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CHAPTER |

INTRODUCTION

1.1 Motivation

The challenge of fulfilling the world’s growing transportation energy
needs is no longer a simple issue of producing enough liquid hydrocarbon fuels. This
challenge is accentuated by a complex interplay of environmental and operational issues.
Environmental issues include societal demands that liquid hydrocarbon fuels be clean and
least emission of pollutants upon utilization. The emergence of new refining processes
and the increasing use of new forms of energy conversion, e.g. fuel cells, exemplify

operational issues.

The requirement of ultra-clean transportation fuels, particularly, gasoline,
diesel, and jet fuels, has resulted in a continuing worldwide effort to dramatically reduce
the sulfur levels [1-5]. Sulfur content in diesel fuel is an environmental concern because
upon combustion, sulfur is converted to SOx, which not only contributes to acid rain, but
also poisons the catalytic converter for exhaust emission treatment. Sulfur content is
usually expressed as the weight percent (wt %) of sulfur in the fuel, since there are many

different sulfur-containing compounds in petroleum-derived fuels.

The government agencies in various-countries have implemented more
stringent regulations for refineries to produce cleaner gasoline and diesel fuels with
reduced sulfur content. The US Clean- Air Act Amendments of 1990 and the new
regulations by the WS Environmental Protection Agency (EPA), and government
regulations in many countries call for the production and use of more environmentally
friendly transportation fuels with lower contents of sulfur and aromatics. Recently, the
fuel specifications for all highway diesel fuels in the US, Japan, and Western Europe
requied the sulfur content of the diesel fuels to be less than 0.05 wt.% or 500 parts per
million by weight (ppmw). The new government regulations in many countries further
lowered the contents of sulfur and aromatics during 2004-2007 [6]. In most countries, the

sulfur content in diesel will be restricted to 50 ppm within another 5 years [7, 8]. In the



European Union, the maximum permissible sulfur content of diesel will be reduced from
50 ppm to 10 ppm in the year 2009 (4). Now, the sulfur content of diesel fuel is down to
50 ppm in USA and 15 ppm in Japan. In Thailand, the Ministry of Energy plans to further
reduce sulfur in diesel to below 350 ppm and 50 ppm in 2010.

The problem of deep removal of sulfur has become more serious due to the
lower and lower limit of sulfur content in the finished fuel products by regulatory
specifications, and the higher and higher sulfur contents in the crude oils. A survey of the
data on crude oil sulfur content and API gravity for the past two decades reveals a trend
that US refining crude continue towards higher sulfur contents and heavier feeds [9, 10].
Together, these trends are driving the need for better catalysts for deep desulfurization.
Conventional catalysts used in the hydrotreating process include mainly Ni or Co
promoted Mo- or W-based catalysts supported by y-Al,Os; [11]. They are active in
converting thiophene and benzothiophenes, but not active enough to desulfurize
efficiently the most refractory sulfur-containing poly-aromatic compounds, e.g.
dibenzothiophene (DBT) and its alkyl-substituted derivatives which are the major portion
of sulfur in the high-boiling fraction of crude olil, i.e. heavy naphtha, diesel, and light FCC
naphtha. Such a demand for more active hydrodesulfurization catalysts has triggered a
significant increase in research activity on HDS catalysts [1, 2, 12]. These studies have
shown that one way to improve the MoS,-based catalysts could be to increase the amount
of active phase or to use bulk sulfides. The emergence of highly loaded sulfide catalysts

demonstrates that sulfide-based systems still have great potential for improvement.



1.2 Hydrotreating

Hydrotreating or hydroprocessing refers to a variety of catalytic
hydrogenation processes which saturate unsaturated hydrocarbons and remove S [by
hydrodesulfurization (HDS)], N [by hydrodenitrogenation (HDN)], O [by
hydrodeoxygenation (HDO)] and metals [by hydrodemetallization (HDM)] from
different petroleum streams in a refinery. Hydrotreating processes have been developed
from the cracking and hydrogenation processes introduced in petroleum refineries in the
1930s [13]. Hydrotreating is a group of very important processes and has been studied
extensively for many decades. Hydrotreaters now occupy a central role in modern
refineries. It can affect a refinery’s product by strategic placement within the overall

refinery processes as shown in Figure 1.1.

The distinguishing feature of the hydroprocesses is that although the
composition of the feedstock is relatively complex and a variety of reactions may occur
simultaneously, the final product may actually meet all the required specifications for its
particular use. Some of the main purposes of hydrotreating of different refinery streams

are summarized in Table 1.1.

In hydrotreating, the feedstock is reacted with hydrogen at elevated
temperatures in the range of 300 — 450 °C, and elevated pressures in the range of 0.7 —
15 MPa in the presence of a hydrogenation catalyst. Typical hydrotreating process
conditions used in industry are shown in Table 1.2. Commercial hydrotreating catalysts
are, typically, sulfides of molybdenum (Mo) or tungsten (W) supported on y-Al,O3 and
promoted by ether Co or Ni. Nickel, known for its high hydrogenation activities, is
preferred as a. promoter when feedstocks contain high amounts of nitrogen and
aromatics. The composition ranges and physical properties of typical hydrotreating
catalysts in the oxidic phase are summarized in Table 1.3. Hydrotreating catalysts are,
typically, sold in the oxidic phase although the active phase is a metal sulfide. Prior to
their use, the oxide catalysts are converted to sulfide form in the reactor using either
hydrogen sulfide or a sulfur containing hydrocarbon feedstock. HDS has frequently been
the most important objective of hydrotreating and has, therefore, been the focus of most

scientific and technologic research.
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Table 1.1 Main Purposes for Hydrotreating of Different Refinery Streams [13].

Hydrotreating reaction

Stream being treated

Main purpose

Catalytic reformer feeds

Diesel
Distillate fuel oils
FCC feeds

Various streams

Avoid catalyst poisoning

Meet environmental limits

Meet environmental limits

Avoid sulfur oxides release during
regeneration

Reduce corrosion during refining and
handling

HDS Straight run products Improve odor
HCR feeds Reduce catalyst poisoning
Resids Meet fuel oil specifications or
pretreated feedstocks
Steam reformer feeds Avoid catalyst poisoning
Coker feeds Reduce sulfur content of coke
Diesel Hydrogenation of aromatics to improve
cetane index and meet environmental
limits
Kerosene, jet fuel Improve smoke point (aromatic
reduction)
FCC feeds Partial saturation of polyaromatic
HYD compounds to improve cracking
reactivity/selectivity; reduce coking of
FCC catalyst
Cracked feeds Olefin/diolefin hydrogenation to
increase stability (reduce gum
formation in diesel and kerosene)
Lube oils Polishing (improve stability)
HDN FCC and HCR feeds Avoid poisoning of acid sites
Hydracracking feeds Avoid poisoning of acid sites
HCR VGO, resides Conversion-to lighter fractions
Dewaxing Diesel;, VGO Improve flow properties
Mild HCR VGO Conversion to lighter fractions
FCC and HCR feeds Avoid metal deposition, non-selective
HDM cracking, coke build-up, and zeolite

Resids

destruction
Reduce metal deposition

CCR reduction

FCC feeds, resids

Reduce coking on FCC catalyst




Table 1.2 Typical Hydrotreating Process Conditions Used in Industry [14].

Fuel type and historical Temperature Hydrogen pressure LHSV
conditions (°C) (MPa) (h™
Recent history
Naphtha 290-370 1.38-3.45 2-8
(gasoline) 315-400 3.45-8.27 2-4
Kerosene/gas oil
(jet/diesel fuels) 370-425 5.17-13.80 1.0-3.0
FCC feed pretreated
Current trends
Naphtha 290-370 1.38-5.17 2-6
(gasoline) 315-400 3.45-10.30 0.5-3.0
Kerosene/gas oil
(jet/diesel fuels) 370-425 6.90-20.70 0.5-2.0

FCC feed pretreated

Table 1.3 Composition and Properties of Typical Hydrotreating Catalysts [15].

Composition and properties Range Typical values
Active phase precursors (Wt%)
MoOj3 13-20 15
CoO 2.5-35 3.0
NiO 2.5-3.5 3.0
Promoters (wt%)
SiO; 0.5-1 0.5
B,P 0.5-1 0.5
Physical properties
Surface area (m*/g) 150-500 180-300
Pore volume (cm®/g) 0.25-0.8 0.5-0.6
Pore diameter (nm)
Mesopores 3-50 7-20
Macropores 100-5000 600-1000
Extrudate diameter (mm) 0.8-4 3
Extrudate length/diameter 2-4 3
Bulk density (g/ml) 0.5-1.0 0.7
Average crush strenght/length (kg/mm) 1.0-25 1.9

*Active phase precursors are supported on a y-Al,O3 carrier



1.3 Hydrodesulfurization

Hydrodesulfurization is catalytic hydrogenation processes which remove
sulfur in petroleum. The hydrodesulfurization process had been developed in the 1960s
to remove high concentration of sulfur in fuel [16]. The main aims of
hydrodesulfurization are to prevent poisoning of sulfur-sensitive metal catalysts used in
subsequent reactions and the catalytic converter in an automobile, to remove the
unpleasant odor, to minimize the amount of sulfur oxides introduced into the atmosphere
(contribution to acid rain) by combustion of petroleum-based fuels in catalytic cracking
to meet environmental restrictions and to reduce corrosion problem in the refining
process.

For hydrodesulfurization process, hydrocarbon feed-stocks and hydrogen
are passed through a catalyst bed at elevated temperature and pressure. Some of the
sulfur atoms attached to hydrocarbon molecules react with hydrogen on the surface of
the catalyst forming hydrogen sulfide (H,S). H,S is removed as a gas. The reaction of an

aliphatic compound is schematically shown in eg. (1.1), where R stands for alkyl.

R-SH+H, >R-H+H,S (1.1)

A similar reaction applies to aromatic and polyaromatic sulfur
compounds, where a desulfurized hydrocarbon and H,S again are the final products.
However, the mechanism of the reaction of sulfur compounds containing aromatic
ring(s) is not as simple as presented in eq. (1.1), but can proceed through several
reaction pathways. Mare-details. will be presented.in Section 1.6 and it will be shown

that a similar reaction network exists for all poly-aromatic sulfur compounds.

Hydrotreater feedstocks are-highly complex mixtures. In contrast to a
model feed of one or a few organo-sulfur compounds in a solvent of choice, a real fuel
consists of a cocktail of hundreds of paraffins, naphthenes, polycyclic aromatics,
organo-sulfur and nitrogen compounds. Deep HDS is known to be affected by
components in the reaction mixture such as organic hetero-compounds and poly-

aromatic hydrocarbons [13, 17, 18].



1.4 Sulfur Compounds

Petroleum is not a uniform substance, and its chemical and physical
composition varies not only with the location and age of the oil field but also with the
depth of the individual well. On a molecular basis, petroleum is a complex mixture of
hydrocarbons with small amounts of organic compounds containing sulfur, oxygen, and
nitrogen as well as compounds containing metallic constituents, particularly vanadium,
nickel, iron and copper. The elemental compositions of crude in a whole series of crude

oils vary over fairly narrow limits as shown in Table 1.4.

Table 1.4 Elemental Composition of Petroleum [11].

Element % wt
Carbon 83.0-87.0
Hydrogen 10.0-14.0
Nitrogen 0.1-2.0
Oxygen 0.05-1.5
Sulfur 0.05-6.0
Metals (Ni and V) < 1000 ppm

The sulfur compounds found in petroleum or synthetic oils are generally
classified into two types: nonheterocycles and “heterocycles. The former comprises
thiols, sulfides and disulfides. The heterocycles are mainly composed of thiophenes with
one to several aromatic rings and their alkyl or aryl substitutents. Examples of sulfur

compounds are shown in Table 1.5.



Table 1.5 Sulfur Containing Molecules in Petroleum [16].

Compound class Structure

Nonheterocycles

Thiols (mercaptan) RSH
Sulfides RHR’
Disulfides RSSR’

Heterocycles

Thiophenes i\ /7 @/
Benzothiophenes @U ©|\—/|(
S S

Dibenzothiophenes | | | |
S S

Since the new regulations of transportation fuel require very low
concentration of sulfur compounds, a good understanding of the compositional features
of transportation fuel in the terms of sulfur species that have to be desulfurized is
important to aid their deep desulfurization. There are three major types of transportation
fuels i.e. gasoline, diesel and jet fuel that are different in composition and properties.

The common types of sulfur compounds in liquid fuels-are listed below.

1. Gasoline range: naphtha and fluid catalytic cracking (FCC)-naphtha
- mercaptanes (RSH); sulfides (R,S); and disulfides (RSSR)
- thiophene and its alkylated derivatives
- benzothiophene.
2. Jet fuel range: heavy naphtha and middle distillate
- benzothiophene (BT) and its alkylated derivatives.
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3. Diesel range: middle distillate and light cycle oil (LCO)
- alkylated benzothiophenes
- dibenzothiophene (DBT) and its alkylated derivatives.
4. Boiler fuel feeds: heavy oils and distillation residues
- >3-ring polycyclic sulfur compounds, including DBT
benzonaphthothiophene (BNT)
- phenanthro[4,5-b,c,d]thiophene (PT) and their alkylated

derivatives.

Ma et al. (2001) conducted a detailed analysis to identify the type of
sulfur compounds and their alkylated isomers in a commercial gasoline, diesel and jet
fuel sample by using Gas Chromatography - Pulsed Flame Photometric Detector (GC-
PFPD) [19]. From Figure 1.2, in each fuel, the sulfur compounds left in the finished
products are those that have lower reactivity among all the sulfur compounds. Sulfur
compounds tend to become larger in ring size and higher in number of substitutes as the

fuel becomes higher in boiling point ranges from gasoline to jet fuels to diesel.

Gasoline

2 MT 3-MT

T | \ 2.4-DMT ‘
D\

2 4 6 8/ 10 12 14 16 18 20 22 24 26 2|\ 30 2 M I 38

BT

23.7-TMBT
Jet Fuel (JP-8) 2.3-DMBT
2,35-TMBT+

2,3,6-TMBT
| o

2 4 B 8 10 12 14 16 18 20 22 24 26 28 30 32 34 3B 98

2,35-TMBT+ . 4,6-DMDET

e A-MOBT o & OMDBT
2MDBT+ 2.4.5'-”'41 DBT

2.3.7-TMBT l LMDBET

| | 4-E6-MDBT
1,4,6-TMDBT
0BT v

&~
Ll gttty

2 4 G 8 10 12 14 16 18 20 22 24 26 28 30 32 M 3B 38
Retention Time {min)

2.3-DMBT

Figure 1.2 Sulfur compounds in commercial gasoline, jet fuel and diesel identified by
GC-PFPD analysis coupled with GC-MS and reaction kinetic analysis [19].
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1.5 Reactivity of Poly-Aromatic Sulfur Compounds (PASCs)

The organic sulfur compounds present in petroleum vary widely in their
reactivities in catalytic hydrodesulfurization. Figure 1.3 presents a qualitative
relationship between the type and size of sulfur molecules in various distillate fuel
fractions and their relative reactivities. For the sulfur compounds without a conjugation
structure between the lone pairs on S atom and the m-electrons on aromatic ring,
including disulfides, sulfides, thiols, and tetra-hydrothiophene, HDS occurs directly
through hydrogenolysis pathway (more details in each pathway described in Section
1.6). These sulfur compounds exhibit higher HDS reactivity than that of thiophene by an
order of magnitude, because they have higher the electron density on the S atom and
weaker C-S bond [20]. The reactivities of the 1- to 3-ring sulfur compounds decrease in
the order: thiophenes > benzothiophenes > dibenzothiophenes [17, 21-24]. In naphtha,
thiophene is so much less reactive than the thiols, sulfides, and disulfides that the latter
can be considered to be virtually infinitely reactive in practical high-conversion
processes [25, 26]. Similarly, in gas oils, the reactivities of (alkyl-substituted) 4-
methyldibenzothiophene (4-MDBT) and 4,6-dimethyldibenzothiophene (4,6-DMDBT)
are much lower than those of other sulfur-containing compounds [26-29]. Consequently,
in deep HDS, the conversion of these key substituted dibenzothiophenes largely
determines the required conditions. In 1997, Gates and Topsoe [26] pointed out that 4-
MDBT and 4,6-DMDBT are the most appropriate compounds for investigations of

candidate catalysts and reaction mechanisms.
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Figure 1.3 Relative reactivity of various organic sulfur compounds in HDS versus their

ring sizes and positions of alkyl substitutions on the ring [1].

HDS reactivities of heterocyclic sulfur compounds in- a diesel fuel are
governed basically by the types of C-S bonds and the position of alkyl substituents. The
first factor is related to the strength of C-S bonds, and the second is related to the steric
hindrance as well as the electron density on the sulfur atom [30]. Ma et al. [28]
identified individual sulfur species in a diesel fuel of boiling range 232 - 365 °C and
quantified their reactivities by studying the desulfurization over a commercial
NiMo/y-Al,O3 catalyst at 360 °C and 45 atm hydrogen pressure. The kinetics for the
HDS of these species was determined by lumping the rate constants for the individual

sulfur species into four groups listed in decreasing order of reactivity as below:
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Group 1 - Benzothiophenes with no substituents in the 2- or 7- position

(39 %wt)
4
5 3
aIWI-@U—-alk}/l Relative k = 1
6 S 2
7
Group 2 - Dibenzothiophenes with no substituents in the 4- or 6- position
(20 %wit)
9 1
8 3 _
alkyl- | | eyl Relative k = 0.230
7 3
6 % 4

Group 3 - Dibenzothiophenes with one substituents in the 4- position
(26 %wt)

Relative k = 0.080

Group 4 - Dibenzothiophenes with two substituents in the 4- or 6-
position (15 %wt)

Relative k = 0.028
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The relative contribution of each group to the net sulfur content of the
diesel (shown in parentheses) clearly indicates that the bulk sulfur in diesel feedstocks is
dibenzothiophenic in nature. Deep desulfurization will require that all compounds of
groups 1, 2 and 3 are completely desulfurized and at least half of those in the least

reactive fourth group are also converted.

It has been known for many vyears that the desulfurization of
benzothiophenes (BTs) and dibenzothiophenes (DBTS) is affected by the presence of
alkyl substituents. Three decades ago, Givens and Venuto [31] demonstrated that the
position and number of substituents present on benzothiophene (BT) strongly influenced
the overall reactivity of the molecule and thus, the degree of desulfurization. However,
not all substituted dibenzothiophenes are difficult to be desulfurized. Houalla et al. [23,
32] reported that ring substitution in remote position such as 2-, 3-, 7- and 8- on DBT
did little to reduce reactivity. However, they did establish that substitution in the 4- and
6- positions decreases the molecular reactivity by one order of magnitude. Thus, this is
clearly demonstrated in four groups which provide molecular structures of poly-aromatic
sulfur compounds (PASCs) along with their relative reaction rate constants. The
refractory nature of 4-MDBT and 4,6-DMDBT has been further confirmed by some
recent studies [33-36].
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1.6 HDS Reaction Mechanism for Poly-Aromatic Sulfur Compounds (PASCs)

Hydrodesulfurization of organic sulfur compounds generally proceeds
through two possible pathways (direct desulfurization and hydrogenation) as shown in

Figure 1.4.
== e
! ) -
.l'lll'l; ’KS/ »Il'.
] 2 R R Slowor
f;;\\_/;t:\ 4 negligible i J--\—\/ﬁ
|l|l \."\II PR e \ \
x/k ) H g==r | ﬂ
/ S/\ \/ ,. '_:::w N K,f \S/% {
R R / /L_ R R
Hydrogenation i s \]\.1
Hydrogenolysis k> Pagivgy

pathway

Where R = H, CH3 or Other

Figure 1.4 Mechanistic pathways of desulfurization of paly-aromatic sulfur compounds
via a ring hydrogenation network (denoted by the rate constant k;) and

a direct C-S bond hydrogenolysis network (denoted by the rate constant k)
[13].
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1.6.1 Direct Desulfurization Pathway

Direct-desulfurization (DDS) or hydrogenolysis pathway involves
chemisorption of the sulfur atom in molecule on an exposed Mo ion at a sulfur vacancy
through a one-point attachment as shown in Figure 1.5 (a). This is followed by hydrogen
transfer and sulfur elimination to complete desulfurization [37]. The HDS of DBT
occurs predominantly via the DDS pathway. However, hydrogenolysis does not saturate
the benzene rings in 4,6-DMDBT.

1.6.2 Hydrogenation Pathway

The second pathway is called hydrogenation (HYD), involving the
adsorption of sulfur compounds on the MoS, stack through the 7z - electrons on the
aromatic rings as shown in Figure 1.5 (b). This is followed by hydrogenation of one of
the aromatic rings and sulfur elimination to complete desulfurization. 4,6-DMDBT is
generally desulfurized through the HYD pathway because the direct adsorption of sulfur
atom in 4,6-DMDBT on the active sites is hindered by the two methyl groups at the 4-
and 6-positions. If 4,6-DMDBT is first hydrogenated to hexahydro-DMDBT, the steric
hindrance is reduced and the electron density on the S atom is increased. As a result, the
hydrogenated 4,6-DMDBT is easily desulfurized [38-40].

