(CI), NiMoP/Al(SI), NiMoP/Al(CI)/1EDTA and 

NiMo/Meso Al. For reference, Figure 8.7 shows the spectra for Mo LIII-edge XANES for MoS2 

and MoO3. Figure 8.7 shows the edge jump in Mo LIII-edge spectra for MoO3 due to 2p to 4d 

electronic transition at 2524 eV and the edge jump in Mo LIII-edge spectra for MoS2 at 2522.5 eV. 

The 1.5 eV difference in edge jump energies is due to a chemical shift between molybdenum oxide 

and molybdenum sulfide. Molybdenum is in +6 oxidation state in MoO3 and in +4 oxidation state 

in MoS2. Therefore, it requires more energy to take an electron out of molybdenum in MoO3 as 

compared to that in MoS2. Moreover, the area under the curve represents the number of holes and 

gives information about the oxidation state. The Mo in MoO3 has +6 oxidation state, whereas Mo 

in MoS2 has +4 oxidation state. This implies that Mo LIII-edge for MoO3 will have more area under 

the curve due to the presence of more holes as compared to that in MoS2. The same was observed 

in Figure 8.7. The spectra for all catalysts show the edge jump at 2522.5eV similar to that in the 

reference MoS2 spectra. It was observed that the spectra for catalyst NiMo/Meso Al shows 

shoulder peak at 2527.6eV, representing the presence of MoO3. This indicates that molybdenum 

is not fully sulfided and some of it is still in oxide state. This could be due to a strong metal-support 

interaction between molybdenum and alumina in catalyst NiMo/Meso Al, as shown by HRTEM, 

XRD and XANES (see Figures 7.2, 7.6 and 7.8). Upon addition of phosphorus and EDTA, the 

extent of sulfidation increases (as shown by the change in area under the curve) and follows the 

order NiMoP/Al(SI) ≥ NiMoP/Al(CI)/1EDTA > NiMoP/Al(CI).  

Material Mo LIII-edge Peak splits 

NiMo/Meso Al-Ti 2.2, 3.2 

NiMoP/Al-Ti (SI) 2.3 

NiMoP/Al-Ti (CI) 2.6 

NiMoP/Al-Ti(CI)/1E 2.4, 3.5 

* s and w stands for strong peak and weak peak 
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Figure 8.7 Mo LIII-edge XANES spectra for (A) sulfided NiMoP/Al(SI), (B) Sulfided 

NiMoP/Al(CI)/1E, (C) sulfided NiMoP/Al(CI), and (D) sulfided NiMo/Meso Al 

 

8.5.2.2 P K-edge 

The P K-edge XANES spectra for the catalysts prepared by different methods with and without 

EDTA were also obtained and are shown in Figure 8.8. The P K-edge spectrum for AlPO4 is also 

shown in Figure 8.8 as a reference. The P K-edge XANES spectra for all catalysts shows the K-

edge at 2153 eV (Ingall et al. 2011). This peak can be assigned to tetrahedrally coordinated 

phosphorus (PO4). This peak result is due to the transition of electrons from inner 1s orbital to a 

higher energy orbital t2
* formed by the overlap of P sp3 hybrid and O 2p-orbitals (Franke & 

Hormes 1995). It can be seen from Figure 8.8 that no change was observed in P K-edge energies 

for the different catalysts.  



 
 

216 
 

 

Figure 8.8 P K-edge for catalysts containing phosphorus and EDTA 

 

8.5.3 High resolution TEM analysis for MoS2 slab distribution 

The HRTEM micrographs, representing typical fringes with 6.1Å inter-planar distances due to 

MoS2 crystallites, are shown in Figure 8.9 for all Meso Al supported catalysts containing 

phosphorus and EDTA. The slab length size distribution and the stacking degree (number of slabs 

per stack) distribution are shown in Figure 8.10, and the average values are tabulated in Table 8.7. 

It can be seen from Figures 8.9 and 8.10 that catalyst NiMoP/Al(SI) prepared by sequential 

impregnation shows MoS2 slabs with greater length and higher stacking degree. This implies that 

molybdenum is poorly dispersed in this catalyst. Similar observations were made during XRD 

analysis (see Figure 8.2). It was observed from Mo LIII-edge XANES analyses of the 

NiMoP/Al(SI) oxide catalyst that the peak-to-peak energy difference is small, corresponding to 

tetrahedral co-ordination; however, the HRTEM analysis shows the presence of multilayered 

MoS2 slabs. This signifies the presence of poly-molybdates and that the molybdenum is in 

tetrahedral co-ordination or in distorted octahedral structure, as discussed in Mo LIII-edge analysis 

(see section 3.2.2.1). However, Mo LIII-edge analysis for sulfided catalysts shows that catalyst 

NiMoP/Al(SI) has the greatest degree of sulfidation among other catalysts. The poor dispersion of 

molybdenum oxide was attributed to the interaction of phosphorus with hydroxyl sites present on 

the alumina surface.  During impregnation, the phosphoric solution protonates surface Al-OH 
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groups through hydrogen bonding, leading to the formation of Al-O-P bond during calcination 

(Iwamoto & Grimblot 1999). Therefore, the available hydroxyl sites for metal anchoring 

decreases, leading to poor dispersion. However, this is not the case in catalysts prepared by co-

impregnation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.9 HRTEM images for Meso Al supported catalysts containing P and EDTA   
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Figure 8.10 (a) Length and (b) Layer stacking distribution of MoS2 slabs in Meso Al supported 

catalysts with P and EDTA 
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Table 8.7 Average MoS2 slab length (L) and number of layers (N) for Meso Al supported 

catalysts with phosphorus and EDTA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.11 (a) Length and (b) Layer stacking distribution of MoS2 slabs in mesoporous TiO2-

Al2O3 supported catalysts 

Catalyst Average length (nm) Average no. of layers/stack 

NiMoP/Al(SI) 3.9 ± 4% 2.8 ± 3% 

NiMoP/Al(CI) 2.4 ± 4% 1.7 ± 4% 

NiMoP/Al(CI)/0.5E 2.6 ± 3% 1.9 ± 4% 

NiMoP/Al(CI)/1E 3.0 ± 4% 2.4 ± 3% 

NiMoP/γ-Al2O3 2.9 ± 4% 2.1 ± 3% 

NiMoP/Al(SI)/1E 3.5 ± 3% 2.3 ± 4% 
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Table 8.8 Average MoS2 slab length (L) and number of layers (N) for Meso Al-Ti supported 

catalysts 

 

 

 

 

It can be seen in Figure 8.10 that catalyst NiMoP/Al(CI) has a smaller slab size and lower stacking 

degree. This signifies a higher metal dispersion in this catalyst. The XRD analysis also points a 

fine dispersion of molybdenum oxide in this catalyst. Table 8.7 shows that the average slab length 

and stacking degree is 38% and 39% respectively, less than that of catalysts synthesized using 

sequential impregnation. During co-impregnation, both phosphorus and molybdenum compete for 

hydroxyl sites, resulting in better dispersion in this case. Upon addition of EDTA in the phosphorus 

promoted catalyst, an effect similar to the effect of EDTA on the NiMo/Meso Al catalyst is 

observed. With the addition of EDTA in catalyst NiMoP/Al(CI)/0.5EDTA, the average slab length 

increases to 2.6 nm from 2.4 nm and the average stacking degree increases from 1.7 to 1.9. With 

increasing EDTA concentration, as in catalyst NiMoP/Al(CI)/1EDTA, stacking degree further 

increases to 2.4. This suggests that EDTA plays an essential role in the redistribution of 

molybdenum oxide. The role of EDTA is not only limited to re-dispersion, but it also changes 

some of the tetrahedral molybdenum oxide to octahedral molybdenum oxide, as observed from 

Mo LIII-edge XANES analyses. It was also observed that with an increase in EDTA concentration, 

the octahedral structures of molybdenum oxide were predominant. Therefore, it can be concluded 

that the addition of EDTA on catalyst NiMoP/Al(CI) results in the formation of more favorable 

octahedral molybdenum oxides and multiple NiMoS slabs, which are required by hydrotreating 

reaction but decrease the dispersion.  

As discussed in Chapter 7, EDTA plays different roles with different supports, and in some cases 

it helps in dispersion. In order to elucidate the role of EDTA, HRTEM analysis of sulfided catalyst 

NiMoP/Al(SI)/1EDTA was performed. The results of MoS2 slab length distribution and stacking 

degree distribution are shown in Figure 8.10. It was observed that the addition of EDTA on catalyst 

NiMoP/Al(SI) resulted in a decrease in the average slab length and average stacking degree by 

Catalyst Average length (nm) Average no. of layers/stack 

NiMo/Meso Al-Ti 2.4 ± 4% 1.5 ± 4% 

NiMoP/Al-Ti (SI) 4.0 ± 3% 3.2 ± 3% 

NiMoP/Al-Ti (SI)/1E 3.8 ± 3% 2.5 ± 3% 

NiMoP/Al-Ti(CI) 3.2 ± 3% 2.1 ± 4% 

NiMoP/Al-Ti(CI)/1E 3.9 ± 3% 2.4 ± 3% 
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10% and 18%, respectively. This indicates an increase in the dispersion of molybdenum sulfide 

with the addition of EDTA. Therefore, it can be concluded that EDTA helps in increasing the 

dispersion only in those catalysts that have poorly dispersed molybdenum oxides. In the case of 

fine dispersion of active metals, EDTA reduces dispersion by increasing the stacking degree as 

observed with the NiMo/Meso Al catalyst. Similar results were observed for the Meso Al-Ti 

supported catalysts and are presented in Figure 8.11 and Table 8.8 

8.5.4 Influence of phosphorus on reducibility and acidity 

8.5.4.1 H2-Temperature programmed reduction 

The H2-TPR profiles for catalysts NiMo/Meso Al, NiMoP/Al(SI) and NiMoP/Al(CI) are shown in 

Figure 8.12 and offer insight into the role of phosphorus on the reducibility of molybdenum 

species. The TPR profile of each catalyst shows two distinct peaks. The peak at the lower 

temperature of 440 °C corresponds to a reduction from Mo+6 to Mo+4; the peak at the higher 

temperature of 850 °C corresponds to a reduction of Mo+4 to metallic molybdenum.  It is observed 

from Figure 8.12 that on addition of phosphorus, the location of the peaks changes depending on 

the method of addition of phosphorus. The catalysts prepared by co-impregnation and sequential 

impregnation show that the reduction of Mo+4 to Mo occurs at 800 °C and 820 °C, which is 50 °C  

and 30 °C lower than that of the NiMo/Meso Al catalyst.  This reduction in temperature could be 

due to the formation of more multi-layered MoS2 slabs (polymoybdate) in catalysts NiMoP/Al(SI) 

and NiMoP/Al(CI), as shown by HRTEM (see Figure 8.10), which are easily reducible. Catalyst 

NiMoP/Al(SI) displays its first reduction peak (Mo+6 to Mo+4) at 510 °C, 60 °C higher than that 

shown by the NiMoP/Al(CI) catalyst. This increase in reduction temperature could be due to strong 

metal support interaction in catalyst NiMoP/Al(SI), as shown by XANES analysis (see Table 8.5 

and Figure 8.5). The shoulder peak at 585 °C is attributed to the reduction of β-NiMoO4 (Rodriguez 

et al. 1999). The presence of β-NiMoO4 in catalyst NiMoP/Al(SI) is shown by XRD analysis (see 

Figure 8.2). The reduction behavior of phosphorus containing catalysts can be more complex 

because of the presence of many metals, such as Ni, Mo, Al, and P. Different types of interactions 

between these metals (e.g., the formation of AlPO4, polymolybdate, Mo-O-P species, and 

irreducible heteropoly species such as Mo5P2) can affect the reducibility properties (Iwamoto & 

Grimblot 1999). However, it can be concluded from this study that of all the catalysts, 

NiMoP/Al(CI) is easily reducible. 
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Figure 8.12 Hydrogen TPR profile for NiMo hydrotreating catalysts containing phosphorus 

8.5.4.2 NH3-Temperature programmed reduction 

NH3-TPD analysis was performed to determine the effect of phosphorus on the NiMo/Meso Al 

catalyst. The NH3-TPD data are shown in Table 8.9.  The peaks between 150-250 °C correspond 

with the weak to moderate acidic sites, and the peak at 350 °C corresponds with strong acid sites. 

It can be seen from Table 8.9 that the total acidity of the catalyst changed with the addition of 

phosphorus and the extent of change depends on the method of preparation. The catalyst prepared 

by co-impregnation had a significant increase in the number of weak to moderate acidic sites and 

a decrease in number of strong acidic sites. The catalyst prepared by sequential impregnation had 

a slightly lower acidic strength and total acidity as compared to the NiMo/Meso Al catalyst. It can 

be concluded that phosphorus affects the total acidity but does not increase the acidic strength. 

Similar conclusions were obtained by Sajkowski et al. (1990). It was also observed from our 

previous work that the strong acidic sites are prone to inhibition by nitrogen-containing compounds 

present in actual feed. Therefore, the presence of more weak to moderate acid sites and less strong 

acid sites makes the NiMoP/Al(C) catalyst more favorable for hydrotreating.  
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     Table 8.9 NH3-TPD results of supported NiMo catalysts 

 

 

 

 

 

 

8.5.4.3 Pyridine-FTIR 

Pyridine-FTIR was also performed to determine the effect of phosphorus on the distribution of 

Lewis and Bronsted acid sites. Pyridine-FTIR spectra for catalysts with and without phosphorus 

and with different preparation methods are shown in Figure 8.13. A peak corresponding with 

Lewis acid sites at 1445 cm-1 is seen for all the catalysts.  The peak at 1490 cm-1 was attributed to 

the overlapping of Bronsted and Lewis acid sites. In the spectra of all catalysts, a weak and broad 

band at 1540 cm-1 corresponding to Bronsted acid sites is observed. It was therefore concluded 

from Figure 8.13 that there was no change in the distribution of Lewis and Bronsted acid sites 

upon addition of phosphorus. 

 

Figure 8.13 Pyridine-FTIR spectra for NiMo supported catalysts containing phosphorus 

Catalyst 

Amount of  NH3 desorbed (µmol/g) 

at 250 °C at 375 °C 

NiMo/Meso Al 360 ± 4 390 ± 5 

NiMoP/Al(CI) 570 ± 6 268 ± 4 

NiMoP/Al(SI) 330 ± 5 360 ± 5 
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8.5.5 Influence of combined effect of phosphorus, EDTA and mesoporous Al2O3 or TiO2-

Al2O3 on catalytic activity for hydrotreating of heavy gas oil 

The catalytic activity of all catalysts containing phosphorus and EDTA was determined in terms 

of HDS, HDN and HDA and is presented in Table 8.10. The bitumen-derived HGO was used as 

feedstock and the reaction was performed in a continuous trickle-bed reactor under the industrial 

conditions of 8.96 MPa, 1 h-1 LHSV, 600:1 (ml/ml) gas/oil ratio and at 395 °C.  The catalytic 

activity for the γ-Al2O3-based catalysts containing phosphorus was also determined for comparison 

purposes. The hydrotreating of heavy gas oil was performed for three times. The values of 

activities reported are the average value for 36 data points (i.e., 3 run, 4 oil samples each run and 

each sample is analyzed 3 times). The method of phosphorus addition on the NiMo/Meso Al 

catalyst affects physico-chemical properties and results in difference in activity, as shown in Table 

8.10. Catalyst NiMoP/Al(CI), prepared by co-impregnation, showed 97 wt% HDS and 77 wt% 

HDN activity. In comparison, catalyst NiMoP/Al(SI), prepared by sequential impregnation, 

showed 94 wt% HDS and 65 wt% HDN activity. Catalyst NiMo/Meso Al showed 96 wt% HDS 

and 63 wt% HDN activity. The increase in HDN activity is attributed to incorporation of 

phosporous in catalyst NiMoP/Al(CI). The co-impregnation of phosphorus and molybdenum has 

resulted in competitive adsorption, causing the desired dispersion of molybdenum oxide as shown 

by HRTEM analysis. However, the impregnation of phosphorus before molybdenum oxide as in 

sequential impregnation has resulted in more interaction of phosphorus with the surface hydroxyl 

group, leaving only a few sites to which molybdenum oxide can anchor. This results in the 

formation of polymolybdates, as shown by HRTEM and XRD analysis, which significantly 

decreases the dispersion. As observed during CO chemisorption, catalyst NiMoP/Al(SI) had 8% 

metal dispersion as compared to 17% dispersion shown by catalyst NiMoP/Al(CI).  This could be 

the major factor influencing the lower activity of the NiMoP/Al(SI) catalyst as compared to that 

of the NiMoP/Al(CI) catalyst. Another factor contributing to the high activity of the NiMoP/Al(CI) 

catalysts is the ease of reducibility, as shown in Figure 15, and the greater proportion of octahedral 

molybdenum oxide, as shown by Mo LIII-edge XANES analysis (see Figure 8.5 and Table 8.5). It 

is also observed from Table 8 that the average number of MoS2 layers per stack for NiMoP/Al(SI) 

and NiMoP/Al(CI) are 2.8 and 1.7, respectively. Furthermore, the hydrogenation reaction is 

supported by multi-layered MoS2 slabs; therefore, HDA activity for the NiMoP/Al(SI) catalyst is 

17% higher than that for the NiMoP/Al(CI) catalyst. 
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Table 8.10 HDS, HDN and HDA activities of catalysts containing P and EDTA with HGO at 

395 °C (catalyst = 5 cm3, P = 8.96 MPa, LHSV = 1 h-1 and H2/oil ratio = 600 (v/v) (error ± 1.0%) 
 

Catalyst 

Hydro-

desulfurization 

(HDS) wt% 

Hydro-

denitrogenation 

(HDN) wt% 

Hydro-

dearomatization 

(HDA) wt% 

NiMo/Meso Al 96 63 42 

NiMoP/Al (SI) 94 65 48 

NiMoP/Al (SI)/1EDTA 92 62 45 

NiMoP/Al (CI) 97 77 41 

NiMoP/Al (CI)/0.5EDTA 94 64 42 

NiMoP/Al (CI)/1EDTA 94 60 43 

NiMoP/Al-Ti (SI) 91 53 46 

NiMoP/Al-Ti (SI)/1E 86 45 44 

NiMoP/Al-Ti(CI)  96 70 40 

NiMoP/Al-Ti(CI)/1E 94 54 42 

NiMo/γ-Al2O3 92 54 42 

NiMoP/γ-Al2O3 96 64 43 

 

The addition of EDTA on phosphorus-promoted catalysts has different effects on metal dispersion 

for catalysts prepared by different methods. The addition of EDTA on NiMoP/Al(SI) has resulted 

in decreasing the average MoS2 slab length and the number of layers, which results in an increase 

in dispersion (see Table 8.7). On the other hand, in catalyst NiMoP/Al(CI), the addition of EDTA 

results in increasing the average slab length and the number of layers, which implies decrease in 

dispersion. However, in both cases, addition of EDTA resulted in increasing the proportion of 

octahedral molybdenum oxide. Therefore, the decrease in activity on addition of EDTA in the 

NiMoP/Al(CI) catalyst is attributed to the decrease in dispersion as shown by HRTEM analysis. 



 
 

226 
 

For catalyst NiMoP/Al(SI), the EDTA favored dispersion; however, decrease in activity was due 

to its very low surface area and other textural properties. Similar kinds of studies for the role of 

phosphorus and EDTA were performed with mesoporous Al2O3-TiO2 mixed oxide supported 

catalysts. The results showed similar findings as those reported for mesoporous Al2O3-supported 

catalysts.  

8.6 Conclusions 

The effect of phosphorus on the activity of the NiMo/Meso Al and NiMo/Meso Al-Ti catalysts for 

hydrotreating of HGO was found to be dependent on the methods of synthesis. Catalysts containing 

phosphorus were synthesized via co-impregnation (CI) and sequential impregnation (SI) methods. 

BET analysis showed a decrease in surface area on phosphorus addition; however, the catalyst 

prepared by SI showed maximum decrease in surface area. HRTEM analysis showed that catalyst 

NiMoP/Al(SI) has the highest average MoS2 slab length and the most layers per stack, which 

implies poor dispersion. The XRD analysis also supports the presence of poly-molybdates in 

catalyst NiMoP/Al(SI). The CO chemisorption showed an 8% metal dispersion in catalyst 

NiMoP/Al(SI) as compared to a 17% metal dispersion in catalyst NiMoP/Al(CI).  The influence 

of phosphorus on acidity was studied using NH3-TPD, which showed that an increase in the 

number of weak to moderate acidic sites in catalyst NiMoP/Al(CI); however, no increase in acidic 

strength was observed. It was also observed during H2-TPR analysis that the ease of reducibility 

follows the order NiMoP/Al(CI) > NiMoP/Al(SI) > NiMo/Meso Al.  In relation to physico-

chemical properties, the activity also depended on the method of preparation and, as expected from 

characterization, catalyst NiMoP/Al(CI) showed the best activity.  The combined effect of 

phosphorus and EDTA was not promising and the addition of EDTA resulted in a decrease of 

dispersion and a resulting decrease in HDS and HDN activities. However, EDTA promoted 

hydrodearomatization due to the formation of more multi-layered MoS2 slabs in catalyst 

NiMoP/Al(CI). The HDS and HDN activities for the Meso Al supported catalysts follow the order 

NiMoP/Al(CI) > NiMoP/γ-Al2O3 > NiMo/Meso Al > NiMoP/Al(SI) > NiMoP/Al(SI)/IE > 

NiMoP/Al(CI)/0.5E > NiMoP/Al(CI)/1E > NiMo/γ-Al2O3. The Meso Al-Ti supported catalysts 

follow the same trend for hydrotreating activities as that of Meso Al supported catalysts. However, 

the lower HDS and HDN activities for the Meso Al-Ti supported catalysts could be assigned to 

smaller pore diameters. Catalyst NiMoP/Al(CI) presented with HDS and HDN activities of 97% 
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and 77%, respectively. Interestingly, the corresponding γ-alumina based phosphorus containing 

NiMoP/γ-Al2O3 catalyst showed similar HDS activity (96%) and much lower HDN activity (64%). 

