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ABSTRACT 

Problems associated with hydrotreating of heavy and extra-heavy crude oils in 

conventional fixed-bed reactors have led to the design of more innovative reactors such as 

slurry reactors. Dispersed fine catalysts are commonly used in slurry reactors. However, 

separation of the fine particles with sizes in micrometers or nanometers from the liquid 

phase represents a challenge. In this work, novel magnetically recyclable catalysts are 

designed to address this issue.   

Two different magnetic core materials, Fe3O4 and Fe3S4, were studied. Core-and-shell 

composite catalysts MoS2/Fe3O4 and MoS2/Fe3S4 were designed. Both catalysts showed 

high activity in the hydrodesulfurization (HDS) of dibenzothiophene (DBT). Former one 

showed high affinity towards the direct desulfurization (DDS) pathway while the later one 

presented a balanced selectivity between DDS and hydrogenation (HYD) pathways. This 

provides the refineries an option to adjust the hydrotreating process based on their needs 

using each of the catalysts or a combination of both. Catalyst MoS2/Fe3S4 was further 

promoted by nickel and cobalt. The activity of the catalysts could be ranked as 

NiMoS/Fe3S4 > CoMoS/Fe3S4 > MoS2/Fe3S4. Addition of Ni to MoS2 catalyst forms the 

Ni-Mo-S phase with increased accessible sulfur edge which is responsible for the 

enhancement in both hydrogenation and desulfurization. The catalyst MoS2 with greigite 

core and its promoted catalyst NiMoS/CoMoS were also applied to the 

hydrodeoxygenation (HDO) of stearic acid. HDO was the dominant pathway for all of the 

catalysts.  

Catalysts MoS2/Fe3O4 and MoS2/Fe3S4 were used to investigate the roles of H2 and H2S 

and the involved active sites in the HDS of DBT. Two different active sites for 
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hydrogenation (HYD) and hydrodesulfurization (HDS) were identified. The MoS2 with 

magnetite core demonstrated high selectivity towards the DDS pathway, which was 

attributable to the differences in adsorption energy of hydrogen and DBT over 

hydrogenation and desulfurization sites. H2S is favored being adsorbed on the S-edge 

vacancies to transfer the active sites to HYD/Isomerization sites. Hydrogen plays three 

distinctive roles: 1) When adsorbed at Mo edge, hydrogen promotes hydrogenation; 2) 

Strongly bonded at S-edge it accounts for direct desulfurization; 3) while loosely bonded 

to S-edge it favors HYD and isomerization.  
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 Chapter 1: Introduction 

1.1 Heavy and extra-heavy crude oil hydro-processing and the plugging problem in 

fixed-bed reactors 

The significant increase in oil demand in this decade and the shift of oil supplies from light 

oil to heavier and dirtier oil such as bitumen in addition to stricter legislations for fuel 

specifications from governments have made todays refiners to adjust themselves to meet 

these new demands [1]. 

There are two routes commonly used to process heavy and extra-heavy oil, i.e. carbon 

rejection and hydrogen addition. Carbon rejection processes such as delayed coking are 

popular for their ease of operation and flexibility towards handling different feeds. 

However, these processes have low yield of upgraded oil and produce large amounts of 

coke. The best known hydrogen addition process for conversion of feed oil to lighter 

products is hydroprocessing through fixed-bed reactors [2].  

Catalytic hydrotreating is a hydrogenation process that is used for removal of the 

contaminants such as nitrogen, sulfur and oxygen, and metals from heteroatom constituents 

of petroleum fractions. The reason that these contaminants should be removed from the 

petroleum fractions is that they can have detrimental effects on the equipment, the catalysts, 

and the quality of the finished product as they pass through the processing units [3]. The 

major concern among these impurities inside the products is about sulfur compounds 

because of the environmental and health issues that they can cause such as: 
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• Forming poisonous SOX emission after the combustion of the sulfur containing 

fuel, which is harmful for human health and also a contributor to acid rain, ozone 

depletion, and smog.  

• The main petroleum-generated pollutants, esp. diesel, refer to the production of soot 

(combustion temperature too low) and NOx (combustion temperature too high). 

•  In diesel cars, traces of sulfur inside the diesel fuel also have a poisonous effect on 

car catalytic convertors, thereby reducing their combustion effectiveness in 

removing carbon monoxide and unburned hydrocarbons. 

Because of the adverse effects of sulfur compounds in fuels many countries have passed 

stringent regulations to reduce the amount of sulfur impurities in fuels, especially in diesel 

fuel during the past years. For example, the EU started the regulations for the amount of 

sulfur in automotive fuel, including diesel, since 1994 from 2000 ppm and gradually 

reduced it to 10 ppm in 2009 [4]. The traditional catalysts for hydrotreating are not active 

enough for the removal of the refractory sulphur compounds. Therefore, a great amount of 

effort has been spent to develop more active and more efficient catalysts capable of 

producing cleaner fuels.  

To date, these efforts have resulted in commercially used highly active catalysts such as 

NEBULA, STARS or Topsøe BRIM series which can closely satisfy the removal of sulfur 

based on the demands by Environmental Protection Agency for sulfur specifications [5]. 

However, there is a new problem in oil industry that many refiners are facing with. The 

problem is that the resources for light petroleum fraction are decreasing and heavy crude 

oil resources are becoming extra heavy with higher amount of fine particles and other 
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impurities while the petroleum market is demanding middle distillates with low contents 

of sulfur, nitrogen, and other contaminants.  

A major problem associated with the high concentration of contaminants and fine solid 

particles in extra-heavy oil can block packed reactors. The common solution for this 

problem is to use filters to protect the catalyst beds. However, filters are ineffective in 

removing complex polymeric iron sulfide gums. These gums are formed from iron 

compounds (e.g., iron porphyrins) in response to: (i) their reaction with sulfur in the feed, 

(ii) their dissolution by naphthenic acid, and/or (iii) their persistence of particulates smaller 

than 5 to 20 microns [6]. The small solid particles are caught by the packed catalysts in the 

beds such as hydrotreators. Accumulation of the retained particles can significantly change 

the hydrodynamics of the packed-bed reactor by early increasing of the pressure drop and 

reducing bed permeability [7]. If the pressure drop builds up beyond the operation limits 

allowed for pumps and compressors feeding the packed bed, then the column must be 

stopped and the catalytic charge dumped and exchanged with a fresh packing unit. In many 

cases, the plugged bed still has catalytic activity so the process economics suffers due to 

early catalyst changes [8]. 

Unless addressed, the problem of plugging packed beds will likely be encountered more 

often and in a more accentuated way in the future, as follows: 

• High quality (shorter chain) hydrocarbons are the most likely reserves to be 

depleted. There is therefore the need to exploit the lower quality reserves [9, 10]. 

These reserves will have diverse origins and diverse solids content in size and 

mineralogy, as is already the case with the Athabasca bituminous sands of Alberta. 
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• With the monotonic decrease in oil reserves, it will become necessary to enhance 

the usability of high boiling cuts into products of higher value. Hence, there will be 

additional pressure on removing higher sulphur, metals and coke content from raw 

refinement material. In the past, high-boiling-point petroleum cuts were discarded 

or used in road construction. 

1.2 Technologies to process heavy and extra-heavy crude oils 

As discussed earlier, using the conventional fixed-bed reactors in hydro-treatment of heavy 

and extra-heavy crude oils leads to plugging issues and premature shutdown of oil-refining 

processing units. To solve this problem, reactors with different designs were introduced. 

Figure 1.1 shows schematic representations of the alternative reactors used for 

hydroprocessing of heavy oils [11]. Slurry-phase hydroconversion technology is one of the 

developed methods to deal with the problems associated to the processing of heavy crude 

oil. Using slurry phase reactors has multiple advantages and disadvantages as follows [12-

14]. 

 

Figure 1.1: Different types of reactors used for hydro-processing of heavy oils. 
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Advantages: 

• The catalysts in slurry reactors are disposable, and possess high surface areas due 

to their micron-scale particle size. 

• The smaller size of catalysts used in slurry reactors compared with catalysts utilized 

in other reactors results in shorter traveling distances and hence less time for a 

reactant molecule to find an active catalyst site. 

• Good external mass transfer due to the unsupported nature of the catalysts [6]. 

• Residue conversion higher than 90% (sometimes very close to 100%) can be 

achieved at space velocities much higher than other reactors. 

• Due to not needing internal equipment components, the volume of the slurry reactor 

is maximized. 

• The thermally stable homogeneous-phase operations have low chances of 

temperature runaways. 

Disadvantages: 

• SPR should be carefully designed to maintain a well-mixed three phase slurry of 

heavy oil, catalyst, and hydrogen to promote effective contact. 

• The efficiency of the hydroprocessing SPR is very dependent upon the type of 

catalyst selected. 

Well-known processes that are developed based on slurry reactors include Veba combi-

cracking [15], CanMet [16], HDH Plus [17] and Eni slurry technology (EST) [18, 19]. 

Commonly used catalysts in slurry reactors are cheap and use disposable materials such as 

Fe. Application of low activity materials results in low upgrading efficiency. To improve 

the quality of products, a known hydrotreating catalyst such as MoS2 is a good candidate. 
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However, the higher cost of MoS2 can compromise the profitability of the process if once-

throughput catalyst is used [20]. Therefore, recyclability of catalyst becomes economically 

crucial for processing heavy oil in slurry reactors.  

1.3 H2 and H2S dissociation and the active sites of (Ni)MoS2 

Many countries have moved to limit the amount of sulfur in the fuels to near zero. Diesel 

fuel containing such low levels of sulfur is called ultra-low sulfur diesel (ULSD). 

Refineries need to adjust themselves accordingly to reach these new limits for sulfur 

content of the fuels they produce. To reach near zero levels of sulfur, nearly all of the sulfur 

present in the sulfur-containing molecules should be removed. Removing sulfur from 

simple molecules like benzothiophene can be accomplished. However, desulfurization of 

more complicated and refractory molecules like dibenzothiophene (DBT) and alkyl-

substituted DBTs can be challenging [1, 21, 22]. Sulfur removal is generally carried out in 

refineries through hydrotreating units. Different catalysts have been tested in years for their 

application in these units, though, the most abundantly used catalysts are transition metal 

sulfides (TMS) due to their high performance and resistance toward poisoning. The most 

commonly used TMS catalyst, i.e., molybdenum sulfide, is usually promoted with Co, Ni 

and/or W [23, 24].  

In detail, MoS2 consists of stacked layers in which each layer of molybdenum is 

sandwiched between two layers of sulfur. These layers are joined together by weak van der 

Waals forces. Truncated or hexagonal MoS2 nano-particles are expected to contain two 

distinct slab terminations, Mo (101̅0) and S (1̅010) edges. Regardless of synthesis method, 
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the stoichiometry of MoS2 is mostly identical. However, the textural properties and the 

activity of the catalyst can be greatly affected by the varying catalyst synthesis methods.  

Various models have been proposed to explain the Co, Ni and/or W promotion effect of 

the MoS2 catalyst. The edge-decorated Ni(Co)-Mo-S phase model among these is the most 

accepted one [21, 25, 26]. In this model, the promoter atom substitutes the Mo atoms at the 

edges of the MoS2 slabs [27-29]. However, the exact edge locations of the promoter atoms 

are still unclear, and especially with regard to Ni. 

The HDS mechanism and its relation to catalyst active sites involved in the HDS process 

over Ni(Co)-promoted and unpromoted MoS2 have been extensively studied using various 

techniques. Imaging [30-32], DFT studies [33, 34], spectroscopic studies [35-37], and use 

of poisons or inhibitors [38-40] are examples of these techniques.  

HDS of DBT is known to proceed either through the direct desulfurization pathway (DDS) 

or through the hydrogenation route (HYD). However, there has been two different views 

on the active sites associated with the reaction pathways of hydrodesulfurization. Based on 

the correlation between the number of edge sites and the activity of the HDS and 

hydrogenation reactions, some researchers have claimed that the same type of active sites, 

i.e. sulfur vacancies at the edges of the catalyst, is accountable for both DDS and HYD [41, 

42]. On the contrary, the other researchers, based on the inhibiting effect of compounds 

such as H2S, proposed two different types of sites that are responsible for the two reaction 

routes, i.e. sulfur vacancies as DDS sites and metallic-like sites on the basal planes and 

near edges (brim sites) as HYD sites (refer to section 2.7 for more details on the nature of 

active sites). H2S was identified to have an inhibiting effect on the DDS pathway while it 

had only a minor effect on the HYD route [43]. The difference in inhibiting effect of the 
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nitrogen compounds over the DDS and HYD routes is also an evidence for the presence of 

two different types of sites [44, 45]. We made an attempt to find an answer to this dilemma 

based on our results. 

Hydrogen is known to have a two-fold effect at the edges of MoS2. First, by reacting with 

the sulfur atoms at the edges. Second, to form -SH groups at the edges through dissociative 

adsorption. Both of these processes are considered important for HDS to provide vacancies 

and reactive hydrogen supply over the catalyst edges. Hydrogen sulfide can also have two 

effects on the edges, i.e., adsorption at the vacancies followed by dissociative adsorption 

to form -SH groups. The HYD pathway of the HDS reaction starts with the dissociation of 

hydrogen over the edges of MoS2. DFT calculations show that the dissociation of hydrogen 

can follow two different pathways [46]: one involving sulfur dimers, and the other via the 

interaction with the vacant Mo atoms. However, the difference between the roles of the 

dissociated hydrogen at each site within the HDS process remains unclear. Moreover, the 

difference between the role of hydrogen and hydrogen sulfide in hydrogenation is yet to be 

understood. 

1.4 Hydrodeoxygenation with sulfide catalysts 

The decrease in the fossil fuel resources and the concerns about the greenhouse gas 

emissions has driven the interests toward the use of renewable biofuels. Vegetable oils, i.e., 

triglycerides in the form of fatty acids with 15 to 18 carbons in their chain, however have 

some disadvantages due to their immiscibility with standard fuels, and low heating values 

due to their high oxygen content. Therefore, to obtain suitable fuel products, the oxygen 

should be removed from their structure. The two reaction routes are suggested for the 
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deoxygenation process, i.e. Decarbonisation/Decarboxylation (HDC) and 

Hydrodeoxygenation (HDO). With the former, oxygen removal occurs progressively in the 

form of C-C bond cleavage and CO or CO2 formation at each step. With the latter, oxygen 

is removed in the form of H2O without removing any carbons from the fatty acid [47, 48].  

The deoxygenation process in many aspects is similar to the hydrotreating process in the 

refineries. It is found that the hydrotreatment process with sulfide catalysts can remove the 

oxygenated compounds from bio oils [49-52] . Hence, the existing hydrotreating process 

has been used for the co-treatment of fossil fuels and biomass [53-60] . The most common 

catalysts used in the hydrotreating process are Ni or Co-promoted and unpromoted MoS2 

catalysts. These catalysts have also been applied in the deoxygenation of vegetable oils and 

have been found to effectively remove oxygen [61-65]. They showed selectivity for both 

HDC and HDO reaction pathways based on the type of catalyst, the preparation method, 

and the reaction conditions.  

Similar to heavy crude oil, the presence of glycerol and impurities especially in viscous 

waste cooking oil can also plug packed-bed reactors [66]. Co-processing of vegetable oils 

and heavy oil can therefore become costly unless the plugging effect is reduced or 

eliminated altogether. 

1.5 Scopes, objectives, and outlines 

The scope of this thesis focuses on the synthesis and characterization of nano-sized sulfide 

catalysts with magnetic properties. These catalysts are known to be effective in 

hydrotreating heavy-feedstock oil recourses, and are thought to become most efficient in 

slurry reactors. In this, the synthesis, the effect of type of magnetic core, and the addition 
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of promoters are carefully investigated. This includes examining the H2 and H2S activation 

sites and processes over the edges of the promoted and unpromoted MoS2 catalysts. 

Moreover, unpromoted MoS2 and Ni and/or Co-promoted MoS2 are used in the 

hydrodeoxygenation of stearic acid as model oil. The results to be derived from this 

pertaining to catalytic activity and selectivity will then be used to propose and evaluate a 

possible step-by-step reaction mechanism.  

 

The objectives of this thesis is as follows: 

  

1. To synthesize of high-performance magnetically recyclable MoS2 using the 

hydrothermal method.  

2. To study the effect of different magnetic cores and promoters on the activity and 

selectivity of the catalyst. 

3.  To explore the H2 and H2S roles in the hydrodesulfurization process over a 

(Ni)MoS2 catalyst with magnetic core, and to locate its active H2 and H2S 

dissociation sites. 

4. To investigate the activity and selectivity of the recyclable (Ni,Co)MoS2 composite 

in deoxygenation. 

In Chapter 2, an extensive literature review is provided on the synthesis, properties, and 

activities of supported and unsupported Mo-based catalysts. The hydrothermal technique 

for the preparation of MoS2 and the effect of the process parameters are described. An 

introduction of the catalysis mechanism and the active sites of unpromoted and promoted 
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MoS2 is also provided, as well as their application in hydrodesulfurization and 

hydrodeoxygenation. 

In Chapter 3, the characterization techniques for the sulfide catalysts are described. This 

includes a presentation of the experimental hydrotreatment setup, and the precedures used 

for the catalyst activity testing and product analyses.  

Chapter 4 describes the step-by-step synthesis of magnetically recyclable nanosized MoS2 

composite. This includes addressing the selection of the materials used for anchoring the 

MoS2 catalyst, and exploring the relationships between MoS2 catalyst properties and 

activities. 

In Chapter 5, a series of MoS2 catalysts with and without magnetite particles are described 

within the context of their differential desulfurization sites and activities regarding H2 and 

H2S hydrogenation. 

Chapter 6 builds on Chapter 5 by addressing the loading, role and sites of Ni as H2 and H2S 

hydrogenation promoter on the MoS2 catalyst.  

Chapter 7 focusses on studying the magnetic core effect on the hydrodesulfurization 

process using Ni and Co catalyst promoters.  

Chapter 8 builds on Chapter 7 by (i) testing the prepared catalysts in terms of their hydro 

deoxygenation effectiveness in terms of activity and selectivity, and (ii) proposing a 

hydrodeoxygenation reaction mechanism. 

Chapter 9 provides a summary in terms of conclusions and recommendations for future 

work. 
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 Chapter 2: Literature review 

2.1 Hydrotreatment Process 

Among different chemicals and materials that catalysts are utilized for their production, 

fuels are one of the most important ones that play a vital role in our present economy. Fuels 

are mostly produced in refineries by processing Crude oil in several units. One of these 

units is hydrotreater which is among the most common process units in modern petroleum 

refineries. As it can be seen in Figure 2.1, a typical refinery in a western country usually 

has at least three hydrotreaters. Commonly, one hydrotreater unit for naphtha, one or two 

for light gas oil, and one or two for heavy gas oil and/or vacuum gas oil are used [67].  

Catalytic hydrotreating is a hydrogenation process that is used for removal of the 

contaminants such as nitrogen, sulfur, oxygen, and metals from heteroatom constituents of 

petroleum fractions. The reason that these contaminates should be removed from the 

petroleum fractions is that they can have detrimental effects on the equipment, the catalysts, 

and the quality of the finished product as they pass through the processing units [2]. 

Because of the difference in reactivity and chemistry of each of these contaminants, 

specific processes have been developed for their removal. These processes are called 

hydrodesulfurization (HDS), hydrodenitrogenation 
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Figure 2.1: A schematic view of a typical High-Conversion Oil Refinery [8]. 

 (HDN), hydrodeoxygenation (HDO) and hydrodemetallation (HDM) for the removal of 

S, N, O and metal compounds, respectively. 

 S, N and O compounds can be found in any type of feedstock but the metal impurities are 

usually of concern only in heavier feedstock such as atmospheric and vacuum residues. 

The major metal contaminants are usually V and Ni which can cause catalyst deactivation 

in long run [68]. Oxygen impurities are not known to have any major environmental 

impacts, however, some oxygen compounds such as phenols and naphthenic acids can 

cause corrosion problems in equipments like the storage vessels [69].  
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Typically, hydrotreaters are placed prior to processes, like catalytic reforming, to prevent 

the contamination of the catalysts by untreated feedstock. Hydrotreaters are also placed 

before catalytic cracking units to decrease the amount of sulfur and to improve product 

yields, and to upgrade middle-distillate petroleum fractions into finished kerosene, diesel 

fuel, and heating fuel oils. Moreover, hydrotreating can result in more saturated compounds 

in product by hydrogenating the olefins and aromatics [3].  

Hence, the main role of hydrotreating can be summarized as follows [70]: 

1. Meeting finished product specification. 

• Kerosene, gas oil and lube oil desulphurization. 

• Olefin saturation for stability improvement. 

• Nitrogen removal. 

• De-aromatization for kerosene to improve cetane number.  

2. Feed preparation for downstream units: 

• Naphtha is hydrotreated for removal of metal and sulphur. 

• Sulphur, metal and polyaromatics removal from vacuum gas oil (VGO) to be used 

as FCC feed. 

