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A wide range of processes and reactions in the industry have utilized zeolites as well as
relevant crystalline molecular sieves due to their microporous structure, shape selectivity,
ion exchange capability, and strong acidity. The small size of cavities and narrow channels
inside Y-zeolite impedes their practical applications, and therefore, several studies have
been conducted to accommodate the transportation of heavy molecules in the micropore.
This study focuses on the generation of mesoporosity inside Y-zeolite, by post-treatment
of commercial Y-Zeolite with acid, base, and organic template cetyltrimethylammonium
bromide (CTAB). Modified Y-zeolites were used for the preparation of FCC catalysts.
FCC catalysts consisted of a modified Y-zeolite and amorphous matrix. The matrix was
composed of amorphous silica-alumina, kaolin, and silica sol binder. The FCC catalysts
were steamed at 750 °C for 5hr to measure the hydrothermal stability. Performance
evaluation of the catalysts was calculated at 550 °C to see the yield of gasoline, LCO, HCO,
and coke. Vacuum gas oil (VGO) was used as feed for testing of FCC catalyst in fixed bed
micro activity test (MAT) unit. A series of five FCC catalysts using Ultra-stable Y-zeolite
was prepared with Zeolite to matrix ratio varying from 18 to 50, to obtain a base catalyst

for comparison with modified Y-zeolite-based FCC catalyst. The effect of Zeolite to matrix
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ratio on product yield (%) from VGO cracking has been studied. Modified Y-zeolite and
as-synthesized FCC catalysts were characterized by using XRD, N2 adsorption isotherm,
ICP, NH3-TPD and SEM analysis to measure their physical and chemical properties. A
comparison of modified Y-zeolite based FCC catalysts with USY based FCC catalyst for
zeolite to matrix ratio of 18 has been carried out. Modified Y-zeolite based FCC catalysts
gives significant enhancement in product selectivity as compared to USY based FCC
catalyst due to reduced diffusion limitations of reactants as well as products. The relative
difference in gasoline selectivity of modified Y-zeolite based FCC catalysts (St-MY02 &
St-MY03) was +3.4% and +1.7% respectively, whereas -14.4% and -1.4% was noted as a

relative difference of coke selectivity as compared to the base catalyst (St-YO01).
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CHAPTER 1

INTRODUCTION

1.1 Background

The heavy fractions of petroleum hydrocarbons were cracked into light fractions originally
done by thermal cracking. Later, it was replaced by FCC process due to the enhancement
of gasoline yield with a high-octane rating. The by-product gases produced by FCC are

more olefinic and valuable as compared to thermal cracking [1].

The fluid catalytic cracking process used in oil and gas industries as a conversion
technology to produce a major part of the gasoline. FCC is not only the single process used
in oil and gas industries for the conversion, but hydrocracking is also used for the same
purposes. Even though the fluid catalytic field has been studied already for 75 years but
still this area is central as a research point of view for both the industry and academia [2].
FCC process is operational across the globe in 300 refineries out of 646 in total since 2014
[3]. FCC catalyst production is estimated at 840,000 metric tons per year. It is estimated
that 0.16 kg of FCC catalyst is used per barrel of feedstock (vacuum gas oil). For heavy

feed materials, such as resid, 0.20 kg of FCC catalyst is used per barrel [4].

Daily used globally transportation fuels i.e., jet fuels, diesel and gasoline are the most
valuable products. Our primary objective is the extraction of these products from crude oil
at affordable prices with less environmental pollution. Therefore, efforts have been
employed to develop new technologies [5-8].
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In FCC, the choice of the most suitable catalyst is very crucial for the success of a process
as a result of a high gasoline yield. Although, there are different zeolite-based catalysts are
tested but less yield of the desired products, huge energy requirements for the process and
poor stability of the catalyst at elevated temperatures lead towards the better catalyst design
suitable for the catalytic process [9-11]. Y-zeolite is considered a primary cracking
component in the FCC catalyst since 1964 [12]. ZSM-5, which was invented in 1973 is
used as a second FCC catalyst. It has the main application in the enhancement of the
propylene yield [13]. The addition of zeolite materials in the FCC catalyst field has led to

a significant enhancement of the gasoline yield [14].

Zeolite crystals with some unique characteristics such as shape selectivity, high surface
area as well as acidity had wide applications in industry as a heterogeneous catalyst. It is
widely used in solid acid-catalyzed reactions in the oil and gas industry as well as the
petrochemical sector [15]. Due to their small pore size (<1.5nm), zeolite crystals often find
slow diffusion of heavy molecules specifically in area of fine chemicals as well as
upgrading of vacuum gas oil or residue [16-19]. But severe restriction of diffusion due to
the microporous structure of zeolite impedes their use in reactions involving heavy
molecules [20]. In most of the industrially used nano porous materials, Y-zeolite (0.74 nm
pore diameter) has significant importance in catalysis due to its advantageous features such

as high acid strength, activity, shape selectivity, and stability at high temperature [21-23].

The addition of a Nanosized pore network inside the zeolite may help to reduce the
diffusion limitation problem. Thus, hierarchal zeolite synthesis seeks attraction among
materials as well as catalysis researchers. Certain promising techniques have been applied

for the hierarchical porous zeolite, mostly were mesoporous zeolites. The approaches used
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to create the mesoporosity are as follows: (1) Dematalization includes dealumination and
desilication [24, 25]which involves post-synthetic treatment to create the mesoporosity (2)
framework crystallization of synthesized mesoporous aluminosilicates [25, 26] using the
steam aided methods of crystallization (3) Assembly of nanosized zeolite crystals in which
mesoporosity generated inside the Zeolites [27]. Some of these methods are limited by high
cost, partial destruction in zeolite structure, extra framework aluminum species formation,
and uneven mesoporosity generated by the treatment [28, 29]. Some of the hierarchical
zeolites i.e., faujasite, ZSM-5, as well as mordenite were obtained successfully by post-
treatment methods in the presence of acid and base along with surfactant [30-32]. These
materials have much improved acidity as well as hydrothermal stability. One thing
important is that there is a connection between intracrystalline mesopore formation as well
as zeolite micropore size. It is suggested that 12-membered ring pores present in faujasite
are reachable by the surfactant species which facilitates the generation of long-range
mesopores during the surfactant-based mesostructuring process. On the other hand, 10-
membered ring channels of ZSM-5 would be out of reach for the surfactant. Therefore, no
long range mesoporosity would be observed in modified zeolite [33]. A method that can
generate controlled mesoporosity inside crystalline structure of zeolite considered to be
highly useful and created a huge effect on catalytic side like in FCC process [34]. A series
of parent and hierarchical zeolite i.e., Y-zeolite as well as ZSM-5 were modified with acid,
base, and surfactant template method. The effect of gasoline and propylene yield was

significant as compared to conventional zeolites [35].

In general, the modern FCC catalyst comprises of two components: zeolite and a matrix.

Ternary component can be added in FCC catalyst as an additive to increase metal resistance



in a catalyst, boost octane number of gasoline or reduce the emissions of SOx. Most FCC
catalysts contain 15 to 45% of zeolite which contributes majorly to selectivity and catalytic
activity in FCC catalytic reactions [36]. It was observed that olefin to paraffin ratio
decreases with the increase of zeolite content in FCC catalysts due to the higher hydrogen
transfer reaction rate [37]. Commercially available FCC catalysts are prepared by using
zeolites dispersed in a silica-alumina matrix to form 60um particle size [38]. The FCC
catalyst consists of 60 to 85% by weight of matrix which contains natural as well as
synthetic components [39]. An active matrix holds acidic sites because of the presence of
alumina. On the other hand, inactive matrix does not influence the catalytic performance
of FCC catalyst due to the absence of acidic sites [40]. Zeolite properties have more effect
on the cracking products like gas and gasoline, whereas the matrix only has a direct effect
on heavier light cycle oil (LCO). The chemical composition of zeolite and matrix creates a
considerable effect in FCC selectivity [41]. The most important function of matrix is pre-
cracking the FCC resid and decrease the direct contact of cracked products to highly acid
sites of the Y-Zeolite. Afterward, pre-cracked products are diffused easily into the zeolite
pores to crack further on strong acidic sites of a Zeolite [42, 43]. Steaming is considered
one of the essential steps in the utilization and activation of FCC catalysts. Some of the
zeolites are destroyed during steaming because of the dealumination of framework of the
Y-zeolite. Hydrothermal treatment of the FCC catalyst is used to replicate the deactivation
that happens in a commercial unit to form an equilibrium catalyst. FCC catalyst steaming
leads towards the actual evaluation of the catalyst because the catalyst activity in its fresh
state cannot give the exact idea of its commercial performance. The temperature used for

the hydrothermal pre-treatment of fresh FCC catalysts is varied from 538-927 °C during a



time period of 2-24h in the presence of 100% steam. The selectivity as well as activity of
FCC catalyst are altered depending on the steaming conditions. Therefore, in commercial
FCC unit, the equilibrium catalyst gives a different yield of products as compared to fresh
catalyst [44, 45]. Prepared catalysts could be evaluated in a MAT (micro activity test) unit
on vacuum gas oil (VGO) feed. All MAT test has to be run at 550°C temperature and time

on stream (TOS) 30sec [46].

