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ABSTRACT

SYNTHESIS OF ZEOLITE 4A AND ZEOLITE 13X FROM LOCALLY
AVAILABLE RAW MATERIALS BY THERMAL ACTIVATION
METHODS

Kirdeciler, Salih Kaan
Doctor of Philosophy, Micro and Nanotechnology
Supervisor : Prof. Dr. Burcu Akata Kurg
Co-Supervisor: Prof. Dr. Hayrettin Yiicel

January 2022, 184 pages

Synthesis of zeolites from laboratory-grade chemicals is an expensive way to
produce these unique particles. Zeolite 3A, 4A, 5A among Linde Type A (LTA)
zeolites, and zeolite 13X among the Faujasite (FAU) type are highly valuable
commercial products for various application fields, such as catalysis, water sorption,
and detergent industries as water softeners. There is still great interest in finding
alternative synthesis routes that will reduce the production cost of these materials in
high demand. Due to these facts, using locally available raw materials as starting
chemicals for zeolite synthesis has been of significant importance. Accordingly, the
main focus of this thesis was using national Turkish local sources to obtain a
synthetic material of high demand in Turkey, which is being fully imported from
abroad. During zeolite conversion using locally available minerals, the challenge in
the process is the impurities existing in the raw materials such as quartz. The aim is
to investigate the synthesis of high purity zeolite 4A and zeolite 13X from Turkish
raw kaolin and feldspar sources with a cost-effective approach and minimum

impurity in the final products.



For this purpose, meta-kaolinization, alkali fusion, and one-pot fusion methods for
kaolin; alkali fusion and one-pot fusion methods for sodium feldspar were optimized
for locally available raw materials, followed by hydrothermal synthesis. These
processes opened up the possibility of obtaining zeolitic materials from locally
available minerals, particularly sodium feldspar, which Turkey possesses highest
amount of reserve in the world. Another aspect of this thesis was to use sodium
carbonate as an alkali fusion agent to synthesize desired zeolites as an
environmentally friendly alternative to sodium hydroxide. The third highlight of this
thesis was to adapt one-pot fusion method to synthesize zeolite 3A and zeolite SA
directly, which eliminates the traditionally used ion-exchange procedures for the first
time. Lastly, the whole process was scaled-up, allowing one to produce higher
amount of products and thus testing the products in real industrial applications. In
this way, the locally produced zeolitic materials were tested in various industrial
areas to see whether their quality specifications were met. In conclusion, high purity
industrial grade zeolites were successfully synthesized from Turkey's various kaolin
and sodium feldspar sources. The one-pot fusion method was found to be adaptable

to different alkali fusible aluminosilicate raw materials.

Keywords: Zeolite 4A, Zeolite 13X, one-pot fusion, pilot-scale zeolite production
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0z

ZEOLIT 4A VE ZEOLIT 13X’iN YEREL VE DOGAL KAYNAKLARDAN
TERMAL AKTiVASYON YONTEMLERI iLE SENTEZLENMESI

Kirdeciler, Salih Kaan
Doktora, Mikro ve Nanoteknoloji
Tez Yoneticisi: Prof. Dr. Burcu Akata Kurg
Ortak Tez Yoneticisi: Prof. Dr. Hayrettin Yiicel

Ocak 2022, 184 sayfa

Zeolitlerin laboratuvar seviyesi kimyasallar kullanilarak sentezlenmesi, bu 6zgiin
parcaciklar icin pahali bir yontemdir. Linde Tipi A (LTA) zeolitlerinden zeolit 3A,
zeolit 4A, zeolit SA ve Faujasite (FAU) zeolitlerinden zeolit 13X; katalizér, nem
tutucu, su yumusaticilari gibi bir ¢ok uygulamada kullanilmalar1 nedeniyle oldukga
onemli malzemelerdir. Alternatif sentez yontemlerinin gelistirilmesi, bahsi gecen ve
kendilerine yiiksek talep bulunan bu malzemelerin iiretim maliyetlerinin
diistiriilmesi acisindan yogun arastirma konusu olmaktadir. Dolayisiyla, yerli
hammaddelerin baslangi¢c ana maddesi olarak kullanilmasiyla zeolit sentezlenmesi
uzun zamandir 6nemli bir arastirma alanidir. Bu tezin odak noktasi, iilkemizde
siklikla kullanilan ve tamami ithal olan zeolitlerin yerli kaynaklar kullanarak
iiretilmesidir. Yerli dogal kaynaklarin zeolite doniistiiriilmesindeki zorlayic1 kisim,
kaynaklarin igerisinde bulunan quartz benzeri safsizliklardir. Bu ¢alismanin amaci,
yliksek saflikta zeolit 4A ve zeolit 13X’in yerli dogal kaynaklardan olan kaolin ve
sodyum feldspat kullanilarak, maliyet efektif bir yaklagimla, en az ikincil fazlar
barindiracak sekilde sentezlenmesidir. Bu amagla, kaolin kaynagi i¢in meta-
kaolinizasyon, alkali fiizyon ve tek-kap fiizyon metotlari, sodium feldspat icin ise

alkali fiizyon ve tek-kap fiizyon metotlar1 sonrasi hidrotermal sentez yoOntemi
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uygulanmigtir. Bu prosesler, yerli hammaddelerin, 6zellikle diinyadaki en yiiksek
miktarda rezervi lilkemizde bulunan sodyum feldspat’in zeolite doniistiiriilmesinin
yolunu agmistir. Bu tezin bir baska boyutu ise, sodyum karbonatin, sodyum
hidroksite alternatif olarak cevreci bir yaklasimla kullanilmasidir. Ucgiincii
vurgulanacak kisim ise, zeolit 3A ve zeolit 5A’nin, iyon-degisim prosediirii
kullanilmadan, dogrudan bu yontemle ilk kez {iretilmesidir. Son olarak, bu ¢alismada
tim proses, pilot Olcekte tekrarlanmig, daha yiiksek miktarlarda iiretim
gerceklestirmis, ve bdylece gergek endiistriyel uygulamalarin spesifikasyonlarin
saglanmas1 konusunda denemeler gergeklestirilmistir. Bu sekilde, yerli malzemeler
kullanilarak {iretilen zeolitlerin, ticari iriinlerle karsilastirmalar1 yapilabilmistir.
Sonug¢ olarak, yiiksek saflikta, endiistriyel {lirlinler ile rekabet edebilecek olan
zeolitler, lilkemizin yerli kaolin ve sodyum feldspat kaynaklari kullanilarak
iretilmistir. Tek-kap flizyon yontemi, alkali fiizyon’a uygun diger aliiminosilikat

kaynaklar1 i¢in de kullanilabilir olarak degerlendirilmektedir.

Anahtar Kelimeler: Zeolit 4A, zeolite 13X, tek-kap fiizyonu, pilot dlgek zeolit

uretimi
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CHAPTER 1

INTRODUCTION

Zeolites are crystalline; porous aluminosilicates that are used widely in the industry
due to their different properties, such as water softeners in detergents, desiccants in
insulating windows, catalysts in the petrochemical industry, or warm mix asphalt
additives as a volume expander. The most famous zeolite family is Linde Type A
(LTA) due to their Si/Al ratio being close to 1, leading them to be the highest ion
carriers among all zeolite types. The most common zeolite type is zeolite 4A, with
4-angstrom pores and sodium cations as charge balancing ions. These properties
carry zeolite 4A to the most used zeolite with the highest ion exchange capacity
among all. Zeolite 3A and zeolite SA are the other LTA members, which can be
produced via ion exchange of zeolite 4A with calcium and potassium, respectively.
These zeolites are also of interest due to the highly ordered pore structures and well-
defined 3-angstrom and 5-angstrom pores for gas separation or moisture adsorption
applications. Zeolite 13X is another well-known zeolite type with 8-angstrom pores
from the faujasite (FAU) family of zeolites. It is also famous for its water adsorption
capability of absorbing up to 25% of its original weight.

These zeolites are usually synthesized using the bottom-up approach with the
hydrothermal synthesis method. Typically, precursor chemicals need to be placed in
a vessel with desired conditions for the particles' nucleation and growth in the liquid
medium, called hydrothermal synthesis. There is a great effort to minimize the total
cost of the synthesis by finding alternative resources to be used as starting chemicals,
including natural raw materials, or modifying the synthesis conditions. This chapter
will explain the history of zeolites, zeolite types, their importance, synthesis

methods, alternatives, and the aims of this thesis.



1.1  History of Zeolites

Zeolites are crystalline, hydrated aluminosilicates. Zeolite term was first used by a
Swedish scientist, Axel Fredrik Cronstedt, in 1756. He discovered that when he heats
a natural stone called “stilbite,” it visibly loses its water content in the vapor phase.
Based on this basic experiment, he used the words “zeo” and “lithos”, which means
“to boil” and “stone”, respectively. Natural zeolites were of interest for a long time
with discoveries of Stilbite (1756), Chabazite (1722), Faujasite (1842),
Clinoptilolite, and Erionite (1890), Mazzite (1972), and many others for hundreds of
years[1,2].

At the beginning of the 1940s, research on zeolites focused on investigating natural
zeolites by mineralogists about stability over other minerals. Later on, it was evolved
into the synthesis of these materials in laboratories more from the chemical point of
view. Union Carbide Corporation is one of the pioneers of the synthetic zeolite
manufacturing business, which initiated the research on adsorption, purification,
separation, and catalysis in 1948. The company had made patent applications on
zeolite A, Zeolite X, Zeolite Y, published structures of these zeolites and succeeded

in granting the patents until 1964[2—4].

The first publication of synthetic zeolites was made on zeolite 4A by Breck et al.[3],
who had worked for Union Carbide Corporation in 1956. The framework type was
named Linde Type A (LTA), and the most common form is zeolite 4A, which
consists of sodium as charge balancing cations in the pores and has an average of 4-
angstrom pore diameter. Later on, Union Carbide researchers continued to work on
discoveries on the faujasite (FAU) type framework and discovered zeolite X in 1959
[5] and zeolite Y in 1964 [4]. These new types of zeolites have bigger pore diameters
with respect to the LTA structure (8-angstroms), leading to higher water adsorption
capacity and molecular sieving property for larger gas molecules. Zeolites are of
interest since different crystal structures lead to unique surface properties, and these
crystals can be tailored for needed applications. This property places these crystals

in an indispensable position for industrial applications.



1.2 Zeolite Structure, Properties, Formation, and Classifications

Zeolites are crystalline materials that can be considered to be consisting of two
systems. These are covalently bonded, negatively charged aluminosilicate
framework structures and ionically bonded charge balancing cations such as sodium,
potassium, and calcium [6][7]. The international zeolite association classified over
200 different framework types and over a thousand different zeolite types until this
day [8]. In the framework of zeolites, indefinitely extending silica and alumina
octahedra are placed by sharing their oxygens which are mainly formulated by
M2nO.ALO3.X Si02. y H2O, where M is the charge balancing cation. Schematic

representations of LTA and FAU structures are given in Figure 1.1.

Figure 1.1. Schematic representations of basic building units of (a) LTA and (b)
FAU structures [9].

Primary building units (PBUs) and secondary building units (SBUs) are the main
subunits in a zeolite structure. Primary building units are the 4+ charged silicon oxide
tetrahedra and 5+ charged aluminum oxide tetrahedra. The oxygen sharing geometry
of these silica and alumina forms a unique geometric form called secondary building
unit. These secondary building units (SBUs) can be in various geometries such as
single/double rings, polyhedral, etc. The repetition of these SBUs results in various
unique pore structures, channels, and cages. At present, 23 different types of SBUs

are known to exist [10].



1.3 Main Applications of Zeolites

Zeolites have been widely used in industry for a long time with their superior
properties in modifiable surface area, pore size, pore diameter, acidity, particle size,
net charge, etc. Over a few decades, zeolites were widely studied due to their unique
ordered pore structures with adjustable properties such as pore size and diameter,
acidity, hydrophilicity, net charge, etc. in various application fields such as cation
exchangers [11,12], selective catalysis [13—15], membrane systems [16-18],

detergents [19][19-21], etc.

Zeolite 4A, the first synthetic zeolite, was engineered N> generation from the air as
amolecular sieve by Breck and coworkers [3], as explained before. Zeolite 4A is one
of the most essential zeolite types of all since it has the highest cation exchange
capacity since its Si/Al ratio is 1. This unique property is widely used in the detergent

industry as a water softener to enhance the washing capability of detergents.

The molecular sieving property of zeolites was highly used in the petroleum industry
as driers with potassium exchanged form of zeolite 4A, which is called zeolite 3A,
while weakly polar molecule remover & normal/iso-paraffin separator as calcium
exchanged form of the same zeolite, now called zeolite SA. The water sorption
capability of zeolites increases the application fields of the zeolites to desiccants in
insulating windows [22-24]. This is another major application field, and just in
Turkey, approximately ten tons of zeolite 3A are imported annually. Zeolite beads
are prepared from these imported zeolites and placed in insulating windows [25].
Also, the benefit of ordered pore structures can be used in gas separation processes,
such as liquid nitrogen production from the air, CO>, and H>S [17,26-28]. Another
primary application of zeolites is catalysis due to their active Bronsted and Lewis
acid sites and high surface areas [13,29,30]. Also, due to the ordered pore structures,

selective catalysis on desired molecules can be performed [31,32].

Zeolite 13X is another important zeolite type with a faujasite structure with larger

pore openings; with respect to zeolite 4A has the highest adsorption capacity among



all zeolites. It is widely used in high purity oxygen generators and adsorbents for
bigger molecules than N». Zeolite Y is widely used in catalytic applications since it

has a higher Si/Al ratio than zeolite 13X, which is in the same faujasite family[33].

The porous structure of the zeolites can be utilized in odor control systems since the
pore sizes and properties can be engineered for the desired molecule to be captured
[34-36]. Also, fragrance molecules can be adsorbed inside the pores of zeolites to

be able to increase the mechanical and thermal stability of these fragrances [37-39].

The heat of adsorption is another crucial phenomenon for the zeolites since zeolite
13X can adsorb 25% of water vapor in its pores while zeolite 4A can adsorb almost
22% of water vapor by its weight. This high adsorption capacity is used in heat pump
cycles in several commercial applications, such as the patented “zeolite drying
technology” of BSH [40] or the “ZeoTherm” heat pump system by Vaillant [41].
Vaillant reported that the heat pump's efficiency increased 35% with respect to state-
of-the-art, high-end heat pumps in the market.

Every application requires an engineered product with superior capabilities on this
particular application, even the known name of the zeolite is the same. Zeolite 3A, a
potassium exchanged version of zeolite 4A, is used as a desiccant in insulating
windows. Even in the literature, there is not much further information about the
product type, but within the meetings with the desiccant producers, the importance
of the ion exchange level was revealed. In technical data sheets of the producers, it
can be seen that 30%, 40%, and 50% ( Ion exchange, K»O/Al>O3, [%mol/mol]) are
suitable for desiccant production [42]. These exceptionally engineered zeolites were
used in insulating windows over other desiccant types such as calcium oxides, clay,
or calcium sulfides due to the high adsorption capacity in low relative humidity

environments and fast adsorption-desorption behaviors shown in Figure 1.2.
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Figure 1.2. The water adsorption capacity of several desiccant materials with

respect to relative humidity level (a) and time (b) [43]

Another engineering over the zeolite 4A shall be required to apply detergent builders.
Zeolite 4A is a well-known cubic crystal with sharp edges, which is a drawback in
detergents since they can be knotted in textile fibers and damage them. In contrast,
cubes with rounded corners and edges tend to decrease the incrustation of textile
materials [44]. Also, particles smaller than 1 mm in average diameter may be
retained in the textile fiber and damage it, while particles over 10 mm in size cause
an unacceptable deposition on textile materials, fabric, and machine parts [45]. These
requirements shall be satisfied with the tailor-made zeolite 4A crystals. Gel
formulation and reaction condition optimizations were performed by several groups
for chamfered/non-sharp edged zeolite 4A synthesis [46,47]. Also, another major
zeolite producer, PQ Corp., defined their product as detergent grade zeolite “Doucil
® 4A” as round edged zeolite 4A [48]. Also, detergent-grade zeolites shall satisfy
the requirement of color and iron impurity levels due to the minimization of the

coloring and defect formation in the fabric.

Warm mix asphalt additive is the same type of zeolite, zeolite 4A from the Linde
Type A family. This time the basic requirement is the water sorption capacity of the

zeolite. The same zeolite 4A is used as a WMA additive but in a dehydrated form,



unlike desiccant application [49,50]. Due to the kinetics of the moisture
adsorption/desorption mechanism variation with the particle size itself, smaller

particles were desired for this application field [51].

Recently zeolite crystals have been widely used in sensor applications as modifiers
of the electrodes. The zeolites' high surface area and flexible structures are attractive
materials as electrode modifiers to increase the sensitivity, response amplitude, and
linear range with a lower detection limit. The use of zeolites is another means to
modify electrodes for superior responses [52—55]. These applications are usually in
the liquid medium, while recently, there has been more research on gas-phase
applications such as formaldehyde sensors [56], gas sensors [57], and humidity

sensors [58,59].

1.4 Zeolite Market and Most Commonly Used Zeolites

The market of zeolites/molecular sieves was around $27.1 billion worldwide in 2020,
while estimated to be $32.7 billion in 2027 [60]. The highest share in volume is at
zeolite A (Linde Type A), which acts as an ion exchanger in detergents, while zeolite

X and Y (FAU family zeolites) are popular in the catalyst industry [61].

The market growth is steady, and this growth is due to the demand from the
petrochemical refining, gas separation, and wastewater filtration end-use industries.
Zeolite A is the most widely used zeolite in industries for separation and purification
applications. Zeolite 4A, the highest market volume zeolite, is used as a water
softener. After the European Union (EU) ban on the use of Sodium Tripolyphosphate
(STPP) in detergents to control the increasing level of soluble phosphorus in
municipal wastewater, Zeolite 4A was considered an ideal substitute to STPP and
witnessed a substantial increase in demand. Several commercial detergents contain
synthetic zeolites, which help increase their washing efficiency [62,63]. Even
zeolites are not recently discovered crystals, and this research field has been

investigated for decades, the publication numbers are getting higher every year, as



shown in Figure 1.3. Metal-organic frameworks (MOFs) have been of interest in
recent years, developed with the know-how built with zeolite research over the years

[64].
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Figure 1.3. The number of publications on zeolites (black circles) and MOFs (grey
squares) annually [64].

14.1 Zeolite 4A and Zeolite 13X

Zeolite 4A is the sodium form of the Linde Type A (LTA) family, with the highest
ion exchange capacity since the Si/Al ratio has a limit value of 1 [65,66]. This highest
ion-exchange property makes this type of zeolite widely used in detergents as a water
softener [65]. These zeolite types are mentioned as low silica zeolites, and they were
synthesized from similar gels. An increase in the silicon to aluminum ratio results in

zeolite 13X formation instead of zeolite 4A, as shown in Figure 2.7[67].

Zeolite 4A and Zeolite 13X are built from the same structure of sodalite. Sodalite
cages came together in a different orientation to form either zeolite 4A or zeolite 13X

[68], as shown in Figure 1.4.



Figure 1.4. Formation of Zeolite 4A “LTA” and Zeolite 13X “FAU” from basic
building unit of Sodalite cage [68].

Zeolite 13X has bigger pore openings (8 angstroms) with respect to zeolite 4A (4
angstroms), which increases is favorable for fragrance carrier applications

[37,38,69].

1.4.2 Zeolite 3A and Zeolite 5A

Zeolite 3A and zeolite SA are the ion-exchanged forms of zeolite 4A with potassium
and calcium, respectively. Since the hydrodynamic diameter of these ions varies, and
the structure of the zeolite A is the same, the opening of the zeolite cavity varies with
the ion filling the pores. Since potassium is a bigger ion in size, it forms a 3
angstroms opening named zeolite 3A, and a smaller sized ion, calcium, exchanged
version has an opening of 5 angstroms called zeolite SA [35,70-72]. Schematic

representation of pore openings of LTA zeolites was shown in Figure 1.5.
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Figure 1.5. Schematic representation of zeolite A family with different pore

diameters with different ions

Ion Exchange is the route to change the exchangeable cation in the zeolite
framework, usually sodium, with the desired cation in a liquid medium with
continuous agitation. The researchers have investigated and reported this
phenomenon for decades, and its properties are well known, such as equilibriums,
the affinity of some ions, kinetics, and free energy of exchange [65,73,74]. With the
help of this well-known ion exchange procedure, as-synthesized zeolite 4A can be

converted into zeolite 3A and zeolite 5A [72,75].

1.5 Goals and Objectives

Turkey is importing different types of zeolites from abroad for about fifty thousand
tons per year as a builder for detergents, ten thousand tons per year as desiccant for
insulating windows, and approximately five thousand tons annually as a catalyst in
petrochemical industrial uses. The local zeolite production does not exist mainly due
to the production cost based on foreign raw materials. The main goal of this thesis is
to synthesize zeolite 4A and zeolite 13X from locally available raw materials in
Turkey, which show variations with respect to their international counterparts. For

this purpose, kaolin and sodium feldspar were the main raw minerals chosen and

10



obtained from various local resources. Optimization of all synthesis parameters from
each source was conducted to obtain zeolites of differing types and qualities. In this

research, several objectives were set and achieved, which can be listed as follows;

e Synthesis of zeolite 4A and zeolite 13X from high-quality kaolin sources

e Synthesis of zeolite 4A from low-quality kaolin sources

e Synthesis of zeolite 4A and zeolite 13X from various sodium feldspar sources
e Direct synthesis of zeolite 3A and zeolite SA without ion-exchange

e Scaling up the synthesis system for industrial application trials

e Industrial application results
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CHAPTER 2

LITERATURE REVIEW

There has been excellent progress in zeolite synthesis and its applications since the
first natural zeolite “stabite” by a Swedish mineralogist, Cronstedt, in 1756. In the
first decade of research, the research focused on the adsorption properties,
dehydroxylation of zeolites, and reversible cation exchange properties [2,76,77]. In
the 19" century, the first hydrothermal synthesis of a zeolite, “levynite” was
proposed, and structures of dehydrated zeolites were reported [77]. In the mid 20%
century, the definition of molecular sieves was first proposed, and numerous
synthetic zeolites were proposed, such as zeolite A, X, and Y by Minton and Breck
[2,7]. International Zeolite Association announced that 255 zeolite frameworks had

been discovered until now [78].