• Pretreatment of hydrocracking feed to reduce sulphur, nitrogen and aromatics 

which has poisonous effect on its catalyst. 
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Figure 2.2: Once-through hydroprocessing unit: two separators, recycle gas scrubber. 

Figure 2.2 shows a simplified flow diagram of a hydrotreating unit which is consisted of 

different parts. In this process the feedstock is mixed with hydrogen in the first step, 

preheated in a heater (315–430 °C) after that, and then charged under pressure (up to 6.9 

MPa) through a fixed-bed catalytic reactor. In the reactor, the sulfur and nitrogen 

compounds in the feedstock are converted into H2S and NH3. The reaction products leave 

the reactor and then washed with water to convert almost all of the NH3 and some of the 

H2S into aqueous ammonium hydrosulfide, NH4HS (aq). The ammonium hydrosulfide is 

removed in the low-pressure flash drum as sour water. After washing, the products are 

cooled to a low temperature and then enter a two stage (high and low-pressure) liquid/gas 

separator [71].  



16 

 

The gas stream rich in hydrogen from the high-pressure separation enters a high-pressure 

amine absorber to remove H2S. H2S has an inhibiting effect on HDS reactions and lowers 

the purity of the recycle gas. The cleaned gas stream is then recycled to combine with the 

feedstock. The low-pressure gas stream rich in H2S is sent to a gas-treating unit to remove 

H2S. After cleaning, the gas can be used as fuel for the refinery furnaces. The liquid product 

from the hydrotreating unit is normally sent to a stripping column where H2S and other 

undesirable components are removed [71].  

2.2 Chemistry of hydrodesulfurization 

The main sulfur compounds that can usually be found in petroleum fractions are thiols 

(mercaptans), sulfides, disulfides, thiophenes, benzothiophenes (BTs), dibenzothiophenes 

(DBTs), naphthothiophenes (NTs), benzonaphthothiophenes (BNTs), and their alkyl-

substituted derivates, as shown in Table 2.1 [72]. Studies have shown that there is a major 

difference between the reactivity of sulfur compounds. The ease of removal of sulfur from 

a petroleum stream depends greatly on the structure of the sulfur compound being treated. 

Generally, in contact with hydrotreating catalyst, non-cyclic sulfur compounds and 

disulfides can react very fast. Six-membered ring sulfur compounds and saturated cyclic 

sulfur compounds have also high reactivity. However, as shown in Table 2.2.1, reactivity 

of aromatic five membered ring sulfur compounds are much less and their reactivity 

reduces as the number of rings increases [73-75].  
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Table 2.1: main sulfur compounds in petroleum fractions [13]. 

Thiols (mercaptans) R-S-H 

Sulfides R-S-R 

Disulfides R-S-S-R 

Thiophene 

 

Benzothiophenes (BTs) 

 

Dibenzothiophenes (DBTs) 

 

Napthothiophenes (NTs) 

 

Benzonaphthothiophenes (BNTs) 
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Figure 2.3 shows the GC-FPD chromatograms of gas oil with different levels of HDS for 

production diesel fuel. After mild HDS, alkyl-substituted BTs are removed from gas oil 

while DBT and its alkyl substitutes are remained. After HDS of gas oil, the main remained 

sulfur compounds are 4-methyldibenzothiophene (4-MDBT), 4,6-

dimethyldibenzothiophene (4,6-DMDBT), with small traces of 6-ethyl,4-

dimethyldibenzothiophene (6-E,4-DMDBT) and 6-ethyl,2,4-dimethyldibenzothiophene 

(6-E,2,4-DMDBT), which shows that these compounds are much less reactive compared 

to other sulfur-containing compounds. Generally, only the most refractory sulfur species 

remain in the diesel fuel after removing of sulfur to levels below 500 ppm by conventional 

hydrodesulfurization [76-79]. It is suggested by Gates and Topspe [78] that the most proper 

compounds for testing the HDS catalysts and reaction mechanisms are 4-MDBT and 4,6- 

DMDBT. 

The low reactivity of 4-MDBT and 4,6- DMDBT has been explained both by steric 

hindrance preventing a proper interaction between the molecule and catalyst and by 

electronic factors [80, 81]. There are two different set of views about the nature of steric 

hindrance in these molecules. One view is that steric hindrance prevents that adsorption of 

molecules on the surface of the catalyst [77, 82, 83]. Another view is that steric hindrance 

slows the cleavage of C-S bond by responsible sites on catalyst [84, 85]. 
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Figure 2.3: GC–FPD chromatograms of gas oil with different levels of HDS. 

In general, there are two main reaction pathways for HDS of DBT and alkylated DBTs as 

shown in Figure 2.4 [86]. The first pathway is the direct desulfurization (DDS) -also known 

as hydrogenolysis- which directly leads to the formation of biphenyl (BP). The second 

pathway starts by hydrogenation (HYD) of one aromatic ring to form an intermediate 

product, tetrahydrodibenzothiophene (THDBT) which is desulfurized in the next step to 

form cyclohexyl benzene (CHB) [78, 87]. 

Model compound tests have shown that the HDS reaction for DBT preferentially 

progresses through the direct desulfurization pathway [82]. When alkyl substituents are 
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attached to DBT, the HDS activity of this the sulfur compounds decreases and the ratio 

between DDS and HYD reaction routes changes. The HYD passway becomes the dominant 

HDS route for 4and/or 6 alky-substituted DBT [82, 88]. As shown in Figure 2.5, the DDS 

route for 4,6-DMDBT is severely reduced compared to DBT while the HYD route is nearly 

the same. It has been suggested that the difference in HDS reactivity between DBT and 

4,6-DMDBT is mainly because of the selective promoting effect on the DDS pathway [89]. 

 

Figure 2.4: Reaction pathways for HDS of DBT. 
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Figure 2.5: HDS of DBT and 4,6-DMDBT through DDS and HYD routs over sulfided 

NiMo/Al2O3 (fixed bed reactor, 340 °C, 4.0 MPa). 

 

2.3 Hydrodenitrogenation (HDN) 

HDN is generally known to be more difficult to accomplish than HDS, but the relatively 

smaller amounts of N-containing compounds in conventional crude oil makes them of less 

concern for hydrotreating process [90]. However, the growing interest toward heavier oil 

feedstocks, which are richer in nitrogen compounds than the conventional feedstocks, can 

be problematic for the refineries as nitrogen removal is essential to prevent catalyst 

poisoning in downstream processes, such as hydrocracking, catalytic cracking, and 

reforming [40]. Moreover, nitrogen compounds in the feedstocks are known to have a 

strong negative impact on other hydrotreating processes especially HDS. Even at low 

concentrations, nitrogen compounds inhibit the HDS reaction through competitive 

adsorption [91].  
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Nitrogen in petroleum is mostly present as aromatic ring compounds. 6-membered-ring 

compounds, such as quinolines and benzoquinolines mostly have basic nature. Non-basic 

nitrogen compounds are mainly 5-membered-ring compounds, such as indoles and 

carbazoles. Basic nitrogen compounds are considered to be stronger inhibitors for HDS 

reaction than the non-basic compounds [92]. Some of the common nitrogen compounds 

found in oil feedstocks are shown in table 2.2 [40]. 

The initial step in the HDN of aromatic nitrogen-containing compounds is the saturation 

of the heteroring followed by C–N bond cleavage. The resulting aliphatic or aromaticamine 

intermediates are eventually converted to hydrocarbons and ammonia. Therefore, aromatic 

nitrogen-containing species exhibit a strong affinity for the active sites associated with 

hydrogenation reactions. This affinity is more severe in the case of basic nitrogen 

compounds, which therefore results in more severe poisoning effect. Figure 2.6 shows the 

reaction pathway and products for HDN of Quinoline (Q) [93]. 

Table 2.2: Structures of Selected Organic Nitrogen Compounds [40]. 

Basic Non-Basic 

Quinoline 

 

b.p. 238 °C 

 

Indole 

 

b.p. 254 °C 

 
Benzo-

quinoline 

 

b.p. 338 °C 
 

Carbazole 

 

b.p. 355 °C 

 
Acridin 

(benzo-

quinoline) 

 

b.p. 346 °C 
 

1,2-

Benzocarbazole 

 

b.p. 411 °C 
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Figure 2.6: Product distributions and selectivities in the hydrodenitrogenation of 

quinoline [93]. 

 

2.4 Hydrodeoxygenation (HDO) 

The importance of hydrodeoxygenation (HDO), which occurs during hydroprocessing 

depends on the origin of feeds. HDO plays an insignificant role in the case of the 

conventional feeds, whereas for the feeds derived from coal, oil shale, and, particularly 

from the biomass, its role can be rather crucial. The oxygen content in different feeds is 

shown in Table 2.3 [49].   

As mentioned before, the reason for removing sulfur and nitrogen compounds from the 

fuel is their environmental impact by production of SOx and NOx poisonous gases during 

combustion. However, no such poisonous gas will be emitted due to the combustion of 

oxygen containing hydrocarbons. During the HDO process the oxygen is released in the 

form of water which is environmentally friendly. Moreover, the oxygen content in the 

conventional petroleum derived feed is below 2 wt.% [94]. Therefore, unlike sulfur and 



24 

 

nitrogen compounds, no special attention is given to oxygen-containing compounds during 

hydrotreatment of conventional crude oil.  

Table 2.3: Composition of different feeds for HDO 

 Convention

al crude 

Coal-

derived 

naphtha 

Oil shale 

crude 

Bio oils 

Liquefied Pyrolyzed 

Carbon 85.2 85.2 85.9 74.8 45.3 

Hydrogen 12.8 9.6 11.0 8.0 7.5 

H/C 1.8 1.4 1.5 1.3 2.0 

Sulphur 1.8 0.1 0.5 <0.1 <0.1 

Nitrogen 0.1 0.5 1.4 <0.1 <0.1 

Oxygen 0.1 4.7 1.2 16.6 46.9 

 

 

 

 

In the case of biomass, the oxygen content can even reach 50 wt.%. The problem associated 

with oxygen compounds is that some of these compounds can easily polymerize which can 

cause fuel instability and therefore poor combustion performance [49].  

Generally there are two types of bio fuel, i.e. vegetable oils and oil derived from the 

pyrolysis or liquefaction of the ligno-cellulosic biomass. Vegetable oils are mainly 

consisted of triglycerides which are bonded fatty acids with 15 to 18 carbon long chains. 

Conversion and further deoxygenation of vegetable oils to bio-fuel can follow different 

paths as shown in Figure 2.7 [95]. Triglycerides first decompose into aliphatic acids and 

other intermediates and then follow either hydrodeoxygenation (HDO) pathway or 

decarbonylation/decarboxylation (HDC) pathway. In HDO pathway, hydrocarbon 

products are formed through dehydrogenation of the intermediate acid. HDC pathway 

produces hydrocarbons with one carbon number lower that the main oxygenate reactant 

due to the formation of CO and CO2 as by-product [96-99]. Since most bio-derived 
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triglycerides contain 18 carbons in branched chains, C18/C17 hydrocarbon ratio is 

commonly used to distinguish the primary deoxygenation reaction route (C18/C17 over 1 

indicates an HDO dominant deoxygenation reaction) [61, 97, 100].    

Different types of catalysts with variety of combinations between active metal and support 

have been investigated for the HDO reactions [101-106]. Among these, Mo-based catalysts 

have been studied frequently for HDO reactions as these catalysts are also used in 

traditional hydrotreating units [51, 105, 107-109]. Whiffen et al. [110] compared low-

surface-area MoO3, MoO2, MoS2 and MoP for HDO of 4-methylphenol at 623 K and 4.40 

MPa H2. They found that the turnover frequency (TOF) of these catalysts based on CO 

uptake for the HDO of 4-methylphenol decreases in the order MoP > MoS2 > MoO2 > 

MoO3. A proposed mechanism for HDO of 2-ethylphenol on MoS2-based catalysts is 

shown in Figure 2.8 [85]. It is suggested that 2-ethylphenol is activated over the slab edge 

of MoS2 catalyst by adsorption of the oxygen molecule on a vacancy site. The S-H group 

present on the edge of the catalyst (formed by hydrogen dissociation over the catalyst) 

donates proton to the attached molecule which forms carbocation. The adsorbed compound 

then undergoes direct C-O bond cleavage to form the deoxygenated molecule and oxygen 

is released in the form of water during this step. 
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Figure 2.7: Reaction routes in conversion of triglycerides into alkanes [95]. 

 

Figure 2.8: Reaction pathway for HDO of 2-ethylphenol on MoS2-based catalysts. 

 

2.5 Unsupported hydrotreating catalysts  

In recent years, there have been many studies about unsupported transition metal sulfides 

and their potential usage for hydrotreating [111-113]. Many mono-metallic sulfides have 
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been tested including MoS2 [114-116], WS2 [117], Ni sulfide [118] and Co sulfide [117, 

119] along with a mixed metal sulfides, e.g. Co-Mo-S [120-122], Ni-Mo-S [120], Ni-W-S 

[123], Ni-Mo-W-S [124], Fe-Mo-S [125], etc. Several noble metals such as Ru, Rh and Ir 

have also shown high HDS activities [126]. Clearly, the high prices of noble metals restrict 

their application in commercial hydrotreating. Among these catalysts, the mixed sulfide of 

Ni-Mo-W has shown up to 3 times higher activity than the conventional alumina supported 

NiMo and CoMo catalysts [127]. This catalyst has commercially been put in use for HDS 

of diesel under the trade name of NEBuLa [128]. 

Among these catalysts MoS2 has been the subject of many studies because of its application 

in different areas like lubrication, electrochemistry and most importantly catalysis. Variety 

of methods has been used for synthesising MoS2. The most important of these methods are: 

sulfidation of oxides, decomposition of precursors, hydrothermal and solvothermal. 

Among these techniques, hydrothermal method has shown to be promising specially for 

preparing nano-sized crystals because of the ease of process and mild reaction conditions, 

which makes it suitable to be industrially applied.  

Several groups have applied hydrothermal method for preparation of their catalysts; 

however, each has used different precursors and reaction conditions. Peng et al. [129] 

prepared their catalyst by reacting ammonium molybdate (NH4)6Mo7O24.4H2O), elemental 

sulfur, and hydrazine monohydrate in an autoclave reactor at temperature range of 170-200 

°C for reaction times between 72 h to 30 days. In a study by Tian et al. [130], MoO3 was 

reacted with KSCN at temperature range 160-220 °C resulting in formation of nanotubes 

and nanorods. In another study [131], MoS2 nanowires were formed by reaction between 
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MoO3, Na2S and 0.4mol/l of HCl at 260 °C. The advantageous of this method compared to 

others is that it is simpler to perform, the precursors used are convenient and the final MoS2 

obtained has good properties. Therefore, this method and materials were chosen for 

synthesising MoS2 catalyst in this project. 

2.6 Supported catalysts 

In different catalysts, usually the active material is supported on a carrier which allows 

higher dispersion of active materials and also reduces their susceptibility to sintering. The 

main catalysts used currently in petroleum industry for hydrotreating of oil streams are Ni 

or Co promoted sulfided Mo, supported on γ-alumina [23, 132]. γ-Alumina is the most 

widely used support for commercial hydrotreating catalysts because in addition to the 

above advantages it is also highly stable, has excellent mechanical properties and is 

relatively inexpensive [133].  

It is shown in different studies that the type of support for hydrotreating catalysts can cause 

a dramatic change in the rate and selectivity of hydrotreating reactions [134, 135]. 

Therefore, in the past few years, there has been a growing interest in finding new support 

materials for hydrotreating catalysts in order to improve their catalytic performance. These 

include SiO2 [136], MgO [137], ZrO2 [138, 139], TiO2 [139, 140], carbon [141-143], 

zeolites [144, 145]. For most of these supports, problems such as low surface area, limited 

thermal stability and unsuitable mechanical properties prevent their commercial 

application. Mesoporous materials such as MCM-41 [146, 147], SBA-15 [148, 149] have 

also been mentioned as possible supports.  
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Another effect that the strength of metal-support interaction has is the degree of stacking 

of the active phase. Type I sites which have strong interaction with support are mostly 

found in monolayer slabs, while Type II sites with weak interaction with support are 

usually found in multilayered slabs. Generally, all the slabs are accessible for DBT while 

because of the steric hindrance, 4,6-DMDBT molecule cannot interact with the slab 

adjacent to the support [88, 150]. 

The use of mesoporous materials such as SBA-15 as support material has also got some 

attention because of its favorable catalytic activities toward bulky molecules, such as those 

present in heavy crude oils and heavier petroleum fractions [151]. However, comparing 

SBA-15 and zeolites, the acidity and hydrothermal stability of SBA-15 is lower. Bao et al. 

[152] tried to solve these problems by incorporating Al into SBA-15 structure thus 

replacing some of Si4+ ions with Al3+ ions. By adjusting pH and increasing temperature 

during the hydrothermal process, they synthesized Al-SBA-15 with uniformly distributed 

mesopores, high hydrothermal stability, and medium BrØnsted/Lewis acidity. They also 

performed catalytic activity study on NiW/Al-SBA-15 catalyst and compared it with 

activity of SBA-15 and Al2O3 supported catalysts.  The results showed much higher HDS 

activity for NiW/Al-SBA-15 among the two catalysts. 

In addition to traditional hydrotreating catalysts, a new study by Oyama et al. [153] has 

shown the high affinity of FeNiP catalyst supported on SiO2 toward removing 4,6 DMDBT 

through DDS route. It is known that the main pathway for removal of refractory sulfur 

molecules such as 4,6 DMDBT over traditional hydrotreating catalysts is through 

hydrogenation due to the presence of methyl groups in this molecule which causes 

geometrical restriction for its adsorption over the catalyst. The results also show that their 



30 

 

catalyst has higher activity compared to NiMoS/Al2O3 catalyst for removing 4,6 DMDBT. 

They suggested that the special reactivity of the bimetallic material was probably due to a 

ligand effect of Fe on Ni, which must also account for the high selectivity to DDS. 

 

2.7 Nature of active sites in promoted and unpromoted MoS2 

 

Since the introduction of MoS2 as a candidate for HDS reactions, many researchers have 

tried to shed a light on the nature of the active sites in this catalyst. Since the early studies 

on MoS2, it has been widely accepted that for unpromoted MoS2, the coordinatively 

unsaturated sites (CUS) or exposed Mo ions with sulfur vacancies at the edges and corners 

of MoS2 structures are the active sites for hydrogenation and hydrogenolysis reactions. The 

basal planes were assumed to be inactive in sulfur removal process. Later, Daage and 

Chianelli [80] proposed the rim-edge model in which they suggested that two types of 

active sites are available on MoS2 slab, i.e. rim and edge (Figure 2.9). In their model, the 

rim sites were considered to be responsible for the hydrogenation while edge sites were 

assumed to be both active for hydrogenation and hydrogenolysis. They considered the basal 

plane to consist of fully saturated sulfur atoms, making the basal plane almost inactive. 

Based on this model, one can change the HYD/DDS selectivity of a catalyst by changing 

the stacking height of MoS2 slabs. 
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Figure 2.9: The "rim-edge" model for MoS2. 

 

 

 

Figure 2.10: (a) Atom-resolved STM image of a triangular single-layer MoS2 

nanocluster. (b) Ball models in top and side view of the edge structure, the Mo edge 

with S dimers (S, bright; Mo, dark). (c) Ball model of a MoS2 triangle exposing this 

type of edge termination.  

Recentely, Topsøe et al. [154, 155] have found new active sites on MoS2 catalyst involved 

in hydrogenation reactions using scanning electron microscopy (STM). These so called 

"brim sites" were fully saturated and one-dimensional molybdenum sites located on top of 

the MoS2 nanocluster adjacent to the edge and extend around the cluster. The STM image 



32 

 

and the top and side view ball models of a one layer MoS2 nano-cluster are shown in Figure 

2.10. The bright brim sites are easily distinguishable in the STM image. 

For Co or Ni promoted catalysts, the most widely accepted model describing the structure 

of active sites is the Co (Ni)–Mo–S phase model proposed by Topsøe et al. [27, 156]. In 

their model, Co(Ni)–Mo–S structure of the catalyst are consisted of small MoS2-like 

nanocrystals with Co or Ni atoms located at the edges of the MoS2 crystal layer. Cobalt in 

particular can also be present in another two forms, i.e. thermodynamically stable cobalt 

sulfide (Co9S8) and dissolved in the alumina support for supported catalyst. A schematic 

representation of this model is shown in Figure 2.11. It was found that the HDS activity of 

the catalyst has a linear correlation to the amount of Co(Ni)-Mo-S phase. The most widely 

accepted explanation for the promotional effect of Co or Ni is proposed by Harris and  

  

Figure 2.11. Schematic representation of the CoMoS model under reaction 

conditions. Co is present in three different phases. (1) The active CoMoS 

nanoparticles; (2) a thermodynamically stable cobalt sulfide (Co9S8); (3) Co dissolved 

in the Al2O3 support. Only the CoMoS particles are catalytically active [157]. 
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Chianelli [158]. They suggested that addition of Co or Ni results in an electron donation 

from Co or Ni to Mo which decreases the bond strength of Mo-S and strengthens the Co–

S bond to intermediate metal–sulfur bond strength which is in optimum range for HDS 

activity. The studies have also shown that based on the support interaction, two types of 

Co–Mo–S structures exist, i.e. type I and type II. Comparing two structures, catalysts with 

type II structure are more active than the ones with type I structure. Type I structures were 

suggested to be incompletely sulfided with remaining Mo–O–Al linkages to the support. 

