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Hydrodesulfurization (HDS) of fuel is an important aspect of hydroprocessing technology
for clean fuel production and other applications involving catalytic converters. Stringent
environmental regulations have put the HDS of transportation fuels as urgent necessity
amongst the industrial processes in the petroleum refining. Of the areas of emphasis in the
HDS catalyst development is the design and development of large surface area mesoporous
support that will have the optimum acidity, metal support interaction and chemical and
thermal stability. The research gap in this area lies in developing or modifying the support
properties to meet the required criteria for efficient and long lasting HDS catalyst. In this
work, series of HDS catalysts have been developed through support modifications such as
incorporation of heteroatom(s) to the framework of SBA-15 and the effect of the support
modifications were studied on the HDS of dibenzothiophene in both model fuel and in
commercial diesel. The modification of SBA-15 with ceria at 1-10 wt.% loading and
subsequent impregnation of Co and Mo gave an appreciable conversion of above 99 % at
2.5 wt. ceria loading. The experimental and modeled kinetic parameters have demonstrated
the role of ceria in the catalyst conversion and product selectivity. Subsequent modification
of SBA-15 with ceria and zirconia biheteroatoms and loading of Ni and Mo presented
higher DBT conversion in commercial diesel which was correlated to the electronic effect
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due to the biheteroatoms modification. The last part of this study was dedicated to
developing a greener approach for the sulfidation of the metal oxide catalyst. The HDS
catalyst is inactive when in the oxide form and the general approach to sulfidation is
considered unsafe due to the use of hydrogen disulfide. Therefore, the use of (3Mercaptopropyl)trimethoxysilane as sulfidation source in addition to the silica support is
proposed. This approach has eliminated the direct use of a highly toxic gas, hydrogen
disulfide.
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ملخص الرسالة
االسم الكامل :عبدالقادر تانيمو
عنوان الرسالة Ni(Co)Mo-S:المعالج ذو المسامات البينية المدعوم لتطبيقات إزالة الكبريت بالهدرجة
التخصص :كيمياء
تاريخ الدرجة العلمية :مايو 2019
تعتبر ازالة الكبريت بالهدرجة من الوقود من اهم الجوانب من المعالجات الحرارية إلنتاج وقود نظيف وتطبيقات أخرى تتعلق
بالمحوالت الحفزية .بسبب اللوائح البيئية الصارمة تم اعتبار ازالة الكبريت بالهدرجة لوقود النقل ذو أهمية قصوى وسط العمليات
الصناعية في عمليات تنقية تكرير البترول .من اهم نواحي تطوير الحفازات الخاصة بعملية ازالة الكبريت بالهدرجة هو تطوير
مواد داعمة ذات مساحة سطح عالية ومسامات بينية والتي ستوفر حمضية ،ترابط بين المعدن والمادة الداعمة و ثباتية كيميائية
وفيزيائية مثلى .وتمكن فجوة البحث في هذا المجال في تطوير او تعديل خواص المادة الداعمة لتقابل الخواص المطلوبة لحفاز ذو
كفاءة وثبات عالي .في هذا البحث ،سلسلة من الحفازات تم تطويرها عن طريق تعديل المادة الداعمة بإضافة ذرة او ذرات مختلفة
الطار  SBA-15وتمت دراسة تاثير المعالجة للمادة الداعمة بإزالة الكبريت بالهدرجة للدايبنزوثيوفين في كال عينة ديزل نموذجية
وعينة تجارية .معالجة  SBA-15بالسيريا بنسبة وزنية  %10-1ومن ثم ادخال ال  Coو  Moاعطى نسبة إزالة مقدرة و
هي % 99بنسبة وزنية  %2.5للسيريا .تم استخدام الحركية عمليا ونظريا لشرح دور السريا في تحويل وانتقائية الحفاز .تم عمل
معالجة الحقة ل  SBA-15بذرتي السريا والزركونيا و تحميل ال Niو  Moأظهرت نسبة تحويل اعلى ل  DBTفي عينة
ديزل تجارية ويعزى ذلك لألثر االلكتروني بسبب المعالجة بإضافة الذرتين المختلفتين .الجزء األخير من هذه الدراسة كرس
لتطوير طريقة صديقة بيئا إلضافة الكبريت لحفاز ألوكسيد المعدن .حفاز ازالة الكبريت بالهدرجة يكون غير فعال في هيئة
األوكسيد والطريقة العامة الضافة الكبريت غير امنة بسبب استخدام الهيدروجين دايسلفايد .لذلك تم استخدام (-3ميركابتوبروبايل)
ترايميثوكسي سيلين كعامل إضافة كبريت لمادة السيليكا الداعمة .هذه الطريقة الغى الحوجة لالستخدام المباشر لغاز هيدروجين
دايسلفايد عالي السمية.
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1 CHAPTER 1

INTRODUCTION

1.1

Background Information

There is currently an apparent increase in demand for fossil fuel energy in some countries,
but the need for mitigating the effects of the use and acquisition of non-renewable energy
sources on the environment has gained global attention [1–3]. The increased demand for
fossil fuels is a result of continuing increase in population, especially in the developing
countries where the energy options are limited, and the global interest in offsetting and/or
eliminating the effects of burning these fossil fuels highlights the severity in consequence
of large scale industrial and automobile emissions. Such emissions are leading to climate
change, more specifically global warming [4], but they also pose many risks on the
environment and human health [5]. For example, sulfur (iv) oxide, a major emission of
combusted fuel, can cause severe respiratory and other several health problems when
inhaled, and in the atmosphere, it forms the acid rain which can harm sensitive ecosystems
[5]. In addition to being linked to health and environmental problems, sulfur in fuel is
known to cause damage by deactivating the reforming catalysts and resulting in the
corrosion of pipelines, pumps, and refinery equipment [6]. Due to these undesirable
consequences, environmental regulations have prompted restraining the level of sulfur in
the fuel, and a recent regulation by the European Emission Standard (Euro VI) targeted
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zero sulfur in the transportation fuel [7]. With so many countries gradually adopting this
policy and transiting to zero sulfur transportation fuel (Fig. 1.1a and b), the refineries are
being forced to find ways to meet the newly increasing demand for ultra-low sulfur fuel,
which ultimately requires that the refineries invest in research. Recently, Honeywell, an
oil and gas technology inventor and manufacturer, developed an ULTIMet™ catalyst that
was designed to address the challenge of the refineries by having more active sites for
chemical reaction, thus resulting in an increased hydrotreating performance [8]. According
to the company, the catalyst can as well work in-tandem with the conventional
hydrotreating catalyst in the hydrotreating plant, thus saving refineries the cost of
redesigning an additional hydrotreating unit for ultra-low sulfur fuel production. Though
catalyst producers like Honeywell and ExxonMobil have achieved a great milestone in
catalysts’ designs, their technology is mostly trademarked or patented, which make access
to vital scientific information quite difficult. We do know that in the hydrotreating plants
of most refineries, the technology of removing sulfur from the transportation fuel involves
hydrodesulfurization (HDS) [9]. However, other methods such as oxidative
desulfurization, supercritical water desulfurization, and adsorptive desulfurization [10] are
still used by a few refineries, albeit less frequently than HDS.

2

Figure 1. 1: Worldwide on-road diesel sulfur limit, sourced from Stratas Advisors, (a)
October, 2015 and (b) February, 2018 [11].
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Although HDS is the most commonly used chemical technology for removing organic
sulfur from crude oil and transportation fuel such as gasoline, jet fuel, and diesel [12], it is
often considered pricey. The HDS technology is known to be financially tasking in terms
of its operational conditions, which require an active solid catalyst as well as high
temperature and hydrogen gas pressure conditions. Though HDS technology has its
financial drawbacks, its desulfurization performance is unmatched by other desulfurization
technologies. Because of its high efficiency of removing sulfur, refractory sulfur
compounds such as dibenzothiophene (DBT), 4-methyldibenzothiophene (4-MDBT), 4,6dimethyldibenzothiophene (4,6-DMDBT), and benzonaphthothiophene (BNT) (Fig. 1.2)
which are mostly found in heavy gas oil and vacuum gas oil can be treated easily with a
highly robust HDS catalyst. Since the crude oil reserve in many parts of the world is
becoming heavy nowadays, the demand for highly robust HDS catalysts has dramatically
increased. Additionally, the continuous emergence of alternative energy supply sources
(e.g. biofuel and solar energy) has contributed to the drop in the value of crude oil in the
international market; therefore, cheaper but efficient HDS technologies are continuously
being sought.

Figure 1. 2: Some refractory sulfur compounds: (a) dibenzothiophene; (b) 4methyldibenzothiophene; (c) 4,6-dimethyldibenzothiophene; (d) benzonaphthothiophene
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1.2

Mechanism of Hydrodesulfurization

The mechanism of hydrodesulfurization reaction of DBT and alkyl DBT has been well
established [13], and typically occurs via two main parallel pathways: direct
desulfurization (DDS) and hydrogenation (HYD) (Fig.1.3). The former involves a single
step C-S bond cleavage to form biphenyl while the later involves multi-steps hydrogenation
of one of the benzene rings of the DBT to form tetrahydrodibenzothiophene (THDBT)
which later undergoes C-S bond cleavage and subsequently form the desulfurized
cyclohexyl benzene product. Previous studies have shown that the DDS pathway is most
preferred especially for the unsubstituted DBT [14–17]. The alkyl substituted DBT such as
4,6-DMDBT suffers the steric hindrance effect, due to the alkyl substituent, which slow
down the end-on adsorption of the thiophenic sulfur on the catalytic active sites and
consequently decrease its HDS reaction. And in the case of side-on adsorption interaction
involving the π-electrons of the aromatic ring, it has been argued that the substituent effect
slows down the C-S bond cleavage [18,19]. Furthermore, it has been reported that the alkyl
substituted DBT has more preference for the HYD pathway due to the relative ease of
partial saturation of one of the biphenyl rings which warrant the isomerization of the alkyl
substituent and the hitherto sterically hindered sulfur becomes more accessible for
adsorption (Fig. 1.4).
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Figure 1. 3: The various steps of HDS of DBT through both DDS and HYD pathways. E2
is a C-S bond cleavage through an β-elimination process involving sulfur anion as basic
site [20].
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Figure 1. 4: Transformation of 4,6-DMDBT through isomerization route over acid
containing hydrotreating catalysts [20].
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1.3

Hydrodesulfurization Catalysts

The predominant metals often used as the active species in the HDS catalyst design are
Co(Ni)Mo(W). These active species have been used for more than a century as bulk
catalyst and later as a supported catalyst in an effort to cut cost and increase the active
metals dispersion and HDS activity. Interestingly, the approach to HDS has somewhat
drastically evolved through the years although the active species have not been able to be
completely replaced. We now have a better grasp on the role that active sites play in the
reaction pathway and product selectivity. These advances have enabled development of
interesting synthesis strategies that yielded unique supports and minimized the
cumbersome nature and the large energy consumption that are both associated with the
synthesis steps.

1.4

Supported Hydrodesulfurization Catalysts

One of the bold steps taken when specializing catalysts is to minimize the cost of catalyst
production and increase catalyst activity by using exceptionally cheap yet highly
mesoporous active metals supports, such as alumina and silica [21–25]. The supports must
have properties suitable for catalytic application, such as 1) mechanical strength to
minimize catalyst attrition [26–29], 2) a large surface area to enhance fast interaction of
active phases with the organo-sulfur reactants [30,31], 3) an availability of acidic sites to
improve the dispersion of active metals [32–34], and 4) moderate metal-support interaction
for easy reduction and sulfidation of the active phases [35,36]. Based on the required
support properties of HDS catalysis, catalyst producers have since aligned their interest
more on alumina support. Even though it deactivates quickly due to the strong metal8

support interaction, it has not been easily replaced because of its unique mechanical
strength and textural properties [37–39]. The main disadvantage of alumina support is the
strong metal-support interaction that exist between Mo oxides and alumina, which results
in the formation of strong tetrahedral molybdenum oxide that coordinate tetrahedrally
mainly with other Mo oxides monolayers [40]. Unlike the octahedral molybdenum oxide
that is easily reduced and sulfided, the strongly bounded tetrahedral molybdenum oxides
tend to resist reduction and sulfidation [41]. This has strongly motivated researchers both
in refineries R&D and in academics to search for a better HDS catalyst support that would
have moderate metal-support interaction in addition to excellent textural properties and
mechanical and thermal stabilities.

1.5

Research Objectives

The search for highly stable supported HDS catalyst that has the required surface acidity,
metal support interaction, textural and mechanical properties is on-going business. The
current research trend is toward modification of the SBA-15 framework via incorporation
of heteroatoms such as Al, Ti and Zr. The support modification increases the metal support
interaction in SBA-15 from weak to moderate and also enhance the support acidity. The
acidity of the catalyst inhibits it’s poisoning by H2S and promote the isomerization of alkyl
group in sterically hindered sulfur compounds.

This dissertation focuses on the

modification of SBA-15 using ceria heteroatom, and a combination of ceria and zirconia
heteroatoms. The role of the heteroatom(s) modification on the SBA-15 support was
studied in the HDS of dibenzothiophene after the incorporation of Ni(Co)Mo-S as the
active metals. The study was also extended to new strategy for the sulfidation of supported
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metal oxide catalyst in a bid to eliminate the direct use of toxic chemicals such as H2S or
CS2. The catalysts’ physico-chemical properties are determined by different
characterization techniques such as; X-ray diffraction (XRD), Raman spectroscopy, N2physisorption, temperature programmed techniques by desorption and reduction (TPR and
TPD), Fourier transform infra-red (FTIR) and FTIR-pyridine, X-ray photoelectron
spectroscopy (XPS), Scanning electron microscopy (SEM), and transmission electron
microscopy (TEM). The highlighted objectives are studied and reported under each chapter
of this dissertation;
Chapter 3: Synthesis, application and kinetic modeling of CeOx-Si-CoMo catalysts for
hydrodesulfurization of dibenzothiophene.
Chapter 4: Synergy of ZrOx-CeOy on active sites formation of NiMoS catalyst supported
on SBA-15 for hydrodesulfurization of dibenzothiophene in diesel.
Chapter 5: A greener and efficient approach to the sulfidation of supported metal oxide
catalysts for hydrodesulfurization applications.
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2 CHAPTER 2

LITERATURE REVIEW

2.1

Mesoporous Silica and Other Molecular Sieve Supports

In general, silica and silica-based materials have drawn attention as catalysts support for
heterogeneous catalysis [42–44] but also for HDS in particular [45–47]. These silica-based
materials are desirable because of their highly ordered pore size and volume and their large
surface area, but it is important to note that these materials have also demonstrated a weak
metal-support interaction. Because of this low metal-support interaction in silica, it became
essential to be able to modify the support to increase the metal-support interaction.
Recently, there has been a lot of effort to improve the metal-support interaction and active
phase dispersion of silica-based supported HDS catalysts. The use of heteroatoms such as
alumina, titania and zirconia to modify the mesoporous silica properties have been
extensively studied [48–52]. The work of Jiang et al. studied the effect of Si/Al ratio on the
NiMo/Al-SBA-15 catalytic properties [53]. It was observed that the total acidity of the
NiMo/Al-SBA-15 catalysts and the metal-support interaction increase with Si/Al ratio;
however, the BrØnsted acidity was highest when Si/Al ratio is 10. Furthermore, the average
stacking number of NiMoS slab decreased with Si/Al ratio while the layer length was
shortened at Si/Al ratio of 10. A curved fullerene-like morphology due to 1) the excellent
dispersion of MoS2 active phase on the Al- or Ti-modified SBA-15 support and 2) the
stabilization of the Co-promoted MoS2. The latter effect is reported to impact on the HDS
activity of the Al- or Ti-modified SBA-15 CoMo catalyst [54]. Zirconia modification of
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SBA-15 was found to increase the promoter dispersion due to the Co-support interaction,
and this enhanced the promotion effect of the Co on MoS2 active phase. Additionally, the
inactive β-CoMoO4 phase, which is often detected in CoMo/SBA-15 catalyst, was not
observed after support modification with ZrO2 [55]. Further studies on how to increase the
dispersion of active phase through the Ti-Zr bi-heteroatom modification of SBA-15 support
demonstrated that the electronegativity difference between the Ti and Zr further stabilized
the inactive and undesirable MoO42- phase, which leads to low sulfidation [56]. Indeed, the
poor performance of Ti-Zr bi-heteroatom modified SBA-15 supported CoMo catalyst has
deterred further studies into the use of bi-heteroatom to modify the SBA-15 properties even
though different heteroatom combination could likely result in different electronic and
structural re-arrangement. Gutiérrez et al. reported the effect of four different supports: γAl2O3, SBA-15, Zr-SBA-15 and Ti-SBA-15 for the simultaneous HDS of DBT and
hydrodenitrogenation (HDN) of o-propylaniline (OPA). The Zr and Ti modification of the
SBA-15 considerably decreased the SBA-15 surface area; however, more active sites were
observed (due to increased Lewis acid sites) in the Ni promoted Zr- and Ti-SBA-15-Mo
catalysts than in the unmodified SBA-15-Mo catalyst [25]. Dinh et al. optimized the
loading of TiO2 on calcined SBA-15 support for CoMo catalyst [46]. Within the range of
10-40 wt.% nanocrystallites TiO2 loading, an excellent dispersion of the active phase was
observed at 20 wt.%. At lower TiO2 loading (below 20 wt.%), the inactive CoMoO4 phase
was observed, and at higher loading, large aggregates of TiO2 were noticed. Both are
detrimental to the HDS activity of the CoMo catalyst. The effect of Ti-SBA-15 and γ-Al2O3
hybrid as a support for NiMo catalysts was also compared with that of the Ti-SBA-15 and
γ-Al2O3 counterparts in the HDS of DBT and 4,6-DMDBT, and it was reported that the
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incorporation of Ti-SBA-15 to alumina inhibits the formation of the inactive MoO4 phase
[57]. In addition, the hybrid supported NiMo catalysts performs 40% more than NiMo/γAl2O3 in the HDS of 4,6-DMDBT even though nearly the same conversion was recorded
for the HDS of DBT. Trimetallic catalysts have also been supported on SBA-15 to form
highly active HDS catalysts. The work of Mendoza-Nieto et al. compared the efficiency of
NiMoW/SBA-15 catalysts over the bimetallic NiMo/SBA-15 and NiW/SBA-15 catalysts
and discovered that the Mo(W)S2 active phases were better dispersed on the support than
in the bimetallic systems [58]. More so, the highest number of active phases are located on
the edge sites of the catalyst, which afforded the catalysts highest DDS and HDS activity
(Fig. 2.1).

