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Abstract

TiO, nanoparticles were synthesized with simplified-gall method using water as
solvent and Titanium tetraisopropoxide as precursbine synthesized materials were
characterized by Dynamic Light Scattering (DLS)m8itaneous Thermal Analysis
(STA), X-Ray Diffraction (XRD) and & Nuclear Magnetic Resonance Spectroscopy
(NMR). These characterization methods provide \@rianformation to understand
crystal type and size of nanopatrticles, effectywitisesis parameters, change in particle

size of TiQ sols, thermal behavior and pH dependence of pasticl

The effects of synthesis conditions such as waegyssor molar ratio, amount of acid
catalyst, amount of chelating agent, reaction teatpee and time on properties of HiO

particles were investigated. High water:precursotamratio ensures small particle size
and stable particles in aqueous suspension of,. TKdlditionally, increasing acid

amount results in smaller particle size and stphhticles with higher surface potential.
Results clearly show that acid catalyst has crugdf@ct on particle synthesis and it is
not possible to obtain particles without acid catlin this work acetic acid was used
as chelating agent and according to obtained sefink particles can be obtained with

higher acetic acid. Reaction temperature and tils@ serve for smaller size and stable



particle. However, effects of these parametersnatesignificant compared to other

parameters.

Isoelectric point of Ti@ sols was measured between pH 5 and 6. Lower aymhpH
values result in stable sols which is needed cmmdifor smooth applications.
Additionally, it was observed that significant clganin particle size occurs after
synthesis reaction TiDsol samples. This change was associated to unetedpl
reactions of precursor and“CNMR was used to understand this behavior. XRD
patterns of samples showed that anatase cryst#tlparwere obtained for samples on
which calcinations process was not applied. Funtloee, it is determined with XRD
measurements that water:precursor molar ratio doebkave effect on crystal structure
of the particles. Phase transition from anataseutite crystal phase was determined
between 500 and 660. Simultaneous thermal analysis of Fi€ample support this

phase transition temperature value.

Surface modification of Ti@nanoparticles was done with aminopropy! triethdaye
and modified particles were characterized by Four@nsform infrared spectroscopy
(FTIR), STA and Elemental Analysis. Effects of nfadition conditions such as
modifier concentration, Ti® concentration and reaction time were investigated.
Increasing concentration of modifier has significaifect on amount of surface
modification. On the other hand, above certain eatr@tion amount of grafted amino
silane is not affected. These results were verifigith STA and Elemental Analysis.
When TiQ concentration increases, reaction between sui@degroup and alkoxy
group of modifier increases and higher mass losbserved in thermal analysis due to
degradation of grafted organic materials. Moreovenger reaction time results in

higher coverage of modifier on the surface of tadiple.
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MODIFIKASYONU

Ayca ABAKAY
MAT, Yuksek Lisans Tezi, 2012

Tez Dangmani: Prof. Dr. Yusuf Z. Mencegtu

Anahtar kelimeler: Titayum dioksit, Anataz, Sol-geétodu, Sentezleme gdlari,

Yizey modifikasyonu, Silan lggayicilari

Ozet

Bu calsmada TiQ nanoparcaciklari basitigrilmis sol-gel yontemi ile solvent olarak
su ve precursor olarak Titanyum tetraisopropoksitlakilarak sentezlenstir.
Sentezlenen malzemeler DLS, STA, XRD and® GIMR teknikleri kullanilarak
karakterize edilmtir. Bu karakterizasyon teknikleri parcaciklariniskal yapisi ve
boyutlari, sentez parametrelerinin etkileri, Fi®ol 6rneklerindeki pargcacik boyutu
degisimi, termal davrariar ve pH’in 6rnekler tGzerindeki etkilerini anlaknagisindan

onemli bilgiler sg&lamistir.

Su:prekursér mol orani, asit katalizér miktagelatlama ajani miktari, reaksiyon
sicaklgl ve suresi gibi sentez kallarinin elde edilen parcaciklarin 6zellikleri
uzerindeki etkileri incelenrgiir. Elde edilen sonuclara gore, su:precursor nnahmin
yuksek olmasi kiguk boyutta ve sulu suspansiyondeikararli parcaciklar elde
edilmesini s@lamaktadir. Ayrica, asit katalizor miktarindaki i1grile daha kuguk
boyutta ve yluksek ylzey potansiyeline sahip kagaahcaciklar elde edilebilmektedir.
Asit katalistin parcacik boyutu tzerinde c¢ok oOnewtkisi old@gu ve asit katalizor
kullaniimadan parcacik sentezinin mimkin olamagaeke edilen sonuglardan agik¢a

gorulebilmektedir. Bu calmada asetik asielatlama ajani olarak kullangtir. Diger



parametrelerin etkisine benzer olarak kullanilaatigsasit miktarinin arttiriimasi ile
daha kucuk boyutta parcaciklar elde edilebilmekteReaksiyon sicakil ve suresi de
kararl parcaciklar sentezlenmesine katkila@aaktadir fakat bu parametrelerin etkisi

diger parametreler ile kafastirildiginda oldukca dtiktir.

TiO, sol drneklerinin izolektrik noktasi pH 5 ve 6 anala belirlenmy olup, daha dtik
ve yuksek pH degerlerinde parcaciklar sulu sitspansiyon igerisingghdngi bir
cbkmeye yol acmayacajekilde sabit kalabilmektedirler. Bu karargd sahip érnekler
uygulamalarda sorunsuzca kullanilabilmektedirlerunBara ek olarak, c¢amalar
esnasinda sentezslamleri sonrasinda o©rneklerin parcacik boyutlarindaemli
degisiklikler oldugu gozlenmgtir. Bu desisimlerin sebebinin prekusérin sonlanmgmi
reaksiyonlari olabileggé distinilmis ve ornekler & NMR kullanilarak karakterize
edilmistir. XRD sonuclarindan 8€ kurutulmus fakat kalsinasyorsiemi uygulanmans
TiO, oOrneklerinin anataz kristal yapisina sahip @ldudgrenilmistir.  Ayrica
Su:prekursor mol oraninin parcaciklari kristal gapiizerinde herhangi bir etkisi
olmadgi gozlenmgtir. Farkl sicakliklarda uygulanan kalsinasygleinleri sonrasinda
anataz kristal yapisindan rutil kristal yapisingigie 500-606C arasinda gercekles

belirlenmitir. Bu sonuglar parcaciklarin termal analiz soaugle de d@rulanmstir.

TiO, nanoparcaciklarini yizey modifikasyonu aminopraetoksisilan ile yapilngive
ornekler FTIR, STA and Elemental Analiz yontemléle karakterize edilnsiir.
Modifikasyon kimyasalinin konsantrasyonu, sulu eysticerisindeki TiQ parcacik
konsantrasyonu ve reaksiyon suresi gibi parameimneleiin 6zelliklerini nasil etkilegi
Uzerinde callmistir. Elde edilen sonucglara go6re, aminopropil trksisilan
konsantrasyonu arttikca ylzeyde tutunan kimyasdtami artmakta fakat belli bir
konsantrasyon gerinden sonra bu agtn etkisi gorilmemektedir. STA ve elemental
analiz yontemlerinde elde edilen sonuclar uyumlulgostermektedir. Ti@
konsantrasyonundaki agtytizey OH gruplari ile alkoksi gruplari arasindedaksiyonu
arttirmakta ve termal analiz sonuglarinda dahafazatlik kaybi ile belirlenen parcacik
yuzeyinde tutunmg olan organik madde miktarini attirmaktadir. Bualak olarak,
uzun reaksiyon sdresinin arttirlmasi daha etkin yiizey modifikasyonunun elde

edilmesini sglamaktadir.
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CHAPTER 1

1. Introduction

Titanium dioxide is one of the most studied metatles in the literature for its unique
properties and wide range of application areassélageas are paint industry, solar cell
applications, gas sensors, ceramics, heterogensdal/sis and photocatalysis. TiO
has attracted a great deal of attention in thesasadue to its chemical stability, non-

toxicity, low cost, and other advantageous propstrti

Industrial production of Ti@ started in the beginning of the 20th century tplaee
toxic lead oxides as pigments for white paint.sltused as a white pigment in paints,

plastic, paper, food pharmaceuticals [1].

Photocatalytic activity of TiQwas discovered by Fujishima and Honda during water
splitting process with Ti@electrode under ultraviolet light [2]. After thikscovery lots

of researches were carried out to examine and wegtus property of TiQ

Many techniques can be used for Ti@article synthesis such as sol-gel method,
hydrothermal synthesis, chemical and physical vageposition, emulsion method,
reactive sputtering, and liquid phase depositioomoAg these methods, sol—gel
method is the most common technique for Jianoparticle synthesis due to its
several advantages, such as low processing temuperaand homogeneity.
Additionally, sol-gel method ensures simple produttprocess which can be
applied at larger scales in industry. One of thsabf this work is to be able to
synthesize Ti@ nanoparticles by a simplified method which givessided product
properties such as particle size and stabilitystalyphase and surface area. This
simplified method has easy processing steps tharerapplications at larger scales

and is cost effective.

In all application areas of Tidespecially in photocatalysis, size, surface aned a
crystal structure of the TiJparticles are important factors that affect theggenance
of the materials. Because of this reason, it igiatuto control these properties of the

product during synthesis. In this work it is aintecensure controlled synthesis of $iO



nanoparticles and get better understanding of &ffegnthesis conditions. To achieve
this aim, effects of synthesis parameters suchaasryprecursor molar ratio, amount of
acid catalyst, amount of chelating agent, reactiemperature and time were
investigated. Produced Ti®ols and powders were analyzed with DLS, STA, X&id

C™ NMR to understand crystal type and size of nartapes, effect of synthesis
parameters, change in particle size of J8@ls, thermal behavior and pH dependence of

particles.