1.2 Objectives

The purpose of this study is to investigate the effects of the preparation of modified Y-
zeolite based FCC catalysts on the enhancement of gasoline selectivity as well as a
reduction in coke selectivity. Further, the effect of zeolite to matrix ratio on product

selectivity after VGO cracking has been also studied for USY based FCC catalysts.
The specific objectives of this research work are:

e Mesoporosity generation in conventional Y-zeolite to reduce diffusion limitations
of heavy FCC feed molecules

e Study the effect of modified Y-zeolite based FCC on VGO cracking

e Study the effect of Zeolite to Matrix ratio using USY zeolite on VGO cracking

e Characterization of modification Y-zeolite and FCC catalysts

e Performance evaluation of FCC catalysts in MAT unit



CHAPTER 2

LITERATURE REVIEW

2.1 Fluid catalytic cracking

FCC process is used in most oil and gas industries to convert low-value hydrocarbons such
as heavy gas oil, residue, and vacuum gas oil into high value products i.e., gasoline and

light olefinic gases.

FCC feedstock usually has boiling point of 340 °C or more at atmospheric pressure as well
as average molecular weight lies between 200 to 600. There is used a powdered fluidized
catalyst to break the high molecules into shorter molecules by contacting the feed. In an
FCC reactor, the temperature and pressure conditions are 550 °C and 1.72 bar gauge
respectively. In short, FCC process is mostly fulfilling the imbalance of the market demand
of gasoline products, excess of the high boiling, and heavy ends from the crude oil

distillation [2].

From Figure 2.1, we can see the major difference in the yield of gases C»-Ca, gasoline, and
middle distillate before and after the FCC process. With the introduction of FCC, the yield
of the high-value product has been significantly increased. Approximately 45% of the
feedstock, which is naphtha, middle distillate, and C, to C4 molecular range can be used

further without conversion.
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Figure 2.1: Effect of FCC conversion on refinery products [47].

But isomerization as well as reforming needs to be increased the value of the products.
Moreover, hydrotreating has to be done to remove the amount of sulfur before used in

vehicles to avoid environmental hazards [47].

2.2 Fluid catalytic cracking catalyst material

2.2.1 Structure and composition
Some desirable properties should be present inside the fluid catalytic cracking catalyst to
make it perfect for the cracking of heavier hydrocarbons. The desirable characteristics of

an FCC catalyst are:

Activity and selectivity: It should be present in FCC catalyst to convert the heavy

hydrocarbons into valuable products.



Hydrothermal stability: A Fluid catalytic cracking catalyst should be able to resist high

temperatures as well as steam partial pressure used for better efficiency in the regenerator.

Metals tolerance: Some metals in fluid catalytic cracking feed acts as poisons for the

catalyst. So, it has enough tolerance to negate the effect of metals.

Attrition resistance: Particles of catalyst must withstand the impacts with the wall during

the circulation as well as each other also.

Coke selectivity: Less coke should be deposited on FCC catalyst during the processing of

heavier hydrocarbons especially in case of resids for the better yield of gasoline.

Fluidizability: Components of catalyst should be present in the form that permits

fluidization on the regenerator [14].

MICRO PORES

Nano material Nano material

ZEOUITE CLAY ALUMINA sSiLica
MACRO PORES MESO PORES

FCC PARTICLE ~ 70pm

Figure 2.2: Typical structural and chemical composition of a FCC catalyst [13].



All demands mentioned above could be found in one catalytic material that combines the
number of components as shown in Figure 2.2. The main active component of FCC catalyst
is usually Y-zeolite in the stabilized form. This catalytic material consisted of internal pores
that contain active acid sites present inside due to which heavy hydrocarbons converted
into gasoline yield. Clay is used as a filler as well as heat capacity reasons. Many sources
of silica as well as alumina are used to make a meso-macroporous FCC matrix that pre-
cracks the larger feed molecules. Moreover, these components impart physical strength and
integrity to the system. Additional components are used to traps the metal components like
Ni and V. The components of the FCC matrix are usually mixed in the form of aqueous
slurry. The spray drying method is used to make spherical shape particles of catalysts that

are easily fluidized in the regenerator [14].

2.2.2 Reactions

The cracking reactions are the combination of thermal as well as catalytic reactions, where
catalytic reactions are more important. During the reactions, pre-cracking of the large
molecules takes place in the amorphous silica-alumina matrix before entering into the

micropores of the zeolite.

In Figure 2.3, we can see the simple overview of the FCC cracking reactions from feedstock
to the gasoline and gaseous products. We can see that conversion has occurred in different

steps where gasoline is not only the primary reaction product [48].

The cracking reactions are acid-catalyzed. Although the mechanism of catalytic cracking
has already been described from the early stages of catalytic cracking. Therefore, this thing

is obvious that Carbenium ions formed during catalytic reactions [49, 50].
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Figure 2.3: Series of cracking reactions of heavier feedstock leads to the FCC products
[46].

From Figure 2.4, we can see the four reactions occurred to form the carbenium ion. In a
reaction 1, carbenium ion has been formed by the transfer of a proton from Bronsted zeolite
site to the alkane and in reaction 2, proton transfer towards the alkene molecule. But in
reaction 3, the formation of carbenium ion by the transfer of proton towards alkane from

Zeolite, and in reaction 4, alkene and new carbenium ion formation takes place by the beta

scission of a carbenium ion [51, 52].

It is concluded that formation of initially formed carbenium ion on Lewis and Bronsted

sites occurred in parallel in both pathways [49].
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Figure 2.4: Mechanism of hydrocarbons cracking reaction network on zeolite [49, 50].

2.3 Hierarchical zeolites

Zeolites are sometimes called molecular sieves that are crystalline aluminosilicates of
alkaline elements that display some unique properties in the field of catalysis [53].
Although there are numerous advantages of using zeolites, diffusion limitation for
branched molecules as well as the transfer of molecules with a size similar to the micropore
creates difficulty for its further use in the conversion of heavy molecules [19]. Diffusion

limitation facilitates the conversion of molecules into by-products which are undesirable
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due to consisting of coke precursors. These coke precursors can block the micropores of
the catalyst which causes the deactivation of a catalyst and reduce the life span of a catalyst

as well.

A

oL

Standard Nanosized Zeolite Introduction of
crystals crystals nanosheets additional porosity
J‘.

DECREASING DIFFUSION PATH LENGHT (L)

Figure 2.5: Effect of crystals on diffusion path length [52].

In this kind of situation, the only external surface area of the catalyst used while the internal
surface area remains inactive. However, efforts have started on the hierarchical zeolite
synthesis which has secondary porosity in the mesopore range (2 to 50 nm pore size). Such
solution provides ease to the approach of heavy molecules towards the active centers of the
catalyst while maintaining the crystallinity as well as the acidity of zeolites simultaneously

[54].

From Figure 2.5, we can see the effect of crystals shape and size on the diffusion path
length during the reaction on the catalyst surface. We can see additional porosity decreases

the diffusion limitation the same as in the case of mesoporous zeolites.
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However, creating additional porosity in zeolites is a challenge for scientists. Several
methods have already been introduced for the preparation of hierarchical zeolite, but care
must be taken to create secondary porosity without the detriment of the micropores

structure to make it effective for further use.

2.4 Methods of synthesis of hierarchical zeolites

There are certain methods of hierarchical zeolite synthesis to create secondary porosity.

Here are two approaches which renowned for these purposes are:

1. Top-down approach

2. Bottom-up approach

These two approaches have been classified into further types of producing hierarchical

zeolite [55].
Top-down approach

o Dealumination
o Desilication
o lrradiation

o Surfactant templated recrystallization

Bottom-up approach

Hard templating method

O

O

Soft templating method

Assembly of nanosized zeolites

O

Zeolitization of materials

(@]
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2.4.1 Dealumination

Dealumination is a method to create mesoporosity by leaching the aluminum ion from the
zeolite structure by using the hydrothermal treatment or the chemical reagents [56]. The
extraction of aluminum with the help of acid at elevated temperature is the most commonly

used technique that was first described in 1960 by Barrer [57].

The formation of vacancies is created by the elution of aluminum with a partial breakdown
of the crystalline structure of the zeolite. The vacancies consist of second porosity in the
range of mesopore in the micropore zeolite structure. However, it is noticed that
dealumination causes a drastic effect on the acidic nature of the zeolite which depends on

the method used [58].

