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ABSTRACT

Ethylene and propylene are greatly used for their importance as feedstocks for producing useful materials.
Due to rise in prices and the demand of ethylene and propylene, the need to increase the selective production
of these light olefins is necessary. To achieve this, zeolites, specifically ZSM-5 has been used to investigate
catalytic cracking of several types of hydrocarbons for the production of these light olefins. This study
focuses on developing hierarchical macro and/or mesoporous ZSM-5 zeolites with variable Si/Al ratios. The
synthesized materials were then evaluated on their performance via catalytic cracking of hexane, dodecane

and tyre derived oil [TDO] to produce light olefins, particularly ethylene and propylene.

These hierarchical zeolites were all prepared via a steam-assisted hydrothermal synthetic approach making
use of hexadecyltrimethylammonium bromide [CTAB] as a mesoporous structure directing agent and
tetrabutylammonium hydroxide [TBAOH] as a template for the formation of microporous zeolites.
Stoichiometric quantities of sodium aluminate as an aluminum source and tetraethyl orthosilicate as a silica
source were used for the formation of different Si/Al ratios in the range of 30-300. A process known as
recrystallization was then performed for 48 hrs at high temperatures of 150 °C using a plastic Teflon flask
placed inside a large stainless steel autoclave for the formation of crystals. The materials were then ion
exchanged and calcined at 550 °C to form HZSM-5 catalysts. The resulting materials were characterized by
XRF, FTIR, XRD, NH3-TPD, TGA, HRSEM, nitrogen adsorption isotherms including BET surface area

measurements and products obtained from the catalytic tests were analysed by GC.

XRF results showed that the calculated actual ZSM-5 Si/Al ratios were close to the expected batch ratios.
According to the FTIR results, the intensity of the transmittance bands confirmed that the material reflects
the crystallinity of ZSM-5 zeolites and is assigned to the five-membered rings of MFI zeolites. XRD analysis
further confirmed that the prepared materials have a degree of crystallinity of the hierarchical ZSM-5 type
with a partially ordered mesoporous structure. Three desorption peaks were demonstrated by the NH3-TPD
profiles. To our best knowledge, such observation of HZSM-5 with zeolites showing three desorption peaks
has not been reported before. The total acidity calculated from the weak and strong acid sites of the prepared

materials was found to decrease as the Si/Al increases in the following trend; SA=71 > 77 > 177 > 345.
http://etd.ch.ac.za/




Furthermore, the materials showed an increase in desorption temperature of the peak corresponding to strong
acid sites as the Si/Al ratio decreased. This followed in the order SA= SA=71>177 >77>345. TGA analysis
proved that the material was thermally stable, showing a little loss of moisture in the pores and on the
surface. The HRSEM micrographs revealed sponge like morphologies with worm-like holes in the
macropore range i.e. greater than 50 nm was also observed on the surface of the catalysts, proving that some
macropores were successfully generated during the fabrication of these materials. BET and pore size
analysis using the BJH method showed that the prepared materials had high surface areas due to the
development of mesopores with narrow pore size distribution of 5-7 nm. All the adsorption-desorption
curves of the synthesized hierarchical ZSM-5 zeolites exhibited typical isotherms with behaviour of both
Type | and Type IV. Therefore, a hierarchical structure with 3 pore ranges, i.e. micro, meso and macropores
was proven to be developed. Furthermore, varying the Si/Al ratio was shown to mainly affect the chemical
properties of the materials such as acidity although aluminium content did also have some effect on the

crystallinity of the materials.

GC was used to analyse the liquid and gas products obtained during the catalytic cracking of hexane,
dodecane and tyre derived oils with the prepared zeolite catalysts and the commercial catalyst. All the
reactions were performed under optimized reaction conditions that were investigated using commercial
catalyst with SA=80. The optimum conditions were chosen based on their catalytic performance and
selectivity towards the formation of ethylene and propylene include; T = 550 °C, Time on stream [TOS] = 6
hours, Ny: feed dilution ratio = 1:1, feed flow rate = 0.1 ml/min, P = atm, WHSV = 15.82 hr * and a catalyst
mass = 0.25 g. The best results were obtained at high temperature, high WHSV as well as dilution of the
feed with inert nitrogen. Low catalytic conversions were obtained during the catalytic cracking of hexane
using the prepared catalysts. The observed low conversions were attributed to large pores that were
generated during the fabrication of these HZSM-5 catalysts, making the smaller hexane molecule to pass
through the catalyst pores without much interaction with the active sites. The SA=71 had the highest
selectivity towards ethylene and propylene olefins due to its higher total acidity as compared to the other
prepared catalysts. It was shown that the catalytic activity was directly related to the chemical properties of

the ZSM-5, in particular the acidity which was varied by changing the Si/Al ratio. Furthermore, it was
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shown that the catalytic activity is mainly due to the acid strength of the strong Bronsted sites rather than the
total acidity or acid site quantity. The SA=71 was then used for cracking dodecane and tyre derived oil. Its
catalytic activity and selectivity was compared to that of a commercial catalyst with SA=80 with similar
acidity and Si/Al ratio. The SA=71 demonstrated remarkable improvement such as higher conversions of
100 % and improved selectivities towards ethylene and propylene [> 60%] when using both feeds compared
to the commercial catalyst. This was due to its bigger pores, which resulted to better diffusions in the
catalyst pores. This allowed the reactants and product molecules to easily diffuse in and out of the pores of
the catalyst and also interact with the active acid sites of the catalyst, leading to enhanced activity, selectivity
to olefins and catalyst stability. This suggests that the prepared catalysts would be more effective on
cracking longer chains as well as bulky molecules. They would also be more suitable catalysts for cracking

oils such as those used as feedstocks in the FCC process.
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THESIS OUTLINE

This thesis is broken down into six chapters and an outline is provided below. In general, the thesis contains
a literature review, experiment section, results and discussion, conclusion, recommendations and future

work. The literature review is separated in two chapters [1 and 2].

Chapter 1 provides an introduction to the cracking reactions, catalytic processes and the cracking reactions
that take place over different zeolites, mainly the ZSM-5 zeolite catalyst. Furthermore, it discusses the
catalytic cracking mechanisms over different catalysts. The advances and the current research and

developments in the technology of zeolite catalysts for catalytic cracking are also discussed in this chapter.

Chapter 2 provides a brief historical background on zeolites, specifically ZSM-5. The factors that affect the
synthesis of zeolites, including the different methods used to synthesize and modify hierarchical zeolites
have been discussed. Furthermore, the effects of the physical and chemical properties of the hierarchical
zeolites on the performance of the catalyst are also discussed. The problem statement, rationale and

motivation for the research, and the research aims and objectives are also included.

Chapter 3 details the experimental procedures used to prepare the ZSM-5 catalysts with different Si/Al
ratios. It begins by listing all the chemicals used for synthesizing these zeolite catalysts. It then discuss in
detail all the experimental procedures employed during the synthesis of these zeolite catalysts. Furthermore,
a summary of the instruments and the characterization techniques used in this study such as FTIR, XRD,
XRF, HRSEM, BET, NH3-TPD and GC with their description are also discussed. Lastly, the reactor
description and its set-up for the catalytic activity testing of the ZSM-5 catalysts in the catalytic cracking are

briefly discussed as well.

http://etd .)g(wc.ac.za/




Chapter 4 provides a thorough discussion of the obtained results during the characterization of the prepared
materials. Different characterization techniques such as XRF, FTIR, XRD, NH3-TPD, TGA, HRSEM and

BET that were used in this study are also discussed.

Chapter 5 deals with optimisation of the reaction conditions and the evaluation of the catalytic performances
of the synthesized materials via catalytic cracking of hexane, dodecane and tyre derived oil. It starts by
investigating the effects of reaction conditions such as temperature, WHSV and nitrogen diluent: feed ratio
on catalytic activity and selectivity when using a commercial catalyst with SA=80. It then provides a
discussion of results on the catalytic activity and selectivity of the prepared materials when tested via

catalytic cracking of hexane, dodecane and tyre derived oil under the optimised reaction conditions.

Chapter 6 provides a summary of the main findings of this thesis by underlining an overview of the activities
and contributions of the results from a scientific and industrial point of view. Recommendations for future

work are also outlined chapter.
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CHAPTER 1: Introduction to Cracking Reactions

Chapter Overview

Chapter 1 briefly presents an introduction to the cracking reactions, catalytic processes and the cracking
reactions taking place over different zeolites, particularly the ZSM-5 zeolite catalyst. It further discusses the
catalytic cracking mechanisms over different catalysts. The advances and the current research and

developments in the technology of zeolite catalysts for catalytic cracking are discussed.
1.0 Cracking Reactions and Processes

1.1 Cracking Reactions

Cracking is defined as a practise of producing short and useful hydrocarbon molecules by simple breaking
down the longer hydrocarbons. The main method for generating light olifens is via thermal or steam
cracking and currently yield up to 95% of ethylene globally and about 60% of the world’s propylene as a by-
product to ethylene production (1). Various petrochemical processes make use of these olefins as the main
building blocks and for generating useful materials such as ethylbenzene, vinyl chloride, polyethylene,
polypropylene etc (2). Nonetheless, producing these olefins using the steam cracking method requires
relatively high temperatures of about 800-850 °C. This leads to enormous energy consumption,
approximately 40% of the energy that is used in the refinery. A way to reduce this high usage of energy has
been practiced by researchers by developing a more effective route for producing light olefins that are
environmentally friendly. Catalytic cracking makes use of lower temperatures of roughly 450-650 °C during
the production of light olefins. The acid strength and the optimising operating conditions of the zeolite
catalyst can be used to control the yields of ethylene and propylene. Therefore, catalytic cracking is found to
be a flexible route to produce both ethylene and propylene and has been considered as a best substitute for
thermal cracking (3,4). Table 1 below shows the comparison in operating conditions of the catalytic and
thermal cracking. Processes, mechanisms and reactions taking place in catalytic cracking over different

naphtha range hydrocarbons are discussed in detail below.
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Table 1: Comparison in Catalytic Cracking and Thermal Cracking Operating Conditions (3, 5).

Operating conditions Catalytic cracking Thermal Cracking
Temperature 450-650 °C 800-850 °C
Pressure 1 bar 70 bar
Catalysts used Mostly zeolites No catalyst
Feed Mainly light and heavy naphtha [C2- Mainly light and heavy naphtha [C2-
ee
C12+] C12+]
Olefins [ethylene, propylene, butenes] )
o ) Olefins [ethylene, propylene, butenes]
Product distribution Aromatics [Benzene, Toluene, _
Aromatics [Benzene, Toluene, Xylenes]
Xylenes]
. Carbenium and Haag Dessau ion _ )
Mechanism Free radical mechanism

mechanism

1.2 Cracking Processes

The catalytic cracking process of pure hydrocarbons has been extensively practised to explore the chemistry
of the industrial process. The supply of products that are of great economic importance to the petroleum
refiner are directed by cracking and secondary reactions (5). Zeolites with strong Brensted acidity have an
important role in catalytic cracking. Breaking down of hydrocarbons with sizes that range from Cg to the
ones made up of numerous carbon atoms have been studied using mesoporous zeolites since they have
strong acidity, improved surface area and high thermal stability. Refineries crack large quantities of heavy
hydrocarbon feedstocks as depicted in Figure 1 below into portions that are more valuable, making the steam
cracking, fluid catalytic cracking [FCC] and hydro-cracking routes to be vital in the industry. These cracking

process are explained in detail in the sections below.

http://etd.uwc.ac.za/
2




long chain alkanes

e "

smaller alkanes branched alkeneas and
and cycloalkanes branched alkanes
e N\S\/\/\
O O S
aromatics

»

smaller alkenes and

b hed alk
ranched alkenes An Example of the

i Catalytic Cracking
= of Petroleum Hydrocarbons

Figure 1: Catalytic cracking of long chain alkanes into shorter chains and aromatics (6).

1.2.1 Steam Cracking Process

Steam cracking processes for the activation of paraffins has been extensively studied for over 50 years.
Paraffin activation takes place through steam cracking when high temperatures of 800 °C or more are used to
heat-up paraffin during this process. This technique can be used to activate a large number of feeds, for as
long as their boiling points are below 600 °C (7). The steam cracking process can be divided into two parts.
[i] The initial cracking temperatures [i.e. 500 — 680 °C] are used to preheat the feed and the steam. [ii] The
steam is fed into the high temperature reactor [i.e. 750 — 875 °C], where the steam cracking takes place. The
ratio of the feed to steam and the partial pressure of the reactants can greatly influence the selectivity in the
steam cracking process (8). Olefins and diolefins dominate the product profile in a steam cracking process,
both which are found to be more reactive than the starting material [i.e. paraffin]. The reactor effluent is
quenched at 0.02-0.1 seconds to avoid successive reactions that lead to a decrease in the yield and selectivity
of the targeted products. Consequently, a combination of absorption processes and distillation is used to

separate the products. Steam cracking process operates without the use of a catalyst (7,8).
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Ethane, propane and gasoline are mainly used in steam crackers and FCC units as the main feedstocks to
produce propylene as by-product. The kind of feedstock that is used in steam cracking can greatly affect the
yield of propylene. Heavy feedstocks like hexane tend to produce more propylene than lighter feedstocks
like ethane. Ethane-based feeds have been widely used recently in steam crackers. However, only ethylene is
being produced in large yields and a very small yield of propylene is produced as a by-product when using
ethane based feeds. Therefore, a shortage of propylene is anticipated to occur in the near future when only
focusing on this kind of method. In recent years, the market and the demand for propylene has grown more
than that of ethylene as illustrated in Figure 2 below (1). Furthermore, there are a few drawbacks associated
with using steam cracking such as the use of high temperatures [800-850 °C] and greenhouse emissions. This
leads to a search of alternative methods and technologies to increase the yield of propylene. Pyrolysis section
alone makes use of roughly 65% of the total energy and 75% of the total energy loss in the plant. As a
consequence of high process temperatures, these furnaces need to be out of service for decoking. FCC has

been found to be the main alternative to the steam cracking method as a source of propylene production (9).

Million Metric Tons

00 o1 02 03 04 05 06 07 08 09 10

- Polypropylene “ Cumene D Acrylic Acd
D Acrylonitrile E] Oxo Alc .:I Others

(Source: CMAI) - Propylene Oxide

Figure 2: The demand growth of propylene (1).
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A lot of research has been done to investigate different ways to enhance the efficiency of steam cracking
reactions and to reduce coke formation in steam cracking. Jeong et al (10) investigated the catalytic
pyrolysis of naphtha in a quartz reactor with 5 mm a-Al,O3 spheres for light olefins production. Ethylene
and propylene exhibited high yields of 10 % and 5% higher values when compared to the thermal cracking
at the same reaction conditions and absence of a-Al,O;, spheres. Karaba et al (11) investigated a way to
improve the steam-cracking efficiency of naphtha feedstocks by mixed/separate processing. A laboratory
cracking reactor was used for both blend and separate processing of naphtha feedstocks at different blending
ratios and temperature range of 760 — 810 °C. Steam cracking of light naphtha exhibits ethylene yield of 24.1
wt. % at maximum temperature, whereas only 13.6 wt. % of ethylene was attained from heavy naphtha. Both
the yields of ethylene and propylene displayed a decreasing trend with increasing content of heavy naphtha
in blended feedstock. The results achieved suggest that there is a possibility of mutual effects between

components, leading to non-linear dependence of products yields on the blending ratio.

1.2.2 Fluid Catalytic Cracking Process

Fluid catalytic cracking [FCC] is one of the most essential refinery processes in that it converts the heavy
fraction of crude oil into transportation fuels. Upon the cracking route, hydrocarbons having bulky molecular
sizes crack into tiny molecules over bond separations (12). Fluid catalytic cracking [FCC] is used in oil
refineries to convert feedstocks such as heavy gas oils [HGQ], vacuum gas oils [VGO] or residues into
useful products such as liquefied petroleum gas [LPG], diesel and olefinic gases etc. It is also widely used to
produce most of the world’s gasoline and propylene for the polymer industry as well as a tiny fractions of
raw materials for petrochemical processes (13). Refinery FCC operations currently supply roughly 30% of
propylene globally, 64% comes from thermal steam cracking of naphtha and the rest by means of propane
dehydrogenation route or metathesis. Usually about 2 wt.% ethylene and 3-6 wt.% propylene are obtained in
a conventional FCC process (14). Y-zeolite, an inert matrix, an inert binder and an active alumina are
catalysts employed in the FCC process. There are two problems faced by these catalysts, mainly it is coke
deposition and the dealumination of Y-zeolite. To stimulate the catalysts in the regenerator vessel,
combustion of the deposited coke is carried out and also supplies heat to the FCC reactor, where the general

FCC process operates without external heating (15). Efforts are made on both the catalyst and process side to
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increase the yield of propylene from the FCC process. One of the effective ways to improve the yield of
propylene is by adding ZSM-5 to the FCC catalyst because it provides refiners a way to improve the

fabrication output of their FCC units (2).

A common fluid catalytic cracking process involves a mixture of a heated hydrocarbon charge with a hot
stimulated catalyst as it go into the riser pipe that leads to the reactor. Within the riser pipe, the charge is
mixed with a recycle stream, then vaporized and elevated to a reactor temperature of roughly 493-554 °C, by
the hot catalyst. The charge is then cracked at 10 - 30 psi as the mixture moves up the riser pipe. The riser
pipe is where all the cracking occurs in the current FCC process units. The produced light products are
separated further making use of a fractionator (16,17). The used up catalyst is regenerated to eliminate the
coke collected throughout the process. It moves over the catalyst stripper to the regenerator, where some of
the deposited coke starts burning off. Depending on the conditions used, the regenerator temperature can go
up from 650-760 °C. An additional fresh catalyst is then used to optimize the cracking process. Feedstocks
are in the atmospheric residuum (reduced crude) to the naphtha range. Feed preparation is normally done
through coking, vacuum distillation, thermal cracking, propane de-asphalting etc to eliminate high-molecular
weight non-volatile materials and metallic components. Figure 3 below shows the reactor and the
regenerator setup and the conditions used during the FCC process. The key variables of this process are
temperature, catalyst to feedstock ratio, pressure, volume or the weight of the feedstock in the reaction zone

that is charged per hour, per weight or volume of the catalyst (17).
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Figure 3: Reactor and regenerator operating conditions used in the fluid catalytic cracking [FCC] process

(13).

The use of modified mesoporous ZSM-5 zeolites to increase the yield of light olefins, particularly propylene
have been widely investigated on FCC and compared to that of the parent ZSM-5 zeolites. Aitani et al (18)
investigated the catalytic cracking of Arabian Light vacuum gas oils [AL-VGO] over FCC catalyst having
novel zeolite additives to boost propylene yield. They tested a mesoporous [Mezo-ZSM-5], TNU-9, SSZ-33
and a conventional ZSM-5 as additives to a commercial ultra-stable Y [USY] FCC equilibrium catalyst [E-
Cat]. TNU-9 is a medium pore zeolite that has three dimensional 10-ring channel pore system. SSZ-33 is a
large pore zeolite that consists of two intersecting 12-ring and 10-ring channels. The four catalysts are
mixtures of 10 wt. % and 90 wt. % E-Cat each of ZSM-5, Meso-Z, TNU-9 and SSZ-33 additives. A fixed-
bed micro-activity test [MAT] unit was used to evaluate their catalytic performance at different catalyst/oil
ratios and temperatures of 520 °C. They observed that even though they used these additives, there was no
decrease in the cracking activity of all the E-Cat/additives. At comparable gasoline percentage yield, the

highest yield of propylene [12.2 wt. %] was reached over E-Cat/Mezo-Z as compared to 9.0 wt. % each from
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E-Cat/ZSM-5 and E-Cat/TNU-9. The yield of propylene was more than doubled for the Mezo-Z that has an
easily reachable pore structure and essential mesopores. The increase in the yields of propylene over Mezo-Z
was enhanced by the acidity of the zeolite and its improved mass transport. For other additives, the low

improvement in propylene was attributed to its higher hydrogen transfer activity.

Another example of a modified mesoporous ZSM-5 zeolite was given by Awayssa et al (19). They used a
modified hierarchical ZSM-5 [HZSM-5] as FCC additive to investigate the yield enhancement of light
olefins from catalytic cracking of Vacuum Gas Oils [VGO]. Alkaline treatment and Mn were used to
modify the HZSM-5 having variable Si/Al ratios. The modified HZSM-5 was tested as FCC catalysts
additives to boost the propylene yield from catalytic cracking of hydro-treated AL-VGO. A commercial
USY E-Cat in a fixed-bed MAT unit at different catalyst/oil ratios and 550 °C were used to assess the
performance of the alkaline treated and the Mn/HZSM-5 additives. The light olefins yield over E-Cat with a
parent HZSM-5 increased to 18.1, 25.4 and 27.4 wt. % for Si/Al of 30, 80 and 280 as compared with 15.4
wt. % over E-Cat [at 75wt. % conversion]. The use of a modified Mn/HZSM-5 as an additive instigated an
additional increase in the yield of light olefins. The E-Cat-Mn/HZSM-5 with Si/Al = 80, and 2.0 wt. % Mn
achieved the largest light olefins yield of 29.2 wt. %. They reasoned that the decrease in the amount of
strong acid sites and acid density resulted to the better fabrication of light olefins over the Mn/HZSM-5
additive. The development of hierarchical micro-meso topology also displayed a high yield ~28.3 wt. % of
light olefins for the alkaline treated HZSM-5 as compared to the parent ZSM-. This was due to the
hierarchical pore topology that delivered an easy movement and accessibility of bulky molecules to and from
active sites (20). Consequently, it is clearly observed that the use of modified mesoporous zeolites results in

improved yields of light olefins as compared to the parent ZSM-5 zeolite.

1.2.3 Hydro-Cracking Process

Hydrocracking is a process by which the hydrocarbon molecules of petroleum are broken into simpler
molecules of gasoline or kerosene by adding hydrogen under high pressure and in the presence of a catalyst
(21). It was mainly established for the conversion of heavy fractions into lighter transportation fuel products.

It is accomplished in a suitable reactor vessel by contacting a hydrocarbon feedstock with a bifunctional
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catalyst. Vacuum gas oil, which is a substantial fraction of petroleum, is used as the main feedstock.
Hydrocracking conditions consist of high pressures of 75-160 bars, the presence of hydrogen and high
temperatures of 230-455 °C. The products are normally fully saturated. This process is normally done in a

single or several reaction vessels in series that make use of a single catalyst (22).

Hydrocracking reactions are commonly run in trickle-bed reactors where the gas-liquid phase flow is
simultaneously downward via a fixed-bed of catalyst particles. The down flow mode has a low pressure-drop
and the absence of flooding which makes it to be frequently used in industrial practice. Diesel and jet fuel
are the main products obtained from hydrocracking, but liquefied petroleum gas [LPG] and low sulphur
naphtha fractions are also produced (23,24). Different classes of acidic supports such as [i] amorphous
oxides, e.g., silica-alumina, [ii] hybrid supports made up of a mixture of amorphous oxide and zeolite or [iii]
crystalline zeolites, mostly ultra-stable Y-zeolites [USY], ZSM-5 and a binder have been used for the
formulation of hydrocracking catalysts (25). Zeolites have good benefits such as improved selectivity, high
hydrothermal stability and acidity as compared to amorphous supports since they have well-defined pore
structure and high density of acid sites, resulting in high hydrocracking activity (26). In the process
productivity, hydrocracking catalyst systems can be deactivated due to a number of factors in this case.
These consist of the build-up of coke precursors on the internal and external configuration of the catalysts,
the fast elimination of metallic poisons and complete blockage of the pores. The accessibility of reactants
and products species become limited since the pore size of catalyst becomes narrowed when this occurs.
This reduces the selectivity and activity properties of the catalyst. Therefore, the pore structure of the
catalyst is an important factor that can be used during the hydrocracking reaction to evaluate the conversion,
selectivity and stability of the catalyst (27). Hierarchical [i.e. mesoporous] zeolite catalysts with diameters
that are in the range of 2-50 nm are found to demonstrate improved activity-stability properties. Since the
hydrocracking catalysts are usually bifunctional, the catalytic design aims for the production of mesoporous
support materials that allow synergic metal support and active interaction for ideal process. The main metals
used for hydrocracking catalysts include Mo or W, usually sulfided in situ and supported by Ni, Co or

platinum group metals (28).
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An ongoing research work on the effect of catalyst pore sizes has been done by various researchers to
improve the activity and the selectivity of the catalyst during the hydrocracking process by using a catalyst
with bigger pore sizes and modified catalysts by different metals. According to Sekhar (29), greater cracking
properties and removal of heteroatoms were demonstrated by Al,O3-supported catalysts having 7-20 nm than
those with pore sizes of less than 7 nm. Song et al (30) confirmed a similar result by improving asphaltenes
obtained from enhancing bitumen. The activity of the NiMo/Al,O3 catalyst was found to increase with an
increase in the pore size from 5 to 29 nm. The mesoporous catalysts with larger pore sizes also demonstrated

higher yields of oil products.

