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ABSTRACT

COLLOIDAL STABILIZATION OF LTATYPE ZEOLITES IN ETHANOL-
WATER MIXTURES

Gozcii, Oguz
Master of Science, Metallurgical and Materials Engineering
Supervisor: Assist. Prof. Dr. Simge Cinar

January 2020, 70 pages

Zeolites are promising materials for various applications because of their uniform
pores at the nano- and micron- scales as well as their chemical and surface properties.
In recent years, fabrication of the complex shape zeolites and nano-sized zeolites has
been attracting attention to increase the efficiency in zeolite applications. Since
conventional zeolite production techniques are not suitable for the fabrication of such
zeolites, the use of techniques such as electrospinning, electrophoretic deposition, and
robocasting has been suggested. Those techniques generally require storage,
transportation, or dispersion of the zeolite powders in a pure or mixed liquid media
often with a carrier polymer, so the dispersion characteristics of zeolites in liquid
media are critical for such processes. However, there are only a few studies in
literature discussing the stabilization of zeolite powders. Besides, the stabilization of
zeolites in mixed solvents and the presence of polymers is not a trivial task. The aim
of this study is, therefore, to investigate the dispersion characteristic of zeolites in
mixed solvents and discuss the applicability of the available stabilization techniques
for zeolite powders in mixed solvents with various concentrations, and in the presence
of polymeric carriers. To this end, common LTA zeolites were used, and its dispersion
behavior was investigated in ethanol-water mixtures with various concentrations

(30:70, 40:60, and 50:50 wt%). Even though zeolite powders were stable in water-rich



solutions, increasing ethanol concentrations required the use of additives for
dispersion of zeolite powders. Applicability of electrostatic and steric/electrosteric
stabilization mechanisms was discussed, and the use of steric/electrosteric
stabilization with non-ionic additives was preferred in order to prevent the changes in
the chemical structure of zeolites in ionic solutions. The effects of various additives
were investigated using a sedimentation test, zeta potential measurements, and ATR-
FTIR analysis. High molecular weight PVP was used as a carrier polymer, which
worsened the stability of zeolite powders. The rate of LTA zeolite sedimentation in
the presence of carrier polymer was slowed down using dispersants. The effect of such
an improvement was also demonstrated with the change in dispersion quality of zeolite

films produced by spin coating of PVP containing mixed solvent zeolite suspensions.

Keywords: Colloidal stabilization, LTA Zeolite, ethanol-water mixture, dispersion of

zeolites, spin coating of LTA zeolites
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LTA ZEOLITLERININ ETANOL-SU KARISIMI ICERISINDEKI
KOLLOIDAL STABILIiZASYONU

Gozcii, Oguz
Yiiksek Lisans, Metalurji ve Malzeme Miihendisligi
Tez Danismani: Dr. Ogr. Uyesi Simge Cinar

Ocak 2020, 70 sayfa

Zeolitler, nano ve mikron dl¢egindeki homojen gézeneklerinin yani sira, kimyasal ve
yiizey Ozellikleri nedeniyle cesitli uygulamalar i¢in umut vaat eden malzemelerdir.
Son zamanlarda, zeolit uygulamalarinin verimliligini arttirmak i¢in kompleks sekilde
ve nano boyutta zeolit tiretimi 6nem kazanmistir. Geleneksel zeolit iiretim metotlari
yukarida bahsedilen zeolit sekilleri ve boyutlat i¢in uygun olmadigindan, elektro
egirme, elektrikle devinimli birakinti, robo-dokiim ve benzeri yontemler bu tarz zeolit
yapilarin tiretimi i¢in 6nerilmektedir. Bu teknikler genellikle zeolit tozlarinin tasiyici
polimer igeren s1v1 bir ortamda depolanmasini, taginmasini ve dagitilmasini gerektirir.
stabil ettigi gozlenmistir. Bu ¢alismanin amaci, karisik coziiciilerdeki zeolitlerin
dispersiyon karakteristigini arastirmak ve g¢esitli konsantrasyonlardaki karigik
¢oziiciilerde zeolit tozlarina stabilizasyon mekanizmalarinin uygulanabilirligini
tastyici polimerler i¢inde tartigmaktir. Bu amagla, bu tezde yaygin olarak kullanilan
LTA zeolit tozlart se¢ildi ve bu tozlarin gesitli etanol-su konsantrasyonlarindaki
cozeltilerdeki (agirlikca %30:70, 40:60 ve 50:50) dispersiyon davranisi arastirildi.
Zeolit tozlari, su agisindan zengin ¢ozeltilerde stabil olmasina ragmen artan etanol
konsantrasyonlariyla beraber zeolit tozlarmin dagitilmasi igin katki maddelerinin
kullanilmast gerekmistir. Elektrostatik ve sterik / elektrosterik stabilizasyon

mekanizmalariin zeolit siispansiyonlarina uygulanabilirligi tartisildi ve iyonik

vii



cozeltilerdeki zeolitlerin kimyasal yapisindaki degisiklikleri onlemek igin iyonik
olmayan katki maddeleri ile sterik / elektrosterik stabilizasyonun kullanilmasi tercih
edildi. Cesitli katki maddelerinin etkilerini gérmek i¢in sedimantasyon testi, zeta
potansiyel 6lctimleri ve ATR-FTIR analizleri yapildi. Yiiksek molekiiler agirliklt PVP
tagiyict polimer olarak kullanildi. PVP polimerinin zeolit tozlarinin stabilitesini
kotiilestirdigi gozlemlendi ve PVP polimeri varligindaki LTA =zeolit tozlarinin
sedimantasyon hizi, dagiticilar kullanilarak yavaslatildi. Bu kimyasallarin karisik
coziiciilerdeki PVP iceren zeolit silispansiyonlar1 iizerindeki etkisi spin kaplama

teknigi ile tiretilen zeolit filmlerle gosterilmistir.

Anahtar Kelimeler: Kolloidal stabilizasyon, LTA zeolit, etanol-su karisima, zeolitlerin

dagilmasi, LTA zeolitlerin spin kaplanmasi
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CHAPTER 1

INTRODUCTION

Zeolites, three-dimensional ordered porous aluminosilicate minerals are used in a
variety of commercial applications such as membranes, catalysts, and structural
applications because of their unique properties: highly ordered nano- and micro-
porous structure and versatile range of oxide networks, determining the chemical and
surface properties of the structure [1]. The ordered porous structure and surface
properties of zeolites provide higher flux and selectivity; thus, zeolites are commonly

used as membranes in gas sensing [2], biogas separation [3], and water softening [4].

LTA type zeolite is one of the oldest synthetic zeolites, which is commercialized, and
its properties are well studied applications as adsorbent and catalyst, particularly for
adsorption of gases [5,6]. LTA type zeolite was selected as a model zeolite in this

study because of its extensive use.

By technological developments and an increase in demands, the need for highly
efficient zeolite products became urgent. However, the efficiency of currently
available zeolites is limited due to their shapes, accessibility of the reaction sites, and
reliability [7,8]. The efficiency of zeolites can be increased with the use of nano-sized
powders and complex shape structures such as nano-fibers, nano-composites,
monoliths or multichannel tubes, etc. [9]. Fabrication of such structures can also
extend the application areas of zeolites. However, it is not straightforward to produce
complex shaped zeolite structures via the conventional production methods, namely
direct synthesis, seeding of zeolite crystals or coating, etc. [10,11]. Therefore, more
complex production methods such as electrospinning, electrophoretic deposition
(EPD), or robocasting are required [12-14]. The production of the nano-sized and
complex shape zeolite structures such as monoliths, fibers, or monolith fibers has been

popular in order to boost the efficiency of the zeolite shape. The monolith structures



have recently been produced via freeze casting, robocasting, and slip casting
techniques [15-17]. The production techniques generally require zeolite suspensions
powders in liquid media and viscous polymer carriers such as PVP or PVA [18-20].

These production methods also commonly require the use of dispersant or stabilizer.

The shaping of zeolites via colloidal processing has provided advantages of easy
preparation, high quality, and scalability. Furthermore, mixed solvent media are
started to be commonly used for various shaping methods since it enables the
adjustments of viscosity, and many other process parameters [21-23]. Despite the
importance of colloidal processing, the dispersion behavior of zeolite powders in
suspensions is commonly overlooked. The stability of the particles could be vital
because the agglomeration of powders in liquid media causes the heterogeneity in end
product properties. Therefore, the homogeneous dispersion of the zeolite powders in
liquid media plays a crucial role in obtaining homogeneous and defect-free zeolite

products.

For this reason, the aim of this thesis is to investigate the dispersion behavior of zeolite
powders in various environments and to systematically evaluate the available
stabilization mechanisms for conditions where zeolite powders are agglomerated. In
this study, the dispersion behavior of the LTA zeolite powders in the ethanol:water
mixtures in the absence/presence of the high molecular weight PVP were studied. LTA
was selected due to its wide use. Ethanol-water was selected as mixed media since
water is one of the most abundant, cheap, and environmentally friendly solvent.
Ethanol was used since its polarity, volatility in the suspension [24,25]. If the
suspensions are not stable, then there is needed to apply colloidal stabilization
mechanisms to zeolite suspensions. Three main stabilization mechanisms as
electrostatic, steric, and electrosteric were studied in this study and all mechanisms
were evaluated for dispersion of LTA zeolites in ethanol-water mixtures [26]. The
effect of dispersants on stabilization of LTA zeolites was investigated using

sedimentation tests, zeta potential measurements, and ATR-FTIR analysis.