Aluminum species were removed in the reaction of zeolite with hydrochloric acid to
enhance the Si/Al ratio. There is discussed a dealumination method in the presence of

hydrochloric acid in literature with the following steps [59]:

o At 140°C temperature, synthesis, and aging of the solution having nanoparticles
of zeolite

o Gradual cooling at room temperature

o Acidification by using concentrated hydrochloric acid

o Hydrothermal treatment at 150°C for 75h

14
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Figure 2.6: Dealumination and Desilication method [58].

Dealumination creates a loss of crystallinity of framework and fewer acid sites. Hence,
these drawbacks are more than offset by the enhanced diffusional properties and the
creation of new acidic sites [60]. Dealumination considers a low-cost method to create the
mesoporosity in Y-zeolite in post-treatment methods. Al and Si defects created by acid

washing have been studied in Y zeolite framework during dealumination [61].

2.4.2 Desilication

This method is used to create mesoporosity by the removal of Si from the zeolite structure
in an alkaline medium. Hierarchical zeolite obtained by this method is acknowledged by

the presence of 2" porosity simultaneously maintaining the structural as well as acidic
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properties. Hierarchical zeolite has some new properties which affect the selectivity,

activity as well as the life span of the zeolite [62].

Ogura and co-workers were the first authors who used the desilication method first time on
ZSM-5. They observed the loss in microporous volume from 0.177cm3/g to 0.133cm®/g in
an alkaline environment. Moreover, increase in mesoporosity was observed from

0.072cm?/g to 0.279cm®/g [63].

It observed that the optimum conc. of alkali (NaOH) for the huge quantity of mesopores
(>0.150cm?/g) without affecting the crystallinity of the material was 0.2M for a time of 30
to 120 sec. At the same time, a high concentration of sodium hydroxide >1M affects the

crystallinity of the material [64].

During the use of the desilication method, it happens a preferential removal of silicon from
the zeolite. Mesopore surface area was approximately 200 m?/g observed for a (Si/Al=25-
50) atomic ratio after desilication. The pore size of 9 to 10 nm was observed for the atomic
ratio of 25 to 50 (Si/Al). With the increase of this ratio, the size increased from 20 to 50
nm. High aluminum content retards the silicon removal for Si/Al ratio <25-50 which causes
less porosity generation. In medium Si/Al ratio 25 to 50, controlled silicon removal has
been observed which generates the high mesoporosity while high Si/Al > 50 creates bigger
mesoporosity as well as reduces the mesopore surface. Therefore, the desilication method
should be used with care to impart the additional mesoporosity along with the prevention
of micropore volume loss. To that end, we can use the tertiary butyl ammonium hydroxide
(TBAOH) or tertiary propyl ammonium hydroxide (TPAOH) instead of sodium hydroxide

(NaOH).
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Figure 2.7: Desilication method [62].

Desilication cannot easily create perfect mesoporosity without the detriment of crystalline-
acidic properties of the parent material. Therefore, a shift to the organic basis became
relevant [64]. Recently, a new post-treatment method combines the alkaline hydrothermal
treatment and microwave-assisted dealumination. Their effect on catalysis application has
already been studied which highlighted the presence of mesoporosity inside the zeolite
[65]. Further, the template-free method also applied where zirconia (Zr) atom under
hydrothermal conditions applied in USY to create the mesoporosity [66]. Recently, Sn
atoms are also employed in the Y-zeolite structure to enhance the mesopore volume. It is
noted that the molecule (1,3,5-triisopropylbenzene) used for Catalytic cracking gives a
significant enhancement in gasoline yield and lower coke tendency as compared to USY

[67].
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2.4.3 Irradiation

This method took place in two stages. In first stage, zeolite crystals are radiated in the
presence of heavy uranium ions U?® to add a hidden path into the zeolite crystals. In the
second step, radiated zeolite has been washed with a hydrogen fluoride solution (HF) and
then water. As a result, zeolite crystals with uniform macropores in the size of 50nm have
been obtained. ZSM-5 having a crystal size (5 micrometers) grow in fluoride environment

have been used [68].

There is a major drawback of using the top-down approach because silica or alumina is

leach away with the product streams during the desilication and dealumination [69].

2.4.4 Surfactant templated recrystallization

In 2004, a first patent application was filed to generate mesoporosity inside zeolites by
using surfactant templated method and it has been mentioned also in a recent publication
[70, 71]. Significantly milder conditions (dilute NH4sOH) have been used in this approach
as compared to desilication. Cetyl trimethyl chloride or bromide is used as a surfactant to
introduce well-controlled mesoporosity inside many zeolites i.e., ZSM-5, Mordenite, or Y-
zeolite. This approach has fewer drawbacks as compared to desilication method, i.e.,
damage of zeolite crystals as well as the loss of silica. The original method described the
modification of USY zeolite (Si/Al=15), with a solution of CTAB in 0.37 M NH4OH or
0.09 tetrapropyl ammonium hydroxide (TPAOH) for 10 to 20 hours at 150°C. Then, the
surfactant (CTAB) templates were removed by calcination having a nitrogen environment,
then exposed in air for uniformly distributed intractrystalline mesoporosity. A crystal
rearrangement mechanism used for the direct introduction of the well-defined

mesoporosity inside zeolites as shown in Figure 2.8 [70].
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The crystal rearrangement is only possible if the base opens the Si-O-Si bonds with the
help of cationic surfactant and form the Si-O" species. This method prohibits the dissolution
of zeolite crystals and allows the useful interaction between surfactant and zeolite.
Typically, complete recovery of mesostructured materials achieved after the process. And

the material has high hydrothermal stability after the surfactant templated process.

Figure 2.8: Mechanism of surfactant templated mesopores formation [70].

Figure 2.8 described the schematic demonstration of the mechanism of mesopore formation
inside zeolite by using the surfactant. In Figure 2.8 (a) represented the original Y-zeolite
(b) described the opening of Si-O-Si bond in alkaline media (c) shows the surfactant
micelles surrounded by the crystal rearrangement (d) represents the mesopores introduced

by removal of surfactant template.

At the start, this technique was only applied to the high silica zeolites (Si/Al = 15) such as
USY, mordenite, and ZSM-5. Later on, this method was applied to the high alumina
zeolites such as NaY (Si/Al ratio of 1-3) with the addition of acid pretreatment step using
inorganic or organic acid [71]. Acid pretreatment steps break some of the Al-O bonds
which create some vacancies and wear out the rigidity of the zeolite structure. Subsequent
treatment of this treated zeolite with cationic surfactant (CTAB) in the presence of NaOH
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or NH4OH at elevated temperature for 1 hour creates the mesoporous Y-zeolite which has

very similar properties to the parent zeolite [70].

2.4.5 Soft templating methods

The method that involves the nonsolid template is called the soft templating method. Soft
templates include the surfactants and the block copolymers for creating the mesoporosity.
There are certain advantages of using block copolymers i.e. low cost and easy availability
[60]. On the other hand, surfactants are also used in direct templating methods. The added
surfactants also impart a key role during the re-organization of the zeolite-based FCC
catalysts to form the required mesopores. Organosilane surfactants have an important role
in the generation of active mesoporosity with less difficulty [72]. Organoline was used as
a templating agent for the preparation of hierarchical Y-zeolites assisted by microwave
hydrothermal method. The results were shown a better catalytic performance as compared
to conventional Y-zeolite [73]. However, phase-disintegration, as well as amorphous phase
lining formation problems have been limited the use of surfactant-based methods on an
industrial scale. Similarly, there could be a stability problem in the derived catalyst under
hydrothermal conditions. Further, polymeric materials are reported as alternative templates

[74].
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Figure 2.9: Creation of mesopore in zeolites by using organosilane surfactants [64].

2.4.6 Hard templating methods

The method in which we used solid materials is called the hard-templating method. In this
method, hierarchical zeolite is synthesized by using carbon materials such as carbon
nanofibers, carbon nanotubes as well as ordered mesoporous carbon, etc. [75]. Some other
method includes the organosilanes, polymers, resins, biological substrates as well as
organic materials i.e., calcium carbonate and magnesium hydroxide. During the process,
the excess quantity of zeolite gel affects the zeolite growth around carbon particles. Later,
similar results have been achieved by synthesizing the super-ordered mesopores in the
range of 3 to 7nm [76]. The hierarchical form of all known zeolites can be achieved by
using this approach. Likewise, this method is very useful in the retention of zeolitic and
acidic properties. However, some unfavourable factors impeded the use of this method on

an industrial scale. High cost, expanded synthesis stages, and selection of suitable porous
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carbon materials are these factors [77]. The preparation of hierarchical zeolite with the help

of carbonaceous material as a template is presented in Figure 2.10.

Hydrothermal Removal of carbon by
crystallization @ calcination
Carbon embedded in Mesoporous zeolite
Zeolite Precursor gel zeolite single crystals

Figure 2.10: Synthesis of hierarchical zeolite using carbonaceous material as a hard
template [53].

