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ABSTRACT

USE OF GANGUE KAOLINS FROM COAL DEPOSITS IN SYNTHETIC
ZEOLITE PRODUCTION

Kutlu, Burak Temel
Master of Sciengéseological Engineering
SupervisorAssoc. Prof.Dr.Fat ma Toksoy K°ksal
Co-SupervisorProf.DrBur cu Akata Kur -

August 2022119pages

Kaolin is a mineraith industrial value and can be used as a raw material in different
areas. h most usespure qualitykaolin is required. However, not all the kaolin
occurrences are pure as much as eéadd additional processes are applied before
use. Nevertheless, some occurrences are accepted as gangue materighalue to
poor quality andow reserve. Kaolifrich layers are widespread in coal depo&its

their quality is low.The pesence of clayich layers with kaolin conterib coal
deposits is accepted agproblem in coal mines worldwide. In Turkey, it is also a

common problem.

Zeoliteis another widely used and commercially valuable industrial raw material,
with applicationsin desiccants molecular sieves, catalysts, water softeners, and
warm mix asphalt additives. However, natural zeolites are limited in purity, color,
guality of the zeolite crystals, and reserve, and synthetic ones are produced to use in
end products. lItheproduction of spthetic zeolite like zeolite 4A, kaolin is a unique

source due tats similar silicon and aluminum contents, and structuEe®en the



economically valuable kaolin used for zeolite production is generaliyrgaeed to

have unique high qualityl' his bringsan additional expense in production.

In this study, samples from kaoliich clay layers that are in assemblage with coal
layers within the Thrace basin of Turkey and accepted as gangue material in coal
mines were tested to synthesize zeolite 4/ke samfes are composed of
montmorillonite and illite as well. Three different activation methods were applied
to the samples for the first time, and the synthesis of zeolites was successfully
fulfilled.

The study showed that commercially invalualalay and kadin-rich ganguefrom
coaldeposits within the Thrace region of Turkey can be converted into zeolites, as a
valueadded product for the market which can be used in various applications in
industry.In that way, the wastes that are considered gangue mifreralsoal mines

could be aimed to be brought back into the economy.

Keywords:Kaolin, Zeolite, Synthesis Gangue Applications
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¥Z

K¥M! R YATAKLARI NDAKK GANG KAOLKNLERKN
ZEOLKT ! RETKMKNDE KULLANI MI

Kutlu, Burak Temel
Y ¢ ks ek,Jleiosl aon si M¢hendi sl i Ji
Tez Y° meotDréFiasima Toksoy K°oksal
Ortak Tez ¥neticisi:Prof DrrBur cu Akat a Kur -

AJ ust o,419x¢a? 2

Kaol i n, end¢striyel dej eri olan ve farkl
birmineraldirKul | aném al a sdfvekaléeh laolin gerellidir.rAdcak

tem kaolin olukumlaré gerektiJi kadar sa
uygd aneéer . Bununl a bd ¢ kkblketveerezenbreedeniylegang Kk u ml a
malzemesi olarak kabul edilmektediK © my¢ r yat akl aréenda kao
kat manl ar yaygénder, ancak kaliteleri d¢
kil ce zengiwathbhkal dpgBya -apénda k°megr o

kabul edilmektedive busorum ¢ r ki ye' ddeerde yaygeén

Zeol it , Kurutucul ar , mol ek¢l er el ekl er, |
kar ékém asf al tkiukyagtuk éa nmad cha d laé ryiamydgéeann &Il a n
ticari ol arak dejerli bAmc aka kka@a] e&ln dzedlriit
safl eje,kresgnl l rpeohin kalitesi ve rezer:
kull anél mak ¢ zer e ZeolgdAtgibi senétik zeolitame tair migm e ¢ i |
kaolin, benzer silikon ve al¢i¢minyum i -er |

kaynZ&otitegr et i mi i -in kullanélan ekonomi k
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benzersiz y¢ksek kaliteye satdupBuwdh maseé i -1in

cretimde ek bir melgedaf e beraberinde getir

Bu -al ékmada, T¢rkiye Trakya havzasénda k°m
madenlerinde gang malzemesi olarak kabul edilenke®kZzengin kil

tabakal aréndan aldnasaenhembeaealmesini zeaoal t st

¥rnekl erde monthulooma k1t & d @l keekrvee iillkl iktetze ¢ - f ar k
aktivasyon y°nt emi uygul anméxk ve zeolitleri
Bualékma, T¢rkiye'nin Trakya b°l gesindeki k
a- edan , dieyeekaotncezzengin gangmalzemenin end¢gstride - exKi
uygul amal arda kull anél abil eceknzeolteaz ar i -in

don¢kt ¢gr ¢lg@isit leeBieyklitandree k©° mgr meedgang | er i nden

mi nerali sayélan ateékl ar émekteik onomi ye kazand

Anahtar KelimelerKaolin, Zeolit, Sentez,Gang,Uygulama
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CHAPTER 1

INTRODUCTION

Coal is one of the most common energy sources for civilizations for centuries. With

the advances in technology, more coal mines are opened in recent years worldwide.
According to the studies don,disésymateche Tur |
in recent investigationthat there are 1.138 billion tonnes of coal in the Thrace region

of Turkey. Although the coabearing basins mostly occurred in the Paleo@gkay

et al., 2013andCerpzoic (Toprak, 2009kras, theMesozoic eracoal formation is

also availablen the country(Oskay et b, 2013) In the Cenozoic era, the Eocene

deposits have a higher value industrially than the Miocene and Pliocene coal
depositshowever the Eocene deposits are found less in the cotskay efal.,

2013)

The coal deposits within th€hrace basinOligoceneMiocene inagd keng¢ |l er |
1982) are dominated by clasticsedimentary unitdntercalating with coalas
investigatedin the other coal deposits in the worlthe sedimentary layers that

contain coal show different thicknesses, they are thinner at the edges of the Thrace
region and the coal of that thin sedimentary region is closer to the surface, while the
sedimentary layers are thicker at the center of themdgut the coal in those layers

arefound atrelatively greater deptisKant ar.ce, 2017)



Clay intagcalations of sedimentary depositioare common in coal mines in the
Thrace basinlike other coaldepositsin the country. Thee kinds of clay-rich
intercalationsare commonly kaolin abundaias inferred fromcoal bedswithin
different geological environmen(®ill et al., 2008) Theseclay-rich intercalations
areusually considered gangue material anemostly used awastefilling materials
and dumpednto the sea. The kaolinch clay samples used in this study are from

this type of waste material and its economic recyclability has been investigated.

In industry, kaolinis frequently used ithe production ofcerame, paper, zeoliteetc
However kaolins found near coal mines are considered gangue material due to the
impuritiessuch as heavy metal contents like®sand quartzhatthey contain and

are acceptedas waste in coal mining areélsiu et al., 2017) The solid waste
discharged from the coal mining and washing operation is known as gég

al., 2019) Thus, there is high potentiafor kaolin-rich gangue materiah the coal
deposit areas.

In this study, the usability ajanguekaolin from the coal beds within the Thrace
basinwas investigateth the production of synthetic zeolitevingmanyindustrial

uses. To understand the usabiljtgeolite 4A synthesis fronie kaolin-rich gangue
sampeswith different methods was carriedit At the beginning of the study, four
differentkaolin-rich samplesused as raw materials were examined in terms of their
chemical and mineraontents using Xay fluorescence spectroscopy (XRFjra§
diffraction (XRD), and scanning electron microscopy (SEM). Later, the
characterized kaolinch samples were treated at high temperatures with two
different methods. With the first method, they were heated alone and converted into
metakaolin, and then zeolite 4A skasis was carried out by hydrothermal method

by mixing these metkaolin sampleswith laboratory chemicals. With the second
method, the kaolin samples were first mixeth laboratory chemicals before heat
treatment, and the synthesis of zeolite 4A waseziout by hydrothermal method.

The produced zeolites were characterized by XRD and information about their
crystal structures was obtained, as well as their particle morphologies were observed

by visualizing them with SEM. The zeolite 4A was successfulbgluced from those



kaolin-rich sampleswhich are considered waste material due to the high impurities
it contains. Besides those impurities, some different clay materials were also
observed in thganguekaolin samples and their effect on the final prctdwvas also
investigated.

1.1  Purpose and Scope

In this study the kaolin-rich ganguesamples areisedas raw materialo produce
synthetic zeolite 4A in laboratory conditioradtheir usability is evaluated in this
concern The possibilityof synthetic zeolite 4A production froiie kaolin-rich
gangue claynaterials from coal mineouldresultregainof this ganguenaterial in
industry instead of getting thrown off to the séldse importance of this objective is
to confim a cheap new rawnaterial for synthesizing an industrially important
zeolite 4Athat isan essential material used detergerg and asphaltDespite its
common use and need, it is not produced in Tugkayis importedfrom abroad.
The scope is to investigate the possibitifyregainng theseganguekaolin samples

to the economy.

1.2  Geographic Setting

The kaolinrich ganguesamplesare coming from the Thrace regidhge northwest
part of Turkey. The formation of thganguekaolin material is with the coal of the
region as intercalation materidlhe gangue kaolin samples used in this study are
obtained from codieldsintheA k p & n a rof Istanisul{(Figurel.i).

According tothe Turkish General Directorate of Mineral Research and Exploration
(MTA), the cl atiefyt eXa@ladénr onfa n Biych mlocdted aetl d

Ak p € n ar inthe Thriace regidhasaweightcontentof 25.641% ALOs, and

1-5 % FeOs% whichmatches the kaolin samples used in this siudyzer , 2001)
and the coal deposits found in tlleaformed duringthe Oligoceneperiod(Oskay

etal., 2013k eng¢ |l &1, 1982
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Figurell. Location of Kstanbul and Akpénar di st

1.3 Methods of Study

In this study, 4 differenkaolin-rich coal ganguesampleswhich are named kaolin
samples,were used as a raw material to produce Zeolite 4A crystals with two
different methodswhich aremetakaolinzation (Otieno et al., 2019)and onepot
fusion (Kirdeciler & Akata, 2020) Both methodsnclude 4 main steps which are



high temperature heatingging, reaction, and lastly washidgying the smples All

the steps were used in the same wadyoith methodshowever, different temperature
levels were applied in high temperature heastep In the metakaolinization, the
chemical additivesire added to the kaolin samples aftertilgh temperatur&eat
treatment, while in thenepot fusion thechemicaladditivesare added and mixed
with the kaolin samples before heating the materials. Besides that, two different
chemicals are used as a swd source and compared with each other irotepot

fusion method.Moreover the effect ofhigh temperatureneat treatment with

differentlevelswasexamined






CHAPTER 2

LITERATURE REVIEW

In the mining industrygangueminerals are always encounteredimong these
gangue minerals, coal gangue is one of the most which is investigated by scientists.
Although it has no industrial value, many studies show that the coal gangue can be
used in some applications. Coal ganguetiga of solid waste that is related to the
formation of coal, and it is separated from the coal during mifiingt al., 2021)

The coal gangue can be used in brick making, concrete, calcined kaolin, refractory
material preparatioriilling material, road construction, and mullite product{étao

et al., 2022; Li et al., 2021, Liu et al., 2020; Zhou et al., 2014; Zhu et al.,.2021)

the coal gangue, some thfe most common materials that can be found are quartz,
carbonaceous materials, and clay minerals like kaolibii® Wang, 2019) Several
studies are showintipatgangue kaolin can be used in different applications. It can
be used as a cement reg@anent in concrete for strengthening the cement compound
(Liu & Ling, 2018) a functional filler for rubber to increase mechanical properties
(Zhang et al., 2021)and can be used for improvitige preparation of coal gangue
based geopolymefti et al., 2021) producing lowcost adsorption materiaf3in et

al., 2022) producing materials for soil remediatif@e et al., 2022)and producing
low-cost zeolite synthes(din et al., 2021)Moreover, if the gangue kaolin is treated

and sepaated fromits impurities, it can be used as a coating pigment in paper

applications and as a filler in paints, ceramics, and pgafeirm et al., 2009)

In this chapter,mineralogical information about kaolinand zeolites is given,
including the industrial applications and history of both minerabtiditionally,
information about gangue kaolinand its utilization synthéic zeolites and the

relation between gangue kaolin and synthetic zeolites are also given.