This thesis mainly consisted of four chapters. In Chapter 2, introductory information
and recent literature on LTA zeolites and fabrication of the zeolite structures using
colloidal processing were scrutinized. The experimental details on the suspension
preparation and characterization of the powders and suspensions used were present in
Chapter 3. In Chapter 4, as-received zeolite powders characteristics were investigated
and the procedures to prepare powders for dispersion studies were present. Then, the
dispersion quality of the treated zeolite powders in the ethanol:water mixtures was
investigated. For the unstable suspensions, electrostatic, and steric/electrosteric
stabilization mechanisms were applied to prevent the agglomeration of particles in the
medium. For this reason, the effect of suspension pH, the use of anionic, cationic,
zwitterionic, and non-ionic dispersants were investigated. Then, the effect of the high
molecular weight PVP polymer on the dispersion behavior of the suspensions was
studied. The similar stabilization route mentioned above was followed for PVP
containing suspensions. Finally, spin-coating was selected as a case study to

demonstrate how stabilization methods affect the quality of fabricated zeolite films.






CHAPTER 2

LITERATURE REVIEW

2.1. Colloidal Stability

A solid particle with size ranging between 1 nm to few pm in fluids is considered as
acolloidal particle. At about this size range, the particles can suspend in a liquid media
because thermal motion (KT), i.e. counteracting diffusion behavior, can balance the
gravitational force [27]. The gravitational force proportionally increases with
increasing particle size, while thermal motion remains almost constant. Therefore,
particles with sizes exceeding the colloidal range, sediment quickly. According to
Stoke’s law given in the Equation 1, the settling velocity of spherical particles can be
calculated in a fluid medium. The particle size of the oxide particles in the aqueous
media should be smaller than few microns to reach required settling velocity for
stabilization of the powders. As a rule of thumb, particle size smaller than 1 um can
suspend in water thus commonly preferred for colloidal stability.

_ (ps—pm)ga’
1871

v Eq. 1 [28]

Where v is the velocity of particle, g is the gravitational acceleration, 7 is the viscosity
of medium, a is the particle diameter, and p, and p,,, are the density of solid particles
and the fluid medium, respectively.

The terms of primary particle, agglomerate, and aggregate are commonly used in in
this study, so they are defined in order to prevent any confusion. The primary particles
are the discrete smallest solid units in different geometrical forms such as spherical,
rod-like, or bulk form. It is almost impossible to break the primary particles into

smaller units unless ultrahigh energy is applied.



The agglomerates are loose cluster of primary particles which are combined by weak
forces or bridging of solid and liquid. Therefore, large agglomerates can be broken
down into primary particles, or into smaller agglomerates by mild mechanical or

ultrasonic treatments or using dispersants [29].

On the other hand, when the primary particles are clustered via chemical bonds,
aggregates are developed. It is tough to break down the aggregates into primary
particle size or into smaller aggregates. In such cases, high energy mechanical or
ultrasonic treatments are required. In order to obtain high colloidal stability, first the
particles with desired size have to be obtained. Generally, if the size of the aggregated
and agglomerated particles is above few microns, they should be broken into smaller
units to prevent their sedimentation due to gravitational forces. The agglomerated
particles then can be dispersed considering the effective interparticle interactions.

Many advanced ceramic formation techniques such as slip casting, tape casting,
electrospinning, robocasting require the dispersion and stabilization of ceramic
powders in liquid media [30]. The main drawback of the colloid size particles is their
tendency to form agglomerates because of the attractive interparticle interactions in
liguid media. The agglomerated particles in the suspensions can lead to
inhomogeneities, low packing density, higher pore distribution, and non-uniform
properties in the final structure. Therefore, optimization of the interparticle forces
between the colloid particles and the medium takes essential place, to obtain high

quality suspensions, thus high-quality end products.

2.2. Interparticle Forces

The main interparticle forces which play an essential role in the stabilization of the
oxide powder suspensions are van der Waals (Vvaw), electrostatic (Velect), and
polymer-induced (Vpolymer-induced), Steric and electrosteric forces. The colloidal stability
of the particles is described by the total interparticle potential, Vit shown in the
Equation 2 [31].



Vtot = Vvdw + Velect + Vpolymer—induced Eq- 2

2.2.1. Van der Waals Forces

Origin of the van der Waals force is the electromagnetic forces, particularly the dipole
interactions of the particles in fluid media, which is always attractive for identical
bodies. Van der Waals forces are relatively long-range forces compared to other
interparticle forces since the potential energy of the particles reduced the sixth power
of the distance between the molecules [32]. Hamaker stated that the van der Waals
energy can be simply represented as in Equation 3 [33]. In this equation, A is the
Hamaker constant, and D is the separation distance between the particles. The
Hamaker constant is a material property, and it is related to the dielectric property of
the atoms in medium.

A
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As shown in the Equation 3, the strength of van der Waals energy rely upon the
Hamaker constant and the geometry of the bodies while, the Hamaker constant relies
on material properties like dielectric and optical properties of particles and the
intervening medium [34].

To overcome the relatively long-range attractive forces, the repulsive force should be
introduced. Electrostatic, polymer-induced steric, and electrosteric stabilization

mechanisms are mainly used for this purpose.

2.2.2. Electrostatic Forces

Stoichiometric crystals with defect-free structure, like zinc-blend type diamond, keep
their surface neutrality in the liquid systems. On the other hand, oxide particles get
charged in a liquid media, particularly in a polar liquid. The main mechanisms of

surface charge in liquid medium are the ionization or dissociation of the oxide surface



in solution, adsorption of ions onto the oxide surface, and ion exchange with the
solution.

Once surface is charged, counterions (oppositely charged ions) are collected at the
surface of the particles since opposite charges attract each other. Density of ions varies
near the surface of the charged particle, so each particle is surrounded by an electrical
double layer (EDL). The double-layer consists of Stern and diffuse layer [35]. The
Stern layer is formed by chemically adsorbing charge onto the surface, and excess
opposite charges in the solution form the diffuse layer. The diffuse and Stern layers

are shown in Figure 2.1.

Stern layer

Figure 2.1. Schematic for double layer formation around particle
The thickness of the EDL is an essential parameter for electrostatic stabilization of the

particles, and the thickness is equal to the inverse of the Debye parameter, k=1 :

L Eq. 4 [33]

2
e? ¥ niz;

In this equation e is the charge of an electron, njis the concentration of the ions with a
valency of zj, € and g, are the dielectric constants of medium and permittivity of

vacuum, respectively.
The electrostatic interaction of two semi squares energy is described by Equation 5,

Vatect. = 64kTngi~1y2 exp(— kD) Eq. 5 [33]



In Equation 5, Yo represents the constant ranging between 0 and 1 as a function of the
surface charge of the particles and no is the concentration of the ions in the particle. It
is almost impossible to measure the surface charge of the particles because of the thin
liquid layer on the surface. The potential at the shear plane, located outside the Stern
layer is measured rather than surface potential by electrophoretic mobility,is called
zeta potential. The zeta potential of particles is calculated by Huckel approximation

as given in Equation 6 [34].

_4nU Eq. 6

&

In this equation, ¢ is the zeta potential, U is the electrophoretic mobility of the particles
which is measured and € is the dielectric constant of the medium. Then, the

electrostatic repulsion potential can be simplified as in Equation 7.

Veolecr. = 2meal?exp (—kD) Eq. 7

As a rule of thumb, it is known that zeta potential values higher than £30 mV, leads

to stable suspensions [36-40].

2.2.3. Polymer Induced Forces

Polymer-induced forces provide alternative routes for stabilization of colloidal
suspensions when enough repulsive force cannot be introduced to the colloid systems
electrostatically. Steric and electrosteric stabilization techniques are the widely used

under this stabilization techniques.

2.2.3.1. Steric Force

Adsorption of molecules (polymers surfactants or other organic molecules) onto

particle surfaces in liquid medium is required to introduce the steric stabilization.. Two



effects play role in the steric stabilization: AGmix represent the osmotic repulsion, and
AGelastic 1S Stemmed from entropic decrease. The overall steric effect is the sum of
AGnmix and AGerastic [41]. Good coverage and relatively optimum concentration of
polymers adsorbed on the particle surface is required. Also, the thickness of the
adsorbed layer should be high enough to provide repulsion. Besides all these, the
polymer should have good affinity with the solvent and powder, which polymer can
stretch into solution for steric repulsion. If these criteria are not met, the particles can
flocculate due to adsorption of additives on particle, thus lead to bridging
flocculation [42].

When the adsorbed surface distance is between the L and 2L (L< h <2L), the elastic
effect is negligible. L is the adsorbed layer thickness and h is the separation distance.
Therefore, mixing energy determines the steric energy. At small distances h<L, both
mixing and elastic effect are important. The total energy is equal, to sum up, the two
effects. Figure 2.2 gives the schematic representation of steric stabilization

mechanism.

L, adsorbed layer
thickness

h, seperation
distance

Figure 2.2. Schematic representation of the steric stabilization
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Different polymer kinds are used for steric stabilization. Example include
homopolymers, di-block polymers, comb-like polymers, and surfactants. Also,
polyelectrolytes are another organic group, but the stabilization mechanism is slightly
different from the others. Therefore, the next part stabilization mechanism of the

polyelectrolytes is investigated.

2.2.3.2. Electrosteric Forces

Electrosteric stabilization is composed of a combination of both electrostatic (double
layer) and steric repulsion. lonized polyelectrolytes in solvents preferentially adsorp
on the particle surface and their organic tales introduce steric forces. Therefore,
combination of both electrostatic and steric stabilization mechanisms are effective in
electro-steric stabilization [43]. A separation distance of the particles determines the
effectiveness of the electrosteric repulsion. The electrostatic repulsion becomes more
dominant at large separation distances when compared to the steric repulsion. When
particles are at smaller separation, the steric repulsion has much more active on the
stabilization of particles.

The ions introduced into the solvent as a result of dissociation of polyelectrolytes in
liquid media should also be taken into consideration. They may affect the particle
surface and/or medium properties by changing pH or ionic strength of the medium,
therefore their concentration should be optimized.