Figure 2. 1: Comparison of the catalytic activity of NiMo, NiMoW and NiW catalysts
supported on SBA-15 in HDS of DBT (◊) and 4,6-DMDBT (□). Open triangles correspond
to the results obtained with trimetallic NiMo-NiW/SBA-15 catalyst prepared by
mechanical mixing of corresponding bimetallic counterparts. Reprinted with permission
from [58].
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Mechanically mixed SBA-15 and SBA-16 support for CoMoW catalyst has also proved to
be better support than the individual SBA-15 or SBA-16. The mixed support contains
mixed porosity, which may be the reason for the better diffusion of active phase precursor
solution through the support medium (thus inhibit external mass transfer limitation) [59].
KIT-6 and KIT-5 silica are another class of mesoporous molecular sieves that have shown
great potential as HDS support catalyst [60–63]. The three-dimensional (3D) mesoporosity
of KIT-6/KIT-5 afford it an extra advantage of better catalyst dispersion, higher
reducibility of the Mo oxides, and faster diffusion of reactants and products over other 2D
molecular sieves (e.g., SBA-15) [31]. Similar to SBA-15, modification of the KIT-6/KIT5 properties by incorporating heteroatoms such as Al, the metal-support interaction and
surface acidity have been enhanced, which in turn has increased the HDS performance of
catalysts [60,64]. Zeolites are a class of materials with unique pore architectures that can
be made to fit almost any chemical conversion, and these materials have easily accessible
active sites [65]. As such, zeolites have also found application as support in HDS reaction
[19,66]. However, the small pore size of many zeolites hinders the diffusion of large sulfur
molecules. For example, the molecular size of 4,6-DMDBT (0.78 × 1.13 nm by DFT
calculations) was larger than the pores of BETA (0.65–0.68 nm) and ZSM-5 (0.55 nm)
mesoporous zeolites [67]. Furthermore, most zeolites are characterized with excessive
acidity, which causes cracking more than the HDS activity [68]. Therefore, the zeolites are
mostly used as HDS support after their pores have been expanded and their acidity has
been reduced. Tang et al. have developed parallel mesopore channels in the nanofiber of
microporous mordenite and have efficiently dispersed the CoMo in both the micropores
and mesopores of the mordenite support [69]. The active phase in the micropores
14

significantly affect the overall HDS activity of the mordenite supported CoMo catalyst by
producing a large amount of spillover hydrogen that later diffuse onto a nearby CoMo
active phase in the mesopores, consequently boosting the HYD pathway of the catalyst.
An in-depth study into the HDS mechanism of thiophene over a zeolite L-supported CoMo
catalyst using computational calculations revealed that the zeolite L acted as an electron
donor and that its pore framework decreased the HYD energy barrier, which made the
HYD pathway more favorable [70]. The work of Quan Huo et al. demonstrated the
modification of zeolite L by slowly adding the zeolite to a solution of CTAB in water and
later adjusting the pH to 9.6 [71]. The solution was heated at 100 oC for 2 days in a Teflonlined autoclave to yield the micro-meso molecular sieve composite with increased textural
properties and moderate acidity, which resulted in better metal dispersion and HDS
activity. Y-zeolite porosity and surface acidity was easily modulated by direct
incorporation of Ga in the Si-O-Al framework. Thus, some of the strong acid sites (Si–
O(H)Al) in the Y-zeolite got substituted by weak acid sites (Si–O(H)Ga). Moreover, the
Ga species promoted the sulfidation of both Ni and Mo species and changed the
morphology of the active phases [72]. With small amounts of Ga species, more Ni atoms
were easily doped into MoS2 crystals to form more NiMoS active phase. Composite
materials made up of mixed supports of highly acidic microporous zeolites and weakly
acidic mesoporous molecular sieves have been characterized with combined oxides
properties such as presence of micro and meso porosity, moderate acidity, and
hydrothermal stability. The combined effect of ZSM-5 and KIT-6 as mixed support lead to
the formation of hierarchical porous structures that allows efficient diffusion of reactants
and products [62]. Furthermore, the BrØnsted surface acidity of the NiMo/ZSM-5-KIT-6
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catalyst was found suitable for the efficient HDS of 4,6-DMDBT, especially via the
isomerization pathway (Fig. 2.2). Similarly, improved textural properties, acidic strength
and edge-cornered MoS2 sites were achieved when a mixed support of zeolite L and KIT6 was used to support CoMo active metals [61].

Figure 2. 2: Comparison of GC peaks of the products in the HDS of 4,6-DMDBT over
NiMo/Al2O3, NiMo/ZK-W, and NiMo/ZSM-5 at LHSV = 120 h−1. Reprinted with
permission from [62].
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Series of composite supports (ZS) consisting of ZSM-15 and SBA-16 in specific ratios
have been adopted as support for NiMo metals, and the support’s morphological properties
as depicted in Fig. 2.3 were considered as a major determinant of the catalysts HDS activity
[73]. The uniform spherical aggregates morphology of ZS-3 consisted of uniform
hexagonal-prismatic ZSM-5 monocrystals enabled the transfer of spillover hydrogen that
had formed in the micropores of ZSM-5 onto nearby MoS2 active phases in the mesopores
of SBA-16. Moreover, the enhanced reactants and products diffusion and active phase
accessibility by reactants have been attributed to the ZS-3 uniform morphology. Further
incorporation of cation additives (K+, Mg2+, Mn2+, Zn2+, and Cu2+) to the ZS series using
inorganic salts of the cations changed the textural properties, acidity, metal-support
interaction, and morphology of the supports [74]. The NiMo/ZS-Mg catalyst presents
exceptionally higher HDS activity than the other series of cation-modified ZS supported
NiMo catalysts due to its desired catalytic properties, which include the distribution of
pores, acidity, and metal-support interaction. Similarly, a ZSM-5/KIT-6 composite
mesoporous sieve had been developed with interesting support properties and more
interestingly, the pore structure was successfully tuned by varying the mole ratio of support
precursors [75].
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Figure 2. 3: SEM images of the series ZS and pure SBA-16 supports: (a) ZSM-5; (b) SBA16; (c) ZS-1; (d) ZS-2; (e) ZS-3; (f) ZS-4; (g) ZS-5; (h) ZS-Mechanical. Reprinted with
permission from [73].
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3 CHAPTER 3

SYNTHESIS, APPLICATION AND KINETIC

MODELING OF CeOx-Si-CoMo CATALYSTS FOR

HYDRODESULFURIZATION OF

DIBENZOTHIOPHENE
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ABSTRACT
Ultradeep hydrodesulfurization (HDS) of fuel with highly robust catalyst is one of the
emphases of the petroleum refiners to achieve clean and safe environment. We report in
this study series of CeOx-Si-CoMo catalysts for efficient HDS activity of DBT in a batch
reactor. The dispersion and catalytic activity of the active species (CoMoS) is greatly
influenced by the CeOx-Si network in the support, and the structural-reactivity of the
catalysts are extensively studied. The BET surface area, X-ray diffraction (XRD) and
Raman spectroscopy results showed that Ce up to 2.5 wt.% incorporated into the silica
network of SBA-15 demonstrated the optimum support properties. The ease of metal oxide
reducibility and the existence of MoS2 phase in the sulfided 2.5CeOx-Si-CoMo catalyst
revealed that moderate metal-support interaction between the active metals and the
supports is achieved at 2.5 wt.% of ceria, which resulted in higher HDS activity. The HDS
and hydrogenation (HYD) rate constants for 2.5CeOx-Si-CoMo catalyst were the largest
compared to the rate constants of other catalysts, indicating higher catalytic activity. The
2.5CeOx-Si-CoMo catalyst directed the HDS reaction towards the HYD pathway more than
the other catalysts.
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3.1

Introduction

Energy demand is always on the increase due to increasing population and civilization [76].
The major source of energy until now remain the fossil fuel [77]. This fuel has recently
shown increasing amount of sulfur due to continuous oil exploration. In addition,
regulatory bodies such as European commission have put a limit (< 10 ppm) to the amount
of sulfur emitted from the exhaust of vehicles due to pollution. These stringent sulfur
regulations have put refineries in a very challenging situation of searching for new
hydrotreating catalysts that can work effectively to bring down the sulfur level to below 10
ppm. Research emphasis has been on developing new large surface area support that can
combine both support acidity and moderate metal support interaction properties for high
metal dispersion [78].
Silica based mesoporous materials with large surface area and relatively weak acidity such
as SBA-15 have recently gain much attention as active metals support for
hydrodesulfurization (HDS) applications. The silica support has also been modified by
incorporating heteroatom such as Al, Ti and Zr to improve the metal support interaction to
a moderate level [41,79,80]. The impact of heteroatoms and the preparation condition on
both support properties and active metals dispersion are continuously being investigated.
Recent studies on the role of Al on the support properties of KIT-6 mesoporous silica
revealed that the metal incorporation increased support interaction with the active phases,
and subsequently enhanced the HDS performance of the CoMo catalyst [60]. By inserting
tetragonal zirconia to the alumina support framework using zirconium isopropoxide, the
Mo – alumina interaction was reported to be decreased, which gives better dispersion of

21

NiMoS phase [81]. Franklin et al. reported an increase in dispersion of MoO3 species with
the incorporation of alumina, niobia, titania and zirconia into the framework of MCM-41
support. The increased dispersion, due to incorporation of the heteroatoms, was explained
based on the increased active metal – support interaction [82]. By adjusting the pH of
reaction mixture, Shuo et al. was able to incorporate a large amount of Al and Ti to the
mesoporous walls of pure silica SBA-15 with almost all in 4-coordinated environments
[83]. The obtained material has high ordered mesostructure with uniform size distribution
and large surface area. High dispersion and uniform distribution of octahedral Ni and Mo
species on SBA-15 was observed when Ti was attached to the framework of the SBA-15.
The NiMo/TiSBA-15 catalyst showed much better catalytic performance in HDS and
hydrodenitrogenation than its NiMo/SBA-15 counterpart [84]. We were motivated by the
effect of these reported heteroatoms to study the role of ceria on the dispersion and catalytic
activity of SBA-15 supported CoMo catalysts. In addition to its redox properties, the acidbase property is yet another exploitable property of ceria [85–87] that has been utilized in
developing a lot of catalysts for different applications such as hydrogenation [88] and
hydrogenolysis [89].
To the best of our knowledge, there is no reported work on the role of ceria on the
performance of HDS catalysts for organosulfur compounds removal. Therefore, we report
herein the modification of silica framework of SBA-15 support by incorporation of ceria
(using as-prepared ceria isopropoxide precursor), and the resultant effect on the sulfidedCoMo catalyst for HDS of DBT. The role of ceria on the product selectivity and kinetic
parameters of the HDS process are well studied and a plausible mechanism is thus
proposed.
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3.2

Experimental Section

3.2.1 Synthesis of Ceria Modified SBA-15 Supports and Catalysts
Series of mesoporous ceria modified SBA-15 supports of varying cerium loading (1 – 10
wt.%) were synthesized following the synthesis procedure of SBA-15 [51,90]. The 1 – 10
wt.% ceria loading were incorporated to SBA-15 by addition of equivalent amount of asprepared cerium isopropoxide to acidic solution mixture of TEOS and Pluronic P123 after
stirring for 1.5 h. The synthesis procedure for cerium isopropoxide has been previously
reported [91].
The ceria modified SBA-15 supported CoMo catalysts were prepared by impregnation of
the Co and Mo active phase on the supports via excess wet solution method in deionized
water. The method involves stirring 3 wt.% equivalent amounts of CoCl2 and 10 wt.%
ammonium molybdate (vi) tetrahydrate at 50 oC for 1h, followed by addition of dispersed
solution of the supports in deionized water. The mixture was further stirred until nearly all
the deionized water is evaporated. The remaining solution was later dried in an oven at 80
o

C for overnight, and subsequently calcined at 550 oC for 5 h at ramping of 10 oC/min. The

powdered metal oxide catalysts were pelletized to within 300 -500 microns.
Full description of the developed supports and catalysts studied in this work is presented
in Table 3.1.
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Table 3. 1: Supports and Catalysts Description
Code

Description

SBA-15

Mesoporous silica

yCeOx-Si

SBA-15 modified with y wt.% ceria

Si-CoMo

SBA-15 impregnated with Co and Mo

yCeOx-Si CoMo

yCeOx-Si impregnated with Co and Mo

3.2.2 Characterization of Supported Catalysts
The textural properties such as surface area, pore size and pore volume of the prepared
catalysts were recorded on a Micromeritics ASAP 2020 using N2 adsorption-desorption
isotherms at 77k. Prior to measurement, the catalysts were vacuum-degassed at 250 oC for
3h

to remove impurities. Brunauer, Emmett, and Teller (BET) method was used to

calculate the surface area, and absorption branch of Barrett, Joyner, and Halenda (BJH)
method was applied to calculate the pore size and pore volume of the catalysts. The
crystallinity of the supports and catalysts was determined by recording their X-ray
diffraction pattern between 10 o to 90 o 2θ using Rigaku Ultima IV X-ray diffractometer.
The operation was performed at 40 kv and 40 mA with a scanning speed of 10 o/min.
Raman spectra of the supports and catalysts were obtained using a HORIBA, iHR320 with
CCD detector Raman spectroscope. The spectroscope was operated at laser wavelength of
532 nm under room temperature condition. Fourier transformation infrared (FTIR) spectra
of supports and catalysts were recorded on a Thermo Scientific Nicolet 6,700 FTIR
spectrometer over a wavelength range of 400 – 4000 cm-1. The sample preparation requires
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mixing 1% support/catalyst with KBr, and the crushed powder was pelletized using
AtlasTM automatic press 8 ton to form a thin disc, which was inserted into the FTIR cell
for the analysis. The catalysts oxides H2-reducibility were determined by temperatureprogrammed reduction with hydrogen as a probe molecule (H2-TPR). The analysis was
carried out using an AutoChem II – 2920 Micromeritics Chemisorption analyzer. Roughly
50 mg of the calcined catalyst was heated to 500 oC for one hour under the flow of high
purity helium in order to remove impurities. After cooling to ambient temperature under
the same helium flow, the gas flow was switched to 10 % H2 in helium (at steady flow of
20 ml/min) and the temperature was raised to 1000 oC at 10 oC/min ramping. Under these
conditions, the amount of H2 consumed at the reducible temperatures was recorded. The
surface acidity of the catalysts was determined using an in-situ pyridine FTIR (with selfsupported wafer). The sample, placed in a Specac cell, was pretreated under vacuum of
1.33 × 10-3 Pa at 500 oC for 1 h, and later the temperature was decreased to 150 oC before
flowing pyridine vapor for 30 min. Excess pyridine vapor was expelled from the treated
sample by degassing at 150 oC, and the total acidity due to Lewis and Bronsted acid sites
were recorded. The morphology of sulfided catalysts were recorded on a Field Emission
Scanning Electron Microscope FESEM (TESCAN, LYRA 3) using a secondary electron
(SE) and the back scattered electron (BSE) mode at an accelerating voltage of 20 kV.
Transmission electron microscope (TEM) images of MoS2 crystallites were recorded on a
JEOL-JEM-2100 operated at 200 kV. Bonding states and binding energy of the sulfided
catalysts were determined by X-ray photoelectron spectroscopy (XPS) using PHI 5000
Versa Probe II, ULVAC-PHI Inc. spectroscope. Disc pelletized sample of the catalysts was
first subjected to high vacuum before the XPS analysis. Elemental composition of the
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sulfided catalysts were measured by X-ray fluorescence spectroscopy (XRF) using a
Bruker M4 TORNADO Micro-XRF equipped with 30 mm2 Xflash® SD detector.

