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ABSTRACT

Crude oil is a complex blend containing thousands of hydrocarbons, non-hydrocarbon compounds and
heavy metals. These hydrocarbons are mixed with variable quantities of sulfur-, nitrogen-, and oxygen-
containing compounds. The combustion of fuel containing organosulfur compounds results in the emission
of sulfur oxides (SOx) into the atmosphere. These toxic gases escape into the atmosphere resulting in air
pollution, which is a large contributor to global warming. Air pollution also causes pulmonary diseases,
allergies and may even lead to human death. It can also cause harm to other living organisms such as
animals and food crops. Thus, mandating the reduction of sulfur in organosulfur compounds in fuel to <10
ppmS by the environmental protection agency. Several studies have been conducted to remove sulfur from
fuels, most of which have focused on removing refractory sulfur compounds due to the difficulty in
removing sulfur in these compounds. However, the currently employed hydrodesulfurization (HDS)
catalysts suffer in producing fuels complying with the future standards of fuels quality. Generally, HDS
catalysts are made up of metallic components, Co (Ni) and Mo (W), on porous supports, the catalytic
activity of these catalysts strongly depends on the amount of NiWS (CoMoS) phases in it and to the extent
in which these phases are exposed on the catalyst support surfaces and this is engineered using chelating
agents and size of catalysts. To this end, nanosized materials (nanocatalysts) are considered most suitable,
as reported active phases of HDS catalysts are exposed, hence improving the hydrodesulfurization of
sulfur-containing compounds in fuels. Nanocatalysts results in nanoparticles and when impregnated on a
support will results in high surface area, and enhances electronic property, which increases the activity of
the catalyst allowing the most refractory sulfur to be removed. The addition of chelating agents such as
EDTA, acetic acid, and citric acid further improves the activity of the catalysts by producing more active
phases on the catalyst. In this research project, nanocatalysts will be synthesised using mixed metals with
and without chelating agents and tested for HDS activity and selectivity towards sulfur using refractory
organosulfur compounds in fuels under industrial HDS conditions. This work was divided into two

sections, and this dissertation summarizes the research outcomes of each phase.

The first section examines the effect of chelating ligands, namely, ethylenediaminetetraacetic acid
(EDTA), citric acid (CA), and acetic acid (AA), on CoMo HDS activity and the sulfidation mechanism.
In this study, chelating ligands seem to have a beneficial effect on HDS activity. Detailed mechanistic
aspects of interactions between chelating ligands and metallic species (Co-chelating ligands) were also
studied. Characterization by SC-XRD revealed that the presence of the chelating ligand result in the
formation of complex with cobalt, and the effect of this complex was shown by TG-DSC analysis. This
showed that the presence of chelating ligand leads a to delay of cobalt sulfidation as the complex
decomposes at higher temperatures, which was the main cause of improving HDS activity. It was also
shown that chelating ligands play a role in dispersion of metal oxides and sulfided metal oxides (TEM and
XPS). XPS results showed low MoS; phase for CoMo/Al;O3 (45%), while CoMo-EDTA/AI,O3 (63%)
catalyst resulted in high MoS; phases. From all the catalysts, CoMo-CA/Al,O3 (98%) gave the highest



catalytic activity, and the increase in activity could be attributed to the formation of octahedral
molybdenum oxides as they are easily reducible during sulfidation and result in more dispersed active

phases and weak metal-support interaction.

The second section examines the effect of a promoter (Rh) and different chelating ligands (EDTA, AA,
and CA) on the catalyst RhMo supported with alumina. In this phase, rhodium was used as promoter, the
following trend for catalytic activity was observed: RhMo/Al.O; (88%) > RhMo-AA/Al,O3 (73%) >
RhMo-CA/AlO; (72%) > RhMo-EDTA/AILO3 (68%). This could be that the addition of chelating ligand
complexed both metallic species retarding sulfidation of both metals, hence lowering the HDS activity.
Studies show that it is possible for the citric acid to complex with both promoter and an active metal (Mo),
and this might result in the formation of molybdenum dimers, trimers and tetramers which are difficult to
sulfide. XPS analysis showed that unchelated catalyst have more MoS; phases of 63%, hence higher
dispersion than the chelated catalyst, this could be the reason for high activity in RhMo/Al;O3 (88%)
catalyst.
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Chapter One

Introduction and Literature review

Chapter one focuses on the background of the study which includes the detrimental effects of organosulfur
compounds in petroleum and their environmental issues. This chapter also covers hydrotreating process,
common hydrotreating catalysts and its components and hydrodesulfurization process in general. A review

on improvement of intrinsic activity of HDS catalyst can be improved is discussed.

1.1. Introduction

Fossil fuels are the main source of energy worldwide; Crude oil is one of the main sources of fuels and it
occurs naturally and contains several organic components such as diesel, gasoline, jet fuels, kerosene etc.,
they serve as the major source of energy in the world (Saleh, 2015). It is a mixture of hydrocarbons and
contains several impurities such as nitrogen, oxygen, metals and sulfur (Théodet, 2010). By far, the most
common impurities are the organic sulfur compounds. According to the Energy efficient potential in South
Africa, (2015) Oil is used mainly in transport sectors, and it also used as a primary energy source and
about 35% was used. Table 1.1 shows the total final consumption by fuel in 2012.

Table 1.1: The total final consumption by fuel (OECD/IEA, 2015).

Total final consumption Percentage (%)
QOil 35

Coal 24

electricity 24

Gas 2

Traditional biomass 13

Morden biomass 3

Due to an increasing amount of population, more transportation is in need; hence, more fuel will be in
demand. As a result, more fuel will be refined; this will lead to an increase in air pollution since during
the refinery of fuel harmful gases escape to the atmosphere. All fossil fuels contain a variety of organic

and inorganic sulfur compounds, and sulfur is the third most abundant element in crude oil.



Combustion of sulfur containing compounds in fossil fuels emits sulfur oxides in the atmosphere, which
can cause adverse effects on the health, environment, and economy. Sulfur containing compounds exist in
different forms as shown in Figure 1.1. The most complex organosulfur compounds are the compounds

with aromatic rings and are also known as the refractory sulfur compounds (Steiner, 2002).

Sulfides Thiophenes Dibenzothiophenes
S S
R—SH
= O
RS Thiophene Dibenzothiophene
Sulfide
s

S

R
S
N N, \ / Q
Disulfide
3-methyl thiophene 4,6-dimethyldibenzothiophene
s S
O o a S D
Thiolane Benzothiophene
Benzonapthothiophene

Figure 1.1: Some of the sulfur containing derivatives present in petroleum (Ahmad, 2013)

1.1.1 Detrimental effects of sulfur compounds in petroleum

Sulfur containing compounds are corrosive in nature, when they are present in abundance in crude oil;
they poison refining catalyst thus, leading to reduction of the catalyst efficiency (Corro, 2002). Sulfur
containing compounds are foul-smelling and toxic, therefore handling and processing of petroleum
products with odour creates health problems. They cause corrosion by directly reacting to the metal surface
causing damages in storage tanks, pipes, and equipment’s, reducing their durability and high repair
maintenance costs (Ahmad, 2013). Sulfur as SOy contributes to atmospheric pollution (Torres-Nieto &
Garcia, 2007). During combustion of fuels, sulfur contents are oxidized and released as SO, which gets
photo-catalytically oxidized to sulfur trioxide (SOs) in the atmosphere and under humid conditions; SOs
reacts with water vapours present in the fuel gases to form sulfuric acid (H2SO4) causing acid rain (Saleh,

2015). The following reaction shows how acid rain is formed:
250, + 20, — 250, Q)
503 + H20 g stO4 (ACld I'ain) (2)

Acid rain is one of the major environmental problems; it adversely affects the biota and its surroundings,

it primarily affects soil by washing away the nutrients needed by the plants to grow (Saleh, 2015). Acid



rain also damages forest trees, leads to cold weather and drought; it runs off drains into lakes, streams, and

marshes where it disturbs the aquatic life (Fig. 1.2).