2.1  Zeolite Synthesis

Zeolite synthesis is a way of producing unique structures with different ion exchange
and molecular sieving capabilities via crystallization of aqueous solutions of silicate
and aluminate anions in an alkaline medium. Zeolites are usually synthesized with
the hydrothermal synthesis method with some exceptions, such as solvothermal or
ionothermal methods [79]. Hydrothermal synthesis methods involve dissolving an
aluminum source (source of [AlO4]) in an alkali medium, a silica source (source of
[SiO4]*) in a different alkali medium, and a template or seed crystals if necessary.
These solutions were added into each other to form a slurry and stirred until the initial
homogenous gel forms [77,80,81]. The starting material properties are crucial for the
final product purity and quality. Industrial-grade chemicals commonly synthesize
these zeolites to fulfill industrial requirements such as low impurity, high

crystallinity, and homogeneity [2,3,82].
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It is accepted that zeolite formation mainly involves two mechanistic steps (1) the
formation of aluminosilicate gel or reaction mixture and (2) the nucleation and
growth of zeolite crystals from the reaction [76]. The first schematic representation
of zeolite formation was given by Breck, where the zeolite formation is composed
of depolymerization of gel structure, rearrangement of the aluminosilicate and
silicate anions, and regrouping of the tetrahedra about hydrated sodium ions to form
the basic polyhedral units. Upon the linkage of these units, the ordered crystal

structure of zeolite is formed, as shown in Figure 2.1.

TETRAHEDRON

Figure 2.1 The first depiction of zeolite synthesis [83].

It was concluded that the zeolitic product is formed by the reaction of the soluble
species with nuclei or zeolite crystals according to the following simple mechanism

where the rate-determining step was controversial [76].

Amorphous solid = Soluble species (S)

(S) + Nuceli (or zeolite crystal) = Zeolite A
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Zeolites are traditionally produced with the hydrothermal synthesis method from
reactive gels in alkaline media at temperatures between about 80-200°C. The control
of the synthesis process and crystallization with desired parameters need an
understanding of the crystallization process and the influence of numerous variables.
The factors controlling the synthesis of zeolites are nicely summarized in two groups

by Mintova et al. as chemical and physical parameters in Figure 2.2.

® Molar ratios

@® Type of the initial source

Towards crystalline molecular sieves

Figure 2.2. Main parameters governing zeolite synthesis [84].

For the zeolite formation, a typical hydrothermal zeolite synthesis can be described

in the following steps:
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1. Reactants containing silica and alumina sources are mixed in a basic medium
with a cation source.

2. The aqueous reaction mixture is heated in an appropriate reaction vessel and
kept at that particular temperature where the reactants remain amorphous.

3. After the “induction period” mentioned above, zeolite crystals can be
observed.

4. After all amorphous material is replaced by zeolite crystals, washing,

filtration, and drying steps are pursued.

These steps are illustrated in Figure 2.1; the amorphous precursors contain Si-O and
Al-O bonds from which, in the presence of a mineralizing agent, the crystalline
product (e.g., Zeolite A) contains Si-O-Al linkages are created during the

hydrothermal reaction.

Silica Source Alumina Source
-Sodium Silicate -Sodium Aluminate
-LUDOX -Aluminum isopropoxide

Sodium Source

Zeolite

Aging Reaction Washing & Drying

Figure 2.3. Schematic representation of a standard hydrothermal synthesis

procedure of zeolites.

The commercial production of zeolites, such as zeolite A, is mainly conducted using
raw chemical compounds such as sodium silicate, Ludox, fumed silica, as silica
source and sodium aluminate, aluminum isopropoxide, and aluminum wire as
alumina source. As shown in Figure 2.3, required chemicals are mixed in an aqueous
media in an appropriate vessel with a proper amount of sodium and potassium
sources to generate the alkaline medium for nucleation and growth of zeolite crystals.

Usually, these chemicals shall be prepared in different vessels for complete control
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over the synthesis. These chemicals are mixed and aged for nuclei formation. Aged
gels are placed in a previously heated oven for an appropriate time for the reaction
to occur. The suspension formed is washed with distilled water followed by filtration
and drying. The final powder product is highly dependent on several synthesis
parameters such as composition, alkalinity, templates, seeds, aging time and
temperature, and reaction time and temperature [7,79]. Since the final product's
purity is an important parameter, the quality of the starting material should also be
high. For those reasons, industrial-grade chemicals are still in use for large-scale
production. Nowadays, laboratory-grade fumed silica costs around $200/kg, while
sodium aluminate costs nearly $40/kg, making fumed silica hardly appropriate for
mass production design. There is tremendous interest in lowering these costs by
changing these chemicals with natural raw materials [44,85-88]. These studies
mainly focus on using natural materials such as kaolin [89-91], diatomite [92,93],
and montmorillonite [82] or waste materials like waste porcelain or by-products such
as fly ashes [94-96]. Additional pre-treatments were highly recommended to achieve
high-quality final products, such as acid wash of raw materials [72] or liquid
extraction of silica or alumina sources [97,98]. Zeolite synthesis parameters such as
aging and reaction conditions such as agitation, temperature, and durations are highly
effective on the final product quality [77,99]. Another critical parameter affecting
the final zeolite quality is activation conditions of the natural raw materials since
amorphous phase or water-soluble aluminosilicates are necessary for zeolite

formation [77,100].

Composition is one of the most crucial parameters since it highly affects the final
product type and quality. Several different zeolites can be synthesized with similar
compositional reaction gels. Reaction composition diagrams for low silica zeolites

are shown in Figure 2.4 [81].
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S102

Na;O AL O3

Figure 2.4. Reaction Composition Diagrams for Several Zeolite Types (HS:
Sodalite, A: Zeolite 4A, Y: Zeolite Y, X: Zeolite 13X, B: Analcime) [81].

Reaction compositions can be altered by changing the amount and type of chemicals
used as starting materials. Widely used starting chemicals of silica and alumina for
zeolite synthesis are sodium silicate, sodium aluminate, or fumed silica, which is
relatively costly, but with very little impurity content. Reducing the cost of the
chemicals used as starting materials is of enormous interest due to the high demand

for zeolites in industrial applications.

2.1.1 Synthesis Parameters

Zeolite synthesis is commonly explained by the gel preparation and hydrothermal
synthesis parts. The gel is mainly the deterministic characteristic parameter on the
formation of zeolite type. For example, low Si/Al zeolites such as the LTA family
should be synthesized with gels Si/Al ratios of 0.8 to 2. Higher Si/Al ratio gels
usually end up with higher silica zeolites such as analcime, zeolite X, or zeolite Y.
However, in between these boundary areas of zeolite A and zeolite X, adjustments
in the synthesis conditions are necessary to obtain the desired product other than the

temperature and pressure applied during the hydrothermal process. These can be
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summarized as batch composition, reactant sources, Si/Al ratio, alkalinity, inorganic
cations, aging, stirring, organic templates, solvents, water content, temperature, and
seeding. [101-104]. Controlling all these parameters leads to total control on the
final zeolite type, average particle size, particle morphology, and synthesis yield.
The type and quality of the final product are directly related to the main application
area, which shows a range of variations upon their usage purpose. One of the primary
purposes of zeolite research, as well as this thesis, is to meet the exact criteria

expected from different application areas.

212 Activation of Raw Materials

Raw materials such as kaolin, a layered crystal clay type, can be activated via a
thermal activation route, specifically called metakaolinization. This procedure
dehydrates the structure of kaolin and converts raw material into amorphous
metakaolin [19,105,106]. Also, alkaline digestion is proposed to extract silicates and
aluminates in an alkali medium and high pressure [98,107]. This technique is
beneficial since it prepares dissolved silicates and aluminates from solid form
aluminosilicates while getting rid of the impurities such as mica, quartz, and iron is
possible with additional filtration step [100,108]. Nevertheless, this technique
requires an extra filtration step, which adds complexity to the overall system.
Another popular activation method of raw materials is alkali fusion, a solid-solid
reaction; an alkali source diffuses and reacts with the secondary material and forms
a water-soluble alkali powder product. In this technique, an alkali agent such as
sodium hydroxide or sodium carbonate is mixed with the raw material, which has a
higher melting temperature with respect to the alkali agent. Mixture heated up to the
melting temperatures of alkali agent which were used. This molten alkali agent
diffuses through the raw material and forms soluble forms of alkali in the solid form
[20,109,110]. The overall aim is to produce semi-products that can be converted into

zeolites by hydrothermal synthesis.
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Metakaolinization is the process of dehydroxylation of kaolin source, which
terminates the structural layers of kaolin and eventually forms an activated state that
is unstable and amorphous to X-ray [111]. In literature, there are numerous studies
suggesting various temperatures and durations for the metakaolinization step
[19,89,105,112—-114]. Chandrasekhar and Pramada [89] reported that the final
product is strongly influenced by the metakaolinization temperature for zeolite 13X,
which was suggested to be performed above 700°C. Also, the same group reported
that the metakaolin decomposition occurs after 950°C [112]. Contrary to the reports
of Chandrasekhar and co-workers, Murat et al. reported stated that the content of the
iron ions in the synthesis solution is the determining step for the kinetics of the
synthesis other than the structural disorganization state of the metakaolin [115].
Also, there is no agreement on the metakaolinization duration. Kovo et al. [116]
reported that 50 minutes at 600°C is sufficient for metakaolinization and decreased
the duration to 10 minutes in another study [117], while Otieno et al. [114] used a
metakaolinization procedure at 750°C for 8 h. These temperatures and durations
have to be optimized depending on the quality of the raw material in every particular
application.[118]. The quality, which means the content of the raw material source
other than kaolin clay, is highly dependent on the mining site [105]. As shown in
Figure 2.9, kaolin crystal is in the pseudohexagonal phase, but it could also exist in
other phases like triclinic, pseudo-monoclinic, and polymorphs. Kaolin minerals
usually contain secondary impurities such as quartz, feldspars, micas, iron, and
titanium oxides, depending on the mining site. Montmorillonite, illite, and aluminum
hydrated oxides can be found in kaolin reserves [105,119]. These impurities have a
strong influence on the final zeolite to be synthesized. Due to this phenomenon,
several treatments on low-quality kaolin sources such as acid washing were proposed

to synthesize pure zeolites out of these clays [105,106,120].

20



2.1.3 Gel Formula

Gel formula consists of two critical parameters, which are Si0,/Al>O3 ratio and
alkalinity at the same time. The formula is generally shown
as X SiO2: y ALOs: z Na;O: w H>O, where x/y represents SiO2/Al,O3, and z/w
represents alkalinity. This formulation is the deterministic step of the synthesis about
the zeolite type eventually will form [66,77]. Instead of kaolin as silica and alumina
source, additional sodium silicate might increase the Si/Al of the gel results with
zeolite Y and zeolite 13X with similar synthesis conditions with zeolite 4A
[107,116]. Various zeolites can be synthesized from Si/Al ratios of 1 (zeolite 4A) to
100 (ZSM-5 and zeolite Beta) by proper adjustment of the SiO2/Al>O; ratio of the
gel [77].

Alkalinity is the second important part of the gel formulation. Higher alkalinity leads
to the higher solubility of the silica and alumina sources and speeds the
polymerization reaction of the polysilicate and aluminate ions [81]. Further,
increasing the NaOH concentrations in the medium results in higher hydroxy sodalite
(HS) formation than desired zeolite 4A formation in various reports [121,122]. Also,
the alkalinity should be optimized for each synthesis since hydroxy sodalite is not
the only secondary phase since Lapides et al. [121] reported zeolite 4A and zeolite
13X could be produced with the same gel after 120 h of reaction with 2.2 M NaOH
concentration. Liu et al. reported that the higher the alkalinity, the better the particle

size distribution with smaller average particle sizes [101].

2.14 Aging Conditions

Aging is the time when the aluminosilicate gel forms and nuclei formation in this gel
occurs. Under well-designed synthesis conditions, the aging of zeolite synthesis
increases the degree of crystallization in the final products [123]. Also, Jihong et al.
[81] reported that the aging duration directly affects the nucleation and crystal
growth of the zeolites. In a study by Kovo and Holmes [116], aging with continuos
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agitation was performed for 48 h, and it increased the total surface area and
crystallinity of the zeolite Y. The same zeolite can be synthesized with different
recipes. For example, Feng et al. [124] synthesized ZSM-5 with 2 h of continuous
agitation aging. In comparison, Wang et al. [125] synthesized the same zeolite type
with 8 h of continuous agitation followed by 12 h of static aging. Di Renzo et al.
[126] reported that stirring decreases the final product's particle size by accelerating
the mass transfer rate. Fan et al. reported an increase in the aging duration from 0 to
192 h, increasing the FAU ratio with respect to LTA due to the aging requirement
for the six-membered ring of FAU crystals [102].

2.15 Reaction Conditions

Reaction conditions such as agitation, temperature, and duration strongly influence
the desired zeolite phase. Ciric et al. [127] reported that temperature strongly affects
nucleation rates, while Zhdanov and Samulevich reported that the reaction
temperature increase results in higher nucleation and growth rates [128]. Due to the
metastable nature of the synthesized zeolites, reaction durations are important since
the dissolution of the phases such as zeolite 4A can occur in longer durations of
reaction, and the formation of sodalite as a competing phase can be observed
[102,129]. Bayati et al. reported that increasing reaction temperature dramatically
increased the average particle size of the zeolite 4A, while reaction duration did not
significantly affect the final zeolite crystallinity [104]. Liu et al. reported that
increasing reaction temperature with the same gel composition increased zeolite 4A
crystallinity up to 90°C. In contrast, a further increase in the temperature resulted in
the formation of zeolite 13X as a competing phase. Liu et al. also reported that the
initial precipitation of zeolite 4A starts at around 1 h, and crystallinity increases up
to 4 h. However, after a further increase in the reaction duration, zeolite 13X crystals

were started to be observed [101].
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2.2  Raw Material Dependency of Zeolite Types

Even with the laboratory-grade very pure chemicals, depending on the nature of the
dissolution rate differentiations, two different compositional regions were proposed
by Breck and Flanigen [4,130] for zeolite Y synthesis with sodium silicate and
colloidal silica as the silicon source. These regions in the ternary diagram are shown

in Figure 2.5.

S102

Zeolite Y Zone
Colloidal Silica

Zeolite Y Zone
Sodium Silicate

Na,O” 7 7 4 7 7 7 7 7 AlLO3

Figure 2.5. Ternary diagram zones for zeolite Y synthesized from different silica

sources [92].

Christidis and Papantoni reported that some of the silica sources, such as volcanic
glasses, are unfavorable for zeolite Y nucleation due to the Si-O linkages in the glass.
This phenomenon corresponds to the starting gel formulation change as an
experimental constrain. On the other hand, direct dissolution of perlite as a silica and
alumina source favors resulting zeolite P, zeolite V and sodalite [131]. Aly et al.
reported that the change of the alumina source (sodium aluminate, aluminum nitrate,
and aluminum chloride) results in different crystallinity of ZSM-5 with respect to

each other due to the dissolution rate variances of these chemicals [132].

Breck and Flanigen were the pioneers of ternary phase diagram users in zeolite

synthesis gels to illustrate the possible regions of pure zeolite phase formation. These
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ternary diagrams refer to the approximate regions where different frameworks were
formed based on the solution's molar fractions of silicon dioxide, aluminum oxide,
and sodium oxide. Oleksiak and Rimmer et al. adapted two ternary phase diagrams
of Breck and Flannigen to demonstrate the differentiation of the regions for two
different silica sources [133]. Synthesis with silica source as sodium silicate is (a)

and colloidal silica as silica source is (b) in Figure 2.6.

& i 2 S

NaOH " ™Al NaOH™™™T S R ra

Figure 2.6. Ternary phase diagrams adapted from Breck and Flanigen (1968) with

the following silica sources: (a) sodium silicate and (b) colloidal silica [133].

As shown in Figure 2.2, the designated area for LTA and FAU is differentiated from
the silica source. As Oleksiak and Rimmer et al. mentioned, zeolite synthesis is a
complex mechanism that can not be easily explained by changing one parameter at

a time due to the synergetic effects of the changed parameters [133].

Maldonado et al. reported that the gel molar fractions of LTA crystals and FAU
crystals, given in Figure 2.7, while the effect of water content in the gel formula is
given in Figure 2.8. It was shown that the one component change in all reaction
parameters, such as alkalinity, Si/Al ratio, synthesis duration, reaction temperature,

etc., has numerous effects on zeolite to be formed [67].
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Figure 2.7. Kinetic ternary phase diagrams of zeolite structures showing single- and
multi-phase (shaded) regions at increasing temperature: (A) LTA and FAU (65 °C,
7 days)[67].
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Figure 2.8. Kinetic phase diagrams for zeolite growth solutions at varying water

content heated for seven days at 65 °C [67].

According to the literature review, even one synthesis parameter such as water

content or initial chemicals to be used in the synthesis affects zeolite to be formed.
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Based on these findings, systematic studies for zeolite synthesis with different

sources and synthesis conditions shall be reported independently.

2.2.1 Synthesis of zeolites from natural raw materials

There are over two hundred different types of zeolites at present that are based on
their silica-to-alumina ratio. There is paramount attention in seeking cheap raw
materials to replace high-cost pure chemical materials to synthesize zeolites
concerning energy consumption and production cost. Natural raw materials have
been of interest since the early days of synthetic zeolite inventions [3]. Cost
effectivity is the primary motivation of using similar chemical content, crude or
semi-processed natural raw material by transforming it into value-added zeolite
[3,130]. For that purpose, clay minerals are the most well-known alternative for
synthesizing zeolite A due to their suitable silica-to-alumina ratio as starting
material. The most suitable starting materials for zeolite synthesis can be given as
natural silicates, aluminates, or aluminosilicates such as bauxite [134,135], kaolin

[91,107], and natural zeolites [136,137].

2211 Kaolin
Kaolin is the general name of the rocks which are rich in kaolinite. Kaolin is a well-

known type of clay that is a natural material, which can be classified in industrial

minerals, with a chemical composition of Al>Si,05(OH)a.
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Figure 2.9. The ideal layered structure of kaolin unit cell. [9].

As shown in Figure 2.9, the framework structure of kaolin is composed of a sheet of
vertex sharing SiO4 tetrahedra forming six-membered silicates. These silicates are
linked by shared oxygen atoms parallel to the c-axis to a sheet of edge-sharing AlO¢
octahedra forming four-membered aluminates. Strong ionic/covalent bonds bind
together the silicate and aluminate layers via apical oxygen atoms. However, these
layers are connected by much weaker hydrogen bonds. These definitions are defined
for an idealized structure, while disorders are common in kaolin minerals [9]. The
chemical and crystallographic properties of kaolin depend on its origin, making it an

ongoing research topic even today for zeolite synthesis.

The usage of kaolin as a source of alumina and silica for zeolite synthesis has been
known since the 1980s [138]. It needs calcination at a temperature between 600 °C
to 1000 °C to produce metakaolin, which is a process of dehydroxylation with the

following reaction:

Heat
SleleS(OH)4 — Alz 03. ZSlOZ

Kaolin has been used to synthesize various types of zeolites such as zeolite 4A

[21,112,139], zeolite X [89,107,140], zeolite Y [117,141] and ZSM-5 [117,142].
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2.2.1.2  Feldspar

Feldspar is one of the most abundant minerals in the earth's crust, forming about 60%
of terrestrial rocks [143]. The term feldspar encompasses a whole range of materials.
Most deposits offer sodium feldspar as well as potassium feldspar and mixed
feldspars. They are primarily used in industrial applications for their alumina and
alkali content. There are several application fields of feldspars, such as glass

production, fiberglass production, floor tile, and tableware production.

Feldspar minerals are essential components in igneous, metamorphic, and
sedimentary rocks to such an extent that the classification of several rocks is based
upon feldspar content. The mineralogical composition of most feldspars can be
expressed in terms of the ternary system Potassium Feldspars (KAISi30s), Sodium
Feldspars (NaAlSi3Osg), and Calcium Feldspars (CaAl2Si20g). Chemically, the
feldspars are silicates of aluminum-containing sodium, potassium, iron, calcium, or
barium or combinations of these elements. Silicon and aluminum atoms in feldspars
form tetrahedra by bonding to four oxygen atoms. In Figure 2.10, SiO4 and AlO4
tetrahedra shown in grey color create a three-dimensional framework by sharing
common vertices [144,145]. Aluminum atoms occupy half of the tetrahedral sites in
anorthite (CaSi2AlbOg) and a quarter of the sites in albite (NaAlSi308) and
microcline (KAIS130g). [146].
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Figure 2.10. The ideal structure of feldspar showing the constructed unit cell.

[146].

