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ABSTRACT

SYNTHESIS OF BINDERLESS TUBULAR ZEOLITE X MACROBODIES

Ge¢r tCeeptel nt ¢r k, Krde
M.Sc.,Department of Chemical Engineering
Supervisor: Prof . Dr. Al ¢ul faz

Cosupervisor: Assoc. Prof . Dr. Hal il

Decembef010, 178 pages

Zeolites are microporous crystallinesth well defined structures. Zeolites are used

in variety of applications because of their properties such as high temperature
stability, ionexchange capacity, adsorption capacity and stability to harsh
conditions. Some major applications of zeolites #&we-exchange, catalysis,

adsorption and separation.

Synthetic zeolites are normally produced as fine crystalline powder. Prior to their
use, the powder is usually formed into spheres, tablets and extrudates by addition
binder. Since binders present imetzeolite can block the pores and decrase the
adsorption properties, preparation binderless zeolite agglomerates with high
mechanical stability has great technological importance.

Objective of the study is to synthesize binderless zeolite Mldaulmacobodiesby
using the developed methods tbe synthesis of zeolite A bars and tub®Rgin geps

of the study aresynthesisof the tubular binderlesszeolite X macrobodies,
characterization of the macrobodies, determination the effect of hydrogel
compositon on zeolite phasand analyzing effect of time on the crystallinity of

macrobodies



Experimental method for synthesizitige binderless tubular zeoli¥ macrobodies
includesthe following stepspreparing hydrogeby mixing sodium aluminate and
sodium silicate solutions, filtration dhe hydrogel, paste preparation from solid
phase of the hydrogel, extrusion of green tubes from paste, calcination of green tubes

and crystallization of calcined tubgsfiltered liquid of thehydrogel.

In this study, gnthesisof binderless tubular pure zeolite X macrobodies \kitjh
crystallinity was achievedMicropore volume and BET surface area of the zeolite X
tubular macrobod¥ ¢-83, which has 99.9% crystallinty were determined @178
cm/g and 631.2 fig, respectivéy.

Pure zeolite X, pure zeolite A and zeolite A, X mixtures were obtained after the
crystallization of the calcined extrudates which were obtained fdbffierent
hydrogel compositions. Ternary diagram which was based the hydrogel

compositions and the obtained zeolite phases was plotted.

Keywords: Zeolite X, Binderless zeolite X macrobodies
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Ar al é k 78sayftal 0, 1

Zeolitler, iy tanémlanmék yapélare ol a

yecksek sécaklydm dajyianmtéikrl md eélkapdsi tesi,

zor kartl ar a dayaneéekl él ek gi bi °©zel l i k|
kull anél maktader . Zeol i tl erimn bazée ©°nem
adsorpsiyon ve ayeérma iklemleridir.

Sentet k zeolitler nor mal ol ar ak A kri
Kull anémlaréndan °nce toz, genel l i kl e ba
screnl eri haline getirilir. Zeol i tin [
téekayabilecepsindem S =relaldiskolrer i ni azaltac
dayanéekl él éja sahip bajlayécéséz zeol it

b¢yeéek °neme sahiptir.

Bu -al ékmanén amaceée, zeol it A -ubuk ve
metodun m&uéylaamélt ¢p Keklinde bajl ayéceéscé¢
sentezlenmesidir. ¢al eékxkmanén temel akKame
makr o yapél ar én sentezl enmesi, makr o

Vi



bil eki mi ni nz ezreionlei bekrlehkasgi &2 aama n € n makr o ya

kristalli]i czdrrine etkisinin anali zi

Bajlayécéeséez t¢p Keklinde zeolit X makro
késaoaa basamasksloadryéu mi -aelr¢imi nat ve sodyum
kar éxmascsegl a hidrojehi dhajzelr il mn nsacszé;, | me s i
késméndan hamur hazérl anmasé, bu hamurda
kal sine edi |l mesi vV e kal sine edil en t ¢p

kristallendirilmesi.

Bu- al ek mada, yé¢ksek kristallije sahip baj
yapélareéen sentezl enmesi bakar el mékt ér . Y
zeol it X mE&BomikapagrP&mr nek hacmi ve BET \
0.178 cnilgand 631.2/f g ol arak tespit edilmiktir.

Far k1 é hidroj el komposi zyonl arénda el de
kristalizasyonu il e saf zeol it X, saf z
edi |l mi ktir. Hi dr oj el kempbosi tpahbhacaéecvee
di yagram -izil mixkktir.

Anahtar Kelimeler: Zeolit X, bajlayéceéeseé:
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CHAPTER 1

INTRODUCTION

Zeolites are microporous crystals. They can be classified as naturabZitbab
clinoptilolite, etc.) and synthetic (zeolite A, zeolite X, etc.). Zeolites are used in a
variety of applications because of their properties such as high temperature stability,

ion-exchange capacity, adsorption capacity and stability to harshtiomsdi

Faujasite (FAU) is the group name of zeolites that have cavities with a diameter of
1.3 nm interconnected by pores of 0.74 nm, depending on the Si/Al ratio it can be
distinguished into Xype (Si/Al=1.61.5) and Y type (Si/Ab 1.5). X-type zeolite

has typical chemical composition d&aAl,03.2.5SiG.6H,0, its framework is stable,

rigid and contains a void space that is about 50 % of dehydrated crystal volume.
(Breck,1974)

Zeolites, which are typically produced as powder of éinestals (typically 11 0 O m)
should be shaped into pelletsgblets beads orother suitable forms for some
industrialapplications. The shape bodies should have sufficient dimensions, porosity
andmechanical strength.(Sun,200Bifferent types of bindersorganic or inorganic,

are used during pelletization to achieve satisfactory mechanical strength.

Binders may block the pores and reduce the active area and efficiency of zeolite
pellet. The binder has shown evidently affected the adsorption propefties o
syrthesized pellets of zeolites AShams,2007), (Sebastian,200Zgolite X
(Sebastian,2007), (Jasra,20038hd Y(Jasra,2003).Therefore, the synthesis of

binderless zeolite macrobodieas greatechnhological importance.



Ural synthesized binderless zeolite A and X discs from aluminosilicate powders.
Sodium aluminosilicate hydrogel was filtered to obtain solid and liquid phases. Solid
phase, wet cake, was washed to reduce pH, dried and conditton@btain
amorphous powder. Amorphous powder was then pressed into discs. Discs were
finally calcined and converted to zeolite A or X by hydrothermal synthesis in the
filtered liquid of hydrogel.(Ural,1999)

This met hod was i mpr e xzeelitt Aluges ad lcass.rSodium s y n
aluminosilicate hydrogel was filtrated into solid and liquid phases as in the method of

Ural (1999) Amorphous powder was mixed with organic binder, hyrdoxyethyl
cellulose, to obtain a paste for the extrusion. Paste wtasded into bars and tubes

by using homanade ram extruder. Green tubes were calcined to remove organic

bi nder and synthesized in the filtered
simplified experimental met hod titedt wa s
tubular zeolite A supports and thin zeolite layer on the zeolite supports.
(G¢cegyener, 2008)

Objective of the study is to synthesize binderless zeolite X tubular macrobodies by
using the developed methods for the synthesis of zeolite A bars andMidiesteps

of the study are synthesis of thebular binderlesszeolite X macrobodies,
characterization of the macrobodies, determination the effect of hydrogel
composition on zeolite phase, analyzing effect of time on the crystallinity of

macrobodies.



CHAPTER 2

LITERATURE SURVEY

2.1. Description of Zeolites X and A

Zeolites are defined as crystalline, hydrated aluminosilicates with a certain
framework. (Breck, 1974)

Faujasite (FAU) is the group name of zeolites that have cavities vdidnaeter of
cavities with a diameter of 1.3 nm interconnected by pores of 0.74 nm, depending on
the Si/Al ratio it can be distinguished into-type (Si/Al=1.61.5) and Y type
(Si/AlI>1.5).  X-type zeolite has typical chemical composition
Na&0.Al,03.2.580,.6H,0, its framework is stable, rigid and contains a void space
that is about 50 % of dehydrated crystal volume. (Breck,1974)

Typical oxide formula of zeolite 4A is N@.AI,03.2Si0,.4.5H,0. It has pores of
0.42 nm, it is very hydrophilic and named according to cations in the structure. If
potassium is in the structure, zeolite is called 3A or KA, if sodium is in the structure

zeolite is called 4A or NaA, if calcium is in the structure itea$ called 5A or CaA.

Figure 2.1 shows the framework structure of the zeolite A and X. Zeolite A has

cubic crystal structure whereas zeolite X has tetrahedral crystal structure.



Figure 2.1: Framework structure of zeolite @d zeoliteX

2.2 Prepaation of zeolite macrobodies

Zeolite materialscan be used at different applicatiossch asion exchangge
adsorption pervaporationZeolites are generally producenh the form of pellets,
granulestablet or other suitable forntyy usingbinders.(Tosheva,2000)

Most often a clay mineral and/or a silicate or aluminum chlorohydrate solution,
which is used as binder is mixed with zeolite and water to produce a wet mixture
(Breck,1974)The mixture is then extruded into cylindrical pellets formed by
granulation into beads, which are then calcined to convert the clay into an amorphous
binder providing the material with mechanical strength. However, the binders may
have a negative effect on the effective surface area of the product. Taetb#or
synthesis of zeolitesithout bindershasgreat techological importance.

Several methods were developed to prepare binderless zeolite bodies. These methods
can be classified in two groups: zeolite coating on the supports and self bonded

zeolites



2.2.1 Zeolite coating on the supports

Aim of synthesis of thin zeolite coatings on structured supports is to ensure low
pressure drop and high flux due to macrostructure of the support. On the other side

this advantage, thin zeolite film providegh selectivity.

The easiest way to synthesize a zeolitic coating on a supptot grow zeolite
crystals on the suppofiy hydrothermal sythesis For this purposethe support
material is put in the zeolite synthesis solutibefore the synthesis.When
experimental parameters, temperature and time, are suitablagesstart to formon
the support surfacestead of in the liquid phase. At lasinderless homogenous

zeolite film forms on the support surfa¢g€han,2000)

The first patents weresaigned to Grasselli et al. (US Patent No: 5310714) and
Jansen et al. (US Patent No: 5843392) with this technique.

Binderless zeolite ZSNp coatings were prepared on stainless steel monolith
(Shan,2000andceramic foam supports by hydrothermal synth€Sisijger,2000)

Thin film of ZSM-5 zeolite were prepared on porous cordieriete honeycombs by a

solid state in siticrystallization method. (Madhusoodana, 2001)

Aforementioned studiesicludesynthesis of hmogenous zeolite film on the support
by hydrothermal treatment As a different way,Balkus et al.used pulsed laser
deposition to obtain oriented UTFD zeolite films on the surface of glass and steel
beads. Pulsed laser deposition is ehteque for coabhg small threedimensional
objects with molecular sieveRarticles growth on temperature controlled substrate
as a result ofstriking the zeolite taget with an excimer laser bearithen, to
reorganize the zeolite coating pulsed laser depositiofilm is treated by

posthydrothermabkynhtesis(Balkus,2000)

Valtchev et al. reported on the pregi@on of zeolite coatings on polystyrene beads
by repeatable adsorption of nanosized zeolite crystals. This technique was called as
5



the layerby-layer (LbL) selfassembly teahiques. Thetechniqueincludes two
experimentalsteps. In the first steghe negatively charged polystyrene beads are
modified by a cationic polymerin the seond stepcolloidal zeolite crystals
adsorbedon te surface of the beadBntil the zeolite coatingseachesdesired

thicknessesexperimentgan be repeated.(Valtchev,2001)

Fankhanel et al. reported on the synthesimolecular sieves based on Naxolite
coated highly porous stainless steel fibresstatesIt was also reported in the study
that to increas¢he zeolite layer thicknesexidation of thestainless stedibre and
second coating stepere requiredFankhanel,2009)

2.2.2 Selfbonded Zeolites

Self bonded zeolite pellets have begemepared from natural products of volcanic
origin. The synthesis of pelleted form ZSbkeolite from very dense gels have been
reported. (Crea,1991)

Methods based on conversion of preshaped amorphous materials into zeolites had
been also developed. Sdilite-1 and silicalite2 have been prepared by conversion of
canemitegShimizu,1996)

Kiricsi et al. synthesized disshaped form ZSMb zeolite bythe experimental
procedurewhich includes solid state reactions Sodium ions of the pellet wasn
exchangd in hydrochloric acid solutiorand proton form of the zeolite wasbtained
(Kiricsi,1998)

Jung etal. reportedfirst success in the preparation of monolithic zeolite from a solid
cogel containing TPAOH as a templaxperimental method includes pelleting the
TPAOH containing cogelmto various shapesyrystallization of the pelletso obtain
TS-1 monoliths,crystallization ofthe cogel monolithn an autoclave at 443 K.ast
experimental step was calcinations -1 zeolite monolith at 823 K for 2 h to

remove the organic moleculésung,1998)