22



CHAPTER 3

EXPERIMENTAL METHODOLOGY

This chapter will demonstrate the material used in the experimental studies for the
modification in Y-zeolites and FCC catalysts. It also presents the detailed synthesis
experimental procedure and techniques used in the characterization of the modified Y-
zeolites and FCC catalysts. The evaluation procedure for the testing of FCC catalysts in

the MAT unit is also discussed.

3.1 Materials

Following materials were used for the modification of Y-Zeolite and synthesis of FCC

catalyst:

o Na-Y zeolite (SiO2/Al,0O3 = 5.6) was obtained from CATAL

o Ultra-stable Y zeolite (SiO2/Al,0O3 = 6) was obtained from Grace

o Sodium hydroxide was supplied by BDH Analar

o Cetyltrimethylammonium bromide (CTAB), Ammonium nitrate, Kaolin, and
Ludox AS-40 was obtained from Sigma Aldrich

o Siral 40 (40% Al203, 60% SiO) was obtained from CONDEA

o Vacuum gas oil (VGO) obtained from a domestic refinery
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3.2 Post-treatment of Y-Zeolite

The modification of Y zeolite to obtain the hierarchical zeolite was adopted from the
method reported in the literature [33] with some changes in process conditions. The

changes in process conditions are mentioned at the end of this experimental procedure.

In a present post-treatment method, a slurry was prepared by mixing 20g of commercial
Na-Y Zeolite (SiO2/Al203 = 5.6) with 200ml of water. The pH of this slurry was close to
9.0 which was adjusted to 5.5-5.7 by adding a few drops of dilute nitric acid (10% dilute).
Afterward, the slurry was stirred with 10% citric acid (using 1.50, 3.65, and 6.0
milliequivalents of acid per 1g of zeolite) for 15min at ambient temperature. Then, acid-
treated Y-Zeolite was recovered by vacuum filtration and washed with deionized water.
Further, it was re-slurried in distilled water (200ml) containing 0.24M of sodium hydroxide

(NaOH) and 10.2g cetyltrimethylammonium bromide (CTAB).

After this solution was poured into a polypropylene bottle and placed in the oven overnight
at 100 °C. Next, the treated Zeolite was recovered using vacuum filtration, washed with
deionized water, and dried overnight at 110 °C in the oven. A modified zeolite sample was
calcined at 550 °C for 5 hours to remove the impurities as well as the organic template.
The calcined sample was placed in a desiccator at 100 °C temperature until it is cooled to
room temperature. The modified Y-zeolite was three-time ion-exchanged with 0.1M
ammonium nitrate solution at 80 °C for 1 hour to obtain the H-form of the zeolite. For each
gram of zeolite, 15 ml of 0.1M ammonium nitrate solution was used for ion exchange.
Finally, drying overnight and calcination for 1 hour was performed to remove the last traces

of moisture. The obtained modified zeolites were denoted as MY 30, MY 73, and MY 120.

24



Adqgeel et al [33] used 5g of CBV-100 (SiO2/Al203=5.1), treated with 6 and 9 milli-
equivalents of 10% citric acid per 1g of the zeolite for 1hr at ambient temperature. The
authors did not mention the molar concentration of NaOH used. The authors used
calcination temperature 450 °C for 1hr (flow of nitrogen) and 550 °C for 2hr (oxygen
environment). Further, 1mol/L NH4sNOs was used for a three-time ion exchange of the

sample without mentioning liquid to solid ratio.

3.3 Preparation of FCC catalyst using USY zeolite

A series of FCC catalysts were synthesized with five different compositions (weight %) of
Ultra-stable Y-zeolite (USY) and matrix as given in Table 3.1. The amount of USY used
in this preparation was in the range of 15 wt. % to 34 wt. %. These percentages were
selected to fall in the range (15-45 wt.%) as described in the literature [78]. The USY of
less than 15% decreases the activity of the catalyst and more than 45% increases the

attrition rate.

Siral 40, Ludox AS-40, and kaolin were used for amorphous silica-alumina, silica solution,
and clay respectively in the approximate ratio of 1:2:5 to make a consistent matrix. All four
components, namely: USY, Siral 40, Ludox AS-40, and kaolin were mixed in de-ionized
water for the preparation of FCC catalyst. Afterward, the slurry was heated above 100 °C
with continuous magnetic stirring until it became dry. The mixture was then placed in the
oven at 110 °C for overnight drying. The dried product was crushed and calcined at 550
°C for 6 hours. Finally, 12 g of each prepared sample was treated with 100% steamed at
750 °C for 5 hours. The steamed catalyst was sieved for the proper particle size (500-850
pm) before micro activity testing. After steaming, USY based FCC catalyst names were

used St-YO01, St-Y02, St-Y03, St-Y04, and St-Y05.
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Table 3.1. Chemical composition of USY based FCC catalysts.

Ludox AS-

Name of usy Siral 40 40 Kaolin Zeolite/Matrix
catalyst (wt. %) (wt. %) (Wt. %) (wt. %) Ratio

St-Y01 15 11 21 53 18

St-Y02 20 10 20 50 25

St-Y03 23 10 19 48 30

St-Y04 26 9 19 46 35

St-Y05 34 8 17 42 50

3.4 Preparation of FCC catalyst using modified Y-zeolite

Three FCC catalysts (St-Y 30, St-Y73, and St-Y120) were prepared by using three modified
zeolites (MY 30, MY73, and MY 120) and a matrix. The matrix of FCC catalyst consisted
of amorphous silica-alumina, silica solution, and clay which were chemically obtained
from Siral 40, Ludox AS-40, and kaolin respectively. All four components modified Y-
zeolite, Ludox AS-40, Siral 40, and kaolin were mixed in water with the percentages
mentioned in Table 3.2, to make 18% Zeolite/Matrix FCC catalyst slurry. Thereafter, slurry
was heated above 100 °C with continuous magnetic stirring until it became dry. The slurry
was then placed in the oven at 110 °C for overnight drying. Afterward, the dried product
was crushed and calcined at 550 °C for 6 hours. Finally, 12 g of prepared sample was 100%
steamed at 750 °C for 5hr. The steamed catalyst was sieved for the proper particle size
(500-850 um) before micro activity testing. After steaming, the modified FCC catalyst

names were used St-MY 30, St-MY73, and St-MY120.
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Table 3.2. Chemical composition of modified zeolite-based FCC catalysts.

Modified Ludox AS-

Name of Zeolite Siral 40 40 Kaolin Zeolite/Matrix
[0) [0) 1

catalyst (Wt. %) (wt. %) (Wt. %) (wt. %) Ratio

St-MY30 15 11 21 53 18

St-MY73 15 11 21 53 18

St-MY120 15 11 21 53 18

3.5 Characterization of catalyst

All FCC catalysts and Zeolite samples were characterized for their physical and chemical

properties by using the following techniques.

3.5.1 X-ray diffraction

The crystallinity of as-synthesized FCC catalyst samples was determined by X-ray powder
diffraction technique using a Rigaku Miniflex 11 with nickel filtered CuKa radiation having
a wavelength of A = 1.5406A at 30mA and 40kV operating parameters. Diffraction pattern

was generated for 2 theta from 3° to 50° with a scan rate of 3°/min.

3.5.2 BET surface area and pore size distribution

Textural properties of the samples were measured by using Micromeritics ASAP-2020
sorption analyzer with the help of nitrogen adsorption at -196 °C. A 100 mg of calcined
sample was taken for BET surface area measurement. Before nitrogen physisorption, the
samples were degassed under vacuum (107 torr) at 350 °C for 3 hours. Adsorption
isotherms of the samples were measured at -196 °C (liquid nitrogen temperature). Pore size
distribution and surface areas were calculated by using the Barrett Joyner Halenda (BJH)

and Brunauer Emmet-Teller (BET) methods, respectively.
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3.5.3 Inductively Coupled Plasma Analysis
Silica to alumina (SiO2/Al>Og) ratio in different FCC samples was measured by using ICP

optical emission spectrometer (ULTIMA 2, Horiba Scientific).

3.5.4 Scanning electron microscopy
Scanning electron microscopy (SEM) on TESCAN instrument developed by Oxford
coupled with EDX analyzer was used to analyze the morphology as well as the size of the

crystals.

3.5.5 Temperature programmed desorption

Ammonia temperature-programmed desorption (TPD) was used for acidity measurements
in the BELCAT equipment. Calcined sample (100mg) was pre-treated at 500 °C for 1 hour
in the presence of Helium (He) with a 50ml/min flow rate. Afterward, the sample was
cooled down to 100 °C and exposed to NHs/He mixture with a volume ratio (%) of 5/95 at
100 °C for 30 minutes. Ammonia gas was removed using He purges for 1 hour and then
temperature was raised to 600 °C at the rate of 10 °C/min with the same flow of He to

perform TPD measurement. TCD detector was used to monitor the desorbed NH3 gas.