Therefore, NiMoP/Al(CI) can be a potentially suitable catalyst for hydrotreating sulfur- and 

nitrogen-rich bitumen-derived HGO. 

It can be concluded from this work that the proposed hypothesis that incorporating phosphorus in 

NiMo supported catalysts will result in an increase in hydrotreating activity was justified. 

However, the proposed hypothesis that the combined use of EDTA and phosphorus will increase 

activity was not justified. 
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Chapter 9 

9 Kinetic and long-term deactivation study of mesoporous alumina 

supported NiMoP catalyst prepared by co-impregnation 

9.1 Chapter overview 

This chapter discusses the kinetics of the best catalyst, NiMoP/MesoAl2O3(CI). Mass transfer 

calculations were performed for transfer of hydrogen from a gas to a liquid phase to a catalyst 

surface, and the transfer of gaseous and liquid reactants from a catalyst surface to within the pores 

(where active sites are present). The mass transfer calculations help determine whether mass 

transfer limits the reactions or not. The Power Law and Langmuir-Hinshelwood models were used 

to estimate the rate law, kinetic parameters, activation energies and the order of reaction for HDS 

and HDN reactions. Hydrotreating of heavy gas oil (HGO) was performed for 60 days to estimate 

the long-term stability of the catalyst. 

This chapter addresses objective 4 of the research. The contributions of the PhD candidate to the 

chapter were as follows: (i) synthesizing catalyst NiMoP/MesoAl2O3(CI), (ii) performing 

hydrotreating reactions at different operating conditions (four different values at each temperature, 

pressure, LHSV and gas/oil ratio), (iii) calculating and evaluating the external and internal mass 

transfer limitations, (iv) developing the Power Law and Langmuir-Hinshelwood models for HDS 

and HDN reactions, and estimating the kinetic parameters of these reactions, and (v) performing 

continuous hydrotreating of HGO using the NiMoP/MesoAl2O3(CI) catalyst for 60 days (after pre-

coking) to estimate the long-term stability of the catalyst. The supervisors provided overall 

guidance, reviewed the experimental data analysis and monitored the research progress. 
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9.2 Abstract  

Hydrotreating of bitumen-derived HGO was performed in a continuous trickle-bed reactor at 

various operating conditions ranging from 375 °C to 400 °C, 8.27 MPa to 9.31 MPa, 400 ml/ml to 

700 ml/ml (gas/oil), and 0.5 h-1 to 1.5 h-1 (LHSV). Major issues related to hydrodynamics, such as 

axial dispersion/backmixing, wall effects and complete wetting of the catalyst, were addressed by 

diluting the catalyst with silica carbide. For the range of operating conditions, the internal mass 

transfer limitation was found to be negligible for HDN and HDS reactions. Also, the external mass 

transfer limitation was negligible for HDN reactions. However, for higher sulfur conversions the 

external mass transfer limitation could not be fully neglected for HDS reactions. The effect of 

various process parameters on the catalytic activity was also discussed in this phase of work. The 

empirical relations representing the effects of all the process parameters on HDS and HDN activity 

was developed. It was observed that temperature has major effect on conversion. The kinetic 

parameters for HDS and HDN reactions were evaluated using the Power Law and Langmuir-

Hinshelwood models. The order of reaction was 1.4 for both HDS and HDN reactions, based on 

the Power Law. The L-H model was fitted assuming pseudo first order of reaction. The calculated 

activation energies, using Power Law for HDS and HDN reactions, were 132 kJ/mol and 128 

kJ/mol, respectively.  However, the calculated activation energy using L-H model for HDS and 

HDN reactions were 93 kJ/mol and 85 kJ/mol, respectively. A 60-day run for the hydrotreating 

reaction was performed, and over this time a 5.5 % and 1.0% decline in HDN and HDS activity, 

respectively, was observed. This implies no significant deactivation of the NiMoP/MesoAl2O3(CI) 

catalyst and indicates  reasonable catalyst stability. 
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9.3 Introduction  

Bitumen-derived heavy gas oil needs to be upgraded in order to eliminate impurities such as sulfur, 

nitrogen and metals (vanadium, arsenic, etc.). This is achieved in a hydrotreating reactor, where 

reactions such as hydrodesulfurization, hydrodenitrogenation, hydrometallization and 

hydrodearomatization take place. Typically, the hydrotreater is a trickle-bed reactor containing a 

catalyst operating at high temperatures (350-400 °C) and moderate pressures (8-10 MPa) in the 

presence of hydrogen (Badoga et al. 2014). In recent years, research has focused on improving 

hydrotreating activity, and various changes in catalyst formulation, reaction design and process 

conditions have been suggested ( Jiménez et al. 2007; Stanislaus et al. 2010; Mederos et al. 2012; 

Martínez & Ancheyta 2014 ). Catalyst modification was the main focus, as it is the most 

economical route to follow, and many new catalysts have recently been suggested by various 

researchers (Breysse et al. 2003a; Sun et al. 2003). However, this kinetic study using new catalysts 

offers important information related to the suitability of new catalysts to the existing reactor design 

and setup. The literature shows that a variety of kinetic models, such as the Power Law, Langmuir-

Hinshelwood, and Multi-parameter models, have been used to determine kinetic parameters for 

HDS and HDN reaction . For example, Boahene et al. (2013) have studied the kinetics of HDS 

and HDN reactions for hydrotreating of heavy gas oil using FeW/SBA-15 catalyst. Biswas (2011) 

performed a kinetic study of the NiMo/ZrSBA15 catalyst for hydrotreating of heavy gas oil in a 

trickle-bed reactor.  

This chapter details the kinetic and long-term deactivation studies performed using a 

NiMoP/MesoAl2O3(CI) catalyst for the hydrotreating of HGO in a trickle-bed reactor. In this 

section of the work, the effects of various process parameters on catalytic activity were studied, 

including temperature, pressure, LHSV and gas/oil ratio. The hydrotreating experiments were 

performed in various operating conditions, ranging from 375 °C to 400 °C, 8.27 Mpa to 9.31 Mpa, 

400 ml/ml to 700 ml/ml (gas/oil) and 0.5 h-1 to 1.5 h-1 (LHSV). The kinetic parameters estimation 

was performed using the Power Law and Langmuir-Hinshelwood models, and the results were 

compared with the literature. Finally, a 60-day hydrotreating run using HGO in a trickle-bed 

reactor was performed to examine the catalyst stability. 
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9.4 Hydrodynamics in trickle-bed reactor 

The catalytic reaction kinetics was performed for the optimum catalyst NiMoP/MesoAl2O3(CI) in 

a laboratory scale trickle-bed reactor. The major issues related to hydrodynamics, such as axial 

dispersion/backmixing, wall effects and complete wetting of catalyst, were addressed by diluting 

the catalyst with silicon carbide (Bej et al. 2000; Ramírez et al. 2004). The Gierman criteria was 

used to determine the complete wetting of the catalyst (Gierman 1988). The wall effects were 

neglected considering the criteria determined by Chu and Ng (1989); to avoid backmixing, an L/dp 

ratio of more than 100 was maintained. A summary of the results are presented in Table 9.1 

 

Table 9.1 Summary of criteria used to justify hydrodynamics 

Phenomenon Criteria used Calculated 

value of criteria 

Results 

Wetting 𝑊 =  
𝜇𝐿 ∗ 𝑢𝐿

𝜌𝐿 ∗ 𝑑𝑝
2 ∗ 𝑔

> 5 ∗ 10−6 
2.7*10-5 Complete wetting 

Wall effect 𝐷𝑏

𝑑𝑝
> 25 

61 No 

Backmixing 𝐿

𝑑𝑝
> 100 

790 No 

 

9.5 Mass Transfer resistance evaluation 

In a typical catalytic reaction, the reactant molecules need to diffuse from bulk phase to catalyst 

surface, where they adsorb and reaction takes place. The products were desorbed from the catalyst 

surface and then again diffused back to the bulk phase (Fogler 2006). The steps involved in a three-

phase reaction in a trickle-bed reactor were described by Ramachandran and Chaudhari (1983) and 

are as follows: 

 

1. Mass transfer (diffusion) of gaseous reactant from bulk gas phase to gas-liquid interface. 

2. Transportation of gaseous reactant from gas-liquid interface to bulk liquid phase. 
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3. Mass transfer of gaseous and liquid reactant from bulk liquid phase to catalyst surface. 

4. Diffusion of the reactants from catalyst surface to the pores where active sites are present. 

5. Adsorption of reactants on the active site present on the catalyst surface. 

6. Surface reaction to yield products. 

7. Desorption and diffusion of products back to bulk liquid and gas phase following steps 4, 

3, 2 and 1, respectively. 

 

Therefore, the overall kinetics depends on both mass transfer and reaction rate, and it is essential 

to calculate mass transfer resistances. The methodology to calculate external and internal mass 

transfer was adopted from Biswas (2011) and Boahene (2011). 

9.5.1 External mass transfer  

The external mass transfer resistance are those which prevent the reactants from reaching the 

catalyst surface. The Satterfield criterion (Satterfield et al. 1970) was used to determine the effect 

of external mass transfer resistance; that is, the diffusion of hydrogen to heavy gas oil during HDS 

and HDN reactions (Satterfield 1975; Mary et al. 2009). According to this criterion, if equation 

9.1 is satisfied then the diffusion resistance is present. 

10𝑑𝑝

𝐶𝐻2
∗ 𝑟 ∗ (1 − 𝜀) > 𝐾𝑂𝑉𝑅               ….9.1 

Based on the detailed calculations mentioned in Appendix A, the following observations were 

made: 

For HDS reaction 

Left-hand side of Satterfield’s criterion = 9.79 X 10-5 to 2.97×10-4 cm/s 

Right-hand side of Satterfield’s criterion = 1.08×10-4 to 1.20×10-4 cm/s 

 

For HDN reaction 

Left-hand side of Satterfield’s criterion = 1.88 X 10-5 to 3.81×10-5 cm/s 

Right-hand side of Satterfield’s criterion = 1.08×10-4 to 1.20×10-4 cm/s  

 

Satterfield’s criterion for external mass transfer analysis for HDN and HDS reactions suggests that 

the diffusional resistance for hydrogen flow from bulk phase to catalyst surface are not significant. 

The left-hand side and right-hand side values of equation for HDN reaction have one order of 
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magnitude difference. However, the left-hand side and right-hand side values of the equation are 

in the same order of magnitude for the HDS reaction at certain operating conditions (which results 

in a higher conversion). This could be due to the greater requirement of hydrogen for HDS, as the 

amount of sulfur is very high in comparison to nitrogen content in heavy gas oil. Therefore, 

external mass transfer limitations cannot be completely neglected for the HDS reaction. 

9.5.2 Internal mass transfer 

The isothermal conditions were assumed in the catalyst pellet to evaluate internal mass transfer 

effects. These assumptions were validated by satisfying the Anderson’s criterion (Mears 1971; 

Fogler 2006). The detailed calculations, as shown in Appendix A, justify the assumptions.  

The internal effectiveness factor is the parameter to describe whether the reaction is internal-mass-

transfer- (diffusion-) limited or reaction-rate limited. The internal effectiveness factor is defined 

as (Fogler 2006) 

𝜂 =
actual overall reaction rate

overall reaction rate without internal diffusion
            ….9.2 

If the value of η is 0.95 or higher, it can be considered that internal mass transfer limitations are 

not present. The catalyst surface concentration at the reactor inlet was considered as the 

concentration of sulfur/nitrogen compounds in feed. The values for ηHDS and ηHDN were calculated 

and found to be 0.97 for both reactions. Therefore, because the values for internal effectiveness 

factor are greater than 0.95 for both HDN and HDS reactions, the internal mass transfer resistances 

are negligible. 

9.6 Effect of operating parameters on HDS and HDN conversion 

9.6.1 Effect of system temperature 

The simplest way to change the hydrotreating conversions is to tweak the temperature. In order to 

study the effect of the temperature on HDS and HDN reactions, the hydrotreating tests for the 

NiMoP/MesoAl2O3(CI) catalyst were performed at four different temperatures: 375°C, 385°C, 395 

°C, and 400 °C, at 8.96 MPa pressure, 1 h-1 LHSV and 600ml/ml G/O ratio. Further increase in 

temperature will lead to hydrocracking and shorting of catalyst life (Boahene et al. 2013). The 

variation in HDS and HDN conversion with respect to change in temperature is shown in Figure 
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9.1. It was observed that with increase in temperature, HDS and HDN activities were increased. 

However, the percentage increase in HDN activity was greater than that of HDS activity. The HDN 

reaction follows the hydrogenation route followed by C=N bond scission (for aromatic). The 

increase in temperature favors the C=N bond cleavage and hence HDN reactions. The lower 

percentage increase in HDS reaction rate with increase in temperature might be due to the 

diffusional limitations for hydrogen (at higher conversion rates), or due to the reaction approaching 

equilibrium. 

 

 

 

Figure 9.1 Effect of temperature on HDS and HDN conversion 

(Catalyst: NiMoP/MesoAl2O3(CI), Pressure = 8.96 Mpa, Gas/Oil Ratio = 600:1, LHSV = 1h-1, and 

feed is HGO)  

9.6.2 Effect of system pressure 

The system pressure was varied from 8.27 to 9.31 MPa in order to study the effect of pressure on 

the hydrotreating of HGO. The results are shown in Figure 9.2. Other process parameters such as 

temperature, gas to oil (G/O) ratio and LHSV were kept constant at 395 °C, 600 ml/ml and 1 h-1, 

respectively. The increase in pressure results in increase of hydrogen partial pressure; therefore, 

the HDS and HDN activities may increase. It can be observed from Figure 9.2 that with increase 

in pressure, the increase in HDS rate was minimal. However, significant increase in HDN activity 

was observed with an increase in hydrogen partial pressure. This is because the HDN reactions 
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primarily follow the hydrogenation pathway, whereas the HDS reactions follow the direct 

desulfurization pathway as well as the hydrogenation pathway. Also, it was observed from Figure 

9.2 that the increase in pressure beyond 8.96 MPa did not help in further increasing the HDS and 

HDN conversions. This indicates that 8.96 MPa is the optimum operating pressure.  

 

Figure 9.2 Effect of pressure on HDS and HDN conversion 

(Catalyst: NiMoP/MesoAl2O3(CI), Temperature = 395 °C, Gas/Oil Ratio = 600:1, LHSV= 1h-1, 

and feed is HGO)  

9.6.3 Effect of liquid hourly space velocity (LHSV) 

The effect of feed flow rate on the HDS and HDN conversions was studied by varying the liquid 

hourly space velocity from 0.5 to 1.5 h-1. The operating parameters temperature, pressure and gas-

to-oil ratio were kept constant at 395 °C, 8.96 MPa and 600ml/ml, respectively. As predicted, the 

HDS and HDN conversions increased with decreasing LHSV, due to increase in liquid-catalyst 

contact time (see Figure 9.3). It was observed that the HDS conversion did not change for LHSV 

below 0.75 h-1. This indicates that at lower LHSV, the HDS reactions are kinetic limited. 
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Figure 9.3 Effect of liquid hourly space velocity (LHSV) on HDS and HDN conversion 

(Catalyst: NiMoP/MesoAl2O3(CI), Temperature = 395 °C, Gas/Oil Ratio = 600:1,  

Pressure = 8.96 MPa, and feed is HGO)  

9.6.4 Effect of Gas to Oil ratio 

The change in hydrotreating activity for catalyst NiMoP/MesoAl2O3(CI) with changing G/O ratio 

is shown in Figure 9.4. It can be observed from Figure 9.4 that with the decrease in G/O ratio, the 

HDS and HDN activities are decreasing. This decrease in the HDS and HDN conversion could be 

due to a decrease in H2 partial pressure at lower hydrogen flow rates, as both reactions follow the 

hydrogenation route. The higher G/O ratio also helps in reducing coke formation and catalyst 

deactivation; however, high hydrogen flow rate also costs more. Therefore, determining optimum 

G/O ratio is important. In this study, the effect of G/O ratio ranging from 400 to 700 ml/ml was 

studied at 395 °C temperature, 1 h-1 LHSV and 8.96 MPa pressure. The observed increase in the 

HDS and HDN conversions was minimum after a G/O ratio of 600ml/ml (see Figure 9.4).  
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Figure 9.4 Effect of gas to oil ratio on HDS and HDN conversion 

(Catalyst: NiMoP/MesoAl2O3(CI), Temperature = 395 °C, LHSV = 1 h-1, Pressure = 8.96 MPa, 

and feed is HGO)  

9.6.5 Interdependency of process parameters 

The experimental data for the HDS and HDN conversions at different operating conditions are 

shown in Table 9.2. Regression analysis of the experimental data was performed using software 

Minitab17 to find the relation between conversion and operating parameters. The linear regression 

results in equations 9.3 and 9.4. 

% HDS conversion = - 58.9 - 4.16*LHSV + 0.0210*Pressure + 0.0122*G/O + 0.317*Temperature  

(R2 =95.6%)      ....9.3 

% HDN conversion = - 446 - 31.5*LHSV + 0.0902*Pressure + 0.0601*G/O + 1.01*Temperature  

      (R2= 97.3%)      ....9.4 

From the above equation, it can be concluded that the decrease in LHSV has maximum impact on 

conversion, followed by the effect of temperature.  
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Table 9.2 HDS and HDN conversions at different operating conditions 

Temperature 

(°C) 

LHSV 

(h-1) 

Pressure 

(MPa) 

G/O 

(ml/ml) 

%HDS  

conversion (wt.) 

%HDN 

Conversion (wt.) 

375 1.0 8.96 600 90 54 

385 1.0 8.96 600 94 67 

395 1.0 8.96 600 97 77 

400 1.0 8.96 600 98 81 

395 0.5 8.96 600 98 89 

395 0.75 8.96 600 98 82 

395 1.0 8.96 600 97 77 

395 1.5 8.96 600 94 57 

395 1.0 9.31 600 97 78 

395 1.0 8.96 600 97 77 

395 1.0 8.61 600 96 69 

395 1.0 8.27 600 94 66 

395 1.0 8.96 700 98 80 

395 1.0 8.96 600 97 77 

395 1.0 8.96 500 96 68 

395 1.0 8.96 400 94 63 

 

9.7 Kinetic parameters estimation using Power Law and L-H model 

The rate law and kinetic parameters are required to design a reactor; therefore, it is important to 

evaluate them for a reaction. In this section the kinetic parameters for hydrodesulfurization and 

hydrodenitrogenation reactions are calculated using the Power Law and Langmuir-Hinshelwood 

models. Assumptions such as (i) reactor operating in isothermal and plug flow conditions, (ii) no 

wall effects, no backmixing and complete wetting, and (iii) no internal mass transfer limitations 

were justified in sections 9.4 and 9.5. However, the external mass transfer resistances for the HDS 

reactions at higher conversions cannot be fully neglected. Thus, the rate calculated from the kinetic 

models will be apparent for HDN and HDS reactions. The HDS and HDN activities for the best 

catalyst NiMoP/ MesoAl2O3(CI) were measured at four different temperatures (375, 385, 395 and 
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400 °C), four different LHSV (0.5, 0.75, 1 and 1.5 h-1), four different pressures (8.27, 8.61, 8.96, 

and 9.31 MPa), and four different gas/oil ratio (400, 500, 600 and 700 ml/ml). The conversions 

are shown in Table 9.2. The values of activities reported are the average value for 12 data points 

(i.e., 4 oil samples and each sample is analyzed 3 times). The sulfur and nitrogen content in feed 

HGO was 4.1 wt.% and 0.38 wt.%, respectively.  

9.7.1 Power Law model 

The Power Law is the simplest model for initial estimations, and many researchers use it. However, 

there is no provision in this model to include the inhibition effects by other molecules present in 

the feed (Owusu-Boakye et al. 2005; Ferdous et al. 2006; Kady et al. 2010). The Power Law is 

defined by equation 9.5 and based on the value of n; equations 9.6 and 9.7 describe the solution 

for Power Law (Badoga et al. 2014). The activation energy was calculated by using Arrhenius 

equation, defined by equation 9.8. Kinetic parameters such as rate of reaction, activation energy 

and rate constants for the HDS and HDN reactions of catalyst NiMoP/ MesoAl2O3(CI) were 

evaluated using Power Law and are recorded in Table 9.3.  

−𝑟𝑖 =  −
𝑑𝐶𝑖

𝑑𝑡
=  𝑘𝑖𝐶𝑖

𝑛                      ….9.5 

ln (
𝐶𝑓

𝐶𝑝
) = 

𝑘𝑖

𝐿𝐻𝑆𝑉
    for  n=1                  ….9.6 

[
1

𝐶𝑝
𝑛−1 −  

1

𝐶𝑓
𝑛−1] = (𝑛 − 1)

𝑘𝑖

𝐿𝐻𝑆𝑉
    𝑓𝑜𝑟 𝑛 ≠ 1     ….9.7 

𝑘𝑖 =  𝑘0𝑒(−
𝐸

𝑅𝑇
)
                          ….9.8 

where, Ci = concentration of species i (S or N) and Cp and Cf are the concentration of species i in 

product and feed, respectively (wt%). ki = apparent rate constant of species i. n = order of reaction, 

LHSV = liquid hourly space velocity, h-1, k0 = pre-exponential factor, E = activation energy 

(kJ/mol), T = absolute temperature (K) and R = universal gas constant (kJ/mol K). 

 

     Table 9.3 Kinetic parameters estimation using Power Law 

 
n 

R2-fit for 

Power 

Law 

ki(h-1 

(wt%)n-1) 

E 

(kJ/mol) 

R2-fit for 

Arrhenius 

eqn ko 

HDS 1.4 0.97 4.09 132 0.99 1.1E+11 

HDN 1.4 0.98 1.05 128 0.99 1.4E+10 
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9.7.2 Langmuir-Hinshelwood model 

The Langmuir-Hinshelwood model was adopted to develop the rate law, accounting for inhibition 

effects caused by other molecules. The reaction is assumed to take place between adsorbing species 

on the catalyst surface. The following assumptions were made for the L-H model ( Ramachandran 

& Chaudhari 1983; Satterfield 1996; Owusu-Boakye 2005): 

1. The adsorption of reactants takes place at active sites on surface of catalyst. 

2. The surface reaction takes place between adsorbed reactants. 

3. Desorption of products is followed by the reaction 

4. Earlier research has shown that the presence of H2S reduces the rate of HDS reaction. 

Therefore, it is assumed that H2S acts as an inhibitor (M. J. Girgis & Gates 1991; Botchwey 

et al. 2004). 