3.2.3 Catalysts Presulfidation and Performance Evaluation
The pelletized metal oxide catalysts were reduced at 400 oC for 3 h under a flow of 10%
H2/He in a quartz tubular furnace. After the 3 h, the furnace temperature was brought down
to 350 oC and 2 wt.% CS2 in cyclohexane was flowed through the tubular furnace at the
rate of 0.5 mL/min for 5 h to presulfide the reduced metals.
The HDS performance evaluation of the presulfided catalysts was carried out in a highpressure Parr 4590 Micro Bench Top Reactor operated at a pressure of 5MPa and 100 rpm
stirring rate. Approximately 25 mg of the presulfided catalyst was added to 15 ml of model
fuel containing 1000 ppm DBT in dodecane. The reaction was performed for 4 h after the
reaction conditions have been stabilized, and product sampling were done at an hour
interval.

3.3

Results and Discussion

3.3.1 Characterization Results
An in-depth understanding of the textural properties of a catalyst material often gives a
comprehensive guide on how the material is likely to perform in the chosen application
[92]. Generally, the surface area and porosity of the developed material are of paramount
importance in elucidating the textural properties of the material. The textural properties of
the SBA-15 and CeOx-Si supports, and the supported CoMo catalysts are presented in
Table 3.2. It was observed that the BET surface area of the supports decreases continuously
with increase in Ce wt.% loading except for 2.5CeOx-Si, where the BET surface area

26

increases by up to 8 m2/g. This phenomenon was explained by Timofeeva et al. [93], where
they proposed that the ease of incorporation of Ce into the SBA-15 framework is achieved
with the use of low amount of Ce ions in the sol-solution of the SBA-15. At high Ce ion
concentration in SBA-15 sol-solution, extra framework cerium oxide formation is most
probable, and this will significantly affect the surface area and pore volume of the assynthesized CeOx-Si, in addition to its catalytic properties as observed in 5CeOx-Si and
10CeOx-Si supports. This is evident from the N2 adsorption-desorption isotherms and the
pore volume-size distribution of the supports presented in Fig. 3.1a and b respectively.
The slight decrease in the BET surface area of 1CeOx-Si may imply that at 1Ce wt.%
loading, Ce ions are not enough to fill into the framework of the SBA-15 via ion-exchange
of the Ce3+/Ce4+ with Si4+ of the SBA-15 during hydrolysis and condensation process. The
addition of Co and Mo to the supports by impregnation approach and further sulfidation of
the reduced active metals however, showed decreased surface area and pore volume in all
the catalysts due to the obstruction of some surface and void spaces. The 2.5CeOx-Si-CoMo
catalyst showed higher surface area (136.8 m2/g) and total pore volume (0.34 cm3/g) than
all the other CeOx-Si-CoMo catalysts (Fig. 3.2 a and b), thus putting the catalyst in a better
position for catalytic performance.
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Table 3. 2: Textural properties of supports and catalysts
Supports
and
catalysts

BET
Surface
area
(m2/g)

Microporous External
surface area surface
(m2/g)
area
(m2/g)

Microporous Total
pore volume pore
(cm3/g)
volume
(cm3/g)

Average
pore
size
(nm)

SBA-15

639.1

48.3

590.7

0.023

1.07

6.71

1CeOx-Si

607.6

38.1

569.4

0.018

1.01

6.73

2.5CeOxSi

647.1

49.7

597.4

0.024

1.06

6.65

5CeOx-Si

575.4

47.5

527.9

0.023

0.95

6.68

10CeOxSi

532.2

27.0

505.2

0.013

0.89

6.77

Si-CoMo

157.7

10.4

147.3

0.0051

0.30

7.61

1CeOxSi-CoMo

117.7

8.9

108.8

0.0045

0.32

10.93

2.5CeOxSi-CoMo

136.8

12.1

124.0

0.0066

0.34

9.85

5CeOxSi-CoMo

124.9

17.2

107.7

0.0089

0.29

9.34

10CeOxSi-CoMo

131.8

17.4

114.4

0.0090

0.32

9.61
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(a)

(b)

Figure 3. 1: (a) N2 adsorption desorption isotherm and (b) pore volume-size distribution of
SBA-15 and yCeOx-Si supports
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(a)

(b)

Figure 3. 2: (a) N2 adsorption desorption isotherm and (b) pore volume-size distribution of
supported CoMo catalysts
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The X-ray diffraction patterns of the supports and catalysts were performed to determine
the crystallinity and dispersion of the sulfided active metals catalysts on the SBA-15
support. The XRD pattern of all the supports in Fig. 3.3(a-e) show a broad diffraction peak
between 20 o to 30 o which is a typical characteristic peak of amorphous silica [94]. The
absence of ceria diffraction peaks is considered an indication that ceria has been
incorporated into the SBA-15 [95]. The XRD spectra of sulfided catalysts presented in Fig.
3.3(f-j) show the MoO3 phase pattern with a quality mark (QM) of Star (well characterized
chemically and crystallographically with no unindexed lines at Δ2θ≤0.03o) for Si-CoMo,
5CeOx-Si-CoMo and 10CeOx-Si-CoMo. However, 1CeOx-Si-CoMo and 2.5CeOx-SiCoMo show an MoS2 phase pattern with a QM of I (well characterized chemically with no
unindexed strong line at Δ2θ≤0.06o) [96]. It was further observed that the (111) crystal
plane of MoO2 due to the incomplete sulfidation is present at 26 2θ (o) in the 1CeOx-SiCoMo and 2.5CeOx-Si-CoMo catalysts. The peaks intensity of the MoO3 phase follow the
trend: Si-CoMo < 5CeOx-Si-CoMo < 10CeOx-Si-CoMo, while the peak intensity of MoS2
phase follow the trend: 1CeOx-Si-CoMo < 2.5CeOx-Si-CoMo. This indicates that the ease
of sulfidation follows the trend 2.5CeOx-Si-CoMo > 1CeOx-Si-CoMo > 5CeOx-Si-CoMo
> 10CeOx-Si-CoMo. The observed sulfidation trend can be ascribed to the role of ceria on
the metal-support interaction. At 2.5 Ce wt.% loading, the optimum metal-support
interaction could be said to have been achieved, however, at ceria loading of 5 and 10 wt.%,
the metal-support interaction may be large enough to deter the reduction of the Mo species.
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Figure 3. 3: Wide angle XRD pattern of the supports: (a) SBA-15; (b) 1CeOx-Si; (c)
2.5CeOx-Si; (d) 5CeOx-Si; (e) 10CeOx-Si and the catalysts: (f) Si-CoMo; (g) 1CeOx-SiCoMo; (h) 2.5CeOx-Si-CoMo; (i) 5CeOx-Si-CoMo; (j) 10CeOx-Si-CoMo. The dash lines
and dash-dot line.
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Raman spectroscopy has been utilized as a sensitive tool to unravel the molecular structure
of metal oxides [97]. The Raman spectra of the supports show very weak peaks at 605 and
850 cm-1 which were assigned to the vibrational stretching mode of the surface hydroxyl
group in Si-OH and the symmetrical stretching of the Si-O-Si linkage respectively. Close
observation of the Raman spectra of the 5 wt.% and 10 wt.% CeOx-Si supports revealed a
Raman band at 420 cm-1. This band is characteristics Raman band of cerium oxide [98],
which means that at high ceria loading some of the cerium ions are not attached to the SiO-Si framework of SBA-15. This support the findings in the textural properties of the
supports that extra framework cerium oxide formation is most probable at high cerium
concentration. The Raman spectra of the sulfided catalysts (Fig. 3.4a-e) showed peaks at
284, 665, 815 and 993 cm-1 for Si-CoMo, 5CeOx-Si-CoMo and 10CeOx-Si-CoMo, which
are characteristics bands for MoO3 [99]. The peaks at 284 and 665 cm-1 are assigned to the
wagging modes of the terminal oxygen atoms and asymmetric stretching of the Mo-O-Mo,
while the bands at 815 and 993 cm-1 are ascribed to the symmetric stretching and
asymmetric stretching of the terminal oxygen in MoO3. The presence of MoO3 phase in
the sulfided Si-CoMo, 5CeOx-Si-CoMo and 10CeOx-Si-CoMo catalysts shows that some
of the molybdenum species have not been completely reduced and further sulfided in the
catalysts. However, these Raman bands were not observed in the 1CeOx-Si-CoMo and
2.5CeOx-Si-CoMo, instead Raman frequencies of vibrational modes of S-Mo-S (385 and
407 cm-1) were detected [99,100]. Therefore, it can be inferred that Ce loading up to 2.5
wt.% increased the metal-support interaction to an optimum level that enhanced the
molybdenum dispersion on the support, and thus ease its reduction and sulfidation.
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Figure 3. 4: Raman spectra of the catalysts: (a) Si-CoMo; (b) 1CeOx-Si-CoMo; (c)
2.5CeOx-Si-CoMo; (d) 5CeOx-Si-CoMo; (e) 10CeOx-Si-CoMo.
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The FTIR spectra of the supports (a-e) and sulfided catalysts (f-j) are presented in Fig. 3.5.
The appearance of broad peak at 3300 – 3500 cm-1 in all the samples is due to the stretching
vibration of Si-OH present in the SBA-15 channels and the O-H stretching of water
absorbed on the surfaces of the supports and catalysts. At 1600 cm-1, a sharp peak was
observed which is assigned to the O-H bending vibration of the absorbed water molecules.
It was noticed that the peak intensities of both peaks decrease proportionately with Ce
loading in the support, which implies that some of the SBA-15 pores have been occupied
due to ceria loading. The broad band at 1240 cm-1 is assigned to the Si-O-Si stretching
vibration, and it was observed that the wavenumber increases slightly with ceria loading,
and at 10CeOx-Si, the wavenumber is approximately 1300 cm-1 [101,102]. In addition, the
intensity of the peak also decreases with ceria loading, again confirming that Si-O-Si bond
is being substituted with Si-O-Ce bond as the ceria loading increases [95]. After loading of
Co and Mo, the broad peak at 3300 – 3500 cm-1 and the sharp peak at 1600 cm-1 for the OH stretching and bending vibration of absorbed water molecules respectively were
noticeably decreased, indicating that the free void in the mesoporous supports have been
filled with the loaded Co and Mo metals.
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Figure 3. 5: FTIR spectra of the supports: (a) SBA-15; (b) 1CeOx-Si; (c) 2.5CeOx-Si; (d)
5CeOx-Si; (e) 10CeOx-Si and the catalysts: (f) Si-CoMo; (g) 1CeOx-Si-CoMo; (h)
2.5CeOx-Si-CoMo; (i) 5CeOx-Si-CoMo; (j) 10CeOx-Si-CoMo.

36

The TPR profiles of the catalysts are shown in Fig. 3.6a-e. All the metal oxide catalysts
show two major peaks at approximately 575 oC and 900 oC, which are assigned to the
reduction of molybdenum oxide: MoO3 to MoO2 and MoO2 to Mo0 respectively [103,104]
It was also observed that the reducing temperature of the catalysts slightly decrease as the
ceria loading increases up to 2.5 wt.% loading. This suggests that ceria incorporation in to
the framework of SBA-15 support increases the mobility and activity of surface oxygen
species due to the redox behavior of Ce (Ce4+ ↔ Ce3+) and the formation of oxygen
vacancy [105,106]. By implication, there will be more Mo species having close contact
with the CeOx-Si than in SBA-15 support, thus resulting in less sintering and more
dispersion of Mo in CeOx-Si supported catalysts. However, above 2.5 wt.% Ce loading, a
sharp increase in the reduction temperature was noticed. This implies that with ceria
loading up to 5 and 10 wt.%, the metal-support interaction increases abruptly, thus
inhibiting the reduction of the MoO3. This further support the results obtained from the
wide angle XRD. Further observation of the Si-CoMo TPR profile reveals a shoulder peak
at 324.6 oC. Similar peak was observed in a study performed by Zepada [107]. The author
explained that this shoulder peak is due to the reduction of cobalt oxide to cobalt metal
[104], which implies that some cobalt species in the Si-CoMo have set apart from
interacting with Mo species. Interestingly, this shoulder peak was not observed in the
CeOx-Si-CoMo catalysts, thus corroborating that ceria incorporation aids the interaction of
Co and Mo species.
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Figure 3. 6: H2-TPR of the catalysts in their metal oxide form: (a) Si-CoMo; (b) 1CeOx-SiCoMo; (c) 2.5CeOx-Si-CoMo; (d) 5CeOx-Si-CoMo; (e) 10CeOx-Si-CoMo, and FTIR
spectra of pyridine adsorbed at 150 oC for (f) Si-CoMo; (g) 1CeOx-Si-CoMo; (h) 2.5CeOxSi-CoMo; (i) 10CeOx-Si-CoMo.
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FTIR analysis of adsorbed pyridine (Py-FTIR) at 150 oC for the catalysts oxides was
performed to determine the role of ceria loading on the available acid sites and the acid
density of the catalysts. The Py-FTIR spectra and distribution of the acid sites in the
catalysts are presented in Fig. 3.6f-j and Table 3.3 respectively. The IR adsorption peaks
at 1450 cm-1, 1485 cm-1 and 1540 cm-1 are assigned to the pyridine molecules adsorbed at
the Lewis acid sites, Lewis + Brønsted acid sites and Brønsted acid sites respectively [108].
From the FTIR analysis, it was observed that the acid sites (both Lewis and Brønsted) and
acid density of the catalysts increases from Si-CoMo to 10CeOx-Si-CoMo. This means that
the modification of SBA-15 support using ceria heteroatom has significantly increased the
catalyst acidity and that the level of acidity increases with ceria loading on the catalyst.
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Table 3. 3: The distribution of the acidic sites in the catalysts obtained from Pyr-FTIR.
Catalysts oxides

Lewis
Brønsted
B/L
sites(μmol/g) sites(μmol/g)

