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PHOTOCATALYTIC OXIDATION OF POLLUTANTS

ABSTRACT

The major objectives of this thesis are to produce thin films (potassium lanthanum
titanium oxide - KLTO) via sol-gel and spin coating method and to observe the
photocatalytic degradation efficiencies of the persistent compounds in wastewater
under the influence of pH and light intensity. The production of advanced
nanomaterials and coatings are improving day by day. Thin film photocatalysts are
generated since they are more environmentalist than the particulate catalysts which
are difficult to separate from water. In order to generate thin film structure; material
characterization, phase analyses, elemental analyses, microstructure and film
characterization were performed to evaluate structural and morphological
characterization processes of the photocatalysts (KLTO). Phenol (organic matter),
methylene blue (azo dye) and cyanide (inorganic matter) photocatalytic performance
experiments with different pH, initial concentration, reaction time and light intensity
levels were carried out in a solar box ATLAS SUNTEST CPS+ which is simulating
natural solar radiation. As a result of the studies, 13 different thin films were
examined and the most effective thin film photocatalysts were determined as 0.5 Sm
doped potassium lanthanum titanium oxide.In this respect, three main parts were
composed. First, pH and light intensity are selected as variables and their effects on
degradation are investigated. 75.3% of degradation of phenol was achieved at pH of
7 and 750 W/m square of light intensity. 97% of methylene blue was degraded after
three hours of radiation. And, cyanide was degraded 80.2% under alkali condition.
As a second step, the kinetic of methylene blue degradation was investigated and it is
fitted to a first order reaction law. Finally, ANOVA test was performed for
methylene blue and according to the findings; pH and light intensity were found as

the significant factors for degradation of methylene blue.

Keywords: Sol-gel technique, spin coating, photocatalytic oxidation, potassium

lanthanum titanium oxide, phenol, methylene blue, cyanide.
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KIiRLETICILERIN FOTOKATALITIK OKSIDASYONLA ARITIMI

(0Y/

Bu tezin en 6nemli amaclar1 ince filmlerin (potasyum lantanyum titanyum oksit -
KLTO) sol-jel ve dondiirmeli kaplama yontemi ile iiretilmesi ve suyun i¢inde zor
pargalanan bilesiklerin fotokatalik parcalanma verimlerinin farkli pH ve 151k siddeti
etkilerinin incelenmesidir. Nano malzemelerin ve kaplamalarin iretimleri giin
gectikce ilerlemektedir. Bu nedenle partikiil halindeki fotokatalizorlere gore daha
¢evreci olan ince film fotokatalizorler tUiretilerek partikiil haldeki katalizorlerin sudan
ayirma islemi gibi ekstra bir islem gerektirmeden aritim saglanacaktir. Ince film
tiretiminde filmin yapisina etki eden yapisal ve morfolojik karakterizasyon islemleri,
malzeme karakterizasyonu, faz analizi, elementel analiz, mikroyap1 analizi ve film
karakterizasyonu yapilmistir. Fenol (organik madde), azo boyar madde olan metilen
mavisi) ve siyaniir (inorganik madde) gibi kirleticiler kullanilarak fotokatalitik
oksidasyon farkli pH, baslangi¢ konsantrasyonu, reaksiyon siiresi ve 1sik siddeti
degisken degerleri ile incelenerek giines simiilatorii (ATLAS SUNTEST CPS+)
yardimiyla performans testleri yapilmistir. 13 fakli fotokatalizor ile yapilan deneyler
sonucunda en verimlisi 0.5 Sm doplu potasyum lantanyum titanyum oksit olarak
bulunmustur. Bu ¢ergevede 3 ana kisim olusturulmustur. 1k olarak pH ve 151k siddeti
arastirilacak degisken olarak secilmis ve aritmaya etkileri arastirilmistir. Fenol
ornekleri ile yapilan testlerde %75,3 par¢alanma verimine pH 7 ve 750 W/m kare
151k siddetinde ulasilmistir. Metilen mavisi deneyi sonucu %97 aritim 3 saat sonunda
gerceklesmistir. Ayrica alkali kosulda siyaniir ile yapilan deneyler sonucunda %80,2
aritim saglanmistir. Diger yandan metilen mavisinin reaksiyon kinetikleri incelenmis
ve birinci derece reaksiyon kinetigine uydugu goriilmiistiir. Son olarak metilen
mavisi i¢in ANOVA testi yapilarak pH ve 151k siddetinin aritimda kendi baslarina
etkili oldugu goriilmistiir.