Such linkages are thought to appear due to the interaction during calcination step between 

Mo and OH groups on alumina surface forming oxygen bridged structures that are difficult 

to sulfide completely. Type II Co(Ni)–Mo–S phase, on the other hand, are fully sulfided 

and have weak interaction with support. This structure can be formed by breaking all the 

Mo–O–Al linkages through the use of high temperature sulfidation, additives, chelating 

agents or weakly interacting supports such as carbon [159]. 

 

2.8 Magnetic core and catalyst composite 

 

Previously, the advantages of using nano-sized catalysts were mentioned, however, some 

problems arise with the size of these catalysts. First is the difficulty in separating such 

catalysts from the product streams and the second one is preventing agglomeration of these 

nano-sized catalysts while performing under severe industrial conditions. To do so, active 

material can be deposited on a suitable support. In case of using a nano-sized catalyst, a 

suitable support should have magnetic properties which enables the separation of spent 

nano-sized catalyst from the oil stream by an external magnetic device. This technique is 
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called magnetic carrier technology (MCT) and has been reported by several research 

groups. Among different magnetic materials, magnetite (Fe3O4) has caught a lot of 

attention because of the excellent ferromagnetic properties which resulted in wide 

application of it for production of magnetic materials and catalysts. As the goal is 

synthesizing a nano-sized catalyst, therefore, the size of the magnetic support should also 

be in that range. 

2.9 Summary 

Magnetic carrier technology has been applied in different fields; however, to the best of 

our knowledge no work has been done on the applications of the MCT in the hydrotreating 

industry. Forming composites containing both a magnetic core with a catalyst layer is 

challenging and yet necessary to reach our desired goal for synthesizing a recyclable 

catalyst that can be used in the slurry reactors for hydrotreating of heavy and extra-heavy 

oils.  

Different active sites are recognized over TMS catalysts. Many studies have attempted to 

shed light on how H2 and H2S dissociate and active sites on these catalysts. However, the 

differences in the roles of H2 and H2S in the formation of active sites is yet to be 

understood. Finding the differences between these two molecules and their activation at 

the edges of the catalysts can help us to better understand how the HDS mechanism work. 
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 Chapter 3: Analytical procedures for catalyst characterization and evaluation 

3.1 Characterization techniques for catalysts  

 

The following characterization methods were used in the thesis:  

(1) Transmission electron microscopy (TEM), equipped with selected area electron 

diffraction (SAD) and energy-dispersive X-ray spectroscopy (EDX). The analysis was 

performed at the microscopy facility at University of New Brunswick.  

(2) Scanning electron microscopy (SEM). The analysis was performed at the microscopy 

facility at University of New Brunswick.  

(3) Nitrogen adsorption-desorption. The analysis was performed in the Catalytic Process 

Lab at University of New Brunswick.  

(4) Elemental analysis. The analysis was performed in the Catalytic Process Lab at 

University of New Brunswick. 

(5) X-ray diffraction (XRD). The analysis and data processing were performed at 

department of forestry at University of New Brunswick.  

(6) Magnetization. The analysis was performed at physical properties lab at Dalhousie 

university.  

(7) Thermal Gravimetric Analysis (TGA), The analysis was performed in the Catalytic 

Process Lab at University of New Brunswick. 
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(8) Surface charge density. The analysis was performed in the pulp and paper center at 

University of New Brunswick. 

(9) UV-Vis. The analysis was performed in the Catalytic Process Lab at University of New 

Brunswick. 

3.1.1 Transmission electron microscopy (TEM)  

Transmission electron microscopy (TEM) was performed on an electron microscope 

(JEOL 2011 STEM, JEOL Ltd., Tokyo, Japan) operating at 200 keV. The catalyst powder 

was ultrasonically dispersed in ethanol and deposited on a carbon-coated copper grid, then 

vacuum-dried for 12 hours before analysis. The layer numbers and length of catalyst 

crystalline structure were determined using image analysis software and their average were 

calculated according to Equation 3.1 and Equation 3.2 based on at least 100 measurements 

from various particles. The standard deviation of the crystalline size parameters is 

calculated based on different particles. The atomic ratio of the catalyst was estimated by 

energy dispersive X-ray emission (EDX) coupled with TEM.  

Average slab length: �̅� =
∑ 𝐿𝑖𝑁𝑖

𝑛
𝑖=1,2…𝑛

∑ 𝑁𝑖
𝑛
𝑖=1,2…𝑛

                     (Equation 3.1) 

                

Average layer number: �̅� =
∑ 𝑁𝑖

𝑛
𝑖=1,2…𝑛

𝑛
                    (Equation 3.2)  

 

where L, N and n stand for slab length, number of layers in each crystal, and the total 

number of crystalline measured, respectively. 
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3.1.2 Scanning electron microscopy (SEM)  

The morphologies of catalysts were observed by scanning electron microscopy (SEM, 

JEOL JSM6400) operating at 25 kV. Before imaging, samples were mounted on carbon 

grids with carbon paste, and sputtered with gold to ensure sufficient conductivity. 

 

3.1.3 Nitrogen adsorption-desorption  

Nitrogen adsorption-desorption isotherm was measured at 77 K using Autosorb-1 

(Quantachrome Instruments, Florida, US). Desired amount of powder samples were 

degassed in a sample preparation station at 200-300 °C for 3 hours prior to measurement, 

then switched to the analysis station for adsorption and desorption under liquid nitrogen at 

77 K with an equilibrium time of 3 minutes. The specific surface area of the catalyst powder 

was calculated using the Brunauer-Emmett-Teller (BET) method with linear region in the 

P/Po range of 0.10 to 0.30. The total pore volume was calculated from the volume of 

nitrogen adsorbed at the relative pressure p/p0 0.995. Pore size distribution was analyzed 

from the adsorption branch of isotherms by the Barrett-Joyner-Halenda (BJH) method.  

3.1.4 Elemental analysis 

Quantitative elemental analysis was conducted with a CHNS-932 instrument (Leco 

Corporation) to measure the sulfur and carbon content of the samples. The weight percent 

of carbon in the sample was used to determine the approximate amount of the remaining 

surfactant after the catalyst synthesis. 
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3.1.5 Magnetization  

Magnetic properties of samples were measured at a temperature of 300 K with a Physical 

Property Measurement System (Quantum Design).   

3.1.6 Thermal Gravimetric Analysis (TGA) 

The decomposition temperature of the surfactants in the structure of the catalysts was tested 

by a TA Q500 thermogravimetric analyzer. 

3.1.7 Surface charge density  

Surface charge density of silica coated magnetite particles dispersed in deionised water 

were measured at different pH values by polyelectrolyte titration with a particle charge 

detector instrument (Mütek PCD 03). The pH of the solutions was changed with diluted 

solutions of HCl and NaOH. PolyDADMAK and potassium polyvinylsulfate (PVSK) were 

used as cationic and anionic polyelectrolyte sources, respectively. To identify the total 

charge density of particles, the specific charge density values obtained from the instrument 

were multiplied by the Faraday's constant. 

3.1.8 UV-Vis 

To examine the effectiveness of the silica coating, a leaching test in HCl solution was 

performed. 15 mg of samples were dispersed in HCl solution (1 M) and left for 15 hours. 

The amount of iron ions dissolved in the solution was measured by a UV-Vis instrument 

(Shanghai Mapada instruments). To prepare the solutions for UV-Vis measurements, 

hydroquinon (2ml, 10 g/L of DIW) and o-phenantroline (2.5 g in 100 mL of ethanol and 
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900 mL of DIW) solutions were added to diluted samples (10 ml) and the pH was adjusted 

to 3.5 with a solution of sodium citrate.  

3.2 Evaluation of catalyst performance  

3.2.1 Hydrodesulfurization of model oil in batch reactor 

After the synthesis of the catalysts and before the evaluation tests (from chapter 5), the 

catalysts were treated by using the following procedure. 

Treating procedure: the treating steps were started by drying the suspension solution of 

samples in an oven in nitrogen atmosphere in two consecutive steps. First, the temperature 

was increased at 10 °C/min to 85 °C and held at that temperature for 2 hours. The 

temperature was increased to 120 °C afterwards and held for 1 hour. The dried catalyst was 

mixed with dodecane. The mixture was then added to a 25 ml autoclave reactor and the 

reactor was purged and then pressurized with H2 to 21 bar and mounted horizontally in a 

furnace and rotated at 200 rpm. The reactor was heated up to 340 °C and kept at that 

temperature for 1 hour. The catalysts were then removed and washed with toluene. 

The evaluation of the catalysts was performed using model oil which consisted of the 

following in each stage: 

(chapter 4): 1 wt% DBT, 14 wt% Dodecane and 85 wt% Toluene 

(chapter 5, 6): 1 wt% DBT, 99 wt% Dodecane  

(chapter 7): a) 1 wt% DBT, 99 wt% Dodecane, b) 0.4 wt% DMDBT, 99.6 wt% Dodecane 

Prior to HDS reactions, the catalyst suspension in toluene was dried following the same 

steps as described in the treating procedure. The dried catalyst was added to model oil using 

the weight ratio of 1/250 (1/100 in chapter 4) for catalysts to model oil. The mixture was 
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added to the autoclave reactor. The reactor was pressurized with H2 to 3.4 MPa and 

mounted horizontally in a furnace and rotated at 200 rpm. The HDS reaction was carried 

out at 320 °C for 1 or 2 hour after the reactor was heated up to this temperature in 30 

minutes. The collected products were analyzed with GC-MS (Shimadzu GCMS-QP5000) 

instrument for qualitative and Varian 450-Gas Chromatography equipped with both FID 

and PFPD detectors for quantitative analysis.  

The DBTs conversion was calculated via the equation 3.3. 

DBT conversion (%) =
[initial DBT]−[final DBT] 

[initial DBT] 
×100   (Equation 3.3) 

The selectivity of the compounds was defined as the concentration ratio of one specific 

product compound to the total product obtained at the end of the reaction. Each of the 

experiments were repeated 3 times and the average results are reported here. The error bars 

were used to show the standard deviation of the repeating results.  

3.2.2 Hydrodeoxygenation of model oil in batch reactor 

After the treating and drying steps described earlier, calculated amount of dried catalyst 

was added to 6 g of model oil (5 wt% Stearic acid, 85% Toluene, and 10% dodecane) in 

an autoclave to reach acive phase (MoS2 with or without Co/Ni promotion) to model oil 

ratio of 1/250. The reactor was purged of any residual air, pressurized with H2 to 3.5 MPa, 

mounted horizontally in a furnace and rotated at 200 rpm. Figure 3.1 shows the schematic 

representaion of the set up. The HDO reaction was carried out at 340 °C for 1 hour after 

heating up the reactor for 40 minutes. The components in the oil products were identified 

by GC-MS (Shimadzu GCMS-QP5000). The temperature program was as follows: 5 
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minutes at 60 °C, followed by a linear increase at 10 °C /min to 180 °C, kept for 5 min, 

then 8 °C /min to 240 °C, maintained  

 

Figure 3.1: Schematic representation of reactor, stirrer, and furnace set-up for heating and rotating 

the autoclave reactor. 

for 5 min, and another increase at 20 °C/min to 300 °C, kept for 2.5 min. the quntitative 

analysis was performed by GC (varian GC-450, USA) using the standard curves of the 

compounds.  

The conversion of stearic acid (SA), C18/C17 ratio, and ratio of paraffins to olefins is 

defined as:  

SA conversion (%) =
[initial SA]−[final SA] 

[initial SA] 
×100    (Equation 3.4) 

 

C18/C17 =
mass of C18 hydrocarbons 

mass of C17 hydrocarbons 
      (Equation 3.5) 

 

Paraffin/Olefin =
mass of paraffins

mass of olefins 
      (Equation 3.6) 
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CO and CO2 and other generated gases as products during hydrodeoxygenation were 

analyzed using a gas chromatography Varian 3400 coupled to a Mass spectrometer.  

 

 Chapter 4: Development of novel magnetically recyclable MoS2 catalyst for 

direct hydrodesulfurization 

 

4.1 Introduction 

Nanocomposite materials with magnetic properties have been studied extensively and have 

found a wide range of applications from drug delivery and magnetic resonance imaging to 

separation processes [66, 160-162]. Recently, interest in catalysts with magnetic carriers 

has increased in terms of different catalytic purposes, e.g. hydrogenation of ketone [163-

165] and olefin epoxidation [166]. However, to the best of our knowledge, no work has 

been done on magnetically separable catalysts for hydrodesulfurization of heavy crude.  

Magnetic carriers applied for this purpose are usually in nano-size range and can be 

magnetized by applying an external magnetic field. This facilitates the removal and 

recycling of the catalysts from the products especially if the catalyst is utilized for the 

hydroprocessing of heavy and extra-heavy oil. Therefore, the catalyst can be used in a 

slurry reactor without concerns about recycling. In the present study, we report a novel 

method to prepare nano-composites in which magnetite is used as a support, while MoS2 

catalyst is synthesized through hydrothermal reaction. The resulting catalysts are then 

characterized and tested for the hydrodesulfurization (HDS) with dibenzothiophene as a 

model sulfur containing compound.  
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4.2 Catalyst synthesis 

4.2.1 Preparation of silica coated magnetite (SiO2/Fe3O4)  

Magnetite particles (>98%) with mean diameter of 50 nm were purchased from Sigma 

Aldrich. These particles covered with a thin layer of silica were prepared through an 

aqueous reaction using sodium silicate and sulfuric acid as described by Wu et al.[167] 

with some modifications. In a typical procedure, first the magnetite particles (0.35 g) were 

dispersed in deionised water (DIW) with the help of ultrasonication and mechanical 

mixing. The solution was then moved to a water bath at 85 °C. Sodium silicate (15 ml, 1 

M) and an adequate amount of sulfuric acid (0.3 M) were added drop-wisely to the solution 

under stirring, while the pH was monitored with a pH meter and kept at 9.5±0.5. The 

solution was cooled down at room temperature, while stirring and left for 3 hours. The 

silica coated magnetite particles were separated from the solution by a hand-held magnet 

(neodymium). Afterwards, the particles were washed 5 times with DIW.  

4.2.2 Preparation of MoS2/SiO2/Fe3O4   

Cetyltrimethylammonium chloride (CTAC, 25% in water) and sodium dodecyl sulfate 

(SDS) were used as surfactants in synthesis of surfactant-assisted nano-catalysts. CTAC 

and SDS are cationic and anionic surfactants, respectively. In the CTAC assisted synthesis, 

silica-coated magnetite particles and different amounts of CTAC (6.5 g) were introduced 

to deionized water (150 ml) in sequence and stirred for 30 min. The resulting catalyst with 

the highest Mo conversion was named Cat-CTAC. In the case of SDS assisted synthesis 

(Cat-SDS), silica-coated magnetite particles (0.350 g) were added to deionized water and 

mixed. pH of water solution was adjusted to 2 by using HCl (4 M) before addition of SDS 
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(4.6 g), and then stirred for 30 min. At the end, the aqueous solution containing extra 

surfactant was decanted. Surfactant molecules adsorbed on the surface of coated magnetite 

particles can facilitate formation of a bond between MoS2 and carrier surface. It also has a 

scaffold effect during the formation of MoS2 crystals. A catalyst sample, without addition 

of any surfactant, was also prepared as a reference (Cat-R). 

The hydrothermal synthesis method for MoS2 in this study was adopted from ref [168] with 

some alterations. Briefly, sodium sulfide (0.21 g of, nonahydrate crystals) was dissolved 

in DIW (5 ml). Molybdenum trioxide powder (54 mg) was then dissolved in this solution. 

Then, DIW (10 ml) and HCl (0.4 ml, 4 M) were added. This solution was mixed with the 

previously prepared particles and transferred to a 25 ml autoclave reactor. The autoclave 

was mounted in a furnace horizontally and heated to 200 °C for 30 minutes while rotated 

at a speed of 200 rpm. The conversion of Mo precursor was measured by an Inductively 

Coupled Plasma (ICP) instrument based on the amount of Mo atoms left in the water 

solution at the end of the MoS2 synthesis reaction. MoS2/SiO2/Fe3O4 particles were 

removed after the reaction by a hand held magnet from the reaction solution and washed 3 

times with ethanol.   

4.3 Results and Discussion 

To prepare the catalysts, first magnetite particles were coated with a thin silica layer 

through an aqueous reaction using sodium silicate and sulfuric acid. A process similar in 

concept to admicellar polymerization was adopted to upload MoS2 (surfactant-assisted) on 

to the silica coated magnetite. Most particles can obtain a surface charge in aqueous 

solutions which usually varies with pH. A charged surface can adsorb an oppositely 
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charged surfactant in a bi-layer form [169]. In admicellar polymerization monomers are 

adsorbed in this bilayer to form a polymer. Different from admicellar polymerization, the 

formed surfactant bi-layers are utilized as sites in this work to grow MoS2 crystals. Three 

different catalysts with and without surfactants were synthesised in this work. The catalysts 

prepared by the addition of cetyltrimethylammonium chloride (CTAC) and sodium 

dodecyl sulfate (SDS) surfactants were coded as Cat-CTAC and Cat-SDS while the 

surfactant-free catalyst was named Cat-R.  

High saturation magnetization makes magnetite a suitable choice of core material for 

preparation of the HDS catalyst. However, to protect the magnetite particles from harsh 

HDS conditions and to provide proper surface for the surfactants, a coating layer around 

the magnetite particles is desirable. The thickness of the coating layer should be kept as 

small as possible to avoid any significant reduction effect on the saturation magnetization 

of the particles. 

Silica is an ideal coating choice for magnetite as its thickness can be controlled via 

manipulating reaction conditions applied for its synthesis. Silica coating can also reduce 

the anisotropic dipolar magnetic attraction between the magnetite particles which can cause 

severe agglomeration of magnetite particles [170, 171]. Moreover, charged silanol groups 

formed on the surface of the silica layer in aqueous solution can be utilized to attach 

oppositely charged functional groups to the surface of particles [167, 172]. Silica coating 

was applied to all the catalysts synthesized in this project.  
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4.3.1 Textural and magnetic properties 

Table 4.1 shows the properties of the core particles and the prepared catalysts. Carbon 

contents of the catalysts are primarily attributed to the presence of surfactants in their 

structure. Unlike Cat-SDS (SDS-Assisted) and Cat-R (no surfactant), there is a 

considerable amount of carbon left in the structure of Cat-CTAC (CTAC-Assisted) after 

the synthesis, which is due to the thermally stable nature of CTAC. The catalysts are 

synthesized at 200oC while CTAC is not thermally decomposed until 250oC, as evidenced 

by the TGA results. On the other hand, SDS starts to decompose at the synthesis 

temperature. At the over one hour synthesis, almost all SDS is thermally decomposed. 

Carbon residue left in fresh Cat-CTAC disappeared after the hydrodesufurization reaction, 

which is expected. The reaction took place at 320oC, temperature at which CTAC can 

easily be de-structured. The carbon content of the samples can also be used to calculate the 

amount of surfactant present in the synthesized catalysts. 

The sulfur content of the fresh and spent catalysts showed no noticeable loss of sulfur 

during the activity test, which indicates that none of the active material was lost. Based on 

the sulfur content of the samples and considering the theoretical molybdenum to sulfur 

ratio of 1/2, the amount of MoS2 present in each sample can be calculated. Assuming the 

weight of the silica layer to be negligible, MoS2 to Fe3O4 ratio was calculated for samples 

and results are shown in Table 4.1.    

The measured BET surface areas were 35.6, 78.8 and 63.2 m2/g for fresh Cat-CTAC, Cat-

SDS, and Cat-R, respectively. Compared to the coated magnetite core, Cat-SDS and Cat-

R show slightly higher surface area. However, approximately 40% drop in the surface area 

is observed in fresh Cat-CTAC. This is due to the presence of CTAC in the structure of 
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Cat-CTAC, which reduces the available surface area. This is confirmed by the increase of 

the BET surface area of the Cat-CTAC from 35.6 to 72.2 [m2/g] after the activity test while 

Cat-SDS and Cat-R showed 10 and 5% reduction, respectively.  

As mentioned before, catalyst preparation through admicellar polymerization requires the 

surface of the particles to have an opposite charge to the adsorbing surfactant. Therefore, 

the effect of pH on the surface charge of silica coated magnetite particles was investigated 

and the isoelectric point for these particles suspended in deionised water was found to be 

near 3.7. The pH of the deionised water was measured as 6.5, which suggests that the 

prepared silica coated magnetite particles were negatively charged while dispersed in 

deionised water. This negative charge allows the assembly of CTAC surfactant molecules 

with the positive ends bonded to the surface of particles. In the case of the SDS surfactant, 

which is anionic, the pH of the solution was decreased to 2 before the addition of surfactant 

to positively charge the silica coated magnetite particles.  