Acid
density

Si-CoMo

132.78

75.01

0.56

0.62

1CeOx-Si-CoMo

137.17

81.10

0.59

0.65

2.5CeOx-Si-CoMo

139.62

83.68

0.60

0.67

5CeOx-Si-CoMo

151.42

89.60

0.59

0.72

10CeOx-Si-CoMo

173.39

142.34

0.82

0.94
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Morphological examination of the Si-CoMo (Fig. 3.7) and CeOx-Si-CoMo catalysts (Fig.
3.8) shows that there exist a hexagonally cylindrical short nano-rods that curves somewhat
slightly, which is consistent with the structure of mesoporous SBA-15 [109,110]. It was
observed that the length of the nano-rods increases with Ce wt.% loading on the support,
thus depicting a property of modified mesoporous SBA-15 [51]. Thorough observation of
particle density on the surface of the catalysts due to the Co and Mo loading shows that
there is a gradual increase in the particle density from Si-CoMo to 2.5CeOx-Si-CoMo.
However, the particle density decreases at higher Ce loading (5CeOx-Si-CoMo and
10CeOx-Si-CoMo). This can be correlated to the increased metal-support interaction and
decreased metal dispersion that resulted due to the ceria loading on the SBA-15. With Ce
up to 2.5 wt.%, the Co and Mo interaction with the support is at its optimum, hence
resulting to optimum metal dispersion on the support. Higher Ce loading results in strong
metal-support interaction which causes aggregation of the metal crystallites and low
particle density. This further support the XRD and H2-TPR results. The EDS elemental
mapping of the 2.5CeOx-Si-CoMo provided in Fig. 3.9 shows the distribution of the
constituent elements in the catalyst.
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Figure 3. 7: FESEM image for Si-CoMo sulfided catalyst.
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Figure 3. 8: FESEM images of the sulfided catalysts: (a) 1CeOx-Si-CoMo; (b) 2.5CeOx-SiCoMo; (c) 5CeOx-Si-CoMo; (d) 10CeOx-Si-CoMo.
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Figure 3. 9: EDS elemental mapping of 2.5CeOx-Si-CoMo catalyst.
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The role of catalyst support modification using ceria on the morphology of MoS 2 active
phase and catalyst activity and selectivity can be further understood by using the TEM
analysis [108]. The TEM images and MoS2 crystallites length and stacking degree of the
sulfided catalysts are provided in Fig. 3.10 and Table 3.4 respectively. The TEM images
show different degree of MoS2 dispersion in the catalysts, and the stacking length and
stacking layer variation. The MoS2 phase in Si-CoMo has an average stacking length of 4
nm and average stacking layer of 3.3. The average stacking length and average stacking
layer increases with increase in ceria loading except in 2.5CeOx-Si-CoMo which has an
average stacking length of 3.1 nm and average stacking layer of 3.0. Typically, shorter
stacking length of MoS2 fringes result in more active sites for HDS application [111], while
decrease in stacking layers forms the rim sites that favor both the DDS and HYD pathway
according to the Rim-Edge model [112]. This mean that the 2.5CeOx-Si-CoMo has more
active sites for HDS reaction and is likely to perform more efficiently in the HDS reaction
which will probably occur via both the DDS and HYD pathway.
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(a)

(b)

(c)

(d)

(e)

Figure 3. 10: TEM images of sulfided (a) Si-CoMo, (b) 1CeOx-Si-CoMo, (c) 2.5CeOx-SiCoMo, (d) 5CeOx-Si-CoMo and (e) 10CeOx-Si-CoMo catalysts.
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Table 3. 4: Crystallites length and stacking degree of MoS2 in the sulfided catalysts.
Catalysts

Length
distribution
(nm)

Average
length (nm)

Stacking
distribution

Average
stacking

Si-CoMo

3.3 – 5.0

4.0

3–4

3.3

1CeOx-SiCoMo

3.3 – 5.8

4.5

3–5

4.3

2.5CeOx-SiCoMo

2.5 – 4.2

3.1

2–4

3.0

5CeOx-SiCoMo

5.0 – 5.8

5.4

4–7

5.8

10CeOx-SiCoMo

5.8 – 6.7

6.0

8 – 10

8.8
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The spectra showing various binding states and binding energy of the Mo phases in the
sulfided catalysts is presented in Fig. 3.11. Though XPS is a surface analysis technique, it
is often utilized to gain some insight in to the degree of sulfidation of the Mo species [113].
As shown in Table 3.5, three Mo species, distinguished by their unique binding energies,
were mapped out from the deconvoluted XPS spectra. Proper identification of the XPS
spectra revealed the presence MoS2 (Mo4+ (3d5/2)) and MoO3 (Mo6+(3d5/2) and Mo6+(3d3/2))
species in the developed catalysts. However, the atomic percent of the Mo species were
found to vary among the Si-CoMo and CeOx-Si-CoMo catalysts. Noticeably, the XPS peak
characteristic of MoS2 increases from Si-CoMo to 2.5CeOx-Si-CoMo then became
undetectable in higher ceria loaded catalysts. This further explains the ease of Mo
sulfidation when ceria (up to 2.5 wt.%) is incorporated into the SBA-15 framework.
Interestingly, the only observed XPS peak in 5CeOx-Si-CoMo and 10CeOx-Si-CoMo is the
MoO3 peak. The strong metal-support interaction between the support and metal oxides at
this high ceria loading has hindered the ease of the metal oxide reduction and sulfidation,
which is in perfect agreement with the XRD result obtained for the catalysts.
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(a)

(b)

(d)

(e)

(c)

Figure 3. 11: XPS spectra of the sulfide catalysts showing the various Mo phases: (a) SiCoMo; (b) 1CeOx-Si-CoMo; (c) 2.5CeOx-Si-CoMo; (d) 5CeOx-Si-CoMo; (e) 10CeOx-SiCoMo.
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Table 3. 5: Different types of Mo phases in the catalysts
Catalysts

Percent molybdenum in various oxidation states
Mo4+ (3d5/2)

Mo6+ (3d5/2)

Mo6+ (3d3/2)

Binding energy

229.5 eV

231.8 eV

235.6 eV

Si-CoMo

11.51

58.24

30.25

1CeOx-Si-CoMo

20.86

30.16

48.98

2.5CeOx-Si-CoMo 33.44

44.59

21.97

5CeOx-Si-CoMo

-

40.92

59.08

10CeOx-Si-CoMo

-

44.16

55.84
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The constituent elements that are present in the synthesized catalysts were evaluated using
the XRF non-destructive technique (Table 3.6). The presence of silicon and oxygen
elements in large percent confirms the formation of the silica SBA-15 support in all the
catalysts. SBA-15 modification with Ce element was further verified following the Ce
element presence and its increasing weight percent in the synthesized catalysts. The
disparity in the recorded and theoretical weight percent might have resulted from the
addition of the Co and Mo metals after support modification. On the average, it can be
ascertained that Co has been well incorporated in all the supports, and in nearly the same
amount. However, Mo weight percent across all the catalysts is found to vary significantly.
The 2.5CeOx-Si-CoMo has the highest Mo loading of 8.90%, which is 1.01% more than
the Mo loading in Si-CoMo, and this may likely be due to the larger surface area of the
former catalyst. The 1CeOx-Si-CoMo has Mo loading of 6.82%, even lower than 5CeOxSi-CoMo and 10CeOx-Si-CoMo. The probable reason for this ambiguous observation is
even though 1CeOx-Si-CoMo has larger surface area than 5CeOx-Si-CoMo and 10CeOxSi-CoMo, the metal-support interaction in the later catalysts was presumed to be more
pronounced as evidenced by XRD, H2-TPR and Raman characterizations. Thus, attracts
more Mo metals than in 1CeOx-Si-CoMo catalyst.

51

Table 3. 6: Elemental composition by XRF.
Catalysts

Elements (%)
Si

O

Ce

Co

Mo

Si-CoMo

17.45

74.38

-

0.28

7.89

1CeOx-SiCoMo

17.47

75.25

0.19

0.27

6.82

2.5CeOx-SiCoMo

17.51

72.82

0.45

0.32

8.90

5CeOx-SiCoMo

15.26

76.22

0.79

0.32

7.41

10CeOx-SiCoMo

16.16

73.96

1.63

0.34

7.91
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3.3.2 Catalysts Performance Evaluations
The catalysts performance result presented in the form of percent DBT removal is shown
in Table 3.7. Under the studied reaction conditions, the HDS of DBT is found to follow an
anticipated reaction performance pattern based on the unveiled catalysts characterizations.
Within the first one hour of reaction after achieving the stabilized reaction conditions, SiCoMo had removed up to 32.43% sulfur from 1000 ppm DBT solution (Fig. 3.12a). This
percent removal was almost doubled (64.89%) when 1CeOx-Si-CoMo was used as the HDS
catalyst. The performance further increased by 8.65% when 2.5CeOx-Si-CoMo was applied
as the HDS catalyst. However, reduction in catalytic activity was noticed when 5CeOx-SiCoMo and 10CeOx-Si-CoMo catalysts were used in the HDS reaction. The observed
conversion trend continued for 4 h in all the catalysts, and by the end of the 4th hour, 98.14%
sulfur had already been removed from the 1000 ppm DBT in HDS using 2.5CeOx-Si-CoMo
catalyst. The percent sulfur removal in all the catalysts follow the trend: 5CeOx-Si-CoMo
< 10CeOx-Si-CoMo < Si-CoMo < 1CeOx-Si-CoMo < 2.5CeOx-Si-CoMo. Further study
was carried out on the effect of the HDS reaction temperature for the most performing
catalyst. The result presented in Table 3.8 and Fig. 3.12b show that 64.58% of sulfur was
removed at the first 1 h of reaction under process temperature 325 oC. This is twice the
activity of Si-CoMo under process temperature of 350 oC. The advantage of this is the
reaction can be studied under lower process temperature by incorporating 2.5Ce wt.% to
SBA-15, thus saving a great deal of energy to the refineries. Effect of higher process
temperature (of 375 oC) was also studied, and it was observed that nearly total sulfur
removal (99.27%) is achieved within the first one hour of reaction. The implication of this

53

result is with 2.5CeOx-Si-CoMo catalyst in the HDS of DBT, a lot of time and therefore
energy in long run can be saved than when Si-CoMo is applied as the HDS catalyst.
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Table 3. 7: Catalyst performance results: Percent DBT removal. (Process conditions: 350
o
C; 5 MPa; DBT=1000 ppm; reaction time = 4 h).
Catalysts

Percent DBT removal (%)
1h

2h

3h

4h

Si-CoMo

32.43

49.65

65.49

82.50

1CeOx-SiCoMo

64.89

70.71

93.46

97.93

2.5CeOx-SiCoMo

73.54

90.42

94.6

98.14

5CeOx-SiCoMo

29.40

47.94

64.94

88.9

10CeOx-SiCoMo

36.11

50.72

83.86

89.85

Table 3. 8: Effect of process temperature for 2.5CeOx-Si-CoMo (5 MPa; DBT=1000 ppm;
reaction time = 4 h).
Temperature
(oC)

Percent sulfur removal (%) at different temperature
1h

2h

3h

4h

325

64.58

75.01

87.23

95.46

350

73.54

90.42

94.6

98.14

375

99.27

100

100

100
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(a)

(b)

Figure 3. 12: (a) Plot of HDS performance of CeOx-Si-CoMo catalysts and (b) effect of
process temperature on the HDS performance of 2.5CeOx-Si-CoMo.
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3.3.3 Reaction pathways
The mechanism of HDS of DBT has since been documented [114]. The reaction is reported
to occur via two pathways: direct desulfurization (DDS) that involves direct C-S bond
cleavage (one-step) to form biphenyl (BP); and hydrogenation (HYD) of phenyl ring to
cyclohexyl in 2-3 steps, then C-S bond cleavage to form cyclohexyl benzene (CHB) [115].
Detailed study of the products distribution formed after 1 h of HDS reaction is summarized
in Table 3.9. Close observation of the product distribution revealed a trend in the BP
formation across all the studied catalysts. It was noticed that the amount of BP decreases
when up to 2.5 wt.% Ce was incorporated to SBA-15. However, when the Ce loading
reached 5, the %BP increases and at 10 wt.%, the %BP has reached almost the same amount
as that of Si-CoMo. Similarly, the ratio of BP to CHB maintained the same trend as
observed in BP. It therefore means that Ce plays a role in the choice of the reaction
pathway, and apparently, it tends to lead the reaction to the HYD pathway as evidenced in
the %CHB increase due to ceria loading up to 2.5 wt.%. This makes 2.5CeOx-Si-CoMo a
good catalyst for the HDS of highly refractory sulfur compounds such as
dialkyldibenzothiophenes which are known to be desulfurized mainly via the HYD
pathway [116]. The observed disparity in the product selectivity can be correlated to the
catalysts active sites using the Rim-Edge model. According to the model, rim sites favors
the HYD pathway and edge sites only favor the DDS. The rim sites are characterized with
low intensity of the (002) XRD peak and decreased stacking of MoS2 slab [112]. The very
low (002) XRD peak and the lower average stacking layers of MoS2 observed in the
2.5CeOx-Si-CoMo suggests that 2.5 Ce wt.% favors the formation of rim sites of MoS2
slabs. The effect of temperature variation on the product distribution using 2.5CeOx-Si-
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CoMo catalyst is presented in Table 3.10. It was noticed that the %CHB increases with
increase in temperature, therefore resulting in decreased BP/CHB. Typically, the DDS
pathway can be further modified to include a sequential HYD of BP to CHB, and although
the model (DBT→BP→CHB) is less probable, it has been used to explain the increased
%CHB at high temperature [17].
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Table 3. 9: Catalyst performance results: Product Distribution (%) after 1h. (Process
conditions: 350 oC; 5 MPa; DBT=1000 ppm).
Catalysts

Product distribution (%)
CPB

Si-CoMo

CHB

BP

THDBT

BP/CHB

5.54

94.46

-

17.05

1CeOx-SiCoMo

-

13.82

86.18

-

6.24

2.5CeOx-SiCoMo

-

15.53

84.47

-

5.44

5CeOx-SiCoMo

-

9.68

87.90

2.42

9.08

10CeOx-SiCoMo

-

6.14

93.84

-

15.28

Table 3. 10: Catalyst performance results: Product distribution (%) after 1h for 2.5CeO xSi-CoMo at varying temperatures (Process conditions: 5 MPa; DBT=1000 ppm).
Temp (oC)

Product distribution (%)
CPB

325

CHB

BP

THDBT

BP/CHB

14.46

85.54

-

5.92

350

-

15.53

84.47

-

5.44

375

-

16.05

83.95

-

5.23
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3.3.4 Kinetics Study
The kinetic study is performed on the assumptions that the HDS reaction occur completely
via the parallel pathway, and that the reaction rate is calculated based on the pseudo-first
order kinetics. Thus, the rate constants of the HDS reaction, kHDS (min-1); rate constant of
DDS, kDDS (min-1); and rate constant of HYD, kHYD (min-1) were established and presented
in Table 3.11. The kHDS (min-1) for Si-CoMo catalyst has a value of 6.53 x 10-3, and
therefore compares well with the kHDS (8.4 x 10-3 min-1) we recently reported for Timodified SBA-NiMo catalyst prepared and sulfided under the same condition [51]. The
role of Ce in the catalysts can also be expressed based on the rate constants of the HDS
reaction. It was observed that the kHDS (min-1) increased by a factor of 3.4 from Si-CoMo
to 2.5CeOx-O-Si-CoMo catalysts. The increase in kHDS (min-1) was in-tandem with an
increase in kHYD (min-1), thus resulted in decreased kDDS/kHYD, as observed in the product
distribution BP/CHB in Table 3.9. However, above 2.5 Ce wt.%, the kHDS (min-1) and kHYD
(min-1) decreased significantly. The effect of temperature on the kHDS (min-1) for 2.5CeOxSi-CoMo catalyst was studied. As shown in Table 3.12, increase in process temperature
significantly increases the kHDS (min-1) (by a factor of 3.7 from 350 to 375 oC), however,
it also increases the HYD pathway, thus leads to decrease in kDDS/kHYD.
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Table 3. 11: Pseudo first-order rate constants for HDS of DBT after 1 h reaction time at
350 oC.
Catalysts

kHDS x 103
(min-1)

kDDS x 103
(min-1)

kHYD x 103 (min1)

kDDS/kHYD

Si-CoMo

6.53

6.17

0.36

17.14

1CeOx-SiCoMo

17.44

15.03

2.41

6.24

2.5CeOx-SiCoMo

22.16

18.72

3.44

5.44

5CeOx-SiCoMo

5.80

5.23

0.58

9.02

10CeOx-SiCoMo

7.47

7.01

0.46

15.24

Table 3. 12: Effect of temperature on first-order rate constants for HDS of DBT (catalyst
= 2.5CeOx-Si-CoMo).
Temperature kHDS x 103 (min1)
(oC)

kDDS x 103 (min1)

kHYD x 103 (min1)

kDDS/kHYD

325

17.30

14.80

2.50

5.92

350

22.16

18.72

3.44

5.44

375

82.00

68.64

13.16

5.22
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Overall, it can be stated that the HDS activity of 2.5CeOx-Si-CoMo catalyst is better than
Si-CoMo evidenced from the kHDS (min-1) values, and in fact the 2.5CeOx-Si-CoMo is the
best performing catalyst among the series of CeOx-Si-CoMo catalysts. The performance of
2.5CeOx-Si-CoMo catalyst is connected to its textural properties and the moderate metalsupport interaction observed from the XRD, Raman spectroscopy and H2-TPR results that
resulted to better metal dispersion on the support.