3.6 Evaluation of catalyst

All FCC catalysts were evaluated in the MAT unit based on the product yields of gasoline,

LCO, HCO, and coke at 550 °C using VGO as feed.

3.6.1 Micro activity test procedure
Micro activity test (MAT) unit (Sakuragi Rikagaku, Japan) is a fixed bed reactor that was
used to investigate the cracking of VGO as shown in Figure 3.1. The properties of

Hydrotreated VGO are listed in Table 3.3. ASTM D-3907 method was followed for the
28



FCC catalyst activity measurement by MAT unit. The time on stream was 30 seconds and
the system temperature was set at 550 °C. The amount of the catalyst used for the
experiment was 3.0 g and the amount of the vacuum gas oil was 1.0 g. After completion of
the reaction, stripping of the products was done in the presence of 30 cc/min of nitrogen
for 9 minutes. Considering the high volatility of the liquid products, a circulating bath at -

10 °C low temperature was added to the MAT unit instead of the conventional iced water.

During the cracking reaction as well as stripping modes, a burette was used for gas
collection from the outlet of the liquid receiver. For obtaining the exact weight of the
vacuum gas oil feed, the weight of the syringe before and after the reaction was measured.

The MAT operating conditions are summarized in Table 3.4.

Table 3.3. Properties of MAT Feed Oil.

Property Value
Density (15 °C) (g/cm?®) 0.88
Nitrogen (ppm) 172
Sulfur (ppm) 298
Aromatics (wt. %) 42
Saturates (wt. %) 60
Residue (wt. %) 0.9
Distillation data (vol %) Temperature (°C)
Initial boiling point 310
5% 345
25% 375
50% 422
90% 510
Final boiling point 565
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Table 3.4. MAT operating conditions.

Property Value

Feed weight injected About 1.0 g

Catalyst weight 309¢

Feed injection time (Time on stream) 30s

Feed syringe temperature Room temperature

Feed injector temperature 5 °C higher than the reaction temperature
Liquid receiver temperature -9°C

Catalyst/liquid stripping time Total 9 min

with a receiver in a cold bath 5 min

with cold bath removed 4 min

3.6.2 Analysis of MAT products

Reaction products of MAT unit contain liquid phase, gaseous phase, and coke on the spent
catalyst after the reaction. An acceptable mass balance limit was 95-103% of the injected
liquid vacuum gas oil feed. All MAT products were analyzed by gas chromatography to
estimate the yield pattern as well as information of the feed being tested on the catalyst.
Gaseous products were analyzed using a Micro GC Agilent 3000A equipped with four
Thermal Conductivity Detectors (TCD). This Micro GC determined all light hydrocarbons
including C4, Cs paraffin, Hz as well as fixed gases. All hydrocarbons from C; to C4 as well
as Cs paraffin were accurately determined. The weight of all light hydrocarbons up to Cs
was added together, and heavier than C4 hydrocarbons were added to the weight of the
liquid product after the analysis. Horiba Carbon-Sulfur analyzer Model EMIA-220V was
used to analyze coke deposited on the catalyst. One gram of the spent catalyst was burnt in
a furnace at high temperature using tin and tungsten as combustion promoters. Carbon

content as a percentage of catalyst weight was calculated with the help of resulting
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combustion gas (CO) passed through the Infra-Red analyzer. Liquid products were
analyzed by Shimadzu GC 2010 equipped simulated distillation according to ASTM
method D-2887. Liquid products usually consist of gasoline, LCO, and HCO. The
conversion of vacuum gas oil is reported as a sum of gasoline, total gases including (dry
gas & LPG) and coke. HCO and LCO with boiling points above 221°C were considered as

unconverted feedstock.
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CHAPTER 4

RESULTS AND DISCUSSIONS

This chapter will describe the characterization results of all modified Y-zeolites, modified
Y-zeolite base FCC catalysts as well as USY base FCC catalysts. Additionally, it will
discuss the effect of zeolite to matrix ratio on VGO cracking in MAT unit and comparison
of modified Y-zeolite base FCC catalyst with USY base FCC catalyst for zeolite to matrix

ratio of 18.

4.1 Characterization of modified Y-zeolites

Three modified Y-zeolites (MY 30, MY73, and MY120) and parent zeolite (Na-Y zeolite)
are characterized using X-ray diffraction, BET, inductively coupled plasma (ICP), NH3-

TPD, and scanning electron microscopy.

4.1.1 X-ray Diffraction

XRD analysis was carried out in this study to monitor the structural changes that occurred
in modified zeolites with different acid concentrations. Figure 4.1 demonstrates the XRD
measurements of mesoporous Y-zeolites synthesized by treatment with acid and base in
the presence of a surfactant used as a template. From Figure 4.1, it can also be noted that
the intensity of XRD patterns decreased for treated zeolites (MY 30, MY73, and MY 120)
as compared to the parent zeolite (Na-Y zeolite) with the increase in severity of the acid
treatment conditions. The decrease in intensity of XRD patterns is directly related to the
apparent decrease in crystallinity which occurs due to the structural degradation of the

modified zeolites and intractrystalline mesoporosity created as a result of such treatment.
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The structural degradation as a result of acid treatment can be explained by the cleavage of
Al-O bond [70]. XRD measurements also reveal that mesoporous zeolites sustain
significant crystallinity under relatively mild conditions used for their post-treatment
methods. However, the crystallinity of the treated zeolites could be decreased significantly
with the severe condition used for the acid or base treatment. The generation of
mesoporosity inside the zeolite structure has been achieved without a significant loss of
crystallinity in accord with the previous literature [79, 80]. Figure 4.2 shows the low angle
XRD analysis with only one peak found at 1.6° for the modified sample (MY 120) which
indicates the significant degree of the long-range mesopore. On the other hand, MY 30 and
MY 73 have been detected with no peaks at a low angle which shows no significant long-

range mesoporous ordering after the treatment.
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Figure 4.1: XRD patterns of Parent (Na-Y zeolite) and modified Y-zeolite (MY30, MY73,
and MY120).
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Figure 4.2: Low angle XRD patterns of the parent (Na-Y zeolite) and modified Y-zeolite
(MY30, MY73, and MY120).

4.1.2 Surface area and pore structure

Table 4.1 shows the chemical and physical properties of the parent and modified Y -zeolites
in the presence of acid, base, and surfactant. N2 adsorption-desorption analysis showed that
treated MY30, MY73, and MY 120 samples have a surface area of 615 m?/g, 634 m?/g, and
650 m?/g as compared to 683 m?/g of parent Na-Y zeolite. Further, it is indicated that
micropore volume is decreased and mesopore volume is increased for MY 30, MY 73, and
MY 120 samples. For example, micropore volume of both MY 30 and MY-73 decreased by
15%, while a 36% decrease was noted for MY120 as compared to parent Y-zeolite
micropore volume. On the other hand, mesopore volume of 0.08 cc/g, 0.16 cc/g, and 0.30
cc/g was observed for MY30, MY73, and MY 120 respectively as compared to 0.03 cc/g
for the starting Na-Y zeolite mesoporous volume. Total pore volume of MY30 remains

same as compared to parent Y-zeolite, whereas significant increase in total pore volume
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has been observed for MY73 and MY120. Figure 4.3 (a), (b), and (c) show the N3
adsorption-desorption data of the isotherm’s profiles for the MY30, MY73, and MY120
samples as compared with parent zeolite. It shows the type I isotherm for the parent zeolite
and MY30 and type IV for the MY73, and MY-120 samples. For treated Y-zeolites, H4
type hysteresis loop is noticed (less evident for MY 30), which is related to mesoporous
zeolites having a bimodal pore size distribution that highlighted the presence of both micro
and mesopore [81]. From Figure 4.3, it is seen that MY120 and MY73 exhibits a
remarkable N2 uptake at relative pressure (p/po) greater than 0.4 showing the presence of a
larger mesopore as compared with MY 30, which indicated a sharp Barrett Joyner Halenda

(BJH) pore size distribution [82] around 4 nm (size of a CTAB micelles) [70].

Table 4.1. Chemical and physical properties of parent (Na-Y zeolite) and modified Y-
zeolites.

Surface Micropore  Mesopore Total pore SiO2/Al203

Zeolite - Total acidity
area volume volume volume ratio
(m?/g)®  Vmic (cc/g)  Vmes (cc/lg)  (cc/g) - (mmol/g)°
Na-Y 683 033 0.03 0.36 5.6 ]
zeolite
MY30 615 0.28 0.08 0.36 7.1 0.724
MY73 634 0.28 0.16 0.43 7.8 0.700
MY120 650 0.21 0.30 0.51 9.3 0.578

Measured by BET method "~ Determined by ICP analysis “ Measured by Ammonia TPD
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Figure 4.3: N2 adsorption-desorption isotherms of the parent and modified Y-zeolites: (a)
MY30 (b) MY73 (c) MY120.

