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ABSTRACT

Problems associated with hydrotreating of heavy and -beay crude od in
conventional fixeebed 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 nanonfieterghe liquid

phase represents a challenge. In this work, novel magnetically recyclable catalysts are
designed to address this issue.

Two different magnetic core materials,:6e and FeSs, were studied. Corandshell
composite catalysts Me&e04 and MoS/FesSs 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 seleityivoetween 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/M®S; was further
promoted by nickel andobalt. The activity of the catalysts could be ranked as
NiMoS/FesSs > CoMoSFesSs > MoS/FesSs. Addition of Ni to MoS catalyst forms the
Ni-Mo-S phase with increased accessible sulfur edge which is responsible for the
enhancement in both hydrogenation and desulfurization. The catalystwitbSyreigite

core and its promoted catalyst NiMoS/CoMoS were also applied to the
hydrodeoxygenation (HDO) of stearic adtDO was the dominant pathway for all of the
catalysts.

Catalysts MogFex0Os and MoS/FesSs were used to investigate the roles ofdhd HBS

and the involved active sites in the HDS of DBT. Two different actives sfor



hydrogenation (HYD) and hydrodesulfurization (HDS) were identified. The Mo
magnetite core demonstrated high selectivity towards the DDS pathway, which was
attributable tothe differences in adsorption energy of hydrogen and DBT over
hydrogen&ion and desulfurization sites.>8 is favored being adsorbed on thedge
vacancies to transfer the active sites to HYD/Isomerization sites. Hydplggs three
distinctive roles:1) When adsorbed at Mo edge, hydrogen promotes hydrogenajion;
Stronglybonded at Sdge it accounts for direct desulfurizati@) 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 Hthusselves to meet

these new demandl].

There are two routes commonly used to process heavy andhestry oil, i.e. carbon
rejection and hydrogen addition. Carbon rejection processes such asidmayey 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 feaa lmghter

products is hydroprocessing through fixeed reactor§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 removelefrom t
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 processin@urite

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

because of the environmental and health issues #at#dn cause such as:



1 Forming poisonous S©Oemission 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.

1 The main petroleungenerated pollutants, esp. diesefer to the production of soot
(combustion temperature too low) and NOx (combustion temperature too high).

1 Indiesel cars, traces of sulfur inside the diesel fuel also have a poisonous effect on
car catalytic convertors, thereby reducing their combuosteffectiveness 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 20Q9]. The traditional catalysts for hydrotreating are not active
enough for the removal of the refractory sulphur compounds. Therefore, a great afnount
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 Topsge BRIM series which can clgsatisfy the removal of sulfur
based on the demands by Environmental Protection Agency for sulfur specifi¢ations
However, there is a new problem in oil industry that many refiners are facing with. The
problem is that the resourcks light petroleum fraction ardecreasing and heavy crude

oil resources are becoming extra heavy with higher amount of fine particles and other

2



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 extréneavy 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,
(i) their dissolution by naphthenic acid, and/or (iii) their persistence of patésusmaller
than 5 to 20 micron®]. The small solid particles are caught by the packed catalysts in the
beds such dsydrotreators. Accumulation of the retained particles can significantly change
the hydrodynamics of the packedd reactor by early increasing of the pressure drop and
reducing bed permeabilify’]. If the pressure drop buildg beyond the operation limits
allowed forpumps 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 activityhe process economics suffers due to
early catalyst chang¢8].
Unless addressed, the problem of pluggiagked beds will likely be encountered more
often and in a more accentuated way in the future, as follows:

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

depleted. There is therefore the need to exploit the lower qualitywess$e, 10].
These reserves will have diverse origins and diverse solids content in size and

mineralogy, as is already the case with the Athabasca bituminuds sBAlberta.



1 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 clvotemaw
refinement material. In the past, higbiling-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 fiked reactors in hydftseament of heavy

and extraheavy crude odflleads to plugging issues and premature shutdown-oéfailing
processing units. To solve this problem, reactors with different designs were introduced.
Figure 1.1 shows schematic representations of the altenadactors used for
hydroprocessing of heavy o[l§1]. 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 advantagdgslisadvantages follows[12-

14).
MBR MBR EBR Slurry
(Cocurrent) (Countercurrent) (Fluidized) Bed
HC+H, HC + H, HC + H, HC + H,+ Cat
Cat Cat Cat

s A #

vy 4 v 4
HC + H,Cat HC+H,Cat  HC+H,Cat HC + H,+ Cat

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



Advantages:

1 The catalysts in slurry reactors are disposable, and possess high surface areas due
to their micronscale particle size.

1 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.

1 Good external mass transfer due to the unsupported nature of the cfalysts

1 Residue conversion higher than 90% (sometimes very close to 100%) can be
achieved at space velocities much higher than other reactors.

1 Due to not needing internal equipment components, the volume of the slurry reactor
is maximized.

1 The thermally stable homogeneeplsase operations have low chances of
temperature runaways.

Disadvantages:
1 SPR should be carefully designed to maintain a-metied three phassiurry of

heavy oil, catalyst, and hydrogen to promote effective contact.
1 The efficiency of the hydroprocessing SPR is very dependent tingotype 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 (ESTLS8, 19].
Commonly used catalysts in styreactors 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 M@Sgood candidate.
5



However, the higar cost of Mogcan compromise the profitability of the process if ence
throughput catalyst is us¢#0]. Therefore, recyclability of catalysebomes economically

crucial for processing heavy oil in slurry reactors.

1.3 H2and H:S 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 uloa sulfur diesel (ULSD).
Refineries need to adjust themselves accordingly to reach these new limitsfdor sul
content of the fuels thgyroduce To reach near zero levels of sulfur, nearly all of the sulfur
present in the sulfucontaining molecules should be removed. Removing sulfur from
simple molecules like benzothiophene can be accomplished. Howevefudeatibn of

more complicated and refractory molecules like dibenzothiophene (DBT) and alkyl
substituted DBTs can be challengiig21, 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 mostratantly 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, MoS 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 Mo&nagparticles are expected to contain two

distinct slab taminations, Mo (100) and S §010) edges. Regardless of synthesis method,



the stoichiometry of MoSis 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 Mo$S catalyst. The edgdecorated Ni(CeMo-S phase model among these is the most
accepted onf21, 25, 26]. In this model, the promoter atom substitutes the Mo atoms at the
edges of the Mofslabs[27-29]. However, the exact edge locations of the promoter atoms
are still unclear, and especially with regard to Ni.

TheHDS mechanism and its relation to catalyst active sites involved in the HDS process
over Ni(Co}promoted and unpromoted Mpsave been extensively studied using various
techniques. Imaging30-32], DFT studieg33, 34], spectroscopic studi¢85-37], and use

of poisons or inhibitor§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 diffezers

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 saniatyive sites,

i.e. sulfur vacancies at the edges of the catalyst, is accountable for both DDS afdilHYD

42]. On the contrary, the other researchers, based on the inhibiting effect of compounds
such as b5, proposed two different types of sites that are responsible for the two reaction
routes, i.e. sulfur vacancies as DDS sites and melid#icsites 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). b5 was identified to have an inhibiting effect on the DDS pathway while it

had only a minor effect on the HYD royi#3]. The difference in inhibiting effect of the
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nitrogen compounds over the DDS and HYD routes isalsevidence for the presence of

two different typs of sites[44, 45]. We made an attempt to find an answer to this dilemma
based on our results.

Hydrogen is known to hawetwofold effect at the edges of MeSrirst, by reacting with

the sulfur atoms at the edges. Second, to f&rhgroups at the edges through dissociative
adsorption. Both of these processes are considered important for HDS to provide vacancies
and readve 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 dissoattion
hydrogen over the edges of MO®FT calculations show that the dissociation of hydrogen
can follow two different pathway6]: one involving sulfur dimers, and the other via the
interaction with the vacant Mo atoms. However, the difference betweenléseofothe
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 decreasén 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, howewer ha
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 aressemyder the



deoxygenation  process, i.e. Decarbonisation/Decarboxylation (HDC) and
Hydrodeoxygenation (HDO). With the former, oxygen removal occurs progressively in the
form of GC bond cleavage and CO or £formation at each step. With the latter, oxygen

is removed in the form of # without removing any carbons from the fatty geid, 48].

The deoxygenation process in many aspects is similar to the hydrotreatbeggpm the
refineries. It is found that the hydrotreatment process with sulfide catalysts can remove the
oxygenated compounds from bio di##9-52] . Hence, the existing hydrotré@ag process

has been used for the-teatment of fossil fuels and biomd&8-60] . The most common
catalysts used in the hydrotreating process are Ni ger@moted and unpromoted MpS
catalysts. These catalysts have also been applied in the deoxygenation of vetietaide o
have been found to effectively remove oxygét65]. 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 irtiparespecially in viscous
waste cooking oil can also plug packeed reactor§66]. Co-processing of vegetable oils

and heavy oil can therefore become costly unless the plugdiegt & reduced or

eliminated altogether.

1.5 Scopes, objectives, and outlines

The scope of this thesis focuses on the synthesis and characterization-sizedrsulfide
catalysts with magnetic properties. These catalysts are known to be effective in
hydroteating heawfeedstock 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



of promoters are carefully investigated. This includes examiningihediHS activation
sites and processes over the edges of the promoted and unpromotgdatéigsts.
Moreover, unpromoted MoeSand Ni and/or Cgromoted Mo$% are used in the
hydrodeoxygenation of stearic acid as model oil. The results to be derived from this
pettaining to catalytic activity and selectivity will then be used to propose and evaluate a

possible stejby-step reaction mechanism.

The objectives of this thesis is as follows:

1. To synthesize of higiperformance magnetically recyclable Mo8sing 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 K and HS roles in the hydrodesulfurization process over a
(Ni)MoS; catalyst with magnetic coreand to locate its active oHand HS

dissociation sites.

4. To investigate the activity and selectivity of the recyclable (Ni,Co)Mo&posite
in deoxygenation.
In Chapter 2, an extensive literature review is provided on the synthesis, properties, and
activities of supported and unsupported Hlased catalysts. The hydrothermal technique
for the preparation of MaSand the effect of the process parameters are described. An

introduction of the catalysis mechanism and the active sites of unpromoted and promoted
10



MoS, 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, setd the precedures used

for the catalyst activity testing and product analyses.

Chapter 4 describes the steypstep synthesis of magnetically recyclable nanosizedoMoS
composite. This includes addressing the selection of the materials used forraptneri
MoS; catalyst, and exploring the relationships betwbts, catalyst properties and
activities.

In Chapter 5, geries of MoScatalysts with and without magnetite particles are described
within the contexbf their differential desulfurization sgeand activities regardingztdnd

H>S hydrogenation.

Chapter 6 builds on Chapter 5 by addressing the loading, role and sites ofNirasHHS
hydrogenation promoter on théoS; 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 texrof 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 chemicaland materials that catalysts are utilized for their production,
fuels are one of the most important otietplay a vital role in our present economy. Fuels

are mostly produced in refineries by processing Crude oil in sevetal @mie of these

units is hydrotreater which is among the most common process units in modern petroleum
refineries. As it can be seenhigure2.1, 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 argedsed

Catalytic hydrotreating is a hydrogenation process that is used for removal of the
contaminants such as nitrogen, sulfur, oxygen, and metals from heteroatom eotsstifu
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 thespmogeunits [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

12
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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 cmpounds 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 storesgelg69].
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Typically, hydrotreaters are placed prior to processes, like catedftioming, 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 middthstillate petroleum fraains into finished kerosene, diesel

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

in product by hydrogenating the olefins and aromd8ts

Hence, the main role of hydrotreating can be summarized as fqif®ys

1. Meeting finished product specification.

1 Kerosene, gas oil and lube oil desulphurization.
1 Olefin saturation fostability improvement.
1 Nitrogen removal.

1 De-aromatization for kerosene to improve cetane number.

2. Feed preparation for downstream units:

1 Naphtha is hydrotreated for removal of metal and sulphur.
1 Sulphur, metal and polyaromatics removal from vacuum gj@8@O) to be used
as FCC feed.
1 Pretreatment of hydrocracking feed to reduce sulphur, nitrogen and aromatics

which has poisonous effect on its catalyst.

14
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Figure 2.2: Once-through hydroprocessing unit: two separators, recycle gas scrubber.