1.6.3 Difficulty in HDS Reaction of Poly-Aromatic Sulfur Compounds

It is well known that DBT with alkyl substitutents are difficult to be
desulfurized because their HDS reactivity in both direct desulfurization and
hydrogenation pathways are inhibited. Gates and Topsoe [26] pointed out that 4-MDBT
(4-methyldibenzothiophene) and 4,6-DMDBT are the most appropriate compounds for
investigation of candidate catalysts and reaction mechanism. The sulfur atom in 4-
MDBT and 4,6-DMDBT is difficult to be adsorbed on to Mo cations with sulfur
vacancies in MoS; because of steric hindrance caused by the methyl groups in the 4- and
6- positions [22, 32]. The difficulty in the adsorption of the sulfur atom on to the Mo
cation significantly inhibits the direct desulfurization pathway.
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Figure 1.5 Adsorption conformations of 4,6-DMDBT at (a) the hydrogenolysis active site

and (b) the hydrogenation active site. There is a strong steric hindrance in the

plug-in adsorption [2].
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Computer modeling and simulation of the active sites on the catalyst
surface and their interaction with sulfur compounds have also been applied to
understand the reaction pathways and mechanisms [41-43]. Figure 1.5 shows two types
of chemisorption patterns of 4,6-DMDBT on MoS,, the S-u3 type adsorption (Figure
1.5(a)) and flat adsorption (Figure 1.5(b)). In the flat adsorption, the sulfur compound is
adsorbed flat on the adsorption site through = electron on the aromatic rings where as the
sulfur atom in the thiophenic compound interacts directly with the adsorption site in the
plug-in adsorption. Semi-empirical calculations have been carried out to illustrate the
difference in chemisorption patterns between DBT and 4,6-DMDBT. Both DBT and
4,6-DMDBT can interact well with MoS, catalyst by flat chemisorption. The S-us type
chemisorption of 4,6- DMDBT, differently from that of the DBTs without any alkyl
group at both 4- and 6-positions, is difficult due to the steric hindrance of the alkyl
groups adjacent to the sulfur atom. This steric hindrance is expected to increase with

increasing molecular size of the alkyl groups (from methyl to ethyl to propyl).

Kabe et al. [45] proposed that 4-MDBT or 4,6-DMDBT can be adsorbed
on the catalyst through z-electron in the aromatic rings more strongly than that of DBT
and the C-S bond cleavage of adsorbed DBTSs is disturbed by steric hindrance of the
methyl group. Previous studies by Mochida’s group [46-49] have demonstrated that,
over the industrial HDS catalysts, the refractory sulfur compounds, particularly 4,6-
DMDBT, are desulfurized dominantly via the hydrogenation pathway as the alkyls at the
4- and/or 6-position of DBT strongly block the hydrogenolysis pathway. Quantum
chemical calculation on the conformation and electron property of the various sulfur
compounds and their HDS intermediates by Ma. et al. [29, 47, 50] shows that the
hydrogenation pathway favors desulfurization of the ‘refractory ‘sulfur compounds as a
result of both decreasing the steric hindrance of the methyl groups and increasing the
electron density on the sulfur atom in the sulfur compounds. When the desulfurization of
the refractory sulfur compounds occurs dominantly through the hydrogenation pathway,
the inhibition of the coexistent aromatics towards the HDS by competitive adsorption on
the hydrogenation active sites becomes stronger in deep HDS [51]. H,S produced in the
early stage of the reaction is one of the main inhibitors for HDS of the unreactive species
[52, 53].
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1.7 Hydrodesulfurization Catalysts

The catalyst selection for a certain process is based on studies of activity,
selectivity and lifetime. This is usually a very long and difficult task. Once the suitable
catalyst giving the desired product quality at a reasonable cost is found, the search for a
better catalyst starts immediately. In hydroprocessing, the selection of a catalyst depends
mainly on the desired conversion and characteristics of the processed feedstock. As
mentioned above, the characteristics of feed vary widely. The amount of impurities and
the physical properties thus determine the choice of the catalyst. This suggests that a
universal catalyst or a catalytic system suitable for hydroprocessing of the feeds from
different crudes does not exist. With respect to the chemical and physical properties, a
wide range of hydroprocessing catalysts has been developed for commercial

applications.

1.7.1 Commercial HDS Catalysts

Hydrodesulfurization catalysts consist of metals impregnated on a porous
alumina support. Almost all of the surface area is found in the pores of alumina, and the
dispersed metals appear in a thin layer over the entire alumina surface within the pores.
Cobalt, molybdenum and nickel are the most commonly used metals for desulfurization
catalysts. The catalysts are manufactured with the metals in an oxide state. They are
converted to the active sulfide form by sulfiding the catalyst either prior to use or in situ
during the HDS reaction. Any catalyst that exhibits hydrogenation activity will catalyze
hydrodesulfurization to some extent. However, the group VIB metals (chromium,
molybdenum and tungsten) are-highly active for ‘desulfurization, especially when

promoted with metals from the iron group (iron, cobalt, nickel).

Cobalt-molybdenum catalysts are by far the most popular choice for
desulfurization, particularly for straight-run petroleum fractions. Nickel-molybdenum
catalysts are often chosen instead of cobalt-molybdenum catalysts when higher activity
is required for saturation of polynuclear aromatic compounds or removal of nitrogen
compounds or desulfurization of more refractory sulfur compounds, such as those in
cracked feedstock. In some applications, nickel-cobalt-molybdenum (Ni-Co-Mo)

catalysts offer a useful balance of hydrotreating activity. Nickel-tungsten (Ni-W) is
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usually chosen only when very high activity for aromatic saturation is required along
with activity for desulfurization and denitrogenation. The catalysts are available in
several different compositions as shown in Table 1.6. Co-Mo and Ni-Mo catalysts resist
poisoning and are the most universally applied catalysts for HDS of every fraction from
naphtha to residue. For practical applications, Ni-Mo catalysts generally have higher
hydrogenation ability for saturating aromatic ring that is connected to thiophenic sulfur,
while Co—Mo catalysts generally have higher selectivity towards C-S bond cleavage
without hydrogenation of neighboring aromatic rings. For HDS under high H, pressure,

Ni—Mo catalysts tend to be more active than Co-Mo catalysts.

Table 1.6 Representative Metal Content of Commercial Catalyst [11].

Co-Mo Ni-Mo Ni-Co-Mo Ni-W
Metal (%owt)
Cobalt (Co) 2.5 - 1.5 -
Nickel (Ni) - 2.5 2.3 4.0
Molybdenum (Mo) 10.0 10.0 11.0 -
Tungsten (W) - - - 16.0

The catalyst development has been one of the focuses of industrial
research and development for deep HDS [54]. For example, new-and improved catalysts
have been developed and marketed by Akzo Nobel, Criterion, Haldor-Topsoe, IFP,
United Catalyst/Sud-Chemie, Advanced Refining, ExxonMobil, Nippon Ketjen in Japan,
and RIPP in China. Recently, NEBULA catalyst has been developed jointly by
ExxonMobil, Akzo Nobel and Nippon Ketjen and commercialized in 2001 [55].
NEBULA stands for New Bulk Activity, a bulk base metal catalyst without using a
porous support. Figure 1.6 shows the recent results published by Akzo Nobel on relative
activity of the new NEBULA and STARS catalysts compared to the conventional
CoMo/Al,O3 developed over the last 50 years [56]. The physical appearance of
NEBULA is shown in Figure 1.7.
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Figure 1.6 Development of HDS catalysts over the past 50 years [56].

Figure 1.7 Physical appearance of NEBULA-1 catalyst [57].
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1.7.2 Molybdenum Sulfide Catalyst

Molybdenum disulfide (MoS;), the main active phase in hydrotreating
catalysts, has a layered structure and could be visualized as a sandwich of the metal
between two sulfur layers. A layer compound consists of stacks of S-Mo-S slabs held
together by Van der Waals interactions. Each slab composes of two hexagonal planes of
S atoms and an intermediate hexagonal plane of Mo atoms, which are trigonal
prismatically coordinated to the S atoms as shown in Figure 1.8. The morphology of the
MoS; nanocluster is determined by the relative stability of two types of edge
terminations, i.e., the S-edge and the Mo-edge. Molybdenum cations at the corners and
edges terminating the layered structure of MoS; are responsible for its catalytic activity
[59, 60].

2H—M0S,

o Mo

@

Figure 1.8 2H-MoS; hexagonal structure showing the S-Mo-S sandwiches and

the interlayer or VVan der Waals gap [58].
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The importance of the edges and corners of MoS; was first reported by
Voorhoeve [61] and Farragher [62]. Sulfur anions in the basal planes of MoS, are more
difficult to be removed than anions at the corners and edges since the latter has a lower
degree of coordination. Therefore, there will be a greater number of sulfur vacancies and
exposed Mo ions at the edges and corner of the MoS, sandwich. These sulfur vacancies,
because of their unsaturated state, are the crucial active sites responsible for catalyzing
the desulfurization of sulfur compounds. Figure 1.9 shows molecular simulation
depicting sulfur vacancies in a stack of MoS; and the adsorption modes of DBT [63].

Figure 1.9 Molecular simulation depicting sulfur vacanciesin a stack of MoS; and
the adsorption modes of DBT [63].
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In 1994, Daage and Chianelli [64] proposed the first and famous model
correlating the structure of MoS;, with its reactivity for large poly-aromatic sulfur
compounds (PASCs). It is called “Rim-Edge Model”. This laid the fundamental basis for
understanding deep HDS of diesel feedstocks. The rim-edge model is particularly
relevant for the HDS of large PASCs e.g., DBT, 4-MDBT and 4,6-DMDBT where steric
hindrance is present. In the rim-edge model, the MoS; catalyst particle can be described
as a stack of several discs. The top and bottom discs are associated with the rim sites.
The discs “sandwiched” between the top and bottom discs are associated with the edge
sites as shown in Figure 1.10. According to this model, only the rim layers (top and
bottom layers of the slabs) provide active sites for hydrogenation. Hydrogenation cannot
be catalyzed on the edge plane because aromatic rings cannot be adsorbed via the ©
coordination due to the steric hindrance. Sulfur hydrogenolysis is promoted on both the
rim and edge sites. Thus, the rim-edge model predicts that rim sites dominate
hydrogenation and the selectivity for hydrogenation is related to the ratio of rim to edge
site. Furthermore, the model clarifies the importance of the attacking of MoS; to the
interaction of PASCs and thus, their HDS. It should be noted that the rim-edge model

was never extended to promoted catalytic systems.
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Figure 1.10 Rim-Edge model of a MoS; catalyst particle [64].
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1.7.3 Role of Promoter.

The promotion of the HDS activity, which is observed when elements
such as Co or Ni are added to Mo- or W- based catalysts, is probable the single topic
which has attracted the most attention in many studies of HDS catalysts. Figure 1.11
demonstrates as a plot of the HDS rate constant against increasing Co content in the
catalytic active phase. This discovery drove extensively research and debate on the role
of promoters in the HDS active phase. In order to explain the promotional behaviors,

over many Yyears, numerous models and proposals have been suggested as follows:

- Formation of Co species in alumina

- Formation of intercalation structures

- Formation of pseudo intercalation structures

- Formation of Co-Mo-S structures and sites different from those in
MoS;

- Anincrease in stability/dispersion of Mo phase

- A decrease in deactivation by coke

- Anincrease in acidity

- Contact synergism; CogSg (or Co-Mo-S) providing H, spillover to
MoS,

- Formation of CoySg like structures with no role of MoS;

- Formation of other interaction structures of sulfide Co species

- Prevention of Al,(MoQ,); formation

- _An increase in number of sulfur vacancies

- A decrease in number of MoS; sulfur vacancies

- Anincrease in exposure of MoS; basal planes

- Influences on MoS; morphology

- Changes in reducibility of MoS,

- Introduced p-type conductivity

- Electron transfer

- Anincrease in electron density of sulfur

- Coexistence of tetrahedral and octahedral Co species

- Enhancement of H, chemisorption

- Modification adsorbate vibrational frequencies
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- Creation of non-stoichiometry molybdenum sulfide

- Averaging of heat of formations of CogSg and MoS,

- Changed in sulfur-sulfur interaction

- A decrease in metal sulfur bond energies

- Activation of thiophene on promoter atoms in Co-Mo-S and transfer
of hydrogen from neighbor Mo sites

Promotion of HDS activity
is linked to the Co atoms

present as Co-Mo-S
0.015}

0.010¢

0.005 [

Rate constant (mol g'h™")

— - i i i
0o -01 029083 04 05
Co in Co-Mo-S (mmol g')

Figure 1.11 A visual description of the promotional effect of Co in Co-Mo/y-Al,O3 [65].

It is seen that the proposals ranged from Co(Ni) having an indirect
textural role to special kinetic effects or specific structures. These different views reflect

the difficulties in establishing definitive structure-activity correlations.

Although the HDS catalysts have been used commercially for more than
70 years, the exact chemical nature and structure of the active species are still unclear.
Several models have been proposed to explain the HDS active phase in hydrotreating
catalysts. A few of the most important models are described here.
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1.7.3.1 Monolayer Model

The monolayer model, proposed by Schuit and coworkers [66-71], was
the first attempt to explain the structural basis for the activity of CoMo/y-Al,O3 catalysts
as shown in Figure 1.12. The molybdenum species were assumed to be bonded to the
surface of the alumina, forming a monolayer. Interaction of the Mo with the alumina
was believed to occur via oxygen bridges resulting from reaction with surface OH
groups. The incorporation of Mo®" ions was proposed to be compensated by a “capping
layer” of O ions on top of the monolayer. Cobalt (present as Co**) was assumed to be
in tetrahedral positions on the surface of the alumina, replacing AI** ions. The
promotional effect of cobalt was suggested to result from an increase in the stability of
the Mo monolayer caused by the presence of replaced aluminum cations on the surface
adjacent to the monolayer. According to this model, sulfide ions (S%) replace the oxygen
ions (0%) in the “capping layer” upon sulfidin and, due to the larger size of the sulfur
ions, a maximum incorporation in the monolayer may be only one sulfur per two oxygen
ions. The presence of hydrogen in the catalysis system causes removal of some S* ions,
resulting in reduction of adjacent molybdenum ion to Mo**. These were believed to be
the catalytically active sites for HDS. A modified version of the monolayer model, in
which molybdenum species form one-dimensional chains on the surface of the alumina,
has been proposed by Massoth [72]. The location of cobalt was not included in this
proposal, but Mitchell and Trifiro [73] suggested that Co may be present in the surface
layers. It has also been proposed that the monolayer model describes the initial stages of
a catalyst during sulfiding and that intercalation structures may be evolved during

operation [74].
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Figure 1.12 Schematic representation of the monolayer model [66].
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1.7.3.2 Intercalation Model

Voorhoeve and Stuiver [75, 76] proposed that the MoS; structures consist
of slabs, each of which comprises a plane of Mo atoms sandwiched between two
hexagonal close-packed planes of sulfur atoms. The Co or Ni ions are believed to
occupy octahedral intercalation position in the Van der Waal’s gap between slabs.
Farragher and Cossee [62, 77] later pointed out that intercalation of cobalt and nickel in
ideal crystals of MoS; is not energetically possible [78]. They modified the model such
that the intercalation was assumed to be restricted to the edge surfaces of the MoS;
lattice. Figure 1.13 presents a schematic drawing of the intercalation model. The
promotion was related, via and induced surface reconstruction, to an increase in the
concentration of Mo®* ions caused by the presence of the promotion atoms. Provided
MoS; is present as very small crystals, this model may explain the relatively high Co/Mo
ratios necessary to achieve maximum catalytic activity. The intercalation and pseudo-
intercalation models implicitly assume the presence of three-dimensional multilayer

structures of MoS; in order for intercalation to take place.
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Figure 1.13 Locations of the promoter atoms in the MoS; structure as proposed by the

intercalation and pseudo intercalation models [75].



29

1.7.3.3 Contact Synergy Model

The contact synergy model, also known as the remote control
model, was proposed by Delmon and coworker [79-81] as shown in Figure 1.14. It is
another model based on Mo being present as MoS,. Due to the problems in
characterizing supported catalysts, they studied a number of unsupported CoMo
catalysts that exhibited comparable promoting effects to the supported catalysts. The
unsupported catalyst showed the presence of bulk CogSg and MoS; phases. The contact
of these two phases was suggested to result in spill-over of hydrogen from CogSg to
MoS,, thereby enhancing the intrinsic activity of the MoS, [81, 82]. Figure 1.15
illustrates the proposal of Delmon et al. The particles of cobalt sulfide adsorb and
dissociate hydrogen. The H species are mobile enough in the conditions of catalysis to
attack the MoS; particles, and create coordinative unsaturations at the edges. The active
sites are then operating in the diverse reactions to proceed. The remote control
mechanism appears general in HDS catalysis and influences activity and selectivity
patterns for selected reactions. It has also been evidenced when mechanical mixtures of
different solids are used. In relation to this model, it should be noted that the CoySg and
MoS; are the thermodynamically stable pure sulfides under reaction conditions [83].

Mg‘Sz ﬁ‘ﬁCogSa
7 7

Figure 1.14 Hlustration of the structural features of the active phases in CoMo catalysts

as proposed by the contact synergy model [81].
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Figure 1.15 Schematic representation of the formation of coordinative unsaturated site
(CUS) at MoS; by action of H species [81].

1.7.3.4 Co-Mo-S Model

One of the most widely accepted models for the active phase of
HDS is the Co-Mo-S model postulated on the studies of Mdssbauer spectroscopy,
extended X-ray absorption spectroscopy and infrared spectroscopy by Topsoe and
coworkers [84-92]. The Co-Mo-S phase was shown to be MoS; like structures with the
promoter atoms located at the edges in five-fold coordinated sites (tetragonal pyramidal-

like geometry) at the edge plans of MoS; as shown in Figure 1.16.

The Co-Mo-S structure is not a single bulk phase with a fixed overall
Co:Mo:S stoichiometry. Rather, it should be regarded as a family of local structures with
a wide range of Co concentrations, from pure MoS, to essentially full coverage of the
MoS; edges by Co. All Co atoms in Co-Mo-S may not have identical properties due to
such effects giving different edge-site geometries [93], Co-Co interactions [87, 88] and

sulfur coordinations [94].
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Figure 1.16 Schematic drawing of the Ni-Mo-S type structure illustrating the local
environment ( Nig ™) of the promoter atoms at the edge plane of MoS,.

The single-bonded sulfur atom, I, is located in the plane of Mo. Il and 111
denote doubly and triply bonded sulfur atoms which are present both
in the top and bottom sulfur layers [84].

The Co-Mo-S phase has subdivisions to further explain differences in the
activities of catalysts for hydrogenation and hydrogenolysis. Typically, for alumina
supported catalysts, two types of the Co-Mo-S phase can be formed during catalyst
sulfidation [95, 96]. Type | Co-Mo-S phase consists of single or monolayer slabs of
MoS; which interact strongly with the support, probably via Mo-O-Al linkages located
at the edges. Type Il Co-Mo-S phase, on the other hand, consists of multiple slabs of
MoS,. These interactions are small. In carbon supported catalysts, where the support
interactions are weaker, the single slab structures may exhibit Type 11 Co-Mo-S phase.
The structural differences between alumina supported Type | Co-Mo-S and alumina-
silica and_carbon supported Type Il Co-Mo-S catalysts have been dealt with in several
studies [96, 97]. The Type I Co-Mo-S phase is less active than Type Il Co-Mo-S for
large PASCs like DBT. This is expected because the large PASCs like DBT have
dimensions of approximately 3 x 8 x 12.2 A and are severely constrained in terms of
geometric interaction with a type | Co-Mo-S monolayer whose thickness is estimated to
be 6 A [65]. Type Il Co-Mo-S phases, on the other hand, are 20 — 30 A high stacks and
more suitable for handle the adsorption and HDS of the large PASCs. Figure 1.17
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illustrates Type | and Type Il crystallites in the presence of 4,6-DMDBT. Chianelli et al.
[65] was one of the first who pointed out the importance of crystal geometry when

considering desulfurization of large molecules such as DBT.

POLYAROMATIC SULFUR COMPOUNDS

4,6-DMDBT ' alumina

alumina

alumina

e !'-.
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alumina alumina

Figure 1.17 Potential geometric considerations in the interaction of PASCs with catalytic

active sites [65].
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The combined results from reaction test, Mdssbauer and IR
spectroscopic studies of both supported and unsupported catalysts have shown that most
of the catalytic activity is linked to the presence of the promoter atoms in the Co-Mo-S
phase. Such structures appear to be quite general and present in other promoted Mo (Fe-
Mo-S and Ni-Mo-S) catalysts. The in-situ studies showed that other phases than Co-Mo-
S (e.g., CogSg and Co in the alumina lattice (Co:Al,O3)) may be presented in typical

alumina supported CoMo catalysts as shown in Figure 1.18

The Co-Mo-S model is now generally favored since, among the
above models, it is only the one which is based on the direct in-situ physicochemical
measurements of the active state of the promoted hydrotreating catalysts. A particular
advantage of the model is the possibility to quantitatively link the promotion to the

measured amount of Co atoms in the Co-Mo-S phase.

Nature of Co phases
revealed by Mdssbauer EXAFS reveals Mo present

spectroscopy as small MoS,-like domains

L T T
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Figure 1.18 Schematic view of the different phases present in a typical alumina supported
catalyst [13].
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1.7.4 Atomic Scale Structure of MoS, and Co-Mo-S Nanoclusters

In order to continue improving HDS catalysts, a detailed understanding of
the MoS, clusters including their morphology, edge structures, active sites, and
interactions with typical sulfur molecules, is necessary. To further advance the
understanding of the catalyst structure, new insight has been gained from detailed
surface science studies. Recently, the scanning tunneling microscope (STM) has
emerged as a new tool to directly image the catalytically relevant surface structures on
the atomic scale. By studying model systems for catalysts, such investigations have
helped to solve surface structures with catalytic relevance and have, in particular,
emphasized the catalytic importance of edges, kinks, atom vacancies, or other surface

defects, which other surface-averaging techniques often fail to discover.