Another example of the modification of the pore characteristics is given by Ying et al (31). They also
discovered that a hydrocracking conversion of 63% was obtained from using a similar catalyst with pore size
of ~25 nm as compared to 54% obtained when using the same catalyst with pore size of ~10 nm. According
to Puron et al (32), excellent liquid hydrocarbon yields from remaining oil upgrading were formed by
alumina catalysts with mesopores than the microporous catalysts. These catalysts were also resistance to
deactivation. The resistance can mechanically be ascribed to superior interactions of the left over oil feed
with the active catalyst sties because of the removed diffusion complications. Regali et al (22) studied the
effect of metal loading on activity, selectivity and deactivation behaviour of Pd/silica-alumina catalysts. The
bifunctional catalysts consist of palladium on amorphous silica-alumina with different metal loadings [0 -
1.2 wt. %] and were compared in the hydrocracking or/- hydro-isomerization of n-hexadecane. The acidic
properties of the support were influenced by the metal loading. The selectivity, the rate of deactivation and
the initial activity were also found to be highly affected by the metal-acid site ratio. The initial activity
revealed a strong dependence on the metal acid site ratio up to a Pd loading of 0.33 wt%, whereas at high

metal loadings, the increase in activity was limited.

1.3 Catalytic Cracking Mechanism over Zeolites
Cracking reactions over acidic catalysts like zeolites normally proceed through the carbonium ion
mechanism. The catalytic cracking mechanism is usually crucial at low temperatures. Acidic molecular

sieves like ZSM-5 include both Lewis (non-proton acidic centres) and Bronsted [proton acidic centers] sites
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(33,34). Alkanes can be activated by two mechanisms namely the classical bimolecular [oligomerization
cracking] and the non-classical monomolecular (protolytic cracking), also referred to as Haag-Dessau

cracking mechanism as shown in Figure 4 (35).

1.3.1 Monomolecular (Protolytic Cracking) Mechanism

In monomolecular mechanism, alkanes are protonated for the formation of carbonium ions transition states.
These states can go through either C-C bond cleavage yielding alkanes, together with methane and ethane or
C-H bond cleavage yielding carbenium ions and hydrogen. The carbenium ions then lead to the formation of
alkanes in the C; — C3 range through back donation of a proton to the zeolite (34). The carbonium ions go
through a-cracking reactions, producing smaller paraffin and extra stable carbenium ion which can be
desorbed further as a smaller alkene. Cracking on Lewis acid sites occurs through both the free radical
mechanism and the carbonium ion mechanism. Lewis acid sites improve the breaking of C-C bonds,
stimulate adsorption of hydrocarbons and speed up the cracking of f-bonds and the development of free
radicals. The development of light olefins is favoured by the Bronsted acid sites, whereas the strong Lewis
acid sites accelerate the coke formation. The formation of ethylene is possible via this mechanism as
illustrated in Figure 4 below (36). This anticipated mechanism explains the large amount of methane, ethane
and hydrogen that is produced during the cracking process that the classical mechanism fails to explain.
Narrow pores of the zeolite catalyst, high cracking temperatures, low partial pressures and conversions of the

feed hydrocarbon are parameters that favour this reaction mechanism (37,38).
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carbonium ion

desorption

alkene

Figure 4: Haag-Dessau cracking mechanism for an alkane molecule [RH] that proceeds through a

carbonium ion transition state (36).

1.3.2 Bimolecular (Oligomerization Cracking) Mechanism

In bimolecular mechanism, cracking occurs when the branched secondary and tertiary alkyl-carbenium ions
that result from the feed molecule are cleaved by a particular beta-scission into smaller alkenes and
alkylcarbenium ions as illustrated in Figure 5 below (36). According to this mechanism, a hydride is
abstracted by a carbenium ion from an alkane and forms an additional carbenium ion, which cracks through
[-scission. Carbenium ions are chain carriers with the main ones being the most steady that can generally
form tertiary ions such as t-butyl cations. Alkane cracking involves alkyl group shift [isomerization]
reactions, C-C bond breaking [B-scission] and simultaneous formation of C-C bond (39). Methane, ethane
and ethylene are not discovered in this mechanism since it is not likely to form primary alkylcarbenium ions.

Bimolecular hydride transfer reactions between feed alkanes and alkylcarbenium ions lead to chain
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reactions. Thus, the yield of olefins is limited to only 50 wt% because these chain reactions yield shorter

alkanes (37,38).

RH R,H

H-transfer

B-scission

alkene

Figure 5: An alkane molecule cracking mechanism that consists of a hydride transfer step to a smaller

carbenium ion [R1"] followed by B-scission (36).

1.4 Feedstocks for Cracking Reactions

Steam cracking is commercially used in huge scale industrial units for the production of ethylene and
propylene. The common petroleum resultant naphtha contains a wide variety of different hydrocarbon types.
These include normal and branched paraffins, naphthenes, benzene, olefins and alkyl aromatics. Paraffins
are known to crack easily and offer high yields of ethylene, whereas other compounds such as benzene are
quite inflexible to the normal cracking conditions. It is also identified that a high product yield is obtained
when cracking normal olefins compared to cracking iso-paraffins. Adsorptive separation techniques e.g.
simulated moving bed technology, have been developed to separate olefins from paraffins and to also
separate normal [straight chain] paraffins from non-normal [branched chain] paraffins and aromatics (40).

Higher temperatures are required for the catalytic cracking of paraffinic naphtha as compared to the olefinic
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naphtha cracking. Thermal cracking of paraffinic light naphtha activate at almost 600 °C. Thermal cracking
also happens instantaneously in high temperature catalytic cracking (41). Low additional value normal
paraffins having 5-11 carbons are produced as by-products from processes such as FCC unit or the
conversion of methanol to olefins, generally over hydrogen transfer reactions catalysed by the acid sites.
Paraffins need to be improved, separated or recirculated to the acid catalytic conversion units since they have
moderately low commercial interests and low octane number. Therefore, improving the value of this paraffin
fraction in order to increase the oil and organic waste management is a major challenge (42—44). On the
other hand, light olefins such as ethylene, propylene or butene are high value hydrocarbons and are
commonly used as building blocks for the production of clean fuels. Catalytic cracking is one of the most
studied alternatives for upgrading low quality naphtha. Normal alkanes are used as model molecules during

the study of catalytic cracking with the main aim to produce olefins (45).

Naphtha is a light hydrocarbon fraction product that is generated through the distillation process of crude oil
and/or syncrude and it consist of a great quantity of low value saturated paraffins. Naphtha can be further
separated into two streams based on hydrocarbon length and boiling range. Light naphtha has a boiling range
from 30-145 °C and heavy naphtha with a boiling range from 140-205 °C. Light naphtha contains most of the
hydrocarbons [paraffins, olefins and oxygenates] with six and lower carbon atoms, while heavy naphtha
contains most of the hydrocarbons with about greater than six carbon atoms. The distillate obtained from
crude oil distillation unit is called straight run naphtha and consists of great quantity of low value saturated
paraffins. It is the leading feedstock at present, accounting a total of approximately ~50-55%. Light Cracked
Naphtha obtained from the cracking of naphtha in the FCC process generally contains a significant amount
of olefins. Naphtha thermal cracking has been the established method to produce light olefins (46). Ethylene
and propylene are both light olefins identified to be the most essential raw materials and their demand has
increased. Many industries use these light olefins as feedstocks to produce chemicals such as ethylene oxide,
resins, fibres, polypropylene, polyethylene as well as other chemicals (47-49). Figure 6 below shows
quantities of various feedstocks that are used worldwide in steam cracking (50). Research has now focused
on creating more effective processes due to the fact that the thermal cracking route requires high reaction

temperatures, high energy consumption, high CO; emission, low yield of roughly 25% and 35% for ethylene
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and propylene, respectively (51,52) . Therefore, catalytic cracking of naphtha now appears to be the ultimate
method and more efficient in energy use as compared to thermal cracking. This method allows for high

yields of ethylene and propylene to be achieved using fairly low temperatures (53-56).

Butanes
Propane

Naphtha

Others G0

Figure 6: Quantities of various feedstocks used worldwide in steam cracking (50).

1.4.1 Cracking of Naphtha Olefins

A wide investigation to produce higher olefins which are characteristic naphtha components has been done
by various researchers via catalytic cracking by use of zeolites. This has been done to enhance the FCC
processes, to clarify the reaction mechanism and how catalysts preform. A report on large quantities of Cs-
Csg alkenes in Chinese FCC gasoline was given by Long et al (57). They confirmed how the conversion of
isoparaffins and aromatics would be when using a ZSM-5 zeolite. They reported that hydrogen transfer (HT)
and isomerisation reactions take place at low temperatures of about 200 °C. However, this led to the
formation of cyclic olefins instead of aromatics. Selectivity towards aromatic products is found to increase
with an increase in temperature. For isoparaffins, selectivity occurs at 300-350 °C. Propylene, butenes and
pentenes form at temperatures of 450 °C with lesser contact times. Wang et al (58) studied the catalytic

cracking of 1-pentene using ultra-stable Y (USY) zeolite at temperatures ranging from 250 to 350 °C. They
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witnessed that during the first minute of the reaction, the HT reactions as well as the preliminary high
activity of cracking decreased faster with a strong coke deposition. The double bond isomerization now then
remains the main reaction. High temperatures favour desorption of coke precursors at a given TOS, leading
to a low coke deposition but which then becomes more aromatic. Nawaz et al (59) also studied the catalytic
cracking of 1-hexene using SAPO-34 catalysts to produce propylene. Kaolin was used in the synthesis as a
source of Si and Al so as to modify the catalyst texture. A material having a mesostructured slit-shaped was
attained when using kaolin in the synthesis. The activity and the stability of the catalyst were greatly
enhanced than when comparing with the conventional SAPO-34 in the catalytic cracking of 1-hexene
cracking. This is prompted by the enhanced diffusional access to the active sites. However, the selectivity
towards propylene gets preserved at a particular level of conversion. At a high feed conversion of 98.2 %
and temperatures of 575 °C with WHSV=14 h™* and TOS=1 min, a high selectivity of 73.9 wt% for propene

was successfully achieved when using the mesostructured SAPO-34.

Another example to produce higher olefins which are characteristic naphtha components has been given by
Feng et al (60). They studied the catalytic cracking of naphtha to light olefins using fluorinated HZSM-5
zeolite (F/HZSM-5) catalysts. These catalyst samples were synthesized through submerging the HZSM-5
(Si/Al = 46) zeolite into an aqueous NH4F solution. They discovered that the maximum yields for ethene and
propene were achieved at 600 °C with 20.2 % and 36.4 % obtained respectively. This was found when using
a 0.1F/HZSM-5 zeolite that has large amounts of Brgnsted acid sites of 7.3 and 4.3 % which are higher than
those of a parent HZSM-5 zeolite. They also found out that modification by fluorine does not control the
pore characteristics of HZSM-5 zeolites only, but also modifies the amount of acid sites as well as the
density of Brgnsted acid sites that could be necessary to achieve high naphtha conversions and selectivities
towards light olefins (60). Wei et al (61) also identified that the yield of light olefins through the catalytic

cracking of n-hexane increased when using HZSM-5 zeolites that are ion-exchanged by using alkali solution.

1.4.2 Cracking of Paraffins
Altwasser et al (35) studied the catalytic behaviour of the small-pore catalysts through catalytic cracking of

n-octane using small-pore zeolites. The Brensted acid sites of the zeolites were used as catalysts for cracking
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of n-octane in a fixed-bed reactor that is constantly functioning. They chose n-octane as a model
hydrocarbon since it can go through all the different kinds of [-scission reactions. High relative
contributions of monomolecular Haag-Dessau cracking are revealed by the small-pore zeolites, i.e., low
selectivities to branched hydrocarbons and high selectivities of C;-C3 hydrocarbons. Bimolecular hydrogen
transfer reactions are slowed down in 8-ring zeolites, forming more olefins than paraffins. However, for
small-pore zeolites, there is no observed pure monomolecular cracking but characteristic products of
bimolecular cracking reactions like branched hydrocarbons were observed on small-pore catalysts. A study
to investigate the catalytic roles of the pore structure and acidity in catalytic cracking of naphtha was also
performed by Jung et al (62) via catalytic cracking of n-octane using alkali-treated MFI zeolites. A
formation of mesopores and loss of strong acid sites was observed during the alkali treatment on the MFI
zeolite. The short residence time and the low acidity encouraged the decrease of cracking activity, leading to
lower conversion while increasing selectivity for major cracking products. The acidity was the main
influence for determing the composition of the product and the level of conversion. Therefore, high yields of
alkene and a high conversion were achieved by using the MFI zeolite with great quantities of strong acid
sites. The production of longer alkanes, e.g., hexane and heptane were inhibited by the mesopores formed
during the alkali treatment by reducing further oligomerization. Due to the fast elution of the important
cracking products, the selectivity for propylene was high when using alkali-treated zeolites. However, the
alkali treatment was not highly effective to boost the whole alkene selectivity. Therefore, the alkali treatment

demonstrates the cracking route of n-octane in zeolite pores.

Another example of cracking paraffins has been given by Konno el al (63). They studied the kinetics of n-
hexane cracking over ZSM-5 zeolites [MFI-type zeolite, Si/Al = 150 and 240] to explore the influence of
crystal size and catalyst lifetime. The catalytic testing was examined at temperatures of 823-923 K under
atmospheric pressure. The obtained results showed that the nano-zeolites produced high conversion of n-
hexane with steady activity for 50 hrs as compared to the macro-zeolite. The reason for this observation is
that the reaction with macro-zeolites occurs below transition conditions, whereas for nano-zeolites, the
reaction occurs below reaction-limiting conditions. Due to coke deposition, the nano-zeolites short diffusion

resistance and the huge external surface area decrease the impact of pore plugging. Kinetic model for
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catalytic cracking of n-pentane over HZSM zeolite with Si/Al =15 was recently proposed by Aguayo et al
(64). The catalyst preparation involved combining the HZSM-5 zeolite matrix with a mesoporous matrix of
weak acidity. The kinetic tests were carried in a fixed bed reactor for 15 hrs at 350-550 °C and 1.4 bars. At
high temperatures, the formation of BTX aromatics [coke precursors] and olefins and the deactivation of the

catalyst were highly favoured, leading to a loss of the catalyst activity.

1.5 Effects of Hierarchical ZSM-5 on Catalytic Cracking

An interest in the research and development of hierarchical zeolites has been extensively growing, owning at
least two levels of porosity so as to decrease diffusion limitations in reactions catalysed using microporous
zeolites. In this practice, hierarchical means the presence of at least one additional pore system, adding to the
intrinsic zeolite microporosity, normally in the mesopore size range. Several strategies and methods have
been suggested and established for the introduction of porosity in conventional zeolites. A zeolite is a kind
of crystalline alumino-silicates made up of various distinct micropores and intrinsic properties that are
tunable. It has been applied in many petrochemical and chemical industries for reactions such as alkylation,
catalytic cracking and isomerization (65). Zeolites have special properties that make them useful in the
industrial processes. These properties are responsible for high acidity, shape selectivity, high surface area
and thermal or/- hydrothermal stability (66). Many zeolites have been used extensively for the production of
hydrocarbons such as ethylene and propylene via catalytic cracking. A ZSM-5 zeolite type has been
recognized to be the most suitable catalyst for catalytic cracking due to its special pore structure and its
acidity. However, ZSM-5 zeolite has its own drawbacks such as a microporous structure which may limit the
movement of reactants and products to and from the active sites. Figure 7 below provides an example of a

parent and hierarchical zeolite.
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Parent Zeolite - <L>
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Function

Figure 7: Pictorial representation of a parent and a hierarchical zeolite (67).

The hierarchical zeolite shows bigger pores and free movement of reactants and products from the active
sites. On the other hand, the parent zeolite does not show any mesopores and not all the zeolite active sites
can participate in the catalytic reaction because the mass transport to and from the actives sites is being
limited (67). The slow diffusion of large bulky hydrocarbons leads to the pore blockages of the zeolite and
cause coke formation. For reactions to successfully occur, strong acid sites are needed. However, when there
are too many strong acid sites present within the catalysts, reactants start to over-react on them and become
converted into aromatic hydrocarbons or deposited carbon which leads to the deactivation of the catalysts
(68). The composite of micro and mesopore is highly favoured for improving the activity and circulation of
reactants and products. Hence, this above mentioned problem can be solved by developing a hierarchical
pore zeolite having both micro and mesoporous structure (69). Hierarchical zeolites have enhanced mass
transport properties, long catalyst lifetime and excellent product selectivities. Various methods for
introducing mesopores on zeolites include post processing and templating methods, e.g. soft templates (70).

These methods will be briefly discussed in chapter 2 of this work.

The use of mesoporous ZSM-5 zeolites has been widely investigated by researchers via catalytic cracking to
enhance the yield and selectivity of olefins and to reduce the diffusion limitations encountered by
microporous zeolites. The acidity also plays a major role in the catalytic cracking process. Hence, there has

been a need to also investigate the use mesoporous zeolites with different acid sites. Mesoporous MFI
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zeolites prepared using the alkali treatment were studied by Jung et al (62) to investigate the catalytic roles
of acidity, pore structure and their activity for the cracking of n-octane at 773 K. They found out that while
the product selectivity continues to be greatly affected, the mesoporous MFI demonstrates a low activity as
compared to the original MFI zeolite. The alkaline treatment decreases the amount of the strong acid sites,
leading to the formation of mesopores. However, the alkali-treated zeolites showed an enhanced selectivity
towards propylene due to the fast elution of primary cracking products. Acidity was the prime factor
responsible for the conversion level and the product selectivity, leading to a high yield when using the MFI
zeolite with a massive amount of strong acid sites. Niwa et al (51) also studied the acidity and catalytic
activity of mesoporous ZSM-5 in comparison with the zeolite ZSM-5, silica-alumina and Al-MCM-41
catalytic cracking of n-octane. The AI-MCM-41 and silica-alumina revealed huge quantities of defect sites
and huge distributions of acid sites which varied significantly from the zeolite ZSM-5 and mesoporous
ZSM-5. The mesoporous zeolites were found to have an activity that is similar to or a little lower as

compared to that of the conventional zeolites.

Xionghou et al (71) studied the catalytic cracking of butene to ethylene and propylene on mesoporous ZSM-
5 by desilication. An alkali treatment of parent ZSM-5 zeolite was used to prepare the mesoporous ZSM-5
which was then applied in the catalytic cracking of butene. The results obtained revealed that introducing
mesopores into the parent ZSM-5 by alkali treatment could greatly improve the catalytic performances. The
conversion, selectivity and the yield of ethylene and propylene when using the mesoporous ZSM-5 zeolite
were greatly enhanced as compared to when using the parent ZSM-5. When the treated concentration of
NaOH solution was 0.1-0.2 M, the highest yields of 81.76% ethylene and 79.35% propylene were produced
respectively. This was due to the bigger pores, the improved access to acid sites and zeolite structure.
Therefore, mesoporous ZSM-5 zeolites with increased accessibility of acid sites are found to be useful in

catalytic cracking and can greatly enhance the yield and selectivity of olefins.

The use of modified mesoporous zeolites has also been investigated and then compared to their parent
zeolites. Yajun et al (72) compared the catalytic cracking results of n-hexane over HF-ZSM-5 and the parent

ZSM-5 zeolite. Initially, a high catalytic performance was observed during the catalytic cracking of n-hexane
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when using the parent ZSM-5 but the conversion rate decreased very fast, especially after the 6™ hour of the
reaction. This was due to that there were only micropores that existed within the parent ZSM-5 catalyst. The
acid sites got covered by the deposited carbon that mounted up in the micropores, leading to the deactivation
of the catalyst. However, after treating the zeolite with HF-NH4F solution, the catalytic performance had a
remarkably improvement but also decreased as the HF concentration was increased. This was due to that the
treatment of the ZSM-5 zeolite with NF-NH4F solution created mesopores and macropores, while the
micropores were still retained within the zeolite structure at low HF concentrations. However, a facile
synthesis route for producing hierarchical ZSM-5 zeolite was developed by Coppens et al. (73) using
TPAOH as the SDA. The Si/Al ratio and the recrystallization time were varied to adjust the mesoporous
size. Sodium hydroxide treatment was also used to obtain a mesoporous ZSM-5 followed by washing with
hydrochloric acid. Enhanced catalytic activity was revealed from the hierarchical ZSM-5 because it has

higher molecule diffusion efficiency.

Hierarchical ZSM-5 materials have also been prepared and tested for their activity in the conversion of long
chain hydrocarbons and bulky molecules. A mesoporous HZSM-5 zeolite that is made-up by carbon
templating was also compared with a conventional HZSM-5 in one study for catalytic cracking of n-
hexadecane. A noticeable increased activity was established when using the mesoporous HZSM-5, leading
to a conversion of 52% for n-hexadecane than when comparing to the conventional zeolite that only had a
conversion of 17%. The cracking activity of these two zeolites further improved when they got impregnated
with platinum, with the mesoporous HZSM-5 again displaying even higher activity than that of the
conventional HZSM-5 (74). Hoan et al (75) designed hierarchical ZSM-5 materials for improving the
production of LPG olefins in the catalytic cracking of Triglycerides. They fabricated a series of hierarchical
ZSM-5 zeolites namely, composites ZSM-5, nanosized ZSM-5 and a mesoporous ZSM-5. The composite
ZSM-5 and nanosized ZSM-5 were prepared using the direct-synthetic routes for a comparative purpose.
The mesoporous materials were prepared using post-synthetic modifications that involve subsequent acid
washing and base treatment. They observed that the subsequent acid washing step of alkaline treated ZSM-5
was necessary to enhance the catalytic performance. Great yields of the desired products, i.e., LPG olefins

and gasoline were demonstrated by the mesoporous ZSM-5 zeolite compared to the parent ZSM-5 at almost
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complete conversion of (ca. 90 wt. %). Selectivity towards the LPG olefins was also improved over all the
hierarchical ZSM-5 materials, mostly high for composite ZSM-5 [ca. 94 wt. %]. Therefore, it is evident from
the literature that modifying the ZSM-5 zeolite by incorporating secondary mesoporosity can effectively
enhance the catalytic performance in terms of activity and selectivity in the catalytic cracking of various

hydrocarbon feeds.

1.6 Tuning the Distribution of Al for the Production of Propylene

A capable strategy has been suggested in adding to the incorporation of heteroatoms and hierarchization
treatment. It involves affecting the circulation of Al atoms as well as acid centers amongst different
crystallographic locations within a particular zeolite framework (76). The influence of distributing Al in the
framework of ZSM-5 was investigated by Sazama et al (77) through monitoring the conditions of the zeolite
synthesis. This was done by performing catalytic cracking of 1-butene by using ZSM-5 zeolites that have
comparable Si/Al framework ratios and crystal sizes. However, these zeolites have relative concentrations of
close and single framework Al atoms that are not the same. They found out that the catalytic cracking of
butenes and octenes is supported by the distant single Al atoms whereas the HT reactions that lead to the

formation of aromatics are enhanced by close Al atoms.