Figure2.2 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 heate8165-430 °C) after that, and then charged under pressure (6@to
MP@ through a fixeebed catalytic reactor. In the reactor, the sulfur and nitrogen
compounds in the feedstock are converted int® &d NH. The reaction products leave
the reactor and timewashed with water to convert almost all of the3d\idd some of the
H>S into agueous ammonium hydrosulfide, /M3 (ag). The ammonium hydrosulfide is
removed in the lowpressure flash drum as sour watkfter washing, the products are
cooled to a low temgrature and then enter a two stage (high anepie@ssure) liquid/gas

separatof71].
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The gas stream rich in hydrogen from the kRigassure separation entartighpressure
amine absorber to remove$! HS has an inhibiting effect on HDS reactions and lowers
the purity of the recycle gathe cleaned gas stream is then recycled to combine with the
feedstock. The lovpressure gas stream rich inSHis sent to a gaseating unit to remove

H>S. After cleanig, 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 whegafd other

undesirable components are remoy/&g.

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 shownTiable2.1[72]. Studies have shown that there is a major
difference between the reactivity of sulfur compds. 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, 4oguolic sulfur compounds and
disulfides can react very fast. Sixemberd ring sulfur compounds and saturated cyclic
sulfur compounds have also high reactivity. However, as shoWabte2.2.1, reactivity

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

reduces as the number of rings incre§g8s/5|.
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Table 2.1: main sulfur compounds in petroleum fractions [13].

Thiols (mercaptans) R-S-H
Sulfides R-SR
Disulfides R-SSR
Thiophene

Benzothiophenes (BTs)

Dibenzothiophenes (DBTS)

38

Napthothiophenes (NTs)

2]

Benzonaphthothiophenes (BNTSs)

%)
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Figure2.3 shows the GE&-PD chromatograms of gas oil with different levels of HDS for
production diesel fuel. After mild HDS, alkglbstituted BTs are removed from gas oil
while DBT and its alkyl subgtites are remained. AftéfDS of gas oilthe main remained
sulfur compounds are  -dhethyldibenzothiophene MIDBT), 4,6-
dimethyldibenzothiophene (4BMDBT), with small traces of -&thyl,4
dimethyldibenzothiophene {B&,4DMDBT) and 6ethyl,2,4dimethyldibenzothiophene
(6-E,2,4DMDBT), which shows that these compounds are much less reactive compared
to other sulfurcontaining compounds. Generally, only the most refractory sulfur species
remain in the diesel fuel after removing of sulfur to levels belowpp®® by conventional
hydrodesulfurizatiofi76-79]. It is suggested by Gates and Topst8 that the most proper
compounds for testing the HDS catalysts and reaction mechanism$/&B# and 4,6

DMDBT.

The low reactivity of 4MDBT and 4,6 DMDBT has been explained both by steric
hindrance preventing a proper interaotibetween the molecule and catalyst and by
electronic factor$80, 81]. There are two different set ofews 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 82, 83]. Another view is that steric hindrance

slows the cleavage of-6 bond by responsible sites on catal@4t 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 inFigure2.4 [86]. The first pathway is the direct desulfurization (DB&%0 known

as hydrogenolysiswhich directly leads to the formation of biphenyl (BP). The second
pathway starts by hydrogenation (HYD) ofie aromatic ring to fornan intermedite
product, tetrahydrodibenzothiophene (THDBT) which is desulfurized in the next step to

form cyclohexyl benzene (CHBYS, 87].

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

progresses through the direct desulfurization pathi8aly, When alkyl subtituents are
19



attached to DBT, the HDS activity of this the sulfur compounds decreases and the ratio
between DDS and HYD reaction reatchanges. The HYD passway becomes the dominant
HDS route for 4and/or 6 alkyubstituted DBT 82, 88]. As shown irFigure2.5, the DDS

route for 4,6DMDBT is severely reducecompared to DBT while the HYD route is nearly

the samelt 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 pa{B@lay

:

DBT

DDS H

~
5

d

BP TH-DBT

%E

Figure 2.4: Reaction pathways for HDS of DBT.
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NiMo/Al203 (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 fdontainingcompounds in convéional crude oil makes theof less
concern for hydrotreating procel€0]. Howe\er, 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 processesgcls 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 especiaBy Ei2n at low
concentrations, itrogen compounds inhibit the HDS reaction through competitive
adsorptio91].
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Nitrogen in petroleunms mostly presenais aromatic ring compounds:ntembereeting
compounds, such as quin@sand benzoquinolines mostly have basic nature-ddsit
nitrogen compounds are mainly-ntembereering compounds, such as indoles and
carbazoles. Basic nitrogen compounds are considered to be stronger inhibitors for HDS
reaction than the nebasic componds[92]. Some of the common nitrogen compounds
found in oil feedstocks are shown in taBl@[40].

The initial step in the HDN of aromatigtrogerrcontaining compounds is the saturation

of the heteroring followed by-@ bond cleavage. The resulting aliphatic or aromaticamine
intermediates are eventually converted to hydrocarbons and ammonia. Therefore, aromatic
nitrogenrtcontaining species &ibit a strong affinity for the active sites associated with
hydrogenation reactions. This affinity is more sevar the case of basic nitrogen
compoundswhich therefore results in more seweoisoning effectFigure2.6 shows the

reaction pathway and products for HDN of Quinoline [€3].

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

Basic Non-Basic
Quinoline Indole
h %
b.p. 238 °C = b.p. 254 °C \
Benzo Carbazole
quinoline _
b.p.355 °C
b.p. 338 °C \_/ O N
Acridin 1,2 HN
(benzoe = Benzocarbazols O O
quinoline) X, O
b.p. 411 °C
b.p. 346 °C
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2.4 Hydrodeoxygenation (HDO)

The importance of hydrodeoxygenation (HD@ich 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 @alicThe oxygen content in different feeds is
shown inTable2.3[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 wi94. Therefore, unlike sulfur and
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nitrogen compounds, no special attention is given to oxggetaining compounds during

hydrotreatment of conventional crude oil.

Table 2.3: Composition of different feeds for HDO

Convention | Coat Oll shale| Bio oils
al crude derived crude Liquefied | Pyrolyzed
naphtha

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 14 15 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 perforn@®te

Generally there are two types of bio fuel, i.e. vegetable oils and oil derived from the
pyrolysis or liquefaction of the lignoellulosic biomass. Vegetable oils are mainly
consisted of triglycerides which are bonded fatty acids with 15 to 18 carbonHaimg.c
Conversion and further deoxygenation of vegetable oils tdualbcan follow different

paths as shown iRigure2.7 [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 a& 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 €@s byproduct[96-99]. Since most bialerived
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triglycerides contain 18 carbons in branched chaing/C& hydrocarbon ratio is
commonly used to distinguish the primary deoxygenation reaabiate (Gg/Cy17 over 1
indicates an HDO dominant deoxygenation reacti6h)97, 10Q.

Different types of catalysts with variety of combinations between active metal and support
have been investigated for the HDO reactidrid-106]. Among these, Mdbased catalysts

have been studied frequently for HDO reactions as these catalysts are also used in
traditional hydrotreating unitgs1, 105 107-109. Whiffen et al.[11(0 compared low
surfacearea MoQ@, MoO,, MoS and MoP for HDO of 4nethylphenol at 623 K and 4.40

MPa H. They found that the turnover frequency (TOF) of these catalysts based on CO
uptake for the HDO of 4nethylphenol decreases in the order MoP > M®3/100; >

MoOQOs. A proposed mechanism for HDO ofethylphenol on MoSbased catalysts is
shown inFigure2.8 [85]. It is suggested that&hylphenol is activated over the slab edge

of Mo catalyst by adsorption of the oxygen molecule on a vacancy site.-Fhgr&up

present on the edge of the dgsa (formed by hydrogen dissociation over the catalyst)
donates proton to the attached molecule which forms carbocation. The adsorbed compound
then undergoes directQO bond cleavage to form the deoxygenated moleculexaygen

is released in the form efater during this step.
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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 hydrotreat[id1-113. Many monemetallic sulfides heae
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been tested includinyloS; [114-116, WS2[117], Ni sulfide[118] and Co sulfidg117,

119 along with a mixed metal sulfides, e.g.-8w-S[120-127, Ni-Mo-S[12Q, Ni-W-S

[123, Ni-Mo-W-S[124], FeMo-S[125, etc. ®veral noble metals such as Ru, Rh and Ir
have also shown high HDS activitig2q]. Clearly, the high prices of noble metals restrict
their application in commercial hydrotreatidgnong 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 catalystgl27]. This catalyst has commercially been put in use for HDS

of diesel under the trade name of NEBYiLA]].

Among these catalysts MgBas been the subject of many studies because of its application
in different areas like lubrication, electrochemistry and most importartlyysss. Variety

of methods has been used for synthesisingMbi& most important of these methods are:
sulfidation of oxides, decomposition of precursors, hydrothermal and solvothermal.
Among these techniques, hydrothermal method has shown to be pipspscially for
preparing nanaized 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, eeh has used different precursors and reaction conditions. Peng[&2Sl.
prepared their catalyst by reacting ammonium molybdate)gNte70-4.4H,0), elemental
sulfur, and hydrazine monohydrate in an autoclave reactor at temperature range@d 170
°C for reaction times betvea 72 h to 30 days. In a study by Tian e{HB(, MoOz was
reacted with KSCN at temperature range-280 °C resulting in formation of nanotubes

and nanorods. In another studydl], MoS nanowires were formed by reaction between
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MoOz3, Na&S and 0.4mol/l of HCI at 260 °C. The advantageous of this method compared to
others is thait is simpler to perform, the precursors used are convenient afiddhkloS,
obtained has good properties. Therefore, this method and materials were chosen for

synthesising MoScatalyst 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 hydrotreatiog streams are Ni

or Co promoted s ul faluchirad23 018E. -Apmina sohe m@std on
widely used support for commercial hydrotreating catalysts because in additiba to

above advantages it idsa highly stable, hagxcellent mechanical propertiesd is

relatively inexpensiv§l33.

It is shown in diferent studies that the type of supdorthydrotreating catalysts can cause

a dramatic change in the rate and selectivity of hydrotreating readtl@ds 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 lowdrea, limited
thermal stability and unsuitable mechanical properties prevent their commercial
application. Mesoporous materials such as MEM 146, 147], SBA-15[148 149 have

also been mentioned as possible supports.
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Another effect that the strength of mesalpport interaction has is the degree of stacking
of the active phase. Type | sites which have strong interaction with support are mostly
found in monolayerslabs, whileType Il sites with weak interaction with quurt are
usually foundn multilayered slabs. Generally, all the slabs are accessible for DBT while
because of the steric hindrance,-BJ@IDBT molecule cannot interact with the slab
adjacent to the suppdi@8, 157 .

The use of rasoporous matermbuch as SBAL5as support material has also got some
attentionbecause of its favorable catalytic activities toward bulky molecsileh as those
present in heavy crude oils and heavier petroleum fradtids®$. However, comparing
SBA-15 and zeolites, the acidity and hydrothermal stability of SBAs lower. Bao et al.
[152 tried to solve these problems by incorporating Al into SEAstructurethus
replacing some of $iionswith Al®*ions. By adjusting pH and increasing temperature
during the hydrothermal procedbey synthesized ABBA-15 with uniformly distributed
mesopores, high hydrothermal stability, and medium Br@nsteddacidity. They also
performed catalytic activity study on NiW/ABA-15 catalyst and compared it with
activity of SBA-15 and AOz supported catalysts. The results showed much higher HDS
activity for NiW/AI-SBA-15 among the two catalysts.

In addition to traditional hydrotreating catalysts, a new study by Oyama|[&56d].has
shown the high affinity of FeNIP catalyst sapied on Si@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 thiscolelevhich cause

geometrical restriction for its adsorption over the catalyst. The results also show that their
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catalyst has higher activity compared to NiMoS{d catalyst for removing 4,6 DMDBT.
They suggestdthat the special reactty of the bimetdic material wagprobably 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 MoS:

Since the introduction of MeSs 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 MoS,, it has been widely accepted that for unpromoted Ma& coordinatively
unsaturated sitg€US) or exposed Mo ions with sulfur vacancies at the edges and corners
of Mo 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
Chianeli [80] proposed the riredge model in which they suggested that two types of
active sites are available on MoSab, i.e. rim and edgé&igure2.9). 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 considédrasht

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 stackng height of MoS slabs.
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Figure 2.9: The "rim-edge' model for MoSa.