3.3.5 Kinetic Modeling
The role of ceria loading on catalysts activity and product selectivity can be further
understood by using the kinetic modeling [13]. Based on the experimental data for the
catalyst’s performance at 350 °C, the triangular reaction network presented in Fig. 3.13
was proposed.
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Figure 3. 13: Proposed reaction mechanism for the HDS of DBT to CHB and BP over a
CeOx-Si-CoMo at 350 oC and 5 MPa.
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The justification for suggesting this new mechanism will be explained in detail. DBT was
converted to BP and CHB through the irreversible steps at specific reaction rates k1 and k2
respectively. It should be noted however, that unlike the HYD/DDS scheme, the product
distribution obtained in this work showed negligible amounts of 4HDBT, implying its
instantaneous transformation to CHB. Moreover, preliminary analysis on a non-reversible
conversion of BP to CHB gave a very high specific rates for the formation of BP from
DBT, and a very nominal value for the specific rate of conversion of BP to CHB. In order
words, the time-varying concentrations of BP indicate that BP was formed from both DBT
and CHB. Therefore, we proposed the reaction network shown in Fig. 3.13. Now, we can
write the rate equations as follows.

−

𝒅𝑪𝑫𝑩𝑻
𝒅𝒕

𝒅𝑪𝑩𝑷
𝒅𝒕

= 𝒌𝟏 𝑪𝑫𝑩𝑻 + 𝒌𝟑 𝑪𝑪𝑯𝑩 − 𝒌𝟒 𝑪𝑩𝑷 − − − − − − − − −(3. 2)

𝒅𝑪𝑪𝑯𝑩
𝒅𝒕

= (𝒌𝟏 + 𝒌𝟐 )𝑪𝑫𝑩𝑻−−−−−−−−−−−−−−−−−−−−−−−−−(3. 1)

= 𝒌𝟐 𝑪𝑫𝑩𝑻 − 𝒌𝟑 𝑪𝑪𝑯𝑩 + 𝒌𝟒 𝑪𝑩𝑷 − − − − − − − − −(3. 3)

Equation 3.1 is a simple pseudo-first order disappearance of the DBT. Similar rate
expression was reported in the literature [51]. This equation could be solved numerically
to give a time-dependent function for the DBT concentration as 𝐶𝐷𝐵𝑇 = 𝐶𝐷𝐵𝑇0 𝑒 −𝑘0 𝑡 .
Where, 𝑘0 = 𝑘1 + 𝑘2 , and 𝐶𝐷𝐵𝑇0 is the initial concentration of DBT. The implication is
that, 𝑘0 could be determined separately and independent of equations 3.2 and 3.3. Hence,
in seeking the solution to equations (3.2) and (3.3), we have a mathematical constraint that
𝑘0 = 𝑘1 + 𝑘2 . This constraint is very important, and it means that both 𝑘1 and 𝑘2 must be
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less than 𝑘0 . This constraint enabled us to figure out that indeed BP was partly formed from
CHB. Eventually, equations 3.1 – 3.3 were solved simultaneously in MathematicaTM to
determine a global solution for the rate constants. The criteria for accepting the model were
high values of coefficient of determination (R2), and low sum square error (SSE) between
experimental and model predictions.
The comparison between the experimental and calculated concentrations of DBT, BP and
CHB over the CeOx-Si-CoMo catalysts were presented in Fig. 3.14, and the parity plots
experimental and modeled DBT concentrations for the CeOx-Si-CoMo catalysts were
shown in Fig. 3.15. The data show very good agreement between the experimental data
and the proposed kinetic model. In each case, the coefficient of determination, R2 is greater
than 0.98. The results from calculated rate constants (Table 3.13) show that 2.5CeOx-SiCoMo performs best in the HDS of DBT under the same operating conditions. In addition,
the 2.5CeOx-Si-CoMo catalyst shows the largest amount of k2, which implies that the
catalyst directs the reaction towards the hydrogenation pathway as was observed in the
experimental results.
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Figure 3. 14: Concentrations as a function of time of species during HDS of DBT over (a)
1CeOx-Si-CoMo; (b) 2.5CeOx-Si-CoMo; (c) 5CeOx-Si-CoMo; (d) 10CeOx-Si-CoMo at
350 oC and 5 MPa.
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Figure 3. 15: Parity diagrams for the comparison of experimental to calculated
concentrations of species during HDS of DBT over (a) 1CeOx-Si-CoMo; (b) 2.5CeOx-SiCoMo; (c) 5CeOx-Si-CoMo; (d) 10CeOx-Si-CoMo at 350 oC and 5 MPa.
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Table 3. 13: Modeled first-order rate constants for HDS of DBT after 1 h reaction time at
350 oC.
Parameter

1CeOx-SiCoMo

2.5CeOxSi-CoMo

5CeOxSiCoMo

10CeOxSiCoMo

k0 x 10-3 (s-1 g-1
catalyst)

5.51

14.07

3.21

3.92

k1 x 10-3 (s-1 g-1
catalyst)

5.40

10.06

2.57

3.32

k2 x 10-3 (s-1 g-1
catalyst)

0.11

4.01

0.65

0.61

k3 x 10-3 (s-1 g-1
catalyst)

11.20

1.07

4.38

1.94

k4 x 10-3 (s-1 g-1
catalyst)

2.67

0.11

0.11

0.11
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3.4

Conclusion

Series of CeOx-Si supports, and CeOx-Si-CoMo catalysts have been prepared with different
Ce weight percent loading by hydrothermal synthesis method. The characterized results
confirmed that up to 2.5 wt.% Ce can be incorporated into the framework of SBA-15, and
larger wt.% were rather incorporated into the extra framework of the SBA-15. In addition,
it was established by XRD, Raman spectroscopy, H2-TPR and XPS that the 2.5CeOx-SiCoMo catalyst has better active sites (MoS2 phases) for HDS. Ce loading up to 2.5 wt.%
facilitate the reduction of MoO3 and prevent the formation of the inactive CoMoO4 phase,
which results in better Mo reduction and dispersion. Consequently, the 2.5CeOx-Si-CoMo
showed exceedingly better HDS performance than Si-CoMo and the other CeOx-Si-CoMo
catalysts in the series. Furthermore, even at a lower process temperature (325 oC) for HDS,
the 2.5CeOx-Si-CoMo catalyst performed almost twice better than Si-CoMo (at 350 oC),
and at higher process temperature of 375 oC, 99.27% DBT has already been removed at
the first one hour of reaction with 2.5CeOx-Si-CoMo catalyst. Therefore, 2.5CeOx-SiCoMo as HDS catalyst has demonstrated better efficiency and shows a potential to be used
as industrial catalyst more than the Si-CoMo catalyst.
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4 CHAPTER 4

SYNERGY OF ZrOx-CeOy ON ACTIVE SITES

FORMATION OF NiMoS CATALYST SUPPORTED ON

SBA-15 FOR HYDRODESULFURIZATION OF

DIBENZOTHIOPHENE IN DIESEL
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ABSTRACT
Development of highly robust catalysts for the hydrodesulfurization (HDS) of diesel fuel
has recently become an area of special interest. In this study, SBA-15 modification based
on ZrOx incorporation and Mo loading was performed in a one-step approach. The dried
catalyst is subsequently impregnated with CeOy and/or Ni promoter in a second step. The
catalysts’ activity was tested in the HDS of dibenzothiophene (DBT) in a commercial
diesel. Catalytic parameters such as surface area and acidity, number of active sites and
dispersion are greatly influenced by the ZrOx-CeOy modification of SBA-15 supported
(Ni)Mo catalysts. The BET surface area of ZrOx-CeOy modified catalyst was enhanced due
to the support modification. The py-FTIR and NH3-TPD showed that the surface acidity
and number of active sites of the catalysts increased when ZrOx and CeOy were
incorporated to the SBA-15 support, and the XPS analysis proved the presence of MoS2 in
large amount in ZrOx-CeOy modified catalyst than in the other supported catalysts. The
catalytic performance test shows that ZrOx-CeOy modified catalyst has the highest HDS
activity, and this is correlated to its structural properties such as large surface area, better
acidic strength and increased number of active sites.
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4.1

Introduction

The recent strict environmental regulations limiting the level of sulfur in the transportation
fuel has prompted the need to develop highly active and stable hydrodesulfurization (HDS)
catalysts [117]. Previous studies have shown tremendous improvement in the catalyst
activity through changing the active metals [118] or addition of promoters to the active
metal [22], synthesis route [119] and changing or modification of active metals support
[120]. Textural and mechanical properties, high active metal dispersion and low cost have
made γ-Al2O3 the most widely acceptable catalyst support for many industrial catalysts
including the HDS catalyst. However, a big drawback of γ-Al2O3 is that it shows strong
metal-support interaction with the active metals [40]. This considerably affects catalytic
performance of HDS catalyst. Mesoporous silica-based support materials such as SBA-15
and MCM-41 have shown great improvement when used in HDS process [23]. This is due
to their weak metal support interaction, but also their ordered structure, high surface area
and porosity. Although SBA-15 have shown great potential in HDS, researchers have
recently observed that the overall catalyst activity can further be improved by its
modification. Different modification strategies such as addition of heteroatoms, additives
and choice of solvent have been reported [121]. Heteroatoms that are Lewis acid such as
zirconia, titania and alumina increase the metal support interaction from weak (which is
known for silica) to moderate by increasing the acidity of the SBA-15 [79]. Different
synthesis approach has been explored to incorporate heteroatoms to SBA-15 and their
effect on catalyst HDS performance reported [48,49,83,84]. Chelating agents such as
ethylenediaminetetraacetic acid and citric acid have impact greatly on the HDS
performance of the catalysts [122]. Badoga et al. studied the combined effect of EDTA and
heteroatoms (Ti, Al and Zr) on the catalytic performance of an SBA-15 supported NiMo
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catalyst for hydrotreating applications [41]. Single heteroatom incorporation in the
framework of SBA-15 have shown great potential to increase the catalytic activity of
hydrotreating catalysts [51]. Perhaps by modifying SBA-15 with two heteroatoms, the
active metal dispersion and catalytic activity can be greatly enhanced. However, there is
rare reference in the literature on the effect of incorporating two heteroatoms in the
framework of SBA-15. The study by Chandra et al. reported low hydrotreating
performance of Ti-Zr-SBA-15 NiMo catalyst due to the presence of tetrahedral MoO4
phase which inhibit the formation of the Ni-Mo-S type II active phase [56]. According to
the authors, the [MoO4]2- was stabilized by the relative positive charge of ZrOx site arising
from the electronegativity difference between Ti and Zr. Motivated by this, we adopted the
idea of using a less electronegative heteroatom, Ce to replace more electronegative Ti to
form the ZrOx-CeOy modified SBA-15 supported NiMo catalyst. CeOy has also been
explored to modify the support properties of SBA-15 and the modified supported CoMo
catalyst has demonstrated excellent HDS performance [123]. With focus to understanding
the role of each heteroatom and the combined effect of bi-heteroatoms, series of ZrOxSBA-15 and ZrOx-CeOy-SBA-15 (Ni)Mo catalysts have been prepared and characterized.
In our previous studies, we highlighted that Ni leaching was observed in single-pot
synthesis approach and therefore we proposed post-synthesis introduction of Ni to a singlepot synthesized SBA-15 supported Mo catalyst oxide in this study [51]. Therefore, singlepot approach was adopted to prepare SBA-15-Mo and ZrOx-SBA-15-Mo, and the Ni and
CeOx were introduced into the pre-calcined catalysts by post synthesis approach. The effect
of calcination of the developed catalysts prior to sulfidation/activation on the metal
dispersion and activity is also studied.
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4.2

Experimental Section

4.2.1 Materials
Tetraethoxysilane (TEOS), zirconium (iv) butoxide (80%), pluronic P123, nickel (ii)
nitrate hexahydrate, DBT (98%) and dodecane were purchased from Sigma-Aldrich.
Ammonium molybdate (vi) tetrahydrate (99%) was bought from ACROS organics, USA.
Ammonium cerium (iv) nitrate, was ordered from Riedel-de Haen AG, USA. Deionized
water was generated in-house using Thermo Scientific Barnstead NANOPURE after
distillation with a Labstrong FiSTREEMTM II Glass Still distillater.

4.2.2 Single-pot Synthesis of SBA-15-Mo and ZrOx-SBA-15-Mo catalysts
The SBA-15 step-by-step preparation method has previously been reported [52].
Modification of SBA-15 with ZrOx (20:1 SBA-15:ZrOx) and the incorporation of active
Mo metal species was carried out following our previously reported single pot synthesis
approach [51]. ZrOx-SBA-15 was prepared by dropwise addition of 0.234 g of Zirconium
(iv) butoxide to a mixture of 4.16 g TEOS, 2g pluronic P123, 10.3 mL hydrochloric acid
and 65 mL deionized water after stirring for 2 h. The mixture, which was kept at 40 oC,
was stirred continuously for 24 h before addition of an aqueous solution of 13 wt.% Mo.
After stirring for 30 min, the mixture was transferred to a Teflon autoclave for
hydrothermal synthesis in an oven preconditioned at 90 oC. The autoclave was kept in the
oven for additional 24 h before centrifuging and drying at 100 oC for 10 h.
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4.2.3 Materials
The dried pre-calcined SBA-15-Mo and ZrOx-SBA-15 catalysts were first re-dispersed in
deionized water. Then solution of 0.191 g of ammonium cerium nitrate (20:1 SBA15:CeOy) and/or 0.595 g (3 wt.%) nickel (ii) nitrate hexahydrate were added to the
suspension and stirred at 40 oC until the water is nearly evaporated. The mixture was dried
in air and later in an oven at 100 oC for 24 h. Detailed description of the prepared catalysts
is presented in Table 4.1. The powdered metal oxide catalysts were pelletized to within
300 -500 microns.
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Table 4. 1: Catalysts description.
Code

Description

SM

SBA-15 supported Mo

ZrSM

ZrOx modified SBA-15 supported Mo

ZrSMN

ZrSM impregnated with Ni

ZrCeSM

ZrSM impregnated with CeOy

ZrCeSMN

ZrSM impregnated with CeOy and Ni

ZrCeSMN-C

Calcined ZrCeSMN
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4.2.4 Characterization of Supported Catalysts
The catalysts surface area, pore size and pore volume were measured on a Micromeritics
ASAP 2020 using N2 adsorption-desorption isotherms at 77k. Before the measurement, the
catalysts were degassed with a vacuum at 250 oC for 3 h to remove impurities. Brunauer,
Emmett, and Teller (BET) method was used to calculate the surface area, and adsorption
branch of Barrett, Joyner, and Halenda (BJH) method was applied to calculate the pore size
and pore volume of the catalysts. The catalysts’ crystallinity and the nature of their active
metal phases on the supports were determined by recording their X-ray diffraction pattern
between 20 – 80 o at 2θ using Rigaku Ultima IV X-ray diffractometer. The operation was
performed at 40 kv and 40 mA with a scanning speed of 10 o/min and 0.03 width. The
catalysts FTIR spectra were recorded on a Nicolet 6700 FTIR spectrometer within a
wavelength range of 400 – 4000 cm-1. Prior to the FTIR analysis, the catalysts were mixed
in 1:100 ratio with KBr and pelletized using the hydraulic press pelletizer. The formed tiny
pellets were inserted into the FTIR cell for analysis. The nature and amount of catalysts
surface acidity were determined using an in-situ pyridine FTIR (with self-supported wafer).
The samples, placed in a Specac cell, were pretreated under vacuum of 1.33 × 10-3 Pa at
300 oC for 1 h, and pyridine vapor adsorption at 150 oC for 30 min. Excess pyridine vapor
was expelled from the treated samples by degassing at 200 oC, and the total acidity due to
Lewis and Bronsted acid sites were recorded. Ammonia TPD (NH3-TPD) was utilized to
measure the acidic property of the catalysts. The measurements were conducted on a
micromeritics Chemisorp 2750 using 10 wt.% NH3. Approximately 100 mg of the catalysts
in their oxide form was loaded into a quartz tube high purity helium was purged through
the tube at 600 oC for 30 min, then cooled to 100 oC. Thereafter, NH3 was passed through
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the samples for 30 min at 100 oC, followed by helium for 60 min to remove excess NH3
that is physically adsorbed. The temperature was raised to 900 oC at 10 oC/min in order to
desorb the ammonia, and the thermal conductivity detector (TCD) signal was recorded
against the desorption temperature. The reducibility of the metal oxides in the catalysts by
H2 was determined by temperature-programmed reduction with hydrogen as a probe
molecule. The analysis was carried out using an AutoChem II – 2920 Micromeritics
Chemisorption analyzer. Before the analysis, about 100 mg of the catalyst was heated to
500 oC for one hour under a steady flow of high purity helium to remove impurities, and
later cooled to room temperature under the same condition of helium flow. Then the system
gas flow was switched to 10 % H2 in helium and the temperature was raised to 1000 oC at
10 oC/min ramping. Under these conditions, the amount of H2 consumed at the reducible
temperatures was recorded. The catalysts surface morphologies were recorded on a Field
Emission Scanning Electron Microscope FESEM (TESCAN, LYRA 3) using a secondary
electron (SE) and the back scattered electron (BSE) mode at an accelerating voltage of 20
kV. The different Mo bonding states and their binding energies in the sulfided catalysts
were determined by X-ray photoelectron spectroscopy (XPS) using PHI 5000 Versa Probe
II, ULVAC-PHI Inc. spectroscope. Disc pelletized catalysts samples prepared using
hydraulic press pelletizer were first subjected to high vacuum before the XPS analysis.