Recently, the first successful atom-resolved scanning tunneling
microscopy (STM) studies performed on a realistic HDS model catalyst were reported.
The studies have presented the first direct structural information for both unpromoted
MoS; [98] and promoted Co-Mo-S structures [99], and have recently been used to
explore the interaction with thiophene (C4H;S) [100]. The studies showed, quite
surprisingly, that the morphology of MoS; nanoclusters in the catalyst may, in fact, be
very complex, since they do not seem to have a fixed shape [101]. Rather, the clusters
adapt their shape according to the conditions under which they are synthesized, e.g.,
triangles under heavy sulfiding conditions (catalyst activation) or truncated hexagons
under more sulforeductive conditions resembling HDS conditions. The STM images of

both MoS; structures are shown in Figure 1.19.
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Figure 1.19 Atom-resolved STM image of (a) a triangular single-layer MoS; nanocluster
(b) a hexagonal single-layer MoS; nanocluster. White dots indicate the
registry of protrusions at the edges. (c) STM corrugation measurements
across the Mo edges of the triangle and hexagonal. The scan orientations are
indicated by white lines on both STM images. For the MoS; triangle two
lines, (i) and (ii), are indicated since the fully saturated Mo edge exhibits a
superstructure along the edge protrusions resulting in an alternating high/low
pattern [101].
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The detailed atomic-scale structure of the catalytically important edges in
MoS, was solved by combining the experimental STM images and simulations from
theoretical density functional theory (DFT) calculations, which included the effect of
hydrogen adsorption on the edges and the potential influence of the gold model substrate
[101]. Figure 1.20 shows the ball model of hexagonal and triangular MoS, nanoclusters.
The triangular MoS; nanoclusters synthesized under sulfidation conditions were found
to be terminated by fully saturated Mo edges. The dominant presence of triangular
morphology implies that one of the edge terminations is more stable than the other [98].
It was concluded that the edge termination is a Mo-edge. A possible model with one S
atom per Mo-edge atom arranged in a reconstructed geometry is shown in Figure 1.20
(b). However, another low-energy structure with S dimers at the Mo-edge may be
possible [102, 103]. Another structure is the hexagonal clusters (Figure 1.20 (a)). The
morphology of the MoS; nanocluster is determined by the relative stability of two
different types of edge terminations, Mo edges covered with S monomers and fully
sulfur-saturated S edges with H atoms adsorbed (i.e., S—H groups). This is the first direct
evidence for the exact location of S—-H groups, which are believed to be important in
HDS as a source of hydrogen atoms. In Figure 1.20 (a), the two edge terminations are
illustrated for a hypothetical MoS; cluster, where the edges are simple terminations of
the bulk MoS; structure.

() (b)

Figure 1.20 (a) Ball model (top view) of a hypothetical bulk truncated MoS; hexagonal
exposing both Mo- and S-edges. (b) Triangular MoS; cluster exposing Mo-
edges with edge sulfur atoms located out of registry with the basal plane.
[101].
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In 2001, Lauritsen and coworkers [99] showed STM image of Co-Mo-S
which is possible to obtain the first atomic-scale images of the Co—Mo-S structure
present in hydrodesulfurization (HDS) catalysts. It was observed that the presence of the
Co promoter atoms causes the shape of the MoS; nanoclusters to change from triangular
to hexagonally truncated. The change in morphology appears to be driven by a
preference of Co for the S-edge of MoS,. Figure 1.21 shows STM images and ball
models of MoS; cluster and Co-Mo-S structure. The observed hexagonal truncated
morphology of the Co—-Mo-S nanoclusters (Figure 1.21 (a)) implies that both edge
terminations, i.e., S- and Mo-edges, must be presented. The identity of the two edges is
inferred from the high-resolution STM images of the Co—-Mo-S edges. They found that
the longer edges are identical with those observed for the triangular MoS; nanoclusters
with the protrusions being imaged out of registry with the basal plane [98]. These edges
are thus attributed to sulfided Mo-edges. The Co promoter atoms appear to have little
effect on the Mo-edges. Therefore, the short edges are attributed to S-edges. The result
of cobalt addition to stabilize the S-edge is in good agreement with the DFT
calculations, showing a preference of Co to be located at the S-edge [102]. The Co edge
atoms appear to enhance electronic density at the nearby S atoms as suggested by the
brighter image. It is possible that the perturbed electronic environment of the sulfur
atoms neighboring the Co atoms is a key to understanding the increased activity of the
Co-Mo-S structures. A single Co atom substituted a Mo atom in the basal plane metal
lattice, and in analogy with the situation at the Co-substituted S-edges, this induces an

enhanced electron density at the three neighboring sulfur atoms.

On the basis of atom resolved STM technique, it is concluded that the Co
atoms are located exclusively at the S-edges of the Co—-Mo-S nanoclusters with a full
edge substitution by Co. The presence of the Co atoms is found to induce structural,

morphological, and electronic changes.
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Figure 1.21 STM image of (a) a single-layer Co—Mo-S nanocluster. (b) Triangular
single-layer MoS; nanocluster. In both images the small white dots
illustrate the position of the protrusions. (c) Ball model of the proposed
hexagonally truncated Co—Mo-S structures with Co fully substituted at the
S-edges. (d) Ball model of Triangular MoS; cluster exposing Mo-edges with
edge sulfur atoms located out of registry with the basal plane. Color code:
Mo, blue; S, yellow; Co, red [99].
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1.8 Objective and Scope

Due to the increasingly stringent environmental regulations for fuel sulfur
content and high sulfur contents in the crude oils, the highly active HDS catalyst is
required in order to improve performance of HDS process and reduce sulfur content in the
finished fuel products to meet regulatory specifications. Hydrothermal synthesis is a
challenging method to prepare new catalysts with high HDS activity towards the most
refractory sulfur compounds (DBT and 4,6-DMDBT). Moreover, the catalyst prepared by
the hydrothermal method does not need further sulfidation before HDS reaction. The
HDS activity of Mo based sulfide catalysts by the hydrothermal method was studied
under the following hypotheses:

The well mixing of water accompanied with organic solvent at the
appropriate temperature and pressure would provide the resulting
unsupported Mo based sulfide catalyst with high dispersion and high
activity for HDS reaction.

Unsupported Mo based sulfide catalyst with its nano size particles and
high activity prepared by the hydrothermal method is a promising
HDS catalyst capable of hydrodesulfurization of the refractory sulfur

compounds.

Unsupported Mo based sulfide catalyst properly prepared has superior
activity to commercial catalyst in the deep HDS.

Chapter. 1 -of -this-thesis provides a review. of relevant literatures. The
general information * and' condition- “of "the ' hydrotreating * process including
hydrodesulfurization were given. The HDS reactivities and HDS reaction mechanism of
sulfur compound were reported. The proposed model of HDS catalyst were also
mentioned. Detail of materials, experimental procedures and analytical method are given
in Chapter 2.
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The effects of catalyst preparation conditions on the HDS activity of the
unsupported NiMo sulfide catalysts were reported in Chapter 3. Four catalyst preparation
parameters (temperature, pressure, amount of organic solvent and Ni/(Mo+Ni) ratio) were
investigated. The influence of four parameters on the simultaneous hydrodesulfuization of
DBT and 4,6-DMDBT were evaluated. The characterization of the unsupported NiMo
sulfide catalysts at various with difference Ni/(Mo+Ni) ratios was also studied. The
appropriate conditions of the hydrothermal method for the preparation of the highly active
HDS catalyst were determined.

In Chapter 4, the promoter (Ni or Co) was added into the unsupported Mo
sulfide catalyst to improve hydrodesulfurization activity and product selectivity. The
chemical and physical properties of the synthesized catalysts with and without promoter
were investigated using Brunauer-Emmet-Teller (BET), X-Ray Diffraction (XRD),
Temperature Programmed Reduction (TPR) and High Resolution Transmission Electron
Microscopy (HRTEM). The kinetic studies were carried out to demonstrate the effects of
Co or Ni on Mo sulfide catalyst regarding the activity and product selectivity for the
simultaneous HDS of DBT and 4,6-DMDBT. The HDS activity of potential of
unsupported Mo based sulfide catalysts prepared from hydrothermal method in the deep
hydrodesulfurization catalyst was compared with two commercial alumina supported
sulfide catalysts (CoMo and NiMo).

In order to deeply understand the nature of the active sites on the surface
of the unsupported Mo based sulfide catalysts, the simultaneous liquid-phase adsorption
of DBT and 4,6-DMDBT was performed using the Pennsylvania State University the
Selective Adsorption for Removing Sulfur (PSU-SARS) and reported in Chapter 5. The
adsorption capacities, selectivities and mechanism ‘of DBT and 4,6-DMDBT on the
unsupported Mo based sulfide catalysts was studied. Subsequently, Chapter 6, the
hydrodesulfurization of light cycle oil (LCO) over the unsupported Mo based sulfide
catalysts was investigated to study the activity of synthesized catalysts in the real liquid
fuel. The commercial catalysts were continued for comparative purposes.
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Finally, the important conclusions from this research and
recommendations for the future work are provided in Chapter 7. Thus, the results of this
research will contribute the deep understanding and useful guidance to the development
of Mo based sulfide catalysts for hydro-treatment processes.



CHAPTER Il

EXPERIMENTAL AND CHARACTERIZATION

2.1 Materials

Ammonium tetrathiomolybdate (ATTM) ((NH4)2Mo0S,), nickel nitrate

hexahydrate  (Ni(NO3),:6H,0), cobalt nitrate hexahydrate Co(NO3),:6H,0,
dibenzothiophene (DBT), 4,6-dimethyldibenzothiophene (4,6-DMDBT) and
decahydronaphthalene (decalin, used as solvent) were purchased from Aldrich
Chemical Company and were used without further purification. It was noted in the
previous work in this laboratory that a long-time storage of ATTM in a closed vial
that has been exposed to air may lead to degradation of the reagent resulting in
deviations in the observed activity of in situ generated MoS, catalysts from different
bottles of ATTM reagent. In the present work, a bottle of newly purchased ATTM
was used in syntheses, and the reagent bottle was stored in a refrigerator in order to

minimize the oxidative degradation.

2.2 Catalyst Preparation

The synthesis procedure of the unsupported Mo based sulfide catalysts
used this study was modified from-the method reported by Song et al. [104-106]. The
objective of this modification was to improve the HDS activity and product selectivity

of the catalysts to the most refractory sulfur compounds.

The unsupported Mo based sulfide catalysts were synthesized by using
hydrothermal method. The catalyst synthesis was carried out in a 25 ml batch reactor
as shown in Figure 2.1. ATTM was dissolved in 10 g of de-ionized water and organic

solvent (decalin) was then added to this solution. A required amount of

Co(NO3)2:6H,0 or Ni(NOs3),:6H,O was dissolved in the minimum amount of water
and added to the solution. The atomic ratio of Me/(Me+Mo) was in the range of O -

0.56 (Me = Ni or Co). The reactor was purged before being pressurized with
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hydrogen gas to a desired initial pressure and placed in a preheated fluidized sand
bath at desired temperature for 2 h. Subsequently, the reactor was removed from the
sand bath and immediately quenched in water bath. The unsupported catalysts
synthesized were separated and immerged under an organic solvent. The effects of
catalyst preparation conditions on the HDS activity of the unsupported NiMo sulfide
catalysts were investigated. Table 2.1 shows the catalyst preparation conditions in this

study.

Figure 2.1 Batch reactor.

The commercial supported  catalysts _CoMo/Al,O5  (Cr344) and
NiMo/Al;O3 (Cr424) obtained from the Criterion Catalyst Company, Houston, TX.
USA were used to compare activity for the HDS of 4,6-DMDBT and DBT with the
synthesized unsupported Mo based sulfide catalysts. The commercial catalysts were
crushed to a particle size of <1 mm and presulfided at 350 °C for 4 h in a flow of 5 vol
% H,S-H, at a flow rate of 150 ml/min. These catalysts were subsequently stored in

decalin to minimize oxidation.



Table 2.1 Catalyst Preparation Conditions.
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Parameters Temgtz:r;;lture P(rlc\e/ls;l;;e Solven(tg z;lmount Ni/(Mo+Ni)
Temperature 300 2.8 1 0.43
325 2.8 1 0.43
350 2.8 1 0.43
375 2.8 1 0.43
Pressure 350 1.4 1 0.43
350 R 1 0.43
350 2.8 1 0.43
350 3.4 1 0.43
Solvent amount 350 2.8 0 0.43
350 2.8 1 0.43
350 2.8 3 0.43
Ni/(Mo+Ni) 350 2.8 1 0
350 2.8 1 0.2
350 2.8 1 0.33
350 2.8 1 0.43
350 2.8 1 0.5
350 2.8 1 0.56
350 2.8 1 1
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2.3 Catalysts Evaluation.

2.3.1 Hydrodesulfurization of Model Fuel

Catalytic performance of a metal sulfides was evaluated with a
simultaneous HDS of DBT and 4,6-DMDBT in a horizontal tubing 25 ml micro
reactor. The reactor was loaded with 0.023 g synthesized catalyst and 4 g reactant
mixture (0.4% mole 4,6-DMDBT and 0.4% mole DBT in decalin). The sealed reactor
was purged with hydrogen, then pressurized up to 2.8 MPa and placed in a fluidized
sand bath which was preheated up to 350 °C for 30 min. The reactor was agitated at a
rate of 200 strokes/min, which reaction was not diffusion controlled. The temperature
inside the reactor was monitored by a thermocouple. After the reaction, the reactor
was removed from the sand bath and immediately quenched in a cold-water bath.
Finally, liquid products and the catalysts were collected.

2.3.2 Hydrodesulfurization of Light Cycle Oil

Light cycle oil (LCO) was obtained from United Refining Company,
Warren, Pennsylvania USA. The HDS of LCO was carried out in a horizontal tubing
25 ml. micro-reactor. 3 g LCO and 0.09 g synthesized or commercial catalysts were
loaded in the reactor. The reactor was purged eight times with hydrogen gas. Finally,
it was pressurized to 2.8 MPa hydrogen pressure and placed in a fluidized sand bath
which was preheated up to 350 °C for 30 min. The reactor was agitated at a rate of
200 strokes/min. After the reaction, the reactor was removed from the sand bath and
immediately quenched in a cold-water bath. Finally, liquid products and the catalysts

were collected.
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2.3.3 Liquid Phase Adsorption

In order to compare the DBT and 4,6-DMDBT adsorption capacity of
unsupported Mo, CoMo and NiMo sulfide catalysts, the fixed bed adsorption system
was performed by using the method of Selective Adsorption for Removing Sulfur
recently proposed and established at the Pennsylvania State University (PSU-SARS)
[1, 2, 107-111]. A schematic of the liquid phase adsorption system is shown in Figure
2.2. The model fuel contained 0.045 % mole of DBT and 0.045 % mole of 4,6-
DMDBT in decalin. The adsorption experiment was carried out at ambient
temperature and pressure of nitrogen. The unsupported catalyst was packed in a
stainless steel column having a bed dimension of 4.6 mm i.d. and 37.5 mm length as
shown in Figure 2.3. The model fuel was fed into the column by HPLC pump and
flowed up through the bed at a liquid hourly space velocity (LHSV) of 1.04 h™. The
effluent from the top of the column was collected periodically for analysis.

A
C
O
L
U
N
N
Liquid
Pump [r— .

>

Liquid Fuel GC

Liquid Product

Figure 2.2 A schematic of the liquid-phase adsorption flow system.
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Figure 2.3 A stainless steel column for liquid-phase adsorption experiment.

2.4 HDS Product Analysis

2.4.1 Model Fuel

The liquid products were analyzed qualitatively with a Shimadzu
GC/MS (GC12A/QP-500) and quantitatively with a HEWLETT PACKARD GC-FID
(HP5890) with a XTI-5 column (Restek). Both GC/MS and GC-FID were
programmed from 55°C to 240 °C at heating rate of 5 °C/min. The response factors
(RF) of the compounds were determined by injecting a known amount of some
reagent together with a known amount of internal standard. The GC response factors
for DBT, 4,6-DMDBT and four of the products (biphenyl (BP), cyclohexylbenzene
(CHB), bicyclohexyl (BCH) and 3,3’-dimethylbiphenyl (3,3’-DMBP)) were
determined using authentic samples. The product analysis using GC-FID is described
in detail in Appendix A. Conversion (% wt) and selectivity (% mole) of each product
were defined in Appendix B.
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2.4.2 Light Cycle Oil

The liquid products from HDS of LCO were analyzed for total sulfur
and individual sulfur compounds. The total sulfur concentration was determined using
an Antek 9000S Total Sulfur Analyzer. The instrument was calibrated in our
laboratory at four different sulfur concentration ranges: 0-6, 6-60, 60-300 and 300-
900 ppmw sulfur using dibenzothiophene (DBT) in n-decane and linear calibration
curves were obtained for each calibration range. The linearity of the calibration in
each range was also cross-checked using sulfur standard samples supplied by Antek.
The sulfur detection limit of the total sulfur analyzer in the normal working range is
0.5 ppmw sulfur. The Gas Chromatography - Pulsed Flame Photometric Detector
(GC-PFPD) was used to determine individual sulfur compound in LCO before and
after the HDS reaction. A Hewlett-Packard 5890 series Il gas chromatograph with a
capillary column, XTI-5 (Restek, bonded 5%, 30 m x 0.25 mm i.d. x 0.25 mm film
thickness) and a split mode injector (ratio 100:1) was used with ultra-high purity
helium as a carrier gas. The conditions and temperature program for GC-PFPD are

described in Appendix A.

2.5 Catalyst Characterization

2.5.1 Adsorption Desorption Isotherms of Nitrogen

N adsorption-desorption. isotherms-were measured on a Micromeritics
ASAP 2020 (Accelerated Surface Area and Porosimetry System) instrument. The
Brunauer-Emmet-Teller (BET) specific surface area was determined using adsorption
data in the relative pressure range of 0.06 to 0.3. Pore size distributions of the samples
were calculated from the isotherms by the Barrett-Joyner—-Hallenda (BJH) method.
The BJH pore size distributions were calculated from the desorption branch of the

isotherms. Fresh samples were vacuum dried before the adsorption measurement.
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2.5.2 Temperature Programmed Reduction

Temperature-programmed  reduction (TPR) measurements were
conducted with a Micromeritics AutoChem 2910 Automated Catalyst
Characterization System. About 0.1 g of sample was charged in the reactor and heated
up to 500 -C at the rate of 10 -C/min, held at that temperature for 30 min and cooled
to room temperature under Ar flow to remove the adsorbed materials. A mixture of
4.8 vol% Hy/Ar was introduced at 50 ml/min into the sample loop. The heat treated
sample was heated at a rate of 10 °C /min to 650 -C. The effluent gas was passed
through a viscous solution of isopropanol cooled by liquid N, to remove the water

produced during reduction and analyzed using a thermal conductive detector.

2.5.3 X-Ray Diffraction

Crystalline structure of the synthesized catalysts was characterized
using X-ray diffraction (XRD) on a Scintag Powder Diffractometer with Cu-Ka
emission at 30 mA 35 KV. Diffractograms were obtained from 5° to 80° 20 with a
scanning speed of 2 °/min. Diffractograms were analyzed using the standard JCPDS

files.

2.5.4 High Resolution Transmission Electron Microscopy

High resolution. transmission. electron. microscopy (HRTEM) was
performed on a JEOL JEM-2010F transmission electron microscope. A small amount
of sample was ground with a mortar and pestle. The sample was then suspended in
ethanol and sonicated. A drop of the suspension ‘was put on a lacey carbon film

supported by a Cu grid.



CHAPTER I

HIGHLY ACTIVE UNSUPPORTED NiMo SULFIDE CATALYSTS
FOR DEEP HDS OF DBT AND 4,6-DMDBT: EFFECT OF
CATALYST PREPARATION CONDITIONS

Conventional catalysts used in the hydrotreating process include
mainly Ni or Co promoted Mo- or W-based catalysts supported by y-Al,O3 [11]. They
are active in converting thiophene and benzothiophenes, but not active enough to
desulfurize efficiently the most refractory sulfur-containing polyaromatic compounds,
e.g. dibenzothiophene (DBT) and its alkyl-substituted derivatives which are the major
portion of sulfur in the high-boiling point fraction of crude oil, i.e. heavy naphtha,
diesel, and light FCC naphtha.

It is well established that the Mo based catalysts used for HDS are
promoted by the addition of cobalt or nickel in much more than trace amounts. The
synergetic effects of the promoters on catalytic activity of the Mo sulfides have been
reported by many research groups [13, 112, 113]. The effect of promoter over the Mo
sulfide catalysts for HDS reactions has been attributed to the amount of promoter
atoms that can be accommodated on the edges of MoS, layers and also to the
electronic transfer from promoter atom that induces on Mo atoms located at these
sites [114, 115].

Generally, the Mo sulfide catalysts are prepared by an impregnation of
aqueous solution of oxide precursors on Al,O3 support, followed by drying,
calcination and pre-sulfidation with. either H,/H,S or an organic sulfur compound
such as dimethyldisulfide (DMDS) [16]. An alternative to the oxide-sulfide
transformation is to use precursor compounds already sulfided like ammonium
thiometalates precursors (NRy).MeS, (R: H or alkyl; Me: Mo or W). Some
researchers have proposed more effective preparation of Mo sulfide catalysts from
different precursors such as ammonium tetrathiomolybdate (ATTM) [112, 113, 116-
119]. These Mo sulfide catalysts can be synthesized directly via a thermal
decomposition method of ATTM and do not need further sulfidation. Deyers and
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coworkers [120] observed relatively high activity of Mo sulfide catalysts prepared via
hydrothermal method compared with Mo sulfide catalysts prepared by thermal
decomposition. Recently, Song et al. [104-106] reported a new hydrothermal synthesis
method for preparing highly dispersed unsupported Mo sulfide catalyst from aqueous
ATTM solution in the presence of organic solvent under hydrogen atmosphere. The
use of organic solvent helps to improve dispersion of the precursor molecules.
However, even if unsupported Mo sulfide catalysts have been often used as model
catalysts for hydrotreating reactions, their high volumetric activities tend to be more

and more attractive for commercial applications.

All unsupported catalysts in this work were prepared via the
hydrothermal method developed from the procedure reported by Song et al. [104-
106]. It is well known that conditions and atmospheres during the catalyst preparation
have strongly affected the activity of catalysts. In this chapter, the effect of catalyst
preparation conditions on the HDS activity of the unsupported NiMo sulfide catalysts
was studied. The parameters studied included catalyst preparation temperature, the

catalyst preparation pressure, organic solvent (decalin) and Ni/(Mo+Ni) mole ratios.
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3.1 HDS of DBT and 4,6-DMDBT

As described in Chapter 2, the HDS reaction of DBT and 4,6-DMDBT
proceeds through direct desulfurization (DDS) pathway and hydrogenation (HYD)
pathway.