Mo Edge (100%)

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

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 MoS: triangle exposing this

type of edge termination.

Recentely, Topsge et §154, 155 have found new active sites on Ma%talyst involved
in hydrogenation reactions using scanning electron microscopy (STM). These so called
"brim sites"werefully saturated and ordimensional molybdenum sitéscated on top of

the MoS nanocluster adjacent to the edge and extend around the cluster. The STM image
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and the top and side view ball models of a one layerJvlaSocluster are shown iRigure

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 (NiMo-S phase model proposed by Topsge d2d].154. In

their model,Co(Ni}-Mo-S structure of the catalyst are consisted of small Mie
nanocrystals with Co or Ni atoms located at the edges of the dAgSal layer. Cobalt in
particular can also be present in another two forms, i.e. thermodynamically stable cobalt
sulfide (Co9S8and dissolved in the alumina support for supported catalyst. A schematic
representation of this model is showrFigure2.11. It was found that the HDS activity of

the catalyst has a linear correlation todngount of Co(NBMo-S phase. The most widely

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

2

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 Al203 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 eS\Mmd strengthens the €0

S bond to intermediate metallfur band 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 | and type Il. Comparing two structures, catalysts with
type Il structure are morestive than the ones with type | structure. Type | structures were
suggested to be incompletely sulfided with remaining-®teAl linkages to the support.

Such linkages are thought to appear due to the interaction during calcination step between
Mo and OH graps on alumina surface forming oxygen bridged structures that are difficult
to sulfide completely. Type Il Co(NiMo-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 cdrtmgh.

2.8 Magnetic core and catalyst composite

Previously, the advantages of using naied catalysts were mentiondumhwever, some
problems arisavith 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
nanasized catalysts while performing under sevadustrial conditions. To do so, act

material can be deposited on a suitable support. In case of using-aizeshcatalyst, a
suitable support should have magnetic properties which enables the separation of spent

nanasized catalyst from the oil stredmy an externalmagnetic device. Tl technique is
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called magnetic carrier technology (MCT) and has been reported by several research
groups Among different magnetic materials, magnetite 3z has caught a lot of
attention because of the excellent ferromagnetic properties which resultedde
application of it for production of magnetic materials and catalysts. As the goal is
synthesizing a nansized catalyst, therefore, the size of the magnetic support should also

be in that range.

2.9 Summary

Magnetic carrier technologyas been applieth 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 teawr desired goal for synthesizing a recyclable
catalyst that can be used in the slurry reactors for hydrotreating of heavy ardeaxtya

oils.

Different active sites are recognized over TMS catalysts. Many studies have attempted to
shed light on how B 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
understoodFinding the differences between these two molecules and their activation at

the edges athe 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

Thefollowing characterization methods were used in the thesis:
(1) Transmission electron microscopy (TEM), equipped with selected area electron
diffraction (SAD) and energdispersive Xray spectroscopy (EDX). The analysis was

performed at the microscopy facility anhlversity of New Brunswick.

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

facility at University of New Brunswick.

(3) Nitrogen adsorpticaesorption. The analysis was performed in the Catalytic Process

Lab at Univesity of New Brunswick.

(4) Elemental analysisThe 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 forestrgt University of New Brunswick.

(6) Magnetization.The analysisvas performed atphysical properties lab at Dalhousie

university

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

Process Lab at University of NeBrunswick.
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(8) Surface charge density. The analysis was performed ipulpeand paper centeit

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 eeobted cpper grid, then
vacuumdried for 12 hours before analysis. The layer numbers and length of catalyst
crystalline structure were determined using image analysis software and their average were
calcuated according to Equation 3.1 aaduation 3 based on deast 100neasurements

from various particles. The standard deviation of the crystalline size paranseters
calculated based on different particles. The atomic ratio of the catalyst was estimated by

energy dispersive Xay emission (EDX) coupled with TEM.

| OA OGICRAT g OB e (Equation3.1)

h8
| OA OIACRAD Agh O-—Fe (Equation3.2)
where L, N and n stand for slab length, number of layers in easial, 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 atontcarbon

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

3.1.3 Nitrogen adsorption-desorption

Nitrogen adsorptiolesorption isotherm was measured at 77 K using Autdsorb
(Quantachrome Instruments, Florida, U®esired amountof powder samples were
degassed in a sample preparation station aBRO0C 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 d@ minutesThe specific surface area of the catalyst powder
was calculated using the BrunatenmettTeller (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 relativeegsure p/p0 0.995. Pore size distribution was analyzed

from the adsorption branch of isotherms by the Bad@ynerHalenda (BJH) method.

3.1.4 Elemental analysis

Quantitative elemental analysis was conducted with a GBIBES instrument (Leco
Corporation) to reasure the sulfur and carbon contafithe samplesThe weight percent
of carbon in the sample was used to determine the approximate amount of the remaining

surfactant after the catalyst synthesis.

37



3.1.5 Magnetization

Magnetic propertiesf samples were measdr 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 thermogravimetranalyzer.

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 (Mutek PCD 03). The pHtlee 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 specifiaxde 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 HCI solution was
performed. 15 mg of samples were dispersed in HCI solution (1 Me&rfdr 15 hours.
The amount of iron ions dissolved in the solution was measured by\idJiistrument
(Shanghai Mapada instruments). To prepare the solutions fe¥isl\‘fneasurements,

hydroquinon (2ml, 10 g/L of DIW) and-phenantroline (2.5 g in 100 mtf 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 ofhe catalysts and before the evaluation tests (from chapter 5), the
catalysts were treatday using the following procedure

Treating procedurethe treating steps were started by drying the suspension solution of
samples in an oven in nitrogen atmospher&vio 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 svthen added to a 25 ml autoclave reactor and the
reactor was purged and then pressurized wittol21 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 catstis 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 56): 1 wt% DBT, 99 wt% Dodecane

(chapter7): a) 1 wt% DBT, 99 wt% Dodecané) 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 éialyst was added to model oil using

the weight ratio of 1/2501/100 in chapter 4fpor catalystso model oil. The mixture was
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added to the autoclave reactor. The reactor was pressurized with 34 MPa and
mounted horizontally in a furnace and rotas&®00 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 withMEBZ(Shimadzu GCM$£P5000)
instrument for qualitative and Varian 48asChromatography equipped with both FID

and PFPD detectors for quantitative analysis.

The DBTSs conversion was calculated via the equation 3.3.

$" AT T OA®OEH pTT (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 wesuéiported here. Therror 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 eargculated amount of dried catalyst
was added to 6 g of model oil (5 wiStearic acid, 85% Toluene, and 10% dodecane) in
an autoclave to reach acive phase (Magh or without Co/Ni promotion) to model oil
ratio of 1/250. The reactor was purged of any residual air, pressurized a8t MPa,
mounted horizontally in a furnace and rotated at 200 Fagure 3.1 shows thechematic
representaion of theet up.The HDO reaction was carried oat 340 °C for 1 hour after
heatng up the reactor for 40 minutéBhe components in the oil products wedentified

by GGMS (Shimadzu GCM&)P5000). The temperature program was as faldav
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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

External Stirrer Stirring Rod %%

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 @80, 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:

3IAT T OA®OE

0 A O ArElEk e H——

p T TT (Equation 3.4)

(Equation3.5)

(Equation 3.6)
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CO and CO2and other generated gases as prodduating hydrodeoxygenationvere

analyzed using a gas chromatography Varian 340@led to a Mass spectrometer

Chapter 4: Development of novel magnetically recyclable MoS: 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 ntagresonance imaging to
separation processgst, 160-167. Recently, interest in catalysts withagnetic carriers

has increased in terms of different catalytic purposes, e.g. hydrogenation of [{&8ne

165 and olefin epoxidatiofnl166. 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 4s&® range and can be
magnetized by applying an extat 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 exh@avy oil. Therefore, the catalyst can be used in a
slurry reactor without @ancerns about recycling. In the present study, we report a novel
method to prepare narcmmposites in which magnetite is used as a suppbite MoS
catalyst is synthesized through hydrothermal reaction. The resulting catalysts are then
characterized antksted 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/Fe304)

Magnetite particles (>98%) with mean diameter of 50 nm were purchased from Sigma
Aldrich. Thesepatrticles covered with a thin layer of silica were prepared through an
aqueous reaction using sodium silicate and sulfuric acid as described by W63 al.
with some modifications. In a typical procedure, first the magnetite particles (0.35 g) were
dispersed in deionised water (DIW) with the helpudtrasonication 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 addedndsaiy to the solution
under stirring while the pH was monitored t a pH meter and kept at 9.5£0.5. The
solution was cooled down at room temperatwhile stirring and left for 3 hours. The
silica coated magnetite particles were separated from the solution by-a¢idndagnet

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

4.2.2 Preparation of M0S2/SiO2/Fe304

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

(SDS) were used as surfactants in synthesis of surfeasaigted nanoatalysts. CTAC

and SDS are cationic and anionic surfactants, respectively. In the CTAC assisted synthesis,
silica-coated magnetite particles and different amewitCTAC (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 CatAC. In the case of SDS assisted synthesis
(CatSDS), silicacoated magnetite particle8.850 g) were addew deionized water and

mixed. gH of water solution was adjusted to 2 by using HCI (4 M) before addition of SDS
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(4.6 g), and then stirred for 30 miAt the end, the aqueous solution containing extra
surfactant was decanted. Surfactantenules adsorbed on the surface of coated magnetite
particles can facilitate formation of a bond between Ml carrier surface. It also has a
scaffold effect during the formation of Me8&rystals. A catalyst sampleithout addition

of any surfactantvas also prepared as a reference-f®at

The hydrothermal synthesis method for Ma$this study was adopted from {&68 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 HCI (0.4 ml, 4 M) were added. This solution wagdnith the
previously prepared particles and transferred to a 25 ml autoclave reactor. The autoclave
was mounted in a furnace horizontally and heated to 2d0r°80 minutes while rotated

ata speed of 200 rpm. The conversion of Mo precursor was medsygad Inductively
Coupled Plasma (ICP) instrument based on the amount of Mo atoms left in the water
solution at the end of the MeSynthesis reaction. MefSiO/FexOs particles were
removed after the reaction by a hand held magnet from the reactianrsalutl 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 adneellar polymerization was adopted to upload M¢shirfactardassisted) 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 surfetant in a bilayer form[169. In admicellar polymerization monomers are
adsorbed in this bilayer to form a polymer. Different from admicellar polymerization, the
formed surfactant blayers are utilized as sites in this work to grow Mofystals. Three
different catalysts with and without surfactants were synthesised in this work. The catalysts
prepared by the addition dfetyltrimethylammonium chloride (CTAC) angbdium
dodecyl sulfate (SDS) surfactants were coded asCTAIC and CaiSDS while the
surfactantfree catalyst was named Rt

High saturation magnetization makes magnetite a suitable choice of core material for
preparation of the HDS catalyst. However, totpct 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 sificant 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 parti¢lied), 171]. Moreover, charged silanol groups
formed on the surface of the silica layer in agueous solution can be utilized to attach
oppositely charged functional groups to theface of particlegl67, 172. Silica coating

wasapplied to all the catalysts synthesized in grigect
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4.3.1 Textural and magnetic properties

Table 4.1shows the properties of the core particles and theapedpcatalysts. Carbon
contents of the catalysts are primarily attributed to the presence of surfactants in their
structure. Unlike CaSDS (SDSAssisted) and CaR (no surfactant), there is a
considerable amount of carbon left in the structure ofCJ&C (CTAC-Assisted) after

the synthesis, which is due to the thermally stable nature of CTAC. The catalysts are
synthesized at 20Q while CTAC is not thermally decomposed until 250as evidenced

by the TGA results. On the other hand, SDS starts to decompose at the synthesis
temperatureAt the over one hour synthesis, almost all SDS is thermally decomposed.
Carbon residue left in fresh CG&ITAC disappeared after the hydrodesufuraatieaction,

which is expected. The reaction took place at°@2@emperaturet which CTAC can
easilybede-structurel. The carbon content of the samples can also be used to calculate the
amount of surfactant present in the synthesized catalysts.