2.1 Kaolin

Kaolin hasattraced considerable interest since people started to use it first in the
third century BC in ChingAdamis et al., 2005}t is a mineral group having aton
exchange capacity in the classification of clay minerals, which takes its name from
the mossignificantmineral kaolinite and it indicates the group of four polymorphs
of kaolinite (Kloprogge, 2018)If a clay sampleontains85-95% of kaoliniteit is
called kaolin however clay samplediaving more than 10% kaolinite can also be
called kaolin(Adamis etal., 2005) Kaolin group minerals other than kaolinite are
dickite, nacrite, and halloysitehile kaolin usually includes minerals of quartz, mica
feldspar montmorillonite,iron oxides, titanium oxidespagnesium oxides, calcium
oxides, sulfides andcarbonatesn their content as impurities(Ramaswamy &
Raghavan, 2011; Survey, 2002; Wea¥. Pollard, 1973)

Thekaolin group minerals are phyllosilicates having a 1:1 layer structure and consist
of continuous tetrahedral and octahedral sheets. The tetrahedrons of kaolin are made
up of a silicon atom that is linked to four oxygatioms by sharing three corners to
generate an infinite twdimensional hexagonal mesh pattern. This forms an infinite
two-dimensional hexagonal mash pattern. The octahedron consists of an aluminum
atom or an empty space and it is coordinated by six oxgpens, and it is linked to
neighboring octahedrons by sharing esliKloprogge, 2018; Velde & Meunier,
2008) Kaolinite type of kaolinis made up o$émallsheets of triclinic crystals having
hexagonal or pseudohexagonal morphology, and the structure of it is a tetrahedral
silica sheet alternating with an octahedral alunsheet(Figure2.1) (Kloprogge,

2018)



Figure2.1. Crystalstructure ofkaolinite, 1:1layer with the adjacent tetrahedral net
on the topgKloprogge, 2018)

The formation of kaolin can occur mainly iwd ways, and the formation of it is
called kaolinization. The first way is related to physical effects like crumbling and
transformation of parent rocks duestarficial processes'he second way is related

to the chemical alteration of the parent rockstdugydrothermal effects. The kaolin
deposits are also categorized as primary deposits and secondary deposits. The
primary kaolin deposits are formed by thesitu minerals, which means the
formation occurs where the parent rock is based at. The secdatdiry deposits

are formed duringhe ransportation of the parent rock due to physical effects like
wind and wate(Bloodworth et al., 1993)

Among these types, the formation of kaolin is mostly related to granitic rocks in
which the feldspar in the granitic rock reacts with water@oduces kaolinite with

the reaction

2 KAISiz0s + 3 H:0 = AlLSiOs(OH)s + 4 SiQ + 2 K(OH)

K-Feldspar Water Kaolinite Silica  Potash



where the formula okaolin is AbSi2Os(OH)s. The product of thisdrmation is

classified as primary residual depogK$oprogge, 2018)

For industrial use, desired kaolin sources should have a minimum amount of
impurities like FeOs and KO in source content, and the quality of kaolin is
determined by its Si/Al ratio, whiteness, and fine particle size. Additionally, having
lamellar particle shape, soft and rRalorasive texture, and its chemical inertness over
awiderangeofpHarekaoh 6 s ot her i mportant properties
use. The quality of the raw material is the determining factor defining if this material
can be used as it is in that application field or not. Most of these high purity sources
are used in indusal applications such as paper, ceramigsrcelain, plastic,
synthetic rubber, paint, cosmetics, @mérmaceuticahdustriesand as an adsorbent
(Bloodworth et al., 1993; Ebabbagh et al., 2012; Ibrahim et al., 2012; Roy et al.,
2015; Wood, 2021)

2.11 Industrial Uses of Kaolin

Kaolin has a wide rangaf industrial useskaoln 6 s whi t eness and fine ¢
are the most valuable characteristics of it for its industrialUse fine particle size

of kaolin, which can beless than 2 micron@Bloodworth et al., 1993; Pabst et al.,
2000) plays a rolein its viscosity, color, abrasivenesand ease of dispersion.
Additionally, havinga lamellar particle shape making it opaque, having a soft and
nontabrasive texture ands wide range of pH are also some of the important
properties of kaolin for industrial ugBloodworth et al., 1993)The main use of
kaolin is for coatmg paper. Dispersion, viscosity, brightness, whitenessl
smoothness are some of the most important properties whedemandedy the
paper industry(Bloodworth et al., 1993; Murray, 20Q0For the ceramics and
porcelain industrychemical content is the most important factbe FeOs content

of thekaolin is around.6-1.5%, TiQ content of the sourcdsuld be between 0.6
1.2%, CaO should be less than 0,84td AbOs should be higher than 30#bweight

(Gajic et al., 2014)and the physical properties like color, translucency, resistance to
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heat and porosity are also importémit the source to be commercially available to
use(Wilson & Hart, 2019) The structural characteristics, stabildynd high specific
area of kaolin make it useful as an adsorbent for pugfwastewateicontaining
sulfate iongHudaib, 2021) In the paint, rubbeand plastic industry, kaolin is used
asa functional filler with the help of its attributesich ashape, sizeand surface
propertiegBloodworth et al., 1993)n the paint industrythe high oil absorption of
kaolin makes it useful for undercoats and widesed paint¢Bloodworth et al.,
1993) Kaolinds high coveri ng ppwlasmoother n d
surfaces andive a better finish and dimensional stability while reducing the obst
producingpaper(Bloodworthet al., 1993; Roy et al., 2013h the rubber industry,

the essentiaproperties of kaolin are particle shape, parissiee distribution, and
surface propertiesThese propertiesan be used to influence the mechanical
properties of rubber like tensilstrength, elongation at break, hardpnessl heat
aging propertiegBloodworth et al., 1993; Wu & Tian, 2013h pharmaceutical and
cosmeticsapplications kaolin can be used as additive ingredientin which,
whiteness is the most important property of kaolin when asedtablet and capsule
diluent The second most important property is its fine particle size which must be
between 0.6 and 0.8 micrometéreder n8ndez. et al ., 2019)

In nature, kaolin is not always found in an industrially usqtidlity, and that kind
of kaolinis treated as wasteaterial However, there are wa for making thtwaste

kaolin becomeanindustrially useful material.

2.1.2 GangueKaolin and Its Utilization

Kaolin is an abundant mineral worldwidleat can be found in both industrially
favorable conditions and asuselesgnaterial having insignificant properties with
impurities whicharecalled gangue kaolif.he solid vaste discharged from the coal
mining and washing operation is known as ganfMa et al., 2019)they are
mineralsthathavenovalue economically butra apart of ore and cannot be avoided

with the ore.The mining of highquality kaolin is common in the worlavhile the

11

bei



gangue kaolin gstthrown awaywhen found as a secondary minerathie mining

of some other materiatgich agoal Due to thenvaluablesource utilizatiorbeing
favorable Dr eliminating the use or generation of hazardous substaheesis an
interestin researclfor taking the gangue kaolin and making it useful for industrial
applications. Kaolinite is the main component of the kaolin mineral, but the
impurities like quartz, graphite, iron oxidesnd titanium oxides make it a gangue
material when those impurigeare high in the content of kaolin, and there are some

ways to reduce these impurities.

The gravity separation method is one of the methods for purifying kaolin. This
method uses the density difference between the impurities and the kaolin. With this
mettod, kaolin can be separated from impurities like carbon, @od titanium

which results in obtaining purer kaolin having better white(¥€asli et al., 2017)

Magnetic separation is another metrhbdt usesthe magnetic difference between
kaolin and the impurities contained. Almost all kaolin minerals ¢onsaall
amountsf iron which sometimes cause discoloration. With the magnetic separation
method, the impurities in kaolin can be removed without any chemical application
which makes it aenvironmenffriendly techniquglannicelli & Pechin, 1997)

The flotation method is another one for separating the impurities from kaolin. Both
chemical and physical differences between kaolin and impurities are used for this
method. Impurities like iron, titaniunguartz,and carbon can be separated from
kaolin bythis method. Although it is an effective method for purifying kaolin, it
needs a chemical reagewnthich resultsn an extra cost for the treatment and can
cause pollutiorfBu et al., 2017; Luz et al., 2000; Mathur, 2002; Yoon et al., 1992)

Some impurities can be specifically dissolved from kaolin by chemical leaching,
which is another method for purifying. Suliwiacid (Panda et al., 2010; Tuncuk et
al ., 201 3; ,hydroghloriccaédBhatta@aryyp & Behera, 20149nd
nitric acid(Lima et al., 208) are commonly used for this application, while oxalic
acid( Mar tL2u®esra n 0 s ,esddiura dithignitd&dudadeh, 201&nd other

reagents can also be used. By this method, usurallyand titanium impurities are

12



targeted for purifying. Although chemical leaching is an effective e¥alyssolving
impurities, it is an expensive technique and can calosalissolution of some

important ingredients like aluminu(Panda et al., 2010)

In the synthesiapplicationskaolin-rich coal gangue (gangue kaolin) can be used as
a raw material with the help of highmperature heating treatment. The high
temperature heating treatment foroka is called metakaolinization With
metakaolinization, therystal structure of the materias disturbedand becomes
amorphous andmore reactive.Additionally, gangue kaolin can be used in
synthesizing new materials ithe laboratory such as synthetic zeolitesth
metakaolinizatior{Ge et al., 2022; Jintal., 2021; Xie et al., 2021)

2.2 Zeolites

Zeolites are crystalline, porous aluminosilicate minerals including water molecules

in their structure. Their primary building unit is a thaienensional T@tetrahedron

where T is usually an aluminum @) or silicon (Sf*) atom which has four oxygen

atoms surrounding them to form subunits, and it repeats to form an infinite lattice.
They also include alkaklemens such as sodium and magnesium. Frameworks are
open structures with cations positioned t hi n t he materi al 6s

neutralizes the negative chargdluélattice.

The main framework of zeolites is aluminosilicate tetrahedra, in which the aluminum
(AI*") and silicon (SF") are connected by the surrounding oxygen atoms. The
bonding of oxygen with aluminum and silicon creates the tdiegensional
framework, and the unit blocks are (A)® and (SiQ)* (Figure2.2) (Moshoeshoe
etal., 2017)
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Figure2.2. The tetrahedrairrangement of zeolitd®Moshoeshoe et al., 2017)

The formula of zeolites, in general, is represented agmM§(SiO2)x.(AlO2
)y]-zH20, where Me mostly represents some alkaline or alkaline ekthens such

as K, Na, Ca, Mg?', SP*, Li*, or B&". Those alkalineeslemens balance the
negative charge created by the differences in formal valency betwees)>(AlG
(SiOy)* when the Sit and APF* are substituteqFigure 2.3) (Moshoeshoe et al.,
2017) The presence of these neutralizing cations within the framework can influence
the diffusion, adsorption, and catalytic properties of zeolites. These properties make
zeolites have sensing behavior where the number of cations and hydrophilicity of the
mateaial are controlled by the Si/Al ratio so that zeolites can be usesklective

adsorption application®’. Zheng et al., 2012)

The porous structure of the zeolites is one of the most important properties of this
unique material since it increases enormously the surface area which results in the
usage of zeolites in catalysis fielddoreover the ordered and structured pores,

introduce zeolites' important properties of selective gas adsorption and molecular

sieving.

The framework structure of zeolites includes primary and secondary building units.
The primary building units are common in all zesd whicharecornersharing TQ

tetrahedra having-donnected thredimensional frameworké L e j ka et al

14
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The framework structure also contains more complex units like single rings, double
rings, and polyhedra which are called secondary building udritshermorewith

the linking of the secondary building units in a specific way, more complex units like
chamels, cages, chains, and sheets are formed which are called composite building
units Figure 2.4) (Moshoeshoe et al., 2017The speific arrangement of the
building units creates different types of a framework which results in different types
of zeolites Figure 2.4). According to the Internatioh@eolite Association (I1ZA),

there are 237 main types of frameworks of zeo(ifegure2.5).

Figure 2.3. The framework structure of zeolites, Mé represents cations
(Moshoeshoe et al., 2017)
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Figure 2.4. Examples of secondary building units of zeolitgdkmed, 2014)

Zeolites are known for their ability to aa$ catalysts, molecular sieves, adsorbents,

and ion exchangers and can be applied in many fields related to pollution control,

wastewater treatméngas purification, agriculture, and oth¢rd e ] k a

While zeolites can be synthesized in a laboratory, they can be found as natural

sources too, and there are some differences between natural and synthetic zeolites

which are important for &ir area of use.
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Figure2.5. Examples of different frameworks of zeolites, a) Zeolite A, b) Zeolite Y,
C) Zeolite L, d) ZSM5 zeolite(Y. Zheng et al., 2012)

2.2.1 History and Industrial Uses of Zeolite

Zeolites are first named by a Swedish scientist Axel F. Cronstedt in 1796 from the
combination of Greek words fAzeod0 meaning
which meangboiling ston® because he realized that when he heated the stone, it
created vapoby losing its wateX L e j k a e tAftan his djsco§y,hatyral
zeolites tookscientists' attentioand new types of natural zeolites weiscovered

such as stilbite, chabazite, analcime, harmotome, and laumontite until 1785. The
discoveries of new species of zeolites continued, while some other properties of
zeolites started to take attention of the scientists. In the 18@@&jsorptiorand ion
exchange capacity of zeolites were the point of interest for scientists. After the
invention of XRD inthe 1930s, studies about zeolites enhanced in quaEitjella

& Wise, 2014; Yang, 2003 he first attempt of synthesizing zeolites dates to 1862
done by St. Claire Dele, and inthe 1940s Richard M. Barrer started the first
systematic studies of zeolites, but the most influential early reported synthesis of
zeolites comes from R. M. Milton and D. W. Bre@keed & Breck, 1956 the
1950s(Yang, 2003; Zimmermann & Haranczyk, 2016jnce then, studies about
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synthesizing zeolites advanceand more detailed information about synthetic

zeolites achieved.