Figure 4.4 shows the pore size distribution of parent and modified Y-zeolite samples. It is
seen that differential pore volume substantially increased for the MY120 sample after
treatment as compared to the parent Y-zeolite sample, whereas the MY 30 sample has not
shown a significant increase at low citric acid concentration. The differential pore volume
of MY73 lies in between MY30 and MY120. It is indicated that MY 120 has the highest

pore volume after modification among MY 30 and MY73.
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Figure 4.4: Pore size distribution of parent and modified Y-zeolites.

The textural properties of treated zeolites depend on the acid or base concentration, contact
times as well as surfactant type used in post-treatment. From Table 4.1, it is noted that
mesopore volume increases with an increase in acid concentration for MY30, MY 73, and
MY 120 samples, while a large part of micropore volume is conserved which is in good
agreement with the literature [33]. Mesoporous zeolites modified in the presence of
surfactant (CTAB) have more pore volume and crystallinity due to the generation of
controlled intracrystalline mesoporosity. On the other hand, the materials modified using
NaOH/KOH in the absence of surfactants have low pore volume and crystallinity [83]. The
discovery of surfactant templated mesoporous zeolite was made in 2004 [84]. However,
this method was only applied for high silica zeolite materials such as CBV720 (Si/Al =

15). Recent developments have been made to apply this method for high alumina materials
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such as USY, Na-Y, and NHs-Y (Si/Al = 2.5-3), which are used in catalytic cracking of
heavy oils [30]. During the treatment of medium and high silica zeolites (Si/Al = 8-20), the
combination of basic media and surfactant is used to protect the structure of zeolite from
excessive desilication where some of the Si-O-Si bonds are broken to create negatively
charged sites in zeolite structure. These negatively charged sites are balanced by the
cationic surfactant. On the other hand, Si-O-Al bond is difficult to break for low silica
zeolites in basic media. Hence, using an extra acid pre-treatment step is important before
introducing the combination of base and surfactant. Therefore, a dilute citric acid was used
to start the dealumination process by breaking the O-Al bonds which slightly increase the
bulk Si/Al ratio. The acid pre-treatment step generates a sufficient amount of defects in
zeolite structure which facilitated the creation of mesoporosity through subsequent
surfactant templating step. The negatively charged zeolite sites of Si-O and cationic
surfactant are attached together by electrostatic attraction. The molecules of the surfactant
self-assemble to form micelles inside the zeolite structure to create the intractrystalline

mesoporosity [81].

4.1.3 Inductively coupled plasma (ICP) analysis

From Table 4.1, we can see the increase in the SiO2/Al.0s mole ratio for modified zeolite
samples with an increase in the severity of acid concentration at a constant molar
concentration of NaOH and CTAB. Parent zeolite (Na-Y zeolite) has a SiO2/Al,O3 ratio of
5.6. The ratio was increased to 7.1 for MY 30 due to dealumination and desilication both in
the presence of citric acid treatment. Similarly, the SiO2/Al;0s ratio of 7.8 and 9.3 was

noted for MY73 and MY120, respectively.
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4.1.4 Temperature Programmed Desorption (NHs-TPD)

This method was used to determine the total acidity of the modified zeolite samples. Figure
4.5 shows the temperature desorption peaks of MY 30, MY 73, and MY 120 at temperatures
between 100-600 °C. From Table 4.1, it is indicated that MY30 and MY73 have total
acidity of 0.724 mmol/g and 0.700 mmol/g, whereas 0.578 mmol/g acidity was for MY 120.
It is noted that the acidity of the modified zeolite samples decreases as the dealumination

increases from sample MY30 to MY 120.
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Figure 4.5: NH3 temperature-programmed desorption of the modified zeolites.
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4.1.5 Scanning Electron Microscopy

Figure 4.6 shows the surface morphology of modified zeolites (MY30, MY73, and
MY120) at a scale bar of 0.5um and 27k magnifications. The SEM images of modified
zeolite samples showed similar morphology as compared with the parent (Na-Y zeolite)
reported in the literature [70]. Moreover, no major clusters were observed on the surface

of the zeolites after the post-treatment.

SEl  20kV SEI 20KV

Figure 4.6: SEM images of Modified Zeolites (a) MY 30 (b) MY73 (c) MY120.

4.2 Characterization of modified Y-zeolites based FCC catalysts

The comparison of XRD patterns of modified Y-zeolite based steamed FCC catalyst
samples are shown in Figure 4.7. The XRD patterns of all FCC catalysts demonstrate that
only the Y-zeolite structure corresponds to the XRD pattern of Y-zeolite reported in the

literature [85] and no other zeolite characterizing peaks were observed in the pattern. The
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intensity of XRD peaks in all samples after steaming was decreased due to a loss of its
surface area. The steaming conditions were set so that the steamed catalyst has properties

similar to the equilibrium catalysts (E-Cat) used in commercial FCC units.

Table 4.2 demonstrates the chemical and physical properties of steamed FCC catalysts i.e.
surface area, micro and mesopore volume, SiO2/Al>Os ratio, and acidity of the catalysts.
The surface area of St-MY120 reached 112 m?/g while for MY 120 the surface area was
125 m?/g. Similar to the surface area, the acidity of the modified samples decreased due to
an increase in the dealumination process from St-MY30 to St-MY120. It was 0.027, 0.027,
and 0.020 mmol/g for St-MY30, St-MY120, and St-MY120, respectively. Figure 4.8
shows the temperature desorption peaks of St-MY30, St-MY73, and St-MY120 at
temperatures between 100-600 °C. From Table 4.2, it has been observed that the micropore
volume of the FCC catalyst decreased and mesopore volume increased. Further, total pore

volume was increased from St-MY 30 to St-MY120.
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Figure 4.7: XRD pattern of modified Y-zeolite based FCC catalysts.

It can be observed that micropore volume decreased by 26% and mesopore volume
increased by 17% for St-MY120 as compared to St-MY30. On the other hand, the total
pore volume was increased by 12% for St-MY120. It is noted that the micropore volume
of St-MY30 and St-MY73 has not changed significantly due to which the acidity of these
two samples remains the same. It is also indicated that silica to alumina ratio increases

from St-MY 30 (SiO2/Al203=6.2) to St-MY 120 (SiO2/Al;03 = 7.2).
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Table 4.2. Chemical and physical properties of as-synthesized modified Y-zeolite based
FCC catalysts.

Surface Micropore ~ Mesopore  Total pore SiO./Al,03  Total

Zeolite b -
area volume volume volume ratio acidity
(M?/9)*  Vmic (cc/g)  Vmes (cclg)  (cc/g) - (mmol/g)*
St-MY30 124 0.034 0.224 0.25 6.2 0.027
St-MY73 117 0.032 0.242 0.27 6.6 0.027
St-MY120 112 0.025 0.264 0.28 7.2 0.020

Measured by BET method - Determined by ICP analysis “ Measured by Ammonia TPD
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Figure 4.8: NH3 temperature-programmed desorption of the modified zeolite-based FCC
catalysts.
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4.3 Characterization of USY based FCC catalysts

Five USY based FCC catalysts (St-YO01, St-Y02, St-Y03, St-Y04, St-Y05) was prepared
with a zeolite to matrix ratio of 18 to 50. These samples were prepared to study the effect
of zeolite to matrix ratio on product yields of gasoline, LCO, HCO, and coke after VGO
cracking at 550°C. The comparison of XRD patterns of steamed FCC catalyst samples is
shown in Figure 4.9. The similarity in XRD patterns after steaming indicated that the
steaming at higher temperatures did not substantially, change the crystalline structure of

the FCC catalysts.

—St-Y01 St-Y02 St-Y03 St-Y04 St-Y05
)
i)
2
5
1=
0 10 20 30 40 50

2 Theta (Degree)

Figure 4.9: XRD patterns of USY based FCC catalysts.

The effect of zeolite to matrix ratio on the surface area, total pore volume, SiO2/Al>03
ratio, and acidity of the catalysts are listed in Table 4.3. It is shown that the surface area

increases directly with the increase of zeolite to matrix ratio when the range goes from 18
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to 50. The surface area for St-Y01 was 124 m?/g while for St-YO05 it was 202 m?/g. Table
4.3 also shows the effect of zeolite to matrix ratio on the acidity, micro, and mesoporous
volume of the FCC catalysts. Like the surface area, the acidity of the FCC catalysts
increased with the increase in zeolite to matrix ratio. For St-Y01, the acidity was 0.072
mmol/g. As expected, the acidity increased by an increase in zeolite to matrix ratio; for
instance, it reached 0.09, 0.10, and 0.11 mmol/g for St-Y02, St-Y03, and St-Y04 samples.
For zeolite to matrix ratio of 50, the acidity of the sample increased by 94% as compared
to St-Y01 sample acidity. The acidity of the FCC catalyst is directly related to the activity
of the catalyst. Hence, the steaming of the FCC catalyst simulates the deactivation to

form the equilibrium catalyst similar to the commercially used catalyst.

