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ABSTRACT
FEMTOSECOND LASER ASSISTED SYNTHESIS OF

SILICALITE-1 ZEOLITE

Hagverdiyev, Mehdi
M.S. in Material Science and Nanotechnology Department
Supervisor: Asst. Prof. Dr. Serim Kayacan ilday
Co-advisor: Dr. Sezin Galioglu Ozaltug
January 2022,

Zeolites are microporous (pore sizes < 2 nm) inorganic aluminosilicate materials with
well-defined molecular pores and high surface areas used widely for various chemical
processes, primarily as catalysts, sorbents, and ion exchangers. Aside from 40 types of
natural zeolite, 253 different synthetic zeolitic framework types are synthesized and
recognized by the International Zeolite Association (1ZA). Zeolite synthesis requires
moderate temperatures between 50°C - 270°C and high pressures (up to 120 bar). A
fundamental challenge in zeolite synthesis is to elucidate and control the nucleation and
growth of the zeolite crystals. The main reason for this is the fast kinetics of zeolite
synthesis and rapid conformational transitions between quasi-equilibrium phases.
Zeolite synthesis is a complex process because more than 40 different types of silica
polymerization and depolymerization reactions occur simultaneously in a reaction
mixture (i.e., precursor suspension). Reaction time scales of the silica polymerization
are within the range of picoseconds and femtoseconds. Using the traditional
hydrothermal synthesis method, which is occurring near thermal equilibrium, it is

impossible to control the system at the time scale of these simultaneous polymerization



reactions due to the slow energy deposition, which can be from 24 hours to several
days. Other types of zeolite synthesis methods such as microwave synthesis are capable
of depositing high energies in short time scales. However, the synthesis method is
lacking the control of the excess heating of the full volume of the precursor suspension.
During microwave heating, several hot spots form inside the precursor suspension,
causing the boiling of the liquid. Growth by inhomogeneous heating leads to the
formation of fused (i.e., interconnect) crystals instead of the discrete ones that dominate

the end product in microwave-assisted synthesis method of zeolites.

Here, we introduce a novel femtosecond laser-assisted synthesis method for the
synthesis of Silicalite-1 zeolites. Femtosecond laser pulses ensure the delivery of a
precise amount of energy per area within a given time interval, and therefore the
spatiotemporal control over the energy delivered to the precursor suspension could be
done on the time scale of the polymerization reactions of the zeolite synthesis. Thanks
to the femtosecond laser pulses, the appropriate environment for zeolite synthesis, such
as local high temperature and local high pressure (shock waves), has been created. In
the laser-assisted synthesis method, the time required for zeolite synthesis decreased
drastically compared to the hydrothermal method, overall control and product quality
increased compared to the microwave synthesis method of zeolites. Unlike other rapid
synthesis methods such as microwave synthesis, the uncontrollable temperature rise
over the full volume of precursor suspension was not observed, resulting in ‘discrete’
crystals in the final product. Energy intake of the transparent precursor suspension was
achieved through multiphoton absorption of the femtosecond laser pulses inducing
steep spatiotemporal thermal gradients. Since surface tension of fluid is a function of

temperature, surface tension gradients form as well, causing Marangoni flow. The



‘stirring effect’ of these flows leads to the distribution of the formed clusters evenly to
the system, which is not attained by static hydrothermal synthesis of zeolites. It is
proposed that vigorous flow induced in the laser-assisted synthesis assembles
nuclei/polymerized clusters much faster than the other synthesis methods, which may
be the reason for the drastically reduced reaction times compared to hydrothermal
synthesis (i.e., 30 - 48h for hydrothermal vs. 3h - 5h for laser-assisted syntheses).
Growth Kkinetics of the Silicalite-1 zeolite was examined in detail. In addition, template-
free nanosized microporous Zeolite Y, and mesoporogen-free hierarchical ZSM-5
zeolites with micro and meso-porosity were synthesized with reduced reaction times
through laser-assisted synthesis method (i.e., 24 - 45h for hydrothermal vs. 1 - 5h for
laser-assisted syntheses), which is important in terms of green synthesis approaches

drawing attention in recent years.

Keywords: Zeolite, silicalite-1, nucleation, growth kinetic, femtosecond laser, green
synthesis
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Zeolitler, periyodik molekiiler gozeneklere ve yiiksek ylizey alanlarina sahip mikro
gozenekli (gozenek boyutlar1 < 2 nm) inorganik aliiminosilikat malzemelerdir ve
katalizor, sorbent ve iyon degistirici olarak gesitli kimyasal islemler i¢in yaygin olarak
kullanilir. 40 gesit dogal zeolit disinda, 253 farkli sentetik zeolit kafes tiirli sentezlenmis
ve Uluslararas1 Zeolit Birligi (IZA) tarafindan taninmistir. Zeolit sentezi, 50 °C - 270
°C gibi orta dereceli sicakliklar ve yiiksek basinglar gerektirir (120 bar'a kadar). Zeolit
sentezindeki temel bir zorluk, zeolit kristallerinin cekirdeklenmesini ve blylmesini
aydinlatmak ve kontrol etmektir. Bunun ana nedeni, zeolit sentezinin hizli kinetigi ve
yar1 denge fazlar arasindaki hizli konformasyonel gecislerdir. Zeolit sentezi karmagik
bir sentezdir ¢ilinkii bir reaksiyon karigiminda (yani Oncii siispansiyon) 40'tan fazla
farkli tipte silika polimerizasyon ve depolimerizasyon reaksiyonlari ayni anda
gergeklesir. Silika polimerizasyon reaksiyonlarinin reaksiyon suresi 0Olcekleri,
pikosaniye ve femtosaniye araligindadir. Termal dengeye yakin geleneksel hidrotermal
sentez yonteminde, 24 saatten birka¢ giline kadar olabilen yavas enerji birikimi

nedeniyle, bu eszamanli polimerizasyon reaksiyonlarinin zaman skalasinda bir kontrol



saglayabilmek imkansizdir. Mikrodalga sentezi gibi diger zeolit sentez yontemleri, kisa
zaman Olceklerinde yuksek enerjileri biriktirme o6zelligine sahiptir. Bununla birlikte,
sentez yontemi, Oncii slispansiyonun asir1 isinmasini kontrol etmede yetersizdir, ¢inki
mikrodalga 1sitma sirasinda Oncii siispansiyonun i¢inde sivinin kaynamasina neden olan
cok fazla sayida sicak noktalar olusur. Kontrol edilemeyen 1sinma ile biiylime, son
tiriinde baskin olan ayr1 kristaller yerine kaynasmis (yani birbirine bagli) kristallerin

olusmasina yol acar.

Burada, Silicalite-1 zeolitinin sentezi icin yeni bir femtosaniye lazer destekli sentez
yontemini tanitiyoruz. Femtosaniye lazer darbeleri, belli bir zaman aralig1 i¢inde alan
basina kesin miktarda enerji verilmesini garanti eder ve bu sebeple, 6ncii slispansiyona
gonderilen enerjinin kontroli, zeolit sentezinin polimerizasyon reaksiyonlarinin zaman
olgeginde yapilabilmistir. Femtosaniye lazer darbeleri sayesinde, zeolit sentezi icin
gerekli olan, yerel ylksek sicaklik ve yerel yiiksek basing (sok dalgalari) gibi uygun
ortam olusturulmustur. Mikrodalga sentezi gibi diger hizli sentez yontemlerinin aksine,
kontrol edilemeyen kiiresel sicaklik artig1 gozlemlenmemistir, bu da, son iirlinde 'ayrik'
kristallere yol agmustir. Seffaf Oncii siispansiyonun enerji alimi, keskin uzaysal-
zamansal termal gradyanlarn indiikleyen femtosaniye lazer darbelerinin multifoton
absorpsiyonu yoluyla saglandi. Bir akigkanin yiizey gerilimi sicakligin bir fonksiyonu
oldugundan, yiizey gerilimi gradyanlar1 da olusur ve bu da Marangoni akisina neden
olur. Zeolitlerin statik hidrotermal sentezi ile elde edilmeyen indiiklenmis Marangoni
akisi ile "karistirma etkisi" elde edildi. Lazer destekli sentezde indiiklenen kuvvetli
Marangoni akisinin, diger sentez yontemlerinden ¢ok daha hizli ¢ekirdek/polimerize
kiimeler olusturdugu ileri siiriilmektedir; bu, hidrotermal senteze kiyasla biiyiik 6l¢iide

azaltilmis reaksiyon surelerinin nedeni olabilir (yani 30 - 48 saat hidrotermal sentez



stirelerine kiyasla, 3 - 5 saatlik lazer destekli sentezler). Tez kapsaminda, Silicalite-1
zeolitinin biiylime kinetigi detayli olarak incelenmistir. Ek olarak, sablonsuz nano
boyutlu mikro gozenekli Zeolit Y ve mikro ve mezo gézenekli mezoprojen icermeyen
hiyerarsik ZSM-5 zeolitleri, lazer destekli sentez yéntemiyle az reaksiyon surelerinde
sentezlendi (yani 24 — 45 saatlik hidrotermal sentez siirelerine kiyasla, 1 - 5 saatlik lazer
destekli sentezler), bu da, son yillarda dikkat ¢eken yesil sentez yaklasimlari agisindan

Onem arz etmektedir.

Anahtar Kelimeler: Zeolit, silicalite-1, ¢ekirdeklenme, biiyiime kinetigi, femtosaniye

lazer, yesil sentez.
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CHAPTERS

CHAPTER 1

INTRODUCTION

Having a framework structure, zeolites are microporous (with pore sizes < 2
nm) crystalline alumina silicates. Their polyanionic networks are made up of SiO4
and/or AlQO4 tetrahedra, interconnected through shared oxygen atoms. The empirical

formula to denote zeolites is as follows.
MzT [(Alzo3)x(5i02)y] - zH,0,

where M is an exchangeable extra-framework cation with n valency, aluminum
and silicon oxides constitute the framework, and water represents the adsorbed phase.*?
When tetrahedral components combine, this results in the generation of various
secondary building units (SBUs), also called ring structures, for which some examples

are given in Figure 1.

[

Figure 1. Examples to secondary building units (SBUSs). The dots represent silicon or

aluminum atoms.



Various framework types are formed depending on the number and type of these
SBUs that self-assemble to form so-called cage structures. As described in Figure 2,
the self-assembly of unit cells features regular channels or interconnected voids. These
holes are in micropore range and capable of capturing molecules and ions, bringing

selective catalysis capability to zeolites.*
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Naturally formed zeolites can generally be found next to volcanic regions. They
can also be synthesized in laboratories. A tremendous amount of effort has been put
into synthesizing different zeolitic structures, and by now, 253 different zeolitic
frameworks have been synthesized and recognized by the International Zeolite
Association (1ZA).® Synthesis processes for zeolites have been optimized for decades.
It is well-known that each step of the synthesis procedure has a considerably significant
impact on the characteristics and type of the final framework structure. In general, the
entire process may not seem so complicated to manage, yet, the output functionalities
and even the product itself can be affected readily by even minor variations in the
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synthesis parameters. The first factor impacting the synthesis of zeolites is the content
of the precursor suspension mixture. For instance, a higher ratio of SiO./Al,03
enhances the thermal stability of the structure while the number of hydrophobic sites
also increases.>? The following major factors can be listed as the homogeneity of the
gel, source of the materials, pH of the system both at the beginning and at the end of
thermal treatment, crystallization temperature, and finally, the template molecules.

Numerous methods have been established for decades since the first
achievements on laboratory synthesis of zeolites in Linde Company in 1950.° Still,
among those, hydrothermal, microwave-assisted, ultrasonic-assisted, lonothermal, and
continuous flow synthesis are the most commonly used ones.'? The reason to have so
many synthesis methods for zeolites is coming from various disadvantages of synthesis
procedures and product qualities. The benefits and drawbacks of these traditional
synthesis methods have been discussed in detail in the next chapter. One of the most
issued topics in the literature is nanosized (~100 nm) zeolitic particles with synthesis
yield and crystallinity degrees comparable to those of micron-sized zeolitic particles.®
° Significantly increased external surface area and shortened diffusion lengths due to
smaller particle sizes bring nanosized zeolite synthesis into focus. However, current
challenges in front of the traditional methods are designing ways to produce smaller
particle sizes that are more efficient in terms of high synthesis yield, high particle
crystallinity, and controlling kinetics of zeolite crystallization reactions to understand
the mechanism behind the nucleation stage.?®

The laser-assisted synthesis method of zeolites, which is developed in the scope
of this project, substantially decreased reaction time while producing zeolite crystals
with similar properties compared to conventional methods. The thesis outline is as

follows: Chapter 2 first presents the conventional zeolite synthesis methods, discusses



the challenges and characteristic drawbacks of these methods and suggests ultrafast
laser-assisted synthesis as a state-of-art synthesis mechanism that could overcome those
challenges. Sample preparation steps, the experimental setup, and the necessary
calculations to complete the synthesis procedure are described in Chapter 3. Chapter 4
introduces the zeolites synthesized by laser-assisted method and investigates this
pathway to gain insight into possible reaction Kkinetics. The quality of obtained
crystalline zeolite powder is also analyzed with conventional characterization
techniques and compared to those synthesized via the hydrothermal synthesis method.
Chapter 5 summarizes highlights of the synthesis procedure and characterization of
obtained zeolite products and discusses the potential scientific and future impacts of the

work done in this thesis on industrial applications.



CHAPTER 2

BACKGROUND

The porous structure of zeolites allows them to be used in crucial sectors of the
industry. Three-dimensional micropores make zeolites an ideal material for ion
exchangers, heterogeneous catalysts, absorbers, mainly in oil refinement and water
treatment facilities.>1%1® Global catalysis market is estimated to be around 35 billion
USD as of 2021, while the value created by industrial catalytic processes is to be multi-
trillion USD.*1 Zeolites are a crucial part of the heterogeneous catalysis industry
mostly due to their molecular size micropores (< 2 nm). Natural zeolites are found
mainly in lands rich in volcanic activities. First in the 19" century and starting from the
previous century, extensive efforts have been spent on synthetic zeolites.” The general
synthesis pathway of a zeolite is composed of the following stages: preparation of the
chemicals, thermal treatment of the precursor solution, and calcination of the obtained
product post-synthesis to get rid of the SDAs, if there is any. Currently, International
Zeolite Association (1ZA) has recognized 253 different zeolite frameworks that are
synthesized in the labs. However, computational studies claim over five million
possible zeolitic structures indicating current synthesis methods are insufficient to
synthesize these new hypothetical zeolitic structures.>® The main requirement for this
is to control and understand the nucleation step of the crystal growth process.
Continuous research efforts have been put into solving these problems to understand
key dynamics of zeolite formation and engineer new hypothetical zeolitic structures.

According to the IUPAC classification, zeolite pore sizes are in the range of 0.3

to 2 nm. These pores allow zeolites to be the best candidates for various industrial



applications. A fundamental question is how do these pores form? To answer this
question, we need to understand the self-assembly of basic units into “bridges,” “rings,”
and “cages.” In most of the definitions, we see inorganic tetrahedrons merge and form
zeolitic structures. Tetrahedrons are either silicon or aluminum-based molecules as

shown in the TO4 form.

Si or Al atom

. O atom

Figure 3. Schematic representation of a tetrahedron molecule; grey color indicates

either a silicon or an aluminum atom, red color indicates the oxygen atoms.

Two of these tetrahedrons come together by sharing single oxygen, making a
“bridge” structure. This is the most straightforward step in the silica oligomerization
process. The silica oligomerization is considered as the basic set of reactions for all
zeolitic materials.” Primary tetrahedron units start forming secondary units previously
mentioned as “rings,” followed by forming “cages” by self-assembling rings. A
schematic representation of this process for Mobil-type 5 (MFI) zeolites is provided in
Figure 4. Zeolites are classified into different families according to the similarities in

their cage structures and their self-assembly into the 3D bulk crystals.
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Figure 4. Schematic representation of MFI type zeolite self-assembly from primary
tetrahedral units. From a group of tetrahedral units, 5-membered ring structures form.
The self-assembly of these rings leads to the formation of zeolite cages. Red dots

represent oxygen atoms.

Structure directing agents (SDA) have a considerable role in the formation of
the final zeolitic framework. In the case of TPA-Silicalite-1 zeolite, TPA" ions act as
SDA, and 10-membered rings form around this molecule. The structure is shown in

Figure 5.
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Figure 5. Schematic representation of TPA — Silicalite-1 framework. Yellow and red
dots represent Silicon and Oxygen atoms, respectively. TPA is represented by Nitrogen
(purple) and Carbon (grey) atoms and is surrounded by 10-membered rings of Silicalite-

1 structure.

The silicate oligomerization process is composed of around 40 simultaneous
reactions, each with different kinetics.'” One parameter change may lead to
considerable alterations of reaction rates and directions, followed by a concentration
change of different oligomers, and finally, the synthesis process. Therefore, the source
materials of the base chemicals, their ratio in the precursor suspension, pH of the
solution, its mixing rate, mixing order, and the average medium temperature, each are
key parameters affecting the synthesis.

To determine the direct or indirect impacts of a single parameter on the entire
synthesis mechanism and the quality of the final product is crucial. Nowadays,
nanosized zeolite synthesis draws attention because numerous advantages are
introduced by smaller crystal sizes, such as increased surface area and shortened
diffusion lengths.®81° The challenges of synthesizing zeolites at the nanoscale are as

follows: (i) product quality in terms of crystallinity should be sustained while the size



of a single crystal gets smaller, (ii) yield of the synthesis needs to be comparable to
those of micron-sized zeolites. A high degree of crystallinity ensures the sustenance of
crucial characteristics of zeolitic materials such as thermal stability, chemical
resistance, and mechanical stability. These factors make the already complicated
synthesis procedure even more complex. Several zeolite synthesis mechanisms were
developed to address these challenges, but different methods bring their problems in

synthesis stages or to product quality.