The main industrial uses of zeolites are lyaia, adsorption, and i@xchange. Their

large surface area, unique pore size, crystalliaitg thermal stability are properties

of them for being catalystin petroleum cracking, isomerizatioand alkylation
reactiondMoshoeshoe et al., 201 Additionally, they are used fahe production

of fine chemicals, dyestuffs, detergerdad scent¢Cardoso et al., 2015; Kithome

et al ., 19909 : Adsomtpn ik anetter mmih use of Zdli@Dwhich can
be used to adsorovariety of materials. Zeolites are good adsorbents for molecules
such as B, NHs, H2S,NO, NG, SO, and CQ (Moshoeshoe et al., 2017; Rogue
Malherbe, 2000) This property gives zeolites use in applications like drying,
purification, and separation. Water purification is one of the most commaofise
zeolites with its adsorption property. They can be usdbdtreatment of natural,
industrial, agriculturalmunicipal,and even nucleavastewaterWastewatersnay
contan metallic ions such as stibium, chromium, copper, lead, zinc, ¢caalt

nickel and can be purifiediith the help of zeolitegLi et al., 2015; Visa, 2016)
Zeolites are also used for gas separations due to their adsorption capacity with other
properties liketheir uniform system of pores with molectdezed dimensions, high
porosity,andgood thermal and chemical stabil{f@aro et al., 2000; Kosinov et al.,
2016) They can be used in the separation gDHCO,, CHs, and N in industrial
applications like natural gas purification and £&2pure (Choi & Hong, 2021; Q.

Shi, 2021) The other main use of zeolitesmesfrom theirion-exchange capacity.

The hydrated cations in the zeolite are weakly bonded to the framework and can be
replaced with other cations when in an aqueous media. Thexrange capacity

of zeolites makes them mostly used in water softening devices aedjatds
(Koohsaryan et al., 2020; Rozhkovskaya et al., 20@d) it is abo used in other
applications like antibacterial applications, medicine, heavy metal removal and
wastewater treatmen{MoranteCarballo et al., 2021; Torkian et al., 2020ther

than that, zeolites are used in agriculture, horticulture, aquaculture, household odor

control and pet odor control applications.
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2.2.2 Synthetic Zeolites

Zeolite synthesis began in the 1940s, and because of how important they are in so
many industries, it has continued with growing interébe synthesized zeolites are
mostly used in catalysis, adsorption, and separation processes, ardeneware

many new applicationr synthetic zeolites like in chemical sensors, magnetism,
medicine, and electroni¢sL. e | k a e .tWitladontinuoug yriitheés)s, theaee

many new zeolites with new frameworks, compositions, and properties that have
evolved. New methods for the synthesis of zeolites are also evolved with continuous
work. Hydrothermal synthesis is the most common syigheethod for zeolite
synthesis since the beginning but the ultrasonic mefhiadet al., 2020; Yin et al.,

2019) and vapoiphasetransport methoqKasneryk et al., n.d.are also used in
recent years. The method used in this study for zeolite synthesis is the hydrothermal

method

Synthesizedeolites are more valuable in the industry than natural ones for some
reason. The framework structure of zeolites is one of the most importanttig=per
While natural zeolites can forhessthan 50 frameworkg¢Armbruster & Gunter,
2001) synthetic zeolites can reach more thar® 2bfferent main frameworks
according to International Zeolite Association (IZA). The other advantages of
synthetic zeolites are their pure conténgher adsorption capacity for heavy metal
ions (eg. lead, zinc, coppelarger pore size, capability tajast silicon aluminum

ratio during synthesis which exhibits a stronger sorption capacity, and having more

homogenous surface characteris{i€sol, 2020)

Some of the most common studies on synthetic zeatitdsde zeolite 4A, zeolite

13X and zeolite P due to their industrial value.

Zeolite4A is a member of the LTA growgeoliteswhich are mostly used as industrial
desiccantgDyer, 2006; Jaramillo & Chandross, 2004)has a general formula of
Nau2[(AlO 2)12(Si0r)12]-27H0 (Collins et al., 2020having Si/Al ratio close to 1

(Rahman et al., 2018andtakes its name from having 4 angstrom pore. Sibey
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exhibit strong preferential adsorption of water, as wekegeralsmall molecules
including oxygen, nitrogen, carbon dioxide and otheZgolite 4A is an
aluminosilicate zeolite with a cubraorphology and they have a continuous three
dimensional network of channdlzaramillo & Chandross, 20Q43canning electron

microscopy(SEM) and Xray diffractogram(XRD) of a reference zeolite 4A is

shown inFigure2.6.
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Figure2.6. Reference zeolite 4A. A) SEM imad€heng et al., 2020B) X-ray
diffractogram(Zamani et al., 2013)

Zeolite 13Xis another industrially valuablaluminosilicatezeolite type.lt has a
Si/Al ratio of 1.0 to 1.4(Dyer, 2006) and a chemical formula of Na-Al2Os-
2.5SiQ-6H20 (Y. Shi et al., 2022)It also has regular pores like zeolite 4A which
gives it a good iomexchange and adsorption propert{€avenati et al., 2004)
Zeolite 13X have different morphology than zeolite @#d have larger pore size of
nearly 9 angstroms. ltas a selectivity for heavy metals such as lead, cadmium, and
copper. The iorexchange property, selectivity for lead, and regular pore structure
makes zeolite 13X a good solid adsorption matédalShi et al., 2022)SEM and

XRD imagesof a reference zeolite 13X are showrFigure2.7.
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Figure2.7. Reference zeolite 13X. A) SEM ima@earideh & Mansoor, 2015B)
X-ray diffractogram(H. Zheng et al., 2008)

Zeolite P is not as popular as zeolite 4A and 13X, however it also has industrial uses,
such as detergency buildeesd gas separation applicatio(Brown et al., 1989;
Novembre et al., 2021}t has a Si/Al ratio of 0.9 to 1.3Brown et al., 1989)and

the general chemical formula bf2nO.Al203.1.80 5.00Si0.5H.0 where M is a n
valentcation, such as an alkali metdlovembre et al., 2021)t has a high calcium
exchange capacitfMeftah et al., 2009)They have a tetragonally distorted cubic
crystal structureSEM and XRD images of a reference zeolite P is givefRigure

2.8.
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Figure2.8. Reference zeolite P. A) SEM imaffeé. Wang et al., 2019B) X-ray
diffractogram(Mostafa et al., 2015)
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2.3 Synthetic Zeolite and Kaolin

There are different types of synthetic zeolites as mentioned in the previous section.
Zeolite 4A is one of thesynthetic types, which is one of the most demanded in

industrial uses.

Zeolite 4A is a synthe zeolite type commonly produced ia laboratory
environment by using pure laboratory chemicals. Hydrothermal synthesis is the main

method type for producing zeolite 4A by using silicon, aluminum and sodium

sources( Lej ka et al ., 2 0 0 The symheses dor&e byBpure ¢ k ,

laboratory bemicals give expected results if tteguiredconditions are provided in
experimentshowever the coswof using pure chemicals for that kind of guaranteed
experiment is usually higl€onsequentlyscientists have always been in seath
alternative raw materials that can be used in laboratory experiments. For zeolite
synthesis, there are different raw materials used for many years instedy wsing

pure laboratory chemicals. There are somaroonly used cheap raw materials for
zeolite syntheses for many years including ka(fimdeciler & Akata, 2020; Ugal

et al., 2010)bentonit§ Abukhadra et al., 2019; Hamidi et al., 202fhpntmorillonite
(Mackinnon et al., 2010)fly ash( Ak eén et al ., 20 2and Li
halloysite(Meftah et al., 2017; Rubtsova et al., 2022)

Kaolin, as a clay mineral, is widely used in producing synthetic zeolites. Having a

Si/Al ratio of 1 makes kaolin useful for synthesizing some zeolite types like zeolite

195¢

& C

4A( Ayel e et al . ;Pazldlkh;t eAy lhe,b, uédi®e 18 D2 az, 2C

and zeolite RLin et al., 2004)Kaolin has a framework structureadt:1 ratio having
one layer of silica tetrahedron and one layer of alumina octaheth@nstructure
need to be disruptetbr the silicon and aluminum components to kegrated into
the structure of the created zeolttemake kaolin usefulfor zeolite synthesisdigh-

temperatureheating, usually between 6001 1 0 O : i's a way that
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encounteredn the literature for breaking the structure of kaolin so itsasilicon

and aluminum ingredients of it can be added to the synthesis as raw méfenals

et al., 2009) While kaolin can be heated alone to get an amorphous state for
synthesis, it can also be heated in a mixture of laboratory cher(icadeciler &

Akata, 2020)In brief, kaolin should be heatdirst to use it as a raw material.
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CHAPTER 3

GEOLOGY OF THE THRACE BASIN, TURKEY

TheThrace Basin of Turkey is an area that geologists studad/times due to its

coal potential While having coal and hydrocarbons, it alswludes several
industrial mineral mines and metallic mingkich makes it a more attractive area.
The location ofThrace Basin is in the Marmara Region of Turkey, and it is also
called Ergene Basin taking its name from the river in the basin. This basin contains
the region which is from the Marmara Region to Europe, having Istanbuleasits

and boundaries of Greeaad Bulgaria at itavest, the Black Sea at its north, and the

Marmara Sea at its soughigure3.1).

The stratigraphy of the area includes claystopebblestonesandstone, siltstone,

mudstone, limestone, marl, shale, lignite, tuff, and agglomérdtee n g ¢ | er , 198
Ophiolithic m®|l ange creates the basement
that ophiolitic m®l ange wetdhteahdsabhed
Formati on. |t i s f o lwhiahwmdudes ngstly Sandsmme, F or mce
mar,and shal e, then continue with Sojucak
limestones, then followed by Ceylan Formation which includes tuff intéechla

shale, sandstone, and clayey limestffigure3.2).

After the Eocene deposits, Oligocene deposits continue with the Mezardere
Formation having shale, marl, and t f . Above that, Osmanceék
there with sandstonpgbble stonglimestone, and lignite bands and continues with

Dani Kmen Formation which is defined by

sandstonepebble stongtuff, and lignite (Siyako 2005Jigure3.2).

The formations continue with the Miocene depo$idowing the deposition of
Oligoceneunits. At the bottom of the Miocene D

Vol canites. Above t hem, t her e idstongf anakka
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and siltstone respectively atde ¢ e k mece f or mati on with mudstc
marl, and limestone respectively, and lastly Ergene Formation with sandstone,

claystone, and siltstone lithology respectively. Pliocene and Quaternary deposits
comeafterward (Figure3.2).

The Pliocene Deposits are considgpetiblestongsandstone, and claystone and are
called the Thrace FormatioiQuaternary Deposits are above all of them with
carbonate sandstone goebble stone@~igure3.2).