The two pathways of DBT HDS are shown in eq. (3.1) and (3.2)

1. Biphenyl (BP) represents the product from DDS pathway

(3.1)

2. Tetra-hydrodibenzothiophene (THDBT), cyclohexylbenzene (CHB)
and bicyclohexane (BCH) represents the products from HYD pathway.
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Since DDS and HYD pathways are parallel, the ratio between HYD
and DDS can be approximated in term of the product selectivity by the following

equation.

selectivity to(THDBT + CHB + BCH)
selectivity to BP

HYD/DDS = (3.3)
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The two pathways of 4,6-DMDBT HDS are shown in eq. (3.4) and
(3.5)

1. 3,3’Dimethylbiphenyl (3,3’-DMBP) represents the product from

DDS pathway
HS
S (34)
H;C CH, H,C H,

4.6-DMDBT 3,3-DMEF

2. Tetra-hydrodimethyldibenzothiophene (THDMDBT),
methylcyclohexyltoluene (MCHT) and dimethylbicyclohexane (3,3’-DMBCH)
represent the products from HYD pathway.
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(3.5)

Since DDS and HYD pathways are parallel, the ratio between HYD
and DDS can be approximated in term of the product selectivity by the following

equation.

selectivity to( THDMDBT + MCHT + DMBCH)
selectivity to 3,3'-DMBP

HYD/DDS =

(3.6)
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3.2 Effect of Catalyst Preparation Temperature

Figure 3.1 shows the effect of catalyst preparation temperature on the
activity of unsupported NiMo sulfide catalysts for the DBT and 4,6-DMDBT HDS.
When the preparation temperature was increased from 300 °C to 375 °C, the
conversion of DBT and 4,6-DMDBT increased gradually from 50.3% to 63.9% and
from 41.6% to 51.9%, respectively. The DBT conversion was approximately 1.2
times the 4,6-DMDBT conversion. Table 3.1 presents the product distribution in the
DBT and 4,6-DMDBT HDS over NiMo sulfide catalysts prepared at various
temperatures. The selectivity to biphenyl (BP) and cyclohexylbenzene (CHB) which
were the major products of DBT HDS showed the different trend. The CHB
selectivity (product from HYD pathway) increased while the BP selectivity (product
from DDS pathway) decreased when the catalyst preparation temperature was
increased. However, the selectivity to tetra-hydrodibenzothiophene (THDBT) and

bicyclohexane (BCH), as the minor products, did not change significantly.

Conversion (%0)
5 8

4 —e— DBT
| _= 46DVDBT
O } T } T } T } T
275 300 325 350 375 400
Temperature (°C)

Figure 3.1 Effect of preparation temperature on simultaneous HDS of DBT and
4,6-DMDBT over unsupported NiMo sulfide catalysts. (other preparation

parameters: pressure = 2.8 MPa, solvent amount = 1 g and Ni/(Mo+Ni) =
0.43).
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Table 3.1 Effect of Preparation Temperature on HDS of 4,6-DMDBT and DBT over
NiMo Sulfide Catalysts.(Other catalyst preparation parameters: pressure =
2.8 MPa, solvent amount = 1 g and Ni/(Mo+Ni) = 0.43)

Preparation Temperature

) 300 325 350 375
gf&ersion (Wi%) 50.3 53.8 58.5 63.9
Selectivity (%)
BP 46.5 43.4 41.1 38.7
THDBT 5.2 5.4 6.2 4.9
CHB 39.6 42.0 42.6 471
BCH 8.7 9.2 10.1 9.3
HYD/DDS? 1.2 1.3 1.4 1.6
?\;\?t;%MDBT Conversight 416 44.8 473 51.9
Selectivity (%)
3,3’-DMBP 40.6 37.1 33.2 25.4
THDMDBT 337 35.6 37.8 41.8
MCHT 24.0 25.8 27.0 31.0
3,3’-DMBCH 1.7 15 2.0 1.8
HYD/DDS" 1.5 1.7 2.0 2.9

®HYD/DDS = [selectivity to (THDBT+CHB+BCH) / selectivity to BP].
® HYD/DDS = [selectivity to (THDMDBT+MCHT+ 3,3’-DMBCH) / selectivity to
3,3’-DMBP].

For the product selectivity of 4,6-DMDBT HDS, unlike the DBT HDS,
tetra-hydrodimethyldibenzothiophene (THDMDBT) was the major hydrogenation
product  accompanied  with  3,3’-dimethylbiphenyl  (3,3’-DMBP)  and
methylcyclohexyltoluene (MCHT). The 3,3’-DMBP selectivity decreased from 40.6%
to 25.4% when the catalyst preparation temperature was increased from 300 °C to 375
°C. Similarly to the product distribution of DBT HDS, 3,3’-DMBP, a product from
the DDS pathway, decreased when the catalyst preparation temperature was
increased, while the products from the HYD pathway (THDMDBT and MCHT)
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increased. The selectivity to 3,3’-DMBCH, as the minor product, did not change.
Consequently, the HYD/DDS ratio increased from 1.2 to 1.6 for the DBT HDS and
from 1.5 to 2.9 for the 4,6-DMDBT HDS when the catalyst preparation temperature

was increased.

From these results, it can be concluded that the high preparation
temperature not only increase the HDS activity of the unsupported NiMo sulfide
catalyst but also enhance the hydrogenation activity. It has been reported that the
catalytic activity of Mo based sulfide catalyst is related to the coexistence of two
different sites and each site drives the HDS reaction through the DDS pathway and
the HYD pathway [64].The predominant pathway may be directly dependent upon the
relative concentration of these active sites. According to the result of preparation
temperature effect, it seems that there are more HYD sites than the DDS sites on the
unsupported NiMo sulfide catalysts prepared at high temperature. This result also
agrees very well with the ratio of HYD/DDS in the product selectivity. Although the
selectivity to MCHT and 3,3’-DMBP was not much different, the selectivity to

hydrogenation products was significantly higher than that to hydrogenolysis product.

In addition, the high activity of catalyst prepared at higher preparation
temperatures could also be explained by N, adsorption measurement. The specific
surface area of the unsupported NiMo sulfide catalyst prepared at 375 °C (249 m%/q)
was much higher than that of catalyst prepared at 300°C (121 m?/g) as shown in Table
3.2. The high pore volume also supported the high catalyst activity of catalysts for
HDS.
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Table 3.2 Surface Area and Pore VVolume of NiMo Sulfide Catalysts Prepared
at Various Preparation Temperatures. (Other catalyst preparation
parameters: pressure = 2.8 MPa solvent amount = 1 g and Ni/(Mo+Ni)

=0.43)
Preparation Surface Area Pore volume
Temperature (°C) (m?/g) (cm®/g)
300 121 0.19
325 158 0.21
350 201 0.28
375 249 0.39

3.3 Effect of Catalyst Preparation Pressure

Figure 3.2 shows the effect of catalyst preparation pressure on the
subsequent hydrodesulfurization. Similarly to the catalyst preparation temperature
effect, a gradual increase in the conversion of 4,6-DMDBT and DBT was observed
when H; pressure in the catalyst preparation was increased. Thus, H, pressure in the
catalyst preparation showed a remarkable strong effect on the HDS activity of the
resulting catalyst. For the pressure range of 1.4 to 2.8 MPa, the DBT and 4,6-DMDBT
conversion increased from 39.8% to 58.5% and from 29.4% to 47.3%, respectively.
However, when the preparation pressure increased further up to 3.4 MPa, the increase

of HDS activity was not significant for both sulfur compounds.
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Figure 3.2 Effect of preparation pressure of H, on HDS of DBT and 4,6-DMDBT
over NiMo sulfide catalysts. (other preparation parameters: temperature
= 350°C, solvent amount = 1 g and Ni/(Mo+Ni) = 0.43).

Product distribution in the DBT and 4,6-DMDBT HDS are presented
in Table 3.3 For the DBT HDS, generally, BP was a major product from the DDS
pathway. A small amount of THDBT from the HYD pathway and a trace amount of
BCH were also detected. However, it is very interesting that the major product was
CHB while the BCH amount was detected around 10%. Consequently, the HYD/DDS
ratio was over 1.0 for all catalysts, except for the NiMo- sulfide prepared at 1.4 MPa
H, pressure (HYD/DDS ratio = 0.9). For the 4,6-DMDBT HDS, THDMDBT, 3,3’-
DMBP. and MCHT were- the- major -products.- Unlike -the preparation temperature
effect, the 3,3’-DMBP 'selectivity did not show a considerable change but the
selectivity to THDMDBT decreased significantly when the catalyst preparation
pressure was increased. The HYD/DDS ratio of both DBT and 4,6-DMDBT HDS also
decreased when the preparation pressure was increased. It can be concluded that the
unsupported NiMo sulfide catalysts prepared at high H, pressure became less active
for HYD pathway, but more active for DDS pathway.



Table 3.3 Effect of Preparation Presssure on HDS of 4,6-DMDBT and DBT over

NiMo Sulfide Catalysts. (Other catalyst preparation parameters:

temperature = 350 °C, solvent amount = 1 g and Ni/(Mo+Ni) = 0.43)
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Preparation

Pressure (MPa) 1.4 2.1 2.8 3.4
gg&ersion (Wi%) 39.8 54.2 58.5 63.4
Selectivity (%)
BP 51.4 37.4 41.1 45.0
THDBT 10.9 9.5 6.2 5.6
CHB 31.6 43.1 42.6 40.8
BCH 6.1 10.0 10.1 8.6
HYD/DDS® 0.9 1.7 1.4 1.2
égnexs%?(wt% ) 29.4 40.4 47.3 50.5
Selectivity (%)
3,3’-DMBP 29.4 31.4 33.2 32.8
THDMDBT 45.6 41.9 37.8 35.3
MCHT 21.7 24,5 27.0 28.9
3,3’-DMBCH 3.3 2.2 2.0 3.0
HYD/DDS" 2.4 2.2 2.0 2.0

*HYD/DDS = [selectivity to (THDBT+CHB+BCH) / selectivity to BP].

® HYD/DDS = [selectivity to (THDMDBT+MCHT+3,3’-DMBCH) / selectivity to
3,3’-DMBP].

Based on these results, the H pressure significantly affects the HDS

activity of NiMo sulfide catalysts. The higher H, pressure increased the activity of
NiMo sulfide catalysts for both DBT and 4,6-DMDBT HDS. The low H; pressure

might not provide enough hydrogen for the decomposition and the reaction of ATTM.

Possibly, the high pressure assists ATTM to be converted and synthesized to NiMo
sulfide with an active phase for DBT and 4,6-DMDBT HDS.
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Table 3.4 Surface Area and Pore VVolume of NiMo Sulfide Catalysts Prepared
at Various Preparation Pressures. (Other catalyst preparation
parameters: temperature = 350 °C, solvent amount = 1 g and Ni/(Mo+Ni)

=0.43)
Preparation Surface Area Pore volume
Pressure (MPa) (m?/g) (cm®/g)
1.4 83 0.17
2.1 161 0.22
2.8 201 0.28
3.4 231 0.37

Similarly to the preparation temperature effect, the high activity of
catalyst prepared at high pressure can be explained by N, adsorption measurement as
presented in Table 3.4. The unsupported NiMo sulfide catalyst prepared at 1.4 MPa
has surface area of 83 m?/g while the catalyst prepared at 3.4 MPa has higher surface
area (231 m?/g). Thus, the active NiMo sulfide catalyst with high specific surface area

and pore volume could be synthesized at high preparation pressure.

3.4 Effects of Organic Solvent in Catalyst Preparation

The effect of organic solvent was studied by addition of various
amount of decalin to the aqueous solution of ATTM and Ni precursor. Table 3.5
reveals the effect of decalin amount-on the activity of NiMo sulfide catalysts for the
HDS of DBT and 4,6-DMDBT. Both the DBT and 4,6-DMDBT conversions
increased significantly when the solvent added during the catalyst preparation was
increased from 0 to 3 g. The NiMo sulfide catalyst prepared in the presence of 3 g
organic solvent has much higher activity for the HDS of DBT (73.5% conversion) and
4,6-DMDBT (59.3% conversion). For the NiMo catalyst prepared without the solvent,
BP was the predominant product of the DBT HDS. With increasing the amount of
solvent, however, the BP selectivity slightly decreased. Moreover, the selectivity to

CHB became more significant than the BP selectivity. The similar trends were
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observed in the 4,6-DMDBT HDS. When the catalyst prepared with the high solvent
amount was used, the increase in the MCHT selectivity was more pronounced than
that in the 3,3’-DMBP selectivity.

Table 3.5 Effect of Organic Solvent Amount on HDS of 4,6-DMDBT and DBT over
NiMo Sulfide Catalysts. (Other catalyst preparation parameters:
temperature = 350 °C, pressure = 2.8 MPa and Ni/(Mo+Ni) = 0.43)

Solvent amount(g) 0 1 3

DBT
Conversion (wt%)

Selectivity (%)

52.4 58.5 73.5

BP 46.7 41.1 40.7
THDBT 7.7 6.2 3.4
CHB 38.4 42.6 46.2
BCH 7.2 10.1 9.7
HYD/DDS? 1.1 1.4 1.5
Lclfgr-]I\:/):r/ls?c)?\-E Wi%h) 35.8 47.3 59.3
Selectivity (%)
3,3’-DMBP 31.2 33.2 36.0
THDMDBT 46.2 37.8 31.0
MCHT 2019 27.0 31.1
3,3’-DMBCH 1.7 2.0 1.9
HYD/DDS’ 2.2 2.0 1.8

®HYD/DDS = [selectivity to (THDBT+CHB+BCH) / selectivity to BP].
®HYD/DDS = [selectivity to (THDMDBT+MCHT+3,3’-DMBCH) /
selectivity to 3,3’-DMBP].
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Table 3.6 Surface Area and Pore VVolume of NiMo Sulfide Catalysts Prepared
at Various Solvent Amounts. (Other catalyst preparation parameters:
temperature = 350 °C, pressure = 2.8 MPa and Ni/(Mo+Ni) = 0.43)

Solvent Amount Surface Area Pore volume
(9) (m?/g) (cm®g)
0 75 0.16
1 201 0.28
3 258 0.43

Table 3.6 presents the specific surface area and pore volume of
unsupported NiMo sulfide catalysts prepared with and without adding solvent. The
results of BET analysis show that the NiMo sulfide catalyst prepared in the presence
of solvent has much higher surface area (258 m?g) than that without solvent (75
m?/g). The pore volume of catalyst also increased with increasing the solvent amount.
Therefore, it is clear that the organic solvent addition led to a highly active
unsupported NiMo sulfide catalyst with high surface area. Compared with the catalyst
prepared with no solvent addition, the catalysts prepared in the presence of organic
solvent have larger surface area for gas-liquid-solid contact, and therefore more active
hydrogen species (such as H atom) could be produced for the HDS reaction. This may
partially rationalize much higher activity of the catalyst prepared with solvent

addition than one prepared in the absence of solvent.

The beneficial effect of organic solvent in this study is consistent with
the results reported by Yoneyama and Song [105]. They reported that the addition of
solvent in the preparation of MoS, from ATTM provided the high activity for
cleavage of C-C bond and hydrogenation of naphthalene, and the additional water led
to much higher activity. Probably, the presence of the organic solvent helps to
disperse ATTM containing water droplet during the preparation with vigorous
agitation resulting in a fine molecular dispersion of precursor molecules in the

aqueous solution isolated by organic solvent prior to and during the decomposition
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and hydrogen reduction. Afanasiev [121] also reported that the presence of organic
matter decreased MoS; layer stacking and textural stabilization. The carbonaceous
matter of any origin prevents the crystallization of the sulfide. The role of the organic
molecule is rather that of scaffolding and preventing an agglomeration of layered

sulfide fringes.

3.5 Effect of Ni/(Mo+Ni) Ratios

Based on the above results of preparation condition effect on catalytic
activity, the unsupported NiMo sulfide catalysts with various Ni/(Mo+Ni) ratios were
prepared under suitable conditions of 350 °C and 2.8 MPa H, pressure in the presence

of 1 g organic solvent.

3.5.1 Specific Surface Area

The BET specific surface areas of the unsupported NiMo sulfide
catalyst are summarized in Table 3.7. The surface area of all catalysts was measured
before the HDS reaction. The results showed that the unsupported Mo sulfide catalyst
prepared by the hydrothermal method has high surface area. However, it was reduced
after being deposited by the promoter. The decrease in the surface area of sulfide
catalyst after the promoter addition was previously observed for bimetallic sulfide
catalysts by some researches [112, 122]. They found that the surface area was
decreased from 50 m?/g to 15 — 25 m?/g after the addition of promoter to Mo sulfide
catalyst [123]. The surface area of unsupported: Mo sulfide catalysts was affected by
the Ni content, indicating that the Ni content influenced the morphology and/or the
degree. of aggregation of the Ni-Mo phase. This suggests that the-number of active
sites in the NiMo-sulfide catalysts was not increased but rather that the effectiveness

of the active site may be enhanced.
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Table 3.7 Surface Area and Pore Volume of NiMo Sulfide Catalysts Prepared
with Various Ni/(Mo+Ni) Ratios. (Other catalyst preparation parameters:
temperature = 350°C, pressure = 2.8 MPa and solvent amount= 1 g)

Ni/(Mo+Ni) Surz‘?:ztjé?rea Por(ir\r/]glls)me

0 320 0.72
0.20 245 0.39
0.33 207 0.28
0.43 201 0.28
0.50 187 0.25
0.56 159 0.21

g 4 0.01

3.5.2 Crystalline Structure

The XRD patterns of the NiMo sulfided catalyst series are shown in
Figure 3.3. Comparison with a commercial MoS, powder, all unsupported Mo based
sulfide catalysts exhibited broad diffraction peaks, indicating a very poorly
crystallized MoS; structure, particularly when the promoter was presented. The
catalyst with the Ni/(Mo+Ni) ratio of 0.33 showed the diffraction peaks of poorly
crystalline MoS; only, indicating that the MoS; maintains its structure in the presence
of amorphous Ni, as reported earlier-[89]. For the catalysts with the Ni/(Mo+Ni) ratio
above 0.43, the diffraction peaks of the second metal sulfide appeared progressively.
Ni3S4 was presented in the catalysts with the Ni/(Mo+Ni) ratio of 0.43, 0.50 and 0.56.
Moreover, NiS existed in the catalysts with the Ni/(Mo+Ni) ratio of 0.50 and 0.56. In
most case, the ternary Mo-Ni-S phases did not appear clearly. It is probably due to the
fact that there is overlapping of diffraction peaks from MoS; and Mo-Ni-S phase.
Another reason is that the active structures (Mo-Ni-S phase) are possibly presented as

small nano-crystals, which cannot be characterized by X-ray diffraction method [113].
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3.5.3 Catalytic Activity and Selectivity

The effect of the Ni/(Mo+Ni) atomic ratio on the HDS activity of
unsupported NiMo sulfide catalysts is presented in Table 3.8. The Mo sulfide catalyst
was prepared by the same procedure as the NiMo sulfide catalysts, but without the Ni
precursor. For the Ni sulfide catalyst, the same procedure was followed without the
addition of ATTM and CS; was used as a sulfur source to provide sulfur for nickel
[124]. The main purpose is to prepare a catalyst with high activity in converting the
refractory sulfur compounds while the conventional catalysts are not active enough to
desulfurize efficiently. The results in Table 3.8 show obviously that the unsupported
NiMo sulfide catalysts had very high HDS activity compared with the commercial
alumina supported NiMo catalysts (Cr424). Moreover, all unsupported NiMo sulfide
and MoS; catalysts gave higher 4,6-DMDBT conversion than Cr424.

Surprisingly, 4,6-DMDBT is slightly more reactive than DBT over the
unsupported Mo sulfide (31.8% 4,6-DMDBT conversion and 27.7% DBT
conversion). This is mainly due to the higher activity in the HYD pathway as the
prominent pathway for both sulfur compounds on this catalyst. As seen in Table 3.8,
the HYD/DDS ratio for both DBT and 4,6-DMDBT HDS was very high (2.4 for DBT
HDS and 11.8 for 4,6-DMDBT HDS). However, if we consider the HDS activity for
the products with no sulfur (3,3’ DMBP, MCHT and DMBCH for 4,6-DMDBT HDS
and BP, CHB and BCH for DBT HDS), DBT reactivity is about twice of 4,6-
DMDBT. The conversion of DBT and 4,6-DMDBT increased and reached maximum
when Ni incorporated was increased up to the Ni/(Mo+Ni) ratio of 0.5. However, the
conversion decreased when the ratio was further increased. These results indicated
that there is a significant synergetic effect of Ni onthe Mo catalysts for both DBT and
4,6-DMDBT HDS. The HYD/DDS ratio was above 1 for all catalysts even if the HDS
of DBT which the hydrogenolysis pathway is generally predominant. It also indicated
that the HDS of DBT and 4,6-DMDBT over unsupported Mo and NiMo sulfide
catalysts mainly takes the route of hydrogenation. The HYD/DDS ratio decreased
significantly when Ni was added into Mo sulfide catalyst. For example, the
HYD/DDS ratio in the 4,6-DMDBT HDS is 11.8 for the Mo sulfide catalyst and 2.0
for the catalyst with the Ni/(Mo+Ni) ratio of 0.5. These results suggested that the

promoting effect was essentially due to the enhancement of the rate of DDS pathway.
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Table 3.8 Effect of Ni/(Mo+Ni) Ratios on HDS of 4,6-DMDBT and DBT over NiMo Sulfide Catalysts. (Other catalyst preparation parameters:
temperature = 350°C, pressure = 2.8 MPa and solvent amount = 1 g)

Catalysts MoS;  NiMo0S-0.20  NiMoS-0.33  NiM0S-0.43  NiMo0S-0.50 NiMo0S-0.53 NiS Cra24°
Ni/(Mo+Ni) 0 0.20 0.33 0.43 0.50 0.53 1 0.31
DBT
Conversion (wt%) 27.7 46.3 51.3 58.5 67.8 57.1 11.2 53.6
Selectivity (%)
BP 29.2 46.6 44.9 41.1 39.5 44.8 56.7 64.3
THDBT 44.5 10.1 7.0 6.2 4.2 6.4 26.5 4.0
CHB 19.7 36.4 39.9 42.6 45.6 40.5 7.9 28.6
BCH 6.6 6.9 8.2 10.1 10.7 8.3 8.9 3.1
HYD/DDS*? 2.4 1.1 1.2 1.4 1.5 1.2 0.8 0.6
4,6-DMDBT
Conversion (wt%) 31.8 34.3 41.0 47.3 54.0 44.4 7.5 26.0
Selectivity (%)
3,3’DMBP 7.8 26.6 26.3 002 334 31.2 10.7 32.6
THDMDBT 87.1 45.0 45.4 37.8 33.9 42.1 84.6 40.6
MCHT 3.8 26.8 26.6 27.0 30.6 25.2 4.3 26.6
3,3’-DMBCH 1.3 1.6 1.7 2.0 2.1 1.4 0.4 0.2
HYD/DDS’ 11.8 2.8 2.8 2.0 2.0 2.2 8.4 2.1

*HYD/DDS = [selectivity to (THDBT+CHB+BCH) / selectivity to BP]. "HYD/DDS = [selectivity to (THDMDBT+MCHT+

3,3’-DMBCH) / selectivity to 3,3’-DMBP]. ¢ Commercial NiMo sulfide alumina supported catalyst.

