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Mesoporous silica, SBA-15, materials contagnvarying amount of molybdenum
loading up to 17% wt have been synthesized viacrwensation from acidic solution
with non-ionic surfactant. Low angle XRD revealsttlihe structural integrity of the
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suggested by our various characterization techsigie catalyst with 10% Mo loading
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CHAPTER 1

1.1 INTRODUCTION

As the drive for clean burning fuel is ims¢#fied with strict regulations in many
countries of the world, researches into the pradonadf ultra low sulfur diesel (ULSD)
have attracted considerable attention. Although timgethese fuel standards is of
immense benefit for our health and environment,pidteoleum refiners are facing uphill
task in order to overcome the economic and operaltichallenges that accompanied the
regulations [1-3]. One of the greatest concernthésdeclining quality of the crude oil
available to the refiners as feedstock vis-a-ves iticreasing demand for the ultra low
sulfur fuels. This presents a great dilemma. Redimee, therefore, constrained to deliver
high quality diesel products from low quality feeatsk. To this end, a lot of efforts have
been geared.

Among several approaches that have been,ttagldevelopment and application of
more active and stable hydrotreating catalystusriad [4]. Though the classic transition
metal sulfide-based formulation usually supportadatumina has remained a household
name in the hands of refiners as a response tahakkenges of hydrodesulfurization

(HDS), conventional catalysts still encounter difity in the HDS of least reactive alkyl



dibenzothiophene to ultra low level. It is estinghtlat in order to bring the sulfur level
to <lppm as may be demanded for fuel cell appboatabout seven times more active
catalysts are required [3].

A large number of research studies in recerdt fnave focused on finding more
effective catalysts for the desulfurization of keasactive sterically hindered alkyl
dibenzothiophenes, DBTs. Despite some interestegults concerning the catalytic
activity of new phases such as carbides [5], phidgsh[6], or nitrides [23], the classic
sulfide-based formulations, comprising of molybalen sulfide (or tungsten sulfide)
phase promoted by cobalt or nickel and usually sttpd on alumina [7], appear to be
the most promising in responding to the challendégjor catalyst companies have
developed highly active molybdnenum-based HDS ygstslin the market. Detail of this
has been reviewed [8]. In particular, the emergeoicenuch more active Mo-based
catalysts, such as NEBULA (considered as a breakgfr in hydrotreatment) [9],
SMART [10], BRIM [11, 12], to mention a few, illusttes the fact that Mg®ased
materials, although, having been around for sevdehdes, still have a great potential.

In recent time, a number of research studese lexplored ways of enhancing the
performance of supported catalysts by increasiegatiive phase loading. Nevertheless,
the need to ensure high dispersion of active plsaeeies that can afford complete
sulfidation demands good understanding and condfolpreparation variables. In
particular, improvements in catalyst impregnatiom greparation techniques [13] and
use of modified supports [14] are among numerouthoas that have been used to
increase the concentration of more active typeitsson the surface of the support.

Moreover, clear understanding of the nature andciire of the active sites on the



support, textural characteristics of the supportl dheir effects are keys to the
development of highly active hydrodesulfurizatioratatysts [15-17]. When the
interaction between the support and active metalstiong, the reducibility and
sulfidability of active phase become difficult. Shoften leads to formation of less active
type | sites on alumina supports.

Silica which is the support for the propadsvork is known for its higher surface
area and weak interaction with Mo active speciesomparism with alumina. This low
support-active phase interactions in $@n stimulate the formation of more active Co-
Mo-S 1I/Ni-Mo-S-II phase [18] with improved synthssapproach. In recent time, nano-
porous silica based material such as MCM-41, Al-M@M and SBA-15 have attracted
some attention as supports for Co and Ni promotexMatalyst [19-22]. The high
surface area of these nano-pore materials accomestiggh CoMo or NiMo loading
without the restricted access of the zeolite stmactto bulky molecules. Their well

defined textural properties are good factors fepdrsion of Mogparticles.



1.2 RESEARCH OBJECTIVES

The following are the objectives of the thesis:
a.) To synthesize supported high loading and highlypetised Mo$ catalyst on
ordered mesoporous silica-SBA-15
b.) To characterize the catalyst in order to ascettanchemical form, the amount
and the dispersion of the active ingredient inabtve phase.
c.) To evaluate the activity of the catalyst on hydsadiirization (HDS) of

dibenzothiophene (DBT).



CHAPTER 2

LITERATURE REVIEW

2.1 REVIEW OF DESULFURIZATION CATALYST TECHNOLOGIES

In an attempt to meet the growing demfamcultra low sulfur fuel and satisfying
the stricter regulation of sulfur standards arotimel world, a number of new concepts
and technologies have been developed in the lageafs in addition to the choice of
revamping the conventional hydrotreaters. It hagnbeeported that most of the
hydrotreaters that were installed to meet the 1898sulfur requirement (500ppm) can
be revamped for ultra low sulfur diesel (10ppm)duction with reasonable increase in
operational and capital costs [24]. Though sevapéibns such as increasing the severity
of operating conditions, increase catalyst volumamoval of HS from recycle gas,
improve feed distribution in the reactor by usinghhefficiency vapor/liquid distribution
trays, and use of easier feeds have been exp®fethe use of highly active catalysts
has been given a lot of importance. The use ofawvgut hydrotreating catalysts with high
activity can improve considerably the desulfuriaati performance of existing

hydrotreating units.



New improved catalysts have been develdpe major catalyst companies and
introduced into the market. Using co-impregnationagueous solution containing Co,
Mo, orthosphosphoric acid and carboxylic acid and-Hl,0s, Cosmo Oil Co. Ltd.
developed C-606A with 3 times higher HDS activitgmpared to the conventional
CoMoP/ALO; [25]. Akzo Nobel came up with the STARS catalysties [8], which
almost doubled the HDS activity. In recent timegs tompany introduced to the market a
new catalyst, the NEBULA, which is considered aalterough in hydrotreating catalysts
[9]. The new catalyst which is made of unsupportek lsulfides of group VIl and
group VI metals is almost 4 times as active as entiwnal gas oil hydrotreating
catalysts. ART has introduced the sulfur minimizatiby ART (SMART) catalyst
system, with a remarkably high activity than prextsor hydrotreating catalysts [10].

A number of catalysts such as TK-573, 9&, TK-911 and TK-915, which not
only significantly improved desulfurization actiyjt but also tackled density and
aromatics reduction, have been developed by Tofpdeeently, Topsge has developed a
new catalyst preparation technology, giving higatyive hydroprocessing catalysts. This
new proprietary BRIM technology not only optimizéise brim site hydrogenation
functionally, but also increases the type Il atyigites for direct desulfurizatiofil].
The first two commercial catalysts based on themliechnology were Topsge’s TK-558
BRIM (CoMo) and TK-559 BRIM (NiMo) for FCC pretreaent service. This was
followed by a new series of high performance TK-B®IM (CoMo), TK-575 BRIM
(NiMo) and TK-605 BRIM catalysts for ultra low sulf diesel production and for

hydrocracker feed pretreatment [8]. Research oreldping improved catalyst for



desulfurization is an active research area andpsaed to continue to play a key role in

achieving the clean fuel program

2.2 DISTRIBUTION OF SULFUR COMPOUNDS IN THE DIESEL FEEDS

Analyses of petroleum feeds conductedhwvitie aid of high resolution gas
chromatography equipped with sulfur selective detschave shown that liquid fuels
contain a large number of sulfur compounds of yagyeactivities. The common types of

sulfur compounds in liquid fuels are outlined i tlable 2.1.