5. The nitrogen concentration in feed is very low as compared to sulfur; therefore, the NH3 

concentration is very low and can be neglected. 

6. The HDS and HDN reactions were assumed to be pseudo first order. 

Reaction:    S/N containing hydrocarbon + H2                     Hydrocarbons + H2S + NH3          ….9.9 

The various L-H models are reported in the literature; however, the frequently cited models for 

hydrotreating of heavy gas oil are presented in equations 9.10 to 9.12 (Biswas 2011; Boahene 

2011; Botchwey et al. 2004; Ferdous et al. 2006; Mapiour 2009).  

Model I:        −𝑟𝑎 =  
𝑑𝐶𝑖

𝑑𝑡
=  

𝑘∗𝐾𝑖∗𝐶𝑖

(1+𝐾𝑖∗𝐶𝑖)
         ….9.10 

Model II:        −𝑟𝑎 =  
𝑑𝐶𝑖

𝑑𝑡
=  

𝑘∗𝐾𝑖∗𝐶𝑖

(1+𝐾𝑖∗𝐶𝑖+𝑃𝐻2𝑆∗𝐾𝐻2𝑆)
                        ….9.11 

Model III:        −𝑟𝑎 =  
𝑑𝐶𝑖

𝑑𝑡
=  

𝑘∗𝐾𝑖∗𝐶𝑖∗𝑃𝐻2∗𝐾𝐻2

(1+𝐾𝑖∗𝐶𝑖+𝑃𝐻2∗𝐾𝐻2+𝑃𝐻2𝑆∗𝐾𝐻2𝑆)2
       ….9.12 

where, Ci is the concentration of N/S in product, k is rate constant and Ki are equilibrium adsorption 

constants.  

The values for reaction rates at different operating conditions were calculated using data from 

Table 9.2. The adsorption equilibrium constants and the rate constants were calculated using non-
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linear regression and polymath software. The values for partial pressure of the hydrogen and the 

hydrogen sulfide were calculated using Hysys software. The details are provided in Appendix B. 

The kinetic parameters for all three L-H models were calculated and are shown in Table 9.4. The 

goodness of fit of each model to experimental data and the activation energies for HDS and HDN 

reaction from various models are presented in Table 9.5 

Table 9.4 Kinetic parameters for HDS and HDN reaction from L-H models 

Model HDS HDN 

I 
−𝑟𝐻𝐷𝑆 =

0.004 ∗ 23 ∗ 𝐶𝑖

(1 + 23 ∗ 𝐶𝑖)
 −𝑟𝐻𝐷𝑁 =

0.0001 ∗ 28 ∗ 𝐶𝑖

(1 + 28 ∗ 𝐶𝑖)
 

II 
−𝑟𝐻𝐷𝑆 =  

0.007 ∗ 37.3 ∗ 𝐶𝑖

(1 + 37.3 ∗ 𝐶𝑖 + 𝑃𝐻2𝑆 ∗ 4)
 −𝑟𝐻𝐷𝑁 =  

0.000092 ∗ 58 ∗ 𝐶𝑖

(1 + 54 ∗ 𝐶𝑖 + 𝑃𝐻2𝑆 ∗ 2.6)
 

III −𝑟𝐻𝐷𝑆

=  
0.009 ∗ 11.3 ∗ 𝐶𝑖 ∗ 𝑃𝐻2 ∗ 0.04

(1 + 11.3 ∗ 𝐶𝑖 + 𝑃𝐻2 ∗ 0.04 + 𝑃𝐻2𝑆 ∗ 1.17)2
 

−𝑟𝐻𝐷𝑁

=  
0.002 ∗ 10 ∗ 𝐶𝑖 ∗ 𝑃𝐻2 ∗ 0.013

(1 + 10 ∗ 𝐶𝑖 + 𝑃𝐻2 ∗ 0.013 + 𝑃𝐻2𝑆 ∗ 0.31)2
 

 

 

Table 9.5 Activation energies for HDS and HDN reactions from L-H models 

 

 

 Model I Model II Model III 

R2 fit for 

model 

Activation 

energy 

(kJ/mol) 

R2 fit for 

model 

Activation 

energy 

(kJ/mol) 

R2 fit for 

model 

Activation 

energy 

(kJ/mol) 

HDS 0.82 115 0.95 94 0.97 93 

HDN 0.80 100 0.90 85 0.97 85 
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L-H Model III shows the best fit among all three L-H models. The calculated activation energies 

and order of reaction for the HDS and HDN reactions for hydrotreating of heavy gas oil are in 

agreement with the literature, as shown in Table 9.6 

Table 9.6 Literature data for activation energy and order for HDS and HDN reaction for heavy 

petroleum fractions and different catalysts 

Kinetic 

Model 

HDS HDN References 

Order of 

reaction 

Activation 

Energy 

(kJ/mol) 

Order of 

reaction 

Activation 

Energy 

(kJ/mol) 

Power Law 1.5 94 1 79 (Yui & Ng 1995) 

Power Law 1 138 1.5 92 (Yui & Sanford 1989) 

Power Law 1.5 87 1 74 (Ferdous et al. 2006) 

Power Law 1.5 151 1 132 (Yui & Dodge 2006) 

Power Law 2 130 1.5 150 (Boahene 2011) 

Power Law 2 101 1.5 79 (Mapiour 2009) 

L-H Pseudo 1st 99 Pseudo 1st 69 (Mapiour 2009) 

L-H Pseudo 1st 159 Pseudo 1st 110 (Ferdous et al. 2006) 

L-H Pseudo 1st 114 Pseudo 1st 93 (Botchwey et al. 2004) 

L-H Pseudo 1st 147 Pseudo 1st 165 (Boahene 2011) 

L-H Pseudo 1st 122 Pseudo 1st 135 (Biswas 2011) 

Power Law 1.4 132 1.4 128 Present study 

L-H Pseudo 1st 93 Pseudo 1st 85 Present study 
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9.8 Catalyst stability study 

A stability study of the NiMoP/MesoAl2O3(CI) catalyst was performed to estimate the catalyst 

performance for industrial use. The hydrotreating of bitumen derived heavy gas oil was performed 

continuously for 60 days (after precoking) using the NiMoP/mesoAl2O3(CI) catalyst under the 

optimum conditions of 395 °C temperature, 1 h-1 LHSV, 8.96 MPa pressure, and  600 ml/ml 

Gas/Oil ratio (see Figure 9.5). It was observed that the HDN activity remained constant initially 

until day 12 and then decreased by 5.0% until day 38, and then remained constant until day 60. 

The overall decline of 5.5% and 1% in HDN and HDS activity, respectively, was observed past 60 

days (after precoking). Therefore, the 60-day hydrotreating run indicates no significant 

deactivation of the NiMoP/MesoAl2O3(CI) catalyst and thus, reasonable catalyst stability. 

 

 

Figure 9.5 Long-term stability studies for NiMoP/MesoAl2O3(CI) catalyst at Temperature = 395 

°C, LHSV = 1 h-1, Pressure = 8.96 MPa, and Gas/Oil ratio = 600 ml/ml 

9.9 Conclusions 

The hydrodynamics in the trickle-bed reactor was evaluated, and it was observed that the use of 

silicon carbide to dilute the catalyst eliminated the backmixing and wall effects. A complete 

wetting of the catalyst was also attained. Hydrotreating of a HGO was performed at various 

operating conditions, ranging from 375 °C to 400 °C, 8.27 to 9.31 MPa, 400 ml/ml to 700 ml/ml 

(gas/oil) and 0.5 h-1 to 1.5 h-1 (LHSV). For the range of experimental data at various operating 
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conditions, the external and internal mass transfer calculations were performed. Anderson’s 

criterion has confirmed the isothermal conditions for HDS and HDN reactions. The calculated 

value for the internal effectiveness factor for HDS and HDN reactions is 0.97. This confirms that 

internal mass transfer resistances are negligible. Satterfield’s criteria were used to calculate the 

external mass transfer limitations. No external mass transfer limitations were observed for HDN 

reactions; however, external mass transfer limitations cannot be fully neglected for HDS reactions 

at higher conversions. This could be due to the presence of high amount of sulfur, which require 

more hydrogen for HDS reactions.  The effect of various process parameters on the catalytic 

activity was determined. An increase in temperature, pressure and gas/oil ratio and a decrease in 

LHSV result in higher HDS and HDN conversions. The empirical relation representing the effect 

of all parameters on HDS and HDN activities was developed. It was observed that temperature has 

a major effect on conversion. The kinetic parameters were estimated using the Power Law and 

Langmuir-Hinshelwood models. The activation energy for HDS reactions was calculated to be 132 

kJ/mol and 93 kJ/mol, and for HDN reactions it is 128 kJ/mol and 85 kJ/mol, determined from 

experimental data using the Power Law and L-H models, respectively. The 60-day run for the 

hydrotreating reaction was performed, and a 5.5 % and 1.0% decline in HDN and HDS activity 

over 60 days was observed, respectively. This implies no significant deactivation of the 

NiMoP/MesoAl2O3(CI) catalyst, indicating catalyst stability. 
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Chapter 10 

10 Conclusions and recommendations  

10.1 Conclusions 

The overall objective of this work was to (i) understand the role of chelating ligand, phosphorus 

and support modifications on the activity of a NiMo hydrotreating catalyst, and possibly (ii) 

modify or develop a catalyst to improve the hydrotreating activity for the removal of bulky sulfur- 

and nitrogen-containing compounds present in actual feed at industrial hydrotreating conditions. 

The overall summary and conclusions from each phase of the project are included below. 

NiMo/SBA-15 catalysts with varying EDTA/Ni molar ratios (0-5) were synthesized and 

extensively characterized to study the effects of chelating ligands on sulfidation mechanism and 

hydrotreating activity. The presence of EDTA in the catalyst increased the sulfidation temperature 

of nickel to the point, where the sulfidation of molybdenum had already started. This led to the 

formation of more number of Type-II NiMoS active sites that are responsible for an increase in 

HDS and HDN activity. The dispersion of molybdenum oxide during sulfidation was also 

enhanced by EDTA. An increase in HDS and HDN activities was observed with increasing 

EDTA/Ni molar ratio from 0 to 4. The mechanistic aspect of interaction between support and 

EDTA, EDTA and metallic species, support and metal, metallic species and metallic species at 

different reaction conditions was studied; a detailed scheme has been developed to explain the 

behavior of chelating agents in mesoporous SBA-15 supported catalysts.  

This study examined the effects of support, combined support and chelating ligands on the activity 

of a supported NiMo catalyst for the removal of sulfur- and nitrogen-containing compounds 

present in heavy gas oil. In this work, different support materials such as M-SBA-15 (M=Ti, Al 

and Zr), mesoporous mixed metal oxides (TiO2-Al2O3, ZrO2-Al2O3 and SnO2-Al2O3) and 

mesoporous metal oxides (ZrO2, Al2O3) were synthesized and used for a NiMo hydrotreating 

catalyst. Activity was determined in terms of HDS, HDN and HDA for hydrotreating HGO in a 

continuous fixed-bed reactor operated under typical industrial conditions.  
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Incorporating heteroatoms in support materials led to an increase in acidic strength. Incorporating 

Ti, Al and Zr in a SBA-15 framework resulted in an increase in the surface acidity and metal 

support interactions in otherwise neutral SBA-15 material.  This increased the molybdenum 

dispersion. HDS, HDN and HDA activity of a NiMo/SBA-15 catalyst increased by 12%, 70% and 

22%, respectively as in the case of the NiMo/Ti-SBA-15 catalyst (Cat-Ti). Adding EDTA not only 

helped in increasing molybdenum oxide dispersion, but it also helped in the formation of a greater 

number of molybdenum in octahedral structures, which were easily reducible during sulfidation. 

An increase in HDS, HDN and HDA activity by 18%, 36% and 22%, respectively, as in case of 

the NiMo/Ti-SBA-15/2EDTA (Cat-TiE) catalyst, was observed. A detailed schematic on the 

effects of EDTA-Mo-Support interactions on dispersion of active metals in catalysts was 

presented.  

Hydrotreating of heavy gas oil on Mesoporous mixed metal oxides M-Al2O3 (M=TiO2, ZrO2, 

SnO2) supported NiMo catalysts was performed to study the influence of surface acidity. NH3-

TPD confirmed an increase in the acidic strength of the catalysts after the introduction of metal 

oxides, and it followed the order NiMo/ SnO2-Al2O3 > NiMo/ ZrO2-Al2O3 > NiMo/ TiO2-Al2O3. 

The Acridine-FTIR analysis confirmed that the catalysts with great acidic strength hold acridine 

strongly at high temperatures. This implies that catalysts with higher acidity are prone to inhibition 

by basic nitrogen-containing compounds present in feed. The HDS and HDN activities follow the 

order NiMo/TiO2-Al2O3 > NiMo/mesoAl2O3 > NiMo/ZrO2-Al2O3 > NiMo/γ-Al2O3 > NiMo/SnO2-

Al2O3. Thus, incorporating metal oxides having strong Lewis acidity in order to increase the 

acidity of alumina support would not improve HDN and HDS activity for nitrogen-rich feeds (e.g., 

Athabasca bitumen-derived heavy gas oil) due to inhibition effects. This accounted for the lower 

activity of the NiMo/SnO2-Al2O3 > NiMo/ ZrO2-Al2O3 catalysts. 

Large-pore mesoporous ZrO2 and Al2O3 were also tested for hydrotreating of heavy gas oil. The 

greater activity of the mesoporous zirconia supported catalysts could be ascribed to the ordered 

mesoporous structure, the presence of the tetragonal phase of ZrO2,  and the increase in metal-

support interaction resulting in fine dispersion of molybdenum oxide, as shown by XRD, FTIR 

and RAMAN. However, the performance of mesoporous alumina was better than that of 

mesoporous zirconia. Different types of mesoporous aluminas were synthesized. HRTEM 

characterization revealed that with changes in the HNO3/H2O ratio during synthesis, the structure 
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changed from ordered hexagonal to worm-like/sponge-like and from fibular to corrugated 

platelets/rod-like structures. Among many mesoporous aluminas synthesized, the greatest textural 

properties attained were 740 m2/g surface area, 3 cm3/g pore volume and 13 nm pore diameter. 

The morphology of the structure changed after the loading of active metals (molybdenum), and 

the catalytic activity followed the order: NiMo/Meso-Al-0.6 > NiMo/Meso-Al-0.4 > NiMo/Meso-

Al-2 ≈ NiMo/Meso-Al-0.2 > NiMo/Meso-Al-0 > NiMo/γ-Al2O3 > NiMo/Meso-Al-1.25 (the 

number represent the HNO3/H2O ratio). The NiMo/Meso-Al-0.6 and NiMo/Al-Ti catalysts showed 

highest activity among all studied catalysts.  

The EDTA/Ni molar ratio was varied from 0.5 to 2.0 for NiMo/Meso-Al-0.6 and NiMo/Al-Ti 

catalysts for optimization and studying the effect of EDTA on their activities. The HDS and HDN 

activities for the NiMo/γ-Al2O3 catalyst increased with the addition of EDTA. However, a decline 

in HDS and HDN activities was observed for catalysts NiMo/MesoAl and NiMo/Meso Al-Ti with 

the addition of EDTA. These support materials have very high surface area, which promotes a fine 

dispersion of molybdenum sulfide. The addition of EDTA increases the stacking degree of 

molybdenum sulfide at the expense of dispersion. This results in a decrease in HDN and HDS 

activities. However, an increase in hydrodearomatization activity was observed. Therefore, it can 

be concluded that EDTA plays a different role with different supports in re-dispersion of 

molybdenum oxide during sulfidation. EDTA helps to increase the Mo dispersion only in those 

catalysts that have poorly dispersed molybdenum oxides. In case of very fine dispersion of active 

metals, the EDTA decreases Mo dispersion by increasing the stacking degree, as observed with 

the NiMo/MesoAl2O3 catalyst. 

The combined effects of support modification, EDTA and phosphorus on the activity of the 

mesoporous Al2O3 and TiO2-Al2O3 supported NiMo catalysts for hydrotreating of heavy gas oil 

were studied. The differences in textural properties were observed for catalysts prepared by 

different methods of phosphorus addition, such as sequential and co-impregnation. The loss in 

textural properties were more in catalysts prepared by sequential impregnation (SI) as compared 

to the catalysts prepared by co-impregnation (CI). The mesoporous alumina supported catalysts 

containing phosphorus showed greater activities for hydrotreating heavy gas oil, as compared to 

those shown by the mesoporous alumina-titania supported catalysts. The HDS and HDN activities 

for Meso Al supported catalysts follows the order: NiMoP/Al(CI) > NiMoP/γ-Al2O3 > NiMo/Meso 
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Al > NiMoP/Al(SI) > NiMoP/Al(SI)/IE > NiMoP/Al(CI)/0.5E > NiMoP/Al(CI)/1E > NiMo/γ-

Al2O3. The negative effect of EDTA on HDS and HDN activity was observed in a catalyst prepared 

by co-impregnation due to the decrease in active metal dispersion, as shown by HRTEM analysis.  

However, the addition of EDTA in a catalyst prepared by sequential impregnation was observed 

to increase in dispersion. This is due to the poor dispersion of molybdenum sulfide in catalyst 

NiMoP/Al(SI), prepared by sequential impregnation. Catalyst NiMoP/Al(CI) showed best activity 

with 97 wt% and 77 wt% conversions of sulfur and nitrogen compounds, respectively. 

Kinetic and long-term deactivation studies for the mesoporous alumina supported NiMoP catalyst 

prepared by co-impregnation were also performed. The axial dispersion/back mixing, wall effects 

and complete wetting of the catalyst were addressed by diluting the catalyst with silicon carbide. 

The external and internal mass transfer limitations were found to be negligible. However, for 

extreme operating conditions that result in a higher sulfur conversion, the external mass transfer 

cannot be fully neglected for HDS reactions. Therefore, the reaction rates and kinetic parameters 

determined were apparent. The order of HDS and HDN reactions calculated using the Power Law 

is 1.4, and pseudo first order was assumed for the L-H model. The activation energies for HDS 

reactions are calculated to be 132 kJ/mol and 93 kJ/mol, and for HDN reactions they are 128 

kJ/mol and 85 kJ/mol; these were determined from experimental data using the Power Law and L-

H models, respectively. The empirical relation representing the effects of all parameters on HDS 

and HDN activity was developed, and it was observed that a decrease in LHSV had the maximum 

impact on conversion, followed by the effect of temperature. The long-term deactivation study 

showed no significant deactivation of the NiMoP/mesoAl2O3(CI) catalyst over 60 days, indicating 

very good catalyst stability. 
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10.2  Recommendations 

 Conduct a pilot plant study and cost estimation of the optimum catalyst to ensure industrial 

application. 

 The large pore diameter (13 nm), high surface area (740 m2/g) and pore volume (3.0 cc/g) 

mesoporous alumina synthesized during this work collapses during wet impregnation with 

water. Wet impregnation using organic solvents may eradicate this problem and result in 

the synthesis of catalyst, which can possibly enhance the hydrotreating activity. 

 Nitrogen-containing compounds inhibit highly acidic catalysts; therefore, multi-catalytic 

bed systems should be tested for hydrotreating. Also, feed pretreatment for nitrogen 

removal should be considered. 

 Mesoporous alumina supported CoNiMo tri-metallic catalysts help increase HDS 

conversion; therefore, this catalyst should be tested for hydrotreating of heavy gas oil. 

 Alumino silicate mixed oxide materials can also provide higher textural properties and 

bronsted acidity, which can increase HDS. This avenue needs to be explored for further 

improvements in hydrotreating activity.  

 

  



 
 

250 
 

References 

Afanasiev, P. (2008). Mixed TiO2–ZrO2 support for hydrotreating, obtained by co-precipitation 

from Zr basic carbonate and Ti oxosulfate. Catalysis Communications, 9, 734–739. 

Afanasiev, Pavel Geanlet, Christophe and Breysse, M. (1995). Preparation of High Surface Area 

Mo/ZrO2 Catalysts by a Molten Salt Method: Application to Hydrodesulfurization. Journal 

of Catalysis, 153, 17–24. 

Ahmed, M. A., & Abdel-Messih, M. F. (2011). Structural and nano-composite features of TiO2–

Al2O3 powders prepared by sol–gel method. Journal of Alloys and Compounds, 509, 2154–

2159. 

Ahmed, T. H. (1989). Hydrocarbon phase behavior. Gulf Publishing Company, Houston. 

Al-dalama, K., & Stanislaus, A. (2006). A Comparative Study of the Influence of Chelating 

Agents on the Hydrodesulfurization (HDS) Activity of Alumina and Silica - Alumina-

Supported CoMo Catalysts. Energy & Fuels, 20, 1777–1783. 

Al-Dalama, K., & Stanislaus, A. (2011). Temperature programmed reduction of SiO2–Al2O3 

supported Ni, Mo and NiMo catalysts prepared with EDTA. Thermochimica Acta, 520, 67–

74. 

Ancheyta, J., & Speight, J. G. (2007). Hydroprocessing of Heavy Oils and Residua. CRC press 

Taylor & Francis Group. 

Aritani, H., Fukuda, O., Miyaji, A., & Hasegawa, S. (2001). Structural change of molybdenum 

on silica- alumina in contact with propene studied by ESR and Mo L III -edge XANES. 

Applied Surface Science, 180, 261–269. 

Arnoldy, P., de Jonge, J. C. M., & Moulijn, J. A. (1985). Temperature-Programmed Reduction of 

MoO3 and MoO2. Journal of Physical Chemistry, 89, 4517–4526. 