Wu et al (78) made a comparison between a template-free ZSM-5 with a ZSM-5 zeolite fabricated using aid
of TPA". The template-free ZSM-5 was also improved by impregnating with tetramethyl orthosilicate
(TMOS). This is done to remove the acid sites that are on the crystal surface. During the synthesis, TPA"
supported ZSM-5 reveals a better position of acid sites at the channel intersections, in agreement with the
position of TPA". In contrast, the template-free ZSM-5 displays a remarkable higher amount of Al placed in
pore channels. These results agree with the ones previously reported by groups of Dedecek, Kubota and
Tatsumi about the influence of synthesis conditions on ZSM-5 (79,80). Consequently, at a butene conversion
of ~ 93% the template-free ZSM-5 leads to a rise of 5 wt. % [from ca. 46 to 51 wt. %] in the yield to
propylene plus ethylene. Modifying with TMOS reduced the conversion of butene and caused an increase in

ethylene and propylene yield.
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A slight dealumination process was proposed by Jin et al for adjusting the acidity of ZSM-5 that is also
relevant to Y and Beta zeolites (81). The method was then named “dry steaming dealumination” since this
kind of treatment does not require extra steam or chemicals. The dealumination was done at temperatures
above 400 °C by using the self-adsorbed water on the zeolite. As a result, it is easier to control the operating
variables and treatment procedure compared to the conventional steaming process. Ibanez et al (82)
investigated the outcome of this modification through catalytic cracking of 1-butene. They noticed that
strong acid sites and tetrahedral framework of Al species that are situated inside the micropores and some
extra-framework species distorted as dealumination took place. Moreover, the density of the acid sites was
moved to the intersections of the zeolite micropores with weaker acidity. This leads to the selective
suppression of HT reactions, with the corresponding increase in selectivity towards propylene. The
selectivity towards propylene got boosted up to 69 % by a 500 °C steamed catalyst, with a decrease of 34 %
in coke deposition than when using a parent ZSM-5 zeolite with Si/Al = 15. Therefore, the use of modified
mesoporous zeolites has been found to be the best materials for catalytic cracking in order to improve the

selectivity towards propylene.

1.7 Conclusion

The use of mesoporous zeolites for catalytic cracking of paraffins and intermediate olefins is a promising
method to enhance the yield of light olefins, particularly ethylene and propylene. The best advantage of
using mesoporous materials is the fact that bulky molecules are able to move to and from the active sites of
the intracrystalline zeolite. The existence of bigger intracrystalline pores in zeolites allows cracking of heavy
molecules to occur inside the mesopores (83). In this study, the use of hierarchical macro-/mesoporous
zeolites ZSM-5 zeolite crystals with variable Si/Al ratios have been investigated through catalytic cracking
of hexane, dodecane and tyre derived oil to enhance selectivity to propylene. Catalytic cracking makes use
of lower temperatures of roughly 450-650 °C during the production of light olefins and leads to more
favourable propylene to ethylene ratios. Furthermore, catalytic cracking processing of light naphtha offers an
opportunity to produce high value hydrocarbons with high octane number. Therefore, catalytic cracking is
found to be a flexible route to produce both ethylene and propylene and has been considered as a best

substitute for thermal cracking (83).
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CHAPTER 2: Introduction to Zeolite Science and Practice

Chapter Overview

Chapter 2 provides a brief historical background on zeolites, specifically ZSM-5. The factors that affect the
synthesis of zeolites, including the different methods used to synthesize and modify hierarchical zeolites
have been discussed. Furthermore, the effects of the physical and chemical properties of the hierarchical
zeolites on the performance of the catalyst are also discussed. The research aims, objectives, motivation of

research and outline are also included.

2.0 A brief historical background of zeolites

2.1 Zeolites

Zeolites are crystalline, microporous aluminosilicate materials that contain pores of molecular sizes. They
are made from connecting tetrahedrons of AlO, and SiO, together, forming crystalline structures with
different framework arrangements. A basic aluminosilicate framework structure is used to make up all
zeolites. This framework structure has aluminium [Al*'] cations as well as silicon [Si**] cations that have a
tetrahedral arrangement. Four oxygen [O%] atoms surround the aluminum and silicon atoms, having each
[O?] inside the Al-O and Si-O bonds that connect two cations. This is shared between two tetrahedrons
resulting to a macromolecular three-dimensional framework of SiO, and AlO, tetrahedral building blocks as
shown in Figure 8. In this arrangement, each tetrahedron comprises four oxygen [O*] atoms that surround an
Al or a Si cation, causing a formation of a silicate with a three-dimensional tetrahedral structure and a Si:O
ratio of 1:2 (1). A net negative charge arise from the tectosilicate framework due to Si** ions being
substituted by AI** ions [Figure 9] and this is usually positioned in single oxygen anions that are attached on
some aluminium cation. In most cases, counter ions such as alkaline earth metals [Na®, K*, Ca®* etc]
normally balance the resultant negative sites. In other zeolites, Li*, Ba®* and Sr**counter ions are also found
(1). These ions are found on the zeolites external surface with weak electrostatic bonds that are confined

with the aluminosilicate structure (2,3). These mobile non-framework counter ions are usually exchangeable
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and are found in cavities which result from the 3-dimensional framework of Si-O/AI-O bond tetrahedra
framework. These cavities become channels when they are aligned and H,O molecules can be found within

the cavities, hence hydration can be done on zeolites using low temperatures (4,5).
4- — 5

o o o o

Figure 8: Unit building blocks formed by molecules of SiO4and AlO4 (5).
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Figure 9: A part of a zeolite formed by a tetrahedral arrangement of the Si-O and Al-O bonds (5).

Zeolites have structures that reveal consistent arrangements of pores [ca. 3-15 A] as well as porous crystals
when observed on molecular scale. Many zeolites occur naturally but they can also be produced synthetically

into many different kinds. The most widely used zeolites in the world are the synthetic varieties (6). More
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than 40 natural zeolites so far have been found worldwide and over 150 zeolites that have been synthesized.
The most regularly mined and used natural zeolites include mordenite, phillipsite, chabazite, stilbite,
analcime, clinoptilolite and laumontite. Mazzite, barrerite, offretite and paulingite are the uncommon natural

zeolites. The major synthetic zeolites include zeolite A, X, Y, Faujasite, ZSM-5 and mordenite (7).

Pore size (A)

Different zeolite frameworks

Figure 10: Most widely used zeolite framework types and their ring sizes (8).

Zeolites are usually represented as a family of open-framework aluminosilicate materials that consist of
orderly dispersed micropores in molecular dimensions. Figure 10 shows the most widely used zeolite
framework types and their pore sizes, with each given a three-letter code by the International Zeolite
Association. The names of zeolites belong to the corresponding framework type. For example, LTA means
Linde Type A, [Zeolite A], MFI means Mobil Five [Zeolite ZSM-5 and Silicate-1], FAU means Faujasite
[zeolites X and Y] etc. Other widely used zeolite framework types include Mordenite [MOR], Chabazite
[CHA] and Sodalite [SOD]. Based on the Si/Al molar ratio, these zeolites are classified/graded as low,
intermediate and high silica zeolites as presented in Table 2 below (8-10).
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Table 2: Grades of zeolites with different Si/Al molar ratio (10)

Si/Al
Zeolite grade Some common mineral names and their framework codes
molar ratio
Analcime (ANA), cancrinite (CAN), Na-X (FAU), natrolite (NAT),
Low silica <2
phillipsite(PHI), sodalite (SOD)
Intermediate silica 2-5 Chabazite (CHA), faujasite (FAU), mordenite (MOR), Na-Y (FAU)
High silica >5 ZSM-5 (MFI), zeolite-B (BEA)

An MFI synthetic zeolite named as ZSM-5 from a pentasil family of zeolites is one of the best known and
most commonly used zeolite type (11). It is the best used zeolite as compared to the other catalysts for
hydrocarbon catalytic cracking due to its great advantages. These advantages include high surface areas,
strong acid sites, good ion-exchange ability and high thermal/hydrothermal stability (12). The ZSM-5 zeolite

is the catalyst used in this study and will be discussed in great length.

2.2 Zeolite ZSM-5

Zeolite ZSM-5 is a microporous material having a three-dimensional pore system with dimensions of 0.54-
0.57 nm and is easy to synthesize. It is a typical molecular sieve and an important class of zeolite catalyst
with a Mobil Five [MFI] topological structure. It was initially prepared in 1976 by the Mobil Oil scientists
Argauer and Landolt (13). It is found to be one of the best catalysts due to the fact that it can withstand high
temperatures and pressure (14). Furthermore, its catalytic performance can be improved by simply
incorporating other functional components and metal oxide promoters. ZSM-5 as a catalyst has high intrinsic
acidic strength and shape-selective medium-pore which allows it to have excellent catalytic properties (13—
15). It is commonly applied to liquid and gas separation, petrochemical processing and fine chemical
production, in reactions such as cracking, hydrocracking, oligomerization and aromatization (16,17).

A ZSM-5 structure is made of several pentasil units that are bonded together through oxygen bridges

creating pentasil chains. About eight five-membered rings having vertices within the rings make up a
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pentasil unit. An oxygen atom is expected to bond between these vertices of Al or Si. Corrugated sheets
consisting of 10-ring holes are formed when the pentasil chains are interconnected by oxygen bridges. An Al
or Si as vertices is found in each 10-ring hole having an O that is assumed to be attached between each
vertex just like the pentasil units. A straight structure composed of 10-ring channels is formed when oxygen
bridges bond with each of the corrugated sheets. These channels run parallel to the corrugations and
sinusoidal 10-ring channels perpendicular to the sheets (18). The sheets have adjacent layers that are
occupied by a reversal point and the pore sizes of the channels that run parallel with the corrugations are

estimated to be 5.4-5.6 A (19). Figure 11 below shows a molecular structure of a ZSM-5 zeolite.

Figure 11: A ZSM-5 zeolite molecular structure displaying well-defined channels and pores within the

zeolite (5).

2.3 Synthesis of zeolites

The formation mechanism of zeolites has been studied at a great extent for a long period of time and great
progress has been made with respect to zeolite synthesis methods. Zeolite synthesis involves finding the
conditions that are suitable enough for the formation of their structures from mixtures that contain the silica
[SiO;] and the alumina [AIl,O3] source. This is due to the fact that zeolites are porous materials containing

aluminosilicate compositions. Mineralizing agents are normally added to the solution because the silica and
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alumina solubility in water is low. This causes the mixture to solubilize and leads to formation of Si-O-Si
and Si-O-Al bonds. A hydrothermal process is normally used for synthesizing zeolites, making use of silica
and alumina source as reagents as well as structure directing templates such as quaternary ammonium salts
and mineralising agents (20,21). Zeolite formation depends on the parameters such as aging, temperature and
the seeding process. The formation depends on the exact composition of the synthesis gel including pH,
water content, Si/Al ratio, silica and aluminum source, type of template, template concentration and ionic

strength (22). The factors affecting zeolite synthesis are discussed in further detail in the following section.

2.4 Factors that affect zeolite synthesis

During the hydrothermal synthesis, the zeolite synthesis is usually challenging and affected by different
factors. These factors include temperature and pressure, reactant sources, batch composition, Si/Al ratio,
water content and seeding as observed in Figure 12 below. Other factors may also include alkalinity, pH,
organic templates, aging, inorganic cations, nucleation and growth (23,24). Some of the main factors which

cause an influence in the type of zeolite obtained after the synthesis are highlighted below.

... .agent_ o
Catalyst

emperature

Pressure

Figure 12: Different factors that affect the zeolite synthesis (25).
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2.4.1 Si and Al reagents

Suitable silica reagents are defined as any silica sources that can be solubilized under hydrothermal
conditions. They have common reagents that include fumed silica, sodium and potassium silicates, colloidal
silica, precipitated silica, and alkoxy silanes such as tetraethyl orthosilicate. To remove the formed alcohol
from alkoxy silanes, a hydrolysis step followed by the evaporation step is normally required under basic or
acidic conditions to convert it into silica. The suitable alumina reagents are defined as any alumina sources
that can be solubilized under hydrothermal conditions. Aluminum metal, aluminum hydroxide, gibbsite,
neutral aluminas such as aluminum metal, meta-kaolin, acidic aluminas such as aluminum sulfate, basic
aluminas such as sodium and potassium aluminates, boehmite aluminum nitrate, aluminum chloride and
aluminum alkoxides such as aluminum isopropoxide and aluminum sec-butoxide are all common examples
of suitable alumina sources. To achieve perfect homogeneity and reactivity of the starting synthesis gel, the
neutral aluminas are normally dissolved in the hydroxide reagents before being added to the remaining
ingredients. Upon deciding on what alumina reagent should be used, there are effects that need to be

accounted for such as acidity, alkalinity, additional cations and any alcohol that may be formed.

2.4.2 SiO,/Al,03 molar ratio [Si/Al]

The SiO,/Al,O3 molar ratio is vital in the hydrothermal synthesis process. It is believed to be associated
exactly to the acidity, catalytic activity and the sorption of the zeolite materials as well as their
thermal/hydrothermal and chemical stability. Zeolite types such as type A [LTA], X [FAU] and
hydroxysodalite [SOD] have low Si/Al ratio [Si/Al < 5]. These types are made from reaction mixtures
having strong alkalinity and a low SiO,/Al,O3 molar ratio. The zeolites types such as beta [BEA], ZSM-5
[MFI], and ZSM-11 [MEL] are referred to as high Si/Al ratio zeolites [Si/Al > 5]. A gel containing a high
SiO,/Al,03 molar ratio and weak alkalinity or in neutral F* medium is used to make these types of zeolites.
Flanigen et al. (26) reported zeolites that are synthesized from a SiO,/AlI20; molar ratio [Si/Al > 10]
comprising a variation of pore sizes from 0.4 to 0.8 nm. These types are found to be organophilic and
hydrophobic, and include a variant of zeolites Y, beta and ZSM-5. According to Jihong (27) the required

final product is not guaranteed by changing the Si/Al ratio within the original reaction mixture, unless if the

http://etd.uwc.ac.za/
38




synthesis is in effective conditions for a particular zeolite. Therefore, the Si/Al molar ratio in the first

reaction does not have a quantitative correlation with the one in the final product (23,28,29).

2.4.3 Organic Structure Directing Agent

Organic structure-directing agents [OSDAs] are used to control the development of certain kinds of channels
and pores during the synthesis of zeolites (30). Zeolites are normally prepared from aqueous gel solutions
that contain different heteroatom sources, inorganic and/or organic cations that act as structure directing
agents [SDA], and the mobilizing agents e.g., hydroxyl or fluoride anions (31). To synthesize the new zeolite
frameworks, the use of organic structure directing agents OSDAs is found to be one of the most important
approaches. In zeolite synthesis, OSDAs are mainly used to make the development of a zeolite that would
not form if it may not be used. Furthermore, the OSDAs have an impact on the gel chemistry to cause
different precursors to form once they are used as a gel modifier. These different precursors go on to
crystallize a framework material. In several circumstances, the OSDA is the template around which the
species of silica and alumina within the gel preparation first organize and then condense to form a zeolite

with cages and/ or channels of the framework that match the size of the OSDA.

Effective OSDAs have important parameters such as size, rigidity, shape and hydrophobicity. Zeolites
containing bigger cages and channels are formed by larger OSDAs due to that they are combined in the
pores of the zeolite (32). Flanigen (33) proposed that the inorganic cations comprise a structure directing role
that is restricted and they also have an impact in the ordering of water molecules in a solution. Water
molecules are also found to generate areas of micro-organisation that lead to nucleation centres when they
are subsequently displaced by the silicate and the aluminate species. The formation of zeolites is highly

influenced by templates or SDAs (20) by:

1. Influencing the gelation or/- nucleation process.
2. Making a chemical potential of the lattice to be lower.
3. Contributing to the stability through H-bonds and other weak interactions.

4. Using geometry to control the way a specific structure forms.
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2.4.4 Effect of the Water Concentration

Producing zeolite catalysts following the hydrothermal method always require the use of water as a solvent
in the presence of SDA. Water is found as a perfect solvent for solubilizing the silica, alumina, inorganic and
SDA cations in the presence of hydroxide and fluoride mineralizing agents. Water normally acts as a [i]
accelerator of chemical reactions, [ii] space filler, [iii] hydrolyser and reformer of the M-O-M bond [where
M and O denote metal atom and oxygen, respectively], and [iv] viscosity maintaining agent. For the zeolite
materials, crystal growth as well as nucleation is believed to be influenced by these non-solvent influences of
water. At the surface of the growing crystal, water is a vital factor in the basic condensation reaction between
silica and the alumina species. To increase the yield of the synthesis for large scale zeolites and to ease the
mass transfer of the synthesis gel, H,O/Si levels of greater than 25 are used to accomplish this (32). The
structure directing ability of the template can be influenced by the amount of water used during the
preparation of zeolites with high silica. This leads to the formation of different zeolites structures when the
same SDA is used (34). Hydrothermal and steam assisted methods are the most widely used to synthesize
zeolites using water as a solvent.

Steam assisted crystallization [SAC] also known as a dry gel conversion [DGC] method, is one of the most
preferred procedures for the preparation of hierarchical zeolites. Unlike the hydrothermal technique, water
vapour is used in this method to treat the dry gel so that in the crystallization process, the zeolite precursors
have proximity. This can help increase the zeolite yield and form the preferred phase (35-37). Some benefits
of using DGC include good control over particle size and texture, low energy and SDA consumption, and it
can also maintain the synthesis gel composition, especially for the Si/O,/Al,0; molar ratio in the final
materials. An amorphous mixed oxide is used in this technique, prepared as a dry gel and then treated under
hydrothermal conditions with the use of steam and a structure directing agent. During the steaming process,
the crystallization of the zeolite has been recommended to go through an orientated additional route, which
involves the collection and orientation of small crystallites that lead to the formation of bigger crystals. This
technique is different from the hydrothermal synthesis of zeolites according to this proposed mechanism
(35). On the other hand, hydrothermal synthesis technique refers to reactions taking place beyond room
temperature with 1 bar of pressure in an aqueous solution and closed system. It is classified into two
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synthetic reactions namely, subcritical and supercritical. Supercritical synthesis consist of very high
temperatures, roughly 1000 °C and pressure of up to 3000 bar, whereas the temperatures in subcritical
synthesis are only in the range of 100-240 °C. Hydrothermal synthesis of zeolites is normally done using
sealed Teflon-lined steel autoclaves (24). The synthesis is usually performed in a basic [high pH] medium by
mixing together amorphous reactants that have silica and alumina with a cation source. The reaction mixture
in an aqueous solution is heated in Teflon-lined steel autoclaves at high temperatures, normally above 100
°C for a specific zeolite. The reactants remain amorphous for a period of time [induction period] after raising
the synthesis temperature, and then the crystalline zeolite product is detected after this period. An equal mass
of zeolite crystals basically replaces all the amorphous material. The zeolite crystals are then improved by
filtering followed by washing and then drying (38). The advantages of hydrothermal technique include low

energy consumption, low air pollution and easy control of the solution and high reactivity of reactants (24).

2.4.5 Crystallization temperature and time

Temperature and time are the most essential and required crystallization conditions for a specific type of a
zeolite. This is due to the fact that every anticipated zeolite phase has a distinct temperature range at which it
can be synthesized (23). Crystallization temperature can strongly affect nucleation and the growth of
crystals. The temperature is directly proportional to the crystal growth rate and the nucleation rate.
Therefore, increasing temperature will lead to an increase in both factors. However, crystallinity will
normally increase with an increase in crystallization time. In the work developed by Ciric (39), Kacirek and
Lachert (40), they found out that the growth mechanism and the nucleation in the formation of a zeolite is
influenced by crystallization temperature. Nevertheless, Zhdanov and Samulevich (41) explained that as the

crystallization temperature increase, the growth and the nucleation rates also increase.

The crystallization conditions, temperature and time affect the final product formed. Ostwald’s rule of
successive phase transformation states that the initial metastable product forms first, which can then convert
into a more stable and usually undesirable product with time. More thermodynamically stable, low porosity
zeolites or non-porous dense phases such as quartz and cristobalite are more likely to form when high

temperatures and longer periods of time are introduced. An amorphous or a partial crystalline product may
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be formed when crystallization is very short. On the other hand, impurities may start to form when the
crystallization time is too long. Crystallization time may also be longer when the synthesis temperatures are
low. At high temperatures, denser phases may begin to crystallize at a short period of time even before the

desired product is recovered (32).

2.5 Hierarchical zeolites

Hierarchical zeolites refers to the all the materials that contain micropores having two classes of pores (32).
These hierarchical porous structures exhibit at least one extra pore system as an example of a secondary
porosity. As established by the IUPAC classification, the extra porosity is normally in the mesopore size
range having diameters starting at 2-50 nm or macropores larger to even greater than 50 nm. The purpose of
this arise from the fact that hierarchical zeolites aim to promote entrance of large molecules to active sites of
the catalyst while they also sustain the acidity and the crystallinity of the original zeolites (42,43). Studies
have been conducted for the catalytic cracking of hydrocarbons using different zeolite types as catalysts.
Among these catalysts, the suitable and most commonly used zeolite is an acidic type known as ZSM-5.
However, the zeolite ZSM-5 has its own drawbacks. It has acid sites that are not in use, a long diffusion
pathway and a modest microporous structure that allows it to possible be deactivated by deposited carbon
(12). For hydrocarbon cracking reactions to occur, strong acid sites are needed for such reactions to be
successful. However, when there are too many strong acid sites present within the catalyst, reactants start to
over-react on them and become converted into aromatic hydrocarbons or deposited carbon which leads to the
deactivation of the catalyst (12). Furthermore, a highly acidic zeolite life-time decreases because the high
acidity leads to coke formation to increase on the surface of the catalyst, which may block its micropores and
cause deactivation. Lastly, the distribution and the transfer of reactants and products inside the pores
becomes limited because of the zeolite crystal size being bulky as compared to its micropores (44). Figure
13 below shows blocked bulky products bouncing back on a normal zeolite with only micropores but having
free access on the hierarchical zeolite with both micro- and mesopores. Therefore researchers have

thoroughly investigated the use of a ZSM-5 as the best candidate in catalytic cracking of hydrocarbons and
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have endeavoured to improve its catalytic activity through various modifications of its porosity, acidity and
crystal structure. The cracking of hydrocarbons has now been practised by various groups of researchers by

making use of mesoporous ZSM-5 zeolites.

Zeolle Hierarchical Pore Structure Zeolite
Chemical Treatment

for controlled
MEesSopOros:

-

L ]
i \

Masopores (>2 nm)

L *

Figure 13: A parent zeolite with micropores and a hierarchical zeolite with both micro- and mesopores (45).

Hierarchical zeolites have been used regularly in reactions such as catalytic cracking, aromatization,
condensation, alkylation, isomerization, condensation and conversion of methanol to hydrocarbons [MTH]
(46,47). Introducing mesopores in zeolites have two direct effects such as [i] increasing the available surface
area to larger molecules and [ii] it reduces the intra-crystalline diffusion length. Hierarchical zeolites
generally display properties such as less coke formation and conversion of large reactants with greater
activities and selectivity. These properties are all related with the easy access to the active sites and a
reduced contact time for intra-crystalline diffusion. When hierarchical zeolites are used as adsorbents or

separation media, they tend to reveal improved adsorption kinetics compared to conventional zeolites (48).
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2.6 Methods used to synthesize hierarchical zeolites

There has been an extensive growth of interest in the research of hierarchical zeolites over the past years.
Researchers have done substantial work on different synthetic strategies to prepare hierarchical zeolites and
developing a variety of methods to synthesise them. This leads to the development and publication of
numerous literatures every year (48,49). Hierarchical structures can be obtained using two major techniques

known as the top-down and bottom-up approaches.