Table 2.1: Typical Sulfur Compounds and Correspondig Refinery Streams for

Fuels [3].

Sulfur compounds

Refinery streams

Correspondintg fue

Mercaptanes, RSH; sulfides, R2S;
disulfides,

RSSR; thiophene (T) and its
alkylated

derivatives, benzothiophene

SR-naphtha; FCC
naphtha;

coker naphtha

Gasoline (BP range: 25—

225 °C)

Mercaptanes, RSH; benzothiophen
(BT),

alkylated benzothiophenes

eKerosene; heavy
naphtha;

middle distillate

Jet fuel (BP range: 130—

300 °C)

Alkylated benzothiophenes;
dibenzothiophene

(DBT); alkylated dibenzothiophene

Middle distillate;
FCC LCO;

5coker gas oil

Diesel fuel (BP range:

160-380 °C)

Greater than or equal to three-ring
polycyclic
sulfur compounds, including DBT,

benzonaphthothiophene (BNT),

phenanthro[4,5-b,c,d]thiophene (PT

and their
alkylated derivatives and

naphthothiophenes (NT)

Heavy gas oils;
vacuum gas
oil; distillation
resides

)

Fuel oils (non-road fuel

and heavy 0ils)




In comparism with the commercial transportationl fueUS, Ma et al in 2002 have
established that the following sulfur compoundsi@gicted in Figure 2.1 are prevalent in
the finished products of gasoline, jet fuels anelsdi fuels [26, 27]. It is obvious from
figure 2.1 that in each of the fuels, what is left sulfur compounds in the finished
products are those that have lower reactivities regmall the sulfur compounds in the
corresponding feed e.g., naphtha range for gasdter®sene range for jet fuel, and gas

oil range for diesel fuel [3].



Gasoline

ot | 3MT

BT
l \ 2,4-DMT
e

2 4 6 8§ 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38

2,37-TMBT
Jet Fuel (JP-8) 2,3-DMBT

2,3,5-TMBT+
2,3,6-TMBT

e

Mgl

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38

2,35-TMBT+ ampeT 46-DMDBT
; 2,3,6-TMBT : 3,6-DMDBT
Diesel " 2,4,6-TMDBT
2-MDBT+ 16

2,3,7-TMBT 3-MDBT | | 4-E,6-MDBT

\. / 1,4,6-TMDBT
2,3-DMBTI N M-J” |th—_

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38
Retention Time (min)

Figure 2.1: Sulfur Compounds in Commercial GasolingJet Fuel and Diesel Fuel
identified by GC-FPD Analysis coupled with GC-MS aid Reaction
Kinetic Analysis [27].
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Among the thiophenic group, two subdivisions canidentified: the benzothiophenes
(BTs) and the dibenzothiophenes (DBTS). These lagid derivatives are among the least
reactive sulfur compounds in the liquid fuels. t8e target of deep desulfurization and
ultra-deep desulfurization is to remove these oty sulfur compounds that exist in the

current gasoline and diesel fuels to ultra low l@rezero.

2.3 HDS REACTIVITY OF SULFUR COMPOUNDS

It has been established by several research sttigieshe relative reactivities of
thiophenic sulfur compounds are significantly diéfiet [28-30]. This could be attributed
to the conjugative interaction between lone paielettrons on sulfur atoms and tine
system of the aromatic ring. Benzothiophenes (Basyl its alkyl derivatives are
generally faster to disulfurize than the correspogddibenzothiophene and its alkyl
derivatives. Among the isomers of DBTSs, thasomers (e.g. 4, 6-DMDBT) are less
reactive and more difficult to disulfurize [31, 32) fact, there is a good agreement from
experimental data that over typical CoMo/aluminal atiMo/alumina hydrotreating
catalysts, 4, 6-DMDBT is of an order of magnitudsd reactive than dibenzothiophene
(DBT) [30, 33-35]. It has also been established tha size of alkyl substituents gt
position to sulfur atom in the DBTs has a largeefion reactivity of alkyl DBTs and its
desulfurization [36]. This trend has been attridut® the steric hindrance of the
substituent alkyl group which prevents interactimtween sulfur atom and the catalytic
active sites [30], and the electronic inductiveeet§ between the alkyl groups on the ring

and the sulfur atom thereby enriching electron igs the sulfur.
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2.4 MECHANISM OF HDS REACTIONS

In order to design an effective catalyst ttoe production of ultra low sulfur diesel
(ULSD) fuel, the various kinetic pathways of hydesdlfurization (HDS) reactions must
be understood. For a typical dibenzothiophene (DBidjecule, it has been established
that the HDS reaction proceeds through two parafe consecutive routescheme
2.7): (i) direct desulfurization (DDS) which yieldsphienyl-type compounds (BP), and
(i) desulfurization through hydrogenation (HYD) wh gives
tetrahydrodibenzothiophene (THDBT). Depending aa ibaction condition, THDBT or
both THDBT and may be further hydrogenated to yielgtlohexylbenzene-type
compounds (CHB) [29, 37, 38]. Subsequent hydrogemabf CHB may yield
bicyclohexyl (BCH). However, depending on the raatt(DBT or 4, 6-DMDBT), the
contribution of the two pathways to the overall HD&y be very different. Under
conventional HDS conditions [39], the DDS pathwantcibuted 80% to the overall
HDS of DBT, while only 20% to the HDS of 4, 6-DMDBTt was also found that the
presence of methyl groups in the 4 and 6 positiond, 6-DMDBT inhibited the DDS

pathway, whereas the HYD pathway was hardly afte[36, 34, 39].

The HYD pathway predominates with the idtrction of alkyl substituents in the in
the 4 and , or 6-positions of the DBT molecules§@]. Meille V. et al reported that the
partial saturation changes the spatial configunatd the molecule making previously
sterically hindered sulfur atom more accessibleeféective adsorption on the active site

and subsequent reaction [63].
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Scheme 2.1: Typical Hydrodesulfurization of Dibenzthiophene.
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From the theoretical stand point, hydrogenationbgthenyl and its derivatives to
cyclohehexyl benzene may take place especially iglh ltonversion. However, at
moderate conversion, the chances of BP hydrogenatie significantly low in the
presence of DBT, because DBT successfully compsitts BP for the hydrogenation

sites of the catalysts [64, 65]. More so on Ni poted catalyst.