The sultir 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 molybdenuturto su
ratio of 1/2, the amount of MoSpresent in each sample can be calculated. Assuming the
weight of the silica layer to be negligible, MaB Fe304 ratio was calculated for samples
and results are shown in Table 4.1

The measured BET surface areasev35.6, 78.8 and 63.24y for fresh CalCTAC, Cat

SDS, and CaR, respectively. Compared to the coated magnetite core5Qatand Cat

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

is observed in fresh G&TAC. This is due to the presence of CTAC in the structure of
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CatCTAC, which reduces the available surface area. This is confirmed by the increase of
the BET surface area of the @aTAC from 35.6 to 72.2 [Aig] after the activity test while
CatSDS and CaR 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 surfackarge 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 awléch 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 partitridbe 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 Mpyers on the magnetic grerties of magnetite, a
magnetization test was performed. The results are shown in HidgurBare magnetite
particles show the highest saturation value (76 emu/g) followed by SiO2/Fe304 (69 emu/q)
and MoS/SiO/Fes04 (59 emu/g). It is clear that the atidhal 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 negligib®ercivity. Maeover, 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.

Sulfur Carbon
MoS2/ specific Average
Sample [£0.1 [£0.1 Average slab
FesOs surface area number
wt.%0] wt.%] length [nm]
ratio [m2/g] of layers
Sio2/
- - - 61.2 - -
Fe304
Cat-
CTAC[a 4.9 7.7 0.16 35.6 42+2.1 1
]
Cat-
55 0.2 0.16 78.8 452 +£27.1 3.0
SDS[b]
Cat-R[c] 5.4 0.1 0.16 63.2 56.1+31.8 3.8

[a] CatCTAC -M0S,/SiO/Fes0O4 with CTAC; [b] CatSDS- M0S/SiO/Fe304 with SDS;
[c] CatR - M0S/SiO/Fe3O4 with no surfactant.
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Figure 4.1: Magnetization curves for FesOa (circle), SiO2/Fe3O4 (square) and

MoS2/SiO2/Fe304 (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 magneitite pag

a separate coating layer of silice6m 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 esetimagnetic
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 (FesOa4), b) silica coated

magnetite (SiO2/Fe30a), ¢) & d) Cat-CTAC, e) & f) Cat-SDS and g) & h) Cat-R.

Figure4.2 (e, f) shows th&&DSassisted synthesised Mo3Jnlike the CTACassisted
sample, the SD&ssisted Moscrystals 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
Mo$S; structure of CaR is shown in Figurd.2 (g, h). The structure of Me$ this sample

is similar to that of CaBDS; however, the average length and layers of slabs were found
to be slightlylarger The evidence may suggest that surfactant CTAC provides growing
sites for MbS and the scaffold effect of surfactant limits the aggregation of Mths.

When CTAC is replaced by SDS, SDS is not fully functional. It is due to the fact that SDS
is quickly thermally decomposed at 2@D during catalyst synthesis, which leads to
disappearance of scaffolding effects and crystal growing sites. Then,dijsgls start to

aggregate and become long and thick slabs.
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Table 4.2: Effect of the amount of CTAC on the conversion of Mo and the final pH.

pH of solution after

CTAC added [g] Mo conversion [%)]
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

Table4.2 shows the effect of amounts of CTAC on the conversion of Mo precursor (MoO3)
to MoS and the final pH of the synthesis solution. Mo conversion and pH of the final
solution were increased as the CTA@htentwas increased heincrease in pH is dectly

related to the consumption of HCI during the conversion of precursors te &sothe
reaction moves forward. CTAC shows a positive effect on the formation of bhgSals

from the precursors. As mentioned before, this positive effect can be oldigimeviding

suitable sites for the formation of Mp&ystalsthatalso enhances the supersaturation state

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

adsorbed surfactant, more nucleation can occur in teesfiep of crystal formation for

52



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 sordamt works as a barrier preventing
agglomeration of the formed crystals while in the absence of the surfactantcisials

can easily agglomerate to form longer crystals with more layers as evidenced by Figure
4.2.

Figure4.3 shows the effect of thereunt of CTAC on the crystal structure of the formed
Mo$; 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 Figure2 and4.3 for different amounts of CTAC (0.1,

0.75 and 6.5 @), it can be seen that increasing the CTAC increases the numbep of MoS
particlescrystallized 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 alsutaount

of surfactant present over the particles, parts of thexMigStals 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 MoS: 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 44. In DDS route, DBT undergoes directSCbond cleavage to form biphény
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(BP). In HYD raute, cyclohexylbenzene (CHB) is formed via first hydrogenation of DBT
to tetrahydrodibenzothiophen (FBIBT) leading tofurther breakage of S bond in this
molecule. The preference of HDS reaction for DBdtween these two routes mainly
depends on the typs the active catalytic material, additives or promoters to the catalyst
and supporf173. The results fohydrodesulfurization of DBT are shown in TaldS.

The main DBTreaction prodats were BP and CHB with traces of ABBT. 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]J/[CHBHDBT]) [174. Comparing the activity of Cat
CTAC with CatSDS and CaR, the DBT conversion over CAITAC (80%) is nearly
doubled when compared to the other catalysts (45% foiSO& and 35% for CaR),
showing significantly higher activity of G&ZTAC in HDS of DBT. The small size of
Mo$, crystals and their high dispersion in @AIAC 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\mali¢o be active for breaking the&bond of

sulfur containing moleculdd.75. The considerably higher amount of DDS product (BP)
over CatCTAC also points toward the same reason for higher activity oiCTAIC.
Compared to CaR, CatSDS shows slightly higher activity. SDS is probably playing the
same role as CTAC, however as nemtd 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 fHEM 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.

/DBT\

BP THDBT

gb

CHB

Figure 4.4: Simplified reaction pathways for hydrodesulfurization of DBT.

The ratio of DDS to HYD reaction routes for @atAC, CatSDS, and CaR were 28.4,

8 and 3.7, respectively, showing predominant DDS pathway especially f@T@a&. The
DDS/HYD ratios over Mo$ catalyst, with or without any support, generally fall in the
range of 0.12 to 2 in the literatul, 112 176179 The ratio for Mo$ prepared by in

situ decomposition of thiosalt was found to bl29 It is shown that agglomeration of

Mo crystals promotes the HYD reaction ro{d&80, 181] The TEM pictures of the prepared
catalysts show that compared to CaRAC, CatSDS and CaR 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.

Products
DBT DDS/HY
Catalyst BP [CHB+THDBT]
conversio D
Amoun Selectivit Amoun Selectivity
n [%] Ratio
tlppm]  y[%]  t[ppm] [%0]
MoS,/SiO/Fes
Oswith CTAC 80 7468 96.6 263 3.4 28.4
(CatCTAC)
MoS,/SiOx/Fes
Oswith SDS 43 3648 88.9 456 11.1 8.0
(CatSDS)
MoS,/SiOx/Fes
Oswith no 35 2645 78.1 715 21.9 3.7
surfactant

lal Reaction conditions: 1 wt.% DBT solution reacted for 1 hour at 320 °C and 3.5 MPa H

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 CaCTAC dispersed in model oil after 1 hour of HDS reacfieft) 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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(@) (b)

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 superparamagneticidas8d 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 surfactar@T@at
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 ofMofStals in CaCTAC. 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 thamumbers
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 speegl of MoS

production from its precursors through providing abii¢ sites for the crystals to grow.
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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 aneheatrg oils in slurry

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

of MoS: in hydrodesulfurization of Dibenzothiophene

5.1 Introduction

We previously reported a Me$atalyst with magnetite particles as core material which
showed excellent capaityl of hydrodesulfurization via the DDS pathwa&ye believe that

this catalyst can help us better understand the HDS process overIMd8s study, we

used the same catalyst in line with other catalysts to better understand the rpkndf H
H>S in hydrodesulfurization over MeS We also made an attempt to address the
disagreement in the literature concerning the typesctive sites involved in the HDS
process over Ma$S 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 thecsuifaining

model compound.

5.2 Catalyst Synthesis

Briefly, sodium sulfide (0.21 g of, nonahydrate ¢ays) 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 HCI (0.4
ml, 4 M) were added. Different amount (0, 20, &@d 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 ad¢erhorizontally 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 Mo Mo&-20M, MoS-50M, and Mo%-100M based on the amount of
magnetite added during the preparation. Two other samples were also prepared by simply
mixing 50 mg FeO4 and 50 mg Fe powders with the synthesized Mafalyst and called

MoS-MM and MoS-Ml, respectively.

5.3 Results and Discussion

Table5.1 shows the properties of the fresh and treated.Mo8 Mo0S3-100M catalysts.

The freshly prepared catalysts were put through a treating procedure described in the
experimental section to remove the surfactant from the catalysts anthter 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 structurbe specific surface area of the
samplesshowsa great improvement for the treated catalysts compared to theofresh

with 19 and 1Zold increase for MofSand MoS-100M, respectively.
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Table 5.1: Properties of the fresh and treated MoS2-100M and MoS: catalysts.

Average
Sulfur Carbon Specific Average
S/Mo slab
Sample content (x| content (x surface area| number
ratio length
0.2 wt %) | 0.2 wt %) (m2/9) of layers
(nm)
Fresh
MoS,- 9.8 16.4 1.81 18.2 3.5+1.3 | 1.2+0.2
100M
Treated
MoS- 16.6 1.7 1.82 216.4 6.5£1.6 | 2.3t1.5
100M
Fresh
21.0 34.0 1.85 24.3 3.6£1.5 | 1.31+0.2
MoS;
Treated
30.8 2.1 1.87 474.7 6.1+1.7 | 2.240.8
MoS;
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Figure 5.1: TEM images of MoSz, a, b) fresh and c, d) after treating.

Figure 5.1 shows the TEM images of Md&fore (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
MoS; approximately inceased by 60% and the average number of layers increased from
1.3to 2.2. A similar increase in the length and thickness was also observed fet 0005
catalysts as shown in Figube2. These treated catalysts were used in the following HDS
activity tests The treated catalysts show the same average slab length and average number
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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 Mofcatalyst as an interfering factor can be neglected.

100 nm

Figure 5.2: TEM images of M0S2-100M, a, b) fresh and c, d) after treating.
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Figure 5.3: Possible reaction pathways for hydrodesulfurization of DBT.

5.3.1 Reaction routes over MoS:2 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 reactiaretwork for these HDS
routes. In the DDS route, DBT undergoes dire€® Gond 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 tetrahydrodibenzothiogfi¢iDBT)
and/or hexahydrodibenzothiophene (HHDBaNnd further breakage of-§ 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 cyclohsxayclopentylmethyl
(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 catalydtsaippor{183.
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Figure 5.4 shows the DBT conversion and product distribution of Mc&alysts with
different amount of magnetite particles. The mass ratio ofz-M@&odel oilwaskeptthe

same for all the catalysts. The selectivity of the isoredrjroducts is shown in Figure 5.5

The DBT conversions for MeSLOOM and Mo$ catalystsare 48 and 63 percent,
respectively. The DBT conversion for M@50M and MoS-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 decnedke 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 Md®0M to 11% for MoSwith no magnetite core.

A reverse trend can be observed for hydrogenated prodGét8,(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 Md@M and Mo%50M. 3.5% and

5% of selectivity on BCH was observed over M@BM and MoS catalystsThis clearly

shows that the presence of magnetite particles in the sasfypiesthe 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).

66



90
80
70
60
50
40
204

30

20

DBT conversion or Selectivity (%)

938
6.3

7 4,

173 3.12,5 282433, ¢, . 35%% ¢

FaEd F,%ﬁ A= E\qg 3
DBT conversion THDBT HHDBT CHB BCH

10 °

EMoS2-100M EMo0S2-50M ®EMo0S2-20M BEMoS2 BMoS2-MM & MoS2-Ml

Figure 5.4: DBT conversion after 2h of reaction and product selectivity at 50%
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5.3.2 Inhibiting effect of H2S on DDS pathway

Different amount of S gas was detected at the end of reactions for each sample. While
no HS was found for Mo£100M, M0S-50M, MoS-MM (MoS: mixed with 50 mg of
magnetite) and MagSMI (MoS2 mixed with 50 mg of iron powder) samples, 0.62 and 1.8
pmol of HbS was detected for MeR0M and Mo$S samples, respectively. The main
reason for the difference between thgSHontent in each sample can be related to the
ability of magnetite particles @adsorb the produced.8 from the gas phase. Considering
the reduction in BP and increase in the HYD selectivity with the decrease in the amount of
magnetite, it can be concluded thatBHthas an inhibiting effect on DDS reaction pathway.
The distribution ofproducts in the HDS of DBT over Me$atalyst at different reaction
times also confirms this effect ob8. These results are shown in T2 At 0 min (after

the heatup 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
thatwas 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 éyalied)
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 th&ldoncentration is lovittle hydrogenated
productsare generated. As the reaction proceeds th8 Ebncetration 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 thentcanoe of BS
increases, all evidences indicate thaSHhas an inhibiting effect on the desulfurization

sites over Mogcatalyst.
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Earlier reported results in the literatyrdd, 43, 184, 185 also demonstrated that8lis a
strong inhibitor for the DDS pathway in HDS of DBT over Ma&talyst while only weak
inhibition effect has been observed for HYD pathway. DFT studies by Logadattir et al.
[186 showed that the adsorption energy ofSHon both Mo and S edge is similar
suggesting that the adsorption oSHis equally likely onboth edges. However, the

dissociation of HS on the Sedge was found to be highly exothermic which suggests a

Table 5.2: Product selectivity (%) over MoS: catalyst for HDS of DBT after 0 and 30

min of reaction.