In top-down approach, post-synthetic methods are classified into three groups as [i] demetallation
[desilication and dealumination], [ii] delamination and assembly and [iii] mixed techniques also known as
dissolution/recrystallization are used to present an extra porosity into conventional zeolite crystals. This is
done by using destructive and extractive processes to eliminate the zeolite crystals that were already formed
(32). The post synthetic methods that represent the top-down approach and most regularly studied are the
desilication and the dealumination approach. In this approach, microporous zeolites are initially used and
then at a later stage modified synthetically to form hierarchical zeolite structures (50). Dongmin et al (51)
performed desilication by alkali treatment to enhance the heavy oil cracking ability of ZSM-5. The results
obtained reveal that desilication by NaOH, NaOH/ [HN4]sPO, and NaOH/AI [NOs]s solutions can all
generate a mesoporous structure to ZSM-5 zeolite. The highest mesoporous surface area was demonstrated
by the ZSM-5/ NaOH/ (NH;)3PO,-F. After the hydrothermal synthesis, a low relative crystallinity and less
acidic sites were demonstrated by the ZSM-5/ NaOH than the parent ZSM-5. However, the NaOH/
(NH4)3PO,4 and NaOH/AI (NO3); modified ZSM-5 samples maintained a good hydrothermal stability. A
higher catalytic activity was exhibited by NaOH/ [NH4]sPO4 and NaOH/AI [NOgs]; modified ZSM-5
samples than the ZM-5/ NaOH and parent ZSM-5 in catalytic cracking of vacuum gas oil [VGO]. Especially
for NaOH/ [NH4]sPO4 modified ZSM-5 sample, an increase in conversion of VGO from 78.91 to 85.13 %
and an increase in the yield of propylene from 15.01 to 18.83 % were observed. Hartanto et al (52) studied
the effect of alkaline treatment in the properties of hierarchical ZSM-5 prepared by post-synthesis
desilication. An aqueous solution of NaOH was used to treat the ZSM-5 zeolite with different concentrations
of 0.25, 0.5, 1.0 and 2.0. The highest crystallinity was achieved by NaOH 0.25M.The increase in NaOH

concentration caused the particles of ZSM-5 to decrease in crystallinity severely. Furthermore, the mesopore
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is extremely reduced at high concentrations, forming macropores. The occurrence of micropore and
mesopore in all samples indicates that the alkaline treatment succeeded to form hierarchical ZSM-5 using
different NaOH solution. Meng et al (53) studied the effect of dealumination of HZSM-5 by acid treatment
on catalytic properties in non-hydrocracking of diesel. Modified HZSM-5 zeolites having different
concentrations of HCI and different acid types were created. After dealumination by H3PO, and HCI
treatment, the mesopores were prepared successfully in the HZSM-5 zeolites and the acid sites were
rearranged. The hydrochloric acid treated sample [HZ-1.0HA] demonstrated the best gasoline yield and

diesel non-hydrocracking activity.

In the bottom-up approach, three preparation strategies known as [i] hard templating, [ii] soft templating
and [iii] non-templating methods are used when preparing hierarchical zeolite systems. Constructive and
consecutive crystallization processes are always used during the creation of hierarchical zeolites. During the
procedure of the zeolite development, it is already taken into attention to implement an extra pore system
when using this approach. To accomplish this, a second function is added into the crystallization system by
using [i] a different template as compared to the microporous [SDA], [ii] a template that can function in
various ways [iii] a growth-modifying additive, or [iv] between at least two closely related crystal systems,
use an intergrowing approach, and [v] a targeted-oriented aggregation process of preformed zeolite [nano]
crystals. The soft-templating method was used in this study and is explained in detail in the following

section. The top-down and bottom-up approaches are schematically represented in Figure 14 below.
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Top-down Strategies Bottom-up Strategies

Figure 14: A diagram representing different hierarchical zeolite development approaches (54).

2.6.1 The bottom-up approaches

2.6.1.1 Hard-templating

When preparing hierarchical zeolites, hard-templating technique [also known as solid-templating] normally
makes use of hard templates since they make it easy to generate mesoporosity by simple calcining them out
after synthesis (55). Figure 15 below shows how the phosphate/phosphonate materials with accessible
mesopores are obtained after removing the template by calcination/solvent extraction in both soft-templating
and hard-templating approaches. Two conditions for this method are usually used: [i] using tiny carbon
particles that are amorphous, e.g. splitting carbon black elements that have sizes of about a ten of nanometres
within the zeolite synthetic gel. During the crystallization period of a zeolite, the carbon particles combine
with the produced crystals and create mesopores just after the calcination step (56). However, during

crystallization process, other zeolites are not persistent enough to accommodate impurity and so they limit
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the achievement of this approach to MFI zeolites (57). [ii] Restricting the zeolite growth inside the empty

spaces of the porous carbon (58).

(a) Soft-templating method

Template removal

Precursors ) %@ —

(b) Hard-templating method

Preformed

template . ‘
Precursors ) ‘. &

Loading & @ O

conversion

;'

Figure 15: Schematic representation of template removal from soft-templating and hard-templating method

(59).

Carbon black, carbon nanotubes and/or carbon nanofibers, carbon aerogel and other diverse well-ordered
mesoporous carbon replicas are generally used as hard templates (15,60). Depending on the association and
the arrangement of the templates during the synthesis route, carbon templates have an advantage of
generating an extensive range of mesoporous structures, from being greatly well-organized and
interconnected (56). Soltanali et al (61) synthesized mesoporous beta catalysts in the presence of carbon
nanostructures as hard templates for use in the methanol to olefin [MTO] process. Carbon nanotubes, carbon
nanofiber and graphene oxide templates were used to prepare three beta catalyst samples to study the effect
of carbon nanostructures as hard templates. Another sample was also prepared in the absence of
nanostructured carbon templates. The catalytic activity of the prepared catalysts was compared in the MTO
conversion reaction at WHSV of 8.0 h™, atmospheric pressure and temperatures of 400 °C. Graphene oxide
was found to be the best active template on the pore size and mesoporosity of the Beta catalyst. The
performance and lifespan of the catalyst were enhanced by increasing the mesoporosity.
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2.6.1.2 Soft-templating

A facile soft-template method refers to supramolecular units like self-assembled arrangements of structure-
directing molecules like surfactants, leading to mesopores of up to 30 nm. It is used to synthesize highly
ordered mesoporous carbon nanoparticles [MCNs] with well-controlled morphology from spherical to rod-
like structures (62). Surfactant molecules that are organized well within a supramolecular micelle are used to
form either mesopores or both mesopores and micropores when following this method. It is usually divided
into primary and secondary soft templating and hydrothermal synthesis is mostly used as a preparation
method. Designed surfactants are normally employed to bring together the most important building units in a
way that will create intra- or inter-crystalline mesopores in primary soft templating (63). Under the
conditions of zeolite synthesis, the surfactant micelle is flexible when comparing it with the hard templates
and that is why the micelle is referred to a “soft template”. The molecular operation of the functional groups
as well as the geometrical packaging parameter of the surfactant is a benefit to the surfactant molecule to
control the structure. Supporting extracts like swelling agents [normally trimethylbenzene], inorganic salts
and co-surfactants are used to control the packaging parameter (64-66). In the soft templating approach, two
functions are being fulfilled by the surfactants [i] for the formation of a zeolite, the hydrophilic part acts as a
structure directing agent [e.g. di- or multi or multi-quaternary ammonium surfactants] or anchors the
surfactant into the zeolite [organosilane surfactants] while the hydrophobic part acts as a mesoporogen
(67,68). Secondary soft templating approach makes use of commercially available surfactants such as

cetyltrimethylammonium bromide [CTAB].

Figure 16 below shows a proposed micro-emulsion mechanism. During the experiment, soft templates
cetyltrimethylammonium bromide [CTAB] and tetrabutylammonium hydroxide [TBAOH] for the micro-
and meso- structures were used, respectively. The macroporosity was created by adding ethanol during the
synthesis. The steam-assisted route was used to achieve the mesoporous framework crystallization into
zeolite. During the thermal treatment, adding ethanol in the mixed solution is believed to form an ‘oil-in-
water’- like micro-emulsion. The droplets of ‘0il” in the system could possible lead to the formation of the
macropores in the zeolite particles. An ‘ethanol-in-water’ micro-emulsion is believed to form under correct

volume ratios of ethanol/water from 13:4 to 10:7 in this case. This is done with support of a surfactant,
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CTAB, with the hydrophobic groups of the surfactant being extended into the ethanol droplets whereas the
hydrophilic ends exist in the water phase. When the zeolite seeds are comprised into the emulsion above, the
hydrophilic species, together with the zeolite sub-units and silica precursors should remain in the water
phase. The hydrophilic inorganic precursors and free CTAB are believed tp form a mesoporous structure.
Ethanol and water evaporate during the gelation and drying process. This allows the self assembly route to
make the mesoporous structure more odered. The mesoporous framework crystallization, the macropore
formation and the self assembly of the mesoporous structure may occur at once during the drying and
steaming processes. The mesoporous framework crystallization and the self assembly may be incomplete
after the steaming process and therefore, might continue and complete during the calcining step (69). This
micro-emulsion mechanism has been adopted and used in the current study for the formation of hierarchical

zeolites with different Si/Al ratios.
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Figure 16: The fabrication of hierarchically porous tri-modal zeolites using a proposed micro-emulsion

mechanism (69).
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2.6.1.3 Non-templating

Non-templating method only makes use of microporous structure-directing agents and does not take into
account any hard/soft templates when forming mesopores in zeolites. The production of zeolite single crystal
domains with mesopores that are intracrystalline as well as the synthesis directly by nanocrystal assembly
having interstitial spacing as mesopores are some of the non-templating methods used to produce
hierarchical zeolites. The development of precursor nanoparticles and their growth to zeolite crystals takes
place in the non-templating approach since it involves critical control over zeolite crystallization. A dry gel
conversion [DGC] or a conventional hydrothermal treatment is commonly preferred by the nanocrystal
assembly of hierarchical structures and a synthetic environment that prefers nucleation over the crystal
growth is essential (50). In the course of hydrothermal synthesis, the adjustment of aggregation, crystal
growth and nucleation helps to control self-assembly of nanocrystals during the formation of hierarchical
zeolites having additional mesoporosity. Inter-growing crystallization procedure can also be done with the
routine of DGC technique like steam-assisted crystallization instead of using the hydrothermal
crystallization. Under thermal or mechanical stress, it is likely to lose the extra mesoporosity. Most of the
time, this mesoporosity is unstable and is influenced by the degree of intergrowth. Excessive crystal
twinning is one of the promising techniques used to form hierarchy by generating the extra porosity through
zeolite synthesis (70). Shestakova et al (71) investigated the influence of template free-free conditions, seed-
assisted synthesis of hierarchical ZSM-5 zeolite on its particle morphology, texture and crystallinity. They
proposed a promising technique to reduce the template intake by three times during the fabrication of ZSM-
5. They established that [i] the crystallinity of the resulting zeolite ZSM-5 was affected by the crystallinity
and the concentration of the seed, [ii] the phase purity of the zeolite was affected by the concentration of
NaOH in the reaction mixture and [iii] and increase in the Al,O3/SiO, molar ratio from 0.01 to 0.04 in the
reaction mixture with Na,/SiO;, = 0.3 leads to a decrease in the crystallinity of the sample. The synthesized
zeolite has a significant mesopore volume of 0.100 cm® g that indicates its hierarchical pore structure as

compared to the commercial sample which has bulky intergrowths of crystals.
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2.7 Influence of physical and chemical properties of hierarchical zeolites on catalysis

Zeolite materials are classified as microporous materials. They exhibit a number of unique properties when
they are applied in catalysis. These properties include large surface areas, strong acidic centres, high thermal
stability and a well-defined system of micropores. Regardless of the advantages they possess, these
materials also show diffusion limitations when branched molecules or large molecules are used in the
reaction (72—74). Diffusion limitations results from the relative rigid zeolite framework and cause active
sites to be difficult to access when reactants larger than the pore sizes are present in the microporous zeolite
catalysts (32,57). Not all of the zeolite active sites participate in the catalytic reaction because the mass
transport to and from the active sites is being limited. Only 10% and below at the edge of the large crystal
might take part when there is this diffusion controlled regime. Furthermore, diffusion limitation leads to a
short life span of the catalyst due to its influence on coke formation and hence catalyst deactivation.
Diffusion limitations are generally experiential for solid materials that contain micropores. The transport to
different reagents to and from the active sites is reduced by low diffusivities (49). Hierarchical zeolites that
possess at least two levels of porosity, mainly in the mesoporous range are considered to improve these
limitations. Generally, hierarchical zeolites should easily allow access of large reactants to catalytically
active sites, but also maintaining the crystallinity and the acidity of the original zeolite (50,74). Therefore,
an ongoing research has been done to develop more effective methods to synthesize microporous and

mesoporous materials.

Hierarchical zeolites are prepared using two major techniques known as ‘’top-down’’ which include
dealumination, demetallation and recrystallization and “bottom-up” which include soft templating, hard
templating and non-templating (74). The physical and chemical properties of hierarchical zeolites such as
surface area, porosity, acidity and crystallinity are affected when prepared using these different methods.
Removal of framework atoms such Al [dealumination] and Si [desilication] from the structure is one of the
common approaches used to synthesize mesoporous zeolites by generating a secondary porosity in the
zeolites. However, the use of these methods has a main disadvantage of destroying the zeolite structure
during the processing and does not permit accurate control of the density, size and shape of mesopores (75).

During the “desilication” method, the attained hierarchical material is characterized by the occurrence of the
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secondary system of mesopores within each grain, but still retaining its acidic properties and microporous
character. However, the structure and acidic properties of the attained materials gets affected during the
introduction of an extra pore system during the desilication process (76). Secondly, it regularly leads to a
loss of microporosity. For example, for zeolite ZSM-5 with Si/Al ratio of 42, the specific surface area of
mesopores was found to be 272 m?/ g and 50% of the porosity lost was recorded [the pore volume decreased
from 0.17 cm*/ g to 0.09 cm®/g]. Therefore, the desilication method needs to be performed in a way that will
produce an extra mesoporosity with little or no loss of the micropore volume and no side effect on the acidic
properties of the produced materials (77). On the other hand, during the “dealumination” method, the
removal of the aluminum atom is guided by incomplete breakdown of the zeolite structure and the
development of vacancies. These vacancies create an extra porosity, mostly in the mesoporous range in the
microporous structure of zeolite. However, serious changes may occur in acidic properties of the zeolite
when removing the aluminum atoms. This depends on the applied method of dealumination. Furthermore,
dealumination could possible lead to poor association and diffusion of the produced pores, followed by
serious damage of crystalline properties in adverse processing conditions (78). This has motivated the

searching for new methods of generating mesoporosity.

The bottom-up technique escapes these drawbacks and makes use of hard, soft and template free methods.
However, in hard templating, a solid template is added during the synthesis to generate limited spaces
around where the growing zeolite crystallizes. The hard template materials are then extracted using high
temperature combustion, leaving mesoporous voids behind. Furthermore, it makes use of expensive
templates that are commercially unprofitable. The use of template-free method has a few environmental and
economic advantages such as speeding up the development of the preferred phase, reducing the amount of
the used molecular template, and makes it easier to control the morphology and size of the resulting zeolite
crystals. However, it is not an easy task to generate a controllable macro-/and mesoporosity without making
use of the necessary templates. Therefore, this makes the soft-template method to be the best one so far due
to its economic and environmental advantages, leading to its widespread use. The advantages include

abundant and inexpensive template use; it does not destroy the zeolite structure and it is easier to control
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the morphology and the creation of mesopores when using soft-templates during the fabrication of

hierarchical zeolites (49,79).

Researchers have been preparing mesoporous zeolites while maintaining its microporosity by using the soft-
templating method since it is easier to control the mesopores and the morphology of the zeolites. The
synthesis of hierarchical tri-modal porous ZSM-5 zeolites, Hp-ZSM with a controllable macroporosity was
reported by Junjiang et al (69), synthesized via steam-assisted conversion route in the presence of ethanol.
The prepared materials were a new kind of hierarchical porous ZSM zeolite [Hp-ZSM] having well defined
macro-/meso-/ microporous structures, a mesoporous ZSM-5 [meso-ZSM-5], a conventional ZSM-5 and an
aluminum doped MCM-41 type [Al-MCM-41]. The catalytic performance of these materials was tested on
catalytic cracking of benzaldehyde. The Hp-ZSM revealed high hydrothermal stability and high activity
when compared to the other catalysts. They deduced that the continuous high activity of the Hp-ZSM could
be attributed to the free and efficient diffusion of reactant/ product molecules that pass through the macro-

and mesoporous network.

2.8 Problem Statement

ZSM-5 zeolites are attractive in the research industry due to their unique alumina crystalline structure and
high surface areas. They are extensively used in various crude oil and chemical refinery processes and also
in the petroleum and petrochemical industries as heterogeneous catalysts since they impose strong acidity,
are highly thermal and hydrothermal stable, have superior shape selectivity and uniform micropores (17,80).
However, the ZSM-5 zeolite catalyst suffers from low diffusion restrictions of the bulky reactants and
products. This is caused by their small pore size which leads to slow transportation of bulky reactants and
products to and from the active sites causing blockage within the zeolite crystalline when involved in the
process. In the process of catalytic cracking, the diffusion of products becomes a challenge due to the
microporous structure of ZSM-5. As a result, coke formation takes place due to the products being blocked
in the micropores of the ZSM-5. These regular micropores have sizes normally from 0.54-0.57 nm, leading

to transport limitations in catalytic applications (81). ZSM-5 zeolite catalysts also have acid sites that are not
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in use, a long diffusion pathway and a modest microporous structure may cause it to possibly be deactivated
by deposited carbon. Furthermore, a highly acidic zeolite life-time decreases because the high acidity leads
to coke formation to increase on the surface of the catalyst, which may block its micropores and cause
deactivation (12). This leads to a restriction of reactions catalysed by zeolites in many industries such as
cracking, oxidation, isomerization, esterification as well as alkylation because they cannot function at their
best potential. A lot of complex side reactions such as aromatization, polymerization and alkylation take
place during cracking, causing coke to be formed on the catalyst. This reduces the conversion rate and
product selectivity (14,82). The proposed study involves the fabrication of zeolite ZSM-5 that has variable
Si/Al ratios with mesopores and macropores which are inter-connected with a microporous network. This
should increase the pore sizes of the ZSM-5 and reduce the amount of coking that leads to the deactivation
of the catalyst. The main aim for this is to enhance the yield of olefins, particularly propylene by improving
diffusion of reactants and products to and from the catalysts, thereby also minimizing side reactions that lead

to unwanted products and coke precursors (69).

2.9 Rationale and motivation for the research

Ethylene and propylene are light olefins greatly used for their importance as feedstocks for producing useful
materials. These materials include ethylbenzene, vinyl chloride, ethylene oxide, polyethylene and
polypropylene as well as other materials. The production of these light olefins has been achieved via steam
cracking of various hydrocarbons for a number of years (83,84). The steam cracking of hydrocarbons has
been used as the main route for the production of light olefins such as ethylene and propylene that are vital
as feedstocks in the petrochemical industry and supplies more than 57% of global propylene as a by-product
to ethylene production. Another important source of propylene that produces roughly 35% of propylene
globally as a by-product to gasoline production is the fluid catalytic cracking [FCC] unit (85,86). However,
steam cracking method makes use of high reaction temperatures roughly 800-880 °C which require huge
amount of energy intake. This leads to large amounts of CO, emissions which is undesirable to the

environment and could possible cause global warming. Furthermore, steam cracking has other drawbacks
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such as restricted control over propylene to ethylene ratios in the olefins that arise from steam crackers
whereas the propylene demand is increasing at a fast rate as compared to ethylene (87,88). Hence,
researchers have tried to find ways to develop an environmentally friendly technology to improve the
production of light olefins. The catalytic cracking of the hydrocarbon feedstocks over zeolite catalysts occurs
at lower temperatures of 500-650 °C as compared to the steam cracking, and leads to more favourable
propylene to ethylene ratios (83). Zeolites, specifically ZSM-5 have been used to investigate catalytic
cracking of several types of hydrocarbons for the production of light olefins including the naphtha range.
They are useful in cracking, hydrocracking and are also widely used in the petroleum and the petrochemical
industry due to that they have high thermal/hydrothermal stability, well-defined microporosity and shape
selectivity (16,17). However, zeolites encounter the difficulty of restricted diffusion since they are
microporous materials. Creating mesopores and/or macropores that are inter-connected within the
microporous network of a zeolite but retaining its catalytic activity has been the best technique to overcome
the problem. Therefore, increasing the pore sizes in the synthesized ZSM-5 will reduce the amount of coking
that leads to fast deactivation. This study focuses on the synthesis of hierarchical macro and/or mesoporous
ZSM-5 zeolite crystals with variable Si/Al ratios in order to enhance selectivity to propylene in the catalytic

cracking of hexane, dodecane and tyre derived oil [TDQ] to produce light olefins (69).
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2.10 Research aims and objectives
The aim of this project is to synthesise hierarchical macro/mesoporous ZSM-5 zeolite crystals with variable
Si/Al ratios and test them as catalytic cracking catalysts. With this aim, the following objectives are required

to be achieved:

» Synthesis of hierarchical ZSM-5 with variable Si/Al ratio [30, 60, 90, 150, and 300] using steam
assisted hydrothermal method.

» To establish the effect of Si/Al ratio of ZSM-5 on its acidity, surface area, porosity, morphology and
crystanility.

» Characterization of the prepared catalyst using [FTIR], [XRD], [XRF], [NH3-TPD], [TGA],
[HRSEM], [BET] and [GC].

» Catalytic evaluation of ZSM-5 in the catalytic cracking of hexane, dodecane and tyre derived oil
[TDO].

» Establish the effect of Si/Al ratio on the activity, selectivity and stability of the catalyst.

» Finding the optimum Si/Al ratio for enhanced selectivity towards olefins.
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CHAPTER 3: Experimental Procedure for Catalyst Synthesis, Characterisation and

Testing

Chapter Overview

The chapter begins by outlining all the chemicals used for the synthesis of the ZSM-5 catalysts with variable
Si/Al ratios. It then discusses all the experimental procedures employed during the synthesis of these zeolite
catalysts in detail. Furthermore, a summary of the instruments as well as the characterization techniques used
in this study such as FTIR, XRD, XRF, HRSEM, NH3-TPD, TGA, BET and GC with their description are
also discussed. Lastly, the reactor description and its set-up for the evaluation of the prepared ZSM-5

materials catalysts in the catalytic cracking reaction are explained in detail.
3.0 Experimental Section

3.1 Chemicals used for synthesis
Table 3 below shows all the chemicals and reagents used in all the procedures in this study to synthesis the
zeolites. All the chemicals used were supplied by Sigma Aldrich and used as they are with no further

purifications.

Table 3: A list of chemicals and reagents used for synthesis of zeolites as well as their composition

Chemicals Assay (%)
Sodium aluminate 50-56 (Al,O3), 40 — 45 (Na,0)
Tetrabutylammonium hydroxide 40 in H,0O
Tetraethyl orthosilicate 98
Hexadecyltrimethylammonium bromide 99
Ethanol 99.8
Ammonium Nitrate 99
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3.2 Synthesis of materials
The procedures below were employed during the synthesis of hierarchical ZSM-5 zeolites with variable

Si/Al ratios.