2.1 Applications of Zeolites

In various fields of industry, mostly in oil refinement, wastewater treatment, and
applications involving separation processes, zeolites are heavily employed due to their
immense chemical and physical properties such as selectivity, porosity etc.'420-2
Global catalysis market is estimated to be around 35 billion USD as of 2021, while the
value created by industrial catalytic processes is to be multi-trillion USD.}**® Zeolites
are a crucial part of the heterogeneous catalysis industry mostly due to their molecular
size micropores (< 2 nm), for this reason, they are called “molecular sieves”. These
pores bring zeolites their most important feature, the shape and size selectivity. The
ability to interact with a specific molecule according to its size and shape makes them
unique actors of oil refinement and useful for many industrial applications requiring
heterogeneous catalysis. In addition to their porous nature, zeolites have high thermal
resistance due to their siliceous nature up to 1000 K and higher temperatures.42°
Thermal resistivity is a major problem for most of the catalysts and zeolites are the best
candidates for high-temperature processes. Higher Si/Al ratio of zeolite framework

means higher thermal stability 1?As this ratio decreases, thermal resistance also



declines since siliceous matrix enhance thermal stability. However, Al atoms within the
framework bring the additional features. To balance the negative charge introduced by
Al atoms, positively charged Na* and K™ ions act as extra framework cations which can
be exchanged with negatively charged Ag, Pt ions.?*?* Therefore, zeolites are widely
used as ion-exchangers as well. 224

Gas adsorption on a solid surface is a vital process for separation and catalysis
purposes. Zeolites have active sites within their porous channels that can adsorb
industrially and environmentally important gases such as hydrogen, methane, carbon
dioxide, etc.>?® As particle sizes decrease, the available surface area for adsorption
increases. For this reason, immense research efforts have been put into nanosized
zeolite synthesis recently.”2” Another way to increase the available surface area and
hence the adsorption capacity of zeolites is to introduce meso- (2 nm < pore < 50 nm)
and macropores (50 nm < pore) to the structure. Zeolites with at least two types of pores
(micro, meso, and macro) are called hierarchical zeolites. These types of zeolites have
shown significant selectivity towards several industrially crucial gases. However, a
general challenge is that the adsorbents with excellent selectivity (like zeolites) might
often have poor adsorption efficiency when the size of the guest molecule is bigger than
the sizes of the zeolite pores. One solution offered to this problem is forming
hierarchical zeolites. The design of hierarchical zeolites and proper synthesis methods
to obtain them is a challenging but economically worthy method considering the
potential of application-specific design of pore sizes.

The increasing energy demand of the planet with arising human population and
rapid industrialization of production facilities to compensate for high production
demand already started to damage multiple vital sources of the earth. Global

temperature is on an upward trend which is alarming us on current energy consumption.
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On this basis, green synthesis methods are on serious concern also for zeolites. The use
of organic SDAs makes synthesis easier. However, afterward separation of these agents
from the mother zeolite framework requires calcination at high temperatures and they
increase production costs. Moreover, calcination of organic templates causes a variety
of greenhouse gas emissions directly to the atmosphere.?®?° In summary, while
designing new synthesis pathways and application-specific zeolites, as the research
community we need to consider energy consumption and relevant pollution to minimize

current and future potential hazards of these to our planet. %

2.2 Conventional Zeolite Synthesis Techniques

Thermal treatment of a precursor gel or suspension in a closed reactor is called
conventional hydrothermal zeolite synthesis.?’ Primarily studied aspects of the
hydrothermal method are crystallization time and temperature, source chemicals of T
atoms, and type of SDAs.23132 The hydrothermal method dominates all other
conventional synthesis mechanisms since it yields relatively high-quality products. In
this method, precursor colloidal suspension or gel is subjected to convective thermal
treatment. Heat is transferred to the colloidal suspension or gel through the air or other
liquid medium. Mainly, ovens are used for this purpose. The process scheme for the

hydrothermal synthesis of a TPA — Silicalite-1 zeolite is described in Figure 6.
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Figure 6. Synthesis steps of TPA — silicalite-1 zeolite with hydrothermal method;
source chemicals were mixed at room temperature for 24 hours-aging; precursor
solution was put into an oven at 100 °C for 48 hours; at the end of hydrothermal
synthesis, transparent precursor suspension was turned to white opaque zeolite

suspension.

The history of zeolite hydrothermal synthesis goes back to the studies of Richard
Barrer and Robert Milton in the mid 20™ century.®® Typical hydrothermal synthesis can
be briefly described through several basic steps:

i. The first step is to mix the source chemicals to form precursor suspension with a
cation source in a basic medium for a given time is called the aging step.

ii. The aged suspension is then heated up at moderate temperatures between 50 °C -
270 °C and high pressures (up to 120 bar). When the suspension reaches moderate
temperature, where the reactants are still in an amorphous phase, which is called
the induction period. The induction period covers the nucleation stage where initial
unit cells (i.e., rings, cages, secondary building units, etc.) of the zeolite crystals
form, and then first zeolite blocks start to grow at the growth period, and their
growth continues until there are no source materials left to be converted into the
crystalline phase (i.e., saturation stage).

iii. Finally, the crystalline product obtained is being washed to decrease the pH of the

solution near a neutral range and calcined at high temperatures to get rid of SDA.3
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The hydrothermal Silicalite-1 zeolite synthesis parameters are broadly
investigated in the past, specifically by Persson and his colleagues.®* They examined
the effect of each parameter on the post-synthesis product, such as the crystal sizes,
product yield, and crystal growth rate. The researchers noted that the more prolonged
synthesis and higher temperatures increased the particle size. The study also showed
that fixing the molar ratio of the T atom to the SDA, different water content, and
solution alkalinity directly affects the particle size, where higher alkalinity would yield
smaller crystals. This finding is also implemented in this thesis, which is explained in
detail in Chapter 4.

Hydrothermal synthesis is the preferred zeolite synthesis method among all
conventional synthesis methods for providing a relatively higher yield, crystallinity,
and a final product with discrete crystals. Long synthesis hours are required before
crystallization, i.e., induction time is considerably high (12 - 24 hours).?*333% Rapid
synthesis methods, such as microwave heating, ultrasound-assisted and ionothermal,
syntheses are developed to shorten the induction time. The theory of microwave heating
relies on generated electromagnetic radiation in the microwave range transformed to
the reactive medium by dipole and ionic conduction.®® In zeolite synthesis, usually
water absorbs microwaves, and dipole moment rotation causes the generation of heat.%’
Oscillations of ionic particles absorbing microwave radiation also generate heat and
contribute to spreading of energy. Compared to the hydrothermal method, generated
heat spread faster, hereby the reaction rate increases.®°

The microwave heating method drastically reduces the typical induction period
from days to minutes due to faster heat spread.**! For TPA-Silicalite-1 zeolite which
is also studied in this thesis, the induction period is reported to decrease from one day

to 60 — 90 minutes.*>*® The drawback of microwave synthesis is that during microwave
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heating, several hot spots form inside the reaction medium, causing boiling of the
liquid.®4144 When this happens, solid clusters within boiled hot spot accumulate and
fused crystals instead of discrete ones dominate the end product.4%41:4546 This results in
a reduction of the available surface area of zeolite for adsorption purposes.*>*® To
overcome this drawback, staged microwave-assisted and hydrothermal combined
microwave synthesis methods have been developed.*’* In the staged microwave-
assisted synthesis method, the precursor solution is exposed to microwave heating, and
the solution is allowed to cool down before the next stage. This brings additional
challenges to the synthesis control.

Researchers tried to develop alternative zeolite synthesis methods that are faster
compared to the hydrothermal and with easier control compared to the microwave
methods, working not only for a specific family or group of zeolites but also for many
others. Among these methods, ionothermal and ultrasound-assisted synthesis
procedures have been developed.*®°° [onothermal synthesis uses ionic liquids such as
hexanol, propanol, glycerol, etc. both as solvent and SDA.* The method was successful
for Al based zeotype materials, however, most of the industrially important zeolites are
silicon based and the solubility of silicon species in ionic liquids is much harder to
control compared to Al based species.*® The use of ultrasonic waves in zeolite synthesis
brings several advantages as shortening induction period since they add a stirring effect
due to traveling ultrasound waves within the reaction volume.>® Ultrasound waves are
absorbed by any type of material but in varying portions, which leads to non-uniform
temperature distribution within precursor suspension. This phenomenon decreases the
controllability of synthesis gel when ultrasound is used as the only source of energy in

zeolite synthesis.>® Developed synthesis methods should also produce comparable
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product quality to the hydrothermal method in yield, crystallinity, and nanosized

particle distribution.

2.3 Challenges of Nanosized Zeolite Synthesis: High Yield and Crystallinity

An emerging field in zeolite research is nanosized crystal (~100 nm) synthesis.
The growing interest is due to the advantages of nanocrystal zeolites, such as increased
external surface area, shorter diffusion length, and tunable bulk properties.” 2
However, several crucial properties of zeolites, namely the selectivity and crystalline-
and defect-free framework will deteriorate due to the size reduction of particles.?’
Synthesis of nanosized zeolite particles through conventional methods requires
relatively mild synthesis conditions, namely long reaction times reaching several days
(up to 30 days and more) and low reaction temperatures close to room temperature
compared to their micron-sized counterparts.®®®! Particle sizes are dependent on the
competition between the nucleation and growth stages. The dominant nucleation during
the synthesis, i.e., a greater number of nuclei produced, leads to smaller particle sizes.
Therefore, low synthesis temperatures are preferred. This inevitably increases the
synthesis time to several days. As synthesis time is kept long enough to allow further
crystallization and higher yield, particle sizes will increase. Selectivity is the tendency
of a certain particle to interact with a specific type of molecule, when diffusion length
is shortened, reduction in selectivity is inevitable. Shorter diffusion lengths due to
smaller particle sizes also decrease the selectivity. In short, synthesizing nanosized

zeolites requires thorough optimization of the system specific to the desired application.
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2.4 Ultrafast Lasers and Far From Thermodynamic Equilibrium

Lasers that can produce pulses at the time scale of 5 femtoseconds (1 fs = 10
s) to 100 picoseconds (1 ps = 1072 s) are referred to as ultrafast lasers.>>2 Through
several decades plenty of applications have been developed involving ultrafast lasers,
whereas the most widely usage of them is on femtosecond material removal
(ablation).>>>* Compared to longer pulse widths, pulses with such short duration
(femtosecond) interact with the material in a time scale that is shorter than the heat
diffusion time which is typically in the order of several picoseconds and nanoseconds,
and hence can drive the system far from thermodynamic equilibrium by creating
spatiotemporal temperature profile.>2-> Laser light is first absorbed by electrons which
IS an instantaneous process (< 1 fs). Then absorbed energy is distributed to the atomic
lattice through phonons, which takes approximately 5-10 picoseconds (5000 — 10000
femtoseconds).>®®" For longer pulse widths, electrons, and atomic lattice stay on
thermal equilibrium, whereas for femtosecond pulses this equilibrium cannot be
achieved.>>¢ This phenomenon is widely exploited for femtosecond material
ablation, where temperatures can rise to ~10000 K momentarily.>®>" The less explored
phenomenon which is explained by llday et. al., is the huge gap between necessary
ablation temperature and evaporation temperature of the material at thermal
equilibrium.> For instance, a material evaporating at 1000°C may be brought to
temperatures up to 10000°C through femtosecond pulses where almost no ablation
occurs since critical ablation temperature is not reached. These extreme temperatures
are achieved only instantly and decrease within several picoseconds.®®>" During this
process, chemical reactions may be triggered or accelerated. Zeolite synthesis reactions
are complex polymerization reactions that occur in the precursor suspension

simultaneously, within the time scales of pico- and femtoseconds.!’ Zeolite synthesis
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requires moderate temperatures between 50°C — 270°C and high pressures (up to 120
bar).%® During femtosecond laser-material interaction, another phenomenon that occurs
in the system is momentarily created high pressure (shock waves ~100000 bar), which
is coupled with instant temperature rises.>® Hereby, a suitable environment for zeolite
synthesis is formed by femtosecond laser pulses.

Formation of far-from equilibrium conditions in an optically transparent media
hit by femtosecond laser pulses has been studied previously in a study by S. llday et.
al.®%61 The experimental setup composed of a colloidal solution of polystyrene particles
sandwiched between two thin glass slides was hit by femtosecond laser pulses. Central
limit theorem applied, i.e. normal fluctuations observed when the colloidal solution was
not hit by laser pulses.®® On the contrary, when the laser was turned on, flows induced
by spatiotemporal thermal gradient formed via ultrafast laser pulses cause giant number
fluctuations, showing that far-from equilibrium is established.®® When the medium is
optically transparent to irradiated laser light with wavelength of ~1040 nm, as is the
case for the study by S. Ilday et.al. and for this thesis, energy intake is possible through
multi-photon absorption of femtosecond laser pulses.® This process induces steep
spatiotemporal thermal gradients. Since surface tension of fluid is a function of
temperature, surface tension gradients form as well, causing Marangoni flow in addition
to Stokes flow. The Marangoni flow takes place when a surface tension gradient is
formed at the interface of two phases. One of the main advantages of the developed
synthesis method for zeolites in this thesis is the immediate distribution of nucleated
particles evenly to the reaction volume because of the induced Marangoni flow, leading
to an increase in the number of nucleated clusters in the bulk volume. The uniform
distribution of nucleated particles through whole reaction volume cannot be achieved

by static hydrothermal synthesis of zeolites. Although the rotation of the autoclaves is
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possible in conventional hydrothermal synthesis®®, the vigorous Marangoni flow
induced in the laser-assisted synthesis increases number of nucleated particles in the
bulk volume within much shorter time, which may be the reason for the short reaction
times observed. Another advantage of laser-assisted synthesis is that although extreme
temperatures are achieved instantly, the temperature of the bulk volume does not
increase uncontrollably unlike microwave synthesis.**>®5” One can touch the synthesis
bottle right after laser-assisted synthesis because instantly achieved extreme
temperatures do not give rise to the global temperature of the reaction bottle similar to
other examples of femtosecond laser-material interactions.>®°” The absorbed energy is
spent to formation of building units of zeolite structures. Moreover, femtosecond laser
pulses assure the delivery of a precise amount of energy per area within a time interval,
allowing accurate control over the reactive medium in the time scale of polymerization
reactions in zeolite synthesis. None of the developed synthesis methods for zeolites can
provide such controlled energy delivery over the system. The repeatability of the
syntheses which is explained in the chapter 4.1.1 of the thesis proves controlled energy

delivery over the system.
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CHAPTER 3
METHODS

3.1 Chemicals Used

The source chemicals used in the this thesis are reagent grade 98% Tetraethyl
orthosilicate (TEOS) from Sigma Aldrich, 500 ml with a formula weight of FW =
208.33 g/mol. Tetrapropyl ammonium hydroxide (TPAOH, Sigma Aldrich) 1M
solution in water, 100 g with compound formula of [TPAOH - 45.19 H,O] and FW =
1011.92 g/mol, Sodium hydroxide (NaOH, 99 %, Merck), SiO, (Ludox-HS 30, 30 wt.
% SiO2, pH=9.8, Aldrich), Al powder (325 mesh, 99.5 %, Alfa Aesar), Aluminum
isopropoxide (Al(iPro);, >98 %, 220418, Aldrich), deionized water (DI water,
resistivity = 18.2 MQ). N9 and N13 vials and their compatible inserts were purchased

from ISOLAB (lIsolab Laborgerate GmbH).

3.2 Experimental Setup

The experiments were conducted within vial inserts which served as a closed
system to precursor suspension integrated with an ultrafast laser (Spectra Physics, Spirit
One, 1040 — 8 — SHG). The central wavelength and pulse repetition rates of the laser
were set to 1040 nm and 200 kHz, respectively. The laser was directed to the reaction
bottle through the optical path described in Figure 7. The bottle was pinned to a sample
holder from its cap so that the bottle is hung in the air.

After leaving the laser, the beam hits a mirror, which directs it to two successive
lenses. These lenses allow the beam to travel long enough without further diffraction.
Then it is forwarded to a half-wave plate and a beam splitter, allowing beam attenuation

for power adjustments. Finally, the beam passes through a 1” lens with a 5 cm focal
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length and shines on the reaction bottle at a distance where the beam is focused to the

glass - solution interface (beam diameter ~ 9 um).

Femtosecond laser

- W
‘ Rea.ction ~O
vial O
Laser beam focused at
PBS ..
HWP glass — solution interface
Lens
f=5cm Holder

Figure 7. Schematic description of the experimental setup; the femtosecond laser beam
is directed to the reaction bottle filled with the precursor suspension hung from the

sample holder.

3.3 Synthesis Procedure

3.3.1 TPA —Silicalite-1
Synthesizing zeolites starting from the careful choice of the molecular formula
to be employed and preparation of precursor suspension. Molar formulas for MFI type
TPA-Silicalite-1 zeolites are found in the literature.3*2 Three different molar formulas
employed in this study for TPA — Silicalite-1 synthesis where the only difference is the
water contents, which changes from 1450 for M1, to 480 and 450 for M2 and M3 molar

formulas:
M1 = 25 Si0, : 9 TPAOH : 1450 H,0 : 100 EtOH3*%2
M2 = 25 Si0, : 9 TPAOH : 480 H,0 : 100 EtOH3*

M3 = 25 Si0, : 9 TPAOH : 450 H,0 : 100 EtOH3*
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The molar formulas of M1, M2, and M3 were employed. Both hydrothermal
and femtosecond laser treatments were applied to obtain TPA — Silicalite-1 crystals to
compare.

We begin the procedure by mixing 0.500 g TPAOH 1M solution in water and
0.284 g TEQS, then stir them vigorously for 30 minutes at room temperature. Then,
1.025 g of DI water (1.025 g for M1 molar formula; 0.07 g for M2 molar formula and
for M3 molar formula no water added, the water content comes from aqueous TPAOH
solution) is added to the bottle. Then, precursor suspension was stirred for 24 hours at
room temperature, this stage is called the “aging” step. The precursor suspension was
used both for hydrothermal and laser reactions. For hydrothermal reaction, the
transparent precursor suspension in a glass vial is placed in a preheated oven at 100 °C
for 24 hours, no additional mixing applied (for M2 and M3 molar formulas reaction
temp: 90 °C and reaction time: 30 hours).

