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ABSTRACT

PRODUCTION AND CHARACTERIZATION OF EMULSION
DERIVED POROUS SiOC+TiO, SUBMICRON/NANOSPHERES

The water resources are polluted because of the widespread use of dyes in the
industry, resulting in a major ecological threat. Among the various water treatment
techniques, adsorption and photocatalytic degradation methods are the most preferred
owing to their easy applicability, low cost, and high efficiency. Silicon oxycarbide
(SiOC), which is a type of polymer-derived ceramic, has the potential to be used in harsh
environmental conditions thanks to its strong chemical stability and oxidation resistance,
that being said it can also be used as a photocatalyst substrate. Titanium dioxide (TiO>)
photocatalysts are extensively used for purification of contaminated waters. And also,
TiO> particles are synthesized with various material groups to investigate the adsorption
and photocatalytic effect. In this thesis, initially, submicron/nano SiOC spheres were
produced via an oil in water (o/w) emulsion technique by using parameters such as two
types of preceramic polymer precursors (silicon oil and resin), mixing types (magnetically
and ultrasonically), and different pyrolysis temperature (600-1200 °C). Upon the
formation of submicron/nano SiOC spheres, selected samples were impregnated with a
different molar of titanium oxide precursor solution (Titanium(IV) n-butoxide (TBT))
and calcined at 450 °C for 4 h. Various amounts of (0-5-10-20 wt.%) TiO, containing
submicron/nano SiOC spheres were produced and then characterized in depth by various
techniques. Finally, the effects of pyrolysis temperatures and the amount of TiO2> were
investigated in terms of adsorption and photocatalytic performance against aqueous
cationic dye (methylene blue) (MB) solution. In the adsorption experiments, pure SiOC
submicron/nanospheres (UM1200), pyrolyzed at 1200 °C, showed the best performance
at the end of 24 h in the dark with 64% adsorption. In photocatalytic experiments, samples
obtained by coating the SiOC substrate produced by pyrolysis at 600 °C with different
amounts of TiO2 (UM600T5, UM600T10 and UM600T20) showed 79%, 80%, and 87%

photodegradation efficiency.



OZET

EMULSIYON ILE GOZENEKLI SiOC+TiO,
MIKRONALTI/NANOKURECIKLERIN URETIMI VE
KARAKTERIZASYONU

Boyalarin endustride yaygin olarak kullanilmasi su kaynaklarinda kirlilige neden
olmaktadir ve bu da biiyiik bir ekolojik tehdit olugturmaktadir. Cesitli su aritma teknikleri
arasinda, adsorpsiyon ve fotokatalitik bozunma yontemleri kolay uygulanabilirligi, diisiik
maliyeti ve yiiksek verimliligi sayesinde en ¢ok tercih edilenlerdir. Polimer turevli bir
seramik turd olan silikon oksikarbir (SiOC), gucli kimyasal stabilitesi ve oksidasyon
direnci sayesinde sert ¢cevre kosullarinda kullanilma potansiyeline sahiptir ve bu sayede
bir fotokatalist substrati olarak da kullanilabilecegi sdylenilebilir. Titanyum dioksit
(TiO2) fotokatalistleri, kirli sularin temizlenmesi i¢in yaygin olarak kullanilmaktadir.
Ayrica TiO partikiilleri, adsorpsiyon ve fotokatalitik etkiyi arastirmak icin gesitli
malzeme gruplarn ile sentezlenmektedir. Bu tezde, ilk olarak, micron-alti/nano SiOC
kireler, iki tip onct preseramik polimeri (silikon yagi ve regine), karistirma tipleri
(manyetik ve ultrasonik) ve farkli piroliz sicakliklar1 (600-1200 °C) gibi parametreler
kullanilarak su i¢inde yag (o / w) emilsiyon teknigi ile retilmistir. Mikron-alti/nano
SiOC kdrelerinin elde edilmesi Gzerine se¢ilmis numuneler farkli molaritelerde titanyum
oksit 6nci ¢ozeltisi (Titanyum (1V) n-butoksit (TBT)) ile emdirme islemine ve 450 ° C'de
4 saat kalsinasyona tabi tutulmustur. Cesitli miktarlarda (agirlikca% 0-5-10-20) TiO-
iceren micron-alti/nano SiOC kiireleri tiretilmis ve ¢esitli tekniklerle derinlemesine
karakterize edilmistir. Son olarak, piroliz sicakliklarinin ve TiO2 miktarmin etkisi sulu
katyonik boya (metilen mavisi) (MB) ¢ozeltisine karst adsorpsiyon ve fotokatalitik
performans agisindan aragtirilmistir. Adsorpsiyon deneylerinde, 1200 °C'de pirolize
edilerek uUretilen saf SiOC micron-alti/nanokireleri (UM1200), 24 saat sonunda %64
adsorpsiyon ile en iyi performansi gostermistir. Fotokatalitik deneylerde ise, 600 °C' de
pirolize edilerek Uretilen SiOC substratinin farkli miktarlarda TiO; ile kaplanmasi ile elde
edilen numuneler (UM600T5, UM600T10 ve UM600T20) % 79, % 80 ve % 87

fotodegradasyon verimi gostermislerdir.
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CHAPTER 1

INTRODUCTION

1.1. Motivation

Water is one of the basic needs for all humans to survive and covers approximately
70% of the Earth’s surface. 2 The fact that the majority of all water (97%) is in the
oceans makes only %1 of water in the world possible to be usable by humans.? It is also
known that quality and safe water are necessary for human development and well-being.

Even though the benefits of industrialization are numerous, the development of
industrialization has led to an increase in water pollution.>* Water pollution can be
described as changing the quality of the water by physical, chemical, biological and
radiological pollutants.> ®> Major causes of water pollution are domestic sewage,
population growth, and industrialization.®>. The discharge of wastewater from various
plants such as factories and laboratories to the environment is a serious problem.

According to the World Health Organization (WHO), drinking water resources
are directly damaged due to the improper treatment of industrial and agricultural
wastewater, which brings about a million people’s death every year.®

Increasing environmental pollution problems attract the attention of researchers.
In this context, researchers are trying to solve this problem by producing suitable and
effective materials thanks to developing technologies. So, studies in this field are
increasing every year. It can be seen clearly from data of the web of science search with
the various keywords "wastewater treatment"”, “wastewater recovery”, ‘“wastewater
cleaning”, “polluted water cleaning”, “polluted water recovery”, “polluted water
treatment” and “water pollution” related to materials science and multidisciplinary

sciences are shown in Figure 1.1.
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Figure 1. 1. The number of publications resulting from a web of science search with the
keywords “wastewater treatment”, “wastewater recovery”, ‘“wastewater
cleaning”, “polluted water cleaning”, “polluted water recovery”, “polluted
water treatment” and “water pollution”. Data was extracted from 2000 up to
now and the line represents an exponential growth function fit.

(Source: Web of Science, 2020, May)

1.2. The Structure and Content of the Thesis

The first chapter elaborately addresses the objective of the thesis, waste-water
problems, treatment methods, structure and properties of materials, the literature review
related to silicon oxycarbide (SiOC) micron and submicron spheres, emulsion derived
SiOC structures and adsorption & photocatalytic performance on cationic methylene blue
(MB) dye of these materials.

The detailed experimental procedure of the SIOC+TiO. submicron/nanospheres
production is illustrated in Chapter 2.

The characterization of samples, their adsorption & photocatalytic performance
on methylene blue dye, and the discussions are addressed in Chapter 3.

Finally, the conclusions of the study are given in Chapter 4.



1.3. Dyes

The widespread use of dyes in the industry (in textile, cosmetics, medicine, food,
paper, and paint industries) causes pollution in water, and dyes mixed into water resources
are considered to be a serious threat to ecosystem.” % Approximately 1-20% of the world's
total dye supply is released by textile wastewater as a result of various processes.*

When dyes (either toxic or carcinogenic) mix into the water, they reduce light
penetration and photosynthesis.*? And also, they become more stable and not biodegraded
because of their complex aromatic molecular structures.'® 1 Therefore, removing dyes
from industrial wastewater is a critical issue for the environment.!*

Dyes can be categorized as anionic (acid, direct, and reactive), cationic (basic) and

nonionic dyes (disperse and vat) according to their ionic structure. > 16

1.3.1. Anionic Dyes

Anionic dyes are water-soluble compounds, comprising acid, direct and reactive
dyes. Due to negative ions in the structure, these dyes can be attached to a cationic
(positively charged) substance (wool, silk, and acrylic fibers).® Chemical structures of

some anionic dyes are shown in Figure 1.2.
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Figure 1. 2. The chemical structure of (a) Methyl Orange, (b) Orange G, and (c) Alizarin
Red S anionic dye molecules.
(Sources: Chemicalize, 2020, May; Zhang, W et al., 2018)"18



1.3.2. Non-ionic Dyes

Non-ionic dyes, insoluble in water, have two types which are disperse and vat
dyes.'® Chemical structures of some non-ionic dyes are shown in Figure 1.3.

Nile red p-Nitroaniline Calcein
NH,
¢)
O o) //C:H3
N\ N
O
s o

(a) (b)

Figure 1. 3. The chemical structure of (a) Nile red, (b) p-Nitroaniline, and (c) Calcein
nonionic dye molecules.
(Sources: Chemicalize, 2020, May; Zhang, W et al., 2018)"18

1.3.3. Cationic Dyes

Among other dye classes, cationic dyes give colored cations to the solution when
dissolved in water. Therefore, they are called cationic dyes. Cationic dyes are commonly
used for paper, silk, cotton, wool, nylons & polyesters, cation dyeable polyethylene
dyeing, and also medicine industry owing to their ease of application, durability, and high
fastness to materials.’> However, their adverse effects on the ecosystem are considerable
due to their carcinogenic & mutagenic and strong coloring impacts when discharged into
the water.'® 2° Some cationic (basic) dye molecules are shown in Figure 1.4.

Methylene blue (MB) is a type of cationic dye with the C16H1sN3SCI molecular
formula, shown in Figure 1.4 (c).? It is frequently used in textile, paper, printing, and
other industries. So, it can be found in the wastewater of these industries. Even a small

amount of dye in wastewater (<1 ppm)?%2> harms the environment directly or indirectly.
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For example; in case of direct contact or inhalation, it can cause eye burns, vomiting,

nausea, sweating, mental confusion.?? 24 26,27

Rhodamine B Crystal Violet

H,C. CH,
N TR

cr

(a) 3 (b)

Figure 1. 4. The chemical structure of (a) Rhodamine B, (b) Crystal Violet, and (c)
Methylene Blue cationic dye molecules.