3.2.1 Synthesis of ZSM-5 zeolite solution

All the ZSM-5 zeolites were prepared via a steam-assisted hydrothermal synthetic approach making use of
stoichiometric quantities of sodium aluminate [NaAOIl,] TBAOH and TEOS. For example, to synthesize
ZSM-5 with Si/Al ratio of 60 in the batch mixture, approximately 8.25 ml of distilled water was used to
disperse 0.0784 g of NaAOI, under continuous stirring in a 100 ml beaker. While stirring continuously, 2.74
ml of TBAOH aqueous solution was then added dropwise, resulting in a clear solution. 6.2 ml of TEOS was
then added to the solution and the stirring continued for another 2 hours. The stirrer was stopped and the

solution was left to rest overnight with no further stirring or any movement (1).

3.2.2 Synthesis of hierarchical ZSM-5 zeolite with different Si/Al ratios.

Hierarchical zeolite ZSM-5 with different Si/Al ratios of 30, 60, 90, 150 and 300 were synthesized
employing the following procedure. Approximately 1g of CTAB powder was dispersed in 7 ml distilled
water under continuous stirring using a 100 ml beaker. 10 ml of pure ETOH was then added to this solution
while stirring forming a transparent solution. This prepared solution was then added under dropwise stirring
to the zeolite ZSM-5 solution prepared in the above procedure 3.2.1, leading to a formation of white gel
crystals and then left to continue stirring for 24 hours. After stirring for 24 hours, a mixture of thick white
gel crystals was formed and dried for another 24 hours at 60 ° C using an oven. A dry white powder [4.12 ]
was obtained after drying, crushed and grinded into a fine white powder using a mortar and a pestle. A
process known as recrystallization was then performed where the zeolite powder was heated at high
temperatures of 150 °C with little addition of distilled water [5.24 ml] for 48 hours using a plastic Teflon
flask placed inside a large stainless steel autoclave. Distilled water was then used to thoroughly wash the
obtained product, which was then filtered and dried in air overnight. The final product obtained was then
calcined at 550 °C for 6 hours to remove organic agents, producing a Na-ZSM-5. The other ratios were

obtained by varying the amount of NaAlO, in procedure 3.2.1 (1).
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3.2.3 Modification of ZSM-5 with Si/Al ratio of 30

The modified Si/Al ratio of 30 was prepared following the same procedure as 3.2.1 and 3.2.2 but with some
modifications in procedure 3.2.2. The only difference was that the recrystallization process was performed at
different temperatures and time. At first, the zeolite powder was heated at high temperatures of 150 °C with
little addition of distilled water for 72 hours this time. Secondly, at 150 °C for 120 hrs, and lastly at 180 °C

for 120 hrs using a plastic Teflon flask placed inside a large stainless steel autoclave.

3.2.4 ZSM-5 ion exchange from sodium form to hydrogen form

lon exchange of Na-ZSM-5 was performed at 80 °C using a 1M solution of NH4NO3 under reflux. Typically,
50 ml of the NH4NO3 solution was used for every 1g of the zeolite and stirred for 24 hours in a round bottom
flask to obtain NH," - ZSM-5. The obtained product was then thoroughly washed with distilled water,
filtered and dried in air overnight. A ZSM-5 in hydrogen form was finally produced by calcining the NH,"-

ZSM-5 at 550 °C for 3 hrs to decompose ammonium ions (2).

3.3 Characterization of Materials

3.3.1 X-ray fluorescence [XRF] spectroscopy

X-ray fluorescence [XRF] method [Instrument PANalytical, Rh tube, 2.2 Kw] was performed in the study to
determine the Al,O3; and the SiO, contents in the prepared zeolite materials. A major element analysis was

done and the chemical composition results were determined and displayed in oxide form for each element.

3.3.2 Fourier-Transform Infra-Red Spectrometry [FT-IR]

FT-IR spectroscopic analysis was done in this study using a Perkin Elmer Spectrum 100 series Attenuated
Total Reflection [ATR] FT-IR spectrometer to evaluate the functional groups present in the synthesized
zeolite materials. The zeolite powder was first grinded into a fine powder using a mortar and pestle, and then
0.01 g of the sample was placed on the ATR diamond crystal plate in the sample slot. Basically, the

spectroscopy requires that the sample of interest to be in good contact with the crystal, therefore a force
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gauge was used and set to 65 [arb. units]. The spectra for all the samples were recorded from 400-1800 cm™

wavenumber region at room temperature.

3.3.3 X-ray Diffraction [XRD]

X-ray diffraction analysis was done in this study using a multi-purpose X-ray diffractometer, manufactured
from BRUKER AXS [Germany] with a D8 Advance diffractometer, a Lynx Eye [Position sensitive detector]
used to record diffraction data at a typical speed of 0.5 sec/step and a Cu-Ka radiation (\Ka; = 1.5406 A)
tube in a 26 range of 0.5 to 130°. The XRD analysis was done to determine the crystal structure, phase purity
and the crystal size of the synthesized zeolite materials. The XRD patterns were all taken from 0 — 60 within
a 2 0 (degree) range defined by the user with a size of 0.034° in 20. The XRD patterns were then used to

calculate the crystallinity of the prepared zeolite materials.

3.3.4 High Resolution Scanning Electron Microscopy [HRSEM]

HRSEM analysis was employed in the study to establish the surface morphology as well as the elemental
composition of the prepared zeolite catalysts. SEM images were obtained using an AURIGA Field Emission
High Resolution Scanning Electron Microscope with a SmartSEM imaging software, supplied by Zeiss
Company from Germany. The microscope uses 5 KeV for measuring images and a 20 KeV used for energy
dispersive x-ray spectroscopy [EDS]. For the analysis, aluminum stubs onto which carbon tabs were placed

were used to mount the samples. All the samples were then carbon coated prior to analysis.

3.3.5 NH3-Temperature programmed desorption [NH3-TPD]

NH3-TPD analysis was performed in this study using an Autochem Il Micromeritics chemisorption analyser
to evaluate the strength as well as the amount of acid sites in the prepared ZSM-5 zeolites. A quartz U-tube
reactor and quartz wool were used to perform the NH3-TPD experiments, whereby a small piece of quartz
wool was placed inside the U-tube reactor to support the catalyst. The experiment was performed by loading
0.1 g of the catalyst inside the U-tube reactor, on top of the quartz wool. This was then activated by simple
increasing the heat to 500 °C and holding for 20 minutes under helium flow at 30 ml/min. The catalyst was
then allowed to cool down to 120 °C under flowing helium [He], then after the gas was switched to 5%
ammonia [NHs;] to balance helium. NH3 was then absorbed at 120 °C for 60 minutes at a flow rate of 10
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ml/min. Physically adsorbed NH3 was then removed by flowing helium once more over the catalyst, then the
chemically bonded NH3 was desorbed. In this case, the temperature was ramped up to 800 °C at a rate of 10

°C/min while the flow rate was kept constant at 25 ml/min

3.3.6 Thermogravimetric analysis [TGA]

Thermogravimetric analysis [TGA] was performed in this study to determine the thermal stability and the
fraction of the volatile components on the prepared zeolite catalysts. This is done by monitoring the weight
change that take place while a simple is heated at a constant rate. A Perkin EImer STA 6000 Simultaneous
thermal analyser was used to obtain the TGA profiles of the prepared materials. The samples were heated at

a constant rate of 10 °C/min from 30 to 900 °C in argon.

3.3.7 Brunauer Emmett and Teller [BET]

BET multipoint method was used in this study to determine the pore-size distribution as well as the pore
volumes and surface area measurements of the synthesised catalysts. A Micromeritics 3 Flex. Surface Area
and Porosity Analyser was used to obtain the N, adsorption and desorption isotherms at -196 °C. Prior to N,
physiorption, approximately 0.3 g of the sample was degassed for 1 hour at 90 °C and then the temperature
was taken up to 400 °C for another 4 hours using an inert gas to remove the remaining water inside the

catalysts pores.

3.3.8 Gas Chromatography [GC]
Hydrocarbon products [liquids and gases] produced were analysed using an offline Gas Chromatography

[GC] Table 4 and 5 below shows the specifications of the used GC for both gas and liquid analysis.
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Table 4: Specifications of the GC used for gas hydrocarbon analysis

Instrument Bruker 450-GC
BR-Alumina-Na2S04, 50m x 0.53 mm ID x 10 pm
Column
Detector Temperature FID @ 375°C
Carrier Gas Helium
Injection Temperature 220°C

Oven Temperature Program

Rate (°C/min) Final Temperature (°C) Hold Time (min)
50 10
8 190 2.5

Table 5: Specifications of the GC used for liquid hydrocarbon analysis

Instrument Bruker 450-GC
Column RTX®-100-DHA — 100m x 0.25 mm ID x 0.5 pm
stationary phase
Detector FID @ 350 °C
Carrier Gas Helium

GC injector program
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Injection Temperature 250 °C

Injection Mode Split less

Injection Volume 1.0 pl

Oven Temperature Program

Rate (°C/min) Final Temperature (°C) Hold Time (min)
0 15
1 50 0
2 130 0
4 270 0
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3.4 Catalyst testing

3.4.1 The reactor description and set-up

Quartz Reactor Setup/P&ID (Atmospheric conditions) — Bench Scale 2

O
. o5 [}

PR-01 M
Bubble flow meter
M
Feed >&
Pump1

TR e 0 JL Quartz Tube

|

| |

| | |

'\ Control 1] ks :

~——Unit-—-~ I |
[ ] I : s
I \
| i{ 7
| -
| f
| |
| |
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Liquid sampling point To Vent (always open)
[ ]
Round bottom flask {Collection) Stand
NOTES:
| Stand i Ice Bath VR-01 - Tube Furnace (Convection)

TC - Thermocouple

PR-01 - Pressure Regulator (2 bar max
pressure)

PG - Pressure gauge

FC-01 - Nitrogen Mass Flow Controller
NV - Needle Valve

Figure 17: Reactor description and setup.

Catalytic cracking of hexane was performed over a ZSM-5 zeolite catalyst on a bench-scale quartz tube
reactor. A small amount of quartz wool was placed inside the reactor as a catalyst support. The required
amount of the ZSM-5 catalyst was then inserted inside the quartz tube reactor and then the reactor is placed
inside a heating furnace. The quartz wool was also packed at the bottom and top of the furnace openings so
as to keep the temperature constant and to prevent heat from escaping. The furnace has a thermocouple
which is placed next to the catalyst. A control unit box was then used to set the temperature to be used
throughout the reaction. The feed [hexane] used during the reaction was filled up inside a syringe which was

then connected to a pump. The pump was used to set and control the feed flow rate. The pump was
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connected to the inlet of the reactor via a Teflon tube. Another tube was fitted to the top inlet of the reactor
for the nitrogen is flow. A Bronkhorst High-Tech mass flow was used to set and control the nitrogen flow
rate. A round bottom flask was connected at the bottom outlet of the reactor to collect liquid products. The
round bottom flask has two outlets; one is used to collect the liquid products and a second vent to insert a
Tedler bag that collects the gas products. An ice bath was placed under the round bottom flask to keep the
liquid samples cool and to avoid them from evaporating. A bubble flow meter was also connected at the
second vent and is used to measure the flow rates of the nitrogen and gas products. The flow rate of nitrogen
was varied to study the effect of nitrogen: feed ratio. The weight hourly space velocity [WHSV], which is
defined as the weight in grams of feed that passes over a gram of catalysts per hour was used to adjust the

contact time. The calculations for the WHSV are shown below:

mass of feed
WHSV = 1f

mass of catalyst

Density of the feed is used to calculate its mass as shown below:

m = px\u

Where;

0.659 g/ml is the density of hexane at 25 °C

Since the volume is given by the flow rate of the feed, the mass of the feed is determined as shown below:

masSce = 0.659% x 0.1 ml/min

mass.e = 0.0659 g/min

Conversion from mass per minutes to mass per hours is given by:

g 60 min
mass.q = 0.0659 X T

mass = 3.954 grams/hr
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When 0.25 g of the catalyst is used, the WHSV is calculated as:

3.954 g/hr
025 g

WHSV =
WHSV = 15.82 hr~?!

The WHSYV is therefore 16 hr*

0.0659 g/min is the amount of Hexane to be flown, taken from the above calculations and needs to be

converted to mol/min.

To obtain the different dilution ratios of feed to nitrogen ratios [1:1, 2:1, and 3:1], calculations for flow rate

of nitrogen were performed as shown below:

. m
e
Molar mass of hexane = 86.18 g/mol. Therefore;
. 0.0659 g/min
~ 86.18 g/mol

mol
n.=7.65x10"%* —
min

The flow rate for each dilution with the molar ratio is obtained using PV = nRT as shown below:
nNz = nC6H14,
Thus 7.65 x 10~* mol/min is for one mole ratio of feed to one mole ratio of nitrogen (1:1).

Using the ideal gas constant, R = 8.314 Pa m3K " mol~1x 298 K, we get:

0-47”—‘.’7[1 x 8.314 Pa m3K~"'mol~1 x 298 K

101 325 Pa

7.65x1
V=
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3

m
V=187x10"5 —
min

Multiplying the volume by 1 000 000 since there are 1 000 000 ml in m® gives;

ml
V=187 —
min

Table 6 below shows other dilution ratios obtained by simple multiplying the above volume for 1:1 by the

factor of each dilution ratio.

Table 6: Different dilution ratios used for nitrogen to feed flow rate

Dilution Ratio Feed at 0.10 ml/min in grams Nitrogen
1:1 0.0659 g/min 18.7 ml/min
2:1 0.0659 g/min 37.4 ml/min
3:1 0.0659 g/min 56.1 ml/min

3.4.2 Experimental procedure

The catalytic cracking of hexane was performed on a bench-scale quartz tube reactor according to the setup
discussed in section 3.4.1 above. Initially, 0.25g-0.75 g of the catalyst was loaded into the reactor with
quartz tube inside it. The heating furnace was then set-on to the desired temperatures of 450-550 °C.
Nitrogen was then flown at low flow rate ~ 10 ml/min to keep the reacting environment inert while ramping
up the temperature. When the desired temperature is reached, the flow rate is then set to be the desired flow
of 18.7-56.1 ml/min. The gas flow rate was monitored hourly to verify whether the initial flow rate is still

maintained. All the reactions were performed at atmospheric pressure. The pump is then set-on to pump the
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required amount [0.1 ml/min] of the feed into the reactor. Firstly, the pump has to be primed until it reaches
the head of the Teflon tube and that of the reactor. The reaction is timed from when the first drop of feed
enters the reactor. The reaction was then run for 6 hours in total and the products [liquids and gases] were
collected every hour of the run and analysed on the GC. The selectivity and the conversion was calculated

using equation 1 and 2 below.

% content of olefins in product

Selectivity of olefins (%) = conversion(%) x 100 equation 1
0

Feedj,—Feedgyt

Conversion (%) = x 100 equation 2

Feedj,

3.4.3 Product analysis

The product spectrum was divided into two parts which are the [i] gas and [ii] liquid hydrocarbon products.

Both hydrocarbon products were analysed on offline GCs.

To identify the produced gas and liquid hydrocarbons, a gas and a liquid standard obtained from PetroSA
were used to calibrate the GCs. A GC trace of the gas and liquid standard used for calibration are provided in
Figures 18 and 19 respectively. The gas calibration demonstrates products that are obtained in the C;-Cs
range. The liquid calibration demonstrates the products obtained in the C3-Cy9 range. Products in the liquid
samples from C3-Cs range were grouped together with the gases. Afterwards, all the hydrocarbon products
having the same carbon number were also grouped together. The GC was calibrated using pure hexane
which was used as a feed in most reactions carried out in this work. A trace of pure hexane calibration is
provided in Figure 20 respectively. This was used to calculate the percentage conversion of hexane by

identifying the retention time at which it elutes.
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Figure 18: GC trace of the calibration gas used to identify gaseous hydrocarbon products.

http://etd.uwc.ac.za/
78




=18
Mrﬁu‘Cm._.

LiDupp A

L=D5iou
§ho-ugl==mezuaq|AyeLun-§ g AN

¥ D-meouesoq [AUIsl suszusgAXsHBUSZUSE|AUISII |2 ]
FlL=0g¢ | D-euszusqiiuyiou | G £ LouszuaqiAuio—t- 1A Ng-T 18
ClL=" 2 L0 -0 2L aneiusdan Aalfuaydi Ly Yoy b
w:chw.n_}c-w.:.N 1Ang- L -8y auazuaq i

@C@Ncg_\mr-bljl_ LYl NS 25 L SUSZUSOIALIS - ALISLUITT -2

LLD-U L =oeuazuaqifin g-wuszuaqiAidoid -u--| AT
==

$CONr_mn_hnﬁtn|c m _hs_.v._)_ _.ﬂ cm.Ncg_b.nQ._nOwTu-_.,.Eum:...._

m:ﬁ:ﬂ.ﬁﬁﬁﬁxﬂm _ _.w_.,_wn_.._wnr...:n £ IS
mwvwc¢uc¢n_>n¢_n¢m_ BUSUCN-7-SUE
|%C$COZ MIwF.— _Ev-_l.d_\i,\d_,—h-v_:__ _ I—.-_ “ _ I\J-\J mOI
ausifiy-o ouSlAX- Omwr_mu_....uh mweueidayifigied
auszuaqAyl ST ETds (ARSI -6 SLUes

= = LTS Ta = TITE YT =T TE g Eraklat—"rT]

auexalyooAojyfauu | -+ L rmcmumgcmo.h.nm:;..d:.__ -
@C@uuvolw_.UENRGEO_U?U_..:.._”—..WE_D A N o
susxeyiyiswiEl v 2T
EE&..RO@_ m...w[a.acgmo_u-a_.}{—.ﬂcs_ AI==IZ

auexayiyrI-
auan|ol

140

130

120

100 110

g0

=]
= =
sueiday ANLN-Z s exayAgIEWIa-C i W

ugeaedos) go =
suexeyAYeLw _r_n_wcm uadAgiawia | - 2" =
auexayoainAyla

ausjda -suen =
¥ HZ reusIdeH-E" w.r.mc&.—.calln.luf_ﬂn.q

L=D"

|‘|I\|.‘| 1
LI \l\!"!l.l.!
60

00 00Z WINS—foexsto .L\wm
|
auengAyisun | - m =i
gRuSWSAIRNEINE o oo -s12 ..me_lw
H-Z-51% ususa-z- LT = S
E-OUBXSH-SUBN g-susHs H-SiCp-susKaH-Susil oom
9=0 Wil —
A |en
aueuadoPADsy sing-2-Ais i -
aungAyISWIc]-2* imm
susuad-z-$10 g gluad-z-suel | = m
auayng-L-Ays-g " SO o
E=18]1=3 18] -0s] =
‘BusINa- L _Eum_a- =
auMNNG-g-SITguggng-Z-suei | Po— =
Suepng-os] £7-U £=r Jnm.\r -—
I s -
e S e S o S e S e g ) L) AL P=uRT Rl PN
= o O = S o ] ) = =
o o O o o o o o o O
= = = o = o = o = (o]
= 0D O 0o =TT = re] = 2
e R B S S T

Min

Figure 19: GC trace of the calibration used to identify liquid hydrocarbon products.
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Figure 20: GC trace of the calibration of pure hexane.
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CHAPTER 4: Results and discussion of Catalyst Characterization

Chapter Overview

This chapter provides a thorough discussion on the characterization of the prepared materials. The prepared
H-ZSM-5 catalysts had targeted Si/Al ratios with the initial batch mixture ratio of the prepared material
labelled as SA=30, SA=60, SA=90, SA=150 and SA=300. Different characterization techniques such as
FTIR, XRD, XRF, NH3-TPD, TGA, HRSEM and BET were used in this study to confirm that the desired

material was synthesized successfully, with the intended Si/Al ratios.

4.0 Catalyst Characterization

4.1 X-Ray Fluorescence [XRF]

XRF analysis was performed in this study to determine the chemical compositions of the prepared materials.
These materials were synthesized using tetraethyl orthosilicate, sodium aluminate, ammonium nitrate,
tetrabutylammonium hydroxide, hexadecyltrimethylammonium bromide and ethanol. The materials contain
different Si/Al ratios dependent on the synthesis procedure. Lass on ignition [L.O.I] is the weight loss or
gain, including the water combined to the lattice of silicate minerals. Iron, titanium, sodium and calcium are
other elements that are found present in the synthesized materials. However, no iron, calcium or titanium
were used during the synthesis of these materials and could be minor impurities that are present in the
starting materials. These amounts are very low and are considered as negligible. Sodium is detected in the
ratio of 30, 90 and 300 but in very low amounts. This means the iron exchange mostly successful, except for
SA=30 which displays about 0.36 % of sodium. Table 7 displays the chemical compositions of the prepared
HZSM-5 catalysts as determined by X-ray fluorescence [ XRF]. The targeted ratios of the prepared catalysts
are displayed in Table 7 as expected ratios. However, the actual ratios were calculated using the results
[oxide contents] obtained by XRF analysis and also displayed in table 7. The calculated actual ratios were
found to be close to the expected ratios, meaning that the catalysts were successfully prepared with different

Si/Al ratios. However, the expected SA=90 was found to be slightly lower. This could be due to less amount
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of SiO;, being incorporated into the structure during the synthesis of the material. This is also an indication as
to why this ratio has the lowest crystallinity from the XRD results. It is also observed that the Al,O3 content
decreases as the Si/Al ratio increases whereas the SiO, content remains almost the same. This is expected as
only the alumina content was varied during the synthesis. However, the SA=30 is found to have the lowest

SiO;, content. The calculated ratios will then be used throughout the study as the actual materials.

Table 7: Chemical compositions of the prepared HZSM-5 catalysts with different Si/Al ratios as determined

by XRF

Oxides Contents [wt. %]

Expected | Actual ) _
Al,O3 SiO; Fe,Os TiO, Na,O CaO L.O.1 Sum of

Conc.

ratios ratios

SA=30 SA=36 3.66 1387 0.01 0.02 0.36 0.01 17.51 99.95

SA=60 SA=71 2.21 9A1FS 0.02 0.02 < 0.02 4.49 99.50

SA=90 | SA=T7 1.99 90.35 0.02 0.01 0.01 0.01 6.70 99.08

SA=150 | SA=177 0.89 92.87 0.08 0.01 - 0.02 5.63 99.49

SA=300 | SA=345 0.46 3139 0.01 0.01 0.01 0.01 5.59 99.68

4.2 Fourier Transform Infrared Spectroscopy [FTIR]

FTIR Spectroscopy was used to evaluate the functional groups present in the synthesized zeolite as well as to
reveal the crystalline properties of these materials. Figure 21 represents the infrared absorption spectra of the
prepared zeolite catalysts with variable Si/Al molar ratios. FTIR spectra are recorded in the range of 1800-
400 cm™. In Figure 21, all the variable Si/Al ratios show the expected peaks at the region of 446, 551, 807,
1065 and 1236 cm™ respectively except SA=36, revealing that the synthesized zeolites has a Mordenite
Framework Inverted [MFI] type structure. The absorption peaks at 446 cm™, 551 cm™ and 807 cm™ are
characteristic peaks attributed to the Si-O bending vibration, pentasil framework vibration and Si-O-Si

symmetric vibration respectively (1). The intensity bands at around 446 cm™ also represent T-O bends which

http://etd.uwc.ac.za/
82




correspond to siliceous material. The intensity of the transmittance bands that are found at 446 cm™ and 551
cm™ also reflects the crystanility of ZSM-5 zeolites and is assigned to the five-membered rings of MFI
zeolites (2,3). More evidence for the ZSM-5 structure appears at the stretching vibration of T-O [T =Si, Al]
bands at 1065 cm™ for internal asymmetric stretch and at 1236 cm™ for external asymmetric stretch (1,4).
However, the SA=36 does not show any peaks at 551 cm™ and 1236 cm™ regions. This suggests that the

expected ZSM-5 structure was not successfully formed.