When charges of particle surface and polymer are opposite, highly effective
adsorption of polymer is expected due to electrostatic interactions. Therefore, the
surface charge of the particles affects the adsorption quality of the polymers. In
addition to the particle surface charge, solution properties (pH and ionic strength)
affect the conformation and adsorption quality of the polymers [44]. For instance,
Cesarano and Aksoy showed that dissociation of the poly (methacrylic acid) (PMMA)
polyelectrolytes in the aqueous media can be altered by changing pH and NaCl

concentrations. When the pH of the solution is higher than 8.5, the fraction of the
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dissociation of the functional group was almost 1. Besides, the addition of the
indifferent electrolyte, NaCl in their study increased the dissociation fraction at lower
pH values [45]. Also, the quantity of the polyelectrolytes be used is critical because
small amount of polymers may lead to the agglomeration of particles due to the
neutralization of particle surface charges with ions dissociated in solution.

Electrosteric stabilization mechanism is illustrated in Figure 2.3.

Figure 2.3. Schematic representation of the electrosteric stabilization. blue circles represent the particle,
adsorbed polymer is the black line and ions are represented by +.

2.3. DLVO Theory

The DLVO (Derjaguin, Landau, Vervey, and Overbeek) theory is proposed to predict
the stability of suspensions based on the balance between the attractive and repulsive
forces present between the particles [46]. By sum up those forces given in Equations
3 and 5, the total energy of the system can be calculated as shown in Equation 8 [26].
Figure 2.4 shows attraction, repulsive, and net overall energy estimated by DLVO
theory. The energy barrier in Figure 2.4 represents the energy amount required for
agglomeration of the particles, which is related to Hamaker constant, surface potential,
ionic strength, and shape of the particles according to Equation 8. Small energy
barriers can be surpassed simply by the thermal vibration energy of particles.
Therefore, a high energy barrier is required to obtain long term stabilization. The

energy barrier can be decreasing by the amount of electrostatic repulsion with
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increasing the ionic strength or by adjusting suspension pH towards the point of zero

charge.

A
Vior = 64kTnok~1yZ exp(— kD) — T2l Eq.8

The magnitude and sign of the surface potential of particles depend on the pH of the
medium since hydrogen and hydroxyl ions are potential determining ions and change
the surface charge at pH value. The net surface charge of the particles becomes zero
at a specific pH, known as isoelectric point. Around this pH, the attractive vdW forces,
dominate the system. Therefore, for electrostatic stability, suspension pH should be
away from the isoelectric point in other words particles can be stabilized by adjusting
the suspension pH. As depicted from Equation 4, ionic strength of the solution should
be taken into consideration since the double layer thickness is inversely related to the
ionic concentration in solution. When the indifferent electrolyte concentration
increases, double layer thickness (k=) decreases, which leads to a decrease in
repulsive energy. To obtain colloidal stability, the repulsive force between the
particles should be high enough to overcome attractive vdW interactions. Hamaker
constant of the suspensions related to the attractive vdW energy, shown in Equation
3. Calculating or measuring the Hamaker constant in different systems (material and
solvent) is complicated. As a general rule, the dielectric constant of the solvent is
directly related. For instance, Somasundaran reported that Hamaker constant of the
alumina suspensions decreases in low dielectric constant mediums such as
cyclohexane or chloroform [47]. However, poor stability of alumina particles was
observed in the low dielectric constant solvents. It can be explained oxide materials
can introduce significant amount of the surface charge that provide electrostatic
repulsion in polar mediums. Also, the minimum thickness of the adsorbed layer could

be determined by value of Hamaker constant to produce colloidal stable particles [48].
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2.4. Zeolite: Fundamental Concepts

Zeolites are crystalline aluminosilicates, which are built up from corner-sharing SiO4
and AlO; tetrahedra with micro- or nano-porous structures [49]. SiOs and AlO4
tetrahedrons formed zeolite structures that lead to electrical charge imbalance. Si and
Al cations generally exist in +4 and +3 oxidation states in nature, respectively [50].
During the formation of tetrahedra or tetrahedrons, Si ions are substituted with Al ions,
which create electrically missing electron(s). Each AlO4 tetrahedron exhibits a net
negative charge, and an extra-framework cation balances the negative charge sites.
Alkaline or alkaline metals are generally found on the external surface of zeolites to
electrically balance the structure; in some cases, protons, rare-earth ions or organic
species may locate in the structure [50]. The structural formula of the zeolites can be
written as:

M,,0 - Al,05 - ySiO, - wH,0 Eq. 9

In Equation 9, the notation M represents the extra framework cations with a valence
of nin the zeolite structure, and the H>O stands for the water molecules in the channels

or in the interconnected voids. The water may be removed reversibly, in general, by
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the application of heat. This process leaves the crystalline host structure intact,
permeated by the micropores and voids, up to 50% of the crystals by volume.

The classification of zeolites was required because various zeolite types have been
introduced. Structure Commission of the International Zeolite Association (I1ZA)
introduced more than 200 zeolite structures until 2017 [51]. Zeolites used to be
classified as Si/Al ratios, as low, intermediate, and high Si/Al zeolites. Then, pore
diameters of zeolites have used as a classification system. Three letter code was
introduced to define framework type, which was confirmed by the Structure
Commission of the International Zeolite Association. Today, zeolite structures are
classified by the three-letter code. For instance, the LTA code illustrates Linde zeolite
A or ZSM-5 code identifies the Zeolite Socony Mobil-5 zeolite [52].

Zeolites have been used in large quantities in a variety of commercial applications.
According to a market research report, it expected that synthetic zeolite projects grow
from 5.2 billion $ in 2018 to 5.9 billion $ by 2023 [53]. Zeolites are utilized as catalyst,
e.g. in the petrochemical industry and green chemistry for the conversion of biogas to
biomass and water treatment, as molecular sieves for separating and sorting molecules,

as well as other application areas, shown in Figure 2.5 [54].
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Figure 2.5. The broad field of zeolite applications [54]
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2.4.1. Characteristics of Zeolites and Their Suspensions

Zeolites mainly have the tetrahedral structure, TOs4, T indicates Al or Si atom. The
cornering sharing TO4 creates a three-dimensional structure, and the framework
structures of zeolites are defined as pore openings and dimensions, which shown a

variety with different zeolite structures [55].

The Si/Al ratio is the most critical parameter for applications since the ratio affects the
surface property of zeolites, amount and distribution of negative charge densities, pore
structure, and differences in the position of SiO4, AlO4 molecules and cations at the
extra-framework [56]. Therefore, zeolites attracted a great deal of attention among the
researchers and scientists due to their adjustable macro- and nano-sized pore
dimensions, ion-exchange properties, acidity in the structure, hydrophilicity and high
thermal stability via altering Si/Al ratio and structure [57-59].

The colloidal stability of the zeolites mainly depends on their Si/Al ratio. For instance,
high Si/Al ratio zeolites are used in an acidic environment since they can protect their
Si/Al ratio without dissolution [60,61]. In addition to that, the total acidity of the
zeolite increases when the Si/Al ratio reduces since acidity in the zeolite framework
is related to the substitution of aluminum atoms, which leads to negative charge [62].
Kawai and Tsutsumi evaluated the hydrophilic-hydrophobic character of zeolites
having different Si/Al ratios by measurements of immersion heats of the zeolites, in
water. When the Si/Al ratio of the zeolite is higher than 30, the water contact angle on
the surface reached the infinity, indicating the hydrophobic surface. On the other hand,
if the Si/Al ratio of zeolite is lower than 30, the water contact angle on the zeolite
surface becomes zero, i.e., the zeolites considered as hydrophilic [63].
Consequentially, the Si/Al ratio of zeolites influences the dispersion behavior in the
liguid media due to its effect on the surface charge, acidity, and
hydrophilicity/hydrophobicity.
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2.4.2. Selected Zeolite Framework

Selected Zeolite Framework: Zeolite A or LTA

Despite more than 200 zeolites introduced in literature, some of them have been used
in industrial applications such as Linde A (LTA), sodalite (SOD), faujasite (FAU)
[64]. Here, the characteristic of LTA zeolite (Zeolite A) will be discussed in.

The general representation of NaA zeolite, i.e. Linde A type zeolite (LTA) [65], is

given in Equation 10.

INa;,H, 0,71 Al12Si1,048]8 Eq.10

Figure 2.6. LTA zeolite viewed along [100] retrieved from 1ZA [65]

Corner structure of LTA zeolite forms by B-cage and o-cage is in the center of the
structure shown in the Figure 2.6. The sodium ion in the zeolite structure can
exchange with other ions, for instance, with potassium, calcium, or lithium cations.
When different cations were used to obtain charge balance, pore dimensions shows
the difference based on the cation type [66].

It is not possible to find LTA zeolite (Zeolite A) powders in nature; therefore, LTA

zeolites have been artificially synthesized by hydrothermal, microwave-assisted
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methods and so on. The Si/Al ratio of synthesized LTA zeolites was commonly ~1,
but a higher Si/Al ratio of LTA zeolites (12-40) has been found [67,68].

LTA zeolites have mainly been studied and applied for various applications. Figure
2.7 indicates increasing trends in the number of publications which mentioned about
LTA zeolite in years [6]. LTA zeolites are extensively used as zeolite membranes for
the adsorption/separation of light gases such as methane or for biodiesel production

from transesterification of trifolin [69,70].
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Figure 2.7. Publications mentioning “Zeolite LTA" [6]

2.4.3. Fabrication of Zeolite Structures via Colloidal Processing and Importance

of the Stabilization of Zeolite Suspensions

In recent years, several processing routes, such as electrophoretic deposition,
electrospinning, 3D-printing or mainly robocasting, and slip-casting are introduced to
the literature for preparation of the nano-sized ceramic structures and complex ceramic
shapes. These production methods have been proposed to fabricate fast and highly
reproducible preparation of defect-free, good quality, and complex shape zeolite
structures. These methods commonly start with dispersed zeolite powders in the
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polymer containing suspensions. Therefore, in order to obtain high quality end
product, the dispersion quality of the zeolite powders in agueous and non-aqueous

media is of great importance.