There is not a great interest in using feldspar as a source of zeolite synthesis, even
the benefit of extra cations in its structure with respect to kaolin or halloysite. Also,
the advantage in the existence of more silica (approximately Si/Al ratio of 5) in its
natural structure makes these raw materials a suitable candidate for moderate Si/Al
ratio zeolites such as zeolite X, zeolite Y, and ZSM-5. However, the studies over the
usage of feldspar for zeolite synthesis are limited due to its crystalline structure,
which is not possible to dehydrate the structure as it was proposed in the
metakaolinization process. There are some studies focused on the acidic or basic
medium, high temperature, and high-pressure extraction studies, such as Lothenbach
et al. reported HCI extraction and formation of zeolite 13X from the extracted liquid
[147]. Meng et al. reported KOH extraction followed by hydrothermal reaction to
obtain zeolite W as the final product [148]. Su et al. reported the synthesis of zeolite
4A from potassium feldspar with KOH extraction followed by acid dissolution and
hydrothermal synthesis [129]. Also, generating zeolite-like structures such as
geopolymers or silica nanoparticles was proposed with alkali fusion of the raw

material with sodium hydroxide and sodium carbonate [149,150]. The solid phase
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alkali fusion reactions of respectively sodium feldspar with sodium hydroxide and

sodium carbonate are given below;
NaAlSi;Og + 4NaOH - NaAlSiO, + 2Na,Si0O; + 2H,0
NaAlSi;Og + 2Na,C0O5; = NaAlSiO, + 2Na,Si05; + 2C0,

The total feldspar reserves of the world are estimated to be 1,7x10° tons, while
Turkey has 14% of total reserves with 2,4x10% tons of reserves. Turkey has the
largest reserves of sodium feldspar type [11], which increases the importance of
utilizing the valuable raw material by converting this raw material into zeolites as a

value-added product.

2213 Other Natural Sources

Several different natural sources are proposed for the raw material for zeolite
synthesis, such as bauxite [134,135], clinoliptolite [136,137], and pyrophyllite [151].
The most common property of these materials is the abundance of silica and alumina

in their natural structure.

Bauxite is a rock composed mainly of aluminum-iron and aluminum hydroxide
minerals (boehmite, gibbsite, diaspore). Bauxite is formed from aluminum silicate
rocks which are filtrated and watered in tropical areas as second concretion
conditions. The colors differ in green, brown, red, and white. Bauxite is an important
raw material in world trading since it is one of the primary raw materials of
aluminum. It is also commonly used as an abrasive in the cement and iron-steel
industry. The world’s bauxite reserve is 25 billion tons, where 23 billion tons are
minable. Australia has 24% percent of world bauxite reserves, where Brazil has 12%,
Guinea has 24%. Turkey has an estimated amount of 97 million tons with 45 million

tons of visible reserve.

Bauxites are usually considered to be of two significant types; “lateritic”” and “karst”

bauxites. The different mineral compositions of these two main bauxite types have
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influenced the way they are processed. In general, lateritic bauxites are easier to
digest than karst bauxites and are treated by Bayer process variations using less
severe conditions of caustic concentration, temperature, and durations. The
difference in the “processibility” of these two bauxite types will also influence the

strategies for developing viable processes for treating high silica versions of these

ores [10].

Clinoptilolite, one of the most commonly used natural zeolites with mainly
aluminosilicate structure, is applied as a chemical sieve, feed, and food additive, as
well as gas and odor absorber. It has a relatively large amount of pore spaces with
respect to the other natural zeolites, high resistance to elevated temperatures, and a
neutral chemical structure. Clinoptilolite can easily absorb ammonia and other toxic
gases from air and water. Thus, they can be used in filters for health reasons and odor
removal in industrial applications. Also, these natural zeolites are widely used in

agriculture as water absorbers and ammonia absorbers in cat litters [11,152].

Pyrophyllite [Al2S14010(OH):] is an essential aluminosilicate with a Si/Al ratio of 2
used in various industries such as metallurgy, construction additives, petroleum, and
chemical industries with its superior physical and mechanical properties. It is a type
of hydrous aluminosilicate mineral with a continuous layered structure. Usually,
water is located between two tetrahedral silica layers linked with aluminum and

forms an “aluminum hydroxide” layer [151,153].

These materials are widely used in various industries. Simultaneously, the common
property containing silica and alumina in their structures leads these materials to

possible candidates for zeolite synthesis starting materials.
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CHAPTER 3

EXPERIMENTAL

3.1 Materials

Various kaolin sources were used throughout the work. High-quality kaolin was
purchased from Kaolin Endiistriyel Mineraller San. ve Tic. A.S. was named as
Kaolin BO Extra, mined from Bulgaria. The rest of the kaolin sources, defined as
low-quality kaolin sources in this particular study, were obtained from various
mining sites of Aydin, Turkey. Various sodium feldspar minerals were obtained from
several mining sites in the region of Aydin/Mugla; Turkey operated by Polat Maden
A.S. and Esan A.S. Sodium carbonate was used in this study was supplied from
Kazan Soda Elektrik; Aluminum hydroxide used in this study was purchased from
Eti Aluminyum, while Sodium hydroxide was supplied from Koruma Klor Alkali in
a dry flake form. All the sources were used as received; no purification and grinding
were performed before activation of the raw materials. The raw materials' technical
data sheets (TDS) are given in appendices. No laboratory-grade chemicals were used
throughout the thesis study. All these chemicals were industry-grade and used for
mass production purposes. Double distilled water (DDW) with < 18 was Q used in
this study. The laboratory-grade chemicals used in this study were sodium aluminate
powder branded as Riedel de Haen, and calcium carbonate and potassium carbonate

from Merck for proof of concept studies.

3.2 Sample Preparation and Characterizations

The chemical composition of the materials used in the thesis study was characterized
via X-Ray Fluorescence (XRF) spectroscopy technique. The results are listed in

Table 3.1.
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Kaolin mineral should ideally have a Si/Al ratio of 1, while according to Table 3.1,
the higher silica content in kaolin samples was observed. This excess silica in the
structure refers to the quartz impurity in the structure. Also, titanium and iron
complexes with minor amounts of calcium, sodium, and potassium were observed
in the kaolin sources as impurities. It is possible to eliminate these impurities from
the raw materials, but all the raw materials were used as-received in this study. As
observed in kaolin sources, feldspars also showed minor amounts of titanium and
iron complexes in the raw materials, while sodium complexes are in the structure of
the feldspar. Minor amounts of calcium and potassium oxides were observed, which

might be the forms of calcium feldspar and potassium feldspar.

Activation of kaolin samples was conducted in three different ways.
Metakaolinization is the first method, high-temperature treatment of the raw kaolin
without any additives, which is well known in the industry. Alkali fusion is the
second way, which source was mixed with a proper amount of alkali sources such
as sodium hydroxide or sodium carbonate in this study. High-temperature treatment
generates sodium aluminosilicates out from the kaolin source. The third method was
one pot fusion which introduced the aluminum source into the fusion mixture to
arrange the desired gel formula. In this way, no additional chemicals were used to

obtain desired zeolites in the hydrothermal synthesis procedure.

Activation of sodium feldspar samples was conducted in two different methods. Due
to the feldspar mineral's nature, there is no way to generate an amorphous output by
simple heat treatment methods such as metakaolinization. Alkali fusion and one-pot
fusion methods were applied to generate desired products from sodium feldspar

samples.
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3.2.1 Raw Kaolin Preparation

Characterization of the kaolin as starting raw material is the critical point of the
calculation. X-Ray Fluorescence (XRF) Spectrometry results in the distribution of
elements in weight fractions and these results should be converted into molar

concentrations in 100 grams of raw material. A sample calculation is given below;

Table 3.2 Chemical Analysis of Raw Kaolin Source

wt. % Si0» ADLO; NaO KO Fe O3 TiO2 CaO
B0 Extra 54.22 3777 0.13 2.16 2.5 1.88 0.53

These results are weight percentages, so the moles of these compounds shall be

calculated according to 100 grams of raw material basis;
Nsio, = Wsio,/ MWy,
nsio, = 54.22 9/60.08 L
Nsip, = 0.903 moles
Same calculations shall be performed for Al2O3;
Ma,0; = War,0,/MWai,0,
a0, = 37.77 g/101.96 %
N0, = 0.370 moles

The rest of the moles were calculated accordingly, and the results of these

calculations were given below;

Nya,0 = 0.002 moles, ng,o = 0.023 moles, ng,,o, = 0.0016 moles,

Nrio, = 0.024 moles, n¢qp = 0.009 moles
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These moles correspond to the 100 g basis of the kaolin source. If this source is

scaled according to 1 mole of ALOs, a scale factor of 1/ny,0, =1/0.370 =
2.699497

When all the sources were multiplied with the scale factor, including the formula

weight, the formula which will be used in further calculations will be obtained.
2.44 Si0, : 1 Al,05 : 0,006 Na,O,FW = 269,95 g/mol

Note (: The rest of the components were not given in the above formula since they

are impurities and will not affect zeolite synthesis calculations.

Note : The loss on ignition of the kaolin source was 12.4 wt%. The water content
in the raw material is not added to the source calculations since all the water content

is lost during the heat treatment processes.

3.211 Metakaolinization Route

Metakaolinization procedure performed in a high-temperature calcination oven with
the temperature ramp of 3°C/min up to 850°C with a dwell time of 1.5 h followed
by a natural cool-down step. The resulting solid particles grounded with the help of
a mortar and fine powder of metakaolin are stored in a closed cap vessel. This form

of the kaolin is called “metakaolin”.

3.21.2 Alkali Fusion Route

Alkali Fusion procedure performed in a high-temperature calcination oven with the
temperature ramp of 3°C/min up to 850°C with a dwell time of 1.5 h followed by a
natural cool-down step with a proper mixture of kaolin and sodium hydroxide. The
resulting solid particles grounded with the help of a mortar and fine powder of alkali

fusion product are stored in a closed cap vessel.
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3.2.13 One-Pot Fusion Route

One-Pot Fusion procedure performed in a high-temperature calcination oven with
the temperature ramp of 3°C/min up to 850°C with a dwell time of 1.5 h followed
by a natural cool-down step with a proper mixture of kaolin, aluminum hydroxide,
and sodium hydroxide. The resulting solid particles grounded with the help of a

mortar and fine powder of one-pot fusion product are stored in a closed cap vessel.

3.2.2 Raw Sodium Feldspar Preparation

Sodium feldspar is another crucial mineral for industrial usages such as ceramics,
glass, and paint productions. This raw material varies from kaolin in the use of
zeolite production since it is impossible to dehydroxylate the structure in relatively
mild temperatures such as 850°C. However, fusion with an alkali source forms
soluble aluminosilicate, which can be converted into zeolites with hydrothermal
synthesis methods. Characterization of the kaolin as starting raw material is the
critical point of the calculation. X-Ray Fluorescence (XRF) Spectrometry results in
the distribution of elements in weight fractions and these results should be converted
into molar concentrations in 100 grams of raw material. A sample calculation is

given below;

Table 3.3 Chemical Analysis of Raw Sodium Feldspar Source

wt.% Si0,  ALOs Na,O KO FexOs TiO, CaO
Sodium Feldspar 63.5 224 105 0243  0.15 0.4 -

These results are weight percentages, so the moles of these compounds shall be

calculated according to 100 grams of raw material basis;

Nsio, = Wsio, /MWSio2
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nsio, = 63.5 g/60.08 -L
Ngip, = 1.0569 moles
Same calculations shall be performed for Al>Os3;
N0, = War,0,/MWai,0,
a0, = 224 9/101.96 -2
Nar,0, = 0.2197 moles
Same calculations shall be performed for Na>O;
NNa,0 = WNaZO/MWNaZO
Nna,0 = 10.5 g/61.9789%
Nyna,0 = 0.1694 moles

The rest of the moles were calculated accordingly, and the results of these

calculations were given below;
ng,o = 0.0026 moles, nge, o, = 0.00094 moles,
Nrip, = 0.005 moles

These moles corresponds to the 100 g basis of the kaolin source; if this source is

scaled according to 1 mole of Al>Os, a scale factor of 1/ny;,0, = 1/0.2197 =
4.551786

When all the sources were multiplied with the scale factor, including the formula

weight, the formula which will be used in further calculations will be obtained.
4.81 Si0, : 1 Al,05 : 0.77 Na,O,FW = 455.1786 g/mol

Note: The rest of the components were not given in the above formula since they

are impurities and will not affect zeolite synthesis calculations.
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For the fusion processes, two alkaline sources were used as sodium source, sodium

hydroxide and sodium carbonate, as explained below;

3.221 Alkali Fusion Route

Alkaline fusion of sodium feldspar and sodium hydroxide/sodium carbonate was
performed in a high-temperature calcination oven with a temperature ramp of
3°C/min up to 850°C with a dwell time of 1.5 h followed by a natural cool-down
step. The resulting solid particles grounded with the help of a mortar and fine powder

of fusion product were stored in a closed cap vessel.

3.222 One-Pot Fusion Route

One-Pot Fusion of sodium feldspar, aluminum hydroxide, and sodium
hydroxide/sodium carbonate was performed in a high-temperature calcination oven
with a temperature ramp of 3°C/min up to 850°C with a dwell time of 1.5 h followed
by a natural cool-down step. The resulting solid particles grounded with the help of
a mortar and fine powder of one-pot fusion product were stored in a closed cap

vessel.

3.3  Zeolite Synthesis

Zeolites were synthesized with the hydrothermal synthesis method. The desired gel
was obtained by mixing prepared raw materials, distilled water, and additional
chemicals if necessary. The mixture was hydrothermally treated in HDPE bottles
and aged at 25°C or in the hot water bath with continuous agitation. After the proper
duration (varies in the optimization studies), the HDPE bottle is transferred in a
previously heated oven at 100 °C for proper time (varies in the optimization studies).

HDPE bottles were placed in 25°C water baths, and caps were opened right after the
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reaction. The resulting suspension was centrifuged and washed 4 times with distilled

water directly after synthesis, followed by air drying at 60 °C overnight.

34 Material Characterizations

There are four main characterization techniques for zeolites to evaluate the quality
of the final product, which are X-Ray Diffraction (XRD), Scanning Electron
Microscopy (SEM), X-Ray Fluorescence Spectrometry (XRF), and Thermal
Gravimetric Analysis (TGA), which explains details about the synthesis products.
These characterization techniques are explained below. All characterizations were
performed using the facilities at Middle East Technical University, Central

Laboratory.

34.1 X-Ray Diffraction

X-Ray Diffraction analysis gives detailed information about the crystal phases in the
product. Schematic representation of the XRD technique is shown in Figure 3.1.
The impurities and crystallinity of the sample can be analyzed with respect to a

reference zeolite.

} d spacing Crystal atoms

Figure 3.1. Schematic representation of working principle of XRD

According to Bragg’s law, “2dsin6=nA” and d is specific for every crystal plane;

that’s why the spectrum can be analyzed deeply for crystal structure analysis. Phase
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identification of all samples was made by X-ray powder diffraction (XRD) using
Rigaku-Ultima IV XRD. The diffraction peaks were scanned between 5-50° with a
minimum of 1°/min scan speed. XRD analysis was performed by calculation of integral
area of the main 5 peaks of zeolite 4A and zeolite 13X to determine the relative
crystallinity of synthesized zeolite samples. The highest value of the compared zeolite
was designated as 100%, and the relative crystallinities of the other samples were
calculated relative to that sample. The relative crystallinity of zeolite samples was

calculated from the obtained diffraction patterns by the equation below.

Relative Crystallinity of the Sample (%)

The sum of the area under the designated peaks of the Sample

~ The sum of the area under the designated peaks of Reference Sample

3.4.2 Scanning Electron Microscopy

Scanning Electron Microscopy is the technique of imaging with the help of electrons
with very high magnifications. All the synthesized samples were characterized with
FEI Quanta 400F Field Emission Scanning Electron Microscope of Middle East
Technical University with attachments of an Energy Dispersive X-Ray Detector
(EDX). To avoid the charging problem, all samples were coated with 3 nm Au-Pd
before the analysis. SEM was used to generate high magnification images of the
surfaces, usually at 20 KeV, while EDX was used to measure the elemental

composition of the raw materials and synthesis products.

343 Thermogravimetric Analysis

The Thermogravimetric Analysis method is used to measure the amount of water
adsorbed in the pores of the zeolites synthesized. The static water adsorption
amounts were measured as follows: As-synthesized samples were humidified for 24

h in a desiccator with saturated NaCl solution. After 24 h, the weight loss of samples
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was measured with a Perkin Elmer Pyris 1 thermogravimetric analysis (TGA)

device, and the losses until 200 °C were reported.

3.4.4 X-Ray Fluorescence Spectrometry

The X-Ray Fluorescence spectrometry technique is used to identify the chemical
composition of the raw starting materials with semi-quantitative mode. In this
technique, the sample of interest is illuminated with a high-energy X-Ray beam, and
secondary emission of X-Rays from the sample is measured. These secondary X-
Rays are unique to the elements present in the sample and used as a fingerprint. The
determination of these unique energy positions identifies the presence of these
elements in the sample, while its intensity determines its quantity. Rigaku ZSX

Primus II system is used to characterize the raw materials in this study.

35 Additional Characterizations

Synthesized zeolites were characterized depending on the applications that they will
be used and compared with the commercially available alternatives. These
characterizations can be summarized in two main application fields: desiccants and
warm mix asphalt. As a desiccant, standard material characterizations were
performed, but as a Warm Mix Asphalt (WMA) additive, further characterizations

of the zeolite mixed asphalts were performed.

35.1 Viscosity Characterizations

The viscosity of the binders in the asphalt was characterized according to ASTM
D4402, “Viscosity Determination of Asphalt Binder Using Rotational

Viscometer.” The procedure of the sample preparation is as follows;

a) Binder is heated to the desired temperature in the oven.

b) 100 gr of binder is filled into a glass beaker.
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¢) The desired amount of additive is added to the binder.

d) The sample is mixed with the help of a mechanical at a rate of 1000 rpm
for Sminutes. Meanwhile, the glass beaker is kept at a constant temperature
using a mantle heater, as shown in the figure.

e) 10.5 gr of the sample is filled into the test tube and directly moved to the
Brookfield viscometer. For the tests, no.27 spindle is used.

f) The readings are taken as soon as the readings are stabilized.

Figure 3.2. Photographs of the (a) sample preparation setup and (b) Brookfield

viscometer.

3.5.2 Compactability Characterizations

Marshall Compactor is used to characterize the warm mix asphalts' compactability.
A fine graded mix is selected as the control mixture (HMA) in this study. The
mixture gradation consists of 36.2% coarse aggregates, 59.4% fine aggregates, and
4.4% filler. The binder type was determined to be a virgin binder Pen 50-70. The
optimum mixing and compaction temperatures for the control mixtures were
estimated as 150°C and 140°C, respectively. According to the Marshall mix design

procedure, the optimum binder content is determined to be 7.5%.
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For all the mixtures, the mixing temperature is kept constant. The compaction
temperatures are selected to be 30 and 45 °C lower than the optimum temperature

to analyze the compactability.
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CHAPTER 4

ZEOLITE SYNTHESIS FROM KAOLIN AS STARTING MATERIAL

Traditionally, zeolite 4A is synthesized by hydrothermal crystallization of a
specially prepared solution of silicon, aluminum, and sodium [3,7,79]. In order to
meet the requirement of growing demand in zeolites, there is still a continuous
search on lowering the production cost by replacing conventional chemicals with
cheap raw materials. These cheap raw materials include a variety of clay minerals
[20,154], coal ash [12,97], halloysite [155,156], and natural zeolites [85] that will
supply the demand of SiO> and Al,O3 for the synthesis of zeolites in the right

proportion.

Among these raw materials, kaolin (Al203.25102.2H>0) with Si/Al = 1, which is in
close agreement with that of zeolite 4A, seems to be the most appropriate source to
be used as a starting material for its synthesis [100,106,124,157,158]. The
framework structure of kaolin is composed of one layer of alumina octahedron sheet
and one layer of silica tetrahedron sheet in a 1:1 ratio. To fully utilize kaolin as a
source for zeolite synthesis, the crystalline phase of kaolin must be converted into
an amorphous and reactive phase by the metakaolinization process. The
metakaolinization involves thermal activation at high temperatures, usually 600-
1100°C [115,117]. This step is followed by the hydrothermal synthesis step, which
typically involves the hydrothermal reaction of metakaolin with an aqueous alkali

medium at proper reaction temperatures.

Kaolin is a well-known source material in various industries such as ceramics [159—
161], cosmetics [162—164], and paper production[165,166]. Due to its similar
chemical content, kaolin is also a widely used raw material for zeolite synthesis
[105]. However, every different source type has unique impurities, i.e., high-

impurity type “low-quality kaolin” and low impurity type “high-quality kaolin”. All
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these impurities in their structure cause different characteristics, and the synthesis
parameters should be optimized for each of them. Also, low-quality kaolin has very
limited applications in the industry due to the high content of extra impurities,
making this material a relatively cheap alternative source for zeolite synthesis. This

chapter explains the optimization of zeolite 4A and zeolite 13X synthesis conditions.

4.1 Raw Kaolin Characterization

Raw kaolin obtained from Kaolin Endiistriyel Mineraller San. ve Tic. A.S. was
treated by suspension process to detect possible non-clay impurities. The sample
was well-mixed with 1 It of water and left in suspension for 8 h. With this process,
clay minerals, i.e., kaolin, remained in suspension, and non-clay minerals such as
quartz, feldspar, and calcite settled down. This process was repeated many times to
remove kaolin from non-clay mineral impurities completely. The initial part
obtained from the suspended part of kaolin was characterized by XRD after some
pretreatments applied on oriented slides such as air drying, ethylene glycol
saturation (PEG Modified), and finally, calcination at 300 and 550°C [167]. The
XRD patterns obtained from these oriented slice samples are given in Figure 4.1.
Moreover, the non-clay part of the sample was analyzed by XRD to determine types
of non-clay impurities in the raw material (BO extra source), and the results are

shown in Figure 4.2.
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Figure 4.1. XRD patterns of air-dried, EG modified, 300°C and 550°C dried BO

Extra Kaolin source.
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Figure 4.2. XRD pattern of the washed BO Extra Kaolin source.