22
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— Si/Al (77)
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Wavenumber (cm™)

Figure 21: FTIR spectra of the prepared zeolite catalysts with variable Si/Al molar ratios

Figure 22 represents the infrared absorption spectra for the SA=36 prepared at different crystallization
conditions as compared to the other zeolite materials. Also with the SA=36 prepared for 3 days at
temperatures of 150 °C, there are no peaks observed at 551 cm™ and 1236 cm™ regions. This could be due to

the large Al content present in the batch mixture, which resulted in slower crystallization kinetics, hence
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hindering the formation of crystals at the given crystallization conditions. However, when the crystallization
temperature was increased to 180 °C and time to 6 days, the peak at 551 cm™ region which is characteristic
of the ZSM-5 crystalline structure is observed. This means that in a batch mixture with high Al content,

higher crystallization temperature and time is needed to facilitate the nucleation and crystallization of ZSM-5

crystals.
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Figure 22: FTIR spectra of the SA=36 prepared at variable temperatures from 150-180 °C for 3-6 days

4.3 X-ray Diffraction [XRD]
The XRD analysis was done to determine the crystal structure, phase purity and the crystal size of the
synthesized zeolite materials. Figure 23 below represents the XRD patterns of the wide and small angle

[inset] of the prepared zeolite catalysts with variable Si/Al molar ratios in the range 36-345. These zeolite
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materials were crystallized at 150 °C for 48 hrs. The XRD patterns were all taken within a 2 6 degree range

from 0-60° for the wide angle and 0-5° for the small angle.
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and small angle [inset] XRD patterns of the synthesized hierarchical zeolite having

variable Si/Al molar ratios in the range [36-345]

The sharp intense
shown in Figure 2

are observed at ~

peaks observed in the XRD patterns of the zeolite samples with variable Si/Al ratios
3 indicate the nature of crystallinity of the prepared materials. The strong intensity peaks

7-9° and 22-25° for the wide angle and at ~ 1.8-2° for the small angle, except for the

SA=36 which shows an amorphous structure with one broad peak observed at around 23°. These strong

intense peaks indicate that the synthesized zeolite materials are crystalline and demonstrate a typical MFI

topology zeolite framework with high purity. The intense peaks observed at 2 6 values between 22-25°
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indicate the degree of crystallinity of the hierarchical ZSM-5 type zeolite with a partially ordered
mesoporous structure. The peaks observed at ~ 1.8-2° represent a certain degree of ordering of the
mesoporous structure (5-7). The Si/Al ratio is found to have an impact on the peak intensities as the
crystallinity of the materials differs with the different amounts of the Si and Al source used. The SA=177 has
the greatest peak intensity followed by the SA=345. However, there is no precise correlation on the observed
intensities as the SA=71 has a larger peak intensity as compared to the SA=77. There is no shift observed on
the peak positions indicating that the structure of these zeolites was not affected by the variation of the Si/Al
ratio and a crystalline ZSM-5 structure is obtained. However, this does not apply to the SA=36 since it does
not show any peaks but only an amorphous structure. The amorphous broad structure found on the SA=36 is

due to the large Al source loaded during the synthesis, hindering the formation of crystals.

The SA=36 was then further recrystallized at different crystallization conditions which involved higher
temperatures of 150-180 °C and extended period of time from 3 to 6 days. The XRD patterns of SA=36 for
wide and small angle [inset] are observed in Figure 24. It can be observed from the peak intensities that
crystals start to form from this material as the crystallization temperature and time are increased. The SA=36
crystallized at a temperature of 180 °C for 6 days is more crystalline as compared to the one crystallized at
150 °C for 3 and 6 days. The SA=36 prepared at these conditions is then labelled as SA=36". Therefore, it
can be concluded that the SA=36 in Figure 23 had an amorphous structure and the crystallization conditions
used to prepare the other zeolite materials does not work for the preparation of the SA=36. The peak
observed at around 1° in the small angle [inset] is probably due to the raised crystallization temperature and
time. The characterization temperature and time could not be extended any further. According to Oswald’s
rule of successive phase transformation, impurities may start to form when the crystallization time is too

long, especially at such high temperatures (8).

Table 8 represents the calculated relative % crystallinity for the prepared materials. Equation 4.1 below was
used to perform the calculation for the % crystallinity for each ZSM-5 material. The calculation was done by
adding up the characteristic peak intensities for each ZSM-5 material and then divided by the sum of the

peak intensities of the standard or reference ZSM-5 material. In this case, a commercial zeolite with SA=80
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was used as a standard or reference ZSM-5 material. This calculation is consistent with the observed peak
intensities as the SA=177 has the highest calculated % crystallinity and SA=36" with the least. The
crystallinity obtained for SA=36" is too low and not suitable for this study. Therefore, the intended zeolite
was not successfully prepared and has an amorphous structure as compared to the other zeolites. This also
relates with the FTIR results as to why the expected peaks that are characteristic of the ZSM-5 crystalline
structure are not observed in SA=36. Hence, the SA=36" catalyst will not be discussed further in this study

since it will not be used for catalytic testing.

Y intensities of the sample peaks

% Crystallinity =

Y intensities of the reference peaks

300
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Figure 24: Wide and small angle [inset] XRD patterns of the SA=36" prepared for 3-6 days at temperatures

of 150-180 °C.

http://etd.uwc.ac.za/
87




Table 8: Calculated peak intensities and their corresponding relative % crystallinity of the prepared zeolite

samples.
Si/Al ratio Sum of the peak intensities % Crystallinity
36" 6543 34
71 14470 75
80 [Reference ZSM-5] 19364 100
77 10873 56
177 18774 97
345 15645 81

4.4 Ammonia-Temperature Programmed Desorption [NH3-TPD]

NH3-TPD analysis was performed in this study to evaluate the strength and amount of acid sites in the
prepared HZSM-5 zeolites. Figure 25 below shows three desorption peaks that appear at temperature range
of 195-205 °C for weak acid sites and 363-567 °C for strong acid sites. A third peak is observed at 598-882
°C. To the best of our knowledge, such observation of HZSM-5 zeolites showing three desorption peaks with
strong acid sites at such high temperatures has not been reported before. Theoretically, strong acid sites
appear at a temperature range of 300-500 °C and correspond to the strong Bronsted and Lewis acid sites that
are of catalytic importance. However, further tests were conducted to investigate whether the prepared

materials were thermally stable and the observed third peak was not due to thermal decomposition. The

http://etd.uwc.ac.za/
88




relative integrated intensities for each peak are shown in Table 9 below. The total acidity calculated from the
weak and strong sites of these prepared zeolite materials is found to decrease as the Si/Al increases. Looking
at the total acidity for each ratio, it follows this trend; SA= 71 > 77 > 177 > 345. Theoretically, this type of
trend is expected from the previously reported literatures. This may be caused by an increase in the
aluminium content, which is largely responsible for the formation of acidic sites in zeolites. The XRF results
confirmed that the aluminum content increased with a decrease in Si/Al ratio. Shiraz et al (9), reported on
ZSM-5 catalysts with different Si/Al ratios from 10-50. They observed that the total acidity of these zeolites
decreased as the Si/Al ratio increased. The SA=10 had a total acidity of 27.02 mmol NH3/g cat and SA=50
had a total acidity of 19.93 mmol NHa3/g cat. They also believed that this strongly suggested the presence of
aluminum in extra-framework positions. The results revealed that the molar ratio of Si/Al of the starting gel

mixture plays a great role on the physical and chemical properties of the final products.

Another observable trend is that of increasing acid strength with decreasing Si/Al ratio. This can be observed
by looking at the peak maxima of the second peak. The second peak corresponding to stronger sites is
generally due to the presence of aluminium in the framework which results in the formation of Bronsted acid
sites. NH3 which is strongly bound to an acid site will desorb at a higher temperature therefore peak shifts to
higher temperature indicate the presence of stronger acid sites. The lowest Si/Al ratio i.e. SA=71 has the
highest peak maxima at 389 °C. As the ratio increases the temperature of the peak maxima decreases as
SA=345 has the lowest peak maxima of 321 °C. SA=177 however, has a higher peak maxima than SA=77
which may be due to the larger amount of strong acid sites compared to SA=77. The trend of decreasing acid
strength follows as such SA=71>177>77>345. This trend is important as it will be shown in the catalytic
evaluations of these catalysts that their performances follow the same trend. The chemical property of acidity
can be directly linked to the activity of the catalyst. In general it can be concluded that the effect of Si/Al

ratio on acidity is that as Si/Al ratio increases both the strength and quantity of acid sites decrease.
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Table 9: NH3-TPD temperature and acid quantity of HZSM-5 zeolites with different Si/Al ratios

] Temperature Acid Quantity o
Ratio Peak number Total Acidity
[°C] [umol/g]
1 205 517
71 629
2 389 112
1 197 220
77 261
2 363 41
1 195 178
177 255
2 376 77
1 197 38
345 92
2 e 54
0,0
——— HZSM-5 (71)
- HZSM-5 (77)
0.05 HZSM-5 (177)
" |—— HZSM-5 (345)
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>
&
2
‘» 0,03
3
£ <
(] \
O 002 .
|_
0,01
0,00
100 200 300 400 500 500 00 500 900

Temperature °C

Figure 25: NH3-TPD profiles of the synthesized HZSM-5 zeolites with different Si/Al ratios.
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4.5 Thermogravimetric Analysis [TGA]

Thermogravimetric analysis [TGA] was performed in this study to determine the thermal stability and the
fraction of the volatile components on the prepared zeolite catalysts. SA=77 was used for thermal treatment
investigation since it has the highest intensity of the unknown third peak in the NH3-TPD profiles. The
response of the SA=77 to the thermal treatment is shown in Figure 26 below. TGA shows loss of weight in
the temperature range of 40-120 °C. This is due to loss of moisture in the pores and on the surface of the
material. The catalyst then becomes stable from the temperatures of 120-800 °C. This proves that the catalyst
is thermal stable and the third peak found on the prepared catalysts is not due to thermal decomposition. The
reason for the formation of high temperature 3™ peak in the TPD analysis is still unclear and further

investigations are required.
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Figure 26: TGA profile showing the thermal behaviour of SA=77.
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4.6 High Resolution Scanning Electron Microscopy [HRSEM]

HRSEM analysis was employed in the study to establish the surface morphology as well as the elemental
composition of the prepared zeolite catalysts. Figure 27 displays the HRSEM micrographs of the synthesized
hierarchical zeolites all taken at the same scale view of 200 nm which shows high resolution images. The
prepared materials all reveal morphologies that are spherically shaped and uniformly aggregated together,
forming large stacks of crystals with observable open spaces within the large crystals (6). A sponge-like
morphology with worm-like holes is observed in all the synthesized materials. The type of morphology is
similar to the one reported by Junjiang et al (5). This proves that some pores were successfully generated
during the fabrication of these materials. The materials appear to have retained their structural morphology
even with the variation in the Si/Al ratios with observed agglomerated crystals. The Si/Al ratio did not have
any observable effect on morphology i.e. shape and size, as all catalysts possessed the same surface
structure. “ImageJ” [a java based image processing program] was used to calculate the pore-sizes for these
materials. The calculated average pore sizes are observed in Table 10. The pore sizes of the worm-like holes
in sponge-like morphology of all samples fall in the macropore range, i.e. greater than 50 nm. This indicates
macropores may be successfully generated on the outer structure of the zeolite crystals. The method used to
synthesize the materials in this project was adopted from Junjiang et al (5). On their research work, they
confirmed that they produced mesoporous and macroporous structures of Hp-ZSM by N, physisorption and
Hg intrusion porosimetry analysis respectively, where the macropore diameter was estimated over the whole
mercury intrusion pressure range using the Washburn equation. Furthermore, the worm-like holes observed
in their SEM images were correlated to the presence of macropores. Therefore, the similar worm like
structures observed in our materials [HRSEM] with openings greater than 50 nm may indicate that
macropores were successfully generated in these materials. There is no clear observable trend on whether the
pore sizes increase as the Si/Al ratios increase. The SA=77 is found to have the highest average pore size of
85 nm, followed by SA=345 with an average of 79 nm. The SA=177 has an average pore size of 68 nm. The
SA=T77 is found to have the lowest average pore size of 54 nm as compared to the other catalysts. The
SA=71 and SA=345 shows good and clear pores looking like worm holes that are highlighted by the black
arrows within the micrographs. These ratios also show high crystallinity from the calculated XRD relative %
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crystallinity results. The pores for SA=77 and SA=177 are not clearly evident since the crystals are packed

on top of each other, especially for SA=77. This could be due to its low calculated XRD relative %

crystallinity.

Table 10: Calculated average macropore sizes for the prepared materials from SEM analysis.

Average pore size
Si/Al Ratio
(nm)
71 85
77 54
177 68
345 79
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Figure 27: SEM micrographs of the hierarchical ZSM-5 with variable Si/Al ratios in the range [71-345]

synthesized at 150 °C for 48 hr.
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4.7 Nitrogen adsorption-desorption analysis
Brunauer Emmet and Teller [BET] was used in this study to determine the pore-size distribution as well as

the pore volumes and surface area measurements of the synthesized catalysts.

Table 11: Textural properties of the prepared HZSM-5 zeolites with different Si/Al ratios

Sample BET surface (m?/g) t-plot t-plot external Micro-pore volume Total pore
micro-pore (m?*/g) (cm?/g) volume
(m’/g) (cm?/g)
SA=71 618 103 515 0.066 0.542
SA=77 455 36 418 0.039 0.409
SA=177 533 50 483 0.040 0.416
SA=345 614 67 546 0.054 0.626

Table 11 represents the specific surface area [SSA] and the porosity of the prepared materials. The SA=71 is
observed to have the highest SSA of 618 m?/g given by its micropore area of 103 m%g and an external
surface area of 515 m?/g. The high SSA found in the material is due to the development of mesopores with
narrow pore size distribution. Moreover, a hierarchical structure with 3 pore ranges, i.e. micro, meso and
macropores has been developed. The following trend has been observed; SA=71>345>177>77. SA=77 has
the lowest SSA of 455 m?/g and micropore area of 36 m?/g compared to the other synthesized materials. This
relates well with the XRD results as the SA=77 have got the lowest relative % crystallinity, indicating the
material may have lower SSA due to a poorly formed crystal structure compared to the synthesized catalysts.
Furthermore, SA=77 has got the smallest observed macropores from the HRSEM results. Therefore, the
differences in surface areas are likely to be related to variations in crystallinity than Si/Al ratios. The SSA

and the micropore areas are observed to increase again from the ratio of 177 to that of 345.
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All the adsorption-desorption curves of the synthesized hierarchical ZSM-5 zeolites exhibit typical isotherms
with behaviour of both Type | and Type IV. They also demonstrate a H1 hysteresis loop as displayed in
Figure 28 below. This is proven by a notable uptake of N, at moderately high pressures, followed by a
hysteresis loop that suggests an instantaneous occurrence of ordered mesoporosity as well as inherent
micropores of ZSM-5 within the synthesized zeolites (5). There is also an evident capillary condensation that
takes place at relative pressures [P/Po] of approximately 0.4 to 1.0 which proves that these materials have a

great amount of pores seen in the mesopore range of 2-50 nm.
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Figure 28: N, adsorption-desorption isotherms of the synthesized HZSM-5 materials.
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The corresponding BJH pore-size distributions displayed in Figure 29 indicate that all the synthesized
materials have highly ordered mesopores with a very narrow pore size distribution. The pore diameters range
between 5-7 nm, which leads to a high SSA and pore volume. The SA=345 in the corresponding BJH pore-
size distribution shows a second peak in the pore diameters of 6.5 to 7 nm. This could be due to its observed
high total pore volume of 0.626 cm®/ g and the highest uptake of N.. There is no specific order that shows
whether the nitrogen uptake increase with an increase in the Si/Al ratios of the synthesized materials, since
the SA=345 has got the highest uptake of N, followed by SA=71, then SA=177 and the lowest intake is

found at SA=77.
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Figure 29: Corresponding BJH pore size distribution of the synthesized HZSM-5 materials.
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4.8 Conclusion

In general, all the characterization techniques used in this study suggest that the prepared materials were
synthesized successfully via steam-assisted hydrothermal approach. This was proven by the FTIR absorption
peaks and XRD patterns that reflect the crystallinity of ZSM-5 zeolites and a degree of crystallinity of the
hierarchical ZSM-5 type zeolite. The XRF results also show that the prepared materials have Si/Al ratios that
are close the expected ratios. According to the HRSEM results, the synthesized materials demonstrate large
porosity in the mesoporous and macropore range and suggested the hierarchical material with 3 pore regimes
was successfully synthesized. The SEM images confirm that macropores were generated, whereas the N
adsorption and desorption isotherms confirm mesopores and micropores. Furthermore, they show high
crystallinity, surface areas as well as high total acidity. However, the SA=36 was not successfully prepared
under the same synthesis approach used for all other materials. This was probably due to its large aluminum
content present in the batch mixture, which resulted in slower crystallization kinetics, hence hindering the
formation of crystals at given crystallization conditions. Even after altering the crystallization conditions by
increasing the temperature and time, a high crystalline SA=36 was not successfully formed. Further work is
needed in future to investigate if why the low SA=36 does not become crystalline under these working
conditions. NH3-TPD results shows three desorption peaks that appear at a temperature range of 195-205 °C
for weak acid sites and 363-567 °C for strong acid sites. A third peak is observed at 598-882 °C. To the best
of our knowledge, such observation of HZSM-5 zeolites showing three desorption peaks with strong acid
sites at such high temperatures has not been reported before. However, further tests were conducted by TGA
analysis to investigate whether the prepared materials were thermally stable and that the observed third peak
was not due to thermal decomposition. TGA results show loss of weight in the temperature range of 40-120
°C which is due to loss of moisture in the pores and on the surface of the material. The catalyst then becomes
stable from the temperatures of 120-800 °C. This proves that the catalyst is thermal stable and the third peak
found on the prepared catalysts is not due to thermal decomposition. The reason for the formation of high
temperature 3 peak in the TPD analysis is still unclear and further investigations are required. The prepared
materials are expected to enhance the selectivity towards olefins, particularly ethylene and propylene due to
their large pore sizes which leads to better diffusions.
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CHAPTER 5: Catalytic Activity Investigations

Chapter Overview

This section deals with optimisation of the reaction conditions and the evaluation of the catalytic
performances of the synthesized materials via catalytic cracking of hexane, dodecane and tyre derived oil
[TDOY]. The effects of reaction conditions such as temperature, WHSV and nitrogen diluent: feed ratio on the
activity and selectivity were investigated. The main objective of this study is to do develop a catalytic
system that favours the formation of olefins, particularly ethylene and propylene. The best optimum
condition will be chosen based on their catalytic selectivity towards the formation of ethylene and propylene.

The catalytic activity of the synthesized materials will then be tested at the optimised reaction conditions.

5.0 Optimisation studies

5.1 Effect of temperature on the catalytic cracking of hexane

The first study conducted was on the effect of temperature on catalytic activity. All the catalytic cracking
reactions for optimization studies were performed using hexane as a model feed over a commercial ZSM-5
with SA=80 on a bench scale quartz-tube reactor. Figure 30 below shows hexane conversions over a period
of 6 hours. The activity of the catalyst is determined from the amount of hexane converted and the selectivity
is determined from the products formed on what has been converted. The activity of the catalyst is calculated
from the amount of hexane that is converted. All the hexane that was present in the final product was
assumed to be due to unconverted feed at the end of the reaction. As observed from Figure 30 below,
conversion increases with an increase in temperature from 450-550 °C. The highest conversion of 98 % was
found at high temperatures of 550 °C. This high conversion is expected to occur at high temperatures
because C-C bonds can easily break at these temperatures as compared to lower temperatures. The
conversion then slightly decreases with time until 87 % during the last hour [6™ hour]. The second highest
conversion of 84 % is obtained at 500 °C and the conversion decreases to about 69 %. The lowest conversion

of 61 % is found at 450 °C and decreases slightly to 55 %. The decrease in conversion observed is with TOS.

http://etd.uwc.ac.za/
100




100 -
90 -

80 -
70 -

g 60 - W_O
.5 50 -
2
2 40 1 ——450°C
S 30 - =-500 °C
550 °C
20 1 =>é=No catalyst (550 °C)
10 -
0 T T T T T 1

60 120 180 240 300 360

Time on stream (min)

Figure 30: Catalytic conversions of hexane obtained when varying the temperature conditions. The reactions
were carried out at different temperatures of 450, 500 and 550 °C. The following reaction conditions were
used: Time on stream [TOS] = 6 hrs, N,: Hexane dilution ratio = 1:1, feed flow rate = 0.1 ml/min, P = 1 atm,

WHSV = 8 hr, commercial ZSM-5 with SA = 80, catalyst mass = 0.5 g and also without a catalyst.

The highest decrease in conversion of 15 % is found to occur at 500 °C. The second highest decrease in
conversion of 10 % occurs at 550 °C but still has the highest conversion. The smallest decrease in conversion
of 6 % is found at 450 °C. This small decrease in conversion may be attributed to the lower activity of the
catalyst which leads to fewer products from side reactions that cause deactivation of the catalyst. When the
reaction is carried out under the same conditions at temperature of 550 °C but without the use of a catalyst,
the conversion greatly drops to 3 % meaning that most of hexane [> 95%] does not convert into the desired
products. This suggests that the high conversion obtained from other reactions is due to the use of a catalyst
and not due to thermal cracking. The decrease in conversion that is observed when using these conditions
could be due to wide range of products formed during the reaction such as paraffins, benzene, toluene,
ethylbenzene and xylenes [BTEX] as observed in Figure 31 below. These products are known as coke
precursors which lead to the formation of coke that ends up blocking the active sites on the catalyst. This
may result in a drop in the activity of the catalyst. Similar results were observed by Konno et al (1) during
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the catalytic cracking of n-hexane over nano-scale ZSM-5 zeolites with different Si/Al ratios [50, 150 and

300],without a catalyst and different temperatures [550, 600 and 650 °C]. They observed that the initial

catalytic conversions increased with an increase in reaction temperatures. They concluded that the observed

decrease in conversion was due to diffusion resistance of the produced light olefins, which lead to further

reactions resulting in the production of aromatics and coke. A summary of their obtained results is displayed

in table 12 below.

Table 12: Effect of temperature on catalytic cracking of n-hexane over nano-scale ZSM-5 catalysts with

different Si/Al ratios and without the use of a catalyst (1)

Si/Al ratio Temperature [°C] Conversion [C-mol %]
50 72.3
150 58.5
550
300 17.5
No catalyst 1.2
50 93.1
150 81.8
600
300 38.2
No catalyst 4.8
50 99.4
150 95.7
650
300 66.7
No catalyst 20
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Figure 31: Selectivity towards paraffins and the BTEX products at different temperatures of 450, 500 and

550 °C formed during the 1st, 3rd and the 6th hour.

In the cracking of hexane, a wide product distribution is observed showing the formation of various products

such as olefins, paraffins aromatics. This indicates that many other reactions occur besides cracking such as

isomerization and hydrogen transfer etc. Figure 31 shows selectivity towards paraffins and BTEX products

formed during the 1%, 3 and the 6™ hour of the reaction. The selectivity towards paraffins, especially for Cs

and C, is initially higher at temperatures of 450 °C and start to decrease with TOS. A further decrease in

paraffins is observed as the temperature is increased from 500 °C to 550 °C. On the other hand, the BTEX

products start to slightly increase as the temperature increases but with no much noticeable change at high

temperatures. This indicates that there is aromatization taking place as the temperature is ramped up.
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Figure 32: Selectivity to olefins [C2= to C4=] at different temperatures of 450, 500 and 550 °C during the

1st, 3rd and 6th hour.