Atanasova, P., Tabakova, T., Vladov, C., Halachev, T., & Agudo, A. L. (1997). Effect of 

phosphorus concentration and method of preparation on the structure of the oxide form of 

phosphorus-nickel-tungsten/alumina hydrotreating catalysts. Applied Catalysis A: General, 

161, 105–119. 

Badoga, S., Mouli, K. C., Soni, K. K., Dalai, A. K., & Adjaye, J. (2012). Beneficial influence of 

EDTA on the structure and catalytic properties of sulfided NiMo/SBA-15 catalysts for 

hydrotreating of light gas oil. Applied Catalysis B: Environmental, 125, 67–84. 

Badoga, S., Dalai, A. K., Adjaye, J., & Hu, Y. (2014). Combined Effects of EDTA and 

Heteroatoms ( Ti , Zr , and Al ) on Catalytic Activity of SBA-15 Supported NiMo Catalyst 

for Hydrotreating of Heavy Gas Oil. Industrial & Engineering Chemistry Research, 53, 

2137–2156. 



 
 

251 
 

Badoga, S., Sharma, R. V., Dalai, A. K., & Adjaye, J. (2014a). Hydrotreating of heavy gas oil on 

mesoporous zirconia supported NiMo catalyst with EDTA. Fuel, 128, 30–38. 

Badoga, S., Sharma, R. V, Dalai, A. K., & Adjaye, J. (2014b). Hydrotreating of Heavy Gas Oil 

on Mesoporous Mixed Metal Oxides (M−Al2O3, M = TiO2, ZrO2, SnO2) Supported NiMo 

Catalysts: Influence of Surface Acidity. Industrial & Engineering Chemistry Research, 53, 

18729–18739. 

Badoga, S., Sharma, R. V., Dalai, A. K., & Adjaye, J. (2015). Synthesis and characterization of 

mesoporous aluminas with different pore sizes: Application in NiMo supported catalyst for 

hydrotreating of heavy gas oil. Applied Catalysis A: General, 489, 86-97. 

Bej, S. K., Dabral, R. P., Gupta, P. C., Mittal, K. K., Sen, G. S., Kapoor, V. K., & Dalai, A. K. 

(2000). Studies on the Performance of a Microscale Trickle Bed Reactor Using Different 

Sizes of Diluent. Energy & Fuels, 14, 701–705. 

Bej, S. K., Dalai, A. K., & Adjaye, J. (2001). Comparison of Hydrodenitrogenation of Basic and 

Nonbasic Nitrogen Compounds Present in Oil Sands Derived Heavy Gas Oil. Energy & 

Fuels, 15, 377–383. 

Bejenaru, N., Lancelot, C., Blanchard, P., Lamonier, C., Rouleau, L., Payen, E., et al. (2009). 

Synthesis, Characterization, and Catalytic Performances of Novel CoMo 

Hydrodesulfurization Catalysts Supported on Mesoporous Aluminas. Chemistry of 

Materials, 21, 522–533. 

Bergwerff, J., Jansen, M., Leliveld, B., Visser, T., Dejong, K., & Weckhuysen, B. (2006). 

Influence of the preparation method on the hydrotreating activity of MoS2/Al2O3 extrudates: 

A Raman microspectroscopy study on the genesis of the active phase. Journal of Catalysis, 

243, 292–302. 

Besenbacher, F., Brorson, M., Clausen, B. S., Helveg, S., Hinnemann, B., Kibsgaard, J., et al. 

(2008). Recent STM, DFT and HAADF-STEM studies of sulfide-based hydrotreating 

catalysts: Insight into mechanistic, structural and particle size effects. Catalysis Today, 130, 

86–96. 

Bhaskar, T., Reddy, K. R., Kumar, C. P., Murthy, M. R. V. S., & Chary, K. V. R. (2001). 

Characterization and reactivity of molybdenum oxide catalysts supported on zirconia. 

Applied Catalysis A: General, 211, 189–201. 

Biswas, P. (2011). Catalytic Performances of NiMo / Zr-SBA-15 Catalysts for the Hydrotreating 

of Bitumen Derived Heavy Gas Oil. University of Saskatchewan. 

Biswas, P., Narayanasarma, P., Kotikalapudi, C. M., Dalai, A. K., & Adjaye, J. (2011). 

Characterization and Activity of ZrO2 Doped SBA-15 Supported NiMo Catalysts for HDS 

and HDN of Bitumen Derived Heavy Gas Oil. Industrial & Engineering Chemistry 

Research, 50, 7882–7895. 



 
 

252 
 

Blanchard, P. E. R., Liu, S., Kennedy, B. J., Ling, C. D., Zhang, Z., Avdeev, M., et al. (2014). 

Studying the effects of Zr-doping in (Bi0.5Na0.5)TiO3 via diffraction and spectroscopy. 

Dalton Transactions, 43, 17358–65. 

Blanchard, P., Mauchausse, C., Payen, E., & Grimblot, J. (1995). Preparation and 

characterization of CoMo/Al2O3 HDS catalysts: Effects of a complexing agent. Studies in 

Surface Science and Catalysis, 91, 1037–1049. 

Boahene, P. E. (2011). Effect of Pore Diameter Variation of Fe-W / SBA-15 Supported Catalysts 

on Hydrotreating of Heavy Gas Oil from Athabasca Bitumen. University of Saskatchewan. 

Boahene, P. E., Soni, K., Dalai, A. K., & Adjaye, J. (2011). Hydrotreating of coker light gas oil 

on Ti-modified HMS supports using Ni/HPMo catalysts. Applied Catalysis B: 

Environmental, 101, 294–305. 

Boahene, P. E., Soni, K. K., Dalai, A. K., & Adjaye, J. (2011). Application of different pore 

diameter SBA-15 supports for heavy gas oil hydrotreatment using FeW catalyst. Applied 

Catalysis A: General, 402, 31–40. 

Boahene, P. E., Soni, K. K., Dalai, A. K., & Adjaye, J. (2013). Hydroprocessing of heavy gas 

oils using FeW/SBA-15 catalysts: Experimentals, optimization of metals loading, and 

kinetics study. Catalysis Today, 207, 101–111. 

Botchwey, C. (2010). Syntheses , Characterization and Kinetics of Nickel-Tungsten Nitride 

Catalysts for Hydrotreating of Gas Oil. University of Saskatchewan. 

Botchwey, C., Dalai, A. K., & Adjaye, J. (2004). Two-Stage Hydrotreating of Athabasca Heavy 

Gas Oil with Interstage Hydrogen Sulfide Removal:  Effect of Process Conditions and 

Kinetic Analyses. Industrial & Engineering Chemistry Research, 43, 5854–5861. 

Boumaza, a., Favaro, L., Lédion, J., Sattonnay, G., Brubach, J. B., Berthet, P., et al. (2009). 

Transition alumina phases induced by heat treatment of boehmite: An X-ray diffraction and 

infrared spectroscopy study. Journal of Solid State Chemistry, 182, 1171–1176. 

Breysse, M., Afanasiev, P., Geantet, C., & Vrinat, M. (2003a). Overview of support effects in 

hydrotreating catalysts. Catalysis Today, 86, 5–16. 

Breysse, M., Geantet, C., Afanasiev, P., Blanchard, J., & Vrinat, M. (2008). Recent studies on 

preparation, activation and design of active phases and supports of hydrotreating catalysts. 

Catalysis Today, 130, 3–13. 

Caero, L. C., Romero, A. R., & Ramirez, J. (2003). Niobium sulfide as a dopant for Mo/TiO2 

catalysts. Catalysis Today, 78, 513–518. 



 
 

253 
 

Carati, A., Ferraris, G., Guidotti, M., Moretti, G., Psaro, R., & Rizzo, C. (2003). Preparation and 

characterisation of mesoporous silica–alumina and silica–titania with a narrow pore size 

distribution. Catalysis Today, 77, 315–323. 

Cattaneo, R., Rota, F., & Prins, R. (2001). An XAFS Study of the Different Influence of 

Chelating Ligands on the HDN and HDS of γ-Al2O3-Supported NiMo Catalysts. Journal of 

Catalysis, 199, 318–327. 

Cattaneo, R., Shido, T., & Prins, R. (1999). The Relationship between the Structure of NiMo / 

SiO2 Catalyst Precursors Prepared in the Presence of Chelating Ligands and the 

Hydrodesulfurization Activity of the Final Sulfided Catalysts. Journal of Catalysis, 185, 

199–212. 

Cattaneo, R., Shido, T., & Prins, R. (2001). QEXAFS study of the sulfidation of NiMo/Al2O3 

hydrotreating catalysts. Journal of Synchrotron Radiation, 8, 158–162. 

Cattaneo, R., Weber, T., Shido, T., & Prins, R. (2000). A Quick EXAFS Study of the Sulfidation 

of NiMo/SiO2 Hydrotreating Catalysts Prepared with Chelating Ligands. Journal of 

Catalysis, 191, 225–236. 

Čejka, J. (2003). Organized mesoporous alumina: synthesis, structure and potential in catalysis. 

Applied Catalysis A: General, 254, 327–338. 

Chakravarty, R., Ram, R., Mishra, R., Sen, D., Mazumder, S., Pillai, M. R. A., & Dash, A. 

(2013). Mesoporous Alumina (MA) Based Double Column Approach for Development of a 

Clinical Scale 99Mo/99mTc Generator Using (n,γ)99Mo: An Enticing Application of 

Nanomaterial. Industrial & Engineering Chemistry Research, 52, 11673–11684. 

Chandra Mouli, K., Soni, K., Dalai, A., & Adjaye, J. (2011). Effect of pore diameter of Ni–

Mo/Al-SBA-15 catalysts on the hydrotreating of heavy gas oil. Applied Catalysis A: 

General, 404, 21–29. 

Chang, J., Wang, A., Liu, J., Li, X., & Hu, Y. (2010). Oxidation of dibenzothiophene with 

cumene hydroperoxide on MoO3/SiO2 modified with alkaline earth metals. Catalysis 

Today, 149, 122–126. 

Chaturvedi, S., Rodriguez, J. A., & Brito, J. L. (1998). Characterization of pure and sulfided 

NiMoO4 catalysts using synchrotron-based X-ray absorption spectroscopy ( XAS ) and 

temperature-programmed reduction ( TPR ). Catalysis Letters, 51, 85–93. 

Chen, S., Jang, L., & Cheng, S. (2004). Synthesis of Zr-Incorporated SBA-15 Mesoporous 

Materials in a Self-generated Acidic Environment. Chemistry of Materials, 16, 4174–4180. 

Chen, S., Wang, S., Ma, X., & Gong, J. (2011). Selective oxidation of methanol to 

dimethoxymethane over bifunctional VO(x)/TS-1 catalysts. Chemical Communications 

(Cambridge, England), 47, 9345–7. 



 
 

254 
 

Chu, C. F., & Ng, K. M. (1989). Flow in packed tubes with a small tube to particle diameter 

ratio. AIChE Journal, 35, 148–158. 

Chuah, G. K., Liu, S. H., Jaenicke, S., & Li, J. (2000). High surface area zirconia by digestion of 

zirconium propoxide at different pH. Microporous and Mesoporous Materials, 39, 381–

392. 

Coulier, L., de Beer, V. H. ., van Veen, J. a. ., & Niemantsverdriet, J. . (2001). Correlation 

between Hydrodesulfurization Activity and Order of Ni and Mo Sulfidation in Planar Silica-

Supported NiMo Catalysts: The Influence of Chelating Agents. Journal of Catalysis, 197, 

26–33. 

Cruz, J., Avalos-borja, M., Cordero, R. L., Bañares, M. A., Fierro, J. L. G., Palacios, J. M., & 

Agudo, A. L. (2002). Influence of pH of the impregnation solution on the phosphorus 

promotion in W/Al2O3 hydrotreating catalysts. Applied Catalysis A: General, 224, 97–110. 

Cullity, B. . (1978). Elements of X-Ray Diffraction - Cullity (2nd Editio.). Addison-Wesley 

Publishing Company Inc. 

Dacquin, J.-P., Dhainaut, J., Duprez, D., Royer, S., Lee, A. F., & Wilson, K. (2009). An efficient 

route to highly organized, tunable macroporous-mesoporous alumina. Journal of the 

American Chemical Society, 131, 12896–12897. 

Damyanova, S., Dimitrov, L., Mariscal, R., Fierro, J. L. ., Petrov, L., & Sobrados, I. (2003). 

Immobilization of 12-molybdophosphoric and 12-tungstophosphoric acids on metal-

substituted hexagonal mesoporous silica. Applied Catalysis A: General, 256, 183–197. 

Das, S. K., Bhunia, M. K., Sinha, A. K., & Bhaumik, A. (2009). Self-Assembled Mesoporous 

Zirconia and Sulfated Zirconia Nanoparticles Synthesized by Triblock Copolymer as 

Template. The Journal of Physical Chemistry C, 113, 8918–8923. 

De Llobet, S., Purón, H., Pinilla, J. L., Moliner, R., Millán, M., & Suelves, I. (2013). Tailored 

synthesis of organised mesoporous aluminas prepared by non-ionic surfactant templating 

using a Box-Wilson CCF design. Microporous and Mesoporous Materials, 179, 69–77. 

Depauw, G. A., & Froment, G. F. (1997). Molecular analysis of the sulphur components in a 

light cycle oil of a catalytic cracking unit by gas chromatography with mass spectrometric 

and atomic emission detection. Journal of Chromatography A, 761, 231–247. 

Dhar, G. M., Kumaran, G. M., Kumar, M., Rawat, K. S., Sharma, L. D., Raju, B. D., & Rao, K. 

S. R. (2005). Physico-chemical characterization and catalysis on SBA-15 supported 

molybdenum hydrotreating catalysts. Catalysis Today, 99, 309–314. 

Dhar, G. M., Srinivas, B. ., Rana, M. ., Kumar, M., & Maity, S. . (2003). Mixed oxide supported 

hydrodesulfurization catalysts—a review. Catalysis Today, 86, 45–60. 



 
 

255 
 

Díaz de León, J. N., Picquart, M., Villarroel, M., Vrinat, M., Gil Llambias, F. J., Murrieta, F., & 

de los Reyes, J. a. (2010). Effect of gallium as an additive in hydrodesulfurization WS2/γ-

Al2O3 catalysts. Journal of Molecular Catalysis A: Chemical, 323, 1–6. 

Diaz-real, R. A., S., M. R., & Sambil, I. S. (1993). Hydrotreatment of Athabasca Bitumen 

Derived Gas Oil over Ni-Mo , Ni-W and Co-Mo Catalysts. Industrial & Engineering 

Chemistry Research, 32, 1354–1358. 

Ding, L., Zheng, Y., Zhang, Z., Ring, Z., & Chen, J. (2006). Hydrotreating of light cycled oil 

using WNi/Al2O3 catalysts containing zeolite beta and/or chemically treated zeolite Y. 

Journal of Catalysis, 241, 435–445. 

Domínguez-Crespo, M. a., Torres-Huerta, a. M., Díaz-García, L., Arce-Estrada, E. M., & 

Ramírez-Meneses, E. (2008). HDS, HDN and HDA activities of nickel–molybdenum 

catalysts supported on alumina. Fuel Processing Technology, 89, 788–796. 

Du, H., Ring, Z., Briker, Y., & Arboleda, P. (2004). Prediction of gas chromatographic retention 

times and indices of sulfur compounds in light cycle oil. Catalysis Today, 98, 217–225. 

Duan, X., Li, X., Wang, A., Teng, Y., Wang, Y., & Hu, Y. (2010). Effect of TiO2 on 

hydrodenitrogenation performances of MCM-41 supported molybdenum phosphides. 

Catalysis Today, 149, 11–18. 

Duchet, J. C., Tilliette, M. J., Cornet, D., Vivier, L., Perot, G., Bekakra, L., … Szabo, G. (1991). 

Catalytic properties of nickel molybdenum sulphide supported on zirconia. Catalysis Today, 

10, 579–592. 

Dugulan, A. I., Crajé, M. W. J., & Kearley, G. J. (2004). High-pressure in situ Mössbauer 

emission spectroscopy study of the sulfidation of calcined Co–Mo/Al2O3 

hydrodesulfurization catalysts. Journal of Catalysis, 222, 281–284. 

Đukanović, Z., Glišić, S. B., Čobanin, V. J., Nićiforović, M., Georgiou, C. a., & Orlović, A. M. 

(2013). Hydrotreating of straight-run gas oil blended with FCC naphtha and light cycle oil. 

Fuel Processing Technology, 106, 160–165. 

Egorova, M., & Prins, R. (2004). Competitive hydrodesulfurization of 4,6-

dimethyldibenzothiophene, hydrodenitrogenation of 2-methylpyridine, and hydrogenation 

of naphthalene over sulfided NiMo/γ-Al2O3. Journal of Catalysis, 224, 278–287. 

Eijsbouts, S., Gruijthuijsen, L. Van, Volmer, J., Beer, V. H. J. De, & Prins, R. (1989). The effect 

of phosphate on the hydrodenitrogenation activity and selectivity of alumina-supported 

sulfided Mo, Ni and Ni-Mo catalysts. Studies in Surface Science and Catalysis, 50, 79–90. 

El Kady, F. Y. a., Abd El Wahed, M. G., Shaban, S., & Abo El Naga, a. O. (2010). 

Hydrotreating of heavy gas oil using CoMo/γ-Al2O3 catalyst prepared by equilibrium 

deposition filtration. Fuel, 89, 3193–3206. 



 
 

256 
 

Escobar, J., Barrera, M. C., de los Reyes, J. A., Toledo, J. A., Santes, V., & Colín, J. A. (2008). 

Effect of chelating ligands on Ni–Mo impregnation over wide-pore ZrO2–TiO2. Journal of 

Molecular Catalysis A: Chemical, 287, 33–40. 

Escobar, J., Barrera, M. C., Toledo, J. A., Cortés-Jácome, M. A., Angeles-Chávez, C., Núñez, S., 

… Pacheco, J. G. (2009). Effect of ethyleneglycol addition on the properties of P-doped 

NiMo/Al2O3 HDS catalysts: Part I. Materials preparation and characterization. Applied 

Catalysis B: Environmental, 88, 564–575. 

Eswaramoorthi, I., Sundaramurthy, V., Das, N., Dalai, A. K., & Adjaye, J. (2008). Application of 

multi-walled carbon nanotubes as efficient support to NiMo hydrotreating catalyst. Applied 

Catalysis A: General, 339, 187–195. 

Evans, H. T., Gatehouse, B. M., & Leverett, P. (1975). Crystal Structure of the 

Heptamolybdate(vi) (Paramolybdate) Ion, [Mo7O24]
-6, in the Ammonium and Potassium 

Tetrahydrate Salts. JCS Dalton, 505–514. 

Farges, F., Brown, G. E. J., & Rehr, J. J. (1997). Ti K -edge XANES studies of Ti coordination 

and disorder in oxide compounds : Comparison between theory and experiment. Physical 

Review B, 56, 1809–1819. 

Faro Jr, A. ., & Dos santos, A. C. . (2006). Cumene hydrocracking and thiophene HDS on 

niobia-supported Ni, Mo and Ni–Mo catalysts. Catalysis Today, 118, 402–409. 

Faulques, E., Perry, D. L., Lott, S., Zubkowski, J. ., & Valente, E. . (1998). Study of coordination 

and ligand structure in cobalt-EDTA complexes with vibrational microspectroscopy. 

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy, 54, 869–878. 

Ferdous, D., Bakhshi, N. N., Dalai, a. K., & Adjaye, J. (2007). Synthesis, characterization and 

performance of NiMo catalysts supported on titania modified alumina for the 

hydroprocessing of different gas oils derived from Athabasca bitumen. Applied Catalysis B: 

Environmental, 72, 118–128. 

Ferdous, D., Dalai, A. K., & Adjaye, J. (2004). A series of NiMo/Al2O3 catalysts containing 

boron and phosphorus. Applied Catalysis A: General, 260, 137–151. 

Ferdous, D., Dalai, A. K., & Adjaye, J. (2005). X-ray absorption near edge structure and X-ray 

photo electron spectroscopy analyses of NiMo/Al2O3 catalysts containing boron and 

phosphorus. Journal of Molecular Catalysis A: Chemical, 234, 169–179. 

Ferdous, D., Dalai, A. K., & Adjaye, J. (2006). Hydrodenitrogenation and Hydrodesulfurization 

of Heavy Gas Oil Using NiMo/Al2O3 Catalyst Containing Boron : Experimental and Kinetic 

Studies. Industrial & Engineering Chemistry Research, 45, 544–552. 



 
 

257 
 

Fernández, A., Martín, F., Morales, J., Ramos-Barrado, J. R., & Sánchez, L. (2006). Beneficial 

effects of Mo on the electrochemical properties of tin as an anode material for lithium 

batteries. Electrochimica Acta, 51, 3391–3398. 

Fischer, J., Ricard, L., & Toledano, P. (1974). A Novel Phosphomolybdate Structure : Crystal 

Structure of " [NH4]5[(MoO3)5 (PO4) (HPO4)].3H2O. JCS Dalton, 941–946. 

Flego, C., Arrigoni, V., Ferrari, M., Riva, R., & Zanibelli, L. (2001). Mixed oxides as a support 

for new CoMo catalysts. Catalysis Today, 65, 265–270. 

Fogler, H. S. (2006). Elements of Chemical Reaction Engineering (4th Editio.). Prentice Hall 

International series. 

Franke, R., & Hormes, J. (1995). The P K-near edge absorption spectra of phosphates. Physica 

B, 216, 85–95. 

Garcia-Gutierrez, J.L., Laredo, G.C., Fuentes, G.A., García-Gutiérrez, P., Jiménez-Cruz, F. 

(2014). Effect of nitrogen compounds in the hydrodesulfurization of straight-run gas oil 

using a CoMoP/g-Al2O3 catalyst. Fuel 138 (2014) 98–103. 

Garg, S., Bhaskar, T., Soni, K., Muthu Kumaran, G., Muto, A., Sakata, Y., & Murali Dhar, G. 

(2008). Novel highly active FSM-16 supported molybdenum catalyst for hydrotreatment. 

Chemical Communications, 5310–1. 