(Sources: Chemicalize, 2020, May; Zhang, W et al., 2018; Zeydanli, D. et al., 2018)"
18, 28

According to literature, in the studies where silicon oxycarbide (SiOC) was used
as an adsorbent material, cationic dyes were selected for adsorption experiments.1% 2% 28
30 It is considered that bonds and interactions occur between materials having functional
(radical) groups on the surface and cationic dye molecules.!

In this thesis, SIOC will be used as an adsorbent material. Due to the functional
surface properties of SiOC, methylene blue (MB) cationic dye will be used in measuring

the adsorption performance.



1.4. Polluted Water Treatment Methods

Rapid and easy removing of dyes from wastewater is a serious environmental
issue that needs careful consideration.’* 32 Various physical, chemical, and biological
systems have been developed to remove dyes from water: they are generally divided into
two categories based on separation (physical adsorption, coagulation, ion exchange, and
membrane process) and degradation (biodegradation, chemical oxidation-reduction,
electrochemical oxidation, photocatalytic degradation).” 1> 2233 Among them, adsorption
and photocatalytic degradation are considered as the simplest, green, inexpensive and

effective technology among traditional wastewater treatment technologies.® 10 34 3

1.4.1. Adsorption

Among conventional wastewater treatment technologies, the adsorption
phenomenon has been known since the 17th century.®® 3" It is an effective method
commonly used for the decontamination of organic pollutants (especially dyes) from the
aqueous media.>’ It is considered superior to other techniques thanks to its low cost (
approx. 10 to 200 US$ per million liters)®, removal efficiency (90-99%)%, ease of
application, and non-toxicity as a final product.’ 24 3% 373

Adsorption is explained by the surface phenomenon between adsorbent and
adsorbate (pollutant compounds).®® The principle of adsorption technique, used to
eliminate contaminants from wastewater, is the adhering of the pollutants (in a liquid or
gas phase) on a solid adsorbent. Adsorbate can be also defined as a substance that
concentrates on the surface of adsorbent solids.”> At the adsorption process, solid
adsorbent substances are shaken with the wastewater. The contaminants bind to the
surface and the equilibrium stage, in which both the adsorbed and the pollutant
concentrations in the water are constant, is created.®

The types of adsorption mechanisms are chemical (chemisorption) and physical
(physisorption) adsorption.’® In physical adsorption, weak forces (Van der
Waals, hydrogen bonding, and electrostatic forces) are active between atoms or
molecules, whereas chemical adsorption involves a strong interaction (chemical bonds).**
Whereas physical adsorption is reversible, chemical adsorption is irreversible. Besides, a

multimolecular layer is formed in physical adsorption, while a unimolecular layer is
6



formed in chemical adsorption. #* Figure 1.5 shows the basic mechanism of physical and
chemical adsorption.

o

Cg?é) Adsorbate molecules O/O Adscﬁfte molecules
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Figure 1. 5. The schematic presentation of; (a) physical and (b) chemical adsorption

mechanism.

Some parameters have effect upon the adsorption process; these are solution
conditions (Temperature, Ph, the concentration of pollutants and contact time), structure,
composition, and particle size of the adsorbate and adsorbent.3 3°

Many researchers have examined the adsorption of dye at the solid/liquid interface
and developed various adsorbents for purification of MB dye contaminated water. 9
Some of these materials are alumina®?, silica gel*®, zeolites** *°, activated carbon®,

graphene oxide*’, and polymer derived ceramics (SiOC)?.

1.4.2. Photocatalytic Degradation

Physical techniques like adsorption are used to remove dyes from water; however,
these methods are restricted only to the transportation of chemical contaminants from
water to different mediums, causing secondary contamination.

Such methods of physical separation increase the cost, and the adsorbent needs to
be constantly renewed. Therefore, the use of photocatalysis in removing dyes from
wastewater is more attractive because it can fully mineralize target pollutants and does

not cause secondary pollution.® 1% 48



Photocatalysts are semiconductors activated by absorbing photons of sufficient
energy corresponding to the bandgap and are not consumed at the end of the reaction.*°
Photocatalytic oxidation technology is a commonly used method in wastewater treatment
due to its high efficiency and not generating secondary pollution.>® A good photocatalyst
should be both biologically and chemically inert, as well as photo-stable, low cost, and
non-toxic.*® Examples of semiconductor photocatalysts are TiO2, ZnO, Fe,0s, CdS, ZnS,
SnO2, WOz and WSe2.* 4% Among the various semiconductors, Titanium dioxide (TiO5)
is one of the high potential photocatalysts owing to its wide bandgap (3.2 eV),
hydrophilic, strong oxidizing ability, physical and chemical stability, low toxicity and

cost,#8-51

UV light -

Oxidation reaction
OH

H20+h* ’

Figure 1. 6. The schematic presentation of TiO2 photocatalytic mechanism.

h* h*

Valence Band

The basis of the photocatalytic degradation process of TiOz is shown in Figure 1.6
and can be explained as follows: when a semiconductor photocatalyst is exposed to a
suitable light source with higher than its bandgap energy, it causes the formation of
electron/hole pairs (ecs™; reducing agent and hyge™; oxidizing agent). These electron/hole
pairs trigger a series of chemical reactions that mineralize contaminants. These reactions
are divided into two categories; oxidation and reduction reactions. In the valance band,
holes (hve") diffuse to surface of photocatalyst and reacts with water, thus hydroxyl
radicals (*OH) are generated and this process is termed as an oxidation reaction. The

electrons (ecg") in the conduction band react with oxygen (O2) and form anion radical
8



superoxide. As a result of further reactions, hydroxyl radicals (¢OH) are formed and this

is known as the reduction reaction. And finally, hydroxyl radicals react with organic

pollutants to produce water (H20) and carbon dioxide (CO) as end products.*: %
Within the scope of the thesis, the photocatalytic performance of the SIOC+TiO>

samples on cationic MB dye is addressed with a detailed literature review.
1.5.  Emulsion Systems

The emulsion can be defined as heterogeneous systems in which two different
liquids are immiscible with each other, but appear homogeneous.>? Emulsions consist of
two phases that are the hydrophilic phase and the lipophilic phase. These two phases are
called the internal phase (dispersed phase) and the external phase (continuous phase) of
the emulsion according to their role in the system.>® These two immiscible separate phases
can be combined stably with the aid of surfactants (surface active agents) that have
hydrophilic and lipophilic parts. Surfactants typically act by reducing the surface tension
and by weakening the forces that separate the oil and water phase. When the surfactant
concentration increases, micelles begin to form. For the formation of micelles (as is
shown in Figure 1.7), it is important to use the minimum concentration of surfactants that
is known as the "critical micelle concentration.>*

Considering the dispersed phase and droplet size, the emulsions are divided into
several types. Based on the dispersed phase, emulsion types are; oil in water (o/w) and
water in oil (w/0), also multiple systems; oil in water in oil (o/w/0) and water in oil in

water (w/o/w), shown in Figure 1.8.

Lipophilic tail

-
Hydrophilic head % ng?

Figure 1. 7. The schematic drawing of micelles formation.
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Figure 1. 8. The structure of emulsion types.

Based on the droplet size, emulsions are categorized as macro and mini emulsion.
According to IUPAC (International Union of Pure and Applied Chemistry), the mini
emulsion (submicron emulsion) is defined as the emulsion system having a dispersed
phase with a droplet diameter of about 50 nm to 1 um.% %6 On the other hand, the macro
emulsion system has droplets size in the range of 1 to 100 um.%

For the emulsion formation, it is necessary to energize the mixture through
processes such as mixing, shaking, and homogenization. Some techniques are used to
form mini emulsion systems. These are high energy methods (high-pressure
homogenizer, ultrasonication, and micro-fluidization) and low energy methods.>” °8
Ultrasonication has been used to make miniemulsion for over 50 years for the purpose of

synthesizing nanomaterials.*
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1.6. Polymer Derived Ceramics

Polymer-derived ceramics (PDCs) are produced through the processing and
controlled heat treatment of preceramic polymers, usually containing Si atom in their
backbone. Typical groups of organosilicon preceramic polymers are shown in Figure 1.9.
These precursor polymers such as polycarbosilanes, polysiloxanes, polysilazanes, and
polyborosilanes are used to obtain multicomponent ceramic materials; silicon-carbide
(SiC), silicon-oxycarbide (SiOC)%°, silicon-carbonitride (SICN)®® and silicon-
boroncarbonitride (SiBCN).

Polymer to ceramic transformation steps are shown in Figure 1.10 and consist of
the following process; i) shaping of preceramic polymer, ii) crosslinking, and iii)
converting to the ceramic component via heat treatment (at inert atmosphere and suitable
temperatures).

Initially, preceramic polymers are transformed into thermoset structures via a
curing process. With an effective crosslinking, precursor polymers have strongly
interconnected backbone structures, so that the volatility of the crosslinked product can
be reduced and therefore ceramic yield can be increased.®! After crosslinking, the
pyrolysis process is conducted in the range of 600- 1400 °C under inert conditions.
During pyrolysis, the bonds of some molecules in the polymer main structure are broken.
Throughout ceramization (organic-inorganic transition) redistribution reactions occur
between Si — O, Si — C and Si — H bonds.%? Besides, weight loss (10-30 wt.%.)% is
observed around 800-1000 °C because of the release of various organic volatile gases
(CHa, CeHs, Ha, etc.). In consequence of decomposition of the organic moieties, transient
micro-porosity occurs at low pyrolysis temperature (500-800 °C), and these transient
pores disappear with the rising pyrolysis temperature.®

On the other hand, "free carbon™ precipitation begins in certain areas. Due to the
presence of free carbon, the color of material gradually turns black, “Ceramer” (ceramer
= ceramic + polymer is the derived name for this material), which is brown above 600 °
C, turns black above 800 ° C, and therefore this amorphous material is also called “black
glass”. These materials produced from preceramic polymers are defined as an amorphous
material up to 1200 ° C.% When the pyrolysis temperature is increased, the units called
the Basic Structural Unit (BSU) begin to grow; as a result, crystals are first seen in the
nano-order, then grow larger and reach micron size.%¢ 5’
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Figure 1. 9. The classification of silicon-containing preceramic polymers.

(Source: Barroso, G. et al., 2019)%8
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Figure 1. 10. The scheme of polymer to ceramic transformation.