Figure 1.2: Impact caused by acid rain.

Another major disadvantage of sulfur compounds in petroleum is that they deactivate base metals and
precious metal catalysts used in refining petroleum (Kent et al., 2010). During refining process, these
sulfur compounds selectively adsorb over the surface or active sites of the metal present in the catalysts,
thereby reducing their activity. The loss of activity occurs after the formation of metal sulfides when
organosulfur compounds contact the surface of one of the metals found in the catalyst. Due to nuisance
caused by sulfur compounds in the form of health effect, environmental pollutant and hurdling in the
refining processes, the environmental regulators in South Africa have mandated stringent legislation with
the aim of reducing sulfur levels to an ultra-low level to < 10 ppmS by 2017 (this was receded) as shown
in Figure 1.3 (Babich & Moulijn, 2003; Song & Ma, 2003).

1990 1994 1996 2000 2005 2006 2009 2010 2015 2017
us 5000 to
EU
UK

SA 5000 ppm > 2000 ppm 500ppm’\ 350 ppm 50 ppm (*10 ppm)
TV TV |

Figure 1.3: Trends in diesel sulfur fuel specifications for United State (US), United Kingdom (UK),
Europe Union (EU) and South Africa (SA) over the years. *The SA target of 10 ppm meant to come into
effect in 2017 was receded (Barbara et al., 2011; Song et al., 2003; Saleh, 2015).



Due to different reactivity of sulfur containing compound, the rates of sulfur removal differ in several
orders of magnitude. Generally, thiols and disulfides are highly reactive as compared to thiophenes, the
sulfur can be removed under mild conditions, similarly the saturated cyclic sulfur compounds and
aromatic system in which sulfur is present in six-membered are also highly reactive. The activity of
organosulfur compounds (5 membered ring structure) decreases in the following order: thiophenes >
benzothiophenes > dibenzothiophenes (Figure 1.4) (Whitehurst et al., 1998). Similarly, 4,6-
dimethyldibenzothiophene (4,6-DMDBT) and 4- methyldibenzothiophene (4-MDBT) are less reactive
than any other compounds mentioned earlier, but the 4,6-DMDBT s less reactive than 4-MDBT.
However, the trend reverses for highly condensed ring structure (four or more), the activity tends to
increase as the ring structure increases in size. The reason for this behaviour is that there are several
different chemical pathways through which sulfur can be removed from a molecule and the preferred
pathway changes for different compound structures. Figure 1.4 gives a presentation of the reactivity of
different sulfur based compounds. Alkyl substituents in dibenzothiophene (DBT) compounds greatly
increase the difficulty of hydrodesulfurization, due to steric hindrance caused by the methyl-substituents
at 4,6- position and is mainly said to be the reason behind the refractory nature of this compound.
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Figure 1.4: Relationship between the type and size of sulfur compound in different fractions of distillate
and their relative reactivity. In the range of diesel, molecules such as dibenzothiophenes and

alkyldibenzothiophenes predominate, which present low reactivity for HDS (Whitehurst et al., 1998).

1.1.2 Research problem

Fuel is a complex mixture; it consists of organic compounds and other impurities such as sulfur. These
sulfur containing compounds are corrosive in nature, and during combustion of fuels, sulfur containing
compounds (SOx) are released to the atmosphere. The presence of SO, gets liberated into the atmosphere
leading to serious environmental pollution problems such as acid rain. Acid rain is one of the major
environmental problems, it adversely affects the biota and its surroundings (Saleh, 2015, Ahmad, 2013).
Sulfur compounds deactivate metal catalysts used and reduce their activity. In order to stop this serious
environmental deterioration, worldwide environmental authority has been implemented in order to limit
the amount of sulfur compounds in petroleum. The environmental regulations have mandated stringent

legislation with the aim of reducing sulfur levels to an ultra-low level between 5-10 ppmS.

Hydrodesulfurization which is the current process used in eliminating sulfur compounds, suffers from

reducing the refractory organosulfur compounds such as dibenzothiophene (DBT) and the alkylated
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substituted dibenzothiophene (4- and/or 6- positions) and this is because of the nature of the employed
catalyst. Noble metal catalysts, such as Pd or Pt, have gained increasing attention due to their high
hydrogenation activity (Stanislaus & Cooper, 1994). However, these catalysts are sensitive towards
poisoning by sulfur compounds. Furthermore, there has been enormous amount of research, focusing
on the designing active phase of hydrotreating catalysts, however, the various catalysts have been a

matter of great debate and many questions remain, to be answered.

A complicating factor is the large number of variables in preparation, pre-treatment, and activity
measurement conditions. Differences in these conditions can (partially) explain the contradictory results
found in literature. As a consequence, it is sometimes very difficult to compare results from different
studies reported. Therefore, the main subject of this dissertation is to compare the characterization and

HDS activities of synthesized chelated catalysts and is therefore one of the subjects of this dissertation.

The major disadvantage of sulfur compounds present in fuel is that they deactivate the base metals and
precious metal catalysts used during refinery process (Kent et al., 2010). During this process, sulfur
species are selectively adsorbed over the surface or active sites of metals present in the catalysts, thereby

causing inactivation or reducing of their activity.

Ultra-deep HDS is needed to reach the sulfur content limit (Braggio et al., 2018); (Salazar, Schmidt, &
Lauritsen, 2019). Therefore, highly active catalysts seem to be the critical factor to deal with the bulk
sulfur compounds and remove them selectively from refractory alkyl-substituted DBT (4,6-DMDBT).
Sulfur removal from sterically hindered compounds present a strong inhibition effect of polyaromatics.
To overcome this problem, the HDS unit needs to increase working parameters such as pressure and
temperature, however, this carries along another series of problems. Coke deposition and gradual

segregation of active phases may be observed in a long time if the working catalyst loses stability.

The nature of the support plays a key role in the morphology, dispersion, and in the catalytic activity of
the catalyst (Chen & Goodman, 2006); (Venezia, Parola, & Liotta, 2017). A high edge dispersion is
important since it increases the amount of the promoter (Co) that can be accommodated at the edges
forming the active Co-Mo-S structure (Chen & Goodman, 2006). However, the support interaction also
has important implications for the intrinsic activity of the active sites. There are two types of phases
present Type | and Type Il (active). The existence of these two different structures is related to the
interaction between the metal and the support (alumina OH groups) during the preparation. Type | is a
phase where there is a strong interaction between the metal and support, and studies have shown that
this linkage can be broken by high temperature during sulfidation, but this leads to decrease of MoS;
dispersion. Sulfidation is a complex reaction, and strong metal-support interaction can cause poor
reducibility of the metal species, which makes sulfidation of the catalyst difficult leading to poor activity
(Medici & Prins, 1996).



1.2 Literature review

Refining process can be used to eliminate several harmful contents in fuels such as sulfur. Before
finding ways to reduce sulfur contents, various parameters need to be taken into consideration such as
identifying the nature and the type of sulfur compounds present in crude oil or petroleum and their
distribution in distillate fractions, to know various problems associated with organosulfur compounds,
to understand the technological background of different desulfurization techniques and identify their
limitations. Among these other techniques, studies show that hydrotreating is a significant part of
refineries around the world, and hydroprocessing catalysts constitutes about one third of the catalysts
sold around the world. Hydrodesulfurization is so far the only process employed for desulfurization in
the refineries.