Several studieshowedthatthe maincoal formationn the Thrace regions formed
duringthelateOligocened n D a ni kK meavenk differeat partsmofthe region

(¢el i k 1&;tDemarlet.al., 2022) Ediger et al., 2014; Erarslan et al., 2014;
Erarslan & ¥rgg¢n, 2 0.1n7the relianr theyei ogcurited ae t al .,
regional regression and resultieda deltaic environmentovering the area at the

beginning of the Oligceneafter the transgressioniheEoceng ¢ el i k et al ., 20
Erarslan &. ¥rge¢n, 2017)

Thrace Region

T | | PR
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° ap° |
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] Pliocene Units

ey r Miocene Units ~ \  Fault
Nnbul [ oligocene Units  \ Strike-slip fault
Tekirdag A
= Late Eocene-Early Oligocene
/:—_;;__,,_/-\a\ Units

ar } Mesozoic-Paleozoic basement
Sea of Marmara 2 rocks (mostly metamorphics)

l-41°00" |

al
Aegean Sea Marmara Island 0 Okm

Figure3.1. Simplified geological map of the Thrace Reg(o¢ k ét al., 2017)
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Figure3.2. Generalized stratigraphic section of Thrace Re¢idne n g ¢ | er ,

Age | Formation Lithology Sed_lmentary
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Formation R shore and offshore
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Danisment 8 =====--=] Grey-green claystone, —_— ——
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|in the area, where the samples of this stweyeprovided,Da ni k me n
remains in between Ceylan and Ergene Formatidfigufe 3.3). Dani K me n
Formation is composed of interlaminated claystone, shale, sandstone, and
pebblestone at the lower parts. These sequenceslaredodlby plant debribearing

claystone and coaleams with variablthicknessesaving the average thickness of

For mati on

55 meters( Peri n- ek et al .. On pop bfxhe codbearimga | € , 2002
sequence,lgernation of shale and siltstone are depoqitedit al ay, 2002; ¢el i k
2017)(Figure3.3). The coal of Dani kmen Forgsufut i on cont a
andboron( ¢el i k et al ., 201.7; Erarslan & ¥rg¢n,
s| E
3\ é § Lithology Explanation
2|2
g o Beach and dunes deposits
% - :7 »’; _:;»'0 Alluvium
g W Unconformity
g & s’ DIy Sandstone
2 = - :_ Conglomerate
AAAAAA Unconformity
Alternations of shale and
__ ____J] siltstone
Coal seam
<] a ¥ [EuSesec Alternations of claystone,
shale, sandstone and
[[==="="=7] pebblestone
Unconformity
I=1T=1
¥ s § =1 =11 Atternations of mari,
é g S =1=1 sandstone and shale
] Tuffite
| i 3 |
—~ y Unconformity
g‘ % - Schist, marble, gnessis and
.; E E metagranite
E’ i ﬂ not to scale
Figure3.3. Stratigraphy of the coal depositsaeg¢ el i k et al . , 2017)
The coalin the area igark coloredand brittle. Most of the coais xylite-rich
indicatingthe presence oliquid hydrocarbon in crude coél¢ el i k e.fTheal ., 2017
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ash yield of the coal is low, 13.68% average, and variable totlilfur content is

2.2%onaverage nadry basis, howeveit canreachupto3.7%¢ el i k et al

In some places, coal beds contaiay and sand bandthat are thinner than 1
millimeter and fossilized wood fragments. The coal is in between sandy claystone
with intercalations mainly composed of sandstone and clayéténe | i k et al
In the bulk coal and inorganic sedimentsadz, pyrite, and clay minerassichas

illite, smectite, and kaolinite are foundnd concentrations dfiazardous trace
elements are generally low¢ e | i k e.tin caal, pyrjte is2tte In@s} common
mineral ghase, while quartz and clay minerals are enormously present in all
sedimend. The dominance of clay minerals in the sedimemay indicate that clay
minerals were transporteldiring flood events as suspended loads by a fluvial system
from peripheral rocksAdditionally, kaolinized feldspars found in coal samples

might indicate that kaolinites are partly of authigenicorigit e | i k et al

The samplescalled as gangue kaolimsed in this studwre from theintercalaéd
sediments withirthis coal(Figure3.4). All the samples are fine graindutittle, and
moderately weaklay-rich sediments. They are massive rock samples, and silt sized
grains are observable in hand specimens. However, theirditiers. Sample kaolin

1 (Figure3.5) is whitish and it has the lightest color in all specimens. Sample kaolin
2 (Figure3.5) is gray coloed and it has the darkest color in all sampikesolin 3
(Figure3.6) also has a light color but it is more yellowish than kaolin 1. Lastly, kaolin

4 (Figure3.6) has a brownistyellowish color.

The mineralogy and more detailed investigation of the samples are explained in

section5.1
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Figure3.4. Kaolin samples and their powder forms. A: Kaolin 1, B: Kaolin 2, C:
Kaolin 3, D: Kaolin 4
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Figure3.5. Closeup images of kaolin samples: Kaolin 1, B: Kaolin 2
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Figure3.6. Closeup images of kaolin samples. A: Kaolin 3,Haolin 4
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CHAPTER 4

MATERIALS AND EXPERIMENTAL PROCEDURE

In this chapterthe materials that are used in the synthesis procedure, the preparation
of the gangue kaolin samples for the characterization and the synthesis procedure,
the synthesis procedure of zeolite 4A, and the characterization methods are given.

41 Materials Selectbn

Kaolin-rich coal gangusamples were chosen to provide the desired Si/Al ratio for
the synthesis of zeolite 4Aand they are named kaolin samplkeishough they have
proper Si/Al ratios for the zeolite 4A synthesis, the impurity content makes it useless
for the industry. Additionally, the quartz content is also critical for the use of silicon

in it. To obtain siliconn the quartzits structure should be broken.

Aluminum-hydroxide was used to balance the silicon/aluminum ratio. The sodium
sources are rianly used to balance the sodium ratio but also as an alkali agent in

the synthesis.

Fourkaolin samplegFigure3.4) that were providedfom coal mines in the Thrace

region were used as raw materials for the synthesis of zeolite 4A. Aluminum
hydroxide powder from Kazan Soda Elektrik Company, Turkey wad asean

aluminum source. Sodium hydroxide pellets were obtained from Sigma Aldrich
Chemicals.Sodium carbonate powder taken frdfha z an Soda Wasektri k
used as a different sodium source. As water, double distilled water (DDW) with

<18Y was esgysthedis i n t h
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4.2  Sample Preparation for Raw Material Characterization

Characterization of the raw material is important for fiyathesis becausine
synthesis procedure can$igmpedoncerninghe raw materialand the results of the
syntheses can be compdrto each other in a more detailed wlye gangue kaolin
sampl esdé6 detail ed mlaganedadvantage foatheisymthesisvi | |
procedure. For detailed characterization, the gangue kaolin samples should be treated
and investigated before the synthesis. $ample preparation for thehole rock
characterization, the clay parts of thea mp tharacterizationand the nosrclay

parts of thes a m p ¢hardcterization ardonewith the help of pretreatment steps.

Firstly, massive rock pieces of the kaolin samples are ground in an agate mortar to
obtain powder form then the product was sievedth a 90-micron sieve(ASTM

mesh no 1700 obtain small particlsized material without pellets which is useful

for synthesis and characterization. This is necessary for the samples to be in particle
size for mixing them with other powder chemicals used irsgimthesis of zeolite

4A. After this mechanical treatment, the kaolin samples were analyzed by XRF to
understand the elemental composition of each sample. After the XRF, the samples
were prepared for further analybig XRD to investigate the mineral contan more

detail

The powder samples of kaolin are taken by 10 grams of each in different beakers. In
the beakers, they were mixed for 3 minutes with 1 litetistilled water(DI water)

and a smalamountof sodium polyphosphatgowder forpreventing flocculation of
powdeed samples After mixing, the beakers waited for 8 hours at room
temperature. After 8 hours, the nolay parts of the samples were settled at the
bottom of the beaker while the clay parts continue to float in the water. The water
containing clay particlesvas taken by a pipe from deeper than the middle of the
beaker without touching the natay particles. The first water sampt®ming from
beakers were taken in tubes and centrifuged. The washed samples were taken from
the tubes and applied 4 differenagé sectiomfor each kaolin sample. One of the

glass sections for each kaolin samplsdried at room temperature and labeled as
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air-dried. Another glass section of eachswaited in an ethylene glycol container
in a furnaceat60  temperaturdor 4 hairsand labeled as ethylene glycol treated
samplesThe other two glass sections were dried at 3Q@&nd 550 , and labeled
as 300 dried and 550 dried respectively. All theserientedglass sections were
analyzed by XRDOn the interval of 4 0 2 d , dwel ¢he owder samples were

analyzed inthe intervalof50 2 d .degr ees

The samples remaining in the beakers continued to be washed. Each time the water
has beememovedwithout taking the settled parts at the bottomoreDI water was

added and mixed with 8 hours of waiting. Nearly 800 ml of water was taken by a
pipe in the 1 liter of mixture each time. This process is called siphoning and the
siphoning for the samples continued until the water seemed clear afters8dfiou
waiting each time. After the siphoning is done and the water seemed clear, the settled
parts of the clay samples in the beakers were taken by vaporizing the DI water by
putting the beaker in a furnae#50 . The remaining samples were dried and
andyzed by XRD which werdabeledas the washed sampleBhe initial and

resulting material content after siphoning is also weighted and reported.

The detailed investigation of the gangue kaolin samples is done with these
pretreatment steps, and the inforimatgainedoy these pretreatmentsin be used in

comparing the synthesis results.

4.3  Synthesis Procedure for Zeolite 4A

The main synthesis process starts with lilgd-degreeheat treatment. Thikigh-
degreeheat treatment is necessary for breaking the quartz structure for using the
silicon in it and it is also necessary for the aluminum source to get involved in the

system with the help of treodiumsource.

After the hightemperature heating step is dortee synthesis continues with the
aging step. In the aging step, materials are mixea high densitypolyethylene

(HDPE) bottle first with the preferred amounts to obtain the wanted molar ratios of
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SiO, Al203, N&eO, and HO, and then a magnetic stirrerria placedin the bottle.
Later, the mixture in the bottle is heated and mixed with a magnetic stirrer. When

the time is over for the aging step, the magnetic stirrer bar is taken out of the bottle.

Next, the synthesis continues with the reaction stethdrreaction step, the mixture
from the aging step is taken to the furnace for another heating for some time. In this
step, crystallization occurs and produces Zeolite 4A.

After the reactiorstep the samples are taken from the furnace and let sit ucibis
down. This step is followed by centrifugation for washing with distilled water and
dryingi n a preheat ed .&He syntloesispnoduoty are readygfdr t

XRD and SEM analysis aftall the mentioned procedwwabovearefinished

4.3.1 Synthesis with Metakaolinization Products

In the metakaolinization method, the kaolin samples were first put into calcination
with temperatures of 800 , 850 , 900 , and 950 . Different temperatures

were applied to examine the effect of heat infthal products for the zeolite 4A
synthesis. After the calcination of samples, the rest of the synthesis process is the

same for all differently heated samples.

Firstly, the calcined clay samples were taken and ground with a hatorobtain

the powder fam of the samplkg havingagrain sizeof less thart50microns(ASTM

mesh no 100)Then the samples were mixed with sodium aluminate (8gAdnd

aluminum hydroxide (AIOH)3) in the precalculated weights to make a solid mix.
However,NaAlOowas not wused in the first sampl esd
of the sample was appropriate for the Zeolite 4A withaihgit. Later, the solid

mix is put into highdensity polyethylee (HDPE) bottles and DI water is added

before the next step of the synthesis. The mixture was created concerning the

chemical formula of 2.44 SEO1 Al2Os: 3.14 NaO: 110 HBO. The point athe gel

was created, a magnetic stirrer bar is added to the HDPE bottle, then the aging step

is applied next. In the aging step, a magnetic stirrer is ais#@D rpm and 60 of
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heat is applied to the gel in the HDPE bottle for 4 hours and the madiretictsar

is taken out from the mixture.

After the aging step, the synthesis continues with the reactionlstéps step, the
mixture is taken in a furnace at 100andwaitedfor 4 hours and the zeoliterystals

are formed

4.3.2 Synthesis with OnePot Fuson Products

In the onepot fusion method, two routes were followed and the difference between
the methods is the sodium source used. With the first route, powder kaolin samples
were first mixed with aluminum hydroxide (@H)s) and sodium hydroxide
(NaOH) with precalculated weightg/ith the second route, the clay samples were
first mixed with aluminum hydroxide (ADH)3) and sodium carbonate (M20z).

After preparing the mixture, the rest of the synthesis is the same faolbibtis. The

solid mixture is first heated at high temperatures which ares8@®B50 for both
NaOH and NgCOs fusions,andadditionally900  for NaxCOs fusion Later, the
heated product is ground with a hammer to obtain powder material. AfteDthat
water is added to the powder to obtain a molar ratio of 2.44: 3i@l.0s: 3.14

NaO: 110 HO.