4.2.5 Catalysts Presulfidation and Performance Evaluation
All the pelletized catalysts were presulfided without prior calcination except for ZrCeSMN,
which some portion of it was calcined to allow comparison of sequential calcination and
reduction approach to the simultaneous calcination and reduction approach. The
presulfidation was carried out in quartz tubular furnace after the simultaneous calcination
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and reduction of the Mo and NiMo metal oxides in the catalysts under the flow of 10% H2
in helium at 400 oC. After reduction, the furnace temperature was brought down to 350 oC
and a 2 wt.% CS2 solution in cyclohexane was flowed through the furnace at 0.5 mL/min
for 5h.
HDS performance study of the presulfided catalysts was carried out in a Parr 4576B batch
reactor operated at 350 oC, 5 MPa H2 pressure and 300 rpm stirring rate. Roughly 100 mg
of the presulfided catalyst was added to 100 mL of locally obtained commercial diesel
spiked with 1000 ppm DBT. The reaction was performed for 5 h after the reaction
conditions have been stabilized, and product sampling were done at an hour interval.

4.3

Results and Discussion

4.3.1 Characterization Results
The BET surface area, pore size and pore volume of catalysts are important parameters
usually employed to have some understanding of the catalytic performance behavior
demonstrated by the catalysts [92]. In this study, the developed catalysts’ textural
properties were measured and summarized in Table 4.2. The BET surface area of SM is
245.9 m2/g and it was observed that by incorporation of ZrOx the surface area increased to
260.64 m2/g. The observed trend shows that incorporation of ZrOx leads to increased
surface area possibly due to its large atomic size as compared to Si. Similar phenomenon
was observed when TiOx was incorporated to the SBA-15 support [124]. However,
subsequent addition of Ni to form ZrSMN catalyst resulted in slight decrease in the surface
area and this was attributed to the blockage of the void spaces within the support
framework. The combined effect of biheteroatoms on the surface area was investigated by
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addition of CeOy to the ZrSM to form ZrCeSM. It was observed that CeOy incorporation
further increased the surface area of ZrSM and did not significantly affect it porosity.
Similar result was observed in our previous work when the SBA-15 framework was
modified with CeOy [125]. Interestingly however, simultaneous introduction of CeOy and
Ni to the ZrSM results in only slight drop in the surface area (from 327.6 m2/g for ZrCeSM
to 316.76 m2/g for ZrCeSMN) which is again due to void blockage as a result of Ni
incorporation. It is noteworthy that incorporation of ZrOx and CeOy to the SBA-15 support,
and the active (Ni)Mo species did not disrupt the mesoporosity nature of the support
significantly as all catalysts’ isotherms follow the H1 hysteresis loop (Fig. 4.1(a)).
Subsequent calcination of the ZrCeSMN for 5 h to form ZrCeSMN-C significantly
decreased the surface area to 226.86 m2/g, even though it resulted to an increase in average
pore size as shown in Fig. 4.1(b). The decrease in surface area due to calcination is
associated with metal sintering and formation of crystallites that blocked the support
surface [126]. Based on the surface area results of the catalyst series, it can be envisaged
that there is electronic and structural interaction between ZrOx and CeOy in ZrCeSMN
catalyst which results in large surface area and pore volume of the catalyst.
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Table 4. 2: Textural properties of catalysts.
External

Microporous

Average

BET

Microporous

Surface

Pore

Total Pore Pore

Surface

Surface Area

Area

Volume

Volume

Size

Catalyst

Area (m2/g) (m2/g)

(m2/g)

(cm3/g)

(cm3/g)

(nm)

SM

245.9

31.9

214

0.0158

0.408

6.11

ZrSM

287.63

33.1

254.4

0.0165

0.499

6.05

ZrSMN

260.64

26.6

244.08

0.0131

0.451

5.54

ZrCeSM

327.57

33.2

287.56

0.0167

0.489

5.63

ZrCeSMN 316.76

33.8

282.97

0.0169

0.511

5.85

27.5

199.38

0.0136

0.436

6.66

ZrCeSMNC

226.86
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(a)

(b)

Figure 4. 1: (a) N2 adsorption-desorption isotherm and (b) pore volume-size distribution
for the Zr and ZrCe-modified SBA-15 supported NiMo catalysts.
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The XRD pattern of the sulfided catalysts is presented in Fig. 4.2. Generally, the pattern of
the XRD gives insight on the phases of the active species and their dispersion on the support
[127]. From Fig. 4.2, it was observed that all the catalysts showed a broad diffraction
pattern at approximately 25 o 2θ, a distinctive property of amorphous silica due to the SBA15 support [94]. The absence of diffraction patterns characteristics of ZrOx and CeOy
indicates that the oxides are incorporated into the SBA-15 framework or at best are in small
quantity and therefore undetectable. Careful observation also shows that all the catalysts
except ZrCeSMN-C have good dispersion of the Mo or NiMo active species due to the
absence of their metal crystallite peaks. However, the presence of small and unresolved
peak in ZrCeSMN-C at approximately 35 o 2θ hinted the presence of Mo crystallites due
to agglomeration (because of calcination effect) in the catalyst which is responsible for the
lower surface area observed in the textural properties study.
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Figure 4. 2: Wide angle XRD pattern of the Zr and ZrCe-modified SBA-15 supported
NiMo catalysts.
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FTIR spectroscopy was performed to have some idea about the functional groups present
in the sulfided catalysts. The FTIR spectra of the catalysts (in their sulfided form) is shown
in Fig. 4.3(a). All the catalysts show broad adsorption band at 3500 cm-1 which was
assigned to the stretching vibration of Si-OH of the SBA-15 and O-H of the adsorbed water
molecules. The water molecule O-H bending vibration peak was also observed at 1600 cm1

. It was noted that these adsorption bands increase slightly from SM to ZrCeSMN. This

trend is partially correlated to the catalysts total pore volume; thus, the larger pore volume
catalyst is likely to attract more atmospheric moisture. This supports the textural properties
results discussed above, which demonstrated that ZrOx and CeOy incorporation to SBA-15
support increased both the support surface area and total pore volume. The ZrCeSMN-C
catalyst, however, shows a significant decrease in the water molecule adsorption bands
which is due to the catalyst calcination. The Si-O-Si stretching vibration band was observed
within the range of 1150-1250 cm-1 in all the catalysts though at different intensities. The
slight difference in Si-O-Si band wavelength and intensity in the catalysts is considered
due to the incorporation of the ZrOx and CeOy which substitute the SiO2 in Si-O-Si to form
Si-O-Zr and Si-O-Ce respectively [101,128].
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(a)

(b)

Figure 4. 3: (a) FTIR spectra: and (b) Py-FTIR of the Zr and ZrCe-modified SBA-15
supported NiMo catalysts.
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The type, strength and amount of acidity in the sulfided catalysts was measured using the
Py-FTIR. Typically, the free pyridine adsorption band is observed at frequency of 1582
cm-1, and a shift to a range of 1590 – 1630 cm-1 indicates a Lewis acid sites [85,129]. The
further away the shift is from the pyridine peak the more is the strength of the Lewis acidity.
Bronsted acidity due to pyridine adsorption is observed at a frequency of 1540 cm-1. The
py-FTIR results presented in Fig. 4.3(b) shows the Lewis acid adsorption bands at 1450,
1610 and 1630 cm-1, and the Bronsted acid adsorption band at 1540 cm-1. The band at 1490
cm-1 indicates the interaction of pyridine with both Lewis and Bronsted acid sites. It was
observed that the intensity of the acid sites (both Lewis and Bronsted) as well as the acid
strength increases with the incorporation of the ZrOx and CeOy (see Table 4.3) except in
ZrCeSMN-C where the high temperature calcination resulted in metals agglomeration.
Thus, incorporation of biheteroatom increase the acidity of the catalysts that has not been
subjected to high temperature calcination.
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Table 4. 3: The distribution of the acidic sites in the catalysts obtained from py-FTIR.
Catalysts

Lewis
sites(μmol/g)

Brønsted sites
(μmol/g)

B/L

SM

105.8

256.8

1.43

ZrSM

197.0

373.5

0.89

ZrSMN

207.5

393.4

0.89

ZrCeSM

394.4

546.6

0.39

ZrCeSMN

480.6

835.7

0.74

ZrCeSMN-C

156.5

203.6

0.30
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The NH3-TPD is a complimentary technique to the pyr-FTIR and is often utilized to
characterize the strength and available acid sites in catalysts [130]. The NH3-TPD
experiments were carried out to determine the acidic strength of the ZrOx(CeOy)-modified
SBA-15 supported (Ni)Mo catalysts, and the obtained TPD profiles are shown in Fig.
4.4(a). From the profiles, two main peaks were noticed at around 180 and 680 oC in all the
catalysts. The peak at approximately 180 oC is considered the weakly acidic sites peak,
while the peak at 680 oC is considered the strongly acidic sites peak [41]. Very small and
unquantifiable peak was also noticed in all the catalysts at approximately 500 oC, which is
characteristic medium acidic sites peak. The weak acidic sites were attributed to the surface
hydroxyl group that are likely to be present in the catalysts’ supports and can be considered
the Bronsted acidity. The peak intensities were found to decrease with the incorporation of
the ZrOx and further addition of CeOy as shown in Table 4.4. Conversely, the intensity of
the strongly acidic sites peak was observed to increase due to the incorporation of the ZrOx
and CeOy except for ZrCeSMN-C where the decrease in the strong acidic sites is attributed
to the high temperature calcination. Overall, it can be concluded that the incorporation of
ZrOx and CeOy heteroatoms to the SBA-15 support enhanced the acidic strength of the
catalysts.
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(a)

(b)

Figure 4. 4: (a) NH3-TPD and (b) H2-TPR of the Zr and ZrCe-modified SBA-15 supported
NiMo catalysts.
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Table 4. 4: Summary of NH3-TPD and H2-TPR of the catalysts.
NH3-TPD

H2-TPR

Catalysts

Peak Temp.(s) Quantity
(cm³/g STP)

Peak Temp.(s)

Quantity
(cm³/g STP)

SM

153, 688

42.2, 53.4

370

204.4

ZrSM

176, 688

18.2, 56.7

222, 391

27.8, 83

ZrSMN

185, 602

17.8, 56.9

384,

179

ZrCeSM

188, 696

9.3, 63.6

208, 393

18.8, 90.9

ZrCeSMN

186, 691

16.7, 82.8

227, 311, 337

30.1, 48.4,
103.5

ZrCeSMN-C

190, 688

9.1, 60.2

377, 639

149.3, 4.4
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TPR is a powerful tool used to observe the reduction pattern of metal oxide catalysts. Here,
the TPR was performed to understand the combined role of ZrOx and CeOy on the reducing
behavior of the SBA-15 supported NiMo catalysts. As shown in Fig. 4.4(b) and Table 4.4,
the TPR profile of SM shows a broad reduction peak at 370 oC and a shoulder peak at
around 500 oC. These peaks are assigned to the reduction of Mo6+ species to Mo4+ and
Mo4+ to Mo0 respectively in the octahedrally coordinated species that are weakly bound to
SBA-15 support [131]. After incorporation of ZrOx and ZrOx-CeOy to the support, this
reduction peak shifted to 391 oC and 393 oC respectively confirming an increase in the
strength of the metal-support interaction. However, the addition of Ni promoter to the
ZrSM and ZrCeSM lowers the reduction temperature of the Mo6+ species which further
explains the role of Ni promoter in enhancing easier reduction and sulfidation of catalysts
oxides. The high temperature reduction peak characteristic of Mo4+ to Mo0 reduction gave
an inconclusive pattern in all the catalysts as was similarly observed by Tatiana et al [131].
The FESEM images of the catalysts are displayed in Fig. 4.5. All the catalysts show the
presence of micro-sized cylindrical rods characteristics of mesoporous SBA-15 [110].
Careful observation of the images shows that the size of the micro-sized rod decreases
when ZrOx and CeOy are incorporated to the SBA-15 framework which is in line with the
previously reported observations of modified mesoporous SBA-15 [51,52]. It was further
observed that the micro-sized cylindrical rods in ZrCeSMN-C are stacked in multi-layers
and this somewhat affect the dispersion of the active species on the modified support as is
observed in the particle density due to NiMo loading on the catalyst.
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Figure 4. 5: FESEM images of the Zr and ZrCe-modified SBA-15 supported NiMo
catalysts.
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The binding states and energies of Mo phases in the sulfided catalysts was determined
using XPS. The information was utilized to have a fair understanding of the degree of
sulfidation of the Mo in the catalysts [113]. The results of the Mo XPS analysis obtained
after peaks deconvolution is shown in Fig. 4.6 and Table 4.5. Three Mo phases were
noticed at approximately 229.5, 231.8 and 235.6 eV binding energies, and these peaks were
assigned to the Mo4+ (3d5/2), Mo6+(3d5/2) and Mo6+(3d3/2) phases respectively. The Mo4+
(3d5/2) phase is characteristic of MoS2 whereas Mo6+(3d5/2) and Mo6+(3d3/2) defines the
MoO3 species. A low intensity peak at approximately 226 eV, similar to the 2S line due to
sulfur, was also observed and this was deducted from the Mo percent composition [132].
From the Fig. 4.6, it was observed that SM catalyst has small atomic percent of the MoS2
phase and ZrCeSMN-C catalyst does not even show the MoS2 peak. This shows that the
sulfidation level in both catalysts is considerably low. However, the remaining catalysts
show reasonable degree of sulfidation which increases according to the trend ZrSM <
ZrCeSM < ZrSMN < ZrCeSMN. Therefore, it can be deduced that the incorporation of
biheteroatom increases the ease of MoO3 sulfidation, although calcination at 550 oC further
retards the sulfidation process.
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(a)

(b)

(d)

(e)

(c)

(f)

Figure 4. 6: XPS spectra of the Zr and ZrCe-modified SBA-15 supported NiMo catalysts
showing the various Mo phases: (a)SM; (b) ZrSM; (c)ZrSMN; (d) ZrCeSM; (e) ZrCeSMN;
(f) ZrCeSMN-C.
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Table 4. 5: Different Mo phases obtained from the XPS spectra.
Catalysts

Percent molybdenum in various oxidation states
Mo4+ (3d5/2)

Mo6+ (3d5/2)

Mo6+ (3d3/2)