Surface modification of Ti@particle is used in some of application areas &0,
nanoparticles used as white pigment, polymer filldy absorber and photocatalyst.
Surface modification enhances proper dispersiopalymer matrix, enhance coating
properties, suppressing high photocatalytic agtifar UV absorption applications or
improve efficiency of Dye Sensitized Solar CellsSSECs).

Organosilanes can be used as modifier of, BGrface and aminosilanes are common
material which provides better compability with anic mediums. One of the important
points in surface modification of TpOnanoparticles is to control amount of
grafting/surface modification in order to have apim surface functionalization and
photocatalytic activity. In this work, it is aimdd optimize surface modification by
understanding of effects of parameters. Trials weerformed by changing
concentration of modifier, concentration of Bi@anoparticles in aqueous reaction
system and reaction time. Similar with sol-gel sgsis of TiQ, the main objective is
to ensure a simple and effective process for serf@aodification of nanoparticles.
Samples were characterized with FTIR, STA and Efgalénalysis.



CHAPTER 2

2. Literature Review on Titanium Dioxide

2.1. Titanium Dioxide (TiO )

Titanium Dioxide is a very well known and commoniged material in industry as a
white pigment due to non-toxicity and low cost. eftdiscovery of photocatalytic
activity it became much more attractive for differe@pplication areas with its unique
properties. TiQ is cheap, chemically and biologically inert, réblsaand has stable
chemical structure. Furthermore; it can operanaient temperature and pressure, has
high catalytic activity and can work with very las@ncentrations of organic pollutants

[3].

2.1.1. Crystal Structures of TiO,

Crystalline TiQ exists in three phases; anatase, rutile and bmolkill three are
composed of octahedral groups of oxygen atoms drtitamium. As shown in Figure
2.1, anatase and rutile phases have tetragonattwsteuwhile brookite phase has

orthorhombic structure.

Some synthesis parameters such as synthesis metkarting material, pH and
concentration of reaction medium and calcinationgerature affect formation of T3O
phases. Among three phases, rutile is the mostesfatase at high temperatures.
Calcination leads amorphous phase transition tdaseaand than anatase form is
transformed to rutile phase [4].

Anatase has higher photocatalytic activity tharnleythase whereas brookite does not
have catalytic activity. Although anatase and eutdrm octahedral basic structures and
have the same tetragonal crystalline structuregifierence between these two crystal
phases is the alignment of octahedrons. In angihase octahedrons show higher
distortions than rutile phase octahedrons which ase not regular but have slight

distortions [5]. This difference results in disdimity in electron densities and band



structures. Anatase phase shows higher photoaatalgtivity than rutile phase in most
of the reactions in spite of having higher bandrgn¢6].
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Figure 2.1Crystal Structures of anatase, rutile and brodiite



2.2. Photocatalytic Activity of TiO,

Catalysis is the change in rate of a chemical r@aatiue to the participation of a
substance called a catalyst. So, photocatalysasresaction that uses light to activate a
catalyst which changes the rate of a chemical iagtithout consumed. Ti{s one of

the most studied photocatalyst among other semiciodmaterials.

Before explaining photocatalytic activity of TiGt is better to define band gap.
Electrons are allowed to stay in certain energglewn an atom and these individual
levels combine and form bands in materials. Thedbaith the highest energy that an
electron can move is valence band. The next erlekgy, conduction band is the range
of electron energies where an electron is free fbamding with its individual atom and
allowed to move freely within the atomic latticetbe materialThe energy difference

between valence band and conduction band is casléxdnd gap [7].

A photon with enough energy, which is equal or kigthan band gap energy, excites
valence band electrons and makes them jump to highergy conduction band.
Moreover, this excited electron generates positivarge hole in valence band. There
are two possible routes that electrons and holes fodow. In the first route,
electron/hole pairs can diffuse to the surface & tatalyst and react with surface
species such as,8 and Q to start photoreduction or photooxidation readias
shown in Figure 2.2. In the second route, elechrae/ pairs can recombine without
starting any reaction and this is one of the ratgtihg steps of the photocatalytic

reactions.
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Figure 2.2 Mechanism of photocatalysis

As mentioned above photocatalytic reactions octuhea surface of the catalyst, this
brings an important role to surface area of pasiabn photocatalytic activity. If the
surface area of catalyst is high, adsorption oft@m® become faster. Additionally, as
the particle size of the materials decreases surfiee energy increases, this means
strong interaction between catalyst surface andrabsy species. This increases the
possibility of adsorption of charge carriers to #iesorbed molecules and finally results

in enhancement of catalytic activity [5].

Beside high surface area, mesoporous surface gsthkcphase, it is reported in some
of the studies that particle size has importanéafbn photocatalytic activity of TiO
[8]. When particle size of the semiconductor maledecreases, density of surface
defects increases up to a certain value. Thesacgudefects results in delocalization of
molecular orbitals on the surface. Since they dbo mave certain location, these
delocalizations create shallow traps near the kel of its electronic state. Finally,
this process brings band gap reduction [9]. If iprtsize further decreases, charge
carriers (electrons and holes) confine in a poééntiell. This confinement prevents
delocalizations that occur at larger particle siZéggs means that when minimum band
gap is reached, further decrease in partice sizeases band gap. On the other hand,
this increase in band gap does not directly raauttecrease of photocatalytic activity
because at this point surface area of the pairtickeases which increases photocatalytic

6



activity. These two concepts should be consideregether in order to make
investigation of photocatalytic activity.

Another property of TiQthat affects photocatalytic activity is of coursgstal phase.
Anatase phase is more advantageous than rutilee ghaterms of electron transport
from the valence band to the conduction band; sé¢ipar time in anatase phase is
longer which increases electron and hole pairs deoitg and finally increases
photocatalytic activity. On the other hand, whemtase and rutile phase are close to
each other electron transport to the conductiondbean be effective in terms of
durability and longevity of electron. This interact between two crystal phases results
in better photocatalytic activity for the mixturé anatase and rutile phases. In order to
have this enhanced activity ratio of anatase plsaselld be higher than rutile phase
[10,11]. In fact, presence of rutile phase in agljado anatase phase in small quantities

acts such as a structural defect or impurity anes high photocatalytic activity [12].

2.3. Synthesis of TiQ

As mentioned before, Tis used for different applications as pigment, &bhsorber or
photocatalyst. In almost all of the applicationaaeproperties of Tipparticles such as
size, surface area, crystal phase and crystalangyimportant factors that affect the
performance of the materials. Synthesis methodi@% Particles has very important
effect on these properties. Therefore, lots of agdees have focused on synthesis
methods. Many techniques can be used for, Ti@hoparticle synthesis such as sol—gel
method, chemical vapor deposition, reactive spuatjeremulsion method and liquid
phase deposition [13]. However, these methods,roth@n sol-gel method, need
expensive materials and special conditions likdn igcuum, magnetic waves; it is not
feasible to use these methods for high volume egipdins. Sol-gel method for TO
synthesis has many advantages over other methddsiarwidely used.



2.2.1. Sol-Gel Synthesis

Sol-gel method is a wet-chemical method which ie thost common method for
synthesis of metal oxides with an intermediate estagluding a sol or/and a gel state
[14].

Both sol-gel synthesis method itself and the fipabduct have advantages over
synthesis methods and their final products. Firsilyiple equipments are needed during
sol-gel synthesis. Reactions take place at low &aipres and this allows saving
energy and reduces losses due to evaporation. tigaally, process occurs in liquid
medium and this prevents pollution caused by dsperof dust particles. Another
advantage of the method is the easy control oftimaparameters which ensures easy
control of final product properties. Moreover, thnethod is very suitable to dope the
materials and finally, the solution form enablesdat large and complex surface areas
by dip coating, spin coating and simply by sprayiBgside advantages of the method,
final product has some advantages as high homagesnai purity. On the other hand,
precursors that are used in sol-gel method arensikpe and there is possibility of

residual carbon or hydroxyl existence on final pretd 15].

Sol-gel method synthesis has been commonly used@&gi0, nanoparticle synthesis.
In this synthesis, some titanium alkoxides and aloxides can be used as titanium
precursors. Most commonly used alkoxide precuramsTi(i-OP) and Ti(OBu). Non-
alkoxide precursors include inorganic salts such nédgsates, chlorides, acetates,
carbonates, acetylacetonates and these precuesprser an additional removal of the
inorganic anion [16].

Sol-gel method can be used for different type @idpcts and different procedures can
be employed in this synthesis method as present&igure 2.3. Sol-gel process starts
with right type of precursor which leads reactidsvards formation of colloidal

particles or polymeric gels. When obtained collbpkticles dried and treated by some
technigues such as sintering and cold or hot prgsseramics can be obtained.
Moreover, large surface areas can be coated wittoisos of the process and fibers can

be obtained after spinning process [15].
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CHEMISTRY SOLUTION

SINTERING
CERAMIC

Figure 2.3 Chart of sol-gel synthesis [15]

TiO; is usually synthesized by hydrolysis and polycorsddéion reaction steps. Firstly,
titanium alkoxides form oxopolymers in aqueous phasd then these oxopolymers are
transformed into an oxide network. First step @& thactions is hydrolysis reaction of
metal alkoxide solution with water as given in Egma 2.1 [17]. During the hydrolysis
reaction, alcohol molecules in the structure ofahatkoxides are eliminated with the

replacement of water.
Ti(OR), + H,0 - Ti(OR),_,(OH) + ROH (2.1)

Condensation reactions include two different stele$ydration and dealcolation. These
steps can take place at the same time and carpbeserd in Equation 2.2 and 2.3.