L9
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The remarkable increase in the catalytic activity by the addition of Co
or Ni to Mo sulfide catalyst has been reported by many research groups. Upon
increasing the concentration of the promoter atoms, the activity may increase
significantly. The other promoting effects may be highly dependent on the catalysts
preparation procedure. The variation in the optimum Me/(Me+Mo) (Me = Co, Ni)
atomic ratios reported in the literatures may be explained. In the case of the
unsupported catalyst, the optimum Me/(Me+Mo) atomic ratios are in the range of 0.3
to 0.54 for CoMo sulfide catalysts [123, 125, 126] and 0.4 to 0.55 for Ni-Mo sulfide
catalysts [127, 128]. In the case of the supported catalyst, the optimum Me/(Me+Mo)
atomic ratios are in the range of 0.2 to 0.4 for CoMo and NiMo sulfide catalysts [13,
129]. In this study, the activity of the catalyst with the Ni/(Mo+Ni) ratio of 0.2 and
0.33 was much higher than MoS; and NiS sulfide catalysts. The NiMo sulfide catalyst
with the Ni/(Mo+Ni) ratio of 0.50 had highest activity among all catalysts tested. This
optimum Ni/(Mo+Ni) ratio agrees very well with the previous results reported for the
unsupported NiMo sulfide catalysts.

During the catalyst preparation, the reaction occurring between ATTM

and Ni(NOs), in the environment of hydrogen to form the bimetallic sulfide catalyst
was suggested as follows [130].

2(NH, ), MoS, + Ni(NO,), = (NH, ), {Ni(MoS, ), } + 2NH,,NO, (3.7)

The presence of hydrogen gives the bimetallic sulfide according to the

following reactions
Ni(MoS, ), + H, = Ni(MaS;), + H,S (3.8)

Ni(MoS, ), + H, — Ni(MoS, ), + H,S (3.9)

The chemical interaction among Ni and Mo atoms after the
decomposition implies that a good dispersion of the promoter in MoS; is obtained,
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resulting in the formation of a large number of NiMo sites. It has been reported that
the presence of Ni promoter atoms causes the change of the shape of the MoS;
nanoclusters from triangular to hexagonally truncated structure as mentioned in
Chapter 1 [99]. Ni atoms may be placed at the edge of MoS; crystallites, forming Ni—
Mo-S structure which is considered to provide a major HDS active site [13, 65, 131].
The hydrothermal method assists the formation of very small size of NiMo sulfide
cluster in the unsupported catalyst. It is postulated that the organic solvent may be
finely dispersed in the aqueous solution (close to supercritical fluid) of ATTM and Ni
precursor at high H, pressure, facilitating the decomposition of ATTM and the
reaction between Mo Species with the Ni precursor. Subsequently, very fine particles
(nano-size) of NiMo sulfide catalyst could be synthesized. In addition, more Ni atoms
would be incorporated into smaller Mo sulfide crystallites, forming more NiMoS

phases.

From Table 3.8, the conversion of both sulfur compounds increased
when the Ni/(Mo+Ni) atomic ratio was increased up to 0.5 because more active
NiMoS phase was formed in the small crystallites of Mo sulfide. However, for the
catalyst with Ni/(Mo+Ni) atomic ratio above 0.5, excess Ni atoms may occupy the
active phase of NiMoS instead of reactants, leading to the decrease in the conversion
of sulfur compounds. Although the separate phases of the Ni3S; and NiS were
presented in the catalysts with Ni/(Mo+Ni) ratio between 0.43 and 0.5 (Figure 3.3),
there was no detrimental effect on the conversion of DBT and 4,6-DMDBT. What
role does this separate metal sulfide play is a matter of debate. If these metal (Ni and
Co) sulfide particles are indeed catalytically active, they might help adsorb and
dissociate hydrogen molecule. The resulting H species could attack the MoS; particles

and create coordinative unsaturated site at the edges [132, 133].
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3.6 Effect of Co/(Mo+Co) Ratios

As mentioned above, Ni is the effective promoter that enhances and
maintains the performance of the unsupported MoS; catalyst. However, Co is another
promoter that widely accepted for promoting the HDS activity of MoS,. Thus, in
order to investigate the effect of Co on the unsupported MoS, catalysts, the
unsupported CoMo sulfide catalysts with various Co/(Mo+Co) ratios were prepared at
suitable conditions of 350 °C and 2.8 MPa H; pressure in the presence of 1 g organic
solvent. Then the activity of CoMo sulfide catalysts was evaluated by the
simultaneous HDS of DBT and 4,6-DMDBT and compared with the commercial

catalysts.

Table 3.9 presents the effect of the Co/(Mo+Co) atomic ratio on the
HDS activity of unsupported CoMo sulfide catalysts. Similar to NiMo sulfide, Co
shows the significant synergetic effect on the Mo sulfide catalyst. The conversion of
DBT and 4,6-DMDBT increased and reached maximum at the Co/(Mo+Co) ratio of
0.5. The effect of Co was slightly higher than that of Ni on the activity of MoS; for
both DBT and 4,6-DMDBT HDS. However, over CoMo sulfide, the HYD/DDS ratio
of DBT HDS was lower than 1.0 while this ratio of 4,6-DMDBT HDS is higher than
1.0. These results suggested that the DDS pathway was the main pathway for HDS of
DBT whereas HDS of 4,6-DMDBT favored the HYD pathway over the unsupported
CoMo sulfide catalysts.
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Table 3.9 Effect of Co/(Mo+Co) Ratios on HDS of 4,6-DMDBT and DBT over CoMo Sulfide Catalysts. (Other catalyst preparation parameters:

temperature = 350°C, pressure = 2.8 MPa and solvent amount = 1 g)

Catalysts MoS; CoMo0S-0.20 -~ CoM0S-0.33 CoMo0S-0.43 CoMo0S-0.50 CoMo0S-0.53  Cr344°
Co/(Mo+Ni) 0 0.20 0.33 0.43 0.50 0.53 0.30
DBT 27.7 55.4 58.9 63.5 68.0 65.4 44.3

Conversion (wt%)
Selectivity (%)

BP 29.2 763 77.0 78.1 79.0 78.0 88.1
THDBT 445 46 5.5 40 27 4.2 2.0
CHB 19.7 145 132 12.9 11.9 12.1 8.1
BCH 6.6 46 43 5.0 6.3 5.7 18

HYD/DDS" 24 031 0.30 0.28 0.27 0.28 0.1

4,6-DMDBT 31.8 38.9 477 56i5 61.7 56.8 17.8

Conversion (wt%)
Selectivity (%)

3,3’'DMBP 7.8 31.7 3610 43.1 49.8 42.7 354
THDMDBT 87.1 42.9 41.3 334 27.0 33.8 36.7
MCHT 3.8 251 21.7 20.1 19.3 21.2 27.7
3,3’-DMBCH 1.3 0.3 2.0 3.4 3.9 2.3 0.3
HYD/DDS" 11.8 2.15 1.86 1.32 1.01 1.34 1.8

*HYD/DDS = [selectivity to (THDBT+CHB+BCH) / selectivity to BP]. "HYD/DDS = [selectivity to (THDMDBT+MCHT+
3,3’-DMBCH) / selectivity to 3,3’-DMBP]. “ Commercial CoMo sulfide alumina supported catalyst.

1.



CHAPTER IV

COMPARATIVE STUDY ON PHYSICOCHEMICAL
PROPERTIES AND CATALYTIC ACTIVITY OF MoS,, CoMoS;
AND NiMoS,; UNSUPPORTED CATALYSTS

Catalysts based on molybdenum or tungsten have been used
extensively for hydrodesulfurization (HDS) in petroleum refining for several decades
and increasing attention Is directed towards more effective catalysts for deep
desulfurization [1, 2]. The increase in the HDS activity by addition of Co or Ni into
Mo or W based catalysts has attracted the most attention in the studies of HDS
catalysts. The synergetic effects of promoters on the catalytic activity of the Mo
sulfides have been reported in the literatures [13, 112, 113]. The effect of promoter in
Mo sulfide catalysts has been attributed to the amount of promoter atoms that can be
accommodated on the edges of MoS; layers and also to the electronic transfer that
promoter atom induces on Mo atoms located at these sites [114, 115]. The exact
nature of the active sites in Co—Mo or Ni—-Mo sulfide catalysts is still a subject of
debate, but the Co—Mo-S model or Ni-Mo-S model is currently one of the most
widely accepted [13, 134]. According to the model, the Co—-Mo-S structure or Ni-
Mo-S structure is responsible for the catalytic activity of the Co-promoted or Ni-
promoted MoS; catalyst.

Throughout this chapter, the rate constant of a model fuel HDS is used
as a quantitative measurement of activity of unsupported Mo based sulfide catalysts.
Commercial available Co-Mo/y-Al,Q3 (Cr344) and Ni-Mo/y-Al,O3 (Cr424) were used
to compare the activities with the unsupported Mo based sulfide catalysts. The key
components of these two catalysts as provided by Criterion Catalyst Corporation,
were 13.5 wt % MoO, 2.9 wt % CoO for Cr344 and 13.0 wt % MoO, 3.0 wt % NiO
for Cr424. The specific surface area of Cr344 and Cr424 are 183.3 m%/g and 163.2
m?/g, respectively. Although Cr344 and Cr424 are not state-of-the-art commercial
HDS catalysts, they were available freely with no restrictions regarding its
characterization and analysis. More recent and state-of-the-art commercial
hydrotreating catalysts required secrecy and non-disclosure agreements to prevent the
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complete examination necessary for a scientific study. For comparison, Cr344 and

Cr424 were a better alternative than y-Al,O3 supported catalyst synthesized in house.

In Chapter 3, the hydrothermal method was found to be very effective
for the synthesis of highly active unsupported NiMo sulfide catalysts. Physical
properties and activity of sulfide catalysts strongly depend upon the catalyst
preparation conditions. Moreover, the organic solvent added in the catalyst
preparation step assisted the dispersion of the precursor molecules. In this chapter, the
appropriate preparation condition (350 °C, 2.8 MPa, 1 g of organic solvent and
Me/(Me+Mo) = 0.43 (Me=Co or Ni)) was selected for synthesis of unsupported Mo,
CoMo and NiMo catalysts. The purpose of the work in this chapter is to study the
effect of Co and Ni on the HDS activity of unsupported Mo sulfide catalyst, prepared
by hydrothermal method of ammonium tetrathiomolybdate (ATTM) in the
simultaneous HDS of DBT and 4,6-DMDBT under typical hydrotreating conditions.
The promoter effect on physicochemical properties and morphology of catalyst are
also studied.

4.1 Catalyst Characterizations

4.1.1 N, Adsorption-Desorption Measurement

Table 4.1 presents the physical properties of unsupported Mo based
sulfide catalysts. The surface area of catalysts was-measured before the HDS reaction.
The unsupported Mo sulfide catalyst had high surface area (320 m?/g) and large pore
volume (0.72 cm®/g). After the addition of promoters, a significant decrease in the
surface area and pore volume was observed. The NiMo and CoMo sulfide catalysts
have the surface area of 201 and 196 m?/g, respectively. These results indicate that the
promoter influences the surface area of the unsupported Mo sulfide. The variation of
surface areas of MoS; catalysts was in the range of few to several hundred square
meters per gram depending on the precursor and condition of the synthesis [135, 136].
Alonso et al. [137] and Siadati et al. [138] reported that MoS; catalysts prepared from
tetraalkylammonium thiomolybdates had surface area in the range of 60 to 329 m?/g
and 170 to 225 m?/g, respectively.
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Table 4.1 Composition and Properties of Fresh Unsupported Mo Based Sulfide

Catalysts.
Surface Area® Pore Volume
Catalysts Me/(Mo+Me)?

y (Mo+Me) (m?g) (cm°lg)
MoS, 0.00 320 0.72
NiMoS, 0.43 201 0.28
CoMoS; 0.43 196 0.27

a) Me/(Mo+Me) molar ratio based on metal in the precursor salts (Me = Co or Ni).

b) Samples were vacuum dried before surface area measurement.

4.1.2 Temperature Programmed Reduction

Figure 4.1 presents the TPR profiles of the unsupported MoS;,
CoMoS; and NiMoS; catalysts. The TPR profiles of all catalysts showed a well-
separated peak at low temperature and one or two broad peaks at high temperature.
For unsupported MoS; catalyst, two main peaks were observed at 235 and 524 °C,
respectively. After the incorporation of the promoters (Co and Ni) into the MoS,
catalyst, the TPR profile shifted to lower temperature for both low-temperature and
high-temperature peaks. The position of the peak maxima/minima depends on the
type of promoter. For the CoMo sulfide catalyst, the maximum reduction temperature
peak was observed: as a broad band centered between 383 and 424 °C and a low
temperature peak at 198 °C. For the NiMo sulfide catalyst, three peaks were observed
at 206,.366 and 439 °C, respectively. The addition-of Co and Ni caused a significant
downward shift (37 and 29 °C, respectively) in the peak position relative to low-
temperature TPR peak of the unpromoted MoS; catalyst (235 °C) indicating that the
addition of promoter enhanced the reducibility of Mo sulfide.
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Figure 4.1 TPR patterns of unsupported MoS,, CoMoS, and NiMoS, catalysts.
4.1.3 X-Ray Diffraction

Figure 4.2 presents the XRD patterns for the unsupported Mo sulfide
catalysts before and after the addition of promoters. As compared to a commercial
MoS; powder, both the unpromoted and promoted Mo sulfide catalysts exhibit weak
XRD peaks, indicating a very poorly crystalline structure characteristic of the
molybdenum disulfide. The XRD peaks became broader when the (Ni or Co)
promoter was added. The intensity of most MoS; peaks were significantly decreased,
particularly for the unsupported CoMo sulfide, the peak at 20 = 14.4°, characteristic
of the (002) basal planes of crystalline MoS, became very low. In the sulfides with
promoters, the diffractions of separate Ni and Co sulfides were detected due to high
loading amount of these metals indicating that the crystallized Ni3S; and CogSg were
formed. For the promoted sulfide catalysts, the Ni-Mo-S or Co-Mo-S phases were not
reflected by any major XRD peaks. The active structure (Ni-Mo-S or Co-Mo-S phase)
was possibly present as a small nano-sized particle, which cannot be detected by the
XRD diffraction method [103].
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Figure 4.2 XRD patterns of three unsupported Mo based sulfide catalysts and

commercial MoS,.

4.1.4 High Resolution Electron Microscopy

Figure 4.3 presents the HRTEM photographs of the unsupported Mo
sulfide catalysts with and without Ni promoter. The black thread-like fringes
correspond to the MoS; slabs. The fringes observed in the photographs had a spacing
of about 0.65 nm that was the characteristic of (002) basal planes of crystalline MoS,.
The TEM images clearly showed that the unpromoted MoS; catalyst had long slabs.
The curvature of slabs increased while the slab length decreased upon the addition of
Ni promoter. The number of stacked layer of the Ni promoted MoS, catalyst was
more than that of the unpromoted catalyst. It can be concluded that the incorporation
of Ni in to the Mo sulfide catalyst increases the number of stacked layer, while
decreases the crystallite size of catalyst. The TEM images also indicated that the
smaller particles were formed when the promoters were incorporated with the Mo

sulfide.



Figure 4.3 High-resolution TEM images of unsupported catalysts (a) MoS; (b)NiMoS..
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4.1.5 Promoter Effect on Morphology of Unsupported Mo sulfide

The addition of promoter to the unsupported Mo sulfide catalyst not
only changed the catalytic activity but also the porosity and the morphology of the Mo
based sulfide catalyst. These changes can be clearly seen from the surface area, the
HRTEM images, even the shift of low-temperature TPR peak as well as the broader
XRD peak when the promoter was added. These indicate that not only a chemical
such as edge decoration but also a structural such as textural or morphological

promoting effect is involved.

The BET surface area of the NiMo and CoMo sulfides was lower than
that of the unpromoted Mo sulfide (Table 4.1). The phenomenon of the decrease in
the surface area of sulfide catalyst due to the addition of promoter was earlier reported
[122, 123]. Pedraza et al. [130] also reported that the surface area decreased from 50
m?/g to 20 - 30 m?/g when the promoter was added into Mo sulfide catalyst. The
relationship between specific surface areas and the HDS activity was not
straightforward and the catalyst with larger surface area does not necessarily yield a
higher HDS rate constant. This is in agreement with some studies that the catalytic
activity of molybdenum sulfide catalysts was not directly related to the BET surface
area but dependent on the morphology of catalysts [13]. The lack of the correlation
between BET surface area and HDS activity over unsupported Mo based sulfide

catalysts was earlier reported by Inamura et al. [122] and Alvarez et al. [113]

The TPR profile of sulfide catalysts contains several well separated
reduction peaks. The low-temperature peak can be assigned to surface sulfur atoms
(weakly bonded sulfur) whereas “the “‘bulk reduction’ occurs in the higher
temperatures range. In the low-temperature region, the surface is reduced and the
coordinative unsaturated sites (CUS) are created which are believed to be responsible
for the active sites [139]. For MoS,, apparently, the well separated low-temperature
peak at 235 °C originates from sulfur atoms that are weakly bound on the catalyst
surface. The signal above 327 °C corresponds to the partial reduction of the small
MoS; crystals [125, 140]. The profile of this curve is similar to others presented in
literature [141]. The behavior of this catalyst during TPR was proposed by Li et al.
[142].
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HZ
[MoS,] -S — [MoS,] +H,S (surface)  (4.1)
<177 °C
H2
[MoS,], — [Mos,], - H (surface)  (4.2)
<400 °C
H2
[MoS,], -H —y [Mo,S,, ,]*+H,S (surface)  (4.3)
>300 °C
H2
MoS, —y MoS*+H,S (mass) (4.4)
>327 °C

In these expression, [MoS,]x represents MoS, on the surface and *

represents an anionic vacancy.

The TPR results showed that the addition of Co or Ni to the
unsupported Mo sulfide catalysts caused a significant downward shift of the first peak
temperature during TPR. With the addition of promoter, the new TPR peaks in the
high temperature range were observed. These new peak were not contributed by
separated sulfide phase of promoter since the reduction of bulk separated sulfide
phase began around 527 °C and a peak maximum was observed at 677 °C, as reported
in the literature [140], which is much higher than the TPR temperature of new peak
observed in the present work. These TPR result suggests that there is an interaction
between promoter and Mo species. The lower TPR peak temperatures for Co and Ni
promoted unsupported. Mo sulfide catalysts imply-a lower sulfur-binding energy as
compared to unpromoted Mo sulfide catalyst. In other words, the promoter decreased
the strength of the molybdenum-sulfur-promoter bond in the sulfide itself. This is
consistent with the theoretically estimated metal-sulfur bond energies indicating that
the addition of Co or Ni on MoS; should give rise to a lower metal sulfur bond
strength [143, 144]. It is generally believed for transition metal sulfide that sulfur
vacancies created by means of reduction with hydrogen are responsible for the
observed catalytic activity [13, 103]. This formed the basis for the bond energy model
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in which there exists a correlation between the catalytic activity and the estimated
metal sulfur bond strength [122]. It is clearly seen in the results that the promoted
catalysts had much higher catalytic activity than unsupported Mo sulfide catalyst
(Table 2). This activity variation can be rationalized in terms of the bond energy when
the metal sulfur bond strengths are assessed by TPR peak temperature. This TPR
result agrees with the work reported by Jacobsen et al. [141] who observed a converse
relationship between the temperature of the first H,S TPR peak of metal sulfides and

the HDS activity of catalysts.

It is generally accepted that the promoter atom is located at the edges
of the hexagonal MoS, platelets [92, 145]. It is also believed that the Co-Mo-S
structure or Ni-Mo-S structure is responsible for the catalytic activity of the Co-
promoted or Ni-promoted MoS; catalyst in the HDS reaction. As the promoter is
added, it preferentially interacts with the edge of the MoS; crystallite surface and then

forms the active species.

The XRD pattern showed that the intensity of MoS, peaks were
decreased significantly and particularly the peak at 20 = 14.4°, characteristic of the
(002) basal planes of crystalline MoS, became very low on the unsupported CoMo
sulfide. It indicated that much smaller size of (002) phase of MoS, was generated
or/and Co or Ni places the phase of MoS;, specifically on the (002) phase. This results
in the decreasing of the length of the stack after the addition of promoter which was
observed in HRTEM analysis as shown in Figure 4.3. The XRD pattern and HRTEM
images showed that the addition of promoter caused the decrease in the length of the
basal planes and increase in average number of layers in the stacks. This result is in
agreement with previous result showing that Co decoration at the edges of MoS; slabs
can induce an increase of the stacking height [147]. HRTEM results agreed very well
with XRD analysis. In the absence of the promoters, the MoS, formed large
crystallized particles as seen from long length slab and narrow XRD pattern. The
growth of MoS, crystallized particles was suppressed when the promoters are
incorporated. The effect of promoter on the size of MoS, might be explained by the
decoration of promoter at the edges of MoS; slabs which prevents the further growth

of MoS; crystallites.
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However, not all of the promoter added results in the formation of the
Co-Mo-S or Ni-Mo-S species. When all of the edges are covered, the promoter forms
a separate phase of the sulfide as seen in Figure 4.2. The Ni3S; and CoySg peaks were
detected after the addition of promoter. These metal (Ni and Co) sulfide particles
might help hydrogen adsorb and dissociate. The H species are mobile enough in the
conditions of catalysis to attack the MoS, particles and create coordinative
unsaturation site at the edges [132, 146].