Depending on the processing route of interest and the required processing conditions,
different solvents may be used. Here, the use of these novel processing routes for
zeolites is discussed in terms of their dispersion qualities in three groups of medium:

in agueous media, in non-aqueous media, and in mixed systems.

2.4.3.1. Preparation of Zeolite Powder Suspensions in Aqueous Media

There are only a few studies in literature in which the stability of zeolite structures in

aqueous media is discussed.

One of these studies belong to Akhtar and Bergstrom [17]. They reported the
production of 13X zeolite monoliths by slip-casting of the zeolite powders using
aqueous zeolite suspensions. The zeta potential of the 13X powders in deionized water
is reported -4.7 mV and the suspensions were stabilized by adjusting the pH.

In another study, the MFI zeolite templated monoliths were formed by casting of the
zeolite suspension on a template, then the thermal treatment process was applied. HCI
was added into zeolite suspensions to stabilize the MFI powders. Although the pH
range of the MFI zeolite suitable for the pH adjustment is limited due to
dissolution/leaching behavior, they could still impart enough zeta potential without
changing the zeolite structure in pH value above 11 [71].

In another study, zeolite monoliths were produced via Robo-casting (3D printing) of
13X and 5A zeolites in deionized water in order to be used in the removal of CO>
gases [9]. 13X and 5A zeolite powders could be stabilized in deionized water, without
use of any additives for stabilization due to their high surface charge.

SAPO-34 zeolite honeycomb-like monoliths were formed by the Direct Ink writing
method, (3D printing) [72]. There was no detailed information about the stabilization
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of the powders in deionized water, so the powders are considered stable in deionized
water, Methylcellulose, Poly (acrylic acid) and graphene mixture.
5A zeolite monolith shapes were produced to use in the adsorption of CO2 gases [73].

The particles were dispersed via extrusion on 5A zeolite powders in this study.

2.4.3.2. Preparation of Zeolite Powder Suspensions in the Non-Aqueous Media

The zeolite structures obtained by using non-aqueous suspensions are summarized in
this section.

Matsunaga et al. reported the production of tubular zeolite membranes with inner
surfaces coated with zeolite L powders via electrophoretic deposition (EPD) [74,75].
Before the EPD process, zeolite powders were dispersed in ethanol by ultrasonic
treatment and magnetic stirrer. Then, agglomerated particles in the suspension were
separated by sedimentation classification, and only supernatant of the suspension was
collected for EPD or slip casting even though ethanol is used as a solvent.

In another study, Di et al. reported the fabrication of the zeolite hollow fibers with a
silicalitel nanoparticles without any stabilization treatment in ethanol media via
coaxial electrospinning to increase the diffusion rate in the pore of silicalite-1 [76].
This study investigated the electrospinning of the zeolite Y powders in a polymer
containing ethanol solvent [77]. Dispersion of the PVVP containing zeolite suspensions
was reached with sonication of the suspensions in a bath for almost eight hours to
obtain smooth fibers. Higher solid loadings of zeolite powders led to the
deagglomeration of zeolites in ethanol media. However, the poor quality of zeolite
fibers was obtained when the lower zeolite content used in the suspension. Therefore,
suspension parameters, powder, polymer, and ethanol concentrations and
electrospinning parameters were optimized in order to obtain smooth and continuous
zeolite fibers.

Olevsky et al. invented a novel hybrid slip casting-electrophoretic deposition process
[78]. In this method, powders must be suspended in the non-aqueous or non-
aqueous/aqueous mixed medium. They used 3A and 5A zeolite powders, acetone and
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n-butylamine as liquid media and as a dispersant, respectively. They noted that n-
butylamine did not improve the stabilization of zeolite suspensions. Yet, they did not
offer an alternative chemicals to improve the stability of powders.

Kobler et al. reported the production of high silica zeolite-f films by spin coating due
to optical and electrical properties of zeolite-  [79]. Before the spin-coating process,
agglomerated particles were sedimented at the bottom of the container filled with
ethanol by centrifuge, and then smaller zeolite powders were obtained. Then, the
suspension, containing three binder system were spun-coated onto Si-wafer. The
dispersion quality of the zeolites in the binder containing ethanol medium has not been
discussed so it could be considered as stable.

In another study, the effect of the dispersion quality of Silicalite-1 zeolite suspensions
on the spun-coated zeolite film has been studied [80]. Various alcohol mediums as
methanol, ethanol, propanol and butanol were used to determine the suitable
suspension condition for spin coating. It was concluded that highly dense silicalite-1
films were obtained when methanol or propanol are used as a solvent, but use of

ethanol lead to large empty spaces and clustered powders on the substrate.

2.4.3.3. Preparation of Zeolite Powder Suspensions in Mixed Solvents

Mixed solvent mediums have been gained importance for colloidal processing of
zeolites since they enable to tune properties, such as polarity, volatility, hydrophilicity,
and viscosity of the medium. In the electrospinning (ES) method for example, water-
based mixed mediums, particularly alcohol and alcohol-water mixtures, are used to
control the rate of evaporation and to enable the production of electrospun fibers
[21,81]. For spin coating, mixed solvent mediums have been used to reach desired
volatility and surface tension medium[82,83]. In addition, mixed solvent media are
preferred in electrophoretic deposition to reach higher voltages and improve the

adhesion performance of particles[84-87] .

Despite of the increasing interest in colloidal processing of zeolites in mixed media,

there are only few studies focusing on zeolite dispersion in mixed solvents.
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Production of the monolith and wire gauze packings from BEA zeolites by dip-coating
was studied [88]. In this study, metallic substrates were dipped in BEA powder
containing butyl acetate, deionized water, and water-based butyl acetate. Even though,
Teepol was used as anionic surfactant to increase the dispersion quality of particles,
particularly to obtain high solid loadings, the solids content achieved by using Teepol
was lower than the suspensions without any additive. The composition of Teepol
mainly consists of sodium benzenesulfonate, sodium Laureth sulfate, and alcohol
ethoxylate. However, there is no better alternative was present in this study.

Zhang et al. produced ZSM-5 nanofibers in 50:50 wt% ethanol:water media via
electrospinning process. They used high molecular weight PVP molecules as a carrier
polymer to enable electrospinning. The particles could be suspended in ethanol-water
media without use of any additives for stabilization [89].

Although zeolite suspensions of mixed solvents have been started to be used in zeolite
production, there is no study in literature which systematically evaluates the dispersion
characteristics of zeolites or discusses the stabilization mechanisms which can be used
for zeolite suspensions in mixed solvent media.

In the present study, common additives or polymers used for stabilization oxide
particles was selected (PAA, CTAB, SLS, PVP and PEG molecules) since zeolite
suspensions using additives are very limited in literature. PAA molecule was used as
anionic polymer surfactant since it has been used for stabilization of the oxide
particles, such as CeOz and Al,03[90,91]. The electrostatic adsorption of the anionic
surfactant to the negatively charged (LTA) is not favorable. Rather than electrostatic
interactions, PAA molecules can be adsorbed onto oxide surfaces via chemical,
physical and hydrogen bonding [92]. Liufu et al. reported that PAA molecules could
adsorbed onto negatively charged TiO> particles adsorbed onto oxide surface but the
adsorbed amount decreases as getting further away from isoelectric point of particles
[93]. CTAB, cationic polymer, is commonly used for stabilization of silica and
alumina particles [94-97]. Adsorption of CTAB is favorable due to the electrostatic
interactions with the negatively charged LTA powders in ethanol:water medium. SLS

molecules showed dual lyophobic-lyophilic tendency and used for dispersion of
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ceramic powders, particularly in the presence of polymer [98]. To study the steric
stabilization method, PEG and PVP molecules were chosen. PEG molecules are
generally used as non-ionic dispersant in aqueous and non-aqueous media for ceramic
particles such as Al,Os3, TiO> etc. [99-101]. Although PVP is not common dispersant
for ceramic materials, few examples can be found in literature [100]. Low molecular
weight PVP was chosen which would be effective since high molecular weight PVP

molecules was used as carrier polymer etc. for following experiments.
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CHAPTER 3

MATERIALS AND METHODS

3.1. Materials

LTA type zeolite powders used in experiments were provided from Technical
University of Denmark. High molecular weight (1,300,000) and low molecular weight
(1,500) poly(vinylpyrrolidone) (PVP) was used as a carrier polymer and as a stabilizer
and were purchased from Sigma Aldrich. HCI (purity > 98%) and NaOH (purity>
98%) tablet, were used to adjust the pH of suspensions and were purchased from
Sigma Aldric. Poly (acrylic acid) (PAA) (Sigma Aldrich, MW: 5,000),
Hexadecyltrimethylammonium bromide (CTAB, MW: 364.45), Sodium lauryl sulfate
(SLS), and a commercial Poly (ethylene glycol) (PEG-400, MW between 380-420,
Zag Chemicals, Turkey) were used as dispersants in the zeolite suspensions. The
ultrapure water with a resistivity of 18.2 MQ and technical grade ethanol (purity >
96%) were used in suspensions preparation.