M0S2-0 min | M0S-30 min | MoS-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 51
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&lge sites, explaining the stromdpibition effect by HS over

the DDS pathway.

The highly favorable DDS pathway over MeB)OM 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 efff¢he HYD pathwayghouldhave been more
favorable on MoS100M. The STM imaging has illustrated the presence-aified brim

sites with metallic characteristics near the-btige and on the basal plane of M§Z7,

31, 187]. These sites were found to be active for hydrogenation and possibly
desulfurization. As the basal plane in Mas fully saturated, the ¥ can only weakly
adsorb on brim sites and therefore it does not affect the hydrogenation at this point.
Mol ecul es adsor pt i on-bohding dnth lzesaase of itheirepesitians t hr
even large molecules can easily adsorb tedlstes without any steric hindrance effect.

For hydrogenation to take place on the coordinatively unsaturated sites at the edges through
Tebonding, at least two free neighboring sites should be available which is found to be

thermodynamically unfavorabfer MoS; [188-19Q .

5.3.3 H2and H2S dissociation and involved active sites

Mo$S; consists of layered hexagonal sheets-d4@&-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 (@) Mo-edge and thepQ10 ) Sedge[191]]. The results of

a DFT study for HDS of Thiophene on Mo&atalysts at realistic cortdins 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 scission reaction can occur at bttt Mo and S edges; which
edge is preferred depends on the reaction conditions. Specificallygcssion preferably
occurs at the M@&dge at high B partial pressure and lows Hressures (2 < 80 bar and
Pu2s > 0.1 bar), whereas theesige is more aiste at low BS partial pressure or high,H
partial pressures. This is due to the presence of different forms of adsorbed hydrogen and
the resulting changes in the availability eé@ge vacancy sites, which exhibit a low barrier
for S-C cleavage[197. It was also found that the electron badknation from the
adsorption sites to the adsorbed thiophene molecules is much strongedga than Mo
edge. Such electron badonation is suggested to play a role in the activity of the edge
sites since it may resuh a distortion of the thiophene ring, which can strongly activate
the adsorbed thiophene toward the following reacti8iisl 93 . Based on these previously
published results and the reaction conditions in this study (lgsvgdrtial 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;Matalysts results in

the decrease of DDS activity and increase of the HYD. The inhibition of DDS pathway
was correlated to the presence eblthatcanbeadsorledat the active sites for DD&8hich

are the unsaturated sites at@je 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 of3Hwhich can create acid siteser MoS catalyst,
through reaction with E@s. This seems unlikely as the findings in literature show that
absence of k6 has a small effect on the HYD pathway. Second, themml of H from

the MoS to FeOs particles as these particles can consunydrogen to reduce to Fe.

Different studied194, 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 (HD2 and HBS/D:;S) of hydrogen adsorbed on the surface of the sulfided
NiMo/Al203 catalys{196]. To test this theory, Me®atalyst was mixed with iron powder
which can only adsorb 3%, and therefore hydrogen remains available for the
hydrogenation reactions. Figure SHows the results for HDS of DBT over MaoSixed

with 50 mg of Fe (MoZMI). As anticipated, in the presence of Fe, the amount of BP
produced was increasedmpared to MogScatalyst This shows an increase in tendency
toward the DDS pathway which as mentioned before is due to the adsorptigh lof IFe

particles.

When compared to MeSLOOM, MoS-MI also shows high affinity toward the HYD
pathway which proves our assumption about the hydrogen as the main source of
hydrogenation over MaScatalyst. However, the 7% difference in the amount of the
hydrogenated products (CHB and BCH) between Ma&d MoS-MI catalysts and the
difference in the selectivity of the hydrogenated products between MabMoS-Mi
catalysts, suggests that>$ may also play a role in hydrogenation. Moreover, the
selectivity ofthe isomerized compounds shows a significant increase with the increase in
the HS content. S can dissociate inteSH and-H species over CUS sites converting
them into Bregnsted acid sitdd2, 197]. These acid sites can therefore increase the
hydrogen#ion ability of the catalyst. The role of.H 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 theincrease in hydrogen over the surface of the catalyst or presence of #8ase H
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the reason for this increase. Considering the fact that no trace of BCH was found over
M0S;-100M and Mo2-50M catalysts wheH:S is absent and the low selectivity of BCH
overMoSy-MI catalyst wha HS is also absent, it can be concluded th#g I the main
participant for the production of BCH. The process for BCH production can be both
through the production of higher amounts of HHD®/hich further desulfurizes to BCH
and/a through direct hydrogenation of CHB. Following the same reasoning, it is clear that
CUS sites covered with dissociatedSHare the main sites for isomerization. The only
exception can be the production of CPMB which is detected even overMO$! and

with high selectivity over MogSMI. The formation of CPMB can be either over the HYD
sites or parts of the 43 can dissociate over the CUS edges of the catalyst (even in the
presence of magnetite particles) resulting in the formation of this compound fr&n CH
Although no HS is available over MaSMI catalyst, the HDS results show the presence
of isomerized product#side fromthe dissociation of £, the Brgnsted acid sites can be
created through dissociation of Biver the edges of MaSThis will createthe same-SH
groups that b5 dissociation at the edges would produce. However, there is a noticeable
difference in the selectivity of the isomerized products over M2%.5%) and MoZMI
(8.5%). Considering the 8.5% selectivity throughpfioduced acid ites, 15% of the
selectivity for isomerized products can be attributed to ti#pgoduced acid sites which

is almost twice the amount forkbroduced acid sites. The first reason for this can be found
in the different dissociation energies ofHHbond (4% KJ/mol) and HS bond (339
KJ/mol). Higher HH bond energy makes the dissociation ehtbre difficult. The second
reason is that upon dissociation ofS;the oxidation state of the adjacent Mo atoms will

be increased to +4. On the contrary, the dissociaf H. 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 Bihd BS dissociation.

As mentioned before, the addition of Fe to Ma&reasedhe yield of BP, however, the

yield of BP over MogMI was lower than Mo2100M 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 sitehidBT, and they are found to be
more reactive than DBT for desulfurization over Me@Specially in HS-free environment

[185. The higher selectivity fanydrogenated products (CHB and BCH) compared to BP
over the MogMI 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 maywahto CHB. To test this theory, 0.5 wt% BP
model oil solution was tested in the same HDS conditions as DBT overddtabyst. The
results showed 8% conversion of the BP to CHB. Therefore, as the effect of hydrogen in
the reactions increases with the uetion 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 pentage of these molecules to CHB.

Considering the inhibiting effect of 28 and the available sites discussed above for the
hydrogenation and desulfurization, the activity of the catalysts toward HDS of DBT can
also beelucidated The presence of magnetis the support and its synergetic effect
significantly influences the activity and selectivity of the catalyst. For Md®M and

MoS2-50M catalysts, the adsorption of the dissociated hydrogen atoms from the catalyst
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by magnetite particles and the lowar for SC bond cleavage over theefige 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 catalysto have high tendency toward DDS pathway while maintaining its high activity.
For MoS-50M catalyst, the lower amount of the magnetite particles present reduces the
contact area between the Mafhd 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 Me20M catalyst, part of the M@$s in contact with

the magnetite particles while the other part is mostly free of any contact with the magnetite.
Therefore, he former acts in the same way as the M@ catalyst and the latr works

in the same way as Me8atalyst. The increase ingiHYD activity increases the overall
activity of the catalyst. As for MaSthe brim sites will be fully functionalized by the
complete presence of the dissociated hydrogen, compensating the inhibiting effect of the

H>S on the activity of edge sites.

The DDS pathway on the-&lge works through the adsorption of the DBT via its sulfur
atom [19§. 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 Md®OM catalyst. This catalyst is in a hydrogen
deficient state de to the spilover 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 foundn the adsorption energy of the DBT molecule on the main HYD-¢llige brim)
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and DDS (sulfur vacancy at theedge) sites. A DFT study by Lauristen ef2l] shows

that the adsorption energy of DBT ¢hu g Hbonding over the Mo edge brim sites with S
monomers is nearly0.1 ev. In another DFT studiy99, the adsorption energy of DBT

over sulfur vacancies was found to-Beb ev. These numbers clearly show that adsorption

of DBT on sulfur vacancies at theefige are more stabikan 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 hydrags 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 puect 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 adsorptioa®bid magnetite

yields a highly reduocte atmosphere. The H bond at the #ldge is found to be nearly
twice weakerthan the bond at the -8dge at low HS. This means that hydrogen
displacement on th&-edge in such environment will be slow@92 200. More stable
hydrogen on th&-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 Did8 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 Mo$S catalyst, one for desulfurizaticand the other one for HYD. However, in the
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presence of b5, 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 i can dissoate on both Mo and-8dges of the MoScatalyst, HS can only
dissociate on the-8dge. 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 Hz pressure

Figure 5.6 shows the conversion of DBT for Mp&nd MoS-100M at different H
pressures. It is clear that the increase in thpreissure results in the higher conversion of
DBT. Figure5.7 shows the selectivity of products for Mo&atalyst. As the pressure
increass, 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 th@idssure and the activity and seleityi

of the Mo$S catalyst up to 24 bar. This increase can be related to the increase in
hydrogenation ability of the catalysts with more hydrogen dissociation at tredlyoand
increase in the vacancy formation by the addition of more hydrogen tedtigeDf the
catalyst. The selectivity of the products for the MA80M catalyst is shown in FiguEe8.

Unlike MoS, the selectivity of the products remains constant over the first pressure range
(7-24 bar) with BP as the main product with 90% selectivityis can be due to the
adsorption of the H atoms by thesBe 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 shdedinefor the H pressure range

of 24 to 41 bar compared to the 7 to 24 bar range over.Modifferent trend is observed
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for MoS-100M in which the selectivity of the CHB increases after being constant up to 24
bar. These results point to the presence of a differpatdi/hydrogen over Ma&t higher
pressures (over 24 bar) that is active for hydrogenation/isomerization as well as
desulfurization over the-8dge. It is found that unlike the Mo edge, hydrogen can adsorb
in excess (more than one H atom per S dimerthers edge and the binding energy of H
decreases for the extra H atoid®2 201]. The required energy for the hydrogenation
reactions or vacancy formation at the S edge depends on reddure. High Hpressure

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/isomerizatictiore

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 concladegditngercan be
activatedin three different ways. First, the dissociated hydrogen present at tHesldéo

can be considered accountable mainly for the hydrogenation process. Second, the loosely
bonded hydrogen at the -¢8lge can be considered to work fothe
hydrogenation/isomerization and possibly desulfurization. Finally, the strongly bonded

hydrogen at the-8dge is mainly responsible for desulfurization.
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5.4 Conclusion

To better understand the role of &hd BS and the involved active sites in the HDS of

DBT over the Mo$ a series of catalysts were synthesized instiidy 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 ratioOur results evidenced that
desulfurization and hydrogenatiomok place at two differentain 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 MaeSLOOM catalyst was explained by the difference between

the adsorption energies DBT over CUS and brim sites as well as the movability of the

80



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 ofShenH

the DDS pdiway and the competition between the DBT and its hydrogenated
intermediates for the desulfurization sites. WhikStdhowed an inhibiting effect on DDS
pathway, it promoted the conversion of CHB to B@y. increasing the pressure of H

from 7 to 41 bar, th conversion of DBT increased for both Mo&hd MoS-100M
catalysts. This was related to the increase in vacancy formation atetthgeSwvith the
increase in the fpressure and the formation of weakly bonded H atomsias found to

play three distinctiveroles. At Mo edge, for hydrogenation, and aedge 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 ithe presence of13$, the desulfurization sites have the ability to transform

to hydrogenation/isomerization sites. Bothahd HS showed acid properties over MoS
capable of isomerizing the main HDS products. However, the results showed that the
creationof acid sites were more facile throughS-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 Hz and HzS over NiMoS and the effect of Ni

loading

6.1 Introduction

We previously reported a Me$atalyst with magnetite particles as core material which
showed excellent capability of hydrodesulfurization via the DDS pathiwdlye previous
chapter, v studiel the activation of Fland HBS over Mo$ and the involvedictive sites

using a series of catalysts with and without magnetite. 8eebelieve that this catalyst

can also help us better understand the HDS process opeoibdted Mo% In this study,

we u®d 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 proge=s# different edges. We

also made an attempt to investigate the role paltl BS in hydrodesulfurizgon over

NiMoS.