Figure 32 shows the selectivity towards lower olefins i.e. ethylene, propylene and butenes respectively at
different temperatures of 450, 500 and 550 °C during the 1%, 3™ and 6™ hour TOS. When using 450 °C
during the reaction, the selectivity towards propylene and butenes is higher, and the selectivity towards
ethylene is lower. There is no change in the selectivity towards propylene as it is produced from 8 % during
the 1% hour of the reaction until the 6™ hour. Ethylene is found to be 5 % during the 1% hour to 4 % in the 6"
hour. Butenes are found to be 5 % during the 1 hour to 6 % during the 6™ hour respectively. At 500 °C, the
selectivity is also high towards propylene and butenes and slightly lower for ethylene. In this case, the

desired products of ethylene and propylene are found to be produced more when using high temperatures of
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550 °C. At 550 °C, the selectivity towards propylene increases very slightly from 13 % during the 1* hour to
15 % during the 6™ hour. There is no change in the selectivity towards ethylene as it is 12 % throughout the
reaction. Butenes have been produced as small amounts and only show a slight increase from 3 % during the
1% hour to 6 % during the 6™ hour. It can be observed that high temperatures favour more selectivity towards
propylene. As the temperature increases, selectivity towards propylene also increases. This can be observed
in Figure 32 where selectivity towards propylene increase with TOS as the temperature of the reaction
increases from 450-550 °C. On the other hand, the selectivity towards paraffins is found to decrease with an
increase in temperature as observed in Figure 32. This observation is due to fast dehydrogenation [e.g.,
paraffin to olefin] occurring at high temperatures, where produced olefins and BTEX products increase with
a decrease in paraffins (1) as well as the higher cracking activity at higher temperatures, leading to a greater
selectivity to olefins. Similar results were also observed by Konno et al (1) when they investigated the
application of nano ZSM-5 with variable Si/Al ratios at different temperatures of 500, 600 and 650 °C. Light
olefins and BTEX products increased with a decrease in paraffin selectivity. The total selectivity of light
olefins and BTX products was 52.1 % at 500 °C, 60.4 % at 600 °C and 67.3 % at 650 °C. The total selectivity
of paraffins was 43.3 % at 500 °C, 35 % at 600 °C and 26 % at 650 °C. They concluded that this observation
was due to rapid dehydrogenation taking place at high temperatures. Other similar results were observed by
Kubo et al (2) when they investigated the relationships between selectivities at a conversion of ca. 50 % and
reaction temperatures of n-Heptane cracking over HZSM-5 with Si/Al = 31. They observed that there was an
increase in ethylene and propylene selectivities at high reaction temperatures of 650 °C than at 450 °C.
However, the propylene to ethylene ratio decreased from 3 at 450 °C to 1.4 at 650 °C. This was due to an
increase in ethylene whereas at 450 °C, propylene increased in larger amounts. They also observed that the
selectivities for propane and butanes decreased with higher reaction temperatures and the selectivities for
methane and ethane increased, while those for BTX products did not have a noticeably change at higher
temperatures. They deduced that the observed change in selectivity with reaction temperature may be due to

greater dominance of monomolecular cracking over bimolecular cracking at higher temperatures.
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Figure 33: Selectivity towards propylene at different temperatures of 450-550 °C.

Figure 33 shows comparison in selectivity to propylene when using different temperatures. It can be
observed that more propylene is produced when using high temperatures. The trend shows that as the
temperature increases from 450-550 °C, there is more propylene produced from the 1% to the 6™ hour.

Therefore, 550 °C is found to be the suitable temperature for enhancing selectivity towards propylene.

5.2 The effect of catalyst loading on the catalytic cracking of hexane.

The effect of the catalyst loading was also studied and performed on a bench scale quartz-tube reactor using
a commercial ZSM-5 with SA=80. The reactions were now carried at different catalyst loadings of 0.25g,
0.5g and 0.75g. The temperature of 550 °C has been used since it was found as the best temperature for

enhancing selectivity to propylene. Figure 34 shows the hexane conversions over a period of 6 hours

obtained when using these reaction conditions.
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Figure 34: Catalytic conversions of hexane obtained when varying the catalyst loadings. The following
reaction conditions were used: Time on stream [TOS] = 6 hrs, T=550 °C, commercial ZSM-5 with SA = 80,
N,: Hexane dilution ratio = 1:1, feed flow rate = 0.1 ml/min, P = 1 atm, WHSV = 15.82 hr when the
catalyst mass = 0.25 g, WHSV = 8 hr'* when the catalyst mass = 0.5 g and a WHSV = 5.27 hr'* when the

catalyst mass = 0.75 g.

As observed from Figure 34, an increase in catalyst loading results in an increase in conversion. The catalyst
with a loading of 0.75 g is found to have the highest initial conversion of 100% and the conversion slightly
decreases to 98 % during the last hour of the reaction. The decrease in conversion is very small and only
drops by approximately 2 % showing that the catalyst is more stable with a high catalyst loading. The
catalyst loading of 0.5 g is found to have the second highest initial conversion of 98 % and the conversion
decreases to 87 % during the last hour of the reaction. This results in the second smallest decrease in
conversion of 11 % with TOS. This is due to the fact that there are more accessible acid sites available with a
higher catalyst loading that are able to perform many reactions such as cracking, aromatization,
isomerization and hydrogen transfer, converting the feed [hexane] and resulting in a wide product
distribution. The catalyst loading of 0.25 g is found to have the lowest initial conversion of 66 % and the
conversion decreases to 42 % during the last hour. This is the largest decrease in conversion of

approximately 24 % as compared to the catalyst loading of 0.5 g and 0.75 g. The decrease in conversion that
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is observed when using a small catalyst loading may be due to less active acid sites available for further
cracking reactions to occur and shorter residence time of the feed on the catalyst. Similar results were
observed by Xian et al (3) when they investigated the effect of catalyst loading during the catalytic cracking
of n-dodecane over HZSM-5 zeolite under supercritical conditions. They used different masses of 0.375,
075, 1 and 1.5 g of the HZSM-5 catalyst. They observed that the initial conversions decreased as the catalyst
loadings decreased and this was due to a decrease in residence time, while the catalyst deactivation was not
considerably affected by the catalyst loading. The largest catalyst loading of 1.5 g had a high initial
conversion of ~52 %, whereas the smallest catalyst loading of 0.375 g had a low initial conversion of 25 %

respectively.

Figure 35 shows the selectivity towards olefins [C,= to C4=] for different catalyst loadings of 0.25, 0.5 and
0.75 g respectively. As much as the catalyst loading of 0.75 g looks stable with a higher conversion, it was
found to be less selective towards the desired products [olefins]. As observed from Figure 35, the selectivity
towards ethylene products for the catalyst loading of 0.25 g remains 13 % during the 1% hour to the 6™ hour
of the reaction. There is also no change for the catalyst loading of 0.5 g. The selectivity towards ethylene
remains 12 % throughout the reaction. The catalyst loading of 0.75 g only produces ethylene from 12 %
during the 1% hour to 11 % during the 6™ hour. The catalyst loading of 0.25 g is more selective to the desired
product of propylene than any other olefin product being produced. It is observed that propylene is produced
from 18 % to 20 % when using a catalyst loading of 0.25 g. When using the catalyst loading of 0.5 g, the
selectivity towards propylene is produced from 13 % during the 1% hour to 15 % during the 6™ hour. For
loading of 0.75 g, the selectivity to propylene remains 11 % throughout the reaction and this is almost less

than half of what is being produced when using a catalyst loading of 0.25 g.
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Figure 35: Selectivity to olefins [C2= to C4=] for different catalyst loadings of 0.25, 0.5 and 0.75 g.
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There is not much change observed in the selectivity towards butenes as they seem to remain almost the

same with TOS. When using the catalyst loading of 0.25 g, butenes are produced from 6 % during the 1%

hour to only 7 % during the 6™ hour. For the catalyst loading of 0.5 g, butenes are produced from 3 % and

slightly increase to 6 % .When using 0.75 g of the catalyst butenes are only produced from 3 % during the 1°

hour to 4 % during the 3" hour. The high selectivity obtained when using a much less catalyst loading is

due to its high WHSV. At a high WHSV, the feed will spend less time on the catalyst and mostly form the

targeted products i.e. olefins which diffuse out of the catalyst before undergoing secondary reactions.

However, at a low WHSV as the catalyst loading is increased, the feed spends more time on the catalyst and
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the produced olefins which are highly reactive have more time to undergo secondary reactions, leading to

many other products such as paraffins and BTEX products.
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Figure 36: Propylene/Ethylene ratios for different catalyst loadings of 0.25, 0.5 and 0.75g.

Figure 36 shows propylene to ethylene ratios for different catalyst loadings of 0.25, 0.5 and 0.75 g during the
1%, 3 and 6" hour. As expected, the lowest catalyst loading of 0.25 g demonstrates higher propylene to
ethylene ratios as compared to when using the catalyst loading is 0.5 g and 0.75 g. This is due to a higher
selectivity towards propylene with TOS at higher WHSV’s. The P/E ratios obtained are greater than 1 for
catalyst loadings less than 0.75 g, which are acceptable to meet the demands for propylene on an industrial
level. Consequently, it can be concluded that the catalyst loading of 0.25 g is the best for enhancing the

selectivity towards olefins.

5.3 The effect of N,: Hexane dilution ratios
The effect of different N,: Hexane dilution ratios were also studied during the catalytic cracking of hexane
so as to find the best nitrogen to feed dilution ratios for testing the prepared catalysts. The N,: Hexane

dilution ratio of 0:1 means that there is no nitrogen used during the reaction. This was done to test whether
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diluting the feed with nitrogen will have an effect on the catalytic test results, in particular the selectivity to
olefins. Figure 37 below shows the obtained catalytic conversions that were taken over a period of 6 hours

when using a catalyst loading of 0.25 g.
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Figure 37: Catalytic conversions of hexane obtained when varying the N,: Hexane dilution ratios. The
reactions were carried using different nitrogen to feed ratios [N,: Hexane] under the following conditions:
Time on stream [TOS] = 6 hours, N,: Hexane dilution ratios = [0:1, 1:1 and 2:1], feed flow rate = 0.1

ml/min, T = 550 °C, Catalyst mass = 0.25 g, P = 1 atm and'a WHSV = 15.82 hr .

As observed from Figure 37, the N,: Hexane ratio of 0:1 has got the highest starting conversion as compared
to the other ratios. This is expected as there is no nitrogen involved in the reaction. Hence, there is no
dilution of the feed which allows more feed molecules to interact with active sites. The conversion for this
reaction starts at 89 % and decreases to 54 %. When nitrogen is introduced in the reaction, the conversion
starts to decrease. It can be observed from the ratio of 1:1 that the conversion starts from 66 % and further
continues to drop to 43 %. This may be due to the feed having a shorter contact time with the catalyst since it
is carried by nitrogen. This is to done to dilute hexane and to and help prevent any side reactions that may
occur when the feed spends a long period of time in contact with the catalyst. When using a dilution ratio of

2:1, a further drop in conversion is observed from 64 % to 35 %. As much as the ratio of 0:1 has got the
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highest starting conversion, it also has got the largest decrease in conversion of 35 % over the period of 6

hours as compared to the other ratios followed by the ratio of 2:1 with a decrease of 29 %. The ratio of 1:1

has got the lowest decrease of 23 %. This means the ratio of 0:1 and 2:1 deactivates at a faster rate than that

of 1:1.
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Figure 38: Selectivity to olefins [C2= - C4=] when varying the N,: Hexane dilution ratios over a period of 6

hours.
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Figure 38 shows the selectivity towards olefins when varying the nitrogen to hexane dilution ratios. The
dilution ratio of 0:1 shows the lowest selectivity towards olefins. A very slight increase in selectivity towards
ethylene is observed from 10 % during the first hour to 11 % during the 6™ hour. The selectivity towards
propylene also slightly increases from 13 % during the 1% hour to 16 % during the 6 hour. A slight increase
is observed in selectivity towards butenes from 3 % to 6 %. However, there is a significant increase in
selectivity towards olefins when introducing nitrogen during the reactions. This can be observed from both
reactions with the ratios of 1:1 and 2:1. It is evident that the use of nitrogen has an effect in boosting the
selectivity towards olefins. Looking at the dilution ratio of 1:1 and 2:1, the selectivity towards all the
produced olefins have increased as compared to the ratio of 0:1. For 1:1, selectivity towards ethylene
remains at 14 % during the 1% hour to the 6™ hour of the reaction. The selectivity towards propylene slightly
increases from 18 % to 20 % and butenes are produced slightly from 6 % to 7 %. The reaction ratio of 2:1
shows the highest increase in the olefin products as compared to all the other ratios. However, this increase
Is almost the same as to the ratio of 1:1 since there is no much difference in the dilution ratios. The
selectivity towards ethylene is the same as it is observed to be 14.5 % during the 1% hour and the 6" hour of
the reaction. The selectivity towards propylene slightly increases from 20 % to 22 % with TOS and the

butenes from 8 % to 9 %.

Figure 39 below shows propylene to ethylene ratios obtained from different N,: Hexane dilution ratios. All
the calculated P/E ratios increase with an increase in the N,: Hexane dilution ratios and are found to be
increasing from the 1% to the 6™ hour of each reaction. This shows that for each reaction, propylene is the
most produced olefin which is a desired product. The ratio of 2:1 shows the highest P/E ratio as expected
since it has the highest propylene produced, followed by the ratio of 1:1 and lastly, that of 0:1. The ratio of
0:1 has the highest starting conversion, but this conversion has the largest decrease of 35 % as compared to
the other ratios. Furthermore, it is observed to have the lowest selectivity towards olefins and the highest
selectivity towards paraffins and BTEX products. The ratio of 1:1 has a starting conversion of 66 % with the
lowest decrease of 23 %. The dilution ratio of 2:1 has got the highest selectivity towards olefins as compared
to the other ratios. As much as the ratio of 2:1 is more selective towards olefins, there is only a very slight

difference in the produced amounts when comparing it to the ratio of 1:1. The ratio of 2:1 also has the
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second largest decrease in conversion of 29 %. It is most advisable to work with the catalyst that is more
stable and more selective to the ideal product. Furthermore, industrially it would be best to work with a
lower dilution ratio to save costs. Hence, the dilution ratio of 1:1 is found as the condition which best

balances activity, selectivity and stability.
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Figure 39: P/E ratios for different N,: Hexane dilution ratios.
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5.4 Catalytic cracking of hexane over hierarchical ZSM-5 catalysts with different Si/Al ratios.
Catalytic cracking of hexane was studied over the prepared hierarchical ZSM-5 catalysts with different Si/Al
ratios using the designated optimum conditions. Figure 40 below shows the conversions of the prepared

HZSM-5 catalysts over a period of 6 hours obtained when using these reaction conditions.
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Figure 40: Catalytic conversions of hexane obtained from using HZSM-5 catalysts. All the catalytic
cracking reactions were performed on a bench scale quartz-tube reactor using hexane as a model feed. The
reactions were carried under these conditions: T = 550 °C, Time on stream [TOS] = 6 hours, N,: Hexane

dilution ratio = 1:1, feed flow rate = 0.1 ml/min, P = atm, WHSV = 15.82 hr * and a catalyst mass = 0.25 g.

As observed from Figure 40, the obtained conversions appear in very low amounts. The catalyst with the
SA=71 has got the initial highest conversion of 8.3 % during the 1% hour which decreases to 5.7 % during
the 2" hour and then it was stable as the reaction proceeds to the 6™ hour. The observed initial decrease in
conversion may be that the catalyst was still reaching its steady state. The initial conversions are lower for
the catalysts with SA=77, SA=177 and SA=345. However, all these catalysts are stable as the conversion

remains the same throughout the reaction. The lowest conversion is found on the catalyst with the SA=345,
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with an initial conversion of 3.5 % which slightly decreases to 2.8 % during the 6™ hour. The highest
conversion is found on the catalyst with the lowest Si/Al ratio, while the lowest conversion is found on the
catalyst with a high Si/Al ratio. From the studies of the materials physicochemical properties, it is shown that
the effect of Si/Al ratio mainly affected the zeolite materials acidic properties. The Si/Al ratio had an effect
on both the acid site quantity as well as the site strength. The general observed trend is that catalytic activity
Is inversely proportional to Si/Al ratio. From the NH3-TPD results, the SA=71 has the highest total acidity
and the SA=345 has the lowest acidity, hence the observed trend in conversion. However, a closer look
shows a correlation between the activity, i.e. conversion and acid strength of the strong acid sites. In the
NH3-TPD desorption at temperatures above 300 °C are generally ascribed to strong Bronsted acid sites
formed from the aluminium atoms within the framework of the crystal structure. The trend observed from
the NH3-TPD results in terms of acid strength of the strong acid sites showed a decrease in the order
SA=71>177>77>345. The same trend is observed in the catalytic activity of the materials as noticed in
Figure 40. Therefore, it can be said that the catalytic activity is mainly due to the acid strength of the strong
Bronsted sites rather than the total acidity or acid site quantity. The activity for these synthesized catalysts is
found to be stable at these conversions even though they are very low as compared to the commercial
catalyst with SA=80. Even though the commercial catalyst has a Si/Al molar ratio that is close to SA=71
and SA=77 which should be similar in terms of acidity, it still has smaller pores that are only in the
microporous range. Therefore, the observed low conversions found when using the prepared catalysts may
be due to large pores that were generated during the fabrication of these HZSM-5 catalysts. This may have
allowed the hexane feed to pass through the catalyst pores with much less interaction with the active sites.
This is further investigated by carrying out testing reactions with larger molecules and is discussed in the

sections below.

Figure 41 shows the selectivity towards parafins and BTEX products produced when using the HZSM-5
catalysts with different Si/Al ratios. A wide distribution of paraffins and BTEX products is observed with the
use of these prepared catalysts. This indicates that there are side reactions such as aromatization,
isomerization, dehydrogenation and hydrogenation occurring during these reactions. The SA=71 is more

selective to paraffins, especially the C, and C3 products with less BTEX products produced with TOS.
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However, there are more C; products produced than C, paraffins with this catalyst. This is probably related
to its stronger acidity that lead to a slightly higher conversion as compared to the other catalysts. As the
Si/Al increases, there are more BTEX products produced as well as more C, than the Cs paraffins. This is
caused by the low acidity as well as lower conversions as the Si/Al ratio increases. The product distribution
as a function of conversion indicate that hydrogen, methane, ethane, ethylene, propylene and butenes are
primary products. On the other hand, propane and butane are secondary products and are produced by
hydrogen transnfer reactions of the corresponding olefins (2). Thus at high conversions such as those
observed when using the commercial catalyst, the propane amount is high due to secondary hydrogen
transfer. In the case of the prepared catalysts, propane is produced in less amounts than when using the
commercial catalyst. This is likely due to larger pores which leads to less interaction with the small hexane
molecule, resulting in less conversion and less secondary reactions. When comparing only the synthesized
materials in which the properties are the same, it however still follows that the catalyst i.e. SA=71 with

stronger and higher acidity leads to higher propane selectivity due to more hydrogen transfer reactions.
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Figure 41: Selectivity towards paraffins and BTEX products for HZSM-5 catalysts.
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Figure 42: Selectivity to olefins [C2= - C4=] products for HZSM-5 catalysts.

Figure 42 shows the selectivity towards olefins [C,= - C4=] products produced when using the prepared
hierarchical zeolites during the catalytic cracking reactions. It is truly interesting to see that even though
these prepared catalysts reveal very low conversions, there is a slight increase towards olefins as compared
to when using the commercial ZSM-5 with SA=80. The slight increase in olefins is due to the bigger pores
in the prepared HZSM-5 catalysts. The large pores allow better diffusion through the catalyst, resulting in
small hexane molecule to easily pass through and react very slightly. This results in low conversions where
better selectivities to olefins are obtained. It is observed from Figure 42 that the lowest SA=71 has the
highest selectivity towards propylene which increases with TOS as compared to the other ratios. This high
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selectivity is associated with the slight drop in conversion as well as the strong acid sites this catalyst has, as
observed from the NH3-TPD results. The selectivity towards propylene is found to be slightly lower as the
Si/Al ratio increases and follows the trend observed for the conversions as well as acid strength of the strong
Bronsted sites i.e. SA=71>177>77>345. This indicates that the selectivity to propylene is dependent on the
conversion which is in turn dependent on the strength and amount of acid sites available. It is also observed
that the selectivity towards ethylene slightly increase with TOS as the Si/Al ratio increases. This may also be
due to the decrease in strong acid sites as the Si/Al ratio increases. Therefore, it is evident is evident that the
variations in the Si/Al ratio affect the acidity of the materials which results in differences in catalytic

performance in terms of activity, selectivity and stability.
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Figure 43: P/E ratios for the prepared HZSM-5 catalysts with different SA ratios.

Figure 43 displays the propylene to ethylene ratios for the prepared HZSM-5 catalysts with different Si/Al
ratios during the 1%, 3" and the 6™ hour of the reaction. All the catalysts display high propylene to ethylene
ratios [P/E > 1]. The P/E ratios remain the same with TOS for all the catalysts. However, the P/E ratios of
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the catalysts slightly differ as the catalysts with stronger Bronsted acid sites [SA=71] have slightly higher
ratios than the ones with higher Si/Al ratio [SA=345] and lower strength acid sites. The P/E ratios also
decrease in the same order as conversion and selectivity to olefins i.e. SA=71>177>77>345. The catalyst
with SA=71 has got the highest P/E ratio of 2.1 as compared to the other catalysts. This is due to its high
acidity and higher conversion, leading to a high selectivity towards propylene and low selectivity to
ethylene. Therefore, it can be concluded that the SA=71 is found to be the best catalyst for enhancing the
selectivity towards olefins when using hexane as a feed since it more stable and demonstrates an increase in

selectivity towards light olefins with TOS.

5.5 Catalytic cracking of dodecane

Catalytic cracking of dodecane was studied and performed on a bench scale quartz-tube reactor using the
prepared HZSM-5 catalyst with SA=71 and a commercial ZSM-5 catalyst with SA=80. This study was
conducted to investigate the catalyst performance and the effect of the pore sizes on catalytic conversions
and product distribution when using a longer chain hydrocarbon such as dodecane. The effect of the pore
size is determined by comparing the synthesized ZSM-5 catalyst with additional mesopores and macropores
to a commercial ZSM-5 catalyst. The HZSM-5 catalyst with SA=71 was chosen since it is found to be the
best for enhancing the selectivity towards olefins than the other prepared HZSM-5 catalysts. Figure 44
below shows the catalytic conversions of dodecane when using the prepared zeolite with SA=71 and a

commercial zeolite with SA=80.
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Figure 44: Catalytic conversions of dodecane obtained when using the synthesized zeolite with SA=71 and
a commercial zeolite with SA=80. The catalytic cracking reactions were performed on a bench scale quartz-
tube reactor using dodecane as a model feed. The reactions were carried under the following conditions: T =
550 °C, Time on stream [TOS] = 6 hours, N,: Hexane dilution ratio = 1:1, feed flow rate = 0.1 ml/min, P =1

atm, WHSV = 15.82 hr * and a catalyst mass = 0.25 g.

As observed from Figure 44, the catalyst with SA=71 has got the highest initial conversion of 100 % during
the 1% hour, which then slightly decreases to 80 % as the reaction proceeds to the 6™ hour. When using the
commercial catalyst, the initial conversion is found to decrease from 84 % during the 1% hour, to 45 %
during the 6™ hour. This is a large drop of 39 % in conversion when comparing it to the SA=71. Both
catalysts have a similar Si/Al ratio which is related to acidity. The high initial conversions observed when
using these catalysts could be due to their strong acidity. However, the higher initial conversion of 100 %
observed when using the SA=71 is possibly due to acid sites being more accessible compared to the
commercial zeolite catalyst with microporous structure. The SA=71 catalyst also has better catalyst stability
as it showed a lower decrease in conversion with TOS. This may be due to better diffusion of a large
hydrocarbon molecule through the catalyst with mesopores as compared to the one with micropores, which

may hinder diffusion and lead to the greater formation of secondary products such as aromatics that act as
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coke precursors and ultimately result in a decrease in activity. The effect of porosity on activity is also
clearly highlighted. In the catalyst in which mesopores system is introduced, the activity of the catalyst is
shown to dramatically increase when using the larger dodecane i.e. initial conversion = 100 % compared to
the smaller hexane molecule with ~ 8 % initial conversion. A longer chain will be more interactive with the
acid sites, leading to higher conversions as compared to when using hexane which is a shorter chain.
Therefore, pore size can be considered to have a significant impact on catalytic activity. Furthermore, these

results indicate that mesoporous ZSM-5 catalyst may be better suited to the cracking of larger hydrocarbon

chains.
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Figure 45: Selectivity towards paraffins and BTEX products formed when using the commercial catalyst

with SA=80 and the prepared catalyst with SA=71.