In summary, the catalyst characterization efforts provided detailed and
useful insights about the promoting effect on the physicochemical properties of the
catalysts. The catalyst characterization experiments resulted in extensive information
about the structure which enabled a better understanding of catalytic activity which is
present hereafter.

4.2 Catalytic Performance of Unsupported Mo, CoMo and NiMo Sulfides
4.2.1 Nature of Catalyst Formation Mechanism

4.2.1.1 Decomposition of Thiosalts

The characterization part obviously shows that the change in
the textural properties of unsupported catalysts not just due to promoter addition but it
varied due to the change of the formation mechanism.

The decomposition of thiosalts has been widely observed by
thermal analysis [113, 123, 148] that the evolution from thiosalt precursors to MoS;
occurs:in three steps as follow:

1. Elimination of ammonium disulfide

This step is slightly endothermic. MoS; is formed releasing

ammonia and hydrogen sulfide to the gas phase.

(NH,),MoS, — MoS, +(NH,),S (4.5)
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2. Elimination of sulfur
This step is notably exothermic, yielding a highly disordered —
poorly crystalline — MoS, as it eliminates sulfur (or hydrogen sulfide, if excess

hydrogen is present)

MoS, — MoS, (amorphous) +1/ xS, (4.6)

3. Aggregation and ordering of crystallites
This step involves a re-stacking process of the MoS;

crystallites.
MoS, (amorphous) — MoS, (crystalline) 4.7

However, it is important to note that final composition of MoS;

depends on the type of atmosphere during the thermal decomposition of the thiosalt.
4.2.1.2 Formation of Bimetallic Sulfide Catalysts
For the catalyst preparation, the reaction occurred between

ATTM and promoter in the environment of hydrogen to form the bimetallic sulfide

catalyst was suggested as follow [112]:

2[(NH,, ), MoS, ]+ Me(NO; ), =5 (NH ), {Me(MosS, ), }+ 2NH,NO,  (4.8)

where Me is Co or Ni. In this step, the promoter cation is

bonded to the thioanion containing the Mo atom.

The decomposition of the binary ammonium thiometallate
obtained through reaction (4.8), in presence of hydrogen gives the binary sulfides

according to the reactions
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Me(MoS, ), +2H, — Me(MoS, ), +2H,S (4.9)

Me(MoS,), +2H, — Me(MoS, ), +2H,S (4.10)

By these means, the chemical interaction produced during the
formation of the binary thiometallates is maintained in the CoMo and NiMo catalysts
and the electronic properties of the binary thiometallate precursors are preserved in
the CoMo and NiMo catalysts. The preserving of the chemical interaction among Co
or Ni and Mo atoms after the decomposition process also implies that a good
dispersion of the promoter in MoS; is obtained, forming a large number of CoMo or
NiMo sites. These sites located on the edge of MoS; or crystallites are proposed to act

as the active sites for hydrotreating processes.

4.2.2 Overall Rate Constant and Individual Rate Constant of DBT
and 4,6-DMDBT Hydrodesulfurization

The simultaneous HDS of 4,6-DMDBT and DBT was used to test the
activity of the catalysts. All experiments were conducted under conditions (2.1 MPa
and 300 °C) that would give conversion less than 30% in order to obtain reliable
Kinetic data. As a first approximation, the HDS of individual sulfur compounds
follows pseudo-first-order kinetics [23, 149] whereas mixtures of gas oils and heavier
oils may follow pseudo-second order kinetics [150] or a linear combination of
pseudo-first order Kinetics [2, 151]. Integrating the first-order rate expression for DBT
and 4,6-DMDBT HDS results in the following expression:

In CDJ] =k, k)t (4.11)
CDBTO
C4,6—DMDBT _

In| —2°2Y08T | — _(k, +k, )t (4.12)
C4,6—DMDBT0

where k; is the rate constant for the hydrogenation (HYD) pathway, k

is the rate constant for the hydrogenolysis (DDS) pathway, and k; + k; represents the
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overall HDS rate constant of 4,6-DMDBT. This overall HDS rate constant can be
obtained from the experimental data. Figure 4.4, 4.5 and 4.6 show the pseudo-first-
order kinetics of 4,6-DMDBT and DBT HDS over the Mo, NiMo and CoMo sulfide

catalysts, respectively.

Although the overall HDS rate constant was obtained directly from the
experimental data using eq (4.11) and (4.12), the individual rate constants for each
reaction pathway are not easy to measure. Some researchers have tried to estimate
these values using equations derived with some assumptions [152-155]. However,
these methods are not easy to use for calculating the rate constants directly from the
experimental results. Since ki + k, values have been estimated on the basis of the
experimental data, if the ki/ks ratio can be estimated, the individual k; and k, values
can then be calculated from the combination of the ki/k; ratio and overall rate constant
(k1 + ko) values. The method of initial rates, which is widely used in kinetic analyses
was used [156-158], because it does not rely on any assumptions about the reaction
pathway, or the reversibility of reactions. This method was applied using the initial
selectivity of primary products, i.e., the selectivity of products at close to zero
conversion [159]. The kj/k; ratio may be obtained directly from the initial selectivity
ratio between primary products in the HYD and DDS pathways. The rate constant k;
is proportional to the initial hydrogenation rate of DBT to THDBT, and the rate
constant k; is proportional to the initial DDS rate of DBT to BP. In the same way, the
rate constant k; is proportional to the initial hydrogenation rate of 4,6-DMDBT to
HDMDBTSs, and the rate constant k, is proportional to the initial DDS rate of 4,6-
DMDBT to DMBP. The further detail for rate constant calculation is shown in
Appendix C. The individual rate constant of DBT and 4,6-DMDBT was determined

as follows :

k, _[initial selectivity of THDBT] w3
k, [initial selectivity of Bp] .

k, _[initial selectivity of HDMDBTs]

i e — (4.4)
k, [initial selectivity of DMBP]
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Figure 4.4 Pseudo first order kinetics of 4,6-DMDBT and DBT HDS over Mo
sulfide catalysts (HDS conditions : 2.1 MPa, 300 °C).
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Figure 4.5 Pseudo first order kinetics of 4,6-DMDBT and DBT HDS over NiMo

sulfide catalysts (HDS conditions : 2.1 MPa, 300 °C).

85



86

0\
0.1

02
03

e DVDBT \

'06 T T T T

0 7 14 21 28 35
Time (min)

In(C/Co)

05

Figure 4.6 Pseudo first order kinetics of 4,6-DMDBT and DBT HDS over CoMo
sulfide catalysts (HDS conditions : 2.1 MPa, 300 °C).

4.2.3 Catalytic Activity and Selectivity for HDS of DBT and 4,6-
DMDBT

Table 4.2 shows Kinetic data of 4,6-DMDBT and DBT HDS over the
Mo, NiMo and CoMo sulfide catalysts, respectively. Surprisingly, the activity of
MoS; catalyst for the HDS of 4,6-DMDBT was higher than that of DBT (297.7*10°
s'g.cat’ for 4,6-DMDBT and 166.3*10 s'g.cat™ for DBT). ‘Although, for the
unsupported Mo sulfide catalyst, the rate constant of direct-desulfurization (DDS)
pathway and of hydrogenation (HYD) pathway were similar for the DBT HDS, the
rate constant of HYD pathway was clearly higher than that of DDS pathway for 4,6-
DMDBT HDS. The selectivity of HYD pathway was almost equal to one for HDS of
4,6-DMDBT as shown in Table 4.2. This result indicated that the unpromoted Mo

sulfide catalyst possessed high hydrogenation activity.
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Table 4.2 Activity and Selectivity of Unsupported MoS,, NiMoS, and CoMoS;
Catalysts for Simultaneous HDS of DBT and 4,6-DMDBT.

S compounds DBT 4,6-DMDBT
Catalysts MoS, NiMoS, CoMoS, MoS, NiMoS, CoMoS,
kitk, 10/s gcat 166.3 1,290.0 1,316.4  297.7 920.5 1,289.5
ki/Kz 0.9 0.4 0.1 170.4 8.8 8.1
Kivpy10™/s geat 78.2 381.9 111.3 296.0 826.2 1,147.7
kaops)10™/s geat 88.1 908.1 1,205.1 1.7 94.3 141.7
Selectivity?

SHYD 0.47 0.30 0.08 0.99 0.90 0.89

S DDS 0.53 0.70 0.92 0.01 0.10 0.11
Promoting effect?

Total 1.0 7.8 7.9 1.0 3.1 4.3

OnHYD 1.0 4.9 1.4 1.0 2.8 3.9

On DDS 1.0 10.3 13.7 1.0 54.3 81.6

% the detail for calculation is shown in appendix D

The NiMo and CoMo sulfide catalysts had higher activity than the Mo
sulfide catalyst. As shown in Table 4.2, the promoting effect was around 8 for DBT
HDS and 4 for 4,6-DMDBT HDS. Further detail in the calculation of promoting was
presented in Appendix D. The activity of unsupported CoMoS; catalyst was higher
than that of NiMoS; catalyst for the 4,6-DMDBT HDS but was almost the same for
DBT HDS. For 4,6-DMDBT HDS, the promoter caused the increase in the DDS
pathway selectivity while did not change the HY D pathway selectivity. For the DBT
HDS, the promoter also gave the increase in the DDS pathway selectivity while
decreased the HYD pathway: selectivity. Therefore, over the promoted Mo sulfide
catalysts, the DDS pathway became the main pathway for the HDS of DBT and HYD
pathway was the predominant pathway for the 4,6-DMDBT HDS. From Table 4.2, it
is obvious that the promoter not only increased the catalytic activity of the Mo sulfide
catalyst but also changed the contribution on the DDS and the HYD pathways for
both DBT and 4,6-DMDBT HDS. The promoting effect on the HYD pathway was
much less than that on the DDS pathway for both 4,6-DMDBT and DBT HDS. It is
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indicating that the promoting effect was essentially due to the enhancement of the rate
of DDS pathway (or the C-S bond cleavage activity in general).

The rate constants of simultaneous HDS of DBT and of 4,6-DMDBT
over the unsupported MoS;, NiMoS, and CoMoS; catalysts and the commercial
alumina supported NiMo (Cr424) and CoMo (Cr344) catalysts are shown in Figure
4.7. The activities of unsupported Mo based sulfide catalysts prepared from
hydrothermal method were consistently higher than that of the commercial NiMo and
CoMo alumina supported catalysts. More significantly, the HDS activity of the
unsupported catalysts was five times that of the commercial catalysts for 4,6-DMDBT
HDS. Although the unsupported Mo sulfide had lower activity for DBT HDS, it had
higher activity for HDS of 4,6-DMDBT as compared to the commercial catalysts.
This might be explained by the high hydrogenation activity of the Mo sulfide catalyst
and the HYD pathway is the main pathway for the 4,6-DMDBT HDS. Both the
unsupported and the commercial catalysts showed the same trend that the DDS
pathway was the main pathway for DBT HDS and the HYD pathway was
predominant pathway for HDS of 4,6-DMDBT. The activity of the NiMo/Al,O3
catalyst was higher than that of the CoMo/Al,O3 catalyst for the HDS of both sulfur
compounds. Interestingly, the unsupported NiMo and CoMo sulfide catalysts had the
same activity for DBT HDS while the CoMo sulfide catalyst had higher activity than
NiMo sulfide catalyst for HDS of 4,6-DMDBT.

The ultimate goal is to synthesize catalysts for deep HDS that can
remove the most refractory sulfur compounds such as alkyldibenzothiophenes. The
results showed in Figure 4.7 suggested that the unsupported Mo based sulfide
catalysts prepared by hydrothermal method has superiority performance to the
commercial catalysts for the HDS of the refractory forms of sulfur compounds,
especially 4,6-DMDBT. The improved hydrodesulfurization activity due to the higher
surface area of the unsupported catalysts (about 20 — 30 m?/g higher than that of the
commercial catalysts) is only a part of the reason for the superior performance of the
unsupported Mo based sulfide catalysts. It is possible that the unsupported Mo based
sulfide catalyst possesses an active phase that has superior intrinsic activity for HDS

as compared to the commercial catalysts.
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Figure 4.7 HDS rate constants for simultaneous HDS of DBT and 4,6-DMDBT over the unsupported MoS,, NiMoS; and CoMoS; catalysts and

commercial alumina-supported NiMoS (Cr424) and CoMoS (Cr344) catalysts.
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The rate constant of 4,6-DMDBT HDS was higher than that of HDS of
DBT over the Mo sulfide catalyst. This is mainly due to a very high rate of the
hydrogenation (HYD) pathway over this catalyst (47% for DBT and 99% for 4,6-
DMDBT as shown in Table 4.2.). It is probably explained by the higher adsorption
capacity and stronger interaction of 4,6-DMDBT on the active site of this catalyst
which can be seen from the selective adsorption results (Chapter 6). However, as
generally observed, DBT was more reactive than 4,6-DMDBT on the unsupported
CoMo and NiMo catalysts. In contract to other catalysts, 4,6-DMDBT was not much
less reactive than DBT over all of unsupported catalysts (approximately 0.8 times
compared with 2 - 6 times as reported in the literature) [160, 161]. From Table 4.2, it
is clearly that the Co or Ni promoted Mo sulfide had higher activity than the
unpromoted Mo sulfide for both DBT and 4,6-DMDBT HDS. It might be explained
by an increased electron density not only at the Mo atoms but also at the S atom when
promoter was added in the Mo sulfide as reported by Muller et al. [162]. Increasing
the electron density at the S atom is expected to enhance both the activity of H, and
the formation of more S vacancies which are believed to be the catalytic active sites
[163].

The promoter also enhanced the rate constant of HYD and DDS
pathways for both sulfur compounds. However, it increased the rate constant of the
DDS pathway much more than that of the HYD pathway. This result is in agreement
with the previous results showing that Ni or Co promotion favors the DDS pathway
[45, 161, 164]. This effect might be explained by an increase in the basicity of the
sulfur atoms shared between promoter Mo atoms [165]. If the C-S bond cleavage
occurs through the attack of a-hydrogen atom at the /5 position relative to the sulfur
atom in the organic sulfur molecule by a sulfur anion acting as a basic site [161] as
shown in Figure 4.8. Thus, an increase in the basicity would favor the C-S bond
cleavage. This is in accordance with the fact that the NiMo and CoMo sulfdes are less
stable than the molybdenum sulfide [59]: the sulfur atoms are less strongly bound to
the metal in NiMo and CoMo sulfides, they are expected to be more basic than in
molybdenum sulfide. This is also in agreement with the proposal that the promoter

would increase the electron density of sulfur [163].
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Figure 4.8 Mechanism of the C-S bond cleavage in DBT HDS via the DDS pathway
[161].

Table 4.3 Turn Over Frequency (s™) of Three Unsupported Catalysts for DBT and
4,6-DMDBT on the Basis of Adsorption Capacity.

Catalyst DBT 4,6-DMDBT
MoS; 53 44
NiMoS; 213 190
CoMoS; 207 229

Table 4.3 shows the turn over frequency (TOF) of three unsupported
catalysts for DBT and 4,6-DMDBT on the basis of adsorption site. The TOFs were
calculated using -the adsorption capacities of three catalysts (see. Chapter 5) as a
measurement of the number of active sites. The further detail of TOFs calculation is
shown in Appendix F. The unpromoted Mo sulfide catalyst showed the lowest TOF
values for both DBT and 4,6-DMDBT. The TOF values increased up to 4 times for
the promoted catalysts, indicating that the active site of the promoted Mo sulfide
catalyst is intrinsically more active than that of the unpromoted Mo sulfide catalyst.
The promoter affects not only the number of active sites but also the activity of active
sites of the unsupported Mo sulfide catalyst.



CHAPTER V

LIQUID-PHASE ADSORPTION OF DBT AND 4,6-DMDBT
OVER UNSUPPORTED Mo BASED SULFIDE CATALYSTS

Much work has been conducted to understand the nature of the active
sites on the surface of the Mo based sulfide catalysts. This knowledge has led to the
design and synthesis of future catalysts. It is widely accepted that the coordinative
unsaturated positions with the sulfur and/or anionic vacancies are associated with
Mo and/or Co(Ni) ions on the edges of the MoS; slabs. It is responsible for the
activity of catalysts in hydrodesulfurization [13, 134, 166-168]. However,
quantitative measurement data of the number of active sites are still very limited in
the literature. Then, the aim of this work is to study the adsorptive selectivity,
capacity and mechanism for 4,6-DMDBT and DBT adsorption on the unsupported
Mo, NiMo and CoMo sulfides in liquid phase system. This finding may offer a new
alternative for studying the adsorption pattern of sulfur compounds on adsorption

sites of the Mo based sulfide catalyst.

5.1 The Pennsylvania State University - Selective Adsorption for Removing
Sulfur (PSU-SARYS)

The adsorption experiments were conducted by using The
Pennsylvania State University --selective adsorption for removing sulfur (PSU-
SARS) which was recently proposed [1, 2, 107-111]. Figure 5.1 shows a simplified
representation. of  PSU-SARS. The concept.-of PSU-SARS. is-that .only sulfur
compounds or 'some aromatics in liquid fuel can'be adsorbed by adsorbents. For
example, a liquid fuel with sulfur compounds of 0.4 wt%, aromatic of 15 wt% and
saturated hydrocarbons of 85 wt% flow through adsorbent bed. More than 99 wt%
liquid fuel without sulfur compound are not adsorbed and eluted out from the bed.

All sulfur compounds and some of aromatics are adsorbed.
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Figure 5.1 A simplified representation of PSU-SARS.

5.2 Measurement of Adsorption Capacities

In the liquid-phase adsorption, the model fuel was collected after
passing the adsorbent bed and the concentration of each sulfur compound was
measured. Then, the results were reported in plot of C/Co value (a ratio of the outlet
concentration to the initial concentration in the model fuel) versus amount of treated
fuel/catalyst weight called the breakthrough curve as shown in Figure 5.2. The

important term are defined as follows :

The Breakthrough Point is the amount of treated fuel/catalyst weight
that C/Co value starts higher than zero.

The Saturation Point is the amount of treated fuel/catalyst weight that
C/Co value equal one.

The Saturation Capacity is the total adsorption capability of adsorbent
that can adsorb each compound and make the C/Co value of each compound less

than one.
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The Breakthrough Capacity is the adsorption capacity of adsorbent

that can adsorb each compound and make the C/Co value of each compound less

than zero.

The replacement molecule is number of molecules of compound that

have relatively lower adsorptive affinity than the subsequently breakthrough

compounds and are replaced by higher adsorptive affinity compound.

The Net Capacity is the net adsorption capacity of adsorbent for each

compound.

The adsorption capacity can be calculated as following equation. The

further detail of the calculation of the adsorption capacity is shown in Appendix E.

The Breakthrough Capacity

The Saturation Capacity

Integration of area (A+B)

Integration of area A

Saturation

Breakthr

Line C/ICy=1

ough Point

N\

Saturation Point

Figure 5.2 Breakthrough curve for the liquid-phase adsorption.

Amount of Treated Fuel/Catalyst (g-F/g-C)

(5.1)

(5.2)
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5.3 Liquid-Phase Adsorption over Unsupported Mo Sulfide

The liquid-phase adsorption of 4,6-MDBT and DBT over the
unsupported Mo sulfide catalyst was conducted at ambient temperature and ambient
pressure. The breakthrough curves of both sulfur compounds are shown in Figure
5.3. No detectable sulfur was found until 4.2 g of the treated fuel per gram of catalyst
(g-F/g-C), indicating that both 4,6-DMDBT and DBT were adsorbed on the catalyst
and removed from the liquid fuel. The first breakthrough compound was DBT with
the breakthrough amount of 4.2 g-F/g-C. After breakthrough, The C/C, value (a ratio
of the outlet concentration to the initial concentration in the model fuel) for the DBT
increased to over 1.0. After saturation point, the C/C, value increased gradually to
1.12 and returned to 1.0 at the treated fuel amount of 25.2 g-F/g-C. When the treated
fuel per gram of catalyst increased to 5.9 g-F/g-C, 4,6-DMDBT was detected in
treated fuel. Then, the C/C, value of 4,6-DMDBT increased slowly and reached

saturation point at the treated fuel amount per gram of catalyst of 55.2.

12

—=—46-DVMDBT

—=—DBT

0 10 20 0 40 50 60
Amount of Treated Fuel/Catalyst (g-FHg-C)
Figure 5.3 Breakthrough curves for the liquid-phase adsorption of 4,6-DMDBT and

DBT at ambient temperature and pressure over the unsupported Mo

sulfide catalyst.
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The breakthrough, saturation and net capacities for both sulfur
compounds were calculated and listed in Table 5.1 According to the breakthrough
order, it is interesting that 4,6-DMDBT was adsorped more than DBT over the
unsupported Mo sulfide. The net capacity of 4,6-DMDBT was about 2.1 times
higher than that of DBT.

Table 5.1 Adsorption Capacities, HDS Activities and Turn Over Frequency (TOF) of
Three Unsupported Catalysts for DBT and 4,6-DMDBT on the Basis of
GC-FID Analysis.