To check the effect of silica and MoS2 layers on the magnetic properties of magnetite, a 

magnetization test was performed. The results are shown in Figure 4.1. Bare magnetite 

particles show the highest saturation value (76 emu/g) followed by SiO2/Fe3O4 (69 emu/g) 

and MoS2/SiO2/Fe3O4 (59 emu/g). It is clear that the additional layers covering magnetite 

particles have a negative effect on the magnetization of samples. However, this reduction 

in magnetization is not substantial and all three samples still have very high saturation 

magnetization and negligible coercivity. Moreover, none of the magnetization curves show 

any remanence. These are all characteristics of superparamagnetic materials.  
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Table 4.1: Properties of the prepared catalysts. 

Sample 

 

Sulfur       

[±0.1 

wt.%] 

 

Carbon 

[±0.1 

wt.%] 

 

MoS2/

Fe3O4 

ratio 

specific 

surface area 

[m2/g] 

Average slab 

length [nm] 

Average 

number 

of layers 

SiO2/ 

Fe3O4 

- - - 61.2 - - 

Cat-

CTAC[a

] 

4.9 7.7 0.16 35.6 4.2 ± 2.1 1 

Cat-

SDS[b] 

5.5 0.2 0.16 78.8 45.2 ± 27.1 3.0 

Cat-R[c] 5.4 0.1 0.16 63.2 56.1 ± 31.8 3.8 

[a] Cat-CTAC -MoS2/SiO2/Fe3O4 with CTAC; [b] Cat-SDS - MoS2/SiO2/Fe3O4 with SDS; 

[c] Cat-R - MoS2/SiO2/Fe3O4 with no surfactant. 
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Figure 4.1: Magnetization curves for Fe3O4 (circle), SiO2/Fe3O4 (square) and 

MoS2/SiO2/Fe3O4 (triangle) measured at 300 K. 

Figure 4.2 (a, b) shows the TEM image of the magnetite particles before and after silica 

coverage. The silica layer is marked by an arrow in the picture. Each magnetite particle has 

a separate coating layer of silica 3-6 nm in thickness, however, the silica coatings are 

attached together forming agglomerates of coated magnetite particles. As shown in Figure 

4.2 (c, d), MoS2 formed with CTAC is dispersed over the surface of these magnetic 

agglomerates. MoS2 crystals are in monolayer slabs only and are on average 4.2 nm in 

length (refer to Table 4.1 for the average slab length and number of layers for each sample). 
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Figure 4.2: TEM images of a) untreated magnetite (Fe3O4), b) silica coated 

magnetite (SiO2/Fe3O4), c) & d) Cat-CTAC, e) & f) Cat-SDS and g) & h) Cat-R. 

 

Figure 4.2 (e, f) shows the SDS-assisted synthesised MoS2. Unlike the CTAC-assisted 

sample, the SDS-assisted MoS2 crystals are multilayered and very long. The average slab 

length of 45.2 nm and average number of layers of 3.8 were measured for this sample. The 

MoS2 structure of Cat-R is shown in Figure 4.2 (g, h). The structure of MoS2 in this sample 

is similar to that of Cat-SDS; however, the average length and layers of slabs were found 

to be slightly larger. The evidence may suggest that surfactant CTAC provides growing 

sites for MoS2 and the scaffold effect of surfactant limits the aggregation of MoS2 slabs. 

When CTAC is replaced by SDS, SDS is not fully functional. It is due to the fact that SDS 

is quickly thermally decomposed at 200oC during catalyst synthesis, which leads to 

disappearance of scaffolding effects and crystal growing sites. Then, MoS2 crystals start to 

aggregate and become long and thick slabs.   

 

(g) (h) 
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Table 4.2: Effect of the amount of CTAC on the conversion of Mo and the final pH. 

CTAC added [g] Mo conversion [%] 

pH of solution after 

synthesis 

0 61.12 4.24 

0.1 75.10 4.41 

0.25 84.76 4.95 

0.75 89.28 5.25 

2.5 95.22 5.36 

6.5 99.99 5.42 

 

4.3.2 Effect of CTAC levels on conversion of Mo precursor and structure of 

catalyst 

 

Table 4.2 shows the effect of amounts of CTAC on the conversion of Mo precursor (MoO3) 

to MoS2 and the final pH of the synthesis solution. Mo conversion and pH of the final 

solution were increased as the CTAC content was increased. The increase in pH is directly 

related to the consumption of HCl during the conversion of precursors to MoS2 as the 

reaction moves forward. CTAC shows a positive effect on the formation of MoS2 crystals 

from the precursors. As mentioned before, this positive effect can be obtained by providing 

suitable sites for the formation of MoS2 crystals that also enhances the supersaturation state 

by decreasing the nucleation energy barrier. Therefore, compared to a surface without the 

adsorbed surfactant, more nucleation can occur in the first step of crystal formation for 
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surfaces covered with surfactant. This allows for faster formation of crystals from the 

precursors which reduced the overall synthesis time needed for their complete conversion. 

Moreover, the long carbon chain of the surfactant works as a barrier preventing 

agglomeration of the formed crystals while in the absence of the surfactant, MoS2 crystals 

can easily agglomerate to form longer crystals with more layers as evidenced by Figure 

4.2.  

Figure 4.3 shows the effect of the amount of CTAC on the crystal structure of the formed 

MoS2 after 1hr of synthesis reaction. At low levels of CTAC (0.1 g), the formed crystals 

show their tendency toward agglomoration while at higher levels (0.75 g), they appear to 

be better separated.   

Comparing the TEM images in Figure 4.2 and 4.3 for different amounts of CTAC (0.1, 

0.75 and 6.5 g), it can be seen that increasing the CTAC increases the number of MoS2  

particles crystallized from its amourphous shape. Applying a reduced amount of CTAC 

will lead to the formation of fewer nuclei, and monomers are more likely to attach to the 

existing nuclei rather than creating new ones. However, crystals will mainly grow through 

the continuous growth of individual nuclei.  Moreover, in the absence of a suitable amount 

of surfactant present over the particles, parts of the MoS2 crystals can form separately from 

the particles. 
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Figure 4.3: Effect of CTAC levels a, b) 0.1 g and c,d) 0.75 g on the structure of the 

synthesised MoS2 after 1 hr of reaction at 200° C. 

 

4.3.3 Catalytic activity and separation    

DBT is desulfurized through two main pathways, i.e. direct desulfurization (DDS) and 

hydrogenation (HYD) [82]. A simplified reaction network for these HDS routes is shown 

in Figure 4.4. In DDS route, DBT undergoes direct C-S bond cleavage to form biphenyl 

(b) 

(c) (d) 

(a) 
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(BP). In HYD route, cyclohexylbenzene (CHB) is formed via first hydrogenation of DBT 

to tetrahydrodibenzothiophen (TH-DBT) leading to further breakage of C-S bond in this 

molecule. The preference of HDS reaction for DBT between these two routes mainly 

depends on the type of the active catalytic material, additives or promoters to the catalyst 

and support [173]. The results for hydrodesulfurization of DBT are shown in Table 4.3. 

The main DBT reaction products were BP and CHB with traces of TH-DBT. The 

selectivity of the catalysts for DDS and HYD routes (DDS/HYD) can approximately be 

calculated by dividing the mole ratio of the products from the direct desulfurization route 

and hydrogenation route ([BP]/[CHB+THDBT]) [174]. Comparing the activity of Cat-

CTAC with Cat-SDS and Cat-R, the DBT conversion over Cat-CTAC (80%) is nearly 

doubled when compared to the other catalysts (45% for Cat-SDS and 35% for Cat-R), 

showing significantly higher activity of Cat-CTAC in HDS of DBT. The small size of 

MoS2 crystals and their high dispersion in Cat-CTAC can be the main reason for this high 

activity. These properties can provide the catalyst with high number of sulfur vacancies at 

the edge sites. These corner sites are believed to be active for breaking the C-S bond of 

sulfur containing molecules [175]. The considerably higher amount of DDS product (BP) 

over Cat-CTAC also points toward the same reason for higher activity of Cat-CTAC. 

Compared to Cat-R, Cat-SDS shows slightly higher activity. SDS is probably playing the 

same role as CTAC, however as mentioned before, the starting temperature for SDS 

decomposition is 200 °C. Therefore, at the early stages of crystal formation over the 

particles SDS was still present but was decomposed quickly. The rapid decomposition of 

SDS can also be determined from the TEM images showing similar structure between 
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catalysts 2 and 3, i.e. long and multilayered slabs. This will leave a weak but noticeable 

effect on the dispersion and therefore activity of the prepared catalyst.   

 

 

 

Figure 4.4: Simplified reaction pathways for hydrodesulfurization of DBT. 

The ratio of DDS to HYD reaction routes for Cat-CTAC, Cat-SDS, and Cat-R were 28.4, 

8 and 3.7, respectively, showing predominant DDS pathway especially for Cat-CTAC. The 

DDS/HYD ratios over MoS2 catalyst, with or without any support, generally fall in the 

range of 0.12 to 2 in the literature.[41, 112, 176-179] The ratio for MoS2 prepared by in 

situ decomposition of thiosalt was found to be 2.[179] It is shown that agglomeration of 

Mo crystals promotes the HYD reaction route.[180, 181] The TEM pictures of the prepared 

catalysts show that compared to Cat-CTAC, Cat-SDS and Cat-R exhibit higher degree of 

agglomeration with the same Mo loading, which can be the reason for their lower ratio of 

DDS to HYD.  
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Table 4.3: DBT conversion and selectivity of the prepared catalysts. 

Catalyst 

 

DBT 

conversio

n [%][a] 

Products 

DDS/HY

D 

Ratio 

BP [CHB+THDBT] 

Amoun

t [ppm] 

Selectivit

y [%] 

Amoun

t [ppm] 

Selectivity 

[%] 

MoS2/SiO2/Fe3

O4 with CTAC 

(Cat-CTAC) 

80 7468 96.6 263 3.4 28.4 

MoS2/SiO2/Fe3

O4 with SDS 

(Cat-SDS) 

43 3648 88.9 456 11.1 8.0 

MoS2/SiO2/Fe3

O4 with no 

surfactant 

35 2645 78.1 715 21.9 3.7 

[a] Reaction conditions: 1 wt.% DBT solution reacted for 1 hour at 320 °C and 3.5 MPa H2. 

 

 

The magnetization test showed the high magnetization ability of the prepared catalysts 

which was further confirmed by exposing the catalysts to an external magnetic field. Figure 

4.5 (a, b) shows Cat-CTAC dispersed in model oil after 1 hour of HDS reaction (left) which 

is separated afterwards with an external magnet (right). It can be seen that the catalyst can 

be easily separated from the reaction media after a very short time (5 seconds). All of the 

samples showed the same magnetic effect.  
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Figure 4.5: prepared catalyst after the HDS reaction, (a) dispersed inside the model 

oil and (b) separated from the model oil after 5 seconds of exposure to an external 

magnet. 

4.4 Conclusion 

 

We have demonstrated the preparation of superparamagnetic MoS2-based catalysts through 

a novel and easy procedure. Three catalysts were synthesized, two with the help of 

surfactants (CTAC and SDS) and one without the addition of any surfactant. Cat-CTAC 

prepared through a combination of admicellar polymerization and hydrothermal synthesis 

showed the highest activity (nearly twice as high as the other catalysts) in HDS of DBT. 

This high activity was related to the size and structure of MoS2 crystals in Cat-CTAC. The 

catalysts also showed an exceptional tendency toward the direct desulfurization route for 

removing sulfur from DBT.  The DDS/HYD was found to be especially high for Cat-

CTAC, showing a significant ratio of 28.4 which is substantially higher than the numbers 

reported in the literature. It was found that surfactant plays an important role in the structure 

and activity of the synthesized catalysts. Surfactant can also accelerate the speed of MoS2 

production from its precursors through providing suitable sites for the crystals to grow. 

(a) (b) 
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Being superparamagnetic gives a vital advantage to this catalyst allowing easy separation 

and reuse, which can be very useful in processing of heavy and extra-heavy oils in slurry 

reactors. 
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 Chapter 5: New Insights on the roles of H2 and H2S and the involved active sites 

of MoS2 in hydrodesulfurization of Dibenzothiophene  

5.1 Introduction 

We previously reported a MoS2 catalyst with magnetite particles as core material which 

showed excellent capability of hydrodesulfurization via the DDS pathway. We believe that 

this catalyst can help us better understand the HDS process over MoS2. In this study, we 

used the same catalyst in line with other catalysts to better understand the role of H2 and 

H2S in hydrodesulfurization over MoS2. We also made an attempt to address the 

disagreement in the literature concerning the types of active sites involved in the HDS 

process over MoS2. Furthermore, we investigated the effect of hydrogen pressure on the 

activity and selectivity of the catalysts with and without the presence of magnetite as an 

adsorbent. To simplify the reaction mechanism, DBT was chosen as the sulfur-containing 

model compound.  

5.2 Catalyst Synthesis 

Briefly, sodium sulfide (0.21 g of, nonahydrate crystals) was dissolved in DIW (5 ml). 

Molybdenum trioxide powder (54 mg) was then dissolved in this solution. Then, DIW (10 

ml), Cetyltrimethylammonium chloride (200ml, 25% in water) as surfactant, and HCl (0.4 

ml, 4 M) were added. Different amount (0, 20, 50, and 100 mg) of magnetite particles 

(>98% with mean diameter of 50 nm from Sigma Aldrich) were added to the prepared 

solution and sonicated for 5 min. The prepared mixtures were transferred to a 25 ml 

autoclave reactor. The autoclave was mounted in a furnace horizontally and heated to 200 

°C in 30 minutes while rotated with a speed of 200 rpm. The catalysts were removed after 
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the reaction and washed 3 times with deionized water and ethanol. The prepared samples 

were named MoS2, MoS2-20M, MoS2-50M, and MoS2-100M based on the amount of 

magnetite added during the preparation. Two other samples were also prepared by simply 

mixing 50 mg Fe3O4 and 50 mg Fe powders with the synthesized MoS2 catalyst and called 

MoS2-MM and MoS2-MI, respectively.   

5.3 Results and Discussion 

Table 5.1 shows the properties of the fresh and treated MoS2 and MoS2-100M catalysts. 

The freshly prepared catalysts were put through a treating procedure described in the 

experimental section to remove the surfactant from the catalysts and to further stabilize the 

structure of the catalysts. The carbon content in the fresh catalysts is due to the presence of 

the surfactant in the structure of both catalysts. After the catalysts were treated, the 

surfactant was mostly removed from their structure. The specific surface area of the 

samples shows a great improvement for the treated catalysts compared to the fresh ones 

with 19 and 12-fold increase for MoS2 and MoS2-100M, respectively.  
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Table 5.1: Properties of the fresh and treated MoS2-100M and MoS2 catalysts. 

Sample 

Sulfur 

content (± 

0.2 wt %) 

Carbon 

content (± 

0.2 wt %) 

S/Mo 

ratio 

Specific 

surface area 

(m2/g) 

Average 

slab 

length 

(nm) 

Average 

number 

of layers 

Fresh 

MoS2- 

100M 

9.8 16.4 1.81 18.2 3.5±1.3 1.2±0.2 

Treated 

MoS2- 

100M 

16.6 1.7 1.82 216.4 6.5±1.6 2.3±1.5 

Fresh 

MoS2 

21.0 34.0 1.85 24.3 3.6±1.5 1.3±0.2 

Treated 

MoS2 

30.8 2.1 1.87 474.7 6.1±1.7 2.2±0.8 
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Figure 5.1: TEM images of MoS2, a, b) fresh and c, d) after treating. 

Figure 5.1 shows the TEM images of MoS2 before (a,b) and after the HDS reaction (c,d). 

As the images show, some of the small crystals of the fresh catalyst are joined together to  

form longer multilayered slabs. After the treating procedure, the length of the slabs of the 

MoS2 approximately increased by 60% and the average number of layers increased from 

1.3 to 2.2. A similar increase in the length and thickness was also observed for MoS2-100M 

catalysts as shown in Figure 5.2. These treated catalysts were used in the following HDS 

activity tests. The treated catalysts show the same average slab length and average number 

c

) 

d

) 

a

) 

b

) 
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of layers and during the HDS activity tests the structure of the catalysts remained 

unchanged. This means that the amount of catalyst edges exposed for the HDS reactions is 

similar. Therefore, studying any difference in the activity of the catalysts, the difference in 

the structure of MoS2 catalyst as an interfering factor can be neglected.   

 

  

  

Figure 5.2: TEM images of MoS2-100M, a, b) fresh and c, d) after treating.  

d

) 

c

) 

a b

) 
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Figure 5.3: Possible reaction pathways for hydrodesulfurization of DBT. 

 

5.3.1 Reaction routes over MoS2 with and without the support 

DBT is desulfurized through two main pathways, i.e. direct desulfurization (DDS) and 

hydrogenation (HYD) [82]. Figure 5.3 represents the reaction network for these HDS 

routes. In the DDS route, DBT undergoes direct C-S bond cleavage by hydrogenolysis 

[182] or by elimination [41] to form bipheny (BP). In the HYD route, cyclohexylbenzene 

(CHB) is formed via first hydrogenation of DBT to tetrahydrodibenzothiophen (THDBT) 

and/or hexahydrodibenzothiophene (HHDBT), and further breakage of C-S bond in these 

molecules. CHB can then be isomerized to form (cyclopentylmethyl)benzene (CPMB). 

Bicyclohexyl (BCH) is mainly formed through hydrogenation and desulfurization of 

HHDBT. Both BCH and CPMB can isomerize to cyclohexane-cyclopentylmethyl 

(CHCPM) which can undergo further isomerization to form Dicyclopentylethane (DCPE). 

Preference of HDS reaction  between these two routes mainly depends on type of the active 

catalytic material, additives or promoters to the catalyst and support [183].  
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Figure 5.4 shows the DBT conversion and product distribution of MoS2 catalysts with 

different amount of magnetite particles. The mass ratio of MoS2-to-model oil was kept the 

same for all the catalysts. The selectivity of the isomerized products is shown in Figure 5.5. 

The DBT conversions for MoS2-100M and MoS2 catalysts are 48 and 63 percent, 

respectively. The DBT conversion for MoS2-50M and MoS2-20M were found to be 47 and 

52 percent, respectively. Overall, the results show that the increase in the amount of 

magnetite leads to increase in the selectivity of BP but decrease in the selectivity of CHB 

and BCH and therefore causing a great change in the DDS/HYD ratio. The selectivity of 

BP decreases from nearly 80% for MoS2-100M to 11% for MoS2 with no magnetite core. 

A reverse trend can be observed for hydrogenated products (CHB, BCH, and their 

isomerized forms). The selectivity for CHB showed an increase with the decrease in the 

amount of magnetite. No BCH was detected for MoS2-100M and MoS2-50M. 3.5% and 

5% of selectivity on BCH was observed over MoS2-20M and MoS2 catalysts. This clearly 

shows that the presence of magnetite particles in the samples shifts the preference of the 

reaction toward DDS. The decrease in the magnetite content of the catalysts (below 50 mg) 

increases the selectivity of the isomerized compounds (CPMB, CHCPM, and DCPE). 
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Figure 5.4: DBT conversion after 2h of reaction and product selectivity at 50% 

conversion for the synthesized catalysts. 

  

Figure 5.5: The selectivity of the isomerized products over the synthesized catalysts 

at 50% conversion of DBT. 
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5.3.2 Inhibiting effect of H2S on DDS pathway 

Different amount of H2S gas was detected at the end of reactions for each sample. While 

no H2S was found for MoS2-100M, MoS2-50M, MoS2-MM (MoS2 mixed with 50 mg of 

magnetite) and MoS2-MI (MoS2 mixed with 50 mg of iron powder) samples, 0.62 and 1.8 

µmol of H2S was detected for MoS2-20M and MoS2 samples, respectively. The main 

reason for the difference between the H2S content in each sample can be related to the 

ability of magnetite particles to adsorb the produced H2S from the gas phase. Considering 

the reduction in BP and increase in the HYD selectivity with the decrease in the amount of 

magnetite, it can be concluded that H2S has an inhibiting effect on DDS reaction pathway. 

The distribution of products in the HDS of DBT over MoS2 catalyst at different reaction 

times also confirms this effect of H2S. These results are shown in Table 5.2. At 0 min (after 

the heat-up procedure), the main product is BP with selectivity of 58.3%. After 30 min, the 

selectivity of all the hydrogenated products showed an increase specifically that of CHB 

that was increased to 26%. The yield of BP also increased, nevertheless, the selectivity of 

this compound was reduced to 40.8% due to the significantly increased hydrogenated 

products. The yield of BP at 30 min of reaction reaches nearly 65% of its final value (after 

2h). At the beginning of the reaction when the H2S concentration is low, little hydrogenated 

products are generated. As the reaction proceeds the H2S concentration is continuously 

increased so is the yield of hydrogenated DBT products (THDBT and HHDBT). After 2-

hour reaction the selectivity for BP turns out to be low. Quick accumulation of 

hydrogenated products at the late stage of the reaction when the concentration of H2S 

increases, all evidences indicate that H2S has an inhibiting effect on the desulfurization 

sites over MoS2 catalyst.  
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Earlier reported results in the literature [41, 43, 184, 185] also demonstrated that H2S is a 

strong inhibitor for the DDS pathway in HDS of DBT over MoS2 catalyst while only weak 

inhibition effect has been observed for HYD pathway. DFT studies by Logadóttir et al. 