For the laser-assisted reaction, 80 pl transparent precursor suspension in a glass
insert is placed inside a glass vial (Isolab, 1.5 mL, N9). When the volume of precursor
suspension was more than 80 pl (i.e., 400 or 600 pl), we used the N13 type of glass vial
(Isolab, 4 ml) and a compatible glass insert was used. The laser is positioned to the one-
third height of the insert from the bottom. The laser focal point was adjusted to be in
the glass - precursor suspension interface (Figure 7-b). Reaction time was 5h. Average
laser power on the sample and pulse repetition rate were adjusted to be 5.4W and 200
kHz, respectively. The spot size of the laser on the glass - precursor suspension interface
was measured to be 9 um by using a beam profiler (Thorlabs). The zeolites were
centrifuged (14000 rpm) with DI water until pH value is reached to 7 and dried
overnight at 45 °C. To obtain TPA-free Silicalite-1, calcination at 490 °C for 5h

(Protherm, rate = 5 °C / min) was applied.
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3.3.2 Template-free Zeolite Y

The nanosized FAU zeolite was synthesized from a clear precursor suspension
with a molar composition: 9 Na2O: 0.7 Al203: 10 SiO2: 160 H20. The initial reactants
were mixed to prepare two initial solutions denoted A and B. Solution A was prepared
by dissolving 2 g of NaOH (Sigma-Aldrich) in 4 g double distilled water (dd H20)
followed by addition of 0.189 g aluminum powder by parts (325 mesh, 99.5 %, Alfa
Aesar). Solution B was prepared by mixing 10 g colloidal silica (Ludox-HS 30, 30 wt.
% SiO2, pH=9.8, Aldrich) with 1.6 g NaOH and 3.4 g dd HzO; as a result, a turbid
suspension was obtained. To transform the turbid into a water clear suspension, the
container was placed in an oven at 100 °C for 6 minutes. Solution A was added
dropwise under vigorously stirring to solution B; during the mixing, solution B was
kept on ice. The resulting clear suspension was kept for 24 h at room temperature; this
stage is ascribed as aging. The laser-assisted synthesis was conducted in insert
compatible with N13 vial (Isolab), applying 5 W average power on glass insert wall
with 200 kHz repetition rate. Hydrothermal crystallization was conducted at 50 °C for
45 h. The synthesized zeolites were centrifuged (14000 rpm) with the DI water until

pH value is reached to 7 and dried overnight at 45 °C.

3.3.3 Mesoporogen-free Hierarchical ZSM-5

The molar formula of Al(iPro)s: 50 TEOS: 9 TPAOH: 9 NaOH: 5709 H,0 was
employed.®® Two-step procedure was followed to obtain hierarchical zeolite without
using any mesoporogen (i.e., template to obtain mesopores). In the first step, the initial
precursor suspension was placed in an oil bath to stir at 100 °C for 44h. The amount of
water in the initial precursor was limited to a certain amount to prevent ZSM-5 crystal

growth (i.e., crystal size < 50 nm). In the second step, additional water is added to the
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initial precursor suspension after 44h of aging at 100 °C. Finally, both hydrothermal
and femtosecond laser treatments were employed to obtain hierarchical ZSM-5 crystals.

In bottle A: 0.83 g deionized water (DW) was added to 0.51 g TEOS. Then, 0.01
g Al(iPro)z was added slowly. It was stirred at room temperature (RT) for 1h. The color
of the suspension was milky (almost opaque). Another bottle is prepared
simultaneously (denoted as bottle B). 0.45 g TPAOH was added to bottle B. In a
separate 5 mL beaker, 0.018 g NaOH powder was mixed with 0.96 DI water and stirred
for 2 minutes until all NaOH is dissolved in the solution. Then, NaOH solution was
added to bottle B. Bottle B was stirred at RT until 1h stirring time of bottle A elapsed.
Afterward, bottle A is placed in an oil bath at 40 °C. Bottle B is added to bottle A
dropwise, then stirred for 3h at 40 °C. Then, the temperature of the oil bath was
increased to 100 °C to stir the initial precursor suspension for 44h. The initial precursor
suspension was removed from the oil bath after 44h and additional DI water (2.88 )
was added to obtain the final precursor suspension and stirred at RT for 15 min.

The precursor suspension was used both for hydrothermal and laser reactions.
For hydrothermal reaction, the milky precursor suspension was placed in Teflon line
autoclave placed in stainless steel autoclave. The reaction was carried out at 150 °C for
24 h in without additional mixing. The product was centrifuged (14000 rpm) with DI
water until pH value reached 7 and dried overnight at 45 °C. The collected zeolite
powder was calcined at 490 °C for 5h (Protherm, rate =5 °C / min).

For laser reaction, 200 pl milky precursor suspension was placed in a glass insert
(Supelco, Merck, 0.75 mL) that was placed inside a glass vial (Isolab, 4 mL, N13). The
laser is positioned to the one-third height of the insert from the bottom. The laser focal
point was adjusted to be in the glass - precursor suspension interface. Reaction time

was 5h. Average laser power on the glass insert and pulse repetition rate were adjusted
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to be 5W and 200 kHz, respectively. The spot size of the laser was measured to be 9
um by using a beam profiler (Thorlabs). Fluence was calculated to be 39.31 J/cm?. The
product was centrifuged (14000 rpm) with DI water until pH value reached 7 and dried
overnight at 45 °C. The collected zeolite powder was calcined at 490 °C for 5h

(Protherm, rate = 5 °C / min).

3.3.4 Mass Composition Calculations for TPA — Silicalite-1 Zeolite
Synthesis Mixture

For a certain molar formula, the amount of source chemicals to prepare
precursor solution should be calculated in terms of weight. In all molar formulas used
in the study for synthesis of TPA — Silicalite-1, TEOS, and TPAOH were silicon source
and structure directing agent (SDA) to form micropores in the structure, respectively.
The amount of water affects the alkalinity of the suspension, which determines the
growth rate and average crystal size. For the M1 molar formula with the composition
of 25 SiO2: 9 TPAOH: 1450 H,0O: 100 EtOH, corresponding TEOS, TPAOH, and DI
water masses are calculated. Since TPAOH is in the form of a 1M aqueous solution,
water coming along with TPAOH should be subtracted from the total water needed.

Table 1. Molar composition of reagents necessary to form TPA — Silicalite-1 zeolite

synthesis mixture (M1 molar formula).

25 Si0; 9 TPAOH 1450 H,0
25 mol
TPAOH 1450 H
9 (TPAOH - 44.92 H,0) 0 % TPA(())H -5004 2?30
1045.72 H;0 0 -11%27722
0
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Densities of TPAOH 1M and TEOS solutions are 1.012 g/ml and 0.94 g/ml.
Multiplying densities with corresponding molar ratios of compounds for the M1 molar
formula gives mass ratios. Keeping mass ratios as same, one may obtain precursor

suspension for TPA — Silicalite-1 zeolite complying with M1 molar formula.

Table 2. Mass composition of reagents necessary to form TPA-Silicalite-1 zeolite

synthesis precursor suspension (M1 molar formula).

Compound FW Mass Solution Volume ° Volume
formula | MOIES | (gimoly | (g)® density (ml) (%)
(g/ml)
TEOS 25 208.33 | 5208.25 | 0.94 5540.7 16.61
(TPAOH - .
44.92 H0) 9 1011.92 | 9107.28 | 1.012 8999.29 26.98
H,0 1045.72 | 18 | 18822.96 1 18822.96 56.41

8 Mass = Number of moles x FW (formula weight)
®\/olume = Mass / density
¢ Solution density of 1M TPAOH

Summary of important measures and molarities of compounds within M1
precursor suspension solution is provided in Table 3. All molarity values for molar
formulas that are used in this thesis for TPA — Silicalite-1 synthesis are given in Table
4. Mass composition calculations for M2 and M3 molar formulas can be found in

Appendix A.
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Table 3. Molarities of compounds in precursor solution for M1 molar formula.

Compound MW a Molarity
formula Number of moles (g/mol) Mass (g) (mol/l solution) P
SiO; 25 208.33 5208.25 0.75
TPAOH 9 203.36 1830.24 0.27
1045.72 + 404.28
H0 — 1450 18 26100 43.46

2 Mass = Number of moles x MW (molecular weight)

b Molarity = mole / liter of solution. The total volume of the solution is 33362.95 ml (Table 2).

Table 4. Molarities of compounds for different molar formulas (M1, M2, and M3)

Molarities of compounds (mol/l)
Molar Formula -
SiO; TPAOH H.0
M1 0.75 0.27 43.46
M2 1.57 0.57 30.2
M3 1.71 0.61 28.03

3.4 Calculation of the Incident Energy Deposited by Femtosecond Laser Pulses

As a simple approach for the interaction volume, one can simply draw a cylinder

with a diameter of spot size and with the height of beam waist (Figure 8). It is assumed

that all the interactions (i.e., zeolite polymerization reactions and crystal growth) occur

in this interaction volume. Energy incident per mol of SiO2 in the zeolite precursor

suspension is calculated. The precursor suspension has SiO2, tetrapropyl ammonium

hydroxide (TPAOH, structure directing agent -TPA™ cation that forms micropores in

the structure), and water (Table 2).
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Figure 8. Schematic representation of interaction volume of the laser beam with

precursor suspension at its most focused state.

In the calculations to determine the interaction volume the of laser beam with
the precursor suspension, irradiance distribution of the laser beam is assumed to be
Gaussian.% The spot size of the laser beam was measured to be 9 um by using a beam

profiler (Thorlabs, BP 209-1R2).

Zgr = Rayleigh length

b = beam waist = 2 Zy

_ (3.14)(45x107° m)?
R (1040 x 102 m)

Zp = 61.1 um
Interaction volume (V;)
V; = mwib

V; = (3.14) (4.5 pm)?(122.2) um
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V= 7.77 - 107 mm3
In almost all of the reactions (except scale-up trials) 80 pl of precursor
suspension used. So, in this calculation, total volume is taken as 80 pl. For the batch
with the M1 molar formula, the molarity (mol/liter) of SiO- in the precursor suspension
was calculated to be 0.75 mol/l (Table 2). If it is assumed that SiO: is distributed along
with the V; evenly, then the mol of SiO; in the V; is

0.75 mol SiO,
0-¢ liter suspension

Nsio, = (7.77 - 107° pl suspension) T

Nsip, = 5.83-107° pmol Si0,

3.4.1 Power Absorption in Zeolite Synthesis

For a better approach to power absorbed by the precursor suspension during
zeolite reactions, we measured the losses due to light passing through interfaces of
different phases. The reaction system used is described below: Transparent precursor
suspension is filled to glass insert, with a wall thickness of 0.92 mm (Figure 9). Then
the glass insert is placed in a glass vial (Isolab code: N9) which has a wall thickness of

1.16 mm.

Figure 9. Reaction system used in zeolite synthesis: precursor solution is filled to glass

insert, which stays in a glass vial.
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In this case, incoming laser light passes through several air-glass interfaces
before reaching out to the power meter. Schematic description of the traveling laser

beam through reaction bottle until reaching out to power meter is described in Figure

10.
Glass vial 15t wall Glass vial 2" wall
Glass insert 15t wall Glass insert 2" wall
Air Air Precursor Solution Air Air
Laser Beam
Power meter

Figure 10. Schematic description of traveling laser beam through zeolite reaction
bottle.

For such a system, power losses due to interfaces which beam passes through
are calculated. To consider losses due to each interface, three different measurements
were carried out (Appendix C). For all measurements, average laser power has been set
to 5.3 W. This power value was measured at a point just before the laser beam hits the
first wall of the glass vial (or glass insert for second and third measurements) (Figure
10). Then second power measurement was made just after the beam leaving second
wall of the glass vial (or glass insert for second and third measurements). For a system

as described in Figure 10, unknowns are listed in Figure 11.
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Figure 11. The travel path of the laser beam and sources of power loss. T1 — (or T,
they are identical) is the transmittance of light when passing from Air — Glass vial — Air
interfaces; Tz — (or T, they are identical) is the transmittance of light when passing
from Air — Glass insert interface; Ts — (or Ts, they are identical) is the transmittance of
light when passing from Glass insert — Precursor Solution interface; A1 — absorbed
portion of laser light by 1% wall of glass insert; A, — absorbed portion of laser light by

precursor suspension

Incident power used in most of the zeolite reactions were set to be 5.4W on a
glass vial, and 5W on a glass insert. For the details of average laser power absorption
by precursor suspension, see Appendix C. It is found that only 22.5 % of the average
power incident on glass insert is absorbed by precursor solution. So, power absorbed

by the precursor solution when 5 W power is incident on the glass insert is;

SW -0.225=112W

Then, pulse energy (Ep) is calculated to be:

Average laser power

P Pulse repetition rate
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o 1.12W
P™200 kHz

Ep=5.6-10"% = 5.6

If it is considered that energy per pulse in that interaction volume (V;) interacts
with the laser, then one can simply divide pulse energy to the volume of the precursor
suspension. It is known that, 5.83 - 1076 umol (5.83 pmol) SiO- is present in V; (see

above). Then E; can be calculated as follows,

_ Pulse energy

i

Nsio,
r 5.6 W
'~ 5.83 pmol Si0,
Mj kj
Ei=0.96———— =960 —————
i =0.96 mol Si0, 960 mol Si0,

It is found that, when the M1 molar formula used for the laser-assisted synthesis
of TPA — Silicalite-1 zeolite, 960 kJ of laser energy is absorbed per mol of SiO2

within the reaction suspension.

3.5 Characterization Techniques

3.5.1 X-ray Diffractometer

Synthesized zeolite powder samples have been analyzed through Malvern
Panalytical X Pert Pro Multi-purpose Diffractometer. X-ray source of the device is Cu
Ko radiation (Ko = 1.54187 A) operating at 45 kV and 40 mA. Powder zeolite samples
have been scanned between the 26 range of 5° - 50°. For crystallinity calculation from

XRD patterns, 2 mg of powder was measured before each measurement.
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3.5.2 Scanning Electron Microscopy

Scanning Electron Microscopy micrographs have been obtained by FEI Quanta
200F operating at a high voltage value of 30 kV. Micrographs have been used to
observe the morphology of the TPA — Silicalite-1 zeolites at varying crystallization
times. 10 nm Au/Pd conductive layers were coated on zeolite samples via Gatan Model
682 Precision Etching Coating system. Crystal sizes have been determined by taking

an average of at least 100 — 300 zeolite particles per sample through Image J software.

3.5.3 Scanning Electron Microscopy Energy-dispersive X-ray
Spectroscopy

Energy-dispersive X-ray spectroscopy is conducted through Genesis Apex 4
EDAX tool coupled with Quanta FEI 200 Scanning Electron Microscope.
Measurements were done at 10 kV voltage with a spot size of 4. Analyzed samples

were not coated with conductive material.

3.5.4 Transmission Electron Microscopy

High resolution TEM images were recorded through TECNAI G? 20 S TWIN
Transmission Electron Microscope by FEI company at high tension of 200 kV. The
zeolite powder samples have been dispersed in ethanol and dropped on copper TEM

grids.

3.5.,5 Thermogravimetric Analysis

Thermal stability, zeolitic water, and SDA contents of zeolites have been

determined by SDT650 TGA-DSC device on air medium between 25° - 900° C
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temperature range by the heating rate of 5° C/min. Differential Thermal analysis of the

samples acquired taking the differential of TGA graphs through Origin Software.

3.5.6 BET Physisorption Chemisorption

Quantachrome Autosorb 1Q2 MP Gas Sorption system was used for BET
surface area determination. External and pore surface areas for TPA — Silicalite-1
synthesized via laser-assisted method have been measured through Brunauer-Emmett-
Teller method with N2 adsorption-desorption isotherm at 77.3 K. The sample was
outgassed at 300° C for 16 hours before the measurement. BET method employed for
the total surface area where t-plot (DeBoer) method used for external surface area and
micropore volume. The pore size distribution was calculated according to the BJH

method.

3.5.7 Attenuated Total Reflection — Fourier Transform Infrared
Spectroscopy

Before the growth period starts, no powder particle can be collected during
femtosecond laser-assisted synthesis of zeolites. To analyze the period before growth,
laser-treated reaction solutions were analyzed through ATR — FTIR. Attenuated Total
Reflection technique enables the determination of IR spectrum for solid samples
dispersed in a liquid medium. Vertex 70V model device by Bruker was used. The liquid
sample is dropped (~10 pl) on a diamond tip, the IR light is reflected at the liquid—
diamond interfaces, and an evanescent field is formed. Through the evanescent field,
light can interact with samples at the interface, and absorption measurement can be

made.
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3.5.8 Analyses of Particle Size Distribution

Particle size distribution was observed to be narrower for laser-assisted
synthesis in SEM images compared to hydrothermal synthesis for all batches with M1,

M2, and M3 molar formulas.

M1 = 25 Si0, : 9 TPAOH : 1450 H,0 : 100 EtOH
M2 = 25 Si0, : 9 TPAOH : 480 H,0 : 100 EtOH

M3 = 25S8i0, : 9TPAOH : 450 H,0 : 100 EtOH

To prove this observation, particle size distribution analysis for a big sample size (i.e.,
298 independent crystals) was performed.

Particle size distribution analyses were performed by using ImageJ and Origin
software. Particle sizes were obtained by using ImageJ software from a minimum of 4
different SEM images of the same sample taken from different spots. The number of
the crystals analyzed was fixed to be 298 for all zeolite samples (i.e., for the syntheses
with M1, M2, and M3 molar formulas). Distribution analyses were performed by using
the Analysis — Statistics option of the Origin software. To display a fitted curve on
histogram Plot Details Dialog - Data - Distribution Curve - Normal option was applied.