Garg, S., Soni, K., Kumaran, G., Kumar, M., Gupta, J., Sharma, L., & Dhar, G. (2008). Effect of 

Zr-SBA-15 support on catalytic functionalities of Mo, CoMo, NiMo hydrotreating catalysts. 

Catalysis Today, 130, 302–308. 

Gierman, H. (1988). Design of laboratory hydrotreating reactors. Applied Catalysis, 43, 277–

286. 

Giraldo, S. a., & Centeno, A. (2008). Isomerization and cracking under HDS conditions using γ-

alumina modified with boron as catalysts support. Catalysis Today, 133-135, 255–260. 

Girgis, M. ., & Gates, B. C. (1991). Reactivities, reaction Netwoeks, and Kinetics in High-

Pressure Catalytic Hydroprocessing. Industrial & Engineering Chemistry Research, 30, 

2021–2058. 

Girgis, M. J., & Gates, B. C. (1991). Reactivities, reaction networks, and kinetics in high-

pressure catalytic hydroprocessing. Industrial & Engineering Chemistry Research, 30, 

2021–2058. 

Gonçalves, F., Medeiros, P. R. S., Eon, J. G., & Appel, L. G. (2000). Active sites for ethanol 

oxidation over SnO2 -supported molybdenum oxides. Applied Catalysis A: General, 193, 

195–202. 



 
 

258 
 

González-Cortés, S. L., Xiao, T.-C., Costa, P. M. F. ., Fontal, B., & Green, M. L. . (2004). Urea–

organic matrix method: an alternative approach to prepare CoMoS2/γ-Al2O3 HDS catalyst. 

Applied Catalysis A: General, 270, 209–222. 

Gonzalez-Pena, V., Diaz, I., Marquez-Alvarez, C., Sastre, E., & Perez-Pariente, J. (2001a). 

Thermally stable mesoporous alumina synthesized with non-ionic surfactants in the 

presence of amines. Microporous and Mesoporous Materials, 44-45, 203–210. 

Gonzalez-Pena, V., Marquez-Alvarez, C., Sastre, E., & Perez-Pariente, J. (2001b). Improved 

thermal stability of mesoporous alumina support of catalysts for the isomerization of light 

paraffins. Studies in Surface Science and Catalysis, 135, 1072–1079. 

Goto, S., & Smith, J. M. (1975). Trickle-bed reactor performance. Part I. Holdup and mass 

transfer effects. AIChE Journal, 21, 706–713. 

Grant, S. M., Vinu, A., Pikus, S., & Jaroniec, M. (2011). Adsorption and structural properties of 

ordered mesoporous alumina synthesized in the presence of F127 block copolymer. 

Colloids and Surfaces A: Physicochemical and Engineering Aspects, 385, 121–125. 

Groen, J. C., Zhu, W., Brouwer, S., Huynink, S. J., Kapteijn, F., Moulijn, J. a, & Pérez-Ramírez, 

J. (2007). Direct demonstration of enhanced diffusion in mesoporous ZSM-5 zeolite 

obtained via controlled desilication. Journal of the American Chemical Society, 129, 355–

60. 

Grzechowiak, J. R., Rynkowski, J., & Wereszczako-Zieliñska, I. (2001). Catalytic 

hydrotreatment on alumina–titania supported NiMo sulphides. Catalysis Today, 65, 225–

231. 

Grzechowiak, J. R., Wereszczako-Zielińska, I., & Mrozińska, K. (2007). HDS and HDN activity 

of molybdenum and nickel–molybdenum catalysts supported on alumina–titania carriers. 

Catalysis Today, 119, 23–30. 

Guerrero, R. M., Garcia, J. R. V., Santes, V., & Gomez, E. (2007). Preparation of molybdenum 

oxide thin films by MOCVD. Journal of Alloys and Compounds, 434-435, 701–703. 

Gutierrez, O., Perez, F., Fuentes, G., Bokhimi, X., & Klimova, T. (2008). Deep HDS over 

NiMo/Zr-SBA-15 catalysts with varying MoO3 loading. Catalysis Today, 130, 292–301. 

Gutierrez, O., Valencia, D., Fuentes, G., & Klimova, T. (2007). Mo and NiMo catalysts 

supported on SBA-15 modified by grafted ZrO2 species: Synthesis, characterization and 

evaluation in 4,6-dimethyldibenzothiophene hydrodesulfurization. Journal of Catalysis, 

249, 140–153. 

Gutiérrez, O. Y., Fuentes, G. A., Salcedo, C., & Klimova, T. (2006). SBA-15 supports modified 

by Ti and Zr grafting for NiMo hydrodesulfurization catalysts. Catalysis Today, 116, 485–

497. 



 
 

259 
 

Gutiérrez, O. Y., & Klimova, T. (2011). Effect of the support on the high activity of the 

(Ni)Mo/ZrO2–SBA-15 catalyst in the simultaneous hydrodesulfurization of DBT and 4,6-

DMDBT. Journal of Catalysis, 281, 50–62. 

Ha, J. (1998). The Morphology of Silica Supported MoO3 Catalysts. Journal of Industrial and 

Engineering Chemistry, 4, 290–297. 

Hanna, W. G. (2000). Structural studies of reaction products between paramolybdate anion and 

some cationic [ metal ( II ) and ( III ) - ( ethylenediamine ) n ] complexes utilized as new 

photocatalysts under UV – VIS light illumination. Applied Catalysis B: Environmental, 28, 

259–273. 

Harlé, V., Vrinat, M., Scharff, J. P., Durand, B., & Deloume, J. P. (2000). Catalysis assisted 

characterizations of nanosized TiO2 – Al2O3 mixtures obtained in molten alkali metal 

nitrates Effect of the metal precursor. Applied Catalysis A: General, 196, 261–269. 

Hédoire, C.-E., Louis, C., Davidson, A., Breysse, M., Maugé, F., & Vrinat, M. (2003). Support 

effect in hydrotreating catalysts: hydrogenation properties of molybdenum sulfide supported 

on β-zeolites of various acidities. Journal of Catalysis, 220, 433–441. 

Hensen, E. J. ., Kooyman, P. ., van der Meer, Y., van der Kraan, A. ., de Beer, V. H. ., van Veen, 

J. A. ., & van Santen, R. . (2001). The Relation between Morphology and Hydrotreating 

Activity for Supported MoS2 Particles. Journal of Catalysis, 199, 224–235. 

Hensen, E. J. M., van der Meer, Y., van Veen, J. A. R., & Niemantsverdriet, J. W. (2007). 

Insight into the formation of the active phases in supported NiW hydrotreating catalysts. 

Applied Catalysis A: General, 322, 16–32. 

Herrmann, J., Villain, F., & Appel, L. G. (2003). Characterization of Mo – Sn – O system by 

means of Raman spectroscopy and electrical conductivity measurements. Applied Catalysis 

A: General, 240, 177–182. 

Hess, A., & Kemnitz, E. (1994). Characterization of Catalytic Active Sites on Aluminium 

oxides, Hydroxyfluorides, and Fluorides in Correlation with Their Catalytic Behavior. 

Journal of Catalysis, 149, 449–457. 

Hirata, T., Asari, E., & Kitajima, M. (1994). Infrared and Raman Spectroscopic Studies of ZrO2 

Polymorphs Doped with Y2O3 or CeO2. Journal of Solid State Chemistry, 110, 201–207. 

Hiroshima, K., Mochizuki, T., Honma, T., Shimizu, T., & Yamada, M. (1997). High HDS 

activity of Co-Mo/A12O3 modified by some chelates and their surface fine structures. 

Applied Surface Science, 122, 433–436. 

Ho, T. C. (2004). Deep HDS of diesel fuel: chemistry and catalysis. Catalysis Today, 98, 3–18. 



 
 

260 
 

Huang, B., Bartholomew, C. H., Smith, S. J., & Woodfield, B. F. (2013). Facile solvent-deficient 

synthesis of mesoporous γ-alumina with controlled pore structures. Microporous and 

Mesoporous Materials, 165, 70–78. 

Infantes-Molina, A., Cecilia, J. A., Pawelec, B., Fierro, J. L. G., Rodríguez-Castellón, E., & 

Jiménez-López, A. (2010). Ni2P and CoP catalysts prepared from phosphite-type precursors 

for HDS–HDN competitive reactions. Applied Catalysis A: General, 390, 253–263. 

Ingall, E. D., Brandes, J. a, Diaz, J. M., de Jonge, M. D., Paterson, D., McNulty, I., et al. (2011). 

Phosphorus K-edge XANES spectroscopy of mineral standards. Journal of Synchrotron 

Radiation, 18, 189–97. 

Iwamoto, R., & Grimblot, J. (1999). Influence of Phosphorus on the Properties of Alumina-

Based Hydrotreating Catalysts. Advances in Catalysis, 44, 417–503. 

Jian, M., & Prins, R. (1998). Mechanism of the Hydrodenitrogenation of Quinoline over 

NiMo(P)/Al2O3 Catalysts. Journal of Catalysis, 179, 18–27. 

Jiménez, F., Kafarov, V., & Nuñez, M. (2007). Modeling of industrial reactor for hydrotreating 

of vacuum gas oils. Chemical Engineering Journal, 134, 200–208. 

Joshi, Y., Ghosh, P., Daage, M., & Delgass, W. (2008). Support effects in HDS catalysts: DFT 

analysis of thiolysis and hydrolysis energies of metal–support linkages. Journal of 

Catalysis, 257, 71–80. 

Kabe, T., Ishihara, A., & Zhang, Q. (1993). Deep desulfurization of light oil. Part 2: 

hydrodesulfurization of dibenzothiophene, 4-methyldibenzothiophene and 4,6-

dimethyldibenzothiophene. Applied Catalysis A: General, 97, L1–L9. 

Kaluza, L., & Zdrazil, M. (2008). The Effect of γ-Al2O3, TiO2 and ZrO2 Supports on 

Hydrodesulfurization Activity of Transition-Metal Sulfides. Collect. Czech. Chem. 

Commun., 73, 945–955. 

Karim, M. R., Rahman, M. A., Miah, M. A. J., Ahmad, H., Yanagisawa, M., & Ito, M. (2011). 

Synthesis of -Alumina Particles and Surface Characterization. The Open Colloid Science 

Journal, 4, 32–36. 

Khanna, A., & Bhat, D. G. (2006). Nanocrystalline gamma alumina coatings by inverted 

cylindrical magnetron sputtering. Surface and Coatings Technology, 201, 168–173. 

Kibsgaard, J., Clausen, B. S., Topsøe, H., Lægsgaard, E., Lauritsen, J. V., & Besenbacher, F. 

(2009). Scanning tunneling microscopy studies of TiO2-supported hydrotreating catalysts: 

Anisotropic particle shapes by edge-specific MoS2–support bonding. Journal of Catalysis, 

263, 98–103. 



 
 

261 
 

Kibsgaard, J., Tuxen, A., Knudsen, K. G., Brorson, M., Topsøe, H., Lægsgaard, E., et al. (2010). 

Comparative atomic-scale analysis of promotional effects by late 3d-transition metals in 

MoS2 hydrotreating catalysts. Journal of Catalysis, 272, 195–203. 

Kim, Y., Kim, C., Kim, P., & Yi, J. (2005). Effect of preparation conditions on the phase 

transformation of mesoporous alumina. Journal of Non-Crystalline Solids, 351, 550–556. 

Kishan, G., Coulier, L., de Beer, V. H. J., van Veen, J. A. R., & Niemantsverdriet, J. W. (2000). 

Sulfidation and Thiophene Hydrodesulfurization Activity of Nickel Tungsten Sulfide Model 

Catalysts, Prepared without and with Chelating Agents. Journal of Catalysis, 196, 180–189. 

Klicpera, T., & Zdražil, M. (2002). Preparation of High-Activity MgO-Supported Co–Mo and 

Ni–Mo Sulfide Hydrodesulfurization Catalysts. Journal of Catalysis, 206, 314–320. 

Klimova, T., Calderón, M., & Ram, J. (2003). Ni and Mo interaction with Al-containing MCM-

41 support and its effect on the catalytic behavior in DBT hydrodesulfurization. Applied 

Catalysis A: General, 240, 29–40. 

Klimova, T., Lizama, L., Amezcua, J. C., Roquero, P., Terrés, E., Navarrete, J., & Domínguez, J. 

M. (2004). New NiMo catalysts supported on Al-containing SBA-16 for 4,6-DMDBT 

hydrodesulfurization. Catalysis Today, 98, 141–150. 

Klimova, T., Luisa, M., Castillo, P., Cuevas, R., & Ramirez, J. (1998). Characterization of 

Al2O3-ZrO2, mixed oxide catalytic supports prepared by the sol-gel method. Microporous 

and Mesoporous Materials, 20, 293–306. 

Klimova, T., Pen, L., Lizama, L., Salcedo, C., & Gutie, O. Y. (2009). Modification of Activity 

and Selectivity of NiMo / SBA-15 HDS Catalysts by Grafting of Different Metal Oxides on 

the Support Surface. Industrial & Engineering Chemistry Research, 48, 1126–1133. 

Klimova, T., Reyes, J., Gutiérrez, O., & Lizama, L. (2008). Novel bifunctional NiMo/Al-SBA-

15 catalysts for deep hydrodesulfurization: Effect of support Si/Al ratio. Applied Catalysis 

A: General, 335, 159–171. 

Klimova, T., Valencia, D., Mendoza-Nieto, J.A., & Hernández-Hipólito, P. (2013). Behavior of 

NiMo/SBA-15 catalysts prepared with citric acid in simultaneous hydrodesulfurization of 

dibenzothiophene and 4,6-dimethyldibenzothiophene. Journal of Catalysis, 304, 29-46. 

 

Klimov, O.V., Leonova, K.A., Koryakina, G.I., Gerasimova, E.Yu., Prosvirin, I.P., et al. (2014). 

Supported on alumina Co-Mo hydrotreating catalysts: Dependence ofcatalytic and strength 

characteristics on the initial AlOOH particlemorphology.  Catalysis Today, 220-222, 66-77. 

Koranyi, T., Vit, Z., Poduval, D., Ryoo, R., Kim, H., & Hensen, E. (2008). SBA-15-supported 

nickel phosphide hydrotreating catalysts. Journal of Catalysis, 253, 119–131. 



 
 

262 
 

Korsten, H., & Hoffmann, U. (1996). Three-Phase Reactor Model for Hydrotreating in Pilot 

Trickle-Bed Reactors. AIChE Journal, 42, 1350–1360. 

Kubota, T., Rinaldi, N., Okumura, K., Honma, T., Hirayama, S., & Okamoto, Y. (2010). In situ 

XAFS study of the sulfidation of Co–Mo/B2O3/Al2O3 hydrodesulfurization catalysts 

prepared by using citric acid as a chelating agent. Applied Catalysis A: General, 373, 214–

221. 

Kumar, D., Singh, M., & Ramanan, A. (2012). Crystallization of Mo–EDTA complex based 

solids: Molecular insights. Journal of Molecular Structure, 1030, 89–94. 

Kumaran, G. M., Garg, S., Soni, K., Kumar, M., Sharma, L., Muralidhar, G., & Ramarao, K. 

(2006). Effect of Al-SBA-15 support on catalytic functionalities of hydrotreating catalystsI. 

Effect of variation of Si/Al ratio on catalytic functionalities. Applied Catalysis A: General, 

305, 123–129. 

Kumaran, G. M., Garg, S., Soni, K., Prasad, V. V. D. N., Sharma, L. D., Dhar, G. M., et al. 

(2006). Catalytic Functionalities of H- Zeolite-Supported Molybdenum Hydrotreating 

Catalysts. Energy & Fuels, 73, 1784–1790. 

Kunisada, N., Choi, K.-H., Korai, Y., Mochida, I., & Nakano, K. (2004). Novel zeolite based 

support for NiMo sulfide in deep HDS of gas oil. Applied Catalysis A: General, 269, 43–51. 

Landau, M. V. (1997). Deep hydrotreating of middle distillates from crude and shale oils. 

Catalysis Today, 36, 393–429. 

Lélias, M. A., Kooyman, P. J., Mariey, L., Oliviero, L., Travert, A., van Gestel, J., et al. (2009). 

Effect of NTA addition on the structure and activity of the active phase of cobalt-

molybdenum sulfide hydrotreating catalysts. Journal of Catalysis, 267, 14–23. 

Lélias, M. A., Le Guludec, E., Mariey, L., van Gestel, J., Travert, A., Oliviero, L., & Maugé, F. 

(2010). Effect of EDTA addition on the structure and activity of the active phase of cobalt–

molybdenum sulfide hydrotreatment catalysts. Catalysis Today, 150, 179–185. 

Leonova, K.A., Klimov, O.V., Kochubey, D.I., Chesalov, Yu.A., Gerasimov, E.Yu., Prosvirin, 

I.P., & Noskov, A.S. (2014). Optimal pretreatment conditions for Co–Mo hydrotreatment 

catalystsprepared using ethylenediamine as a chelating agent. Catalysis Today, 220– 222 

327– 336.  

Lesaint, C., Glomm, W. R., Borg, Ø., Eri, S., Rytter, E., & Øye, G. (2008). Synthesis and 

characterization of mesoporous alumina with large pore size and their performance in 

Fischer–Tropsch synthesis. Applied Catalysis A: General, 351, 131–135. 

Lewandowski, M., & Sarbak, Z. (2008). Simultaneous HDS and HDN over supported PtSn 

catalysts in comparison to commercial NiMo/Al2O3. Applied Catalysis B: Environmental, 

79, 313–322. 



 
 

263 
 

Lewis, J. M., Kydd, R. A., Boorman, P. M., & Rhyn, P. H. Van. (1992). Phosphorus promotion 

in nickel-molybdenum/alumina catalysts: model compound reactions and gas oil 

hydroprocessing. Applied Catalysis A: General, 84, 103–121. 

Leyva, C., Ancheyta, J., Travert, A., Maugé, F., Mariey, L., Ramírez, J., & Rana, M. S. (2012). 

Activity and surface properties of NiMo/SiO2–Al2O3 catalysts for hydroprocessing of 

heavy oils. Applied Catalysis A: General, 425-426, 1–12. 

Leyva, C., Rana, M., & Ancheyta, J. (2008). Surface characterization of Al2O3–SiO2 supported 

NiMo catalysts: An effect of support composition. Catalysis Today, 130, 345–353. 

Li, D.-Y., Lin, Y.-S., Li, Y.-C., Shieh, D.-L., & Lin, J.-L. (2008). Synthesis of mesoporous 

pseudoboehmite and alumina templated with 1-hexadecyl-2,3-dimethyl-imidazolium 

chloride. Microporous and Mesoporous Materials, 108, 276–282. 

Li, G., Li, W., Zhang, M., & Tao, K. (2004). Morphology and hydrodesulfurization activity of 

CoMo sulfide supported on amorphous ZrO2 nanoparticles combined with Al2O3. Applied 

Catalysis A: General, 273, 233–238. 

Li, H., Li, M., Chu, Y., Liu, F., & Nie, H. (2011). Essential role of citric acid in preparation of 

efficient NiW/Al2O3 HDS catalysts. Applied Catalysis A: General, 403, 75–82. 

Li, Y., Pan, D., Yu, C., Fan, Y., & Bao, X. (2012). Synthesis and hydrodesulfurization properties 

of NiW catalyst supported on high-aluminum-content, highly ordered, and hydrothermally 

stable Al-SBA-15. Journal of Catalysis, 286, 124–136. 

Liu, L., Liu, B., Chai, Y., Liu, Y., & Liu, C. (2011). Synergetic effect between sulfurized Mo/γ-

Al2O3 and Ni/γ-Al2O3 catalysts in hydrodenitrogenation of quinoline. Journal of Natural 

Gas Chemistry, 20, 214–217. 

Liu, Y., Chen, J., Fang, K., Wang, Y., & Sun, Y. (2007). A large pore-size mesoporous zirconia 

supported cobalt catalyst with good performance in Fischer–Tropsch synthesis. Catalysis 

Communications, 8, 945–949. 

Liu, Y., Chen, J., & Sun, Y. (2005). Preparation of tailored pore size mesoporous zirconia with 

enhanced thermal stability via controlled sol-gel process. Studies in Surface Science and 

Catalysis, 156, 249–256. 

Lizama, L. Y., & Klimova, T. E. (2009). SBA-15 modified with Al, Ti, or Zr as supports for 

highly active NiW catalysts for HDS. Journal of Materials Science, 44, 6617–6628. 

Lytle, F. W., Greegor, R. B., & Panson, J. (1988). Discussion of x-ray absorption near edge 

structure: Application to Cu in the high-Tc superconductors La1.8Sr0.2CuO4 and 

YBa2Cu3O7. Physical Review B, 37, 1550–1563. 



 
 

264 
 

Lyu, Y.-Y., Yi, S. H., Shon, J. K., Chang, S., Pu, L. S., Lee, S.-Y., et al. (2004). Highly stable 

mesoporous metal oxides using nano-propping hybrid gemini surfactants. Journal of the 

American Chemical Society, 126, 2310–1. 

Maity, S., Ancheyta, J., Rana, M., & Rayo, P. (2006). Alumina-Titania Mixed Oxide Used as 

Support for Hydrotreating Catalysts of Maya Heavy Crude Effect of Support Preparation 

Methods. Energy & Fuels, 427–431. 

Maity, S., Flores, G., Ancheyta, J., & Rana, M. (2008). Effect of preparation methods and 

content of phosphorus on hydrotreating activity. Catalysis Today, 130, 374–381. 

Maity, S. K., Ancheyta, J., Alonso, F., & Rana, M. S. (2004). Preparation, characterization and 

evaluation of Maya crude hydroprocessing catalysts. Catalysis Today, 98, 193–199. 

Maity, S. K., Ancheyta, J., Rana, M. S., & Rayo, P. (2005). Effect of phosphorus on activity of 

hydrotreating catalyst of Maya heavy crude. Catalysis Today, 109, 42–48. 

Maity, S. K., Ancheyta, J., Soberanis, L., Alonso, F., & Llanos, M. E. (2003). Alumina–titania 

binary mixed oxide used as support of catalysts for hydrotreating of Maya heavy crude. 

Applied Catalysis A: General, 244, 141–153. 