Dehydration:

Ti(OR), + Ti(OR),_,(HO) - Ti,0(OR),,_, + ROH (2.2)



Dealcolation:

2Ti(OR),—1(OH) = Ti,0(OR) 5 + Hy0 (2.3)

The overall reaction can be expressed as:

Ti(OR), + gHZO > Ti0y,, + nROH (2.4)

2.2.2. Effects of synthesis parameters

As mentioned earlier performance of Fi@anoparticles strongly depend on properties
of the particles. Moreover, there are various fectelated to synthesis process that can
change crystal type, particle size and morpholdgyi®,. These factors are synthesis
parameters such as pH, stoichiometry of reactaeégtion time, reaction temperature

and calcinations temperature.

One of the important synthesis parameters that k&eet on TiQ is pH of reaction
medium. It has been demonstrated in many studias dlid catalysis increases
hydrolysis rates, crystalline and smaller sized gens are formed from fully

hydrolyzed precursors [16, 18, 19].

Synthesis of TiQ includes two stages of reactions; hydrolysis aoddensation. If
condensation reaction occurs simultaneously with ttydrolysis, this results in
amorphous product. The main reason for this isaliati groups inhibit the formation
of ordered structures. It is stated that hydrolylse&s to be completed before the
beginning of the condensation reaction if the dibjecis to prepare highly ordered
crystalline structure [20]. This means that condénsa reaction is slow enough. The
way to promote hydrolysis reaction versus the coedigon reaction is based on low
processing pH. The amount of acid added affectstidte of the hydrolyzed products in
the form of sol, gel, and precipitates. The geftafwocess is delayed in the synthesis
with acid addition and a turbid gel was formedaast of white precipitates [19].

The acid serves not only as an acid catalyst factrens, but also as an electrolyte to
prevent particle growth or agglomeration througlcgbstatic repulsion. It makes the

surface of the precipitates to get positively cledrglue to the Hadsorption. More
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protons adsorbed onto the surfaces means moresi@puibrces between particles. By
this way, optically transparent suspensions caobbained [21].

Beside pH, stoichiometry of reactants such as watsursor molar ratio affects final
TiO, product. Effects of this parameter have been tiy&®d in studies where titanium

tetra isopropoxide is used as precursor [22-24].

Acid catalysis and pH of the reaction medium afdugdrolysis and condensation rates
as stated previously. Moreover, another way toeaeha small particle size and narrow
distribution, water:precursor molar ratio is ussdhasynthesis parameter to control rates
of nucleation and growth of particles. In sol-gebgess, two regimes are distinguished;
synthesis with a low water:precursor molar ratiod agynthesis with a high
water:precursor molar ratio. Wang et al. investdagéffect of water:precursor molar
ratio and observed that higher water:precursor nrat#o resulted in reduced crystallite
size [19]. Additionally, Yin et al. indicated th#te amount of water determined the
degree of crystallization [25]. They stated thaDJparticles that are synthesized with
low water content would require longer calcinatiopsriods for crystallization.
According to these studies, low water content adldwultrafine crystallite size

especially for low temperature synthesis processes.

On the other hand, Oskam et al. claimed the opp§28]. They stated that hydrolysis
of titanium alkoxide is very fast and nucleationdagrowth are completed within
seconds. The Tigparticles formed with high water content in th@iocess are unstable
and a white suspension is immediately formed dueth® precipitation of large
aggregates.

In literature there are lots of studies which iriigede effect of chelating agent on BiO
synthesis [26-29]. Metal alkoxides precursors folrgel process are generally highly
reactive. Because of this, control of the reagtiistnecessary in order to obtain sols and
gels with desired properties. This control may lohieved with modifiers such as
acetylacetone and acetic acid or other complexntlggd28]. Acetylacetone and acetic
acid are known as strong chelating ligand and #reyused as a stabilizing agent for
alkoxides precursors. Presence of these modifietenaés serves to control the
hydrolysis and condensation reactions and prevérgs precipitation of undesired
phases. Beside controlling degree of condensatibe)ating agents leads to the
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preferential crystallization of TiQin the anatase phase. Moreover, without the cbntro
of the condensation reactions amorphous agglomep#dicles may be obtained after

hydrolysis reaction [30].

Another important parameter that affects crystpktgnd size of particles is calcination
temperature. After sol-gel process, dried partielesgenerally amorphous or have low
crystallinity. So, powders should be calcined idasrto obtain crystallize Ti© During
calcination, TiQ particles experience phase transitions from anwrpho anatase and
then from anatase to rutile. Phase transition faomorphous to anatase is known to take
place to occur in the temperature range betweeK @28 723K while the anatase-rutile
transition is known in a wide range of temperatéin@m 873K to 1373K. Exact
temperature value of transition depends on thegpagion condition of TiQ@ parricles
[31]. Ovenstone et al. investigated the effect aftiple size on transition temperature
from anatase to rutile phase. In their study, smaiétal size of anatase results in low
temperature of phase transition from anatase e [32].

On the other hand, calcination process should bé&ated to avoid high temperatures
that result in sintering. Moreover, high temperatwalcinations process leads to
decrease in surface area, high crystal size arsdablydroxyl groups. These negative
effects should be considered beside advantagebfdnystalline particles.

Zeta potential and isoelectric point are also ingoatr properties that have direct effect
on the product. The particles in a colloidal suspam or emulsion usually carry an
electrical charge and have electrical potential, &eta potential is the potential
difference between the dispersion medium and thosary layer of fluid attached to
the dispersed particle. Zeta potential indicatesdibgree of repulsion between particles.
A value of £30 mV can be taken as the limit valhattseparates low charged surfaces
from highly charged surfaces. Highly charged sw$awill have strong repulsion and so
will have stability and resist aggregation. Moregusoelectrical point is the pH value
at which there is no net charge on particle. Arotimd pH value, dispersion has very

low even zero zeta potential and so aggregatioarsdn the system.
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2.2.3. Other Synthesis Method

There are also some other methods that can befais@@O, synthesis rather than sol-
gel method. These are hydrothermal synthesis, darand physical vapor deposition,

emulsion method, reactive sputtering, and liquidgghdeposition [33].

Hydrothermal synthesis is other common techniqueTi®, synthesis after sol-gel
method. It is a method that is widely used for pneduction of small particles in the
ceramics industry. Hydrothermal synthesis takesepia steel pressure vessels called
autoclaves with or without Teflon liners under coiied temperature and/or pressure
with the reaction in agueous solutions. The tentpezacan be elevated above the
boiling point of water, reaching the pressure gborasaturation. The temperature and
the amount of solution added to the autoclave Igrgetermine the internal pressure
produced [34].

Chemical and physical vapor deposition are generafied to form coatings but
recently, they have been widely used to produceomarterials. In vapor deposition,
materials in a vapor state are condensed to foswlid phase material and this process
takes place within a vacuum chamber. The processaled as physical vapor
deposition (PVD), if no chemical reaction occutdsicalled chemical vapor deposition
(CVD) if a chemical reaction occurs. Thick crystal TiO, films can be prepared by

pyrolysis of TTIP with using these methods [35].

A microemulsion is a system of water, oil and arppiie (surfactant). The internal
structure of a microemulsion is determined by #itéorof its constituents. The structure
consists either of nanospherical monosized dropeta bicontinuous phase. From a
particle-preparation point of view, the microematssystem is interesting with internal
structure consisting of small droplets. Two mairysvaf preparation are stated in order
to obtain nanoparticles from microemulsions. Fosé is to mix two microemulsions,
one containing the precursor and the other theiptattng agent. Other way is to add
the precipitating agent directly to the microemaiscontaining the metal precursor. It
is possible to prepare small particles with thisthmod but it is difficult to obtain a

narrow particle size distribution [36].
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2.4. Application Areas

TiO, has wide range of application areas due to itgueniproperties. Some of these
application areas are self cleaning surfaces, @&riial surfaces, water retreatment

and purification, solar cells, gas sensor and @iifipation systems.
2.4.1. Self Cleaning and Antimicrobial Surfaces

Self cleaning surfaces are one of the first appboaareas of TiQ Photocatalytic
activity of TiO, enables it to decompose organic contaminations raaghtain the
surface clean under ultraviolet illumination. Thechnique has good value, since to
obtain self cleaning surfaces Ti@oating needs only freely available solar light or
ultraviolet emission from fluorescent lamps. Bysthwvay, it saves maintenance costs
and reduces the use of detergents. Self cleanirfgceuconcept is applied on cover
glass for highway tunnel lamps to decompose thetaommation from exhaust
compounds, windows glasses of homes and espedmdlly towers to maintain
cleanness of glass with using photocatalytic agtiand its hydrofobic surface. Beside
self cleaning property another advantage of ;Tated surfaces is antibacterial
activity. Utilization of sol-gel method for TiOnanoparticle synthesis brings additional
advantage for this application since sol-gel préslace easy to coat large surface areas
[37].

2.4.2. Water Treatment

Due to population growth and development of indakzation clean water sources and
waste water treatment an important issue. Wasterw@eatment system should
completely eliminate or destroy the pollutants, geherate toxic secondary pollutants
and have low operating cost. Conventional methods sis adsorption, sedimentation,
filtration, chemical and membrane technologies dii meet these requirements.
Advanced Oxidation Processes (AOPs) as the innmvatater treatment technologies
were started to use in industry with employing semductor catalysts such as 7jO

Zn0O, FeOs3, CdS, GaP and ZnS. Among the semiconductor c&salyg), has received

the greatest interest since it is the most actiketqratalyst, remains stable after
repeated cycles and has strong mechanical propeNiereover, TiQ is a nontoxic

catalyst and so this makes it attractive for clegrthe water environment and even for

cleaning drinking water [38].
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2.4.3. Air Purification

Another important application area of TiPhotocatalysis is air purification systems to
decontaminate, deodorize, and disinfect indoor @Gionventional air purification
systems use filter components for the cleaning ofluged air. Pollutants are
accumulated in filters and they become saturateatl atlsorbed substances. After a
certain period of time they lose their function @aneatment of the used air filters may
cause the risk of secondary pollution. However, tpbatalytic air cleaning filters
decompose the organic substances instead of acatimguthem and so exhibit better
performance than conventional ones. Additionalliptpcatalytic filter can kill the
bacteria floating in indoor air, which is also inmfant for indoor air purification [39].