Mean, standard deviation (SD) values were obtained from fitting analyses.
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CHAPTER 4

RESULTS and DISCUSSION

4.1 Characterization of Femtosecond Laser-assisted Synthesis of TPA-Silicalite-1

4.1.1 X-ray Diffraction Characterization

The main characterization of synthesized samples by the laser-assisted method
has been carried out by X-ray diffraction pattern analysis. After hydrothermal and laser-
assisted syntheses, samples were washed with deionized water and centrifuged 4 times
to lower the pH of the solution to a near neutral range (~7). Later, samples were let dry
and 2 mg of powder weighted for XRD analysis. The same amount of zeolite powders
was weighted for further analysis of crystallinity and proper comparison between
hydrothermal and laser-assisted methods. Figure 12 illustrates X-ray diffraction
patterns for TPA — Silicalite-1 samples synthesized by hydrothermal (blue) and laser-
assisted methods (red), and reference pattern for Silicalite-1 obtained from the IZA web
page (black). The structure directing agent used in Silicalite-1 synthesis is TPAOH,
which separates TPA™ and OH" ions within the aqueous medium. Oligomerization of
Silica molecules around TPA* ion gives Silicalite-1 zeolite its final structure, and TPA*
ions are present within the framework until removal through calcination. The removal
of SDA from the zeolite framework is possible through calcination, where the sample
is heated up to high temperatures (~ 400 — 550 °C) to ignite (calcine) SDA (TPA* in
this case), but the zeolite framework remains as it is. This process affects X-ray
diffraction patterns as well, where in the case of a sample that is not calcined, signal

intensity is lowered for some planes because of organic SDA filling the pores. Peak
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intensities representing (011), (020), and (051) planes (Figure 10) are lower for not

calcined samples (hydrothermal and laser) compared to the calculated powder pattern

obtained from IZA.

(501)\(051) =
3 + 2\ (151) d133)
Hydrothermal ?
(011) A
(020) 22.0 225 23.0 23.5 24.0 245 25.0
; 29Deg_reesﬂ
8
> "
:'ﬁ . Laser-assisted
c .
3 []
c
= ISR P
. Silicalite-1, 1ZA reference
T 7 1'ullluu" LI T T T lfl > ITA . T T M
5 10 15 20 25 30 35 40 45 50

20 Degrees

Figure 12. Baseline subtracted X-ray diffraction patterns of the TPA — Silicalite-1

samples synthesized by hydrothermal (yellow), laser-assisted (blue) methods, and 1ZA
reference for Silicalite-1 (red).

An X-ray diffraction pattern is commonly used to determine the crystallinity of
a synthesized material relative to a reference material. For zeolites, characteristic peaks
on the powder pattern are considered on crystallinity calculation.®®®® Characteristic
peaks for Silicalite-1 zeolite are those representing 5- and 10-membered ring structures
of the framework. Here, peaks corresponding to (501), (051), (151), (303), and (133)
planes on the powder pattern are characteristic to Silicalite-1 zeolite.6” On the powder

XRD pattern, these five peaks are located in the 22°-25° 20 range.
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Figure 13. 3D drawings of Silicalite-1 unit cells and characteristic planes representing

peaks in the XRD powder pattern.

Four independent experiments show repeatability of the laser-assisted synthesis

method. It is observed that if the reaction bottle cap is sealed properly to prevent any
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leakage due to increasing pressure inside the reaction vial throughout the reaction,
synthesis is repeatable. By applying the same reaction conditions, one can obtain highly
crystalline zeolites each time (Figure 14). The reference X-ray diffraction pattern of
Silicalite-1 is obtained from the 1ZA web page.

Table 5 shows detailed crystallinity calculations of these four independent trials
by femtosecond laser-assisted method. Crystallinities of the samples were found to be
72, 86, 75, and 80 % for Trials 1, 2, 3, and 4, respectively. To determine crystallinity
of a zeolite from XRD pattern, a reference point is needed.>® The zeolite synthesized
via the laser-assisted method that has maximum achievable crystallinity was chosen as
a reference to calculate the crystallinities of the zeolites synthesized via the laser-
assisted synthesis method. For the details of crystallinity calculations see section 4.2.1

of this thesis.
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Figure 14. XRD patterns of TPA — Silicalite-1 zeolites synthesized with commercial
laser. Reference X-ray diffraction pattern of Silicalite-1 is obtained from the IZA web
page. Reaction time for all samples was set to 3 hours, M1: 25 SiO2: 9 TPAOH: 1450
H>0: 100 EtOH molar formula was used. Laser parameters were set to 1.12 W average

power on the sample, 200 kHz repetition rate.



Table 5. Crystallinity calculation of TPA — Silicalite-1 synthesized with femtosecond laser. Trial 1 (Exp. code: C11), Trial 2 (Exp. code: C12),
Trial 3 (Exp. code: C14) and Trial 4 (Exp. code: C24) indicate four independent experiments. Hydrothermal synthesis was carried out with M1
molar formula at 100° C for 48 h. AVG and PA are the abbreviations of average and peak area, respectively.

Peak No Bragg Peak Area
Angle Trial 1 Trial 2 Trial 3 | Trial 4 AVG | Reference Sample
1 23.18 1235.4 1409.1 1301.6 1240.5 1296.7 1338.9
2 23.31 369.3 456.7 306.9 480.2 403.5 796.8
3 23.73 175.1 246.7 216.1 199.9 209.5 292.4
4 23.98 4014 503.7 422.2 462.1 447.4 568.8
5 24.44 266.7 342.2 298.0 324.0 307.7 406.3
5
z PAn sampie 24479 | 29583 | 25447 | 2706.6 | 2664.8 3403.2
n=1
Crystallinity (%0)
5
Z PA, pr 72 86 75 80 78 100
_ =1 samp
a= 5
Zn=1 PAy rer

* Total peak area (3403.2) of the sample synthesized via laser-assisted method was taken as reference in crystallinity calculations.
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4.1.2 Scanning Electron Microscopy and Particle Size Distribution
Analyses

The same molar formula (i.e., M1) was studied for both hydrothermal and laser-
assisted syntheses. Preparation steps (preparation of precursor suspension, aging) for
both methods were kept the same and both reactions started once 24 hours aging period
ended. Figure 15 shows SEM images and particle size distribution analyses of TPA —

Silicalite-1 crystals synthesized via hydrothermal and laser-assisted methods.

b d
100 100
501 N [T IM1 Laser 90 {771 M1 Hydrothermal
80- \ 80
70 70+ 7
60 . &0 \
S 50 T 50- :
S 40] Mean=3236 3 40.
© 40 SD=35.2 o Mean = 203.8
30 N =298 30 SD =50.3
20 20 N =298
10] 10{ . __;f";:i;_;f s
50 100 150 200 250 300 350 400 450 500 50 100 150 200 250 300 350 400 450 500
Crystal size (nm) Crystal size (nm)

Figure 15. SEM image (a) and particle size distribution (b) of the TPA — Silicalite-1
crystals synthesized via the laser-assisted method (3h reaction, 1.12 W average laser
power on the glass-precursor interface, 200 kHz repetition rate, M1 molar formula);
SEM image (c) and particle size distribution (d) of the TPA — Silicalite-1 crystals
synthesized via the hydrothermal method (48h reaction at 100 °C oven, M1 molar

formula).
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From the SEM images, one can easily deduce that the average crystal size for
the hydrothermal method is smaller compared to that of laser-assisted method. Besides,
at first glance, the laser-assisted method seems to produce much more uniform crystals
in terms of particle size. To prove these observations, image analyses were applied to
SEM images of crystals synthesized via both hydrothermal and laser-assisted methods
by using ImageJ software. The length scale obtained from SEM images optimized to
be used within software, then lengths of each single particle measured and recorded.
Analyses were done for a large field of view (the sample size N = 298 individual
crystals). The result showed that particle size distribution was narrower for laser-
assisted synthesis compared to hydrothermal synthesis (Figure 15 b and d). The average
crystal size and standard deviation (SD) of the crystals synthesized via laser-assisted
method were found to be 323.6 nm and 35.2 nm, respectively. For the sample
synthesized via the hydrothermal method, average crystal size and SD were found to
be 203.8 nm and 50.3 nm, respectively. For the batch with the M1 molar formula, the
laser-assisted method results in 119.8 nm bigger crystals on average. Standard
deviations in particle size were found to be 10.9 % and 24.7 % for laser-assisted and
hydrothermal methods, respectively. The noticeably different SD of the samples shows
the observation of narrower particle size distribution for the laser-assisted method.

Comparison of full width at half maximum (FWHM) and intensity values of
characteristic XRD peaks of TPA — Silicalite-1 crystals can be found in Table 6. For
the same characteristic peaks, intensity values seem to be similar for both methods.
Besides, FWHM values indicate that XRD peaks are narrower for the laser-assisted
method, further strengthening the phenomenon observed above for particle size
analyses. The values in the Table 6 suggest that the sample synthesized via laser-

assisted method is comparable with the sample synthesized with the hydrothermal
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method. Both particle size distribution analyses and XRD patterns indicate that the
laser-assisted method produces relatively bigger particles with much uniform size

distribution compared to the conventional hydrothermal method.

Table 6. Comparison of intensity and FWHM of the Bragg peaks of the samples
synthesized via hydrothermal (Exp code: A1-C14) and femtosecond laser-assisted
(Exp. code: C12) methods for the batch with M1 molar formula. To compare intensities
of the samples, 2 mg powder was measured from each experiment and XRD analyses

were performed with the same conditions (a.u. indicates arbitrary units).

Hydrothermal Synthesis Laser-Assisted Synthesis
Sraggpeks | ey | e | "] v
23.18 6646 0.194 6526 0.178
23.31 2730 0.143 2734 0.127
23.73 1247 0.164 1092 0.151
23.98 2744 0.161 2622 0.144
24.44 1848 0.16 1655 0.151

4.1.3 Transmission Electron Microscopy

For TEM analysis, fully crystalline (crystallinity relative to hydrothermal sample
> 1.0) TPA — Silicalite-1 zeolite synthesized via laser-assisted method was dispersed in
ethanol and sonicated for 5 minutes, then a drop of the obtained solution was placed on
copper TEM grid with a carbon cover. The fully crystalline sample is expected to have
a smooth surface.%® Observations from the analysis suggest that synthesized zeolite
crystals have smooth surfaces (Figure 16-a). Selected area diffraction pattern and lattice
fringes are clearly shown on HR-TEM images imply high crystallinity which is
complementary to XRD analyses and previous works reported in the literature (Figure

16 — b, C, d).18,68—70
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Figure 16. TEM iméges of (a) TP
electron diffraction pattern; (c), (d) High-resolution TEM images of same TPA —

Silicalite-1 crystal with different magnifications.
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4.1.4 Brunauer Emmett Teller Surface Area and Pore Analyses

External and pore surface areas for TPA — Silicalite-1 synthesized via laser-
assisted method have been measured through Brunauer-Emmett-Teller method with N2
adsorption-d isotherm at 77.3 K. The sample was outgassed at 300°C for 16 hours
before the measurement. BET method employed for the total surface area where t-plot
(DeBoer) method used for external surface area and micropore volume. The pore size
distribution was calculated according to the Barrett — Joyner — Halenda (BJH) method.
The BET adsorption-desorption isotherm for TPA — Silicalite-1 synthesized by the

laser-assisted method is provided below:

2005 —s— Adsorption

—e— Desorption

Volume at STP (cc/qg)
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Pressure (Torr)

Figure 17. BET adsorption-desorption isotherm of TPA — Silicalite-1 synthesized via
the laser-assisted method. The isotherm complies with type 1 of BET isotherms as

shown in Figure 18, which refers to the presence of microporous structures. '3

45



The sample analyzed has a crystallinity of 90 % among samples synthesized via
the laser-assisted method. From six different isotherm types defined by Brunauer et al.,
1% refer to microporous structures and usually zeolites have type 1 isotherm.”*"® The
isotherm described in the figure above comply with the type 1 of IUPAC adsorption
isotherms, indicating microporous structure (Figure 18).”%"? The types 2, 3 and 5 of
isotherms represent macro-porous (pore size > 50 nm) or nonporous materials, where

types 4 and 6 represent meso-porous and nonporous materials, respectively.’

n,4

IV Vv VI

>
p/pPo

Figure 18. IUPAC classification of adsorption isotherms; n, refers to adsorbed volume,

p/po refers to relative pressure. Adapted from ref 7,

The pore size distribution plot of the sample can be found in Figure 19. A slight
accumulation next to the main peak of micropores indicates the interporosity of
aggregated crystals.®® "3 Total surface area found from the analysis is 335.5 m?/g with a

micropore area of 266.8 m?/g. The average pore size determined from BET analysis
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through the BJH method is 17.03 A (1.7 nm). Typical total adsorption areas for
Silicalite-1 zeolites range between 300-450 m?/g.%%/3:75-"7 These results show that TPA
— Silicalite-1 synthesized via laser-assisted method has similar adsorption behavior
compared to zeolite synthesized via conventional hydrothermal method. Only, the
laser-assisted method is faster and produce zeolite particles with more uniform average

particle size distribution compared to the hydrothermal synthesis method.
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Figure 19. Pore size distribution of laser-assisted TPA — Silicalite-1 sample from BET

isotherm.

4.1.5 Thermogravimetric Analyses

This analysis is common for zeolite characterization to determine the
temperature for removal of structure directing agent (SDA), which is TPA in this study,

and the amount of adsorbed water by zeolite. As explained previously, SDA in the pores
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of TPA-silicalite-1 is an organic cation and it can be ignited at around 330 °C.”® In
addition to that, zeolite can capture water molecules in its pores and release it upon
heating. Therefore, to calculate the yield of the synthesis, TGA analyses are need to be
done to determine the weights of SDA and adsorbed water in the pores (the details can
be found in chapter 4.4.2).

The TGA analyses were performed under air flow in the range of 25 to 900 °C,
with a 5 °C/minute heat flowrate. The Differential Thermal Analysis (DTA) curve is
obtained from data gathered through thermogravimetric analysis via differentiation.
Origin software tools were used for this purpose. The DTA curve show temperature
values for water and SDA removals from the structure. Three samples have been
examined: the sample synthesized via laser-assisted synthesis method (Figure 20), the
sample synthesized via the hydrothermal synthesis method before (Figure 21) and after

calcination at 445°C for 3 hours (Figure 22).
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Figure 20. TGA-DTA graph of TPA — Silicalite-1 zeolite synthesized via the laser-
assisted method for the batch with M1 molar formula (without calcination).

Figure 20 shows TGA and DTA curves in the range of 25 — 900 °C with a 5°C
heating rate for the sample synthesized via the laser-assisted method (exp. code: C12).

The first ramp in the TGA curve and corresponding DTA peak show removal of water,
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while the second ramp and its related peak correspond to TPA content within the
structure. From the analysis, water and TPA contents were found to be 4.2 % and 12.1

%, respectively.
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100 ;
—TGA

Weight (%)

Rate of Weight Change

b | 1 | 1 | 1 | 1 | L | L 1 L ]

100 200 300 400 500 600 700 800 900

Temperature (°C)

Figure 21. TGA-DTA graph of TPA — Silicalite-1 zeolite synthesized via the

hydrothermal method for the batch with M1 molar formula (without calcination).
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Figure 22. TGA-DTA graph of Silicalite-1 zeolite synthesized via the hydrothermal

method for the batch with M1 molar formula (after calcination).

Figure 21 depicts TGA and DTA curves in the range of 25° — 900° C with a 5°
C/min heating rate for the sample synthesized via the hydrothermal method (exp. code:
A1-C14). From the analysis, corresponding water and TPA contents were found to be

3.4 % and 12.9 %. Figure 22 shows TGA and DTA curves for the same sample in
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Figure 21 after calcination at 445 °C. During calcination, TPA is removed from the
structure, and hence, only a single ramp and peak are observed. The water content of
the calcined sample was found to be 4.4 % of the total weight.

Comparing two samples synthesized by hydrothermal and laser-assisted
method, corresponding water desorption and TPA contents within the pores are very
similar. The weight losses in TPA — Silicalite-1 structures in other studies indicate

similar behavior as well.”®"®

4.1.6 Energy Dispersive X-ray Spectroscopy

Elemental analysis of zeolite crystals synthesized via laser-assisted method has
been carried out through EDX. Obtained TPA — Silicalite-1 zeolites were calcined to
get rid of TPA content. Silicalite-1 zeolite has a chemical formula of SiO,. The powder
was sprinkled on carbon tape covering the aluminum grid, no conductive coating was
used. Analyses were performed on 10 kV with a spot size of 4 at a magnification of
5000. Silicon and Oxygen weight percentages were measured and divided to
corresponding atomic mass (AMU Si = 28.09, AMU O = 16.0) to find molar
percentages. Three independent measurements were performed. Results of these three
measurements and their average are given in Table 7. The average Si/O ratio found is

different from the theoretical value of ¥z by 7.5%

Table 7. Elemental analysis of Silicalite-1 synthesized via the laser-assisted method.

Measurement No Weight Percentage Molar Percentage Result
Si O Si @]

1 41.62 46.21 1.48 2.89 SiO1.05

2 48.74 51.26 1.73 3.21 SiO1s6

3 50.31 49.69 1.79 3.11 SiO1.74

Average SiO1gs
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4.2 Crystallinity and Yield of TPA — Silicalite-1 Synthesized via Femtosecond
Laser-assisted Method

4.2.1 Crystallinity of TPA — Silicalite-1
To calculate the crystallinity of a zeolite synthesized by laser-assisted method,
XRD patterns are used. Each sample weighed in equal amount (2 mg) by using assay
balance and powder patterns obtained keeping measurement parameters the same each
time. Once powder pattern is obtained, the baseline is subtracted and areas under each
characteristic peak are determined through the Origin software. Characteristic peaks are
fitted using the Gaussian fitting function and the results of fitting for a sample

synthesized by the laser-assisted method is provided in Figure 23.
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1 Gaussian 1235.41762 0.17784 6526.14165 23.17974 50.46833
2 Gaussian 401.4232 0.14381 2622.35213 23.98299 16.39863
3 Gaussian 266.70879 0.15139 1655.01603 24 43867 10.89538
4 Gaussian 369.26642 0.12685 27346559 23.3063 15.08499
5 Gaussian 175.09064 0.15061 1082.10763 23.72605 7.15267

Figure 23. Peak analysis results for a sample synthesized via the laser-assisted method.