Table 4.3: Chemical and physical properties of as-synthesized USY based FCC catalysts.

Surface Micropore  Mesopore Total pore SiO2/Al203

Catalyst b Total acidity
area volume volume volume ratio
(m?/g)*  Vmic (cc/g)  Vmes (cc/lg)  (cc/g) - (mmol/g)°

St-Y01 125 0.039 0.220 0.25 3.42 0.072
St-Y02 146 0.048 0.212 0.25 3.55 0.090
St-Y03 160 0.055 0.207 0.25 3.65 0.10

St-Y04 173 0.064 0.202 0.26 3.72 0.11

St-Y05 202 0.080 0.190 0.27 3.94 0.14

Measured by BET method " Determined by ICP analysis “ Measured by Ammonia TPD

Table 4.3, it has been observed that the micropore volume of the FCC catalyst increased
and mesopore volume decreased with the increase in zeolite to matrix ratio from 18 to 50.
It can be observed that micropore volume increased by 105% and mesopore volume
decreased by 13% for St-Y05 (Zeolite/Matrix=50) as compared to St-YO1
(Zeolite/Matrix=18). The total pore volume of St-YO01, St-Y02, and St-Y03 remains the

same 0.25 cc/g, while 0.26 and 0.27 cc/g was calculated for St-Y04 and St-YO05,
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respectively. Itis also indicated that the overall silica to alumina ratio is slightly increased

from 3.42 to 3.94 for an increase in zeolite to matrix ratio from 18 to 50.

4.4 Evaluation of USY based FCC catalysts

The distribution of product yields because of VGO cracking over five steamed FCC
catalysts are reported in Table 4.4. The conversion of VGO is defined as 100 — (Light cycle
oil (LCO) wt. % + Heavy cycle oil (HCO) wt. %) since VGO contains light and heavy

cycle oil both.

From Table 4.4, it is indicated that vacuum gas oil conversion increased from 76% to 81%
(550°C and C/O = 3) by increasing zeolite to matrix ratio of 18 (St-Y01) to 50 (St-Y05).
This increment in vacuum gas oil conversion with an increase in zeolite to matrix ratio is
due to arise in surface area and acidity both, in steamed FCC catalysts. Figure 4.10 shows
the trend of increasing conversion (%) of steamed FCC catalyst samples. Overall, a 5.8%
increase in conversion was calculated for the steamed FCC samples (from St-YO1 to St-

YO05).

48



Table 4.4. Different (%) Zeolite/Matrix effect of USY based FCC catalyst (After steaming)
on product yield for vacuum gas oil (VGO) cracking at 550 °C.

Name of catalyst St-Y01 St-Y02 St-Y03 St-Y04 St-Y05
Catalyst/Oil (g/g) 2.81 2.76 2.75 2.71 2.78
Mass balance 101 103.2 101.8 100.1 97.8
Conversion (%) 76.90 76.96 77.84 78.87 81.44
Product Yields (wt. %)
H. 0.07 0.06 0.06 0.06 0.06
C: 0.89 0.79 0.89 0.98 1.07
C 0.97 0.81 0.97 1.04 1.08
Co= 1.57 1.31 1.79 1.64 1.67
Cs 1.17 1.09 1.60 1.49 1.62
Cs= 7.12 6.75 7.82 7.25 7.31
iICs4 4.62 5.85 5.62 571 6.03
nCs 0.87 2.11 1.09 1.16 1.29
T2C4= 2.53 2.20 2.36 2.39 2.34
1C4= 1.95 1.72 1.82 1.86 1.83
iIC4= 2.03 1.67 1.88 1.55 1.41
CoCs= 2.04 1.76 1.88 1.90 1.87
Cs=(Liq.) 0.39 0.86 0.64 0.82 0.85
Total Gas 26.59 27.32 28.60 28.08 29.03
Gasoline 48.66 47.81 46.96 48.30 49.38
LCO 14.80 14.79 14.27 13.95 12.62
HCO 8.29 8.25 7.89 7.18 5.94
Coke 1.65 1.83 2.28 2.50 3.03
H2-C. (dry gas) 3.51 2.96 3.70 3.72 3.87
Cs-C4 (LPG) 23.08 24.36 24.90 24.35 25.16
Co=-C4= (Light olefins) 18.00 16.61 18.37 17.63 17.89
Selectivity (yield/conversion x 100) %
Gasoline 63.3 62.1 60.3 61.2 60.6
LCO 19.2 19.2 18.3 17.7 155
HCO 10.8 10.7 10.1 9.1 7.3
Coke 2.1 2.4 2.9 3.2 3.7
LPG 30.0 31.6 32.0 30.9 30.9
Light olefins 23.4 21.6 23.6 22.4 22.0
Dry gas 4.56 3.85 4.76 4.72 4.75
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Figure 4.10: Conversion (%) of steamed catalysts for different Zeolite/Matrix (%).

The effect of steamed FCC catalyst samples on gasoline selectivity as a function of zeolite
to matrix ratio is shown in Figure 4.11. It is observed that gasoline selectivity decreases
with an increase in zeolite to matrix ratio. This behaviour is expected due to the over-
cracking of gasoline at a high zeolite to matrix ratio. Gasoline selectivity for steamed FCC
catalysts was found to be St-YO01 (63%), St-Y02 (62%), St-Y03 (60%), St-Y04 (61%), and
St-Y05 (60%). The percentage decrease of gasoline selectivity was 4.7% for an increase in
zeolite to matrix ratio of 18 to 50. The decrease in gasoline selectivity because of an
increase in zeolite to matrix ratio was associated with an increase in LPG selectivity. For a
4.7% drop in gasoline selectivity for steamed FCC catalyst samples, a 3% increase in
selectivity of LPG was obtained. Like the gasoline trend, LCO and HCO selectivity was
found to decrease with an increase in zeolite to matrix ratio for steamed FCC catalyst

samples. This behaviour is due to an increase in cracking rates of LCO and HCO as
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conversion increases. The trend of LCO and HCO selectivity as a function of zeolite to
matrix ratio are shown in Figure 4.12. For steamed FCC samples, a 7% decrease in LCO
selectivity for zeolite to matrix ratio of 18 to 35, while a 12% drop was noted for zeolite to
matrix ratio of 35 to 50. On the other hand, a decrease in HCO selectivity was 15% for
zeolites to matrix ratio of 18 to 35 as compared to a 19% drop for zeolite to matrix ratio 35
to 50. The combined selectivity of gasoline and LCO for St-YO1 is reported 82% as
compared to 76% for St-YO05. It can be observed that zeolite to matrix ratio of 15 had the
highest combined selectivity of gasoline and LCO for steamed catalysts due to less over-

cracking of LCO and gasoline.
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Figure 4.11: Gasoline, Total Gas, and LPG selectivity (%) of steamed catalysts for
different Zeolite/Matrix (%).
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Figure 4.12: LCO and HCO selectivity (%) of steamed catalysts for different
Zeolite/Matrix (%).

In general, as conversion increases, yields of light cycle oil (LCO) and gasoline pass
through maxima and then decrease while HCO declines and dry gas and coke yields
increase steeply. The optimum conversion reported in the literature is 70-75%, and above
76% conversion is reported in the present study for all steamed FCC catalysts. As such, the
trends of decreasing gasoline, LCO, and HCO selectivity are in good agreement with the

literature [86].

Similar to LPG, coke selectivity was indicated to increase with an increase in zeolite to
matrix ratio and VGO conversion. Figure 4.13 demonstrates the effect of zeolite to matrix
ratio on coke selectivity. FCC catalyst samples containing high zeolite to matrix ratio
produce more coke as compared to low zeolite to matrix ratio. Steamed FCC catalyst St-

Y01 gave only 2.1% coke selectivity, while 3.7% coke selectivity was observed in the St-
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Y05 sample. Overall, a 76% relative increase in coke selectivity was observed from St-

Y01 to St-YO05.

—o—Coke
5 _
s 4T
>
2 3t
=
3
o 2
(9p]
1 L
O 1 1 1 1 1
St-Y01 St-Y02 St-Y03 St-Y04 St-Y05
Catalyst

Figure 4.13: Coke selectivity (%) of steamed catalysts for different Zeolite/Matrix (%).

4.5 Evaluation and comparison of modified Y-zeolite based FCC

catalysts with USY based FCC catalysts

Steam deactivated FCC catalyst samples were used for the catalytic cracking of VGO as
feed in a microactivity unit. The distribution of product yields as a result of catalytic
cracking on the steamed base catalyst (St-Y01) and steamed modified catalysts (St-MY 30,
St-MY73, and St-MY120) are shown in Table 4.5. The base catalyst (St-Y01) having a
zeolite to matrix ratio of 18 used for the comparison purposes due to its high gasoline as

well as low coke selectivity (%).
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Figure 4.14: Conversion (%) of base (St-Y01) and modified FCC catalyst (St-MY 30, St-
MY73, and St-MY120).