2.4.4. Gas Sensors

Another application area of semiconducting metatles is gas sensors which is very
important in environmental monitoring, domesticetaf public security and automotive
applications. Semiconducting metal oxides chanceir tttonductivity upon gas
adsorption and this change in electrical signalused for gas sensing. TiChas
advantages in this application such as high dietectonstant, good optical
transmittance, high chemical stability and suitadhergy band gap. Tids generally
used as gas sensor fos, K, and CO. In order to improve its sensitivity sonagatysts
such as Pt and Ce@re used [40].

2.4.5. Solar Cells

Dye-sensitized solar cells (DSSCs) became attragtexd to their inherent attractive
advantages of low cost, less toxic manufacturing #ight weight compared to
conventional solar cells devices [41]. DSSCs cansfsan electrode, Ti@film, a
sensitizing dye, electrolyte, and a counter elegrdNanocrystalline porous TiOs
preferred because of their physical and chemiocapgnties. Mesoporous Tihas an
optical efficiency that is approximately 0.5-1.0%gher than that of the existing
nanomaterials, highly porous Ti@ayers can adsorb much more dye, and it shows high

absorption coefficients in the visible spectralioad42-43].
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CHAPTER 3

3. Literature Review on Surface Modification of TiO,

As mentioned in previous section, Li@as wide application areas as white pigment,
polymer filler, UV absorber and photocatalyst. &ug modification of TiQ particle
can be needed in order to have better performanctdsese application areas. These
needs can be to obtain proper dispersion in polymadrix, enhance coating properties,
suppressing high photocatalytic activity for UV atygion applications or improve
efficiency of Dye Sensitized Solar Cells (DSSCgjfddent surface modification agents
and methods can be applied according to desirelicappn or property.

3.1. Surface Modification Agents

The general formula of an alkoxy silane i8S -n). R is a nonhydrolyzable organic
part that can be an alkyl, aromatic, organofunetipor combination of any of these
groups. This part provides organic compatibilityiethallows alkoxy silane to react
with organic medium where modified particle is @mts X represents alkoxy part,
generally methoxy or ethoxy, which reacts with tlaeious forms of hydroxyl groups
and forms methanol or ethanol. These groups cavidgedhe linkage with inorganic

substrates, pigment, or filler to improve coatintggrity and adhesion [44-45].

Reaction of these alkoxy silanes involves four stdfirstly, hydrolysis of the three
alkoxy groups occurs and condensation to oligorfaisws secondly. After this point,

oligomers hydrogen bond with OH groups of the swalbst Finally, during drying or

curing, a covalent linkage is formed with the stdist with loss of water. Instead of
following that order, these reactions can occuudiameously after the initial hydrolysis
step [46].

3.2. Reactions between Modification Agents and TiQSurface

As mentioned previously, two different part of atkosilane have different functions

and it is important to know which one of the padacts with particle and which one is

16



free to make contact with medium. Although it ingerlly stated as alkoxy part reacts
with OH groups of oxide particles, there are défarclaims in literature.

Lin et al. explains the reaction between oxideaxgfand aminosilane as in Figure 3.1
[47]. As can be seen from the figure, alkoxy pdrtsibane reacts with surface OH
groups of oxide particles. There are three possddetions in this case; one possiblity
is reaction of only one alkoxy group with surfackl @roup. Moreover, two of alkoxy
groups or all of them may react surface OH groupese reaction types effect strenght
of the bond between alkoxy silane and oxide patidhdditionally, some other

reactions can occur with free ends of alkoxy groups

OH OCH,CHj,4
E —OH + HyCH,CO—SiCH,CH,CH,NH, ———>
~~on OCH,CH,

ocHZ(:H2
O—SlCH2CH2CH7NH2 + CH;CH,OH

OCHZCH;

O—S;CHZCHZCHZNHg + 2(CH;3CH,0H)
OCHQCH3

O_SICH2CH')CH7NH; + 3(CH3CH20H)

Figure 3.1 POSSIb|e reactions between oxide surface and ARFBES

On the other hand, Jeisonowski et al. proposechanetay of reaction between alkoxy
silane and oxide particle. As can be seen in FiguPe amine part may enter into a
hydrogen bonding interaction with a surface hydraupup. Additionally, amine may

form ionic bonding with a surface hydroxyl groupiahleads more stable interaction.
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Another possibility is self catalysis of hydrogennding which results in covalent
siloxane bond.
OCH,CH;

1

TiO

FOH + HzNHzCHzCHz(jSl_ OCHzCH3 — =

OCH,CHj

OCH,CHj

=) % o1~~~ HaNH,CH;CH,CSi——OCHCH;

OCH,CH;
OCH,CH,
S % S +H3NH,CH,CH,CSi——OCH,CH;
2 ;
OCH,CH;

Figure 3.2Possible reactions between oxide surface and ARZ8S

3.3.  Application areas

TiO, particles have a potential for UV-ray shieldingedo their absorption, scattering
and reflecting properties and so Fi€an be used in application as a UV filter. On the
other hand, Ti@ has photocatalytic activities [48]. This phototgia activity can
cause DNA damage if particle has direct contacskim. In order to suppress this
activity but keep UV-shielding ability thin layerf @urface modification is needed
which can be obtained with surface modificationhwsilane coupling agents. Ukaji et
al. modified TiQ surface with aminopropyl triethoxysilane (APTE®@abtained 25%
suppressed photocatalytic activity and 80% ofahitiV-shielding ability. Similar study
was performed by Siddiqueya et al. and 72% redytedocatalytic activity of TiQ

was observed with methacryloxypropyl trimethoxyséanodification [49].

Ceramic oxides such as 81z, TiO, and ZrQ are added to polymers in order to obtain
composite materials with better mechanical, therralgctrical, optical properties. On
the other hand, due to their small size and langdase area particles tend to

agglomerate. This agglomeration reduces the regydtaperties of the nanocomposite
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materials [50]. To achieve proper dispersion angietd a better compatibility between
the nanoparticles and polymer matrix, the use @emint coupling agents such as
alkoxy silanes for surface modification of nanopmdes is recommended. Surface
modification of TiQ nanoparticles were investigated as an additiva polyurethane

clear coat by Sabzi et al. [51]. They determineat thmino propyl trimethoxy silane
(APS) improves dispersion, mechanical propertiesd¥ protection of urethane clear
coating. Similar study was performed by Abboud ktamd in this study desired
dispersion was achieved through the grafting oblgmerisable group onto the particle
surface and copolymerization was followed with migamonomers. By this process
formation of inorganic—organic hybrids and bettespdrtion properties were achived
[52]. This can be obtained by grafting of a polyisable group onto the oxide surface

and it is followed by copolymerisation with orgammnomers.

Dye sensitized solar cell DSSCs are another apjgicarea of TiQ and also surface
modification of TiQ. There are lots of studies are carried out in thsc to improve
the photovoltaic parameters such as the short itiphotocurrent Jsc, open circuit
photovoltage Voc, and the fill factor FF to incregeerformance of the DSSCs [53-54].
Chemical and physical methods have been carriedooumprove the performance of
the DSSCs, such as forming core-shell structur¢hefphotoanode, adding organic
coadsorbent and using amines to deprotonate theahgitized photoanode [55]. Zhang
et. al. uses surface modified Li®y aminosilanes in dye sensitized photoanode laad t
redox electrolyte interface of the DSSC. Accordiogtheir results, Nkl group of
aminosilane deprotonates dye sensitized photoaandechanges the T¥zonduction
band potential negatively. Moreover, Si-Hg group blocks the interface
recombination of the electrons from the Fi€&@nduction band to the electrolyte. These

effects contribute to the improvement of the Voc.

One of the new applications of Ti@s nanostructural coatings onto textile substrates
where surface modification is also applied in ortteimprove properties of coating
[56]. Ledakowicz et. al. observed in their studikat good UV barrier properties in
polyester nonwoven fabrics modified with aminos#amodified TiQ and also better
photocatalytc activity of coated fabrics with maeldf TiO,. Additionally, more
uniformly covered fabrics were determined with ansifane modified TiQ compared

to unmodified TiQ[57].
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CHAPTER 4

4. Experimental

This chapter contains experimental processes us#dsi thesis work. This part covers
sol-gel synthesis of TiDnanoparticles and their characterization with DgitalLight
Scattering, X-Ray Diffraction Spectroscopy, Simnéiaus Thermal Analysis,"®NMR
spectroscopy. Additionally, surface modificationogess of TiQ samples and their
characterization with Simultaneous Thermal Analysi$IR and Elemental Analysis

were covered in this section.

4.1. Materials

For the synthesis of Ti¥Onanoparticles and surface modification componéeisw

were required.

» Titanium (IV) isopropoxide (99% pure) from Merck

» Acetic acid (100%) from Merck

* Nitric Acid (65%) from Merck

» Deionized water from Millipore Ultra-Pure Water $s

* gamma-Aminopropyl triethoxysilane (Silquest A-118i@lne) from Momentive

* Sodium Hydroxide from Merck, diluted aqueous saluti

Chemicals were used as received without any fugbsafication.