Since there are five characteristic peaks for TPA — Silicalite-1 zeolite located in

the 22-25° 20 region of the diffraction pattern, areas of five peaks are summed for each
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sample. Crystallinities of zeolites synthesized via laser-assisted method are determined
taking the sample synthesized via laser-assisted method that have maximum achievable
crystallinity as a reference. Then a, the crystallinity, calculated according to the

equation below:

XP Asample
2 PAreference

a (%) = - 100 )

where PA indicates peak area in the XRD pattern referring to the characteristic planes
of the structure.

For the samples synthesized via the laser-assisted method, crystallinities were
determined through this procedure, considering the sample synthesized via the laser-
assisted method that have maximum achievable crystallinity as a reference.?3>%
Change of crystallinity with synthesis time for zeolites synthesized via laser-assisted
method has been studied for the batch with M1 molar formula (M1: 25 SiO: 9 TPAOH:
1450 H»O: 100 EtOH). Per each independent trial sample synthesized via laser-assisted
synthesis method, 80 pl of precursor suspension prepared with M1 molar formula
exposed to the laser. If the sample synthesized via laser-assisted method that have
maximum achievable crystallinity, is taken as 100% crystalline, crystallinities of TPA
— Silicalite-1 zeolites synthesized via laser-assisted method are listed in Table 8. The
values for crystallinities are average of at least three experiments. Since the yield of
syntheses with 70 and 90 minutes of reaction time is low, several experiments were
conducted (~7) per each data point. After 240 minutes of laser treatment, crystallinity

reach a saturation value of 100%.
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Table 8. Change of crystallinity (%) with synthesis time for TPA — Silicalite-1 zeolite

synthesized via the laser-assisted method

Synthesis Time a — Crystallinity %
(minute) (x error)
70 48.1
90 55.0
120 62.3 (+ 2.5)
150 69.6 (+ 3.6)
180 77.9 (£ 6.4)
200 87.8 (£ 1.2)
220 96.6 (+ 3.1)
240 99.0
260 98.8
280 99.2
300 100

Powder sample can be collected for laser-assisted synthesis method after 70
minutes of synthesis time when 80 pl of precursor suspension is irradiated by laser.
When synthesis time is 200 minutes or higher, crystallinities of samples synthesized
via laser-assisted method are higher compared to the sample synthesized via
hydrothermal method. The degree of crystallinity seems to reach a saturation value for

240 minutes and higher synthesis times.

4.2.2  Yield of TPA —Silicalite-1 Synthesized via Femtosecond Laser-
assisted Method

The weight percent yield of the synthesis is determined from the initial amount
of silica within batch suspension and the final weight of the powder obtained post
synthesis. Taking 80 pl of a batch with M1 molar formula as a basis, the amount of

silica present in the solution is:
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Ms;o, * Vsor = 0.75 M - 80 ul = 60 umol

MWs;, - 60 umol = 3.6 mg

where Mg;o,is molarity of silicon dioxide in batch solution (Table 4 in section
3.3), Vsal is the total volume of the solution and MWg;,, is molecular weight of the
silicon dioxide (MWs;,, = 60.08 g/mol). The weight percent yield of the synthesis was

calculated from the weights of SiO in suspension forming the batch and the products.
The equation below will be used to calculate weight percent yield. Knowing these, the

yield of synthesis is determined as:

Weight of Product (mg)
Yi . 0, = 1
ield (wt. %) Weight of Si0, in Batch (mg) '’

To calculate the weight of the product, TGA analysis was carried out and the
amount of zeolitic water adsorbed was determined as shown in chapter 4.1.5. In Figure
9, TGA — DTA analysis of the laser-assisted sample is provided where two peaks in the
DTA graph at 109° and 334° C correspond to vaporization of water and TPA present
within the pores. The amount of water and TPA present within the powder obtained
after centrifugation was found to be 4.2% and 12.1% of total mass, respectively. Then,

the weight of the SiO- that is obtained as the product is determined from:

Weight of Product (mg) = 3-(0.837) = 2.51

The yield of the synthesis on SiO; basis for the laser-assisted method is:
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2.51mg
3.6 mg

Yield (wt.%) = x 100 = 69.7 %

Using the same approach, the weight percent yield of hydrothermal synthesis
can be found. From TGA — DTA analysis carried out for hydrothermal synthesis, after
removal of water and TPA within the pores, corresponding weight changes were found
to be 3.4% and 12.9%, respectively. In total, 16.3% should be subtracted from the
measured weight to find the yield of hydrothermal synthesis. The measured weight of
hydrothermal synthesis was found 59.5 mg, taking 1600 ul of a batch as a basis. Then

the weight of zeolite after subtracting water and TPA content is:

59.5mg -83.7% = 49.8 mg

The molarity of SiO2 in M1 molar solution is 0.75 M (Table 10 in section 3.3

Sample preparation). The total weight of SiO2in 1600 pl of batch suspension is:

1600 pl - 0.75 M = 1200 pumol

MWsio, - 1200 umol = 72 mg

where MWsio2 is molecular weight of the silicon dioxide (MWsio2 = 60.08

g/mol). The weight percent yield of the hydrothermal synthesis is:

Weight of Product (mg)
Y- . 0, = 1
ield (wt. %) Weight of Si0, in Batch (mg) x 100
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. 49.8 mg
Yield (wt.%) = W x 100 =69.2%

Table 9. Comparison of weight percent yields of samples synthesized via hydrothermal
(48 h reaction) and laser-assisted (3 h reaction) syntheses for the batch with M1 molar

formula.

Molar Formula Hydrothermal Laser-Assisted
Synthesis Synthesis
M1 Yield (wt. %0) Yield (wt. %)
69.2 69.7

4.3 Decreasing Particle Size of TPA — Silicalite-1 Synthesized via Femtosecond
Laser-assisted Method

This thesis was carried out mainly with the suspension prepared according to
the M1 molar formula (i.e., M1: 25 SiO.: 9 TPAOH: 1450 H20: 100 EtOH). Itis known
that different molar formulas, the molar ratio of source materials, lead to various zeolitic
frameworks.>348%81  Moreover, reduction of water content for the same molar
composition alters the alkalinity of precursor suspension, which results in decreased
particle size. Persson et. al.® studied the effects of changing ratio of all contents (SiOx,
TPAOH, H,0, EtOH) used in the synthesis of TPA — Silicalite-1 zeolite. Effects of
decreasing water content of a molar composition are explained below:

(i) increase in the alkalinity of suspension;
(ii) as alkalinity increase, the linear growth rate of zeolite crystals decreases;
(iii) since the linear growth rate is lowered by higher alkalinity, resulting in particle

size reduction as well;
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(iv) it is also shown that in zeolite nucleation studies, change of alkalinity due to
water content affects nucleation, higher alkalinity means higher nucleation
rates.’

(v) decrease in water content means more silicate and SDA within the same volume
of precursor suspension.

(vi) as water content increases, acidic sites shared between zeolite crystals and
water transform into localized clusters, leading to an increase in crystal size as

well .34

In the current study, proposed laser-assisted syntheses were also carried for M2
(M2: 25 SiO2: 9 TPAOH: 480 H20O: 100 EtOH) and M3 (M3: 25 SiO2: 9 TPAOH: 450
H>0: 100 EtOH) molar formulas. 100 nm and 90 nm-sized crystals are expected from
hydrothermal syntheses of the precursor suspensions of M2 and M3 molar formulas,
respectively.®* Both hydrothermal and laser-assisted syntheses were carried out in our
laboratory. The study aimed to examine if the crystal size will be smaller with increased
alkalinity (i.e. lower water content in precursor suspension) while keeping Si/TPAOH
ratio the same for the femtosecond laser-assisted synthesis method, as is the case for
the hydrothermal synthesis method.

Preparation of precursor suspensions and further reaction steps applied for the
samples with M1 molar formula, performed for these sets of reactions in the same way.
80 ul of precursor suspensions of M2 and M3 molar formulas exposed to laser for 3
hours where average power on glass-precursor interface and repetition rates of laser
were set to 1.12 W and 200 kHz. Figures 23 and 24 show SEM images and particle size
distribution profiles for the samples synthesized with hydrothermal and laser-assisted

methods with M2 and M3 molar formulas.
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Figure 24. SEM image (a) and particle size distribution (b) of the TPA — Silicalite-1
crystals synthesized via the laser-assisted method (Exp code: C51, 3h reaction, 1.12 W
average laser power on the glass-precursor interface, 200 kHz repetition rate, M2 molar
formula); SEM image (c) and particle size distribution (d) of the TPA — Silicalite-1
crystals synthesized via the hydrothermal method (Exp code: A4 — C51, 30h reaction

at 90 °C oven, M2 molar formula).

The average size of the TPA — Silicalite-1 crystals determined from SEM
images by using Image J software are 102.7 nm and 175.8 nm for hydrothermal and
laser-assisted syntheses with M2 molar formula. Standard deviations were found to be
17.5 nm (10.0 %) and 19.1 (18.6 %) nm for laser-assisted and hydrothermal methods,
respectively. Similar to synthesis with the molar formula of M1, laser-assisted synthesis
gives rise to larger zeolite crystals compared to hydrothermal synthesis (119.8 nm

larger).
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Figure 25. SEM image (a) and particle size distribution (b) of the TPA — Silicalite-1
crystals synthesized via the laser-assisted method (Exp code: C52, 3h reaction, 1.12 W
average laser power on the glass-precursor interface, 200 kHz repetition rate, M3 molar
formula); SEM image (c) and particle size distribution (d) of the TPA — Silicalite-1
crystals synthesized via the hydrothermal method (Exp code: A5 — C52, 30h reaction
at 90 °C oven, M3 molar formula).

A similar phenomenon on size distribution occurs when TPA — Silicalite-1
crystals are synthesized using precursor suspension with M3 molar formula. In the case
of the laser-assisted synthesis method, the average size of the TPA — Silicalite-1 crystals
determined from SEM images by using Image J software is 167.1. The average size of
crystals is bigger compared to the sample synthesized by the hydrothermal method
which is 99.5. Standard deviations were found to be 16.9 nm (10.1 %) and 16.0 nm

(16.1 %) nm for laser-assisted and hydrothermal methods, respectively. Once again, the

61



noticeably different SD of the samples proves the observation of narrower particle size
distribution for the laser-assisted method.

Figure 26 depicts XRD patterns of TPA — Silicalite-1 samples synthesized by
laser-assisted and hydrothermal methods, both with batches of M2 and M3 molar
formulas and Silicalite-1 reference XRD pattern obtained from the 1ZA webpage. Table
10 summarizes intensity and FWHM values of characteristic XRD peaks for TPA —
Silicalite-1 crystals synthesized by laser-assisted and hydrothermal methods, both for
M2 and M3 molar formulas. For the same characteristic peaks, intensity values seem to
be lower for samples of the laser-assisted method. Lower intensity values for zeolite
crystals via laser-assisted synthesis methods indicate 3 hours of reaction times are not
sufficient for 80 ul of precursor suspension with M2 and M3 molar formulas. Besides,
FWHM values indicate that XRD peaks are narrower for the laser-assisted method,
proving the phenomenon observed for particle size analyses from SEM images for M2

and M3 molar formulas.
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Figure 26. XRD patterns (a) hydrothermal synthesis (Exp code: A4 — C51, 30h reaction
at 90 °C oven, without calcination) vs. (b) laser-assisted synthesis (Exp code: C51, 3 h
reaction, M2 molar formula suspension, 1.12 W average laser power on the sample,
200 kHz repetition rate).
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Table 10. Comparison of intensity and FWHM of the Bragg peaks of the samples
synthesized via hydrothermal and femtosecond laser-assisted methods for the batches
with M2 and M3 molar formulas. To compare intensities of the samples, 2 mg powder
was measured from each experiment and XRD analyses were performed with the same

conditions (int. and a.u. indicate intensity and arbitrary units).

Hydrothermal | Laser-assisted | Hydrothermal | Laser-assisted
Synthesis of M2 | Synthesis of M2 | Synthesis of M3 | Synthesis of M3

Bragg
peaks | Mt | pwam | I Epwam | mwlm | EweM

(20°) (a.u.) (a.u.) (a.u.) (a.u.)
23.18 | 410 0.208 311 0.186 447 0.242 356 0.218

2331 | 6142 | 0.246 | 5689 | 0.230 | 6489 | 0.257 | 5572 | 0.240
23.73 | 1155 | 0.234 638 0.176 | 1328 | 0.262 674 0.166
2398 | 2366 | 0.161 | 2017 | 0.153 | 2620 | 0.168 | 1699 | 0.154
2444 | 1571 | 0.190 | 1020 | 0.166 | 1905 | 0.189 | 1009 | 0.161

The weight percent yields for hydrothermal and laser-assisted syntheses of M2
and M3 molar formulas have been calculated. Product weights have been measured
after centrifugation and drying, water and TPA contents found from TGA — DTA and
subtracted from weighed amounts for yield calculation. TGA — DTA plots for TPA —
Silicalite-1 zeolites synthesized via the laser-assisted method for M2 and M3 molar
formulas are provided in Appendix D. Crystallinity values determined from XRD plots
according to the procedure explained in section 4.2.1. The resulting weight percent
yield values, crystallinities, and average crystal sizes for hydrothermal and laser-
assisted syntheses of M1, M2, and M3 molar formulas are given in Table 11.

Hydrothermal syntheses have been carried out following suggested synthesis
procedures (Hedlund et al., 1999 and Persson et al., 1994).3462 First, reaction times for
the laser-assisted samples in Table 11 were set to 3 hours. Lower wt. % yield values
suggest that longer reaction times are needed for samples prepared with M2 and M3

molar formulas. As explained previously, this phenomenon is due to lower water
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content and hence, lower linear growth rates which are explained in detail in section
4.2.1 of the thesis.>*®28 Crystallinity (%) and wt. % yield values calculated and

provided in Table 11.
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Table 11. TPA — Silicalite-1 hydrothermal and laser-assisted synthesis comparison. The average particle sizes of the crystals were determined

from SEM images by using Image J software. SD indicates standard deviation. The sample size (N) for particle size distribution analyses was set

to 298.

Synthesis Exp. Molar Average Crystal | Avg. Laser | Reaction | Repetition | Crystallinity Yield
Method Code Formula Size £ SD Power Time Rate (%) (wt %)
(nm) (W) (h) (kHz)

Hydrothermal Al-C14 M1 203.8 +50.3 - 48 - 100 69.2
Hydrothermal A4-C51 M2 102.7+19.1 - 30 - 100 59.9
Hydrothermal A5-C52 M3 99.5+16.0 - 30 - 100 56.6
Laser-assisted C12 M1 323.6£35.2 1.12W 3 200 91~* 69.7
Laser-assisted C51 M2 1758+ 17.5 1.12W 3 200 89 * 55.6
Laser-assisted C52 M3 167.1+16.9 1.12W 3 200 81* 41.7

* Samples synthesized via hydrothermal method are taken as reference for crystallinity calculations, i.e. A1-C14 is reference for M1,

A4-C51 is reference for M2 and A5-C52 is reference for M3 molar formulas.
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4.4 Scale-up of TPA - Silicalite-1 Zeolite Synthesis via Femtosecond Laser-
assisted Method

The compatibility of the laser-assisted method for scale-up synthesis has been
tested. The volume of precursor suspension used for TPA — Silicalite-1 synthesis via
the laser-assisted method with the batch of M1 molar formula first increased from 80
pl to 400 pl (reaction time was to be 5 hours) and 600 pl (reaction time was set to be
6.5h). Types of glass vial and insert were Isolab N9 (1.5 ml, vial diameter = 11 mm,
and compatible glass insert with diameter = 6 mm) and N13 (4 ml, vial diameter = 15
mm, and compatible glass insert, diameter = 8 mm), respectively. When volumes of
precursor suspension used increased, necessary reaction times to obtain zeolite crystals
with similar properties increased as well, however, there is no linear correlation
between the volume of precursor solution and reaction time (Figure 28).

It is observed that when the volume of suspension (for M1 molar formula)
increased to 400 pl, the first color change was observed after ~160 minutes, where the
first color change was observed after ~70 minutes when 80 pl of precursor suspension
was used previously, i.e. induction period increased from 70 to 160 minutes. The
average crystal sizes, crystallinities, and wt. % yield values were calculated, results are
summarized in Table 12. Yield (wt. %) values were found after subtracting TPA content

found from TGA analysis.
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Table 12. Changes of average crystal size, crystallinity, and yield values with different

volumes of precursor suspensions treated with the laser for varying times. SD indicates

standard deviation. The sample size (N) for particle size distribution analyses was set

to 109.

Sample | Reaction | Volume of Vial Average Crystal | Crystallinity | Yield

Name Time Precursor Type Size £ SD (%) (wt. %0)
(h) Suspension (nm)
(1)

M1-80 ul 3 80 N9 333.8+£35.2 72 69.7

M1-80 ul 5 80 N9 4458 + 34.4 100 76.7
M1-400 pl 5 400 N13 299.3+37.1 81 56.7
M1-600 pl 6.5 600 N13 291.1+349 98 48.4

M2-80 pl 3 80 N9 1758+ 175 72 55.6
M2-300 pl 6 300 N13 123.1+21.4 100 52.1

* The slight difference in average particle size values for M1-hydrothermal and M1-80 pl in
Table 11 and Table 12 is due to analyzed sample sizes, i.e. N = 109 for Table 12 where N =
298 for Table 11.
**M1 and M2 in the sample names indicate the type of molar formula used for the precursor

suspensions.
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Figure 27. Particle size distribution analyses of TPA — Silicalite-1 synthesized via (a)
hydrothermal and (b, c, d) laser-assisted methods. M1 indicates the suspension with M1
molar formula is used. 80, 400, 600 pl show volumes of the precursor suspensions. 300
min and 390 min indicate reaction times for laser-assisted syntheses. SD and N indicate

standard deviation and sample size, respectively.