DBT 4,6-DMDBT Total
MoS,
Breakthrough (mmaol/g) 0.014 0.019 0.033
Saturation (mmol/g) 0.033 0.068 0.101
Net (mmol/g) 0.032 0.068 0.100
HDS Activities (10°/s.9) 166 298
TOF (s 53 44
NiMoS,
Breakthrough (mmol/g) 0.018 0.018 0.037
Saturation (mmol/g) 0.061 0.049 0.110
Net (mmol/g) 0.061 0.048 0.109
HDS Activities (10°/s.g) 1290 921
TOF (s1 213 190
CoMoS;
Breakthrough (mmol/g) 0.020 0.020 0.040
Saturation (mmol/g) 0.064 0.056 0.120
Net* (mmol/g) 0.064 0.056 0.120
HDS Activities (10°/s.g) 1316 1289

TOF (s} 207 229
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5.4 Liquid-Phase Adsorption over Unsupported NiMo Sulfide

The breakthrough curves of 4,6-DMDBT and DBT over the
unsupported NiMo sulfide catalyst are shown in Figure 5.4 No sulfur compound was
detected when the treated fuel was less than 5.6 g-F/g-C. Unlike the unsupported Mo
sulfide, 4,6-DMDBT and DBT broke through with the same breakthrough amount of
the treated fuel. The breakthrough capacities for both compounds were 0.018
mmol/g. After breakthrough, the C/C, value of 4,6-DMDBT increased reaching the
maximum at 1.07 and then, returned to 1.0 at the treated fuel amount of 32.7 g-F/g-
C. On the other hand, after breakthrough, the C/C, value of DBT increased gradually
and reached 1.0 at the treated fuel amount per gram of catalyst of 47.8. The net
capacities of 4,6-DMDBT and DBT were 0.048 and 0.061 mmol/g, respectively.

12

—=— 46-DMDBT

04+
—=— DBT
02+
0 : ‘ : : : : :
0 10 20 0 ) 60
Amourt of Treated Fuel/Catalyst (g-F/g-C)

Figure 5.4 Breakthrough curves for the liquid-phase adsorption of 4,6-DMDBT and
DBT at ambient temperature and pressure over the unsupported NiMo

sulfide catalyst.
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5.5 Liquid-Phase Adsorption over Unsupported CoMo Sulfide

The breakthrough curves of 4,6-DMDBT and DBT over the
unsupported CoMo sulfide are shown in Figure 5.5. Similar to the unsupported
NiMo sulfide, 4,6-DMDBT and DBT broke through with the same breakthrough
amount of the treated fuel (6.1 g-F/g-C). After breakthrough, the C/C, value of both
4,6-DMDBT and DBT increased gradually and synchronously reached 1.0 almost at
the same amount of treated fuel (52.3 g-F/g-C). However, the breakthrough curve of
DBT showed more inclined than that of 4,6-DMDBT indicating that the amount of
DBT adsorbed was greater than that of 4,6-DMDBT over the unsupported CoMo
sulfide. The net capacities of 4,6-DMDBT and DBT were 0.056 and 0.064 mmol/g,
respectively.

12
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C/Co

—=—46-DMDBT
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—&— DBT
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Figure 5.5 Breakthrough curves for the liquid-phase adsorption of 4,6-DMDBT and
DBT at ambient temperature and pressure over the unsupported CoMo

sulfide catalyst.
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5.6 Comparison of Adsorption Capacity and Selectivity of Unsupported Mo,
CoMo and NiMo Sulfides

Typically, adsorption performance depends on three important

parameters.

1. Approachable surface

Physical property
Surface area
Pore structure

Size of adsorbate

2. Density of adsorption sites

Chemical property
Functional groups

Coordinative unsaturated site (CUS)

3. Property of adsorption sites

Chemical property

Affinity force

Adsorption equilibrium constant
Heat of adsorption

The breakthrough curves of 4,6-DMDBT and DBT adsorption on the

unsupported Mo, NiMo and CoMo sulfides showed different adsorptive selectivity

for these different catalysts. The total adsorption capacities based on the catalyst

weight increased in the order of CoMo > NiMo > Mo sulfide (as shown in Table

5.1). This order is consistent with the catalytic activity of these three catalysts. The

unsupported Mo sulfide showed the highest adsorption capacity for 4,6-DMDBT and

this capacity decreased after the addition of the promoter. On the other hand, the

adsorption capacity for DBT increased when the Mo sulfide was promoted.
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At Saturation point Above Saturation Point

.\/ @

(XX ) m— X

. 4,6-DMDEBT

O DBT

Figure 5.6 A simplified representation of displacement phenomena of DBT by

4,6-DMDBT over adsorption site of the unsupported Mo sulfide.

The adsorption of sulfur compounds on the unsupported catalysts is
similar to the work previously reported by Kim et al. [169]. After passing through
the saturation point (C/C, = 1) the outlet concentration of some compounds increases
continuously over its initial concentration in the model fuel reaching the maximum
value and then, decreases gradually to the initial value. This phenomenon resulted
from a partially reversible adsorption of that compound. Another reason is that the
compounds have relatively lower adsorptive affinity than the subsequently
breakthrough compounds, resulting in at least partly replacement of the compounds
with lower adsorptive affinity by the compounds with higher adsorptive affinity.
Figure 5.6 showed a simplified representation of displacement phenomena of DBT
by 4,6-DMDBT over adsorption site of the unsupported Mo sulfide. At the saturation
point, all adsorption sites are occupied by DBT. Since the interaction between 4,6-
DMDBT and adsorption site has stronger than that of DBT, 4,6-DMDBT can kick
some DBT out of the adsorption site. and make an interaction with that site. This can
be clearly seen from the C/C, value is above the saturation point. As shown in Figure
5.3, the area between the breakthrough curve of the compound and line C/C, = 1
before the saturation point represents the amount of the adsorbed molecules, while
the area between the breakthrough curve and line C/C, = 1 after the saturation point
represents the amount of the replaced molecules. Comparison of these two areas
provides further information about the competitive adsorption of different species on
the adsorbents. The net adsorptive capacities for each compound over the three
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adsorbents were calculated by subtracting the amount of the replaced molecules from
the saturation capacity, and the results are listed in Table 5.1. The detail of capacity
calculation is further described in Appendix F.

The adsorption of sulfur compounds on the unsupported Mo sulfide
showed that 4,6-DMDBT can be adsorbed 2.1 times higher that DBT over Mo
sulfide (Table 5.1). A part of the adsorbed DBT can be replaced by 4,6-DMDBT.
This result indicates that the interaction of 4,6-DMDBT on the adsorption site is
stronger than that of DBT. It is interesting to note that the methyl groups on the
aromatic rings showed a significant and positive effect on the adsorption selectivity
of Mo sulfide indicating that the methyl groups enhance the adsorption affinity or
interaction through increasing the electron density of the aromatic rings since the
methyl substitutent leads to the increasing of 7 - electron density on the aromatic
rings [47]. The adsorptive selectivity agrees very well with HDS reactivity of 4,6-
DMDBT and DBT on the unsupported Mo sulfide. Higher adsorption capacity and
stronger interaction of 4,6-DMDBT on active site probably cause the HDS reactivity
of 4,6-DMDBT higher than that of DBT over the unsupported Mo sulfide catalyst as

shown in Figure 5.6.

For the unsupported NiMo sulfide, the adsorptive selectivity of DBT
was higher than that of 4,6-DMDBT which reversed to the adsorptive selectivity
order of the Mo sulfide. However, the replacement phenomenon was also observed
in this catalyst. The amount of DBT adsorbed was greater than that of 4,6-DMDBT
and a part of adsorbed 4,6-DMDBT can be replaced by DBT. Unlike on the Mo
sulfide, the selective order showed that methyl groups on the 4- and 6- position of
DBT strongly inhibit the adsorption of 4,6-DMDBT on NiMo sulfide. These results
indicate that a direct interaction between the sulfur atom and the adsorption site on
the NiMo sulfide could play an important role in the selective adsorption of DBT
and 4,6-DMDBT and the two methyl groups block the approach of the sulfur atom to

the adsorption site.
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Like adsorption on the NiMo sulfide, DBT showed slightly higher
adsorption capacity than 4,6-DMDBT on the unsupported CoMo sulfide as shown in
Table 5.1. Interestingly, both DBT and 4,6-DMDBT reached the saturation point
almost at the same amount of treated fuel and the replacement phenomenon was not
observed. This result suggested that the methyl groups on the aromatic ring shows
some negative effect to the adsorption of the sulfur compounds on the CoMo sulfide
and this effect is less strong than that on the NiMo sulfide. This adsorption
selectivity might explain HDS result that the HDS reactivity of DBT and
4,6-DMDBT was not much different (Table 5.1).



CHAPTER VI

HYDRODESULFURIZATION OF LIGHT CYCLE OIL USING
UNSUPPORTED Mo BASED SULFIDE CATALYSTS

Light cycle oil (LCO) is a by-product of the fluid catalytic cracking
process (FCC) in a petroleum refinery. The FCC process enhances gasoline
production and the increasing demand for gasoline translates into increased
production of LCO. Traditionally, LCO has been used as a blend-stock for home
heating oil, industrial fuel oil, and diesel fuels. However, the increasing spread of
natural gas in recent times for, both, heating homes and producing power has reduced
demand for fuel oil and, therefore, LCO [170]. Simultaneously, diesel demand is
outpacing that of other transportation fuels [171]. Therefore, refiners are now
increasingly using more LCO as a blend-stock for the diesel pool. LCO has a low
cetane index (typically 15-20), sulfur content as high as 3 wt.%, and 50-80 wt.%
aromatics [172]. Besides its high sulfur content, the HDS of LCO is further
complicated because its sulfur is distributed in the form of highly refractory
dibenzothiophenes [173].

While the increasing stringency of sulfur specifications has motivated
intensive HDS research, there have been few studies on HDS of real feedstocks, such
as LCO. Most studies have relied on mixtures of model compounds to simulate real
feedstocks [174-178]. For research on HDS of real feed-stocks, the hydrotreated or
low sulfur LCO [179-185] or feedstock blends with LCO as one of the components
[186, 187] were used. Some studies-on HDS of typical high-sulfur content LCO had
different point of view. Vanrysselberghe and Froment [188] studied the HDS of LCO
over the commercial CoMo/Al,O3 catalyst to develop kinetic model of individual
sulfur compounds. Shih et al. [189] studied the HDS of LCO over the commercial
CoMo/Al,O3 catalyst to determine reactor temperatures for production of diesel with
500 wppm sulfur. However, there is only few research on the HDS of LCO in the

literature.
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From the earlier work, the activity and selectivity of unsupported Mo
based sulfide catalysts strongly depended on the catalyst preparation conditions and
types of promoters. The aim of the work is to study the HDS of LCO using the

promoted and unpromoted Mo sulfide catalysts prepared by the hydrothermal method.

6.1 Properties of Light Cycle Oil
The LCO sample used in this study was of a particularly poor quality

in terms of sulfur content and density. Table 6.1 presents the physical properties of
LCO feedstock.

Table 6.1 Physical Properties of the LCO Sample

Property Value
Sulfur content (ppm) 17,975
Nitrogen content (ppm) 535
API gravity @ 60 °F 10.3
Specific gravity (gm/ml) 0.9979
ASTM distillation (wt%)

Initial boiling point (°F) 294
5% (°F) 437
10% (°F) 479
20% (°F) 520
30% - (°F) 534
40%  (°F) 555
50% (°F) 574
60% (°F) 590
70% (°F) 614
80% (°F) 646
90% (°F) 677
95% (°F) 698

Final boiling point (°F) 745




105

All components of LCO were analyzed by GC- FID and the sulfur
compounds were detected by GC-PFPD. The GC-FID and GC-PFPD chromatograms
of LCO illustrate the complexity of the real fuel samples and the overlapping of
hydrocarbons with sulfur compounds as shown in Figure 6.1. All sulfur species in
LCO detected by GC-PFPD were identified as shown in Figure 6.2. The LCO
contains the wide range of sulfur compounds, two-ring sulfur compounds, BT
(benzothiophene) and three-ring sulfur compounds, DMDBT
(dimethyldibenzothiophene).  Most  sulfur  compounds were thiophenic,
benzothiophenic and dibenzothiophenic in nature with different numbers of
substituent chains. Major compounds are C,-BT (specifically 2,3-DMBT) and C;-
DBT (specifically 4-MDBT) and 4,6-DMDBT, one of the most refractory sulfur
compounds, is contained, as well although its amount is relatively lower than the
major compounds. As shown in Figure 6.2, the retention times of different sulfur
compounds correlate with their molecular weight, with short retention times for
compounds of low molecular weight and long retention times for compounds of high
molecular weight. Table 6.2 presents the distribution of sulfur compounds with the
retention time. All the sulfur compounds are classified in 12 groups based on

molecular weight.

Depauw and Froment [173] reported a detailed molecular analysis of
the sulfur components in LCO sample using GC-AED and 40% of the feedstock’s
sulfur was present in the form of highly refractory DBTSs. The results of Depauw and

Froment are summarized in Table 6.3.
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Table 6.2 Retention Time of Various Sulfur Compounds in LCO

Group Retention Time (min) Possible sulfur compounds

1 6.6 benzothiophene (BT)

2 8.5-9.2 methylbenzothiophene (C;-BT)

3 10.8-12.2 C,-benzothiophene (C,-BT)

4 13.6-16.2 Cs-benzothiophene (C3-BT)

5 23 dibenzothiophene (DBT)

6 26.4 4-methyldibenzothiophene (4-MDBT)

5 97 2-methyldipenzothipphene(?a-MDBT) +
3-methyldibenzothiophene (3-MDBT)

8 29.8 4,6-dimethyldibenzothiophene (4,6-DMDBT)

9 30.2 2,4-dimethyldibenzothiophene (2,4-DMDBT)

10 30.4-30.6 2,6-dimethyldibenzothiophene (2,6-DMDBT)+

3,6-dimethyldibenzothiophene (3,6-DMDBT)

2,7-dimethyldibenzothiophene (2,7-DMDBT)+
11 31-31.4 2,8-dimethyldibenzothiophene (2,8-DMDBT)+
3,7-dimethyldibenzothiophene (3,7-DMDBT)

Other unidentified heavier sulfur

12 >32
compounds

Table 6.3 Distribution of Various Sulfur Compound Classes in LCO

No. Type of sulfur compound? Sulfur (%)
1 Co-benzothiophene (BT) 1.5
2 C:-BT 10.2
3 Co-BT 19.1
4 Cs-BT 16.2
5 C4+-BT 13.1
6 Co-DBT 3.3
7 C,-DBT 12.5
8 C,-DBT 11.8
9 Cs+-DBT 12.4

& The prefix Cx stands for substituents on the parent sulfur compound with
X indicating the number thereof.



109

6.2 HDS of LCO over Unsupported Mo Based Sulfide and Commercial Catalysts

The HDS of LCO was performed to investigate whether the
unsupported Mo based sulfide catalysts prepared by the hydrothermal is effective for
real feedstock. The two commercial catalysts were also used for comparison. Table
6.4 shows total sulfur concentration of LCO before and after HDS. The total sulfur
concentrations were determined using an Antek 9000S Total Sulfur Analyzer. LCO
has very high sulfur content of 17,975 ppm which was decreased after treating over
all catalysts. MoS, catalyst shows lowest activity. Treated LCO with NiMoS, and
CoMoS; have quite the same amount of sulfur content which are much lower than that
of treated LCO with two commercial catalysts. These results of real feed-stock
confirm the previous results of model fuel that the unsupported Mo based sulfide
catalysts prepared Dby the hydrothermal method have superior activity than

commercial catalysts.

Table 6.4 Total Sulfur Content and % S Removal in LCO and Treated LCO over
Unsupported Mo Based Sulfide Catalysts and Commercial Catalyst.

Fuel Catalyst Total sulfur concentration % S Removal
(ppm) (%)
LCO - 17,975 0.0
Treated LCO MoS, 13,709 23.7
Treated LCO CoMoS; 5,261 70.7
Treated LCO NiMoS; 5,443 69.7
Treated LCO Cr344 8,616 52.1
Treated LCO Crd24 7,938 55.8

(HDS Conditions : 350 °C 2.8 MPa 30 mins)
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In order to examine the activity of catalysts, each sulfur compounds in
LCO and treated LCO were analyzed by GC-PFPD. The chromatograms of LCO and
treated LCO over MoS; are shown in Figure 6.3. The chromatograms for treated LCO
over CoMoS;, NiMoS;, Cr344 and Cr424 are also shown in Figure 6.4. All
chromatograms with complex peaks show the overlapping peak of many sulfur
compounds in LCO. Thus, the determination of each sulfur compound concentration
is not accurate enough for quantitative analysis. Table 6.5 presents the simple
comparison of each group of sulfur compounds classified in Table 6.2. Table 6.5 also
illustrates the GC-PFPD peak area of each group of sulfur compounds in LCO and

treated LCO over unsupported catalysts and commercial catalysts.

From Figure 6.3 and 6.4, in all of treated LCO, some sulfur species,
such as BT and C;-BT are completely removed while others sulfur compounds are
still present. The high concentration of C,-BT in treated LCO over MoS; was present.
The concentration of C,-BT in treated LCO over other catalysts especially CoMoS;
was detected in low amount. DBT and its derivative were present at high amount in
treated LCO over all catalysts. However, for HDS of LCO, the activity of unsupported
Mo based sulfide catalysts Is consistently higher than that of the commercial catalyst.
More significantly, the unsupported Mo based sulfide catalyst continues to be more
active than the commercial catalyst for the HDS of alkyl-dibenzotiophenic sulfur
compounds in LCO as seen from the lower GC-PFPD peak of alkyl-dibenzotiophenic
sulfur compounds in treated LCO over the unsupported Mo based sulfide catalyst.
The higher activity of the unsupported Mo based sulfide catalyst for the HDS of alkyl-
dibenzotiophenic sulfur compounds is remarkable because LCO has a high
concentration » of both mono and diaromatics -which ‘are strong inhibitors of
conventional HDS catalysts [13, 190]. It is known that aromatics and diaromatics
inhibit HDS catalysts due to the strong adsorption on active sites responsible for
hydrogenation activity. It is plausible that the polycyclic aromatics in LCO are
adsorbed on the hydrogenation sites of the commercial catalyst and diminish its
activity for the HDS of alkyl-dibenzotiophenic sulfur compounds. In contrast, the
aromatics cause little inhibition of the hydrogenolysis route. Therefore, the high
activity of the unsupported Mo based sulfide catalyst for the HDS of alkyl-
dibenzotiophenic sulfur compounds in LCO is attributed to the different pathway

preferences over each catalyst.
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While the unsupported Mo based sulfide catalysts prepared by the
hydrothermal method has distinct advantages catalysts have reduced absolute
activities of catalysts for the HDS of PASCs in LCO was reduced compared to its
activities for the HDS of the pure PASCs in model fuel. This is due to the global
inhibition of the catalysts by aromatics and other non-sulfur components in LCO.
Light cycle oil, typically, contains 50-80% aromatics with diaromatics content of 30—
50% [172].
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Figure 6.3 GC-PFPD chromatograms for LCO and treated LCO over MoS..
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Table 6.5 GC-PFPD Peak Area of Sulfur Compounds in LCO and Treated LCO
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GC-PFPD Peak area (uV.S)

Catalyst LCO MaS, CoMoS, NiMoS, Cr424 Cr344
BT 84932.0 10702 0 0 0 0
(87.4) (100.0) (100.0) (100.0) (100.0)
C1-BT 822840.0 204922 0 0 0 0
(75.1) (100.0) (100.0) (100.0) (100.0)
C2-BT 4239075.0 2243705 58716 127926 349852 120870
(47.2) (98.6) (97.0) (91.7) (97.1)
C3-BT 2292215 1534814 334635 548443 609192 396846
(33.0) (85.4) (76.1) (73.4) (82.7)
DBT 1104608 812136 425546 449158 783037 623803
(26.5) (61.5) (59.3) (29.1) (43.5)
4-MDBT 1736594 1467831 1031004 990223 1638101 1517451
(15.5) (40.6) (43.0) (5.7) (12.6)
2-MDBT+3-MDBT 1619984 1354868 112190 142190 1277800 980686
(16.4) (49.9) (48.0) (21.1) (39.5)
4,6-DMDBT 209444 194745 111692 133720 205055 204146
(7.0) (46.7) (36.2) (2.1) (2.5)
2,4-DMDBT 270479 221903 131100 138509 232715 206518
(18.0) (51.5) (48.8) (14.0) (23.6)
2,6-DMDBT +3,6-DMDBT 539897 445987 273591 287240 488112 447112
(17.4) (49.3) (46.8) (9.6) (17.2)
2,7-DMDBT +2,8-DMDBT + 3,7-DMDBT 204575 122443 54826 63639 97263 97864
(40.1) (73.2) (68.9) (52.5) (52.2)

* 0% Peak area reduction is in the parenthesis.

et



CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

The major conclusions of this study can be highlight in the following

list and further elaborated below.

e ATTM is a promising Mo sulfide precursor for preparation unsupported HDS
catalysts through hydrothermal method. The unique feature of unsupported
Mo based sulfide catalysts Is its superiority over the commercial catalysts and
high activity for refractory S compound

e Organic solvent addition improved dispersion and increase surface area as
well as increased catalytic activity

e There is strong synergetic effect of Ni and Co on the Mo sulfide catalyst.

e Effect of Promoter to Mo Sulfide

Properties

- Decreases the metal sulfur bond strength

- Inhibits the growth of catalyst particle

- Decreases surface area and pore volume

HDS activities

= Increases HDS activity

- Changes catalytic activities of DDS and HY D pathways

- Show distinctly different trend compared to comm. catalysts

e Liquid phase adsorption provide insights ‘into the differences in behavior
between MoS, and CoMoS,/ NiMoS;, and between DBT and 4,6-DMDBT
and generate clear evidence for the number of active site and for correlating
activity of different catalysts.

e HDS of LCO demonstrate that unsupported Mo based sulfide catalysts have
superior activity than commercial catalysts for real refractory feed stock which
consistent with result of model feed stock in the order of catalytic activity.
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The study of unsupported sulfide catalyst is a promising research route
for developing better hydrotreating catalysts. Hydrothermal preparation of transition-
metal sulfides is particularly interesting, because this provides a highly active catalyst
and does not require the presulfidation step. The unsupported NiMo sulfide catalysts
synthesized from ATTM by the hydrothermal method exhibited the excellent catalytic
activity for the simultaneous HDS of DBT and 4,6-DMDBT. For the unsupported
NiMo sulfide catalysts prepared in this study, the HYD pathway was predominant as
compared with the DDS pathway in the HDS of DBT as well as the HDS of 4,6-
DMDBT. The unsupported NiMo sulfide catalysts present notable synergy in the
HDS reaction. The maximum synergy in the HDS of DBT and 4,6-DMDBT appeared
over catalyst with the Ni/(Mo+Ni) ratio close to 0.5.