Polymer-derived ceramic processing has many advantages over traditional
ceramic production methods i.e; commercial availability of low-cost preceramic

polymers, the ease of preceramic polymers’ shaping via low cost & conventional
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polymer-forming techniques, production of ternary complex molecular structure ceramics
based on preceramic polymer chemistry, lower processing temperatures for production of

advanced ceramics than conventional sintering of ceramic powders,50: 66.69. 70

1.6.1. Silicon Oxycarbide (SiOC)

Silicon oxycarbide (black glass) is a type of glass that is a compound of silicon,
oxygen, and carbon. Silicon oxycarbide ceramics have a general formula of SiOxCsx
(0<x<4) and excess carbon (Csree). Silicon atoms are tetrahedrally bound by oxygen and
carbon atoms.”® " If the "x" value in SiOxCa-x (0 <x <4) is changed, the sizes/amounts of
silica and other units vary. Depending on initial polymer composition, pyrolysis
temperature, and duration, within the SiOC ceramics, SiC4, SiC30, SiC20, and SiO4 units
can be found in different ratios.”> During polymer-ceramic transformation, with
increasing pyrolysis temperature, structural changes are shown in Figure 1.11.

As shown in Figure 1.11, at lower (800-1000 ° C) pyrolysis temperatures, SiOC
has a structure that comprises a homogeneous tetrahedra network of Si — C — O and excess
carbon. With increasing pyrolysis temperature (1100-1300 ° C), amorphous silica (SiO2)
nanodomains are formed and they are embedded in SIOC mixed bonds (1-2 nm thick
interlayer). And also, the cage-like network of sp2 graphene carbon surrounds these units
in the form of an interconnected network. At higher temperatures (> 1400 ° C), phase-
separation occurs in the amorphous SiOC network. These are silica-rich phase and a
carbon-rich phase, interpenetrating nano-sized networks. Also, B-SiC nanocrystals (2-3
nm) precipitate at the interface between the SiO2 domains and the walls of graphene cells.
The initiation of B-SiC crystallization in SiIOC glasses depends on the carbon content. For
low carbon content SiOC glasses, the pyrolysis temperature required for the precipitation
of the SiC crystal is lower (1200 ° C) than that of high carbon SiOCs (1400 ° C).”

Among preceramic polymers, polysiloxanes are used to prepare complex ternary
SiOC ceramics with different forms (micro/nanospheres, fibers, foams, coatings, porous
parts, etc.) % 7® Silicon oxycarbide ceramics have superior oxidation & creep resistance,
chemical, high-temperature, mechanical stability, and biocompatibility.””-%° Thanks to
their excellent properties, SiOCs can be used for application areas such as high-
temperature reaction catalysts, high-temperature-resistant structural materials, anodes of
lithium batteries®!, adsorbent?®, medical applications.’® 82

13
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Figure 1. 11. The schematic representations of structural model for (a) crosslinked
preceramic polymer, (b) pyrolyzed >600 °C (creamer state) ¢) pyrolyzed
>1000 (glassy state) °C and d) at T >1400 °C (glass-ceramic state).
(Sources: Stabler, C., 2019; Stabler, C et. al., 2018)* 7

1.7. Previous Studies about SiOC Spheres Production

The production of spherical SIOC particles, in size of micron and submicron,
which are good candidates for many applications such as electronics, sensors, drug
delivery, the high-temperature catalyst, filtering, and adsorbing is of significant interest.

Various production methods were used to obtain micron/submicron SiOC spheres.
These are micro-fluidization technique®®, electrospraying® &, sol-gel®®®8 and
emulsion®: 77 78 8% methods. Table 1.1 shows the starting materials, production
methods, stirring parameters, and size of micron/submicron SiOC spheres in the
literature.

Although the emulsion technique is suitable for the polymer-derived ceramic
pathway, few studies have been done on the preparation of submicron SiOC particles.

14



Additionally, it is seen that the synthesis of submicron SiOC spheres is possible by

applying ultrasonication in the emulsion method.

Table 1. 1. Literature review related to the production of submicron/micron SiOC sphere.

Preceramic Crosslinker& - Size of
Method | Stirring Ref.
Polymer Catalyst Spheres
DVTMDS
TMTVS
Polymethylhydrogen
] DVB One-Pot 7500-30000 7-53 pum "
Siloxane .
Pt (0) Karstedt Emulsion rpm
Complex
DVTMDS
Polymethylhydrogen One-Pot
) Pt (0) Karstedt ) 7500 rpm 15.4+6.8 %
Siloxane Emulsion
Complex pum
DVTMDS
TMTVS
Polymethylhydrogen 19.9-34.6
ymetymyerog DVB O/w 7500 rpm 89
Siloxane Emulsion Hm
Pt (0) Karstedt
Complex
DVTMDS
Polymethylhydrogen 3000 rpm
. Pt (0) Karstedt o/W 5000 rpm o4
Siloxane - 2—40 um
15000 rpm
Polvmethvl Zirconium (1V)
_ y Y Of W Ultrasonic ~500 nm o
Silsesquioxane (MK) Acetylacetonate | Emulsion
Polymethyl Zirconium (V) O/W
Silsesquioxane (MK) Acetylacetonate | Emulsion 500 rpm 11146 um | e
1000 rpm 10-100 pm
Polymethyl Zirconium (1V) O/W
_ 93
Silsesquioxane (MK) Acetylacetonate Emulsion 20000 rpm 1-10 pum
Ultrasonic 50-600 nm
Phenyltriethoxysilane
NA Sol-Gel NA ~250 nm &
Tetraethoxysilane

(Cont. on the next page.)
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Table 1.1 (cont.)

Organotriethoxysilane NA Slt_ci)lt()gr 5000 rpm 100-400 nm 80
Synthesis
Methyltrimethoxysilane NA Sol-Gel NA 3-10 um 88
Dimethyldimethoxysilane
Triethoxyphenylsilane NA U0 Sy NA 81
Sol-Gel ~250 nm
Tetraethoxysilane
Phenyltriethoxysilane
. . Two-step ~ 86
Methyltriethoxysilane NA Sol-Gel NA 250 nm
Tetraethoxysilane
Polymethyl Silsesquioxane | Zirconium (1V) ” '_\Q?C“t)_ NA 8
(MK) Acetylacetonate uidization 30 to 180 um
Polymethyl Silsesquioxane &
NA Electrospray NA ~25-30 um
(MK)
Polymethylphenyl Zinc
Si)llses u)i/oi)(amey Acetylacetonate | g|ectrospray NA Zox08Hm .
d Hydrate 3.3+0.8 pm

In the literature, commercially available polysiloxanes and polysilsesquioxanes
(subgroup of polysiloxanes) preceramic polymers were used for the production of SiOC
spheres by emulsion technique. Polysiloxanes are inorganic-organic polymers which have
Si and O atoms in the main chain. These polymers can have a linear form known as
“silicone oil” and highly branched form called “silicone resin as shown in Figure 1.12,

While polymethylhdyrosiloxane (PHMS) (CHs(H)SiO)n, in liquid form at room
temperature, has —H crosslinking groups, in solid form polymethylsilsesquioxane (MK)
(CH3015Si)n has —OH and —OC,0s crosslinking groups. For curing of linear PHMS
preceramic polymer, some crosslinkers, containing vinyl groups
(Tetramethylcyclotetrasiloxane: TMTVS and Divinylbenzene: DVB) are used with metal

complex (Platinum (Pt) catalyst). Depending on whether there is moisture or water in the
16



system, there are two types of curing reactions. These are called as hydrosilylation and
dehydrocoupling reactions. The crosslinking mechanism is shown in Figure 1.13. With
the breaking of double bonds in the crosslinking agent via a catalyst, hydrosilylation
reaction takes place by adding the functional hydrogen (Si-H) groups of PHMS and vinyl
moieties of TMTVS and DVB each other. So, chemical bonds occur between adjacent
chains thanks to the crosslinking agent. As a result, crosslinked (thermoset) structures are
obtained. Besides, the dehydrocoupling reaction takes place with the formation of

hydrogen gas (H2) in agueous systems. So, self-blowing occurs via the release of the H>

gas.96-98
\ e
_fo }DH3 \/O H
CHy— |~o\s_ /SI-..._‘CHS
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Figure 1. 12. The structure of (a) linear polymethylhdyrosiloxane (PHMS) silicone oil
and (b) cage-like form polymethylsilsesquioxane (MK) silicone resin.
( Source: Gelest, 2020, May) %

On the other hand, the curing of polymethylsilsesquioxane (MK) resin takes place
via a condensation mechanism (shown in Figure 1.14). Some catalysts (e.g. zirconium
acetylacetonate, zinc acetylacetonate, and tin catalyst) can be used to accelerate curing at
room temperature. At the end of the reaction, water, ethanol, and oligomers may form as

the final products.®
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Figure 1. 13. The schematic representation of the curing process of PHMS preceramic
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Figure 1. 14. The reaction representation of condensation mechanism.
( Source: Vakifahmetoglu, C., 2010)
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After the crosslinking process, thermoset sphere structures are pyrolyzed at
different temperatures to obtain SiOC spheres.’’: 78

In the study that investigated the effect of stirring rates on the sphere size,
polysiloxane preceramic polymers (PHMS and DVTMDS) and Pt-catalyst were used as
precursors to form SiOC microspheres. Oil and water solution was stirred at different
rates (7500 and 30000 rpm) by using a homogenizer. As seen in Figure 1.15, the size of
crosslinked polysiloxane spheres was reduced from 26.8 um to 7.6 um by increasing the
mixing speed.

Figure 1.16 shows the images taken from two different oil in water emulsion
studies in the literature. Vakifahmetoglu et al.®® synthesized SiOC microspheres via o/w
emulsion technique. In this study, silicon resin (MK powder), toluene, and zirconium
acetylacetonate were used as the oil phase. Also, distilled water (DI) and surfactant
(Tween 80) were used as the water phase. The emulsion solution was stirred magnetically
at 500 rpm. After curing at 140 °C, samples were pyrolyzed at 1200 °C under an inert
atmosphere. As a result, SiIOC microspheres, having 111+46 um average particle size and

2.20 m?/g surface area, were produced (shown in Figure 1.16(a)).
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Figure 1. 15. The SEM images and particle size distribution (PSD) plots of crosslinked
polysiloxanes microspheres a) stirring at 7500 rpm, (b) stirring at 30000
rpm.

(Source: Fortuniak, W et al.;2016)"
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Figure 1. 16. The SEM images of SiOC microspheres produced with o/w emulsion
process (a) by magnetic stirring (500 rpm) pyrolyzed at 1200 °C and (b)
by homogenizer stirring (7500 rpm) pyrolyzed at 1000 °C.

(Sources: Vakifahmetoglu, C et al., 2011 and Source:Fortuniak, W et al., 20158)

In another study, Fortuniak et al.”® produced SiOC microspheres by using silicone
oil (PHMS), a crosslinking agent (DVTMDS), and catalyst (Pt(0) Karstedt Complex) as
oil phase and mixing them at 7500 rpm with homogenizer. Polyvinyl alcohol (PVA) was
acted as a surfactant. Crosslinked spheres were pyrolyzed at different temperatures (400-
700-1000 °C). The SEM image of the sample, pyrolyzed at 1000 °C, is shown in Figure
1.16(b). After pyrolysis at 400 and 1000 °C, ceramic yields of the samples are 91% and
79%, respectively. Depending on the pyrolysis temperature, at the lower temperature (400
°C), samples with a high specific surface area (SSA) (278,6 m?/g) were obtained. With
increased pyrolysis temperature (1000 °C), SSA of samples decreased to 0.8 m?/g due to
the disappearance of micro and mesopores.

