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ABSTRACT

Zeolites have made an impact in the field of materials and catalysis in the past 50 years.
ZSM-5 zeolite has been widely used in petrochemical industry due to its unique 10
membered ring pore opening that has the shape selectivity properties. Raw clay such
as kaolin is an excellent aluminosilicate source for the synthesis of zeolite because the
clay is rich in aluminium oxide and silicon dioxide. The ZSM-5 zeolite was synthesized
by using hydrothermal method. In this study, the parameters of the synthesis were
crystallization time and temperature ranging from 12 hours to 36 hours and 120°C to
180°C respectively. Due to the absence of XRD, only SEM and FTIR were used to
characterize the samples. Images of SEM did not significantly show any formation of
ZSM-5 zeolite. However, the IR spectra show the formation of band at 542cm™ in the
sample synthesized with crystallization time of 36 hours and temperature of 180°C.
This shows that the long crystallization time and high temperature favour the formation

of ZSM-5 crystalline structure.
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SINTESIS HIDROTERMA DAN PENCIRIAN ZSM-5 ZEOLITE DARIPADA
KAOLIN

ABSTRAK

Zeolite telah memberi impak dalam bidang bahan dan pemangkinan dalam tempoh 50
tahun yang lalu. Oleh sebab keunikan ZSM-5 zeolite yang memiliki pembukaah liang
yang dibina oleh 10 anggota, ZSM-5 zeolite mempunyai sifat pemilihan dan digunakan
secara luas dalam industri petrokimia. Tanah liat mentah seperti kaolin adalah sumber
aluminosilikat yang baik untik sistesis zeolite kerana tanah liat kaya dengan aluminium
oksida dan silicon dioksida. ZSM-5 zeolite telah disistesis dengan menggunakan kaedah
hidroterma. Dalam kajian ini, parameter untuk sintesis adalah masa dan suhu
penghabluran dj antara 12 jam hingga 36 jam dan 120 °C hingga 180 °C masing-masing.
Oleh kerana ketiadaan XRD, hanya SEM dan FTIR digunakan untuk proses pencirian.
Imej SEM tidak menunjukan sebarang pembentukan ZSM-5 zeolite dengan ketara.
Walau bagaimanapun, spektrum IR menunjukkan pembentukan band di 542cm? dalam
sampel yang telah disintesiskan dengan masa penghabluran 36 jam dan suhu 180 °C.

Ini menunjukkan bahawa masa penghabluran yang panjang dan suhu yang tinggi
adalah lebih sesuai untuk pembentukan struktur kristal ZSM-5.
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CHAPTER 1

INTRODUCTION

1.1 Background of the Study

Zeolite mineral was first found by a Swedish mineralogist, Cronstedt in 1756. The
zeolite mineral found was known as stilbite. The name “zeolite” came from two Greek
words, zeoand /ithos which means “to boil” and “stone” respectively (Cronstedt, 1756).
The first synthetic zeolites were discovered by Milton, Breck and co-worker at Union

Carbide. Modern Latin alphabet such as A, B, X, Y, and L is used to name the zeolites
(Johnson & Arshad, 2014).

Zeolites have made an impact in the field of materials and catalysis in the past
50 years. The very first description of zeolites can be traced back to about 250 years
ago, but the last 50 years experienced high zeolite research activities. As the result,
almost 200 different structural types of zeolites have been successfully synthesized
(Cejka et al., 2010). There is a total of 225 framework type codes has been approved
by the Structure Commission (International Zeolite Association, 2014). Every

framework which has different topologies with distinct pore size and architecture can
vary in chemical composition (Bulut et a/, 2009).

Zeolites are known as tetrahedrally connected framework solids with silica base.