4.4 Characterization

The characterization of the kaolin samples is important for perceiving the
crystallinity of the material and determining the amount ofntlaerial needed for

the synthesis concerning its chemical dad#oreover, characterization is also
important for the synthesized zeolite 4A to see the results of the experiment if it gives
positive outcomesKaolin samples were prepared for charactelmzail hesamples

were first ground in an agate mortar and the product was sieved to obtain small
particlesized material without pellets which is useful for synthesis and

characterization. The kaolin sample powdeese characterized Wgser diffraction
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basedparticle size analyzeKRD and XRFand zeolite products were characterized
by XRDandSEM. Ri gaku Ul tima |V with Cu KU
obtaining crystallinity data, Rigaku ZSX Primus Il was used for XRF to get chemical
data and Mastesizer 2000 was used for obtaining the particle B@a the samples

44.1 X-Ray Fluorescence (XRF)

X-ray fluorescence (XRF) spectrometer is a-destructive instrument that is used

for the chemical analysis of rocks, minerals, and liquid materials with thehe-

rays. It operates on the same wavelertliipersive spectroscopic principles as an
electron microprobe (EPMA) and depends on fundamental principles that are
common to several other instruments like scanning electron microscopy (SEM) and
X-ray diffraction (XRD) tools. The behavior of atoms, when they interact with
radiation, allows xay fluorescence to be used to analyze major and trace elements
in rocks and minerals A-Ray Fluorescence (XRIE), 2 0The3rgw kaolin samples
were characterized with XRF for obtaining the chemical datdhe Middle East

Technical University Central Laboratory

4.4.2 X-Ray Diffraction (XRD)

X-ray powder diffraction (XRD) is a quick analytical technique that can offer
information on unit cell dimensions and is mostly used for the phase identification
of crystalline materials. The studied material is finely powdarehomogenized,

and the bulk composition is calculated on an average basis wily Hiffraction.
Constuctive interference between monochromaticays and a crystalline sample

is the basis of Xay diffraction(Dutrow, 1912) The kaolin samples and synthesized
zeolite products in this study were investigated with XRDthe Middle East
Technical University Cearal Laboratory
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443 Scanning Electron Microscopy (SEM)

Scanningelectron microscopy (SEM) generates a variety of signals at the surface of
solid specimens using a focused beam of {eiglrgy electrons. The signals
generated by electresample interactions pvoi de i nf or mati on on
exterior morphology (texture), chemical composition, crystalline structure, and
orientation of the materials that make up the sarf§danning Electron Microscopy

(SEM) 2017) The synthesized zeolite products were investigated with BEke

Middle East Technical University Central Laboratory

4.4.4 Laser Particle Size Analyzer

Laser diffractionbased particle size analyzers use the technique of laser diffraction
to measure the size of particles. Particle size is calculated by measuramgéef

light scattered by the particles as they pass through a laser Dleara are multiple

light detectors used in laser particle size analyzers, and with more light detectors the
sensitivity of the analyzer improvéldbcompare, 2019The kaolin samples used in

this study were investigad with a laser diffracticivased particle size analyzer in

the Middle East Technical University Central Laboratory.
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CHAPTER 5

RESULTS

The results of the characterization fIanguekaolin samples and zeolite syntlges

products are shown in this chapter.

51 Raw Material Character

The patrticle size analysis of the sampsesone bya laser diffractiorbased particle
size analyzerThe particle size analyzer measures the samples 3 tuitles 16

secondnterval andgives an average value for the analysis.

The particle size analysis result of sanmdelin 1 is shown ifrigure5.1. For kaolin
1, 90% of the sample is smaller than 18.901 micrometers, 50% is smaller than 5.680
micrometers, and 10% is smaller than 1.511 micrometers. The specific surface area

is calculatedis 1.62 rfilg for the sample.

Particle Size Distribution

6
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Particle Size (pm)
Figure5.1. Particle size distribution dfaolin 1 Dark blue line indicates the

average measurement

The particle size analysis result of sample Kaolin 2 is shoWwigure5.2. For kaolin

2, 90% of the sample is smaller than 9.069 micrometers, 50% is smaller than 3.703
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micrometers, and 10% is smaller than 1.441 micrometers.jduifis surface area

is calculated as 2.13%g for the sample.

Particle Size Distribution

Volume (%)
E=Y (=] (= a]
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B.Ol 0.1 1 10 100 1000 3000
Particle Size (um)

Figure5.2. Particle size distribution of Kaolin Dark blue line indicates the

average measurement

The particle size analysis of sample Kaolin 3 is showRigure5.3. For kaolin 3,
90% of the sample is smaller than 22.898 micrometers, 50% is smaller than 4.708
micrometers, and 10% is smaller than 1.218 micrometers. The specific surface area

is calculatechs 1.95 rflg for the sample.

Particle Size Distribution

Volume (%)
o0 = MW st Oy

.01 0.1 1 10 100 1000 3000
Particle Size (um)

Figure5.3. Particle size distribution of Kaolin ®ark blue line indicates the

average measurement

The particle size analysis of sample Kaolin 4 is showrigure5.4. For kaolin 4,
90% of the sample is smaller than 7.845 micrometers, 50% is smaller than 3.492
micrometers, and 10% is smaller than 1.377 micrometers. The specific surface area

is calculated as 2.26%g for the sample.
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Particle Size Distribution
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Figure5.4. Particle size distribution of Kaolin. Dark blue line indicates the

average measurement

The particle size distribution of all samples is giveiable5.1.

Table5.1. Particle size distributionf kaolin samplegwt: weight)

Particle Size@m) Kaolin 1 Kaolin 2 Kaolin 3  Kaolin 4
d10 (<%10 in wt.) 1.511 1.441 1.218 1.377
dso (<%50 in wt.) 5.680 3.703 4.708 3.492
doo (<%90 inwt.)  18.901 9.069 22.898 7.845

Table 5.1 shows that kaolin 3 has tHargest particle size distributiowith the
smallest & valueand the largestsd value Kaolin 4 has the smalleptrticle size
range, andhite smallestlso and tho values belong to kaolin. £aolin 1 has the largest

dio and do values.

The mineral analysis of the samples was done by XRD, and the mineral group names
were used for the XRD outpualthough the minerals included in the samples were
investigated according to the properties of kaolinite and montmorillonite, they were
named by their group names as kaolin and smectite in this. study

Random raw and clay mineral washed XRD patterns of the first sanfplguire5.5
shows that the minerals seen in the patterns are illite, kaolin, quartz, and smectite
(Caroll, 1970)
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Figure5.5. The powder Xray diffractogram of the sample Kaolin 1, random raw and
clay mineral washed samples. Kin: kaolin, Smc: smectite, llt: illite, Qz: Quartz

In the random raw sample, [001] peak of smectiteisdmallt seen as 14. 18

2d) . [001] peak of illite is seen as 9.99
(USGS OFR0ODA41: lllite Group Mineralsn.d.) Kaolins [001] peak is seen as 7.15

(12.36 2d), [002] as 3.58 (24.84 2d), [
2. 34 (Bizl&t aB, 2@2@f eng et al., 2022; Sachan & Penumadu,.2007)
Additionally, the 2.56 peak at 34.95 2d i
(Kovoetal,2009) The [100] peak of quartz is seen
3.34 (26.64 2d), [110] as 2. 460las (36.54 2
2. 12 (42.44 2d), and (Quarx RQ400piRRUFFas 1. 98

Database: Raman,-Ray, Infrared, and Chemistrg.d.) Therefore, the peak of 2.23
at 40. 2 edt@bé quark, which getscsharipethe clay mineral washed
sample(Wang et al., 2018)
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In the clay mineral washed sample, [001] and [002] peaks of illite are still seen as

97 3 (9.07 2d), and 4.93 (17.96 2d) v

[ 002] kaolin peaks are also seen with d s
(25.07 2d) with a decreased intensity.

(21.0621) , [101] as 3.31 (26.84 2d), [110]
(39.65 2d), [200] as 2.11 (42.63 2d),
of 2.22 at 40.48 2d is expected to be

The mineral weight percentages of random rad@ay mineral washed samples of

the sample Kaolin 1 were calculated with Relative Intensity Ratio (RIR) by XRD
analysis. In the random raw sample, quartz is calculated as 48.2%, kaolin as 39%,

illite as 3.9%, and smectite as 8.9%. In the washed samédzds calculated as

65. 2%, kaolin as 31. 7%, and illite as 3./

The kaolin and illite peaks were expected to get lost in the clay mineral washed
sample, but some of the peaks are still observable. Although they are not totally lost,

the intensities of kaolin and illite are decreased when compared to the intensity of
guartz. This means that in the flocculation stage of the samples, the clay particles
flocculated with quartz particles smaller than 2 microns and fell together in the
solution before getting washed. This resurdtan increased intensity of quartz peaks

anda decreased intensity of clay minerals peaks when compared with the random
raw sample. Moreover, the [003] peak of i
raw and clay mineral washed samples XRD results because of the dominance of

quartz.

Figure5.6 shows XRD patterns of the oriented slides of Kaolin 1, and it gives more
detailed information about the clay minerals in that sample.

45



A R N 550 °C Dried
& <
o < <
35 "
®© £ 300 C Dried
L 4 - <
2 <
‘0
C
(0]
= o
c EG Modified
§ <
Air Dried
T T T T T T T T " T J T g T T T y
0 5 10 15 20 25 30 35 40

20 (degree)

Figure5.6. X-ray diffractogram of the oriented slides of the sample Kaolin 1. Kin:
kaolin, Smc: smectite, IIt: illite, Qz: quartz, EG: ethylene glycol

Firstly, smectite is seen in the air dried and ethylene glyeatdd samples. The
[ 001] peak of smectite i s-dseeésmmpleasditl 2. 69 (
changed to 17.16 (5.14 2d) in the ethylen

11 ite is not affected by dloshhyinaeassng gl ycol tr
the temperat ur e edvesl sampld, [008]5[@2], [003],bndl [L11lh e ai r

peaks are seen as 10.1 (8. 74 2d), 5.01
(20. 68 2 dX Jimeea.,[2@¢t)h thevethylepe glycol treated sample,

[ 001], [002], [ 003], and [111] peaks are se

2d), 3.35 e836. 58 20d)Y2 &nd .4l n the 300 |

[ 002], [ 003], and [111] peaks are seen as 1
(26. 44 2d), and 4. 14 (21.5 2d). In the

and [111] peaks8abe228fgenba®510.2127.568 2d),

and 4.28 (20.69 2d).
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Lastly, kaolin peaks are also seen. In the air dried sample, [001] peak of kaolin is

seen as 7.21 (12.25 2d), [ 002] as 3.59
2 d(pachan & Penumadu, 200T) the ethylene glycol treated sample, [001] peak

is seen as 7.25 (12. 18 2d)0,3][ Gals2 ]2 .a3s9 3
2d) . I n the 550 treated sample, there |

The mineral weight percentages otdired (AD) samples of Kaolin 1 are calculated
with the RIR method by XRD. In the aiiried sample, kaolin is calculated s 6%,

illite as 24.9%, and smectite as 3.5%.

The reason for not having smectite peaks in the random raw and clay mineral washed
samples might be due to poor crystallization of the mineral which cannot be seen
while the other minerals dominate the struetuAfter the washing of the sample

Kaolin 1, quartz is eliminated from the taken liquid and the peak of smectite became

visible.

The [003] peak of il lite at around 26.5
samples, butitis visible in the treated sé#apXRD results. The [101] peak of quartz

at around 26.6 2d covers the [003] it
thatdéds why illite is not seen in the ran

observable in the treated samples.

Continuing wih the Kaolin 2 random raw and clay mineral washed XRD results, the

same peaks of kaolin, illite, and quartz are seen, and [001] peak of smectite is more
obviously seen as a |ittle wave (Att the r
Akbour et al., 2015]Figure5.7).
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Figureb5.7. The powder Xray diffractogram of the sample Kaolin 2, random raw and
clay mineral washed samples. Kin: kaolin, Smc: smectite, llt: illite, Qz: quartz

Il n the random raw sampl e, [ 001] and [002] p

2d) 4amM®@ (17.97 2d). Kaolins [001] peak 1is
3.55 (25.0 2d), [020] as 4. 44 (19.94 2d
(34.85 2d) also refers to kaolin. The [100]
2d), a[s1®1]32 (26.75 2d), [110] as 2.45 (
2d), [200] as 2.12 (42.55 2d), [201] as 1

also a quartz peak.

In the clay mineral washed sample, [001] and [002] peaks of illite areaseEh01

(8.82 2d), and 5.0 (17.71 2d) . Kaol ins
[ 002] as 3.57 (24.85 2d), [020] as 4. 47
a kaolin peak. The [100] peak oa33uartz is

(26.61 2d), [110] as 2.45 (36.51 2d), |
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(42.41 2d), [ 201] as 1.98 (45. 76 2d)
peak.

The quartz weight percentage is calculated as 30.3%, kaolin as 36.4%s ifli&%o,

and smectite as 28.6% in the Kaolin 2 random raw sample by the RIR method. In the

clay mineral washed sample, quartz is calculated as 65.7%, kaolin as 32.1%, and

il lite as 2.13%, and smectite couldno6t b

The intensity of the quartz pks increased remarkably after the washing of the
sample as expected. The quartz and kaol i
mainly in the random raw samp(@/ang et al., 2021)As seen from the figure, the

clay minerals peaks get smaller while the quartz peaks are intensified a lot by

washing the sample.