Anahtar Kelimeler: Sol - jel teknigi, dondiirme kaplama, fotokatalitik oksidasyon,

potasyum lantanyum titanyum oksit, fenol, metilen mavisi, siyaniir.
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CHAPTER ONE
INTRODUCTION

Over the past decades, environmental issues have become more significant
because of the consumption of natural sources due to the increase of the population
and technological improvements. The water pollution problem becomes important
and environmental regulations are established more strictly. That is why; the increase
of the environmental consciousness and awareness gained worldwide importance. An
important part of pollutants of surface water and underground water is come from

uncontrolled industrial wastewaters discharge.

Phenol and its derives are very toxic and these contaminants are released into
water bodies from many industrial plants, including oil refineries, petrochemical
industry, coking, synthetic rubber, plastics, pulp and paper, pharmaceutical, pesticide
industries and by several other chemical plant (Babuponnusami et al., 2012 and
Bayramoglu et al, 2009). On the other hand, cyanide is also produced from various
industrial effluents which include metal cleaning, plating, electroplating, metal
processing, automobile parts manufacture, steel tempering, mining, photography,
pharmaceuticals, coal coking, ore leaching, plastics etc (Aazam, 2013). Another
example of the pollutant is dye pollutants. Large amounts of dyes are discharged by
different industries, including textile, cosmetic, leather, paper, pharmaceutical and
nutrition industries (Zhang, 2012). The examples of the pollutants and their related
industries can be multiplied. Even the trace concentrations of the pollutants in the

effluent cause many environmental problems.

Different treatment methods, including mechanical, biological, physical and
chemical are usually in used for industrial wastewater treatment process. But these
conventional treatment methods are insufficient or very expensive to purify the
wastewaters (Yao & Wang, 2010). Chemical coagulation, flocculation and
sedimentation are conventional methods to remove toxic and persistent matters, but
their efficiencies are very low. For example, for cyanide treatment, the treatment

methods except oxidation give high concentrated product in which toxic cyanides



still exist (Osathaphan et al., 2008). Especially, certain forms of cyanide for example
hydrogen cyanide (HCN) are very toxic. That is why, acceptable limits of cyanide in

water are very low (Dzombak et al., 2005).

Photocatalytic oxidation process is found sustainable and economical to remove
different pollutants by oxidizing organics, aromatics and inorganics.
Photodegradation is a method for the treatment of toxic and bioresistant pollutants
(D’Oliveria et al., 1990; Kochany, 1993). The principal of the photodegradation
process is hydroxyl radical (OH") formation. High removal rates of organic pollutant
can be obtained by using this method. In order to degrade the pollutants, other
different methods have a remaining residue called sludge. It is an important
advantage of the sol-gel method which is a nanotechnologic method is the prevention

of the system from the additional waste.

The importance of the photocatalysts in treatment process emerged in 1969, by a
Japan researcher called Fujishima. Honda and Fujishima had realized a prototype
about fine powders which are doped with metal and/or metal oxide particles and
these particles were used as a photocatalyst in chemical reactions. These fine
powders had a semiconductor characteristic. TiO, utilization in the photocatalytic
reactions were discovered by them. According to this finding, many researches have

been observed to improve the photocatalytic systems (Kodama & Suzuki, 2007).

Photocatalytic process starts with the absorption of light by the presence of the
semiconductor structure. Semiconductors are created an energy gap and this energy
gap constitutes valance and conductivity band. If the exposure of the photocatalyst to
photon energy is greater than its own energy gap, it gives its energy to an electron
which is in the valance band and electron is reached to the conductivity band. At the
end of this reaction, electron — hole pairs occur. Electron — hole pairs which are
located in valance and conductivity band become power supply (Kaneko & Okura,

2002).