2.5 KINETICS OF HYDRODESULFURIZATION (HDS)

The kinetics of HDS reactions has been theidoaf many researchers. Langmuir-
Hinshelwood (L-H) type kinetic equations which asgucompetitive adsorption have
been developed for HDS of pure sulfur compounds §38. Table 2.2 displays some
important kinetic equations that have been repddethe HDS of DBT in the literature
[8]. Here, the contribution from both hydrogenotysind hydrogenation are summed
together. On the other hand, researchers havepadpmsed a separate L-H equation for
both hydrogenolysis and hydrogenation for the HDBBT [66, 68]. For instance, Farag
H. proposed the following separate L-H equationsdioect desulfurization (DDS) and

hydrogenation (HYD) for the HDS of DBT with two kis of catalytic active sites [68]:

k1K1CpBT k2K>CppT
Rpps = ——>— and Ryyp = —5"—
1+ K1CpBT+--- 1+ K1CpBT+--

Here, Rps and Ryp are the rate of direct desulfurization (DDS) ame trate of
hydrogenation (HYD) of DBT, respectively.1Kk; and K, k, are the equilibrium
adsorption constants of DBT over the catalyticvactites and the reaction rate constants
for DDS and HYD, respectivel\Cpgt is the concentration of DBT at a given reaction

time.
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Summation of the two rate equations gives Kimetic expression for the apparent
overall HDS conversion. The two-route kinetic modes been found to describe

satisfactorily the HDS of alkyl DBTs present in LJ&3].

Table 2.2: Kinetic Expression for Middle Distillate Range of Sulfur Compounds [8].

Catalysts Conditions Rate Expression

CoMo/alumina 200-240°C - -k kDBTPDBT . kHZPHZ
HbS (1 + kpprPppr + ku2sPu2s)2 (1 + kyzPuz)

NiMo type I 350°C, 50 bar S Kpps CpBT krgCpBT
HDS ™ (1+kppsn Ccz+Kppsny Cre)  (1+ kg nCez+ kpgy CTc)
CoMo/alumina 270-300°C, 601 S kKpprkuzCpprCha
—TpBT =

(monolith) 80 bar (1 + KpprCppr + KuzChz + KiasChzs)?
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2.6 SUPPORTED CATALYST

The active phase in a HDS catalyst samplasisglly deposited on the surface of
another material called support. The support matesually provides high surface area
to maximize the active phase dispersion and to igeownechanical strength to the
catalyst. They are usually sourced from variouslegisuch as ADs, TiO,, ZrO,, MgO,
SiO,, zeolites and compounds such as carbon. Alumieantbst widely used of this
support materials still remains the industry’s fa&obecause of its favorable chemical,
physical, and mechanical properties on one hand,itasnactivity response, availability

and cost on the other hand [18].

For several decades, CoMo and NiMo/alumiaehbeen used in industrial refining
plants as HDS catalysts. Since the proposal of d@emnd co-workers [40], there has
been a growing interest in the so-called CoMoS @avMd$ phases, in which Co(Ni)
decorates the edge sites of highly dispersed ;Muticles. These phases may be
catalytically active sites in Co(Ni)-Mo sulfide abtsts and many catalytic and
spectroscopic aspects of Co(Ni)-Mo sulfide catalystve been interpreted in terms of
these phases. Candia et al [41] differentiated &éetwtwo CoMoS phases, Type | and
Type Il, depending on their intrinsic HDS activitgoMoS Type II, which was formed by
high-temperature sulfidation at ~600-1000 C°, wasuh twice as active as Type |
formed by sulfidation at ~400 °C. More recently @kdo et al. [42, 43] reported the
formation of a third type of Co—Mo-S phase (Co—-MoRge IIl) with high intrinsic
HDS activity when Si@supported CoMo catalyst was sulfided with 10%He. The

structure of this phase (Co—Mo-S type Ill) was sstgd to consist of dinuclear Co
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sulfide cluster with S-dimer between two Co atomd situated on the Mo-edge of MoS
particles [8].

It has also been reported by several asitti@t variation of the support influences
the electronic and catalytic properties of supmbfi@Mo and CoMo sulfide catalysts
[40]. This is because changes in supports usuabyl lto variations in active phase-
support interaction which in turns influence thepdirsion and morphology of active
components. When the interaction between the stppdrthe active metal is strong, the
reducibility and sulfidability of the active phasell be retarded. For conventional
CoMo-S and NiMo-S, studies have shown that thengtroteractions between the
molybdate and the support lead to formation of lmtive type | structure having some
remaining Mo-O-Al linkages after sulfidation [44}47This may mean that a further
increase in the HDS activity of supported sulfidgatysts can be achieved by changing
the support.

The development of new supports has recegvedt attention because of the need to
develop better HDS catalysts [48]. TiCZrO,, MgO, SiQ, zeolites, carbon and other
materials of high surface areas and good propenags been developed and tested [49,
50]. TiO, and ZrQ supported Mogcatalysts present, respectively, three to fiveeim
higher hydrodesulfurization and hydrogenation atéis than alumina supported ones
with an equivalent Mo loading per Aif51]. However, for a considerable period of time,
the specific surface area of such oxides remaieémirb100 /g (after calcination at 500
°C) restricting the interest on such supports. Withe last decade, many improvements
in the preparation of these oxides were achievedsapports with higher specific surface

area and larger pore diameters were obtained.
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Silica, another common support often usedkniswn for its higher surface area in
comparison with alumina. However, its weak intamactwith Mo active species usually
leads to poor dispersion of the active phase. Ntatibn of silica by mixing with other
supports having favorable properties have showmfggnt increase in activity and it has
attracted some considerable attention [8]. Amorghmaterials SiQAl,O3 have shown
some considerable HDS activity over zeolites in Hi2S of 4, 6-DMDBT when mixed
with NiMo/alumina catalyst [52]. The addition of Gi increases the surface area of
alumina support and introduces acid sites requibedome hydrotreating reactions. In
addition, SiQ reduces support-active phase interactions whiofutte the formation of
more active Co-Mo-S II/Ni-Mo-S-Il phase [18]. Imgreation of the metals and thermal

treatments may, however, be more critical [18].

Of recent, researchers have turned theimtidte towards ordered mesoporous
materials. This new class of porous solids poss&@®mm pore sizes (1.5-40nm), large
surface areas (up to 2508/g) and tunable structures [53, 54]. They are antbegmost
promising candidates as nano-reactors of large culds [55]. Nano-porous silica based
material such as MCM-41, AI-MCM-41, and SBA-15 hattracted some attention as
supports for Co and Ni promoted Mo&atalyst [19-22]. The high surface area of these
nano-pore materials accommodates high CoMo or Nid&adling without the restricted
access of the zeolite structure to bulky moleculésir well defined textural properties

are a good factor for dispersion of Mg&articles [8]
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2.7 PREPARATION METHODS

The performance of a catalyst is stronglyueiced by preparation procedures [56].
Typical HDS catalyst preparation involves the usénoipient-wetness or pore-volume
impregnation of an aqueous Mo-solution. Promot@&siare either co-impregnated or
impregnated after initially sulfidizing the suppsdt Mo species [7]. Meanwhile, to
reduce the interaction of the promoting ions with support and to delay the sulfidation
of the promoter ions in order not to produce selfgpecies independent of the MpS
chelating agents such as nitrilotriacetic aciduaed [57]. However, high Mo loading and
dispersion cannot be obtained by such a procedaoause the formation of large
particles occurs readily under the activation ctods [7].

Conventional methods of preparation of indabktcatalysts usually use oxide
precursors which are sulfided into their activendor In this case, the nature of these
oxides species and their distribution on the serfaicsupports are key factors for their
activation and performance during application. Mar based catalysts, the presence of
bulk MoO; or MoQ, particles is counterproductive when high metalvacphase are
deposited on the support. The active species ast deposited as isolated oxoanions.
Unfortunately, the support materials are not inewards the precursors of the active
phase, they can interact to produce heteropolyan(etPA) which may crystallize at
increased loading leading to poor dispersion dfagihase [15].