3.2. Powder Preparation

A received zeolite powders were, first, examined with Dynamic Light Scattering
(DLS, Beckman Coulter LS 13 320, Indianapolis, USA) and Scanning Electron
Microscopy (SEM, FEI 430 NanoSEM System). Then, they were exposed to a
relatively high energy process; either to ball milling or to ultrasonic treatment to break
the aggregated zeolite powders. In the case of ball milling, ultrapure cylinder-shaped
zirconia (ZrOy) balls, 99.99 %, are 0.5 mm. in diameter and 4.5 mm. in height were
used. The weight ratio of the liquid medium, to the powder, was 4:1 (wt.) and powder
to ball ratio was 1:10 (wt.). In each set, powders were added into 50 grams of a liquid

medium (ultrapure water, or ethanol) and ball milled in a 100 ml PET bottle at 50 rpm.
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Although the surface area of spherical zirconia balls is higher than the cylindrical
balls, a higher contact region was obtained by using the cylindrical ball. Also, it is
known that the mechanism of breaking powders mainly depends on the size of impact
points, so cylindrical-shaped balls were selected to break up zeolite powders [102].
For the ultrasonic treatment, suitable ultrasonic pin (sonotrode S7) was used in a liquid
medium by connecting UP200 St ultrasonic lab device (Hielscher Ultrasonics GmbH,
Teltow, Germany). 3 grams of powder were mixed in 20 grams of liquid medium and

exposed to an ultrasonic treatment at powder ranging from 35 to 100W at 25 kHz.

Before and after the treatments, particle size and size distribution of powders were

analyzed using SEM and DLS analysis.

3.3. Suspension Preparation

For suspension preparation, first ethanol and ultrapure water were mixed by 50:50
weight (wt%) ratio and shaken for 3 hours at 80 rpm by shaker (Isolab 3D orbital
shaker, Turkey). Then, zeolite powders were added to the solvent mixture at a
concentration of 1.5 wt%, (for sedimentation experiments) or 10 wt% (for spin
coating). The suspensions were ultrasonically treated for 3 min at the powder of the
35 W for homogenization with taking cooling breaks of 15 seconds for every 1 minute
in order to prevent overheating and vaporization of the solvent and to keep the solid

loadings constant.

For surfactant containing suspensions, selected surfactants were firstly added ethanol-
water (50:50 wt%) medium and mixed by shaker 2 hours at 80rpm. Then, zeolite
powders were added into the solution. The suspension was ultrasonically treated for 3
minutes at the power of the 35W for homogenization. For the preparation of carrier
polymer containing suspensions, high molecular weight PVP was added into the
prepared suspensions. Then, the suspension was ultrasonically mixed for 3 minutes at

the power of the 35W, and similar cooling breaks described above were followed.

26



Rather than ultrasonic treatment, magnetic stirrer could be used for mixing the zeolite
powders in the suspensions. However, ultrasonication was preferable since it mixed

the suspension in less time than magnetic stirrer mixing time.

3.4. Spin-Coating Procedure

Cleaning of the 0.5x1 cm? silicon (Si) wafers consists of two steps. Firstly, Si-wafers
immersed in acetone for 3 minutes. Then, it was removed from the acetone and placed
in ethanol for 2 minutes. Finally, the surface was dried using pressurized air at room

temperature.

The zeolite films were prepared by using commercial Spin-Coater KW-4A (Chemat
Technology Inc, Northridge, CA)). The 100 ul zeolite suspension, including 10 wt%
zeolite powder was dropped at the center of the substrates of stationary conditions.
Then, the coater was accelerated to 3000 rpm in 3 seconds and rotated at this speed
for 45 seconds. The zeolite films were dried at room temperature (25°C) and
characterized with SEM.

3.5. Characterization of the LTA Zeolite Powders and Suspensions
3.5.1. Scanning Electron Microscopy

The morphology and the agglomeration state of zeolite powders were characterized
by Scanning Electron Microscopy (SEM, FEI Quanta 400F Nova NanoSEM 430 SEM
System, Oregon, USA). To minimize the sample charging, the powders were coated a
thin layer of gold by Polaron SC 7640 Sputter Coater (Watford, UK) for 2 minutes at
the setting of 1.5 V and 10 mA prior to SEM examination. SEM micrographs were

also used for analysis of particle size and size distribution of zeolite powders.

Energy Dispersive X-ray Analysis Spectroscopy (EDS, JEOL 2100 F, JEOL Ltd.,
Tokyo, Japan) was used at 20 kV for 90 seconds for elemental analysis of the zeolite
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powder. For surfactant containing suspensions, the samples were firstly dried under
room temperature. Zeolite powders were rinsed with ultrapure water. Then, a trace
amount of zeolite suspensions was dropped onto carbon tape and left to dry. The
weight ratio of Si/Al and Na/Al ratio of each sample was measured by taking average

of 2 measurements at different spots of carbon tape.

3.5.2. X-Ray Diffractometry

X-Ray Diffraction (XRD, Bruker D8 Advance diffractometer) with CuKa (A=0.154
nm) radiations were conducted at 40 kV power and 30mA current in the 26 range of
0-70° and all data were collected at a rate of 5°/min. The XRD measurements were

used to investigate the purity level of the zeolite powders.

3.5.3. Dynamic Light Scattering

Dynamic Light Scattering (DLS, Beckman Coulter LS 13 320, Indianapolis, USA)
was used to determine the size distribution of zeolites. The DLS analysis was
performed in (ethanol, water, or their mixtures) at room temperatures (25°C). The
results of DLS measurements were reported as an average particle size based on the
scattered light intensity weighted averages. Each DLS analysis was repeated 3 times
for each specimen under the same conditions, and the variations in the particle size

measurements were not higher than the 2%.

3.5.4. Sedimentation Measurements of Zeolite 4A Suspensions

To measure the sedimentation rate of the zeolite powders, the settling rate of the
particles was observed via the amount of powders accumulated at the bottom of 10 ml

of the graduated cylinder. The zeolite suspension slowly added to the tube in order to
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prevent the formation of air bubbles. All sedimentation measurements were conducted

at room temperature under the same visible light.

3.5.5. Electrophoretic Measurements of Zeolite 4A Suspensions

Zeta potential measurements were investigated using a Zetasizer Nano ZS (Malvern
Instruments, UK) with a 633 nm red laser at room temperature (25°C). During the zeta
potential analysis of LTA zeolite powders, the zeolite powders in the ethanol, water,
and ethanol-water mixtures were diluted to 0.1 wt%. Polymeric dispersants and high
molecular weight PVVP amounts were calculated concerning the amounts of powder
and suspension, respectively. Folded capillary cell (DTS1060) with a sufficient
amount of volume was used for zeta potential measurements. Malvern Instruments

Dispersion technology software (Version 7.0) was used to analyze the data.

3.5.6. Fourier Transform Infrared Spectroscopy

The chemical interactions between PEG, PVP, zeolites, and solvents (ethanol and or
water) were analyzed using the FTIR (Fourier-Transform Infrared Spectroscopy)
Frontier spectrometer with the ATR accessory (Perkin Elmer, Waltham, USA).
Spectrum 10 software was used to analyze the spectra. The FTIR data collected at the
absorbance mode. LTA zeolite suspensions directly put on the ATR sensor of the
FTIR instrument. Before the examinations of the spectrum, interactive baseline

correction at 4000 cm™ was applied.

The related spectrum were subtracted from each other to amplify the difference
between the spectrum. For example, in order to analyze the interactions between the
PVP molecules and LTA zeolite powder, LTA zeolite spectra were subtracted from
PVP containing LTA powder in the same solvent. All FTIR analyses were conducted
at room temperature (25°C) and recorded over the wavenumber range of 4000 cm™ to

400 cm?.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1. Physical Characterization of LTA zeolite powders

The chemical, physical, and surface characteristics of the zeolite powders are mainly
related to the method used for their synthesis [103]. LTA zeolite powders are generally
produced via hydrothermal route due to its fast reaction Kinetics, low energy
consumption, scalability, and cost-effectiveness [97]. However, to obtain particles
without aggregates/agglomerates is a challenge in the hydrothermal route because a
relatively high temperature calcination process is required for the removal of the

trapped water within the porous structure of the zeolites [104].

DLS analysis and SEM micrographs of synthesized LTA powders were shown in
Figure 4. SEM micrographs, presented in Figure 4.1a, show that LTA zeolite powders
were composed of sphere-like individual particles with an average particle size
between 300 nm to 400 nm. However, the presence of aggregates was evident. Figure
4.1a shows the necking between the primary particles, which indicate the aggregation
of the primary particles, and the size of aggregates is in the micron range. DLS analysis
of the synthesized powders was presented as percentage volume of particle size
distribution of the zeolite powders in Figure 4.b. The trimodal size distribution of
particles was observed. Based on the SEM analysis, it can be concluded the first peak
shows the primary particle size of the powders was between 300 nm to 400 nm, and
aggregated/agglomerated particles are > 3 um and >10 um, as interfered from the

second and third peaks, respectively.

A settling velocity of the zeolite powders against the particle diameter in
ethanol:water (50:50 wt%) was calculated by applying the Equation 1 (Stoke’s Law
refinement), shown in Appendix A. Appendix A shows that particle size of zeolites
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should be 300- 400 nm range to suspend these particles in the medium. Therefore, in
order to be able to use all powder, the aggregates should be broken into smaller units

and/or primary particles, so they can be suspended in liquid media.

a)

Volume (%)

0.1 1 10 100

Particle Diameter (um)

Figure 4.1. a) SEM micrographs and b) particle size distribution (by volume percentage) of as received
LTA zeolite powder
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4.2. Preparation of LTA zeolite Powders for Colloidal Processing

In order to be able to disperse aggregated zeolite powders in ethanol-water mediums,
the particle size of the aggregate powders should be reduced. In order to break strong
aggregates of zeolites, very high energy processes such as ball milling, wet milling,
and ultrasonic treatment can be used. Among them, planetary ball milling was not
preferred because high energy process could lead to forming pellets rather than reduce
the size of the particles [105].

Wet ball milling and ultrasonic treatments are prevalent methods to break up
aggregates because they are accessible and easy to handle. For this purpose, ball
milling and ultrasonic treatments were employed.