The structural formula of a zeolite is based on the crystallographic unit cell, represented
by:

(M™ )n[(AIO2)x(SiO2)y]- WH20




Where M represents the exchangeable cation of valence n, M is generally a Group I or
II cation. y/x represents the Si/Al ratio of the zeolite, and w represents the water
contained inside the discrete size cages or channels of zeolites. The framework of
zeolites is composed of [SiO4]* and [AIO4]* tetrahedra, cages that connected by pores
are formed by the linking tetrahedra (Rios et al., 2009). Zeolites have structures consist
of channels and cages large enough to contain extra-framework cations and able to
adsorb and desorb molecules with the size range of hydrogen to complex organics up
to 1nm (Wright & Pearce, 2010). Due to the high cation exchange capacity, their large
surface area, and their structural characteristics which facilitate pollutant absorption
and encapsulation, zeolites are very useful in environmental applications (Belviso et a/,
2013). Despite the many useful properties of zeolites, only a limited number of zeolite
topologies are currently used in the major industrial processes. The zeolites that have
industrial application including zeolite X, Y (FAU), ZSM-5 (MFI), mordenite (MOR),
zeolite Omega (MAZ), and zeolite Beta (BEA) (Bulut et a/,, 2009).

The microporosity of zeolites gives them adsorption, catalytic, and ion-
exchange properties. However, nowadays study on new zeolite application such as
green chemistry, hybrid materials, medicine, and nanotechnology is given much more
attention. In medical applications, zeolites are considered as drug delivery systems due
to the capacity of their adsorption selectivity and being able to control the release of
various kinds of ions. This property of zeolites can be enhanced or modified by adding
surfactants on the external surface (Rivera et al., 2003). For example, zeolite X crystals
(Rimoli et al., 2008) or ZSM-5 microspehere (Wong, 2006) which are stable at low pH
condition release ketoprofen and biotin respectively in gastrointestinal applications.
Furthermore, CAN-type zeolite can store and release tetractcycline antacid to control
the pH in the stomach (Linares & Brikgi, 2006; Linares et a/., 2004). Other application
such as the delivery of antitumoral drug was proposed using zeolite CuX. Zeolites also

show potential in the loading and release of doxorubicin as a type of magnetic drug
delivery (Sebastian et al.,, 2010).

In this study, ZSM-5 zeolite will be synthesized. ZSM-5 zeolite was first prepared
by Argauer and Landolt in 1971 (Argauer & Landolt, 1972). ZSM-5 has been widely
used as sorbents and catalyst due to its unique channel structure, thermal stability,
acidity, and shape selectivity property (Khatamian & Irani, 2009). ZSM-5 has the
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structure type of MFI which its pathway of the crystallization process, morphology, and
singular properties are influenced by variables such as, the ratio of silicon and
aluminum source, the ratio of template and silicon, and the alkalinity (Lowe, 1988;
Nastro et al,, 1984; Petrik et a/., 1995). The particle size of the zeolite is affected by
the ratio of the sources as well (Tosheva & Valtchev, 2005). ZSM-5 zeolite is well known
of its application in petrochemical processing, fine chemical production, and liquid-gas
separation (Kumar et a/., 2002).

The alumina source used in this study is kaolin. Clay minerals used as the raw
materials in the synthesis of zeolites has been first recorded in 1961 (R. M. Barrer &
Denny, 1961). By using cheap raw material such as kaolin to synthesize zeolite have
the economic advantages compared to using standard synthetic chemicals which are
very costly (Kovo et al,, 2009). Kaolin is one of the earth most abundant minerals and
it has the silica and alumina ratio which is very similar to zeolites. By undergoing
hydrothermal treatment, kaolin can be converted to zeolites (Alkan et a/, 2005).

A significant progress can be seen in the past few years in the synthesis of
zeolite materials and their applications. However, problems regarding reproducibility
have not been solved (Sebastian et a/,, 2010). The supporting material in the synthesis
of zeolites plays an important role in producing either very disordered material such as
a typical catalyst-support like amourphous silica or a highly ordered material like a
mesoporous molecular sieve. Nature of the support material or known as template is
depended in producing intercrystalline or intracrystalline zeolites. Templating are
forming hierarchical zeolite materials by fusing a template mesoporous material into
zeolite to enable an ordered transformation of hierarchical zeolite or through a
controlled deposition of zeolite on a templated material. There are few preparative
methods available for synthesizing zeolites including solid templating, supramolecular

templating, and indirect templating (Egeblad et al., 2007). In this study, the indirect
templating method will be used to synthesize zeolites.