One method of overcoming this challenge esuke of aqueous solution reaction for
the synthesis of highly loaded supported and unsu@p hydrotreating catalysts.
Bezverkhy |. et al used thiomolybdate precursor {MH0S, ) and hydrazine as a

reductant in aqueous medium to prepare Maigh very high HDS activity [58, 58]. The

19



key to this synthesis is the control of pH of tleuson and temperature of the reaction.
This preparation method can be conducted in theepiee of support slurry or promoter
ion to produce highly active promoted hydrotreatatalysts [58].

Highly active HDS catalysts were also predaley use of surfactant-assisted
synthesis method. For instance, in the reductiorthef thiomolybdate by hydrazine,
cetyltrimethylammonium bromide (CTAB) was added tt@ reaction mixture. This
resulted in Mo% nanoparticles with low stacking and high spedificface area of up to
210nfg™. Further promotion with Ni or Co results in cagtlyith HDS activity of about
five times higher than that of a commercial refeeercatalyst in the HDS of 4, 6-
DMDBT [70].

Another method for preparing an active HD&lyat is a sonochemical synthesis,
which was demonstrated to yield substantially Haggding and dispersion of Me$59].
Moon et al. reported that sonochemically preparexSihl,O;, at a Mo loading of 25
wt%, showed a five-fold higher activity than th&taocorresponding catalyst prepared by
a conventional impregnation method in the HDS otdeddDBT compounds [59]. Also
another method for improving catalyst activity ¢sihtroduce a promoter, e.g., Co, to
MoS, catalysts by chemical vapor deposition (CVD) stichat the promoter interacts
intimately with the Mo$% surface. For example, a catalyst prepared by therm
decomposition of Co(CQNO) on MoS/Al, O3 showed twice as high an activity as the
catalyst promoted by impregnation in the HDS obpiiene [60]. The enhanced activity
can be attributed to the exclusive decoration ob€@dMoS edge sites, which eventually
leads to an increase in the amount of catalyticative CoMoS phase. Similar results

were obtained by Okamoto et al. with model CoMo$lgats supported on various
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supports, which were prepared using the CVD methMute recently, Moon et al [61]
combined sonochemical synthesis and CVD to prepee highly dispersed and

promoted catalysts.

2.8 CATALYST ACTIVATION

Hydrotreating catalysts usually go throaghtivation stage for better performance in
hydrotreating reaction. Conventional procedure utiesethyl disulfide (DMDS) as a
spike agent with straight run gas oil to conved tixide catalyst to a more active sulfide
form. The sulfidation protocol differs from largeade industrial settings to a laboratory
scale. In the laboratory, a mixture of/H,S is usually employed for the sulfidation of
oxide catalysts under a control temperature progiidma process can be ex situ or in situ
and kinetic studies are either performed under laighospheric pressure or under high

pressure of about 4MPa [71].
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CHAPTER 3

EXPERIMENTAL

3.1 SYNTHESIS OF Mo-SBA-15 SUPPORTED CATALYST

Mo-SBA-15 materials containing molybdenum tahewas synthesized via co-
condensation from aqueous solution containing teeahand silica precursors. Pluronic-
123 [EQPO,EO,, Aldrich] was used as structure directing agent ilevh
tetraethylorthosilicate [TEOS, Sigma-Aldrich] anchmonium molybdate tetrahydrate
[(NH4)eéM070,4.4H,0, Fischer Scientific] were used as silicon and ang@trecursors
respectively. In a typical synthesis, appropriateant of Pluronic-123 was dispersed in
hydrochloric acid (HCI) solution. The dispersionsastirred at room temperature for
about one hour. This is designated as solutionoA.tire solution B, appropriate amount
of heptamolybdate was dissolved in de-ionized watet stirred at room temperature for
about two hours. Solutions A and B were then caathavhile stirring at 35°C and
appropriate amount of TEOS was added to the mixdagkthe mixture was allowed to
ripe. Subsequently, it was aged at 90°C. The gobduct was recovered by filtration and
dried. It was subsequently calcined at 550°C fooutb. The synthesis strategy is
designated ischeme 2.1
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Mo-SBA-15 prepared by impregnation for camgon purpose was synthesized as
follows: About 3g of calcined pure SBA-15 was imgnated with an aqueous solution
of the molybdenum precursor, using the needed ctrateon to achieve the desired Mo
content assuming total incorporation. The wet selas then dried and calcined in air

under static conditions at 550°C for 4 h usingragatep of 2°C per min.
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3.2 SAMPLE CHARACTERIZATION

3.2.1 Elemental CompositionBulk metal content was determined by atomic gitsam
spectroscopy. Typically, 50mg of the sample wasstied using aqueous hydrofluoric
acid and nitric acid mixture. The samples weretdduo the appropriate concentrations.

Mo (1000mg/L in water) was used to calibrate theigaent.

3.2.2 N2 Adsorption/Desorption Isotherm Nitrogen adsorption/desorption isotherms
were acquired using porosimeter. Specific surfaea was calculated using BET method
and pore size distributions were calculated usidgl Bhethod assuming cylindrical pore

geometry.

3.2.3 XRD The x-ray powder diffraction patterns (XRD) wemmllected on a
diffractometer using the Cudline for both the low and wide angle in th&range. The
XRD data were recorded in th® 2ange from 0.85 with a step size of 0.0005 for low
angle analysis and in thé 2ange from 10.00 using a step size of 0.01 fohtaggle
analysis.

3.2.4 DR UV-vis Spectra Diffuse reflectance UV-vis spectra (DR UV-vis) rere
recorded under ambient conditions in the wavelemgtige from 200 to 600 nm. DR
UV-vis spectra were collected using Evolution 682001.

3.2.5 FT-IR Spectroscopyinfra red spectra of different samples were alsmsed from

500 to 4000 cnl.
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3.3 ACTIVATION OF THE CATALYSTS

Before the catalytic activity tests, the catalystze sulfided ex situ in a tubular furnace
at 400°C for 1.5 hours in a stream of 10%¥5Hnh a balanced HThe presulfiding step is
necessary to convert the catalyst from oxide fasnsulfide form which is more active
under the conventional reaction system. The sufbgalyst was transferred quickly into

the batch reactor containing the feed.

3.4 ACTIVITY MEASUREMENT

Activity measurement was done by carrying out lieastin a 250ml autoclave stirred
batch reactor at three different temperatures &f 380 and 375°C. In a typical reaction,
120ml of the feed (about 5000 ppm DBT in decaned wlarged into the reactor with
0.5g of the sulfided catalyst. The system was mirgigh nitrogen in order to detect any
leak and it was later purged three (3) times wigdrbgen. Subsequently, the hydrogen
pressure was adjusted to 4MPa and the stirringwrase500rpm. The reaction system was
heated to the desired temperature and allowedoiepd for 3hours. During the reaction,
liquid samples of 3-5ml were withdrawn at 30 mirsuiatervals for 3hours. Liquid
samples were analyzed with Agilent gas chromatdgfaped with appropriate column
and detector. Mass spectrometer detector was usédentify the reaction products.