4.2. TiO;, Nanoparticles Synthesis

TiO, nanoparticles were synthesized with sol-gel methdsl a typical procedure,

titanium tetraisopropoxide (TTIP) was added drogwigo water which contains acetic
acid under vigorous stirring conditions and whissgension was immediately formed.
After stirring a few minutes at room temperatungprapriate amount of nitric acid was
added. The mixture was heated td@@nd continued to stirring for 2 hours. As a final

step of synthesis, the mixture was left for cooliog2 more hours again under stirring.
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After these steps, homogeneous and almost tramgpsoskewas obtained. Obtained sol
keeps its stability for couple of months.

For characterization and surface modification pagso powder form of Ti©
nanoparticles were obtained after removal of wateotary evaporator and drying in
oven at 86C. Calcination of Ti@ powders at different temperatures (200- 806C)

was done with a heating rate o’ @dmin and samples were kept at desired temperature
for 2 hours.

In TiO, nanoparticles synthesis one standard sample wasndeed and reaction
parameters of this standard sample were changemtder to understand effects of
parameters on product properties. Reaction parasnfeethis standard sample, %O
sol, are; 200 water:TTIP molar ratio, 0.06M nitecid, 0.175M acetic acid, 0
reaction temperature and 4 hours reaction periedud this parameter values, none
of the reaction parameters block the effects oéiofarameters. By this way, effects of

each parameter can be investigated clearly.
In this work, five control parameters were studi€dese are;

Water/TTIP moles ratio
Acetic acid amount
Nitric acid amount

Reaction time

o bk 0N PR

Reaction temperature

4.2.1. Advantages of Applied Experimental Method

At this point it is important to mention advantagasthe experimental method over
other common methods in literature. Firstly usinggoside precursor simplifies

experimental method. Since there is no need to lzalktional process to remove
residual components such as nitrates and chloades the method that uses non
alkoxide precursors, one extra step is eliminabednost of the methods, an alcohol
generally ethanol or isopropyl alcohol, is usedidesvater. In experimental methods
that use both alcohol and water as solvent, trerequirement to have two different
systems. Two different systems are prepared s@ba@td they are combined to have

final product. However, in this experimental mettmdy water is used. By this way,
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cost effective method is achieved and extra workhwwo different systems are

eliminated. Furthermore, there is no need for egperequipments in sol-gel method as
in other methods such as chemical vapour deposaiahphysical vapour deposition.
Additionally, required reaction period in this exipeental method is short. It strongly

depends on required product properties but apprabely two to four hours are enough
to have small crystalline particles.

Table 4.1Experiments for Ti@synthesis with sol-gel method

Sample Water/ N?tric Acetic Reaction Reaction
TTIP  Acid (M) Acid (M) Temperature °C) Time (h)
TiO, sol, 200 w:T 200 0.06 0.175 80 4
TiO sol 300 0.06 0.175 80 4
TiO; sol, 400 w:T 400 0.06 0.175 80 4
TiO; sol, 0.12M N.A. 300 0.12 0.175 80 4
TiO, sol, 0.18M N.A. 300 0.18 0.175 80 4
TiO, sol, 0.24M N.A. 300 0.24 0.175 80 4
TiO; sol, No A.A. 300 0.06 - 80 4
TiO, sol, 0.35M A.A. 300 0.06 0.35 80 4
TiO; sol, 0.7M A.A. 300 0.06 0.7 80 4
7102301 D-3MAA 300 : 0.7 80 4
TiO, sol, 60C 300 0.06 0.175 60 4
TiO2 sol, 106C 300 0.06 0.175 100 4
TiO; sol, 2h 300 0.06 0.175 80 2
TiO» sol, 6h 300 0.06 0.175 80 6
TiO> sol, 8h 300 0.06 0.175 80 8

4.3. Surface Modification

TiO, powder is dispersed in water and the suspensitin dgsired concentration was
sonicated for 30 minutes and mechanically stircedahother 30 minutes. After addition
of aminosilanes the mixture was left for stirringr frequired hours. In this study,
aminopropyl triethoxysilane (APTES) was used asifievcand its chemical structure is

given in Figure 4.1. Moreover, the amounts of arsilames were controlled to be
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between 0.5 and 2 w which indicates weight rationafdifier to TiQ nanopatrticles.
The solvent was removed with Eppendorf Centifurd®84000 rpm 10 min) and
modified nanoparticles were obtained. In orderxtraet extra aminosilanes, obtained
powder was washed three times with water. Dispepsaticles were separated from
solvent by centrifuge then redispersed in freshewédr next round of wash. Finally,

nanoparticles were dried for 15 hours in oven 4€80

OCH,CH;
H,NCH,CH;CH,S5i——0CH,CHj;
OCH,CH;

Figure 4.1 Chemical structure of APTES

Throughout surface modification of Tihanoparticles three control parameters were

studied. These are;

+ Modifier concentration
* TiO, concentration

* Reaction time

Table 4.2Experiments for Ti@Qsurface modification

Sample Modif.ier TiO, Concentration Reaction
Concentration (w/w) (g/ml) Time (h)
"on, 0.0 g 05 0oL :
i, 0.01 gim! 1 001 °
"on, 002 g L5 0oL :
"eh, 0,01 gl : 001 ;
nggzi%tm’ 15 0.0075 3
"o 0.0 gl L5 001 3
nggz'igétm’ 15 0.0125 3
Wér’i%T'gfé ;/'g]"lv’ 15 0.015 3
"1 0,00 gimi : 001 :
"ah 0.00 giml : 001 3
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4.4. Characterization

Different characterization techniques were carriedt to examine the Ti©

nanoparticles and its surface modification.

X-ray diffraction patterns were recorded with a B¥yu AXS advance powder
diffractometer equipped with a Siemens X-ray gua &tuker AXS Diffrac PLUS
software, using Cu Ka radiation (k = 1.5418 AngstyoAll samples scanned front 2
=20 to 80.

Simultaneous Thermal Analysis was used to determinermal behavior of
nanoparticles and monitor surface modification véathino silane. Measurements were
performed on a Netzsch STA 449 C Jupiter diffeedntihnermogravimetric analyzer
(precision of temperature measuremerfiGt2nicrobalance sensitivity <&g) under N

atmosphere with a flow rate 50 ml/min, at a linkeeating rate of 1T/min.

Malvern Instruments Zetasizer Nano-ZS was usedéoticle size and zeta potential
measurements. Measurements were performed at eopetature with quartz cell and

173° backscatter detection was used for all measemes.

The infrared spectra of unmodified and modified Ji@ere obtained using a
Thermoscientific Nicolet IS10 FTIR spectroscopy dbserve the surface functional
groups of the samples. ATR mode was used with SiRrdiamond ATR and samples

were scan between wavenumbers t#000 and 600.

VISTA PRO-CCD Simultaneous ICP OES was used fob@aand Nitrogen elemental
analysis. Temperature was kept at 1000 K duringp&gatures and results can be taken
at ppm level with this technique.

Structural properties of TiOsol samples were studied witfC NMR an Inova 500
MHz NMR Varian spectrophotometer.
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CHAPTER 5

5. Results and Discussion

5.1.TiO, Nanoparticle Synthesis

Properties of TiQ nanoparticles as a common material for differeypes of
applications have great importance for performaoicé¢he material. Because of this
importance, lots of studies were done as in tleeditire to characterize produced 710
nanoparticles and to achieve well controlled sysitheprocedures. TiDsols and
powders were analyzed with DLS, STA, XRD antf 8MR. These characterization
methods provide valuable information to understasrgstal type and size of
nanoparticles, effect of synthesis parameters, gian particle size of Ti@sols,

thermal behavior and pH dependence of patrticles.

5.1.1. Effects of Synthesis Parameters

As mentioned previously sol-gel method enablesotatrol reaction parameters easily.
On the other hand, there are many parameters et éffect on properties of final
product. These parameters are precursor and aalystseamount, usage of ligand agent

such as acetic acid, reaction time and reactiopeéeature.

Water:precursor molar ratio has effect on rateswafleation and growth of particles.
So, it directly affects particle size of TiOln this study, synthesis with a high
water:precursor molar ratio regime was used anag taken between 200 and 400.
TiO, sols were synthesized with 200, 300 and 400 widtérratio and other parameters
were kept constant as 0.06M nitric acid, 0.175Mtiacacid, 4 hours reaction at ¥

Particle size and surface charge results measutkdWS are given in Table 5.1.
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Table 5.1Effect of Water:TTIP molar ratio on particle sized surface potential

Sample Particle Size pH Zeta Potential
(nm) (mV)
TiO, sol, 400 w:T 130.4 1.47 33.9
TiO; sol, 300 w:T 140.2 1.5 30.2
TiO, sol, 200 w:T 250.1 1.42 7.9

It is very clear with stated results that waterHFTratio has effect on particle size.
Increasing water:TTIP ratio results in decreaspairticle size since high water content
increases hydrolysis reaction of precursor. Adddity, surface potential of particles
that synthesized with higher precursor amount isy Mew and particles tend to
precipitate. Even during synthesis reaction préaips were observed in reaction
medium. Since hydrolysis rate is low with higheregirsor amount, conversation
reaction from precursor to TgOmay not be complete and reactants may stay in the
medium with some final Ti@particles. High water:TTIP ratio serves for snyatticle

size and stable particles in aqueous suspensiorOgf

Another factor that affects hydrolysis reactioresats amount of acid catalyst which is
nitric acid in this study. Ti@sols were synthesized with 0.06, 0.12, 0.18 a2d/0.
nitric acid and other parameters were kept consaantvater:TTIP molar ratio 300,
0.175M acetic acid, 4 hours reaction af@OParticle size and surface charge results

measured with DLS are given in Table 5.2.