Novel honeycomb composite consisting ZSMeolite and mullite was developed
utilizing glass from a sintered kaolin honeycomb.(Komarneni,1998)

Other way to prepare zeoliteaterials with different shapes, is to synthesize the
zeolite with in a different shaped matri@elf bonded structurean be obtained by
the removal oftte matrix by calcinatior{Tosheva,2000)

Tosheva et al. prepared silicalitecontaining microspherdsy using iorexchange
resins as shapdirecting macrotemplates. lon exhange rasinroporous materials
were performed by hydrothermal synthesis of resin with synthesis solution. Resin
then removed by calcination at 68D for 5h. (Tosheva,2000)

Luo etal. synthesized binderless zeolite X by using silica gel spheres as starting
material. The products were essentially in the same size and shape as the raw silica
gel. Silica gel spherd20-40 mesh) were dipped into sodivaluminate solution and

aged at abut 318K for16 hours. Then the temperature raised3&8-368 K. The

crystallization started and continued 672 hour.(Luo, 1997)

Luca et al. reported direct syntheses of pelletediteedrom aluminogicate gels
obtained with Li+Na+, Na+ and Na-K+ cations. The role of tetraalkylammonium
ions (tetramethyl, tetraethyl and tetrabutyBsevaluatedo synhtesidifferent types
of pelleted zeolites.(Luca,2001)

Dry gel conversion method

The dry gel conversion method has been developed witputpmsesf to reduce
tenplate consumption andcrease th@ossibilities of preparing zeolites irsaitable
form. The zeolites betéRao ab,1998), borosilicate [B}BEA, [B]-MFI and [B}

MTW (Bandyopadhyav,1999s well as NUL and TiNU-1 (Bhaumik,2000)have
been synthesized using this technique. Similar procedutebdemusedto prepare
BEA-type molecular sieves starting from TEAG#dpregnated MCW41 materials
(Takewaki,1999)



Rao et al. prepared zeolite with BEA structure using gel conversiontechnique.
Experimental method incudes, dissolvaigminum sulfatein distilled water at 353 K,
addition of sodium hydroxidesolution and TEAOH to colloidal silica at room
temperaturavhile stirring after that addition oAluminum sulfate solution andater
to the mixturewith stirring for 2 h, dryingthe mixtureat 353 K, crashing théry gel
into powder crystallization of thedry gelin steam at 453 K anautogenous pressure
for 3to 12 h. (Ra@,1998)

Bandyopadhyav et atynthesized borosilicateeolites, [B}BEA, [B]-MFI and [B}

MTW, by the dry gel conversion techniquérst step of the experimental method

was mixing thetetraethylammonium with colldal silica after 10 min sodium

hydroxide was added to the mixtused wasstirred for 30 min. Second step was
dissolving the sdium tetraborate decahydrate distiled water addtion to the

mixture andstirring the final mixture for 2 hAt the next step, foevapaation ofthe

water t he gel was dri ed aThick80dAvBcosogelevas an o |
homogenized bytirring with ateflon rodby hand. White solidthat was obtained

from the gel crashednto a fine powder and the powder wag into a small teflon

cup.A teflon wrappedautoclave with water in its bottgrwas used in the syntbis.

Water was the source of steam and the dry gel never contact with water dirbetly
crystallization of the dry gel was carr

pressurgBandyopadhyav,1999)

Bhaumik et alsynthesized pure silica NU and itgtitanium silicate analog INU-1,

free from Na and Al for the first time using the dry gel conversion technique, which
was not previously possible under the conventional hydrothermal synthesis
procedure. Dry gel conversion (DGC) methodludlespreparationof the reactive

gel, dryingthe ge) preparing the poweand then heating underthe autog@&ous

pressure of watevhere water and gel never contact direqBhaumik,2000)

Takewaki et al. synthesized-Beta by heating TEAOHMpregnated SMCM-41 to

150AC f or s eBxgernzgehtal ™eshgdsincludes impregnation alcmed

mesoporous materialsvith 35% wt. TEAOH, drying at room temperature,

synthesizing the @wder in teflon wrappedautoclaveat 150 °C. After synthesis,
8



occluded moleculewere removed bgalcirationin air at 550°C and to removehe
organic molecules in the poresample werecontacted with acetic acid.
(Takewaki,1999)

Madsen et alsynthesizechanosized ZSMb zeolite crystals within the mesopore
systen of carbon black materials which can feeovered aftethe pyrolysis of the
carbon.(Madsen,1999)

2.2.3 Transformation porous glass granules into zeolites

Many attempts have been made to transform porous glass into various zeolites such
as ZSM5 (Dong1999) (Liu,2002), Ferrierite (Schwieger,2000).

Dong et al.synthesized BAI-ZSM-5 zeolite on granules of borbsilicon porous
glass in a vapor mi xt ur e Experinentah mdthadni n e
includes heat treatment dfet granules of the porous glass thvate in a small teflon
cupwhich hasmany pinholes in the wall and supported on a teflon stand, in a 35 ml
autoclave at 188 C f or  2ésBion bf theclptwas locateth order to prevent

the directly contacbf the grarules with the upper surface of 10 ml of a 50 wt%
ethylamne solution in the autoclav®eaction took place imaporsolid phase. fie
granules were taken out of the autoclafter completion of the reactipwried at
100AC f or Ppdvdenechef@mentrcharalsterination(Dongl1999)

Liu et al. observedhe transformation of porous glass spheres into-fffleres in a
synthesis with low water content in two synthesisthods. In the first method,
sealed quartz ampoules containing the reaction mixture webgectedto the
reaction temperature in an oven for the reaction after that they werput into the
spinner ad analyzed at room temperature. In the second mesealed quartz
ampoules comiining the reaction mixture wepacedinto the spinnerafter that they

were heated up in the rotating spinner to the reaction temperature and analyzed at
this temperature in dependence of the readima. (Liu,2002)
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Schwiegger et al. preparebiphast silicates with a bimodal pore systehy
optimizing the hydrothermal treatment process of a macroporous glass under
autogenous conditions. Optional the template TPABr (solved p®) Hor
propylamine have been added into an aluminum containing alkaline solutian.
second step the porous glass granwie® added to this solution. Afterwards the whole
reaction mixture was degassed under vacuum. The syntheses were carried out in

stairless steel autoclaves at 448 K. (Schwiegger,2000)

Scheffler et alstatedthe transformation of porous glass beads into Z5kkads
without changing their original size and shagéeir procedure suggests an
encouraging optionto conventional methods for the synhtesis of binderless
preshaped zeolitefreshaped zeolitesave microporouspropertiesof zeolite and
macroporougropertiesporous glass together. Therefore, theseridymaterials are
expected tasshow enhancedperformance irdifferent applcations suckseparations
and catalysisMacroporous glass beads @@4B,03-SiO;) which hasa particle
diameter ofapproximately3 00 Om and an average pore
transformed into MFtype zeolite containing beadsvithout changingher original
shape. The conversion wabtainedby hydrothermal treatmerdf the macroporous
glass beadsvith an aqueous mixture of an aluminsaurce (sodium aluminate or
aluminum sulfate) and a template (tetrapropylammonium bromide (TPABr) or
dipropylaming(DPA)). (Scheffler, 2002)

Rauscher et al. reported their systematic studies on the hydrothermal transformation
of porous glass granules into ZSBMgranules using monopropylamine as the
template. (Rauscher,2004)

2.2.4 Carbonzeolite composites

Zeolite carbon composite materiat®mbine adsorptive propertiesf zeolite and

carbon. They havepotential usage in variousapplicationssuch aswastewater

treatment stack gas treatment, air purificatiand many other applications in

adsorption and setion.
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Madsen et al. reported an experimemt@&thodthat allows the control of the csyal
size distrbution This method ioludes crystallization of the zeolite within the
mesopore structure of a supporttenal, such as carbon black.aNosized ZSVb

crystalshad beempreparad with this experimental metho(Madsen,1999)

Ma et al. prepared selfound zeoliteactivated carbon extrudates from elutrilithe
with a two stepmethodwhich includechemical activation of elutrilithe with CO;
at 800 AC and hydrothermabynhtesisin a sodium hydorxidesolution. Chemical
readion consisting of activation of the carbon in elutrilithe, formatiorciyfstalline
aluminosilicate kaliophilite simultaneouslyand conversion of kaliophilite into
zeolite in the alkaline medium. Duringthe chemical reactigncarbon, SiQ and
Al,Oz in elurilithe were converted into activated carbon and zedRteperties of
raw material elutrilithe, determine thg@roportion of zeolite and activated carbion
the product The mehod has a disadvantage that to prepatteudates with higher
mechanical sthilities wasvery difficult because offiigh carbon conterdf elutrilithe.
(Ma,2008)

Ma et al.reported an experimental method that includes addafopitch powder
into elutrilithe as the raw materitd synthesizegranular zeolite Aactivated carbon
composite material with high mechanical strength mgaiable zeolitecarbon ratio.
The synhtesismethod was composedf integration of calcinations andcarbon
dioxide activation and following hydrothermal synthesisin alkaline medum.
(Ma,2010)

Jha et al. reported a method for preparation activated cadwmiite composites.
Method includesactivating coal fly ash by fusion with NaOH at #50n nitrogen
andhydrothermal treatments undsifferentconditions.(Jha,2008)

Miyake et al. reported synthesis of activated carbewslite ©®mposite materials,
which are expected to be suitable for environmental applicatigngsing coal fly
ash as a souec material. Experimental method includes, ta@tion of the main
componentsSiO, and AbOs, togetherwith unburned carbon bgodium hydroxide
fusion treatment at 758 in nitrogenatmosphere, andghen conversion into zeolites

11



Na-X andor NaA with high crystallinity by hydrothermasynthesis Hydrothermal
synthesis conditions such sodium hydroxmencentrationdetermines he type of
zeolite phase foration(Miyake,2008)

Katsuki et al. investigatecheé formation of ZSMb zeoliteporous carbon composite
material from carbonized rice husk using mierave hydrothermaland conventional
hydrothermal reactiobetween 140 td60A C. -Z Zdlite crystals wergrowth on
porous carbonized rice hubly the decompositioand in situ crystallization of sia in
the carbonized rice hugKatsuki,2005)

Gao et alsynthesizedzeolitecarbon composites from industrial wastes odldty
ash and sawdust mixtures with an experimental method which inatadt@sation
and carbonization at 66850 € in N atmosphereand subsequentligydrothermal
treatment in alkaline aqueous soluti¢@ao,2005)

2.2.5 Converting Extrudates to zeolites

Converting desired shaped extrudates to zeolites is another method to synthesize
binderless zeolite macrobodi€gpe and quantity ofthe binder affected the
mechanical stabilitieef the green extrudate and the final prod®Bihders can be
classified as in different ways such @aatural or synthetic, organic or inorganic,
colloidal particle type or molecular type and water soluble on-polar liquid
soluble.Generally oganic binders areised to improvehe mechanicalstrength of
extrudates and to increase the porosity of the final product fteoval ofthe
binderby calcination (Li,2001)

Commercidy used binders for zeolite exttates are hydrous or hydroxidic forms of
alumina omixed silicaaluminaWater is removedérom the structurefger calcination
of the green extrudatesd subsequenthaluminum hydroxides are transformed into
aluminumoxide types. The mechanicahbtlity is mostlyprovided through adhesive
forces and additionally by crodéisking of some terminal hydroxyl groups between
neighborbinder particlesThe interconnected particles in the calcined extrudates are
no longercalled as binder but rather as ma t. Thie pode size distribution in the
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matrix depends on thgoresizes of all particles presenn the matrix The formation
of small mesoporewith approximatelylO nmdiameter can not be prevented as a

result ofthe small size of the binder partisléFreding, 2007)

Chang et al. and Shihabi et al. found tHatminum which comesfrom alumina

based binders can be incorpehinto the zeolite framework dgrming additional
acid sites. (Chang, 1985),(Shihabi, 1985) In the case of silica as birtbarease of
the zeolite acidity wasbserved byusing zeolite Yin the experimentdWu, 2002)

Many attempts were done to use alternative binders because of that disadvantages.

Freiding et al. reported aluminium phosphates as alternative binders for the extrusion
of zeolite materials. It was stated tlduminium phosphatesxist in different atomic

Al/P ratios. In the composition AlPQDthey are isoelectronic with Si@ndconsst of
alternating AlQ;, and PQp tetrahedra. Six amonghe known, dense crystal
modifications of AIPQ are isostructural with modifications of silica; tridymite is one

of these. In addition, many AlROnolecular sieves are known, which some are

isostructural with zeolitegFreiding, 2007)

Paste extrusion is widely used ppoducea variety of products for mechanical,

electrical and chemical enggering applications.