These results were used in the kinetic study.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 MOLYBDENUM CONTENT

Though a lot of syntheses were made ircthese of this experiment, only the ones
used in the reaction will be discussd@ble 4.1 summarizes the synthesis conditions
used for the preparation of different molybdenumtaming Mo-SBA-15 materials used
in the reaction. In order to obtain different metahdings on the mesostructured
materials, the molybdenum content in the initidlgecture has been varied from 15% to
25% weight of Mo/SiQ to determine the optimum limit of incorporatiormof Table
4.1, it is obvious that there is a direct relationsbgiween the initial metal loading in the
synthesis gel and the metal incorporation into frel material. However, the
incorporation efficiency peaked at 71% for all #ytheses which in our understanding
is due to the strong acidic media that discourlgeanchoring of the molybdenum metal

to the silica matrix as previously reported [72-74]
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Table 4.1: Synthesis Conditions and the Elementald@npositions of the Materials.

Composition in the

S/IN synthesis condition final material
% Mo® | HCI(N° | % Mo® | n (%)

S1 15 1.06 6 40.00
S2 15 0.88 8 55.67
S3 15 0.71 10 69.00
S4 20 1.24 7 37.20
S5 20 1.06 10 47.50
S6 20 0.88 12 59.30
S7 20 0.71 14 71.15
S8 25 1.24 13 53.16
S9 25 1.06 16 64.80
S10 25 0.88 17 68.08
S11 25 0.71 18 71.44

4% Mo in the initial synthesis gel mixture

® Normality of HCI in the synthesis mixture

© 9% Mo in the final material after calcination measiiby AAS
4 Mo incorporation efficiency
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In order to gain more insight into the cdmition of the synthesis parameters to the
incorporation efficiency, further syntheses weren@ldy varying the acidity of the
synthesis gel. The strong effect of pH on the ipocation of the metal into the
mesoporous silica matrix becomes most obviousirstance, in the 20% loadings in the
synthesis gel, samples S4-S7, the incorporatiocigficy rose from 37% to 71% by
simply lowering the acid concentration from 1.24NQ.71N. The large effect of the
small decrease of about 0.5N underscores the efiegbH. This trend has been
represented ifrigure 4.1 The influence of slight change in pH and varyargount of
loading in the synthesis gel becomes more notieedBimilar trends are observed for
15% and 25% loadings in the synthesis gel. Thidicos the previous claims that lower
pH opposes the incorporation of molybdenum mettl the SBA-15 matrix [72]. The
effect of stirring rate and ripening time were alswestigated and the results are

consistent with the literature.
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Figure 4.1: Percentage Mo active phase as anction of Acidity and Amount of Mo
in the initial Synthesis Medium.
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4.2 X-RAY DIFFRACTOGRAMS

4.2.1 Oxide Catalysts

Figures 4.2 to 4.4 below depict the efféct loadings on the structure of SBA-15
materials by examining their diffraction patternSor the 15% Mo loading in the initial
synthesis gel, the low angle XRD peaks for theigatt samples give intense signals
leading to a diffraction pattern characteristictioé p6mm symmetry of the hexagonal
array of pores in the SBA-15 topology, Figure 4. (The presence of three clear
reflections, corresponding to the 100, 110 and RRMes, is indicative of the high
ordering achieved in the mesoscopic range anddtnattural integrity of the ordered
mesoporous material is still preserved as the atmmiudo loading increases from 6% in
Figure 4.2a(l) to 10% in Figure 4.2a(lll). The fgoeng results demonstrate that the
original pore structure and the long-range peritgiorder of the pure SBA-15 are not
affected despite 10% Mo loading.

In the wide angle region where Mo oxidekseare expected, Figure 4.2b, there is a
complete absence of any reflections correspondiruxide of Mo except the background
signals caused by amorphous silica. This trendamtained as Mo loading is increased
from 6% in Figure 4.2b (I) to 10% in Figure 4.2Bl)(I The occurrence of this trend
suggests a complete absence of crystalline donadin®lybdenum oxide or, if present,
the crystal sizes are too small and uniformly dispé to be detected by X-ray

diffraction.
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Figure 4.2: XRD Patterns of 15% Mo initial loadingin the Synthesis Gel at various
Acid Concentrations for (a) low Angle and (b) wide Angle
Diffractograms.



In order to see the effect of higher logdimn structure of SBA-15, more synthesis
were made with increased loading up to 17% Mo o@-3B support. The low angle
diffractograms of these materials are comparedigure 4.3. In all the samples, the
structures of SBA-15 were largely preserved evetilugne high loading of 17% Mo. In
the wide angle diffraction, Figure 4.4, diffractidines corresponding to reflections of
MoOj3; phase are observed for all other samples excegafon Figure 4.4. The intensity
of these signals increases as Mo loading increfases12% in Figure 4.4 (b) to 17% in
Figure 4.4 (f). It can be understood that the edlist size of Mo particles increases
beyond 10% loading in Figure 4.4 (a) leading tcemse signals corresponding to
different phases of Mo particles in Figure 4.4 \bBy the forgoing observations, 10%
Mo loading seems to be the optimum capacity of meshod in order to ensure that the
Mo particles are kept small and dispersed theesfoyding the formation of dense poorly
dispersed Mo particles. This is quite interestisgleere is a significant enhancement of
Mo loading by this method as compared to the previdaims that molydenum oxide is

only well dispersed up to 8% loading on the unmediSBA-15 support [75,76].
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Figure 4.3: Low Angle XRD Patterns of Mo-SBA-15 Cadlysts as a Function of Mo
loading.
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Figure 4.4: Wide Angle XRD Patterns of Mo-SBA-15 Ctalysts as a Function of Mo
loading.
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4.2.2 Sulfide Catalysts

Figure 4.5 compares the low angle diffractogramshef catalyst with 10% Mo and its
sulfided form. After sulfidation at 400°C at 10%34H, the low angle diffractions show
a slight expansion of the mesopore as we move ffigure 4.5 a to Figure 4.5b. This is
obviously due to the transformation of M@ a bulkier Mo$ in the mesopores of the
silica. Other catalysts show similar trends inlthe angle regime after sulfidation. In the
wide angle diffractograms, Figure 4.6, the transfation of MoQ to MoS is most
obvious. Apart from catalyst with 10% Mo which daest show any noticeable peaks,
other catalysts show very broad peaks corresportdifdoS. However, the intensity of
these peaks are, generally, low suggesting thatlypaoystallized Mo$ phases are

present.
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Figure 4.5: Low Angle XRD Patterns of 10% Mo-SBA-1XCatalyst (a) Oxide and (b)
Sulfide Forms
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Figure 4.6: Wide angle XRD patterns of MogSBA-15 Catalysts as a Function of
Mo loading.