Binding energy

229.5 eV

231.8 eV

235.6 eV

SM

0.03

64.07

35.92

ZrSM

19.33

56.95

23.72

ZrSMN

23.96

51.97

24.07

ZrCeSM

21.94

54.83

23.23

ZrCeSMN

28.04

53.81

18.14

ZrCeSMN-C

-

61.25

38.75
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4.3.2 Catalysts Activity Test
The developed catalysts were evaluated for HDS using diesel fuel spiked with 1000 ppm
DBT and the performance result is presented in Table 4.6. After 1 h of reaction, it was
estimated that 30.26% of DBT has been removed from the diesel using the SM catalyst,
and this percent got increased by approximately 15% and 29% when ZrCeSM and
ZrCeSMN were used for the HDS reaction respectively. The percent sulfur removal in the
subsequent hours follows similar trend, and by the 5th hour, almost 96% of sulfur has been
removed by ZrCeSMN. However, when the ZrCeSMN-C was used for the HDS, a
significant drop in conversion was noted (Fig. 4.7). The observed trend in HDS
performance is correlated to the physicochemical properties of the catalysts such as surface
acidity, metal support interaction and active phase dispersion. The ZrCeSMN catalyst that
shows the highest HDS performance happens to have the largest surface area as discussed
in the textural properties study of the catalysts, and this textural property usually results in
more active phase loading and dispersion which are likely to result in better HDS
experience. In addition, the py-FTIR and NH3-TPD results discussed above enumerated
that the incorporation of ZrOx and CeOy increase the strong acidic sites of the catalyst
support and by implication increased the metal-support interaction and active phase
dispersion on the SBA-15 support as was further corroborated by the H2-TPR results. On
the other hand, the low HDS performance of ZrCeSMN-C is related to the relatively low
surface area of the catalysts and active phase dispersion.
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Table 4. 6: Catalyst performance results: Percent DBT removal from diesel. (Process
conditions: 350 oC; 5 MPa; DBT=1000 ppm; reaction time = 5 h).
Catalysts

Percent DBT removal (%)
1h

2h

3h

4h

5h

SM

30.26

56.1

57.6

61.67

66.8

ZrSM

28.28

49.45

56.78

65.07

67.14

ZrSMN

51.06

71.92

72.24

79.08

84.55

ZrCeSM

45.07

61.6

78.48

76.87
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ZrCeSMN

59.3

68.58

92.47

92.67

95.65

ZrCeSMN-C

10.87

37.49

40.45

57.15

72.92
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Figure 4. 7: (a) Plot of HDS performance of Zr and ZrCe-modified SBA-15 supported
NiMo catalysts.
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4.4

Conclusion

The synergetic effect of ZrOx and CeOy on the active site formation and dispersion for
SBA-15 supported NiMo catalysts has presented interesting performance in the HDS of
DBT in diesel fuel. The electronic and structural interactions between the ZrOx and CeOy
in the catalyst significantly improved the catalyst textural properties such as surface area
and pore volume. The py-FTIR and NH3-TPD results demonstrated that the catalysts acidic
strength was also increased because of combined effect between ZrOx and CeOy. The H2TPR results shows an increased metal-support interaction that is sufficient enough to
enhance the active phase dispersion on the support. The XPS analysis further confirmed
the formation of increased amount of MoS2 active phases in the ZrOx-CeOy modified SBA15 supported NiMo catalysts which further enumerate the synergetic effect of the ZrOxCeOy combination in the ZrCeSMN catalyst. As a result, the ZrCeSMN catalyst
demonstrated higher HDS activity of DBT in diesel than the rest of the catalysts in the
series.
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5 CHAPTER 5
A GREENER AND EFFICIENT APPROACH TO

THE SULFIDATION OF SUPPORTED METAL

OXIDE CATALYSTS FOR

HYDRODESULFURIZATION APPLICATIONS
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ABSTRACT
The conventional approach for the sulfidation of supported metal oxide catalysts involves
the use of hydrogen sulfide or carbon disulfide at high temperatures. Both chemicals are
highly toxic and depending on the degree of exposure, can lead to death. The increasing
demand for a cleaner and sustainable environment has made it imperative to develop a
greener approach for synthesis of hydrodesulfurization catalysts. In this work, (3Mercaptopropyl)trimethoxysilane (MPMS) silica precursor that doubles as a sulfur
precursor was employed to eliminate the hazardous sulfidation step for metal oxide
catalysts. The novel approach, carried out by hydrothermal synthesis at 90 oC for 24 h,
involves stirring together a mixture of MPMS, Pluronic P123 surfactant, Co and Mo
precursors in an acidic solution for 24 h. The dried powder was heated at 400 oC for 3 h in
a flow of air, argon and hydrogen to form three different silica supported CoMoS catalysts
(air-treated, Ar-treated and H2-treated). Fourier Transform infrared spectroscopy and Xray photoelectron were used to investigate the formation of MoS2 phase in the catalysts.
The MoS2 phase formation is in the order H2-treated > Ar-treated > air-treated catalysts.
X-ray diffraction studies showed that all the catalysts are well dispersed on the silica
support. The hydrodesulfurization performance test demonstrated that H2-treated catalyst
offers the best activity, and this was correlated to its available MoS2 phase and the BET
surface area. The use of this approach has successfully eliminated the conventional highly
toxic sulfidation step in the synthesis of supported metal catalysts for hydrodesulfurization.
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5.1

Introduction

Hydrodesulfurization (HDS) of high sulfur fuel requires a robust catalyst. Generally,
efficient HDS catalyst is conceived from the catalyst’s design strategy. Choice of active
phases such as CoMo(W) and NiMo(W), and active phase support (in the case of supported
catalysts) such as alumina, silica and zeolites constitute the integral part of the catalysts
design. But more importantly, the choice of synthetic method adopted for production of
the catalyst will have a major impact in dictating the type of catalyst produced, both in
terms of catalyst efficiency and safety of the synthesis approach [133,134].
Over the years, the synthetic strategies used had main objectives of increasing metal
dispersion on supported catalysts [135–137]. Different approaches to enhance formation
of the MoS2 phase and inhibiting the sulfidation of the metal promoters such as Co and Ni,
have been demonstrated in the literature by usage of chelating agents [138–141].
Recently, a single-pot strategy, that involves mixing together both the support precursors
and active metals precursors in a single hydrothermal synthesis strategy, was reported to
enhance both metal dispersion and formation of MoS2 active phase by our group [51].
Typically, all these synthetic approaches gave rise to catalysts in their oxides form, and
therefore, an activation step that involves the oxides reduction and further sulfidation is
required. The sulfidation step involves passing hydrogen sulfide gas and in some cases
carbon disulfide solution at high temperature through a muffle furnace containing the
reduced metal catalysts. These chemicals have been classified as highly toxic and even low
level exposure (2 -5 ppm) can cause nausea, respiratory difficulty and loss of appetite
[142,143]. The risk of working in an environment of low sulfide exposure even below the
OSHA and NIOSH standards has been linked with chronic long-term health effects such
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as brain damage, and regrettably, as of now there is no suitable specific therapy for sulfide
poisoning. Therefore, the need for adopting a novel and safe approach for metal oxide
catalyst sulfidation that would eliminate the direct use of highly toxic hydrogen sulfide or
carbon disulfide is imperative [144].
The use of thiosalt both as active metals and sulfur precursors have been demonstrated as
easy and reproducible approach to address the challenge of the reduction and sulfidation
of the metal oxides catalysts [145,146]. The approach involves thermal decomposition of
the thiosalt to give the desired unsupported active catalysts and has been explored in the
synthesis of stoichiometric amount of both bi- and tri-metallic sulfides [147,148]. Series of
tungsten disulfide (WS2) as HDS catalysts have been prepared by thermal decomposition
of ammonium tetrathiotungstates and tetraalkylammonium thiotungstate under the flow of
N2 and H2S/H2 [149]. Romero et al. synthesis MoS2 using different alkyldiammonium
thiomolybdate (alkyl = ethyl, 1,4-butyl, 1,6-hexyl and 1,8-octyl), and observed that the
formed MoS2 catalysts contains carbon intercalated within their pores which is due to the
decomposition of the alkyl group in the precursors [150].
alkyltrimethylammonium-thiomolybdate-thiotungstate-cobaltate

(II)

Ammonium and
were

used

as

precursors to form various CoMoW-S catalysts via thermal decomposition which were
tested in the HDS of dibenzothiophene (DBT) [151].
This nice approach is particularly successful in the synthesis of low surface area
unsupported bulk HDS catalysts. Furthermore, the metals thiosalt precursors are mostly
synthesized prior to the in situ/ex situ decomposition which makes the procedure somewhat
challenging.
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The present study therefore explores the use of (3-Mercaptopropyl)trimethoxysilane
(MPMS) both as a silica support and as a sulfur precursor for the synthesis of supported
metals catalysts with high surface area. Indeed, the use of support in catalysts synthesis
and development improved catalysts activity due to active phase dispersion and minimize
the use of bulk metals. The mixture of MPMS, Pluronic P123 surfactant, Co and Mo
precursors were subjected to hydrothermal synthesis in an acidic solution for 24 h. This
novel one-step approach has addressed the challenge of catalyst sulfidation using toxic
chemicals which is an important step in the preparation of supported catalysts and has also
enhanced metal dispersion on the silica support via metal-sulfur interactions. The
synthesized sulfur-rich silica supported CoMo catalyst was exposed to three different
calcination treatments at 400 oC for 3 h under the flow of air; Ar and H2. Subsequently, the
treated catalysts were characterized by BET, FTIR, XRD, SEM and XPS to understand
their physico-chemical behavior.

5.2

Experimental Section

5.2.1 Synthesis of Sulfur-Rich Silica Supported CoMo
The sulfur-rich silica supported CoMo was prepared by dissolving 1.25 g of pluronic P123
in 30 ml of 2M HCl solution followed by addition of 10 ml deionized water and the mixture
was stirred for 30 min at 40 oC. Then 2.45 g of MPMS was added dropwise to the
continuous stirred mixture and after 1 h of stirring, a solution of Mo and Co (10 wt.% and
3 wt.% respectively) was added to the mixture and the stirring continued for 20 h before
transferring the mixture into a Teflon-lined autoclave for hydrothermal synthesis at 90 oC
for 24 h. The greenish solid was centrifuged and dried at 100 oC overnight before subjecting
it to the calcination treatment. The elemental composition of the dried greenish sulfur-rich
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silica supported CoMo powder abbreviated as HS_SiO2_CM was determined by X-ray
fluorescence (XRF) spectrometer and is presented as Table 5.1.
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Table 5. 1: Representative elements present in sulfur-rich silica supported CoMo catalyst
before activation.
Spectrum

Si

S

Co

Mo

HS_SiO2_CM 1

35.57

56.10

1.25

7.08

HS_SiO2_CM 2

32.24

57.94

1.09

8.74

HS_SiO2_CM 3

33.19

57.42

0.99

8.40

HS_SiO2_CM 4

31.79

60.70

1.27

6.24

HS_SiO2_CM 5

35.45

56.07

1.05

7.43

Mean value

33.65

57.65

1.13

7.58

Std. Abw.:

1.59

1.69

0.11

0.90

Std. Abw. rel. [%]:

4.71

2.94

9.88

11.92
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5.2.2 Activation of the Sulfur-Rich Silica Supported CoMo
Three different activation approaches, air, argon and hydrogen were employed to obtain
the CoMoS active species. Simply, the samples were heated in a tubular furnace at 400 oC
for 3 h under the flow of air, argon and hydrogen respectively. Under these conditions, the
sulfur is expected to react with the metals to form CoMoS active phase on the silica support.
The formed catalysts are named air-treated, Ar-treated and H2-treated respectively, and the
schematic representation of the synthesis procedure is presented as Fig. 5.1.
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Figure 5. 1: Synthesis approach of silica supported CoMoS catalysts. MPMS is (3Mercaptopropyl)trimethoxysilane
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5.2.3 Characterization of the Activated CoMoS Catalysts
The catalysts textural properties were evaluated on a Micromeretics Tristar II by N2
adsorption-desorption isotherm at 77k. At first, the catalysts (approximately 0.1 g each)
were degassed under flowing argon at 523k for 2.5 h, and the BET method was used to
calculate the surface area, whereas absorption branch of BJH method was applied to
calculate the pore size and pore volume of the catalysts.
The catalysts FTIR spectra were recorded on a Nicolet 6700 FTIR spectrometer within a
wavelength range of 400 – 4000 cm-1, by preparing a 1:100 mixed pellet of catalysts and
KBr respectively and inserting the pellet into the FTIR cell.
Catalyst crystallinity and the distribution of CoMo on the silica support were determined
by scanning the catalysts’ X-ray diffraction pattern between 20 o to 80 o 2θ at 40 kv and 40
mA using Rigaku Ultima IV X-ray diffractometer.
Surface morphologies of the catalysts were imaged using JEOL JSM-6610LV scanning
electron microscope, and element mapping with corresponding EDX spectrum were
recorded using the energy dispersive X-ray spectrometer.
The degree of Mo sulfidation of the catalysts due to the different activation conditions were
determined by X-ray photoelectron spectroscopy (XPS) using PHI 5000 Versa Probe II,
ULVAC-PHI Inc. spectroscope.

5.2.4 Catalysts Activity Test
All the three activated catalysts were pelletized, crushed and sieved within 300 – 500
microns prior to the activity test. The activity test was carried out in a Parr 4590 Micro
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Bench Top Reactor operated at a pressure of 5MPa of H2 and 100 rpm stirring rate.
Approximately 15 mg of the activated catalyst was added to 15 ml of model fuel containing
1000 ppm DBT in dodecane. The reaction was performed for 4 h after the reaction
conditions have been stabilized, and product sampling were done at hour interval. GC-SCD
was used to monitor decrease in the DBT in model fuel and catalysts activity was calculated
in terms percent conversion versus reaction time. The identity of products and the product
distribution studies were performed using the GC-MS.

5.3

Results and Discussion

5.3.1 Characterization Results
The surface area, pore volume and pore sizes of the activated catalysts are presented in
Table 5.1. Typically, large BET surface area and pore volume are indication of better
catalysts performance since the reactant molecules are likely to interact more effectively
with the active phase of the catalysts when the surface area is large. From the textural
properties results in Table 5.2, it was observed that air-treated catalyst has the lowest
surface area (30 m2/g) whereas the Ar-treated catalyst has the highest surface area of 298
m2/g. H2-treated catalyst has relatively lower BET surface area than Ar-treated although it
presents a slightly higher microporous surface area.
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Table 5. 2: Textural properties of the activated catalysts
Catalysts BET
surface
area
(m2/g)

Microporous External Microporous
surface area surface
pore volume
2
(m /g)
area
(cm3/g)
(m2/g)

Total
pore
volume
(cm3/g)

Average
pore
size
(nm)

Airtreated

30

28

31

0.002

0.083

9.6

Artreated

298

83

193

0.058

0.187

5.8

H2 treated

154

92

63

0.054

0.102

7.5
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This implies that the activation condition significantly affects the surface area of the sulfurrich silica supported CoMo catalysts. Similar pattern was observed for both microporous
pore volume and total pore volume of the catalysts. However, it was observed that the
average pore size of the catalysts follows an inverse relation with the catalysts BET surface
area with air-treated and Ar-treated catalysts presenting pore size of 9.6 nm and 5.8 nm
respectively. The observed behavior can be connected to the possible combustion of the
Pluronic P123 organic template during the activation process. Generally, it is expected that
Air-treated catalyst would have the least carbon deposition due to the oxidation of carbon
by air, which open the mesoporous cavities that were hitherto filled up with surfactant,
therefore it can be inferred that the amount of carbon deposit on the catalysts influence
their pore volume and surface area [152]. The N2 adsorption-desorption isotherm and pore
volume versus pore width plots presented in Fig. 5.2 depict the level of porosity of the
catalysts, and type IV hysteresis loop is observed which confirms the presence of both
micropores and mesopores due to the complexity of the activated catalysts.
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(a)

(b)