Although the volume of suspension increases 5 (for 400 ul) and 7.5 (for 600 pl)
times compared to 80 ul precursor suspension, the necessary reaction time to obtain
zeolite crystals with similar crystallinity and yield values do not have to increase in the
same correlation (i.e., linearly) (Figure 28). This finding clearly shows that the laser-
assisted synthesis method is compatible with scale-up. Besides, with proper equipment
installed to the setup to get multiple laser beams (for example through the spatial light
modulator, SLM), several spots in the precursor suspension can be irradiated with a
laser at the same time. This can significantly lower the reaction time from several hours

to several minutes.
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Figure 28. As the volume of precursor suspension used in laser-assisted synthesis
increases, the necessary reaction time to obtain zeolite crystals with similar properties
does not increase with a linear correlation. X (Volume) axis is presented in logarithmic

scale.

4.5 Crystallization Kinetics of TPA — Silicalite-1 Synthesized via Femtosecond
Laser-assisted Method

Nucleation and growth mechanisms of Silicalite-1 have been studied for
decades to gain insight into general zeolite crystallization.'®®-87 Several hypotheses
have been postulated on the either classical or non-classical pathway is dominant on
Silicalite-1 crystallization. While the classical pathway suggests aggregation of silica
molecules leads into final zeolite crystals (Figure 29), the nonclassical route is about
the direct attachment of nanoparticles (Figure 30).848838 |n homogenous precursor
suspensions where organic SDA is used, as is the case for precursor suspensions of M1,

M2, and M3, silica oligomerization around hydrophobic SDA lead into primary units.%
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In the previous sections of the thesis, the importance of the amount of water content in
the precursor suspension is emphasized in a way that leads to an increase or decrease
in the linear growth rate since it directly affects the nucleation stage as illustrated in
Figure 29. Overlapping of hydrophobic silica oligomers and hydrophobic SDA
molecules lead into nanosized primary units of zeolites. In the next stage, both classical
and non-classical growth mechanisms are present. Several in-situ Atomic Force
Microscopy, Small Angle X-ray Spectroscopy (SAXS) studies also revealed that 2D
layer nucleation and spread of the layer through crystal surface are also present in
zeolite growth (Figure 30).8485 Although current techniques allow us to study and
understand growth Kinetics, due to the time scale of processes taking place during the
nucleation stage (e.qg., silicate oligomerization reaction steps are in the femtosecond and
picosecond range), in-situ analyses are not capable of detecting fast steps of
nucleation.”848 The hydrothermal reactions were carried out between 24h and up to
several days usually. Although the reaction time scale of silica polymerization-
depolymerization reactions is in the range of femtosecond and picosecond ranges, the
induction time, defined as the amount of time elapsed between the achievement of a
supersaturated solution and the observation of crystals, of the zeolite reactions in
hydrothermal synthesis is in the range of >15 hours or days. It makes it complex to
analyze more than 40 polymerization-depolymerization reactions taking place
simultaneously during this long period. In the current study, induction time is decreased

to 70 min for 80 pl precursor suspension for the laser-assisted synthesis method.

71



WS Overlapof B
hydrophobic |
hydration
spheres

Primary units

T odfial
Nucleation ’
5-10 nm
X S et
... “..

Crystal
growth

10 nm - microns
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Figure 30. Precursor attachment to Silicalite-1 crystals, pathways of Silicalite-1
crystallization. Adapted from ref 84,
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45.1 Scanning Electron Microscopy (SEM) and XRD Crystallinity

Crystallization and growth of the TPA — Silicalite-1 synthesized via laser-
assisted method first observed through a color change of the transparent precursor
suspension into opaque white solution. For 80 pl of precursor suspension, after ~70
minutes of laser exposure, the first color change can be observed, as exposure time gets

longer, opacity increases (Figure 31).

Precursor
suspension

5
A

-

Transparent : : Light milky

Figure 31. Photos of reaction bottles before (clear precursor suspension) and after 70,
90, and 240 minutes of laser-assisted syntheses.

For the laser-assisted synthesis method, crystallization kinetic studies of TPA —
Silicalite-1 zeolite were carried out for 80 pl of precursor suspension with M1 molar
formula. SEM images and XRD patterns of zeolite samples were collected for different
reaction times (Figure 32 and Table 13). For lower reaction times (70, 90, 120, and 150
minutes), smaller nanosized particles along with zeolite crystals were observed from
SEM images (Figure 32-a, b, ¢, d). After 180 minutes of laser exposure, fully crystalline
zeolite crystals with an average particle size of 323.6 £ 35.2 nm (mean £ SD) nm were
observed. For longer reaction times, crystal sizes increase and reach a saturation value
of ~ 430 nm on average.

XRD crystallinity analyses were applied to samples synthesized with 70 min or
longer reaction times since powder zeolite samples can be obtained after ~70 minutes
of laser exposure. As the color of the initial transparent suspension turns to milky white,
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the powder sample can be collected through the centrifugation. The dried powder
samples were analyzed in terms of crystallinity through their X-ray diffraction patterns
as explained in section 4.1.2 of the thesis. For the measurements to be comparable, ~ 2
mg of each sample was weighed before XRD analyses. For the samples synthesized
with 70-min and 90-min reaction times, several syntheses were performed to collect
enough amount of powder material (2 mg). The analyses details are summarized in

Table 13.
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Figure 32. SEM images of laser-assisted syntheses with different reaction times. a) 70
min., b) 90 min., ¢) 120 min., d) 150 min., ¢) 180 min., f) 200 min. Before SEM
analyses, samples were washed and centrifuged with deionized water for 4 times to

lower the pH of the suspension to ~ 7 and dried at 45 °C oven
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Table 13. Crystallinities and yield (wt. %) values of TPA — Silicalite-1 zeolite synthesized via the laser-assisted method for different
reaction times. 80 pl precursor suspension of the batch with M1 molar formula used. The sample synthesized via the hydrothermal
method was used as reference for crystallinity calculations. SD indicates standard deviation. The sample size (N) for particle size

distribution analyses was set to 109.

Batch Molar Crystallization Time Color of the Yield ” Crystallinity

Formula (min) Suspension (wt. %0) (%)
70 Light Milky 9.3 48

90 Milky 11.6 55

120 Opaque white 46.5 62

150 Opaque white 60.4 69

180 Opaque white 69.7 78

M1 200 Opaque white 69.7 88
220 Opaque white 74.4 96

240 Opaque white 72.0 99

260 Opaque white 74.4 98

280 Opaque white 72.0 99

300 Opaque white 76.7 100

* To calculate the yield of the syntheses, zeolitic water, and TPA contents determined from TGA subtracted from weighed amount.
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To examine the growth stage of TPA — Silicalite-1 crystallization, crystallinity
(%) vs. time graph is used. For the syntheses through conventional methods, the shape
of this curve is similar to the one obtained for the laser-assisted synthesis of TPA —

Silicalite-1 (Figure 33).
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Figure 33. Crystallinity (%) vs reaction time graph for TPA — Silicalite-1 synthesized
via the laser-assisted method. Crystallinities calculated from XRD powder pattern
analyses relative to the sample synthesized via hydrothermal method.

Great efforts have been put to investigate and accelerate the crystallization
process of zeolites.?*°! In a study where UV light was used to accelerate crystallization
processes of zeolites - such as Na-A, Na-X, and Silicalite-1, it is found that free
hydroxyl radicals act as catalysts.®* Similar phenomenon can be expected in laser-

assisted synthesis method as well, where absorbed laser pulses by basic precursor
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suspension would lead to an increase in the number of free hydroxyl radicals. In the
hydrothermal crystallization of zeolites from basic media, hydroxide ions (OH")
catalyse the depolymerization of the aluminosilicate gel by breaking the Si/Al-O-Si/Al
bonds and catalyse the polymerization of the aluminosilicate anions around the

hydrated cation species by remaking the Si/Al-O-Si/Al bonds.

4.5.1.1 Saturation of Crystal Growth

Crystallinity analyses through XRD patterns indicate that crystal growth reaches
a saturation value after 240 min. reaction time, when 80 pl of precursor suspension of
M1 molar formula used in TPA — Silicalite-1 synthesis for laser-assisted method. The
yield (wt. %) values also support the results of crystallinity analyses on saturation of
growth. Particle size distribution analyses were performed for the samples synthesized
with 240 minutes and longer reaction times. The average crystal sizes were found to be
427.1 + 34.1, 432.7 £ 39.1, 404.8 + 36.5, 445.8 £ 34.4 (mean = SD, N=109) for 240
min., 260 min., 280 min., and 300 min. reaction times. Similar average particle size (~

430 nm) values showed that crystal growth reached saturation.
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Figure 34. SEM image (a) and particle size distribution analysis (b) of TPA — Silcalite-
1 synthesized via the laser-assisted method with 240 minutes reaction time; SEM image
(c) and particle size distribution analysis (d) of TPA — Silcalite-1 synthesized via the

laser-assisted method with 300 minutes reaction time.

45.2 Attenuated Total Reflectance — Fourier-transform Infrared
Spectroscopy Analysis

As discussed in chapter 4.5.1, the crystallinity of the sample synthesized via
laser-assisted method could be calculated from XRD patterns after reaction times of 70
minutes since it can be collected by centrifugation after this reaction time as the color
of the suspension changes from transparent to milky white (Figure 31). To examine the
nucleation period before the reaction time of 70 min. (i.e., where first zeolite crystal
growth starts), Attenuated Total Reflectance — Fourier-transform Infrared Spectroscopy

analysis was conducted.
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The characteristic vibration of Silicalite-1 occurs at 540 — 550 cm™ on the IR
band, corresponding to double five-membered ring.5%%2-%4 In the full IR spectrum of
Silicalite-1, the peak around 470 cm™ is associated to typical Si — O — Si bending, and
the intensity ratio of 550 cm™ peak to 470 cm™ is used to determine the crystallinity of
the powder sample.®®%% Attenuated Total Reflection technique enables the
determination of IR spectrum for solid samples dispersed in a liquid medium. The liquid
sample is dropped on a diamond tip, the IR light is reflected at the liquid—diamond
interfaces, and an evanescent field is formed. Through the evanescent field, light can
interact with samples at the interface, and absorption measurement can be made. It has
been recently reviewed that, ATR — FTIR is a promising tool to study especially
heterogeneous catalysts in water.% Travelling pathway of IR light in water medium is
minimized and measurement takes place at the liquid solution — solid tip interface.

The IR spectra of TPA — Silicalite-1 samples synthesized via laser-assisted
method have been measured through ATR — FTIR. Figure 34 (a) illustrates IR spectra
of amorphous SiO> (Stober Silica), Silicalite-1 dispersed in water, and powder
Silicalite-1 between 400-1350 cm™. The absorption bands at ~1200 and 550 cm™ are
not observed for amorphous SiO> (Stober Silica) since they are associated with
Silicalite-1 zeolite. Same absorption bands with the addition at ~900 cm™ are observed
for fully crystalline TPA-Silicalite-1 sample synthesized via the laser-assisted method

(Figure 35b). The additional absorption band is associated with TPA.%*%
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Figure 35. (a) The IR spectra of Stober Silica (amorphous), Silicalite-1 dispersed in
water and in powder forms, adapted from ref ®7; (b) IR spectrum of TPA - Silicalite-1

synthesized via the laser-assisted method with 240 minutes reaction time in the current

thesis.

Most striking differences in absorption bands of amorphous silica and Silicalite-

1 are observed at ~1200 and 550 cm™. In the IR spectra of TPA — Silicalite-1 samples
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synthesized via the laser-assisted method with different reaction times, no distinct
absorption peaks are observed at ~1200 and 550 cm™ for the samples with reaction
times less than 70 minutes, and distinct peaks appear for the sample with 70 min. or
longer laser treatments (Figure 35). As shown in chapter 4.5.1 in Figures 31 and 32, the
color change of transparent precursor suspension into light milky white, and subsequent
powder material collection through centrifugation was attributed to the first zeolite
crystal growth. A similar phenomenon was observed in ATR-FTIR analyses of the
samples as the appearance of absorption bands associated with Silicalite-1 zeolite starts
after 70 minutes of laser treatment (for 80 ul of precursor suspension with M1 molar
formula). In the IR spectra of the samples synthesized with less than 70 minutes of laser
treatment, absorption bands associated with Silicalite-1 zeolite at ~ 550 cm™ and ~ 1200
cm® regions are missing (Figure 35). Besides, a wide shoulder appears between 500 —
800 cm! regions and disappears when zeolite crystal growth starts after reaction times

of 70 min. and more.
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Figure 36. IR spectra of TPA — Silicalite-1 samples synthesized via the laser-assisted
method with reaction times of 40, 70, 90, 240 minutes. Since zeolite growth did not
start for the sample with 40 minutes of laser treatment, characteristic absorption bands
at 550 and 1220 cm-1 are absent.

Computational studies by Lesthaeghe et al. suggest that in the very beginning
of mixing of TEOS — TPAOH couple (which are source chemicals used in TPA —
Silicalite-1 synthesis), single five-membered rings form and they have absorption band
at ~ 650 cm™.%* As nucleation proceeds and more condensed Silica oligomers form,
new absorption bands should appear according to a computational study by Lesthaeghe
et al. (Figure 37).°* Until growth starts, condensed Silica and MFI precursor units are
dominant within the suspension. It explains the shoulder observed in the IR bands of
samples synthesized via the laser-assisted method with less than 70 minutes. The

diminished shoulder in between 500 — 800 cm™ regions indicates that, as reaction
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proceeds, the condensed units formed in the transition are converted into zeolite crystals

in time (Figure 36).
full MFI structure linear growth MFI precursors condensed units loosely connected 5SMR
2D slab 1D channel 10T (2x5) O 5T
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structured MFI fingerprint transition area: both bands present

Figure 37. Different building units that are present in nano growth of Silicalite-1 and
their corresponding shift in IR band. Adapted from ref 9.

Peak deconvolution was applied to the FTIR spectra of the samples synthesized

with less than 70 minutes of laser treatment to investigate the region between 500 — 840
Lin the IR band further (i.e., the wide shoulder). Figure 38 shows the applied
deconvolutions for IR bands of the samples synthesized with 0, 20, 40, 60, and 70
minutes of laser treatment. It was observed that as laser reaction proceeds and more
condensed units were formed, the deconvoluted peak appearing firstly at absorption
band of ~ 570 cm™ (20 min. sample), shifts to lower wavenumbers and finally appears
as a peak at ~ 550 cm™ after 70 minutes of laser treatment (Figure 38 and Table 14).

This result is in agreement with the computational study by Lesthaeghe et al.
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Figure 38. IR spectra of reaction mixtures with different laser treatment times between
480 — 840 cm™ region. The shoulder appearing in full IR spectra of the samples

analyzed and deconvoluted.
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The shift observed in the deconvoluted characteristic IR band of the samples
synthesized with less than 70 minutes of laser treatment time could be used as an
alternative method for crystallinity calculation. The shift of characteristic absorption
band for each sample may be assigned to degree of crystallinity by taking characteristic
absorption band of 240 min sample (538.64 cm™) as the end of crystallization (since
XRD pattern analyses suggest so) and 570 cm™ as the start of the crystallization (since
a study by Lesthaeghe et al. suggests so). For example, if the Ashirt = 570 — 566.20 =
3.80, Ashift / (570 —538.64) = 3.80 / 31.36 = 0.15. The samples with no and 20 minutes
of laser treatment have crystallinity of zero, and this period can be assigned to the
nucleation period of the crystallization and it proceeds between 20 and 70 minutes. The

crystallinities according to FTIR spectra and XRD patterns are given in the table below.

Table 14. FTIR and XRD crystallinities for the samples analyzed through ATR-FTIR.

FTIR crystallinities were calculated and adjusted to XRD crystallinities.