Table 5.2Effect of acid catalyst amount on particle sizd anrface potential

Sample Particle Size oH Zeta Potential
(nm) (mV)
TiO, sol, 0.06M N.A. 140.2 15 30.2
TiO; sol, 0.12M N.A. 67.1 1.16 31.5
TiO, sol, 0.18M N.A. 63.6 0.96 32.8
TiO, sol, 0.24M N.A. 58.0 0.83 34.7

26



Results are consistent with literature data whitdtes fine particle formation with
increasing acid amount [18-19]. As can be seen fresults, increasing acid amount
results in smaller particle size and stable pasickith higher surface charge. On the
other hand, change in particle size with amountaofd decreases at higher acid
amounts. This means that acid catalyst affectsdhysis rate but the effect is not
directly proportional with amount. Acid catalystcreases reaction up to certain point
but after this point other parameters become inapbrtio further decrease particle size.
Furthermore, effect of acid catalyst on surfaca@has not as significant as on patrticle
size. For all sample sols stable particles werainbtl with higher zeta potential values
while acid amount contributes to higher surfacesptal.

In this work acetic acid was used as chelating taged its effects on TiDparticle
products were investigated. Results are listedaibld 5.4. TiQ synthesis without nitric
acid with only using acetic acid was tried but testas not successful as can be seen
from both particle size and surface potential vallith this trial importance of acid
catalyst is reviewed one more time and it is alsseoved that acidity of acetic acid is
not enough for synthesis of TiOnanoparticles. Additionally, trials to produce
nanoparticles without acetic acid were performedthdugh stable Ti@ sol was

obtained; particle size is larger compared to steshdiO, sol sample.

Furthermore, the effect of amount of acetic acid wevestigated. As stated in Table
5.3, increasing acetic acid amount results in snalrticle sizes. On the other hand, its

effect on surface potential of particles is nohdigant as particle size.

Table 5.3Effect of acetic acid amount on particle size aadace potential

Sample Particle Size oH Zeta Potential
(nm) (mV)
TiO, sol, 0.175M A.A. 140.2 15 30.2
TiO; sol, No A.A. 221.0 1.52 27.8
TiO» sol, 0.35M A.A. 113.3 1.47 30.4
TiO, sol, 0.7M A.A. 77.6 1.44 30.7
TiO» sol, 0.3M A.A., No N.A. 657.2 2.48 -0.4
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Another reaction parameter that was investigatethis study is reaction temperature.
TiO, nanoparticle synthesis with sol-gel method is galhedone at low temperatures.
However, temperature of the reaction again hastefia resultant product. Reaction
temperature and so energy consumption of syntheaidion are important especially
for large and commercial applications. For thissoees, TiQ sols were synthesized at
60, 80 and 10 and other parameters were kept constant as WatBrmolar ratio

300, 0.175M acetic acid, 0.06M nitric acid and 4ifsoreaction period. Particle size and

surface charge results measured with DLS are givéable 5.4.

Table 5.4Effect of reaction temperature on particle size sunface potential

Sample Particle Size oH Zeta Potential
(nm) (mV)
TiO, sol, 660C 672.1 1.5 15.4
TiO, sol, 80C 140.2 1.5 30.2
TiO, sol, 106C 124.7 1.51 30.9

As a standard reaction procedure’®@@vas used in many of the trials. When reaction
temperature was decreased t8@0stable TiQ sol could not be observed as can be
seen from low zeta potential value and precipitatazcurred in reaction medium.
Moreover, particle size for this product is verglhicompared to products that were
synthesized at higher temperatures. On the othet, HE0GC reaction temperature led
to smaller particle size and slightly higher suefgotential. With these results it can be
stated that reaction temperature is an effectivamater on product properties up to a
threshold value. After certain temperatures, cbation to fine particle formation
become not so significant and optimum reaction &napire should be decided with

considering effects of other parameters.

In the scope of the study, effects of reaction twhdiO, synthesis were examined. In
standard reaction procedure, reaction mixture & ke 8GC for 2 hours and then it is
left for cooling for another 2 hours while stirrirgcontinued. However, for these trails,
cooling process was eliminated and reactants wept &t 88C during all reaction
period. Reaction time for Tisols samples were taken as 2, 4, 6, and 8 hodrether
parameters were kept constant as water: TTIP matar 800, 0.175M acetic acid, ®D

reaction temperature. Results are listed in Talide 5
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Table 5.5Effect of reaction time on particle size and scefaotential

Sample Particle Size pH Zeta Potential
(nm) (mV)
TiO; sol, 2h 427.1 1.48 24.3
TiO; sol, 4h 130.6 1.5 30.2
TiO; sol, 6h 112.9 151 32.5
TiO; sol, 8h 109.3 1.51 34.1

As can be seen from results, 2 hours reaction tsmet enough for the formation of
fine TiO, particles. As in the other products that have \regh particle size, resultant
sol is not stable. From these results it can becloded that low acid amount, low
reaction temperature and reaction time are noicseifit to have complete hydrolysis
and condensation reactions. Intermediate produciET@P reactions stay in reaction
medium without further progress of the reaction.t@s other hand, when reaction was
carried for longer periods TiOparticles can be obtained with lower size. Simikar
other investigated parameters, further increaseasdtion time does not have significant
effect on particle size and surface potential.

Change in particle size during reaction for T7&dls samples that are synthesized with
0.06M, 0.12M and 0.18M nitric acid are shown inUfigg5.1, Figure 5.2 and Figure 5.3
respectively. Other reaction parameters are keptadsr: TTIP molar ratio 300, 0.175M
acetic acid and 4 hours reaction a’l@ODLS results are indicates change of both
particle size and polydispersity index (PDI) clgarhs can be seen from Figure 5.1
with lower amount of acid catalyst after 2 houracten polydispersity and size of
particles are very high. After 2 more hours, p#etisize decreases and particles have
narrower size distribution. In the final 4 hourstbé reaction, particle size does not

change significantly while particle size distritmrtibecomes narrower.
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Figure 5.1 Change in particle size during synthesis readtample-TiQ sol)

Similarly, change of particle size and distributioihsamples that are synthesized with
higher acid amounts are investigated. As can be Been Figure 5.2 and Figure 5.3,
when higher amounts of acid catalyst is used partsizes around 100nm can be
achieved with 2 hours reaction. After further re@acttime, narrower particle size
distribution of TiQ particles is obtained with slightly smaller siddese results again
show importance of acid catalysis on particle sueticle size distribution and required

reaction time for Ti@ synthesis with desired properties.
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5.1.2. pH dependence of TiQ Nanoparticles

Stability of TiO, nanoparticles in agueous suspension is very drémaapplications
that have long storage period before usage of egitbd material. Nanoparticles
should be stable in aqueous suspension and alsidghi@serve their stability for long
term in order to maintain appropriate applicatimnditions. Beside stability of the
particles, as mentioned previously particle sizal$® very important for all application
areas. For these reasons, pH dependence of pasiioée and stability of Ti@

nanoparticles are investigated for full pH range.

Metal oxides nanoparticles in aqueous suspensioargly have electrical charge due
to the amphoteric dissociation of surface hydroggdups because of adsorption of
H+/OH ions. The resultant surface charge of narimbes is pH dependent [58]. In
acidic or basic media surface charges of nanopestare high and this surface charge
results in strong repulsive force among nanopasicl herefore, probability of coalesce
of particles decreases and so stable sols camrrimedon acidic or basic media.

This study was done with sol-gel synthesized,T$0l with initial particle size and pH
140 nm and 1.5 respectively. The pH was controbgdthe addition of HN@ and
NaOH solutions. As shown in Figure 5.4 the surfageential of TiQ, which is shown
with zeta potential value in the figure, increasdsen pH value moving away from
neutral. Moreover, isoelectric point is measuretiveen pH 5 and 6. This value is
consistent with literature data that indicatesiioelectric point of TiQ varies within a
pH range of 5-7 [17]. It can be clearly stated thidt range of applications of THO
nanoparticle sols should be arranged as to be &waayisoelectric range of particles.

Figure 5.5 shows the average size of Jljp@rticle as a function of pH value. As can be
seen from the result, particle size increases fegnily while pH approaches to
isoelectric point pH range. At this range the setdme milky white and precipitation
was observed. This is an expected result sinceapilily of coalesce of particles is high
due to low surface potential. Moreover, with themealogic it is expected that
increasing pH value results in decrease in partide. However, according to obtained
results high surface charge in basic media could digperse coagulated particles.
Therefore, particles stay as coagulated even a wegh pH range and surface
potentials in basic media. Su et al. observed #mesincrease in particle size around
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isoelectric point of Ti@ nanopatrticles. On the other hand, particles wigh Isurface
potential in basic media have lower particle simethese sizes are higher than sizes in
acidic media.
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5.1.3. Change in Particle Size over Time

As mentioned previously sol-gel synthesized JJimanoparticles can keep their stability
in agqueous suspension for a period longer thanngth and this stability is an
important property of the product. In order to deti@e this property, sol samples were
observed after synthesis process. During this tigesson it is observed that a
significant change in color of the sol samples tplkece. Color of the samples turns
from white to transparent over time. Since colothaf suspension sample is related with
particle size, change in particle size and surfdw@ge was investigated for Sample-
TiO, sol, 0.12M N.A.

Figure 5.6 shows size change of TiGanoparticles in aqueous suspension. First day
after synthesis particle size and polydispersitein (PDI) were around 70nm and 0.18
respectively. Particle size decreased to 44 nminvifive days and to 34 nm in one
month period. Moreover, after one month period darhpd narrower size distribution
with PDI value of 0.15.