4.3 DIFFUSE REFLECTANCE UV-VIS SPECTRA

The UV-vis diffuse reflectance spectra of threealcioed and calcined samples in the
range 200nm-600nm are presented in Figure 4.7/hdruhcalcined samples, Figure 4.7
(a), two characteristic absorption bands can berobd. The first absorption band that
covers from 200-250nm is commonly attributed to ghesence of isolated NMbspecies
both as mono- and dioxo-molybdenum species [77@. @esence of this band of isolated
Mo®* is a first indication of the dispersion of Mo spexi This band persists as the
amount of loading is increased from 10% to 17%ll 8tithe uncalcined samples, a
second band in the range of 290-340nm is obseiad.band is commonly assigned to
the octahedral coordinated Maspecies as found in silicomolybdic acid (SMA) [78he
formation of SMA on silica has been used as a measiuthe dispersion of Mo species
on silica support when the Mo content is about Ryttegpercent. Sugino eta al, concluded
that the high activity of Mo@SiO, prepared through sol-gel method in the partial
oxidation of methane was due to the formation akly divided Mo particles which
consequently encouraged better formation of aciigent silicomolybdic acid (SMA)
[79]. The interesting thing, here, is that our sEashow the presence of SMA even at
much higher concentration than the low percentdgsy tclaimed in their report. It,
therefore, points to the superiority of this sysisenethod for SMA to be detected even
at much high concentration of 10-17% Mo.

Upon calcinations at 550°C, Figure 4.7(me SMA band diminishes for all the
samples. This is in agreement with the previountefhat SMA is unstable at this

temperature decomposing into Si@hd MoQ [79, 80]. This may mean that by choosing
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a milder temperature of calcination or using akirre route for template removal, the

dispersion of Mo species on SBA-15 support may bgimized.
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Figure 4.7: DR UV-vis Spectra of Mo-SBA-15 with diferent Metal loadings for (a)
uncalcined (b) calcined Catalysts
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4.4 FT-IR SPECTROSCOPY

The IR spectra of uncalcined samples eint Mo loadings and pure SBA-15
are shown in Figure 4.8. The fingerprint regiortre IR spectrum of SBA-15 consists of
the bands around 795, 1050 and 1630"dm Figure 4.8 (l). These bands have been
assigned to Si-O symmetric and asymmetric stregshim SiQ [8]. Introduction of
molybdenum into the structures is accompanied ajthearance of new bands around
900 and 950 cih The peaks at 900 and 950 thave been assigned to the Si-O-Mo and
Mo=0 bonds of the silicomolybdic acid (SMA) crysii&ls respectively [79-81].

Upon calcinations of the samples, Figu& the appearance of the bands due to
SMA diminishes as expected [79, 80] leaving onlg ttharacteristic bands for the
framework regions of SBA-15. The presence of SMAeftective of the small nature of
MoQO; particles achieved through this method. [79]. Tdtothe characteristic band for
bulk MoO; expected at 822¢M[82] can't be distinguished, however, no conclasian
be made about its exact nature yet as it might hawerlapped with band in the

framework region of silica at 795 ¢m
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Figure 4.9: FT-IR Spectra of SBA-15 and calcined M&BA-15 Catalysts
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4.5 NITROGEN ADSORPTION/DESORPTION ISOTHERMS

Figure 4.10 displays the ;Nadsorption-desorption isotherms acquired at 77Kthar
sulfided catalysts. The shape of the isothermsreyversible type-IV, according to the
IUPAC classification which includes most of the wm@srous materials. The H1-type
hysteresis loop, typical of SBA-15 materials, isoatlearly evident, and the sharp steep
in the adsorption branch of the isotherms indicatasow pore size distribution which is
typical of a well-ordered mesostructured materiéleere is clearly no dramatic change in
the shape of the isotherms for all the catalysthhasamount of molybdenum loading is
increased from 10% to 16%. This is a confirmatidrihe fact that this method of co-
condensation has been able to deposit up to 16%aobfbdenum at convenient sites
without affecting the structure of SBA-15 drastigalL.ow angle XRD diffraction peaks
have shown similar results as we saw earlier. Hewethe starting points of the
hysteresis is slightly shifted to higher Pi#Rlue when MoSare incorporated, indicating
the widening of the mesopores due to depositioMo$, on the pore wall. This trend
continues as the molybdenum content of the sulficetalysts increases from 10% to
16%. The P/P position of the inflexion points is related to tlBameter in the

meSsOoporous range.
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Figure 4.11: N, Adsorption-Desorption Isotherms and BJH Pore Siz®istribution of
the sulfided Mo-SBA-15 Catalysts containing 14% Moand the
Reference impregnated Catalyst containing 14% Mo.
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In order to better understand the locatbiMoS; on the structure of SBA-15, the
N, adsorption-desorption isotherms of the catalysttaioing 14% is compared with a
reference catalyst containing same amount of megbch prepared by impregnation
method. Figure 4.11 shows the, otherms for 14% Mo sulfide catalyst and the
impregnated catalyst containing 14% Mo used ademarce. Starting from the reference
catalyst, the starting point of the hysteresishligshifted to higher PfPvalue in the
catalyst prepared by co-condensation. This meaas ttie co-condensation method
deposit the metal exclusively inside the pore @bgrwidening the mesopores) while the
traditional impregnation method deposit the metalttee surface and as a result do not
have much effect on the structure. The BJH pore digtributions of the 14% Mo and the
impregnated catalyst used as a reference is atsensim figure 4.11. It can be seen that
narrow pore size distribution is obtained in bo#ises which shift slightly in the case of
the catalyst prepared by co-condensation. Othéurtaxproperties are shown in table 4.2.
The BET surface area shrinks from 406m?/g for ttalgst with 10% Mo to 269m?2/g for
the catalyst with 16% Mo loading. This is due te thling of the pore and the coverage
of the surface of the support by the molybdenumairletding. The pore diameter and

pore volume also show similar trend.
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Table 4.2: Textural Properties of the Sulfided Catdysts

catalysts 81 (M2/g)PD (A)PV ( cm3/gldieo (A)|Wit (A)
Mo-SBA-15-10 406 55.2 | 0.573 86.2| 44.3
Mo-SBA-15-12 355 64.9 | 0.631 834, 314
Mo-SBA-15-13 318 62.8 | 0.562 96.6| 48.7
Mo-SBA-15-14 271 74.2 | 0.621 87.6| 27.0
Mo-SBA-15-16 269 70.8 | 0.568 747 15.4
Mo-SBA-15-14-imp@93 54.1 | 0.466 89.1 | 48.8

&1 surface area calculated by BET method

PD- pore diameter

PV- pore volume

Wit- Wall thickness calculated frodfRD experiments and Nadsorption
analysis (Wt = {¢ c2A3} -PD)
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4.6 CATALYST ACTIVITY

Table 4.3 shows the final conversion and the yielfd each product in the
hydrodesulfurization (HDS) of dibenzothiophene (DB®r the different catalysts used
after 3 hours of reaction using 5000ppm DBT at &5The major products of the
reaction as identified by GC-MS are cyclohexylberezedCHB), biphenyl (BP) and
tetrahydrodibenzothiophene (THDBT). Some Bi-cydampounds were also identified
but their concentrations were too low to be quadifAfter 3 hours of reaction, catalyst
with 10% Mo reached the highest level of conversimer other catalysts. In all the
catalysts the yield of CHB is generally higher thhat of the BP. Since it has already
been established that BP is usually a productrettdesulfurization of DBT while CHB
results from subsequent hydrogenation of partidijydrogenated DBT or BP, the
preponderance of CHB over BP is an early hint i@r preference of these catalysts for
HYD route. Similar observation has been reportsgwhere [83]. The yield of THDBT

is generally lowest in the reaction system sugggstiat it might be an intermediate.
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Table 4.3: Conversion and Product Distributions forHDS of DBT over Mo-SBA-15
Catalysts at 375°C.