6.2 Catalyst synthesis

To synthesizehe 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 precursaetxh different Ni/(Ni+Mo) molar ratios.

The prepared samples were nameNyMoS; 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 (namedMNi)MoSz-1) were also prepared by adding 50 mg Fe

powderto the synthesized MeSatalyst.
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6.3 Results

Figure6.1 shows the TEM images of the fresklynthesized.35 NiMoS catalyst. It can

be seen that the catalyst is well dispersed and is consisted of mainhysta¢ slabs, and

ca. 3.5 nm in length. Othegnthesizedamples also showed the same strucitiie good
dispersion of the catalyst can be attributed to the presence of surfadsstrircture. We

had foundearlierthe importance of applying a suitatsurfactant which can prevent the
excessive agglomeration of crystafs the catalyst. The surfactant can also assist
anchoring and dispersing the catalyst to the surface of the magnetite particles. To remove
the surfactant from the catalysts that ddock 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 procacisieown in Figure

6.2. All the catalysts showecearly the same degree of agglomeration after the treatment
procedure increasing their crystal length by 40% and the number of layers by 50%. Further
studiesof the catalysts after the HDS reactions showed no significant change in their crystal
structure.This providesa good referencéor comparing the catalysts as they all have
similar crystal structue In all of the catalysts the only detected phémend by EDX
analysis was NiMoS with 0.65 NiMoS as an exception. Ni sulfide phase was detected in

this sanple which is circled in the corresponding TEM figure (Fighi&e).
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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, ¢) 0.35, d) 0.5, e) 0.65.

Table 6.1:Physical properties of the samples after the treatment.

Specific Pore Average Average
Sample  Ni/(Ni+Mo) surface area  volume particle size number of
(m?/g) (cm?/g) (nm) layers

MoS. 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
0.2NiMoS 0.2 310.5 0.69 6.0+1.7 2.1+0.9
0.35 0.35 224.5 0.58 5.4+1.7 1.8+0.9
NiMoS
0.5-NiMoS 0.5 138.2 0.41 5.3t1.6 1.7+0.8
0.65 0.65 195.8 0.78 6.1+2.0 1.7+0.7
NiMoS

The properties of the catalysts after the treating procedrgeshown in Table6.1.
Unpromoted MoSshowed the highest specific surface area (474/@)rand pore volume
(0.86 cni/g). With the addition of the promoter (up to 0-BMoS), the surface area and

pore volume decreased as the amount of promoter in the sample increased. The reduction
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in surfa@ area and pore volume in sulfide catalysts after the addition of promoter was also
reported previouslj202, 203.

Based on the isotherm curvésdure6.3a), Type | 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 incrasing (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 smdlshoulder around 3 nm (Figure 6)3

The XRD patterns of the prepared unsupported NiMoS catalyst series are shown in Figure
6.4. All unsupported Mebased sulfide catalysts exhibited broad diffraction peaks,
indicating a very poorlgrystallized Mo$ structure, particularly when the promoter was
presented. No trace of any Ni sulfide phase was detected in any of the samples except for
the 0.65NiMoS. Peaks corresponding to hexagonal NiS phase was found in this sample.
In most cases, thternary MeNi—S phases could not be identified. This could be due to
the fact that there is overlapping of diffraction peaks from Mar& Mo-Ni—S phases.
Another possibility could be that the active structures{NleS phase) are possibly nano

crystallites and very small in size which cannot be characterized by[284).
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Figure 6.4: XRD patterns of unsupported MoS2 and NiMoS catalysts with various Ni
loadings.

The reaction pathays 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 @iekéB,

CHCPM, and DCPEare also formed abke 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 °C for 60 min.

catalyst MoS; NiMoS
Ni/(Ni+Mo) 0 0 0.1 0.2 0.35 0.5 0.65
DBT Conversion (%) 63.0* 23.7 473 524 581 66.3 30.8

Selectivity (%)

BP 111 291 263 291 329 344 41.3
CHB 471 349 449 493 508 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 14

a) After 2 hous of reaction.

Table6.2 shows the activity and selectivity of the products foruhgupported MoSand

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 catalyse 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% fop Mo& .3%

for 0.1-NiMoS catalyst. The activity of the cayats 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 dDBT. All of the catalysts show dominant HYD reaction

pathway with the highest HYD/DDS ratio of 2.7 found for -BliM0S. At higher
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conversions (after 2 h of reaction), the HYD/DDS ratio over Me&s found to be 11.1
when this ratio over 0-BliMoS (the sameonversion) was 2.0.

The significant increase in the catalytic activity of M@®th the addition of Ni promoter

has been reported by many researchevgasfound that with increasing the concentration

of the promoter, the activity of the catalyst iease 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 G4 Ni(Co)MoS catalystf21, 205. For unsupported
catalysts, this ratio is reported to be in thege of 0.3.5 for CoM0o§ 203, 206 and 0.4

0.5 for NiMoS catalyst$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 °C for 60 min.

catalyst MoS-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 MoS2-1 and NiMoS-1 catalysts with various Ni/(Ni+Mo)
ratios at 3.4 MPa and 320 °C for 60 min.

catalyst MoSe-| 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 14

The activity and selectivity of the products for Mcaghd NiMoS catalysts supported on
magnetite particles is presented in Tah8 The DBT conversion over 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 ohthlysts 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 conversiosiover the unsupported Me&nd NiMoS ctalysts after the addition

of iron werefound to be slightly increased with the same increasing trend (Bab)le
Selectivity for BP and CHB was marginally increased compared to the unsupported

catalysts while the selectivity of the isomerized products decreased. 0.68iIMoS
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sampledoes 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 MoSare the exposed Mo (or Ni, CO) cations or coordinatively unsaturated sites
(CUS) that are located at the edges and corners of the catays{Z}8 210. 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 thesé¢&sited 1]. The

basal planes of the sulfide catalysts are smmsred to be mostly inactive for
hydrodesulfurization reactions. The structure of Ma&s also been found as a determining
factor in HDS of sulfuicontaining molecules. This relation between the structure of the
catalyst and its activity was called Hedge model. It is proposed in this model that rim
sites (top and bottom layers of the Ma®abs) are active for both hydrogenation ari C
bond cleavageut edge sites (outer layers between top and bottom layers) are only active
in hydrogenatiofi80]. Some groups have also considered the corner sites as hydrogenation
sites where there is a higher probability for the formation of adjacent vacf2icke213.

For Ni-promoted Mo$ catalysts, the increase in intrinsic activity of the catalyst can be
mainly correlated to the formation of Ni(Gdo-S phase which is significantly more
readive than the pure Ma$hasg?21, 157, 214. In Ni-Mo-S phase, Ni atoms replace Mo
cations at the perimeter of the Mo8ysial 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
92



promoter atom to Mo weakens the Mobond strength to an optimum range for HDS
activity. This electron donation also increaghe 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-salled brim sites through STM
imaging has improved the insights into the nature of active sitddo-based sulfide
catalysts. Atonresolved images of unpromoted and Ni(podmoted MoS showed that

fully saturated sites near the edges of the catalysts have metallic characteristics and can be
active in hydrogenation reactiofi3l, 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) E2i@21§.

Direct desulfurization of sulfucontaining molecules proceeds through the sulfur atom of
the moleculen ¢ adsorption mode. I n contrast,
adsor pti on o f-elécthoa donation Fornuhle aromatic ring to the active site
[199 219. It is shown that adsorption over brim sitghich are considered active in
hydrogenation is also the same (flat adsorptj@4). Previous findings on the supported
NiMoS catalysts shows that the HYD/DDS ratio for these catalysts is generaily be
[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 carbe hindered. Figure.® 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 beteen an exposed Mo or Ni in the first slab of NiMoS catalyst to the support is
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lessthan 61 nm (the distance between two Mo atoms in adjacent layers of a stackid MoS
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 unsufr
(parallel to the support), however, is not affected in the presence of the support and
therdore 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 sideashthe

plane of catalyst and therefore reducing the possibility of molecule adsorption on the brim

sites.

HYD/DDS > 1
Easy access

Unsupported ,
\ NiMoS ’

Supported
<@, NiMoS 4@

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 Md®ws that
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both hydrogenation and desulfurization reactions wereaeced over the promoted
catalyst. The increase in BP selectivity with the increase in the Ni loading over unsupported
NiMoS catalysts as evidenced in Tablanay have two reasons. First, with higher Ni
loading, more CUS sites are formed due to the reduction 8 klend strength which also

aids in reduction of poisoning effect of$lon the catalyst. Second, rate of desulfurization

is higher over NiMo-S phases copared to pure MaSneaning 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 Niromoted CUS in the same period of time. For-Meonding
energies stronger than the optimal value, one can expect@heoBid cleavage to be the

rate limiting step in HDS reaction.

As we showed in the previous chaptéine main hydrogen provider for tf@mation of
CPMB from CHB is dissociated hydrogerile H>S playsonly a minor role.The same
conclusion can also be drawn here based on the comparable selectivities for CPMB over
MoS; and NiMoS catalysts with different Ni loading. The significant diffiee in the
selectivity of CHCPM and DCPE as isomerised products between Kadi®r 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 increaseNi(MieMo)

ratio can be attributed the difference isfHadsorption energies over metallic edges. Lower
acidic functionality of NiMoS catalysts is due to the lower adsorption energySfahkid

also weakerSH bond strength over these catalysts as eviddamcddferent studies (240

j/mol over MoS vs-170 j/mol over NiM0S]225-227]. Therefore, in reaction conditions,

H>S can be more easily desorbed from the surface of tpedsoted catalystsvhich can
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be translated as lower concentrationrBobnsted acid sites thare formedoy H.S 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 corgribut
factor to lower acidity of the Noromoted catalysts. Among the NiMoS catalysts, higher

Ni loading means that more of Mo atoms at the edges are refiigtled Ni. Higher Ni
dispersion at the edges will continuously remove the sites that have thg tabitie
converted tdBronsted acid sites. This is also evident by comparing unsupported NiMoS
with NiMoS-I catalysts. However, the effect offéld increase in Ni loading from 0.1 to

0.5 on acidity of the catalysts is much less noticeable than the azhditges from MoS

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 sémd 5
decrease in acidity from GNiMoS to 0.5NiMoS catayst.

(Ni)M0S2-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 Md@ catalyst. This increase isaimly
through formation of extra BP as (Ni)Mg®! 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 offo-S phase can shithe structure of

Mo$S; from truncated shape with mostly Mo edge to more hexagonal shapes with more of
accessible sulfur eddg@7, 22§. This change in the structure exposes more sulfur edge of
the catalysthatare considered to be mairdgtive in desulfurization and therefore results

in higher production of BP. For DBT conversion over Muasbe placed between NiMoS

catalysts (lower than 0.1,0iMoS and higher than 0:HiMoS), one can postulate that
96



Ni decoration of edges probably $tafrom the Mo edge and moves forward toward sulfur
edge as the Ni loading increases. The conversion of DBT over NMoS&talysts with
different Ni/(Ni+Mo) ratios showed a decreasing trend in contrast to what was observed
for unsupported NiMoS catalystBhis could be attributed to the decrease in the hydrogen
bonding energy at the edges of the Ma8talyst after the addition of Ni promoter as
evidenced by DFT studig84, 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 therefoesluce the activity of the catalyst.