Transition Metal Sulfide (TMS) catalysts are the cornerstone of hydroprocessing industry, because of
their innate stability of their catalytically active phases. HDS catalysts consist of two or more metals,
the promoter, and the active metal. The most common hydrotreating catalysts contain the active metal
as Molybdenum (Mo) or Tungsten (W), a promoter metal most commonly Nickel (Ni) or Cobalt (Co).
The y-Al,O3 is by far the most universally used support owing to excellent physical and chemical
properties suitable to hydrotreating and associated reactions. The most used HDS catalysts are CoMo
and NiMo. In a typical CoMo or NiMo catalyst, Co (Ni) acts as promoter while Mo acts as the main
active component of the catalyst activity. The promoter increases the electron density of the active
metal, resulting in an increasing number of electrons in the highest occupied molecular orbital. These
electrons are donated from the promoter to the active metal, weakening as metal-sulfur bond, hence
increasing HDS activity (Harris & Chianelli, 1986; Chianelli et al., 2002). It is also believed that the
promoter can lower the oxidation state of the active metal (Mo) through electron transfer. For each
series of catalysts, the activity was found to be directly proportional to the amount of a promoter (-Co,
-Ni) present in the form of Co-Mo-S (Tegpsoe, 1982).

1.2.1 Hydrodesulfurization (HDS) process and reaction mechanism

1.2.1.1 HDS process

Hydrodesulfurization (HDS) is the most used method for removing sulfur from organosulfur
compounds that are present in fuels. This process is important industrially since sulfur compounds are
poisonous in precious metal—-based catalysts (Saleh, 2015). HDS is an important catalytic process where
sulfur atom in organosulfur compounds are converted to hydrocarbons and hydrogen sulfide (H,S)
which can be easily separated from the fuel. This process takes place in the presence of sulfided metal-
based catalyst such as Co/Mo/Al>Os or Ni/Mo/Al;Os. Figure 1.5 shows a general schematic of how this

process occurs:



R-S-H +H, —» R-H+H,S

R-S-R'+H, —» R-H+H,S+R-H
Figure 1.5: General hydrodesulfurization process (Babich & Moulijn, 2003).

In the process the feed is treated with hydrogen gas (H.) in a specially designed reactor at high
temperatures (300-400°C) and pressures (>200 atm) (Javidli & De Klerk, 2012). The temperature is
increased by heat exchange with the reactor effluent and continued being raised by a furnace to obtain
the required temperature (Mochida & Motoki, 2004). The feed gets hydro-processed in the presence of
the catalyst in the reactor while hydrogen gas is flowing in a specific pressure. After separation, formed
products are passed through a cooler to the separator (Saleh, 2015). Gases such as H,S and H; separate
from the liquid product in the separator, while high-pressure gas H; gets recycled to the HDS reactor
and low-pressure rich in H,S and is passed to amine treated to remove H,S gas. The obtained liquid

product is further fractionated into the desired product according to their boiling points.

1.2.1.2 HDS reaction mechanism

The ease of removal of sulfur atom from a petroleum stream depends greatly on the structure of the
organosulfur compound being treated. Generally, acyclic sulfur compounds such as thiols and disulfides
are highly reactive and can be removed under very mild conditions, it is also easy to remove sulfur atom
in saturated cyclic sulfur compounds due to their high reactivity. However, compounds which are
incorporated into a 5 membered ring (thiophene) are less reactive and the reactivity decreases as the
ring structure becomes increasingly condensed (e.g., 1>2>3 rings) (Whitehurt et al., 1998). For highly
condensed ring structures (4 or more rings), the reactivity trend reverses, and reactivity tends to increase
as the ring structure increases in size. The reason for this behaviour is that there are several different
chemical pathways through which sulfur atom can be removed from organosulfur molecule and the
preferred pathway changes for different sulfur compounds. The alkyl substituents in DBT compounds
greatly increases the difficulty of HDS, this is due to the steric hindrance caused by the methyl
substituents at 4,6-position which is the main reason behind the refractory nature of this compound.
Once organosulfur compound and H. have been chemisorbed on the catalytic surface, they interact with

each other to complete desulfurization.

There are two types of desulfurization pathways, these are Direct Desulfurization (DDS) and
Hydrogenation (HYD) pathway. Direct desulfurization pathway involves the removal of sulfur without
hydrogenation. Sulfur atom is removed from the structure and replaced by hydrogen (Mochido & Choi,

2006), while hydrogenation pathway involves hydrogenation (partial and total hydrogenation) of the



organic compound prior to the sulfur removal. At least one aromatic ring adjacent to the sulfur

containing ring is hydrogenated before sulfur atom is removed and replaced by hydrogen (Figure 1.6).

l HYD
s S
@@ + Desulfurization ©_<:> + H,S

4H-DBT 6H-DBT CHB

Figure 1.6: Reaction pathways for HDS of DBT. (Mochida & Chio, 2014).

For most refractory sulfur compounds at least one aromatic ring adjacent to the sulfur containing ring
is hydrogenated before sulfur atom is removed and replaced by H; in HYD pathway. Both pathways
proceed in parallel; however, the nature of the catalyst and the nature of the substrate steers the

preference of either pathway (Saleh, 2015; Xiang et al., 2011).

Different organosulfur compounds prefer different pathways, as the ring of the structure increases the
direct pathway becomes more difficult. For dibenzothiophene (DBT), DDS results in the formation of
biphenyl (BP) through hydrogenolysis. In HYD pathway, aromatic rings are first hydrogenated and this
is followed by the cleavage of C-S bond. During HYD one of the phenyl rings is hydrogenated forming
tetrahydodibenzothiophene (4H-DBT) and hexahydrodibenzothiophene (6H-DBT), followed by C-S
cleavage by hydrogenolysis (Alibouri et al., 2009). According to Shafi and Hutching (Shafi & Hutching,
2000) hydrogenation followed by desulfurization is the most likely route to reach low sulfur compound
(Shafi & Hutching, 2000) for the refractory sulfur compounds as shown in Figure 1.6. This is due to
the steric hindrance of the methyl groups, which hinder the interaction of sulfur atom with the active
site of the catalyst and therefore hydrogenation of the aromatic ring prior to removal of sulfur is
generally thought to decrease this steric hindrance. Hence, facilitates HDS reaction by making the sulfur
removal easier (Chianelli et al., 2006). It has been proposed that the different active sites found in the

catalysts are responsible for both routes (Xiang et al., 2011).



1.2.1.3 Chemistry and reactivity trends of metals and metal sulfides

HDS catalysts are metal based; therefore, the focus is to understand the activity trend of various
Transition Metal Sulfides (TMS) across the periodic table. Study of periodic trends have focused more
on the electronic structure of the sulfides. This has resulted in different points of view concerning the
origin of these trends, which are discussed in this chapter (Tgpsoe et al., 1996). Experiments conducted
for benzothiophene (BT) and dibenzothiophene (DBT) indicated that HDS activity is related to the
position of the metal in the periodic table (Pecoraro & Chianelli, 1981). Second and third row of the
periodic table for DBT in a medium-pressure autoclave model reaction gave a so-called volcano plot as
shown in Figure 1.7.
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Figure 1.7: Periodic trends for the HDS of dibenzothiophene in an autoclave reactor using bulk
transition metal sulfides (Pecoraro & Chianelli, 1981).