% yield of products
Catalysts %Conversion DB[T%CHB | %BP | % THDBT
Mo-SBA-15-10 74.13 53.81| 20.31 0.016
Mo-SBA-15-12 62.13 42.76| 16.59 2.787
Mo-SBA-15-13 44.08 29.92| 13.65 0.507
Mo-SBA-15-14 66.71] 39.74| 26.49 0.470
Mo-SBA-15-16 68.91 42.13| 25.69 1.08
Mo-SBA-15-17 68.371 39.53| 27.52 1.314
Mo-SBA-15-14-impg 57.79| 35.69| 20.92 1.172
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In order to gain more insights into t@duct distribution of the reaction, the
percentage conversion of DBT were plotted agaihst product yields for all the
catalysts. Figures 4.12-4.14 display the produslisctivity versus the conversion of DBT
at 325, 350 and 375°C for Mo-SBA-15-10, the bestlgat with 74% DBT conversions.
Biphenyl as a product of DDS route is related ®direct scission of the C-S bond in the
DBT. The plots show a good yield of BP which reacheconstant value towards the end
of the reaction. This may mean that BP is involuedurther reactions to form other
products although the rate of its subsequent @atmay be too slow to make any
significant contributions to the global HDS of DBIT has been reported that the rate of
BP hydrogenation is significantly low in the presemf DBT, because DBT successfully
competes with BP for the hydrogenation sites ofdalysts [39, 59, 65]. Furthermore,
CHB which is understood as a product from partidrbgenation of THDBT through
HYD route is the dominant product. On the otherdjathe product distribution of
THDBT suggests it is the least stable product. dis&ibution goes through a maximum
and gradually decays to zero. Thus, THDBT is caered as an intermediate that
participates in a further reaction to produce CHRis trend is seen for all the seven
catalysts used during the reaction at differenttiea temperatures used. The above
results indicate that HDS of DBT over these catalysccurs through a greater
contribution from hydrogenation (HYD) route tharredit desulfurization route (DDS)
route. On the basis of the above product analgsiseme 4.1 was proposed for the HDS

of DBT over these catalysts.
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Figure 4.13: Product Selectivity vs. Conversion dDBT at 350°C for Mo-SBA-15-10
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Scheme 4.1: Proposed Reaction Network for the HDS BBT
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4.7 KINETIC TREATMENT

In order to verify the proposed mechanism, the tiktnequations that fit the
experimental data obtained in HDS of DBT based angmuir-Hinshelwood (L-H) type
equation with two kinds of catalytic active sit@8] 86] were developed.

Accordingly, the overall rate can be expressediwygarts:

R _ _kiKiCppr (1)
bDs 1+ K1CpBT+--

R _ _kaK2Cppr 2)
HYD 1+ K1CpBT+---

Here, Rps and Ryp are the rate of direct desulfurization (DDS) ame trate of
hydrogenation (HYD) of DBT, respectively.Kk; and K, k., are the equilibrium
adsorption constants of DBT over the catalyticvactites and the reaction rate constants
for DDS and HYD, respectivelyCpgt IS the concentration of DBT at a given reaction
time.

Under the reaction conditions used, the rate egustfland 2) reduce to pseudo-
first order equations where the overall ratg;sRcan be taken as the sum of the rate of
direct desulfurization (DDS) and the rate of hydnogtion (HYD):

Riotar = (k1K + k3 K3)Cppr 3)

Riotar = koCppr (4)

Where I = (k1K; + k,K,) is taken as the apparent rate constant of the BVarsion.
By considering every component of the reaction onetwthe material balance equations
(of a batch reactor) of all the components of #&ction network irscheme 4.1can be

written as follow:

dCppr

dt =koCppr (5)
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dc
d’:P = kyCppr — k3Cpp (6)

ac

% =k,Cppr — kaCruppr (7)

Where k, k;, ks and lg are the apparent rate constants of the respestefs in the
reaction network in scheme 4.1. Further treatmehthiese equations (5-7) lead to the

following expressions:

Cppr = CPgre *ot (8)
_ 0 —kst o CDBTKI [ —kot _ kst
Cpp = Cppe +——le e '] )
C =Co —kat 4 CBBTK2 [ —kot _ —kat 10
tHpBT = CTHDBT® +_k4_k0 [e e "] (10)

WhereC)zr, Cop, Coyppr @re the concentrations at reaction time t=0 ofB4&, BP, and
THDBT respectively.

Considering the experimental conditions used is giudy, the following assumptions
have been made:

1. The hydrogen concentration remains constant throutgthe reaction since it was
fed in excess.

2. HDS of individual sulfur compounds follow pseudcstiorder kinetics [83].

3. The contribution of the hydrogenation pathway of BP CHB was found
negligible as previously reported [39, 59, 65,|nke, calculated Kwas found to
be zero.

4. The inhibition effect of the products of HDS of DB considered negligible
[84]. The effect of4,S was neutralized by addition of Cu powder to #mection

mixture.
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4.7.1 COMPUTATIONAL ANALYSIS

Computational analyses were carried out using Magtea 5.0 to fit the experimental
data with Langmuir-Hinshelwood (L-H) equations. &lilc parameters were generated at
a correlation factor of greater than 95% betweepeemental and calculated data.
Figures 4.15-4.17 show the comparism between axpatal and calculated
concentrations for the reaction at 375°C over gatakith 10% Mo. Interestingly, in all
the fittings, we obtained very good correlationvin the experimental and theoritical
data. For the DBT curve, figure 4.15, the conceina of DBT decreases
exponentionally with reaction time in accordancehwkientic of pusedo-first order
conversion. Figures 4.16-4 and 4.17 also displayfitting curves for the other products.
Although, in all, there are good agreements betwegrerimental and the calculated
data, a slight deviation is noticed for the THDBIne@. This deviation originates from
rather inaccurate measurement of low concentratain$HDBT by GC-MS. Hence,
using a modified approach whereby the total praglfodm HYD route (including

intermediates) are considered, a more useful ctameébe obtained.
Thus, the mass balance for the hydrogenation iswe follows:
Copr(HYD) = Cryppr + Ccus (11)

And the rate of hydrogenation from equation (2)drees:

Ruyp = kaCppr (12)

Upon integration, this equation becomes:

k —
Cuvp = K—Z Cppr(1 —e™ %) + CRyppricup (13)
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By fitting the experimental data on total hydrogewlaproducts with equation (13) as

depicted in Figure 4.18, a much more precise egtimil was obtained.

Thus, confirming the previous claims that this wlog satisfactory for HDS of DBT

[84].
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Meanwhile in order to evaluate the relative conitikon and selectivity of each of the two
pathways-DDS and HYD-the kinetic parameters forotes catalyst have been compared
in table 4.3. In all the catalysts, the rate camster the hydrogenation route; s higher
than that of DDS route, KThus, the selectivity factork; is consistently higher than 1
with the highest value being ~4 for the catalyshwli0% Mo on the silica support. This
reveals that the transformation of DBT over thesgalgsts is highly favored by
hydrogenation route in accordance with previousomepghat SiQ enhances the
contribution of HYD pathway [83]. The highest séieity factor of ~4 obtained for the
catalyst with 10% loading corroborates the charaztton results that the Mo species on
the SBA-15 support are small and well disperseds €hn further be explained on the
rim/edge model put forward by Chianelli and Daayat for large molecules like DBT,
hydrogenation reaction occurs predominantly atritmesite while sulfur hydrogenolysis
occurs at the edge sites [86]. In our own casdyjdwng small particles of the catalysts
well dispersed on the SBA-15 leads to the availgbdf more rim sites than edge site.
Thus accounting for better hydrogenation prefersmméehese catalysts.