In the study®® on the production of the nanosized (50-600 nm) SiOC spheres by
applying the ultrasonication to the emulsion, MK silicone resin, toluene, and zirconium
acetylacetonate were used as ceramic precursors. PEO-PPO-PEO block copolymer was
used to stabilize the emulsion system. The crosslinking step was carried out in an
autoclave. Finally, spheres were pyrolyzed at 1100 °C under the nitrogen atmosphere.
The TEM image of the pyrolyzed samples is given in Figure 1.17.
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Figure 1. 17. The TEM image of ceramic submicron SiOC spheres produced with the o/w
emulsion process by ultrasonically stirring pyrolyzed at 1100 °C.
(Source: Bakumov, V et al., 2007)%

1.8. Photocatalytic Efficiency of SIOC+TiO, Materials on Methylene
Blue Dye

The photocatalytic activity of SIOC+TiO. materials have been investigated in only
a few studies.

In the first one of these studies, commeTiO2 nano-powder was mixed with vinyl-
functionalized polysiloxane and pyrolyzed at 700-900 °C to manufacture mesoporous
SiOC+Ti0O2 composites. With rising pyrolysis temperature, the surface area of pure SiOC
and SiOC+TiO samples decreased by turning of micropores into micro/mesoporosity.
The adsorption and photocatalytic performance of the samples were measured with (0.03
mM) MB solution. Among samples pyrolyzed at 700 °C, mesoporous SiOC/20 wt.% TiO-
composites exhibited higher photocatalytic activity than pure microporous SiOC
ceramic. 10

In another study’®, PHMS preceramic polymer and Titanium n-tetrabutoxide were
used as precursors to synthesis macro and mesoporous SiOC+ TiO2 nanocomposites.
After the formation of TiO2 nanocrystals (9-10 nm) into amorphous SiOC matrix by
pyrolysis at 1200 °C, photocatalytic performances of samples against 0.03 mM MB

solution were investigated. Photodegradation constants of samples were found higher
21



than the previous study. The photodegradation rate constant values of these studies are

given in Table 1.2.

Table 1. 2. The comparison of photodegradation rate constants. (k (min™)

Materials k (103 x mint) MB Concentration Ref
(mM)
SiOC / SIOC+TiO2 1.3-2.2 0.03 1ol
Macroporous / Microporous o
4.8-3.0 0.03-0.06
SIOC+TIO2

The photo-degradation rate constant (basic kinetic parameter) can be calculated

by using the Langmuir Hinshelwood kinetic model'®? Equation (1).
In(C/Co) =kt (1.1)
k: Photo-degradation rate constant

C: Dye concentration instant time (t)

Co: Initial dye concentration at time (t=0)
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CHAPTER 2

EXPERIMENTAL

2.1. Materials and Method

2.1.1. Materials

Two commercially available types of preceramic polymer were used,;
Trimethylsilyl terminated Polymethylhydrosiloxane (PHMS, Gelest, 30-45 cSt, Mw:
2,100-2,400, CAS: 63148-57-2, USA) and Polymethylsilsesquioxane (Silres MK,
Wacker-Chemie GmbH, Germany). Divinylbenzene technical grade 80% (DVB, Merck,
CAS: 1321-74-0, Germany) was used as a crosslinking agent for the linear type PHMS
preceramic polymer. Platinum-divinyl tetramethyldisiloxane complex in xylene, (2.1-
2.4% Pt, abcr GmbH, CAS: 68478-92-2, Germany) and Tin(ll) 2-ethylhexanoate (Tin,
Sigma- Aldrich, CAS: 301-10-0, USA) were used as catalyst. Polyoxyethylene sorbitan
monolaurate (Tween 20, Sigma Aldrich, Mw:1228, USA), Polyoxyethylene sorbitan
monooleate (Tween 80, Merck, 300-500 cSt, CAS: 9005-65-6, Germany) and tri-
block copolymers of poly(ethylene oxide) poly(propylene oxide)-poly(ethylene oxide)
(Pluronic F-127, Sigma Aldrich, CAS: 9003-11-6) were used as the surfactant. As
solvent; Acetone (> 99.5%, Tekkim, CAS:67-64-1, Turkey), Ethanol (ACS reagent >
99.9%, Merck, CAS:64-17-5, Germany), Xylene (ACS reagent > 99.8%, Merck,
CAS:1330-20-7, Germany), Toluene (ACS reagent > 99.9%, Merck, CAS: 108-88-3,
Germany), and deionized (DI) water were used. Titanium(IV) n-butoxide (TNBT, 99+%,
Alfa Aesar, CAS: 5593-70-4, Germany) was used as a source for anatase phase titanium

dioxide.
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2.1.2. Equipment

Magnetic stirrer and ultrasonic probe sonicator (QSonica) were used for the
mixing of emulsion solution. Tube furnace (Protherm, Model: PTF 16/75/450, Ankara,
Turkey) and elevating furnace (Protherm) were used for the heat-treatment of samples.
UV lamp (300 Watt, 280-400 nm, Osram UV lamp) cabin system was designed and made

for photocatalytic experiments.

2.1.2.1. Design and Manufacturing of UV Lamp Cabin

The designed UV lamp cabin system was manufactured by the Metal Studio at the
IZTECH. Cabin has 40 cm*40 cm*70 cm dimensions. Eight fans were used to cool the
cabin that became warm due to the UV lamp. Three of these fans are located in the upper
part, two in the middle and three in the bottom part on the left and right side of the cabin.
A metal sheet (1 mm thickness) was used in the construction of the cabin scaffold. The
inside of the cabin was covered with aluminum foil for reflection of ultraviolet rays. 2D
drawings of the UV lamp cabin system are shown in Figure 2.1. And also, 3D drawings

and photographs are shown in 2.2.

Figure 2. 1. The 3D Autocad drawings (a & b), and the photographs of UV lamp cabin
system (c & d).

24



(a) 40 (b) 40

y 3
h Y

A Y
8 3

pl =
P
I

; l ; a8
Fans = ~ Fans
120*120*38mm 120*120*38mm
(
Fans ]
80°80*25mm L~
— . G
40 Fans
Cabinet door »” ” Cable channels o - 80'80"25mm
| | I |
FRONT VIEW LEFT VIEW
(c) | 40 I (d)

"
7

’
7

70
A
YarY
]
]
40

' f
TS
R ™ |:
KA .“

v B, |
| _

/ L Fan switches UV lamp socket

Cable channels

| |
RIGHT VIEW TOP VIEW

Figure 2. 2. The Autocad drawings of UV Lamp Cabin (a) front view, (b) left view, (c)

right view, and (d) top view.

2.1.3. Production of SIOC Spheres from Silicone Oil

Procedure 1: Firstly, 10 ml of distilled (DI) water and 0.15 grams of surfactant
(Tween 20) were mixed by magnetic stirrer at 1500 rpm for 15 minutes in a beaker. In

another beaker, preceramic polymer (2 grams of PHMS) and crosslinking agent (200 pl
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of DVB) were mixed at 250 rpm for 5 minutes. Then 0.05% diluted Pt catalyst in xylene
(200 pl of Pt Catalyst Complex) was added to the oil phase and mixed 1 more minute.
The oil phase was added drop by manner into the water phase solution and mixed by
applying ultrasonic probe sonicator (with 20% Amplitude) for 1 min. The curing process
was conducted at R.T for 24 h.

Procedure 2: Firstly, 10 ml of distilled (DI) water and 0.15 grams of surfactant
(Tween 20) were mixed by magnetic stirrer at 1500 rpm for 15 minutes in a beaker.
Secondly, preceramic polymer (2 grams of PHMS) was added drop by manner into the
water phase solution and stirred for 10 minutes. Then oil in water emulsion solution was
mixed by applying ultrasonic probe sonicator for 5 min. Crosslinking agent (200 pl of
DVB) and catalyst (Pt Catalyst Complex) were added in order and mixed 1 more minute.
After the milky emulsion solution was obtained, the curing process was conducted at 80
°C for 24 h and at 150 °C for 8 h, respectively. After the curing process, samples were
grounded in the mortar. Finally, cured samples were pyrolyzed at 1000 °C (heating rate:
2 °C/min and dwell time: 2h) in a tube furnace under inert (Ar) atmosphere.

The order of catalyst addition to preceramic blend, the amplitude of the ultrasonic
probe, and the effect of Pt-Catalyst amount were used as parameters to change the particle
size of spheres. The sample codes and production parameters are given in Table 2.1

In Table 2.1, samples were named as follows; U: Ultrasonic probe sonicator, P:

PHMS preceramic polymer.

Table 2. 1. The production parameters of oil in water (Preceramic polymer blend
(PHMS+DVB+Pt Catalyst) / DI water) emulsion systems.

Sample Catalyst Addition Pt Catalyst Stirring

Codes (ul) (Rate and Type)
UP1 Before sonication 200 20% Amplitude (Sonicator)
upP2 After sonication 200 20% Amplitude (Sonicator)
UP3 After sonication 200 30% Amplitude (Sonicator)
UP4 After sonication 200 50% Amplitude (Sonicator)

(Cont. on the next page.)
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UP5 After sonication 400 20% Amplitude (Sonicator)

UP6 After sonication 600 20% Amplitude (Sonicator)

2.1.4. Production of SIOC Spheres from Silicone Resin

Firstly, 80 ml of distilled (DI) water and 0.8 grams of surfactant (Pluronic F127)
were mixed by magnetic stirrer at 500 rpm for 20 minutes in a beaker. In another beaker,
5 grams of preceramic polymer (MK powder) and 7 ml of solvent (Toluene) were mixed
as oil phase at 500 rpm for 10 minutes. The oil phase was added drop by manner into the
water phase solution and stirred for 30 minutes. Then, the o/w emulsion solution was
mixed in the ice bath by applying an ultrasonic probe sonicator (with 50% Amplitude)
for 5 min. 500 pl of catalyst (15 vol.% Tin catalyst in xylene) were added and mixed 3
more minutes. After the milky emulsion solution was obtained, the curing process was
carried out for 18 h by heating from room temperature to 140 °C. Additionally, one
sample was produced by only magnetically stirring for comparison with stirred samples
via the ultrasonic probe. After the curing process, samples were grounded in the mortar.
Finally, cured samples were pyrolyzed at different temperatures (600-800-1000, and 1200
°C) in a tube furnace under inert (Ar) atmosphere (heating rate: 2 °C/min and dwell time:
2h)

Table 2. 2. The production parameters of oil in water (MK/DI water) emulsion systems.