Figure 5. 2: (a) N2 adsorption-desorption isotherm and (b) pore volume-size distribution
for the activated catalysts.
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The FTIR spectra of the catalysts (air-, Ar- and H2-treated) are presented in Fig. 5.3a. All
the catalysts show peaks characteristics of silica support. The O-H stretching adsorption
band (due to silanol or water adsorption) was observed at 3500 cm-1 while Si-O-Si
stretching vibration and Si-OH were noted at 1050 cm-1 and 750 cm-1 respectively.
Interestingly, peak of the thiol group attached to the silica was not observed in all the
activated catalysts, therefore, it can be inferred that the thiol has been decomposed due to
the activation treatment and was converted to possibly the metal sulfides, hydrogen sulfide
and sulfur dioxide depending on the activation condition. The Mo-S vibration peak was
observed in all the catalysts at 490-500 cm-1 [153,154], thus confirming the formation of
the MoS2 active phase in all the catalysts. Careful observation of the peak intensity revealed
that H2-treated catalyst has relatively larger amount of MoS2, thus is expected to have more
active phases than the Ar- and Air-treated catalysts. The peaks observed at 2900 cm-1 and
2300 cm-1 were assigned to the -CH2 and -C≡C- stretching vibration due to the
decomposition of Pluronic P123 during the catalyst’s activation. Their peak intensities
further support the claim that the Air-treated catalyst has the least carbon deposit.
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(b)

(a)

Figure 5. 3: (a) FTIR spectra and (b) XRD pattern of the activated catalysts.
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The catalysts crystallinity and fair understanding of the CoMo dispersion on silica support
was elucidated from the X-ray diffraction patterns shown in Fig. 5.3b. All the observed
patterns show broad band characteristic of the amorphous nature of silica. This imply that
the metals have relatively good dispersion on the silica support. The interaction between
the metal species and the sulfur of the thiol group in the silica support is likely responsible
for the good dispersion of the metal catalysts. Diligent observation of the spectra can also
reveal weak peaks of the metal phases present in the activated catalysts. Firstly, the Airtreated catalyst shows peculiar diffraction peaks at 24 and 27.5

o

2θ, which are well

resolved peaks of MoO3 (JC-PDF2-No. 05–0508) [155]. These diffractions peaks were not
noticed in the Ar- and H2-treated catalysts, instead peaks characteristic of MoS2 were
observed at 35 and 60 o 2θ (JC-PDS No. 37-1492) [153]. Based on the observed results, it
can be concluded that all the catalysts have relatively good dispersion of the metals due to
their poor crystallinity [115], and the degree of Mo sulfidation is relatively low in the Airtreated catalysts due to the observed MoO3 phases.
The SEM images of all the activated catalysts is presented in Fig. 5.4. The images showed
that the catalysts composed of particles of irregular sizes and the particle density is largest
in Ar- and H2-treated catalysts and lowest in air-treated catalyst. The EDX elemental
analysis of the catalysts presented in Table 5.3 highlighted the reason for the large particle
density of Ar- and H2-treated catalysts to be due to the carbon deposit.
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Figure 5. 4: SEM images of the activated catalysts: (a) Air-treated; (b) Ar-treated and (c)
H2-treated.
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The percent carbon of 41.39, 55.90 and 57.41 were recorded for the air-, Ar- and H2-treated
catalysts respectively. Furthermore, the percent sulfur of 0.9, 1.33 and 1.89 for Air-, Arand H2-treated catalysts were obtained from the EDX analysis, which means the MoO3
were more sulfided in the H2-treated catalyst than in Ar-treated catalyst, and Air-treated
catalyst presents the least Mo sulfidation. This supports the XRD and FTIR results. The
mapping of the element was performed on the catalysts to check the distribution of all the
elemental components. Fig. 5.5 show that all the elemental components are evenly
distributed in the activated catalysts. Therefore, this approach of synthesizing supported
CoMoS catalysts from sulfur-rich support provides excellent distribution of the active
species on the support.
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Figure 5. 5: Mapping of the elemental analysis of H2-treated catalyst showing the
distribution of all the elemental component.
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Table 5. 3: Percent elemental composition of the activated catalysts obtained from EDX
analysis
Catalysts

C

O

Si

S

Co

Mo

Air-treated

41.4

37.9

14.8

0.90

0.07

4.92

Ar-treated

55.9

25.7

13.5

1.33

0.05

3.51

H2-treated

57.4

23.2

14.1

1.89

0.03

3.39

Table 5. 4: Percent elemental composition of the activated catalysts obtained from XPS
analysis
C1s

Mo4+ (3d5/2)

(284 eV)

(228eV)

Air-treated

18.8

Ar-treated
H2-treated

Catalysts

Mo6+(3d5/2)
(232eV)

Mo6+(3d3/2)
(235eV)

0.14

0.20

0.14

35.5

0.20

0.20

0.13

44.1

0.39

0.10

-
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The XPS analysis of the activated catalysts were performed to understand the Mo phases
in the catalysts and the level of sulfidation achieved through the different activation
approach. Fig. 5.6a and Fig. 5.6b present the deconvoluted XPS of Mo and sulfur
respectively in the activated catalysts. The XPS peaks of Mo were identified at 228 eV,
233 eV and 236 eV which correspond to the Mo4+ (3d5/2), Mo6+(3d5/2) and Mo6+(3d3/2)
states respectively. The XPS peak of sulfur was observed at 163 eV and correspond to the
S2- (2P3/2) state of sulfur. The presence of both Mo4+ and S2- XPS peaks confirmed the
formation of the MoS2 active phase in the catalysts, and higher percent of these Mo4+ and
S2- states in the catalysts will imply more active phases. Table 5.4 contains the elemental
composition of the activated catalysts in their various oxidation states obtained from the
XPS result. Air-treated catalyst has the least percent of Mo4+ (3d5/2) and S2- (2P3/2) whereas
H2-treated has the largest percent of Mo4+ (3d5/2) and S2- (2P3/2). This further confirms the
SEM, XRD and FTIR results that high percent of the active phase are obtained in the H 2treated catalyst. Based on the characterization results discussed above, the mechanism of
activation is proposed below.
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(a)
Air-treated

Ar-treated

H2-treated

(b)

Figure 5. 6: XPS spectra of the activated catalysts showing the (a) Mo phases and (b)
sulfide state in the activated catalysts.
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5.3.2 Proposed Mechanism of the HS_SiO2_CM Activation
The HS_SiO2_CM catalyst was activated at 400 oC for 3 h under the flow of air, Ar and
H2. At this activation temperature, the thiol bond in the catalyst is likely to be dissociated
and the formation of H2S is probable. In the flow of air, formation of SO2 is most probable
due to oxidation of the thiol as shown in equation (6.1), and this, in addition to the oxide
nature of the catalyst, hinders the sulfidation process. In the flow of Argon, the
decomposition of the thiol is expected to yield H2S and S2 (equation (6.2)) which is likely
to improve the sulfidation of the catalyst oxide though not as efficiently as in the case of
H2, where the metal oxides first get reduced and subsequently sulfided as depicted in
equation (6.3). The decomposition of P123 surfactant during the activation process is
expected to form carbon deposit and oxides of carbon. Typically, Ar- and H2-treated
catalysts are likely to form only the carbon deposit while the air-treated will form the CO
and CO2 in addition to the carbon deposit.

𝒂𝒊𝒓

𝐇𝐒_𝐒𝐢𝐎𝟐 _𝐂𝐌 → 𝑺𝒊𝑶𝟐 _𝑪𝒐𝑴𝒐 (𝒐𝒙𝒊𝒅𝒆𝒔) + 𝑯𝟐 𝑺 + 𝑺𝑶𝟐 → 𝑺𝒊𝑶𝟐 _𝑪𝒐𝑴𝒐 (𝒐𝒙𝒊𝒅𝒆𝒔) +
𝑺𝒊𝑶𝟐 _𝑪𝒐𝑴𝒐𝑺. . . . . . . . . . . . . . . . . . . . . . . . . . . . . (6.1)

𝑨𝒓

𝐇𝐒_𝐒𝐢𝐎𝟐 _𝐂𝐌 → 𝑺𝒊𝑶𝟐 _𝑪𝒐𝑴𝒐 (𝒐𝒙𝒊𝒅𝒆𝒔) + 𝑯𝟐 𝑺 + 𝑺𝟐 → 𝑺𝒊𝑶𝟐 _𝑪𝒐𝑴𝒐 (𝒐𝒙𝒊𝒅𝒆𝒔) +
𝑺𝒊𝑶𝟐 _𝑪𝒐𝑴𝒐𝑺. . . . . . . . . . . . . . . . . . .. .. .. . . .(6.2)

𝑯𝟐

𝐇𝐒_𝐒𝐢𝐎𝟐 _𝐂𝐌 → 𝑺𝒊𝑶𝟐 _𝑪𝒐𝑴𝒐 (𝒓𝒆𝒅𝒖𝒄𝒆𝒅) + 𝑯𝟐 𝑺 → 𝑺𝒊𝑶𝟐 _𝑪𝒐𝑴𝒐𝑺. . . . . . . . . . . . . .(6.3)
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5.3.3 Catalysts Activity Test
The activity results of the silica supported CoMoS catalysts developed through activation
of HS_SiO2 _CM via three different treatments is presented in Table 5.5. As expected, the
H2-treated catalyst which has more of the active phases required for the HDS reaction
showed the highest percent conversion of DBT while air-treated catalyst present the lowest
percent conversion. The percent conversion of DBT for Ar-treated catalyst is slightly lower
than the observed conversion for H2-treated catalyst (Fig. 5.7). The disparity in DBT
removal by the catalysts is attributed to the activation condition, where activation under
the flow of H2 resulted in largest amount of Mo sulfidation. Furthermore, the catalysts BET
surface area and pore volume significantly affect the catalysts activity. Ar-treated catalyst
with the largest surface area performed very well close to the H2-treated catalyst even
though the former has relatively lower Mo sulfidation, which implies that its large surface
area and total pore volume have enhanced the HDS activity. The carbon deposit formed
due to decomposition of organic surfactant may also affect the HDS activity [149].
According to previous findings, large carbon deposit is likely to impact negatively on the
HDS activity of the catalysts due to the blocking of active sites [152,156]. Indeed, the airtreated catalyst has lower percent of carbon deposit than the Ar- and H2-treated catalysts,
however, both its microporous and total pore volume are lesser than those of Ar- and H2treated catalysts. This may imply that the role of the carbon deposit on the catalysts’
textural properties and HDS activity is mostly dependent on the synthesis approach through
which the carbon is introduced into the structure of the active metals phases. Successful
incorporation of carbon at the edges of MoS2 slabs will surely enhance its HDS activity as
reported by Kelty et al. [157].
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Table 5. 5: Activity and product distribution in the HDS of DBT for the activated catalysts
after 4 h of reaction.
Catalysts DBT
removal
(%)

Product
distribution
(%)
CHB

BP

kHDS x
103
(min-1)

kDDS x
103
(min-1)

kHYD x
103
(min-1)

kDDS/kHYD

Airtreated

58.3

-

100

3.65

3.65

0.00

-

Artreated

72.2

10.2

89.8 5.33

4.79

0.54

8.87

H2 treated

75.5

10.1

89.9 5.85

5.26

0.59

8.92
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Figure 5. 7: Catalysts activity plot for HDS of DBT at 350 oC and 5MPa.
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Product distribution studies also shows an outstanding difference between the catalysts’
activation methods. Previous studies have shown that the HDS of DBT typically occurs
through two major pathways: direct desulfurization to form biphenyl (BP) and
hydrogenation to form cyclohexyl benzothiophene which dissociates fast via C-S cleavage
to form cyclohexyl benzene (CHB) [13]. Product distribution results presented in Table
5.5 shows that BP is the only product of the HDS reaction for air-treated catalyst, thus the
reaction occur only via the DDS pathway. The HDS reaction using Ar- and H2-treated
catalysts however, occurs via both the DDS and HYD pathways forming BP (ca. 90%) and
CHB (ca. 10%) respectively. The hydrogenation behavior of Ar- and H2-treated catalysts
suggest their potential applicability in the HDS of more refractory sulfur compounds like
dimethyldibenzothiophene that are known to be desulfurized especially through the HYD
pathway [116]. The disparity in the product selectivity observed among the catalysts further
demonstrates the effect of activation approach to the HS_SiO2 _CM catalyst.
The kinetic parameters were established following the assumption that the HDS reaction
occurs via the parallel pathway, and Pseudo-first kinetics was used to calculate the rate
constants after 4 h reaction time. The rate constants (min-1) of the HDS (kHDS); DDS (kDDS);
and HYD (kHYD) were presented in Table 5.5. The kHDS of the activated catalysts was noted
to increase in the order air-treated > Ar-treated > H2-treated, however, the ratio of the
kDDS/kHYD was observed to be nearly the same for Ar- and H2-treated catalysts. The
kDDS/kHYD for air-treated is undefined further demonstrating that the reaction occurred only
via the DDS pathway. Table 5.6 presents a fair comparison between various reported kHDS
and the observed kHDS of H2-treated catalyst. Interestingly, the observed kHDS compares
very well with reported values, thus buttressing the success of this novel approach.
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Therefore, by adopting this novel approach of catalysts synthesis, similar (and in some
cases better) performance can be achieved and most importantly, the use of toxic chemicals
has been completely avoided.

Table 5. 6: Comparison of HDS activity of various catalysts based on their rate constants.
Catalysts

kHDS x 103 (min-1)

Reference

TSMN-SP-550a

6.50

[51]

WS-1b

0.85

[149]

CoMoWS-C14c

10.6

[151]

H2-treated

5.85

This work

a) Single pot synthesis of Ti-SBA-15 NiMo oxides
b) WS2 formed from ex situ decomposition of ammonium thiotungstate in N2
c) CoMoWS obtained by in situ decomposition of tetradecyltrimethylammoniumthiomolybdate-thiotungstate-cobaltate (II)
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5.4

Conclusion

Facile and greener synthesis approach for sulfidation of supported metal oxide catalysts
based on a (3-Mercaptopropyl)trimethoxysilane silica precursor that doubles as a sulfur
precursor in a hydrothermal synthesis approach was developed. The performance was
evaluated based on the activation approach used. Ar- and H2-treated catalysts presented
high BET surface area and total pore volume characteristics of supported catalysts, and
further demonstrated better Mo sulfidation. The H2-treated catalyst demonstrated higher
HDS activity in accordance with its better active phase properties which makes the H2
activation approach the best among the rest. The Ar- and H2-treated catalysts direct the
HDS reaction via both DDS and HYD pathway while air-treated catalyst directs the
reaction via only the DDS pathway. The HDS reaction rate constant of H2-treated catalyst
compares well with severally reported rate constants thus demonstrated the success of the
novel approach which in addition to reducing the synthesis steps also eliminate the use of
toxic sulfidation chemicals such as hydrogen sulfide and carbon disulfide.
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6 CHAPTER 6

CONCLUSION
The demand for highly active hydrodesulfurization (HDS) catalysts will continue to
increase due to the increasing stringent environmental regulations. With the current
European regulation of near zero ppm sulfur in vehicle fuel, the refineries are under great
pressure to meet the requirement through research.
It has been discovered that the use of heteroatom such as Al, Ti and Zr into the framework
of mesoporous SBA-15 silica support enhanced both the support acidity and metal support
interaction, which lead to better active phase dispersion on the support and ultimately
higher HDS activity.
We built on the existing knowledge by incorporating Ce into the silica support framework.
In addition to its redox properties, the acid-base property is yet another exploitable property
of ceria that has been utilized in developing a lot of catalysts for different applications such
as hydrogenation and hydrogenolysis. Therefore, we modified the silica framework of
SBA-15 support by incorporation of ceria (using as-prepared ceria isopropoxide precursor)
and studied the resultant effect on the sulfided-CoMo catalyst for HDS of DBT. The role
of ceria on the product selectivity and kinetic parameters of the HDS process were
evaluated and a plausible mechanism was proposed. We discovered that Ce loading up to
2.5 wt.% facilitate the reduction of MoO3 and prevent the formation of the inactive
CoMoO4 phase, which results in better Mo reduction and dispersion. Consequently, the
2.5CeOx-Si-CoMo showed exceedingly better HDS performance than Si-CoMo and the
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other CeOx-Si-CoMo catalysts in the series. Subsequent modification of SBA-15 with
ceria and zirconia biheteroatoms and loading of Ni and Mo also presented higher
dibenzothiophene conversion in commercial diesel which was correlated to the electronic
effect due to the biheteroatoms modification. Disturbed by the unsafe handling of toxic
CS2 or H2S during the catalyst sulfidation process, we developed the use of (3Mercaptopropyl)trimethoxysilane as sulfidation source in addition to the silica support
source and completely eliminate the direct usage of CS2 or H2S.The new approach is
considered greener method of HDS catalyst activation.
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