From Table 4.5, it is noted that vacuum gas oil conversion increased from 76.9% (base
catalyst) to 80.7% (mesoporous catalyst) at 550°C. It is noted that the first three catalysts
including base (St-Y01) and modified (MY30, MY73) have 76% conversion, while for
MY120, 80% conversion was achieved. Figure 4.14 shows the trend of increasing

conversion (%) for the base and modified FCC catalysts.
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Table 4.5. Comparative MAT data of base catalyst and modified zeolite-based FCC
catalysts (both steamed at 750 °C) for vacuum gas oil (VGO) cracking at 550 °C.

Name of catalyst St-Y01 St-MY30 St-MY73 St-MY120
Catalyst/Oil (g/g) 2.81 2.89 2.89 2.78
Mass balance 101 101.8 100.3 102.8
Conversion (%) 76.90 76.29 76.92 80.74
Product Yields (wt. %)
H: 0.07 0.07 0.06 0.07
C1 0.89 0.85 0.72 0.89
C 0.97 0.88 0.76 0.96
Co= 1.57 1.46 1.24 1.52
Cs 1.17 1.32 1.01 1.25
Cs= 7.12 7.04 6.61 6.97
iICs4 4.62 5.61 4.75 5.43
nCy 0.87 1.05 0.82 0.99
To.Cs= 2.53 2.34 2.36 2.41
1C4= 1.95 1.84 1.87 1.90
iIC4= 2.03 1.74 2.02 1.67
CoCy= 2.04 1.86 1.87 1.91
C4=(Liq.) 0.39 0.80 1.05 1.05
Total Gas 26.59 26.87 25.14 27.03
Gasoline 48.66 47.48 50.37 52.00
LCO 14.80 15.85 15.52 14.49
HCO 8.29 7.86 7.56 4.77
Coke 1.65 1.94 141 1.71
H>-C> (dry gas) 3.51 3.26 2.78 3.44
C3-C4 (LPG) 23.08 23.61 22.36 23.58
C2=-Cs= (Light olefins) 18.00 17.10 17.02 17.44
Selectivity (yield/conversion x 100) %
Gasoline 63.27 62.23 65.48 64.40
LCO 19.24 20.77 20.17 17.94
HCO 10.78 10.30 9.82 5.90
Coke 2.14 2.54 1.83 2.11
LPG 30.01 30.94 29.06 29.20
Light olefins 23.40 22.41 22.12 21.60
Dry gas 4.56 4.27 3.61 4.26

55



From Table 4.5, it is shown that the highest gasoline selectivity of 65% was achieved for
St-MY73 as compared to 63% for St-Y01. On the other hand, 62% and 64% of gasoline
selectivity were obtained for St-MY30 and St-MY120. LCO selectivity (%) was decreased
for St-MY 120 as compared to St-YO01, whereas it increases for St-MY30 and St-MY73.
On the other hand, HCO selectivity (%) decreases from St-Y01 to St-MY120. It is worth
noting that HCO yield was significantly decreased for St-MY 120 as compared to St-YO01.
For instance, it was 10% and 5% for St-Y01 and St-MY 120, respectively. Similarly, 10%
and 9% HCO selectivity (%) was noted for St-MY30 and St-MY73, respectively. From
Table 4.6, the relative difference of gasoline selectivity was +3.4% and +1.7% for St-MY73
and St-MY 120, respectively, whereas +4.8% and -6.7% was noted as a relative difference
of LCO selectivity as compared to St-YO01 (base catalyst). Similarly, -8.9% and -45.2%
relative difference was observed for HCO selectivity. Figure 4.15 demonstrates the

selectivity (%) of gasoline, LCO, HCO, and coke for all the deactivated catalysts.
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Figure 4.15. Selectivity (%) of gasoline, LCO, HCO, and coke for base (St-Y01) and
modified FCC catalysts (St-MY30, St-MY73, and St-MY120).

Table 4.6. Relative difference (%) of modified zeolite products with St-YO01 (base catalyst)
on selectivity bases.

Products St-MY30 St-MY73 St-MY120

Gasoline -1.64 +3.49 +1.79
LCO +7.95 +4.83 -6.76
HCO -4.45 -8.91 -45.27
Coke +18.69 -14.49 -1.40

Dry gas -6.36 -20.83 -6.58

Moreover, coke selectivity (%) is lie in between 1% and 3% for all modified catalysts as
well as base catalyst (St-Y01). St-MY73 has a significant relative difference of -14.4% in

coke selectivity while for St-MY120 it was -1.4% as compared to the base catalyst (St-
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YO01). However, the highest conversion was obtained for St-MY120 as compared to the
base catalyst but still, coke yield is almost similar to the base catalyst (St-Y01). As we
know that with the increase in conversion (%), coke yield (%) should be increased. But
similar coke yield achieved by an increase in conversion could be due to the mesoporous
structure created into the zeolite structure that reduced the diffusion limitations in the post-
treated conventional zeolite [70]. St-MY73 and St-MY120 give high gasoline and less
HCO selectivity as compared to the base catalyst (St-Y01) due to the mesoporosity inside
the zeolite which allows the large molecules (heavy cycle oil) from the feedstock to
approach the acidic sites inside the zeolite structure. Similarly, less coke and dry gases in
MY 73 and MY120 support the concept of ease in the diffusion of the reactants as well as
products into and out of the zeolite crystals to impede the undesirable secondary reactions

such as over cracking of gasoline.
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CHAPTER 5

CONCLUSION & RECOMMENDATION

5.1 Conclusion

The main objective of this study was the synthesis of the FCC catalyst using mesoporous
Y-zeolite to enhance the gasoline selectivity and reduce the coke selectivity. From XRD
analysis, it was concluded that the generation of mesoporosity causes an expected decrease
of XRD peaks intensity due to the formation of mesopores without the presence of the
amorphous material. From N2 physisorption, it is noted that micropore volume decreases
with an increase in acid concentration for MY30, MY73, and MY120 samples, while
substantial increase of mesopore volume was observed. For MY 73 and MY 120, mesopore
volume was 0.16 cc/g and 0.30 cc/g as compared to 0.03 cc/g for parent zeolite (Na-Y
zeolite). The modification has caused an increase of silica to alumina ratio in modified Y-
zeolites from 5.6 to 9.3. For modified zeolites, a bimodal pore size distribution was also
observed which enhances the accessibility of active sites and reduces the diffusion
limitations of heavy molecules in heterogeneous catalysis reactions. From NH3z-TPD
method, it is noted that the acidity of the modified zeolite samples decreases as the
dealumination increases from sample MY 30 to MY 120. MY 30 has a total acidity of 0.724
mmol/g, whereas 0.700 and 0.578 mmol/g was observed for MY73 and MY120
respectively. All modified zeolite samples were used for the preparation of FCC catalysts.
The characterization data of modified Y zeolite-based FCC catalysts show a 26% decrease
in micropore volume and a 17% increase in mesopore volume for St-MY120 as compared

to St-MY30. In the series of five steamed FCC catalyst samples with different zeolite to
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matrix ratio, VGO conversion was increased from 76% to 81% with an increase in zeolite
to matrix ratio. The surface area and acidity of all FCC catalyst samples were found to
increase as the zeolite to matrix ratio increases. At a low zeolite to matrix ratio of 18,
maximum gasoline and LCO selectivity was achieved with minimum gas and coke
selectivity. Based on high gasoline and less coke selectivity, USY based FCC catalyst with
zeolite to matrix ratio of 18 was chosen for comparison with modified Y-zeolite based FCC
catalysts. MAT unit testing of FCC catalysts made from mesoporous Y -zeolite indicates
the improved selectivity of products i.e. high selectivity of gasoline and LCO, and low
coke, HCO, and dry gases. The relative difference of gasoline selectivity was +3.4% and
+1.7% for St-MY73 and St-MY 120, respectively, whereas +4.8% and -6.7% was noted as
a relative difference of LCO selectivity as compared to St-YO01 (base catalyst). Similarly, -
8.9% and -45.2% relative difference of HCO was observed for St-MY73 and St-MY 120,
respectively. It is noted that St-MY73 has a significant relative difference of -14.4% in
coke, while for St-MY 120, it was -1.4% as compared to the base catalyst (St-Y01). St-

MY 73 was performed better based on gasoline, LCO, and coke selectivity.
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5.2 Recommendations

The following are recommended for further research work:

o Use of different synthesis methods for mesoporosity creation other than post-
treatment of Y-zeolite such as templating method adopting a bottom-up approach
because of the retention of microporous volume as well as the acidity of the zeolite

o Preparation of FCC catalyst using spray dryer to achieve suitable pellet size (50 —
90 um) to assess the performance close to commercial conditions

o Addition of HZSM-5 in mesoporous Y-zeolite based FCC catalysts for the

enhancement in propylene selectivity
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