Sample Stirring Pyrolysis
Codes (Rate and Type) Temperatures/ Atmosphere/Time
MM1000 500 rpm (Magnetic Stirrer) 1000 °C /Ar/2h
UMG600 50% Amplitude (Sonicator) 600 °C/Ar/2h
uUM800 50% Amplitude (Sonicator) 800 °C /Ar/2h
UM1000 50% Amplitude (Sonicator) 1000 °C/Ar/2h
UM1200 50% Amplitude (Sonicator) 1200 °C /Ar/2h
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In Table 2.2, samples were named as follows; M: Magnetic stirrer, U: Ultrasonic

probe sonicator and M: MK preceramic polymer and pyrolysis temperatures.

2.1.5. Production of TiO2 Coated SiOC Submicron/Nanospheres

Titanium(IV) n-butoxide/ethanol solution, with different molarities (0.01 M, 0.03

M and 0.06 M), were prepared as titanium precursor. In the previous step produced MK

derived SiOC samples (0.4 g) were impregnated with titanium dioxide precursor solutions

for 24 h at R.T by stirring at 200 rpm. At the end of the mixing, samples were degassed

with an ultrasonic bath for 30 minutes to ensure that titanium solution penetration into

samples successfully. Then samples were dried at 80 °C in the oven to remove the solvent.

After drying, samples were heat-treated at 450 °C for 4 h to obtain anatase phase TiOx.

Production parameters of TiO2 coated SiOC samples were shown in Table 2.3. The

samples were coded assuming that SiOC substrates coated theoretically with 5%, %10,

and 20% TiO..

Table 2. 3. TiO2 coated SiOC samples and their production properties.

Sample Codes TiO, Content (%) Pyrolysis Temperatures (°C)

UMG600T5 5 600

UM600T10 10 600

UM600T20 20 600
UMB800TS 5 800

UMB800T10 10 800

UMB800T20 20 800

UM1000T5 5 1000

UM1000T10 10 1000

UM1000T20 20 1000

(Cont. on the next page.)
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UM1200T5 5 1200

UM1200T10 10 1200

UM1200T20 20 1200

2.2. Characterization

The morphological characterization of samples, after both curing and pyrolysis
processes, were analyzed by Optical Microscopy (Olympus BX53 Upright), Scanning
Electron Microscopy (SEM; FEI Quanta 250 FEG). Before SEM analysis, the surface of
the samples was coated with a thickness of ~10 nm of Au. The size of the spheres was
measured from SEM images by using the Image J program (200 measurements for each
sample). Phase analysis of the powders was carried out with the X-ray Diffraction (Philips
X’Pert Pro instrument; 20;10°-90°and the scan step; 0.005 °/second). Fourier transform
infrared spectra (FTIR) were recorded (Perkin Elmer FTIR Spectrum 100) in the range
450-4000 cm™. Thermogravimetric analysis was conducted to show the thermal stabilities
of samples, by heating from RT to 1200°C with a 5°C/min? heating rate in air
atmospheres. Nitrogen (N2) gas adsorption analyses were conducted on samples
pyrolyzed at different temperatures. The isotherms were collected using Gemini V
(Micrometirics) instrument. The samples were firstly degassed at 200 °C for 12 h before
analysis. Specific surface area (SSA) was determined from a BET (Brunauer—Emmett—
Teller) analysis. Also, pore size distributions were obtained from the desorption part of
the isotherm. Photocatalytic performance measurements were conducted by using
UV2550 (SHIMADZU) Ultraviolet-visible (UV-Vis) spectrophotometer.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. Morphological Characterization of Spheres Derived from Silicone
Oil

The morphologies of samples derived from PHMS preceramic polymer via o/w
emulsion method were analyzed by Optical Microscopy (OM) and Scanning Electron
Microscopy (SEM).

Figure 3.1 demonstrates images taken by optical microscopy of the sample
produced by oil in water emulsion method (Procedure 1). Briefly, in procedure 1, distilled
(DI) water and surfactant were mixed by a magnetic stirrer. In another beaker, preceramic
polymer (PHMS) and crosslinking agent (DVB) were mixed. Then catalyst (Pt Catalyst
Complex) was added to the oil phase and mixed 1 more minute. The oil phase was added
drop by manner into the water phase solution and mixed by applying ultrasonic probe
sonicator (with 20% Amplitude) for 1 min. So, the addition of the catalyst was performed
before mixing with an ultrasonic probe sonicator. The samples were cured at R.T for 24
h.

As seen in Figure 3.1, the sizes of cured spheres are in the micron size. It is seen
that the size of the spheres increases after curing compared to after emulsification. It can
be explained by the coalescence of the oil droplets in the emulsion system.%

Optical microscopy and SEM images of samples produced by oil in water
emulsion method (Procedure 1 & 2) are shown in Figure 3.2.

Briefly, in procedure 2, distilled (DI) water and surfactant were mixed by a
magnetic stirrer. Then, preceramic polymer (PHMS) was added drop by manner into the
water phase solution and stirred for 10 minutes. Then oil in water emulsion solution was
mixed by applying ultrasonic probe sonicator for 5 min. Crosslinking agent (DVB) and
catalyst (Pt Catalyst Complex) were added in order and mixed 1 more minute. So, adding

of curing agent and catalyst to preceramic polymer was conducted after mixing with an
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ultrasonic probe sonicator. After the milky emulsion solution was obtained, samples were
cured at 80 "C for 24 h and 150 "C for 8 h, respectively.

Figure 3. 1. The optical microscopy (OM) images of the UP1 sample prepared by o/w
emulsion system (Oil phase; PHMS: 2 g + DVB: 200uL + Pt Catalyst: 200
pL) / Water phase; DI water: 10 ml and surfactant: 0.15 g); (a) immediately
after the emulsification via ultrasonic probe (with a %20 amplitude), and (b)
after curing for 24 h at R.T.

As seen in Figure 3.2, the samples (UP1) in which the catalyst was added before
ultrasonic mixing are larger than ones (UP2) the catalyst was added later.

Also, size measurements of spheres were made using the Image J program from
SEM images. The data (diameter of the circle) obtained by Image J measurements is 2
dimensional. Stereological equation Dsphere=Deircie/0.785% 1% was applied to convert 2D
measurements to 3D values. The particle size distribution (PSD) plots were obtained from
3D (diameter of the spheres) values.

Figure 3.3 display the PSD plots of UP1 and UP2 samples. The average size was
calculated 513+81 pum and 0.52+0.28 um, respectively. According to SEM images and
PSD plots, catalyst addition before sonication probably caused the curing of the
preceramic polymer. Therefore, sonicator could not make smaller spheres because of
cured preceramic structure. But, catalyst addition after sonication made submicron/nano

preceramic polymer spheres in the emulsion system cure.
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Figure 3. 2. Images of the samples (after curing) prepared by o/w emulsion system (QOil
phase; PHMS: 2 g + DVB: 200uL + Pt Catalyst: 200 pL) / Water phase; DI
water: 10 ml and surfactant: 0.15 g); (a) The OM image of the UP1 sample
(catalyst addition before sonication with a %20 amplitude), and (b) SEM
image of UP2 sample (catalyst addition after sonication with a %20

amplitude).
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Figure 3. 3. The PSD plots of cured UP1 sample (catalyst addition before sonication with
a %20 amplitude) and UP2 sample (catalyst addition after sonication with a
%20 amplitude).
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After obtaining submicron spheres by the addition of the crosslinker and catalyst
following mixing by sonication, different amplitude values of the ultrasonic probe
sonicator were studied as spheres size reduction parameter. Following the curing process,
samples were grounded in the mortar. Finally, cured samples were pyrolyzed at 1000 °C
(heating rate: 2 °C/min and dwell time: 2h) in a tube furnace under inert (Ar) atmosphere.

Figure 3.4 shows the SEM images of the samples produced via o/w emulsion

method by ultrasonic probe sonicator with different amplitude values (20-30-50% Amp).

< e 1 50% Amp. 50% Amp.
= 4
~ AL

Figure 3. 4. The SEM images of the samples prepared by o/w emulsion system (Oil phase;
PHMS: 2 g + DVB: 200uL + Pt Catalyst: 200 pL) / Water phase; DI water:
10 ml and surfactant: 0.15 g) after curing; (a) UP2: 20% Amp., (c) UP3: 30%
Amp., () UP4: 50% Amp. and after pyrolysis at 1000 °C for 2h under Ar

atmosphere; (b) UP2, (d) UP3, (f) UP4. (For all samples catalyst addition after
sonication)
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Figure 3.5 shows the PDS plots of samples that are mixed with different
amplitudes by the ultrasonic probe sonicator. After curing, the average sphere size of the
samples mixed with 20%, 30%, and 50% amplitudes are 521+277, 7144263, and
1266+447 nm, respectively. The size of the spheres increased with rising amplitude
values. It might be due to the following reason. While mixing of emulsion solution by
sonicator with higher amplitude values, excess heat was generated. Sonicators produce
the sound waves with alternating cycles of compression and expansion, with rates
depending on the sound wave frequencies. So, the curing step of preceramic polymer
spheres probably occurred at the expansion cycle because of the increasing temperature
of the emulsion solution.

Following the pyrolysis of the samples, the size of spheres decreased due to some
volumetric shrinkage during ceramization. But, spherical structures were not changed and
no crack was seen. SiOC samples produced mixing with 20%, 30%, and 50% amplitudes
have average sphere size 410+242, 775322, and 952+302 nm, respectively.

(a) After Curing (b) After Pyrolysis
604 521+277 nm —— UP2 20% Amp. 60 — ng gg:’;ﬁ imp.
----UP3 30% Amp. ---- o Amp.
....... UP4 50% Amp. 410+242 nm - UP4 50% Amp.

40+ 40+
Flizosim 7754322 nm
’ BN 9524302 nm

Count
Count

204 1\2_&?6_17-448 nm

20

, v T . 0 ; r — ‘
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Size (nm) Size (nm)

Figure 3. 5. The PSD plots of samples prepared by sonicating with different amplitudes
UP2: 20% Amp., UP3: 30% Amp. and UP4: 50% Amp.; (a) after curing at
80 °C for 24 h and 150 °C for 8 h, respectively, and (b) after pyrolysis at
1000 °C for 2h under Ar atmosphere.

On the other hand, the amount of Pt-Catalyst complex was studied as a parameter

in the obtaining of polymeric spheres. The SEM images of the samples produced by
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adding different amounts of catalyst complex are shown in Figure 3.6. It was seen non-
spherical particles among spheres obtained using 400 and 600 uL of catalyst.