After the improvements of TiO, photocatalyst, new approaches are enhanced
including perovskite type layered materials. According to the researches, these types
are more active than TiO,. Nowadays, the layered perovskite type photocatalyst
K,Ln,Ti3019 (Ln= La, Nd, Gd, Sm, Dy) (KLTO) attracted attention due to its
properties and photocatalytic activity. Ln,Ti3010* octahedral perovskite layers and
substitutional K ions constitute this structure. This structure provides hydration of
toxic and persistent organic matters in aqueous solutions by the presence of UV light;
thus K,Ln,Ti30,¢ presents high photocatalytic activity (Takata et al., 1997). Some
researches show that some ion additives enhance lanthanum - titanium structure in

which K ion is located between the layers or Ti ions replaced with other dopants.

According to the literature, Yahui et al. (2006) doped B into K,La;Ti30:9
structure and examined the photocatalytic activity. In consequence of the study, B

addition enhances the photocatalytic degradation effect.

Cui et al. (2006) were generated layered perovskite K,La,Ti30;9 by high
temperature solid state sintering and characterized by XRD and UV-Vis DRS. Pt was
loaded onto K;La,Ti3O;¢ as a dopants to understand the effectiveness. The best result

for hydrogen evaluation was obtained by Pt/ K;La,;Ti30o.

Huang et al. (2008) produced a layered perovskite, K>La,Ti309 photocatalysts by
using two different methods which including solid state reaction method and
hydrothermal method. The photocatalysts prepared by hydrothermal technique
showed better photocatalytic activity than the prepared by conventional solid state

reaction method.

Yang et al. (2009) were produced K;La,TizO;o by sol-gel method and by doping
with vanadium (V). V was enhanced the photocatalytic activity. Liu et al. (2010)
were generated Ce - based K;La;Ti309 structure by solid state reaction and
characterized by using XRD, UV-Vis DRS, TEM and XPS. The photocatalytic
activity was examined by visible light region. The Ce doped K,La,Tiz0;9 showed
higher photocatalytic activity than K,La>Ti1301.



It can be clearly seen that, the studies were focused on the production of
K,Ln,Tiz0; by using solid state reaction, polymerization complex method and sol-
gel method. In addition K,Ln,Ti30;¢ coating on Si(100) substrate cannot be found in
the literature. For this reason, the aim of this thesis is to produce K;Ln,Ti301¢ (Ln =

La) thin films on Si(100) substrate by sol-gel method.

A laboratory study was performed to examine the effectiveness of K,LnTizOyg
(Ln = La, Nd, Gd, Sm, Dy) thin films, and the photocatalytic degradation of phenol,
methylene blue and cyanide. Three types of pollutant including, organic (phenol,
methylene blue as azo dye) and inorganic (cyanide) are selected to examine the
photocatalytic degradation efficiency. The effect of pH and the light intensity were
selected as variables. The efficiency of photocatalytic degradations was studied.
Based on the approaches, major objectives of this thesis can be summarized as

follows:

v Production and characterization of K,Ln,Ti30,9 (Ln = La, Nd, Gd, Sm, Dy)
thin film photocatalysis on Si(100) substrate with using sol-gel and spin

coating methods,

v Understand the influence of pH and light intensity with ATLAS SUNTEST
CPS+ by using K,Ln,Ti304 (Ln = La,Nd, Gd, Sm, Dy),

v Examine the effectiveness of K;Ln,Ti30;9 (Ln = La, Nd, Gd, Sm, Dy) thin

films with a comparison of blank (without photocatalyst),

v Observe the effect of the pollutants on SUVA, TOC and DOC degradation

efficiencies,

v Investigate the reaction order kinetics,

v Examine the effectiveness of the parameters based on ANOVA statistical
tests.