On the contrary to particle size, surface charg&i@; nanoparticles had stable trend
around 32 mV zeta potential value as can be sedrigare 5.7. Addition to zeta
potential measurements, pH of the sample sol almeasured periodically. In these
measurements only very small changes were obsamddthese changes were not
significant to effect surface potential of the paes. Just after synthesis of
nanoparticles have high zeta potential value wigchot in the range of £30mV. This
means that particles can be pending in aqueousessigm and precipitation is not
observed. Within one month period only slight iras® was observed in surface charge

of nanoparticles.
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After observation of size change of Ti@articles in aqueous suspension over time,
reasons for this change was investigated. Poss#algon is thought as non complete
reaction of isopropoxyl side groups of TTIP. Inerdo determine whether isopropoxyl
groups stay with Ti atom or not, sample sols wéraracterized with’C NMR and the

results were evaluated with characteristic peaks afom listed in Table 5.6.

Table 5.6°C NMR peak identification

Species and resonating C C) 6 (ppm)

Ti(OCH(*CHs),),4 26
Ti(0*CH(CH3);)4 79
*CH3COOH 20.5
CH;*COOH 174
*CH3CO0 — Ti 22-24
CH;3°COO — Ti 178
(*CH;),CHOH 25
(CH;),"CHOH 64

Firstly, **C NMR spectrum of pure TTIP was taken in order & donsidered as
standard for initial of the reaction. The spectnsngiven in Figure 5.8. As in stated in
literature signals of two different C atoms in TMRre observed around 26 and 76 ppm
[30].

00 95 920 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5
1 (ppm)

Figure 5.8"*C NMR Spectra of TTIP
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Secondly, TiQ sol, Sample-Ti@ sol, 0.12M N.A., was characterized witfC NMR
and measurement was repeated 4 times to monitorgeban the sample within one
week period*C NMR spectra of the sample are given in Figure Af¥pearance of a
band around 64 ppm with resonance of the centralg@p indicates the release of
isopropoxyl which is previously coordinated to Tom. The signals around 26 ppm
correspond to the released isopropoxyl. On therdthad, CH groups of isopropoxy
bonded to Ti can have signal at very close ppmeglso, it is very difficult to
distinguish these two signals. Additionally, theesjpa have signals around 21 and 177
ppm which can belong to free acetic acid and aeejadups bonded to Ti atom. Small
shifts of the signals in the spectra may changsiplessoutcomes and comments of the
results. However, it is very clear that there issignificant difference between spectra

that correspond to measurements of different days.

With these results it is not possible to commentcbanges in size of TiOparticles.
These set of measurement were done following Edthesis and acid catalyst amount
is enough to have high reaction rates. In ordeslitninate these effects, another set of

measurement was performed with different reactmrddions.

Day 7

Day 4

Day 2

Day 1

| ]
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190 180 170 160 150 140 130 120 110 100 90 8 70 60 50 40 30 20 10 0
f1 (ppm)

Figure 5.9'°C NMR spectra of Sample-TiGol, 0.12M N.A. monitoring one week
period after synthesis of the sample
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In new set of measurements Sample-I$0l which has lower amount of acid catalyst
was used. By this way it is aimed that slower rieadeads to determine changesi@
NMR spectrum. Moreover, in order to be able to olxseénitial stage of the reaction
was performed in NMR equipment by adjusting temjpeeaof the reaction medium to
desired value. It almost took 10 minutes to pldeeNMR tube full of prepared reaction
mixture and start the measurement. In first 30 meswf the reaction 6 measurements
were taken with 5 minutes intervals. After 30 masjt6 more measurements were taken

with 15 minutes intervals. Results are given inuirgg5.10 and Figure 5.11.

Very similar to results that are given in Figur®,5he spectra have signals around 25
and 64 ppm which corresponds to the released ipogyb group of TTIP. Additionally,
the spectra have signals around 21 and 177 ppmhwdaio belong to free acetic acid
and acetate groups bonded to Ti atom. These signalsot significant in first minutes

of the reaction but they become visible as timeess

30 min
25 min

20 min
WWNMWWMMMNMWWMWWW
15 min
A NP M A B A Al ATt A P AR b ,.WWMWN
10 min
WMMMWMWWW%MMWWWWM
5 min
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00 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O
1 (ppm)

Figure 5.10%C NMR spectra of Sample-TiGol monitoring first 40 minutes of
synthesis reaction
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Signals around 21 and 177 ppm become more signifiafder 30 minutes of reaction.
Since there is an increase of the signals, theg®lsi should indicate free acetic acid
which is bonded Ti previously. This increase irefeeetic acid signal indicates function
of ligand agent, acetic acid, which previously lsind Ti and prevents undesired
reactions and then release from Ti atom. On therofiand, there is no significant
change in the signals even in the first 30 minatethe reaction in which reaction is
expected to take place. This means that hydrolyesgtion is very fast and time
required for preparation and taking measuremenltaiog to catch up the progress in the
reaction. Furthermore, signals that belong to @natof related species are very close to

each other and these close values make the spitalt to analyze.
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Figure 5.11**C NMR spectra of Sample-Ti&ol monitoring synthesis reaction
between 30 and 120 minutes
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5.1.4. XRD Analysis

In order to determine crystal structure of synthediparticles, Ti@sols were dried and
XRD measurement was done. XRD pattern of Sample-$dDis given in Figure 5.12.
Characteristic anatase peaks at 25.3, 37.8, 4&I(6&r are observed in XRD result
clearly. However, peaks are not sharp but broad.réason of these broad peaks can be

small size and incomplete crystal phase of thaghest
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Figure 5.12XRD pattern of Sample-Ti&sol (@ indicates characteristic peaks of
anatase phase)

Beside effect of water:TTIP molar ratio on partisige and surface potential of HO
particles, its effect on crystal structure is alstodied. XRD patterns of samples
synthesized with water:TTIP ratio of 200, 300 a®@ 4re given in Figure 5.13. As can
be from XRD patterns, all three samples have chenatic peaks of anatase crystal
form of TiO,and they are very similar to each other. With th&ult it can be concluded
that although water:TTIP molar ratio affects paetisize and surface potential of the

particles, it does not have important effect orstaltype of the particles.
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Figure 5.13 XRD patterns of samples with water: TTIP molaraatf 200, 300 and 400
(e indicates characteristic peaks of anataseg)has

Additionally, effect of calcination temperature dfied TiQ, particles on crystal
structure was examined. XRD patterns of the,T8@mples after heat treatment at 400,
500, 600, 700 and 860 for 2 h are shown in Figure 5.14. Even non caltifiC,
sample exhibits peaks of anatase but the peaksiach more significant for calcined
samples. As mentioned previously, with heat treatrpbase transition from anatase to
rutile phase takes place. However, the samplermdcat 408C still has characteristic
anatase peaks and after 8Dalcination process both indicates anatase pedk.a
and rutile peak at 27°7Moreover, 608C calcinations temperature leads to increase in
intensity of anatase peak which shows increasedicte size and increase in intensity
of rutile peak which shows increase of rutile phasethe sample. For higher
calcinations temperatures, ?@0and 808C, main peak of anatase at Z5l8aves its
place to main rutile peak at 2%.7Additionally, another peak of rutile at 3& also
observed in these samples. These results showatf@ase to rutile phase transition
takes place between 500 and %D0This conclusion also consists with STA resuits t

indicate phase transition at similar temperatures.
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Figure 5.14XRD patterns of TiQsamples (Sample-Tiol) with different calcination
temperaturesq¢ amml indicates main charatiepeaks of anatase and rutile phases
respectively)

5.1.5. Thermal Analysis

The simultaneous TGA and DTA curves of Fipowders after drying but without
calcination are shown in Figure 5.15. There is anmw mass change up to 200and

at around 10%C there is a significant endothermic peak whictelated to mass loss of
adsorbed water. Additionally, evaporation of acetied and nitric acid has effect on
15% mass loss up to 4@ Small endothermic peak around %B0Oindicates
crystallization peak of amorphous TiQarticles to anatase phase according to Viana et
al. [59]. No weight loss is observed above UDGelated to the other DTA events.
However, very wide exothermic peak is observedistafrom 550C to 750C. This
important peak is related to phase transition @,Tparticles from anatase to rutile

crystal phase [59-60].

42



100
98
961
04-
92

90

% Mass
DTA (exo0) (uv/mg)

88

86

84

' | ' | ' | ' | '
0 200 400 600 800 1000
Temperature (°C)

Figure 5.15TGA curve of TiQ nanopatrticle (Sample-TiZol)

Figure 5.16 shows TGA curves of Ti®amples calcined at different temperatures. The
difference between non calcined and calcined samiglevery clear. Non calcined
sample has significant mass loss due to adsorbéer wad combustion of organic
residues remained on TiQarticles. The sample calcined at 2DMhas almost 4% mass
loss mostly in the region of 300-6WD which corresponds to mass loss due to organic
content. However, the samples calcined at 600 808have negligible mass loss that

means there is no absorbed water and organic eewiiin the sample.

Besides TGA curves, DTA curves of the samples arengin Figure 5.17. As can be
seen from the results, there is no significant pieagnergy curve and this means that
there is no energy chance during heating in 600893 curves. This means adsorbed
water and combustion of organic residues remairsedoacluded with TGA results.
Moreover, there is no crystallization and phasesditeon peak since the crystal type
have already turned to rutile. On the other hahdret is a broad peak in the curve of

400°C calcined sample which could not be identified.
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Figure 5.16 TGA curve of TiQ nanoparticle (Sample-Tg3ol) with different
calcination temperatures
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Figure 5.17DTA curve of TiQ nanoparticle (Sample-Tiol) with different
calcination temperatures
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5.1.6. Photocatalytic activity of TiO, nanoparticles

Photocatalytic activity of Ti@ nanoparticles is not in the scope of this thesmskw
However, in order to obtain general information atb@hotocatalytic activity of
synthesized particles, degradation of methylene slample was observed under UV
irradiation. This experiment was done with four saimples that have different particle
sizes and results are given in Figure 5.18.