Il AT

600 nul Pt

Figure 3. 6. The SEM images of the samples (after curing at 80 °C for 24 h and 150 °C
for 8 h, respectively) produced via o/w emulsion system (QOil phase; PHMS:
2 g + DVB: 200 pL + Pt Catalyst:400-600 pL) / Water phase; DI water: 10
ml and surfactant: 0.15 g); (a) UP5 (catalyst: 400 pL) and (b) UP6 (catalyst:

600 uL).
—— UP2 200 pl Pt
604 521277 nm ----UP5 400 pl Pt
------ UP6 600 pl Pt
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Figure 3. 7. The PSD plots of samples produced by adding different amounts of Pt catalyst
complex; UP2 (200 pL), UP5 (400 pL), and UP6 (600 pL).
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The effect of catalyst amount on particle size is shown in Figure 3.7. By increasing
the amount of catalyst complex to 3 times, the size of spheres almost doubled (from
521+277 to 921+348 nm). Increasing in size can be possibly explained by occurring of

curing quickly during mixing with the sonicator.

3.2. Structural Characterization of Spheres Derived from Silicone Oil

FTIR spectra were taken from the cured and pyrolyzed samples are shown in
Figure 3.8. In the spectra for pure polymethylhydrosiloxane (PHMS) polymer and cured
samples, the absorption of the characteristic Si-CHs bond located around 756, 1259, and
296556 105,106 cmy-1 s clearly seen from Figure 3.8(a). The typical vibration Si-O-Si band
at 1035 cm™* came from the backbone of PHMS.
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Figure 3. 8. The FTIR spectra of samples prepared by sonicating with different amplitudes
UP2: 20% Amp., UP3: 30% Amp. and UP4: 50% Amp (a) after curing and
(b) after pyrolysis at 1000 ‘C for 2h under Ar atmosphere.

After curing, the strong intensity of the Si—H absorption band at 2160 cm™ in the
starting precursor (PHMS) disappeared. This change is a sign of the occurring of
hydrosilylation reaction between vinyl groups of DVB and Si — H group of PHMS.1% As
a result, it can be said that curing has taken place successfully.
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The spectra recorded for samples pyrolyzed at 1000 “C are shown in Figure 3.8(b).
Evidence of the SIOC ceramic structure formation is indicated by Si-C stretching peak
centering 805 cm™, and also broad peak centering ~1050 cm™, corresponding Si-O
stretching in Si-O-Si or Si-O-C.107 108

Figure 3.9 shows the XRD pattern of UP2 sample pyrolyzed at 1000 ‘C. Broad

peaks between 10° and 30’ range (260) indicate the characteristics of amorphous SiOC
materials.

uP2
SiOC spheres

Intensity (arb. units)

10 20 30 40 50 60 70 80 90
20 (Degrees)

Figure 3. 9. XRD pattern of (UP2: 20% Amp.) sample pyrolyzed sample at 1000 °C for
2h under Ar atmosphere.

3.3. Morphological Characterization of Spheres Derived from Silicone
Resin

Morphologies of samples derived from MK preceramic polymer via o/w emulsion
method were analyzed by SEM.

Figure 3.10 shows the SEM images of the sample (MM1000) produced via o/w

emulsion method using a magnetic stirrer. Briefly, distilled (DI) water and surfactant were
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mixed by magnetic stirrer at 500 rpm for 20 minutes in a beaker. In another beaker,
preceramic polymer (MK powder) and solvent (Toluene) were mixed as oil phase at 500
rpm for 10 minutes. Then, the oil phase was added drop by manner into the water phase
solution and stirred for 30 minutes. 500 ul of catalyst (15 vol.% Tin catalyst in xylene)
was added and mixed 15 more minutes. The emulsion system was cured for 18 h by
heating from room temperature to 140 °C. After the curing process, samples were
grounded in the mortar and pyrolyzed in a tube furnace (at 1000 ‘C, 2 ‘C/min heating rate,
and 2h dwell time/ under (Ar) atmosphere.

It can be seen that from SEM images of MM1000 sample, produced by
magnetically stirred, the size of cured spheres around hundreds of micron sizes. After

pyrolysis, spheres agglomerated and seen in Figure 3.10(b).

Figure 3. 10. The SEM images of the samples produced via o/w emulsion system by
magnetically stirring (Oil phase; MK resin: 5 g + Toluene:7 mL+ Tin
Catalyst: 500 pL) / Water phase; DI water: 80 ml and surfactant: 0.8 g);
(@) sample (MM) after curing at 140 °C for 18h, and (b) sample (MM1000)
after pyrolysis at 1000 °C for 2h under Ar atmosphere.

Figure 3.11 shows PSD of samples after curing and pyrolysis. After curing and
pyrolysis, the size of the samples is 151+51 pum and 112+45 um, respectively.

Figure 3.12 shows the SEM images of the cured samples produced via o/w
emulsion method by applying an ultrasonic probe sonicator. Initially, distilled (DI) water

and surfactant were mixed by magnetic stirrer at 500 rpm for 20 minutes in a beaker. In
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another beaker, preceramic polymer (MK powder) and solvent (Toluene) were mixed as
oil phase at 500 rpm for 10 minutes. Then, the oil phase was added drop by manner into
the water phase solution and stirred for 30 minutes. Then o/w emulsion solution was
mixed in the ice bath by applying an ultrasonic probe sonicator with 50% amplitude for
5 min. 500 pl of catalyst (15 vol.% Tin catalyst in xylene) was added and mixed 3 more
minutes. The emulsion system was cured for 18 h by heating from room temperature to
140 "C. After the curing process, samples were grounded in the mortar. Finally, cured
samples were pyrolyzed at 600-800-1000 and 1200 ‘C temperatures in a tube furnace
under (Ar) atmosphere. The cause of the pyrolysis at lower temperatures is to obtain
transient porosity.

When compared to samples produced with a magnetic stirrer, it is seen that

samples produced with ultrasonic probe sonicator are homogeneous nano/submicron size.

30
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Figure 3. 11. The PSD plots of MM; cured at 140 °C, 18h, and MM1000 sample;
pyrolyzed at 1000 °C for 2h under Ar atmosphere.
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Figure 3. 12. The SEM images of the UM samples (after curing at 140 °C for 18h)
produced via o/w emulsion system stirred ultrasonically with 50% Amp.
(Oil phase; MK resin: 5 g + Toluene:7 mL+ Tin Catalyst: 500 pL) / Water

phase; DI water: 80 ml and surfactant: 0.8 g) (a) general and (b) higher
magnification view.

SEM images of the pyrolyzed (at 600-800-1000-1200 °C) samples are shown in

Figure 3.13. In addition, particle size distributions obtained from SEM images of cured
and pyrolyzed samples are shown in Figure 3.14.
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Figure 3. 13.
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The SEM images of the samples pyrolyzed at different temperatures; (a)
general morphology of UMG600, (b) higher magnification image of
UM®600, (c) general morphology of UMB800, (d) higher magnification
image of UMBS800, (e) general morphology UMZ1000, (f) higher
magnification image of UM1000, and (g) general morphology of UM1200,
(h) higher magnification image of UM1200.
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Figure 3. 14. The PSD plots of (a) cured sample at 140 °C for 18h, and (b) pyrolyzed

samples at 600-800-1000 and 1200 °C for 2h under the Ar atmosphere.
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While the size of cured polymeric spheres is 336£102 nm, after pyrolysis at
600,800,1000, and 1200 "C size of spheres are 303+115, 252+82 and 254+79 nm, 204+70
nm, respectively.

After pyrolysis process, ceramic yield, volumetric shrinkage and calculated SSA
of samples were calculated by applying Formula (3.1 & 3.2), Formula (3.3), and Formula
(3.4), respectively.

Mass (before pyrolysis)—Mass (after pyrolysis) %100 (3 1)

. 0 =
nght Loss (Wt A)) Mass (before pyrolysis)

Ceramic Yield (wt. %) = 100- Weight Loss (wt. %) (3.2)

(%) _ Volume (before pyrolysis)—-Volume (after pyrolysis) + 100 (3 3)

Volumetric Shrinkage .
Volume (before pyrolysis)

4mr?

dsiocFm(r3)

Calculated SSA (m?/g) = (3.4)

According to stirring types and pyrolysis temperatures, ceramic yield, volumetric
shrinkage, calculated, and BET specific surface area of spheres are listed in Table 3.1.

When compared to samples by mixing with magnetic (MM1000) and ultrasonic
probe sonicator (UM1000) pyrolyzed at 1000 °C, the ceramic yield and volumetric
shrinkage values of these samples are close to each other. Among the samples mixed with
ultrasonic probe sonicator and pyrolyzed at different temperatures (600-800-1000-1200
‘C), UM600 sample, obtaining by pyrolysis at 600 ‘C, has the highest (87.5 wt. %)
ceramic yield and the lowest volumetric shrinkage (15.8%). The largest weight loss
occurred in the process of organic to inorganic transition up to 800 “C.1% UM1200 sample
has the highest volumetric shrinkage (76.3%).

Calculated SSA values were obtained by using the radii obtained from the particle
size measurements of the samples and by accepting the density of SiOC as 2.1 g/cm?.
Calculated SSA and BET SSA values of UM600 sample are different. By the calculated

SSA, the bulk nonporous surface areas of the spheres can be determined.
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Lower pyrolysis temperature (600 ‘C) causes transient micro and mesoporosity
in the samples. Therefore, the calculated surface area and BET surface area measurement

for this sample are different from each other.

Table 3. 1. The percentage of ceramic yields, volumetric shrinkage, calculated (SSA), and

BET specific surface area of samples after pyrolysis.

Sample Stirring Pyrolysis Ceramic | Volumetric | Calculated | SSA
Code Type Temperature Yield Shrinkage SSA (m?g)
°C) (Wt.%) (%)
(m?/g)

MM1000 | Magnetic 1000 81.9 53.8 0.026 -
UM®600 | Sonicator 600 87.5 15.8 9.46 337.12
UMS8B00 | Sonicator 800 83.7 55.8 11.3 24.74

UM1000 | Sonicator 1000 79.5 55.9 11.2 11.39

UM1200 | Sonicator 1200 80.2 76.3 13.9 23.53

3.4. Structural Characterization of Spheres Derived from Silicone

Resin

The FTIR spectra of cured and pyrolyzed samples are shown in Figure 3.15. In
the spectra for cured sample, the adsorption of Si-CH3 bond located around 774 cm™ and
1274 cm. With increasing pyrolysis temperatures, the intensity of the Si-CHs bonds
decreased and disappeared. Samples have identical SIOC spectrum after pyrolysis at 800
°C, indicating that Si-C stretching peak centering 805 cm™, and also broad peak centering
~1050 cm™?, corresponding Si-O stretching in Si-O-Si or Si-O-C.% Also, the broadband

around 3500 cm™ is referred to O-H stretching.%®
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Figure 3. 15. The FTIR spectra of cured sample at 140 °C for 18 h, and pyrolyzed samples
at different temperatures (600-800-1000 and 1200 °C) for 2h under Ar
atmosphere.