[186] showed that the adsorption energy of H2S on both Mo and S edge is similar 

suggesting that the adsorption of H2S is equally likely on both edges. However, the 

dissociation of H2S on the S-edge was found to be highly exothermic which suggests a  

Table 5.2: Product selectivity (%) over MoS2 catalyst for HDS of DBT after 0 and 30 

min of reaction. 

 
MoS2-0 min MoS2-30 min MoS2-2 hr 

THDBT 20.6 18.4 10.0 

HHDBT 12.5 9.4 3.2 

CHB 8.6 25.7 47.1 

BCH 0 0.5 5.1 

CPMB 0 4.5 11.1 

DCPE 0 0.1 6.1 

CHCPM 0 0.7 3.8 

BP 58.3 40.8 13.6 
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strong adsorption on the S-edge sites, explaining the strong inhibition effect by H2S over 

the DDS pathway.   

The highly favorable DDS pathway over MoS2-100M shows that the HYD sites are 

different from DDS sites. If both reaction routes were taking place on the same sites, 

without the presence of any synergetic effect, the HYD pathway should have been more 

favorable on MoS2-100M. The STM imaging has illustrated the presence of so-called brim 

sites with metallic characteristics near the Mo-edge and on the basal plane of MoS2 [27, 

31, 187]. These sites were found to be active for hydrogenation and possibly 

desulfurization. As the basal plane in MoS2 is fully saturated, the H2S can only weakly 

adsorb on brim sites and therefore it does not affect the hydrogenation at this point. 

Molecules adsorption to these sites is through π-bonding and because of their position, 

even large molecules can easily adsorb to these sites without any steric hindrance effect. 

For hydrogenation to take place on the coordinatively unsaturated sites at the edges through 

π-bonding, at least two free neighboring sites should be available which is found to be 

thermodynamically unfavorable for MoS2 [188-190].  

5.3.3 H2 and H2S dissociation and involved active sites  

MoS2 consists of layered hexagonal sheets as S–Mo–S sandwiches. In the pure compounds 

the sheets are stacked and held together by van der Waals forces. A sheet has two low-

index edge terminations, the (101̅0) Mo-edge and the (1̅010 ) S-edge [191]. The results of 

a DFT study for HDS of Thiophene on MoS2 catalysts at realistic conditions suggests that 

the HYD pathway is initiated by hydrogenation at the Mo edge, because thiophene 

preferentially adsorbs at the Mo edge and hydrogenation is energetically unfavorable at the 
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S-edge. In contrast, the S–C scission reaction can occur at both the Mo and S edges; which 

edge is preferred depends on the reaction conditions. Specifically, S–C scission preferably 

occurs at the Mo-edge at high H2S partial pressure and low H2 pressures (PH2 < 80 bar and 

PH2S > 0.1 bar), whereas the S-edge is more active at low H2S partial pressure or high H2 

partial pressures. This is due to the presence of different forms of adsorbed hydrogen and 

the resulting changes in the availability of S-edge vacancy sites, which exhibit a low barrier 

for S–C cleavage [192]. It was also found that the electron back-donation from the 

adsorption sites to the adsorbed thiophene molecules is much stronger on S-edge than Mo-

edge. Such electron back-donation is suggested to play a role in the activity of the edge 

sites since it may result in a distortion of the thiophene ring, which can strongly activate 

the adsorbed thiophene toward the following reactions [37, 193]. Based on these previously 

published results and the reaction conditions in this study (low H2S partial pressure), the 

active sites for removing sulfur can be considered to be mainly located on the sulfur edge. 

As mentioned earlier, removing the magnetite particles from the MoS2 catalysts results in 

the decrease of DDS activity and increase of the HYD. The inhibition of DDS pathway 

was correlated to the presence of H2S that can be adsorbed at the active sites for DDS which 

are the unsaturated sites at S-edge in our reaction conditions based on the above discussion. 

However, the drop in HYD activity with the addition of magnetite particles can be due to 

two reasons. First, the removal of H2S which can create acid sites over MoS2 catalyst, 

through reaction with Fe3O4. This seems unlikely as the findings in literature show that 

absence of H2S has a small effect on the HYD pathway. Second, the spill-over of H from 

the MoS2 to Fe3O4 particles as these particles can consume hydrogen to reduce to Fe. 

Different studies [194, 195] indicate the possibility of migration and/or mobility of the 
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active hydrogen on the surface. This was also confirmed in another study on isotopic 

exchange (H2/D2 and H2S/D2S) of hydrogen adsorbed on the surface of the sulfided 

NiMo/Al2O3 catalyst [196]. To test this theory, MoS2 catalyst was mixed with iron powder 

which can only adsorb H2S, and therefore hydrogen remains available for the 

hydrogenation reactions. Figure 5.4 shows the results for HDS of DBT over MoS2 mixed 

with 50 mg of Fe (MoS2-MI). As anticipated, in the presence of Fe, the amount of BP 

produced was increased compared to MoS2 catalyst. This shows an increase in tendency 

toward the DDS pathway which as mentioned before is due to the adsorption of H2S by Fe 

particles.  

 

When compared to MoS2-100M, MoS2-MI also shows high affinity toward the HYD 

pathway which proves our assumption about the hydrogen as the main source of 

hydrogenation over MoS2 catalyst. However, the 7% difference in the amount of the 

hydrogenated products (CHB and BCH) between MoS2 and MoS2-MI catalysts and the 

difference in the selectivity of the hydrogenated products between MoS2 and MoS2-MI 

catalysts, suggests that H2S may also play a role in hydrogenation. Moreover, the 

selectivity of the isomerized compounds shows a significant increase with the increase in 

the H2S content. H2S can dissociate into –SH and –H species over CUS sites converting 

them into Brønsted acid sites [42, 197]. These acid sites can therefore increase the 

hydrogenation ability of the catalyst. The role of H2S in hydrogenation is more profound 

in the selectivity of BCH and the isomerized products. As the amount of magnetite 

decreases, the selectivity and yield of BCH and the isomerized compounds increases. 

Either the increase in hydrogen over the surface of the catalyst or presence of more H2S is 
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the reason for this increase. Considering the fact that no trace of BCH was found over 

MoS2-100M and MoS2-50M catalysts when H2S is absent and the low selectivity of BCH 

over MoS2-MI catalyst when H2S is also absent, it can be concluded that H2S is the main 

participant for the production of BCH. The process for BCH production can be both 

through the production of higher amounts of HHDBT, which further desulfurizes to BCH 

and/or through direct hydrogenation of CHB. Following the same reasoning, it is clear that 

CUS sites covered with dissociated H2S are the main sites for isomerization. The only 

exception can be the production of CPMB which is detected even over MoS2-100M and 

with high selectivity over MoS2-MI. The formation of CPMB can be either over the HYD 

sites or parts of the H2S can dissociate over the CUS edges of the catalyst (even in the 

presence of magnetite particles) resulting in the formation of this compound from CHB.  

Although no H2S is available over MoS2-MI catalyst, the HDS results show the presence 

of isomerized products. Aside from the dissociation of H2S, the Brønsted acid sites can be 

created through dissociation of H2 over the edges of MoS2. This will create the same –SH 

groups that H2S dissociation at the edges would produce. However, there is a noticeable 

difference in the selectivity of the isomerized products over MoS2 (23.5%) and MoS2-MI 

(8.5%). Considering the 8.5% selectivity through H2-produced acid sites, 15% of the 

selectivity for isomerized products can be attributed to the H2S-produced acid sites which 

is almost twice the amount for H2-produced acid sites. The first reason for this can be found 

in the different dissociation energies of H-H bond (436 KJ/mol) and H-S bond (339 

KJ/mol). Higher H-H bond energy makes the dissociation of H2 more difficult. The second 

reason is that upon dissociation of H2S, the oxidation state of the adjacent Mo atoms will 

be increased to +4. On the contrary, the dissociation of H2 will reduce the oxidation state 
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of the adjacent Mo to +2 which is less favorable. These facts contribute to the difference 

in the formation of acid sites through H2 and H2S dissociation. 

As mentioned before, the addition of Fe to MoS2 increased the yield of BP, however, the 

yield of BP over MoS2-MI was lower than MoS2-100M catalyst. Two explanations can be 

found for this difference in the yield of BP. First, the hydrogenated DBT products (THDBT 

and HHDBT) compete over the desulfurization sites with DBT, and they are found to be 

more reactive than DBT for desulfurization over MoS2 especially in H2S-free environment 

[185]. The higher selectivity for hydrogenated products (CHB and BCH) compared to BP 

over the MoS2-MI catalyst also suggests that adsorption of THDBT and HHDBT as 

hydrogenated intermediates are more favorable than DBT over the desulfurization sites. 

Second, part of the produced BP may convert to CHB. To test this theory, 0.5 wt% BP 

model oil solution was tested in the same HDS conditions as DBT over MoS2 catalyst. The 

results showed 8% conversion of the BP to CHB. Therefore, as the effect of hydrogen in 

the reactions increases with the reduction in the amount of magnetite in the catalysts, a 

greater part of the produced BP can be converted to CHB. It is clear that in real reaction 

conditions, BP molecules have to compete with other molecules which will significantly 

reduce the converted percentage of these molecules to CHB. 

 

Considering the inhibiting effect of H2S and the available sites discussed above for the 

hydrogenation and desulfurization, the activity of the catalysts toward HDS of DBT can 

also be elucidated. The presence of magnetite as the support and its synergetic effect 

significantly influences the activity and selectivity of the catalyst. For MoS2-100M and 

MoS2-50M catalysts, the adsorption of the dissociated hydrogen atoms from the catalyst 
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by magnetite particles and the low barrier for S-C bond cleavage over the S-edge resulted 

in the mainly DDS pathway for this catalyst. The presence of magnetite as the support leads 

to the full exposure of the active sites for desulfurization in this catalyst. This feature allows 

the catalyst to have high tendency toward DDS pathway while maintaining its high activity. 

For MoS2-50M catalyst, the lower amount of the magnetite particles present reduces the 

contact area between the MoS2 and the magnetite particles. Therefore, the hydrogen spill-

over effect has less profound effect on the hydrogenation activity of the catalyst which 

results in higher CHB formation. In MoS2-20M catalyst, part of the MoS2 is in contact with 

the magnetite particles while the other part is mostly free of any contact with the magnetite. 

Therefore, the former acts in the same way as the MoS2-50M catalyst and the latter works 

in the same way as MoS2 catalyst. The increase in the HYD activity increases the overall 

activity of the catalyst. As for MoS2, the brim sites will be fully functionalized by the 

complete presence of the dissociated hydrogen, compensating the inhibiting effect of the 

H2S on the activity of edge sites.  

 

The DDS pathway on the S-edge works through the adsorption of the DBT via its sulfur 

atom [198]. The removal of sulfur from the adsorbed molecule can proceed through 

hydrogenolysis or elimination, both of which need hydrogen for the process. The DDS 

pathway is the main route of HDS over MoS2-100M catalyst. This catalyst is in a hydrogen 

deficient state due to the spill-over effect described before. Despite this and the fact that 

catalyst needs hydrogen for the DDS pathway, it is interesting to see that hydrogen is 

provided for the DDS pathway while the HYD pathway is retarded. The explanation may 

be found in the adsorption energy of the DBT molecule on the main HYD (Mo-edge brim) 
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and DDS (sulfur vacancy at the s-edge) sites. A DFT study by Lauristen et.al [31] shows 

that the adsorption energy of DBT through π-bonding over the Mo edge brim sites with S 

monomers is nearly -0.1 ev. In another DFT study [199], the adsorption energy of DBT 

over sulfur vacancies was found to be -0.5 ev. These numbers clearly show that adsorption 

of DBT on sulfur vacancies at the S-edge are more stable than the brim sites. Therefore, 

upon the adsorption of the DBT molecules on the catalyst, the ones that are adsorbed at the 

DDS sites will stay adsorbed longer and higher percentage of them will be on the catalyst 

at a certain time. Meanwhile, the hydrogen is dissociated constantly over the catalyst. In 

the absence of any adsorbed DBT molecule, they will be transferred to magnetite particles, 

however, in the presence of those molecules they will be consumed to form either a 

hydrogenated or desulfurized product based on the adsorption site of the DBT molecule. 

The presence of higher percentage of DBT molecules adsorbed on the sulfur vacancies will 

therefore result in higher production of BP. Moreover, the adsorption of H2S by magnetite 

yields a highly reductive atmosphere. The H bond at the Mo-edge is found to be nearly 

twice weaker than the bond at the S-edge at low H2S. This means that hydrogen 

displacement on the S-edge in such environment will be slower [192, 200]. More stable 

hydrogen on the S-edge increases the probability of its adsorption by DBT rather than 

magnetite.   

Many studies have focused on finding the nature of the active sites. While some believe 

that there is only one type of active site for the DDS and HYD reaction routs, most of the 

studies agree with the presence of two different active sites for hydrogenation and 

desulfurization. Our results show that in general, there are two different sites available on 

the MoS2 catalyst, one for desulfurization and the other one for HYD. However, in the 
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presence of H2S, the desulfurization sites can transform to HYD/isomerization sites due to 

their strong acidic nature creating a third type of active sites. Moreover, our results indicate 

that while H2 can dissociate on both Mo and S-edges of the MoS2 catalyst, H2S can only 

dissociate on the S-edge. Nonetheless, one can expect to see the change in the active sites 

based on the type of the catalyst and the operating conditions. 

5.3.4 The effect of H2 pressure 

Figure 5.6 shows the conversion of DBT for MoS2 and MoS2-100M at different H2 

pressures. It is clear that the increase in the H2 pressure results in the higher conversion of 

DBT. Figure 5.7 shows the selectivity of products for MoS2 catalyst. As the pressure 

increases, the selectivity of the hydrogenated products (CHB and BCH) and their isomers 

also increases while the selectivity of BP drops from 25.1% at 7 bar to 11.1% at 41 bar. 

The results show a direct relation between the H2 pressure and the activity and selectivity 

of the MoS2 catalyst up to 24 bar. This increase can be related to the increase in 

hydrogenation ability of the catalysts with more hydrogen dissociation at the Mo-edge and 

increase in the vacancy formation by the addition of more hydrogen to the S-edge of the 

catalyst. The selectivity of the products for the MoS2-100M catalyst is shown in Figure 5.8. 

Unlike MoS2, the selectivity of the products remains constant over the first pressure range 

(7-24 bar) with BP as the main product with 90% selectivity. This can be due to the 

adsorption of the H atoms by the Fe3O4 particles. Over 24 bar, the hydrogenation activity 

of the catalyst increases resulting in higher selectivity for CHB.  

The rate of increase for the selectivity of the CHB shows decline for the H2 pressure range 

of 24 to 41 bar compared to the 7 to 24 bar range over MoS2. A different trend is observed 
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for MoS2-100M in which the selectivity of the CHB increases after being constant up to 24 

bar. These results point to the presence of a different type of hydrogen over MoS2 at higher 

pressures (over 24 bar) that is active for hydrogenation/isomerization as well as 

desulfurization over the S-edge. It is found that unlike the Mo edge, hydrogen can adsorb 

in excess (more than one H atom per S dimer ) on the S edge and the binding energy of H 

decreases for the extra H atoms [192, 201]. The required energy for the hydrogenation 

reactions or vacancy formation at the S edge depends on the H2 pressure. High H2 pressure 

can provide the S edge with large numbers of the weakly bonded H atoms which gives a 

lower barrier than the more strongly bonded H for hydrogenation/isomerization reactions 

and for vacancy formation. Different steps in the HDS reaction pathways involve H, and 

lower barrier is expected for them if the coverage of the weakly bonded H is significant.  

Based on our results and the above discussions, it can be concluded that hydrogen can be 

activated in three different ways. First, the dissociated hydrogen present at the Mo-edge 

can be considered accountable mainly for the hydrogenation process. Second, the loosely 

bonded hydrogen at the S-edge can be considered to work for the 

hydrogenation/isomerization and possibly desulfurization. Finally, the strongly bonded 

hydrogen at the S-edge is mainly responsible for desulfurization.  
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Figure 5.6: DBT conversion for MoS2-100M and MoS2 catalysts at different starting 

H2 pressures. 

 

 
 

Figure 5.7: Product selectivity for MoS2 catalyst at different starting H2 pressures. 
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Figure 5.8: Product selectivity over for MoS2-100M catalyst at different starting H2 

pressures. 

5.4 Conclusion 

To better understand the role of H2 and H2S and the involved active sites in the HDS of 

DBT over the MoS2, a series of catalysts were synthesized in this study via a hydrothermal 

method. The addition of magnetite to the catalysts was found to significantly shifting the 

selectivity of the products and the DDS/HYD ratios. Our results evidenced that 

desulfurization and hydrogenation took place at two different main sites. The CUS sites 

were considered as the main sites for desulfurization and the brim sites were considered as 

the major HYD sites.  

The high yield of BP for the MoS2-100M catalyst was explained by the difference between 

the adsorption energies of DBT over CUS and brim sites as well as the movability of the 
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dissociated hydrogen on each site. The increase in the selectivity of BP with the increase 

in the magnetite content of the catalysts was related to the inhibiting effect of the H2S on 

the DDS pathway and the competition between the DBT and its hydrogenated 

intermediates for the desulfurization sites. While H2S showed an inhibiting effect on DDS 

pathway, it promoted the conversion of CHB to BCH. By increasing the pressure of H2 

from 7 to 41 bar, the conversion of DBT increased for both MoS2 and MoS2-100M 

catalysts. This was related to the increase in vacancy formation at the S-edge with the 

increase in the H2 pressure and the formation of weakly bonded H atoms. H2 was found to 

play three distinctive roles. At Mo edge, for hydrogenation, and at S-edge if strongly 

bonded as the means for desulfurization and if loosely bonded to the sulfur, for 

hydrogenation/isomerization and/or desulfurization and regeneration of the active sites. It 

was shown that in the presence of H2S, the desulfurization sites have the ability to transform 

to hydrogenation/isomerization sites. Both H2 and H2S showed acid properties over MoS2 

capable of isomerizing the main HDS products. However, the results showed that the 

creation of acid sites were more facile through H2S dissociation. This was assigned to the 

difference in the bond energies for each molecule and the change in oxidation state of the 

adjacent Mo atom upon their dissociation. 
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 Chapter 6: Edge activation of H2 and H2S over NiMoS and the effect of Ni 

loading 

6.1 Introduction 

We previously reported a MoS2 catalyst with magnetite particles as core material which 

showed excellent capability of hydrodesulfurization via the DDS pathway. In the previous 

chapter, we studied the activation of H2 and H2S over MoS2 and the involved active sites 

using a series of catalysts with and without magnetite core. We believe that this catalyst 

can also help us better understand the HDS process over Ni-promoted MoS2. In this study, 

we used the same catalyst in line with other catalysts to better understand the promotional 

effect of Ni and to find how the Mo substitution with Ni progresses at different edges. We 

also made an attempt to investigate the role of H2 and H2S in hydrodesulfurization over 

NiMoS.  

6.2 Catalyst synthesis 

To synthesize the catalysts the same steps as to the previous chapter was followed. In case 

of Ni-promoted catalysts, before the hydrothermal synthesis, desirable amount of 

Ni(NO3)2 was also added as the Ni precursor to reach different Ni/(Ni+Mo) molar ratios. 

The prepared samples were named x-(Ni)MoS2 for samples without magnetite and, x-

(Ni)MoS2-M for samples containing magnetite where x shows the nominal Ni/(Ni+Mo) 

ratio. A series of samples (named x-(Ni)MoS2-I) were also prepared by adding 50 mg Fe 

powder to the synthesized MoS2 catalyst.  
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6.3 Results  

Figure 6.1 shows the TEM images of the freshly synthesized 0.35 NiMoS catalyst. It can 

be seen that the catalyst is well dispersed and is consisted of mainly one crystal slabs, and 

ca. 3.5 nm in length. Other synthesized samples also showed the same structure. The good 

dispersion of the catalyst can be attributed to the presence of surfactant in its structure. We 

had found earlier the importance of applying a suitable surfactant which can prevent the 

excessive agglomeration of crystals in the catalyst. The surfactant can also assist in 

anchoring and dispersing the catalyst to the surface of the magnetite particles. To remove 

the surfactant from the catalysts that can block the pores and to stabilize their crystal 

structure, the freshly synthesized samples were treated as described in the experimental 

section. The TEM images of the samples after the treating procedure are shown in Figure 

6.2. All the catalysts showed nearly the same degree of agglomeration after the treatment 

procedure increasing their crystal length by 40% and the number of layers by 50%. Further 

studies of the catalysts after the HDS reactions showed no significant change in their crystal 

structure. This provides a good reference for comparing the catalysts as they all have 

similar crystal structures. In all of the catalysts the only detected phase found by EDX 

analysis was NiMoS with 0.65 NiMoS as an exception. Ni sulfide phase was detected in 

this sample which is circled in the corresponding TEM figure (Figure 6.2e).   
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Figure 6.1: TEM images of the of the freshly synthesized 0.35-NiMoS. 

