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ABSTRACT

Recently, the need to create a versatile hydrocracking catalyst is a major
concern in oil and gas industry. The increasing demand for valuable middle
distillates has placed hydrocracking as the most important secondary process.
Cumene hydrocracking is an ideal hydrocracking reaction due to the minimum
amount of side reactions. A novel ZSM-5 catalyst with fibrous morphology (FZSM-
5) and platinum loaded on FZSM-5 (Pt/FZSM-5) were successfully prepared by
using a microemulsion system with ZSM-5 seed assisted crystallization and
impregnation method for cumene hydrocracking. XRD and FESEM/TEM-EDX
analyses showed that the FZSM-5 possesses ZSM-5 structure and a spherical
morphology with evenly distributed dendrimeric silica fibers. In addition, FZSM-5
exhibited intrinsic mesopores at 3-5 and 10-20 nm, which led to an increase in the
surface area up to 42% compared with ZSM-5 seed. Pyridine FTIR result showed the
presence of a large number of Lewis acid sites and a small number of Bronsted acid
sites. These acid sites were further increased after protonation and introduction of
platinum. In addition, the protonation and introduction of Pt on FZSM-5 increased
the rate of cumene conversion up to 0.303 umole/s g-cat at 623 K with 92% product
yield in which the product equally distribute to benzene and propylene. This activity
of PtYHFZSM-5 in cumene hydrocracking was almost 1.5-fold higher than that of
Pt/HZSM-5 (0.161 pmole/s g-cat) with 72% product yield. The high activity of
Pt/HFZSM-5 towards cumene hydrocracking could be attributed to the unique
morphology of FZSM-5 which increase the accessibility of the active sites and
facilitated the hydrogen spillover phenomena assisted by the presence of a large
number of Lewis acid sites and platinum metal. This new fibrous ZSM-5 catalyst
open a big potential in general heterogeneous catalytic reaction, especially in the

hydrocracking process.
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ABSTRAK

Baru — baru ini, keperluan untuk mewujudkan mangkin pemecahan hidro
yang serba boleh telah menjadi tumpuan utama dalam industri minyak dan gas.
Peningkatan terhadap permintaan hasil sulingan peringkat pertengahan yang bernilai
telah meletakkan pemecahan hidro sebagai proses sekunder yang paling penting.
Pemecahan hidro kumena adalah tindak balas pemecahan hidro yang ideal kerana
menghasilkan tindak balas sampingan yang minimum. Mangkin ZSM-5 yang
mempunyai morfologi berserat (FZSM-5) dan mangkin FZSM-5 termuat platinum
(Pt /HFZSM-5), telah berjaya disediakan melalui sistem mikroemulsi dengan
penghabluran berbantukan benih ZSM-5 dan kaedah pengisitepuan untuk pemecahan
hidro kumena. Analisis XRD dan FESEM / TEM-EDX menunjukan bahawa FZSM-
5 mempunyai struktur ZSM-5 dan morfologi sfera dengan serat silika berdendrimer
tertabur sekata. Tambahan itu, FZSM-5 juga menunjukkan liang meso yang intrinsik
pada 3-5 dan 10-20 nm, yang meningkatkan luas permukaan sehingga 42%
berbanding dengan benih ZSM-5. FTIR piridina pula menunjukkan kewujudan
sejumlah besar tapak asid Lewis dan sebilangan kecil pula tapak asid Bronsted.
Tambahan lagi, pemprotonan dan pengenalan Pt pada FZSM-5 juga meningkatkan
kadar penukaran kumena sehingga 0.303 umole/s g-cat pada 623 K dengan 92%
hasil produk dimana hasil benzena dan propilena adalah sama banyak. Aktiviti Pt /
HFZSM-5 dalam pemecahan hidro kumena adalah hampir 1.5 kali ganda lebih tinggi
daripada Pt / HZSM-5 (0.161 umole/s g-cat) dengan hasil produk 72%. Aktiviti
tinggi mangkin Pt / HFZSM-5 terhadap pemecahan hidro kumena boleh dikaitkan
dengan morfologi unik FZSM-5 yang memudahkan capaian tapak aktif dan
membantu fenomena limpahan hidrogen berbantukan kehadiran sebilangan besar
tapak asid Lewis dan logam platinum. Mangkin ZSM-5 baharu ini dengan morfologi
berserat mempunyai potensi besar dalam mempelopori tindak balas pemangkinan

heterogen, terutama dalam proses pemecahan hidro.
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CHAPTER 1