TGA was applied to examine the thermal stability of samples under the oxygen
atmosphere. As shown in Fig. 3.16, UM600 sample showed (12 %wt.) weight loss from
500 °C to 1000 °C. That might be explained by the fact that UM600 sample (obtained by
pyrolysis at 600 °C) has a polymeric-ceramic structure. So the volatile components in the
structure are removed at high temperatures and weight loss is experienced.

On the other hand, TGA oxidation experiments show that the pyrolyzed samples
at various temperatures are strongly resistant to air oxidation up to 1000 °C. Maximum
weight gain values are < 6, 4, and 2 wt% for UM800, UM1000 and UM1200 samples,
respectively. With the rising of pyrolysis temperature, weight change temperature
increased, and weigh change decreased.

XRD patterns of samples are shown in Figure 3.17. Broad peaks between 10° and
30" range (26) indicate the characteristics of amorphous SiOC materials.®® Also, metallic
tin (ICDD 01-089-2958) peaks were observed at 31°,32% 44 °, and 45 ° due to the Tin
catalyst.°
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Figure 3. 16. The TGA results of samples obtained by pyrolysis at 600,800 1000 and 1200

Figure 3. 17. XRD patterns of samples obtained by pyrolysis at 600,800 1000 and 1200
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Since the spheres produced by the emulsion method using preceramic resin (MK
powder) were smaller and had more homogeneous size distribution than those produced
by using preceramic oil (PHMS), the experiments of coating SiOC substrates with TiO>
were carried out with MK derived SiOC spheres for use in adsorption and photocatalytic

experiments.

3.5. Morphological Characterization of TiO, Coated SiOC Spheres

Microstructural and elemental analysis of TiO2 coated SiOC spheres was
conducted to investigate whether TiO2 was homogeneously coated into SiOC substrates.

SEM images and EDX elemental mappings of TiO. coated SiOC spheres
produced by using SiOC substrate pyrolyzed at different temperatures (600, 800, 1000
and 1200 °C) and containing different (5-10 and 20 %) amounts of TiO, are shown in
Figure 3.18, 3.19, 3.20 and 3.21. EDX elemental mapping analysis was conducted to
show the distribution of silicon (Si), oxygen (O), carbon (C), and titanium (Ti) elements
in the samples.

SEM images show that the spherical structures of the samples were not
deteriorated after coating with titanium dioxide.

As it can be seen from the EDX mapping analysis results of samples, containing
different amounts of TiO2, for each pyrolysis temperatures, titanium homogeneously
dispersed. And also, the increasing amount of titanium dioxide was supported by
increasing titanium (%wt.) in the EDX results.

Besides, the atomic percentages of titanium in samples are given in Table 3.2.
Since the specific and small part of the sample was examined by EDX analysis, the results
were presented only to show that the amount of titanium increases with the increase of
the coating amount.

For UM600T5, UMB800T5, UM1000T5, and UM1200T5 samples, at the lowest
titanium dioxide coating amount (5%), atomic percentages of titanium in the samples are
0.34,0.92, 0.42 and 0.55, respectively.

By increasing the coating amount to 20%, for UM600T20, UMB800T20,
UM1000T20, and UM1200T20 samples, atomic percentages of titanium in the samples
are 1.62, 2.30, 0.78, and 2.26, respectively.
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Figure 3. 18. SEM images and EDX elemental mappings of SIOC+TiO2 samples
produced by using SiOC substrate pyrolyzed at 600 °C and containing
TiO2; (a) SEM image and EDX spectroscopy of UM600T5 containing
5% TiO2, (b) EDX mapping analysis of UM600T5, (c) SEM image and
EDX spectroscopy of UM600T10 containing 10% TiO, (d) EDX
mapping analysis of UM600T10, (e) SEM image and EDX spectroscopy
of UM600T20 containing 20% TiO», and (f) EDX mapping analysis of

UM600T20.
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Figure 3. 19.

Element

SEM images and EDX elemental mappings of SiOC+TiO, samples
produced by using SiOC substrate pyrolyzed at 800 °C and containing
TiO2; (a) SEM image and EDX spectroscopy of UM800T5 containing
5% TiO2, (b) EDX mapping analysis of UM800TS5, (c) SEM image and
EDX spectroscopy of UMB800T10 containing 10% TiO, (d) EDX
mapping analysis of UM800T10, (e) SEM image and EDX spectroscopy
of UMB800T20 containing 20% TiO2, and (f) EDX mapping analysis of
UMB800T20.
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Figure 3. 20. SEM images and EDX elemental mappings of SiOC+TiO2 samples
produced by using SiOC substrate pyrolyzed at 1000 °C and containing
TiO2; (a) SEM image and EDX spectroscopy of UM1000T5 containing
5% TiO,, (b) EDX mapping analysis of UM1000T5, (c) SEM image and
EDX spectroscopy of UM1000T10 containing 10% TiO2, (d) EDX
mapping analysis of UM1000T10, (¢) SEM image and EDX
spectroscopy of UM1000T20 containing 20% TiO2 and (f) EDX

mapping analysis of UM1000T20.
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Element Wit% Atomic %
C 17.85 25.77
o] 51.25 35.55
Si 29.37 18.13
Ti 1.53 0.55
Total: 100.00 100.00

(d)

UM1200T20 2 Element Wit%e Atomic %
. [§ 2473

3] 4880 54.73
Si 2862 1829
Ti 6.02 226
Total 100.00 100.00

Figure 3. 21. SEM images and EDX elemental mappings of SIOC+TiO2 samples
produced by using SiOC substrate pyrolyzed at 1200 °C and containing
TiO2; (a) SEM image and EDX spectroscopy of UM1200T5 containing
5% TiO,, (b) EDX mapping analysis of UM1200T5, (c) SEM image and
EDX spectroscopy of UM1200T10 containing 10% TiO2, (d) EDX
mapping analysis of UM1200T10, (¢) SEM image and EDX
spectroscopy of UM1200T20 containing 20% TiO2 and (f) EDX
mapping analysis of UM1200T20.
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Table 3. 2. Titanium atomic percentages in samples obtained from EDX analysis.

Sample Titanium Atomic (%)

UMG600TS 0.34
UM600T10 1.28
UM600T20 1.62

UMB00TS 0.92
UMBS800T10 1.53
UMB800T20 2.3
UM1000T5 0.42
UM1000T10 0.88
UM1000T20 0.78
UM1200T5 0.55
UM1200T10 1.09
UM1200T20 2.26

3.6. Structural Characterization of TiO, Coated SiOC Spheres

a) Fourier Transform Infrared Spectra (FTIR) Analysis

FTIR spectra were taken from TiO, coated SIOC samples and shown in Figure
3.22. The bands of the Ti-O-Ti and Si-O-Ti bonds at 430 and 960 cm™ ™% 112 did not
appear in the FTIR spectra of the TiO coated SiOC samples by the reason of the
overlapping the bands of silica at the same wavenumbers.

Pure SIOC and TiO2 coated SiOC samples have the same identical SiOC
spectrum, indicating that Si-C stretching peak centering 805 cm™, and also broad peak
centering ~1050 cm™, corresponding Si-O stretching in Si-O-Si or Si-O-C.% Also, the

broadband around 3500 cm is referred to as O-H stretching.!%®
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Figure 3. 22. FTIR analysis of TiO2 coated SiOC samples produced by using SiOC
substrate pyrolyzed (a) at 600 °C and containing different amounts of TiO,
(b) at 800 °C and containing different amounts of TiO3, (c) at 1000 °C and
containing different amounts of TiO2 and (d) at 1200 °C and containing

different amounts of TiO-.

b) X-Ray Diffraction (XRD) Analysis

XRD patterns of TiO2 coated SiOC samples are shown in Figure 3.23. With the
increase in the amount of TiO, the titanium dioxide (Anatase) peaks (at 25°, 37°, 48 °, 54
°, 55 ° and 63 °) are clearer and intense. After the samples were coated with titanium

dioxide, the peaks of the metallic tin (at 31° and 32°) disappeared in the XRD pattern.
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Figure 3. 23. XRD patterns of TiO, coated SiOC samples produced by using SiOC
substrate pyrolyzed (a) at 600 °C and containing TiO-, (b) at 800 °C and
containing TiO2, (c) at 1000 °C and containing TiO2 and (d) at 1200 °C and

containing TiO2,

c) Nitrogen Adsorption-Desorption Analysis

Nitrogen (N2) adsorption-desorption analysis was carried out to determine the
BET SSA and pore structure of the pure SiOC samples and TiO2 coated SiOC samples.
The samples were firstly degassed at 200 °C for 12 h before analysis. Specific surface
area (SSA) was determined from a BET (Brunauer—-Emmett—Teller) analysis. Also, pore

size distributions were obtained from the desorption part of the isotherms.
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Table 3.3. shows nitrogen (N2) adsorption-desorption analysis results of selected

samples.
Table 3. 3. N2 ads/des. results of SiOC and SiOC+TiO2 samples.
BJH BJH
Sample BET Desorption Desorption
(m?g) Cumulative average pore
volume of width
pores (4V/nm)
(cm*qg)
UM®600 337 0.09 9.2
UMB600T5 346 0.27 15.6
UM600T20 296 0.23 17.5
UMB800 24.7 0.21 15.2
UMB00T5 30.4 - -
UMB800T20 319 0.19 17.9
UM1000 11.4 0.07 20.1
UM1000T5 24.6 - -
UM1000T20 41.4 0.19 15.9
UM1200 23.5 0.16 19.6
UM1200T5 27.6 - -
UM1200T20 35.9 0.15 13.6

UMG600 sample has the highest surface area with 337 m?/g among pure SiOC
samples. With the increase of pyrolysis temperature, micro and mesopores decreased and
the surface areas of the samples (UM800, UM1000, and UM1200) decreased to 24.7, 11.4
and 23.5 m?/g, respectively.

By covering the SiOC substrate (UM600) with the highest calculated amount
(20%) of titanium dioxide, the surface area has decreased to 296 m?/g. This may be due

to the covering of some micropores on the surface with titanium dioxide.
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On the other hand, for other sample sets (pyrolyzed at 800,1000 and 1200 °C), the

surface area increased with the increase in the amount of titanium dioxide.

3.7. Adsorption-Photocatalytic Performance Measurements of TiO-
Coated SiOC Spheres on MB Dye

Adsorption and photocatalytic performances of pure SiOC and various amount of
TiO2 coated SiOC spheres were examined by the decrease in the concentration of MB dye
solution.