According to Figure 4.1, only kaolin exists in the BO Extra source since there is no
enhancement in the gallery area upon EG saturation. At the same time, the pattern
was kept still after 300°C while the structure was totally destroyed after 550°C
calcination [167-169]. Moreover, Figure 4.2 showed that there are minor natural
zeolite impurities in the BO Extra sample, which is around 0.2946 grams in every
gram of raw material after washing. These impurities can be identified as mainly
mordenite [170,171], clinoptilolite [136,172] and analcime [93,173]. Among these
natural zeolites, very loose peaks of hematite and magnetite phases were [174]
observed in the spectrum. These impurities in the structure are in agreement with
the XRF data given in Table 3.2, which suggests a Si02/Al,0; ratio of 2.44. The
increase in the Si02/Al,03; with respect to the well-known ratio of 2.00 for kaolin
can be due to the detected minor impurities with higher SiO2/Al,03 ratios such as
clinoptilolite (Si02/A1,Oz up to 5) [175] and mordenite (SiO2/Al,O3 up to 25)[176].
Moreover, the presence of iron observed in the XRF spectrum was confirmed by the
presence of hematite and magnetite phases in the XRD pattern of the non-clay

fraction of washed kaolin BO Extra sample.

4.2  Optimization of Synthesis Parameters for Zeolite 4A with High-
Quality Kaolin

The quality of kaolin to be used as a suitable source depends on the impurity content
of that kaolin, such as quartz, mica, feldspar, mullite, etc. High-quality kaolin is
defined as a low-impurity, high crystallinity product that consists of almost 100%
kaolin. The initial choice of kaolin was “high-quality kaolin” to synthesize zeolite
4A. XRD results obtained from the as-received and calcined kaolin samples are

given in Figure 4.3.
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Figure 4.3. XRD patterns of the as-received high-quality kaolin and the calcined

metakaolin.

As seen in Figure 4.3, the crystallinity of the raw material was completely lost after
the calcination was performed at 800°C for 1.5 h. The calcination temperature and
times were picked according to the literature studies reported for the optimum
dehydroxylation of the kaolin structure that is suitable to form an amorphous active
material [21,105,114,122]. Further optimization studies were performed along with
these outputs, and synthesis products out of these kaolin samples were examined.

Synthesis routes and optimized parameters are given in Figure 4.4.
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Figure 4.4. Schematic representation of the process flow and the optimized

parameters for zeolite 4A synthesis from kaolin.

As shown in Figure 4.4, the time and temperature of each process were aimed to be

optimized for each step of the process in addition to the gel composition.

421 Calcination Conditions

Calcination is a vital activation step of the zeolite synthesis from kaolin since it is
the first treatment of the raw material. Calcination is the dehydroxylation of kaolin
and generating reactive and X-ray amorphous metakaolin [105,115]. Calcination
temperature and calcination time were studied to optimize the calcination

conditions.

4.2.1.1  Calcination Temperature

Kaolin samples were placed in a crucible and calcined at three different temperatures
for 1.5 h. The calcination temperatures were selected as 800, 850, and 900°C.

Synthesis with these calcined kaolins was performed to reach the molar composition
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of 2.44 Si0O2: 1 AlxOs: 3.14 NayO: 110 H2O [177]. Prepared gels were aged in a
60°C water bath for 4 h, and reactions were performed at 100°C for 4 h, statically.
The SEM images of final products and their XRD patterns are shown in Figure 4.5
and Figure 4.6, respectively. The relative crystallinities of all products in

comparison with each other are summarized in Table 4.1.

Figure 4.5. SEM images of the zeolite 4A synthesis products from kaolin, calcined
at 800°C (a), 850°C (b), and 900°C (c).
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Figure 4.6. XRD patterns of the zeolite 4A synthesis products from kaolin,
calcined at 800°C, 850°C, and 900°C.
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Table 4.1 Relative crystallinity of zeolite 4A synthesized with different calcination

temperatures of kaolin

Calcination Temperature (°C) 800 850 900
Relative Crystallinity, % 82 100 68

According to Figure 4.5, it was observed that the calcination temperature of 850°C
resulted in a good quality zeolite 4A product with the highest crystallinity and well-
developed cubic morphology. Furthermore, according to Figure 4.6, there is a lack
of metakaolinization at a calcination temperature of 800°C, which clearly resulted
in less crystalline zeolite 4A product. This situation was improved upon increasing
the calcination temperature to 850°C. XRD patterns shown in Figure 4.6 indicate
lower crystalline products with respect to those obtained from 850°C calcination.
Further increase in calcination temperature to 900°C also resulted in pure zeolite 4A
crystals with less crystallinity with respect to 850°C. Accordingly, an optimum

calcination temperature of 850°C was chosen for the rest of the experiments.

4212 Calcination Time

Calcination time is another critical parameter to dehydroxylate the structure and
form metakaolin, the primary starting material for zeolite synthesis. For that
purpose, three different durations of 1.5, 3, and 6 h at 850°C were studied. Obtained
metakaolins were used as starting materials for hydrothermal synthesis with a molar
gel formula of 2.44 Si0z: 1 Al20s: 3.14 NapO: 110 HO. Prepared gels were aged in
a 60°C water bath for 4 h, and reactions were performed at 100°C for 4 h, statically.
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The SEM images of final products and their XRD patterns are given in Figure 4.7

and Figure 4.8, respectively.

Figure 4.7. SEM images of the zeolite 4A synthesis products from kaolin, calcined
at 850°C for 1.5 h (a), 3 h (b), and 6 h (c).
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Figure 4.8. XRD patterns of the zeolite 4A synthesis products from kaolin,
calcined at 850°C for 1.5 h, 3 h, and 6 h.

Figure 4.7 and Figure 4.8 suggest that no significant change was observed either in

the morphology and crystallinity of the zeolite crystals after 1.5 h of calcination.
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Also, relative crystallinities were calculated and were found to be around 98% + 2
for all three samples. It means that the metakaolinization was finalized after 1.5 h of
calcination time for this particular kaolin sample. To minimize the production costs,

the rest of the experiments were conducted using 1.5 h of calcination time at 850°C.

4.2.2 Aging Conditions

Aging was the second process step of the zeolite synthesis route performed after the
metakaolinization step. Metakaolinization was performed at 850°C for 1.5 h.
Metakaolin samples were mixed with the pre-calculated amount of sodium
hydroxide and sodium aluminate to form a gel with the molar formula of

2.44 Si07: 1 Al,0s3: 3.14 NazO: 110 H»O.

Two different temperatures and three different aging times were performed to

investigate the optimum aging conditions.

4.2.2.1  Aging Time

Three different aging times of 2, 4, and 6 h were studied to determine the optimum
aging time for zeolite 4A synthesis from kaolin as starting material. Conditions for
the metakaolinization step were identical for all synthesis experiments and were
performed at 850°C for 1.5 h. Metakaolins were mixed with the calculated amount
of sodium hydroxide, sodium aluminate/sodium silicate,
and distilled water to form a gel with the molar formula of
2.44 Si02: 1 Al2O3: 3.14 Na2O: 110 H2O. The resulting gels were placed in an HDPE
bottle and aged at 60°C water bath with continuous stirring for three durations. Aged
gels were placed in a previously heated oven at 100°C for 4 h for the reaction step.
The SEM images of final products and their XRD patterns are given in Figure 4.9
and, Figure 4.10, respectively.
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Figure 4.9. SEM images of the zeolite 4A synthesis products from kaolin, aged at
60°C for 2 h (a), 4 h (b), and 6 h (¢).
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Figure 4.10. XRD patterns of the zeolite 4A synthesis products from kaolin, aged
at 60 °C for 2 h, 4 h, and 6 h.

The SEM images suggest no significant difference in the morphologies among the
aged samples for 2, 4, and 6 h. According to the XRD patterns, the intensity of the
main zeolite 4A peak increased up to 4 h of aging. Relative crystallinities with

different aging times were given in Table 4.2.
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Table 4.2 Relative crystallinity of zeolite 4A synthesized from kaolin with

different aging times

Aging Time (h) 2 4 6
Relative Crystallinity, % 42 98 100

As reported in the literature, aging has an essential effect on gel chemistry,
ultimately affecting nucleation and crystal growth kinetics. It directly affects
improved crystallization if the right experimental conditions are assured [77,123].
Caballero et al. reported that no aging resulted in amorphous aluminosilicate gel
[90] for zeolite 13X synthesis. Also, it is reported that extended aging times lead to
a higher number of nuclei formation, decreasing the final particle size of the zeolites
for zeolite Y [178,179]. The parameters for each type of raw material need to be
remarkably optimized due to the dissolution limitations [67,177,180,181].
According to the obtained results, further experiments were conducted using 4 h of

aging at a 60°C water bath.

4.2.22  Aging Temperature

Aging temperature is another critical parameter since it directly affects the nuclei
formation, thus zeolite type and particle size. Metakaolinization was performed at
850°C for 1.5 h. Metakaolins were mixed with the calculated amount of sodium
hydroxide and sodium aluminate to form a gel with
2.44 Si0Oz: 1 ALOs: 3.14 Naz0O: 110 H20 formula. Aging was performed for 4 h at
25°C and 60°C. Aged gels were placed in a previously heated oven at 100°C for 4
h for the reaction step. The resulting solid particles were separated from the mother
liqueur and washed by distilled water at least three times by centrifugation at 7500
rpm for 5 minutes and dried in a conventional oven at 70°C overnight. The SEM
images of final products and their XRD patterns are given in Figure 4.11 and Figure

4.12, respectively.
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Figure 4.11. SEM images of the zeolite 4A synthesis products from kaolin, aged at
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25°C (a) and 60°C (b) for 4 h.
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Figure 4.12. XRD patterns of the zeolite 4A synthesis products from kaolin, aged

at 25°C and 60°C for 4 h.

It is known that the heat input to the reaction system during the aging step increases

the dissolution of Si and Al species in the gel [182]. On the other hand, it is reported

that aging temperatures above 70°C do not give any crystalline product for the

synthesis of zeolite 13X [90]. Furthermore, it was reported that increasing aging
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temperature resulted in losing control over the synthesized product, such as the
formation of the uncontrolled formation of zeolite P along with the desired zeolite

types [77,154].

Overall, these results confirmed that aging at 25°C resulted in almost no crystalline
zeolite product, while 60°C aging has the highest crystallinity with the cubic
morphology. The observed amorphous product indicated the necessity of initial heat
input applied during the aging step. Another solution was shown to increase aging
time for zeolite production out of the kaolin, which correlates with the literature

studies [77].

4.2.3 Aging Temperature

Tailoring reaction conditions can be proposed to be the final step for controlling the
process of zeolite synthesis, as shown in Figure 4.4. For that particular study,
metakaolinization was performed at 850°C for 1.5 h. Metakaolins were mixed with
the calculated amount of sodium hydroxide and sodium aluminate to form a gel with
2.44 Si02: 1 AI1203: 3.14 Na20: 110 H20 formula. The resulting gels were placed
in an HDPE bottle and aged at 60°C with continuous stirring for 4 h. Three different
reaction temperatures and three different reaction times were investigated for this

particular study.

4231 Reaction Temperature

Aged gels were placed in previously heated ovens at 80 and 100°C for 4 h to
optimize the reaction condition. The SEM images of final products and their XRD

patterns are given in Figure 4.13 and Figure 4.14, respectively.
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Figure 4.13. SEM images of the zeolite 4A synthesis products from kaolin, with

Intensity (a.u.)

Figure 4.14.

reaction temperatures of 80°C (a) and 100°C (b).
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XRD patterns of the zeolite 4A synthesis products from kaolin, with
reaction temperatures of 80°C and 100°C
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Table 4.3 Relative crystallinity of zeolite 4A synthesized from kaolin with

different reaction temperatures

Reaction Temperature (°C) 80 100

Relative Crystallinity, % 23 100

According to the SEM images shown in Figure 4.13, the zeolite obtained after 80°C
was poor quality. This has been a well-studied topic in the literature alongside
various studies reported focused on reaction time and temperatures, such as 6.1 h at
78°C [183], 4 h at 95°C [184], and 24 h at 125°C [47]. It is challenging to find a
single solution for all of these studies since each parameter should be optimized for
every zeolite source and gel molar formula independently [47,81]. Accordingly,
reaction conditions had to be optimized for that particular local source to obtain
zeolite 4A successfully. The results obtained from the current study suggested that
the highest crystallinity could be obtained at a reaction temperature of 100°C (Figure
4.14, Table 4.3).

4232 Reaction Time

Reaction time is one of the most crucial parameters for the zeolite synthesis to form
desired particle-sized zeolites with optimum yield avoiding secondary phases as
impurities. In the literature, there are various reports with different reaction times
from 70°C to 130°C [19,77]. For the current study, metakaolinization was performed
at 850°C for 1.5 h. Metakaolins were mixed with the calculated amount of sodium
hydroxide and sodium aluminate to form a gel with the molar formula of
2.44 Si02: 1 Al>03: 3.14 NayO: 110 H>O. The resulting gels were placed in an HDPE
bottle and aged at 60°C with continuous stirring for 4 h. Aged gels were placed in a
previously heated oven at 100°C for 2, 4, and 6 h to optimize the reaction time. The
SEM images of final products and their XRD patterns are given in Figure 4.15 and
Figure 4.16, respectively.
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Figure 4.15. SEM images of the zeolite 4A synthesis products from kaolin, at
reaction times of 2 h (a), 4 h (b), and 6 h (¢).
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Figure 4.16. XRD patterns of the zeolite 4A synthesis products from kaolin, with

reaction durations of 2 h, 4 h, and 6 h.

Table 4.4 Relative crystallinity of zeolite 4A synthesized from kaolin at different

reaction times

Reaction Time (h) 2 4 6

Relative Crystallinity, % 57 99 100
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In summary, all obtained results suggested no significant increase in crystallinity
after 4 h of reaction time at 100°C. Thus, a reaction time of 4 h and a reaction

temperature of 100°C was set for the rest of the experiments.

424 Gel Formulation

The gel formula is known to be the determining step for the final purity of the
product, its crystallinity, and even the type of zeolite crystal obtained at the end of
the process. For this purpose, four different gel formulations were prepared using
metakaolin calcined at 850°C for 1.5 h, adding an appropriate amount of sodium
hydroxide, sodium aluminate, and distilled water. The list of all gel formulas is given
in Table 4.5. Afterward, the resulting gels were also placed in an HDPE bottle and
aged at 60°C with continuous stirring for 4 h. Aged gels were placed in a previously
heated oven at 100°C for 4 h of reaction time. The SEM images of final products
and their XRD patterns are given in Figure 4.17 and Figure 4.18, respectively.

Table 4.5 Different molar gel formulas prepared for zeolite 4A synthesis from

kaolin
Formula Si02 ALO3 NaO H,O
Code (moles) (moles) (moles) (moles)
Gel 1 2.44 1 3.14 110
Gel 2 2.10 1 3.14 110
Gel 3 2.44 1 2.00 70
Gel 4 2.00 1 2.00 70
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Figure 4.17. SEM images of the synthesis products from kaolin which were

produced from 4 different gel formulas; Gel 1 (a), Gel 2 (b), Gel 3 (¢), and Gel 4
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Figure 4.18. XRD patterns of the zeolite 4A synthesis products from kaolin with

different gel formulas.
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Table 4.6 Relative crystallinity of zeolite 4A synthesized from kaolin with

different gel formulations

Gel Formulations Gel 1 Gel 2 Gel 3 Gel 4
Relative Crystallinity (%) 100 84 38 69

The effect of changing the molar gel formula on the zeolite morphology is shown in
Figure 4.17. Accordingly, similar morphologies were observed for all zeolite
samples as standard cubic particles of zeolite 4A except for gel 3, which showed a
more significant amorphous material formation accompanied by cubic zeolite 4A
crystals. Furthermore, the results that are shown in Figure 4.17 and Table 4.6
confirm that gel 3 has the lowest crystallinity among all. Additionally, the
crystallinity of the products (Table 4.6) decreased at lower alkalinity, as observed
from the results obtained using gels 3 and 4. These results correlate with the reported
data suggesting the competing phases between sodalite and zeolite 4A. Alkalinity
also directly affects the crystallinity of the final product [101,185]. Gel 1 resulted in
the highest crystallinity among all products with a relatively lower yield (89.2 wt.%).
In comparison, gel 2 resulted in a higher yield (92.1 wt.%) with lower crystallinity
with respect to the zeolite synthesized using gel 1. It can be hypothesized that the
lower yield was caused by the excess amount of silica source in the starting gel.
Simultaneously, it could increase the crystallinity of the final product, which is one

of the most critical parameters considered in industrial zeolite production [177].
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4.3  Comparison of Synthesized Zeolite 4A with Commercial Zeolite 4A

The zeolite 4A obtained using locally available high-quality kaolin was named
Zeolite 4A HQK (High-Quality Kaolin). The summary of optimized synthesis

parameters obtained from the initial part of this thesis study is as follows:

Calcination parameters: 850°C,1.5h

Gel Formula: 2.44 Si102: 1 ALOs: 3.14 Na,O: 110 H,O
Aging Conditions: 60°C water bath for 4 h, continuous agitation
Reaction Conditions: 100°C for 4 h, static

The SEM images and XRD patterns of the commercially available zeolite 4A and
the synthesized Zeolite 4A HQK are shown in Figure 4.19 and Figure 4.20,

respectively.

Figure 4.19. SEM images of the commercial zeolite 4A (a) and Zeolite 4A HQK
(b).
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Figure 4.20. XRD patterns of the commercial zeolite 4A and Zeolite 4A HQK.

It was observed that the shapes of the synthesized zeolites have the standard cubic
structure of the LTA family while commercial zeolites have rounded corners which
is a requirement for detergent grade zeolite. Particle size distribution analysis also
confirmed that the average particle size of commercial zeolite was 3.4 um, while
synthesized zeolites have an average particle size of 5.6 um. According to the XRD
patterns of both zeolites, synthesized zeolites showed higher crystallinity, which
may be due to larger particle-sized crystals. Water sorption analysis confirmed that
synthesized zeolite has 21.1 wt. % in its pores, commercial zeolite has 22.1 wt.%;
this might affect the bigger particle-sized zeolites, which decrease the adsorption
and desorption characteristics [186,187]. The synthesized zeolites from high-quality
kaolin were very promising alternatives compared to the commercially available
ones due to their low raw material cost. The particle size and truncated/sharp-
cornered geometry of the synthesized zeolite 4A can be altered with further

modifications depending on their final use of application.
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4.4  Optimization of Synthesis Parameters for Zeolite 13X with High-
Quality Kaolin

Synthesis parameters were also optimized in order to obtain Zeolite 13X, which
finds use in different industrial applications. Gel formulations, aging, and reaction
conditions were optimized by changing one parameter at a time. Synthesis routes
and optimized parameters are given in Figure 4.19.
Process Optimized

Parameters

Kaolin

[ Calcination ] Previously Optimized Parameters

Metakaolin

+ [ Aging ] Time, Temperature & Gel Composition

¥
Gel

\ 4

[ Reaction ] Time & Temperature

L 4

Zeolite

H,
Alkali Agents

Figure 4.21. Schematic representation of the process flow and the optimized

parameters for zeolite 13X synthesis from kaolin

Calcination parameters were previously optimized in Section 4.1. For the controlled
experimental setup design, each parameter was controllably changed one at a time
while keeping the others identical. The first four parameters were optimized for
single gel formula, which is 5 SiO2: 1 AlbO3: 7.5 NaxO: 337.5 H20 and these

parameters were used to optimize the gel formula of the starting mixture [5].
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44.1 Aging Conditions

The aging step was the second controlled parameter during the process, carried out
after the metakaolinization. It was reported that the aging conditions could define
the selection between two competing phases, such as LTA and FAU [102]. The
metakaolinization step was performed using the previously optimized parameters of
850°C for 1.5 h. Obtained metakaolins were mixed with the calculated amount of
sodium hydroxide, sodium silicate, and distilled water to form a gel with the formula
of 5 SiO2: 1 AlLOs: 7.5 NayO: 337.5 H20. Two different temperatures and three

different durations were examined to obtain the optimum aging conditions.

4411  Aging Temperature

Aging procedures were investigated using 18 h of duration at 25°C and 60°C. Aged
gels were placed afterward in a previously heated oven at 100°C for 18 h for the
reaction step. The final products' SEM images and XRD patterns are shown in

Figure 4.22 and Figure 4.23, respectively.

Figure 4.22. SEM images of the zeolite 13X synthesis products from kaolin, aged
at 25°C (a) and 60°C (b) for 18 h.
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Figure 4.23. XRD patterns of the zeolite 13X synthesis products from kaolin, aged
at 25°C and 60°C for 18 h.

Caballero et al. [90] reported that aging temperatures between 25°C and 60°C
resulted in zeolite 13X formation, with the highest crystallinity attainable at lower
aging temperatures. Various studies suggest different aging temperatures in the

range of 20 - 40°C [154] and room temperature [188].

Table 4.7 Relative crystallinity of zeolite 13X synthesis products from kaolin with

different aging temperatures

Aging Temperature (°C) Relative Crystallinity (%)
25 100
60 94

In the current study, more agglomeration was observed among zeolites synthesized
using gels aged at 60°C with more significant unreacted chemicals on top of the
zeolite crystals (Figure 4.22). These smaller and newly formed crystal formations

might be due to the higher number of nuclei growth at an elevated aging temperature
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[189,190]. Also, XRD patterns showed that while both products were pure zeolite
13X, the product obtained using the gel aged at 25°C had higher crystallinity (Table
4.7). Smaller zeolite dimensions lead to a drop in the intensity of the diffraction lines
because of the presence of a smaller number of network planes [191] and lower

unreacted chemicals observed in the final product.

4412 Aging Time

For the optimization of aging time, obtained metakaolins were aged at 25°C for
different duration of times, which were chosen to be 16 h, 18 h, and 20 h.
Metakaolins were mixed with the calculated amount of sodium
hydroxide, sodium silicate, and distilled water to form a gel with
5 Si02: 1 Al2Os: 7.5 Na20O: 337.5 H20 formula. The resulting gels were placed in an
HDPE bottle and aged at 25°C with continuous stirring for the times stated above.
Aged gels were placed in a preheated oven at 100°C for 8 h for the reaction step.
The final products’' SEM images and XRD patterns are shown in Figure 4.24 and
Figure 4.25, respectively.