Working princible of # extrudersbased on generatingessure difference to press
the paste through a die. The methods of generating pressurbangesignificantly
oneextruderfrom anotheionebut pasteflow through dies is common to all types of
extrudes. Therefore extrudate velocityis related with the pressuredifference.
(Li,2001)

Li et al. described themethod that includesapillary experiments and visual
inspection in the selection of the optimal zeolite paste compositioprdolucinga
defect free zeolite 5A monolitin the experiments, aam extruder was usetb
providethe relationship between extrusion pressure and extrudate velocity for zeolite

pasteswhich containdifferent binder typesand amounts Six extrusion parameters

13



for characterisingf the zeolitepastewere determinedafter a ®ries ofexperiments
thatwere carried outautiousy. (Li,2001)

Grandea et alprepareda zeolite 4A honeycomb monolith with square channels by
extrusion and characterized as potential adsorbent for separation of propane
propylene mixtures. The malleable moulding compound included zeolite 4A, methyl
cellulose, methyl siloxane ether and water with certain ralothe extrusion step,

the zeolite powder and éhmethylcellulose were fed into the twsorew extrudevia
gravimetric feed systems. Water and methyl siloxane etleee injected intahe

dowrstream section of thextruder cylindewith diaphragm pumps. (Grandea,2006)

Shams et al. synhtesized 5A z@monolith extrudateBy usingkaolin. In the study
zeolite 5A was synthesized and granular extrudates were prepsireg inorganic
binder (kaolin)and organic bindezarboxymethycelluloséCMC). (Shams,2007)

Akolekarinvestigatedhermal transformatio of kaolin extrudates to metakaolin and
following crystallization of lowsilica X extrudates.Preparation of porous
metakaolin extrudatescludes four steps. These steps are synhtésiaolin-starch
extrudates; drying of the kaolin extlates aB73K for 12 h, calcination of the kaolin
extrudates for removal of the organic material and conversfoextrudatesto
metakaolin aB73 K. After thatmetakaolin was converted to lesilica zeolite X by
hydrothermal syritesis.Akolekar,1997)

Ural synthesied binderless zeolite A and X discs from aluminosilicate powders.
Sodium aluminosilicate hydrogel was filtered to obtain solid and liquid phases. Solid
phase, wet cake was washed to reduce pH, dried and conditioned to obtain
amorphous powder. Amorphous pidsv was pressed as disc shape. Prepared discs
were calcined and converted to zeolite by hydrothermal synthesis in filtered liquid of
hydrogel(Ural,1999)

This devel oped method was i mproved by

bars. Sodium aluminosilate hydrogel was filtrated into solid and liquid phases as

same with the previous method. Amorphous powder was mixed with organic binder,
14



hyrdoxyethyl cellulose, to obtain a paste for the extrusion. Paste was extruded into

bars and tubes by using hommede ram extruder. Green tubes were calcined to
remove organic binder and synthesized in the filtered liquid of
hydrogel . (¥zcan, 2006) Géeceyener simpl i fi
by ¥zcan and synthesized t ubulayarrontieeo!l i t e

zeolite supports. (G¢gcegyener, 2008)

2.3 Crystallization Mechanism of binderless zeolites

Two mechanisms of zeolite crystallization have been proposed. Onideof
mechanismis based on that the transformation of the amorphous gel to zeolite
crystal occured in the solid phase of gel through rearrangement and surface
diffusion. The other mechanism is based on that crystallization processestm

the equilibrium state tlugh a continuous dissolving of the amorphous gel phase

and reprecipitating to form and grow into the zeolite crystal. (Lu0,1997)

Luo et al. aimed to obtain information about the crystallization in the system for
preparation of preformed binderless zepliK and add understandings to the
mechanism of zeolite formation since few reports available related to the
crystallization mechanism of binderless zeolites. In hydrothermal synthesis most of
the silica source materials are soluble in the alkaline solwiothe reaction
conditions. Different silica sources stronglyest the chemical state of the gel and
may affect the mechanism of crystallization. In the work, silica gel spheres were
used to prepare preformed binderless zeolite X. The conditions tifesis were

different from that in ordinary synthesis. (Lu0,1997)
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CHAPTER 3

EXPERIMENTAL

3.1 Raw Materials for Synthesis

Alumino silicate hydrogels were prepared by using water glass (extra pure, Merck,
0.287Na0:Si0,:8.036H0) sodiumhydroxide pellets (NaOH), aluminum hydroxide
powder (pure, Al(OHy) Merck) and distilled water. For the preparation of paste 2
Hydroxy-Ethyl Cellulose(HEC) (Aldrich) was added to powder as nonionic binder.

Sample calculation for amounts of raw materiaklshiswn in Appendix A.

3.2 Synthesis of Tubular Zeolite Macrobodies

Synthesis of supports includes these major steps: preparation of hydrogel, filtration
of hydrogel, filtration of the suspension, extrusion, calcination fayaiothermal
conversion. Figwe 3.2 summarizes all of these steps.

3.2.1 Preparation of hydrogel

Hydrogel was prepared by mixing sodium aluminate and sodium silicate solutions.
Sodium aluminate solution was prepared by dissolving sodium hydroxide pellets in
distilled water, adding @vder aluminum hydroxide, heating until clear solution was
obtained and diluting with distilled water after cooling. Sodium silicate solution was
prepared by diluting the water glass solution. Sodium aluminate solution was added
on the sodium silicate sdlan, hydrogel was stirred to obtain homogeneity.
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3.2.2 Filtration of hydrogel

Filtration of hydrogel was carried out by a Buchner funnel and Whatman No:41 filter
paper (9cm in diameter) with a vacuum pump. Liquid and solid phases of hydrogel
were separated. Filtered liquid was poured into plastic bottle and was kept for
hydrothernal conversion step. Solid phase on the filter paper was washed with 500
ml distilled water to reduce pH. Solid phase and filter paper were putted on watch
glass of which weight is known, weight of watch glass plus solid phase plus wet
filter paper was meared then solid phase was putted into beaker with 2000 ml
volume, weight of the wet filter paper was measured, wedfjigolid phase was
determned.Solid phase was dispersed in 1500 ml distilled water and stirred for one
day to reduce the pH. The suspenswas filtrated again, filtrated liquid was
discharged and solid phase on the filter paper washed with 500 ml distilled water and
putted on watch glass, weight is measured. Solid phase on the watch glass was dried
at 80°C for one day, and then powderieda porcelain mortar. Amorphous powder
conditioned in a desicattor at 86% relative humidity overnight and was kept for

extrusion step.

3.2.3 Extrusion of alumina silicate powder

Binder, HEC solution, was prepared by dissolving 2 g of hydroxyethidlase

powder in 48 g distilled water in beaker and stirred for 2 days on magnetic stirrer.
Paste was prepared by adding binder (4 wt% hydroxyethyl cellulose) into certain
amount of amorphous powder with suitable amorphous powder/binder ratio. Paste
was extruded into tubes or bars by using homemade stainless steel extruder.
Extruder was obtained by mounting barrel as a feeder, central spacer stick and die.
Central spacer stick gave tubular shape. Therefore, central spacer stick was not used
for extrusionof bars. Extrusion set up was formed from extruder, a piston which
allowed to push to paste and another barrel where extruder was placed and which
was 7.5 crdong to provide enough space for the extrudate to come out of the die.

Figure 3.1 shows the exttar and extrusion processes.
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Figure 3.1: Schematic representation of (a) homemade stainless steel extruder (b)

extrusion process (G¢gcegyener, 2008)
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For extrusion; setip was put on a hydraulic press vertically and the piston was
slowly and continuously mined down by hydraulic press. Green tubes or bars were
obtained after extrusion. Green tubes or bars dried at room temperature until

calcination.
3.2.4 Calcination of green tubes

Dry amorphous tubes or bars were calcined on mullite supports 4£6602h in a
muffle furnace. In order to prevent cracking on the tubes and bars; heating up to

600°C and cooling down to room temperature takes 6 h with 1@fin rate
3.2.5 Hydrotermal conversion

For the hydrothermal conversion of calcined tubedars into zeolite, the liquid
phase, which filtrated from the hydrogel was used. The hydrothermal treatment was
carried out inpolytetrafluoroethylenfPTFE) cups. Weight of calcined extrudates
were measured and they were putted into the PTFE cupél@atkd liquid was

added with 1/14 weight ratio, PTFE tab was wrapped around the mouth of the cup to
prevent the leakage and the cup was closed tightly. The hydrothermal conversion was
carried out at 80C for 72 h. After synthesis, bars and tubes weeshed with

distilled water and dried at room temperature.

Synthesis conditions of samples in this study are shown in Appendix B.
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Summary of Experimental Procedure

Sodium Silicate SodumAluminate
Solution Solution

/ Filtration
. '‘Washing o

)y s L
Paste |. N Dried Wet Cake Liquid
Powder | prying Phase

Extrusion
. Calcination . Crystallization —
Green , | Calcined , Zeolite X
Tube 600CY, 2h Tube 30CO "2 I Tubular Support

Figure 3.2: Experimental steps of synthesis tubular zeolite macrobodies

3.3 Characterization of Tubular Macrobodies

3.3.1Zeolite phase identification and determination of crystallinity

For zeolite phase identification of tubular macrobodies Philips PW 1728y X
Diffractometer (XRD) was used. Before analysis, tubular macrobodies were crashed

i nto powder in a mortar. XRD analysis we
The other condt i ons were 30 kV voltage, 24 mA
10000 counts/s range, 1.0 s of time constant and 0.2 mm of slit. Analysis were

carried out between 5 and 40 Bragg Angles.

XRD pattern of the sample was compared with the XRD pattern of cariaher
zeolite X powder Aldrich 13X Powder Lot No: 03130MSYhe XRD pattern of the
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standart is shown in Figure 3.3, peaks that were involved crystallinity calculation
showed with asterisks. Crystallinity was calculated by intensity summation method

which is shown in Equation 3.1.

U Crvstallinty = E—r; % 100 3.1
Crystallinity of zeolite A, X mixtures was calculated by using calibration graphs.
XRD patterns of commercial zeolite X powdehkldrich 13X Powder Lot No:
03130MS) and commeial zeolite A powdel(Merck Lot No: 525161Ppwere used

for calculations. XRD pattern of commercial zeolite A is given in Figure 3.4
Preparation of calibration graphs is explained in Appendix C.

3.3.2 Morphologyanalysis by SEM

The scanning electron microscopy (SEM) images were taken by FEI QUANTA 400F
Field Emission SEM at Central Laboratory at METU.

Samples were put on brass sample stubs and coated with gold. The micrographs were
taken at magnifications of 500X, 1000X, 150€00X and 10000X.

3.3.3 Thermalgravimetric analysis

Weight loss of macrobody was determined by thermal gravimetric analysis. Thermal
gravimetric analysis (TGA) experiment was performed using Perkin ElImer Pyris 1

TGA at Central Laboratory in METU. Theamples were heated in air with a heating

rate of 10AC/ min. The temperatur e Cwas in
For the analysis, approximately 18 mg of sample was used. Before the experiment,
sample was hold in a desicattor at 86% relative hitynaernight.
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3.3.4 Mercury porosimeter analysis

Pore size distribution and macro+meso porosity were determined by mercury
porosimeter analysis using Quantochrome Corporation, Poremaster 60 mercury
porosimeter at the Central Laboratory in METAhalyses were carried out at high
pressure range of Z80000 psi at room temperature. Before the analysis, sample was
dried at 80C overnight and then kept at 380 for 3 hours.

3.3.5 Determination of BET surface area byitrogen adsorption

The BET surface area of the macrobody was determined by nitrogen adsorption at 77
K using Quantochrome Corporation, AutosddC/MS at 77 K at the Central
Laboratory in METU. Before the nitrogen adsorption analysis, degassing was
performed at 356C for 15 hour in the device. Sample was dried al@®vernight

then kept at 308C for 3 hours.

3.3.6 Elementalanalysis of liquid samples for material balance
The elemental analysis (Na,Al,Si) of liquid samples were performed by atomic
absorption spectroscgpn METU Chemical Engineering Department. According to

analysis results molecular composition of samples were calculated. Analysis results

and calculations are given in Appendix G.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Synthesis of Binderless Zeolite Macrobodies

Objective of the study is to synthesize binderless zeolite X tubular macrobodies by
usingthemet hods devel oped by ¥zc donsynthess0f6) an«
the zeolite A bars and tubes. Synhtesis conditions of all macrobodies that were
synthesized in this study are given in Table 4.1, sample coding is explained in

Appendix H.

Experimental method for the synthesis of binderless zeolite macrobodies described in
the Chapter 3 includes using organic binder in the extrusion step. Since the organic
binder can be removed from the structure by calcination at temperatures higher than
the decomposition temperature of the binder, binderless macrobodies can be obtained

before the hydrothermal conversion step.