INTRODUCTION

1.1  Background of Study

Energy has big influence in human daily life and social activity. This has
placed energy at the vital point in the development of modern human society.
Modern societies consume massive energy that comes from the combustion of fossil
fuels. The world population still grows at an exponential rate. According to a report
by United Nation in 2004, the world population will reach 8.9 billion in 2040 and
further escalate to 11 billion in 2050. Along with the population growth, the demand
for energy will also increase. Nowadays, oil has been dominated as the main energy
source and this position will probably continue in the next decade due to the maturity
of the process technology (Primo and Garcia, 2014).

Global concern regarding the environment and health led to more complex
system of refinery (Weyda and Kohler, 2003). This is the consequence of several
legislative actions taken by several nations. After the invention of unleaded-gasoline
in early 1970, minimizing the sulfur, aromatic content, and also the prohibition of
methyltertiarybutylether (MTBE) as a gasoline additive have summed up the
environmental issues that have reformed the refining industry. The reforming of light
naphtha and heavy oil is the favorable processes to overcome this problem (Kubo, et
al., 2012). The refinery and petrochemistry efficiency depends solely on catalyst
activity, selectivity and durability (Marcilly, 2000; Degnan, 2003). Production of
heavy crude oil world-wide is increasing year-by-year (Acheyta, et al., 2005).

According to U.S Energy Information Administration (EIA), oil consumption



increases up to 9.6 million barrels per day from 2012 to 2019 and reaches its peak in
2021.

According to U.S EIA report, the production of light oil has been declining
while heavy oil production has increased significantly. At this time, machinery and
equipment are designed to run using liquid fuel, resulting in the need to upgrade
heavy oil into much useful product. Heavy oil has high viscosity which makes them
difficult to transport via pipeline because their inability to flow freely and require
high energy to overcome the pressure loss in the pipeline. Heavy oil also contains
high levels of contaminants such as sulfur, metal, sphaltenes, carbon residue, and
solid particle which made the direct application is impractical (Hart, 2013). These
problems have placed the conversion of heavy oil fraction into valuable liquid
products such as gasoline, diesel, and jet fuel to be one of the most important

processes in upgrading heavy oil (Yang, et al., 1998)

The conversion of heavy oil fraction can be achieved by thermal, catalytic,
and hydrocracking (Yang, et al., 1998). Thermal cracking is not favorable due to
production of lower quality of gas and naphtha. While for catalytic cracking, rapid
build up of coke and production of olefin/aromatic in significant amount are
inevitable. These occur due to the absence of hydrogen partial pressure.
Hydrocracking is the most versatile and favorable process in petrol refinery due to its
feasibility. There is flexibility in feedstock and product which is the advantage,
hence provides the balanced in supply and demand in economical point of view.
There are wide varieties of commercial feedstocks ranging from light naphtha to
heavy crude oil and numerous choices of catalysts make it possible to produce high

octane gasoline and other middle distillate at one time (Choudary and Saraf., 1975).

Hydrocracking requires a bifunctional catalyst that able to promote
hydrogenation of the hydrocarbon and provide acidity. Conventional catalyst for
hydrocracking contains metal that provides the hydrogenation ability. Metal such as
nickel, molybdenum, iron, tungsten, platinum, ruthenium, palladium, cobalt, and
chromium have been reported to increase the activity of catalysts (Annuar, et al.,
2014; Li, et al., 2015; Han, et al., 2014; Serrano, et al., 2015; Pudukudy, et al.,



2015). Hydrocracking catalyst requires a solid support with acidic function where
several supports have been reported such as, y-Al,O3, SiO,, ZrO,, silica nanoparticle,
and zeolites (Annuar, et al., 2014; Sazegar, et al., 2014; Kubo, et al., 2012; Kweon,
et al., 2014). In order to achieve good performance in hydrocracking, the catalyst
requires a good balance between these two functions (Campbell and Wojciechowski,
1971). Cumene hydrocracking has been used as a good measure for hydrocracking
catalyst. This is due to the simplicity of the reactions. Cumene hydrocracking does
not complicate with a significant amount of side reactions, such as isomerization
and/or chain lengthening. Currently, the catalysts for cumene hydrocracking are
facing problems such as rapid deactivation, unstable structure, high temperature

reaction and low selectivity of desired product and conversion of reactant.