Figure 4.24. SEM images of the zeolite 13X synthesis products from kaolin, aged
at 25°C for 16 h (a), 18 h (b), and 20 h (c).
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Figure 4.25. XRD patterns of the zeolite 13X synthesis products from kaolin, aged
at 25°C for 16 h, 18 h, and 20 h.

Table 4.8 Relative crystallinity of zeolite 13X synthesis products from kaolin with

different aging times

Aging Time (h) 16 18 20
Relative Crystallinity (%) 91 100 92

According to the SEM images shown in Figure 4.24, no significant difference was
observed in the morphologies among the investigated durations. However, XRD
patterns showed that most crystalline products were obtained using an aging time of
18 h (Table 4.8). Accordingly, aging at 25°C for 18 h was selected for conducting
the rest of this study. These optimization studies were performed with various raw

material types; each source varies to synthesize the same zeolite [90,94,154].
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442 Reaction Conditions

Optimization of reaction conditions was the last step to investigate the zeolite
synthesis process of zeolite 13X. For this part of the study, previously optimized
meta kaolinization and aging conditions were used for zeolite 13X synthesis. Zeolite
synthesis was conducted using two different reaction temperatures and three

different duration times of reaction.

4421 Reaction Temperature

Previously optimized parameters were used for calcination and aging steps; resulting
gels were placed at preheated ovens at 80, and 100°C for 8 h. SEM images and XRD
patterns of the final products were given in Figure 4.26 and Figure 4.27,
respectively. Also, the relative crystallinity of zeolite 13X was calculated from the

XRD patterns and shown in Table 4.9.

Figure 4.26. SEM images of the zeolite 13X synthesis products from kaolin, with
80°C (a) and 100°C (b) reaction temperatures.
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Figure 4.27. XRD patterns of zeolite 13X synthesis products from kaolin, with

reaction temperatures of 80°C and 100°C.

Table 4.9 Relative crystallinity of zeolite 13X synthesis products from kaolin with

different reaction temperatures

Reaction Temperature (°C) 80 100
Relative Crystallinity (%) 77 100

The SEM images shown in Figure 4.26 suggested the formation of smaller-sized
zeolite crystals at 80°C with a more developed zeolite 13X morphology at 100°C.
The XRD patterns shown in Figure 4.27, in addition to % crystallinity results
summarized in Table 4.10, also suggest a more well-defined crystal formation of
zeolite 4A at 100°C. XRD patterns of these products confirmed the formation of
zeolite 4A with no other impurities at a reaction temperature of 100°C, while a
mixture of zeolite 13X and zeolite 4A was observed at 80°C. Also, the crystallinity
of the zeolite 13X phase was relatively lower at 80°C with respect to a reaction
temperature of 100°C (Figure 4.27). De Lucas et al. also reported that lower

temperatures in various gels resulted in a mixture of zeolite 4A and zeolite 13X
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[169]. Similar observations were made in the literature data suggesting higher
reaction temperatures result in well-developed zeolite 13X with less secondary

phase formation [5,201,204].

4422 Reaction Time

In order to optimize reaction time, metakaolinization was performed at 850°C for
1.5 h. The resulting metakaolins were mixed with the calculated amount of sodium
hydroxide, sodium silicate, and distilled water to form a gel with the formula of
5 Si02: 1 ALLO3: 7.5 Nax0O: 337.5 H2O. The resulting gels were placed in an HDPE
bottle and aged at 25°C with continuous stirring for 18 h. Aged gels were placed in
a previously heated oven at 100°C for 6 h, 8 h, and 10 h to optimize the reaction
time. The final products' SEM images and XRD patterns are shown in Figure 4.28

and Figure 4.29, respectively.

Figure 4.28. SEM images of the zeolite 13X synthesis products from kaolin, with
reaction durations of 6 h (a), 8 h (b), and 10 h (c).
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Figure 4.29. XRD patterns of the zeolite 13X synthesis products from kaolin, with
reaction durations of 6 h, 8 h, and 10 h.

According to the SEM images shown in Figure 4.28, crystals grew to be larger with
an increase in reaction time to 8 h, after which smaller crystals were observed upon
a further increase in reaction time. Additionally, the highest % crystallinity was

observed at 8 h of reaction time, as also summarized in Table 4.10.

Table 4.10 Relative crystallinity of zeolite 13X synthesis products from kaolin

with different reaction times

Reaction Time (h) 6 8 10

Relative Crystallinity (%) 89 100 86

According to these results, 8 h of reaction resulted in well-developed faujasite

morphology with the highest crystallinity. Therefore, further studies were conducted

using 8 h of reaction time.
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443 Gel Formulation

Four different gel formulations were prepared using readily available metakaolin
calcined at 850°C for 1.5 h, sodium hydroxide, sodium silicate, and distilled water
to test different gels with the optimized parameters. The molar gel formulations are

listed in Table 4.11.

Table 4.11 Gel formulations of the synthesized zeolite 13X from kaolin

Formula SiO2 ALO; NaxO H>O
Code ( moles) (moles) (moles) (moles)
Gel 1 5 1 7.5 337.5
Gel 2 4 1 8.5 325
Gel 3 3 1 7.8 240
Gel 4 2.7 1 7.2 210

The resulting gels were placed in an HDPE bottle and aged at 25°C with continuous
stirring for 18 h. Aged gels were placed in a previously heated oven at 100°C for 8
h of the reaction time. The resulting solid particles were separated from the mother
liqueur and washed by distilled water at least three times by centrifugation at 7500
rpm for 5 minutes and dried in a conventional oven at 70°C overnight. The final
products' SEM images and XRD patterns are shown in Figure 4.30 and Figure 4.31,

respectively.
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Figure 4.30. SEM images of the zeolite 13X synthesis products from kaolin with 4
different gel formulations; Gel 1 (a), Gel 2 (b), Gel 3 (¢), and Gel 4 (d).
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Figure 4.31. XRD patterns of the zeolite 13X synthesis products from kaolin with

different gel formulations.
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According to the SEM images of the final products, a higher Si/Al ratio in the gel
results in larger crystals with lower agglomerations. Also, the shape of each crystal
has the well-known structure of the zeolite 13X. XRD analysis confirmed that Gel
1 results in the only pure zeolite 13X form, while a decrease in the Si/Al ratio of the
gel results in a mixture of zeolite 4A and zeolite 13X. Gel 4 resulted in the formation
of zeolite P, which is the main impurity phase observed during zeolite formation
with low silica zeolites, such as zeolite 4A and zeolite 13X. Furthermore, an
amorphous gel-like structure was observed in the SEM images of zeolites
synthesized from gels 2, 3, and 4. These results agree with the literature data stating
that zeolite 13X and zeolite 4A are competing phases in the ternary phase diagram
[67,77,188]. Lowering the Si/Al ratio was reported to cause a shift in the region
towards the formation of zeolite 4A on the ternary phase diagram. Additionally,

Zhou et al. reported that increased alkalinity resulted in zeolite P formation [188].

45  Comparison of Synthesized Zeolite 13X with Commercial Zeolite 13X

Synthesis of zeolite 13X, from now on named as Zeolite 13X-HQK (High-Quality
Kaolin), was performed with the gel prepared from metakaolins calcined at 850°C
for 1.5 h, sodium silicate, and distilled water, with a formula of
5 Si102: 1 AlLOs: 7.5 Na20: 337.5 H20. The resulting gels were placed in an HDPE
bottle and aged at 25°C with continuous stirring for 18 h. Aged gels were placed in
a previously heated oven at 100°C for 8 h of the reaction step. The resulting solid
particles were separated from the mother liqueur and washed with distilled water at
least three times by centrifugation at 7500 rpm for 5 minutes and dried in a
conventional oven at 70°C overnight. SEM images and XRD patterns of the
synthesized zeolite 13X and commercial zeolite 13X were given in Figure 4.32 and

Figure 4.33.
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Figure 4.32. SEM images of the commercial zeolite 13X (a) and Zeolite 13X-HQK
(b).
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Figure 4.33. XRD patterns of the commercial zeolite 13X and Zeolite 13X-HQK

According to the SEM images of the zeolites, both have the unique structure of
zeolite 13X, while commercial zeolite crystals were smaller with respect to the
synthesized ones. Also, particle size distribution analysis showed that the average
particle size of commercial zeolites was 3.2 um while synthesized ones were 4.6
um. XRD patterns showed that both products were pure zeolite 13X with very

similar crystallinities.
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4.6  Optimization of Activation Parameters for Zeolite 4A with Low-

Quality Kaolin

Since kaolin minerals are abundant worldwide, they are highly preferred as low-cost
raw materials. However, developed processes using kaolin as source material after
thermal activation and synthesis steps are still being investigated due to
disagreements on the conditions required to produce metakaolin. Depending on the
origin of the raw material, these conflicts can be related to the activation temperature
[21,82], impurity and particularly iron content [86,192], Si/Al ratio [19,89,193],
quartz content [114,117], and initial crystallinity of raw material [19,194]. In order
to resolve these concerns and reduce the cost of the synthesis, the alkali fusion route
was developed [82,100]. The chemical content of the starting kaolin samples used

in this study is shown in Table 4.12.

Table 4.12 Chemical composition and quartz content (wt%) of raw kaolin samples.

Iéa(?élen Content (wt.%)

SiO» AO3 TiO; Fe2O3 Quartz* Si/Al
K1 51.80 46.20 0.70 0.33 2.1 0.95
K2 52.40 44.90 0.81 0.34 2.4 0.99
K3 52.20 44.10 1.10 0.29 4.6 1.05
K4 62.80 33.50 0.56 1.32 15.3 1.59
K5 61.20 35.90 0.51 0.48 26.2 1.44
K6 61.00 36.40 0,.9 0.30 33.6 1.42

o: Calculated with XRD RIR method

Alkali fusion involves the formation of a fused product by the thermal activation of
dry-mixed raw kaolin and sodium hydroxide pellets at temperatures 600°C or above.
This method enhances the dissolution of silica and alumina layers more effectively,
leading to the dissolution of other mineral phases, such as quartz. Also, this method
offers a solution to the need for the purification of kaolin with a cost-effective
approach in terms of time and energy [20]. However, the type of zeolite produced at

the end of fusion followed by hydrothermal synthesis varies in a wide range,
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resulting in different products with differing qualities. This variety of products
depends on the origin of the raw material. The initial Si/Al ratio and quartz content
as an impurity are still of significant importance. The same kaolin source pre-treated
using two different routes of metakaolinization or alkali fusion and then subjected
to identical synthesis conditions result in different products. It was shown that the
metakaolinization resulted in a mixture of Na-X and Na-P, while alkali fusion
resulted in Na-Y after being subjected to hydrothermal synthesis [114]. This is
mainly caused by increased alkali conditions during the fusion step, resulting in the
dissolution of silica ions from impurities like quartz and leading to a higher Si/Al
ratio of the synthesis gel. Thus, the alkali fusion route eliminates the drawback of

impurities like quartz [20].

Despite the advantages of using kaolin as raw material and discovering new routes
for the metakaolinization step, there are still significant variances in the obtained
product type and quality [20,114]. This work aims to eliminate the variances based
on the origin of raw kaolin, generating an alternative route for the initial thermal
activation step by adding alumina source into the raw materials that will be subjected
to activation besides kaolin and the alkali source. Therefore, an alternative
methodology was developed during the thermal activation of raw kaolin in addition
to the well-known metakaolinization and alkali fusion steps. The new process
involves fusing kaolin sources with the proper amount of aluminum hydroxide and
sodium hydroxide. This approach not only facilitates the dissolution of insoluble
impurities of the initial raw material such as quartz but also makes it possible to
arrange the zeolite gel composition. In this work, the one-pot fusion approach was
developed to obtain zeolite 4A of good crystallinity from low-quality kaolin using
six different kaolin sources with varying characteristics. The one-pot fusion results
were compared with those obtained from metakaolinization and alkali fusion
approaches, as shown in Figure 4.34. The proposed one-pot activation is a faster,
easier, and cheaper process, which eliminates the inconsistent product types of

zeolite 4A due to varying kaolin grades.
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Figure 4.34. Schematic representation of zeolite synthesis methods from kaolin

Characterization results of the synthesis products are shown in Table 4.13.

Table 4.13 Characterization results of zeolite products.

Zeolite Detected Quartz CryIs{tzllzllEl\i]tey of Water Absorbed
Code Phases (%)* zeolite 4A (%) (wt. %)
Z-MK1 4A 0.3 100 20.3
Z-MK2 4A 3.0 97.9 19.8
Z-MK3 4A 5.1 88.7 19.3
Z-MK4 P, 13X, Quartz  28.4 - 12.4
Z-AF4 P, 13X 2.4 - 12.8
Z-OPF4 4A 3.2 89.8 19.4
Z-MK5 4A, Quartz 26.6 90.7 17.6
Z-AF5 4A, 13X 1.8 87.1 19.6
Z-OPF5 4A 24 92.2 19.5
Z-MK6 4A, Quartz 33.7 76.7 17.5
Z-AF6 4A 2.2 89.4 19.5
Z-OPF6 4A 2.3 97.3 19.7

o: Calculated with XRD RIR method.
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46.1 Metakaolinization

The six kaolin sources obtained from different geological regions can be categorized
as high (K1, K2, K3) and low quality (K4, K5, K6) kaolin materials of different
characteristics based on their quartz content as impurity level. The XRD patterns of

all raw kaolin samples are shown in Figure 4.35, while calcined kaolins are shown

in Figure 4.36.
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Figure 4.35. XRD patterns of the (K) raw kaolins.
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Figure 4.36. XRD patterns of the (MK) metakaolin samples.

The diffraction peaks at 20 =12.44, 24.86, and 35-40° indicated the typical
characteristic features of kaolin samples. Those at 20.87° and 36.60° correspond to
quartz phases. According to Figure 4.35, the raw kaolin samples of K4, K5, and K6
have the highest amount of quartz phase in correlation with the XRF results
presented in Table 4.12, which were found to be around 15.3, 26.2, and 33.6,
respectively. According to Table 4.12, the raw kaolin sample K4 has the highest
Si0O2 and the lowest Al2O3 content leading to the highest Si/Al ratio among all other
raw kaolin samples. This typically makes K4 unsuitable as a raw kaolin source for
zeolite 4A synthesis. After calcination, it can be seen from Figure 4.36 that the
structure of kaolin is transformed into amorphous metakaolin, where major kaolin
peaks disappeared. It was seen that the samples of MK1, MK2, and MK3 obtained
by metakaolinization of high-quality kaolin samples were completely amorphous,
which is required for the preparation of zeolite 4A. On the other hand, upon the
metakaolinization of low-quality kaolin samples, the quartz peaks observed in the
XRD patterns of MK4, MKS5, and MK6 samples prolonged to remain, indicating
that this phase could not be eliminated. In addition to quartz impurity, the peak at

20 equal to 21.12 and 36.48° represent the diffractions of (110) and (111) planes of
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a-FeOOH [195,196] in K4 and MK4 samples, which are consistent with the XRF

data of the sample K4 showing the highest iron content among all six samples.

The XRD patterns of the products synthesized from kaolin of different sources using

the metakaolinization (MK) method (Figure 4.36) are shown in Figure 4.37.
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Figure 4.37. XRD patterns of the synthesis products of various kaolin sources

activated by the metakaolinization (MK) method.

The products obtained using MK1 and MK2 gave the highest quality zeolite 4A
products (Z-MK1 and Z-MK2) with over 95% crystallinity. The product obtained
from MK3 resulted in a slightly lower crystallinity of around 89%. It was still
possible to observe the quartz peaks of 20 = 26.6°, which were quantified to be in a
range of 3-5% by weight (Table 4.13) in Z-MK2 and Z-MK3. The results obtained
upon zeolite 4A products of Z-MK1, Z-MK2, and Z-MK3 suggest that high-quality
raw materials with low quartz content resulted in highly crystalline and low impurity
products fabricated with the use of the metakaolinization method. Additionally, the
results indicated that increasing the amount of quartz from approximately 2.1 to 4.6
in the raw kaolin sample resulted in a decrease in the relative crystallinity of zeolite

4A from 100% for Z-MK1 to ~ 89% for Z-MK3. These results are in good agreement
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with the literature suggesting that quartz content can affect the kinetics of zeolite
formation [114] and the final crystallinity of the zeolite obtained using the MK
method [20,100]. The current study using different high-quality kaolin sources (i.e.,
K1, K2, and K3) clearly shows that quartz impurity in raw kaolin directly influences
the final product crystallinity. The kaolin source with the lowest quartz but the
highest iron content (i.e., K1) leads to the best product, which also suggested that
iron content did not influence the product significantly. It can be inferred that using
high quality raw kaolin with quartz content lower than 5% results in zeolite 4A with
acceptable crystallinity requirements for all kaolin sources of K1, K2, and K3
[20,21]. Thus, the application of MK method to high quality kaolin for
metakaolinization generating MK 1, MK2, and MK3 for hydrothermal synthesis was
found to be sufficient to obtain high quality zeolite 4A products.

The hydrothermal synthesis applied using the MK method to low-quality kaolin
materials (MK4, MKS, and MK6) showed a variety of products. The XRD profile
of zeolite products (Z-MKS5 and Z-MK6) obtained using MKS5 and MK6 fits well
with zeolite 4A, although the peak of quartz was more intense in these samples. The
zeolite 4A crystallinities obtained for Z-MKS5 and Z-MK6 were around 60%, below
the requirements of detergent grade specifications [20,21]. Furthermore, Z-MKS5 and
Z-MK6 showed poor water sorption properties of around 17.5% due to the
impurities in the synthesized products. The sample obtained using MK4 differed
from zeolite 4A (i.e., Z-MK4) with the main phase of zeolite P, which is another
zeolite type from the Gismondine (GIS) family with varying Si/Al ratios of 1 to 4
[78]. The water sorption properties of Z-MK4 were also very poor in correlation
with the observed poor crystallinity of this product. Accordingly, the obtained
results suggest that MK methodology was insufficient to obtain high-quality zeolite
4A products using low-quality kaolin samples with high quartz content. The results
obtained from metakaolinization studies using different sources of kaolin are in
good agreement with the studies, stating the origin of raw material and mineralogical
composition as one of the critical factors determining the final product quality

[21,78,197].
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46.2 Alkali Fusion

Another approach was adopted by Ayele et al., who applied a purification method
to the raw kaolin with the purpose of attaining a reduction in quartz content [20]. As
an alternative to purification, the alkali fusion method was applied on raw kaolin
samples resulting in better crystallinity of zeolites synthesized using alkali fused
kaolin samples [20]. However, the alkali fusion methodology was shown to provide
the direct synthesis of zeolite 13X in another study without any extra Si source
addition or dealumination [107]. In our study, the alkali fusion (AF) was
investigated using low-quality kaolin (K4, K5, and K6). Our aim was their further
utilization in the hydrothermal synthesis of zeolite 4A to decrease quartz impurity
level and increase the quality of the final product with respect to the MK method.
The XRD patterns of alkali fused kaolin sources (AF4, AFS5, and AF6) and the
products obtained using them (Z-AF4, Z-AF5, and Z-AF6) are shown in Figure 4.38.
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Figure 4.38. XRD patterns of alkali fused kaolin (AF) and zeolites synthesized
from the alkali fusion method (Z-AF).
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Accordingly, the alkali fusion (AF) process clearly resulted in the disappearance of
all quartz peaks in samples AF4, AF5, and AF6 that were observed upon
metakaolinization (samples MK4, MKS5, and MK6 in Figure 4.36).

According to Figure 4.34, the hydrothermal synthesis products upon using AF4,
AFS5, and AF6 as raw materials lead to zeolite 4A as the main phase of Z-AF5 and
Z-AF6 with the exception of Z-AF4. In the XRD patterns of the synthesized
products obtained after the AF method, mainly zeolite P formation with minor
zeolite 13X peaks was observed in Z-AF4. On the other hand, Z-AF5 product was
mainly composed of zeolite 4A with a secondary phase of zeolite 13X, while Z-AF6
was a single-phase zeolite 4A. These results indicate the conversion of quartz into

soluble sodium silicates in alkali fusion [100,115].

It seems to be peculiar that only AF4 resulted in an almost totally different zeolite
phase with a 15% quartz content of K4. On the other hand, the products of AF5 and
AF6 turned out to be mostly zeolite 4A, while K5 and K6 exhibit a higher amount
of quartz with respect to K4. The zeolite P formation was explained on the basis of
higher silica content in the gel with respect to the amount necessary to obtain zeolite
4A [113,115]. This result suggests that not only quartz but also the initial Si/Al ratio
of kaolin affected the type of zeolite formed in the present work. It seems that the
alkali fusion process was not successful in converting low-quality kaolin with the
highest Si/Al ratio to zeolite 4A (i.e., Z-AF4). It is known from the literature that, to
synthesize high silica zeolites from kaolin, there is the need for an additional source
of silica during the hydrothermal step, which can also be used to vary the Si/Al ratio
of the reaction mixture [113,114]. Thus, the correct manipulation of the Si/Al ratio
of the mixture used for hydrothermal synthesis can also be significant in determining
the precise zeolite phase to be obtained as the final product. This manipulation can
be of particular interest if the resource belongs to low-quality kaolin characteristics
with a higher Si/Al ratio and quartz crystallinity of more than 15%. The Si/Al ratio

variation in raw kaolin is reported to be the reason for forming more siliceous

90



zeolites of different types depending on the heat treatment methodology (i.e.,

metakaolinization or alkali fusion) [20,82].

4.6.3 One-Pot Fusion

An alternative approach to produce low silica zeolites, i.e., zeolite 4A, using low-
quality kaolin with no further purification would require an additional source of
alumina. This would possibly eliminate the variations in the quality and type of
zeolites occurring due to a wide range of changing kaolin characteristics in different
geological regions. For that purpose, a new methodology of one-pot fusion (OPF)
was developed, where in addition to kaolin and alkali sources, aluminum hydroxide
was also added into the thermal activation process. The effect of OPF was
systematically studied by subjecting K4, K5, and K6 into this process and comparing
the outcome obtained via MK and AF methods with the aim of producing pure

zeolite 4A with the crystallinity of at least 90%.