The volcano plot shown in Figure 1.7 shows that the second and the third row of the metals in the
periodic table are more active than the first row. The maximum activity was obtained at the sulfides of
Ruthenium (Ru), Osmium (Os), Rhodium (Rh) and Iridium (Ir) in the second and third row transition
metals, respectively. The first row appeared to be relatively inactive with a distinct minimum at MnS.
These trends were explained in terms of the strength of the metal-sulfur bond. The two different models
used in assessing the M-S bond strength, Topsoe et al., 1993 suggested that HDS activity increases with
decreasing metal-sulfur bond energy (Topsoe et al. 1993; Pecoraro & Chianelli, 1981). According to

Pecoraro & Chianelli, (1981) these trends must be of an electronic nature. The volcano plot can be
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explained in terms of Sabatier’s principle; according to Sabatier’s principle for the catalyst to be active,
it should form a sufficiently stable intermediate with the reacting molecules. The highest activity for
desulfurization is linked to transition metal with the lowest sulfur bond energy; therefore, the transition
metal sulfides with the lowest metal-sulfur bond energy will have the largest number of sulfur vacancies
hence highest activity. Further studies were conducted using thiophene; obtained results concluded that
the number of sulfur vacancies does not control the reaction rate, but the strength of the transition metal
sulfides - thiophene interaction. This was further supported by effective medium theory results
conducted by (Moses et al., 2014), that the highest activity was found for the transition metal sulfides
with the lowest metal-sulfur bond energy. These results were supported by plotting the activity of the

TMS as a function of heat of formation per mol of metal-sulfur bond as shown in Figure 1.8.
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Figure 1.8: HDS activity as a function of the heat of formation of TMS on mol™ of sulfur basis (Tepsoe
et al., 2007) periodic trend for 4d TMS.

Three effects were looked at: the electronic effect of a transition metal in a sulfur environment,
geometric effect of a structure for a given transition metal sulfide, and chemical effect of local active
site configuration. For the second and third row of the periodic table it was observed that the most active
catalysts have intermediate values of the heat of formation (30-55 kcal/mol). This suggests that Mo-S
bond strength at the surface of the catalyst support must not be too strong or too weak to obtain the

maximum desulfurization rate (Topsoe et al., 2007).

The M-S bond strength was also assessed by ab initio method, and from the results, it was concluded

that there is a relationship between maximum HDS activity and the optimum M-S bond strength
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(Pecoraro & Chianelli, 1981). It was discovered that used models are linked to this idea that since
catalysis takes place on Coordinatively Unsaturated Sites (CUS), the HDS activity is directly related to
the number of vacancies available on the surface and the activity is also determined by the M-S bond
energy (Tepsoe et al., 2007).

b) The CoMoS model

The active phase of the catalyst is achieved when the promoter i.e., Co atom is located on the edges and
corners of MoS; slabs to form CoMoS active phases (Kabsgaard et al., 2010). The monolayer model
Co (Ni)-Mo-S phase model was proposed to explain the role of the promoter and its location in the
catalyst (Tagpsoe, 2007). Several models have been proposed to explain the morphology of MoS;
catalysts and the role of Co- or Ni promoters in HDS catalysis. The Rim-Edge model was developed by
(Daage & Chianelli, 1994) to derive a correlation between the structure and selectivity of MoS; catalysts
for hydrogenation and hydrogenolysis reaction. They proposed MoS; to be crystallites, arranged in
layers and are anisotropic in nature (Helveg et al., 2000). These crystallites are imagined as a stack of
discs, the top and the bottom layer represent the edge sites while the sites forming the edges of the
interior layers are rim sites and were found to be active, and the activity of the catalyst emanates from
MoS;. Fully sulfur-saturated Mo edges of MoS; sites with metallic character on the brim sites help in
adsorption of sulfur-containing compounds (Moses et al., 2007). Rim is responsible for both
hydrogenation and direct HDS, which creates the ability for adsorption of refractory organosulfur
compounds, while the edge site is responsible for hydrogenation only (Topsoe et al., 1996), and the

catalytic active sites are shown in Figure 1.9.
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Figure 1.9: Representation of catalytically active sites on MoS;-based HDS catalyst showing rim-edge

Edge sites
(catalytically active sites
only for HDS)

MoS, slab

for MoS; monolayer (Fan et al., 2007).

The most accepted model for the active phase was proposed by Tapsoe et al, (1996). Suggested the

formation of a new sulfided phase when the promoter (Co or Ni) is incorporated to an active metal
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sulfide (Mo or W), denoted CoMoS phase and are responsible for the removal of sulfur (Tgpsoe et al.,
1996). A study by Han et al. suggested that the existence of two types of structures as Type | and Type
Il are due to the interaction of the support and the catalyst (Han et al., 2016). Type | is associated with
a single layer MoS; structures and result in incomplete sulfidation of MoO4 to MoS; crystallites. This
phase has strong links to the support (Mo-O-Al), hence lowers the activity (Lui et al., 2017). Theoretical
studies confirmed that the presence of oxygen linkages increase the energy required forming sulfur
vacancies. Type Il phase has multilayer structure with weak interaction or interacts weakly by van der

Waals forces, which gets fully sulfided resulting in greater HDS activity (Lui et al., 2017).

Isoda et al., (1996) carried out a comparative study on the HDS of 4,6-DMDBT over alumina-supported
commercial CoMo and NiMo catalysts. These studies were conducted at a temperature of 270°C, and a
H, pressure of 3.0 MPa. Under identical experimental conditions, the conversion of 4,6- DMDBT over
the NiMo catalyst was 68%, whereas that over the CoMo catalyst was only 49%. (Reinhoudt et al.,
1999) Conducted a comparative study on alumina based CoMo, NiMo, and NiW catalysts. The Co and
Mo contents of the CoMo/y-Al,O3 catalyst were 3.0 and 9.5 wt.%, respectively. The NiMo/y-Al>O3
catalyst contained 1.4 wt.% of Ni and 7.9 wt.% of Mo. The Ni and W contents of the NiW/y-Al,O3
catalyst were 3.0 and 9.5 wt.%, respectively. The HDS experiments were conducted using 4-E (4-ethyl),
6-M (6- methyl) DBT in hexadecane at 390°C and a total pressure of 6.0 MPa. The NiW-based material
was found to be more active than the CoMo or NiMo catalyst presumably due to its greater
hydrogenation (HYD) capability. The higher activity of the NiW/AI.Os catalyst as compared to that of
the CoMo/Al;Os or NiMo/Al,O3 catalyst has similarly been reported by (Robinson et al., 1999).

In another study conducted by (Lecrenay et al., 1998), reported that the CoMoS-based alumina catalyst
showed a higher activity for the transalkylation of isopropylbenzene than that of a NiMoS-based
alumina catalyst. Each catalyst contained 3 wt. % of promoter metal (Ni or Co) and 10 wt. % of
molybdenum oxides. The NiMoS based catalyst was also more active than the CoMoS based one for
the hydrogenation of naphthalene. The pseudo-first-order rate constant for the HDS of 4,6- DMDBT
(in decane) at 270°C over the NiMo-based alumina catalyst was approximately double that of the CoMo-
based alumina catalyst. This indicated that the HYD property of the NiMo-based material had more
influence than the cracking property of the CoMo based catalyst for the HDS of 4,6-DMDBT.

Theoretical studies, particularly those based on DFT calculations have greatly contributed to the
understanding of physical/chemical properties of material based on MoS; and their relationship with
the experimentally observed properties. (Sari¢ et al., 2018) modelled the adsorption of sulfur containing
molecules on the S-edge, M-edge, corner edge and basal plane of CoMoS using DFT. They obtained
adsorption configurations and energies pointed to a preference towards physisorption at the S-edge and
chemisorption in vacancies at the M-edge and corner. Smaller molecules such as thiols were found to
prefer vacancies when adsorbing, while larger, sterically hindered molecules such as 4,6-DMDBT

prefer physisorption on the brim of the edges or basal plane through van der Waal interactions. They
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found that HYD leads to preference towards adsorption at vacancies for thiophene and DBT while for
4,6-DMDBT HYD leads to preferential adsorption on the S-edge brim, and concluded that this might
be the reason why 4,6-DMDBT does not get desulfurized directly but follow HYD.