Initially, MB stock solution (0.03 mM=10 ppm) was prepared by adding MB
powder into DI water.

Adsorption experiments for pure SiOC samples were conducted in the dark for 2,
6, and 24 h. 15 mg of SiOC samples were dispersed in 30 mL of the prepared MB solution.
This solution was mixed with a magnetic stirrer at 500 rpm in the dark. After 2 h, 6 h and
24 h 2 ml of sample were taken from the solution with a micropipette.

For the photocatalytic experiments, initially, 15 mg of various amounts (0-5-10
and 20%) TiO2 coated SiOC samples were dispersed in 30 mL of the prepared MB
solution. This solution was mixed with a magnetic stirrer at 500 rpm for 2h in the dark to
achieve adsorption-desorption equilibrium between powders and MB dye. After 2 h of
mixing in the dark, 2 ml of sample was taken from the solution with a micropipette. Then
the solution was placed 20 cm across to UV light source and stirred at 500 rpm for 2h in
a UV lamp cabin system having a 300 Watt UV light source (Osram, UltraVitalux).
During mixing under a UV light source, at time intervals (15, 30, 45, 60, 90, and 120) 2
ml of samples were taken from the solution with a micropipette. Ultraviolet-visible (UV-
Vis) spectrophotometer (UV2550, SHIMADZU) was used to measure changes at major
absorbance peak (664 nm) of MB solutions. According to Lambert-Beer law!?,
concentration and absorbance of the solution have a proportional relationship. Therefore,
the concentration of solutions for different (0-15-30-45-60-90 and 120 min.) durations of
UV irradiations was calculated by using the absorbance value of initially prepared MB
solution with known molarity.

Figure 3.24 shows the adsorption percentage of the pure SiOC (UM600, UMB800,
UM1000, and UM1200) samples at different contact times. As it can be seen from Fig.

3.25, at the end of the 24 h, UM600, UM800, UM1000 and UM1200 samples have 2%,
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18%, 36% and 64% adsorption percentages, respectively. In adsorption experiments to
remove MB dye from water, as the pyrolysis temperatures increases, samples exhibited
much higher adsorption results.
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Figure 3. 24. Adsorption percentages of the MB dye onto UM600, UM800, UM1000,
and UM1200 samples at 2-24 h contact times.

Photocatalytic performance results of the pure SiOC substrate, produced by
pyrolysis at 600 °C, and TiO coated SiOC samples are shown in Figure 3.25. The change
in the initial MB concentration (Co = 0.03 mM) by reaction with the UM600, UM600T5,
UMG600T10, and UM600T20 samples as a result of adsorption time (2h) in the dark and
photodegradation time (2h) under UV irradiation is shown in Figure 3.25(a). Figure
3.25(b) shows photocatalytic degradation kinetics of samples.

The calculated photodegradation rate constants are shown in Table 3.4. While the
pure SiOC (UM600) sample has the 0.57 x10° min™* rate constant, the UM60020 sample

has the highest rate constant with the 23x10° min™.
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Figure 3. 25. (a) Degradation ratio of MB (Co:0.03 mM) solution by the reaction with
pure SiOC substrate produced by pyrolysis at 600 °C and samples

containing 5%, 10%, and 20% amount of TiO2, and (b) kinetic curves of

the MB degradation.

Table 3. 4. Photodegradation rate constants of pure SIOC (UM600) sample and various
amount of (5%, 10%, and 20%) TiO> coated SiOC (UM600T5, UM600T10,
and UM600T20) samples. (k (min™)

Sample Rate Constant (k; 10 x min)
UM®600 0.57

UMG600TS5 21

UM60010 17

UM60020 23

Photocatalytic performance results of the pure SiOC substrate, produced by
pyrolysis at 800 °C, and TiO coated SiOC samples are shown in Figure 3.26. The change
in the initial MB concentration (Co = 0.03 mM) by reaction with the UM800, UM800TS5,
UMB8B00T10, and UM800T20 samples as a result of adsorption time (2h) in the dark and
photodegradation time (2h) under UV irradiation is shown in Figure 3.26(a). Figure

3.26(b) shows photocatalytic degradation kinetics of samples.
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Figure 3. 26. (a) Degradation ratio of MB (C0:0.03 mM) solution by the reaction with

pure SiOC substrate produced by pyrolysis at 800 °C and samples

containing 5%, 10%, and 20% amount of TiO2, and (b) kinetic curves of

the MB degradation.

The calculated photodegradation rate constants are shown in Table 3.5. While the
pure SIOC (UM800) sample has the 1.5 x10° min™ rate constant, the UM80020 sample

has the highest rate constant with the 16x107 min™.

Table 3. 5. Photodegradation rate constants of pure SiOC (UM800) sample and various
amount of (5%, 10%, and 20%) TiO> coated SiOC (UM800T5, UMS800T 10,
and UM800T20) samples. (k (min™?)

Sample Rate Constant (k; 103 x min)
UMB800 15

UMB00T5 7.4

UMS80010 13

UMB80020 16
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Photocatalytic performance results of the pure SIOC substrate, produced by
pyrolysis at 1000 °C, and TiO2 coated SiOC samples are shown in Figure 3.27. The
change in the initial MB concentration (Co = 0.03 mM) by reaction with theUMZ1000,
UM1000T5, UM1000T10, and UM1000T20 samples as a result of adsorption time (2h)
in the dark and photodegradation time (2h) under UV irradiation is shown in Figure
3.27(a). Figure 3.27(b) shows photocatalytic degradation kinetics of samples.
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Figure 3. 27. (a) Degradation ratio of MB (C,:0.03 mM) solution by the reaction with
pure SiOC substrate produced by pyrolysis at 1000 °C and samples
containing 5%, 10%, and 20% amount of TiO>, and (b) kinetic curves of
the MB degradation.

The calculated photodegradation rate constants are shown in Table 3.6. While the
pure SiOC (UM1000) sample has the 2.5 x10 min* rate constant, UM100010 sample
has the highest rate constant with the 11x10° min™.

Photocatalytic performance results of the pure SiOC substrate, produced by
pyrolysis at 1200 °C, and TiO2 coated SiOC samples are shown in Figure 3.28. The
change in the initial MB concentration (Co = 0.03 mM) by reaction with the UM1200,
UM1200T5, UM1200T10, and UM1200T20 samples as a result of adsorption time (2h)
in the dark and photodegradation time (2h) under UV irradiation is shown in Figure

3.28(a). Figure 3.28(b) shows photocatalytic degradation kinetics of samples.
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Table 3. 6. Photodegradation rate constants of pure SiIOC (UM1000) sample and various
amount of (5%, 10%, and 20%) TiO, coated SiOC (UMZ1000T5,
UMZ1000T10, and UM1000T20) samples. (k (min)

Sample Rate Constant (k; 103 x mint)
UM1000 2.5
UM1000T5 3.5
UM100010 11
UM100020 10
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Figure 3. 28. (a) Degradation ratio of MB (C,:0.03 mM) solution by the reaction with
pure SiOC substrate produced by pyrolysis at 1200 °C and samples
containing 5%, 10%, and 20% amount of TiO>, and (b) kinetic curves of
the MB degradation.

The calculated photodegradation rate constants are shown in Table 3.7. While the
pure SiOC (UM1200) sample has the 3.3 x10° min rate constant, UM120020 sample

has the highest rate constant with the 13x10° min™.
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Table 3. 7. Photodegradation rate constants of pure SiOC (UM1200) sample and various
amount of (5%, 10%, and 20%) TiO, coated SiOC (UM1200T5,
UM1200T10, and UM1200T20) samples. (k (mint)

Sample Rate Constant (k; 103 x min?)
UM1200 3.3

UM1200T5 5.2

UM120010 9.6

UM120020 13

Photo-degradation efficiencies of pure SiOC and TiO- coated SiOC samples are

given in Figure 3.29. While the photo-degradation percentages of the samples were

calculated, the percentages of adsorption performed before the UV test were subtracted

from the entire results. In summary, under UV irradiation, while pure SiOC (UM1000)

sample showed the lowest (1%) photo-degradation efficiency, samples coated with
titanium dioxide (UM600T20) showed 87% photo-degradation efficiency. It was

observed that photo-degradation efficiency increases with the increase in the amount of

titanium dioxide in all sample sets.
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Figure 3. 29. Photodegradation Efficiency (%) of all samples.
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At the end of the photocatalytic experiments for all samples, the decolorization

of MB dye aqueous solution is illustrated in Figure 3.30.
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Figure 3. 30. The decolorization of MB solution after photocatalytic experiments
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CHAPTER 4

CONCLUSIONS

Porous silicon oxycarbide (SiOC) submicron spheres were produced via the
emulsion method by using economic and commercial preceramic polymers. After
obtaining homogeneously distributed submicron polymeric spheres, curing was
conducted this was followed by the pyrolysis at different temperatures (600-800-1000
and 1200 ° C). Upon pyrolysis at 600-800-1000 and 1200 ° C, the size of the SiOC
submicron spheres were measured as 303+115, 252+82, 254+79 and 204+£70,
respectively. All samples were coated with titanium dioxide precursor ((Titanium(IV) n-
butoxide) in order to produce titania coated SiOC spheres. For this aim, samples were
heat-treated at 450 °C/air to obtain the photocatalytically active anatase (titanium dioxide)
coated SiOC ceramic composites.

With the increase in the amount of TiO2 in samples, the anatase related peaks
were started to be clearer in the resulted XRD patterns of SiOC+TiO, samples
(corroborated also be SEM-EDX). BET specific surface area (SSA) and pore structures
of the pure SiOC and TiO2 coated SiOC samples were characterized by nitrogen
adsorption-desorption analysis. UM600 sample, pyrolyzed at 600 °C, has the highest
surface area with 337 m?/g and microporosity among other SiOC samples. With the
increase of the pyrolysis temperature, micropores disappeared, the surface areas of the
samples (UM1000, and UM1200) started to decrease to 11.4, and 23.5 m?/g, respectively.

Water purification experiments were carried out both by adsorption and
photocatalytic degradation using methylene blue dye. Adsorption experiments (in the
dark) were performed only for SiOC samples produced at different pyrolysis
temperatures. UM1200 sample showed the best adsorption efficiency with 64% at the end
of 24h. Photocatalytic experiments (under UV irradiation) were performed for both as
SiOC and titania coated SiOC samples. UM600T20 sample, obtained by coating SiOC
substrate (pyrolyzed at 600 °C) with 20% wt. titania showed the best photodegradation
efficiency reaching 87%. Total removal efficiency (adsorption, followed by
photodegradation) of the sample UM600T20 was found to be 94%.
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