Reaction Time  Absorption Band FTIR Crystallinity XRD Crystallinity
(min) (cm™) (%) (%)
0 - 0 -
20 574.99 0 -
40 566.20 12 -
60 564.36 18 -
70 551.23 60 48
90 544.05 82 55
120 543.32 85 62
240 538.64 100 100
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45.3 Transmission Electron Microscopy

To gain insight into the growth kinetics of TPA — Silicalite-1 synthesized via the
laser-assisted method, samples with different laser treatment durations were analyzed
through TEM. As explained in previous sections, the sample with 70 minutes of
reaction time (when 80 pl precursor suspension of M1 molar formula was used) was
investigated since the first color change is observed at that reaction time (Figure 31). A
distinct difference in morphologies of crystals synthesized with reaction times of 300
minutes (fully crystalline) and 70 minutes can be seen from Figure 39-a and Figure 39-
b, -c, -d, respectively. The surface of the 300-min-sample is smooth and sharp while
surfaces of crystals synthesized with 70 minutes of reaction time are rough. As known
from the literature, a smooth crystal surface is attributed to fully crystalline samples.'8¢8

From SEM images of samples with different reaction times, it was observed that
nanosized particles around crystals disappeared gradually as laser treatment time
increases, and they are consumed completely after a reaction time of 180 minutes
(Figure 32). Nanosized particles around crystals observed in SEM images of 70-min-
sample (Figure 32-a) were investigated through TEM analysis to reveal the growth
process. Figure 39 (c) shows their appearance. Contrast differences in bright field (BF)
and dark field (DF) TEM images are due to variations in intensities of diffraction
planes, i.e. crystalline parts appear as bright in DF and vice versa.*® The DF TEM image
of the 70-min-sample indicates nanosized particles seen around crystals are also
crystalline (Figure 39 f). The analysis suggests that the nonclassical pathway of growth
mechanism (Figure 30) is dominant, i.e. aggregate attachment on the crystal surface

leads to bigger fully crystalline zeolites.
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Figure 39. TEM images of samples synthesized via the laser-assisted method with (a)
reaction time of 300 min; (b), (c) reaction time of 70 min; (d) HR-TEM image of sample
synthesized via the laser-assisted method with a reaction time of 70 min; (e) bright-
field (BF) and (f) dark field (DF) images of the same spot for 70 min-sample.
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45.4 Avrami - Erofeev Equation and Crystallization Process

Growth and nucleation mechanism of TPA — Silicalite-1 zeolite synthesized via
laser-assisted method investigated through Avrami - Erofeev equation. The formation
of zeolite crystals from source chemicals is described in Figure 40. The induction time
covers relaxation, nucleation, and growth stages of the crystallization process and is
defined as the elapsed time between the saturation of solution with source nuclei and
observation of first crystals.®® The induction time is divided into three periods: t; is the
relaxation time, required for the systems to achieve a quasi-steady-state distribution of
molecular clusters; t, is the time required for the formation of a nucleus, and tg is the
time required for the nucleus to grow to a detectable size, then induction time is tj = t;
+ tn + t3.%° From observations and analyses (XRD, FTIR, TEM), induction time was
found to be 70 minutes for the laser-assisted reaction of 80 ul precursor suspension with
M1 molar formula. As the color of suspension starts to change (i.e., light milky white),

the crystal growth period begins and lasts until saturation.
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Figure 40. Schematic representation of the nucleation and crystal growth processes

and the supersaturation of the system in zeolite synthesis. Adapted from ref %,
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The linear portion of the crystal growth curve is analyzed through Avrami -
Erofeev equation.®® Two points from the linear portion of the crystallization curve
(Figure 33) were selected and their crystallinity values were used in the equation. Then,
to find n, Avrami — Eroffev equation is solved:

a=1-—exp(—k-t") 2
where a is the crystallinity percentage, t is time, K is rate constant, and n is Avrami

index. Rearranging this equation to find constants:

exp(—k-t")=1—-a«a

1
exp(k - t") = 1_a

Then natural logarithm of both sides taken twice:

k-t"=-In(1-a)

In(k) + n-In(t) = In(—In(1 — a))

For reaction time and crystallinity, values from Table 13 are used for the
determination of the n — Avrami index. The crystallinity values chosen for this purpose

are 90 min sample (a = 55%) and 180 min sample (o = 78%).

n - (In(180) — In(90)) = In(~=In(1 — 0.78)) — In(=In(1 — 0.55))
n-(5.193 — 4.500) = 0.415 + 0.225
n-0.693 = 0.64

n=20.93
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The Avrami index is called also as geometric factor since it represents number
of mechanism and dimensionality of the growth stage.®®!%11%2 The index can be
expressed as summation of two other integer indices representing both the mechanism
and the dimensionality of growth. Since value of n is the summation of two other
integers, i.e. the calculated value of 0.93 should be rounded to the closest integer which
is 1.99101102 For simplicity, the index representing mechanism of growth is denoted as
n1 while dimensionality of growth is denoted as n,. The value of n; may be zero or 1
according to the formation of nuclei cores. If the nuclei cores form within the solution
during the growth as well, the value of is 1. Otherwise, if nuclei formation ceases during
growth, which is the case in zeolite synthesis, the nuclei cores form during the aging
step prior to the growth, then ni1 equals zero. The value of nz should be one of the
integers of 1, 2, 3 or 4, indicating the formation model of a zeolite crystal which can be
linear (one dimensional), surface (two dimensional) or three-dimensional.®®% In the
case of laser-assisted synthesis of TPA — Silicalite-1, the value of n; equals 1 which
indicates linear growth of zeolites on the crystal surface. This result is complementary
to observations through TEM analyses (Figure 39).

The growth part of TPA — Silicalite-1 zeolite is analyzed from XRD powder
pattern crystallinity calculation for years. However, analyzing the nucleation part of the
crystallization process through XRD is not straightforward because the size of the
synthesized clusters in the nucleation stage cannot be detected and collected readily. In
the current thesis, the growth stage (i.e., between reaction times of 70 min. — 240 min.)
was analyzed based on crystallinity calculations using XRD powder patterns. For the
nucleation stage (i.e., between reaction times of 20 min. - 70 min.), the shift of the
characteristic absorption band in the IR spectrum (see section 4.5.2) is transcribed into

the nucleation period of the crystal growth.
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4.6 Effect of Femtosecond Laser Parameters on Synthesis of TPA — Silicalite-1

The possible effects of different laser parameters along with synthesis
parameters such as reaction time, volume, and type of molar formula of precursor
suspension, are also studied. Average laser power on the sample and repetition rate of
laser pulses altered and their effects on crystallinity, yield, and crystal size were
investigated. For better comparison, 80 ul precursor suspension of M1 molar formula
was used in all trials. Reaction times were set to 3 hours. When the incident laser power
was set to 0.67 W, no powder particle could be obtained and solution color remained
transparent at the end of 3 hours of laser treatment. Table 15 summarizes the results of
laser parameter changes.

The repetition rate of laser pulses was set to 200 kHz for all of the experiments
previously mentioned in the thesis. An increase in repetition rate to 1 MHz (5 times)
led to zeolite crystals with similar average particle sizes for both 0.90 W and 1.12 W
average laser powers (Table 15).

Pulse fluence is the energy delivered per area that is hit by a laser pulse (Fluence
= Pulse Energy / Area). Peak power is the maximum optical power that a laser pulse
would attain. The rise in the repetition rate while keeping average laser power the same,
results in laser pulses with lower energy and hence lower pulse fluence and peak power.
For the current system, change in these two parameters seems not to affect the final
result significantly. The results indicate that a change in laser power affects the result
considerably in terms of yield and average crystal size. For the same reaction times, as
average laser power decreases, the amount of total energy absorbed by reaction

suspension decreases which leads to relatively lower yield (wt. %) and smaller crystals.
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Table 15. Experiments with varying laser parameters and characteristics of the corresponding TPA — Silicalite-1 samples. SD indicates standard

deviation. Sample size (N) for particle size distribution analyses was set to 100.

Exp. Avg. Repetition Molar Reaction Pulse Peak power | Avg. Crystal Yield Energy Absorbed
Code Power Rate Formula Time Fluence (MW) Size £ SD (wt %0) (MJ/moleSiOy)
(W) (kHz) (h) (Jem?) (nm)

C12 1.12 200 M1 3 8.84 18.67 333.8+30.0 69.7 201.7

C56 1.12 1000 M1 3 1.77 3.73 300.6 £ 25.2 60.5 201.7

Ch57 0.90 1000 M1 3 141 3.00 309.0 + 28.0 53.5 161.7

C48 0.90 200 M1 3 7.07 15.00 246.9 £ 27.1 39.6 161.7

C49* 0.67 200 M1 3 5.31 11.33 - - 120.0

* Initial transparent color of the suspension did not change at the end of 3 hours of reaction time. Powder sample could not be collected for

further analysis
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4.7 Femtosecond Laser-assisted Syntheses of Template-free Nanosized Zeolite Y
and Mesoporogen-free Hierarchical ZSM-5

4.7.1 Nanosized Zeolite Y

The new laser-assisted synthesis method of zeolites has been tested on template-
free nanosized zeolite Y as well. The molar formula and synthesis procedure were
obtained from the reference 103.1% Prepared transparent precursor suspension was
used both for hydrothermal and laser-assisted syntheses. The first color change for the
laser-assisted synthesis was observed after 20 minutes of laser treatment when 400 pl
of precursor suspension was used. XRD patterns of both samples are provided in the

figure below.

Laser-assisted

f\ Hydrothermal

Intensity (a.u.)

IZA Reference
JL J___k 1 A e, .
—

5 10 15 20 25 30 35 40 45 50

20 Degrees

Figure 41. XRD patterns of nanosized zeolite Y synthesized via laser-assisted (blue),

hydrothermal (red) methods, and reference pattern (grey) obtained from the IZA web
page.
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The sample synthesized via the laser-assisted method with 30 minutes of
reaction time analyzed through TEM. The average size of the synthesized crystals is
expected to be ~10 nm in size.!®® Therefore, the synthesized crystals were tent to
agglomerate (Figure 42-a). During HR-TEM analyses of the sample, rapid transition
from crystalline into amorphous phase under high voltage of TEM electron beam (200

kV) was observed. HR-TEM image in Figure 42-b shows lattice fringes indicating the

crystalline phase of the zeolite just before this transition.

20'nm & Al
———ly b P05 aid

Figure 42. (a) TEM and (b) HR-TEM images of nanosized zeolite Y synthesized via
the laser-assisted method. Analysis was performed for the sample with 30 minutes of

reaction time.

Crystallinity (%) and yield (wt. %) values were determined for the zeolite Y
sample synthesized via the laser-assisted method with 1.5 hours reaction time and
compared to the sample synthesized via the hydrothermal method with a reaction time
of 45 hours. Crystallinities calculated from XRD patterns for the peaks corresponding
to characteristic planes of zeolite Y structure, which are at 6.28, 15.78, 24.0, 26.88,
31.14 20 degrees.!41% From calculations, the sample synthesized via laser-assisted
method appears to be more crystalline, so its crystallinity is taken as 100%. The yield
(wt. %) values were calculated by dividing the weight of the final product (after
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subtracting zeolitic water determined through TGA) by the weight of the initial SiO>
and Al2Os3. TGA graphs for zeolite Y synthesized via laser-assisted and hydrothermal

methods are provided in Appendix D.

Table 16. Comparison of nanosized zeolite Y samples synthesized via laser-assisted
and hydrothermal methods. The laser-assisted sample is taken as a reference in
crystallinity calculation. Yield values were calculated after subtracting zeolitic water

content (found through TGA) from weighed amounts.

Synthesis Method Reaction Time Crystallinity Yield
(h) (%) (wt. %)

Hydrothermal 45 77 21.05

Laser-assisted 15 100 56.86

4.7.2 Hierarchical Mesoporogen-free ZSM-5

Another trial for testing the new synthesis method was the synthesis of
hierarchical ZSM-5 zeolite. The method proposed by Zhu et al.%® was adapted to obtain
hierarchical ZSM-5 by using a femtosecond laser (Figure 43). A two-step procedure
was applied to obtain hierarchical structures. In the first step, the amount of water in
the initial precursor was limited to a certain amount to hinder ZSM-5 crystal growth
(i.e., sub-nanocrystal size <50 nm). As known from the literature, when the same molar
formulas are used decreased water amount hinders crystal growth.®* In the second step,
additional water is added and assembly of sub-nanocrystals was achieved by applying

hydrothermal and laser-assisted synthesis methods.
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Figure 43. SEM (A) and TEM (B) images of hierarchical nanosized zeolite assemblies
synthesized by aging the precursor at 100 °C for 48 h followed by hydrothermal

treatments at 150 °C for 24 h without using any template.®

As a control experiment, the same precursor suspension was used to synthesize
hierarchical zeolites by applying the hydrothermal method in our laboratory as well.
SEM images of the structures show that there is no morphological difference between
the crystals synthesized by the conventional hydrothermal method (Figure 44 - top) and
the laser-assisted method (Figure 44 - bottom). The average crystal sizes were around
~ 300 - 600 nm. The morphology of the structures (SEM images) suggests that assembly
of sub-nanocrystals was achieved after hydrothermal and laser-assisted syntheses.
Intermesoporosity was achieved in between sub-nanocrystals without using any
mesoporogen. However, it was shown that in the literature,® hierarchical porous ZSM-
5 zeolites showed noticeably higher catalytic activity in the chemoselective
esterification between itaconic acid and n-butyl alcohol than traditional ZSM-5 zeolites

(i.e., microporous) and other homogeneous catalysts. 5
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Figure 44. SEM images of hierarchical zeolites obtained by no template (mesoporogen)
method (different magnification), (top) conventional hydrothermal method at 150 °C

for 24 h, and (bottom) laser-assisted method (reaction time = 5h).

TEM images of the hierarchical zeolites obtained by applying the no template
method show that each ~ 300 - 600 nm crystal has sub-nanocrystals aggregated on top
of each other (Figure 45). Sub-nanocrystal aggregation can be seen clearly from the

contrast difference (Figure 45 top left).



The selected area electron diffraction (SAED) patterns of the hierarchical
zeolites obtained by applying the no template method suggest the polycrystalline nature
of the structures (i.e., rings and bright diffraction spots) (Figure 45 and 46 top right).
Moreover, lattice fringes were observed in HR-TEM images of the structures showing

crystallinity of the structure.

Figure 45. TEM images and SAED pattern of hierarchical zeolites obtained by

applying the no template (mesoporogen) method (laser-assisted synthesis).
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Figure 46. TEM images and SAED pattern of hierarchical zeolites obtained by

applying the no template (mesoporogen) method (hydrothermal synthesis).

XRD patterns of the samples proved that the synthesized structures were ZSM-
5 zeolites (MFI framework type zeolite) (Figure 47). Because the hierarchical ZSM-5
crystals were synthesized by assembly of sub-nanocrystals, their morphologies were
not as sharp as traditional crystals. To examine it further, the precursors aged at 100 °C
for 1 day and 2 days were characterized as well. As explained in the method part in
detail, before hydrothermal and laser syntheses, the precursor suspension was placed in
an oil bath to stir at 100 °C for 44h. The amount of water in the initial precursor was
limited to a certain amount to hinder ZSM-5 crystal growth (i.e., sub-nanocrystal size
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< 50 nm). XRD patterns of the precursors aged at 100 °C for 1 day and 2 days show
highly crystalline features as shown in HR-TEM images as well (Figures 45 and 46).
However, SEM images of the precursor suspensions proved that assembly of the sub-
nanocrystals was obtained only after laser-assisted and hydrothermal syntheses (Figure

48).
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Figure 47. XRD patterns of precursor and hierarchical zeolites by applying the no
template (mesoporogen) method. At the bottom, the ZSM-5 reference pattern of the

International Zeolite Association (1ZA) can be found.
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Figure 48. SEM images of centrifuged and dried powder precursor (top) aged 1-day
and (bottom) aged 2-days at 100 °C in an oil bath.
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Table 17 shows a summary of peak analyses of laser-assisted and hydrothermal
syntheses (Figure 49 and 50). A slight shift (~ 0.05) in 2 theta degrees is due to
measurement errors (e.g, slight height difference of the powder sample) although 3 mg
powder samples were weighed in the balance before XRD measurements. The
crystallinity of the sample synthesized via laser-assisted method relative to the
reference sample (i.e., synthesized by applying the hydrothermal method in our
laboratory) was calculated to be 72 %. The crystallinity of the zeolite is calculated by
dividing the sum of area integrated of characteristic peaks in XRD patterns for laser-

assisted synthesis to the sum of area integrated of hydrothermal synthesis (reference).

Table 17. Peak analyses of hierarchical zeolites obtained by applying the no template

(mesoporogen) method. (260 = 2 Theta degrees, FWHM = full width half maximum).

20 FWHM Area Integrated (%o)
Laser-assisted Hydrothermal | Laser-assisted Hydrothermal
23.17 0.22 0.22 48.84 46.07
23.35 0.15 0.15 18.97 17.87
23.78 0.20 0.18 8.44 9.24
24.00 0.15 0.17 14.07 16.26
24.47 0.17 0.17 9.69 10.55

104



Peak Analysis

BaseLine:Constant
Chi*2=1.07813E+004 Ad. R-Square=9.94501E-001 # of Data Points=231
55=231799E+006 Degree of Freedom=215
6.0x10% .
S 4.0x10% -
o
i
2
[ak]
=
2.0x10% .
0.0 H o -
T T T T
22 23 24 25
2Theta Degrees
Fiting Results
Peak Index | PeakType |  Arealntg | FWHM | MaxHeight | CenterGrdy | ArealntgP
1 Gaussian 1263.42526 0.21746 54581317 23 16683 4853468
2 Gaussian 480 80242 0.15454 2883 63425 23 35358 18 9708
3 Gaussian 218.38114 0.2025 1013.1178 23 78474 B.441
4 Gaussian 3639578 0.15083 2285 40252 240044 14 06792
5 Gaussian 250.58061 0.16588 141817689 24 47278 9 6656

Figure 49. XRD peak analysis of hierarchical zeolite obtained by applying no template

method (laser-assisted synthesis, calcined sample).
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Peak Analysis

BaseLine:Constant

Chi*2=180596E+004 Adj. R-3quare=0 94565E-001 # of Data Points=231
S5=388281E+006 Degree of Freedom=215
8.0x10% 4 -
S 6.0x10° .
=
= |
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C 4.00610° o .
&
£
2 0x10% - .
0.0 = o -
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22 23 24 25
L 2 Theta Degrees
Fiting Results 9
Peak Index | Peak Type Arealntg | FWHM | MaxHeight CenterGrity | AreaIntgP
1 Gaussian 1664, 88127 021814 T169.96137 23.08752 46.07165
2 Gaussian 545 23934 0.15082 £023.0273 2330317 17.87346
3 Gaussian 333.85975 017986 1743.83119 2373258 523878
4 Gaussian £87.71291 0.16527 3340.78315 2393744 16.26356
g Gaussian 381.33511 017324 206786132 24 41472 10.55255

Figure 50. XRD peak analysis of hierarchical zeolite obtained by applying no template

method (hydrothermal synthesis, calcined sample).

Characterizations of the template-free zeolite Y and mesoporogen-free
hierarchical ZSM-5 showed that laser-assisted synthesis is applicable for the synthesis

of other types of zeolites as well.
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CHAPTER 5

CONCLUSION and FURTHER SUGGESTIONS

This thesis reports a novel synthesis mechanism of zeolites through
femtosecond laser pulses. The interaction of ultrafast laser pulses with an optically
transparent fluidic medium introduced by S. llday et.al®®5! applied to the precursor
suspensions used in the syntheses of TPA — Silicalite-1, nanosized microporous zeolite
Y and hierarchical template-free ZSM-5. All these zeolites have been synthesized
within much shorter time scales compared to the hydrothermal synthesis method. In
general, reaction times are reduced from days to several hours.