In Figure 4.39, Figure 4.40, and Figure 4.41, the XRD patterns are shown for all
zeolite products obtained following metakaolinization (MK), alkali fusion (AF), and

one-pot fusion (OPF) approaches applied on raw kaolin samples.
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Figure 4.39. XRD patterns of the zeolite products synthesized from K4 using
metakaolinization (MK), alkali fusion (AF), and one-pot fusion (OPF) methods.
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Figure 4.40. XRD patterns of the zeolite products synthesized from K5 using
metakaolinization (MK), alkali fusion (AF), and one-pot fusion (OPF) methods.
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Figure 4.41. XRD patterns of the zeolite products synthesized from K6 using
metakaolinization (MK), alkali fusion (AF), and one-pot fusion (OPF) methods.

As shown in Figure 4.39, Figure 4.40, and Figure 4.41, the OPF approach resulted
in at least 90% crystallinity of zeolite 4A with respect to MK and AF methods in all
low-quality kaolin samples. The zeolite products of P and 13X formed upon MK
and AF methods using K4 turned out to be zeolite 4A of ~90% crystallinity upon
the OPF method. It seems that eliminating quartz content by the AF method in order
to produce zeolite 4A was not sufficient for this particular type of raw kaolin sample
K4. However, the OPF approach resulted in the complete conversion of K4 to zeolite
4A (Z-OPF4), and it suggests that the Si/Al ratio of the initially heat-treated material
is of significant importance. For the other low-quality kaolin sources of K5 and K6,
the OPF methodology resulted in an increase of zeolite 4A crystallinity to higher
than 90% (Figure 4.40 and Figure 4.41). According to the results shown in Figure
4.40, the extra zeolite 13X phase obtained using K5 after alkali fusion (Z-AF5)
diminished, and the whole material was converted to pure zeolite 4A using the OPF
method. Furthermore, Z-OPF6 was found to exhibit the highest crystallinity of 97%

among all of the zeolites obtained using low-quality kaolin (Figure 4.41).
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It is known that properties, like water sorption capacity and cation exchange
capacity, are directly related to the crystallinity of zeolite 4A [82]. The synthetic
products obtained upon the OPF method exhibited the highest amount of adsorbed
water, especially for the sample Z-OPF4 (Table 4.13). In general, the highest values
were obtained for Z-MK1 and Z-OPF6, which are the products of high and low-
quality kaolin samples, respectively. Thus, the results indicated that higher
crystallinity corresponds to higher water adsorption, which agrees with the

literature.

The morphologies of all zeolites obtained using low-quality kaolin by MK, AF, and
OPF methods are compared in Figure 4.42.

Figure 4.42. SEM images of the zeolite products synthesized from K4, K5, and K6
using metakaolinization (MK), alkali fusion (AF), and one-pot fusion (OPF)

methods.
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The scanning electron images show that the morphology of MK-4 and AF-4 were
predominantly of spherical forms with some indication of unreacted kaolin flakes.
The optimum cubic-shaped crystals were formed in the sample Z-OPF4 with
rounded edges. The typical cubic morphology of zeolite 4A was more pronounced
in the products obtained using K5 and K6. Z-OPF6 exhibited a larger particle size
with rounded corners. Commonly, the presence of faceted microcrystals in the
powder sample indicated its high crystallinity. This relation was earlier observed for
different oxide crystals from different chemical classes when the crystallization time
was long enough [198-200]. Respectively, it could be emphasized that this general
trend is also observed for the zeolite samples shown in Figure 4.42. In general, the
zeolite crystals tend to appear in agglomerates. These results are in agreement with
the literature, which attributed these agglomerates to different stages of zeolite
formation with respect to the well-known synthetic route [115]. The observed
differences in particle size can be due to the differences in the dissolution rate of
separate components, resulting in a deviation in the number of nuclei formed during

aging [107,113].

4.7 Conclusion

In the first two sections of this study, zeolite 4A and zeolite 13X were successfully
synthesized from one high-quality kaolin source with metakaolinization followed
by hydrothermal reaction. All metakaolinization, aging, and reaction conditions, and
gel formulations were optimized to achieve the most crystalline and impurity-free
final product. On the other hand, the metakaolinization method is not the most
reliable activation method if there are impurities such as quartz, mullite, etc.[100]
which means kaolin is a low-quality one. In that case, the kaolin source should be
purified with acid washings [120,201], magnetic separations [202,203], etc., which
are undesired due to the increase in the product's final cost. To be able to generate
highly pure zeolites out of these low-quality kaolins, Ayele et al. proposed alkali

fusion to generate water-soluble silicates from quartz impurity [100].
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In the last part of the study, a new methodology of one-pot fusion (OPF) was
developed by adding the alumina source in addition to kaolin and alkali sources into
the initial thermal activation process of kaolin to be able to generate desired gel in
the activation step of the raw material. The effect of OPF proved itself to be useful
for obtaining low Si/Al ratio zeolites, i.e., zeolite 4A with at least 90% crystallinity
from low-quality kaolin sources containing high quartz and silica content. The
zeolite products of P and 13X formed upon metakaolinization (MK) and alkali
fusion (AF) methods resulted in zeolite 4A of ~90% crystallinity upon the newly
developed OPF method. Eliminating quartz content by the AF method resulted in
synthetic zeolite 13X and zeolite P. On the other hand, the OPF approach resulted
in the complete conversion of that particular type of low-quality kaolin (K4) to
zeolite 4A (Z-OPF4). These results suggest that the OPF method is an innovative
way of activating kaolin, which overcomes two significant problems; (i) the quartz
content of the raw material (ii) the variations in the Si/Al ratio of the raw kaolin

leading to different types of synthetic zeolites.

The second problem was mainly solved by arranging the gel formula using an
additional aluminum source, eliminating the need for costly and time-consuming
purification of kaolin. Furthermore, the OPF approach resulted in increased
crystallinity of zeolite 4A obtained using other low-quality kaolin sources. In
summary, it was shown that Zeolite 4A could be synthesized properly through the
OPF method from almost any type of kaolin source, getting rid of the precautions
necessary to be taken while using low-quality kaolin sources with higher quartz

content or Si/Al ratio.
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CHAPTER 5

ZEOLITE SYNTHESIS FROM SODIUM FELDSPAR AS STARTING
MATERIAL

For decades, lowering the cost of raw material and production for zeolite has been
of interest [7]. The primary motivation of these cost-effectiveness studies was to use
natural raw materials with similar chemical content with desired zeolites. These raw
materials are usually kaolin, halloysite, diatomite, or similar aluminosilicates, which
can be easily dehydroxilized, and an amorphous form can be obtained. Even though
some of the natural raw materials, such as feldspars, have similar chemical content
as zeolites, these materials require high-temperature treatments to break down the
structure. During this process, secondary crystallization could occur during the
cooling down procedure. The Alkali fusion route was proposed to generate desired
aluminosilicates out of these materials [100,150]. Above the melting point of the
alkali source, these materials diffuse into the primary raw material and result in the
generation of soluble sodium silicates and sodium aluminates. These soluble
aluminosilicates can be easily transformed into zeolites with the standard
hydrothermal method. This thesis chapter is about optimizing alkali fusion and

synthesis conditions for zeolite 4A and zeolite 13X.

51  Optimization of Zeolite 4A Synthesis Parameters with Sodium
Feldspar and Sodium Hydroxide

Zeolite synthesis from kaolin is a well-known procedure, while sodium feldspar
utilization as silica, alumina, and partially sodium source for zeolite synthesis has
not been deeply investigated yet. The studies focused on the extraction of silica and
alumina out of feldspar [147] or using potassium feldspar for zeolite synthesis

[88,204]. In the light of these studies, a procedure was achieved and listed as;
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1) Alkali fusion of sodium feldspar with NaOH

2) Sodium hydroxide and sodium aluminate solution preparation in distilled
water.

3) Addition of fusion products into an alkali solution.

4) Aging the mixture with continuous agitation in a water bath at the desired
temperature and duration.

5) Reaction step of the gel in an oven at the desired temperature and
duration.

6) Separation of solid particles from alkali medium with centrifugation,

washing with distilled water three times, and drying in an oven.

Several key synthesis parameters were optimized while performing the synthesis
procedure in accordance with the earlier stated reaction conditions. Optimized
parameters such as aging temperature, reaction temperature, and gel formula in
Chapter 4 were used in this part of the study. In this regard, durations were optimized
for this particular new source of sodium feldspar since dissolution and nuclei
formation rates may vary with a change in the raw material. Parameters studied

particularly for this section are given in Figure 5.1.
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Figure 5.1. Schematic representation of the process flow and the optimized

parameters for zeolite 4A synthesis from sodium feldspar

For a controlled experimental setup design, one parameter at a time was changed,
keeping the rest identical. Gel formula of 2.44 SiO;: 1 Al2Os: 3.14 NaxO: 110 H20

was used in this study, which was pre-selected as summarized in Chapter 4.

511 Fusion Alkalinity Adjustments

Unlike kaolin activation (metakaolinization), there was an additional parameter of
optimizations, which was the alkali source used during fusion in the activation
method. The optimization of the ratio of sodium feldspar to NaOH is critical to
achieving the desired level of fusion without any unfused silica and alumina source
remaining in the fusion product. Accordingly, four different sodium feldspar/NaOH
ratios (wt./wt.), 1/1, 1/1.5, 1/2/, and 1/3, were examined. Fusion mixtures were
placed in a crucible and fused at 850°C for 1.5 h. The calculated amount of sodium
aluminate was mixed with distilled water and fused product to generate the gel of
2.44 Si07: 1 AIOs3: X NaO: 110 H2O, for which “x” varies with the ratio of the
fusion mixture (sodium feldspar/NaOH). The resulting gels were aged at 60°C water
bath for 4 h, and aged gels were placed in a previously heated oven at 100°C for 4 h
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for the reaction step. The SEM images and XRD patterns of final products are shown
in Figure 5.2 and Figure 5.3.

Figure 5.2. SEM images of zeolite 4A synthesis products with ratios of 1/1 (a),
1/1.5 (b), 1/2 (¢), and 1/3 (d) by weight of sodium feldspar/ NaOH.

From Figure 5.2, it was observed that the typical cubic morphology of zeolite 4A
was achieved with a sodium feldspar/NaOH ratio of 1/1.5. Also, XRD patterns
confirmed that the highest crystalline products were obtained from the same product,
while secondary phases such as zeolite P and zeolite 13X were observed in the other
products. This may be due to the lack of proper fusion due to the less or excess
NaOH used in the fusion step. The rest of the experiments were conducted with the

sodium feldspar/NaOH ratio of 1/1.5.
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Figure 5.3. XRD Patterns of zeolite 4A synthesis products with ratios of 1/1, 1/1.5,
1/2, and 1/3 by weight of sodium feldspar/NaOH

5.1.2 Alkali Fusion Time

Alkali fusion is a crucial part of this process since sodium feldspars can not be
converted into amorphous phases with relatively mild conditions such as kaolin at
600-1000°C [105,113,157]. Due to this phenomenon, alkali sources with lower
melting points are introduced, such as sodium hydroxide. This low melting point
alkali material melts at elevated temperatures and reacts with the solid phase to form
soluble silicates and aluminates. Most of the crystalline phases could be converted
into soluble phases and transformed into zeolite crystals by alkali fusion. To be able
to generate desired soluble phases, enough time should be given for a proper and

complete conversion. Three different durations were performed, which are 1.5 h, 3
h, and 6 h.

The calculated amount of sodium aluminate was mixed with distilled water and

subjected to fusion to generate the 2.44 SiO»: 1 Al,O3: 3.14 NaxO: 110 H2O gel. The
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resulting gels were aged at 60°C water bath for 4 h, and aged gels were placed in a
previously heated oven statically at 100°C for 4 h for the reaction step. The SEM

images and XRD patterns of final products are shown in Figure 5.4 and Figure 5.5.

Figure 5.4. SEM images of zeolite 4A synthesis products from sodium feldspar
with 1.5 h, 3 h, and 6 h of fusion times.
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Figure 5.5. XRD patterns of zeolite 4A synthesis products ffrom sodium feldspar
with 1.5 h, 3 h, and 6 h of fusion times.

It was observed from both SEM images and XRD patterns that fusion duration was

not significantly affected on the final product quality. The relative crystallinity of
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the final products was calculated as 98, 100, and 99 with increasing durations of

fusion. The lowest duration, which is 1.5 h, was chosen for the rest of the study.

5.13 Aging Time

Aging conditions were optimized with the previously optimized gel formula, which
is 2.44 SiOz: 1 AlLOs: 3.14 NaxO: 110 H20. To achieve this gel formula, the
calculated amount of Sodium feldspar: NaOH (1.5:1 wt.) was fused at 850°C for 1.5
h. After the fusion process, solid particles were mixed in calculated amounts of
sodium aluminate and DI water. Three different aging durations were performed for
this particular study, which are 2 h, 4 h, and 6 h at 60°C with continuous agitation
with 400 rpm. The resulting gels were subjected to reactions that were performed
statically at 100°C preheated oven for 4 h. The resulting solid particles suspended
in alkali solution were centrifuged and washed with distilled water four times before
overnight drying at 80°C in a conventional oven. SEM images and XRD patterns of

the final products were given in Figure 5.6 and Figure 5.7, respectively.

Figure 5.6. SEM images of the zeolite 4A synthesis products from sodium feldspar

with 2 h aging (a), 4 h aging (b), and 6 h aging (c).
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Figure 5.7. XRD patterns of the zeolite 4A synthesis products from sodium
feldspar with different aging times.

Table 5.1 Relative crystallinity of zeolite 4A synthesis products from sodium

feldspar with different aging times

Aging Time (h) 2 4 6
Relative Crystallinity (%) 52 100 97

Although there was no significant difference observed in the SEM images, XRD
patterns shown in Figure 5.7 showed that the crystallinity of the products with 2 h
aging is low, with no significant change between 4 to 6 h (Table 5.1). In accordance
with the relative crystallinity results and SEM images, 4 h of aging was chosen for

further studies.
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5.14 Reaction Time

In this study, zeolite 4A crystals were synthesized with three different reaction
times, which are 2 h, 4 h, and 6 h, while the rest of the parameters were kept
identical. Sodium feldspar: NaOH (1.5:1 wt.) was calcined at 850°C for 1.5 h, and
the gel formula was adjusted with sodium aluminate and DI water to be
2.44 Si02: 1 AlLOs: 3.14 NayO: 110 H20. Aging took place at 60°C for 4 h. Aged
gels were placed in a 100°C oven for 2, 4, and 6 h. The final products' SEM images

and XRD patterns were given in Figure 5.8 and Figure 5.9, respectively.

Figure 5.8. SEM images of the zeolite 4A synthesis products from sodium feldspar
with 2 h (a), 4 h (b), and 6 h (c) of reaction.
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Figure 5.9. XRD patterns of the zeolite 4A synthesis products from sodium

feldspar with different reaction times.

Table 5.2 Relative crystallinity of the zeolite 4A synthesis products from sodium

feldspar with different reaction times

Reaction Time (h) 2 4 6
Relative Crystallinity (%) 69 96 100

According to the SEM images, all the products showed the standard cubic structure
of zeolite 4A. XRD patterns showed that crystallinity increased until 4 h of reaction,
and there was no significant increase after that point. For better understanding,
relative crystallinities were calculated (Table 5.2), and the most crystalline product
was found with 6 h of aging. Since there is a minor difference between 4 and 6 h of
aging, and it is beneficial for production to have the same amount of time for aging

and reaction, 4 h of reaction will be performed in the further experiments.

106



5.15 Comparison of Synthesized Zeolites with Commercial Zeolites

Synthesis of zeolite 4A was performed with the gel prepared from the fusion
products of sodium feldspar and sodium hydroxide with ratios of 1/1.5 (wt./wt.)
fused at 850°C for 1.5 h, sodium aluminate, and distilled water, with a formula of
2.44 S107: 1 A12O3: 3.14 Na,O: 110 H2O. The resulting gels were placed in an HDPE
bottle and aged in a 60 °C with continuous stirring for 4 h. Aged gels were placed
in a previously heated oven at 100°C for 4 h of the reaction step. The resulting solid
particles separated from the mother liqueur and washed with distilled water at least
three times by centrifugation at 7500 rpm for 5 minutes and dried at a conventional
oven at 80°C overnight. The resulting zeolites will be named Zeolite 4A-Feldspar-
NaOH, and SEM images and XRD patterns of the synthesized zeolite 4A and

commercial zeolite 4A are given in Figure 5.10 and Figure 5.11, respectively.

Figure 5.10. SEM images of the commercial zeolite 4A (a) and Zeolite 4A-
Feldspar-NaOH (b).

107



i ' ‘ } Zeolite 4A
4 . A H Feldspar-NaOH
1 w'” JL‘ |Jw.1 oIt N Uhosd Vi et A e Mk

Intensity (a.u.)
1

Commercial

— J Zeolite 4A
1 U J AL |
' I N I v I i I N 1

0 10 20 30 40 50

20 degree

Figure 5.11. XRD patterns of the commercial zeolite 4A and Zeolite 4A-Feldspar-
NaOH.

According to the SEM images of the zeolites, both zeolites have the unique structure
of zeolite 4A, while Zeolite 4A-Feldspar-NaOH was smaller with respect to
commercial zeolites. One significant difference between the morphologies of
commercial and synthesized zeolites is the rounder-edged morphology of the
commercial zeolites, which makes them more advantageous to be used as an additive
in the detergent industry as water softeners. Also, particle size distribution analysis
showed that the average particle size of commercial zeolites was 5.8 um while
synthesized ones were 4.2 um. XRD patterns proved that both products were pure

zeolite 4A with no additional impurities.

5.2  Optimization of Zeolite 13X Synthesis Parameters with Sodium
Hydroxide

Zeolite 13X synthesis using sodium feldspar as silica, alumina, and partially sodium
sources was proposed for the first time since the Si/Al ratio of the source was found

to perfectly match for the synthesis of zeolite 13X. An identical activation procedure
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of sodium feldspar was used, as explained in the previous section, followed by the

hydrothermal synthesis procedures. Basic production steps were given below;

1) Alkali fusion of sodium feldspar with the calculated amount of NaOH

2) Sodium hydroxide and other silicon or aluminum solution preparation in
distilled water.

3) Addition of fusion products into an alkali solution.

4) Aging the mixture with continuous agitation in a water bath at the desired
temperature and duration.

5) Reaction step of the gel in an oven at the desired temperature and
duration.

6) Separation of solid particles from alkali medium with centrifugation,

washing with distilled water three times, and drying in an oven.

Several synthesis parameters were optimized while performing the synthesis
procedure as mentioned above. In Chapter 4, optimized parameters such as aging
temperature, reaction temperature, and gel formula were used in this study.
Durations were optimized to achieve a successful synthesis since dissolution and
nuclei formation rates may vary with a change in the source used as raw material.
Also, the alkali ratio used for preparing the mixture of fusion and duration of fusion
were kept constant as 1:1.5 wt./wt. and 1.5 h, respectively. Parameters that were

studied particularly for this section are given in Figure 5.12.
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Figure 5.12. Schematic representation of the process flow and the optimized

parameters for zeolite 13X synthesis from sodium feldspar

For a controlled experimental setup design, one parameter was changed one step at
a time, keeping the others identical. Gel formula of

5 Si02: 1 AlbOs: 7.5 NaxO: 337.5 H2O was used in this study.

521 Aging Time

Effect of aging time was investigated for the gelation process of
5 Si02: 1 ALOs: 7.5 NaxO: 337.5 H20O from alkali fusion process of NaOH and
sodium feldspar mixture at 850°C for 1.5 h. The obtained product was aged at 25°C
for three different durations of aging, which were 16, 20, and 24 h. The resulting
gels were placed in previously heated 100°C ovens for 8 h of duration. Then the
formed suspension was washed four times with distilled water and dried in an oven
at 60°C, overnight. The resulting solid particles were characterized with SEM and

XRD, and results were given in Figure 5.13 and Figure 5.14, respectively.
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Figure 5.13. SEM images of the zeolite 13X synthesis products from sodium
feldspar, obtained with 16 h (a), 20 h (b), and 24 h (c) of aging.
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Figure 5.14. XRD patterns of the zeolite 13X synthesis products from sodium

feldspar after 16 h, 20 h, and 24 h of aging.

Table 5.3 Relative crystallinity of the zeolite 13X synthesis products from sodium
feldspar with different aging times

Aging Time (h) 16 20 24
Relative Crystallinity (%) 92 100 88
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According to the SEM images, there was no significant effect of the aging time on
the morphology of the final product. However, XRD patterns showed that the
intensities of major peaks for zeolite 13X were maximum for 20 h of aging time. In
order to enhance % crystallinity of the final product (Table 5.3), 20 h of aging at
25°C was used for the rest of this study.

5.2.2 Reaction Time

The studies conducted on zeolite 13X formation continued with investigating the
effect of reaction time on % crystallinity of synthesized products. For this particular
case, sodium feldspar sources were subjected to an alkali fusion process with sodium
hydroxide using a ratio of 1.5/1 (wt./wt). The resulting fused product was mixed
with the proper amount of aluminum hydroxide, sodium hydroxide, and water and
aged at 25°C for 20 h with continuous agitation at 400 rpm. Aged samples were
placed in a previously heated oven at 100°C for three different durations: 4 h, 6 h,
and 8 h. The resulting solid particles were washed with distilled water four times

and dried overnight at a 60°C oven. SEM and XRD analysis results are shown in

Figure 5.15 and, respectively.

Figure 5.15. SEM images of the zeolite 13X synthesis products from sodium
feldspar, using 4 h (a), 6 h (b), and 8 h (c) of reaction.
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Figure 5.16. XRD patterns of the zeolite 13X synthesis products from sodium
feldspar, using 4 h, 6 h, and 8 h of reaction.