Maity, S. K., Rana, M. S., Bej, S. K., Ancheyta-Juárez, J., Murali Dhar, G., & Prasada Rao, T. S. 

R. (2001). Studies on physico-chemical characterization and catalysis on high surface area 

titania supported molybdenum hydrotreating catalysts. Applied Catalysis A: General, 205, 

215–225. 

Maity, S. K., Rana, M. S., Srinivas, B. N., Bej, S. K., Dhar, G. M., & Rao, T. S. R. P. (2000). 

Characterization and evaluation of ZrO2 supported hydrotreating catalysts. Journal of 

Molecular Catalysis A: Chemical, 121–127. 

Maley, J., Schatte, G., Yang, J., & Sammynaiken, R. (2011). Spontaneous Ag-Nanoparticle 

Growth at Single-Walled Carbon Nanotube Defect Sites: A Tool for In Situ Generation of 

SERS Substrate. Journal of Nanotechnology, 2011, 1–7. 

Manrı́quez, M. ., López, T., Gómez, R., & Navarrete, J. (2004). Preparation of TiO2–ZrO2 mixed 

oxides with controlled acid–basic properties. Journal of Molecular Catalysis A: Chemical, 

220, 229–237. 

Mapiour, M. (2009). Kinetics and Effects of H2 Partial Pressure on Hydrotreating of Heavy Gas 

Oil. University of Saskatchewan. 

Mapiour, M., Sundaramurthy, V., Dalai, a. K., & Adjaye, J. (2010). Effects of the operating 

variables on hydrotreating of heavy gas oil: Experimental, modeling, and kinetic studies. 

Fuel, 89, 2536–2543. 



 
 

265 
 

Marques, E. V, Ribeiro, W. F., & Filgueiras, C. A. L. (1995). Tin-molybdenum 

organoheterobimetallics-a Mossbauer investigation. Hyperfine Interactions, 96, 259–264. 

Márquez-Alvarez, C., Žilková, N., Pérez‐Pariente, J., & Čejka, J. (2008). Synthesis, 

Characterization and Catalytic Applications of Organized Mesoporous Aluminas. Catalysis 

Reviews, 50, 222–286. 

Martínez, J., & Ancheyta, J. (2014). Modeling the kinetics of parallel thermal and catalytic 

hydrotreating of heavy oil. Fuel, 138, 27–36. 

Mary, G., Chaouki, J., & Luck, F. (2009). Trickle-Bed Laboratory Reactors for Kinetic Studies. 

International journal of chemical reactor engineering, 7, 1–68. 

Mazoyer, P., Geantet, C., Diehl, F., Pichon, C., Nguyen, T. S., & Lacroix, M. (2005). In Situ 

EXAFS Study of the Sulfidation of an Hydrotreating Catalyst Doped with a Non Chelating 

Organic Additive. Oil & Gas Science and Technology, 60, 791–799. 

McIntosh, D. J., & Kydd, R. A. (2000). Tailoring the pore size of mesoporous sulfated zirconia. 

Microporous and Mesoporous Materials, 37, 281–289. 

Mears, D. E. (1971). Tests for Transport Limitations in Experimental Catalytic Reactors. 

Industrial & Engineering Chemistry Process Design and Development, 10, 541–547. 

Mears, D. E. (1975). The Role of Liquid Holdup and Effective Wetting in the Performance of 

Trickle-Bed Reactors. In Chemical Reaction Engineering-II (Vol. 133, pp. 17–218). 

American Chemical Society. 

Mederos, F. S., Ancheyta, J., & Elizalde, I. (2012). Dynamic modeling and simulation of 

hydrotreating of gas oil obtained from heavy crude oil. Applied Catalysis A: General, 425-

426, 13–27. 

Michaud, P., Lemberton, J. L., & Perot, G. (1998). Hydrodesulfurization of dibenzothiophene 

and 4 , 6-dimethyldibenzo- thiophene : Effect of an acid component on the activity of a sul 

® ded NiMo on alumina catalyst. Applied Catalysis A: General, 169, 343–353. 

Milman, V., Perlov, A., Refson, K., Clark, S. J., Gavartin, J., & Winkler, B. (2009). Structural, 

electronic and vibrational properties of tetragonal zirconia under pressure: a density 

functional theory study. Journal of Physics. Condensed Matter : An Institute of Physics 

Journal, 21, 485404. 

Mitchell, M. B., Smith, G. R., & Guillory, W. A. (1981). Matrix-isolation triplet (T1) state IR 

spectroscopy of acridine and phenazine. The Journal of Chemical Physics, 75, 44–48. 

Miyata, H., Tokuda, S., Ono, T., Ohno, T., & Hatayama, F. (1990). Infrared, Laser-Raman and 

X-Ray Diffraction Investigation of MoO3/ZrO2 and the Oxidation of (Z)-But-2-ene. Journal 

of the Chemical Society, Faraday Transactions, 86, 2291–2295. 



 
 

266 
 

Mohanty, S. (2011). Effect of citric acid on hydrotreating activity of NiMo catalysts. University 

of Saskatchewan, Canada. 

Moreno, B., Chinarro, E., Colomer, M. T., & Jurado, J. R. (2010). Combustion Synthesis and 

Electrical Behavior of Nanometric B-NiMoO 4. Journal of Physical Chemistry C, 114, 

4251–4257. 

Moses, P., Hinnemann, B., Topsoe, H., & Norskov, J. (2007). The hydrogenation and direct 

desulfurization reaction pathway in thiophene hydrodesulfurization over MoS2 catalysts at 

realistic conditions: A density functional study. Journal of Catalysis, 248, 188–203. 

Muryn, C. A., Purdie, D., Hardman, P., Johnson, A. L., Prakash, N. S., Raiker, G. N., et al. 

(1990). Sulphur-induced Structural Chemistry of Oxide Surfaces. Faraday Discuss. Chem. 

Soc., 89, 77–89. 

Naumenko, A. P., Berezovska, N. I., Biliy, M. M., & Shevchenko, O. V. (2008). Vibrational 

Analysis and Raman Spectra of Tetragonal Zirconia. Physics and Chemistry of Solid State, 

9, 121–125. 

Nava, R., Infantes-Molina, A., Castaño, P., Guil-López, R., & Pawelec, B. (2011). Inhibition of 

CoMo/HMS catalyst deactivation in the HDS of 4,6-DMDBT by support modification with 

phosphate. Fuel, 90, 2726–2737. 

Nava, R., Ortega, R. A., Alonso, G., Ornelas, C., Pawelec, B., & Fierro, J. L. G. (2007). 

CoMo/Ti-SBA-15 catalysts for dibenzothiophene desulfurization. Catalysis Today, 127, 

70–84. 

Navarro, R. M., Castaño, P., Álvarez-Galván, M. C., & Pawelec, B. (2009). 

Hydrodesulfurization of dibenzothiophene and a SRGO on sulfide Ni(Co)Mo/Al2O3 

catalysts. Effect of Ru and Pd promotion. Catalysis Today, 143, 108–114. 

Nguyen, T. S., Loridant, S., Chantal, L., Cholley, T., & Geantet, C. (2011). Effect of glycol on 

the formation of active species and sulfidation mechanism of CoMoP/Al2O3 hydrotreating 

catalysts. Applied Catalysis B: Environmental, 107, 59–67. 

Niesz, K., Yang, P., & Somorjai, G. A. (2005). Sol-gel synthesis of ordered mesoporous 

alumina. Chemical Communications (Cambridge, England), 1986–7. 

Ninh, T. K. T., Massin, L., Laurenti, D., & Vrinat, M. (2011). A new approach in the evaluation 

of the support effect for NiMo hydrodesulfurization catalysts. Applied Catalysis A: General, 

407, 29–39. 

Okamoto, Y. (2003). Preparation of Co–Mo/Al2O3 model sulfide catalysts for 

hydrodesulfurization and their application to the study of the effects of catalyst preparation. 

Journal of Catalysis, 217, 12–22. 



 
 

267 
 

Okamoto, Y., Breysse, M., Murali Dhar, G., & Song, C. (2003). Effect of support in 

hydrotreating catalysis for ultra clean fuels. Catalysis Today, 86, 1–3. 

Ono, T., Ohguchi, Y., & Togari, O. (1983). Control of the pore structure of porous alumina 

steam. Studies in Surface Science and Catalysis (Vol. 16, pp. 631–641). 

Owusu-Boakye, A. (2005). Two-stage aromatics hydrogenation of bitumen-derived light gas oil. 

University of Saskatchewan. 

Owusu-Boakye, A., Dalai, A. K., Ferdous, D., & Adjaye, J. (2005). Experimental and Kinetic 

Studies of Aromatic Hydrogenation, Hydrodesulfurization, and Hydrodenitrogenation of 

Light Gas Oils Derived from Athabasca Bitumen. Industrial & Engineering Chemistry 

Research, 44, 7935–7944. 

Oyama, S. T., Gott, T., Asakura, K., Takakusagi, S., Miyazaki, K., Koike, Y., & Bando, K. K. 

(2009). In situ FTIR and XANES studies of thiophene hydrodesulfurization on Ni2P/MCM-

41. Journal of Catalysis, 268, 209–222. 

Palcheva, R., Spojakina, A., Dimitrov, L., & Jiratova, K. (2009). 12-Tungstophosphoric 

heteropolyacid supported on modified SBA-15 as catalyst in HDS of thiophene. 

Microporous and Mesoporous Materials, 122, 128–134. 

Park, H. S., Lee, Y.-C., Choi, B. G., Hong, W. H., & Yang, J.-W. (2008). Clean and facile 

solution synthesis of iron(III)-entrapped gamma-alumina nanosorbents for arsenic removal. 

ChemSusChem, 1, 356–62. 

Parola, V. La, Dragoi, B., Ungureanu, A., Dumitriu, E., & Venezia, A. M. (2010). New HDS 

catalysts based on thiol functionalized mesoporous silica supports. Applied Catalysis A: 

General, 386, 43–50. 

Pashigreva, A. V., Bukhtiyarova, G. a., Klimov, O. V., Chesalov, Y. A., Litvak, G. S., & 

Noskov, a. S. (2010). Activity and sulfidation behavior of the CoMo/Al2O3 hydrotreating 

catalyst: The effect of drying conditions. Catalysis Today, 149, 19–27. 

Payen, E., Hubaut, R., Kasztelan, S., Pulet, O., & Grimblot, J. (1994). Morphology Study of 

MoS2 and WS2 Based Hydrotreating Catalysts by High-Resolution Electron Microscopy. 

Journal of Catalysis, 147, 123–132. 

Pérot, G. (2003). Hydrotreating catalysts containing zeolites and related materials—mechanistic 

aspects related to deep desulfurization. Catalysis Today, 86, 111–128. 

Phillippi, C. M., & Mazdiyasni, K. S. (1971). Infrared and Raman Spectra of Zirconia 

Polymorphs. Journal of the American Ceramic Society, 54, 254–258. 



 
 

268 
 

Pour, A. N., Rashidi, A. M., Jozani, K. J., Mohajeri, A., & Khorami, P. (2010). Support effects 

on the chemical property and catalytic activity of Co-Mo HDS catalyst in sulfur recovery. 

Journal of Natural Gas Chemistry, 19, 91–95. 

Prabhu, N., Dalai, A. K., & Adjaye, J. (2011). Hydrodesulphurization and hydrodenitrogenation 

of light gas oil using NiMo catalyst supported on functionalized mesoporous carbon. 

Applied Catalysis A: General, 401, 1–11. 

Prinetto, F., Cerrato, G., Ghiotti, G., Chiorino, A., Campa, M. C., Gazzoli, D., & Indovina, V. 

(1995). Formation of the Mo-V1 Surface Phase on MoOx/ZrO2 Catalysts. Journal of 

Physical Chemistry, 99, 5556–5567. 

Qu, L. (2003). MAS NMR, TPR, and TEM studies of the interaction of NiMo with alumina and 

silica–alumina supports. Journal of Catalysis, 215, 7–13. 

Qu, L., & Prins, R. (2003). Different active sites in hydrodenitrogenation as determined by the 

influence of the support and fluorination. Applied Catalysis A: General, 250, 105–115. 

Radanović, D. D., Rychlewska, U., Warżajtis, B., Cvijović, M. S., Dimitrijević, M. D., & 

Djuran, M. I. (2007). Tuning the topologies of Co(II) and Ni(II) complexes with EDTA, 

1,3-PDTA and 1,4-BDTA ligands: Synthesis and spectroscopic data of [Mg(H2O)6][Co(1,4-

bdta)]·3H2O and [Mg(H2O)6][Ni(1,4-bdta)]·3H2O complexes, and the X-ray structure of 

their chiral crystals. Polyhedron, 26, 4799–4808. 

Ramachandran, P. A., & Chaudhari, R. V. (1983). Three-phase catalytic reactors. Gordon and 

Breach Science , Paris. 

Ramirez, J., Fuentes, S., Díaz, G., Vrinat, M., Breysse, M., & Lacroix, M. (1989a). 

Hydrodesulphurization activity and characterization of sulphided molybdenum and cobalt—

molybdenum catalysts. Applied Catalysis, 52, 211–224. 

Ramirez, J., Fuentes, S., Díaz, G., Vrinat, M., Breysse, M., & Lacroix, M. (1989b). 

Hydrodesulphurization activity and characterization of sulphided molybdenum and cobalt—

molybdenum catalysts comparison of alumina-, silica—alumina- and titania-supported 

catalysts. Applied Catalysis, 52, 211–223. 

Ramírez, J., Macías, G., Cedeño, L., Gutiérrez-Alejandre, a., Cuevas, R., & Castillo, P. (2004). 

The role of titania in supported Mo, CoMo, NiMo, and NiW hydrodesulfurization catalysts: 

analysis of past and new evidences. Catalysis Today, 98, 19–30. 

Ramírez, J., Rayo, P., Gutiérrez-Alejandre, A., Ancheyta, J., & Rana, M. S. (2005). Analysis of 

the hydrotreatment of Maya heavy crude with NiMo catalysts supported on TiO2-Al2O3 

binary oxides. Catalysis Today, 109, 54–60. 



 
 

269 
 

Ramírez, L. F., Escobar, J., Galván, E., Vaca, H., Murrieta, F. R., & Luna, M. R. S. (2004). 

Evaluation of Diluted and Undiluted Trickle-Bed Hydrotreating Reactor with Different 

Catalyst Volume. Petroleum Science and Technology, 22, 157–175. 

Rana, M. (2004). MoCo(Ni)/ZrO2/SiO2 hydrotreating catalysts: physico-chemical 

characterization and activities studies. Applied Catalysis A: General, 268, 89–97. 

Rana, M., Ramirez, J., Gutierrezalejandre, a, Ancheyta, J., Cedeno, L., & Maity, S. (2007). 

Support effects in CoMo hydrodesulfurization catalysts prepared with EDTA as a chelating 

agent. Journal of Catalysis, 246, 100–108. 

Rayo, P., Ramirez, J., Rana, M. S., Ancheyta, J., & Aguilar-Elguezabal, A. (2009). Effect of the 

Incorporation of Al , Ti , and Zr on the Cracking and Hydrodesulfurization Activity of 

NiMo / SBA-15 Catalysts. Industrial & Engineering Chemistry Research, 48, 1242–1248. 

Rayo, P., Ramírez, J., Torres-Mancera, P., Marroquín, G., Maity, S. K., & Ancheyta, J. (2012). 

Hydrodesulfurization and hydrocracking of Maya crude with P-modified NiMo/Al2O3 

catalysts. Fuel, 100, 34–42. 

Rayo, P., Rana, M., Ramirez, J., Ancheyta, J., & Aguilarelguezabal, a. (2008). Effect of the 

preparation method on the structural stability and hydrodesulfurization activity of 

NiMo/SBA-15 catalysts. Catalysis Today, 130, 283–291. 

Rinaldi, N., Al-Dalama, K., Kubota, T., & Okamoto, Y. (2009). Preparation of Co–

Mo/B2O3/Al2O3 catalysts for hydrodesulfurization: Effect of citric acid addition. Applied 

Catalysis A: General, 360, 130–136. 

Rinaldi, N., Kubota, T., & Okamoto, Y. (2010). Effect of citric acid addition on the 

hydrodesulfurization activity of MoO3/Al2O3 catalysts. Applied Catalysis A: General, 374, 

228–236. 

Rodenas, E., Yamaguchi, T., Hattori, H., & Tanabe, K. (1981). Surface and catalytic properties 

of TiO2-Al2O3. Journal of Catalysis, 69, 434–444. 

Rodriguez, A., Chaturvedi, S., Hanson, J. C., Albornoz, A., & Brito, L. (1998). Electronic 

Properties and Phase Transformations in CoMoO 4 and NiMoO 4 : XANES and Time-

Resolved Synchrotron XRD Studies. Journal of Physical Chemistry B, 102, 1347–1355. 

Rodriguez, A., Chaturvedi, S., Hanson, J. C., & Brito, J. L. (1999). Reaction of H2 and H2S with 

CoMoO4 and NiMoO4: TPR, XANES, Time-Resolved XRD, and Molecular-Orbital 

Studies. Journal of Physical Chemistry B, 103, 770–781. 

Rodriguez, J. A., Chaturvedi, S., Hanson, J. C., Albornoz, A., & Brito, J. L. (1998). Electronic 

Properties and Phase Transformations in CoMoO 4 and NiMoO 4 : XANES and Time-

Resolved Synchrotron XRD Studies. Journal of Physical Chemistry B, 102, 1347–1355. 



 
 

270 
 

Ryan, R. C., Kemp, R. A., Smegal, J. A., Denley, D. R., & Spinnler, G. E. (1989). Stacking of 

molybdenum disulfide layers in hydrotreating catalysts. Studies in Surface Science and 

Catalysis, 50, 21–40. 

Ryczkowski, J. (2000). FT-IR study of the adsorption of some complexones and of EDTA 

alkaline salts into alumina. Vibrational Spectroscopy, 22, 55–62. 

Ryczkowski, J. (2001). IR spectroscopy in catalysis. Catalysis Today, 68, 263–381. 

Ryczkowski, J. (2005). IR studies of EDTA alkaline salts interaction with the surface of 

inorganic oxides. Applied Surface Science, 252, 813–822. 

Saih, Y., & Segawa, K. (2009). Catalytic activity of CoMo catalysts supported on boron-

modified alumina for the hydrodesulphurization of dibenzothiophene and 4,6-

dimethyldibenzothiophene. Applied Catalysis A: General, 353, 258–265. 

Sajkowski, D. J., Miller, J. T., Zajac, G. W., Morrison, T. I., Chen, H., & Fazzini, D. R. (1990). 

Phosphorus promotion of Mo/Al2O3 hydrotreating catalysts. Applied Catalysis, 62, 205–

220. 

Saniger, J. M., Sanchez, N. A., & Flores, J. O. (1998). Partial fluorination of y-alumina by 

gaseous fluorine. Journal of Fluorine Chemistry, 88, 117–125. 

Satterfield, C. N. (1970). Mass transfer in heterogeneous catalysis. M.I.T.Press, Cambridge. 

Satterfield, C. N. (1975). Trickle-bed reactors. AIChE Journal, 21, 209–228. 

Satterfield, C. N. (1996). Heterogeneous Catalysis in Industrial Practice (2nd editio.). Krieger 

Publishing company, Florida. 

Segawa, K., Katsuta, M., & Kameda, F. (1996). TiO2-coated on A12O3 support prepared by the 

CVD method for HDS catalysts. Catalysis Today, 29, 215–219. 

Segawa, K., Takahashi, K., & Satoh, S. (2000). Development of new catalysts for deep 

hydrodesulfurization of gas oil. Catalysis Today, 63, 123–131. 

Sentorun-Shalaby, C., Saha, S. K., Ma, X., & Song, C. (2011). Mesoporous-molecular-sieve-

supported nickel sorbents for adsorptive desulfurization of commercial ultra-low-sulfur 

diesel fuel. Applied Catalysis B: Environmental, 101, 718–726. 

Serfontein, W. J., & Smit, J. H. (1967). Structure of the Mo7O24
-6 ion in a crystal of ammonium 

heptamolybdate tetrahydrate. Nature, 214, 170–171. 

Sicard, L., Llewellyn, P. ., Patarin, J., & Kolenda, F. (2001). Investigation of the mechanism of 

the surfactant removal from a mesoporous alumina prepared in the presence of sodium 

dodecylsulfate. Microporous and Mesoporous Materials, 44-45, 195–201. 



 
 

271 
 

Sing, K. S. W. (1982). Reporting Physisorption data for Gas/Solid systems. Pure and Applied 

Chemistry, 54, 2201–2218. 

Sohn, J. R., Chun, E. W., & Pae, Y. Il. (2003). Spectroscopic Studies on ZrO2 Modified with 

MoO3 and Activity for Acid Catalysis. The Bulletin of the Korean Chemical Society, 24, 

1785–1792. 

Soler-Illia, G. J. d. A. A., Louis, A., & Sanchez, C. (2002). Synthesis and Characterization of 

Mesostructured Titania-Based Materials through Evaporation-Induced Self-Assembly. 

Chemistry of Materials,14, 750–759. 

Song, C. (2003). An overview of new approaches to deep desulfurization for ultra-clean 

gasoline, diesel fuel and jet fuel. Catalysis Today, 86, 211–263. 

Song, H., Dai, M., Guo, Y.-T., & Zhang, Y.-J. (2012). Preparation of composite TiO2–Al2O3 

supported nickel phosphide hydrotreating catalysts and catalytic activity for 

hydrodesulfurization of dibenzothiophene. Fuel Processing Technology, 96, 228–236. 

Soni, K., Boahene, P. E., Chandra Mouli, K., Dalai, A. K., & Adjaye, J. (2011). Hydrotreating of 

coker light gas oil on Ti-HMS supported heteropolytungstic acid catalysts. Applied 

Catalysis A: General, 398, 27–36. 

Soni, K., Boahene, P. E., & Dalai, A. K. (2011). Hydrotreating of Coker Light Gas Oil on MCM-

41 Supported Nickel Phosphide Catalysts. In Production and Purification of Ultraclean 

Transportation Fuels (Vol. 1088, pp. 2–15). American Chemical Society. 