       

      

a b 

c d 
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Figure 6.2: TEM images of treated NiMo sulfide samples with various Ni/(Ni+Mo) 

loadings, a) 0.1, b) 0.2, c) 0.35, d) 0.5, e) 0.65. 

Table 6.1:Physical properties of the samples after the treatment. 

 

Sample 

 

Ni/(Ni+Mo) 

Specific 

surface area 

(m2/g) 

Pore 

volume 

(cm3/g) 

Average 

particle size 

(nm) 

Average 

number of 

layers 

MoS2 0 474.7 0.86 6.1±2.1 2.2±0.8 

0.1-NiMoS 0.1 407.2 0.73 5.9±1.7 1.8±0.8 

0.2-NiMoS 0.2 310.5 0.69 6.0±1.7 2.1±0.9 

0.35-

NiMoS 

0.35 224.5 0.58 5.4±1.7 1.8±0.9 

0.5-NiMoS 0.5 138.2 0.41 5.3±1.6 1.7±0.8 

0.65-

NiMoS 

0.65 195.8 0.78 6.1±2.0 1.7±0.7 

 

The properties of the catalysts after the treating procedure are shown in Table 6.1. 

Unpromoted MoS2 showed the highest specific surface area (474.7 m2/g) and pore volume 

(0.86 cm3/g). With the addition of the promoter (up to 0.65-NiMoS), the surface area and 

pore volume decreased as the amount of promoter in the sample increased. The reduction 

e 
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in surface area and pore volume in sulfide catalysts after the addition of promoter was also 

reported previously [202, 203].  

Based on the isotherm curves (Figure 6.3a), Type I adsorption isotherms are considered for 

all of the catalysts and the hysteresis loop between adsorption and desorption isotherms is 

associated with mesoporosity of the samples. Isotherms also show that with the amount of 

promoter increasing (up to 0.65) the volume of adsorbed nitrogen is reduced which is 

consistent with the reduction in their specific surface area and pore volume. Catalysts also 

show similar trend in pore size distribution with the narrow distribution centered around 2 

nm with a small shoulder around 3 nm (Figure 6.3b).  

The XRD patterns of the prepared unsupported NiMoS catalyst series are shown in Figure 

6.4. All unsupported Mo-based sulfide catalysts exhibited broad diffraction peaks, 

indicating a very poorly crystallized MoS2 structure, particularly when the promoter was 

presented. No trace of any Ni sulfide phase was detected in any of the samples except for 

the 0.65-NiMoS. Peaks corresponding to hexagonal NiS phase was found in this sample. 

In most cases, the ternary Mo–Ni–S phases could not be identified. This could be due to 

the fact that there is overlapping of diffraction peaks from MoS2 and Mo–Ni–S phases. 

Another possibility could be that the active structures (Mo–Ni–S phase) are possibly nano-

crystallites and very small in size which cannot be characterized by XRD [204]. 
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Figure 6.3:Isotherm (a) and pore size distribution (b) of unsupported MoS2 and 

NiMoS catalysts with different amount of Ni loading. 

 

 

a 
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Figure 6.4: XRD patterns of unsupported MoS2 and NiMoS catalysts with various Ni 

loadings. 

 

The reaction pathways for DBT are shown Figure 5.4 with a detailed description. BP is the 

product of DDS pathway and CHB and BCH are the main products of HYD route. CPMB, 

CHCPM, and DCPE are also formed as the products of isomerization reactions. 
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Table 6.2: Effect of Ni/(Mo + Ni) mole ratio on HDS of DBT over unsupported NiMoS 

catalysts at 3.4 MPa and 320 0C for 60 min. 

catalyst  MoS2 NiMoS 

Ni/(Ni+Mo) 0 0 0.1 0.2 0.35 0.5 0.65 

DBT Conversion (%) 63.0a 23.7 47.3 52.4 58.1 66.3 30.8 

 

Selectivity (%) 

BP 11.1 29.1 26.3 29.1 32.9 34.4 41.3 

CHB 47.1 34.9 44.9 49.3 50.8 52 39.5 

BCH 5.1 1.5 2.8 2.6 2.1 1.8 0.2 

CPMB 6.1 2.9 5.8 5.4 5.1 4.8 3.4 

DCPE 3.8 0 1.3 0.9 0.6 0.4 0 

CHCPM 13.6 1.7 4.2 3.6 2.9 2.6 0.3 

HHDBT 3.2 9 4.8 3.2 1.7 1.3 5.4 

THDBT 10.0 20.9 9.9 5.9 3.9 2.7 9.9 

HYD/DDS 8.1 2.4 2.8 2.4 2.0 1.9 1.4 

a) After 2 hours of reaction. 

Table 6.2 shows the activity and selectivity of the products for the unsupported MoS2 and 

NiMoS catalysts with different Ni/(Ni+Mo) ratios in HDS of DBT. The same ratio of 

catalyst to model oil was used in all of the experiments. BP is the only product through the 

DDS pathway, so to find the HYD to DDS ratio for the catalysts the sum of selectivity of 

other products was divided by the selectivity of BP. Results show that the with the addition 

of Ni to the catalyst, the DBT conversion was increased from 23.7% for MoS2 to 47.3% 

for 0.1-NiMoS catalyst. The activity of the catalysts showed an increasing trend with the 

increasing amount of Ni loading up to Ni/(Ni+Mo) ratio of 0.5. However, the conversion 

decreased with further increase in Ni loading. The results show a great synergic effect with 

the addition of Ni to Mo in HDS of DBT. All of the catalysts show dominant HYD reaction 

pathway with the highest HYD/DDS ratio of 2.7 found for 0.1-NiMoS. At higher 
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conversions (after 2 h of reaction), the HYD/DDS ratio over MoS2 was found to be 11.1 

when this ratio over 0.5-NiMoS (the same conversion) was 2.0.  

The significant increase in the catalytic activity of MoS2 with the addition of Ni promoter 

has been reported by many researchers. It was found that with increasing the concentration 

of the promoter, the activity of the catalyst increased reaching a maximum. Different 

maximum points can be found in the literature for the supported and unsupported catalysts. 

In case of the supported catalysts, the optimum Me/(Mo+Me) atomic ratios (Me=Ni or Co) 

are generally in the range of 0.2 to 0.4 for Ni(Co)MoS catalysts [21, 205]. For unsupported 

catalysts, this ratio is reported to be in the range of 0.3-0.5 for CoMoS [203, 206] and 0.4-

0.5 for NiMoS catalysts [207, 208]. The optimum Ni/(Ni+Mo) ratio found here was 0.5 

which is in agreement with the previously reported results for the unsupported NiMoS 

catalysts. 

Table 6.3: HDS of DBT over MoS2-M and NiMoS-M catalysts with various 

Ni/(Ni+Mo) ratios at 3.4 MPa and 320 0C for 60 min. 

catalyst  MoS2-M NiMoS-M 

Ni/(Ni+Mo) 0 0.1 0.2 0.35 0.5 0.65 

DBT Conversion (%) 20.2 34.1 27.8 21.6 15.9 24.7 
 

Selectivity (%) 

BP 88.7 81.0 85.1 85.5 92.9 85.4 

CHB 8.2 14.3 11.5 10.3 3.3 7.6 

BCH 0 0 0 0 0 0 

CPMB 0 1.6 0.8 1.1 0 1.2 

DCPE 0 0 0 0 0 0 

CHCPM 0 0 0 0 0 0 

HHDBT 0 0.9 0.9 0 0 1.8 

THDBT 3.1 2.2 1.7 3.1 3.8 4.0 

HYD/DDS 0.1 0.2 0.2 0.2 0.1 0.2 
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Table 6.4: HDS of DBT over MoS2-I and NiMoS-I catalysts with various Ni/(Ni+Mo) 

ratios at 3.4 MPa and 320 0C for 60 min. 

catalyst  MoS2-I NiMoS-I 

Ni/(Ni+Mo) 0 0.1 0.2 0.35 0.5 0.65 

DBT Conversion (%) 24.5 49.9 54.1 59.6 67.7 31.7  

Selectivity (%) 

BP 34.8 31.7 32.3 33.9 34.6 42.5 

CHB 37.7 54.3 53.8 53.1 52.3 40.9 

BCH 0.7 1.6 1.7 1.8 1.8 0 

CPMB 2.5 4.1 4.4 4.8 4.7 2.8 

DCPE 0 0.2 0.2 0.4 0.4 0 

CHCPM 0.7 1.8 2.1 2.4 2.4 0 

HHDBT 7.2 2.4 2 1 1.2 4.8 

THDBT 16.4 3.9 3.5 2.6 2.6 9 

HYD/DDS 1.87 2.2 2.1 1.9 1.9 1.4 

 

The activity and selectivity of the products for MoS2 and NiMoS catalysts supported on 

magnetite particles is presented in Table 6.3. The DBT conversion over MoS2-M was found 

to be 20.2%. The conversion increased with the addition of the Ni promoter with 0.1-

NiMoS showing the highest activity (44.1%). However, the trend in DBT conversion was 

opposite of that for the unsupported catalysts, i.e. the activity of the catalysts was decreased 

with the increase in Ni/(Ni+Mo) ratio up to 0.65 were the activity was increased to 24.7%. 

These catalysts highly favored the DDS pathway with HYD/DDS ratios between 0.1 and 

0.2. DBT conversions over the unsupported MoS2 and NiMoS catalysts after the addition 

of iron were found to be slightly increased with the same increasing trend (Table 6.4). 

Selectivity for BP and CHB was marginally increased compared to the unsupported 

catalysts while the selectivity of the isomerized products was decreased. 0.65-NiMoS 
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sample does not follow the same trend as the other NiMoS catalysts in the above tables due 

to the presence of additional NiS in its structure (evidenced by TEM and XRD) which 

affects the activity and selectivity of the catalyst.  

 

6.4 Discussion 

It is now well accepted that the catalytically active sites in the unpromoted and Ni (Co)-

promoted MoS2 are the exposed Mo (or Ni, CO) cations or coordinatively unsaturated sites 

(CUS) that are located at the edges and corners of the catalyst slabs [209, 210]. The 

hydrogenation and sulfur removal reactions are proposed to take place on varying number 

of adjacent CUS and the hydrogen atoms in close proximity of these sites [41, 211]. The 

basal planes of the sulfide catalysts are considered to be mostly inactive for 

hydrodesulfurization reactions. The structure of MoS2 has also been found as a determining 

factor in HDS of sulfur-containing molecules. This relation between the structure of the 

catalyst and its activity was called rim-edge model. It is proposed in this model that rim 

sites (top and bottom layers of the MoS2 slabs) are active for both hydrogenation and C-S 

bond cleavage but edge sites (outer layers between top and bottom layers) are only active 

in hydrogenation [80]. Some groups have also considered the corner sites as hydrogenation 

sites where there is a higher probability for the formation of adjacent vacancies [212, 213].  

For Ni-promoted MoS2 catalysts, the increase in intrinsic activity of the catalyst can be 

mainly correlated to the formation of Ni(Co)-Mo-S phase which is significantly more 

reactive than the pure MoS2 phase [21, 157, 214]. In Ni-Mo-S phase, Ni atoms replace Mo 

cations at the perimeter of the MoS2 crystal slabs. To explain the synergy effect between 

Ni(Co) and Mo in Ni(Co)-Mo-S phase, it was proposed that electron donation from the 
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promoter atom to Mo weakens the Mo-S bond strength to an optimum range for HDS 

activity. This electron donation also increases the Ni(CO)-S bond strength and therefore a 

sulfur atom at bridging position between the promoter and Mo will have intermediate bond 

strength [4, 215, 216]. Recently, the introduction of the so-called brim sites through STM 

imaging has improved the insights into the nature of active sites in Mo-based sulfide 

catalysts. Atom-resolved images of unpromoted and Ni(Co)-promoted MoS2 showed that 

fully saturated sites near the edges of the catalysts have metallic characteristics and can be 

active in hydrogenation reactions [31, 32, 217]. A critical difference between Ni and Co 

promoters is their preferential location at the edges. While Co atoms are more stable at the 

sulfur edge, Ni atoms can be present at both (Mo and S) edges [200, 218].  

Direct desulfurization of sulfur-containing molecules proceeds through the sulfur atom of 

the molecule in σ adsorption mode. In contrast, hydrogenation proceeds through flat 

adsorption of the molecule by π-electron donation from the aromatic ring to the active site 

[199, 219]. It is shown that adsorption over brim sites which are considered active in 

hydrogenation is also the same (flat adsorption) [31]. Previous findings on the supported 

NiMoS catalysts shows that the HYD/DDS ratio for these catalysts is generally below 1 

[220-224]. However, this ratio was found to be over 1 for all of the NiMoS catalysts in this 

study. This could be due to the special geometry of the supported catalysts where flat 

adsorption of bulky molecules such as DBT over the edges of the catalyst for 

hydrogenation can be hindered. Figure 6.5 illustrates this geometrical limitation over 

supported catalysts. For the flat adsorption of DBT on the edges of a supported catalyst, 

the distance between the CUS and the support should be at least 95 nm. however, the 

distance between an exposed Mo or Ni in the first slab of NiMoS catalyst to the support is 
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less than 61 nm (the distance between two Mo atoms in adjacent layers of a stacked MoS2). 

Hence, unlike unsupported NiMoS catalyst, the flat adsorption of DBT will be hindered at 

the bottom slab layer of a supported NiMoS catalyst which results in its lower 

hydrogenation ability compared to an unsupported counterpart. The σ adsorption mode 

(parallel to the support), however, is not affected in the presence of the support and 

therefore the HYD/DDS ratio of supported catalysts is higher for unsupported NiMoS 

catalysts. As for brim sites which are active in hydrogenation reactions, the adsorption of 

the catalyst on the supports removes accessibility of the molecules to one side of the basal 

plane of catalyst and therefore reducing the possibility of molecule adsorption on the brim 

sites.  

 

 

 

 

Figure 6.5: Accessibility of DBT molecule to supported and unsupported NiMoS 

catalyst through flat adsorption to the edges. 

 

The increase in the concentration of hydrogenated products and the reduction in selectivity 

of the intermediates (THDBT and HHDBT) over NiMoS compared to MoS2 shows that 
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both hydrogenation and desulfurization reactions were enhanced over the promoted 

catalyst. The increase in BP selectivity with the increase in the Ni loading over unsupported 

NiMoS catalysts as evidenced in Table 1 may have two reasons. First, with higher Ni 

loading, more CUS sites are formed due to the reduction in Me-S bond strength which also 

aids in reduction of poisoning effect of H2S on the catalyst. Second, rate of desulfurization 

is higher over Ni-Mo-S phases compared to pure MoS2 meaning that an adsorbed molecule 

will undergo desulfurization in less time. In other words, the occupancy time of the active 

sites by reactant molecules will be reduced. Therefore, more of the DBT molecules can 

convert to BP over a Ni-promoted CUS in the same period of time. For Me-S bonding 

energies stronger than the optimal value, one can expect the S-C bond cleavage to be the 

rate limiting step in HDS reaction. 

As we showed in the previous chapter, the main hydrogen provider for the formation of 

CPMB from CHB is dissociated hydrogen while H2S plays only a minor role. The same 

conclusion can also be drawn here based on the comparable selectivities for CPMB over 

MoS2 and NiMoS catalysts with different Ni loading. The significant difference in the 

selectivity of CHCPM and DCPE as isomerised products between MoS2 (after 2h of 

reaction and conversion levels close to the promoted catalyst) and NiMoS catalyst and also 

the decrease in the amount of isomerised products with the increase in the Ni/(Ni+Mo) 

ratio can be attributed the difference in H2S adsorption energies over metallic edges. Lower 

acidic functionality of NiMoS catalysts is due to the lower adsorption energy of H2S and 

also weaker -SH bond strength over these catalysts as evidenced by different studies (240 

j/mol over MoS2 vs -170 j/mol over NiMoS) [225-227]. Therefore, in reaction conditions, 

H2S can be more easily desorbed from the surface of the Ni-promoted catalysts, which can 
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be translated as lower concentration of Bronsted acid sites that are formed by H2S over 

NiMoS. Lower -SH adsorption energy over NiMoS also results in more facile 

recombinative desorption from the surface of catalyst which can also be a contributing 

factor to lower acidity of the Ni-promoted catalysts. Among the NiMoS catalysts, higher 

Ni loading means that more of Mo atoms at the edges are replaced by the Ni. Higher Ni 

dispersion at the edges will continuously remove the sites that have the ability to be 

converted to Bronsted acid sites. This is also evident by comparing unsupported NiMoS 

with NiMoS-I catalysts. However, the effect of 5-fold increase in Ni loading from 0.1 to 

0.5 on acidity of the catalysts is much less noticeable than the acidity changes from MoS2 

to NiMoS. This is very interesting as it shows that the promotional electronic effect of Ni 

is not localized. If this promotional effect was localized, one would expect to see a 5-fold 

decrease in acidity from 0.1-NiMoS to 0.5-NiMoS catalyst. 

(Ni)MoS2-M catalysts show high affinity toward DDS pathway due to the ability of 

magnetite particles to adsorb loosely bound hydrogens. The DBT conversion was increased 

by nearly 14% after the addition of Ni to the MoS2-M catalyst. This increase is mainly 

through formation of extra BP as (Ni)MoS2-M catalysts favor the DDS pathway. This 

increase in the activity can be due to the change in the structure of the catalyst. It is shown 

that the addition of Ni promoter and formation of Ni-Mo-S phase can shift the structure of 

MoS2 from truncated shape with mostly Mo edge to more hexagonal shapes with more of 

accessible sulfur edge [27, 228]. This change in the structure exposes more sulfur edge of 

the catalyst that are considered to be mainly active in desulfurization and therefore results 

in higher production of BP. For DBT conversion over MoS2 to be placed between NiMoS 

catalysts (lower than 0.1,0.2-NiMoS and higher than 0.5-NiMoS), one can postulate that 
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Ni decoration of edges probably starts from the Mo edge and moves forward toward sulfur 

edge as the Ni loading increases. The conversion of DBT over NiMoS-M catalysts with 

different Ni/(Ni+Mo) ratios showed a decreasing trend in contrast to what was observed 

for unsupported NiMoS catalysts. This could be attributed to the decrease in the hydrogen 

bonding energy at the edges of the MoS2 catalyst after the addition of Ni promoter as 

evidenced by DFT studies [34, 224]. By increasing the Ni loading, more of Mo atoms are 

substituted at the edges of the catalyst and more hydrogen with lower bonding energy to 

the surface are formed. These loosely bound hydrogen atoms can be adsorbed by the 

magnetite particles and therefore reduce the activity of the catalyst.  

6.5 Conclusion 

A series of catalysts were synthesised through hydrothermal method in this study to 

investigate the effect of H2 and H2S over Ni-promoted MoS2 catalyst. Different Ni/(Ni/Mo) 

ratios of the catalyst were prepared and compared here. In comparison to the unsupported 

catalysts, the catalysts containing magnetite particles showed a significant shift in 

selectivity toward DDS pathway. The addition of Ni to the catalyst was found to enhance 

both hydrogenation and desulfurization. The increase in BP selectivity over Ni-promoted 

catalysts and its increase with increasing Ni loading was assigned to the increase in the 

concentration of CUS sites over the edges of catalysts, lower H2S poisoning effects, and 

the enhancement of the S-C bond cleavage through synergic effect of Ni-Mo-S phase. 

Significant difference between the acidity of unpromoted and Ni-promoted MoS2 was 

observed which was the result of lower H2S bonding energy over the promoted catalyst. 