1.2 Objectives of the Study

The objectives of this study are:

i.  to synthesize ZSM-5 zeolite from kaolin using TMAH as template,
ii. to characterize the synthesized ZSM-5 zeolite by using XRD, SEM, FTIR, and

iii.  to study the effect of temperature and crystallization time on the synthesis of
ZSM-5 zeolite

1.3 Scope of the Study

In this study, ZSM-5 zeolite will be synthesized using hydrothermal treatment as
suggested by Khatamian & Irani (2009). Raw kaolin will be calcined at 700°C based
on the method suggested following by the addition of silica source from silicon dioxide
to the mixture (Feng et a/, 2009b). The mixture is then mixed with
tetramethylammonium hydroxide (TMAH) as template and distilled water. Sodium
hydroxide (NaOH) is added to the mixture and mixed. The mixture is heated in a Teflon
bottle at the temperature ranging from 120°C to 180°C for crystallization process. A
sample is removed from the bottle to be analyzed by FTIR on certain period of time
between 12 hours to 36 hours of crystallization time. The crystallinity and surface
morphology of the zeolite will be determined using XRD and SEM respectively.



CHAPTER 2

LITERATURE REVIEW

2.1 Zeolites

Zeolite mineral is basically composed of AlO4 and SiO4 tetrahedra. These tetrahedra
linked to one another by sharing the oxygen atoms to form interconnected cages and
channels with pore sizes ranging between 4 — 12 R (Ward, 1967). This is how the
three-dimensional framework structure of the zeolite is formed. These structures
usually contain mobile water molecules, alkali metal cations from group 1A such as
sodium, potassium, lithium, and cesium cations. They can also contain alkaline earth
metal cations from group 2A such as calcium, strontium, barium, and magnesium
cations. However, aluminum and silicon in the zeolite can be replaced by elements
such as phosphorus and beryllium (Tschemich, 1992). In most zeolite structures, the
AlO4 and SiO4 tetrahedra which are the primary structural units will assemble and form

secondary building units. These units may be cubes, hexagonal prims, or cubo-
octahedra (Jacobs et al,, 2001).
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Figure 2.1. Basic chemical structure of zeolites (Haag et a/,, 1984).




2.1.1 History of Zeolites

The first zeolite discovery was in 1756 by a Swedish mineralogist (Cronstedt, 1756).
Zeolites are categorized as one of the crystaliine aluminosilicate minerals and the
deposition of zeolite minerals was found mostly close by the volcanic area. There are
around fifty species of natural zeolites that are known with various chemical
composition and structure. However, the major part of volcano-sedimentary deposits
are consisted of only eight zeolite minerals. The eight natural zeolites are analcime,

chabazite, clinoptilolite-heulandite, erionite, ferrietite, laumontite, mordenite, and
philipsite (Win, 2004).

In 1840, the ability of zeolite crystals to reversibly dehydrate without apparent
change in transparency or morphology is observed by Damour. In 1896, after
observing various liquids such as alcohol, benzene, and chloroform were occluded by
dehydrated zeolite crystals, Friedel suggested that the structure of dehydrated zeolites
consists of open spongy framework. The first structure of zeolites were determined by

Taylor and Pauling in 1930. By the mid 1930’s to 1940’s, the work of synthesis and
characterization of zeolites has been well known.

The study in zeolite synthesis in searching of new approaches for air separation
and purification was initiated by the Linde Division of Union Carbide Corporation. The
commercial zeolites type A, X, and Y were discovered by R. M. Milton and D.W. Breck
in between 1949 to 1954. Following by Mobil Oil introduced the use of zeolite X in
catalytic cracking in 1962 and the synthesis of the high silica zeolites such as zeolite
beta and ZSM-5 was reported from 1967 to 19609.