Zeolite possesses catalytically active site and uniformity in micropore size
and shape in which make zeolite as a suitable catalyst in the oil refining. However,
due to the constraints in pore diameter, zeolite catalytic activity significantly
decreased when facing a bulky molecule with a kinetic diameter above 7 A (Maesen,
et al., 2004). Microporous zeolite such as Y, ZSM-5, and B plays an important role in
petrochemical industry due to their microporous structure and strong intrinsic acidity.
The development of mesopore in microporous zeolite has been proved to solve the
diffusion limitation and pore blockage that conventional zeolite faced (Meng, et al.,
2009). However, the catalytic activity of the catalyst can still be enhanced by

increasing the accessibility of the active site and better metal dispersion.

Fibrous material was initially developed by Polshettiwar, et al. in 2010. The
first fibrous material is a silica-based equipped with high surface area and better
accessibility of active site. Several studies showed the potential of silica-based
fibrous material in the adsorption of nitro- and chloro- compounds and
hydrogenolysis of alkene (Fihri, et al., 2014). Silica-based fibrous material was
developed by using microemulsion technique which originally comes from
surfactant. Although utilization of surfactant in zeolite synthesis has been explored in
many years, up to this time of study, the development of zeolite-based fibrous
material has never been reported. Development of zeolite-based fibrous material will

significantly improve their catalytic activity, along with tunable acidity, high surface



area, and better accessible active site. Zeolite-based fibrous material will have a great
potential to be applied in oil and gas industry.

1.2 Problem Statement and Hypothesis

The increase in production of crude oil and demand for light and middle
distillates, such as gasoline, diesel, and kerosene, has placed hydrocracking into
important secondary process in oil refinery. However, hydrocracking requires an
efficient bifunctional catalyst to achieve the highest conversion of heavy oil. Since
hydrocracking requires an acidic solid support, there are wide varieties of support
that have adequate amount of acid sites. y-Al,O3 has been widely used in
hydrocracking due to its mild acidity. However, y-Al,O3 requires high temperature to
obtain the high conversion in hydrocracking. Other than that, SiO, which has high
surface area also been used as acidic support in hydrocracking. However, SiO; only
has weak Bronsted acid in their surface and therefore hardly developed catalytic
activity. In contrary, ZrO, presents a high surface area, but requires modification
with tungstate or sulfate to increase their thermal stability and surface acidity (Reddy
and Reddy, 2000).

Zeolites such as Y, ZSM-5, and B have been employed as a catalyst in the
hydrocracking process due to their tunable intrinsic acidity, surface area, and uniform
pores. Zeolite consists of silica-alumina framework provides with good thermal
stability and wide varieties of Si/Al ration provide with good tunable acidity. Zeolite
is a suitable material for facilitating acid-catalyzed reactions. However, their
drawbacks such as diffusion and accessibility of active site limitations have been
constrained the zeolite catalytic activity. Great efforts have been conducted to
overcome the diffusion limitation, where development of hierarchically porous
zeolite is one of the most versatile pathways. This material has proven to increase the

catalyst ability in isomerization, alkylation, and cracking (Teh, et al., 2015).



Ordered mesoporous material is one of the most interesting discoveries in the
field of material synthesis. Mesoporous material such as MCM-41, MCM-48, and
SBA-15 has been used as cracking catalyst. Mesoporous material possesses highly
ordered mesoporous structures which enabled the size-selectivity and extremely high
surface area with large pore volume (Zhao, et al., 2012). However, mesoporous
material has lower acidity and thermal stability compared with amorphous Si-Al and

zeolite Y resulting in lower catalytic activity (Corma, 1997).