The particle size measurement results of ball milled LTA zeolite powders in ultrapure
water and ethanol were shown in Figures 4.2a and 4.2b, respectively. Different colors
and markers in Figure 4.2 represent the various milling application time at 50 rpm
milling frequency. As evident from Figure 4.2a, the second and third peaks appeared
in the analysis of as-received powders (>10 um), was disappeared but still bimodal
particle size distribution was obtained even after 48 hours ball milling treatment in
ultrapure water. The volume percentage of the large aggregates decreased, and particle
size distribution was significantly narrowed when milling was employed for 72 hours
in ultrapure water medium. However, ball milling for longer times (from 72 hours to
96 hours), led to re-agglomeration of the zeolite powders in the ultrapure water. Then,
particles were re-dispersed again when 120 hours of milling was employed, as shown
in Figure 4.2a. When ball milling treatments in ethanol was compared, the third peak,
representing the particles larger than 10 um, was disappeared for all treatments. Even
though the volume of the aggregates decreased with milling time, the bimodal
distribution of LTA zeolite powders (< 1 um and around 2 um) could not be eliminated
even after 120 hours treatment. Therefore, it was concluded that the de-aggregation of
zeolite powders was only useful in ultrapure water media. In water media, at least 72
hours were required to reach a significant number of particles, with particle size close

to particle size. Before and after ball milling treatment, the similar pH of the
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suspensions was 10.3 and 10.1, respectively. The pH results indicated that the
chemical and surface properties of powders were preserved. Based on the particle size

distribution data, ball milling at 50 rpm for 72 hours in water was chosen as optimum
conditions to obtain dispersible powders.
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Figure 4.2. Particle size distribution of the LTA zeolite milled for 48,72,84,96 and 120 hours a) in
ultrapure water b) in ethanol
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In order to fasten the process, the ultrasonic treatment was employed for the de-
aggregation of LTA zeolite powders. Figure 4.3 shows the particle size distribution of
powders obtained after treatments at various power settings and durations. Based on
the ball milling experience, water was used for ultrasonic fragmentation experiments.
In addition, water media was more helpful to prevent excessive evaporation and keep

the concentration constant when compared to ethanol media.

As depicted in Figure 4.3a, the large aggregates (> 10 um, the third peak) could be
eliminated even at 50 W and for 3 minutes of ultrasonic treatment. The amount of
aggregates between 2 um and 10 um (the second peak) was significantly reduced with
ultrasonic treatment at 50W for 3 minutes and eliminated with the application of
higher powers (Figure 4.3a) and/or larger application times (Figure 4.3b). Even though
the particle size could be reduced below 2 um, i.e., to colloidal size range, bimodal
distribution (400 nm and 1 um) was obtained for all cases, indicating the presence of
small aggregates. However, since all particles were in the colloidal range, these
powders were found suitable for further studies in this thesis. The ultrasonic treatment
at 70 W and 20 Hz for 5 minutes was chosen as optimum parameters for the

preparation of dispersible powders.

SEM micrographs of the treated zeolite powders were obtained and shown in Figure
4.4. The SEM micrographs, after 72 hours of ball milling at 50 rpm and ultrasonic pin
treatment at 70W and 20 kHz for 5 minutes, showed that the neck between the primary
zeolite powders was successfully broken up without any significant change in particle

shape.
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Figure 4.3. DLS particle size distribution of LTA zeolite in water as a function of ultrasonic treatment

a) for 3 minutes treatment time b) for 5 minutes treatment time. 50, 70 and 100W powers were
employed.
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Figure 4.4. SEM micrographs of LTA powders a) powders after ball milling (72hours at 50 rpm in

water); b) powders after ultrasonic treatment (5 minutes at 70 W in water)

Figure 4.5 shows the particle size distribution of powders obtained with selected
optimum conditions and compares them with the distribution of as received powder.
Even though smaller particles with narrower size distribution were obtained as a result

of ball milling procedure, because of its rigorous process conditions, ultrasonic

treatment was used for further studies in this thesis due to its practicability.
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Figure 4.5. DLS Particle size distribution of as received and treated LTA powders by selected optimum
process parameters. For Ball milling 72hours at 50 rpm were employed and for an ultrasonic treatment

were employed 5 minutes at 70 W in water.
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4.3. Stability Analysis of the LTA Zeolite in Ethanol-Water Mixed Solvents

The sedimentation characteristics of treated LTA zeolite powders were prepared to
reveal the effect of ethanol amount on the dispersion quality of the powders. Figure
4.6 showed the various ethanol:water amounts (30:70, 40:60, and 50:50 wt%) against
the elapsed sedimentation time. As shown in this figure, the settling velocity of the
zeolite powders increased with an increasing amount of ethanol. The amount of
sedimented zeolite powder at the bottom of the container remained similar in the
mixed solution containing 30 % and 40 % ethanol by weight, as shown in Figure 4.6a
and 4.6b; in other words, the zeolite powders suspended in the medium at least for 24
hours. Nevertheless, when the ethanol amount raised to 50 wt% shown in Figure 4.6c,
a significant amount of zeolite powders was settled in 3 hours, indicating much higher
sedimentation rates and potential agglomeration of primary particles.

In order to evaluate the agglomeration tendency of LTA powders in mixed solvents,
the zeta potential values of powders were measured in various solvent concentrations
(Table 4.1). The zeta potential value of LTA zeolite powders was as high as -49.7mV
in pure ultrapure water (0:100 wt%). This value reduced to -42.4 mV, 35.4 mV, -22.8
mV in ethanol:water 30:70, 40:60, and 50:50 ethanol:water mixtures, respectively.
The zeta potential of LTA zeolites in pure ethanol was -18.8 mV. Since the natural pH
of samples did not change significantly, it can be concluded that the dissolution of
LTA zeolites in water or ethanol was comparable and low. Therefore, the change in
zeta potential can solely be explained with changes in the dielectric constant of the

medium. The dielectric constant of water is 78.1, while it is 24.5 for ethanol.
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Figure 4.6. Sedimentation behavior of LTA type zeolites in ethanol:water is 30:70 in a, 40:60 in b and
50:50 in ¢, 1.5 wt% zeolites with respect to suspensions were used in each sample. The first image on
the left-hand side is taken 5 min. after mixing LTA powders in ethanol-water mixtures.

According to Equation 6, the decrease in the dielectric constant lowered zeta potential
values, thus weaken the repulsive forces given Equation 7. Besides, lower dielectric
constant also leads to a faster screening of the surface potential (Equation 4). The
lower zeta potential values lead to reduction in repulsive forces and may lead to faster
agglomeration of powders. As mentioned in the literature review, = 30 mV is found
as a critical value to obtain stable suspensions. In line with this information, the zeta
potential of LTA zeolites decreased below this limit, therefore fast sedimentation of
such suspensions can be explained with inefficient repulsion between powders.
Agglomerated powders get larger and larger and eventually cannot resist the
gravitational forces and sediments. On the other hand, the natural surface charge, thus

effective electrostatic repulsive forces, were large enough to stabilize the LTA particles
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without any need for additional effort, when the ethanol concentration was 40 wt% or
lower.

Table 4.1. Zeta potential measurements of LTA zeolites in various Ethanol:Water mixture and pH of

the as-prepared suspensions

Sample Zeta Potential Natural
LTA in Ethanol:Water Solution (mV) pH
0:100 wt% -49.7+ 0.3 10.3
30:70 wt% -42.4 £0.4 10.3
40:60 wt% -345+0.3 104
50:50 wt% -22.8 0.4 10.2
100:0 wt% -18.8 +0.6 -

4.4. Stabilization of LTA Zeolite in Ethanol:Water (50:50 wt%) Mixture

4.4.1. Electrostatic Stabilization of LTA Zeolites in Ethanol:Water (50:50 wt%b)

Mixtures

In order to build enough repulsive force on LTA powder surfaces, the pH of the
suspensions was adjusted using HCI and NaOH. The zeta potential values of LTA
powders were presented in Table 5.2 with varying pH of the suspensions. The 102 M
and 10° M of HCI or NaOH cannot impart stabilization since zeta potential values
were below the critical value of = 30 mV. On the other hand, in the presence of 10
M acid or base, zeta potential values showed two high positive values. The pH values
of the suspensions were 3.32 and around 14.00, with 10 M HCI and NaOH,
respectively. As shown in the table, the conductivity of the suspensions indicated high
values, 8.5 mS/cm and 2.5 mS/cm with 101 M HCI and NaOH respectively. These
results indicate that at those pH values, rather than suspensions became stable, and
powders started to dissolve in the liquid medium with the effect of acid and base

additions. Hartman et al. studied the dissolution characteristic of LTA zeolites and
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stated that the Si/Al ratio of the zeolites affects the dissolution behavior [106]. The
synthesized LTA powders showed dissolution behavior at pH values less than 4 and
higher than 13. Therefore, it is not practical to stabilize the zeolite powders by
changing suspension pH in ethanol:water (50:50 wt%) mixture because sufficient
repulsive force cannot be introduced at the pH range where powders do not dissolve.
In addition, the ions present in solution exchange with the ions in zeolite and alter the
zeolite structure, thus its properties [107]. Because of the complexity of dissolution
and ion-exchange property of zeolite powders, electrostatic stabilization is not

suggested for LTA zeolites in ethanol:water (50:50 wt%) mixtures.

Table 4.2. Zeta potential and pH of LTA powder in Ethanol:Water (50:50 wt%) mixture containing
various amount of HCI and NaOH.