In the past century, the discovery of new compositions and structures of
molecular sieves encouraged the synthesis of new zeolites. Zeolites of various structure
types have been discovered since 1978, however, the as-synthesized guest species are
not stable to remove, especially water and organic templates, hence, the synthesized
zeolites cannot adsorb molecules reversibly and the catalytic reaction cannot be carried
out. There were some extensive work carried out on the synthesis and applications of
ZSM-5 and other members of the high silica zeolite family (Jacobs et a/, 2001).
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2.1.2 Types of Zeolites

In the evolution of synthetic molecular sieve materials, zeolites are separated into three
categories. Which are “Low” Si/Al Zeolites, such as Zeolite A and X, “Intermediate”
Si/Al Zeolites, such as Zeolite Y, L, and omega, “"High” Si/Al Zeolites, such as ZSM-5.

The Si/Al ratio of zeolites mentioned are 1 to 1.5, 2 to 5, and 10 to 100 respectively
(Moscou, 1991).

The structural characterization of zeolite crystals is based on the identification
of the particular zeolite framework type. The framework type is assigned based on the
zeolite database entries in the Inorganic Crystal Structure Database (ICSD). Both
natural and synthetic zeolites are included in the entries. The applications of zeolites
are strongly contingent to the framework topologies of zeolites. Therefore, the
classification scheme that became the standard to identify zeolites from other zeolitic
materials that display tetrahedral framework structures is based on the structure of
the zeolite crystals. All the zeolite entries are tested by using a three-step process to
determine the framework-type code (FTC) of the zeolites.

The three-step process includes, data verification on the entries conceming
eventual typographical errors, missing atoms in the reduced unit cell, or unspecified
mineral information in order to clearly identify their structure. Based on the symmetry
information of the asymmetric unit cell in the database, the underlying frameworks of
the crystalline structures were generated. This is to remove the atoms in the cation
and adsorbent portions of the chemical formula and leave only the bare framework
that contains only the tetrahedral atoms and oxygen. Lastly, all the bond lengths of

tetrahedral and tetrahedral-oxygen in the bare underlying framework is checked (Yang
et al.,, 2010).
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2.1.3 Applications of Zeolites

The many applications of zeolites are based on the various properties of the zeolite
crystals. Natural zeolites are used as the particle reinforcement material in concrete or
as a filler in paper making industry (Win, 2004). Synthetic zeolites are most commonly
used as molecular sieves, catalysts, and ion-exchangers. Zeolites are more preferable

than any other crystalline inorganic oxide-materials because of its unique combination
of properties. '

One of the properties is the microporous character with uniform pore
dimensions. Due to this properties, zeolite crystals has the ability to allow certain
hydrocarbon molecules to enter the crystals while rejects others molecules based on
the molecular size. In this case, zeolite crystals are a very ideal and effective molecular
sieve, Therefore, it is used in the adsorbents, desiccants, and separation processes.

The application includes drying agents, gas purifier, and separator for n-paraffins and
p-xylene from their isomers (Moscou, 1991).

The countercharge ions in the zeclite crystals have the ability to perform all
types of ion-exchange reactions. These countercharge ions are normally Na*, K*, Ca?*
ions, but it can also be modified to H* or NH4* ions (Curkovi¢ et al, 1997). Zeolites is
used in water softening because of the cation of the zeolites will replace the heavy ions
in the hard water. In water treatment process, sodium ions in the zeolites will replace
the calcium and magnesium ions in the water. The ionic reaction is such as:

M2* + 2 Na* (Z) = 2 Na* + M** (Z), (2.1)
Where M?* represents calcium or magnesium ions, (Z') represents zeolites. The
exchanged material can be regenerate by washing a concentrated sodium chioride
solution (Win, 2004). As the result, zeolites are used in detergent, waste water and
nuclear effluent treatment, and soil improvement. In the detergent formulation, zeolite
A is used as a sequestering agent to substitute phosphates ions (Moscou, 1991).
However, zeolites play an important role in agriculture by acting as a slow release
mechanism of potassium and ammonium ions in the soil. The cation exchange
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