6.5 Conclusion

A series of catalysts were synthesised through hydrothermal method in this study to
investigatehe effect of Hand HS over Nipromoted MoScatalyst. Different Ni/(Ni/Mo)

ratios of the catalyst were prmed and compared heta.comparisorto 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 si@furization. The increase in BP selectivity overgibomoted
catalysts and its increase with increasing Ni loading was assigned to the increase in the
concentration of CUS sites over the edges of catalysts, loy&pbisoning effects, and

the enhancemerof the SC bond cleavage through synergic effect ofMM-S phase.
Significant difference between the acidity of unpromoted angrbinoted Mo$ was
observed which was the result of lowesfSHbonding energy over the promoted catalyst.

From the small difrence 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 Me¥ after the addition of Ni was suggested to be due to
the strtural change in the catalyst to form more hexagonal shape and therefore exposing
more of sulfur edge. Based on the comparison between the DBT conversion foamdoS
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 redattian

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 4we succesfully synthesised a magnetically recyclable-MaB8ccomposite

with silica covered magnetite particles as the core and.Maflyst 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 excalbility in removing

sulfur mainly through direct desulfurization patway (DD&E showed that synergy effect
between the magenetite core and Mwafs the reason behind this preferential reaction
pathway. However, based on the feed type, the refinmaganeed to hydorgenate the feed

to some extentTherefore, a different core material with similar magnetic properties was
considered to increase the hydrogenation ability of the catalyst. Among different transition
metal calcogenides, Greigite @58 hasrecently found applications in electrochemistry,
biomedicine, and water treatmd229-232]. Because of its magnetic properties and the
presence of sulfur in its structure which can be better adopted wisuthided 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 theroaterial and Co or Ni promoted MpS
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 sulzontainingcompounds.

99



7.2 Results and Discussion

To prepare the composite samples in this workSfparticles were used as the core
material and a blankéype 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 greigdaagh the procedure described in the
experimental section. During the synthesis procedureglBased from the decomposition

of thiourea reacts with the k& nanoparticles on the surface of the spheres to produce
FesS4 nanoparticles. The XRD patternfed:O4 particles and the gzrepared F£54 product

is shown in Figur@.l1. All the peaks in the XRD pattern can be indexed to the cubic phase

of Fe&Ss and no characteristic peaks from impurities were det¢2&2i235.

Intensity (a.u.)

Figure 7.1: XRD pattern of FesO4 and synthesized FesSa.
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Table 7.1: Properties of the fresh samples.

Averag

Me/(M

Sulfur | Carbon Specific

o+ (Co/Ni)M | Average e
content | content surface
Sample . 0S/FeSs | particle | number
*02wt| (x02 | Me) area

ratio size (nm)|  of

%) wt %) (m2/9)
layers
FeSy - - - 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 0.25 194 0.45 3.6+1.8 | 1.3+0.5
NiMo/G 19.8 16.9 0.25 215 0.45 3.9+1.8 | 1.5+0.2

&Me/(Mo + Me) molar ratio based on EDX results (Me = Co or Ni)

Three different samples were prepared and compared in this study. These gfeel8pS
(coded as Mo/G), CoMoS/E® (coded as CoMo/G), and NiMoSAS (coded as
NiMo/G). Table7.1 shows the properties of the freshly synthesised catalysts. The carbon
contentof the samples can be attributed to the presence of the CTAC surfactant in their
stiucture. The measured BET surface areas were 17.8, 19.4, and?@lt6rrfresh Mo/G,
CoMo/G, and NiMo/G, respectively. The lower surface area of the samples compared to
the FeX 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 218 after the activity test.

CoMo/G and NiMo/G also showed nearly 4 fold increase in their surface area
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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 importancausinga 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 catalydtrough the hydrothermal process. These effects can be observed
from the TEM images of the catalysBgure7.2 shows the TEM images of the fresh and
HDS treated Mo3G (a,b), CoMo/G (c,d), and NiMo/G (e,ffrrom the images, the
structural difference betwa 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 |di®s sapproximately
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
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samples After the treating procedure, the catalysts were dotmbe 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.
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From the isotherm curves (Figufe8a), all catalysts indicate type IV adsorption isotherms
andexhibitthe hysteresis loop between adsorption and desorption isotherms in the range
of (0.4 to 1.0)s indicative ofmesoporosity. CoMo/G and NiMo/G catalysts show similar
pore size distributiowith bimodal mesopore peaks at around 2 nm and4wen (Figure

7.3b). 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 paticles. This type of pores can easily provide sufficient surface for catalytic
application.

Figure 7.4shows the magnetization curves measured at 300 K for #% &ed Mo/G
samples. The curves present no hysteresis loop, suggesting iBatpkdicles have
paramagnetic behavior. The saturation magnetization values for:BxeaRd MoS/FesSy

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 effebie 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 Figuié5aand it is separatl afterwards wh an external
magnet (Figure 715. 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 sefgmcatalysts from the product stream by an

external magnetic field.
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Figure 7.4: Magnetization curves for FesSs and MoS2/FesSs 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.

Thereaction pathwagfor the HDS of DBTis shown in Figure 5.8P is produced through

DDS pathway and CHB is the main product of the HYD rot#DBT and HHDBT are
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the intermediates in the HYD pathwayPMB, CHCPM, and DCPE are the products of

the isomerization reactions.

The DBT conversion and product distributiortled prepared catalystseshown in Figure

7.6. The mass ratio of (Co or Ni)Met®-model oil was maintained the same for all the
catalysts. The selectivity of the isomerized products is shown in Figjdrdhe DBT
conversions for Mo/G, CoMo/G, and NiMo/se 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 ¢hsame. 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 M&Avas 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 tipgd¥inoted and
Co-promoted catalysts, respectiveljhe 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 litature describing the same promotional effect for Co and Ni in HDS of
DBT [41, 89.

The active sites for the unpromoted M@&eproposed 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 gés of the (Co/Ni)Mogcatalysts (called brim sites) were also
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found to be active for hydrogenation reactions. For Co grbinoted catalysts, the Co(or
Ni)-Mo-S phase is considered to be the active ppage In this model, small MoS
crystals with the promoter atoms located at the edges of the IE@Bs in the same plane

as Mo are considered to be the building blocks for Co(orNW3)}-S strictures. The
promotional effect with the addition of Co or Ni is believedb® due tothe electron
donation from the promoting atom to Mo atom, weakening theS\Mbmnd strength to an
optimum range for HDS activitid, 29].

The presence of isomerized products in the samples suggests that acid sites are present on
the surface of the prepared catalysts. The results shomtH&S$ 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 creaighl 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 attribuatedo the dissociation of hydrogen sulfide.The digation of BS can increase

the acidity of the catalyst by converting the CUS sitesSbl. These-SH groups are
considered to be active in hydrogenation and isomerization reactions over the catalysts.
The acidic nature of these groups, however, depemdstcelectron affinity and the bond
strength of metakulfide [23€]. If the metalsulfur bond is strong (as in M@Sthe—SH

groups act as Bronsted acid acites while in the presence of a wealsutietabond they

act as nucleophilic centef$93 237, 238. As mentioned before, the promotion effect of

Co or Ni is through reducing the megallfur bond strength. The stronger bonds in Mo/G

implies that the-SH sites createdy H>S dissociation are acidic over this catalygtile
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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.
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Figure7.8shows 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-methyt3-(3-methylcyclohexl-en1-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 ((cytiehex
yl)benzene) is an intermediate in fortoa of CHB from THDBT. (cyclohexi-en-1-
yh)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 (cyclohexl-en1-yl)benzene plays ele as an intermediate in the formation of CHB.
HHDMDBT can undergo € bond cleavage to form MCHT and/or DMBCH after
hydrogenation. MCHT and DMBCH can be isomerized técyclohexylmethy4-
methylbenzene (CHMMB) and (tyclohexylmethyh3-methylcycloheane (CHMMCH),
respectivel y. CHMMB can be further i son
methylbenzene (CPEMB) which can be converted to fortyBopentylpropyl)benzene
(CPPB).

Figure 79 shows the DMDBT conversion and the selectivity of the main predwer 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 thedysds

in removing the sulfur from the molecules. The DDS/H¥dlio 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 catalystda@d

has the highest affinity toward the DDS pathway with 34% selectivity for DMBP. The

selectivity of the isomerized products is shown in Figut® 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 &iMo/
respectively.

Studies with model compounds have shown that DDS pathway is the preferential route in
HDS of DBT with Co and Npromoted catalyst$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 W be shifted toward HYD, making it the dominant ro(&2, 24Q.
Hydrogenati on of DBT an éonBimdithThe camlystrvéhilen | y t
the hydrogenolysis is througitadsorption via the sulfuatom of the molecul§43]. The
difficulty in converting the alkykubstitued 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
o-adsorption. The partial sagtion of one of the ringsy Tebonding which is not sterically
hindered in these compounds changes the spatial configuration of them, thus reducing the
hindrance effecand renderinghem more flexible and accessible to the reaction sites of

the catalysf241].
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after 2 hr of HDS of DMDBT.

It is suggested that the change in the preferential reaction pathway by the addition of alkyl
substitutes to DBT is mainly due to the sever inhibitiontlee DDS pathway anthe
presence of these alkyl groups hardly affect the HYD pathway. The difference between the
reactivity of DBT and DMDBT was related to the selective promoting effect on DDS
pathway for DBT[41]. While this agrees with our results for the promoted catalysts, Mo/G
shows an opposite trend. The selectivity of the DMDBT through DDS pathway was found
to be higher over this catalyst than DBT. It seems that active sites for hydrogenation of
DBT and DMDBT are differentin this catalyst, allowing better hydrogenation of DBT.
This can be due to a special synergic effect between; Mo& the greigite core. The
addition of the promoter to the Mo enhances the rate-8fllond cleavageavhich is the
ratelimiti ng step in desulfurization of the DBT and DMDBT over the Mo/G. This results

115



in higher DDS activity over the promoted catalysts in case of DBT and for DMDBT, it can
alsoincrease the rate of conversion of the hydrogenated intermediates which are more
accestble 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. Téis lwe

due to the hindrance effect of the DMDBT and its hydrogenated intermediates compared
to DBT due to the presence of the allgbstitutes which makes the finalSond cleavage

step more difficult in case of DMDBT.

The stability of the Mo8FesSs 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 eadreycle
shown in Table7.2. As a comparison, similar experiment was performed using the
composite containing magnetite cores (M&&0.). Table7.3 shows the recycling results

for this composite.

The results for Mo8FesS4 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 whicbaesse
different synergic effects with the sulfide catalysts. For Me&0Os, the selectivities
indicate a shift toward HYD reactions after tHeécle. 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 0BT conversion and selectivity of the
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hydrogenated products and isomers was observed and the values only showed a slight

change after the'Bcycle. After cycle 3, the catalyst had lost its magnetic properties and

could not be collected by the hahdld manet (the catalyst was separated through

centrifugation).

Table 7.2: DBT conversion and selectivity for 7 cycles in HDS of DBT over

MoS2/Fe354 catalyst.
Cycle
1
DBT
conversion o
THDBT 6.8
HHDBT 3.4
CHB 49.6
BCH 4.0
BP 23.8
CPMB 5.3
DCPE 1.4
CHCPM 5.7

Cycle

49

5.4
2.5
48.9
4.1
25.7
5.8
1.6
6.0

Cycle

56

6.1
2.9
48.2
4.5
26.0
4.9
1.8
5.6

Cycle

54

4.4
2.0
48.5
4.5
26.1
6.3
1.7
6.5

Cycle

49

3.9
2.3
49.3
4.7
24.6
6.7
1.8
6.7

Cycle

50

3.5
1.9
49.9
5.0
24.2
6.8
1.8
6.9

Cycle

51

3.4
2.0
49.0
5.1
24.5
7.0
1.9
7.1

Table 7.3: DBT conversion and selectivity for 7 cycles in HDS of DBT over

MoS2/Fe304 catalyst.
Cycle
1
DBT 48
conversion
THDBT 1.7
HHDBT 0.0
CHB 19.4
BCH 0.0
BP 77.0
CPMB 1.9
DCPE 0.0

Cycle
2
50

1.4
0.0
17.1
0.0
79.9
15
0.0

Cycle
3
47

1.6
0.0
18.3
0.0
78.3
1.8
0.0
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Cycle
4
58

3.6
1.4
32.0
0.3
58.1
3.5
0.5

Cycle
5
65

2.3
1.4
48.6
2.4
34.5
7.0
0.6

Cycle
6
63

2.0
1.1
47.2
3.1
34.7
7.5
0.7

Cycle
7
62

1.4
1.1
48.4
3.2
33.5
8.0
0.7
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Figure 7.11: XRD patterns of treated MoS2/FesO4 and after cycles 1, 3, 5, and 7.