According to the SEM images, 4 h of reaction resulted in smaller but agglomerated
particles. In comparison, 6 and 8 h showed well-known faujasite zeolite morphology
with no significant difference with respect to each other. XRD patterns showed that
6 h of reaction resulted in higher crystallinity with respect to 8 h. Also, relative
crystallinities were calculated and shown in Table 5.4. The highest crystallinity was

calculated using 6 h of reaction time.

Table 5.4 Relative crystallinity of the zeolite 13X synthesis products from sodium

feldspar with different reaction times

Reaction Time (h) 4 6 8
Relative Crystallinity (%) 42 100 88
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523 Comparison of Synthesized Zeolites with Commercial Zeolites

Synthesis of zeolite 13X was performed using the gels prepared from the fusion
products of sodium feldspar and sodium hydroxide with ratios of 1/1.5 (wt./wt.)
fused at 850°C for 1.5 h, sodium aluminate, and distilled water, with a formula of
5 Si02: 1 ALLO3: 7.5 NaxO: 337.5 H2O. The resulting gels were placed in an HDPE
bottle and aged at 25°C with continuous stirring for 20 h. Aged gels were placed in
a previously heated oven at 100°C for 6 h of the reaction step. The resulting solid
particles were separated from the mother liqueur and washed with distilled water at
least three times by centrifugation at 7500 rpm for 5 minutes and dried in a
conventional oven at 80°C overnight. SEM images and XRD patterns of the
synthesized zeolite 13X, which will be named Zeolite 13X-Feldspar-NaOH from
now on, and commercial zeolite 13X were given in Figure 5.17 and Figure 5.18,

respectively.

Figure 5.17. SEM images of the commercial zeolite 13X (a) and synthesized
Zeolite 13X-Feldspar-NaOH (b).
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Figure 5.18. XRD patterns of the commercial zeolite 13X and synthesized zeolite

13X with optimized parameters.

According to the SEM images of the zeolites, commercial zeolite 13X had a larger
particle size distribution (~5um) with respect to the synthesized zeolites (~3um)
using sodium feldspar. The size of the zeolite crystals can be manipulated according
to the final application area, given that the species formed during alkali fusion can
be controllably transformed into the crystal growth phase during the aging step.
Figure 5.18 showed that the overall crystallinity of the synthesized zeolite 13X has
similar crystallinity with respect to the commercial zeolite13X. In summary, the
developed procedure offered a more environmentally friendly and economical
approach offering similar morphological and similar crystallinity of zeolite 13X

compared to its commercial counterpart.
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5.3  Zeolite 4A Synthesis with Sodium Feldspar and Sodium Carbonate

Sodium hydroxide is a well-known and high-demand chemical also known as
caustic soda. It has an expensive production method that produces chlorine gas that
is very toxic and hard to work safely. Due to the high demand for caustic soda in the
industry and its dependency on the chlorine market, it is not the best choice for
zeolite production. Sodium carbonate, also known as soda ash, is another candidate
as a sodium source, more cost-effective with respect to caustic soda, and safer to
work with. Since it will be used as an alkali source, it is crucial to work at higher
temperatures than the melting point of sodium carbonate, which is 851°C. In the
proposed synthesis route that eliminates sodium hydroxide, all alkalinity was
provided from sodium carbonate and aluminum hydroxide during the fusion step to
achieve the desired gel formula. Similar to the procedure used in Section 4.3.3, the
one-pot fusion approach was applied to all sources used for zeolite synthesis. The
resulting fusion product was crushed and mixed with the calculated amount of
distilled water. Optimized synthesis procedures were applied to obtain zeolite 4A
out of fused sodium feldspar and sodium carbonate mixture. Detailed calculations
and experimental procedures were given in Chapter 3. SEM images and XRD
patterns of synthesized zeolite 4A samples were given in Figure 5.19 and Figure

5.20, respectively.

Figure 5.19. SEM images of Zeolite 4A-Feldspar-Na,CO3
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Figure 5.20. XRD pattern of the Zeolite 4A-Feldspar-Na;COs

As observed from the SEM images, the standard cubic structure of zeolite 4A
crystals was formed after the synthesis. Furthermore, the XRD patterns confirmed
the pure zeolite 4A formation. The particles were non-monodispersed in sizes that
were previously observed with one-pot synthesis routes since the dissolution of

sodium aluminosilicates and nuclei formation occurs in the same process step of
aging.

In this synthesis procedure, the one-pot fusion procedure was used to obtain pure
zeolite 4A, and all the reactants except DI water were mixed in the solid phase, and
fusion took place to generate “instant soup” like premix. This procedure is a fast,
easy, and relatively cheap method to generate desired sodium aluminosilicates from
unsoluble phases such as sodium feldspar. This method is also easy to use since the
fusion product (semi-product) can be stored, and synthesis can be performed after a

while. In that way, this method helps to make the system work in batch formation.
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5.4  Zeolite 13X Synthesis with Sodium Feldspar and Sodium Carbonate

As explained in section 5.3, the one-pot fusion method is applicable for synthesizing
zeolites out of unsoluble aluminosilicate sources such as sodium feldspars. This
production route is applied to synthesize zeolite 13X with the mixture of calculated
amounts of sodium feldspar, sodium carbonate, and aluminum hydroxide. The
addition of aluminum hydroxide was either eliminated or was very low in
comparison with the amount used for zeolite 4A synthesis; since the Si/Al ratio of
the sodium feldspar was almost identical to what was needed for zeolite 13X. Thus,
there was almost no need to compensate for the difference with an additional
alumina source. SEM images and XRD patterns of synthesized zeolite 4A samples

are given in Figure 5.21 and Figure 5.22, respectively.

Figure 5.21. SEM images of the Zeolite 13X-Feldspar-Na>COs
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Figure 5.22. XRD pattern of the Zeolite 13X-Feldspar-Na,CO3

SEM images shown in Figure 5.21 confirmed the typical morphology of faujasite
type zeolite of truncated bi-pyramids. Moreover, the XRD pattern shown in Figure
5.22 proved no additional secondary phase formation. The same problem with poly-
dispersion of particles was observed in this synthesis route due to the one-pot fusion

method.

55 Conclusions

In this part of the study, zeolite 4A and zeolite 13X were successfully synthesized
from sodium feldspar with the alkali fusion method followed by hydrothermal
synthesis. Mainly previously optimized parameters were used to synthesize zeolites

out of sodium feldspar.

In the first part of the study, alkali fusion was applied with sodium feldspar and
sodium hydroxide. Hydrothermal synthesis was applied to the fusion products with

additional sodium aluminate and/or sodium aluminate and DI water.
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However, in the second part of the study, one-pot synthesis was applied for the
activation of sodium feldspar and aluminum hydroxide with the help of sodium
carbonate as an alkali agent for the first time. This unique one-pot fusion method
helps to generate a semi-product, which can be converted into zeolites at any time

with the addition of the calculated amount of distilled water.

Zeolite 4A and zeolite 13X were successfully synthesized with two different fusing

agents, and XRD patterns of these zeolites are shown in Figure 5.23 and Figure 5.24.
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Figure 5.23. XRD patterns of commercial zeolite 4A and synthesized zeolite 4As
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Figure 5.24. XRD patterns of commercial zeolite 4A and synthesized zeolite 13Xs

In conclusion, both alkali agents worked adequately to convert the water-insoluble
sodium feldspar raw material into a soluble sodium aluminosilicate source, and

proper zeolites were synthesized from the fused materials.

Sodium feldspar is a crucial mine that is highly used in various industries such as
ceramics, paper, cosmetics, etc. [160,161,205,206]. Sodium feldspar is a unique
material for zeolite synthesis, and it is highly abundant in Turkey. It is reported for
the first time that it can be utilized as a zeolite starting material for a cost-effective

alternative for standard laboratory-grade chemicals.
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CHAPTER 6

DIRECT SYNTHESIS OF ZEOLITE 3A & ZEOLITE 5A

Zeolite 3A is the potassium exchanged form of zeolite 4A, while zeolite 5A is the
calcium exchanged form of the same zeolite. In industry, the production of zeolite
3A and 5A is achieved by applying ion-exchange procedures to zeolite 4A. Thus,
the success underlying successful zeolite 3A and 5A production is dependent on the
synthesis of zeolite 4A through traditional methods. For that purpose, the
synthesized zeolite 4A samples need to be ion-exchanged in an aqueous medium
with potassium (3A) and calcium (5A) salts. This chapter aims to explain the direct
synthesis of zeolite 3A and zeolite SA with desired K/Na and Ca/Na ratios. The
advantages of the proposed direct synthesis method are its ability to lower the
number of the process steps and thus decreased energy & time spent to obtain ion-
exchanged forms of zeolites. The schematic representation of the production route

is shown in Figure 6.1.

(a) K/Ca Source | Water

Chemicals Reaction Washing lon- Washing
Water & Drying Exchange & Drying | ca-LTA
(b)
Fused Raw
Materials -
—>  Aging Reaction ;V;sh!ng
Water rYIng | Ca-LTA

Figure 6.1. Schematic representation of (a) the standard synthesis and ion-
exchange procedure and (b) proposed direct zeolite 3A and zeolite SA synthesis

procedure.
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6.1  Direct Synthesis of Zeolite 3A

For industrial purposes, the specifications do not require zeolite 3A to be fully ion-
exchanged; in fact, it is expected to be partially ion-exchanged with K" ions for de-
humidifying applications [42]. Accordingly, the existing procedure involves
exposing zeolite 4A samples to an ion-exchange procedure with varying K/Na ratios
at tailored conditions such as different K™ concentrations or durations of washing
[70,207,208]. The one-pot synthesis route developed in this thesis study was adapted
by changing the desired amount of sodium source with potash as an alternative raw

material in the current study.

Two different K/Na ratio zeolites at low and high K" concentrations were
synthesized through the one-pot process by changing the proper amount of sodium
carbonate with a fine powder of potash. SEM images of the synthesized zeolites and
Energy Dispersive X-Ray (EDX) Spectroscopy results were given in Figure 6.2 and
Table 6.1.

Figure 6.2. SEM images of zeolite 3A synthesized using the one-pot process with
low K" (a) and high K* content (b).
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Table 6.1 K" and Na" content of zeolite 3A synthesized through one-pot process

and commercial zeolite 3A.

Zeolite Na (atomic %) K (atomic %)
Zeolite 3A-Low K 9.74 5.12
Zeolite 3A-High K 6.43 8.36
Commercial Zeolite 3A 8.86 6.15

Synthesized zeolite 3A crystals showed the general morphology of the LTA family
with a truncated cubic morphology. Furthermore, XRD patterns of the synthesized

zeolite 3A samples are given in Figure 6.3.
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Figure 6.3. XRD patterns of zeolite 3A samples synthesized through the one-pot

process and commercial zeolite 3A.

Commercial zeolite 3A was supplied from NEDEX group, which is the company
that uses zeolite 3A to build the desiccant beads to be utilized in between insulating

windows. Low K" content zeolite 3A had higher crystallinity (95.2%) with respect
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to the high K" content counterpart (52.6%), which might be due to the inhibiting
effect of larger ion-sized K" in the nucleation and growth rate of the crystals. It was
shown in the literature that higher K content resulted in decreased relative
crystallinity [209,210]. Seeding was shown to enhance the nucleation and crystal
growth rates [7,211], which can be applied in the future to the developed one-pot
zeolite 3A synthesis procedure resulting in an increased relative crystallinity of the

final products.

6.2  Direct Synthesis of Zeolite 5A

A similar procedure was proposed to directly synthesize zeolite SA, eliminating the
extra ion-exchange step currently used in industrial processes (Figure 6.1). In this
proof of concept study, the desired amount of sodium source was changed with
calcium carbonate during the one-pot synthesis route developed in this thesis. After
calcination, the obtained product was seen to be an agglomerated solidified product,
which needed to be crushed with the help of a mortar. The obtained powder was
mixed with the desired amount of water for the aging and reaction processes. SEM
images of the synthesized products and Energy Dispersive X-ray (EDX)

Spectroscopy results were given in Figure 6.4 and Table 6.2.

Figure 6.4. SEM images of zeolite SA synthesized through the one-pot process

with low Ca*" (a), medium Ca*" (b), and high Ca?* content (c).
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Table 6.2. Ca?" and Na* content of zeolite SA synthesized through the one-pot

process and commercial zeolite 3A.

Zeolite Na (atomic %) Ca (atomic %)
Zeolite SA-Low Ca 8.74 2.12
Zeolite SA-Medium Ca 6.91 3.67
Zeolite SA- High Ca 3.16 6.56
Commercial Zeolite SA 3.98 6.15

SEM images of the synthesis products showed a significant amount of intergrown
particles, creating agglomerations of the crystals. There was a loss in the typical
morphology of LTA crystals with increasing Ca** content. Also, XRD patterns
shown in Figure 6.5 displayed a significant loss in % crystallinity with increasing
Ca®" content. This may be due to the +2 charge of the calcium atom placed into the

pores of the zeolite framework.
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Figure 6.5. XRD patterns of zeolite SA synthesized through the one-pot process

with different Ca®* content and commercial zeolite 5A.
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Relative crystallinity of the synthesis products was calculated, and high Ca*" content
zeolite 5A showed almost no peaks of zeolite SA. The % crystallinity increased
from 35.7% to 89.8% for medium and low Ca®' containing zeolite 5A samples,
respectively. These results were in agreement with the SEM images shown in Figure

6.4.

6.3  Application Based Performance of Synthesized Zeolites

Performance-based characterizations were performed on synthesized zeolites such
as water sorption capacity, particle size distribution, and color data, which were the
most crucial parameters that had to be met for zeolite-based
applications[44,104,212]. Color analysis results are summarized in Table 6.3 for all

samples prepared in this part of the thesis study.

Table 6.3 Colorimetric analysis of synthesized zeolites and commercial zeolites

Zeolite a b L

Syn. Zeolite 3A-Low K -1 2 73
Syn. Zeolite 3A- High K 2 6 72
Commercial Zeolite 3A 1 2 71
Syn. Zeolite 5A- High K -2 5 74
Syn. Zeolite SA- Medium K -2 4 70
Syn. Zeolite 5A- Low K -1 2 71
Commercial Zeolite SA 1 2 72

As shown in Table 6.3, color analysis of the synthesized products showed
comparable results with that of the commercial zeolites. The product's color to be
used in industry is of significant importance for many applications, and only
particular values are accepted before use [44]. Another specification to be met is the
particle size distribution, which is user-specific for each separate procedure. Smaller

particle-sized samples were desired since increased particle size results in slower
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adsorption/desorption behavior [37,213]. Thus, an average particle size of Sum is
commonly desired for desiccant-type zeolites. Particle size analyses of the

synthesized zeolites are given in Table 6.4.

Table 6.4 Particle size analysis results of synthesized zeolites and commercial

zeolites.
Zeolite d10 dso d90
Syn. Zeolite 3A-Low K 1.752 3.166 6.545
Syn. Zeolite 3A- High K 1.984 3918 7.129
Commercial Zeolite 3A 1.862 3.170 5.170
Syn. Zeolite 5A- High K 1.198 4.140 8.198
Syn. Zeolite 5A- Medium K 3.118 6.148 9.954
Syn. Zeolite 5A- Low K 3.349 8.763 13.745
Commercial Zeolite SA 2.187 4.492 6.587

Particle size analysis results showed that zeolite 3A could be synthesized within the
ranges of the requirements for desiccant-type zeolite production. However,
synthesized zeolite 5SA samples showed higher d50 values with respect to the

commercial zeolite SA.

One of the most crucial characteristic behavior of the LTA family, besides the high
ion exchange capacity, is the water sorption capacity. These analyses were

performed with the help of a TGA system, and the results are given in Table 6.5.
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Table 6.5 Water sorption results of synthesized zeolites and commercial zeolites

Zeolite Water Sorption (%)
Syn. Zeolite 3A-Low K 19.3
Syn. Zeolite 3A- High K 17.3
Commercial Zeolite 3A 19.9
Syn. Zeolite SA- High K 9.9
Syn. Zeolite 5A- Medium K 16.4
Syn. Zeolite SA- Low K 18.8
Commercial Zeolite SA 20.2

Water sorption studies indicated that zeolite 3A with low K content showed superior
characteristics of the desired product. The zeolite 3A synthesized in the current study
was shown to fully meet the industrial requirements expected as desiccants showing
comparable water sorption capacity, particle size distribution, and color analysis
data with respect to the commercially available one. NEDEX group tested the zeolite
samples developed in the current study and concluded that zeolite 3A with low K*
content was suitable for commercial applications meeting their water retaining
requirements. Zeolite SA was also successfully synthesized using sodium feldspar
and calcium carbonate, but further modifications need to be performed to enhance

the products' particle size and crystallinity characteristics.

6.4 Conclusions

Zeolite 3A and zeolite SA were successfully synthesized from locally available raw
materials by using the one-pot fusion method for the first time. This method makes
it possible to arrange the final product's K/Na and Ca/Na ratio by changing the fusion
mixture's content. In this proof of concept study, the possibility of the developed
methodology was implemented, and resulting particles were characterized

according to the industrial specifications. Results obtained from the synthesized
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zeolites were compared with the commercially available zeolites. Promising results
were obtained within these studies, but further modifications on synthesis
parameters such as seed addition to the reaction mixture before the aging step,
improving the aging times, and reaction times are recommended for future studies.

In this way, the performance of the synthesized zeolites can be further improved.
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CHAPTER 7

SCALE UP STUDIES

Zeolite 4A and Zeolite 13X from various raw materials were successfully
synthesized during this study. The synthesis was performed in HDPE bottles with
closed caps with the help of magnetic stirrers, conventional ovens, and centrifuge
systems. Due to the need for high quantity materials for industrial application trials,
one aging tank, one reaction tank, and a filtration system were designed with 20 L
volume. This amount allowed one to increase the yield almost 500 fold from one

batch of synthesis.

7.1  Design of the Reactor and Filtration System

Commercial-grade high-density polyethylene bottles with closed caps were used in
small-scale laboratory research studies. Scaling up the system to almost 500 fold
with the same type of material is relatively high in cost, and experimental eruptions
might occur after a couple of syntheses with the same HDPE bottle due to the

increasing pressure in the bottle during the reaction.

304-grade stainless steel can be used instead of HDPE due to its strength over the
alkali medium of the reaction mixture. Also, in small-scale laboratory-grade studies,
a single HDPE bottle was transferred from a magnetic stirrer into a conventional
oven for the reaction step. However, for scale-up studies, two different vessels were
planned, one was for the aging step, and the next was for the reaction phase. The
basic drawings and pictures of the aging and reaction vessels are shown in Figure

7.1 and Figure 7.2.
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Figure 7.1. Schematic view of the aging and reaction vessels for the zeolite

synthesis system.

Figure 7.2. Pictures of the zeolite synthesis system during aging and reaction steps.
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Each vessel was 20 L with almost 1 kg of zeolite yield after each batch of zeolite
synthesis. A filtration system was used to wash the samples after the reaction in the
laboratory-scale synthesis route, and it was possible to use centrifugation to separate
five micron-sized particles in a suspension with 50 ml volume. However,
centrifugation was not possible for 20 liters of the reaction product due to economic
concerns. Alternatively, a pressurized filtration system was developed with a metal
sieve of 1-um that was purchased from Pope Scientific Inc. Figure 7.3 shows the

pictures of the developed filtration unit.

Figure 7.3. Pictures of the filtration system (a) with 1- um mesh metal filter plate

(b)

7.2 Synthesized Zeolites with Scale Up System

In this particular study, zeolite 4A was successfully synthesized from the calcination
product of sodium feldspar, sodium carbonate, and aluminum hydroxide for the first
time using the developed scale-up system. Sodium carbonate is a less hazardous

chemical than sodium hydroxide with less cost. Optimized parameters of fusion,
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aging, and reaction steps were used in this study. Almost 1 kg of synthesis product
was obtained from every synthesis. Also, the reproducibility of this synthesis route
was studied, and XRD patterns and the SEM images of the synthesized zeolites were

shown in Figure 7.4 and Figure 7.5, respectively.
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Figure 7.4. XRD pattern of zeolite 4A obtained from optimization studies, pilot-

scale system, and commercial zeolite 4A.

Figure 7.5. SEM images of zeolite 4A-1using using scale-up system zeolite 4A at

different magnifications.
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According to XRD patterns, zeolites with crystallinity values above 90% with
respect to the commercial zeolite 4A were obtained can be synthesized with similar
parameters with the laboratory-grade synthesis procedure. In this particular study,
zeolites were aged at 60°C vessel for 4 h with continuous agitation while reaction
took place at the second vessel at 100°C for 5 hours. Some agglomerations were
observed in the SEM images given in Figure 7.5, which might be due to the
uncontrolled stirring rate of the scale-up system. Particle size analyses were
performed, and results obtained from 10 batch syntheses are summarized in Table

7.1.

Table 7.1 Average particle size analysis of zeolites obtained using the scale-up

system and commercial zeolite 4A.

Zeolite Code d50 (um) d90 (um)
Commercial Zeolite 4A 3.06 5.90
Scale Up System Zeolite 4A-1 4.28 7.85
Scale Up System Zeolite 4A-2 4.65 8.79
Scale Up System Zeolite 4A-3 4.50 8.27
Scale Up System Zeolite 4A-4 4.48 8.30
Scale Up System Zeolite 4A-5 4.65 7.95
Scale Up System Zeolite 4A-6 3.98 6.25
Scale Up System Zeolite 4A-7 4.24 8.13
Scale Up System Zeolite 4A-8 4.88 9.12
Scale Up System Zeolite 4A-9 3.85 7.15
Scale Up System Zeolite 4A-10 4.05 8.42
Scale Up System Zeolite 4A-Average 4.24 7.83

The average particle size of products obtained from ten different batch syntheses
runs was observed to be relatively higher with respect to the commercial zeolite 4A
(4,24 um for d50 and 7.83 for d90). These results may be related to the uncontrolled

mixing rate in the aging tank, which could result in the lower dissolution of the
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sodium aluminosilicates leading to the agglomeration of the crystals on top of the

undissolved particles and acting as nuclei in zeolite formation.