The orierted slides XRD patterns of Kaolin Bigure5.8) show that the small wave

at the raw materials XRD refers to smectite. Smectite swells with the application of
ethyleneglycol and changes its position when compared to thdéread sample. At

air dried samples of smectite, the [001]
ethylene glycol treated sample that peak changes its position to the left and seen as
17 . 455 . 0 @orr2liérps et al., 2019; Caroll, 1970)

1 1iteds [001], [ O 0e2sken in [alltie 3gdmplesaimtbde-ajr 1 1 1 ]
dried sample, they are seen as 10. 26 (
2d), and 4. 29 (20.64 2d) . I n the et hyl
(8.67 2d), 5.04 (17d 5. 2&0), (32®B.569 2AR)6
dried sample, they are seen as 10.19
2d), and 4. pastlyi n(2Be63502d).dried sampl e,
(8.64 2d), 5.06 (147..259 2d)(,203..6376 2 d)( 2!
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Figure5.8. X-ray diffractogram of the oriented slides of the sample Kaolin 2. Kin:
kaolin, Smc: smectite, IIt: illite, Qz: quartz, EG: ethylene glycol

The kaolin peaks are alstservable in the treated samples. In thelagd sample,

[ 001] peak of kaolin is seen as 7.26 (12.
[ 00 3] as 2.39 (37.53 2d) . I n the ethyl ene
7.25 (12.1992d)(240D2]2d)ys, 3and [003] as 2.
300 dried sampl e, [ 001] is seen as 7. 26
and [003] as 2.39 (37.57 2d). Lastly in t
lost.

In the airdried sample of Kolin 2, kaolin is calculated as 45%, illite as 37.2%, and
smectite as 17.8% by the RIR method.

The random raw and clay mineral washed XRD results of Kaolin 3 are shown in the
Figure5.9. The smectite [001] peak is so small in the random raw sample with the
basal spacing value of 14.35 (6.16 2d), a
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I n the random raw sample, il itd@k [ 001]
(8.8 2d) by the XRD, and [002] as 4. 94

because of the quartz [101] peak. Kaol in
[002] as 3.58 (24.82 2d), [020] as 4. 4
and 2.56 (34.9 2d) is also a kaolin pe
(20.86 2d), [101] as 3.34 (26.62 2d)
(39.45 2d), [200] as 2.12 (42.44 2d)

40Z 2d) is also a quartz peak.

In the clay mineral washed sample, [001] and [002] peaks of illite are seen as 9.88

(8.94 2d), and 4.97 (17.82 2d). Kaol i
[ 002] as 3.55 (25. 0 2dThe[10@] pedk of quetD | a s
is seen as 4. 23 (20.94 2d), [101] as 3.
[ 102] as 2.27 (39.53 2d), [200] as 2.1
and 2.23 at 40.36 2d is also a quartz |

The quartz wejht percentage is calculated as 51.3%, kaolin as 32.4%, illite as 2.2%,
and smectite as 14.0% in the Kaolin 3 random raw sample by the RIR method. In the
clay mineral washed sample, quartz is calculated as 75.1%, kaolin as 23%, and illite

as191%,andsmet i t e coul dnot be cal cul at ed.
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Figure5.9. The powder Xray diffractogram of the sample Kaolin 3, random raw and
clay mineral washed samples. Kin: kaolin, Smc: smectite, llt: illite, Qz: Quartz

The random na and clay mineral washed samples of Kaolin 3 do not show a big
difference with the first and the second samples. The kaolin and quartz peaks are
distinct(Caroll, 1970; Li et al., 2019 the random raw sample results unlike illite,

and in the clay mineral washed sample only quartz is distifigtie 5.9). The
intensities of kaolin peaks decreased at the clay mineral washed sample while quartz

peaks intensified as expected.

In the oriented slides XRD patterns of Kaolin 3, smectite peaks arelseegr. The

wavy peak of 13.93 (6.34 2d) at air dried
with ethylene glycol treatment and slide a little bit to left at the EG Modified graph

with a basal s p aci Fgyrexld) (Barllerasoet al., 2q1%;,. 24 2 d)
Caroll, 1970)
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Figure5.10. X-ray diffractogram of the oriented slides of the sample Kaolin 3. Kin:
kaolin, Smc: smectite, IIt: illite, Qz: quartz, EG: ethylene glycol

' 11 iteds [ 001] ks afeGéed ih all thee sainplds.Or0tBetiaiedp e a

sample, they are seen as 10. 08 (8. 76 2
I n the ethylene glycol sample, they are
and 3. 35 (26. 51 dd)samml|l e ,het BeDY0O ar ed s e
2d), 5.02 (17.63 2d), and 3. 34 (26. 6
get | ost at 550 t & ®mah &l.h2016)theyfareseert o i | |
as 9.31 (9.49 2d), 4.8 (18.44 2d), al

The [001] kaolin peak intheaitr i ed sampl e i s seen as 7.2

3.57 (24.87 2d), and [ 003] aseated 38 (
sample, [001] is seen as 7.29 (12.12 2.
2.39 (37.58 2d) . In the 300 dried sa
[ 00 2] as 3.59 (24.76 2d), and [ 003] as

dried sample, kaolin peaks are lost.
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In the airdried sample of Kaolin 3, kaolin is calculated as 83.1%, illite as 16.5%,

and smectite as 0.4% by the RIR method.

The random raw and clay mineral washed XRD results of Kaolin 4 are shown in

Figure5.11. The smectite [001] peak is seen clearly in the random raw sample with

the basal spacing value of 13. 86 (6. 37
as 13(.68.438 2d) .
3
s ’ 8 ¢
2 % 2 = e
L 9 Washed
1=
3
o Random
&IS 1IO 1I5 2|0 2|5 3|0 3'5 410 4|5 5|0 5|5
20 (degree)
Figure5.11. The powder Xray diffractogram of the sample Kaolin 4, random raw
and clay mineral washed samples. Kin: kaolin, Smc: smectite, llt: illite, Qz: Quartz
In the random raw sample,fllie 6s [ 00 1] peak is seen as 9.
as 4.83 (18.32 2d), but the [003] peak
|l i ke in the other samples. Kaolinds [001]
3.54 (25. 412d) ,( 2[002] 2ay ,4.[ 202] as 2. 32

2d

72
i s

P

at 35.19 2d is also a kaolin peak. The [100

2d), [101] as 3.31 (26.83 2d), [110] as
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2d), [200] as, 2[.21011] a(s421..6978 2d)( 45.58 2d)

is also a quartz peak.

In the clay mineral washed sample, [001] and [002] peaks of illite are seen as 9.78

(9.02 2d), and 4.94 (17.92 2d). Kaoli
[002]as3 . 55 (25.04 2d), and [020] as 4. 45
i's seen as 4.22 (21.01 2d), [101] as 3.
[ 102] as 2. 27 (39.6 2d), [200] as 2.12

The quartz wight percentage is calculated as 26.1%, kaolin as 61.3%, illite as 2.5%,
and smectite as 10.1% in the Kaolin 4 random raw sample by the RIR method. In the
clay mineral washed sample, quartz is calculated as 51.7%, kaolin as 32.2%, and

illite as 10.1%, andmectite as 6%.

In the oriented slides XRD patterns of Kaolin 4, smectite peaks are seen distorted.

The wavy peak of 14. 68 (6.02 2d) at ai
which swelled with ethylene glycol treatment and slide a little bit toakethe EG

Modi fied graph with a baRBgaré513 (Barallerasg of 1
et al., 2019; Caroll, 1970)

l1T1iteébs [00212], [O002], [003], and-J111]
dried sample, they are sédad. a8 2d)233.36
2d), and 4. 29 (20.67 2d). In the ethyl
(8.7 2d), 5.04 (17.57 2d), 3.35 (26.

dried sample, they are seem asd)10.30134 (
2d), and 4. pastly,at ( 86082 Pdat ment, the s m:
to be illite peak{f N®met h e,t talhey &r0el69ean ,ad.DA. 2
(17.56 2d), 3.36 (26.47 2d), and 4. 29
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Figure5.12. X-ray diffractogram of the oriented slides of the sample Kaolin 4. Kin:
kaolin, Smc: smectite, IIt: illite, Qz: quartz, E€hylene glycol

The [001] kaolin peak intheaitr i ed sampl e i s seen as 7.29

3.6 (24.69 2d), and [003] as 2.39 (37.
sample, [001] is seen as 7. 26and[00B]das2. 16 2d) ,
2.39 (37.57 2d) . Il n the 300 dried sampl
[ 002] as 3.57 (24.87 2d), and [003] as 2.

sample, kaolin peaks are lost.

In the airdried sample of Kaolin 4, kaolin isalculated as 67.7%, illite as 15.4%,
and smectite as 16.9% by the RIR method.

The last sample, which is kaolin 4, shows more specific peaks of illitesraadite
in therandomraw andclay mineralwashed XRD results~{gure5.11). The small
peaks at 6.18 and 9.22defer tosmecite (Bajdaet al., 2011and illite respectively

(Marsh et al., 2018)The kaolin and quartz peaks are similar to the other samples
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results, and clay minerals peak intensity decreased by washing the sample numerous

times while quartz peak intensitycireased as expected.

In the oriented slide sampledehaviors ofsmecite and illite are seen clearly.

Smecite swells and shifts its position withe application of ethylene glycol and

shifts again closer to the illite peak by hea@ng 0 0 ,  ‘waky (Fogtre5113

(Bajda et al., 2011; CarollL970) lllite peaks are seen at 8.63 and 17.53 degrees
which dono6ét get | ost by heating or change
by heati ng(Canil,tl9v0)&n8 & anenl ay mi ner al , guart

affected by any of the treatments.

The SEM and energy dispersive spectroscopy (EDS) images of samples are taken.
Due to small particle sizes, not all threnerals are identical, however the minerals
included in the samples can be revealed with the help of EDS and XRD results of

the samples.

TheSEM and the EDSmages of kaolirl aregiven inFigure5.13 andFigure5.14.
Kaolin and smectitarefound commonly in all the images Figure5.13. Silicon
and aluminum mostlpelong tothe kaolin mineralyhile magnesium and calcium
comefrom smectite. Potassium content comes fthaillite mineral in the sample.
Additionally, there is a high irooxide content inthe sampl€Figure5.13 (B)). The
platy form of kaolin mineral is seen Kigure5.14 (B) and (C).Figure 5.14 (A)
shows mostly kaolirmineralswith platy and irregular formLastly, the small
titanium contentKigure 5.13 (B), Figure 5.14 (B)) might come from smectite or

ilmenite in the sample.

Figure5.15 and Figure 5.16 showthe SEM and EDS images of sample kaolin 2.
High sulfurand iron contenndicatethat pyrite is present in the sampifegure5.15

(A, B, and C)).The magnesium and calcium content comes from smectite mineral
(Figure5.15 (D), Figure5.16 (A)). Small amounts of potassium come from the illite
mineral Figure5.15 (D), Figure5.16 (A)), andsmall amounts of titaniunt{gure

5.15(D)) come from smectite in the samplde platy morphology of the minerals
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Figure5.13. SEM and EDS images &holin 1.A: kaolin, illite, B: kaolin, illite,

smedctite C: kaolin, smectitellt: ilite
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Figure5.14. SEM and EDS images &Bolin 1. A: kaolin, B: kaolin, illite, C: platy
morphology ofkaolin. Kin: kaolin

is seen irFigure5.16 (C), and low magnificatio®EMimage of the ample shows
irregular particle sizes iRigure5.16 (B). In theFigure5.15 (A) and (B), the higher
magnification image (B) hdsgher silicon and aluminum, which means that pyrite
should be at lower left part of the lower magnification image (A). However,

59



Fo
'y

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 kev

1.00 2.00 3.00 4.00 5.00 600 7.00 8.00 9.00 10.00 keV 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 keV

Figure5.15. SEM and EDS images &holin 2. A: pyrite, kaolin, B: pyrite, kaolin,
C: pyrite, kaolin, smectite, D: kaolin, smectite, illiyt: pyrite

60



" =

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 keV

Figure5.16. SEM and EDS images &holin 2. A: kaolin, smectite, illite, Bow

magnificationimage of kaolin 2, Cplaty morphology of minerals

It is not identical due to the clay minerals coveringtheotdp t he sampl e,

why the iron and sulfur content comes from the background.

Figure5.17 shows SEM and EDS images of sample kaolift& EDS images
indicate that pyrite is present in the sample, due to the presence of irsulfaind
content. Figure5.17 (A) and (B). However, the small iron content and high
calciumandsulfur content inFigure5.17 (C) indicates that gypsum is also present
in the sampleSilicon and aluminunbelongto the clay minerals of kaolin and
smectite, while calciunfFigure5.17) and magesium(Figure5.17 (C)) come from
the smectite mineraPotassium content seenkigure5.17 (B), and (C) come

from illite mineral. Theine-grained particle distributioaf kaolin 3 Figure5.17,
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Figure5.17. SEM and EDS images &holin 3. A: pyrite, kaolin, smectite, B:
pyrite, kaolin, smectite, illite, Qoyrite, kaolin, smectite, illite
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Figure5.18. Irregular particle size distribution &holin 3 SEM imageKin:

kaolin, Smc: semectite

Figure5.18) indicates that the formation of the sample is authigenic, and the

crystallization is incomplete.