Silica-based fibrous material has the advantage of high surface area due to the
presence of the dendrimeric fiber. Silica-based fibrous material also has better
accessibility of active site because the dispersion of active sites probably located in
their dendrimeric fiber rather than inside the catalyst pore. Silica-based fibrous
material also possesses high thermal stability (Polshettiwar,, et al., 2010). Because
the fibrous material is fully composed with silica, it doesn’t have adequate acid sites

to promote acid-catalyzed reaction such as isomerization process.

Implementation of the concept in developing silica-based fibrous material to
zeolite will be the key to overcome these problems. Zeolite with dendrimeric silica
fiber will have better access to active sites. This is because, instead of inside the
pore, the active sites will be accessible at the dedrimeric area. This will lead to low
diffusion limitation, because the reactant does not need to diffuse into zeolite pores.
Because the presence of the dendrimeric fiber, the surface area will also increase and
it will increase the dispersion of metal active sites. Utilizing microemulsions method
the development of zeolite-based fibrous material will be successfully achieved.
Zeolite-based fibrous material is the next step towards an efficient heterogeneous

catalyst for hydrocracking.



1.3 Objectives

The objectives of this study are:

1. To prepare fibrous ZSM-5 (FZSM-5), protonated FZSM-5 (HFZSM-5), and
platinum loaded on HFZSM-5 (Pt/HFZSM-5) catalysts.

2. To characterize the physical and chemical properties of FZSM-5, HFZSM-5,
Pt/HFZSM-5 and Pt/HZSM-5 catalysts.

3. To study the psychochemical relationship of Pt/HZSM-5, HFZSM-5, and
Pt/HFZSM-5 catalysts in cumene hydrocracking.

4. To study the performance and stability of the catalyst in the cumene

hydrocracking

1.4 Scope of Study

This study deals with 4 aspects. The first scope covered the preparation of the
catalyst. The synthesis of FZSM-5 involved microemulsion system from
cetyltrimethyl ammonium bromide (CTAB), toluene, and n-butanol. Cationic
surfactant, CTAB, was selected due to its ability to form coulombic interaction with
silicate gels and zeolite framework (Monnier, et al., 1993). It was also selected
because of its structure. Manipulating the packing parameter of single chain
surfactant, such as CTAB, was easier due to the absence of steric hindrance. This
was proved by Polshetiwar, et al. (2010) who discovered the loss of fibrous
morphology after using benzalkonium chloride, which is a double chain surfactant.
According to Moon and Lee (2012), the co-solvent, which was short-chain alcohol,
had important role in controlling the thickness of dendrimeric silica fiber. Their study
showed that iso-propanol produce thick dendrimer with narrow inter-dendrimer
distance and n-pentanol produced thin and very wide inter-dendrimer distances. n-
butanol was chosen as a suitable co-solvent because it produce dendrimer with
adequate distance to promote high accessibility. Urea was selected as the
hydrolyzing agent for the silica precursor due to its mild basicity. The addition of

strong base as hydrolyzing agent, such as NaOH could compromise the



microemulsion system. According to the study by Polshettiwar, et al. (2010), the
addition amount of urea affect the morphology of dendrimeric silica fiber. However,
excess addition of urea could increase the particle size of the catalyst due to the rapid
hydrolysis of silica precursor. Zeolite crystal-seed crystallization was used instead of
direct zeolite crystallization. This was to avoid interaction competition between
microemulsion and zeolite structure directing agent and the aluminosilicate species
(Li, et al., 2011). The presence of other electrolyte from zeolite precursor, such as
Na®, could changed the critical micelle concentration of CTAB, which will resulted
in different formation of supramolecular structure. Thus, zeolite crystal-seed
crystallization was best suited to be used in synthesis method to avoid the
competition and minimizing the changes in CTAB critical micelle concentration. All
catalysts were converted into ammonium form by ion-exchange and followed by
calcination to convert the NH;" species into H*. Platinum was chosen as the metal
active species in all catalyst. Platinum metal showed high catalytic activity in
hydrocracking regardless the support material (Regali, et al., 2013; Verheyen, et al.,
2013). Thus, platinum metal could serve as good example for hydrocracking

reaction.