The preparation conditions (H; pressure and temperature) have a
significant effect on the HDS activity of unsupported NiMo sulfide catalyst. Although
both high H, pressure and high temperature lead to highly active catalysts, the
selectivity of NiMo sulfide catalyst is also affected in different way. Unsupported
NiMo sulfide catalysts prepared at high H, pressure became less active for the HYD
pathway, but more active for the DDS pathway. However, the NiMo catalyst prepared
at high preparation temperature became less active for the DDS pathway but more
active for the HYD pathway for both DBT and 4,6-DMDBT HDS. An organic
solvent addition in catalyst preparation was effective for forming the high surface area
and high active catalysts. This suggests that the organic solvent help to disperse
ATTM and Ni(NO3), resulting in fine molecular dispersion of precursor molecules in
aqueous solution isolated by organic solvent. Probably, the hydrothermal method with
suitable conditions leads to very small (nano) size of Mo sulfide clusters and more Ni
atoms could possibly incorporate into smaller Mo sulfide crystallites and form more

active phase.

The unpromoted and promoted Mo sulfide (unsupported) catalysts
prepared by hydrothermal synthesis method have different properties and different
HDS performance. Unsupported Mo sulfide catalyst showed high surface area without
using any conventional supported material. The addition of promoters (Ni or Co)
resulted in significant decrease in surface area and pore volume of unsupported Mo

sulfide. These catalysts have higher content of Ni or Co as compared to conventional
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supported catalysts. A part of the promoters may not be coordinated in the Mo sulfide
phases, but present as Co sulfide and Ni sulfide, as revealed by XRD. However, the
addition of promoters generated the increase in curvature of MoS; slabs and the
decrease in slab length on the basis of XRD and HRTEM analysis. This is probably
because Ni or Co may be located on edge of MoS; structure and prevents the growth
(or aggregration) of crystallite. The TPR also showed that the addition of promoter to
the unsupported Mo sulfide catalyst causes a significant downward shift of the first
peak reduction temperature which suggests the decrease in the metal sulfur bond
energy. The liquid-phase adsorption of 4,6-DMDBT and DBT showed the different
sulfur compound adsorption capacity, selectivity and possible adsorption mechanism
over these three different sulfides. 4,6-DMDBT had higher adsorption capacity and
stronger interaction with the active site than DBT over the unsupported Mo sulfide.
This might explain the interesting HDS result that 4,6-DMDBT showed higher HDS
reactivity than DBT over the MoS, catalyst. The HDS results indicated that the
promoter not only increased the catalytic activity of the unsupported Mo based sulfide
catalyst but also changed the contribution of the DDS and of HYD pathways. The
promoter affects both the active sites number and the activity of active sites of the

unsupported Mo sulfide catalysts.

The HDS of LCO was comparatively studied over commercial Al,O3
supported and unsupported Mo based sulfide catalyst prepared by the hydrothermal
method. The unsupported Mo based sulfide catalyst demonstrates consistently higher
activity for the HDS of the refractory alkyl-dibenzothiophenic sulfur compounds.
Through comparative examination, the presence of aromatics in LCO appears to
inhibit the HDS of the substituted DBTs. The findings: of this work validate
hypothesis of this research that the unsupported Mo based sulfide catalyst with its
nano size particles and high activity. is a promising HDS catalyst capable of
hydrodesulfurization of the refractory sulfur compounds for exploring new

hydroprocessing catalysts.
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7.2 Recommendations

In this work unsupported Mo, CoMo and NiMo sulfide catalysts as
new hydrotreating catalysts was explored. Some issues have arisen from this

exploration and warrant further research are as follows:

1. Influence of nitrogen compounds on deep HDS over unsupported
Mo based sulfide catalysts.

The removal of sulfur from liquid fuel to such deep level as 15 ppm
will require knowledge of the influence of nitrogen compounds because the reactivity
of nitrogen-containing hetero-compounds is much lower than that of PASCs [191].
Therefore, nitrogen compounds are presented in appreciable even a very low level and
could significantly influence the deep HDS of PASCs. For the future research work,
the effect of nitrogen compounds on catalytic activity should be investigated.

2. Effect of nobel metal (Pd, Pt and Ru) added to unsupported Mo
based sulfide catalysts on HDS activity.

Transition-metal sulfides of the second and third rows (Pd, Pt and Ru)
possess high activity in hydrodesulfurization. The majority of literature data
confirmed that the modification of conventional Mo or CoMo/Al,O3 systems by noble
metals led to a higher activity HDS. Therefore, newly developed unsupported Mo
sulfide catalysts with promoters should be modified further with noble metal additive
(Pd, Pt and Ru).

3. Deactivation of unsupported Mo based sulfide catalysts.

It is well known that the deactivation of the industrial hydro-processing
catalysts is one of the major problems in the hydro-treating process. The deactivation
of catalysts affects the catalyst lifetime, the catalytic activity and the product
selectivity. During HDS, several complex deactivation processes occur and more
studies are needed to understand the factors influencing catalysts deactivation.

4. Study the ways to make structured forms or extrudates of finely

dispersed unsupported sulfide particles for fixed-bed catalytic process applications.
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Appendix A

Reaction Products Analysis

The liquid reaction products were characterized using a Hewlett
Packard 5890 Series Il gas chromatograph equipped with a flame ionization detector
(GC-FID). The 30 m X 0.25 mm slightly polar Restek XTI-5 column coated with 5%
phenyl 95% methylpolysiloxane was used in the gas chromatograph. The GC
condition and temperature program used for the analyses is described in Table A-1

Table A-1 Conditions and Temperature Program for GC-FID Analysis.

Parameters Value
Carrier gas Helium
Injector temperature (°C) 290
Detector temperature (°C) 290
Injection volume (ul) 1

Oven temperature program

Initial temperature (°C) 50
Hold time (min) 0
Final temperature (°C) 240
Hold time (min) 0
Ramp rate (°C/min) 5

The samples were analyzed quantitatively on the basis of response
factors obtained by analyzing. known concentrations. Figure A-1 provides a
representative plot for the response factors of DBT and 4,6-DMDBT.

The individual sulfur compounds in the products of LCO HDS were
analyzed by the Gas Chromatography - Pulsed Flame Photometric Detector (GC-
PFPD). The GC condition and temperature program used for the analyses is described
in Table A-2.



m DBT
o 4,6DMDBT

Peak area

y=4108184.86x+ 234.16
RF=1.00

y=3632984.54x + 4145.02
R =1.00

0.1 0.15 0.2

Concentration (wt%o)

0.25
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Figure A-1 A representative plot for the response factors of DBT and 4,6-DMDBT.

Table A-2 Conditions and Temperature Program for GC-PFPD Analysis.

Parameters Value
Carrier gas Nitrogen
Injector temperature (°C) 290
Detector temperature (°C) 220
Injection volume (ul) 1
Oven temperature program
Initial temperature (°C) 105
Hold time (min) 0
Ramp rate (°C/min) 5
Temperature A-(°C) 125
Hold time (min) 0
Ramp rate (°C/min) 3
Temperature B (°C) 239
Hold time (min) 0
Final temperature (°C) 271
Hold time (min) 0
Ramp rate (°C/min) 8
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Table A-3 Concentrations of DBT, 4,6-DMDBT and HDS Products in HDS Liquid Product of Unsupported NiMo Sulfide at All Catalyst

Preparation Conditions

Catalyst Preparation Conditions Concentration (wt %) in Liquid Product

Temperature (°C) / Pressure (MPa)/

Solvent amount (g)/ Ni/(Mo+Ni) DBT BP THDBT CHB BCH 4,6-DMDBT 3, 3’DMBP THDMDBT  MCHT 3,3’-DMBCH

300/2.8/1/0.43 0.265 0.102 0.014 0.091 0.021 0.359 0.087 0.086 0.054 0.0040
325/2.8/1/0.43 0.246  0.103 0.015 0.104 0.024 0.339 0.084 0.095 0.060 0.0040
350/2.8/1/0.43 0.221  0.106 0.020 0.114 0.028 0.324 0.081 0.108 0.069 0.0049
375/2.8/1/0.43 0.192  0.109 0.016 0.137 0.028 0.295 0.070 0.135 0.087 0.0051
350/1.4/1/0.43 0.321  0.085 0.021 0.054 0.04% 0.434 0.045 0.082 0.034 0.0050
350/2.1/1/0.43 0.244  0.090 0.028 0.108 0.025 0.366 0.066 0.104 0.053 0.0047
350/3.4/1/0.43 0.195 0.121 0.018 0.113 0.025 0.304 0.094 0.103 0.079 0.0090
350/2.8/0/0.43 0.254  0.109 0.022 0.093 0.018 0.394 0.058 0.102 0.040 0.0033
350/2.8/3/0.43 0.141 0.125 0.014 0.149 0.033 0.250 0.096 0.133 0.100 0.0067
350/2.8/1/0.00 0.385 0.036 0.067 0.025 0.008 0.419 0.012 0.164 0.006 0.0017
350/2.8/1/0.20 0.286  0.096 0.026 0.078 0.015 0.404 0.048 0.096 0.049 0.0031
350/2.8/1/0.33 0.260  0.099 0.019 0.092 0.020 0.362 0.055 0.112 0.057 0.0039
350/2.8/1/0.50 0.172  0.116 0.016 0.140 0.034 0.283 0.095 0.112 0.089 0.0059
350/2.8/1/0.56 0.229 0.114 0.020 0.106 0.024 0.342 0.073 0.117 0.061 0.0035
350/2.8/1/1.00 0.473 - 0.027 0.016 0.004 0.005 0.568 0.004 0.039 0.002 0.0002
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Appendix B

Calculation of % Conversion and % Selectivity

The HDS activity of the catalysts was expressed in terms of weight %

conversion of the sulfur compounds and was obtained using the following equation:

. Ci, feed —Ci, product
Xi =

- *100 (B-1)
Ci, feed

where Xi = % conversion of the component i
(DBT or 4,6-DMDBT)

concentration of component i in the reactant

Ci,feed
Ci product = concentration of component i in the products

Catalyst selectivity was expressed in mole % and calculated using the

following equation:

Ci, product / MWi

Yi=|— *100 (B-2)
> (Ci, product / MWi)
i=1
where Yi = % selectivity of the product i
Ciproduct = concentration-of product i
MWi = molecular weight of product i

n = number of products in reaction (n = 4)
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The products of DBT HDS are

Biphenyl (BP)
Tetrahydrodibenzothiophene (THDBT)
Cyclohexylbenzene (CHB)

Bicyclohexane (BCH)

The products of 4,6-DMDBT HDS are

3,3’-Dimethylbiphenyl (3,3’-DMBP)
Tetrahydrodimethyldibenzothiophene (THDMDBT)
Methylcyclohexyltoluene (MCHT)

3,3’-Dimethylbicyclohexane (3,3’-DMBCH)
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Appendix C

Calculation of Overall and Individual Rate Constants

For HDS over the unsupported NiMo sulfide catalyst, only the data of
DBT and 4,6-DMDBT concentration was used to calculate total and individual rate

constants.

1. Total rate constants

Table C-1 presents the kinetic data for HDS of DBT and 4,6-DMDBT
over unsupported Mo based sulfide and commercial catalysts. As a first
approximation, the HDS of individual sulfur compounds follows pseudo-first-order
kinetics. The first-order rate expressions for DBT and 4,6-DMDBT HDS are as

follows :
LR ]
In = —(k; +k, )t (C-1)
CDBTo
C4,6—DMDBT =
In| —2SPMOBT 1 — (K, +k, )t (C-2)
C4,6—DMDBT0
Where ¢} = rate constant for the hydrogenation (HYD) pathway
Ko = rate constant for the direct desulfurization (HYD)
pathway

overall HDS rate constant

ky + ko

The overall HDS rate constant was obtained directly from the
experimental data using eq (C-1) and (C-2). The pseudo-first-order kinetics of DBT
and 4,6-DMDBT HDS over unsupported NiMo sulfide catalyst is presented in Figure

C-1 and slope of linear plot is total rate constant (k; + k).



Table C-1 Kinetic Data for HDS of DBT and 4,6-DMDBT over Unsupported Mo Based Sulfide and Commercial Catalysts

Catalyst  Time Cor?/lir-l;ion Selectivity (%} 46%:13\/';/:23? Selectivity (%)
(%) BP THDBT CHB BCH (%) 33’DMBP  THDMDBT  MCHT  3,3’-DMBCH
MoS, 7 1.8 46.2 40.4 6.2 9.2 3 0.8 98.4 05 0.2
14 3.4 45.7 39.4 6.5 8.4 5.8 1.2 95.8 1.4 1.5
21 4.9 44.7 37.4 9.8 8.1 8.6 1.3 94.3 2.3 2
28 6.4 40.4 33.7 13 12.8 113 1.6 91.7 4.2 2.5
ki+k, = 166.3 10®/s gcat and ki/k, = 0.9 ki+k, = 297.7 10°/s gcat and ky/k, = 170.4
NiMoS, 7 12.2 57.7 22.3 16.6 3.4 9.2 10 775 9.7 2.8
14 24 545 17.1 25.3 3 17.2 12.1 72.3 13 2.7
21 32.9 52.6 15.8 28.8 2.9 24.7 12..9 714 14.7 1.1
28 39.6 50.1 13.5 329 35 30.4 12.8 67.8 19.3 0
ki+k, = 1290 10°%/s gcat and ki/k, = 0.4 kit+k, = 920.5 10°/s gcat and ki/k, = 8.8
CoMoS, 7 12.2 79.2 7 9.2 46 11.5 9.4 76.9 8.7 5
14 22.9 77 7.6 115 3.9 221 8.5 77.3 10.7 35
21 323 75.7 7.1 135 3.6 315 8.6 77.3 13.8 0.4
28 40.6 73.8 6.7 15.9 3.6 39.7 8.1 75.4 155 0.9
ki+k, = 1316.4 10”%/s gcat and ki/k, = 0.1 ky+k, = 1289.5 10°%/s gcat and ki/k, = 8.1
Cra24 7 7.9 64.6 15.6 15.1 47 1.3 13.6 795 6.3 0.7
14 13.1 63.9 13.8 18.6 3.7 35 13.6 77.1 8.3 1.1
21 16.4 63.1 13.0 20.7 3.2 4.9 12.7 77.2 8.9 1.1
28 22.4 63.9 103 228 30 6.4 11,9 76.6 10.9 0.6
ki+k, = 609.4 10°/s gcat and ki/k, = 0.3 kit+k, = 169.9 10°/s gcat and ki/k, = 5.6
Cr344 7 43 87.2 45 3.7 46 1.0 175 745 8.0 0.0
14 8.7 86.9 4.4 5.7 3.0 2.1 16.4 73.6 10.0 0.0
21 12.0 85.9 4.2 6.6 3.3 3.0 15.3 72.8 11.6 0.3
28 16.4 85.5 4.0 7.8 2.7 4.2 14.1 71.8 13.1 1.1

ki+k, = 458.1 10®/s gcat and ki/k, = 0.1

ki+k, = 110.6 10%/s gcat and ki/k, = 4.1
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Figure C-1 Pseudo first order kinetics of 4,6-DMDBT and DBT HDS over
the unsupported NiMo sulfide catalyst.

2. Individual rate constants

We applied the method of initial rates using the initial selectivity of
primary products, i.e., the selectivity of products at close to zero conversion. The ki/k»
ratio was obtained directly from the initial selectivity ratio between primary products
in the HYD and DDS pathways. For DBT HDS, the rate constant k; is proportional to
the initial hydrogenation rate or formation rate of THDBT, and the rate constant k; is
proportional to the initial DDS rate or formation rate of BP. For 4,6-DMDBT HDS,
the rate constant kj is proportional to the initial hydrogenation rate or formation rate
of HDMDBTSs, and the rate constant k, is proportional to the initial DDS rate or
formation rate of DMBP.

Figure C-2 shows the plot of conversion versus selectivity for the DBT
and 4,6-DMDBT HDS over unsupported NiMo sulfide catalyst. THDBT and BP

clearly are the primary products, and CHB and BCH are the secondary products in
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DBT HDS, because the selectivity for THDBT and BP at the zero conversion is
nonzero and the selectivity for CHB and BCH at the zero conversion is zero. In the
same way, THDMDBT and 3,3’-DMBP clearly are the primary products, and MCHT
and DMBCH are the secondary products in 4,6-DMDBT HDS, because the selectivity
for THDMDBT and 3,3’-DMBP at the zero conversion is nonzero and the selectivity
for MCHT and DMBCH at the zero conversion is zero. The initial selectivity values
for the primary products can be determined by extrapolation to zero conversion as

shown in Figure C-2.

The individual rate constant of DBT and 4,6-DMDBT was determined

as follows :

For DBT HDS ko [Inl-tla-.|- selectivity_of THDBT] (©3)
k, ~ [initial selectivity of BP]

For 4.6-DMDET HI® k, [initial selectivity of THDMDBTs] (C-4)

LI
k, [initial selectivity of 3,3-DMBP]

Since ki+k, values have been estimated as shown in Figure C-1,
(ki+ko) = 1,290 * 10°/s g.cat for DBT HDS and 920.5 * 10°/s g.cat for 4,6-DMDBT
HDS and the ki/k; ratio can be estimated as shown in Figure C-2, the individual k; and
ko values can then be calculated. The ratio of ki/k; is equal to 0.42 for DBT HDS and
8.76 for 4,6-DMDBT HDS. The ki and k; is equal to 381.9 * 10™/s g.cat and 908.1 *
10"%/s g.cat for DBT HDS and 826.2 * 10°/s g.cat and 94.3 * 10™/s g.cat for 4,6-
DMDBT HDS, respectively.
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Figure C-2 Extrapolation of products of (a) HDS of DBT and (b) HDS of

4,6-DMDBT for estimating the initial selectivity of products over NiMo
sulfide catalysts.
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Appendix D

Calculation of Selectivity and Promoting Effect

1. Selectivity

The selectivity for the Kkinetics study is the proportion between

individual rate constant and total rate constant of each catalyst. It was divided into 2

types (selectivity to HYD and selectivity to DDS) and calculated using the following

equation:

Selectivity to HYD

Selectivity to DDS

2. Promoting effect

k) (O
k,
k) (©-2)

The promoting effect is relative ratio of the rate constant of promoted

Mo sulfide catalysts and unpromoted Mo sulfide catalysts and is determined as

follows:

Promoting effect

on total rate constant =

on HYD rate constant =

on DDS rate constant =

Where Me = Coor Ni
kl =
k2 =

kitk, =

(k, +k, )of MeMoS,

D-3

(k, +k, )of MoS, (B-3)

k, of MeMoS, (D-4)
k, of MoS,

k, of MeMoS, (D-5)

k, of MoS,

rate constant for HYD pathway
rate constant for DDS pathway

overall HDS rate constant
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Appendix E

Calculation of Adsorption Capacities

In the liquid-phase adsorption of DBT and 4,6-DMDBT experiments,
the model fuel was collected after passing the adsorbent bed and the concentration of
each sulfur compounds was determined. Then, the results were reported in plots of
C/Co (ratio of the outlet concentration to the initial concentration in the model fuel)
versus amount of treated fuel/catalyst weight which called the breakthrough curve as
shown in Figure E-1. The important term are defined as follows :

The Breakthrough Point is the amount of treated fuel/catalyst weight
that C/Co value starts higher than zero.

The Saturation Point is the amount of treated fuel/catalyst weight that

C/Co value equal one.

The Saturation Capacity is the total adsorption capability of adsorbent
that can adsorb each compound and make the C/Co value of each compound less than

one.

The Breakthrough Capacity is the adsorption capacity of adsorbent that
can adsorb each compound and make the C/Co value of each compound less than

Zero.

The replacement molecule is number of molecule of compound that
have relatively lower adsorptive affinity than the subsequently breakthrough

compounds and are replaced by higher adsorptive affinity compound.

The Net Capacity is the net adsorption capacity of adsorbent for each

compound.
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- The Breakthrough Capacity is area A

- The amount of the adsorbed DBT (The Saturation Capacity) is
the area between the breakthrough curve of DBT and line C/C, = 1 before the

saturation point (area A+B).

- The amount of the replaced DBT is the area between the

breakthrough curve and line Ct/Co = 1 after the saturation point (area C).

- The Net Capacity is calculated by subtracting the amount of

the replaced molecules from the saturation capacity (area (A+B) —area C).

1.2
Saturation o
. Y = = o5 =
line o-g—8H3—8-H H
B
g
w8
o6 £ d
e =
U [ E
[ -' —-+DMDBT
0.4 i
/
' E
0.2 / -+ DBT
: , i
o
0 = : |' : I : |' : I .
0 10 20 30 af 50 60

Amount of Treated Fuel:Catalyst g-Fig-C)

Figure E-1. The breakthrough curve of DBT and 4,6-DMDBT over the unsupported
Mo based sulfide catalyst.
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Appendix F

Calculation of Turn Over Frequency

Turn over frequency (TOF) in catalysis is defined as the number of
molecules reacting per active site in unit time. Typically, TOF is calculated using rate

constant of reaction and number of active site as shown in eq. (F-1).

rate constant, k
number of active site

TOF = (F-1)

In this research, the TOF was calculated using the net capacity of the
catalyst from selective adsorption experiment (see chapter 6) as a measurement of the
number of active sites. Then, TOF presented in this research was calculated in eq.
(1.2)

EL rate cor?stant, k _ (F-2)
net adsorption capacity

The unit of TOF will be s™.
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