The energy delivered by ultrafast laser pulses is absorbed by the precursor
suspension used for zeolite synthesis, in the glass - liquid interface of the proposed
reaction setup which is designed in the scope of this thesis. The ultrafast laser pulses
drive the system to far from equilibrium through spatiotemporal gradient. The
appropriate environment for zeolite synthesis, such as local high temperature and local
high pressure (shock waves) is achieved. Each pulse delivers a precise amount of
energy, which some portion of it is absorbed by the precursor suspension and spent for
the formation of zeolite building blocks. The clusters formed by each laser pulse are
distributed evenly to the full volume of the reaction suspension by the laser-induced
flows and this phenomena reduces the induction period in zeolite synthesis
significantly. The size distribution profile of zeolite crystals synthesized via the laser-
assisted method is much uniform compared to conventional synthesis methods such as

hydrothermal, microwave etc.
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The synthesized TPA — Silicalite-1 zeolites are characterized through several
characterization techniques. XRD powder patterns, SEM, HR-TEM images were
obtained and compared to the same zeolites synthesized via the hydrothermal method.
Striking advantages of the laser-assisted method are shortened reaction time (from 24
hours to ~5 hours), much uniform particle size distribution, and higher crystallinity
relative to the sample synthesized via the hydrothermal method. BET analyses showed
that available surface area for adsorption and pore size distribution values are similar
to the sample synthesized via the hydrothermal method. For all characterization studies
of TPA — Silicalite-1 synthesized via the laser-assisted method, results compared to
literature examples of the same zeolite synthesized via hydrothermal method. The first
observation from the comparison was an increase in the average particle size for the
laser-assisted method when the same molar formulas were employed. Different molar
formulas were used for the laser-assisted synthesis method to decrease average particle
size and a similar phenomenon was observed; while average particle size decreased,
particle sizes were bigger compared to the hydrothermal method. The second striking
observation was the uniformity of synthesized particles in terms of size. Even
synthesized particles are bigger for the laser-assisted method, they are much uniform in
size compared to samples via the hydrothermal method. Scale-up trials for TPA —
Silicalite-1 showed that if there is no linear correlation between the volume of precursor
suspension and necessary reaction time to obtain zeolite with similar properties, i.e. if
volume increased 5 times, reaction time increase ~2 times. For the next step of scale-
up of the laser-assisted synthesis, multiple laser beams can be directed to several
reaction bottles with the use of proper equipment. Crystallization kinetics of TPA —
Silicalite-1 synthesized via laser-assisted method has been examined through XRD

(crystallinity), HR-TEM and ATR-FTIR analyses, and Avrami index calculations. The

108



overall characterizations suggest that, in the growth stage, the non-classical pathway of
zeolites, attachment of crystalline nanosized aggregates to crystal surface is dominated.
The nucleation stage was analyzed through ATR-FTIR, where the evolution of zeolite
building blocks starting from primary building units to 3-dimensional channels was
observed.

The main characterization studies have been carried out for TPA — Silicalite-1
zeolite. The hydrothermal syntheses to obtain reference samples for characterization
studies were prepared from same precursor suspensions to synthesize a zeolite via laser-
assisted synthesis method. For comparison purposes, same volumes of precursor
suspensions have been used for both conventional and newly developed methods.
Further comparison in terms of energy efficiency can be done through wall-plug
efficiencies. Lasers have considerably higher wall-plug efficiencies compared to
conventional ovens, since an oven spend great part of the drawn electrical energy to
stay at a desired temperature of the zeolite reaction. Considering also decreased reaction
times through newly developed laser-assisted synthesis method of zeolites, which
decrease reaction times almost in an order of magnitude (from 24 - 48 hours to 3-5
hours), the new method promise high energy efficiency as well.

The new laser-assisted synthesis method of zeolites has been tested on template-
free nanosized template-free zeolite Y and mesoporogen-free hierarchical ZSM-5.
Characterizations of them showed that laser-assisted synthesis is applicable for the
synthesis of other types of zeolites as well.

There is an enormous number of potential applications for the newly developed
laser-assisted method of zeolite synthesis. The precursor suspensions employed for the
synthesis of zeolites in the current thesis were transparent to ensure multiphoton

absorption. So, a greater number of transparent precursor suspensions can be employed
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for the laser-assisted synthesis of other types of zeolites including the ones with high
industrial importance. The precision assured by the laser pulses can be implemented on
kinetic studies of other kind of zeolites. The developed method was successfully applied
to the synthesis of template free zeolite Y, which demonstrated the potential of the laser-

assisted method to be used in green zeolite syntheses.
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Appendices

Appendix A - Molarity and mass compositions for M2 and M3 molar formulas.
Batch Composition of M2 Molar Formula
25 Si0O2: 9 TPAOH: 480 H,0O: 100 EtOH

Table Al. Molar composition of reagents necessary to form TPA-Silicalite-1 zeolite

synthesis (M2 molar formula).

25 SiO; 9 TPAOH | 480 H;0
25 TEOS =l
9 (TPAOH - 44.92 H20) 0 _% TTFF)Q%'; ‘fig fﬁg
- o | Bn
0

Table A2. Mass composition of reagents necessary to form TPA-Silicalite-1 zeolite
precursor suspension (M2 molar formula).

Compound | # of FW Mass 2 Solution Volume ® | Volume

formula | moles | (g/mol) (9) density (ml) (%)
(g/ml)

TEOS 25 208.33 | 5208.25 0.94 5540.7 34.84
(TPAOH - c

44.92 H20) 9 1011.92 | 9107.28 1.012 8999.29 56.59

8.57

H20 75.72 18 1362.96 1 1362.96

2 Mass = Number of moles x FW
®\olume = Mass / density
¢ Solution density of 1M TPAOH
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Table A3. Molarities of compounds in precursor solution for M2 molar formula.

Molarity
Compound Number of MW (g/mol) | Mass (g) @ (mol/l
formula moles - \b
solution)
SiO2 25 208.33 5208.25 1.57
TPAOH 9 203.36 1830.24 0.57
HO | T2 g 26100 30.2

aMass = Number of moles x MW
b Molarity = mole / liter of solution. The total volume of the solution is 15902.95 ml (Table A2).

Batch Composition of M3 Molar Formula

Table A4. Mole composition of reagents necessary to form TPA-Silicalite-1 zeolite

25 Si0O2: 9 TPAOH: 411 H,0O: 100 EtOH

synthesis mixture (M3 molar formula).

255i0; | 9TPAOH |411H,0
25 mol
25 TEOS S
9 (TPAOH - 44.92 H;0) 0 STPAOH | 411 Heo
6.72 Hz0 0 s
0
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Table A5. Mass composition of reagents necessary to form TPA-Silicalite-1 zeolite

precursor suspension (M3 molar formula).

Solution

Compound | # of FW Mass 2 density Volume ® | Volume
0]
formula | moles | (g/mol) (0) (g/ml) (ml) (%)
TEOS 25 208.33 | 5208.25 0.94 5540.7 37.79
(TPAOH - :
44.92 H20) 9 1011.92 | 9107.28 1.012 8999.29 61.38
H.0 | 672 | 18 | 120.96 1 12096 | 08

@Mass = Number of moles x FW

®\olume = Mass / density
¢ Solution density of 1M TPAOH

Table A6. Molarities of compounds in precursor solution for M3 molar formula.

Molarity
Compound Number of MW Mass (g) ? (mol/l
formula moles (g/mol) S b
solution)
SiO2 25 208.33 5208.25 1.71
TPAOH 9 203.36 1830.24 0.61
H20 o.rat 0428 18 7398 28.03

@ Mass = Number of moles x MW

®Molarity = mole / liter of solution. The total volume of the solution is 14660.95 ml (Table A5).
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Appendix B - Energy loss and absorption measurements to determine the portion of
average laser power absorbed by precursor suspension for TPA — Silicalite-1 synthesis

via the laser-assisted method

Glass vial 15t wall Glass vial 2" wall
Glass insert 15t wall Glass insert 2" wall
Air Air Precursor Solution Air Air
Laser Beam
Power meter

Figure B1. Schematic description of traveling laser beam through zeolite reaction
bottle.

For such a system, power losses due to interfaces which beam passes through
are calculated. To consider losses due to each interface, three different measurements
were carried out. For all measurements, average laser power has been set to 5.3 W. This
power value was measured at a point just before the laser beam hits the first wall of the
glass vial (or glass insert for the second and third measurements). Then second power
measurement was made just after the beam leaving second wall of the glass vial (or
glass insert for the second and third measurements). For a system as described in Figure

B1, unknowns are:
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T, T T, Ts o _'[4 _______ '[2 ______
r T H H I
I 1 I 1 !
I 1 | 1 :
| | ] 1
:Alr Gl.ass Ai?r-—» .GIass Precu.rsor‘_’ thss “—"F\ﬁ" Glass Alr:
| vial | ms}ert Solution ingert ; vial I
I I !
I | : : !
I | | 1 |
b e e e e e e [ l______ R e e e 2 !

T1 — (or T, they are identical) is the transmittance of light when passing from Air —
Glass vial — Air interfaces; Tz — (or Ty, they are identical) is the transmittance of light
when passing from Air — Glass insert interface; Ts — (or Ts, they are identical) is the
transmittance of light when passing from Glass insert — Precursor Solution interface;
A — absorbed portion of laser light by 1% wall of glass insert; A, — absorbed portion of

laser light by precursor suspension.

First measurement (to find Ta)

In the first measurement, a glass vial with no insert and no precursor solution was

placed and power loss was measured (Figure B2).

Glass vial

Incoming Laser beam Laser beam leaving

Powermeter

Power of Incoming beam - P(avg)=5.3 W Power of leaving beam - P(avg)=4.51 W

Figure B2. Schematic description of 1%t measurement setup.

The recording of the power meter indicates that transmittance (T) for the 1%
measurement is:
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451 W
T =

Ay 0.851

Having a look at the travel path of the laser beam, we will see two identical
sources of power loss which are Air — Glass vial — Air interfaces, | will denote them as

Tiand T, where T1 = Ta:

Then T1 (or T) is found as:

5.3 « (T,) - (T,) = 4.51

4,51
T1 = T3 = v0.851 = 0.922

So, the loss due to Air — Glass vial — Air interfaces is 0.078 or 7.8%.

Second measurement (to find T3 and Al)

For the second measurement, an empty glass insert with no precursor solution was

placed in front of the beam (Figure B3).
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Glass insert

Incoming Laser beam .
Laser beam leaving

Powermeter

Power of Incoming beam - P(avg)=5.3 W Power of leaving beam - P(avg)=1.8 W

Figure B3. Schematic description of 2"! measurement setup.

The recording of the power meter indicates that transmittance (T) for the 2"

measurement is:

Having a look at the travel path of the laser beam, we will see four identical
sources of power loss which are Air — Glass insert interfaces. Transmittance from Air

— Glass insert is denoted as Ts.

T T LE! T5
I======= B I I=—-=-===-== I
: Air «— _Gléss +—> Alr «— .Gl?ss «— Air :
| Insert Ingert :
e e —— R a

To find T3, the Fresnel equation is used. Glass insert is made of chromatographic
glass with a refractive index of 1.5 and refractive index of air is 1. Then reflectance of
Air — Glass insert interface can be calculated from Fresnel’s equation, assuming the
angle of incidence to be 0, reflectance (R) equals:

ny —ny|?

n, +n,
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= 0.04

R_|1.5—12
T 15+1

Since R, Reflectance is equal to 1 — Transmittance, T3 equals 0.96. However,
when putting this value and check the results of 2" measurement, they don’t comply
with each other. If the power loss was due to reflectance of optical media, measured

power would be:

5.3W 'T3'T3'T3'T3=4.5W

Measured power is 1.8 W. So, there is the absorption of laser light by glass

insert. Including absorption by Glass insert into the calculation:

A
T3 I""‘-‘. T3 T3 T3
|m—————=- M= =q---==- |-——-——-=-=--- I
| Air «— _GI%SS «— Alr «— .GI?SS Air |
I |nSFrt ingert :
. A N e e e e e oo J

A =06

So, the glass insert absorbs 60% of incident laser power and transmits only 40%.

Third measurement (to find Ts and Az)

This time, precursor solution to obtain zeolite was filled to glass insert, which is

then irradiated by laser (Figure B4). Please note that incident power on the glass insert
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was set to 5.3 W again, as it was the same for previous measurements. The measurement

setup is provided below:

Precursor Solution

Glassinsert——
Powermeter

Incoming Laser beam &)

Laser beam leaving

When less vigorous bubbles observed:

Power of Incoming beam - P(avg)=5.3 W Power of leaving beam - P(avg)= 0.6 W

Figure B4. Schematic description of 3@ measurement setup.

From previous measurements, values of T1 (T2), Tz (Ts) and Ay are known.
Unknowns left are TS5 (T6) and A2, which are transmittance from Glass insert —

Precursor Solution interface and Absorption by precursor solution.

A

. _ A LEVI ,__T_s__,__®__.--@.--.__T_a__, _____ T .

I I I 1 |
I 1 | 1 !
I I I 1 :
| I I 1

:Air GI_ass Ai}r _Glass Precgrsor Qlass pir Glass Air,
, vial \ ms}ert Solupon ingert . vial |
| [ [ ' !
| I [ I 1 !
! I [ 1 !
Lo e e e e m e Lo e e o S NS S L !

The average power of incident laser light is 5.3W. Until the beam reaches a
power meter, some part of it is lost due to interfaces, and some part is absorbed by
precursor suspension. To find an absorbed portion of laser power by precursor

suspension, let’s simplify the system to:
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P1 | G

|

|

|

|

|
Glass Precursor Glalss

. —

insert Solution ms?rt

Where P: is average laser power just before glass insert — precursor solution
interface, and P2 is average laser power just after precursor solution — glass insert

interface. So, P1 and P are:

P; =53-0922-096-04=188W

0.6

PpP=—
270.922-0.96

=0.68W

Assuming refractive index of precursor solution similar to water (1.33) and glass
insert to be 1.5, similar to common glass, power loss due to reflectance from glass insert

— precursor solution interface can be calculated:

2

N e L

N n, +n,
_ 1.5—1.332_0004
" 11.5+1.331

So, the portion of laser power that is lost due to the glass insert — precursor
Solution interface is 0.004 (transmittance is 0.996). To find power absorbed by

precursor suspension:
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P2
(P1-0.996) — 0996 = Power absorbed by Precursor Solution

Power absorbed by Precursor Solution = 1.87 — 0.68 = 1.19 W

1.19W
53W

+100% = 22.5%

As a result, 22.5% of the average laser power used on zeolite synthesis is

absorbed by precursor solution.
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Appendix C - Characteristic XRD peak areas of TPA — Silicalite-1 synthesized via the laser-assisted method with varying reaction times.

Table C1. Crystallinity calculations of TPA — Silicalite-1 synthesized via the laser-assisted method. 707ota1, 907otal, 120-, 150-, 180 -,
200-, 220-, 240-, 260-,280- and 300 min indicate independent experiments with different laser treatment times. AVG and PA are the

abbreviations of average and peak area, respectively. The sample synthesized via the hydrothermal method is taken as a reference for
crystallinity calculations.

Peak Bragg Peak Area
No Angle | 20 % | 00vew® | 120 min | 150 min | 180 min | 200 min | 220 min | 240 min | 260 min | 280 min | 300 min
1 222 | 74875 | 68530 | 1087.29 | 953.690 | 1301.59 | 1289.98 | 1365.51 | 1338.91 | 1480.2 | 1438.37 | 1593.28
2 232 | 24727 | 49636 | 19026 | 44913 | 306.89 | 573.89 | 616.39 | 7968 | 57152 | 712.72 | 560.69
3 237 | 12841 | 19069 | 17628 | 197.74 | 216.06 | 253.7 | 296.43 | 29239 | 290.81 | 268.15 | 292.63
4 240 | 24851 | 296.81 | 34312 | 379.88 | 42215 | 499.71 | 5427 | 568.82 | 537.18 | 580.66 | 588.68
5 244 | 28355 | 20938 | 249.12 | 270.68 | 297.97 | 347.61 | 386.37 | 406.25 | 361.61 | 396.25 | 420.08
5
Z PA,s 1656.49 | 1878.54 | 2046.07 | 2251.12 | 2544.66 | 2964.89 | 3207.4 | 3403.17 | 3241.32 | 3396.15 | 3455.36
n=1
Crys(t;');'”'ty 48 55 61 66 75 87 95 99 08 99 100

* - Because the yields of 70 min and 90 min reactions are too low (~ 0.3 mg), to collect enough amount (2 mg), 7 samples mixed per each.
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Appendix D - TGA plots for TPA — Silicalite-1 synthesized via the laser-assisted
method for the batch with M2 (Figure D1) and M3 (Figure D2) molar formulas,
nanosized zeolite Y synthesized via hydrothermal (Figure D3), and laser-assisted
(Figure D4) methods.

1.00 —— M2 molar formula

0.98

0.96

0.94

0.92

Weight Change

0.90

0.88

0.86

100 200 300 400 500 600
Temperature (°C)

Figure D1. TGA plot of TPA — Silicalite-1 zeolite synthesized via the laser-assisted

method for the batch with M2 molar formula.
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1.00 4 —— M3 molar formula

0.98 -
0.96 -
0.94 -

0.92 -

Weight Change

0.90

1 87.8 %
088 b il o N

0.86

100 200 300 400 500 600
Temperature (°C)

Figure D2. TGA plot of TPA — Silicalite-1 zeolite synthesized via the laser-assisted
method for the batch with M3 molar formula.

1.00 —— Hydrothermal
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Figure D3. TGA plot of nanosized zeolite Y synthesized via hydrothermal method.
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1.00

Laser-assisted
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Figure D4. TGA plot of nanosized zeolite Y synthesized via the laser-assisted method
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Appendix E - Energy Dispersive X-ray Spectroscopy (EDS) analysis of Silicalite-1

synthesized via the laser-assisted method

SiK

oK

!

c

L_HL_.._...“_.__._......__... -
2.00

4.00 6.00 8.00 10.00 12.00 keV
Weight % by Element
Filename CK oK SiK
genspc.spe 12.17 46 .21 41 .62

Atomic % by Element

Filename CK 0K SiK

genspc.spc 18.82 53.66 27.52
K-Ratio

Filename CK OK SiK

genspc.spe 0.0204 0.1874 0.3648

Figure E1. Energy Dispersive X-ray Spectroscopy (EDS) analysis for calcined

Silicalite-1 zeolite synthesized via the laser-assisted method.
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