Nonionic polar substancéydroxyethyl cellulose (HEC) which isoluble in water

was selected as the organic binder, as suggbsyed ¥ z can and G¢c¢gyene

In extrusion step, certain amount of HEC (H) was added into amorphous powder (A),
their ratio was defined as A/H. 4 wt% HEC solution had been used and 0.82 had

been selected best A/H ratio for extrusi

In this study, 4 wt% EHC solutions were used as binder, pastes were prepared with
different A/H ratio to determine the effect of A/H ratio on the texture of the paste and
to select suitable ratio for this study. Table 4.2 summarizes properties of pastes and

extrudates for diffeent A/H values.
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Table 4.1.Experimental conditions of macrobodies

9¢

Run Batch Extrusion Parameters Calcination Parameters Crystallization Parameters at 80 XRD Result
No °c
Composition
A/H ratio | Code Temp | Time | Code Solid/Lig. [Time (h) | Code Zeolite Phase | Crsytallinity %
°c (h)
1 N7:A1:Se:Has0 0.7 K¢-Ga 600 2 K ¢-Ca 1/14 72 K¢-8a Zeolite X 62
0.8 K ¢-Eb 600 2 K ¢-Cb 1/14 72 K¢-B Zeolite X 64
2 N47A1:S.4H170 0.7 K¢-@a 600 2 K ¢-2a 1/14 120 K ¢-Za Zeolite X 71
0.75 K ¢-2b 600 2 K ¢-2b 1/14 120 K ¢-&b Zeolite X 63
1/14 72 K¢-& Zeolite X 75
3 Nzs5A1:S34H170 0.7 K¢-G 600 2 Ke¢-g 1/14 72 K¢-3 Zeolite X+A | 28%X+22%A
4 Nzs5A1:S3H170 0.7 K¢-& 600 2 Ke¢-€ 1/14 72 K¢-& Zeolite A 87.4
5 N2 s5A1:S; 3H170 0.7 K¢-6 600 2 Ke¢-& 1/14 72 K¢S Zeolite A 72.1
6 N25A1:Ss4H170 0.7 K ¢-Ga 600 2 K ¢-6a 1/14 72 K ¢-Ga Amorphous |  ---------
N5 5A1:S3 4H170 0.7 MC) K ¢-6b 600 2 K ¢-6b 1/14 72 K ¢-&b Amorphous | = ---------
7 Nz5A1:SsH170 0.7 K¢-G 600 2 K¢-T 1/14 72 K¢-B Zeolite X+A | 34%X+39%A




Table 4.1 contobd

Run Batch Extrusion Parameters Calcination Parameters Crystallization Parameters at 80 XRD Result
No °c
Composition
A/H ratio Code Temp | Time | Code Solid/Lig. [Time (h) | Code Zeolite Phase | Crsytallinity
°c (h) %
7 N35A1:SH170 0.7 K¢-B 600 2 K¢-T 1/14 72 K ¢-B Zeolite X+A | 34%X+39%
A
8 N4A1:S; 4H170 0.7 K¢t¢-& 600 2 K¢-8 1/14 72 K ¢-& Zeolite X 89.1
N 9 N3:A1:S3.4H170 0.7 K¢-& 600 2 K¢-@ 1/14 72 K ¢-$ Amorphous | = --------
10 N3 5A1:S, 3Hi70 0.7 K ¢-@0 600 2 K ¢-00 Not crystallized | === | -
11 N4 5A1:S,5H190 0.7 K¢-Gl 600 2 K¢-C1 1/14 72 K ¢-8 Amorphous | = --—----
12 N5 5A1:S35H190 0.7 K¢-®& 600 2 K¢-@2 1/14 72 K¢-® Zeolite X 87.7
13 N5 5A1:S4.0H190 0.7 K ¢-G3 600 2 K ¢-C3 1/14 72 K ¢-8 Zeolite X 99.8
14 Ns.5A1:SusHio0 0.7 K ¢-G4 600 2 K ¢-C4 1/14 72 K ¢-B4 Zeolite X 77.6
15 Ns.5A1:Ss 6 Hig0 0.7 K ¢-@G5 600 2 K ¢-C5 1/14 72 K ¢-55 Zeolite X 91.4
16 | Ns5A1:Ss5H190 0.7 K ¢ -6 600 2 K ¢-C6 1/14 72 K ¢-5 Zeolite X 99.9
17 | N7:ALSssH250 0.7 K ¢-G7 600 2 K¢-C7 1/14 72 K ¢-57 Zeolite X 64.6
18 N45A1:S4:H170 0.7 K ¢-G3 600 2 K ¢-C8 1/14 72 K ¢518 Zeolite X 99.9




Table 4.1 contod
Run Batch Extrusion Parameters Calcination Parameters Crystallization Parameters at 80°C XRD Result
No Composition A/H ratio Code Temp | Time | Code Solid/Lig. [Time (h) | Code Zeolite Phase | Crsytallinity
°c (h) %
19 Ne.5:A1:Ss:Ha60 1.2 K ¢-E9 600 2 K ¢-09 1/14 72 K ¢S19 Zeolite X 71.7
20 Ne:A1:Ss 5Ha40 1.2 K ¢-@0 600 2 K ¢-20 1/14 72 K ¢520 Zeolite X 59.9
21 Ns:A1:Sy 5 Ha00 0.7 K¢-&l 600 2 K¢-21 1/14 72 K ¢521 Zeolite X 66.8
22 Ng:A1:Ss:Haz3 0.7 K¢-&2 600 2 K ¢-22 1/14 72 K ¢522 Zeolite X 85.1
23 N45A1:Ss5H100 0.7 K¢-&3 600 2 K ¢-23 1/14 672 K ¢523a Not Analyzed
> 168 K ¢523b Zeolite X 98.6
24 N3:A1:S34:H170 0.7 K¢-24 600 2 K ¢-24 1/14 672 K ¢524a Not Analyzed
168 K 4524b | Zeolite X+A | %35X+%58
A
25 N2.5A1:Ss 4H170 0.7 K ¢-@b 600 2 K ¢-25 1/14 168 K ¢-&H Different phase| = --------
26 N5 5A1:Ss 5 H190 Notextruded | - | s e e
27 N4s5A1:Ss:Hi70 0.7 K ¢-&7 600 2 K¢-27 1/14 2 K ¢S27a Not Analyzed
4 K €S27b Not Analyzed
6 K ¢-&7c Not Analyzed
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Table 4.1 contod
Run Batch Extrusion Parameters Calcination Parameters Crystallization Parameters at 80 | XRD Result
No °c
Composition
A/H ratio | Code Temp | Time | Code Solid/Lig. [Time (h) | Code Zeolite Phase | Crsytallinity
°c (h) %
28 N4s5A1:S4:H170 0.7 K ¢-28 600 2 K ¢-28 1/7 72 K ¢-&a Zeolite X 80.1
1/28 72 K ¢-3b Zeolite X 94.1
1/14 24 K ¢-Bc Amorphous |  --------
1/14 12 K ¢-28d Amorphous | = ---------
29 Na5A1:S4:H170 0.7 K¢-&9 600 2 K ¢-29 1/14 12 K¢ Sa9 Zeolite X 3.9
1/14 24 K¢ SR 9 Zeolite X 5.5
1/14 36 K¢ S@9 Zeolite X 21
1/14 48 K¢S@9 Zeolite X 73
1/14 72 K¢ Se@9 Zeolite X 92.3
30 NasA1:SeHi7o 0.7 K ¢ -0 600 2 K ¢-80 1/14 72 K ¢-30 Zeolite X 87.4
31 N3 5A1:S, 3H170 0.7 K ¢-Gl 600 2 K ¢-81 1/14 72 K ¢-31 Zeolite A 75.5




Table 4.2 Effect of different A/H value on the paste and extrudates

A/H ratio Texture of the paste| Remarks

0.8 Dry Non-homogenous paste

0.7 Normal Homogenous paste

0.65 Watery Stick on the porcelain mortar

Homogenous paste was obtained by using the A/H ratio as 0.7 for the extrusion of
amorphous powder of the RuUnwhich hasN7:A1:Ss:H2s0 hydrogel composition

Since A/H ratio had been selected as 0.82 for the extrusion of the powder of
N25A1:S; 7H150 hydrogel compositionby ¥z c an (2006) , it ca

hydrogel composition directly affects the properties of amorphous powder.

Table 4.3 shows averagweight, diameter and length values of three green and
calcined tubes. Green bars shrinked, both diameter and length decreased after
calcination at 608C for 2h . Weight of green tube decreased due to removal of HEC

and water during calcination.

Table 4.3.Change in weight and dimensions of tubular macrobodies

Sample Weight (g) Diameter (mm) | Length(mm)
Green(dried at room temperatur| 1.63 0.93 4.4
Calcined &t 600°C for 2h) 1.3 0.73 4.2

4.2. ZeolitePhase Hentification and Determination of Crystallinity

Figure 4.1 shows XRD patterns of the sy
from N4 s5A1:S4:H170 hydrogel composition, in comparison with commercial zeolite

13X powder. It can be seen that positions of peaks in the synthesized tubetelymple

match with the positions of peaks in commercial zeolite X. It means zeolite X is the

onl vy crystal phase I n K¢S18. Crystalli:i

calculated by the intensity summation method that described in the Chapter 3. As a
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resutK ¢ S18 has 99.9 % crsytallini (Adrciwi t h r e
13X Powder Lot N0:03130MS)
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Figure 4.1.XRD pat t er A8&andobh) cormmerci&l eeblite pAldrich 13X
Powder Lot N0:03130MS)

4.3 Crystallization Field of Zeolite Macrobodies

As mentioned in Part 4.2, in this study different hydrogel compositions were
prepared to determine effect of hydrogel composition on crystallization field of the

tubular zeolite macrobodies. The hydrogel compositions were put intonaryte
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diagram and compared with the diagram prepared by Breck. @reckgram was

based on hydrogel compositions for the zeolite powder synthesis &tC106th

90-98 % water content. Figurels hows t he Breckoés OiSgram.
represents Si§) A represent AlO;. Border lines represent the crystallization field of

the zeolites. Affirmations X, Y, A, B means zeolite X, zeolite Y, zeolite A and
zeolite R respectivéy.

Figure 4.2. Crystallization fields of some zeolites thagne proposed by Breck.

G¢gceyener synthesized zeolite A tubes

2.5Na0:1Al,05:1.7SiQ:150H0. Chemical composition of solid extrudate was

analyzed by ICP and determined as 1.0;MAl,03:2.66SiQ in dry basis. Since

same hydrogel composition was used through her study, it was assumed that
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composition of solid extrudates were same. Synthetic liquids with different
compositions were prepared and crystallization of extrudates were carried out in
thee synthetic liquid with different solid/liquid ratios. Overall composition in the
synthesis medium, autoclave, was calculated by using solid/liquid ratios and
compositions of extrudates and synthetic liquids. Calculated overall compositions by
G¢ c ¢ y e008 are shalvn in Figure3l.In her thesis , it was stated that zeolite A

region exactly matches with the crystallization field of zeolite A proposed by Breck.

06 d Zeolite A (G¢ch
’ ® Zeolite X+A (G}
O Amorphous (G¢ck

N 0,0 0,1 0,2 0,3 0,4 0,5 A

Figure 4.3. Ternary diagram based on overall composg in the autoclave for the

syntheses of binderless macrobodies &80i n Canan G¢ceéeyener s

Ural (1999)synthesized different number of disks in an autoclave while keeping the

liquid amount constant and found that all disks were converted to zeolite A, no
matter how many disks were put into the autoclave. It was concluded that the local
composition governghe synthesis rather than the overall composition in the

autoclave

33



Figure 44 shows ternary diagram that was plotted with hydrogel compositions that
prepared in this study. Hydrogel composition is different from the composition in the
synthesis medium since it was filtered and solid phase washed to reduce pH.
Although this fact, bth of the zeolite X and A regions exactly match with
crystallization field that proposed by Breck. Calcined extrudates of hydrogel
compositions which were close to border line of zeolite A and X were converted to
zeolite A+X mixture after crystallizationt80°C f or 72 h aBahdcall e
K ¢-B Studies were carried out to determine percentages of zeolite phases in the

mixtures and they were defined in Part 4.4

Zeolite X (this study)
Zeolite A (this study)
Amorphous (this study)

Zeolite X+A (this study)
Different phase (this study)

+o[ Ve

N 00 0,1 0,2 0,3 0,4 0,5 A

Figure 44. Ternary diagram based on hydrogehmgmsitions for the syntheses of

binderless macrobodies in this study

In this study, three of the calcined tubes remained amorphous after crystallization at
80°C for 72h an6la,c-8K da% dil. KewSuhg, Bu5, Run24
and Run23 were caied out with the same hydrogel compositions of ufRun9
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and Runrllyrespectively. Synthesis time was the only different experimental
parameter between thosens. Synhtesis time was increased up to 168 h to
understand whether tubes will crystallizermt after longer synthesis time. It was
observed that tubes were converted to zeolite after excess crystallization time.
Zeol i te X was o0bt a23m zdite X¥fAomtur® was obfaided K¢ S
from Run-24R 4nd difetelt zeolite phase wastanbed from Run 25,

K ¢-&. All of these hydrogel compositions were located in the upper side of
diagram, which mean they include lower amount;MaTherefore it can be
concluded that crystallization is more difficult and it takes more time at lower Na
amounts. Also it was concluded that synthesis time was not enough when the

macrobodies could not be converted to zeolite.