1.2.2 Role of support in hydrotreating reaction

The primary use of the support is for dispersing the active phase of the catalyst and stabilize the MoS;
based HDS catalyst. It plays a crucial role in affecting the catalytic activity such as influencing the
morphology of the active phase, and in modifying the electronic properties and participate in
bifunctional reactions with acid sites. A good support consists of; high surface area, optimum pore
diameter (5-15 nm), acidity and moderate metal-support interaction. Different support materials show
different activity because they consist of their distinct textural, structural properties and the extent of
interaction with the active metal. A lot of studies have been conducted on variety of supports such as
TiO,, ZrOy, silica-alumina, mixed oxides etc. (Carati et al., 2003; Duchet et al., 1991; Grzechowiak et
al., 2001). It was discovered that TiO, and ZrO, show high activity, but their low surface area is a
limitation (Caero et al., 2003). ZrO, small pore size makes it difficult to disperse active phases (Michaud
et al., 1998), small pore also prevents diffusion of large bulky molecules onto the active sites which
leads to pore blockage and a decrease in the catalytic activity. Alumina support (y-Al>Os) is the most
used support for HDS catalysts in industries (Xia et al., 2003), this is due to its thermal, affordability
and chemical stability. A support morphology is crucial in determining the physicochemical properties
which influence the catalytic behaviour of the catalyst. The acidity of the alumina support is one of the
most important features which control the dispersion of CoMo phases also affect the metal-support
interaction Chen et al., (2013).

The Bronsted acidity found in the support and helps in isomerization of sterically hindered organosulfur
compounds (alkyl DBTSs) by overcoming the steric hindrances, thus enhancing HDS activity Breysse et
al., (2003a). Breysse et al, (2008) also showed that the acidity character of the support enhances the
catalytic properties of sulfide phase, and an increase in hydrotreating activity is linked to the electron
deficient nature of S particles in acidic environment. The support needs not to be too acidic or too
basic, since too much of either might lead to poor metal-support interactions thus poor Mo dispersion
(Valwncia & Klimova, 2011). The basic site of the support also plays a role, it results in better dispersion
of MoQO, and leads to the formation of low coke. Therefore, optimum metal-support interactions are
desired to obtain proper sulfidation and dispersion of active species and to generate more type Il active

phases. The chemical nature of the support material dictates the nature of the active phase.
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1.2.3 Role of chelating ligands on HDS reactions

The catalytic activity mostly depends on the structure and the formation of active molybdenum sulfide
phases, which influences the activity of the catalyst. The active phase of the catalyst is achieved when
the promoter i.e., Co atom is located on the edges and corner of MoS; slabs to form CoMoS phases
(Kibsgaard et al., 2010). Research has shown that during the activation of the catalyst, Mo starts to
sulfide at 175 °C (Coulier et al., 2001; Kishan et al., 2000), while the promoter starts to sulfide earlier
e.g., Co or Ni (50-150 °C). The promoter will sulfide and form sulfided phases (CoS or NiS) and will
interact with the support before Mo starts to sulfide. As a result, chances of the promoter to be located
at the corner and edges of MoS; will be less, hence leading to the formation of less CoMoS active
phases.

The use of organic additives (Chelating agents) influences the sulfidation process and the activity of the
catalyst. Chelating ligands are molecules that have two or more donor atoms available to bind a metal
cation to form a complex (Sun et al., 2003). There are different types of chelating ligands used in
catalytic processes to enhance the activity of the catalyst such as: citric acid (CA), ethylene diamine
tetraacetic acid (EDTA), glycol, nitriloacetic acid (NTA) etc. Additions of organic additives in the
catalysts are used to further improve the performance of the hydrotreating catalysts (Rana et al., 2007).
According to (De Leon et al., 2010; Han et al., 2016; Rashidi et al., 2013) the nature of the additives
imposes changes on the catalyst such as thermal stability, modulate the metal-support interaction,
improve the dispersion of metal sulfides, acidity and could generate coordinatively unsaturated (CUS)
sites in the catalyst. Such vacancies are thought to be created upon reaction of hydrogen with a surface
sulphide group, which leads to the formation of H,S and an empty coordinated site, this provides the
driving force upon extrusion of sulfur from organosulfur compound. CUS are electron deficient they
interact with electron donor compounds and adsorb organosulfur compounds which bond to the
unsaturated Mo ions creating a metal-sulfur bond and become more active in both pathways. They
increase acidity of the support, which exhibits electronic properties of MoS, and enhance the
hydrogenation activity (Han et al., 2017) and favours acid-catalysed reactions such as dealkylation
(cracking) and isomerization of alkyl-substituted DBTs thus enhancing the activity and acidity.
Isomerization results in more reactive isomers, it also decreases the interaction of the promoter and the
support which leads to the formation of multi-layered MoS; slabs, resulting in type Il phases and these
leads to the formation of polymolybdates which are easily sulfided. This agrees with the results obtained
by Cattaneo et al., (2000), where the study confirmed this by conducting analysis extended X-ray
absorption fine structure (EXAFS) for CoMo/Al,O3; with and without chelating agents.

It has been reported that the most visible effects of additives occur during sulfidation process. Addition
of additives to the catalyst allow the degree of promotion by retarding the sulfidation of the promoter

metal (Co), thus inhibiting the formation of inactive phases (CosSg). The use of chelating ligands on
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catalysts such as CoMo for hydrotreating has shown positive effect on the activity (Stanislaus et al.,
2000; Cattaneo et al., 1999; Rana et al., 2007). According to literature chelating ligands start to
decompose above 200 °C, which leaves the promoter as ions, thus the chances of released promoter ions
to move to the edges and corners of already formed MoS; slabs are high and result in the formation of
more CoMoS active phases (Sundaramurthy et al., 2005). Therefore, by delaying the sulfiding
temperature of the promoter at a temperature where the active metal is already sulfided allows the

formation of more type Il CoMoS active phases, which increases the activity.

The effect of chelating agents on HDS activity depends on the quantity and the type of ligand used.
EDTA is one of the most used chelating agents in enhancing HDS catalyst, the presence of EDTA helps
in the formation of more octahedral MoOs (polymolybdates) phases that are easily reducible, which
will increase metal dispersion and is favourable during sulfidation of both CoO and MoQs as they will
start sulfiding at similar temperatures (Badoga et al., 2012a) thus resulting in the formation of Type Il
phases. In the presence of chelating agent, the small amounts of Co oxides are obtained; this is because
most of the Co presents complexes with chelating agent (EDTA). Hence does not participate in helping
with the dispersion of MoQs, resulting in the formation of large MoOs crystallites. Larger MoOs
crystallite leads to poor metal dispersion, resulting in reduced metal-support interactions (Badoga et al.,
2012; Badoga et al., 2014). Although EDTA causes poor metal oxide dispersion in oxide state of the
catalyst, the metal dispersion improves significantly during sulfidation and this is confirmed by
HRTEM and CO chemisorption. At sulfiding temperature above 150 °C MoOs starts to sulfide, these
large crystallites break and migrate inside the pores of the support leading to better dispersion as EDTA-
Co complex is still stable. At a sulfidation temperature of (200- 220°C) EDTA-Co complex breaks
down and release Co ions which help to further improve the dispersion of Mo (Sundarumurthy et al.,
2005; Dugulan et al., 2004).