From the small difference in the acidity of the NiMoS catalysts, it was concluded that the 
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promotional electronic effect of Ni atoms is not confined to the adjacent atoms. The 

increase in the activity of the MoS2-M after the addition of Ni was suggested to be due to 

the structural change in the catalyst to form more hexagonal shape and therefore exposing 

more of sulfur edge. Based on the comparison between the DBT conversion for MoS2 and 

NiMoS catalysts, it was suggested that the Mo substitution with Ni atoms probably starts 

from the Mo edge and progress to the S edge with the increase in Ni loading. The difference 

between the HYD/DDS ratio over supported and unsupported NiMoS catalysts was 

ascribed to the availability of the edge sites for flat adsorption of DBT and reduction of the 

available brim sites.  
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 Chapter 7: Sulfided catalysts supported on magnetic greigite: Recyclable 

catalysts for the hydrodesulfurization of heavy crude oil 

7.1 Introduction 

In chapter 4, we succesfully synthesised a magnetically recyclable MoS2 nano-composite 

with silica covered magnetite particles as the core and MoS2 catalyst as the top layer 

designed for this purpose. The synthesised composite could be separated via a magnetic 

field and recycled back to the reactor. The catalyst showed excellent ability in removing 

sulfur mainly through direct desulfurization patway (DDS). We showed that synergy effect 

between the magenetite core and MoS2 was the reason behind this preferential reaction 

pathway. However, based on the feed type, the refineries may need to hydorgenate the feed 

to some extent. Therefore, a different core material with similar magnetic properties was 

considered to increase the hydrogenation ability of the catalyst. Among different transition 

metal calcogenides, Greigite (Fe3S4) has recently found applications in electrochemistry, 

biomedicine, and water treatment [229-232]. Because of its magnetic properties and the 

presence of sulfur in its structure which can be better adopted with the sulfided catalysts 

used in the hydrotreating process, greigite was chosen as the substitute for magetite as the 

core material. Here, we report a novel and facile synthesis method to prepare recyclable 

nanocomposites in which greigite is used as the core material and Co or Ni promoted MoS2 

nanocomposites are synthesized through a hydrothermal reaction. The resulting catalysts 

are characterized and tested for the HDS of dibenzothiophene (DBT) and dimethyl 

dibenzothiophene (DMDBT) as model sulfur-containing compounds. 
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7.2 Results and Discussion 

To prepare the composite samples in this work, Fe3S4 particles were used as the core 

material and a blanket-type layer of catalyst was formed around the particles with 

assistance from CTAC as a surfactant. To prepare the greigite, magnetite particles were 

used as tempelates and were converted to greigite through the procedure described in the 

experimental section. During the synthesis procedure, S2
- released from the decomposition 

of thiourea reacts with the Fe3O4 nanoparticles on the surface of the spheres to produce 

Fe3S4 nanoparticles. The XRD pattern of Fe3O4 particles and the as-prepared Fe3S4 product 

is shown in Figure 7.1. All the peaks in the XRD pattern can be indexed to the cubic phase 

of Fe3S4 and no characteristic peaks from impurities were detected [233-235]. 

 

 

Figure 7.1: XRD pattern of Fe3O4 and synthesized Fe3S4. 
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Table 7.1: Properties of the fresh samples. 

Sample 

Sulfur 

content 

(± 0.2 wt 

%) 

Carbon 

content 

(± 0.2 

wt %) 

Me/(M

o + 

Me)a 

 

Specific 

surface 

area 

(m2/g) 

(Co/Ni)M

oS/Fe3S4 

ratio 

Average 

particle 

size (nm) 

Averag

e 

number 

of 

layers 

Fe3S4 - - - 62.1 - - - 

Mo/G 29.2 18.4 0 17.8 0.39 3.5±1.3 1.2±0.3 

CoMo/G 22.6 15.8 0.25 19.4 0.45 3.6±1.8 1.3±0.5 

NiMo/G 19.8 16.9 0.25 21.5 0.45 3.9±1.8 1.5±0.2 

a Me/(Mo + Me) molar ratio based on EDX results (Me = Co or Ni) 

 

Three different samples were prepared and compared in this study. These are MoS2/Fe3S4 

(coded as Mo/G), CoMoS/Fe3S4 (coded as CoMo/G), and NiMoS/Fe3S4 (coded as 

NiMo/G). Table 7.1 shows the properties of the freshly synthesised catalysts. The carbon 

content of the samples can be attributed to the presence of the CTAC surfactant in their 

structure. The measured BET surface areas were 17.8, 19.4, and 21.5 m2/g for fresh Mo/G, 

CoMo/G, and NiMo/G, respectively. The lower surface area of the samples compared to 

the Fe3S4 particles is also due to the presence of CTAC in their structure. This is confirmed 

by the increase of the BET surface area of Mo/G from to 216.5 m2/g after the activity test. 

CoMo/G and NiMo/G also showed nearly 4 fold increase in their surface areas. 
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a b 

c d 
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Figure 7.2: TEM images of the Mo/G (a,b), CoMo/G (c,d), and NiMo/G samples 

(e,f). 

We had shown before the importance of using a suitable surfactant for sucessful synthesis 

of a recyclable composite. Here, the CTAC plays two important role. First, helping the 

catalyst to anchor onto the surface of the greigite core and second, an scaffold effect during 

synthesis of the catalyst through the hydrothermal process. These effects can be observed 

from the TEM images of the catalysts. Figure 7.2 shows the TEM images of the fresh and 

HDS treated MoS2/G (a,b), CoMo/G (c,d), and NiMo/G (e,f). From the images, the 

structural difference between the synthesised catalysts before and after they are treated at 

HDS conditions can be observed. 

As the images show, parts of the small crystals of the fresh catalyst join together to form 

longer multilayered slabs after the treatment. The length of the slabs approximately 

increased by 46% for Mo/G and the average number of layers increased from 1.2 to 2.3. 

Similar increase in the length and thickness of the crystals was also observed for other 

e f 
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samples. After the treating procedure, the catalysts were found to be structurally stable 

during the HDS reactions.  
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Figure 7.3: Isotherms (a) and pore size distribution (b) of Mo/G, CoMo/G, and 

NiMo/G. 

a 

b 
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From the isotherm curves (Figure 7.3 a), all catalysts indicate type IV adsorption isotherms 

and exhibit the hysteresis loop between adsorption and desorption isotherms in the range 

of (0.4 to 1.0) is indicative of mesoporosity. CoMo/G and NiMo/G catalysts show similar 

pore size distribution with bimodal mesopore peaks at around 2 nm and over 4 nm (Figure 

7.3 b). Mo/G also shows bimodal mesopore peaks but at about 2 and 3 nm. A small shoulder 

is also seen at around 6 nm for Mo/G. These pores are considered to be situated within the 

primary particles. This  type of pores can easily provide sufficient surface for catalytic 

application.  

Figure 7.4 shows the magnetization curves measured at 300 K for the Fe3S4 and Mo/G 

samples. The curves present no hysteresis loop, suggesting that Fe3S4 particles have 

paramagnetic behavior. The  saturation magnetization values for the Fe3S4 and MoS2/Fe3S4 

were 25 and 22 emu/g, respectively. The small difference between the saturation values 

suggests that the addition of the catalyst layer has a negligible effect on the magnetic 

properties of the sample. The possibility for magnetic separation of samples was tested by 

exposing the catalysts to an external magnetic field. Mo/G dispersed in model oil after 2 h 

of HDS reaction is shown in Figure 7.5a and it is separated afterwards with an external 

magnet (Figure 7.5b). The catalyst can be separated easily from the reaction medium within 

a few seconds. All of the samples showed the same magnetic effect. Therefore, this method 

provides an easy and efficient way to separate catalysts from the product stream by an 

external magnetic field. 
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Figure 7.4: Magnetization curves for Fe3S4 and MoS2/Fe3S4 measured at 300 K. 

 

   

Figure 7.5: Mo/G composite after the HDS reaction a) dispersed inside the model oil 

and b) separated from the model oil after seconds of exposure to an external 

magnet. 

 

The reaction pathways for the HDS of DBT is shown in Figure 5.4. BP is produced through 

DDS pathway and CHB is the main product of the HYD route. THDBT and HHDBT are 

a b 



 

108 

 

the intermediates in the HYD pathway. CPMB, CHCPM, and DCPE are the products of 

the isomerization reactions. 

The DBT conversion and product distribution of the prepared catalysts are shown in Figure 

7.6. The mass ratio of (Co or Ni)MoS-to-model oil was maintained the same for all the 

catalysts. The selectivity of the isomerized products is shown in Figure 7.7. The DBT 

conversions for Mo/G, CoMo/G, and NiMo/G are 54, 74, and 77 percent, respectively. As 

expected, promoted catalysts show better activity that Mo/G in HDS of DBT with nearly 

28% increase in the activity. Considering the uncertainty levels, the activity of CoMo/G 

and NiMo/G for DBT conversion is the same. The selectivity of the products show that 

Mo/G has higher tendency toward the HYD pathway compared to the promoted catalysts. 

The DDS/HYD ratio (calculated by dividing the selectivity of BP by the sum of the 

selectivities of other products) for Mo/G was found to be 0.31. Both CoMo/G and NiMo/G 

catalysts show the same selectivity for DDS and HYD reaction pathways with nearly 50% 

selectivity for each route. The DDS/HYD ratio was 1.19 and 1.11 for the Ni-promoted and 

Co-promoted catalysts, respectively. The results suggest that promotional effect of Co and 

Ni is mainly through increasing the activity of the catalyst via DDS pathway which shows 

to be more selectively enhanced than the HYD route. This is in accordance with the results 

reported in the literature describing the same promotional effect for Co and Ni in HDS of 

DBT [41, 89]. 

The active sites for the unpromoted MoS2 are proposed to be the coordinatively unsaturated 

sites or exposed Mo ions with sulfur vacancies at the edges of the catalyst. These sites are 

considered active for hydrogenation and hydrogenolysis. Recently, unsaturated sites with 

metalic charactars at Mo edges of the (Co/Ni)MoS2 catalysts (called brim sites) were also 
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found to be active for hydrogenation reactions. For Co or Ni-promoted catalysts, the Co(or 

Ni)–Mo–S phase is considered to be the active phase [27]. In this model, small MoS2 

crystals with the promoter atoms located at the edges of the MoS2 layers in the same plane 

as Mo are considered to be the building blocks for Co(or Ni)–Mo–S structures. The 

promotional effect with the addition of Co or Ni is believed to be due to the electron 

donation from the promoting atom to Mo atom, weakening the Mo-S bond strength to an 

optimum range for HDS activity [4, 29].      

The presence of isomerized products in the samples suggests that acid sites are present on 

the surface of the prepared catalysts. The results show that in HDS of DBT, the selectivity 

of the isomerized products over Mo/G is higher than the promoted catalysts. The creation 

of the acid sites over sulfided catalysts can be through the dissociation of hydrogen over 

the sulfurs at the edges of the catalyst. These sites can also be created through dissociation 

of hydrogen sulfide at the coordinatively unsaturated (CUS) sites. Considering the 

significant hydrogenation ability of the promoted catalysts, the higher acidity of Mo/G can 

be attribuated to the dissociation of hydrogen sulfide.The dissociation of H2S can increase 

the acidity of the catalyst by converting the CUS sites to –SH. These –SH groups are 

considered to be active in hydrogenation and isomerization reactions over the catalysts. 

The acidic nature of these groups, however, depends on H+ electron affinity and the bond 

strength of metal–sulfide [236]. If the metal-sulfur bond is strong (as in MoS2), the –SH 

groups act as Bronsted acid acites while in the presence of a weak metal-sulfur bond they 

act as nucleophilic centers [193, 237, 238]. As mentioned before, the promotion effect of 

Co or Ni is through reducing the metal-sulfur bond strength. The stronger bonds in Mo/G 

implies that the –SH sites created by H2S dissociation are acidic over this catalyst, while 
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the same sites are nucleophilic centers over the promoted catalysts. Thus the Mo/G shows 

better acidity than the promoted catalysts in case of DBT.   

 

 

 

Figure 7.6: DBT conversion and product selectivity for the synthesized catalysts 

after 2h of reaction. 
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Figure 7.7: The selectivity of the isomerized products over the synthesized catalysts 

after 2 hr of HDS of DBT. 

 

 

Figure 7.8: Possible reaction pathways in HDS of DMDBT. 

Figure 7.8 shows the possible reaction pathway for the HDS of DMDBT. Similar to DBT, 

two reaction pathways are considered for the HDS of DMDBT. Dimethyl biphenyl 
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(DMBP) is formed through DDS route and the THDMDBT and HHDMDBT are formed 

as intermidiates via HYD route. 1-methyl-3-(3-methylcyclohex-1-en-1-yl)benzene 

(MMCHB) was detected in this study which is an intermidiate in the formation of MCHT. 

This suggests that the same compound withouth the methyl groups ((cyclohex-1-en-1-

yl)benzene) is an intermediate in formation of CHB from THDBT. (cyclohex-1-en-1-

yl)benzene is usually not detected in experiments due to its fast conversion rate, however, 

the presence of the methyl substituted compound in HDS of DMDBT strongly suggests 

that (cyclohex-1-en-1-yl)benzene plays a role as an intermediate in the formation of CHB. 

HHDMDBT can undergo C-S bond cleavage to form MCHT and/or DMBCH after 

hydrogenation. MCHT and DMBCH can be isomerized to 1-(cyclohexylmethyl)-4-

methylbenzene (CHMMB) and 1-(cyclohexylmethyl)-3-methylcyclohexane (CHMMCH), 

respectively. CHMMB can be further isomerized to 1‐(2‐cyclopentylethyl)‐4‐

methylbenzene (CPEMB) which can be converted to form (3-cyclopentylpropyl)benzene 

(CPPB).  

Figure 7.9 shows the DMDBT conversion and the selectivity of the main products over the 

catalysts. The DMDBT conversion was found highest for NiMo/G with 81% conversion 

compared to CoMo/G with 68% and Mo/G with 41% conversion. The reulsts show the 

accumulation of THDMDBT for all of the catalysts suggesting the difficulty of the catalysts 

in removing the sulfur from the molecules. The DDS/HYD ratio for the catalysts were 

calculated as 0.5, 0.25, and 0.19 for Mo/G, CoMo/G, and NiMo/G, respectively. These 

ratios show that the HYD pathway is favored for all of the prepared catalysts and Mo/G 

has the highest affinity toward the DDS pathway with 34% selectivity for DMBP. The 

selectivity of the isomerized products is shown in Figure 7.10. CHMMB is the main isomer 
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compound with 13.0, 17.8, and 23.7% selectivity for the Mo/G, CoMo/G and NiMo/G, 

respectively.  

Studies with model compounds have shown that DDS pathway is the preferential route in 

HDS of DBT with Co and Ni-promoted catalysts [43, 239]. The addition of alkyl 

substitutes in 4, 6 positions to the DBT molecule affects the HDS reaction in two different 

ways. First, the HDS reactivity of the molecule will be reduced and second, the preferential 

reaction pathway will be shifted toward HYD, making it the dominant route [82, 240]. 

Hydrogenation of DBT and DMDBT is mainly through π-bonding with the catalyst while 

the hydrogenolysis is through σ-adsorption via the sulfur atom of the molecule [43]. The 

difficulty in converting the alkyl-substituted DBT compounds are known to be related to 

the steric hindrance of the alkyl groups positioned close to the sulfur atom and therefore 

preventing the interaction of these molecules with the active sites of the catalyst through 

σ-adsorption. The partial saturation of one of the rings by π-bonding which is not sterically 

hindered in these compounds changes the spatial configuration of them, thus reducing the 

hindrance effect and rendering them more flexible and accessible to the reaction sites of 

the catalyst [241].  
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Figure 7.9: DMDBT conversion and product selectivity for the synthesized catalysts 

after 2h of reaction. 
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Figure 7.10: The selectivity of the isomerized products over the synthesized catalysts 

after 2 hr of HDS of DMDBT. 
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in higher DDS activity over the promoted catalysts in case of DBT and for DMDBT, it can 

also increase the rate of conversion of the hydrogenated intermediates which are more 

accessible to the active sites. Considering the overall activity of the catalysts for DBT (1 

wt%) and DMDBT (0.4%), it can be concluded that although the addition of promoter 

increases the activity of the catalyst, their activity is still lower for DMDBT. This can be 

due to the hindrance effect of the DMDBT and its hydrogenated intermediates compared 

to DBT due to the presence of the alky-substitutes which makes the final C-S bond cleavage 

step more difficult in case of DMDBT.    

The stability of the MoS2/Fe3S4 composite was investigated by reusing the catalyst for 

several cycles of DBT HDS. After each step, the catalyst was collected, washed and then 

returned to the reactor to perform another round of reaction. The results of each cycle are 

shown in Table 7.2. As a comparison, similar experiment was performed using the 

composite containing magnetite cores (MoS2/Fe3O4). Table 7.3 shows the recycling results 

for this composite.  

The results for MoS2/Fe3S4 shows no significant change after 7 cycles of HDS test. When 

compared to the composites prepared with a magnetite core, composites containing a 

greigite core show higher hydrogenation selectivity in HDS of DBT for the first 3 cycles. 

The difference most likely originates from the difference in core material which can cause 

different synergic effects with the sulfide catalysts. For MoS2/Fe3O4, the selectivities 

indicate a shift toward HYD reactions after the 3rd cycle. At cycle 4, the DBT conversion 

was increased and the selectivity of hydrogenated compounds (CHB and BCH) and 

isomerized products was increased. On the other hand, the selectivity of BP was decreased 

by 25%. At cycle 5, similar increasing trend for DBT conversion and selectivity of the 



 

117 

 

hydrogenated products and isomers was observed and the values only showed a slight 

change after the 5th cycle. After cycle 3, the catalyst had lost its magnetic properties and 

could not be collected by the hand-held magnet (the catalyst was separated through 

centrifugation).  

 

 Table 7.2: DBT conversion and selectivity for 7 cycles in HDS of DBT over 

MoS2/Fe3S4 catalyst. 

  Cycle 

1 

Cycle 

2 

Cycle 

3 

Cycle 

4 

Cycle 

5 

Cycle 

6 

Cycle 

7 

DBT 

conversion 
54 49 56 54 49 50 51 

THDBT 6.8 5.4 6.1 4.4 3.9 3.5 3.4 

HHDBT 3.4 2.5 2.9 2.0 2.3 1.9 2.0 

CHB 49.6 48.9 48.2 48.5 49.3 49.9 49.0 

BCH 4.0 4.1 4.5 4.5 4.7 5.0 5.1 

BP 23.8 25.7 26.0 26.1 24.6 24.2 24.5 

CPMB 5.3 5.8 4.9 6.3 6.7 6.8 7.0 

DCPE 1.4 1.6 1.8 1.7 1.8 1.8 1.9 

CHCPM 5.7 6.0 5.6 6.5 6.7 6.9 7.1 

 

 

Table 7.3: DBT conversion and selectivity for 7 cycles in HDS of DBT over 

MoS2/Fe3O4 catalyst. 

  Cycle 

1 

Cycle 

2 

Cycle 

3 

Cycle 

4 

Cycle 

5 

Cycle 

6 

Cycle 

7 

DBT 

conversion 

48 50 47 58 65 63 62 

THDBT 1.7 1.4 1.6 3.6 2.3 2.0 1.4 

HHDBT 0.0 0.0 0.0 1.4 1.4 1.1 1.1 

CHB 19.4 17.1 18.3 32.0 48.6 47.2 48.4 

BCH 0.0 0.0 0.0 0.3 2.4 3.1 3.2 

BP 77.0 79.9 78.3 58.1 34.5 34.7 33.5 

CPMB 1.9 1.5 1.8 3.5 7.0 7.5 8.0 

DCPE 0.0 0.0 0.0 0.5 0.6 0.7 0.7 
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CHCPM 0.0 0.0 0.0 0.5 3.1 3.6 3.7 

 

 

 

 

 

 

 

 

 

Figure 7.11: XRD patterns of treated MoS2/Fe3O4 and after cycles 1, 3, 5, and 7. 

To investigate the changes in the crystal structure of the MoS2/Fe3O4 sample, XRD test 

was performed (Figure 7.11). After cycles 1 and 3, the additional peaks that are observed 

can be assigned to iron showing the reduction of part of magnetite particles. Moreover, the 

intensity of the magnetite peaks at the 3rd cycle is reduced. At cycle 5, the magnetite peaks 

are replaced by pyrrhotite (Fe7S8) indicating the change in the magnetite particles via 
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adsorption of H2S gas produced as the result of HDS reaction. The iron peak can also be 

seen as a shoulder to the pyrrhotite peak at 53° (inserted figure) and as a small peak at 65°. 

At the same time, the selectivity of the catalyst is shifted toward HYD indicated by higher 

selectivity of CHB and BCH (Table 3). At cycle 7, the intensity of the pyrrhotite peaks was 

increased and the catalyst activity and selectivity remained mostly unchanged in favor of 

HYD reaction pathway. The results clearly show the higher stability of the greigite cores 

compared to their magnetite counterparts during our reaction conditions after 7 cycles of 

HDS of DBT.  

 

7.3 Conclusion 

 

We have demonstrated the preparation of unpromoted and promoted MoS2-based 

composites with magnetic properties through a facile procedure. High activity toward the 

refractory sulfur-containing compounds, high stability, and the magnetic properties 

associated with these nano-composites provides vital advantage for them as it allows easy 

separation and reuse, which can be very useful in the processing of heavy and extra-heavy 

crude oils in slurry reactors. Three catalysts were synthesized in this work, two promoted 

catalysts (CoMoS/Fe3S4 and NiMoS/Fe3S4) and one unpromoted catalyst (MoS2/Fe3S4). 

Greigite (Fe3S4) was used as the core material considering its magnetic properties and easy 

adoptability of this material and was covered with catalyst layers as the active phase with 

the aid of cetyltrimethylammonium chloride (CTAC) as surfactant.  

NiMo/G showed the highest activity in the HDS of DBT and DMDBT. The activity of 

CoMo/G in HDS of DBT and the DDS/HYD ratio for this catalyst was found to be similar 
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to the Ni-promoted catalyst. Mo/G showed higher tendency toward the HYD pathway with 

DDS/HYD ratio of 0.31. The selectivity of the isomerized products were found to be higher 

for Mo/G, an indication of higher acidity of this catalyst. This was assigned to the 

difference in the acidic nature of –SH groups formed through the dissociation of H2S over 

the CUS sites for the promoted and unpromoted catalysts. In the presence of weak metal-

sulfur bonds as in promoted catalysts, the –SH groups were considered to work as 

nucleophilic centers while over Mo/G with strong metal-sulfur bond, they act as Bronsted 

acid acites. 