4.4 Determining Percentages of Zeolites in a Mixture

In this study, two of the amorphous macrobodies were converted to zeolite A+X
mixture after synthesis at 8€ f or 72 h. These mac3obodi ¢
a nd -7K €&8ibration graphs were prepared to determine percentages of zeolite X

and A phases in the zeolite A+X mixtures. XRD patterns of commercial zeolite 4A
(Merck, Lot No: 5251610) and X (Aldrich Lot No: 03130 MS) were given in
Chapter 3A1, A9, A10 for zeolite A and X1, X3, and X4 peaks for zeolite X were

chosen for preparing the calibration graphs since they were clear peaks and were not
affected any other peak. Zeolite X+A mixtures were prepared by mixing commercial
zeolite powders homegenously with different percentages. XRD analysis of the

prepared mixtures were carried out.

Intensities of A1, A9 and Alpeaks at ififerent zeolite A perentagesnd intensities
of X1,X3, and X4 peaks at different zeolite X percentages were calculated by

subtracting the background intensity.

Intensities of the chosen peaks and total intensities of them were plotted versus
percentage of the commercial zémlDetails of preparation of the calibration graphs

are given in Appendix C. Figure34shows the calibration graph for commercial
zeolite A and Figure 8.shows calibration graph for commercial zeolite X.
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Figure 4 5. Calibration graphs for zeolite Based on Al, A9 and A10 peaks
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Figure 4.6. Calibration graphs for zeolite X based on X1, X3 and X4 peaks

Figure47and48s hows t he XRD patterns-3ofande KI¢CiSt7e

that were prepared in this study.
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Figure 48:. XRD pattern of the-zeolite X+A mixt

I ntensities of the A1, A9, A10, X1 , X3
K¢S7 are given in Tabl A9 AMlOpkaks AnNd x84 s u mmat

peaks were used in calculations.
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Zeolite percentage was read from the calibration graphs, Figure 4.6 ame &ig by

using the intensitywalues in Table 4.4. Results for the zeolite X percentages were

given in Table 4.5 and for theaée A percentages were given in Table 4.6.

As

shown

in Tabl e

4. 5,

-7z eanldi 13 dcexdikgteSr ¢ e n

to calibration graphs based on X3, X4 and summation of X3, X4 peaks were closer

whi

| e

zeol

it e X

p7 eandcheen t - @c®orlingotd calibratien

K¢S

graph based on X1 peak was smaller than other results. As a result, calibration graph

based on X1 peak was decided relgard from the calculatiott.can be concluded

t hat-7 Ki¢rsc |l udes

X.

As

to

i ncl

aver age-3idchidés avezagd 43% =reolite X

an

shown in Table 4.6, Zealnidt @ dcdordiggeIScent
al | cali bration graphs were <cl-Bse to
udes aver age -3lifcludds avepoA3% teeliteA. and K¢S

Tabled4d4: Il nt ensity values of-7 apé8l K¢8 A+ X
Ke-8 K ¢-$
Peak No Intensity Peak No Intensity
X1 (380-110) 270 X1 (495105) 390
X3 (300-150) 150 X3 (350-170) 180
X4 (400-150) 250 X4 (500-200) 300
X3+X4 400 X3+X4 480
Al (500-100) 400 Al (200-110) 90
A9 (1100290) 810 A9 (620-250) 370
Al10 (1440300)1140 Al0 (780-260) 520
A1+A9+A10 2350 A1+A9+A10 980
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Table45.Z e o |

i te

X percentages

according to calibration graphs.

il arhed KDl ite

Sample| Calib. Graph| Calib. Graph Calib. Graph| Calib. Graph
based on X1 based on X3 | based on X4 based on
X3+X4
%X %X %X %X
K ¢-B 17 40 31 34
K¢-3 25 48 39 42
Table46Zeol ite A percentages-7i an e adddrdihg e

to calibration graphs

Sample Calib. Calib. Graph | Calib. Graph| Calib. Graph
Graph based on A9 | based on Al1Q based on
based on A1+A9+A10
Al
%A %A %A %A
K ¢-B 46 48 52 49
K¢-5 25 23 24 21
As a result Table 4.7 summari zes
and the K¢S7 according to calcul
samples were amor pho-is andh & #A-8 RaveraldfineKK& S%

as amorphouaccording to calibration graphs.

A+ X

average
ations.

o

Table 4.7. Percentages of zeolite X and A phases in the zeolite A+X mixtures,

K¢-B a n eB, agcording to calibration graphs.

Sample Code | Zeolite X % Zeolite A %
K¢-B 35 49
K¢-3 43 23

39



Crystallinity values of other synthesized macrobodiesgiven in Table 4.1 and
shown in Figure 4. Syntheses of zeolite X macrobodies up to 99.9 % crystallinites

were achieved.

100 -
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70
60
50
40
30
20
10

Crystallinity %

icS-1a
iCS-1b
iCS-2a
iCS-2b
iCS-2¢
ics-3
iCS-4
iCS-5
iCS-6a
iCS-7
ics-8
iCS-9
iCS-11
iCS-12
iCS-13
icS-14
iCS-15
iCS-16
ic-S17
ic-518
iC-519
iC-S20
ic-521
iC-522

Sample Code

Figure 4.9. Crystallinity percents of the samples in this study.

21 different hydrogel compositions were used in this study. Calcined extrudates
which were obtained from those hydrogel compositions converted to zeolite in
filtered liquid of the hydrogel at 88C f or 7-2 & n & wike€ Seolite A
sampl e-8a, -KCSEHntdl WeiSe remai n amoedapdhous
K ¢-Bwere zeolite X+A samplesll of theother samples in the Figure 4re

zeolite X. Crystallinities of the mixtures are the total crystallinities of zeolite X+A

phases.
4.5Morphology Analysis by SEM
Morphologies of the some tubular zeolite macrobodies were analysed by SEM.

Samples that were analyzed by SEM defined in Annex | and all of the SEM images
are given in Appendix F.

40



4.5.1 SEM analysis of the zeolite X tubular mcrobody

Figure 4.10 shows the SEM images of inner surface, outer surface and cross section
of K¢S18, zeolite X sample with 98 9 % c
Om spherical particles each with hmany s
outer surface is different from the crystal morphology of the inner surface. Outer
surface includes typical tetrahedral zeolite X crystals. Different crystal morphologies

of inner and outer surfaces, causes a layerdaatbe seen from the SEM image

cross section of the sample. Thickne$shis layer is approximately 20 m.

4.5.2 SEM analysis of the zeolite A tubular macrobody

Figure 4.11 shows the SEM images of the inner surface, outer surface and cross
section of the K¢S5% crygstalnityi Bote of he isnarrapdl e wi
outer surface include shaped cubic zeolite A crystals. Amorphous particles could not

be seen in the images although 38% of macrobody was amorphous according to
XRD results.
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Figure 410.SEM i mages of K¢S18 zeolite X, 99.96
(X 500) (b) inner surface (X 12000) (c) outer surface (X500) (d) outer surface
(X1500) (e) cross section (X150) (f) cross section of (X 1000)
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V det {e—_ O 111}
5mm|ETD| 4.0 METU CENTRAL LAB

det | spot| 00 pm ——— 0 HV | ma WD | det |spot 500 pm ——
kV|200 x| 9.5 mm |ETD| 3.0 C | Laboratory 30.00 kV|200 x| 8.9 mm |[ETD| 3.0 Central Laboratory

Figure 4.11.SEM i ma g e5 zeolife A lsamBle with 72.1 % crystallinity.
(@) inner surface (X1500) (b) inner surface (X4000) (c) outer surface (X4000)
(d) outer surface (X10000) (e) cross section (X200) (f) cross section (X200)
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4.5.3 SEM analysis othe zeolite X tubular macrobodies with low crystallinity

SEM analysis of the tubular zeolite macrobodies which have low crystallinity were
carried out to see morphologies of the amorphous particles. Figure 4.12 shows the
SEM images of zeolite X samplesw ch have | ow-1ewayaszedité | i ni t
X sanple with 71.7 % crystallinityK ¢-8) was a zeolite X sample with 59.9 %
crystallinity. | -h9nsbaws sphericél partieles aviich indlude K ¢ S
many small crystals. Moreover needles carlparly seen. On the other hand; inner

sur f ac €0 iocfudeKsplterical particles with small crystals. It was observed

that there are also small particles behind large particles. Small particles are about 5

Om where | arge parttriacsite g oari e AIB@O n@adlas f larc ec

were observed in the inner surfacd®fS20.

It seems a few spherical crystals were growth on a layer in the outer surface of
K¢-B59 an-@0. Keé lyer may be formed from amorphous particles. Outer
sufc e 0f20K¢&Bcludes | arger particul ates ab
were observed i n 19 &Moreowet, erystal sypes of mmeeand f K¢
outer sur-Iaceas2)widsBnieS

Definition of the layers that were seeninthett er sur f ace-19amhges o
K ¢-&) as amorphous particles should be supported by the cross section images of

the same samples. As it can be seen in the Figure 4.12 (ejpgH section of

K¢-59 a n-20 inklwd& many small particlesathcan be defined as amorphous

or very small crystals.
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WD | det |spot 50 pm
0mm ETD| 4.0 METU CENTRAL LAB

WD | det |spot 6 50 pm
1mm|ETD| 4.0 M \L LAB 00 kV|1 50( METU CENTRAL LAB

200 pm
Central Laboratory
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ME TRAL LAB 11 5mm|ETD| 3.0

Figure 4.12.SEM i ma g el9, zevlite XKs@&nple with 71.7% crystallinity (a)
inner surface (X1500) (c) outer surface (X1500) (e) cross section (X1500); SEM
I mages -20, fzeolite ¢XSsamplavith 59.9 % crystallinity(b) inner surface
(X1500) (d) outer surface (X1500) (f) cross section (X1500)

7 mr
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4. 5.4 SEM analysis of t3heanzd@oK¢iSE e A+X mi

SEM analysis of the zeod i(tde3d X2 IMeAK)t ua red
(35%X+49%A) were carried out ®valuate whether results of the XRD analysis and

calculations of calibration graphs were complied with the images or not.

Figure 4.13 shows SEM images of inner surfaces, outer surfaces and cross sections

of -B¢ 8&n d rekpe@vely. Crystal typesofnner and out-8r surf
a nd -7KateSifferent. Tetrahedral zeolite X crystals which growth on the cubic
zeolite A crystals can clearly be seen i

Out er sur 3addk ¢-B avefextrEntely different frormach othes. Outer
sur f ac e-8includes typicad zeolite X crytals plus needles. It means major
phase o- outerhserfack i Zeolite X opposite to results of calibration graphs.
It can be explained princible of XRD analysis which based on powder ottabe

includes mixture of inner and outer surfaces.

SEM i mage of c r-® isctudes manyt smallmpartclés. TKay $an be
defined as amorphous particles by combination with results of calibration graphs,
whi ch says t-Jisamorphéusinidr paKicteS could not be seen in
the SEM i mage of -7cwhichsireludesdooveriparaentagefhs K ¢ S
amorphous phase according to results of the calibration graphs.
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WD |d
12.9 mm|ETD

det | spot
mm|ETD| 6.0

Figure 4.13: SEMi ma g e o0 {3,(48% zolit& X & 23% zeolite A) (a) inner surface
(X3000),(c) outer surface (X4000), (/1 d3p%cCcr oss
zeolite X + 49% zeolite A) (b) inner surface (X4000), (d)outer surface (X4000), (f) cross
sectio (X4000)
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4.5.5 SEM analysis of the tubular macrobodies that converted to zeolite with

excess crystallization time

SEM analysis of the macrobodies that remained amorpous after 72 h synthesis time,
K¢-$ an dll, ledSonverted to zeolite at excess aflyzation time 168 h
K¢-Z4 b a8, weré &rried out.

Figure 4.14 shows the SEM iamddghichf t he
have sa me hydrogel c-® waso emdinedo amorphdlg Safter
crystallizationat8C f or 7 2 h -2dbtanvered ® zellite X+A mixture at
80°Cfor168hZeol i t e per c exhwergfeusd as 36% fohzeolit& Xt S

and 58% for zeolite A respectively by defined method in the Part 4.4.

It can be seen that crystallization has started in the innersswre o fOwhilbe K¢S
out er sur f-&iseearty amotphioes. TRete®iiecan be concluded that

crystallization had started earl i®r in t|

Tetrahedral zeolite X crystals which growth on the cuieolite A crystals can
clearly be seen in-2dbe $SBENMel m8dpaboa oé¢ «Kf

includes needles.