Citric acid is another chelating agent used in HDS catalysts, its presence improves the dispersion of Mo
oxide by forming Mo citrate complexes on the support surface and forms polymolybdate phases and
increases the dispersion of the metals, resulting in more type Il phases. The addition of CA also
increases the degree of promotion by retarding sulfidation of Co, thus inhibiting the formation of Co¢Ss
crystallites. Suarez-Toriello et al showed that CA could induce the isolation of impregnated metal
species avoiding excessive metal-support interactions and can delay the promoter reduction to high
temperatures. Zhang et al., (2016) showed that the addition of CA can transform MoO.? or B-CoMoO,
species into polymolybdate species and recovers Co?" ions from sub-superficial CoAl,O4 spinel and

therefore induces the formation of more CoMoS sites.

A comparative study was carried out on HDS with catalysts synthesized on SBA-15 support with and
without EDTA as a chelating ligand. All the catalysts were synthesized by wet impregnation procedure
and dried at 110°C for 5 h. The resulting catalysts were NiMo/SBA-15 (with 12.5 wt.% Mo and 2.5
wt.% Ni) on the catalyst. The catalytic study was conducted at the temperature of 370 °C and 8.8 MPa
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pressure in bitumen-derived coke light gas oil (KLGO). Sulfided catalysts were designated by CAT 0
(NiMo/SBA-15), CAT 1 (NiMo/SBA-15, EDTA/Ni molar ratio 1), and CAT 2 (NiMo/SBA-15,
EDTA/Ni molar ratio 2). For comparison purposes NiMo/Al,Os catalysts was also synthesized using
wet impregnation method. The conversion of these catalysts is reported in Table 1.2. Badoga, (2015)
observed that NiMo/SBA-15 (EDTA) catalysts have greater HDS catalytic activity compared to
catalysts without EDTA. The sulfur conversion followed the order: CAT2 > CAT1 > CAT 0 > NiMo/y-
Al;Os. The higher activity of CAT 2 catalyst is due to the presence of more EDTA, which forms a
complex with almost all Ni present, and it also delays the Ni sulfidation temperature which results in
the formation of more dispersed type 1l NiMoS active phases, hence increases HDS activity (Badoga,
2015).

Table 1.2: HDS activities of NiMo/y-Al.Osand CAT 0 to 2 catalysts with KLGO at 370°C (catalyst =
5cm? P =8.8 MPa)

Catalysts % Sulfur conversion
NiMo/y-Al,O3 68
CAT 0: EDTA/Ni molar ratio 0 70
CAT 1: EDTA/Ni molar ratio 1 75
CAT 2: EDTA/Ni molar ratio 2 82

From the conversion obtained in Table 1.2, it is evident that the beneficial effect of EDTA on
hydrotreating activity is because of delay in promoter (Ni)-sulfidation temperature, allowing more

molybdenum to be sulfided, and this also reported by (Sundaramurthy et al., 2005).

Similarly, Nikulshin et al., (2014) conducted a study of different CoMo/Al,O3 catalysts with and
without chelating ligand. The catalysts were synthesized with Co/Mo ratio of (0.16, 0.20, 0.30-0.32),
and the four catalysts were impregnated with different chelating ligands (NTA, EDTA, CA and TA).
The catalytic tests were conducted on solution containing DBT and 4,6-DMDBT at 240°C and 340°C
and total pressure of 3.5 MPa. Studies showed that the addition of chelating agents resulted in more
active phase resulting in higher activity; the catalyst containing CA exhibited the highest HDS

conversion while the catalyst with no chelating agent resulted in low conversion (Table 1.3).
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Table 1.3: Investigation of different catalysts in HDS activity.

Catalysts Co/Mo Content in  the Conversion (%)
ratio catalysts (wt.%0)
Mo Co DBT 4,6-DMDBT
Co2Mo010/Al;O3 0.20 10.0 1.2 19.1 10.1
Co3[NTA]-Co:Mo10/Al,03 0.32 10.0 3.2 20.7 234
Co3[EDTA]-Co2Mo1/Al.03  0.30 10.1 3.0 22.2 26.6
Co3[TA]-Co2Mo10/Al;03 0.30 10.1 3.0 33.3 49.0
Co3[CA]-CosMo10/Al;03 0.30 10.1 3.0 35.3 51.5

Nitrilotriacetic acid (NTA), Ethylenediaminetetraacetic acid (EDTA), Citric acid (CA) and Tartaric acid
(TA)

In another study conducted by Pena et al., (2014), three CoMo/SBA-15 catalysts were prepared by
impregnation in the molar ratio Co: EDTA = 1:1 and Co: CA = 1:2. The catalysts were denoted CoMo(x)
or CoMo(x)(y) where x = MO; wt.% and y = E (EDTA) or C (CA) at the pH = 9 and dried at room
temperature for 12 h then dried at 100°C for 4 h. The catalytic test was conducted on solution containing
BDT at 300°C and 7.3 MPa pressure. Table 1.4 shows different catalysts that were used to investigate
the highest activity towards the removal of sulfur in the DBT

Table 1.4: Catalysts with and without chelating agents and their overall conversions towards DBT.

Catalysts Chelating agent  Mo0O; Co0Os3 DBT conversion (%o)
(Wt.%) (Wt.96) 4h 8h
CoMo6 - 6 15 15.5 37.4
CoMo12 - 12 3 25.2 53.2
CoMo6E EDTA 6 15 33.9 61.9
CoMo12E EDTA 12 3 38.4 76.5
CoMo18E EDTA 18 4.5 47.6 91.6
CoMo6C CA (Citric Acid) 6 15 22.2 42.8
CoMo12C CA 12 3 30.5 61.5
CoMo18C CA 18 4.5 35.2 77.4

As it can be seen in Table 1.4 that catalysts with chelating agents exhibit higher conversion (higher
catalytic activity) than the ones without chelating agents. The higher activity decreases in the following
order: CoMo(x)E > CoMo(x)C > CoMo(x). The effect of the chelating agent depends on the type and
guantity of chelating agent used (Cattaneo et al., 2000).

The work of Medic & Prins, (1996) focussed on NiMo/SiO; catalysts using complexing agents. These
authors showed that both Ni and Mo could complex to NTA (Medic & Prins, 1996). They concluded
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that the MoS; dispersion was independent of the presence of NTA and that NTA mainly had a dramatic
influence on the sulfidation of Ni. The role of NTA and similar complexing agents is to prevent the
sulfidation of Ni at low temperature, and thus increase the formation of the NiMoS phase leading to
higher HDS activity (Medici & Prins, 1996). De Jong et al., (1996) concluded more precisely that NTA
retards the sulfidation of Co to such an extent that the order of sulfidation of Co and Mo changes. As a
result, the sulfidation of Co is retarded to temperatures where MoS: is already formed (De Jong et al.,
1996). Shimizu et al., (1998) & Ohta et al., (1999) extended the use of complexing agents to other
complexing agents, e.g., cyclohexane diamine tetra-acetic acid (CyDTA), and other catalysts, e.g., NiW.
They concluded that by using complexing agents the dibenzothiophene HDS activity of CoMo/Al,O3
and NiW/AI,Os increases in the order NTA < EDTA < CyDTA (Shimizu et al., 1998); (Ohta et al.,
1999). It was also found that the complexing agents had little effect on the activity of NiMo/Al;Os3
(Shimizu et al., 1998); (Ohta et al., 1999). The authors concluded that complexing agents interact
strongly with Co (or Ni), thereby preventing Co (or Ni) from interacting with Mo (or W) or Al,O3 (Ohta
et al., 1999).