Soni, K. K., Boahene, P. E., Rambabu, N., Dalai, A. K., & Adjaye, J. (2013). Hydrotreating of 

coker light gas oil on SBA-15 supported nickel phosphide catalysts. Catalysis Today, 207, 

119–126. 

Soni, K. K., Chandra Mouli, K., Dalai, A. K., & Adjaye, J. (2012). Effect of Ti loading on the 

HDS and HDN activity of KLGO on NiMo/TiSBA-15 catalysts. Microporous and 

Mesoporous Materials, 152, 224–234. 

Soni, K., Mouli, K. C., Dalai, A. K., & Adjaye, J. (2010). Influence of Frame Connectivity of 

SBA-15 and KIT-6 Supported NiMo Catalysts for Hydrotreating of Gas Oil. Catalysis 

Letters, 136, 116–125. 

Soni, K., Rana, B. S., Sinha, A. K., Bhaumik, a., Nandi, M., Kumar, M., & Dhar, G. M. (2009). 

3-D ordered mesoporous KIT-6 support for effective hydrodesulfurization catalysts. Applied 

Catalysis B: Environmental, 90, 55–63. 

Speight, J. G. (2000). The Desulfurization of Heavy Oils and Residua. Marcel Dekker Inc., 

Newyork. 



 
 

272 
 

Stanislaus, A., Marafi, A., & Rana, M. S. (2010). Recent advances in the science and technology 

of ultra low sulfur diesel (ULSD) production. Catalysis Today, 153, 1–68. 

Sun, M., Nicosia, D., & Prins, R. (2003). The effects of fluorine, phosphate and chelating agents 

on hydrotreating catalysts and catalysis. Catalysis Today, 86, 173–189. 

Sun, Z.-X., Zheng, T.-T., Bo, Q.-B., Du, M., & Forsling, W. (2008). Effects of calcination 

temperature on the pore size and wall crystalline structure of mesoporous alumina. Journal 

of Colloid and Interface Science, 319, 247–51. 

Sundaramurthy, V., Dalai, A. K., & Adjaye, J. (2007). Effect of phosphorus addition on the 

hydrotreating activity of NiMo/Al2O3 carbide catalyst. Catalysis Today, 125, 239–247. 

Sundaramurthy, V., Dalai, A. K., & Adjaye, J. (2008). The effect of phosphorus on hydrotreating 

property of NiMo/γ-Al2O3 nitride catalyst. Applied Catalysis A: General, 335, 204–210. 

Sundaramurthy, V., Dalai, A. K., & Adjaye, J. (2005). Effect of EDTA on hydrotreating activity 

of CoMo/γ-Al2O3 catalyst. Catalysis Letters, 102, 299–306. 

Sundaramurthy, V., Eswaramoorthi, I., Dalai, A. K., & Adjaye, J. (2008). Hydrotreating of gas 

oil on SBA-15 supported NiMo catalysts. Microporous and Mesoporous Materials, 111, 

560–568. 

Thompson, M. S. (1986). Preparation of high activity silica-supported hydrotreating catalysts 

and catalysts thus prepared. European Patent. 

Topsøe, H. (2007). The role of Co–Mo–S type structures in hydrotreating catalysts. Applied 

Catalysis A: General, 322, 3–8. 

Topsøe, H., Clausen, B. S., & Massoth, F. E. (1996). CATALYSIS - Science and Technology. (J. . 

Anderson & M. Boudart, Eds.). Springer Verlag, Berlin. 

Trejo, F., Rana, M. S., & Ancheyta, J. (2011). Genesis of Acid - Base Support Properties with 

Variations of Preparation Conditions : Cumene Cracking and Its Kinetics. Industrial & 

Engineering Chemistry Research, 50, 2715–2725. 

Trong On, D., Desplantier-Giscard, D., Danumah, C., & Kaliaguine, S. (2003). Perspectives in 

catalytic applications of mesostructured materials. Applied Catalysis A: General, 253, 545–

602. 

Trytten, L. C., Gray, M. R., & Sanford, E. C. (1990). Hydroprocessing of Narrow-Boiling Gas 

Oil Fractions : Dependence of Reaction Kinetics on Molecular Weight. Industrial & 

Engineering Chemistry Research, 29, 725–730. 

Tuel, A. (1999). Modification of mesoporous silicas by incorporation of heteroelements in the 

framework. Microporous and Mesoporous Materials, 27, 151–169. 



 
 

273 
 

Tursiloadi, S., Imai, H., & Hirashima, H. (2004). Preparation and characterization of mesoporous 

titania–alumina ceramic by modified sol–gel method. Journal of Non-Crystalline Solids, 

350, 271–276. 

Vakros, J., Lycourghiotis, A., Voyiatzis, G. a., Siokou, a., & Kordulis, C. (2010). CoMo/Al2O3-

SiO2 catalysts prepared by co-equilibrium deposition filtration: Characterization and 

catalytic behavior for the hydrodesulphurization of thiophene. Applied Catalysis B: 

Environmental, 96, 496–507. 

Valange, S., Guth, J.-L., Kolenda, F., Lacombe, S., & Gabelica, Z. (2000). Synthesis strategies 

leading to surfactant-assisted aluminas with controlled mesoporosity in aqueous media. 

Microporous and Mesoporous Materials, 35-36, 597–607. 

Valencia, D., & Klimova, T. (2011). Effect of the support composition on the characteristics of 

NiMo and CoMo/(Zr)SBA-15 catalysts and their performance in deep hydrodesulfurization. 

Catalysis Today, 166, 91–101. 

Vinu, A., Srinivasu, P., Miyahara, M., & Ariga, K. (2006). Preparation and catalytic 

performances of ultralarge-pore TiSBA-15 mesoporous molecular sieves with very high Ti 

content. Journal of Physical Chemistry. B, 110, 801–806. 

Vradman, L., Landau, M. V, Herskowitz, M., Ezersky, V., Talianker, M., Nikitenko, S., … 

Gedanken, A. (2003). High loading of short WS 2 slabs inside SBA-15 : promotion with 

nickel and performance in hydrodesulfurization and hydrogenation. Journal of Catalysis, 

213, 163–175. 

Wang, X., Wang, P., Dong, Z., Dong, Z., Ma, Z., Jiang, J., et al. (2010). Highly Sensitive 

Fluorescence Probe Based on Functional SBA-15 for Selective Detection of Hg. Nanoscale 

Research Letters, 5, 1468–1473. 

Wei, Q., Wen, S., Tao, X., Zhang, T., Zhou, Y., Chung, K., Xu, C. (2015). Hydrodenitrogenation 

of basic and non-basic nitrogen-containing compounds in coker gas oil. Fuel Processing 

Technology, 129, 76–84. 

Wijngaarden, R. J., Kronberg, A., & Westerterp, K. R. (1998). Industrial Catalysis: Optimizing 

Catalysts and Processes. Wiley-VCH, Weinheim. 

Wilke, C. R., & Chang, P. (1955). Correlation of diffusion coefficients in dilute solutions. AIChE 

Journal, 1, 264–270. 

Wu, Y. S., Ma, J., Hu, F., & Li, M. C. (2012). Synthesis and Characterization of Mesoporous 

Alumina via a Reverse Precipitation Method. Journal of Materials Science & Technology, 

28, 572–576. 



 
 

274 
 

Xiang, C., Chai, Y., Fan, J., & Liu, C. (2011). Effect of phosphorus on the hydrodesulfurization 

and hydrodenitrogenation performance of presulfided NiMo/Al2O3 catalyst. Journal of 

Fuel Chemistry and Technology, 39, 355–360. 

Xiao, F.S. (2005). Ordered Mesoporous Materials with Improved Stability and Catalytic 

Activity. Topics in Catalysis, 35, 9–24. 

Xu, L., Zhao, H., Song, H., & Chou, L. (2012). Ordered mesoporous alumina supported nickel 

based catalysts for carbon dioxide reforming of methane. International Journal of Hydrogen 

Energy, 37, 7497–7511. 

Yada, M., Hiyoshi, H., Ohe, K., Machida, M., & Kijima, T. (1997). Synthesis of Aluminum-

Based Surfactant Mesophases Morphologically Controlled through a Layer to Hexagonal 

Transition. Inorganic Chemistry, 36, 5565–5569. 

Yang, P., Zhao, D., Margolese, D. I., Chmelka, B. F., & Stucky, G. D. (1999). Block Copolymer 

Templating Syntheses of Mesoporous Metal Oxides with Large Ordering Lengths and 

Semicrystalline Framework. Chemistry of Materials, 11, 2813–2826. 

Yuan, Q., Li, L.-L., Lu, S.-L., Duan, H.-H., Li, Z.-X., Zhu, Y.-X., & Yan, C.-H. (2009). Facile 

Synthesis of Zr-Based Functional Materials with Highly Ordered Mesoporous Structures. 

The Journal of Physical Chemistry C, 113, 4117–4124. 

Yui, S., & Dodge, T. (2006). Catalyst Deactivation, Kinetics, and Product Quality of Mild 

Hydrocracking of Bitumen-Derived Heavy Gas Oils. Petroleum Science and Technology, 24, 

351-365. 

Yui, S. M., & Ng, S. H. (1995). Hydrotreating of a Bitumen-Derived Coker HGO and Evaluation 

of Hydrotreated HGOs as Potential FCC Feeds Using Microactivity Test Unit. Energy & 

Fuels, 9, 665–672. 

Yui, S. M., & Sanford, E. C. (1989). Mild Hydrocracking of Bitumen-Derived Coker and 

Hydrocracker Heavy Gas Oils: Kinetics, Product Yields, and Product Propertied. Industrial 

& Engineering Chemistry Research, 28, 1278–1284. 

Zhang, D., Duan, A., Zhao, Z., Wan, G., Gao, Z., Jiang, G., et al. (2010). Preparation, 

characterization and hydrotreating performances of ZrO2–Al2O3-supported NiMo catalysts. 

Catalysis Today, 149, 62–68. 

Zhang, J., Zhao, Y., Feng, X., Pan, M., Zhao, J., Ji, W., & Au, C.-T. (2014). Na2HPO4-modified 

NaY nanocrystallites: efficient catalyst for acrylic acid production through lactic acid 

dehydration. Catalysis Science & Technology, 4, 1376–1385. 

Zhang, W., & Pinnavaia, T. J. (1998). Rare earth stabilization of mesoporous alumina molecular 

sieves assembled through an N 1 I 1 pathway. Chemical Communications, 1185–1186. 



 
 

275 
 

Zhao, D. (1998). Triblock Copolymer Syntheses of Mesoporous Silica with Periodic 50 to 

300 Angstrom Pores. Science, 279, 548–552. 

Zhao, R., Li, C., Guo, F., & Chen, J. (2007). Kinetics , Catalysis , and Reaction Engineering 

Scale-up Preparation of Organized Mesoporous Alumina in a Rotating Packed Bed. 

Industrial & Engineering Chemistry Research, 46, 3317–3320. 

Zhao, Y., Li, W., Zhang, M., & Tao, K. (2002). A comparison of surface acidic features between 

tetragonal and monoclinic nanostructured zirconia. Catalysis Communications, 3, 239–245. 

Zhou, R., Yu, T., Jiang, X., Chen, F., & Zheng, X. (1999). Temperature-programmed reduction 

and temperature-programmed desorption studies of CuO/ZrO2 catalysts. Applied Surface 

Science, 148, 263–270. 

 

 

 

  



 
 

276 
 

Appendix A: Evaluation of mass transfer resistances for HDS and HDN 

reactions 

The major issues related to hydrodynamic such as axial dispersion/back mixing, wall effects and 

complete wetting of catalyst were taken care by diluting the catalyst with silicon carbide (Bej et 

al. 2000; Ramírez et al. 2004). The Gierman criteria (see equation A.1) was used determine the 

complete wetting of catalyst (Gierman 1988).  

 

𝑊 =  
𝜇𝐿∗𝑢𝐿

𝜌𝐿∗𝑑𝑝
2∗𝑔

> 5 ∗ 10−6         ….A.1 

The wall effect were neglected considering the criteria determined by Chu and Ng (1989) (equation 

A.2) 

𝐷𝑏

𝑑𝑝
> 25            ….A.2 

To avoid backmixing the equation A.3 must be satisfied 

 

𝐿

𝑑𝑝
> 100           ….A.3 

 

A.1 External mass transfer  

The Satterfield criterion (Satterfield et al. 1970) was used to determine the effect of external mass 

transfer resistance, that is, the diffusion of hydrogen to heavy gas oil during HDS and HDN 

reactions (Satterfield 1975; Mary et al. 2009). According to this criterion if equation A.4 is satisfied 

then the diffusion resistance is present. 

10𝑑𝑝

𝐶𝐻2
∗ 𝑟 ∗ (1 − 𝜀) > 𝐾𝑂𝑉𝑅               ….A.4 

where, 

KOVR = Overall mass transfer coefficient for hydrogen, cm/s. It is considered same for HDS and 

HDN reactions as the there is no separate flow of hydrogen for these two reactions. 

CH2 = Hydrogen concentration in the liquid phase at equilibrium, mol/mL  

Reactor volume = Volume of loaded catalyst(5 mL) + volume of inerts (12ml) 

dP = Average diameter of the catalyst particles = 0.17 cm  

𝑟HDS/HDN =  
{(𝐶𝑓)

𝑁/𝑆
−(𝐶𝑝)

𝑁/𝑆
}

𝑟𝑒𝑎𝑐𝑡𝑜𝑟 𝑣𝑜𝑙𝑢𝑚𝑒
    (mol/s.ml)    
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(Ci)N/S (mol/s)= (mass flow rate of oil(g/h)* wt % of S/N)/(3600*100*32) 

Cf = concentration of nitrogen or sulfur in feed, mol/s 

Cp = concentration of nitrogen or sulfur in product, mol/s 

 

The equation A.5 was used to calculate overall mass transfer coefficient 

 

1

𝐾𝑂𝑉𝑅
=

1

𝐾𝐿
+  

1

𝐾𝑆
                                               ….A.5 

The variables are defined as: 

KL = H2/HGO mass transfer coefficient – gas/liquid side, cm/s 

KS = H2/HGO mass transfer coefficient – liquid/solid side, cm/s 

 

The values for gas/liquid mass transfer coefficient were calculated by using the correlation by Goto 

and Smith (1975) as shown in equation A.6 

K𝐿 =∝1∗ (
𝐿𝐴

𝜇𝐿
)

𝛼2

∗ (
𝐷𝐿

𝑎𝐿
) ∗ √

𝜇𝐿

𝜌𝐿∗𝐷𝐿
                 ….A.6 

The correlation by Van Krevelen-Krekels (Korsten & Hoffmann 1996) shown in equation A.7, 

was used to calculate the liquid /solid mass transfer coefficient (KS) 

𝐾𝑆 = 1.8 ∗  𝐷𝐿 ∗ 𝑎𝑆 ∗  √
𝐿𝐴

𝑎𝑆∗ 𝜇𝐿
∗  (

𝜇𝐿

𝜌𝐿𝐷𝐿
)

1/3

         ….A.7 

aL= aS = Interfacial surface area over unit volume ≈ (
6(1−𝜀)

𝑑𝑃
)=24.7 cm-1 

ε =Bed porosity = (1 −
𝜌𝑏𝑢𝑙𝑘

𝜌𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
) = (1 −

1.88𝑔/𝑐𝑐

2.65𝑔/𝑐𝑐
) = 0.3  

LA = Liquid mass flow over cross-sectional area, g/(s∙cm2) 

μL = Viscosity of HGO at the operating temperature, g/(s∙cm) 

DL = Diffusivity of hydrogen in HGO, cm2/s 

ρL = Density of HGO at the operating conditions, g/mL 

α1 = Constant based on the catalyst particle properties = 7 cm-1.6 

α2 = Constant based on the catalyst particle properties = 0.4 

α1 and α2 values were estimated from work by Goto and Smith (1975)  for dP = 0.17 cm. 

The parameters such as viscosity, density and diffusivity needs to be determined in order to 

calculate mass transfer coefficients. 
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Calculation to estimate HGO viscosity (µL) 

To calculate the viscosity of HGO at operating conditions, a correlation by Glasso (Ahmed 1989) 

was used  

 

𝜇𝐿 = 3.141 𝑋 1010 ∗ (𝑇 − 460)−3.444 ∗ (𝑙𝑜𝑔° 𝐴𝑃𝐼)𝑎           ….A.8 

𝑎 = 10.313 ∗ log(𝑇 − 460) − 36.447                                  ….A.9 

where, 

T = Operating temperature, °R 

 

°𝐴𝑃𝐼 =
141.5

𝑆𝐺
− 131.5  

SG = Specific gravity of HGO at 15.6°C = 0.97 

Therefore, °API = 14.4 

 

a = -7.06 to -6.79 (for temperatures ranging from 375°C to 400°C) and for temperature 395 °C it’s 

-6.84 

therefore, μL = 1.71 cP to 1.44 cP (for temperatures ranging from 375°C to 400°C) and for 

temperature 395 °C its 1.5 cP 

 

Diffusivity of hydrogen in gas oil (DL) is calculated using Wilke & Chang (1955) correlation 

𝐷𝐿 =  (7.4𝑋10−8) ∗  
𝑇√𝑋∗𝑀𝐴𝑉𝐸

𝜇𝐿∗𝑉𝑏
0.6      

 ….A.10 

The average molecular weight of HGO, MAVE, was calculated using Winn correlation (Trytten et 

al. 1990) 

𝑀𝐴𝑉𝐸 =  𝑚1 ∗ 𝑇𝑏
𝑚2 ∗ 𝜌15.6

𝛽
            …A.11 

where, 

Tb = Average boiling point of HGO = 375°C = 648 K 

ρ15.6 = Density of HGO at 15.6°C = 0.97 g/mL 

β = Empirical constant = -2.13 

X = Association parameter = 1 for hydrocarbon mixtures 
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Vb = Hydrogen molar volume at the normal boiling point which is 14.3 ml/mol (Wilke & Chang 

1955)  

The values of m1, m2 and β are used from Trytten et al. (1990). 

m1 = Empirical constant = 2.41×10-6 

m2 = Empirical constant = 2.847 

Therefore the average molecular weight MAVE = 260 g/mol 

The value of diffusivity using equation 7 is 

DL = 1.08×10-4 cm2/s at 395 °C and it’s in range from 9.11×10-5 to 1.12×10-4 cm2/s for temperature 

375 to 400 °C. 

 

Heavy gas oil density calculations at reaction temperature and pressure 

The correlation used by Jimenez et al., 2007 was used to determine the HGO density at operating 

conditions (Jiménez et al. 2007) 

𝜌𝐿 =  𝜌15.6 +  ∆𝜌𝑃 −  ∆𝜌𝑇                    ….A.12 

ΔρT = Temperature density correlation, lbs/ft3 

ΔρP = Pressure density correlation, lbs/ft3  

 

∆𝜌𝑃 = {0.167 + (16.181 ∗ 10−0.0425𝜌15.6)} ∗  {
𝑃

1000
}  − 0.01 ∗   

{0.299 + 263 ∗ 10−0.0603𝜌15.6} ∗  {
𝑃

1000
}

2

                                         .…A.13 

 

∆𝜌𝑇 =  {0.0133 +  (152.4 ∗  (𝜌15.6 +  ∆𝜌𝑃)−2.45)} ∗  {𝑇 − 520}  

− {8.10 ∗ 10−6 −  (0.0622 ∗ 10−0.764(𝜌15.6+ ∆𝜌𝑃))} ∗  {𝑇 − 520}2   ....A.14 

where, 

P = 8.96 MPa, T = 1202°R (395°C), ρ15.6 = 60.55 lb/ft3 

 

Therefore, ΔρP = 0.267 lb/ft3, ΔρT = 9.73 lb/ft3 and ρL = 51.1 lb/ft3 = 0.82 g/cm3
 at 395 °C 

Hence, using equation A.6, KL = 1.43×10-4 cm/s at 395 °C and it’s in range from 1.33×10-4 to 

1.46×10-4 cm/s for temperature 375 to 400 °C. 

And equation A.7 gives, KS = 1.63×10-4 cm/s at 395 °C and it’s in range from 5.78×10-4 to  

6.86×10-4 cm/s for temperature 375 to 400 °C. 
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Therefore the overall mass transfer coefficient using equation A.5 is KOVR = 1.18 X 10-4 cm/s at 

395 °C and it’s in range from 1.08×10-4 to 1.20×10-4 cm2/s for temperature 375 to 400 °C. 

To calculate the left hand side of equation 1, first we need to calculate hydrogen concentration in 

the liquid phase at equilibrium, mol/ml and rate of hydrogen conversion in the reaction, mol/(s∙mL) 

 

Equilibrium concentration of hydrogen in gas oil (CH2) 

The following equation using Henry’s constant with assumption of limited solubility was used 

𝐶𝐻2
=  

𝑃

𝐻𝐻2

                          ….A.15 

where, 

HH2 = Henry’s constant for hydrogen in HGO, MPa∙m3/mol 

P = Operating pressure = 8.96 MPa  

 

Henry’s constant can be calculated using the equation below: 

𝐻𝐻2
=  

𝜈𝑁

𝜆𝐻2∗ 𝜌𝐿
           ....A.16 

 

where, 

νN = Hydrogen molar volume at standard conditions = 22.4 L/mol 

λH2 = Hydrogen solubility in HGO, ml/(kg∙MPa) 

 

Solubility of hydrogen in gas oil was estimated using correlation used by Korsten and Hoffmann 

(1996)  

𝜆𝐻2 = 𝑧0 + 𝑧1 ∗   𝑇 + 𝑧2 ∗  
𝑇

𝜌20
+  𝑧3 ∗ 𝑇2 +  𝑧4 ∗  

1

(𝜌20)2
         

 ….A.17 

where, 

z0 = -0.55973, z1 = -0.42947×10-3, z2 = 3.07539×10-3, z3 = 1.94593×10-6 and z4 = 0.83578 

T = Operating temperature = 395 °C 

ρ20 = Density of HGO at 20°C = 0.96 g/mL 

 

Hence,  λH2 = 1.74 x 103 mL/(kg∙MPa), HH2 = 0.0135 MPa∙m3/mol  
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CH2 = 5.72×10-4 mol/mL at 395 °C and it’s in range from 5.47×10-4 to 5.78×10-4 cm2/s for 

temperature 375 to 400 °C. 