Figure 4.15 shows the SEMI1li nangd8bskKhicdsf t he
have s ame hydr oge-11 waso rapansd amompmous afket S
crystallization at 89C f or 7 2 h -2Bthcenvested<o z&oliteSX at 8 for

168h.

Itcan be seenthatany crystals had been f orlined i n
Out er sur fldce necfl ukes | ower crystldl s t he
Therefore SEM ilhsumds the iconctusiom thdf ergstallization

starts earlier in the inner sade than outer surfack.can be seen that SEM image of

K ¢-&3b includes spherical particles each with many small crystals.
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Figure 4.14. SEM i ma g e9 (a)ifhner kwf&€xX4000), (c)outersurface
(X4000) , (e) C r o s 4b ¢be ionkeri sarfaceXdOr), O(d)oiter; K¢S
surface (X4000), (f) cross section (X4000)
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Figure 4.15. SEM image ofK ¢-8l (a) inner surface (X4000), (cputer surface
(e) cross section (X4000K ¢-Z3b (b) inner surface (X4000) (d) cross section
(X4000) (f) cross section (X500)
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4.6 Characterization of theZeolite X Tubular Macrobody

Zeolite X tubul ar macr ob o €8 99 crystallinty a s

was choosen for the characterization step.

4.6.1 Thermalgravimetric analysis

Figure 4.16 shows Ther mal Gr a v-l8&nzdlite i c
X with 99.9% crystallinity. TGA analysis was carried out in air, samples were heated
from room temperature to 98€ with heating rate of 18C/min. The weight of tube
decresed approximately 22.5% up to 4and decreased by 2%#up to 900°C.

The water content of zeolite X is 28% based on its oxide formula
N&0.Al,03.2.5SiQ.6.0H0 (Breck,1974). As a result, total weight loss value of the
zeolite X tubular macrobody thavas prepared in this study is close to the water
content of zeolite X based on its oxide formula. Water adsorbed irzewitic
channels is likely to be removed at lower temperatures than water adsorbed in
zeolitic pores.
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Figure 4.16. Thermalgravimetricanalysisre sul t o f K¢S18, zeol

99.9% crystallinity
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4.6.2 Mercury porosimeter analysis

Pore size di €8, izeoldeuX tulbe rwithd®9.9 % ¢rgtallinity, was
determined by mercury porosimeter at the Central LaboratofETU, Ankara.
Figure 4.17 shows t he resul ts -08fin mer cu
comparison with t he mercury por osi meter
(¥zcan, 2006rcurBe fpareo smemelB evas dried atl8§Cs i s | K
overnightand308C f or 3h to remove water adsorbe
was heated to 308C for 3h. Both of the porosity experiments were done in high

pressure range.(286000 psi)

Figure 4.17a shows that the tube has a wide pore size disibuAverage pore size

of the tube is 10 Om. Analysis results s
an intraparticle volume 0.0014 &wy. Most probably, zeolite X tube broke and
collapsed during the mercury intrusion because of high pressure. Vdnys|low

micropore volume was obtained.

Figure4.17b s hows that A¥60H sample has a nar |
approximately 20 m. |t was stated in her t hesi s
intraparticle volume was 0.489 &mg . ¥ z ¢ a rthat phe egsonsfae the high

porosity was the occurance of macropores during the conversion of calcined bar to
zeolite. It was also stated that due to the intense intergrowth in crsytals, the zeolites

4A bars had strong structures.

4.6.3 Determination of BET surface area byitrogen adsorption

BET surface area and micropore analysis of tubular zeolite X macrobody were done
by Nitrogen Adsorption at Central Laboratory in METU, Ankara. Before nitrogen
adsorption analysis, samplegre dried at 80°C overnight and 308C for 3h in

zeolite research laboratory and degassed al@5for 1 h at vacuum in the device.
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Figure 4.17.Por e size distribution of a) zeol i

A¥6 0H ( ¥z azardingtd d&cury porosimeter analysis

Figure 4.18 shows the nitrogen adsorption isotherm of zeolite X tubular macrobody
with 99.9 % elB.ySampk IhdsiTypleé isogherm Whicls typical to
mesoporous materials. Due to mesopores in the lsamiprogen can be adsorbed
where P/R near to zero. Micropore volume and BET surface area of the zeolite X
tubular macrobody was 0.178 ¥mand 631.2 Rig respectively.
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Figure 4.18.Ni t r ogen adsorption isother-t8@ of zeo
The BET surface areas of different zeolite X samples in the literature are given in
Table 4.4. It can be commented that BET surface area of synhtesized zeolite X

tubular macrobodies were comparable with the literature data.

Table 4.8.BET surface aresaof samples prepared in different studies

Sample BET surface are{ Reference
(m?/g)

K¢S 18 631 This study

13X beads 624 Li (2002)

NaX 622 Langmi (2003)

NaX (commercial) 565 Du (2007)
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4.7 Material Balance Calculations for the Synthesis d¥lacrobodies

Main purpose of the material balances was to understand changes in the
compositions during the preparation of amorphous powder from hydrogel. As
defined in the Chapter 3, after filtration of hydrogel wet cake washed with distilled
water on thebuchner funnel to reduce pH, dissolved in 150 ml distilled water,
thenfiltrated and washed with distilled water on the buchner funnel again. Figure
4.19 shows the flow diagram and stream numbers that were used in the calculations.

Details of the calalations are given in the Appendix G.

Elemental analysis of liquid samples of Run 29, S2, S7, S14 and S17 were done in
the Chemical Engineering Department in METU. Material balances around the
overall system, around thée™ Tiltration, around the ™ filtration and around the

furnace weralone.

Results of the material balance are given in the Table 4.9 and Tablé4xidle
basis and in weight basis, respectively the tables measured, calculated and

analyzed streams are shown seperately.

In the £ filtration system, hydrogel filtrated int@uid (Stream 2)andsolid (stream
3) phasesAccording to material balance calculationscan be said that nearly all
aluminum went to the solid phaéstream 3)Solid sampling (stream 4)was carried

outatthis stage.

Solid phasdstream 5)wvas washed on the Buchner funnel to reduce the pH with 500
ml distilled water(stream 6)and called as®iwashing systemAccording to material
balance calculations significant amounts7ra@85 gNa,O and3.02 g SiQ wasfound

in discharged water, stream 7. It means composition of solid gsmeam 5 to 8)

changed on this stage significantygain solid samplingstream 9) was done.

After that, solid phaséstream 10dispersed in the 1500 ml distilled wa{stream
11) in a beaker and stirred for overnight. Then, susper(simeam 12)wvas filtered
again and solid phagstream 13)was washed again with 500 ml. &desystens
were integratedalled as 2 filtration system Discharged waters called as strehn
and 17,respectively. Stream 14 includes 2.03g®al.53 g Si@ and Stream 17
includes 0.15 g N®, 0.49 g SiQ. It can be said that amounts of aand SiQ
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which went to discharged water decreased "thfiftration in comparison with %
filtration.

It can beconcluded that AD; content of solid phase of the hydrogel (stream 3) was

not affected significantly from washings with distilled water to reduce pH.

Last solid sampling was done (Stream 18) and remaining solid phase was dried at 80
°C for overnight and called furnace system. 76.4 g water (stream 20) was removed

from stream 19 and dried solid was called as stream 21.

At the end of the materiddalance calculations, composition of streamn2t found

asNp /A1 S.3H3.77while composibn ofhydrogel wasN4 sA1 Sy.0H170.
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Figure 4.19: Flow diagram of the amorphous powder preparation from hydrogel.
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Table 4.9.Material Balance Results of Run 29mmole basis

System Stream Weight Composition Molecular Mole
Weight (g/mole
(9) ght (g ) Nao A0 S5, o Calculated | Analysed
1= 1IN 200 N4.sA1S3 H170 3683.8 0.2443 0.05429 0.217 9.2295
Filtration 55Ut 385 Nz #A1563.176H 20000 5502695 0.03764 1.788x 10 0.005726 1.9881 5
30UT 161.5 N3 eA1 Ss.dH1334 2975.1 0.20666 0.054288 0.211274 7.2414 a
Sampling 4 5.9 N3gA1 S3.oH133.4 0.00796 0.001988 0.007304 0.2644
1'Washing 5IN 155.6 Nz eA1 Sz dH1334 2975.1 0.1987 0.0523 0.20397 6.977 F
6 OUT 500 HO 18.015 27.75
70UT 533.9 N137./A1S54.4H31408.8 577699.2 0.1267 9.24x10 0.05028 29.03 a
80UT 121.7 N14A1 011088 2365.9 0.072 0.051376 0.15369 5.697 .
a
2nd 10IN 116.5 N14A1 S 011088 2365.9 0.0689 0.0492 0.1472 5.46 -
Filtration a
110UT 1500 H.O 18.015 e e 83.25
150UT 500 H.O 18.015 ——— | e - 27.75
140UT 1509.5 Naa.1 A1Sz4.H112426.2 2030248.8 0.0328 0.000743 0.0254 83.56 a
170UT 509.5 Ns.26A1S21.04H73005 1316940.7 0.00243 0.000386 0.00813 28.22 a
16 OUT 97.5 No.7A1 S.3H97.77 2049.1 0.03367 0.04807 0.11367 4.7 A
Sampling 18 5 No.7A1 Sp.aHor.77 0.00207 0.00297 0.00677 0.29
Furnace 19IN 92.5 No7A1 Sp.3Ho7.77 2049.1 0.0316 0.0451 0.1069 441 5
200UT 76.4 H,O 18.015 4.24
210UT 16.1 No.7A1 Sp.ats77 0.0316 0.0451 0.1069 0.17 a
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Table 4.10.Material Balance Results of Run 29 in weight basis

System Stream Weight Composition Molecular Weight(g)
Weight (g/mole
(9) ght (g ) Nao A0 S5, o Calculated | Analysed
1% 1IN 200 Na4.5A1Ss H170 3683.8 15.14 5.5354 13.04 166.26
Filtration 2 OUT 38.5 Ns46.8A1S83.178H28880 559269.5 2.33 0.0002 0.36 35.81 a
30UT 161.5 N3 eA1 Ss.dH1334 2975.1 12.81 5.5352 12.68 130.45 a
Sampling 4 5.9 N3gA1 S3.oH133.4 0.5 0.2032 0.42 476
1'Washing 5IN 155.6 N3 eA1 Ss.dH1334 2975.1 12.31 5.332 12.26 125.69 F
6 OUT 500 H-0 18.015
7 OUT 533.9 Ni37.A1Sss 4Hsr408.8 577699.2 7.85 0.094 3.02 a
8 OUT 121.7 N14A1 911088 2365.9 4.46 5.238 9.24 102.63 A
Sampling 9 5.2 N1.4A1 Sp.9H110.88 0.19 0.218 0.39 4.27
2m 10 IN 116.5 N14A1 S 911088 2365.9 4.27 5.02 8.85 98.36 -
Filtration a
11 OUT 1500 H,0O 18.015 1500
15 OUT 500 H.O 18.015 500
14 OUT 1509.5 Naa.1A1Sza Hi12426.2 2030248.8 2.03 0.08 1.53 a
17 OUT 509.5 Ne6.20A1S21.0H73005 1316940.7 0.15 0.04 0.49 a
16 OUT 97.5 No./A1 Sp.3H97.77 2049.1 2.09 4.9 6.83 84.67 5
Sampling 18 5 No.7A1 Sp.3Ho7.77 0.13 0.3 0.41 5.22
Furnace 19 IN 92.5 No7A1 Sp.3Ho7.77 2049.1 1.96 4.6 6.42 79.45 5
20 OUT 76.4 H,O 18.015 76.38
21 0UT 16.1 NoA1 S23H377 1.96 4.6 6.42 3.06 a




4.8 Crystallization of Macrobodies

Figure 4220s hows the crystallization cu2yve of
Batch composition was fN:A1:S4:H170, A/H ratio was 0.7, calcination temperature

was 600°C, solid/liquid ratio was 1/14 and crystallizatitemperature was 8%C.

Tubular macrobodies after 12 h, 24 h, 36h, 48 h and 72 h synthesis time were called
as Kas2%ltS2Be¢S28d,S 2 B¢ epétively. Crystallinity values

of these tubular macrobodies are given in Table 4.1.

100
90 a)
&0
70
60
50
40
30
20
10

Crystallinity %

0 20 40 60 &0
time (h)

Figure 4.20. Crystallization curve oteolite X tubular macrobodyf Run 29

It was determined that crystallization was started after approximately 10 h and
crystallinity values were slightly increase up to 36 h. After 36 h crystallization

increases raplig and reached to 99.9 percent after 72 h.

It can be concluded that crystallinity was depend on the synthesis timet édsolie
saidthat 72 h synthesismie was optimal for th&®un 29since 99.9% crystallinity
was achieved.
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CHAPTER 5

CONCLUSIONS

Syntheses of binderless tubular zeolite X macrobodies were achieved with the
met hods devel oped by ¥zc ardor dyrthestiséo) theand G

zeolite A bars and tubes.