Furthermore, it was concluded that pre-formation of a MoS,-like structure was necessary to induce the
promoting effect (Ohta et al., 1999). However, these authors could not explain the small effect of
complexing agents on NiMo/A2Oz. These numbers, which represent the stability of the metal-agents
complex, are only slightly higher for Ni than for Co. Hence, one would expect similar effects of these
complexing agents on Co- and Ni-promoted catalysts. Reports by Cattaneo et al., (1999) & Cattaneo et
al., (2000) confirmed this, by showing that EDTA, which retards the sulfidation of Ni to somewhat
higher temperatures than NTA, leads to a higher activity than NTA for NiMo/SiO, catalysts. They found
also that using ethylene diamine (ED) as complexing agent results in highly active catalysts (Cattaneo
et al., 1999; Catttaneo et al., 200). However, the Ni-ED complexes were found to be highly unstable,
which resulted in sulfidation of Ni at very low temperature, which seems in contradiction with all results
described above (Cattaneo et al., 1999; Cattaneo et al., 2000). Medici & Prins, (1996) showed that
chelating agents, like NTA, prefer complexation with Ni?* and MoO.? does only form complexes when
all Ni-ions are complexed to NTA. The same accounts for EDTA. This shows that the addition of
additives leads to higher HDS activity, by promoting electronic properties of the catalysts. Nanosized
materials further provides unique electronic and chemical properties that were not observed in bulk
catalysts, hence will further improve the catalytic activity even further. It is well known that the critical
challenge in producing fuels of ultra-low sulfur is the complete removal of refractory sulfur-containing
compounds with steric hindrance such as alkyl derivatives for DBT. Nanoparticles exhibit novel
properties which are different from the bulk material’s properties. It develops unique electronic and
chemical properties that are not observed in bulk form of the material. In recent years, the advancements
in nanoscience and nanotechnology have brought a revolution in the field of catalysis. The key objective

of nanocatalysis research is to produce 100 % selectivity, extreme high activity, low energy
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consumption, and long lifetime. This can be achieved by controlling the size, shape, special distribution,
surface composition and electronic structure, and thermal and chemical stability (Oro and Clever, 2008;
Bayram et al., 2010).

Nanomaterial produces ultra-small bimetallic clusters on the support (Singh, Kunzuru, & Sivakumar,
2016), and this can be concluded that the higher activity of nanoclusters on the support maybe due to
the better dispersion or smaller particle size compared to the non-nanocatalyst. The smaller crystal size
results to a greater number of CUS sites, these anion vacancies or CUS sites are responsible for HDS
catalytic activities, hence nanoparticles on alumina supported catalysts showed higher activities (Murali
et al., 2003). Nanomaterials also have properties that are useful for enhancing reactivity, durability, and
surface-to-volume ratio (Law et al., 2004; Gao & Goodman, 2012), which plays a role in the reactivity
of solid catalyst. According to Singh et al. 2016 they increase the probability of formation of surface
defect such as kinks, corners having under coordinated surface sites which contributes to increasing
catalytic activity and they are easily reducible and sulfidable. Therefore, smaller active metal particles
are expected to be catalytically more reactive due to their high surface area and can be created at an

environment milder than in the industrial conditions.

1.3 Knowledge gaps

From the above, it can be concluded that there are still many unresolved questions and a lot of
contradictions concerning the use and role of complexing agents. One of the concerns is the exact role
of the complexing agent on HDS catalyst activity. Secondly, the effects of complexing agents on

catalyst dispersion have not been reported.

Furthermore, the electronic properties of chelating ligands coordinated to catalyst sites Mo and
promoters such as Co, Rh, is not clear from experimental and theoretical viewpoint due to limited
literature. The combined effects of support Al.Os, and chelating ligands (citric acid (CA), EDTA and
acetic acid (AA) on the activity of CoMo and RhMo hydrotreating catalyst have not been studied in
detail. Therefore, the study seeks to address these gaps.

1.4 Hypothesis

1. Addition of chelating ligands will enhance the following: the active metal dispersion, the formation
of more octahedral MoOs, the amount of type 1l Co (Rh)-Mo-S phases and give optimum metal support

interactions.

2. The use of Co (Rh) as a promoter will lead into more metal dispersion, will also lead to more
interaction with the chelating ligands which will affect metal-support interactions resulting in further

enhancement of type Il Co (Rh)-Mo-S phases. Additionally, chelating ligands will boost HDS activities.
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3. Chelating ligands such as EDTA, AA and CA will help in multiple stacking of MoS; active phase,
resulting in enhanced hydrogenation reactions. This will improve HDS activities and optimize metal
support interaction.

1.5 Research questions

1. Will the chelated catalysts influence catalytic activity?
2. Which of the chelated catalysts will yield the highest activity?

3. Will the theoretical study on the electronic properties of the catalysts help in explaining different
HDS activity obtained by the catalysts?

1.6 Aim and objectives of the research

The study is aimed at synthesizing and characterizing well-defined chelated Co-Mo and Rh-Mo
nanocatalysts that have an exceptionally high site-specific activity for hydrogenative desulfurization of

model fuels. The specific objectives were to:

0] synthesize various unsupported and supported (with alumina) nanocatalysts containing
varying composition of mixed precious - base metal and chelating ligands;

(i) characterize the active phases of various catalysts (Oxides and Sulfided using FTIR and
UV-Vis) spectroscopies, TGA-DSC, BET, PXRD and SC-XRD, ICP-OES, EDX, XPS,
SEM and TEM;

(iti)  study the influence of chelating agents (CA, AA and EDTA) on HDS of dibenzothiophene
(DBT);

(iv) conduct theoretical study on the electronic properties of the single crystal catalyst obtained
using Density Functional Theory (DFT) calculations;

(V) test the most active catalyst in a simulated model fuel.

1.7 Structure of the dissertation

In this dissertation, various catalysts were synthesized, characterized, and tested for the hydrotreating
of model fuel in a Parr reactor under industrial hydrotreating conditions. The results from various
characterization techniques were analysed and explained to correlate the corresponding catalytic
activities. To accomplish the research objectives, the work was divided into four phases. This thesis is

comprised of 6 chapters which describes the research outcomes for each phase.
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Chapter 1 focuses on the effect of the presence of organosulfur in fuel oil and the effect it has on the
environment. It further gives a review that deals with interpretations put forward in literature with
regarding to the periodic HDS activity trends of the various transition metal sulfide (TMS). The focus
is on the metal-sulfur bond energy, different HDS mechanism are also discussed in this chapter and
HDS mechanisms. This chapter also discusses the role played by chelating ligands on HDS catalysts
and how it affects the HDS activity.

Chapter 2 discusses the instruments used for characterization in this project. The principles and
applications of the important characterization technique used in this work are explained briefly. The

method of preparation and catalytic applications used is briefly discussed.

Chapter 3 discusses CoMo related catalysts, and the effect caused by the addition of chelating ligands
on the catalysts. Addition of chelating ligands were seen to have beneficial effect on hydrotreating
activity, especially CA. It was shown that both EDTA, AA and CA play a major role in redispersion of

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

The examined the effect of metal (Rh) with and without chelating ligands are discussed in Chapter 4.
In this chapter during catalysts synthesis rhodium is used as a promoter and the research outcomes and
discussion of this phase are presented.

Chapter 5 summarizes the findings (conclusion) of the entire research project and provides

recommendation for future work.

22



Chapter Two

Experimental

2.1 Materials and Chemicals

All chemicals used were obtained from Sigma-Aldrich. Cobalt(Il) nitrate hexahydrate (98%),
ammonium heptamolybdate (99%), rhodium(ll) chloride (98%), ethylenediaminetetraacetic acid
(EDTA), citric acid monohydrate (99.5%), acetic acid (99%), heptane, benzothiophene (98%),
dibenzothiophene (98%), 4,6-dimethyldibenzothiophene (97%), Gamma alumina support (y-Al.O3).