Figure 45 shows selectivity towards paraffins formed during the 1%, 3" and 6™ hour of the reaction. It can be
clearly observed that there are more paraffins and BTEX products formed with the SA=80 than the SA=71.
This means that there are many other reactions taking place when making use of a commercial catalyst than
that of the SA=71. These reactions are due to the micropores in the commercial catalyst, leading to slower
diffusions of the large dodecane molecule. The molecule become restricted and stays longer in the pores of
the catalyst, which results in secondary reactions after cracking such as isomerization, aromatization,

dehydrogenation and hydrogenation occurring during these reactions. Moreover, dodecane is a bulkier
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hydrocarbon and may not quickly pass through the pores of the catalyst as it would with a shorter
hydrocarbon like hexane, especially in the microporous commercial catalyst. There is no much change
observed in the produced paraffins and BTEX products formed with the SA=71 during the 1* to the 6" hour,
as the product distribution seems to be the same. This may be due to the high conversion being maintained
throughout the reaction, which continues to give high selectivity to olefins. However, there is an observed
decrease in selectivity towards the paraffins and BTEX products over the SA=80 from the 1 hour to the 6
hour of the reaction as the conversion also drops. This observation is expected from a microporous zeolite,
as there will be more side reactions taking place at higher conversions leading to a high yield of the
unwanted products such as paraffins and the BTEX products. These unwanted products normally lead to
coke formation which blocks acid sites and prevent secondary reactions, causing a decrease in conversion

with TOS. The presence of coke will be determined in future work to confirm the observed results.
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Figure 46: Selectivity towards olefins [C2= to C4=] products formed when using the commercial catalyst

with SA=80 and the prepared catalyst with SA=71.

Figure 46 shows selectivity towards olefins [C,= to C,=] produced over a period of 6 hours when using a
commercial catalyst with SA=80 and the synthesized catalyst with SA=71. The SA=71 shows the highest
selectivity towards olefins from the 1% to the 6™ hour of the reaction as compared to the commercial catalyst

with SA=80. Furthermore, the SA=71 has higher P/E ratios of ~3 than the commercial catalyst with P/E
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ratios of ~ 2. As observed from Figure 46, ethylene is slightly produced from 8 % during the 1* hour to 9 %
during the 6™ hour of the reaction over the commercial catalyst. Propylene also increases from 16 % to 20 %
and butenes increase from 11 % to 15 %. However, when using the synthesized catalyst with SA=71, the
selectivity towards olefins is produced more than double of what is produced over a commercial catalyst.
The selectivity towards ethylene increases very slightly from 12 % to 13 % during the 6" hour. The
selectivity towards propylene increases from 35 % to 40 % and the selectivity towards butenes increases
slightly from 15 % to 18 %. The observed increase in olefins over the SA=71 is due to its bigger pores as
compared to the SA=80 with only micropores. The feed is able to easily access the catalyst acidic sites that
are responsible for the formation of light olefins. Moreover, it is also able to quickly diffuse out of the
catalyst without undergoing secondary reactions that may reduce olefin selectivity as compared to when

using the SA=80.

Diao et al (4) observed similar results during catalytic cracking of n-dodecane [500 °C, 4 MPa] using
hierarchical HZSM-5 zeolites membranes with tunable mesoporosity. The hierarchical zeolite with the
largest mesopores exhibited superior catalytic performances. This zeolite showed the highest average
activity of 28.62 % and an above 13 % improvement with a lowest deactivation as compared to the
microporous catalyst with only 15.39 % average activity. The initial conversion for the microporous catalyst
was 19.26 % and sharply dropped to 12.17% with TOS. These catalysts had similar acidic properties but the
hierarchical ZSM-5 had larger mesopore size which lead to enhanced diffusivity of n-dodecane and cracking
products. Moreover, the hierarchical ZSM-5 with the largest pores produced more olefins with less paraffins
and BTX products than the microporous catalyst. They concluded that this was due to high diffusivity of the

membrane which limited a secondary reaction and thus improved the stability of the catalyst.
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5.6 Catalytic Cracking of Tyre Derived Oil [TDO]

Catalytic cracking of Tyre Derived Oil [TDO] was studied and performed on a bench scale quartz-tube
reactor using the prepared HZSM-5 catalyst with SA=71 and a commercial ZSM-5 catalyst with SA=80.
This type of feed was used to investigate whether the use of the prepared hierarchical ZSM-5 catalyst with
larger pores would be better for catalytic cracking of bulky molecules than light naphtha for which hexane
was used as a model feed. In this study, the product distribution when using the two different catalysts was
investigated. Figure 47 below shows the selectivity towards paraffins and BTEX products formed when

using a commercial catalyst with SA=80 and the prepared catalyst with SA=71.
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Figure 47: Selectivity towards paraffins and BTEX products formed when using a commercial catalyst with
SA=80 and the prepared catalyst with SA=71. The catalytic cracking reactions were performed on a bench
scale quartz-tube reactor using TDO as a model feed. The reactions were carried under the following
conditions: T =550 °C, Time on stream [TOS] = 6 hours, N,: TDO dilution ratio = 1:1, feed flow rate = 0.1

ml/min, P = 1 atm, WHSV = 15.82 hr * and a catalyst mass = 0.25 g.

As observed from Figure 47, there is a wide distribution in the selectivity towards paraffins as well as BTEX
products when using both catalysts. This indicates that there are competing reactions such as aromatization,

isomerization, dehydrogenation and hydrogenation taking place. This is expected since TDO is a bulky
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feedstock and may lead to limited diffusion and transfer of reactants and products molecules within the pores
of the catalyst. However, the SA=71 has got bigger pores which could possibly lead to better accessibility to
active sites as well as improved diffusion of reactants and products compared to the microporous
commercial catalyst. This results to less formation of unwanted products. This is also evident on the
selectivity towards methane which is produced in very small amounts throughout the reaction, but in higher

amounts when using the commercial catalyst.
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Figure 48: Selectivity towards olefins [C2=to C4=] products formed when using the commercial catalyst

with SA=80 and the prepared catalyst with SA=71.

Figure 48 shows selectivity towards olefins [C,= to C4=] produced over a period of 6 hours when using a
commercial catalyst with SA=80 and the synthesized catalyst with SA=71. The SA=71 shows the highest
selectivity towards olefins from the 1% to the 6" hour of the reaction as compared to the commercial catalyst
with SA=80. Furthermore, the SA=71 shows higher P/E ratios of ~ 1.3 than the commercial catalyst with P/E
ratios of ~1.1. As observed from Figure 48, the selectivity towards ethylene increases from 21 % during the 1%
hour of the reaction to 25 % during the 6™ hour when using the commercial catalyst. Selectivity towards
propylene increases from 23 % to 29 % and the selectivity towards butenes increase from 15 % to 20 %.
When using the synthesized catalyst, selectivity towards ethylene increases from 24 % to 28 %. The

selectivity to propylene increases from 30 % to 35 % and selectivity towards butenes is found to be 15 %
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throughout the reaction. The improved selectivity towards ethylene and propylene when using the synthesized
catalyst is due to its bigger pores which cause much less interactions with the feed and be able to quickly

diffuse out of the catalyst without undergoing many unwanted side reactions.

5.7 Conclusion

The bigger pore sizes and the acidity of the prepared hierarchical ZSM-5 zeolites with different Si/Al ratios
played a significant role during the catalytic cracking of hexane, dodecane and tyre derived oil at high
temperatures of 550 °C. This allowed the reactants and product molecules to easily diffuse in and out of the
pores of the catalyst and improve interaction with the active acid sites of the catalyst. This leads to higher
catalytic conversions and greater yields towards olefins, particularly ethylene and propylene than when using
a commercial catalyst. Very low catalytic conversions where observed when using a smaller hexane molecule
during the catalytic cracking with these HZSM-5 zeolite materials. This suggests that the hexane feed was
passing through the catalyst pores with very less interactions with the active sites. However, when using one
of the prepared HZSM-5 catalyst [SA=71] with hierarchical pore structure and higher acidity for the catalytic
cracking of dodecane and tyre derived oil, the catalytic conversions as well as the selectivity towards olefins
was improved. This suggests that there was better diffusion through the catalyst pores and the feed molecules
were able to have much better interaction with the active sites of the catalyst. Furthermore, the P/E ratios were
observed to be higher during the catalytic cracking of both dodecane and tyre derived oil over the prepared
hierarchical ZSM-5 catalyst as compared to when using a commercial catalyst. This suggests that the prepared
catalyst is most effective on cracking of longer chains as well as bulky molecules, and would be a more
suitable catalyst for cracking oils such as those used as feedstocks in the FCC process. The catalyst also
demonstrates high yields of greater than 60 % for ethylene + propylene during the catalytic cracking of
dodecane. Therefore, the synthesis of hierarchical ZSM-5 with micro, meso and macropore structure, as well
as good amount and strength of acid sites may be a worthy candidate as a cracking catalyst which meets the

industry demands of high selectivity to light olefins and improved propylene to ethylene ratio.
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CHAPTER 6: Conclusions and Recommendations

Chapter Overview
This chapter provides a summary of the main findings of this thesis by underlining an overview of the
activities and contributions of the results from a scientific and industrial point of view. Recommendations

for future work are also outlined.

6.0 Summary and Conclusions

The aim of this project was to synthesise hierarchical macro/mesoporous ZSM-5 zeolite crystals with
variable Si/Al ratios and test them as catalytic cracking catalysts. ZSM-5 zeolites have been used worldwide
for the production of light olefins, particularly ethylene and propylene which are greatly used for their
importance as feedstocks for producing useful materials. The literature review revealed that hierarchical
zeolites in the macro and/or mesoporous range play a major role in the production of light olefins due to
their larger pore sizes. In general, hierarchical zeolites should allow easy access of large reactant molecules
to catalytically active sites. In previous studies, the use of hierarchical zeolites demonstrated high catalytic
activities, enhanced selectivities towards olefins, low deactivation rates, high thermal/hydrothermal stability
and longer catalyst life than the parent microporous ZSM-5 catalyst. Hence, the use of hierarchical zeolite
catalysts during the catalytic cracking process has been recommended as one of the best methods for

enhancing the production of light olefins.

During this study, the fabrication of the hierarchical ZSM-5 zeolites with different Si/Al ratios in the range
of 30-300 was performed via steam-assisted hydrothermal synthetic approach making use of stoichiometric
guantities of sodium aluminate as an aluminum source, tetraethyl orthosilicate as a silica source,
tetrabutylammonium hydroxide and hexadecyltrimethylammonium bromide. A process known as
crystallization was then performed at high temperatures of 150 °C using a plastic Teflon flask placed inside a
large stainless steel autoclave. Lastly, the zeolite was ion exchanged and calcined at 550 °C for 3 hours to

convert to the H-form.
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The synthesized materials were then characterized fully to study their physical and chemical properties.
XRF spectroscopy method was employed in the study to determine the Al,O3 and the SiO, contents of the
prepared ZSM-5 materials and XRF analysis showed that the calculated actual ratios were close to the batch
ratios, except for the material with a batch ratio of 30 which did not completely crystallize. FTIR
spectrometry was used to evaluate the functional groups present in the synthesized materials and to confirm
the structure of ZSM-5 zeolite. The found intensity of the transmittance bands confirmed that the material
reflects the crystallinity of ZSM-5 zeolites and is assigned to the five-membered rings of MFI zeolites. XRD
analysis which was employed in the study to determine the crystal structure and phases present further
confirmed that the prepared materials have a degree of crystallinity of the hierarchical ZSM-5 type with a
partially ordered mesoporous structure. However, the SA=36 did not reflect the structure of a high
crystalline ZSM-5 material. This was probably due to the large Al content present in the batch mixture
which resulted in slower crystallization kinetics, hence hindering the formation of crystals at the given
crystallization conditions. Therefore, the Si/Al ratio in particular the aluminium content is shown to have an
effect on the formation of the ZSM-5 zeolite. The strength and amount of acid sites in the prepared materials
was analysed by NH3-TPD. Suprisingly, the NH3-TPD profiles showed three desorption peaks. To our best
knowledge, such observation of HZSM-5 zeolites showing three desorption peaks has not been reported
before. The total acidity calculated from the weak and strong acid sites of the prepared materials was found
to decrease as the Si/Al increases in the following trend; SA=71>77 >177>345. Furthermore, the materials
showed an increase in desorption temperature of the peak corresponding to strong acid sites as the Si/Al ratio
decreased. This followed in the order SA= SA=71>177 >77>345. TGA analysis was performed to determine
the thermal stability and the fraction of the volatile components on the SA=77 since it had the highest
intensity of the unknown third peak in the NH3-TPD profiles. The material showed a little loss of moisture in
the pores and on the surface, proving that it was thermally stable and the third peak found on the prepared
catalysts was not due to thermal decomposition. However, the observation of this peak still warrants further

investigation.

The synthesized materials were also characterized microscopically using HRSEM to establish the surface

morphology and the elemental composition of the prepared materials. The HRSEM micrographs revealed
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morphologies that are spherically shaped and uniformly aggregated together, forming stack of crystals with
observable open spaces within the large crystals. A sponge like morphology with worm-like holes in the
macropore range [>50 nm] were also observed, proving that some macropores were successfully generated
during the fabrication of these materials. The pore-size distribution as well as the pore volumes and surface
area measurements of the prepared materials were also investigated by BET analysis. The SA=71 showed
the highest SSA of 618 m?/g given by its micropore area of 103 m?/g and an external surface area of 515
m?/g. The high surface area in the material was due to the development of mesopores with narrow pore size
distribution. Moreover, a hierarchical structure with 3 pore ranges, i.e. micro, meso and macropores was
proven to be developed. The corresponding BJH pore-size distributions also show that all the synthesized
materials have highly ordered mesopores with a very narrow pore size distribution. The pore diameters range

between 5-7 nm, which leads to a high SSA and pore volume.

The catalytic performance of the prepared materials was tested via catalytic cracking of hexane, dodecane
and tyre derived oil. At first, the effects of reaction conditions such as temperature, nitrogen diluent to feed
ratio and WHSV on the catalyst activity and selectivity were investigated. All the catalytic cracking
reactions for optimization studies were performed using hexane as a model feed over a commercial ZSM-5
with SA=80 on a bench scale quartz-tube reactor. Firstly, it was confirmed that at the highest temperature of
550 °C, the cracking was catalytic and not thermal. Then the effect of temperature showed that as the
temperature increased from 450 °C to 550 °C, an increase in catalytic conversion was also observed. The
increase in conversion observed with increase in temperature is expected and was attributed to more energy
in the system to reach the activation energy to break C-C bonds, resulting in higher conversion of the
reactant to cracked products. The selectivity towards paraffins was found to be higher at 450 °C and
decreased with TOS as the temperatures increased to 550 °C. On the other hand, the BTEX products as well
as the olefin products, ethylene and propylene in particular started to increase with TOS as the temperature
increased. This observation was attributed to the higher cracking activity at higher temperatures, leading to a
great selectivity to olefins. The highest temperature of 550 °C was shown to be the best for enhancing

selectivity to olefins.
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The second study was conducted on the effect of catalyst loading at the optimum temperature of 550 °C. The
catalytic conversions increased with an increase in catalyst mass used, resulting in 0.25 g to have the lowest
conversion and 0.75 g with the highest conversion. However, the selectivity towards olefins and P/E ratios
decreased with an increase in the catalyst loading with TOS. The high selectivity obtained when using a
much less catalyst loading is due to its high WHSV. Consequently, the catalyst loading of 0.25 g was found

to be the best for enhancing the selectivity towards olefins.

The third study was conducted on the effect of nitrogen: hexane dilution ratios to find the best nitrogen to
feed dilution ratios for balancing activity while maintaining a high selectivity to olefins. The catalytic
conversions were found to decrease as the nitrogen to feed dilution ratio increased. This observation may be
due to the feed having a shorter contact time with the catalyst since it is carried by nitrogen when the
dilution ratio is higher. However, the catalysts were shown to be more stable at the nitrogen to feed ratios
with the 1:1, resulting in the least catalyst deactivation. The selectivity towards olefins was found to increase
with an increase in dilution ratios. The dilution ratio of 2:1 shows the highest selectivity towards olefins but
was only fractionally higher than at the ratio of 1:1. It is evident that the use of nitrogen has an effect in
boosting the selectivity towards olefins. However, it is most advisable to work with the catalyst that is more
stable and more selective to the ideal product. Furthermore, industrially it would be best to work with a
lower dilution ratio to save costs. Hence, the dilution ratio of 1:1 was found as the condition which best

balances activity, selectivity and stability.

Catalytic cracking of hexane was studied over the prepared hierarchical ZSM-5 catalysts with different Si/Al
ratios using the designated optimum conditions. The obtained conversions appeared in very low amounts.
The catalyst with SA=71 had the initial highest conversion of 8.3 % which generally decreased as the Si/Al
ratio increased, with SA=345 having the lowest conversion of 3.5 %. However, all these catalysts were
found to be stable as the conversion remained the same throughout the reaction. The observed conversions
were attributed to the acidity of the catalysts, in particular the strength of the strong Bronsted acid sites.
From the NH3-TPD results, the SA=71 had the highest total acidity and the SA=345 had the lowest acidity,

while the strength of the aid sites in the catalyst followed the order SA=71>177>77>345. This resulted in the
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catalytic activity of the catalysts following the exact same order. Therefore, it can be said that the catalytic
activity is mainly due to the acid strength of the strong Bronsted sites rather than the total acidity or acid site
quantity. The observed low conversions found when using the prepared catalysts may be due to large pores
that were generated during the fabrication of these HZSM-5 catalysts as compared to when using the
commercial catalyst with only micropores. This may have allowed the hexane feed to pass through the

catalyst pores with very less interaction with the active sites.

The SA=71 was found to be more selective to paraffins, especially the C, and C3 products with less BTEX
products produced with TOS. There were more C3 products produced than C, paraffins with this catalyst due
to secondary hydrogen transfer reactions. This was probably related to its high acidity that led to a slightly
higher conversion as compared to the other catalysts. Even though these prepared catalysts revealed very low
conversions, there was a slight increase towards olefins as compared to when using the commercial ZSM-5
with SA=80. The slight increase in olefins was due to the bigger pores in the prepared HZSM-5 catalysts.
The large pores allowed better diffusion through the catalyst, making hexane to easily pass through and react
very slightly, resulting to low conversions where better selectivities to olefins are obtained. SA=71 had the
highest selectivity towards propylene which increased with TOS as compared to the other ratios. This high
selectivity is associated with the best conversion when using the SA=71 compared to other ratios. The
selectivity towards propylene was found to be slightly lower as the Si/Al ratio increased and follows the
trend observed for the conversions as well as acid strength of the strong Bronsted sites i.e.
SA=71>177>77>345. This indicates that the selectivity to propylene is dependent on the conversion which
is in turn dependent on the strength and amount of acid sites available. All the catalysts displayed high
propylene to ethylene ratios [P/E > 1] with the best achieved for SA=71 of P/E ratio of 2.1. It is evident that
variations in the Si/Al ratio affect the acidity of the materials which results in differences in the catalytic
performance in terms of activity, selectivity and stability. Therefore, it was concluded that the SA=71 was
the best catalyst for enhancing the selectivity towards olefins when using hexane as a feed since it was more
stable and demonstrated an increase in selectivity towards light olefins with TOS. SA=71 was then further

investigated by carrying out testing reactions with larger molecules.
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Catalytic cracking of dodecane was studied and performed on a bench scale quartz-tube reactor using the
prepared HZSM-5 catalyst with SA=71 and a commercial ZSM-5 catalyst with SA=80 to investigate their
effect of pore sizes. The mesoporous SA=71 ZSM-5 catalyst showed a massive improvement in activity
when cracking the larger dodecane compared to hexane. An initial conversion of 100 % was observed when
using the catalyst with SA=71. The commercial catalyst which had an initial conversion of 84 % than the
mesoporous catalyst also enhanced the stability of the catalyst. The comparison highlighted the effectiveness
of introducing a hierarchical system which enhanced activity and stability. The improved results were
attributed to better accessibility to active sites for the larger dodecane chain as well as better diffusion

through the catalyst.

The SA=71 shows the highest selectivity towards olefins as compared to the commercial catalyst with
SA=80. Furthermore, the SA=71 had a higher P/E ratios of ~3 as compared to the commercial catalyst with
P/E ratios of ~2. The observed increase in olefins over the SA=71 was due to its bigger pores as compared to
the commercial catalyst with only micropores. The feed was able to easily access the catalyst acid sites that

are responsible for the formation of light olefins and diffuse out without undergoing secondary reactions.

Catalytic cracking of Tyre Derived Oil [TDO] containing a mixture of large hydrocarbons was also studied
at the established reaction conditions. Both catalysts showed a wide product distribution. This indicated that
there were competing reactions such as aromatization, isomerization, dehydrogenation and hydrogenation
taking place. The SA=71 had the highest selectivity towards olefins as compared to the commercial catalyst.
Furthermore, the SA=71 showed higher P/E ratios of ~1.3 than the commercial catalyst with P/E ratios of

~1.1. This provided further evidence of the improved catalytic properties of hierarchical ZSM-5 system.

The bigger pore sizes and the acidity of the prepared hierarchical ZSM-5 zeolites with different Si/Al ratios
played a significant role during the catalytic cracking of hexane, dodecane and tyre derived oil at high
temperatures of 550 °C. This allowed the reactants and product molecules to easily diffuse in and out of the
pores of the catalyst and also interact with the active acid sites of the catalyst. This resulted to higher
catalytic conversions and greater yields towards olefins, particularly ethylene and propylene as compared to

when using a commercial catalyst. Therefore, the objectives of the study were achieved as the prepared
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HZSM-5 catalysts demonstrated improved selectivity towards olefins. This also showed that the hierarchical
ZSM-5 synthesized with narrow mesopore size distribution was more effective in the cracking of large
hydrocarbons which meets industry demands of high olefin selectivity and high P/E ratio and may be

suitable as FCC cracking catalyst.

6.1 Recommendations and Future Work
The preparation of the hierarchical ZSM-5 zeolites with different Si/Al ratios via steam-assisted
hydrothermal synthesis was successful. However, the synthesis of SA=30 needs further investigation as to

why it was not crystalline and could not demonstrate the structure of a ZSM-5 zeolite with the used method.

The NH3-TPD profiles of the prepared materials demonstrate three desorption peaks. A third peak is
observed at 598 — 882 °C. To the best of our knowledge, such observation of HZSM-5 zeolites showing
three desorption peaks with strong acid sites at such high temperatures has not been reported before.
Therefore, further investigations on the characterization of NH3-TPD results would be necessary to find out

the reason for the observed peak at such high temperatures.

The catalytic conversions are observed to be very low during the catalytic cracking of hexane with the
prepared mesoporous ZSM-5 catalysts. One other possible way that has been mostly reviewed on literature
on how to improve the catalyst conversion and selectivity towards light olefins is to dope the HZSM-5

zeolite catalysts with metals.

When using one of the prepared HZSM-5 catalyst [SA=71] with the largest pore sizes and higher acidity for
the catalytic cracking of dodecane and tyre derived oil, the catalytic conversions as well as the selectivity
towards olefins was improved. This suggests that the prepared catalysts would be more effective on cracking
longer chains as well as bulky molecules. They would also be more suitable catalysts for cracking oils such

as those used as feedstocks in the FCC process.
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