As can be seen from the graph, for all particlesithere is decrease in concentration of
methylene blue compared to initial concentratiomeraf2 hours UV irradiation.
Degradation of methylene blue results in color ¢gfeaof the sample, which can be
clearly seen by eyes, and this change was detedrbym&V spectrometer.

The lowest color change and so lowest photocatabgtivity belongs to the sample
with 75nm particle size. With decrease in partisiee, photocatalytic activity of

particles increases. On the other hand, furtheredse in particle size affects catalytic
activity negatively because of confinement of cleacgrriers (electrons and holes) in a
potential well at low particle sizes. This confinemh results in higher band gaps of
particles and so decrease in photocatalytic agtiwitthe particles. As shown in the
results, an optimum particle size, which is 43nntigla in our study, can be achieved
with balancing contribution from high surface aesal negative effects from band gap

increase.
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Figure 5.18Photocatalytic activity test results of Li@anoparticles
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5.2. Surface Modification of TiO, Nanoparticles

Surfaces of Ti@ nanoparticles were modified with APTES and modifparticles are
characterized to determine amount of surface naadibn. For characterizations of
surface modified Ti@nanoparticles FTIR, STA and Elemental Analysisevesed.

As explained previously surface modification of Fi@anoparticles are used in many
different applications. In all these applicationmoaint of surface modifier on the
surface is very important since surface modificatias effect on performance of the
material. To determine effects of experimental peei@rs on surface modification,
experiments were performed with changing modifemaentration, TiQ concentration

and reaction time.

Amino silane concentration in the system is an irtgpa parameter that has direct
effect on surface modification. Concentration waanged between 0.5 and 2 w which
indicates weight ratio of amino silane to pifarticles. TGA results of trials are given
in Figure 5.19. Difference between modified and odified samples is very clear.
Unmodified TiQ sample has significant mass loss up t0°@06ue to elimination of
water. As can be seen from the figure, for moditiethoparticles there is a loss up to
300°C which is due to desorption of water. However, shgnificant decrease in mass
starts around 35@ which can be attributed to thermal decompositiémminosilane
chains. Additionally, increasing concentration frOrd to 1 w does not have significant
effect on amount of surface modification. On thieenthand, when concentration further
increases to 1.5 w; mass change due to decomposit@mino silane increases. Similar
to relation between 0.5 and 1 w, there is significacrease in surface modification
when concentration increases from 1.5 to 2w. Adogrtb these results, 0.5 w or 1.5 w

amino silane concentrations can be used accordidgdired surface modification level.
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Figure 5.19TGA curve of modified Ti@ nanoparticles (W-APTES, 6h, 0.01 g/ml,
w=AS/TiOy)

TGA results of surface modification were supporigith Elemental Analysis and
results are listed in Table 5.7. Nitrogen and Carbontents of the samples coincide
with TGA results. Unmodified Ti@sample has low amount of Nitrogen and Carbon
due to usage of nitric acid as acid catalyst agamic content of alkoxide precursor. As
listed below, there is important increase in Carbontent of the samples after surface
modification. On the other hand, Carbon contend.6fand 1 w, 1.5 and 2 w are very
close to each other. Additionally, as in TGA resutsignificant increase is observed in
amount of surface modification when concentratiocreases from 1 to 1.5 w. these

results shows that TGA gives reliable results toface modification amount.

Table 5.7Effect of amino silane concentration on Nitrogex &arbon content of

modified TiOG, samples

Sample Name %N %C

Pure TiO, 1.10 1.04

W-APTES, 0.5w, 6h, 0.01 g/ml 0.97 2.92
W-APTES, 1w, 6h, 0.01 g/ml  1.07 3.30
W-APTES, 1.5w, 6h, 0.01 g/ml 1.74 5.04
W-APTES, 2w, 6h,0.01g/ml 1.79 5.24
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Another parameter that is investigated in this wisrkliO, concentration in aqueous
solution. TiQ concentration was changed between 0.0075 g/mi0abith g/ml. TGA
curves of the samples are given in Figure 5.20rebse in TiQ concentration in the
system results in more efficient surface modifimati When TiQ concentration
increases, possibility of reaction between surf@té group and alkoxy group of
modifier increases. Otherwise, modifier directhyntacts with water and hydrolysis of
alkoxy group occurs. This decreases surface madiific. On the other hand, if T}O
concentration is further increased, surface maalifonn decreases. The reason of this

decrease may be insufficient amount of modifier.

100
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——0.01 g/ml
——0.0125 g/ml
o5 —— 0.015 g/ml
(%))
(%))
s
=
N
90
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Figure 5.20TGA curve of modified Ti@nanoparticles (W-APTES, 1.5w, 3h)

The last investigated parameter is reaction timead®on time between modifier and
TiO, particles was changed between 1 hour and 6 hd@# results are shown in
Figure 5.21. When reaction time increases fronodr o 3 hours, mass loss and so
surface modification amount increases. On the aoptrsurface modification with 6
hours reaction results in lower surface modificattompared to 3 hour reaction. This is
an interesting result and it was repeated threedita verify the result. Longer reaction
time may somehow affect the bond between modifier@article which results in lower

coverage of modifier on the surface of the particle
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Figure 5.21TGA curve of modified Ti@ nanoparticles (W-APTES, 1w, 0.01 g/ml)

FTIR spectrum of unmodified and modified Ti@anoparticles is given in Figure 5.22.
In spectrum of unmodified TiQthe over saturated peak below 700 tis assigned to
Ti—O and Ti—O-Ti bonding of titania [61]. The wepkak at 1300 cf in unmodified
sample can be considered as carbonate contamin&ltdrough according to STA
results it is known that there are significant amtoof physisorbed water in unmodified
sample, there is no distinct peak of adsorbed wakech should be between 3500 and
3000 cm® as a broad peak. On the other hand, all modifiedptes have this adsorbed

water peak in their spectra.

It is very clear that after surface modificationtlwiamino silanes additional peaks
appear which belong to grafted amino silane. Bdtthe samples which are modified
with different concentrations have the peak arol®60 cm® which belongs bending of
—NH; at the functional amino group. The small peaksiado2950 cri are proofs that
the nanoparticle surface is modified by an organadifier. Since these peaks shows
the existence of -CH. When 1 and 2 w samples are compared a slightase in —

CHy - signal can be seen. This indicates that withdrigtmine concentration amount of
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grafting amino silane is increasing as observetiG results also. According to these
spectra, it is clear that the surface of F@noparticles is modified with amino silanes.

Unmodified TiO2

—— W-APTES,1w,6h,0.01 g/ml
—— W-APTES,2w,6h,0.01 g/ml

Transmittance (a.u)
1

T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 5.22FTIR spectrum of unmodified and modified Bi€amples
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CHAPTER 6

6. Conclusion

The main aim of the study is to ensure controlhgatisesis of TiQ nanoparticles and

this aim was achieved by simplified and cost effectsol-gel method. Effects of

synthesis conditions on product properties werestigated by an experimental set

which includes trials with different synthesis paediers. These parameters are

water:precursor molar ratio, amount of acid catalgsiount of chelating agent, reaction

temperature and reaction time.

Applied experimental method was very successfohpk, easy to apply larger
scales and effective to obtain small and stablegbes. Firstly, there is no need to
have additional steps to remove residual componguiditionally, elimination of

alcohol usage as a solvent results in cost effecimd one stage process.
Furthermore, production can be done with simple Br@Xpensive equipments

and TiQ sol product can be obtained in relatively shoattion periods.

Increasing values of all reaction parameters rasubietter product qualities with
small particle size and higher surface potentiaithitv these parameters amount
of acid catalyst is the most effective parameteat #rns not possible to obtain
particles without acid catalyst. Water:precursorlanoratio and amount of
chelating agent have significant effects especiaflyparticle size. On the other
hand, effects of reaction temperature and readtroa are smaller compared to
other parameters. Particles with size of 20nm &md\B zeta potential value can

be obtained with this method by arranging optimesawction parameters.

Isoelectric point of Ti@ sols was measured between pH 5 and 6. Lower and
higher pH ranges are suitable for applicationshefgroduct. Additionally, lower

ph values should be sustained in order to havelsnparticle sizes.
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One of the interesting results that was observetiswwork is significant change
in particle size during resting of the sol sampkerasynthesis reaction. Particle
size changed from 70nm to 35nm within one monthogernn order to examine
progress of reaction and understand this particke shange € NMR was used
and changes in the sample within one week were toredi. However, any
significant data could not be obtained since hyasl reaction of precursor is
very fast. On the other hand, there is no signiticehange in pH value and
surface potential of particles. In order to undmrdtthis change, further studies

are needed.

With applied experimental method anatase crystdighes were obtained without
any calcinations process. When samples were tredthjh temperatures phase
transition from anatase to rutile crystal phase wagermined around 500.
Furthermore, it is determined with XRD measuremd#ms water:precursor molar
ratio do not have effect on crystal structure ef plarticles.

Another aim of this project is to ensure conditidos effective surface modification.

Aminopropyl triethoxysilane was used as modified anodifier concentration, Ti©

concentration and reaction time were investigated.

Increasing concentration of modifier has significaffect up to certain values,
after certain concentration amount of grafted ansitene was not affected. When
TiO, concentration increases, grafted organic matémaieases due to higher
reaction possibility of surface OH groups and ailkogroup of modifier.
Furthermore, longer reaction time results in higbeverage of modifier on the
surface of the particle.
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