Acid or Base Zeta Potential H Conductivity
Content (mV) P (mS/cm)
[HCI]: 10" M 60.8 +0.9 3.3 8.5
[HCI]: 107 M 2.2+0.9 7.9 08
[HCI]: 10° M -15.9 0.9 9.5 0.7
[NaOH]: 10° M -15.8 +0.9 12.3 0.2
[NaOH]: 10° M 28.340.9 13.4 0.4
[NaOH]: 10" M 83.1+0.9 14.0 25

4.4.2. Steric/Electrosteric Stabilization of LTA powders in Ethanol:Water (50:50

wt%) Mixtures

For steric and electrosteric stabilization of LTA zeolite powders in ethanol:water
(50:50 wt%), organic additives were used, and their effect on the sedimentation rate
of zeolite powders were investigated. In this study, commonly used anionic, cationic,

zwitterionic and non-ionic organic molecules, namely PAA (anionic, MW 5,000),
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CTAB (cationic, MW 364.45 ) and SLS (zwitterionic) were chosen. These molecules
are widely used for the stabilization of the oxide powders. As shown in Figure 4.7, the
addition of the PAA and SLS did not improve, instead fasten the sedimentation
process. This was an expected result because as known from the zeta potential
measurements, the surface of LTA zeolite powders was negative. The addition of
negatively charged additives did not help to stabilize LTA zeolite powders. The
addition of a cationic surfactant (CTAB), on the other hand, performed better
compared to the other additives and improved the stability of LTA zeolite; however,
it could not completely prevent the sedimentation of LTA zeolite powders. When the
pH of these suspensions was compared (Table 4.3), the CTAB addition decreased the
pH slightly. Considering a very low concentration of zeolite powder and additives, the

presence of these extra ions in solution might affect the stability of LTA powders.

The effect of two non-ionic low molecular weight polymers PVP (MW: 1,500) and
PEG (MW: 400) on the sedimentation behavior of the LTA powders in ethanol:water
(50:50 wt%) was investigated. The addition of low molecular weight PVP molecules
fastens the sedimentation behavior (Fig. 4.8) while decreasing the suspension pH
(Table 4.3). Since PVP molecules do not dissociate in ethanol:water mixture, the
observed change in the pH might be due to the surface interactions between LTA
powder and PVP molecules. The addition of the PEG molecules, on the other hand,
significantly improved the stability of LTA powder (Fig. 4.8.). LTA powders were
stable at least for 11 hours.
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Table 4.3 EDS analysis of LTA zeolite powders (50:50 Ethanol:Water) in the presence of various

additives.
Sample Na/Al Si/Al
LTA in Ethanol:Water (50:50 wt%b) ratio ratio
No polymer addition 0.53 1.23
Addition of PAA 0.54 151
Addition of CTAB 0.61 1.29
Addition of SLS 0.42 1.34
Addition of PEG 0.53 1.24
Addition of PVP 0.55 1.25

The EDS analysis of LTA zeolite powders in various additives was shown in Table
4.3. Higher Si/Al ratio of dried LTA zeolite powders was found in the polyelectrolytes
added suspensions, PAA, CTAB and SLS. The ratio was slightly higher for non-ionic
polymers, PEG and PVP containing suspensions than no additive LTA zeolite
suspension ratio. On the other hand, Na/Al ratio showed the difference in the type of
the organic additives. The ratio was considerably decreased in the presence of SLS
and increased in the presence of the CTAB. The ratio was slightly increased after
addition of the PAA and PVP, and it remained constant with PEG molecules. It was
concluded that the ion balance of the LTA zeolite was broken down in the presence of
polyelectrolytes. Therefore, the use of polyelectrolytes was not practical for the

stabilization of LTA zeolite powders.
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Figure 4.7. The effect of polyelectrolyte additions on the sedimentation behavior of LTA type zeolites
in ethanol-water solutions in the: a) absence of additive; with addition of b) PAA; ¢) CTAB; and d)
SLS. 1.5 wt% LTA zeolite used in ethanol-water mixture (50:50 wt%) for all samples and polymer
concentration was 1 wt% of the zeolite powder.
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Figure 4.8. The effect of non-ionic polymers addition on the sedimentation behavior of LTA type
zeolites in ethanol-water solution in the: a) absence of polymers; b)presence of low molecular weight
PVP; and c) presence of PEG-400 in the 1.5 wt% LTA zeolite dispersed in ethanol-water mixture (50:50
wt%) for all samples and polymer were added as 1 wt% polymers with respect to the amount of zeolite
suspensions

In order to elucidate the stabilization mechanism of PEG in LTA zeolite powders in
ethanol-water mixture, the ATR-FTIR analysis and zeta potential measurements were
conducted. Zeta potential value of LTA powder in the presence and absence of PEG
were shown in Table 4.4. Zeta potential value of LTA powders increased from -22.8
mV to -42.9 mV by addition of PEG-400 (1 wt% with respect to LTA powder). This
result explains the better stability of powders in the presence of PEG. When the pH of
the suspensions was compared, there was only small change from 10.2 to 10.1 with
PEG additions indicating that there is no significant change in the ion balance in the

suspension.
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Table 4.4. Zeta potential measurements of LTA zeolite powders and the pH of their suspensions

(50:50 Ethanol:Water) in the presence of various additives.

Sample Zeta potential Natural
LTA in Ethanol:Water (50:50 wt%b) (mV) pH
No polymer addition -22.8 (+0.4) 10.2
Addition of PEG -42.9 (£0.8) 10.1

The ATR-FTIR analysis of the LTA powders was presented in Figure 4.9. While the
red and blue lines indicate the spectra in the absence and presence of the PEG
molecules LTA suspensions, respectively the green line present the difference
between the red and blue lines and used to amplify the changes.

The absorbance at wavenumbers between 3500-3200 cm™ was attributed to the
symmetric and asymmetric stretching of hydroxyls (OH). The absorbance peak
located near 2973 cm™ was attributed to the C-H stretching and exhibited due to the
presence of ethanol (Fig 4.9a). The absorption peak located near the 1660-1635 cm™
was attributed to the stretching vibration of the functional carbonyl group (-C=0) of
ethanol molecules. There was no change observed between blue and red lines near
these peaks (Fig 4.9b). The wavenumbers at 1085 cm™ and 1045 cm™ shown in the

suspension because of the C-O bond of ethanol in water (Fig 4.9b).

The peak at 1009 cm™* ascribed the asymmetric stretching vibrations of bridge bonds
TO4 (T=Si or Al), observed in Figure 4.9b [108]. In the PEG-400 containing
suspensions, this peak disappeared, indicating the adsorption of PEG molecules on the
powder surface. Therefore, it can be concluded that PEG molecules interact with the
LTA powder surface. Combined with zeta potential measurements, these interactions

increased the surface charge of powder and led to better stabilized LTA suspensions.
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Figure 4.9. ATR-FTIR spectrum of zeolite suspensions in the absence (red spectrum) and the presence
of PEG (blue spectrum). Spectrum is divided into two parts as the wavenumber range of 4000-2500
cm? (a), and 2500-500 cm (b). Green spectra is for the difference of the blue and red spectrum.
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4.5. Stability of LTA Zeolite in Ethanol:Water Mixture In the Presence of

Polymer Carriers

In many processing techniques including electrospinning, tape casting, robocasting,
and so on, addition of the high molecular weight polymers is required to adjust the
suspension viscosity and/or used as carrier. Moreover, examples of zeolites/polymer
composites exist in literature where the distribution of zeolites in high molecular
weight polymer is vital [109-111]. High molecular weight PVP is one of the common
polymers used for such purposes, therefore it was selected in this study.

Sedimentation behavior of the high molecular weight PVP containing LTA powder
suspensions in ethanol-water mixtures, containing 30, 40 and 50 wt% ethanol was

shown in Figure 4.10.

a)

b)
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Figure 4.10. Sedimentation behavior of LTA zeolites in the presence of high molecular weight PVP in
ethanol:water mixtures. 1.5 wt% zeolites with respect to suspension, 10wt% PVP with respect to zeolite
powder were used. Ethanol to water ratio is a) 30:70, b) 40:60, and c) 50:50.
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Even though the presence of high molecular weight PVP fasten the sedimentation rate
in ethanol-water mixtures containing 50 wt% ethanol (significant sedimentation
observed even after 2 hours) the stability of powders in other solutions containing 30

wit% and 40 wt% ethanol was good enough at least for 24 hours.

The zeta potential values of LTA zeolite powders were as high as -49.7mV in ultrapure
water solutions (Table 4.1). This value reduced to -46.7 mV when PVP was added
into solution (Table 4.5). Similar reduction was observed at all ethanol concentrations
(Table 4.1 vs Table 4.5). This slight decrease in zeta potential values, from -34.5 mV
to -32.6 mV for suspensions containing 40 wt% ethanol, was not enough to screen
surface charges, therefore stable suspensions could be obtained with ethanol
concentrations up to 40 wt%. However, in the case of suspensions with 50:50 wt%
ethanol:water, already low zeta potential values decreased down to the level of -15.6

mV, which explained the accelerated sedimentation of LTA powders.

Table 4.5. Zeta potential measurements of LTA zeolites and natural pH of their suspensions in the
presence of high molecular weight PVP dispersed in ethanol-water solutions with varying ethanol

concentration.

Ethanol:water (wt%b6) Zeta(rno\t/(;ntial Na;aral
0: 100 -46.7 0.9 9.8
30: 70 -39.4+0.2 104
40: 60 -32.6 0.3 10.5
50:50 -15.6 £0.3 9.6
100: 0 -4.6 £0.2 -
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Figure 4.11. ATR-FTIR spectrum of zeolite suspensions in the absence (red spectrum) and the presence
of PVP (gray spectrum). Green spectra are for the difference of the black and red spectrum. Samples
contain 1.5 wt% of LTA powders with respect to suspension and 50:50 wt% of ethanol:water. The
amount of PVP addition is the 10 wt% of zeolite powder. Spectrum is divided into two parts as the

wavenumber range of 4000-2500 cm (a), and 2500-500 cm™* (b).
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In order to investigate the level of PVP interactions with LTA powders, ATR-FTIR
analysis was employed. As shown in Figure 4.11, the most obvious change was
observed in difference spectra at the absorbance peak at wavenumber of 1655 cm™.
This change was occurred as a result of the shift of the absorbance peak at 1649 cm™
to 1645 cm™, clearly indicated the adsorption of PVP molecules on LTA zeolites
through its functional —C=0 groups [112]. The remaining of the peaks were typical

absorbance peaks for PVP molecules in ethanol-water, shown in Appendix B.