2.1.1 Synthesis of EDTA, CA and AA chelated catalysts

(i) Synthesis of Alumina support catalysts

For uncalcined catalyst: Co(NO3),.6H,0 (1.00 mMol) or RhCls (1.00 mMol) and (NH4)sM07024.4H,0
(2.00 mMol) was added in 30 mL deionized water with (Co (Rh)/Co (Rh) + Mo) 0.33 molar ratio. The
pH was adjusted to pH = 9 and the solution was added to the y-alumina support (1 g), and the resulting
mixture was transferred into a Teflon-lined stainless-steel autoclave, and then hydrothermally treated
at 453 K for 4 h. The product was filtered and washed using deionized water and dried at 393 K for 12
h and calcined at 773 K for 4 h.

(ii) Synthesis of Chelated alumina support catalysts

For chelated catalysts: 1 g of Calcined alumina support (773 K) was impregnated (wet impregnation
method) with a solution of Co(NOs)2.6H20 (1.00 mMol) or RhCl; (1.00 mMol), (NH4)sM07024.4H,0
(2.00 mMol), EDTA (1. 00 mMol), CA (2.00 mMol), and AA (2.00 mMol). The following molar ratios
were used; Co: EDTA 1:1, Co: CA 1:2, and Co: AA 1:2 (Pefia et al., 2014). The starting materials were
added in 20 mL deionized water with (Co/Co +Mo) with the molar ratio of 0.33 (Chen et al., 2019;
Castillo-Villal6n et al., 2015). The pH was adjusted with ammonia solution to pH = 9, and the resulting
solution was impregnated on the alumina (y-Al>Os) support (1 g) for 4 h and dried at room temperature
and then at 393 K overnight.

(iii) Catalyst sulfidation and hydrodesulfurization measurements

Before hydrodesulfurization the oxide catalyst was sulfided using 5 wt.% of CS; in 100 mL heptane,
and the reaction was carried on in 4 MPa H; and 573 K for 4 h. The hydrotreating of model fuel was
performed in a Parr reactor operating at typical industrial conditions. The model fuel consisted of 374

ppmS in dibenzothiophene (DBT). The details of the reactor set up are mentioned in Section 2.2.10.

Prior to catalytic test, the catalysts (2 g) were sulfided using 100 mL heptane solution-containing 10

wt.% of CS; under hydrogen pressure of 4.0 MPa with the temperature of 573 K and maintained 4 h to
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ensure complete sulfidation. The sulfided catalysts (in original size) were recovered by filtration and
dried. After sulfiding, HDS studies of the catalysts were performed in 100 mL of heptane containing
(0.22 g) DBT under H; pressure of 4.0 MP with 573 K and maintained for 6 h. The samples (DBT
product) were collected for further analysis. The conversion of DBT and selectivity was determined
using GC-MS. GC conditions for determination and quantification of oxidation products were carried
out by using a ZB-5MSi capillary column (30 m x 0.25 mm x 0.25 pm). Helium was used as carrier gas
at a flow rate of 1.63 mL min't with an average velocity of 30.16 cm. sec? and a pressure of 63.73 KPa.

The analysis run was started with an oven temperature of 313 K ramping to 573 K @ 15°C min™.

The hydrotreating reaction setup is shown in Figure 2.1. DBT model fuel together with the catalyst was
added on the Parr reactor and sealed. The setup consists of a mass flow controller was used to regulate
the hydrogen flow. Before the reaction take place, the sample liquid was purged three times and the H»
was set to a desired amount to reach the maximum pressure required. The Parr reactor has tubes
connected to it, where water is passed through the reactor to cool the magnet of the reactor. The reactor

was heated to the desired temperature and speed.

Figure 2.1: Hydrotreating reaction experiment setup for Parr reactor.
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2.2. Instrumentation

A range of characterization techniques were employed to gain understanding of the physicochemical
and chemisorption characteristics of the prepared catalysts, and correlate these to the observed
behaviour of the catalyst during catalytic activity evaluations. The characterization techniques are

outlined in this chapter.

2.2.1. N2 adsorption—desorption isotherms

The total surface area of the catalysts at which reactants will be exposed is measured by physical
adsorption, namely physisorption (Vasquez, 2007; Anderson and Pratt 1985). It is used to measure the
surface area due to its reversibility, as it exhibits low heats of adsorption that prevents structural changes
of the surface (Lowell et al. 2004). The method used to quantify the surface area was Brunauer Emmett
and Teller (BET) which is an extension of Langmuir’s studies of absorption. Langmuir described the
type | isotherm as an absorption limited to a monolayer. This type is presented in Figure 2.2, which
resembles a concave curve at low P/Po and reaches a maximum when approaches a value of 1 (Lowell

et al. 2004).

Amount absorbed

P/Pq !

Figure 2.2: Type | isotherm (Vasquez, 2007).

The BET method allows the study of multilayer absorption using the following equation (Vasquez,
2007; Anderson and Pratt, 1985):

ny,+Cp
®o — )1+ (€ = DIP/p,

ns =

where n® is the amount of gas absorbed at equilibrium pressure p, with a partial pressure of the absorbate
po, N™s is the total amount of absorbate in the monolayer, while C represents a constant that depends on

the adsorbate heat of adsorption. The BET equation can be written as:
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To use this equation low p, values must be used so that it forms a straight line when,

P

ns(po - p)
is plotted against p/p.. Therefore, it is possible to obtain the surface area of the material measured by
the quantification of the adsorbate on the monolayer with a known area per molecule.

The BET surface area, pore volume, and pore size distribution of the samples were measured with a
Micrometrics ASAP 2000 instrument using low temperature N, adsorption-desorption isotherms. Prior
to analysis, the samples were degassed in vacuum at 80°C. The surface area was computed from these
isotherms using multi-point Brunauer-Emmett-Teller (BET) method based on the adsorption data in the
partial pressure P/Py range from 0.01 to 0.2. The mesoporous volume was calculated from the amount
of nitrogen adsorbed at P/Po = 0.95, assuming that the adsorption on the external surface was negligible
compared with adsorption in pores. The pore diameter and pore volume were determined using the BJH

method. In all cases, correlation coefficients above 0.999 were obtained.
2.2.2. X-ray diffraction (XRD) analysis

X-rays are created by a fast deceleration of any electrical charged particles such as high kinetic energy
electrons. Electrons are produced in different ways; by utilizing an x-ray tube where electrons are
produced, creating a high voltage between two electrodes. The electrons are then driven to the anode or
target, where the sample is located (Cullity and Stock, 2001). Copper was used as the anode. X-rays are
created with the impact of the electrons on the sample, and the x-ray scattered are measured and
analysed. The material and crystal shape are determined by the position, intensity, and the shape of the
peak shown (Krawitz, 2001). Figure 2.3 shows how the x-ray diffraction diffracts is analysed. The
diffraction angle and interplanar spacing are represented by 6 and d’, respectively while A, B, A’ and
B’ represent the wavelength. The peak recorded at the angle 26, and its intensity is unique of each
material (Krawitz, 2001).
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Figure 2.3: X-ray Diffraction (Krawitz, 2001).

X-ray diffraction (XRD) was conducted for crystalline identification, the measurements were performed
on a Burker UXS D8 Focus X-ray Diffractometer with a Cu source of X-ray. The measuring wavelength
was 0.1506 nm, while the survey measurement was scanned from 10-70 degrees with 0.02-degree
increment at the scanning speed of 1 sec/step. The textural properties of the catalysts were measure by
adsorption of nitrogen at 77 K using a Micrometrics ASAP 2000 instrument. The samples were

degassed at 200 °C before the analysis.

The Powder-XRD studies were mainly carried out to identify vario