 

Therefore, using equation A.4 the left hand side value of Satterfield inequality was calculated and 

following are the results. 

 

For HDS reaction 

Left hand side of Satterfield’s criterion = 9.79 X 10-5 to 2.97×10-4 cm/s 

Right hand side of Satterfield’s criterion = 1.08×10-4 to 1.20×10-4 cm2/s 

 

For HDN reaction 

Left hand side of Satterfield’s criterion = 1.88 X 10-5 cm/s to 3.81×10-5. 

Right hand side of Satterfield’s criterion = 1.08×10-4 to 1.20×10-4 cm2/s  

 

A.2 Internal mass transfer 

The isothermal conditions were assumed in the catalyst pellet to evaluate internal mass transfer 

effects. To validate this assumption, maximum potential temperature rise between the core and the 

surface of the pellet (Fogler 2006) and the Anderson’s criterion (Mears 1971) was calculated.  

Maximum potential temperature rise (∆Tmax) 

𝛽 =  
∆𝑇𝑚𝑎𝑥

𝑇𝑠
=  

∆𝐻𝑅,𝑖∗[𝐷𝑖]𝑒∗[𝐶𝑖]𝑠

𝑘𝑡∗𝑇𝑠
                 ….A.18 

where, 

ΔHR,i = Heat of HDS/HDN reaction, kJ/mol 

[Ci]S = Catalyst surface concentration of sulfur or nitrogen species, mol/L 

kt = Thermal conductivity of the NiMo/mesoporousAl2O3 catalyst pellet, 0.16 W/(cm.K) for pure 

alumina at 395 °C (Perry Handbook 2008 8th edition)  

TS = Pellet surface temperature (assumed to be the reaction temperature =395 °C=668 K) 

[Di]e = effective diffusivity of sulfur and nitrogen compounds 

 

To determine the ∆Tmax, first the heat of reaction and effective diffusivity of sulfur and nitrogen 

compounds is calculated as mentioned below. 
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Estimation of the heat of reaction for HDS/HDN reactions ΔHR,i 

The heat of reaction for HDS was approximated for most thiophene molecules as 63 to 66 kJ/mol 

of hydrogen consumed.  The HDN heat of reaction was approximated for most quinoline molecules 

as 272 to 443 kJ/mol (Ancheyta & Speight 2007). The values were converted to units of kJ/mol of 

sulfur removed by using the stoichiometric coefficients (XHDS) as discussed below. 

The following simplified stoichiometric equations were used for finding the stoichiometric 

coefficients both hydrodesulfurization and hydrodenitrogenation:  

 

               ….A.19 

 

 

             ….A.20 

Assuming the hydrogenation of a 5-membered thiophenic ring for sulfur removal and a 6-

membered basic pyridinic ring for nitrogen removal, the following stoichiometric values were 

assumed for the HDS and HDN reactions of heavy gas oil:  

xHDS = 4.0  

xHDN = 5.0  

ΔHR,HDS = 252 to 264 kJ/mol  

ΔHR,HDN = 272 to 443 kJ/mol  

 

 

Calculations for effective diffusivities [𝐷𝑖]𝑒 

[𝐷𝑖]𝑒 =  
𝜀𝑃𝐷𝑖

𝛾𝑃
                   ….A.21 

where, 

εP = Porosity of the catalyst pellets 

γP = Tortuosity of the catalyst pellets 

Di = Bulk diffusivity of sulfur/nitrogen compounds, cm2/g 

 

(R-S)  + x
HDS

 H
2
                                                   + H

2
S (R-H) (2xHDS -2) 

Catalyst 

(R-N)  + x
HDN

 H
2
                                                  + NH

3
 (R-H) (2xHDN -3) 

Catalyst 
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The ratio of porosity to tortuosity was estimated using equation 3 

𝜀𝑃

𝛾𝑃
=  {

𝜀𝑃
𝑚

(2−𝜀𝑃)𝑚+1}                                               ….A.22 

The values for m were in the range of 0.7 to 1.65 for porous compressed catalysts and the 

recommended value for m is 1.05 (Wijngaarden et al. 1998).  The pellet porosity was determined 

using the equation 

𝜀𝑃 =  
𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑣𝑜𝑖𝑑 𝑠𝑝𝑎𝑐𝑒

𝑡𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒
                                   ….A.23 

 

Using the BET data from Table 8.2,  εP =0.45 

Therefore,    
𝜀𝑃

𝛾𝑃
= 0.1760 

 

It was assumed that the organo-sulfur and organo-nitrogen compounds have same density, average 

boiling point, average molecular weight and average molar volume as that of heavy gas oil. The 

bulk diffusivity was calculated using the Tyn-Calus correlation mentioned in publication by 

(Korsten & Hoffmann 1996) 

𝐷𝑖 = (8.93 ∗ 10−8) ∗  (
𝑉𝐿

0.267

𝑉𝑖
0.433) ∗  (

𝑇

𝜇𝐿
) =  (8.93 ∗ 10−8) ∗  (

𝑇

𝜇𝐿∗ 𝑉𝑖
0.166)        ….A.24 

where, 

T = Operating temperature = 668 K 

μL = HGO viscosity at operating conditions = 1.5 cP  

Vi = Molar volume of sulfur/nitrogen molecules under standard conditions, ml/mol 

𝑉𝑖 = (0.285) ∗  𝑉𝑐
1.048                                                ….A.25 

where, Vc = critical specific molar volume of HGO, ml/mol and is calculated using 

𝑉𝑐 = 𝑉𝑐
𝑚 ∗  𝑀𝐴𝑉𝐸                                               ….A.26 

 

MAVE = 265 g/mol from (from equation A.11) 

Vc
m  = critical specific mass volume, ml/g and it was calculated using a correlation by Raizi and 

Daubert (Ahmed 1989) 

𝑉𝑐
𝑚 = (7.5214 ∗ 10−3) ∗  𝑇𝑏

0.2896 ∗  𝑆𝐺−0.7666                         ….A.27 

The variables are defined as: 

Vc
m  = Critical specific mass volume, ft3/lb 



 
 

284 
 

Tb = Average boiling point temperature = 370°C = 1158°R 

SG15.6 = Specific gravity at 15.6°C = 0.97 

 

Using the above mentioned values, Vc
m  = 5.9 *10-2 ml/g 

This implies, Vc = 15.635 ml/mol and Vi = 5.1 ml/mol 

Therefore, Di =DS=DN = 3.03 *10-5 cm2/s   

and [DS]e = [DN]e = 5.34 *10-6 cm2/s 

using equation A.18 , βHDS = 1.55 * 10-5 and βHDN = 5.4 * 10-6, hence total   𝛽 =  𝛽𝐻𝐷𝑆 + 𝛽𝐻𝐷𝑁
 

The change in temperature is 0.014K, which could be considered negligible. Hence, isothermal 

conditions were maintained. 

 

Anderson’s Criterion 

|∆𝐻𝑅,𝑖|∗ 𝑅𝑖∗𝑑𝑃
2

𝑘𝑡∗𝑇𝑠
<  

3∗𝑇𝑠∗𝑅

𝐸𝑖
                                 ….A.28 

The variables are defined as: 

Ri = Global reaction rate: HDS/HDN, mol/(s·ml) 

𝑅HDS/HDN =  
{(𝐶𝑓)

𝑁/𝑆
−(𝐶𝑝)

𝑁/𝑆
}∗𝐿𝐻𝑆𝑉(1/ℎ)

3600 (𝑠)
    (mol/s.ml)    

(Ci)N/S (mol/ml)= (ppmwt * density of oil (g/ml))/ Molecular weight of S/N * 106) 

R = Universal gas constant = 8.314 J/(mol·K) 

Ei = Energy of activation: HDS/HDN, J/mol 

 

Calculations for Anderson’s criterion were as follows 

Left hand side of Anderson’s criterion (HDS) = 2.56 * 10-5 

Right hand side of Anderson’s criterion (HDS) = 0.119  

Left hand side of Anderson’s criterion (HDN) = 6.7×10-6  

Right hand side of Anderson’s criterion (HDN) =0.175 

 

The results confirmed that the isothermal behavior can be assumed while calculating the internal 

mass transfer resistances of the hydrotreating process.  
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The internal effectiveness factor is the parameter to describe whether the reaction is internal mass 

transfer (diffusion) limited or reaction rate limited. The internal effectiveness factor is defined as 

𝜂 =
actual overall reaction rate

overall reaction rate without internal diffusion
                      ….A.29 

If the value of η is 0.95 or higher, it can be considered that internal mass transfer limitations are 

not present. The value of η is calculated using the following equations: 

The dimensionless modulus Φ ,was used to represent an estimation of the pore diffusion resistance 

(Satterfield 1970). 

 

Φ =
dP

2 ∗Ri

4∗[D𝑖]E∗[Ci]S
                   ….A.30 

 

Φ = 𝜑2 ∗ 𝜂                                                    ….A.31 

 

η =
3

𝜑
{

1

tanh (𝜑)
−

1

𝜑
}                   ….A.32 

where,  

Φ = dimensionless modulus  

dp = average diameter of the catalyst particle =0.17cm 

Ri = global reaction rate for HDS or HDN reactions, mol/(s.ml) 

[Di]e = effective diffusivity of sulfur or nitrogen compounds cm2/s, and  

[Ci]S =catalyst surface concentration of sulfur/nitrogen species, mol/ml. 
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Appendix B: Calculation of hydrogen and hydrogen sulfide partial pressure 

The hydrogen is consumed during hydrotreating reactions and it results in different partial pressure 

of hydrogen at inlet and outlet. However, the outlet partial pressure is the more nearly 

approximation of conditions in the reactor (McCulloch and Reader, 1976). The determination of 

total hydrogen consumption is essential to determine the outlet hydrogen partial pressure. The 

hydrogen consumption was calculated using the approach followed by Speight, 1999; Ancheyta 

and Speight, 2007. The hydrogen consumption for HDS, HDN and HDA are 90-100 scf/bbl/wt. % 

S, 300-350 scf/bbl/wt. % N, and 27scf/bbl/vol. % aromatics. From the conversion data presented 

in Table 9.1, the hydrogen consumed it calculated. The hydrogen partial pressure at inlet and outlet 

of reactor is calculated using vapor-liquid equilibrium data using HYSYS. (Mapiour, 2009). The 

software yield results in mole fractions which is converted to partial pressure. Figure B.1 shows 

the flowsheet for VLE at reactor inlet and outlet. Table B.1 shows the mole fraction and partial 

pressure of H2 and H2S at different operating conditions. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.1 Hysys flowsheet for determining the mole fractions of H2 and H2S using VLE.  

Reactor inlet 

Reactor outlet 
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Table B.1 Mole fraction and partial pressure of H2 and H2S at different operating conditions. 

Temperature 

(°C) 

LHSV 

(h-1) 

Pressure 

(MPa) 

G/O 

(ml/ml) 

H2 Mole 

fraction 

H2S mole 

fraction 

Partial 

pressure of 

H2 (kPa) 

Partial 

pressure of 

H2S (kPa) 

375 1 8.96 600 0.9944 0.0020 8909.8 17.9 

385 1 8.96 600 0.9938 0.0021 8904.4 18.8 

395 1 8.96 600 0.9931 0.0023 8898.2 20.6 

400 1 8.96 600 0.9928 0.0023 8895.5 20.6 

395 0.5 8.96 600 0.9489 0.0351 8502.1 314.5 

395 0.75 8.96 600 0.9892 0.0043 8863.2 38.5 

395 1 8.96 600 0.9931 0.0023 8898.2 20.6 

395 1.5 8.96 600 0.9964 0.0011 8927.7 9.9 

395 1 9.31 600 0.9933 0.0022 9237.7 20.5 

395 1 8.96 600 0.9931 0.0023 8898.2 20.6 

395 1 8.61 600 0.9929 0.0023 8538.9 19.8 

395 1 8.27 600 0.9929 0.0022 8211.3 18.2 

395 1 8.96 700 0.9945 0.0018 8910.7 16.1 

395 1 8.96 600 0.9932 0.0023 8899.1 20.6 

395 1 8.96 500 0.9912 0.0032 8881.2 28.7 

395 1 8.96 400 0.9876 0.0051 8848.9 45.7 
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Appendix C: Permissions to use figures and papers 

Permission to use Figure 1.3 
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Permission to use Figure 1.5
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catalysts for hydrotreating of light gas oil. Applied Catalysis B: Environmental, 125, 
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38. 

 



 
 

295 
 

 

(iv) Badoga, S., Sharma, R. V, Dalai, A. K., & Adjaye, J. (2014b). Hydrotreating of Heavy 

Gas Oil on Mesoporous Mixed Metal Oxides (M−Al2O3, M = TiO2, ZrO2, SnO2) 

Supported NiMo Catalysts: Influence of Surface Acidity. Industrial & Engineering 

Chemistry Research, 53, 18729–18739. 
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Appendix D: Characterization details on XANES and 13C NMR 

 

D.1 X-ray absorption near edge structure (XANES) 

XANES is a regions of the spectrum obtained from X-ray Absorption Spectroscopy (XAS).X-Ray 

spectroscopy involves a process in which an high energy X-ray beam from synchrotron source is 

applied to an atom and causes the ejection of an electron, usually a core electron. The energy 

required to eject an electron depends on atom under consideration. The typical x-ray absorption 

spectra is shown in Figure D.1. The spectra is divided into two main regions XANES and EXAFS 

(Extended X-ray absorption fine structures). The absorption coefficient is given by 

𝜇 ∗ 𝑥 = log (
𝐼0

𝐼
)          ….D.1 

where, x is sample thickness, Io is the incident X-ray intensity, and I is the of transmitted X-ray 

intensity. 

 

Figure D.1 Schematic Illustration of X-ray absorption spectroscopy 
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The different core electrons have distinct binding energies, therefore the typical absorption spectra 

of a different shell electron for a specific element will be similar to the Figure D.2   

 

Figure D.2 Typical X-ray Absorption spectrum for transition metal. (Figure Courtesy of 

Wikipedia) 

The XANES spectra provides information on the oxidation state, coordination number and 

geometry.  The change in oxidation state of a metal can also be determined. As the oxidation state 

increases the absorption edge energy increase.  The pre-edge features provide the information on 

1s to nd electronic transitions. 
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The XANES spectrum for a Mo, Ni and S was obtained at Soft X-ray Micro-characterization 

Beamline (SXRMB) with an energy range of 1.7 to 10keV at Canadian Light Source (CLS). The 

fine powdered sample was dispersed finely on double-sided conducting carbon tape, placed on the 

grid. The grid was mounted in X-ray beam-path in high vacuum chamber. The data was recorded 

in the total electron yield (TEY) mode for S K edge. For the Mo LIII edge and the Ni K edge, data 

was recorded in the fluorescence yield mode. 

D.2 13C NMR 

Aromaticity is the percent of carbon in a sample that is present as part of an aromatic ring structure. 

To determine the aromatics content in the feed and products, the 13C NMR spectrometry was 

utilized. The 13C NMR was performed in 500 MHz Bruker Advance NMR Spectrometer. 

The spectra were obtained in the Fourier Transform (FT) mode operating at a frequency of 500 

MHz. The operating conditions used were as follows: pulse delay of 4 s, sweep width of 28 kHz, 

inverse gated proton coupling, and 2000 scans. Overall time for each sample was one hour, 30 

minutes. The samples were diluted with deuterated chloroform, CDCl3.  Figure D.3 shows the 

typical 13C NMR spectrum for heavy gas oil. The spectra show peaks in two distinct regions, 0-50 

ppm and 110-150 ppm. The peaks corresponding to 110-150 ppm are assigned to aromatic 

hydrocarbons and the peaks in 0-50 ppm region corresponds to saturated hydrocarbons. Therefore, 

integrating the intensities over these two above mentioned regions provides the percentage 

aromatic content in the sample.  

𝐶𝑎𝑟𝑚(%) =  
𝐼𝑎𝑟𝑚

𝐼𝑎𝑟𝑚+ 𝐼𝑠𝑎𝑡
∗ 100         ….D.2 

    

where, Iarm is the integral of total aromatics, and Isat is the integral of total saturates.  
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Figure D.3 Sample 13C NMR spectra for hydrotreated heavy gas oil.  
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Appendix E: Arrhenius Plots for activation energy 

 

 

Figure E.1 Arrhenius Plot for Power-Law model - HDS reaction 

 

 

Figure E.2 Arrhenius Plot for Power-Law model - HDN reaction 
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Figure E.3 Arrhenius Plot for L-H model - HDS reaction 

 

 

 

Figure E.4 Arrhenius Plot for L-H model - HDN reaction 
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Figure E.5 Effect of increase in temperature on HDS and HDN reaction rate 
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Appendix F: Sample calculations and raw data 

 

F.1 Sample calculation for calculating effectiveness factor (η) 

The amount of sulfur wt.% in feed =4.1 

𝑅HDS/HDN =  
{(𝐶𝑓)

𝑁/𝑆
−(𝐶𝑝)

𝑁/𝑆
}∗𝐿𝐻𝑆𝑉(1/ℎ)

3600 (𝑠)
    (mol/s.ml)        ….F.1 

 (𝐶𝑓)
𝑆

=
𝑝𝑝𝑚∗𝜌

106∗32
𝑚𝑜𝑙/𝑚𝑙          ….F.2 

Therefore,    (𝐶𝑓)
𝑆

=
41000∗0.95

106∗32
=  1.21 ∗ 10−3 𝑚𝑜𝑙/𝑚𝑙   

and,             (𝐶𝑝)
𝑆

=
1230∗0.95

106∗32
=  3.65 ∗ 10−5 𝑚𝑜𝑙/𝑚𝑙 

Therefore, RHDS= 3.26 * 10-7 mol/s.ml 

From Appendix A, [DS]e = 5.34 *10-6 cm2/s  

Therefore, from equation A.30,   Φ =
(0.17)2∗3.26∗ 10−7

4∗5.34∗10−6∗1.21∗ 10−3 = 0.3645 

From equation A.31      𝜑 = √
Φ

𝜂
 

Hence solving for equation A.32, using trial and error method, justifies the value of η = 0.97. 

For example, if η = 0.97, 𝜑 = 0.62 and the right hand side of equation A.32 will be  

η =
3

0.62
{

1

tanh (0.62)
−

1

0.62
} = 0.97 

Therefore, the internal effectiveness factor for HDS reaction is 0.97. 

F.2 Data for determining partial pressure using Hysys 

The partial pressures required to determine the kinetic parameters using L-H models were 

determined using Hysys. The raw data is shown in Table F.1 and the calculated values of partial 

pressures are mentioned in Table B.1 
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Table F.1 Rough calculation sheet (excel format) with equations to calculate rate, and hydrogen consumptions for partial pressure 

determination. (Supplementary information for Hysys program to calculate partial pressures) 

B C D E F G H I U V W X Y Z AA AB AC AD AE AG 

NiMoP/MesoAlumina       S in feed 4.1 
N in 
Feed 0.38   H2 consumed            

     ppm Csp Csf Ra 

H2S 
flow 
(g/h) 

Sulfur 
(g)  %S %N H2S NH3 HDA Total 

H2 
In 

H2
Out 

H2 
out 
(ml/ 
min) 

H2 
in 
(ml/ 
min) 

  
Tem
p (c) 

N 
% 

S 
%   

(F7*9
50)/(3
2.064
*10^6
) 

(410
00*9
70)/(
32.0
64*1
0^6) 

(H7-
G7)/(360
0*0.75) 

V7*3
4/32 

4.8*(
4.1*E
7)/10
000 

4.1*
E7/1
00 

0.38
*D7/
100 

23.7*
W7 

82.9
5*X7 160 

AA7+
Z7+Y7   

AC7
-
AB
7 

AD7
*5/6
0   

  375 54 90 4100 0.121 1.24 0.000414 0.188 0.177 3.69 0.20 87.45 17.0 160 264.5 600 335 27.9 50 

  385 67 94 2460 0.073 1.24 0.000432 0.196 0.184 3.85 0.25 91.34 21.1 160 272.5 600 327 27.2 50 

  395 77 97 1230 0.036 1.24 0.000445 0.202 0.190 3.97 0.29 94.25 24.2 160 278.5 600 321 26.7 50 

  400 81 98 820 0.024 1.24 0.000450 0.204 0.192 4.01 0.30 95.22 25.5 160 280.8 600 319 26.6 50 

  LHSV                                  

  0.5 89 98 820 0.024 1.24 0.000225 0.204 0.192 4.01 0.33 95.22 28.0 160 283.3 300 16 1.4 25 

  0.75 82 98 820 0.024 1.24 0.000337 0.204 0.192 4.01 0.31 95.22 25.8 160 281.1 450 168 14.0 37.5 

  1 77 97 1230 0.036 1.24 0.000445 0.202 0.190 3.97 0.29 94.25 24.2 160 278.5 600 321 26.7 50 

  1.5 57 94 2460 0.073 1.24 0.000648 0.196 0.184 3.85 0.21 91.34 17.9 160 269.3 900 630 52.5 75 

Pres
sure 
Mpa 

Pres
sure 
(Psi)                                  

9.3 1350 78 97 1230 0.036 1.24 0.000445 0.202 0.190 3.97 0.29 94.25 24.5 160 278.8 600 321 26.7 50 

8.96 1300 77 97 1230 0.036 1.24 0.000445 0.202 0.190 3.97 0.29 94.25 24.2 160 278.5 600 321 26.7 50 

8.6 1250 69 96 1640 0.049 1.24 0.000441 0.200 0.188 3.93 0.26 93.28 21.7 160 275 600 325 27.0 50 

8.27 1200 66 94 2460 0.073 1.24 0.000432 0.196 0.184 3.85 0.25 91.34 20.8 160 272.1 600 327 27.3 50 

 

3
0

6
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Table F.2 Reactor Data sheet template 

 

 

 

 

3
0

7
 

 