In order to improve the stability of PVP containing LTA zeolite suspensions in
ethanol:water (50:50 wt%) mixture, the effect of PEG addition was studied. As shown
in Figure 4.12c, the sedimentation of LTA zeolites could be postponed for at least 5
hours after sample preparation as a result of PEG addition. When compared to LTA
containing ethanol-water suspensions given in Figure 4.12a, the sedimentation rate of
powders was slower even in the presence of PVP. However, it was obvious that at any
condition, PVP addition destabilized LTA powders and led to agglomeration and

eventually sedimentation of powders.
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After mixing
(t=5 min)

Figure 4.12. The effect of PEG addition on the sedimentation behavior of LTA type zeolites in ethanol-
water solution: (a) LTA zeolites in ethanol-water solution; (b) the effect of PEG addition on the stability
of LTA zeolites in ethanol water solution; and (c) the effect of PVP addition to PEG-stabilized LTA
zeolites in ethanol-water solution. The ethanol to water ratio is 50:50 wt%. The amount of LTA 1.5
wt% with respect to the suspension, 1 wt% of PEG and 10 wt% PVP with respect to LTA.

Zeta potential values of the PEG and PVP containing suspensions, were present in
Table 4.6. The zeta potential value of PEG-400 containing suspensions was decreased
with the addition of PVP from -42.9 mV to -33.1 mV. A similar zeta potential decrease
was observed with the addition of PVP molecules in LTA zeolite suspensions.
However, due to the enhanced zeta potential values in the presence of the PEG
molecules, -33.1 mV, were still high enough to suspend zeolite powders for 11 hours.
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Table 4.6. Zeta potential of PVP-containing LTA suspensions in Ethanol;Water (50:50wt%) mixtures

in the presence/absence of PEG molecules

Additives Zeta([rnr:)\t/e;ntial Na;aral
No additive -22.8 +0.4 10.2
10 wt% of PVP with respect to zeolite powder -156 +0.3 9.6
1 wt% of PEG with respect to zeolite powder -42.9+1.5 10.1
10 wt% of PVP and 1 wt% of PEG with respect -33.1 :0.8) 9.8

to zeolite powder

In addition to the zeta potential measurements, ATR-FTIR analysis was employed in
order to investigate the interactions between PEG and PVP molecules with LTA

zeolites.

In the spectrum presented in the Figure 4.13, similar to Figure 4.11, the most obvious
change which could be observed at difference spectra was the absorbance peak at
wavenumber of 1656 cm™, occurred as a result of the shift of the absorbance peak at
1649 cm™ to 1645 cm™. This shift indicated the adsorption of PVP molecules on LTA

zeolites through its functional —C=0 groups.

The exhibited wavenumbers from 1465 and 1445 cm™ were related to the vibrational
bands of -CH»and -CH. The wavenumber 1293 cm™ is attributed to the -CN vibrations
of PVP molecules shown in Figure 4.13b [113]. Those peaks are similar to the ones

Figure 4.11b which was originated from PVP presence in the ethanol-water mixture.

Similar to the spectrum presented in Figure 4.9, PEG molecules interact with LTA
surface and leads to disappearance of the absorbance peak at the wavenumber of 1009
cm™ as shown in Figure 4.13. As a result, it was concluded that both PEG and PVP
molecules interact with LTA surface without any specific interactions between PEG
and PVP molecules that can be detected by ATR-FTIR analysis. Therefore, the
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positive effect of the PEG addition on stabilization was observed even in the presence

of the high molecular weight PVP molecules.
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Figure 4.13. In situ ATR-FTIR analysis show the effect of PEG and PVP addition to the LTA in ethanol-
water solution. The amount of LTA 1.5 wt% with respect to the suspension, 1 wt% of PEG and 10 wt%
PVP with respect to LTA. Red spectra is for the LTA in ethanol water, blue spectra is for LTA in
ethanol water in the presence of PEG, black spectra is for the LTA in ethanol water in the presence of
PEG and PVP and the green spectra is the difference of the black and red spectrum. Spectrum are
divided into two parts as the wavenumber range of 4000-2500 cm! (a-c), and 2500-500 cm* (b-d).
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4.6. Case Study: The Influence of Suspension Stability on the Quality of the Spin
Coated Zeolite Films

In order to demonstrate the effect of dispersion quality of suspensions on zeolite
processing, PVP containing zeolite suspensions were spin-coated onto rectangle Si-
wafer and glass substrates. For this application, the amount of solids loading is
increased to 10 wt%.

The SEM micrographs of deposited zeolite suspensions on the Si-wafer were shown
in Figure 4.14, in which top and side views of the coatings were compared for unstable
and PEG-stabilized PVP containing LTA zeolites in ethanol:water (50:50 wt%)
mixture. As shown in the Figure 4.14a and b the zeolite powders could not
homogeneously cover the substrate surfaces, i.e., discontinuity was observed. Large
empty areas on the substrate surface, as well as agglomerated areas were detected in
the absence of PEG-400 molecules in suspensions. The empty regions were far higher
than the average particle size of the treated zeolite powders.

On the other hand, denser films were observed using PEG-400 containing colloidal
zeolite suspensions on the Si-wafer substrate. Only few small gaps were observed in
Figure 4.14d and e, and the gaps were about in the range of particle size of the zeolite
powders, which indicate the formation of close-packed zeolite films. Due to the small
gaps, surface continuity was not excellent, but still, it was at a reasonable level and it
could be further improved with optimization of the spin-coating and heating
parameters.

As it can be observed in the Figure 4.14 ¢ and f, the thicknesses of the films were more
homogeneous when PEG-containing stabilized suspensions were used. Also,
agglomerated zeolite powders were realized in the absence of the PEG molecules in
Figure 4.14 c. As a result, spun coated zeolite films were indicator of the stability of

the zeolite powders in the presence of PVP in ethanol:water (50:50 wt%) medium.
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Figure 4.14. SEM micrographs of the LTA zeolite films by spin coating of the 10wt% zeolite powders
in PVP added suspension in the absence (a,b, and c) and presence (d,e, and f) of PEG molecules in the
ethanol-water (50:50 wt%) suspension on a Si wafer
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1. Conclusions

The main aim of this study is to offer systematic investigation and improvement of the
stability of LTA zeolites in ethanol-water mixed solvents in the absence and presence
of carrier polymer of PVP.

For this reason, first as received powders were broken into smaller sizes via ball
milling and ultrasonic treatments. As a result of the optimized process, all powders
could be reduced into a colloidal size range (<1 um).

Sedimentation measurements and zeta potential measurements of LTA zeolites in
water surface charge of powder are high enough to ensure electrostatic stabilization.
With the addition of ethanol in a solvent, the zeta potential values of LTA zeolites
decreased and when 50 wt% ethanol was used, the surface charge was below the
critical limit and powders sediment in a few hours.

In order to improve the stability of LTA zeolite powders in 50:50 wt% ethanol:water
solutions, first, electrostatic stabilization mechanisms were studied. The chemical
analysis and pH measurements showed that dissolution or ion exchange of zeolites, in
suspensions with high ionic strength changes the chemical structure of the zeolites;
therefore, electrostatic stabilization is not suggested for zeolite suspensions. Second,
steric/electrosteric stabilization mechanisms were investigated for some LTA zeolite
suspensions. Similarly, the use of polyelectrolytes did not improve the stability of
suspensions. However, the use of nonionic additives, particularly PEG additions, leads
to better stabilized suspensions. Zeta potential measurements and ATR-FTIR analysis
showed that PEG molecules interact with LTA surfaces and increase the surface

potential.
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The stability of LTA zeolite powders in mixed solvents in the presence of carrier
polymer was also investigated. ATR-FTIR analysis and zeta potential measurements
showed that PVP molecules interact with LTA zeolite surface and decrease their zeta
potential. This effect could be overcome with high initial zeta potential values in water
rich solvents (ethanol:water < 40 wt%); however, when ethanol ratio was increased to
50 wt%, the powders destabilized and sedimented. The addition of PEG molecules
improved the stability in the presence of PVP as well. The ATR-FTIR analysis showed
that both PEG and PVP interact the with LTA surface.

Lastly, the influence of suspension stability on the fabrication of the zeolite structures
was demonstrated in the spin coated zeolite films. The PEG-stabilized PVP containing
suspensions in ethanol-water mixed solvent lead to the formation of more uniform
coatings with more homogeneously dispersed LTA zeolites with compared to the

films produced form unstable suspensions.
5.2. Future Recommendations

The dispersion of LTA zeolites in the presence/absence of PVP in ethanol-water
mixtures with PEG-400 molecules will be critical for colloidal processing of LTA
zeolites in mixed solvents for production of high quality complex shaped zeolite
structures. The formulations suggested in this study can be used for shape-forming via

electrospinning, robocasting, or other novel zeolite processing techniques.
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APPENDIX A: Settling Behavior of LTA Zeolite Powder

Table A.1 Settling velocity of the zeolite with respect to particle diameter in
Ethanol:Water (50:50 wt%) by Stoke’s law refinement

d (um) hour distance x(mm) V (mm/h)
1.98 0.50 5 10.0
0.99 2.00 5 1.67
0.05 6.00 5 0.83
0.04 11.00 5 0.45
0.03 18.00 5 0.28
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APPENDIX B: FTIR Analysis of PVP molecules in Ethanol:Water solution
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Figure B.1. ATR-FTIR spectrum of PVP molecules in Ethanol:Water (50:50 wt%) media
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