Secondly, the scope is about the characterization of the catalyst. The
morphological features of FZSM-5 was examined with Field emission scanning
electron microscopy (FESEM). Elemental analysis of FZSM-5 was carried out with
energy dispersion X-ray (EDX). The structure of FZSM-5 was characterized with X-
ray diffraction (XRD) to confirm the presence of FZSM-5 structure. The surface and
pore analysis were obtained by N, adsorption-desorption. The surface area was
obtained by BET method, pore distribution was obtained by BJH method, and
micropore analysis was obtained by t-plot method. Molecular vibration of FZSM-5
was assessed with Fourier transform infrared (FTIR) spectroscopy. The acidic
properties of FZSM-5 was subjected to pyridine due to its size and ability to access
all acid sites both on the surface and inside the pore of catalyst. For comparison

purpose, commercial ZSM-5 was also undergo similar characterization.

The catalytic activity of FZSM-5 was assessed with hydrocracking reaction.

Hydrocracking could give clear depiction of catalyst catalytic properties with/without



any additives (Choudary and Saraf, 1975). Among various of available feedstocks,
cumene was selected as the reactant. Cumene hydrocracking was chosen as model
reaction due to the fewer amount of complex side reactions. Thus, it will be easier to
determine the catalytic activity of a catalyst (Bielanski and Malecka, 1984). The
reaction was conducted under a hydrogen stream to maintain the metallic state of
platinum and constant supply of molecular hydrogen. For comparison purpose,

cumene hydrocracking reaction using commercial ZSM-5 was also conducted.

The fourth and final scope covered the stability studies of FZSM-5. The
catalytic reaction was carried out in the temperature range of 423 — 623 K. The
maximum reaction temperature was chosen to avoid any bias from the presence of
thermal cracking (Greensfelder, et al., 1949). Chen, et al. (1977), reported the
presence of cracking product at 673 K over fumed silica, which they claimed
catalytically inactive. This could be attributed to the presence of thermal cracking.
From previous study, only a small fraction of cumene hydrocracking products was
observed in the reaction temperature below 373 K and gradually increase after 423
K. (Annuar, et al., 2014; Sazegar, et al., 2012). The stability of FZSM-5 was studied
at the optimum reaction temperature, which obtained the highest activity in cumene
hydrocracking. The catalytic stability was conducted in 100 doses of cumene.

1.5  Significance of Study

Fibrous ZSM-5 (FZSM-5), protonated FZSM-5 (HFZSM-5), and Pt loaded
HFZSM-5 (Pt/HFZSM-5) was prepared in this study as an efficient catalyst in
hydrocracking of cumene. The investigation regarding physical and chemical
properties of the catalysts had been studied. The fibrous morphology is a novel
morphology for ZSM-5. The fibrous morphology would enhance the surface area and
active sites accessibility of ZSM-5. FZSM-5 would be a more efficient catalyst to be
applied in oil and gas industries due to higher catalytic activity and stability in

hydrocracking of cumene compared to ZSM-5.



1.6 Thesis Outline

The study was divided into five chapters. The first chapter consists of the
introduction of hydrocracking and their progress on their catalyst. The problem
statement and hypothesis of the current research is stated to give a clear objective of
current research. There is also scopes of study that will be conducted to meet the

objectives.

Chapter 2 covers the literature review and knowledge regarding previous
research in hydrocracking process and catalyst, advances in zeolite development, and
previous effort and research in silica-based fibrous material development. The
background and the concept for developing zeolite-based fibrous material are also

covered in this chapter

Chapter 3 comprises of the details regarding materials and chemicals that are
used in this research. The complete procedure with experimental setup and analysis
for catalyst preparation, characterization, and catalytic testing in hydrocracking of

cumene are also included in this chapter.

Chapter 4 contains the results and discussion of the present research. The data
are presented and analyzed comprehensively. Finally, chapter 5 covers the

conclusion and recommendation for future work and development.
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