Tubular zeolite macrobodies which were synthesized from different hydrogel

composition had different crsytallinities up to 99.9 % .

Micropore volume and BET surface area of the zeolite X tubular macrobody which
has 99.9% crystallinity were determined®&78 cni/g and 631.2 fig orderly. It
was concluded that BET surface area of the tubular zeolite X macrobody was

comparable with zeolite X in the literature.

Mechanical stabilities of the zeolite macrobodies that were synthesized in this study

were lowe than stabilities of the zeolite n
(2006) and G¢gcegyener (2008). 't was <col
support of a zeolite membrane due to their mechanical stability problem.

Pure zeolite X, pure zeolite A and zeolite A, X mixtures were obtained from different
hydrogel compositions. Ternary diagram that was plotted with the hydrogel
compositions in this study compared with the diagram prepared by Breck which was
based on hydragl compositions for zeolite powder synthesis. Both of zeolite X and
zeolite A region of this work exactly matched with the proposed crystallization field
by Breck. It is also concluded that crystallization takes longer time at lower Na

amount.
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CHAPTER 6

RECOMMENDATIONS

1. Experimental method was succeeded to synthesize zeolite A macrobodies by
¥zcan (2006) , G¢cegyener (2008) and to
this study. Therefore; same experimental method can be tried for other zeolite

types.

2. Since mechanical stabilities of the zeolite X macrobodies that synthesized in
this study were very low, they could not be used as support of a membrane.
Studies can be carried agich as adding seeds in the powder at the extrusion
stepto solve mechanid¢astability problem of zeolite X macrobodies and to
use of the macrobodies as a support of zeolite membrane which has
technological importance.

3. Gas separatiomnd adsorption arether application ares of zeolites as a
molecular sieve. Low mechanical lsiigy disadvantage would not be a
problem for these applications Therefore zeolite X macrobodies can be
characterized by gas separation, orgamganic or organievater separation

by adsorptioror vapor phase adsorption.
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APPENDIX A

SAMPLE CALCULATION FOR A BATCH COMPOSITION

A sample calculation of raw materials amountso premre hydrogel with a
compositiord.5Ng0:1Al;05:4.0SiQ:170H,0 (N4.5:A1:54.0:H170js given below.
Water glassNlerck, 0.287 Ng0:Si0,:8.036H0) as silica sourcesodium hydroxide
pellets(Merck, 97 wt% NaOH, 2 wt% water) as sodium souateminum hydroxide
powder (pure, Al(OH}, Merck) as alumina sourcand distilled wate(DW) were

used.

Table A.1Molecular weight of reactant compounds

Compound Molecular Weight (g/mole)
Na,O 61.979
Al,O3 101.961
SiO, 60.084
H>O 18.015

Table A.2 Formula weighof raw materials

Raw Materials Molecular Weight (g/mole)
Water glass 222.64
Al(OH)3 78.003
NaOH 39.997
H>O 18.015
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Molar composition of the batch:4.5N&0:1Al,03:4.0Si0,:170H,0
(N4.5A1:S4.0:H170)

Formula weight of batch = (4.5x61.979)+(101.961)+(4.0x60.084)+(170x18.015)

= 3683.75 g/gole

Decomposition reactions of raw materials

Aluminum Source: Al(OH)
2 AI(OH)3 y A0z +3 H,O
Sodiumsource: NaOH

2NaOH ——» N& + H0

Calculation of amounts of raw materials
Basis :100 g batch

Water glass (silica source)

1 mol batch 4 mel 5102 1mel WG 22264 g WG
3683.75 g batch * 1mol batch * 1 mol 5102 * 1 mol WG
= 2418 g WG

100 g batch x

1 mal batch 4 mol 5102 1mel WG 0287 mal Na20
X X X
3683.75 g batch 1mal batch 1 maol 5i02 1 mal WG

100 g batch x

_61.9?9 gNa2l
1 mol Na20

=1.93 g Na20 came from water glass

1 mol batch 4 mol §5i02 1meol WG 8.036 mol H20
x x x
3683.75 g batch  1mol batch 1 mol Si02 1 mol WG

100 g batchx

118.015 gH20

= 15725 H20 came from water glass
1 mol H20 g f g
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AI(OH) 5

1 mol batch 1 mol AlI203 2mel AI(OH)3 78.003 gAl(OH)3
x x X
3683.75 g batch  1mol batch 1 mel AI203 1 mol AI(OH)3
=4.23 g Al(OH)3

100 g batchx

1 mol batch 1mol AI203  3mel H20  18.015 gH20
x x x
3683.75 g batch  1mol batch 1 mol 41203 1mel H20
=1.47 g H20 came from Al(OH)3

100 g batchx

NaOH:
1 mol batch 4.5 mol Na20 61979 gNa20
x x
3683.75 g batch  1mol batch 1 mol Na20

100 g batchx = 7.57 g Na20

Required Ngd = 7.571.93 (from water glass) =5.64 g Xa

5.64g

: = 0.091 mol Na20
61.979 g/gmol

2mol NaOH 1 39.997 gNaOH

0.091 mol Na20x X
1mol Na2g 1 mol NalOH

= 7.28 g NaoH is required

1mol H20 18.015 gH20

x
1mol Na20 1mol H20
=1.64 g H20 is came from NaOH

0.091 mol Na20x

H0:

1 mol batch 170 mel H20 18.015 g H20
3683.75 g batch * 1maol batch * 1mol H20
=83.14 g H20 is required

100 g batchx

15.72 g HO came from Water glass
1.47 g HO came from AI(OH)3 18.83 g®came from other ramat.
1.64 g HO came from NaOH

83.141 18.83 = 64.31 g bO is required
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Table A.3 Amounts of raw materials for 100 g batehith N4.5:A1:S4.0:H170

composition

Reactant Amount (g)
Water GlasgWG) | 24.18
Al(OH)3 4.23
NaOH 7.28

H>O 64.31

In this studydifferent batch composins were prepared. Raw mateaatounts used
for all batch composition are listed in Table A.4

Table A.4: Amount of raw materials for 100 g batch for all compositions used in this study

BATCH RAW MATERIALS (9)
COMPOSITION WG Al(OH) 5 NaOH H20

N7:A1:Se:Has0 24.74 2.88 7.82 64.56
N 7A1:Ss.4H170 20.68 4.26 8.14 66.92
N3 5A1:Ss.4H170 21.11 4.35 5.63 68.91
N35A1:S.3H170 14.55 4.43 6.45 74.57
N25A1:S.3H170 14.81 4.51 4.26 76.42
N25A1:Ss.4H170 21.48 4.43 3.46 70.63
N3.5A1:S5:H170 18.75 4.38 5.93 70.94
N4:A1:S3.4H170 20.93 4.31 6.69 68.07
N3:A1:S3.4Hi70 21.29 4.39 4.56 69.76
Na.5A1:S15H190 24.59 3.83 6.3 65.28
N55A1:Ss5H190 19.12 3.83 8.82 68.23
N55A1:S4.0H190 21.69 3.80 8.48 66.03
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TableAd4cont 6d

BATCH RAW MATERIALS (9g)
COMPOSITION WG Al(OH) 5 NaOH H20

Ns.5A1:Sss:H100 24.22 3.77 8.14 63.87
Ns.5A1:Ss 0 Hi00 26.72 3.74 7.81 61.73
N55A1:Ss 5H100 29.18 3.72 7.48 59.62
N7:A1: S5 Has0 26.65 2.88 7.56 62.91
N4.5A1:S4:H170 24.18 4.23 7.28 64.31
Ne.5:A1:Ss:H260 24.07 2.81 6.89 66.23
Ne:A1:Ss 5 H40 23.88 3.04 6.90 66.18
Ns:A1:S4.5Ha00 23.38 3.64 6.92 66.06

Ng:A1:Sg:Hazs 25.82 2.26 6.62 65.30
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APPENDIX B

SYNTHESIS CONDITIONS OF BINDERLESS MACROBODIES AND
THEIR CHARACTERIZATION RESULTS

Synthess condtions of bnderless macroboes and thie charactazaion resultsare

given inTableB1.
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Table B1: Experimental conditions of macrobodies

Run Batch Extrusion Parameters Calcination Parameters Crystallization Parameters at 80°C | Sample
N Composition Amor. HEC (g) A/H | Num. Temp | Time Num. Solid/Lig. Time Num. Code
Powder °c (h) (h)
(9
1 N7:A1:Ss:Hos0 6.5 9.2 0.7 3 600 2 2 tubes 1/14 72 1 tube K¢-B=a
6 7.5 0.8 3 600 2 2 tubes 1/14 72 1 tube K¢-B
2 N4 7A1:S34H170 | 6 8.5 0.7 1 tube 600 2 1 tube 1/14 120 1 tube K ¢-&
1 bar
10 13.3 0.75 | 2tubes| 600 2 1 tube 1/14 120 1 tube K ¢-Z
1 bar 600 2 1 tube 1/14 72 1 tube Kt-ZX
3 N35A1:S3.4H170 11 15.7 0.7 | 3tubes| 600 2 3 tubes 1/14 72 2 tubes K¢-3
1 bar
4 N35A1:S 3 H170 13 18.5 0.7 | Stubes| 600 2 3 tubes 1/14 72 2 tubes K ¢-&
1 bar
5 N, 5A1:S, s H1i70 12 17.1 0.7 | 4tubes| 600 2 1 tube 1/14 72 1 tube K¢-3




9.

Table B1 cont 6d
Run Batch Extrusion Parameters Calcination Parameters Crystallization Parameters at 80°C | Sample
No Code
Composition | Amor. HEC (g) | A/H Num. Temp Time | Num. Solid/Lig. Time Num.
Powder () °c (h) (h)
6 Ny 5A1:S; 4Hi70 | 12 17.1 0.7 7 tubes 600 2 1 tube 1/14 72 1 tube K ¢-Ga
N2 5A1:S34H170 | 8 114 0.7 2 tubes 600 2 1 tube 1/14 72 1 tube K ¢-&b
(MC)
7 N3s5A1:SHi70 | 14 20 0.7 5 tubes 600 2 3 tubes 1/14 72 3 tubes K¢-B
8 N4A1:S34H170 | 10 14.2 0.7 3 tubes 600 2 1 tube 1/14 72 1 tube K¢-&
9 N3:A1:S34H170 | 10 14.2 0.7 3 tubes 600 2 1 tube 1/14 72 1 tube K ¢-S
10 N3 5A1:S, sHi70 | 13 18.5 0.7 5 tubes 600 2 Not crystallized
11 | NysA1SisH9 | 12 17.14 0.7 5 tubes 600 2 3 tube 1/14 72 1 tube K ¢-Bl
12 | N55A1:Ss5H190 | 10 14.2 0.7 3 tubes 600 2 2 tubes 1/14 72 1 tube K¢-B
13 | N5gA1:S, gHigo | 10 14.2 0.7 | 3tubes| 600 2 1 tube 1/14 72 ltube | K¢-B
14 | Nss5A1:SisHige | 10 14.2 0.7 5 tubes 600 2 3 tubes 1/14 72 1 tube K¢-B
15 | N5gA;SsgHigo | 10 14.2 0.7 | 3tubes| 600 2 1 tube 1/14 72 1tube | K¢-5
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Table B1 contodd
Run Batch Extrusion Parameters Calcination Parameters Crystallization Parameters at 80°C Sample
N Composition | Amor. HEC (g) | A/H Num. Temp Time | Num. Solid/Lig. Time Num. Code
Powder () °c (h) (h)
16 N5 5A1:S55H190 | 10 14.2 0.7 4 tubes 600 2 3 tubes 1/14 72 1ltube K¢-B
17 N7:A1:SssH2s0 | 10 14.2 0.7 3 tubes 600 2 1 tube 1/14 72 ltube K ¢517
18 NasA1:S4H170 | 10 14.2 0.7 3 tubes 600 2 2 tubes 1/14 72 ltube K ¢518
19 NesA1:Ss:Hoeo | 17 14.2 1.2 6 tubes 600 2 1 tube 1/14 72 ltube K ¢S19
2 bar
20 NeA1:Ss5Hou0 | 10 8.33 1.2 3 tubes 600 2 2 tubes 1/14 72 1ltube K 4520
21 N5:A1:S45Ho00 | 10 14.2 0.7 4 tubes 600 2 2 tubes 1/14 72 ltube K 621
22 Ng:A1:Sg:Hzo3 5 714 0.7 2 tubes 600 2 2 tubes 1/14 72 ltube K ¢522
1 bar
23 | NysA1:SysHig0 | 10 14.2 0.7 4 tubes 600 2 2 tubes 1/14 672 ltube K ¢S23a
168 1 tube K ¢523b
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Table B1 contod
Run Batch Extrusion Parameters Calcination Parameters Crystallization Parameters at 80 | Sample
No °c
Composition Code
Amor. HEC A/H Num. Temp | Time | Num. Solid/Liq. Time Num.
(9) °c
Powder (h) (h)
@
24 N3:A1:S; 2H170 8 11.4 0.7 3 tubes 600 2 2 tubes 1/14 672 1tube K ¢S24a
168 1 tube K ¢524b
25 | NasA1:Ss4H170 600 2 1/14 168 1 tube K ¢S25
26 | N5s5A1:S5Hq90 Not extruded | - | = | meeeem | e e | e K¢S26
27 | Nis5A1SiHi70 | 10 14.2 0.7 8 bars 600 2 8 bars 1/14 2 1 bar K ¢S27a
1/14 4 1 bar K ¢S27b
1/14 6 1 bar K ¢-&7c
28 NasA1:SiH170 | 10 14.2 0.7 8 bars 600 2 8 bars 1/7 72 1 bar K ¢-2a
1/28 72 lbar | K ¢-28b
1/14 24 1 bar K ¢-Z8c
1/14 12 1 bar K ¢-23d
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Table B1 contoéd

n No Batch Extrusion Parameters Calcination Parameters Crystallization Parameters at 80°C Sample
Composition | Amor. HEC (g) | A/H Num. ;I'emp Time | Num. Solid/Lig. Time Num. Code
Powder © (h) (h)
(9)
29 Na5A1:SsH170 10 14.2 0.7 6 tubes 600 2 5 tubes 1/14 12 1 K¢ Ssa
24 1 K¢Sk
36 1 K¢ Se
48 1 K¢ Sa
72 1 K¢ Se
30 Nas5A1:SsH170 12.8 18.28 0.7 3 mm 600 2 3 mm 1/14 72 K¢-3
cylinders cylinders
9.13¢ 7429
31 N3 5A1:S, 3 H170 21.6 30.85 0.7 3 mm 1/14 72 K ¢-&1
cylinders
12.53 ¢