Table 7.2 Water sorption capacities of scale-up system zeolites and commercial

zeolite 4A
Zeolite Code Weight Loss (wt. %)
Commercial Zeolite 4A 20.34
Scale Up System Zeolite 4A-1 19.25
Scale Up System Zeolite 4A-2 19.83
Scale Up System Zeolite 4A-3 20.08
Scale Up System Zeolite 4A-Average 19.72

The average water sorption capacity of the synthesized zeolites was 19.7 wt. % while
commercial zeolite 4A was 20,3 wt. %. Although not very significant, the 0.6 wt. %
difference might be caused by the larger average particle size of the agglomerated
particles. It was observed that the scale-up system zeolites showed two peaks, while
laboratory-scale synthesis showed one peak in particle size distribution analysis

shown in Figure 7.6.
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Figure 7.6. Particle size distributions of scale-up system zeolites and laboratory-

scale zeolites.

The bigger average particle size of the scale-up system zeolites might be formed
with agglomerations since no quenching was applied after the synthesis of the
zeolites. After the reaction took place in the second vessel at 100°C, the resulting
particles cooled down naturally for a more extended period of time. This natural
cooling step could cause agglomerations and increase the product's average particle

size.

Since the diffusion length of the water molecules is higher in average particle-sized
zeolites, the adsorption and desorption mechanism could be acting slower in the

products made using the scale-up system.

Also, applicational characterizations were performed with the synthesized zeolites
as asphalt additives to form warm mix asphalts (WMA). Viscosity measurements
were performed with scale-up system zeolite 4A added mixtures and compared with
two commercial additives (Advera and Aspha-min). Results of these tests are given

in Figure 7.7.
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Figure 7.7. Viscosity results of WMA prepared with Advera, Aspha-min, and
Scale-Up Zeolite 4A

According to the viscosity tests, it is clear that the viscosity increases with the
addition of the additive. In addition, Scale Up Zeolite 4A is as effective as the
commercial additives. It especially showed superior performance against
commercial products at lower temperatures. However, it is also essential to analyze
the effect on the asphalt mixtures. To be able to investigate the asphalts prepared
with additives, compactability tests were performed, and results were shown in

Figure 7.8.
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Figure 7.8. Air Voids of Asphalt Mixtures with respect to compaction

temperatures

As shown in Figure 7.8, Scale Up Zeolite 4A improves the compaction at lower
temperatures with respect to hot mix asphalt. Further studies with increasing dosages
of zeolites for better understanding and comparison with commercial warm mix

asphalt additives shall be performed.

7.3 Conclusion

Zeolite 4A crystals were successfully synthesized with the designed scale-up system
composed of two heated and stirred reactors and a filtration system. The resulting
zeolites were characterized with SEM, XRD, particle size analyzer, and TGA to
better understand the characteristic properties of synthesized zeolites. Average
particle sizes of the synthesized zeolites were relatively higher due to the
agglomerated crystals on undissolved fusion products during the aging step. The
larger average particle size of the synthesized zeolites showed slightly lower water
sorption capacity over commercial zeolites due to the possible higher diffusion
length for water molecules and the disordered nature of the agglomerated zeolite

crystals.

Nevertheless, this system allowed the investigated proof-of-concept routes, i.e., one-

pot-fusion, to be carried into industrial testing operations. The developed materials

141



were tested in many industrial partners, and several patent applications were made
throughout the study. These industrial application areas can be summarized as
antibacterial compounds, asphalt mixing industry, dry powder paint production,
detergent producers, and desiccant industries. A summary of enhancements that
could be made in order to take this work into the next step for successful national

zeolite production in the future is given below.
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CHAPTER 8

SUMMARY, CONCLUSIONS & FUTURE WORK

As the final chapter, raw material activation types, synthesis of zeolites from the
activated semi-products, and applicational characterizations will be summarized and

concluded.

8.1 Selection and Activation of Raw Materials

This thesis study aimed to evaluate the possibility of market-competitive, cost-
effective zeolite synthesis by using locally available raw materials. For this purpose,

two primary raw materials were used; kaolin and sodium feldspar.

It was found that zeolite 4A can be easily synthesized from kaolin by the
metakaolinization method. Kaolin is one of the most suitable raw materials for
zeolite 4A synthesis. It has a Si/Al ratio of 1, similar to zeolite 4A with a perfect
match, and the metakaolinization process basically involves heating the raw material
to temperatures higher than 600°C. However, the quality of the raw material itself
is an important parameter that defines the specifications of the final product. The
method developed needs to be adjusted for every application to be used in the
industry. This adaptation usually needs more hard work using clays as raw materials
rather than commercial products. Due to these drawbacks, the current study
introduced two alternative approaches: alkali fusion and one-pot fusion of kaolin
sources with additives [213]. These methods are beneficial due to the ease of control
on the gel formulation in the primary step and converting quartz-like structures into

water-soluble silicates.

On the other hand, zeolite 13X, which has a higher Si/Al ratio with respect to zeolite

4A, is more suitable for its synthesis from sodium feldspar sources. The only
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disadvantage of feldspars, due to their tectosilicate structure, is the impossibility of
generating an amorphous form of it by a simple heat treatment like kaolins. Thus,
Sodium feldspars had to be subjected to alkaline fusion with sodium hydroxide and
sodium carbonate to generate soluble aluminosilicates. Nevertheless, due to the
chemical composition of sodium feldspars involving sodium in its chemical
composition (rather than potassium), the required amount of sodium source used in
the fusions was decreased up to 15 wt.%, which had a significant benefit in cost-

reduction [214].

One-pot fusion was shown to be an innovative approach due to the total control on
the gel formulation, which resulted in effortless conversion of fused product into
zeolites by the simple addition of water, just like instant soup preparation. Also, this
method enabled one to convert any kaolin source with a high amount of quartz
impurity in the structure into a well crystalline zeolite with desired gel formulation

adjustments without any pre and/or post-treatments.

Activated materials such as metakaolins of alkaline fused and one-pot fused
products can be stored in closed containers allowing synthesis to be performed
afterward using the stored semi-products. Since zeolite synthesis is mostly a batch
synthesis process, it can be very advantageous to store the semi-products for further

operations.

8.2  Zeolite 4A & Zeolite 13X Synthesis in Laboratory Scale

The methods for successfully synthesizing zeolite 4A and zeolite 13X crystals were
developed from various kaolin [212] and sodium feldspar sources [214] in the
current thesis study. Both activation and synthesis parameters were optimized on
selected kaolin and sodium feldspar sources. Later, these methods were adopted to
the other sources with varying chemical compositions [215]. The =zeolites'
production was performed using well-known hydrothermal synthesis methods with
appropriate gel formulations for zeolite 4A and zeolite 13X. Since all the silica and

alumina sources were placed in the vessel simultaneously, unlike laboratory-grade
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chemicals used during standard synthesis, dissolution of silica and alumina species
and formation of nuclei happens simultaneously. This was thought to be the main
drawback of the methods developed since the sodium aluminosilicate species in the
semi-product could act as a nucleation center and growth promoter. Accordingly,
large agglomerations and intergrown crystals were observed in the synthesized

products.

8.3  Direct Synthesis of Zeolite 3A & Zeolite 5A

Zeolite 3A and zeolite 5A are obtained by several process steps of subjecting zeolite
4A to ion-exchange step in the industry. In this study, zeolite 3A and zeolite SA
were directly synthesized from locally available raw materials by replacing the
sodium-containing alkaline agents with locally available calcite or potash minerals

possessing calcium or potassium for the first time [216].

In this wayi, it is possible to synthesize zeolite 3A and zeolite SA with total control
on the Ca/Na and K/Na ratio, which is very critical for their use in industry. One
other superior property of the direct synthesis method is that it shortens the
processing times by getting rid of the ion exchange procedure, which usually takes
more than 24 h. The proposed mechanism is beneficial in several ways, such as
shortening the production time, decreasing the energy and workforce used in the
production, and cost-effectiveness by utilizing locally available raw materials such
as calcite and potash instead of industrial-grade chemicals as calcium/potassium

chlorides.

8.4  Synthesis of Zeolites in Scale-Up System

Zeolite 4A was successfully synthesized in the Scale-up system designed and built-
in as a part of the San-Tez Project coded “0162.STZ.2013-01”. Reproducibility
studies were performed on the Scale-up system, and similar results were obtained in

every batch operation. This particular study used gel formulations and synthesis
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parameters for zeolite 4A, which was optimized in Chapter 4. Over 1 kg of the
product was obtained from every batch synthesis from the Scale-Up System. The
developed system can also be operated in a semi-batch mode where two tanks

function for aging and reaction steps connected in series.

Synthesized zeolites were characterized with SEM, XRD, particle size analyzers,
and TGA for water sorption capabilities. The synthesized zeolite crystals were

shown to have competing performances compared to their industrial counterparts.

8.5  Suggestions and Future Work

This thesis deeply investigated zeolite synthesis from locally available raw materials
such as kaolin and sodium feldspar with different activation methods. This study
opened the gateway for extending the developed method to new locally available
raw materials or waste products, such as natural zeolites (clinoptilolite),

pyrophyllite, halloysite, and fly-ash.

Due to the nature of the one-pot fusion method, the dissolution of sodium
aluminosilicate species and the formation of crystal nuclei co-occur, generating
agglomerations in the final products. These agglomerations can be controlled by
specific adjustments in the aging parameters, such as lowering the temperature and

increasing time to allow the dissolution of sources before nucleation begins.

Zeolite 3A and Zeolite 5SA were directly synthesized from sodium feldspar with
calcite and potash as alkaline agents for the first time with the previously optimized
parameters for zeolite 4A in Chapter 4. The ranges of Ca/Na and K/Na ratios and
their constraints can be further studied. Also, another approach can be utilized to
include metallic ions such as silver, zinc, and copper to synthesize antibacterial

zeolites directly, eliminating the need for extra ion-exchange steps.

Fusion was shown to be an essentially critical step in the current thesis study, which
was shown to generate the “semi-product” of sodium aluminosilicate species out of

any raw material available in that particular local environment. This step was the
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most energy-consuming part of the zeolite production process since high
temperatures shall be achieved up to 900°C. Alternative activation studies can be
performed to replace the alkaline fusion with mechanical systems such as ball
milling. In this alternative, high energy in the colliding balls can generate the desired
sodium aluminosilicates, and the most energy-consuming section of zeolite

production can be eliminated.
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APPENDICES

A. TDS of Kaolin BO Extra

KAOLIN

ENDUSTRIYEL MINFRALLER SANVETICAS.

TEKNIK VERI KARTI
Kaolin B0 EXTRA

1. KIMYASAL ANALIZ, %

Si0, 49,00 = 2.00
ALO; 36.50 £ 0.50
Fe.0; 0.75=0.05
TiOs 0.30=0.05
Ca0 0.15=0.05
MgO 250,05
Na.0 0.15=0.05
K0 0.60= 0,20
AZ. (1050°C) 12,50+ 0,60

2. FIZIKSEL OZELLIKLER

Mazx.Kat1 Konsantrasyomu, 5 Ps (%) 66.00=2,00
Optimum Elektrolit Miktars, 5 Ps (%) 0,70+ 0,10
Dikiim Hizi (mm®dk) 0.80+0.10
Kuru Baglama Dayarun (kg/em?) min. 7.50
-2 pm (%) 67,00+ 3,00
Toplu Kiigiilme 1180 °C (%0) 9,50+ 1.00

1200 °C (%) 11,20+ 1.00
Su Enime 1180 °C (%0) 22,00+ 1,00

1200 °C (%) 17,00 = 1.00
Beyazlik 1180 °C (%) 89,80+ 1.50

1200 °C (%) 90,40+ 1.50

3. RUTUBET, %

120£20

4. PAKETLEME

Big-bag (~1.1 ton)

5. ONERILEN UYGULAMALAR

Sir ve angop uygulamalar (Karo, Sthhi Tesisat, Sofra-Siis Esyast)
Biinye uygulamalari (Karo, Sofra-Siis Esyast)

* Fiskandali degerler bilgilendirme amaghd:. Kaolin Endhistrivel Mineraller San. ve Tic. A.§. veri kart igeriginde nceden habervermeksicin degigiklik yapma hakkm sakl fute:

Yemisehir Mah. Baraj Yolu Cd. Burak Sk No.17 Darende I Merkezi Kat:5 Daie:12 34779 ATASEHIR ISTANBUL
Tel +90 216 455 23 12/ Faks: +90 216 455 2493
mfo@kaolin.comtr
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B. TDS of Feldspar Esan 5 Micron

7
-

Eczacibasi

INCE FELDSPAT / ULTRA FINE FELDSPAR

Kimyasal Ozellikler (Chemical Analysis)

KIMYASAL ANALIzZ Ultra ince Feldspat
A.Z (Lol) (%) 0,30
SiO; (%) 70,00
Al,05 (%) 18,50
Fe203 (%) 0,02
TiO, (%) 0,02
Ca0 (%) 0,70
MgO (%) 0,20
Na,O (%) 10,50
K20 (%) 0,30

*KIZDIRMA KAYBI IGIN: TM.LT.02 (TS.2980 ve TS.3245 e dayali isletme igi metot) - (TS 2980:1978 ve TS
XRF ILE ANALIZ IGIN: TM.LT.04 (EN 15039'a dayall igletme igi metot)

Analiz metodu Tiirkak tarafindan akreditedir.

Fiziksel Ozellikler (Physical Properties)

TANE BOYUT DAGILIMI Ultra ince Feldspat
d10 (M) 1,809
d50 (M) 3,140
dao (M) 5,706
dos (M) 7,670

245:1978'e Dayali).

*TANE IRILIGI DAGILIMI : Lazer y6ntemi ile analiz; Uluslararasi metod- 1SO 13320-1 1999
Analiz Metodu Tiirkak tarafindan akreditedir.

istanbul Deri Organize Sanayi Bolgesi Kazlicesme Cad. G-5 Parsel istanbul TURKEY
Tel : + 90216 581 64 00

Esan Eczaabagi Endiistriyel Hammaddeler Sanayi ve Ticaret A.S.

Fax: + 90 216 581 64 99

e-mail: esan.info@eczacibasi.com.tr
http://www.esan.com.tr
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C. TDS of Feldspar Polat Madencilik Oglankayasi

POLAT
MADEN

Anasayfa Kategoriler Kirlmig Na-Feldspat
URUN ADI KIRILMIS NA-FELDSPAT (-10mm) OGLANKAYASI
PRODUCT NAME CRUSHED NA-FELDSPAT (-10mm) OGLANKAYASI
UR{N KODU
PRODUCT CODE PM NA.KIR.OGLANKAYASI-10mm
Kimyasal Icerik Si0; % 67,0+ 1,5% K20 % 0,6 £0,1% TiD; % 0,35 = 0,05 %

Chemical Analys
Naz0 % 10,0 = 0,5 % Fe;03 % 0,25 = 0,05 % Al;03 % 19,0 = 1,0 %

Renk Color L a b

PARTICLE SIZE DISTRUBITION

Elek Analizi Sieve Residue Malvern Masterizer (2000)
Tolerans Elek Boyutu
Yo Mesh Mm
1,0 max 2z +10
MNem Humidity 5 % {(Max) -Summer [ 7 % (Max) -Winter
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D. TDS of Feldspar Polat Madencilik Gokbel

POLAT
MADEN

Anasayfa Kategoriler Kirllmis MNa-Feldspat
URUN ADI KIRILMIS MA-FELDSPAT (-10mm) GOKBEL
PRODUCT NAME CRUSHED MA-FELDSPAT (-10mm) GOKBEL
URIUN KODU
PM NA.KIR.GOKBEL-10
PRODUCT CODE mm
Kimyasal Icerik Si0; % 65,0+ 1,5 % K20 % 0,5+0,1% TiO, % 0,35 + 0,05 %
Chemical Analys
Na;0 % 9,5=0,5% Fe,03 % 0,20 = 0,05 % Al;O3 % 21,0+ 1,0%
Renk Color L a b

PARTICLE SIZE DISTRUBITION

Elek Analizi Sieve Residue Malvern Masterizer (2000)
Tolerans Elek Boyutu
Yo Mesh Mm
1,0 max 2 +10
Nem Humidity 5 % (Max) -Summer [ 7 % (Max) -Winter
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TDS of Kazan Soda Sodium Carbonate

¢
kazan®™

SODA ELEKTRIK

AGIR SODA KULU URUN OZELLIKLERI
DENSE SODA ASH SPECIFICATION

Giincelleme Tarihi/ Update Date: 04.05.2020

Kimyasal Adi / Chemical Name  : Susuz Sodyum Karbonat / Sodium Carbonate Anhydrous

Formiil / Formula : Na2COs

Mol. Agirligi / Molecular Weight ~ : 105,99

CAS No : 497-19-8

EINECS No : 207-838-8

Orijin / Origin : Dogal Trona Cevheri / Natural Trona Ore
Diger isimler / Synonyms : Soda Ash

Kimyasal Ozellikler | Chemical Properties

Ozellikler / Specification

Na,CO; % 99.5 min

Na,O % 58.2 min

NaCl % 0.1 max

NazSO, % 0.1 max

Fe (roplam) | Fe (Tota) ug/g 10 max

Water maohbge V| |® 0.0 max

As ppm 1 max

Pb ppm 1 max

Hg ppm 1 max

Céziiniirlik | Solubility gﬂ i ;g:g};g?s?c ZC)
(0°C)

pH 1 % gozelti 11.4

Sodyum Testi | Test for Sodium Testi gegmektedir |Passes Test

PS.03.8T.50 YAYIN TARIHI:05.09.2017 REV.NO/TARIHI:01/03.05.2019

" Merkez: Ségitdzi Cad. Sim
CineR ' KAZAN SODA ELEKTRIK URETIM A.$ | Sogiitozii Is Merkezi No: 14 / D
KURULUSUDUR Bestepeler Yenimahalle/ ANKARA

Tel : 0312 258 55 00
Fax: 0312 285 43 34
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F. TDS of Koruma Sodium Hydroxide

KORUMA KLOR ALKALI

/ SAN. VE TiC. A.S.
/ Deniz mah. Petrol Ofisi cad. No:43 Derince/Kocaeli
SIRKETLER GRUBU

Tel : 0262-2392270 (3 Hat)/ Fax : 0262-2392278

KOSFLAKE

(PAYET KOSTIK )
KIMYASAL ADI SODYUM HIDROKSIT
TICARI ADI KOSFLAKE
KIMYASAL FORMULU NaOH
MOLEKUL AGIRLIGI 40,01 gr/ mol-gr
FIZIKSEL VE KIMYASAL OZELLIKLER
Parametre Birim Spesifikasyon
Goriiniig = Beyaz renkli ,(flake seklinde
Sodyum Hidroksit ( NaOH ) % min. 98,0
Sodyumkloriir ( NaCl) % max. 0,10
Sodyum Karbonat ( Na2CO3 ) % max. 0,4
Demir ( Fe ) mg/kg max.15
Arsenik ( Ar) mg/kg <2
Yoguniuk (20° C) gr/m® 2,13
Civa(Hg) mg/kg <0,1
Nikel (Ni) ma/kg <2
Krom ( Cr) mg/kg <1
Kurgun (Pb) mg/kg <5
Antimon (Sb) mg/kg <5
Selenyum ( Se)) mg/kg <5
Kadmiyum (Cd) mg/kg <1

Referans Standart TS EN 896 e gore diizenlenmistir.

KULLANIM ALANLARI

Suni ipek , Kagit hamuru , Textil endustrisi , Kauguk 1slahi, Organik ¢ézme ameliyesi,

Revizyon tarihi : 20.05.2019
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S ETR

ALUMINYUM

G. TDS of Eti Aluminyum Aluminum Hydroxide

TEKNIK BiLGi FORMU / TECHNICAL DATA SHEET
ALUMINYUM HIDROKSIT / ALUMIN

HYDROXIDE - Al(OH)3

Kimyasal igerik / Chemical Composition [ % ]

Nemli / Wet

Kuru / Dry

Kizdirma Kaybi / Loss on Ignition ( 1000 °C) ~34.6 ~34.6
Al203 >65.0 >65.0
SiO2 <0.015 <0.015
|Fe20s <0.015 <0.015
|Naz20 <0.20 <0.20

Fiziksel Ozellik / Physical Properties
Nem / Moisture [ 105 °C, 2h ]

<0.030

<0.030

Beyazlik / Whiteness, Ry 457 nm
Tane Boyut Dagilimi / Particle Size Distribution

d 50 [um ]

85-125

85-125

< 45 pm[%]

<10

<12

Paketleme / Packaging

1.0 MT,1.1 MT,1.2 MT (PE-PP Bigbags) Dokme/Bulk

Yukarida verilen deg@erler Giriin tolerans araliklarina kaynak niteligindedir. Gergek degerler analiz sertifikasinda verilmektedir.
All data listed above are reference to the product tolerances. The actual values are stated in the Certificate of Analysis.

G.T.I.P./ H.S.CODE

281830000000

K-Q C-E
TSE-SO-EN TSE-ISO-EN
9000 14000

T8-80-45001

Bir CENGIZ HOLDING kurulusudur.

ETIALUMINYUM A. $.
Merkez Ofis: Altunizade Kisikli Cd. No: 37 34662 Uskiidar/ISTANBUL
Tel: +90 216 554 53 00 (Pbx) Faks: +90 216 474 11 22

E-mail: mini
Fabrika: Atatiirk Caddesi 42370 SeydigehirfKONYA

Tel: +90 332 582 30 30 (Pbx) Faks: +90 332 582 39 27
www.etialuminyum.com

cengiz.com.tr

E-mail: rlam: ialuminyum.com
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