The SEM and EDS images of the sample kaolin 4 are shotigune5.19, and
Figure5.20. The silicon and aluminum content seerieiDS images oFigure5.19,
andFigure5.20 belong to kaolin, smectitand illite. The highsulfur andiron
content inFigure5.19 (A) indicatesthat pyrite is present in the samp@dthe

high sulphur and calcium content seefrigure5.19 (B, C) indicates that gypsum
is also present which means teatfur comes from both pyrite and gypsum.
However, low iron content and the absencsufur Figure5.19Figure5.20

indicates that iron content also stays as-wgitle instead of being included in
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Figure5.19. SEM and EDS images &holin4. A: pyrite, kaolin, smectitegypsum
B: kaolin, gypsum C: kaolin,smectitegypsum, D: kaolin, smectitd|ite. Gyp:
gypsum
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Figure5.20. SEM and EDS images &holin4. A: kaolin, smectiteillite, B: kaolin,

smectite, illite, C: kaolin, illiteKIn: kaolin, llt: illite

pyrite and gypsum. The potassium content of the sarkjeire5.19 (D), Figure
5.20(B, C)) belongs to the illite mineral.

The high titanium content seenkigure5.19(A), andFigure5.20(B) might indicate

that the mineral ilmenite is also present in the sample. The platy morphology of the

minerals in kaolin 4 is shown Figure5.20 (C).
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The kaolinsamples ingredients are obtained byR#y fluorescence to calculate the
amounts needed for each kaolin sample for the synthesis of zeolite 4A, and the results
are shown imable5.2.

Table5.2. X-Ray Fluorescenceesults ofkaolin samples ¢xide compositions
weight% ofthe samples)

W1t% Kaolin 1 Kaolin 2 Kaolin 3 Kaolin 4
SIO 62.26 56.25 58.47 56.02
Al203 28.97 29.27 31.58 32.46
NaO 0.13 0.12 0.16 0.14
K20 2.16 1.8 2.00 2.37
FeOs 2.5 4.39 4.40 4.31
TiO2 1.88 1.44 1.67 1.57
CaO 0.53 1.28 0.47 0.24
MgO 0.81 1.08 0.68 0.87
SGs 0.59 4.22 0.27 1.63
Total 99.83 99.85 99.70 99.61
Si/Al ratio 1.82 1.63 1.57 1.46

As seerin Table5.2, the value of silicoraluminum ratios of the kaolin samples are
close tol which is an advantage for zeolite 4A synthesis. The ideal kaolim has
chemical ratio of 46.54% SiD39.5% AbOsz, and 13.96% kKD (Gougazeh, 2018)

but it is not possible to find such kaolin in natuFae possibleimpurities in kaolin

are usually quartz, feldspar, muscovite, biotite, titanium oxided ironoxides
(Ramaswamy & Raghavan, 201According toTable5.2, there are iron impurities

in each kaolin sample. For industrial use, iommtent is wanted to be less than 1%
(Gougazeh, 2018; Zegeye et al., 20I3)e iron content in these kaolin samples is
enough for making it gangue kaolin, and there is also quartz impurity in all the
samples which will be mentioned in the following XRD results of thapeas.
Additionally, there is also titanium (Tpand potassium (¥O) impurities less than

iron impurity. The iron and sulfur content in the samples come from piyrigee | i k et
al., 2017)
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The clay and nowglay amountof kaolin samples were calculated after the siphoning
process, and the calculated amounts are showalile5.3. The highest clay content

is found in the sample kaolin 2, followed by kaolin 4, kaolin 3, and lastly kaolin 1.
The samples with higher clay content are expected to give better resultslfier ze

crystallization.

Table5.3. Weightamountof clay and norclay content of kaolin samples

Weight in 10 grams Kaolin 1 Kaolin 2 Kaolin 3 Kaolin 4

Clay 5.763 8.267 6.59 7.892
Non-Clay 4.237 1.733 3.41 2.108

According toTable5.3, the samples kaolin 2 and 4 haaéigh clay content, which
may result in givinghe best results for zeolite crystallization. The sample kaolin 3
is coming after the second and fosttmples in clay conterifaolin 1 has the lowest
clay content and the highest Si/Al ratio whitiears that the silicorof the sample

might be included in the quartz.

5.2  Results of Zeolite Synthesis

Results for the zeolite syntheses with different methodsharen in this section.

5.2.1 Results of Zeolite Synthesis wittMetakaolinization Method

Thefirst route is taking only the kaolin sampletoithe furnace to heat them for the
rest of the synthesis process. This step is called metakaolinization. With thisimetho
the kaolin samplesvere added to the other laboratory chemicals in -digisity
polyethylene (HDPE) bottles after the heat was applied, then DI water is added to

the solid mixture for the rest of the synthesis. Different levels of temperature were
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applied for the metakaolinization method for examining the effect of heat on the

synthesis results

Theresults of the experiments with the metakaolinization method are discussed with
XRD and SEM analysis. To begin with the first sample, kaolin 1, XRDiteeate
shown inFigure5.21. In this figure, products of the same synthesis process with

different calcination temperatures are shown

——1000 °C
—950°C
—900°C

S ——850°C
L——A—Aﬁ_z\_‘%_/
5

Qz

Intensity (a.u.)

hu
Qz F
L

20 (degree)

Figure5.21. XRD patterns of the zeolite synthesis with the sample Kaolin 1 by using
metakaolinization method at calcination temperatures of 85800 , 950 , and
1000 .Qz: quartz

In Figure5.21, XRD results show that there is no crystallization oseuith kaolin
1 metakaolinization method evathigh temperatures, arstructure ofjuartzd i d n 6 t
getdisturbedwith increasing tempature The [100] and [101] peaks of quartz are

seen in all the synthesis results.
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The SEM images ofthe same producia Figure5.22 support the idedhat there is

no cubic crystalsf zeolite 4Aoccurred Atthe950 calcination synthesis product,

it looks like there are some small crystalgtoccurred somehow, but tkéRD result

of that synthesis canodét show it i f the p
than 5% Figure5.21shows thathes y nt hesi s pr o datienthaglef 950

same patternasthe other uncrystallized products.

Figure 5.22. SEM images of the zeolite synthesis products from Kaolin 1 with
metakaolinization method at calcination temperatures of (a) 85() 900 , (¢)
950 , (d) 1000 . C-Kin: calcined kaolin, Qtzquartz, ZA: zeolite 4A

The XRD results of synthesis products witte metakaolinization method using

Kaolin 2areshown inFigure5.23. The [100] and [101] peaks of quartz are seen in

69



all products. The [200], [220], [222] and [420] peaks of zeolite 4A are seen as 12.23

(7.23 2dNn0.8962d)2. 48 0BdDG. K2 5Dd) in the 9I
synthesis praddaét 2dlQ. BS 72 ) 2. 45 1Dd) , 5.50
(16. 1m0 t2kde 950 synthe67s4dpradupt@d@. aoy, 11. ¢
6.96(12.70 2d),(1l&n@3 5242 in the 1000 Syl

respectively.

—— 1000 °C
—950 °C
——900 °C
——850 °C

Intensity (a.u.)

20 (degree)

Figure5.23. XRD patterns of the zeolite synthesis with the sample Kaolin 2 by using
metakaolinization method at calcination temperatures of 85800 , 950 , and
1000 . Qz quartz,ZA: zeolite 4A

Synthesis products witlhhe metakaolinization method using kaolin 2 XRD resinits
Figure5.23 show that crystallization occurred best at the calcination temperature of
950 c 0 mp a otherdcaldination temperature synthesis produtlte other
synthesis products do not show sufficient crystallization, while the product of 850

calcination temperature shows no evidence
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The SEM images of the same productsvglsome unexpected results exdepthe
850 calcination t e mp ewhan their XRDspgatienshages i s pr

considered, because XRD resub not show some strong evidence for the zeolite

4A crystals occurreth the other products.

Figure 5.24. SEM images of the zeolite synthesis products from Kaolin 2 with
metakaolinization method at calcination temperatures of (a) 85(®) 900 , (c)
950 , (d) 1000 . ZA: zeolite 4A

As seenin Figure5.24, zeol ite crystals didndot occur
The other products show cubic zeolite 4A crysthigure5.23 shows that the best

crystallizatonoccured at synthesis with 9hohe cal c
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SEM imagesn Figure5.24, t he 950 synt hesis product c¢r~

crystal edges.

XRD resultsin Figure5.25 show that crystallization occurred in both temperatures
of 850 and 900 by using kaolin 3put the structure of quartz is raisturbedwvhich

is seen af0.85 and6 . 6 3n b@&fdresultsThis indicates that, although the quartz
di dndigturbgda hd t he si | i c o npropedyygetathe systdm i t
the zeolite crystals occwd. That means if the quartz was brolen the silicon

content in it could be used properhetter crystallization would occur.
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Figure5.25. XRD patterns of the zeolite synthesis with the sample Kaolin 3 by using
metakaolinization method at calcination temperatures of 85000 . Qz,quartz,
ZA: zeolite 4A

The zeolite 4A crystals [200], [220],
2d), 8.70 (r10.17 2d), 7.009 1228. 4 8
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(7.8B97Dd), (10.16 2d), 7.10 (12.45 2d

synthesis XRD results respectively.

As seen from th&EM images of synthesis products by metakaolinization method
using kaolin 3from Figure 5.26, cubic zeolite crystalsagurred,andthereareno

major differences betweenthe two different calcination temperatures produicts

both their sizes and roundness. This is an expected result when considering the XRD

results of the products.

Figure 5.26. SEM images of the zeolite synthesis products from Kaolin 3 with
metakaolinization method at calcination temperatures of (a) 85®) 900 . ZA:
zeolite 4A

The reason for not trying other calcination paratures for the synthesis is because
thereareno majordifferences between the products, and the crystallization occurred

in bothsynthesesinlike in the first two samples of kaolin.

TheXRD results of the synthesis products by metakaolinization method using kaolin

4 in figure Figure5.27 shows that crystallization occurred in both temperatures of

850 and900 whi ch doesndt feorm easch otherMoeover,i f f er er
kaolin sample 4givesthe best results for crystallinity compared to other kaolin
samplessynthesis products witthe metakaolinization method. The [101] peak of
quartzisstillpresedt 26. 63 2d in both products, but
in both.
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The [200], [220], [222], and [420] peaks

of

8.68 (10.18 2d), 7.10 (12.46 2d), and

(7.18.27d) , (10.16 2d), 7.10 (12.45 2d)
syntheseXRD results respectively which are almost same with each other.
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Figure5.27. XRD patterns of the zeolite synthesis with thegie Kaolin 4 by using
metakaolinization method at calcination temperatures of 85900 . Qz:quartz,
ZA: zeolite 4A

TheSEMimages of the synthesis products done by kaalinFgure5.28 showthat
the cubic crystals of zeoliteddwere formed, and there is no big difference between

the products ofdifferent calcination temperatures, which is supported by<tRB
results too. The best results are taken by the kaolin 4 when compared to others by

bothXRD andSEMimages
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Figure 5.28. SEM images of the zeolite synthesis products from Kaolin 4 with
metakaolinization method at calcination temperatures of (a) 85®) 900 . ZA:
zeolite 4A

5.2.2 Results of Zeolite Synthesis wittOne-Pot Fusion Method

The second route is to mix the kaolin samples with other necessary laboratory
chemicals before being takémo the furnace for heat treatment, and this step is
called fusion. In the fusion method,lp®I water is added to the mixture in HDPE
bottles after the heat treatment for the rest of the process. Different levels of
temperature were also applied for the fusion route to see the effect of heat with this
method. The advantage of the fusion metisod creates an alkali medium if there

is any OH source used in it, which makes the aluminum source get in the system

during heat treatment

There are two different sodium sources used in synthesistigi®nePot fusion
method which are sodium hydroxéd(NaOH) and sodium carbonate (8&xs). The
synthesis procedure and the aluminum soareéhe same for both sodium sources,

and the results are shown in the following sections.
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5.2.2.1 Resultsof Zeolite Synthesiswith One-Pot Fusion Method by Using
NaOH

In literature, NaOH isisedregularly in synthesizing zeolite 4A with kaol{Otieno
et al.,, 2019; P. Wang et al., 202@ecause NaOH is affectivereagent for the
aluminum to get in the system in producing zeolite, otherwrgstallization might

not occur properly as it is seentire metakaolinization mettb

As it is seen frontrigure5.29, XRD results of products of zeolite synthesis done by
one pot fusion method using NaOH with sample kaolin 1, the crystallization occurred
well in both fusion temperatureBhe results show that two types of zeolite crystals

which are zeolite 13X and zeolite 4A, were formed in the syntheses.