All of the repared catalysts showed HYD as the favored route in HDS of DMDBT with 

NiMo/G showing the highest HYD activity (81% conversion) and with DDS/HYD ratio of 

0.19. This was followed by CoMo/G and Mo/G in activity toward HDS of DMDBT and 

DDS/HYD ratios of 0.25 and 0.5, respectively. The higher affinity of the Mo/G toward the 

DDS pathway was related to a possible synergic effect between the MoS2 and the Fe3S4 

core. The preference for the HYD pathway in HDS of DMDBT for the prepared catalysts 

was correlated to the presence of alkyl groups close to the sulfur atom of DMDBT. The 

alkyl groups create a hinderence effect, making the interaction between the molecule and 

the active sites of the catalysts more difficult.  
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 Chapter 8: Hydrodeoxygenation of Stearic acid with unpromoted and Ni(Co)-

promoted MoS2 supported on greigite 

8.1 Introduction 

In the previous chapter we successfully designed a series of magnetically recyclable MoS2 

catalysts, unpromoted or promoted with Co or Ni, with greigite cores for the desulfurization 

of heavy oil in slurry reactors. The higher amount of impurities in the heavy and extra-

heavy oil compared to light oil can cause the catalyst-bed in the conventional packed-bed 

reactors to easily clog resulting in premature shut down of the unit. Substituting the 

conventional packed-bed reactors with slurry reactors can overcome this problem. 

However, for the process to be economically viable, the catalysts used in such reactors 

should be recyclable. The presence of impurities in the vegetable oils specifically in used 

vegetable oils such as waste cooking oil can also cause the same issue in packed-bed 

reactors. Another factor that can intensify this problem is the presence of glycerol in 

vegetable oils. Accumulation of such a highly viscous liquid may also add to the clogging 

problem of the reactor column [66]. Co-processing of vegetable oils and heavy oil can 

therefore become very costly in packed-bed reactors which are prone to clogging. Using 

magnetically recyclable catalysts in a slurry reactor can be a cost-effective solution for 

such problems.  

In this study, the focus is on studying the deoxygenation abilities of these catalysts and to 

investigate the activity and selectivity of each catalyst. These findings can pave the path to 

use these catalysts in simultaneous processing of heavy crude oil and vegetable oils. 
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8.2 Results and Discussion 

The properties of the catalysts after the treating procedure is shown in Table 8.1. The pore 

size distributions are shown in Figure 8.1. We had shown previously the importance of the 

use of a proper surfactant during the synthesis of the composites. The surfactant is removed 

during the treating procedure as evidenced by the carbon content of the samples. Mo/G 

showed the highest specific surface area (216.5 m2/g). About 62% reduction in the specific 

surface area was observed after the addition of the promoters. The results showed that all 

of the catalysts are largely mesoporous with a bimodal pore structure. 

 

 

Table 8.1: Properties of the treated samples. 

Sample Sulfur 

content (± 

0.2 wt %) 

Carbon 

content (± 

0.2 wt %) 

Specific 

surface area 

(m2/g) 

Average 

particle 

size (nm) 

Average 

number of 

layers 

Fe3S4 - - 62.1 - - 

Mo/G 41.1 1.5 216.5 6.5±2.0 2.3±1.5 

CoMo/G 31.1 1.3 83.9 6.9±2.1 2.4±1.1 

NiMo/G 27.2 1.8 82.8 7.2±2.7 2.5±1.0 
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Figure 8.1: TEM images of fresh (left) and treated (right) Mo/G (a,b), CoMo/G (c,d), 

and NiMo/G samples (e,f). 

The TEM images of the freshly synthesized samples (left) and after treatment (right) are 

shown in Figure 8.1. As the images show, parts of the small crystals of the fresh catalyst 

join together to form longer multilayered slabs after the treatment. The length of the slabs 

approximately increased by 46% for Mo/G and the average number of layers increased 

from 1.2 to 2.3. Similar increase in the length and thickness of the crystals was also 

observed for other samples. After the treating procedure, the catalysts were found to be 

structurally stable during the HDS reactions.  

The XRD patterns of the prepared Fe3S4 core, Mo/G, CoMo/G, and NiMo/G are shown in 

Figure 8.2. All Mo-based sulfide catalysts exhibited broad diffraction peaks, indicating a 

very poorly crystallized MoS2 structure, particularly when the promoter was presented. No 

trace of any Ni or Co sulfide phase was detected in any of the samples. In most cases, the 

ternary Mo–Co(Ni)–S phases could not be identified. This could be due to the fact that 

there is overlapping of diffraction peaks from MoS2 and Mo–Ni–S phases and the nano-

size structure of this phase. 
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Figure 8.2: XRD patterns of the catalysts. 
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C18 fatty acids are the dominant component of the vegetable oils. So, stearic acid was used 

as the model compound to study and compare the prepared catalysts for the removal of 

oxygen. Figure 8.3 shows the conversion of stearic acid and the yield of the products at 

different contact times over Mo/G. NiMo/G showed the highest conversion of stearic acid 

at 20 and 40 min followed by CoMo/G and Mo/G. After 60 min, it was fully converted 

over all of the catalysts. The yield of the products from the deoxygenation reaction over 

the prepared catalysts is depicted in Figure 8.4. Beside the remaining stearic acid, 

octadecanal and octadecanol were also detected as the oxygenated compounds. 

Octadecane, octadecene, heptadecane, and heptadecene were the main hydrocarbon 

products from the deoxygenation reaction. Up to nearly 40 min and before the complete 

conversion of stearic acid, the main product was found to be octadecanol. At 60 min and 

after the stearic acid was completely converted, the amount of octadecanol was greatly 

decreased while a significant increase was observed in the yield of the hydrocarbon 

products. Octadecane and octadecane were always found in higher quantities than 

heptadecane and heptadecene at different reaction times. Five different isomers of 

octadecene were detected by GC-MS but only 1-octadecene and 2-octadecene were 

formally identified as the main isomers. Same observations were made for heptadecene. 

Trace amounts of hexadecane and hexadecene (0.1% in yield) was also found after 40 min 

of reaction. At 60 min, the yield of these hydrocarbons increased to 0.4%, 0.4%, and 0.3% 

for NiMo/G, CoMo/G, and Mo/G respectively.  
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Figure 8.3: Conversion of stearic acid over the prepared catalysts. 
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Figure 8.4: The yield of the products from deoxygenation of stearic acid over a) Mo/G, 

b) CoMo/G, and C) NiMo/G at different reaction times. 

 

Octadecanal is an aldehyde intermediate formed via the removal of the hydroxy group from 

stearic acid as H2O through a hydrogenolysis reaction mechanism involving dehydration 

and hydrogenation reactions. Octadecanol (the C18 alcohol intermediate) was another 

oxygenate intermediate that was formed during the deoxygenation reactions and was the 

most abundant product up to 40 min of reaction. Although the conversion of stearic acid 

reaches 100% at 60 min, the yield of octadecanol is higher over Mo/G compared to the 
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promoted catalysts at this time due to the slower reaction rate over this catalyst. It is mainly 

believed that the alcohol intermediate is formed through the hydrogenation of the aldehyde 

[242-244]. It is also possible that the aldehyde intermediate remains adsorbed on the 

surface of the catalyst after its conversion from the carboxylic acid to directly form the 

alcohol intermediate. The low yield of octadecanal and high yield of octadecanol in our 

experiments support the second scenario. If octadecanal was desorbed from the catalyst, 

its adsorption and further conversion would have been restricted by stearic acid as observed 

for octadecanol.  

The results show that for all the catalysts, the yields of octadecanal and octadecanol were 

increased up to 40 min at high conversion levels of the stearic acid. At 60 min and in the 

absence of the stearic acid, the yields of both compounds were reduced significantly. This 

clearly points to the inhibiting effect of the carboxylic acid on the transformation of the 

aldehyde and the alcohol intermediates. This inhibiting effect is evidently reversible as the 

removal of the stearic acid from the reaction medium resulted in higher activity of the 

intermediates. This can be explained by the competitive adsorption of stearic acid, 

octadecanal, and octadecanol on the active sites of the catalyst in favor of the stearic acid. 

This inhibiting effect of carboxylic acids is shown in the conversion of decanal in the 

presence of decanoic acid [245] and is also confirmed in a DFT study by Dupont et al. 

[246] showing stronger adsorption energy for propanoic acid (-0.65 ev) compared to that 

of propanal (-0.38 ev) over MoS2 catalyst. This inhibiting effect was also reported in the 

transformation of dibenzothiophene in the presence of the carboxylic acid over 

CoMoP/Al2O3 catalyst [247].  
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In addition to the above mentioned products, CO and CH4 were detected as the gas 

products. Gas analysis showed CO as the main gas product during the transformation of 

the carboxylic acid and the quantities of it were dependent on extent of the reaction (higher 

quantities for longer reaction times). CH4 was only detected in trace amounts. 

Interestingly, no CO2 was detected as a gas product. Two scenarios can be considered for 

the lack of presence of CO2 in the gas phase. First, CO2 was produced during the reactions 

denoting that no decarboxylation of stearic acid occurred. Second, CO2 was produced but 

was converted to CO through the water-gas shift reaction (reaction 1) or into CH4 by 

methanation reaction (reaction 2).  

 

CO2 + H2 ↔ CO + H2O                 (Reaction 1) 

 

CO2 + 4H2 ↔ CH4 + 2H2O          (Reaction 2) 

 

The equilibrium reaction constant for equation 1 at our reaction conditions was found to 

be 0.057 indicating that the water-gas shift reaction is thermodynamically not favorable. 

Considering the very small amount of CH4 produced, it can be concluded that HDC 

pathway for the conversion of stearic acid was mainly through decarbonylation by forming 

CO. Therefore, the C17 hydrocarbon products were formed either by decarbonylation of 

stearic acid and/or octadecanal. It is noteworthy to mention that formation of heptadecane 

through the decarbonylation of the aldehyde is found to be solely via thermal 

decomposition and non-catalysed [245].  
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Based on the above discussions, the reaction pathways in deoxygention of stearic acid can 

be depicted as scheme 1. The deoxygenation of stearic acid follows two main pathways: 

the Hydrodeoxygenation route (HDO) and the decarbonylation route (HDC). Through the 

HDO pathway, stearic acid is first hydrogenated and then further dehydrated to form 

octadecanal producing water as a by-product. Octadecanal can either transform to 

octadecanol by hydrogenation or can directly form heptadecane through decarbonylation. 

Octadecanol can go through deoxygenation by an elimination step to form 1-octadecene 

and water or through hydrogenation and dehydration to form octadecane. 1-octadecene can 

undergo through different isomerisation steps by double bond shifting leading to 2-

octadecene and three other isomers, possibly 4, 5, and 7-octadecene. It is also important to 

mention that the hydrogenation of octadecenes was inhibited in the presence of stearic acid. 

In DOC reaction pathway, stearic acid is converted to heptadecene through dehydration 

and decarbonylation reactions forming H2O and CO as by-products. Heptadecene can 

further be hydrogenated leading to the formation of heptadecane. As mentioned before, this 

final step is greatly influenced by the presence of carboxylic acid. 
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Scheme 1: Possible reaction pathways in deoxygenation of stearic acid over the 

prepared catalysts. 

 

 

Figure 8.5: Comparison of the C18/C17 ratio. 
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the other catalysts which can be related to the higher HDC activity of the promoted 

catalysts. This is in agreement with the findings in previous studies showing higher HDO 

rate for the unpromoted catalyst [65]. 

Figure 8.6 shows the paraffin/olefin ratio for the catalysts at different reaction times. The 

paraffin/olefin ratio was found to be the same over Mo/G catalyst at 20 and 40 min after 

the reaction (close to 1.2), indicating that octadecane was not produced through the 

hydrogenation of octadecene. This ratio was increased after the conversion of stearic acid 

to 2.1 suggesting that the presence of carboxylic acid has a strong inhibiting effect on the 

hydrogenation of octadecene. The same inhibiting effect was observed in conversion of 

octadecanol which proceeds through hydrogenation of the C-O bond. This clearly suggests 

that the carboxylic acid adsorbs on the hydrogenation sites and prevents the parallel 

hydrogenation reactions to proceed at the same time. CoMo/G and NiMo/G also show the 

same trend, however, the paraffin/olefin ratio was found to be higher for these catalysts. 

NiMo/G showed the highest ratio between the three catalysts with the ratio of 2.7 at the 

end of the reaction. The higher alkane/alkene ratio over the promoted catalysts is in 

agreement with previous findings showing the promoting effect of Co and Ni in 

hydrogenation of various olefins [248]. 
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Figure 8.6: Comparison of the paraffin/olefin ratio. 

 

Schematic 2 shows the reaction mechanism over the unpromoted Mo catalyst. As for all 

the catalysts HDO was the dominant reaction pathway, the reaction mechanism can follow 

the similar way. It is now well accepted that the active sites over the MoS2 phase of sulfided 

catalysts are the sulfur vacancies located at the edges of the catalyst slabs. The reacting 

molecules adsorb on these sites to undergo further deoxygenation reactions. The first step 
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added to the carbon atom in the next step forming an adsorbed aldehyde. This aldehyde 

can follow three paths. First, it can undergo decarbonylation via C-C bond cleavage to 

produce heptadecane. This step might be via an attack from a basic site (-S-2 adjacent to a 

vacant site) on the hydrogen located at the β position of the carbon in carbonyl group [251]. 

The remained CO is desorbed afterwards as a by-product and the vacant sites are 

regenerated. Second, it can follow the same proton-hydride addition steps to form 

octadecanol which was found in high yields and as a key intermediate in the products. 

Octadecanol is further adsorbed on the catalyst and will undergo C-O bond scission to form 

C18 hydrocarbons. Third, it can be desorbed from the catalyst surface as it was detected 

among the products during the deoxygenation reaction. Desorbed octadecanal can later 

adsorb on the catalyst to follow the first and second reaction paths. The accumulation of 

octadecanol during the reaction clearly shows that hydrogenation of octadecanal is not rate 

determining and is greatly favored over the decarbonylation route.  

 

Although all the catalysts were found to favor the HDO route, the promoted catalysts 

showed higher activity for both HDO and HDC pathways. With the addition of Co and/or 

Ni promoter atoms, Mo atoms at the edges of the catalyst will be replaced with the promoter 

atoms forming Co(Ni)-Mo-S phases that are known for their synergy effect [27, 200, 252]. 

This synergy effect can play two distinctive roles in the deoxygenation process of 

carboxylic acid. First, they can weaken the sulfur-metals bonds and therefore create more 

vacant sites which can lead to higher activity of the catalyst [4, 253]. Second, they can 

facilitate the crucial C=O hydrogenation and C-C bond cleavage in HDO and HDC 

pathways by lowering the energy barriers for these steps [246].  
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Scheme 2: Proposed reaction mechanism in deoxygenation of stearic acid over the 

prepared catalysts. 

 

8.3 Conclusion 

 

In this study, the deoxygenation of stearic acid was studied over recyclable sulfided 

catalysts supported on greigite. All the catalysts showed high activity in the deoxynation 

of stearic acid. NiMo/G was found to be the most active catalyst followed by CoMo/G and 

Mo/G. The HDO route was found to be the dominant reaction pathway over all the 

catalysts. Mo/G showed the highest C18/C17 ratio (9.2) at the end of reaction compared to 
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the promoted catalysts. The paraffin/olefin selectivity was always over 1 and increased 

after the full conversion of stearic acid. NiMo/G showed the highest ratio between the 

catalysts. Stearic acid also showed a strong inhibiting effect on the conversion of 

octadecanol which proceeds through hydrogenation of C-O bond. Both of these inhibiting 

effects indicated that stearic acid easily overwhelms other compounds in the competitive 

adsorption over the hydrogenation sites of the catalysts, preventing other hydrogenation 

reactions to progress simultaneously.  

Three paths were considered for the aldehyde intermediate adsorbed on the catalyst: 

desorption and forming octadecanal, conversion to octadecanol by hydride addition, and 

forming heptadecene through HDC reaction pathway. The formation of Co(Ni)-Mo-S 

species with synergic effects are believed to promote both C-O hydrogenation of alcohol 

in HDO route and C-C bond scission of aldehyde in HDC rote. With the magnetic 

properties of these catalysts, they can be easily collected and reused. This, in addition to 

their high activity in oxygenation reactions makes them suitable catalysts to be used in co-

processing of fossil fuel and biomass. 
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 Chapter 9: Conclusions and recommendations 

In recent years with the depletion of the conventional light oil resources and the constant 

increase in demand, the focuses are turned toward heavy and extra-heavy oil resources as 

substitute oil supplies. Heavier oil resources contain higher amount of impurities which 

can clog the beds inside the traditional fixed-bed reactors used for hydrotreating. Slurry 

reactors are designed to deal with this problem using cheap material in a once-through put 

mode as catalyst. However, the low activity of the catalysts employed in these reactors 

results in very low quality product. In this work, we designed novel recyclable catalysts 

that can be used in the slurry reactors producing higher quality products without 

compromising the economics of the process as the catalysts can be collected using a 

magnetic field and recycled back to the reactor.   

Two different composites were designed. One with magnetite core and MoS2 shell and 

the second composite was consisted of greigite core and Ni(Co)-MoS2 shell. Both 

catalysts showed high magnetization, easily adsorbed using a hand-held magnet. Both 

were tested in the HDS of DBT and found to be highly active. Former one showed high 

affinity toward the DDS pathway while the later showed a balanced selectivity between 

DDS and HYD pathways. This could give the refineries the option to adjust the 

hydrotreating process based on their needs using each of the catalysts or a combination of 

them.  

NiMoS/Fe3S4 was found to have the highest activity in the hydrodesulfurization (HDS) of 

dibenzothiophene (DBT) and DMDBT followed by CoMoS/Fe3S4 and MoS2/Fe3S4. For 

the promoted catalysts, the direct desulfurization (DDS) pathway was found to be more 
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selectively enhanced than the HYD route in HDS of DBT. HYD pathway was found to be 

the dominant route in HDS of dimethyldibenzothiophene (DMDBT). 

The composite with greigite core was also employed in the HDO of stearic acid. The 

activity of the catalysts could be ranked as NiMo/G > CoMo/G > Mo/G. HDO was the 

dominant pathway for all of the catalysts. As for C18/C17 ratio, the catalysts were found 

to be in the order: Mo/G > CoMo/G ≈ NiMo/G. Paraffin/Olefin ratio was over 1 for all of 

the catalysts with NiMo/G showing the highest ratio. Stearic acid was found to be dominant 

over other reactants in the competitive adsorption over the active sites, inhibiting 

simultaneous reactions.    

The catalyst containing magnetite core was used to investigate the differences in the roles 

of H2 and H2S and the involved active sites in the HDS of DBT over MoS2. A series of 

MoS2 catalysts with and without magnetite particles as support were prepared. Two 

different active sites for hydrogenation (HYD) and hydrodesulfurization were identified on 

MoS2. The core-shell magnetic MoS2 demonstrated high selectivity towards the DDS 

pathway, which was attributable to the differences in adsorption energy of hydrogen and 

DBT over hydrogenation and desulfurization sites. H2S functioned as a DDS inhibitor and 

a HYD/isomerization promoter. H2S is favored being adsorbed on the S-edge vacancies to 

transfer the active sites to HYD/Isomerization sites. Hydrogen plays three distinctive roles. 

When adsorbed at Mo edge, hydrogen promotes hydrogenation; Strongly bonded at S-edge 

it accounts for direct desulfurization while loosely bonded to S-edge it favors HYD and 

isomerization. The creation of acid sites was found to be more facile through H2S than H2 

dissociation. 
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For the Ni-promoted MoS2, the presence of Ni enhanced the reactions for both 

hydrogenation and desulfurization over the catalyst. It was found that Ni addition increases 

the concentration of CUS sites, lowers the H2S poisoning effect, and enhances the S-C 

bond scission. It was concluded that the significant difference in acidity of Ni-promoted 

and unpromoted MoS2 was due to the decrease in the sulfur bonding energy to the active 

sites over promoted catalysts. the promotional effect of Ni was found to be a delocalized 

effect affecting more than adjacent atoms. It was proposed that the Ni decoration starts at 

the Mo edges of the catalyst. The higher HYD/DDS ratio over unsupported NiMoS 

compared to the supported counterparts was assigned to the geometrical limitation of DBT 

for flat adsorption at the edges of the supported catalyst and also reduction in the number 

of available brim sites.  

As a future work, different type of magnetic cores can be synthesized, tested, and compared 

in their effect on the activity of the catalysts. Moreover, the activity of other type of 

catalysts such as phosphide catalysts can be examined and any synergic effect between 

catalysts and the magnetic core can be studied.  Developing catalysts with intrinsic 

magnetic characteristics can also be pursued.  
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