To investigate thehanges in the crystal structure of the MB&0s sample, XRD test

was performed (Figuré.1]). 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 tffecgcle is reduced. At cycle 5, the magnetite peaks

are replaced by pyrrhotite (f%) indicating the change in the magnetite particles via
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adsorption of HS gas produced as the result of HDS reaction. The irdngaeaalso 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, tideinsity 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 counterpattiring our reaction conditions after 7 cycles of

HDS of DBT.

7.3 Conclusion

We have demonstrated the preparation of unpromoted and promotegbhkEsl
composites with magnetic properties through a facile procedure. High activity toward the
refractory sulfir-containing compoundshigh stability, and the magnetic properties
associated with these nanomposites provides vital advantage for them as it allows easy
separation and reuse, which can be very useful in the processing of heavy ahdaxtra
crude ds in slurry reactors. Three catalysts were synthesized in this work, two promoted
catalysts (CoMoS/E&4 and NiMoS/FeSs) and one unpromoted catalyst (MiS:Sy).
Greigite (FeSs) 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 hilgest 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 Nipromoted catalyst. Mo/G showed higher tendency toward the HYD pathway with
DDS/HYD ratio of 0.31. Theelectivity 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 €8H groups formed through the dissociation e§tver

the CUS sites fothe promoted and unpromoted catalysts. In the presence of weak metal
sulfur bond as in promoted catalysts, the&SH groups were considered to work as
nucleophilic centers while over Mo/G with strong mesalfur 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 ¢ 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 thead$he F&Ss

core. The preference for the HYD pathway in HDS of DMDBT for the prepared catalysts
was correlatedo 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 MoS: supported on greigite

8.1 Introduction

In the previous chapter we successfully designed a series of magnetically recyclable MoS
catalysts, unpromoted or promoted with Co or Ni, with greigite cores for the dezatifur

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 catddgstin the conventional packéed
reactors to easily clog resulting in premature shut down of the $ulistituting the
conventional packetled 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 vegetabbpedsically in used
vegetable oils such as waste cooking oil can also cause the same issue irbpdcked
reactors. Another factor that can intensify this problem is the presence of glycerol in
vegetable oilsAccumulation of such a highly viscous liguitay also add to the clogging
problem of the reactor colun|i®6]. Co-processing of vegetable oils and heavy oil can
therefore become very costly in packeed reactors which are prone to clogging. Using
magnetically recyclable catalysts in a slurry reactor can be eeffestive 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 arableegis.
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8.2 Results and Discussion

The properties of the catalysts after the treating procedure is shown irBTllalllbe pore

size distributions are shown in Figul8d. We had shown previously the importance of the
use of a proper surfactant during ftyathesis 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 obsedvafter 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 Carbon Specific Average Average
content(x  content (+ surface areg particle number of
0.2wt%) 0.2 wt %) (m2/9) size (nm) layers

FesS - - 62.1 - -

Mo/G 41.1 15 216.5 6.5+2.0 2.3+1.5

CoMo/G 31.1 1.3 83.9 6.9+2.1 24+1.1

NiMo/G 27.2 1.8 82.8 7.2+2.7 25+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 Figure8.1 As the images show, parts of the small crystals of the fresh catalyst
join together to form longer multilayered slabs after the treatment. Ththlehthe 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 tatalgse found to be
structurally stable during the HDS reactions.

The XRD patterns of the preparecs&ecore, Mo/G, CoMo/G, and NiMo/G are shown in
Figure 8.2. All Mebased sulfide catalysts exhibited broad diffraction peaks, indicating a
very poorly crgtallized MoS 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 Me-Co(Ni)-S phases could not be identified. This could be due to the fact that
there is overlapping of diffraction peaks from Mo&d Me-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. Figure8.3 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/&ter 60 min it was fully converted

over all of tre catalysts. The yield of the products from the deoxygenation reaction over
the prepared catalysts is depicted in Fig8ré Beside the remaining stearic acid,
octadecanal and octadecanol were also detected as the oxygenated compounds.
Octadecane, octademe, 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 acidias 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 heptadeceatedifferent reaction times. Five different isomers of
octadecene were detected by -GS but only loctadecene and-&tadecene were
formally identified as the main isomers. Same observations were made for heptadecene.
Trace amounts of hexadecane and degane (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: Theyield 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 #D 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 praatt 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
[242244). It is also possible that the aldehyde intermediate remains adsombtke
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 defsorbdle 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 giefdoctadecanal and octadecanane
increased up to 40 min at high conversion levels of the stearic acid. At 60 min and in the
absence of the stearic actbe yields of both compounds wesgluced significantly. This
clearly points to the inhibiting effect of the carboxylic acid on thesfia@mation 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 competaidsorption 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 adig45y and is also confirmed in a DFT study by Dupont et al.
[246 showing stronger adsorption energy for propanoic afid% ev) compared to that

of propanal {0.38 ev) over Mo&catalyst. This inhibing effect was also reported in the
transformation of dibenzothiophene in the presence of the carboxylic acid over

CoMoP/AI203 catalyst247].
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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 carboxyliacid and the quantities of it were dependent on érfahe reaction (higher
guantities 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 lackof 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 wagas shift reactionréactionl) or into CH4 by

methanation reactiommgaction2).

#1 (P #/I1 (/1 (Reactionl)

#1 t( P #( c(/ (Reaction?)

The equilibrium reaction constant for equation 1 at our reaction conditions was found to
be 0.057 indicating that the watgas shift reaction is thermodynamically not favorable.
Considering the very small amount of CH4 produced, it can be concluded Ei@&t H
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 formatr@ptaidecane
through the decarbonylation of the aldehyde is found to be solely via thermal

decomposition and necatalysed245 .
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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:
theHydrodeoxygenation 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-pmgduct. Octadecanal can either transform to
octadecanoby hydrogenation or can directly form heptadecane through decarbonylation.
Octadecanol can go through deoxygenation by an elimination step to foctadecene

and water or through hydrogenation and dehydration to form octadeeactadecene can
undergothrough different isomerisation steps by double bond shifting leading to 2
octadecene and three other isomers, possibly 4, 5,-aothdecene. It is also important to
mention that the hydrogenation of octadecenes was inhibited in the presence cdatkaric

In DOC reaction pathway, stearic acid is converted to heptadecene through dehydration
and decarbonylation reactions forming@Hand CO as bproducts. Heptadecene can
further be hydrogenated leading to the formation of heptadecane. As mentionedthefor

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
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Figure 8.5: Comparison of the C18/C17 ratio.

Figure8.5 compares the C18/C17 ratio of the prepared catalysts. All the catalysts favored
the HDO pathway over HDC in the course of reactions. The ratio was increased for all the
catalysts as the reaction progressed showing higher affinity of the catalysts tdw@rd H

pathway. The results also demonstrate the higher C18/C17 ratio over Mo/G compared to
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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 HiQker

rate for the unpromoted catalys5|.

Figure8.6 shows the paraffin/olefin ratio for the catalysts at different reaction times. The
paraffin/olefin ratio wasdund 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 octadece. This ratio was increased after thevarsion of stearic acid

to 2.1suggestindghat 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 #®¢bGnd. 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 olefif24§.
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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 reactairamsm can follow

the similar way. It is now well accepted that the active sites over the 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 fudtb@xygenation reactions. The first step

in the proposed reaction mechanism is the heterolytic dissociation of hydrogen forming a
hydride ion bonded to a metallic site (M) and a proton that would bond to an adjacent
sulfur atom creating a sulfhydrdSH) group[195, 249, 25(. In the next step, stearic acid

is adsorbed to a sulfur vacancy site through its carbonyl group. Due to the acidic nature of
the sulfhydryl group, the adsorbed stearic acid could then be protonatedH3Hlgeoup

and this proton would be addexthe hydroxyl £OH) group. This lowers the bond strength
between the carbon and oxygen in the hydroxyl group. With this reductioi®id Bond
strength, stearic acid is then dehydrated releasut® & a byproduct. Hydride ion is
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added to the carbon atoim the next step forming an adsorbed aldehyde. This aldehyde
can follow three paths. First, it can undergo decarbonylation \@ak©nd cleavage to
produce heptadecane. This step might be via an attack from a basig-gited{acent to a
vacantsite)oh he hydrogen | ocated at the [RSIpositic
The remained CO is desorbed afterwards as -prbguct and the vacant sites are
regenerated. Second, it can follow the same prbyaoinide addition steps to form
octadecanol which was found in high yields and as a key intermediate in the products.
Octadeanol is further adsorbed on the catalyst and will under@old®nd 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 octadecanatrcan lat
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 théggromo
atoms forming Co(NiMo-S phases that are known for their synergy eff2t200, 252.

This synergy effect can play two distinctive roles in the deoxygenation process of
carboxylic acid. First, they can weaken the sufhaals bonds and therefore createre
vacant sites which can lead to higher activity of the cat@ys253. Second, they can
facilitate the crucial C=0 hydrogenation andCCbond cleavage in HDO and HDC

pathways by lowering the energy barriers for these $&&.
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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 lp/Goand

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 inarehsed

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©fliond. Both of thes@hibiting

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 consideréar 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 CNG
species with synergic effects drelieved to promote both-O hydrogenation of alcohol

in HDO route and € 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 oxygert#on 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 antiexisaoil resources as
substitute oil supplies. Heavier oil resources contain higher amount afitirap which

can clog the beds inside the traditional fixsztl reactors used for hydrotreating. Slurry
reactors are designed to deal with this problem using cheap material inthm@ugg put

mode as catalyst. However, the low activity of the catalgsiployed 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 ctatgs becollected using a
magnetic field and recycled back to the reactor.

Two different composites were designed. One with magnetite core angskieliSand

the second composite was consisted of greigite core and N{G8) shell. Both

catalysts showed high magnetization, easily adsorbed using @nblhchagnet. Both

were testedh the HDS of DBTand found to be highly activ€éormer 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/FeSs was found to have the highest activity in the hydrodesulfurizatiorSjHD
dibenzothiophene (DBT) and DMDBT followed by CoMoS%&eand MoS/Fes&s. 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
thedominant route in HDS of dimethyldibenzothiophene (DMDBT).

The composite with greigite core was also employed in the HDO of stearicTaed.
activity of the catalysts could be ranked as NiMo/G > CoMo/G > Mo/G. HDO was the
dominant pathway for all of theatalysts. As for C18/C17 ratio, the catalysts were found
to be in the order: Mo/ G > CoMo/ G = Ni Mo/ G
the catalysts with NiMo/G showing the highest ratio. Stearic acid was found to be dominant
over other reactantén 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 HS and the involved active sites in the HDS of DBT over MéSseries of

MoS, catalysts with and without magnetite particles as support were prepared. Two
different active sites for hydrogenation (HYD) and hydrodesulfurization were identified on
MoS,. The coreshell magnetic MoSdemonstrated high selectivity towdsr the DDS
pathway, which was attributable tioe differences in adsorption energy of hydrogen and
DBT over hydrogenation and desulfurization sitesS functioned as a DDS inhibitor and

a HYDl/isomerization promoter.43 is favored being adsorbed on thed§e vacancies to
transfer the active sites to HYD/Isomerization sites. Hydrogen plays three distinctive roles.
When adsorbed at Mo edge, hydrogen promotes hydrogenation; Strongly bondelat S

it accounts for direct desulfurization while loosely bontle&-edge it favors HYD and
isomerization. The creation of acid siteasfound to be more facile throughe&l than H

dissociation.
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For the Nipromoted Mo$% the presence of Ni enhanced the reactions for both
hydrogenation and desulfurization over tdagalyst. It was found that Ni addition increases

the concentration of CUS sites, lowers the&SHboisoning effect, and enhances th€ S

bond scission. It was concluded that the significant difference in acidity-pfaxioted

and unpromoted MaSwvas due tdhe 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 ofhe 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 bbim sites.

As a future work, different type of magnetic cores can be synthesized, tested, and compared
in their effect on the activity of the catalystdoreover,the activity of other type of
catalysts such as phosphide catalysts can be examined asgrnemgic effect between
catalysts and the magnetic core can be studied. Developing catalysts with intrinsic

magnetic characteristics can also be pursued.
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