—850°C
——800 °C

x
N

Intensity (a.u.)

ZX

20 (degree)

Figure5.29. XRD patterns of the zeolite synthesis with the sample Kaolin 1 by one
pot Fusion method using NaOH at fusion temperatures of 808nd 850 . ZA:
zeolite 4A, ZX: zeolite 13X
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The [111], [311], and [331] peaks of zeolite 13X are seen as 14.2Q0 6 . ,Z.27 2 d)
(11.8B7@d),15amdB8 2d)l44t @®.0Z.85, 2@ .d
2 d and5.75 (15.40 2d) at 850 respectivel y.

The [200], [ 222], and [420] peaks of zeol
(12.57 2d), aand &t 5800 (,l16ad®d BR.29(12.(4
2d), and 5.50 (16.10 2d) 850 synt hesi

The [220] peaks of both zeolite 13X and 4A overlap each other in both results which
are seen at 10.13 2d.

There isa small difference betweendke two synthese3he characteristic [111]

peak of zeolite 13X and [200] peak of zeolite 4A changed in inteijBityna
Chandra Raceet al., 2006) The intensity of zeolite 4A increased with increasing
fusion temperature as it is seen, but zeolite 13X is still the main product in these two

syntheses.

The SEM images of the synthesigloéonepot fusionmethod by usinglaOHshow

tha cubic crystals of zeolite 4a and zeolite 13X with diffenextrphologiesvere

formed well together as expected from XRI
more corners than zeolite 4A0s crystal,
in Figure5.30.
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Figure5.30. SEM images of the zeolite synthesis products from Kaolin 1 with one
pot fusion method using NaOH at calcination temperatures of (a) 8QB) 850
ZA: zeolite 4A, ZX: zeolite 13X

The XRD results of synthesis products done by NaOHpwoiefusion methodising
kaolin 2 in Figure 5.31 shows that crystallization occurred in both fusion

temperatures of 800 and 850.

The [111], [311], and [331] peaks of zeolite 13X are seenas 14.18 6 . Z.27 2 d) ,
(11.83d7@2d),l5amdt 2d) at 800 respectively
at8 50 synthesis result.

The [200], [222], and [420] peaks of =zeol it

(12.59 2d), and 5. 45 (1672402d) (4. 800
2d), and 5.50 (16.11 2d) 8.HA0dtonallg,y nt hesi s
the [220] peak is also seen as 8. 68 (10.1

The [220] peaks of both =zeolite 13X and 4A
synthesis result which is seen at 10.19 2d.

78



—850 °C
——800 °C

Intensity (a.u.)

ZXIA

20 (degree)

Figure5.31. XRD patterns of the zeolite synthesis with the sample Kaolin 2 by one
pot fusion method using NaOH at fusion temperatures of 8p@nd 850 . ZA:
zeolite 4A, ZX: zelite 13X

The main peaks for zeolite 13X and zeol i
(Sowunmi et al., 2018)With the increasing fusion temperature, zeolite 13X peaks

intensity deceased much and the main product becomes zeolitdJgal et al.,

20l0)at synthesis with 850 fusion temper

theremightstilbea | i ttl e amount of zeolite 13X at

The SEM images of the products do not show somdifferencesrom each other.
Zeolite 13X andzeolite 4A crystals are seen in both imaiggsigure5.32. The cubic
crystals in both images are zeolite 4A crystals while the others with more corners

refer tozeolite 13X crystals.
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Figure5.32. SEM images of the zeolite synthesis products from Kaolin 2 with one
pot fusion method using NaOH at calcination temperatures of (a) 8QB) 850
ZA: zeolite 4A, ZX: zeolite 13X

The amount of zeolite 4A crystals increased

13X crystals as expected from XRD results.

fusion synthesis product shows good crystallinity, there are some uncrystallized
products seein its SEM imageHowever crystallization occurred obviously in both

products considering XRD results.

TheXRD images of synthesis products of NaOH -@uo¢ fusion method with kaolin
3in Figure5.33 shows some different patterns in different temperatures of 800 and
850 fusion temperatures when compared

kaolin samples.
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Figure5.33. XRD patterns of the zeolite synthesis with the sample Kaolin 3 by one
pot fusion method using NaOH at fusion temperatures of 8p@nd 850 . ZA:
zeolite 4A, ZP: zeolite P, ZX: zeolite 13X

The crystallization obviously occurred i1
product,themain peaks of zeolite 13X and zeolite 4A are seen as the first two peaks
respectively, which means that both are formed with the synthesish&it5 0

fusion product shows totally different patterns.

The [111], [311], and [331] peaks of zeolite 13X are seenas 14.02 6 . 3.2 2d) ,

(11. 9b62d),15ad 2d) at 800 respectiv
at 850 synthesis result.
The[ 200], [222], and [420] peaks of =zeol i
(12.65 2d), and 5. 43 (16.30 2d) at 81
at 850 synthesis result.
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The [220] peaks of both zeolite 13X and 4A overlap each othéner3 0 O

synthesis result which is seen at 10.25 2d.
The 850 fusion product created another ze
from Figure5.33, the bottom ot he peaks at 850 are wider

synthesis XRD pattern. Zeolite P has wider peaks when compared to zeolite 4A and
zeolite 13X, which is the main way for distinguishing zeolitespecially from 4A
and 13X(Azizi etal., 2013; EiadJa et al., 2018)

The [101], [DQ], [117, and [301] peaks of zeolite P are see@. 48 12.412 d) ,
5.03 162 d412 21552d) and 3. 18at&0 (28s96tRBRdFi s

result while 00toéssyot hpsésent at 8

The M images Figure5.34) of the synthesis products show that the main type of
zeolitethatoccur red at 800 fusion is zeolite 13
expected considering the XRD resulf$ie morphologyof zeolite 13X is more

spherical compared to zeolite 4Aoweverit still has edgesAlthough zeolite 4A

crystals are not seen dgsin Figure 5.34 a, the XRD results show zeolite 4A

patterns, which means that zeolite 4A is a competing product in this synthesis.

Figure5.34. SEM images of the zeolite synthesis products from Kaolin 3 with one
pot fusion method using NaOH at calcination temperatures of (a) 8QB) 850
ZA: zeolite 4A, ZP: zeolite P, ZX: zeolite X3
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To continue withthe8 5 0 fusion synthesis product,
much more rounded than the crysthlatoccurredat the lower fusion temperature.

This rounded shape of crystals supports the idea that zeolite P is formed with this
syrthesis, which is also seentime XRD result of the synthesis.

XRD results ottheNaOH onepot fusion method using kaolinshowin Figure5.35
that crystallization occurred well in both fusion temperatures of 800 and 850

——850°C
——800 °C

ZA

ZA

=
N

Intensity (a.u.)

20 (degree)

Figure5.35. XRD patterns of the zeolite synthesis with the sample Kaolin 4 by one
pot fusion method using NaOH at fusion temperatures of 8p@nd 850 . ZA:
zeolite 4A, ZX: zeolite 13X

The difference between these two syntheses is the main types of zeolites formed.
Zeolite 13X is the main product at 800
zeolite 4A is the main product. Zeolite 13X has the nohsracteristic [111jpeakat

6.202 dvhi ch is seen at 800 fusion synthes:s
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4A has the main peak just near that, which

synthesis produ¢Purna Chandra Rao et al., 2006; Sowunmi et al., 2018)

The [111], [311], and [331] peaks of zeolite 13X are seenas 14.26 6 . Z.09 2 d) ,
(11.8072d)(,15anmdd 2d) at 800 respectivel
observabl e at 850 syuthe gi6s 10e2ul)t whi ch

The [200], [222], and [420] peaks of zeolite 4A are seen d112. @82.d) 5 7. 0

( 52d ), @and 035y42at 8006 , eERMF0O912 (B2. 4
2d), 4and  2356d)L 850 synthesis XRD results re
the[220] peak is also seenas®8.6 (20Dd) 850 synt hesi s.

The [220] peaks of both zeolite 13X and 4A overlap each othéner3 0 O
synthesis result which is seen at 721d .

The SEM images also show that crystallization occurred with both temperatures

using kaolin 4n Figure5.36. The main phase of the crystallization is zeolite 13X at

800 fusion synthesis product. And at the
crystals are the main products as expected from the XRD rtes . At the 850
synthesis, the cubic crystals percentage is

seen more as rounded.

Figure5.36. SEM images of the zeolite synthesis products from Kaolin 4 with one
pot fusion method using NaOH at fusion temperatures of (a) 80@) 850 . ZA:
zeolite 4A, ZX: zeolite 13X
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The reasonfor doing synthesis with NaOH with only two different fusion
temperatures is because seeing the zeolite crystals occurtieel first attempts,
which isanexpected result because in the literaturedbimmonlyseen

5.2.2.2 Results of Zeolite Synthesis with On€ot Fusion Method by Using
Na2COs3

In this method, N#CQOs is used asa sodium source instead of NaOH. Zeolite
synthesis wittone potfusion method using N&0Os is done before in literature with
commercial kaolir{Kirdeciler & Akata,2020) but heregangue kaolin samples were
used withNaxCQ:s to obtain zeolite 4AThe procedure of the synthesis is the same
astheonepot fusion method using NaOH, bNeeCO;s is used as a sodium source
instead of NaOH.

The XRD results of the synthesis done by g fusion withNaxCOsz usingkaolin

1 show that crystallization started to occur at 850 and zeolite 13X is more

dominant than zeolite 4fFigure5.37).At 900 synthesis, the
13X increased a little more. The main crystalsto c cur r ed at bot h 850
fusion temperature syntbes are zeolite 13X, but zeolite 4A is also formed. The
synthesiswittaf usi on temperature of 800 in didnot
Figure5.37. Themeltingp oi nt f or s odi uifWaogerab, @it e i s
whichi s t he reason for crystallization doe:

synthesis.

The [111], [311], and [331] peaks of zeolite 13X are seenas 14.36 6 . .83 2 d) ,
(11. 7672d)(,15amdB 2d)4.15t @B6H.0Z46,2@GhH. 84
2d) ,56and 15.55 2d) at 900 respectivel y.
13X is seen a8.75 (10.120 2d) at 900 synt hesi s |
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Figure5.37. XRD patterns of the zeolite synthesis viltle sample Kaolin 1 by one

pot fusion method using M@0z at fusion temperatures of 800, 850

. Qz:quartz, ZA: zeolite 4A, ZP: zeolite P, ZX: zeolite 13X

The [200], [222], and
12. 50 2d), and 5. 48
2d), and 5. 45 (16. 25

[ 420] peaks
(16.17.024d)
Zedpecti@l9. 0

and

900

of zeol it
a(l1l256

synt hesi s

The [220] peaks of both zeolite 13X and 4A overlap each othéne® 5 O

synthess result whichss een at 10.

The SEM images of the syntless s h o w

13

t hat

2d.

crystall

iazsati on di

expected from the XRD resultand at higher degreezeolite 13X occurreas the

main type of zeolite while zeolite 4A is barely séetheFigure5.38b and c.
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Figure5.38. SEM images of the zeolite synthesis products from Kaolin 1 avih
pot fusion method using N@Q0s at fusion temperatures of (a) 800, (b) 850 ,
( ¢c) 9Z4A0zeolite 4A, ZX: zeolite 13X

XRD results of synthesis products with kaolin 2 show that zeolite crystals started to
form at 850 Higure5.39). At 850 fusion temperature synthesigadtite 4A

formed mainly while at 900 zeolite 13X isalso formed with zeolite 4A.

The [111], [311], and [331] peaks of zeolite 13X are seenas 14.22 6 . 2.48 2 d) ,
(11. 8572d),15armd 2d)notabserv@ble@t850, ramsd | t .

The [200], [222], and [420] peaks of zeo
(B2 2d), and 5. 47 (16. 1972003 at( B5.05!
2d), and 5. 46 (16.21 2d) 900 synt hesi
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the [220] peak of zeolitethe8A50i s segan hasi 8. ¢

result.

Figure5.39. XRD patterns of the zeolite synthesis with the sample Kaolin 2 by one
pot fusion method using M@0z at fusion temperatures of 800,850 , and 900
. Qz:quartz, ZA: zeolite 4A, ZX: zeolite 13X

The [220] peaks of both zeolite 13X and 4A overlap each othéner®00

synthesis result which is seen at B21d .

The SEM images show thatat 850 f usi on t e mp enodlftzedlite synt hesi
4A formed but therare 13X crystals toqFigure5.40). The zeolite 13X peaks are
not apparentn the XRD result in figure 5.27, bihe SEM image shows that it
formed, which means it must be less than 5%, makingongpeting phaseéit 900
synthesis, zeolite 4A and 13X formed together with close amasnéxpected
from XRD results T h e 800 fusion temperatur e syn

crystallization as expected.
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