The kinetic parameters estimated at difietemperatures for all the catalysts were
used to obtain the apparent activation energy @ad)the pre-exponential factor, A, for
the HDS of DBT. The activation parameters are shmwable 4.4. The lowest activation
energy of 109kJ/mole is obtained for catalyst wli€h35% Mo loading. This is about 2
times smaller than the highest activation energtaiobd for the impregnated catalyst
containing about 14% Mo which was used as a refereAlso catalyst with 14% Mo
synthesized through our method shows greater gciivicomparism with impregnated

catalyst containing the same amount of Mo. Thus,cagld say that all the catalysts
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synthesized through our method show greater agtipiobably because of better

dispersion of the active phase in comparism withveational impregnated catalysts.
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Table 4.4: Overall and Individual Apparent Rate Corstants for the HDS of DBT at
325, 350°C and 375°C.

rate constants x10

Catalyst TCC) ke (min) ki (MinY) ke (min?) ks (Min?) [ kevo (Min?) [ katks
325 0.92 0.18 0.75 98.79 0.75| 4.22

350 1.70 0.43 1.27 89.69 1.28] 2.95

Mo-SBA-15-10 375 5.05 1.46 358  165.33 3.68| 2.45
325 0.43 0.15 0.28 15.80 0.28] 1.83

350 1.06 0.32 0.74 31.23 0.74| 2.30

Mo-SBA-15-12 375 3.46 0.93 2.53 59.50 257| 273
325 0.40 0.11 0.29 16.24 0.29| 253

350 1.42 0.41 1.01 37.86 1.02| 2.49

Mo-SBA-15-13 375 3.57 1.10 2.47 42.81 244 224
325 0.27 0.11 0.16 5.87 0.16] 1.40

350 0.96 0.35 0.61 22.14 0.61] 1.73

Mo-SBA-15-14 375 5.69 2.27 3.42]  103.09 3.39] 151
325 0.28 0.09 0.19 13.87 0.19| 2.08

350 0.86 0.31 0.54 30.07 0.54| 1.72

Mo-SBA-15-16 375 6.03 2.25 3.78]  100.80 3.81] 1.68
325 0.49 0.18 0.31 19.64 0.32] 1.79

350 1.28 0.35 0.93 42.72 0.94] 2.66

Mo-SBA-15-17 375 6.95 2.85 4.10 28.48 4.05| 1.43
325 1.70 0.67 1.04] 39174 1.04] 1.55

350 2.19 0.81 1.39]  306.46 1.40| 1.73
Mo-SBA-15-14-impg| 375 3.26 1.29 1.97|  105.86 2.03] 1.53

62




Table 4.5: Apparent Activation Parameters for the HDS of DBT.

Catalyst Ea A
(kd/mole)| (min™)
Mo-SBA-15-10 109 2.78x10
Mo-SBA-15-12 135 | 2.37x10
Mo-SBA-15-13 142 9.92x 10
Mo-SBA-15-14 195 | 2.71x19
Mo-SBA-15-16 197 | 3.98x10
Mo-SBA-15-17 170 | 3.19x10
Mo-SBA-15-14-impg| 210 | 5.47x1¥

63



Figure 4.19 compares the activities of these csiglyper gram Mo in the
Hydrodesulfurization (HDS) of DBT at 375°C. The Imgt value of apparent rate
constant per gram of Mo is observed for the catalygh 10% Mo as previously noted.
This catalyst is about two times more active tham itmpregnated catalyst with greater

amount (14%) of Mo active phase.
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Figure 4.19: Intrinsic Catalytic Activity in the HDS of DBT at 375°C pergram
of Mo for supported MoS, Catalysts.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS

Using co-condensation method, Mo-SBA-15 materiastaining varying amount of
molybdenum loading up to 17% wt have been syntkdsirom acidic solution of its
precursors. The following are the summary of ouestigations:

1. The effect of acid concentration on the incorporatfficiency of the metal into
the silica structure was investigated. It was ndtet higher acid concentration
limits the incorporation of the metal into silicaatrix. This is consistent with
previous reports [72-74].

2. By manipulation of the synthesis parameters sucphHsstirring rate and time,
ripening and aging time, the interaction betweditasiand molybdenum metal
was enhanced leading to the formation of SMA asficoed by our
characterization method. The formation of SMA ditaisupport has only been
reported at low molybdenum content of about 2%ibeasand it is understood to
be as a result of dispersion of Mo particles onsilygport [8]. We, hereby, report

SMA at much higher concentration of above 10% wemfhactive metal. The
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detection of SMA in the as-synthesized materialsneafter increased loading is
indicative of the improved interaction between siiea support and molybdenum
active phase and hence a proof of the dispersiactofe phase.

. Low angle XRD reveals that the structural integofythe ordered mesoporous
materials is still highly preserved after increaseading. As suggested by our
various characterization techniques, the catalygt #0% Mo loading shows the
best dispersion of Mo active phase. This is quiteresting as previous efforts
reached best dispersion of Mo active phase onl§%atloading on unmodified

SBA-15 [75, 76].

. The activity of the catalysts in the overall HDSctons is good with highest
being for the catalyst with 10% Mo. All the catal/show superior activity in

comparison to the impregnated catalyst used afeeenze.

. Kinetic analyses of the reaction data showed thaha catalysts have selectivity
for hydrogenation pathway in the HDS of DBT. Thiayrmean some promises in
the HDS of alkyl DBTs as their HDS is known to pged more easily through

hydrogenation route.

5.2 RECOMMENDATIONS

A few recommendations will be made here concertinegimprovement of the catalysts

and prospective applications for other reactionguie work on these catalysts may

include the following:

. Incorporation of promoter: Conventional hydrodesufation catalysts are

usually promoted with Ni or Co depending on theirgels outcome. Suitably
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promoted catalysts are known to give better perémee than their unpromoted
counterparts. The choice of usually depends ométere of feed and the desired
reaction. Promotion of this catalyst with Co mayiowve its direct desulfurization
functionalities [8].

Use of the catalyst on more refractory alkyl DBH the real feed:
Hydrodesulfurization of alkyl DBTs are known to éavhydrogenation pathway.
Since this catalyst show stronger preference fodrdgenation than direct
desulfurization, it may prove effective in the HDSE sterically hindered sulfur
compounds.

. The reusability of these catalysts: Our investmadi as discussed above show
evidence of the active metal deposited majorlyhe pores of the silica. This
means that reusability of these catalyst may bamcegd as the active metal are
not easily leached inside the pores after sevesation runs.

. TEM Micrographs: Future studies should also incltitke transmission electron
microscopy in order to ascertain correctly the siz¢he particles, their stacking

height and the distribution.
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