APPENDIX C

PREPARATION OF CALIBRATION GRAPHS TO DETERMINE
CRSYTALS PERCENTAGES IN ZEOLITE A, X MIXTURES

Bragg angles and relative intensities of peak numbers in FigBnee8e compared
with a reference pattern in the international zeolite database and listed inCThble
Intensities of that peaks were calculated bytmgting the baseline intensity.

Relative intensities were calculated based on X9 peak.

Table C.1: Comparision ozeolite Xand reference pattern internationakeolite

database
Peak NaX Hydrated (Ref:D.H.Olson, Commercial zeolite X

No J.Phys.Cheni4-27582764(1970)) Aldrich Lot:03130MS

h k I 2, Irel 2, I Irel
1 1 1 1 |6.12 100 6,09 2020140) 1880| 99
2 2 2 0 [10.00 104 9,99 (880-140) 740 39
3 3 1 1 (11.73 3.8 11,76 |(550-170) 380 20
4 3 3 1 {1543 6.5 15,5 (980-140) 790 42
5 3 3 3 [18.42 1.3 18,49 |(480:190) 290 | 15
6 4 4 0 [20.07 2.0 20,17 |(720-200) 520 27
7 5 3 1 [21.00 0.6 21,07 | (330-200)130 7
8 6 2 0 2247 11

6 0 2 0.2 22,59 |(510210) 300 16
9 5 3 3 2331 6.2 23,41 [2130230) 1900| 100
10 6 2 4 26.65 24

6 4 2 3.2 26,76 [1890250) 1640| 86
11 7 3 3 [29.21 1.2 29,3 |(650280) 370 | 19
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TableC.1l:cont 6d

Peak | NaX Hydrated (Ref:D.H.Olson, Commercial zeolite X
No J.Phys.Cheniz4-27582764(1970)) Aldrich Lot:03130MS

h Kk I 2, Irel 2, I Irel
12 6 6 0 |30.3 1.0

8 2 2 1.7 30,45 1000300) 700 | 37
13 7 1 5 [30.94 0.4

7 5 |1 0.4

5 5 |5 5.7 31,06 PR120300)1820| 96
14 8 0 |4 [B198 | 1.6

8 4 |0 1.8 32,11 1050300) 750| 39
15 7 3 |5 B259 | 01

9 1 1 0.1

7 5 |3 0.4 32,71 (570300) 270 | 14
16 6 6 (4 3359 | 34 33,74 [1250300) 950| 50
17 9 3 |1 B417 | 05 34,33 (650-300) 350

9 1 |3 0.6 18
18 8 4 |4 3513 | 05 35,26 (500-300) 200 | 11
19 |10 |2 |2 3734 | 0.2

6 6 |6 1.2 37,5 |(830-330)500 | 26

Bragg angles and relative intensities of peaknbers in Figure 8.were compared

with a reference pattern in the international zeolite database and listed in Table C.2
Intensities of that peaks were calculated by subtracting the baseline intensity.
Relative intensities were calculated based on AHkpe
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Table C.2: Comparision of Pure Zeolite A and reference pattern in International
Zeolite Database

Peak | Linde Type A (Ref:V.Gramlich, Z.Kristallogr Commercial Zeolite A

No 133134149(1971)) (Merck Lot N0:5251610)

h k I 2, Irel 2, I Irel
1 2 0 0 | 718 100 7,12 | (970-110)860 | 40
2 2 2 0 | 1017 51.3 10,11 | (860-140)720 | 34
3 2 2 2 12.46 31.8 12,48 | (690150) 540 | 25
4 4 2 0 | 16.11 5.503 16,13 | (580-160) 420 | 20
5 4 4 0 2041 3.6 20,44 | (330190) 140 7
6 6 0 0 21.67 10.6

4 4 2 22.8 21,7 | (1100200)900 | 42
7 6 2 2 23.99 44.3 24,03 | (1790200) 1590 75
8 6 4 0 26.11 10.1 26,12 | (820-210)610 | 29
9 6 4 2 27.11 41.0

27,14 | (1790200) 1590, 74

10 6 4 4 29.94 19.7

8 2 0 19.9 29,99 | (2395270) 2125| 100
11 8 2 2 30.83 54

6 6 0 2.3 30,89 | (620-280)340 16
12 8 4 0 32.53 9.3

32,57 | (760290) 470 | 22

13 8 4 2 33.37 3.0 33,43 | (450-290) 160 8
14 6 4 34.18 27.1 34,24 | (1690290) 1400, 66
15 8 4 4 35.75 4.7 35,77 | (510-290) 220 | 10
16 10 0 0 36.51 4.1 36,53 (460-290)170

8 6 0 0.4 8
17 10 2 2 38.00 1.6

6 6 6 14 38,03 | (460-290) 170 8
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A1,A9, A10, X1, X3 andX4 peaks were chosen for preparthg calibraton graphs.
Intensity of A1 A9 and A10 peaks at different zeolite A percentages was given i
Table C.3. Intensity oK1, X3 and X4 peaks at different zeolite X pertages was
given in Table C.4.The calibration grdps based on these chosen peaksl
summation of them were prepared and given in Figure C.18to C.

Table C.3: Intensity of A1, A9 and A10 peaks different zeolite A percentages in

the mixture.

XRD | %A IA1 IA10 IA9

7426 | 100| (970-110)| 860 | (2395270) | 2125 |(1800220)| 1580

7428 | 90 |(890-120)| 770 | (2216260) | 1950 | (1690-230)| 1460

7431 | 80 |(830-130)| 700 | (2060:250) | 1810 |(1610-240)| 1370

7433 | 70 | (660-140)| 520 | (1780250) | 1530 |(1316:210)| 1100

7435 | 60 | (640110)| 530 | (1600280) | 1320 |(1326230)| 1090

7430 | 50 |(600-130)| 470 | (1396270) | 1120 |(1160230)| 930

7434 | 40 | (490-130)| 360 | (1210290)| 920 |(10506:250)| 800

7432 | 30 |(500-140)| 360 | (10506290) | 760 | (850-250) | 600

7427 | 20 |(330-130)| 200 | (870-250) | 620 | (720-230) | 490

7429 | 10 | (280-140)| 140 | (650-200) | 450 | (600-270) | 330

7419 | O 0 0 0 0 0 0
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TableC.4: Intensity of X1, X3 andX4 peaks at different zeolite X percentages in the

mixture.

XRD | %X IX1 IX3 IX4
7419| 100| (2020140) | 1880| (550-170) | 380 | (980-190) | 790
7429| 90 | (1550140) | 1410| (510-180) | 330 | (940-170) | 770
7427| 80 | (1410130) | 1280| (410-160) | 250 | (800-180) | 620
7432| 70 | (1010140) | 870 | (400-150) | 250 | (730-190) | 540
7434] 60 | (1030130) | 900 | (380-150) | 230 | (600-190) | 410
7430| 50 | (880-130) | 750 | (340-150) | 190 | (595190) | 405
7435| 40 | (730-110) | 620 | (350-140) | 210 | (500-180) | 400
7433| 30 | (580-140) | 440 | (290-180) | 110 | (400-170) | 230
7431 20 | (470-130) | 340 | (240170) | 70 | (330-170) | 160
7428| 10 | (270-120) | 150 | (210-180) | 30 | (300-190) | 110
7426 0 0 0 0 0 0 0
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Figure C1. Calibration Graph based on X1 peak
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APPENDIX D

DATA FOR TERNARY DIAGRAM

Datathatused to plot ternary diagraamegiven in Table D.1.

Table D.1Data for ternary diagram

Hydrogel Composition N/A/S
N7:A1:Ss:H2s0 0.5/0.07/0.43
N47A1:Ss.4H170 0.52/0.11/0.37
N35A1:S3.4H170 0.44/0.13/0.43
N35A1:S:3H170 0.51/0.15/0.34
N2.5A1:S.3H170 0.43/0.17/0.40
N25A1:S3.4H170 0.36/0.15/0.49
N35A1:S3:H170 0.47/0.13/0.40
N4:A1:S3.4H170 0.48/0.12/0.40
N3:A1:S34H170 0.41/0.14/0.45

N45A1:S15H190 0.45/0.1/0.45
Ns.5A1:S3.5H190 0.55/0.1/0.35
Ns5A1:S1.0H190 0.52/0.1/0.38
Ns.5A1:S45H190 0.5/0.09/0.41
Ns55A1:Ss5.0H190 0.48/0.08/0.44
Ns5.5A1:Ss55H190 0.46/0.08/0.46
N7:A1:Ss 5 Hos0 0.48/0.07/0.45
N4s5A1:S4:H170 0.47/0.11/0.42
Ne.5A1:Ss:H2e0 0.48/0.076/0.44
Ng:A1:Ss.5:H240 0.48/0.08/0.44
N5:A1:Ss5H200 0.476/0.095/0.429
Ng:A1:Sg:H323 0.471/0.058/0.471
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APPENDIX E

XRD RESULTS
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APPENDIX F

SEM PICTURES
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Figure F1. SEM i mage of ( a) K¢S18 inner surfac
(X1000), (c) KEXS11580 0i)n,n e(rd)s uKkilgaBe | nner su
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Figure F22. SEM i mage ooluterg an f &K eS(185 Oduter,surffcé) K¢ S
( X1000) , ouercsyurfadgXx150D)3
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Figure F3: SEM i mage ocfoss 6eatioriX¥50 S 1 8 b xroskK €e&idn8
(X1000), ( ¢ ) KrosS se@&iofX2400)
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! L K > _
4/8/2010 HV mag WD det | spot
2:54:07 PM |30.00 kV|2000x/12.9 mm | ETD| 6.0 Central Laboratory

4/8/2010 HV mag WD det | spot 40 pm
2:55:36 PM |30.00 kV|3 000 x|12.9 mm|ETD| 6.0 Central Laboratory

Figure F4: SEM imageof (a) K ¢-Binner surface (X2000) (K ¢-Finner surface
(X3000)
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4/8/2010 HV mag WD det | spot| ———————30 ym
2:58:04 PM |30.00 kV |4 000 x| 12.8 mm|ETD| 6.0 Central Laboratory

10 pm
Central Laboratory

Figure F5: SEM imageof (a) K ¢-$outer surface (X500) (bX ¢-Bouter surface
(X4000) (c)K ¢-Bouter surface (X10000)
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Figure F6: SEM imageof (a) K ¢-&cross section (X2000) (B ¢-Bcross section
(X4000) (c)K ¢-Bcross section (X10000)

109



4/8/2010 HV [ mag WD det | spot 50 ym
3:02:43 PM |30.00 kV|2 000 x/13.2 mm|ETD| 6.0 Central Laboratory

Figure F7: SEM imageof (a) K ¢-Binner surface (X2000) (K ¢-Binner surface
(X4000) (c)K ¢-Binner surface (X10000)
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Figure F8: SEM imageof (a) K ¢-Bouter surface (X2000) (¥ ¢-Bouter surface
(X4000) (c)K ¢-Bouter surface (X10000)
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