This thesis includes five chapters. General introduction of photocatalytic
oxidation and photocatalysis, the importance of water treatment and literature
reviews are introduced in Chapter One. In Chapter Two, a detailed literature review
of fundamental aspects of semiconductors, sol-gel method and photocatalytic
degradation mechanisms are explained. In Chapter Three, materials and methods
which are used in the experimental procedures of KLTO coatings are clarified. In
Chapter Four, results of the characterization and photocatalytic tests are stated and
the results are discussed in details. And finally in Chapter Five, the conclusion and

recommendations are summarized and future plans are investigated.



CHAPTER TWO
THEORETICAL ASPECTS OF PHOTOCATALYTIC SYSTEM

2.1 Introduction

Throughout the century, titanium dioxide and its effects on water treatment was
very popular as a photocatalysis and was discussed in several studies. Firstly, the
properties of semiconductors were investigated. The generation of *OH radical and
their effect was discovered by Bard and co — workers. After the innovation of *OH
radical effects on TiO,, photocatalytic oxidation of organic compounds has attracted
considerable attention by many scientists. Recently, photocatalytic degradation of
pollutants gains importance due to its advantages and subjected to many studies
(Sobczynski et al., 2003). Studies were focused on TiO,, niobates, titanates,
tantalates, ferrate and vanadate. In the past, photocatalytic materials were limited, but
now the modifications have been extended by newly generated systems with using

solar energy or artificial energy source (Yang et al., 2009).

Recently, the layered perovskite photocatalyst K,La,Ti130¢ has attracted attention
thanks to its unique optical properties, electrical transport properties, and especially
its photocatalytic activity. In addition, a lot of derivatives of K,;La,TizO;o can be

generated by doping with other elements (Yang et al., 2007).

2.2 General Information about Semiconductors and Photocatalytic System

The increased awareness of environmental concerns has speed up the need to
develop new treatment methods with photocatalysis which is attracted a lot of
attention in the field of pollutant degradation. The natural treatment processes
including, lagoons, ponds, streams, rivers and lakes are taken action in the presence
of sunlight which initiating the degradation of organic compound and convert to
carbon dioxide and other mineral products. Some reagents accelerate this process.
The utilization of ‘colloidal semiconductors’ to speed up the reaction were developed

in 1976. From that time, laboratory researches have augmented to create artificial



medium to increase semiconductors and solar purification process (Beydoun et al.,
1999). Semiconductor photocatalysts are attracting large scale research area for the
treatment of pollutants. These semiconductor photocatalysis have cost-effective
configuration and can make complete degradation without generation of toxic
byproducts. Semiconductor photocatalysis are commercially applying as a self -
cleaning coating on building and glass materials in Japan and South Korea (Krishna,

Noguchi, Koopman, & Moundgil, 2006).

2.2.1 Principles of Semiconductor Theory

Materials are divided into three different types according to their electrical
properties. These types are conductors, insulators and semiconductors. Insulators
have large energy gap between valence and conduction bands. Semiconductors have
less energy gap between valence and conduction bands. The valence band and the
conduction band of the conductor are overlapping. The purpose of this study is to
produce K,Ln,Ti30;¢ (Ln= La, Nd, Gd, Sm, Dy) and this material is semiconductor.
The most well known conductor is metals. Metals can carry the electric flow by the
reason of its free electrons which can pass from one atom to the next. This

opportunity provides the electric flow to travel through the length of the metal.

Semiconductors can be conducted by the external effects of conductors. Indeed,
these materials are conductor but when an external effect including, heat, light,
magnetic effect or electrical stress are applied, some electrons become independent
and become conductor. When these external effects are removed, semiconductors
return to their old type as insulator. Conductor, insulator and semiconductor energy

band diagram can be shown in Figure 2.1 (Sayilkan, 2007).

It can be clearly seen in Figure 2.1 that the main difference between
semiconductors and conductors is a natural overlap of the conductors between the
valence band and the conduction band, while semiconductors have a noticeable gap
between the two bands. So, the electrons of the conductors are able to carry a current

under any condition. And insulators have a large energy gap between valence and



conduction bands (Larsen, n.d). The electron of the valence band from
semiconductor photocatalyst (for e.g. TiO,) becomes excited when it is illuminated
by light. The excess energy of this excited electron promoted the electron to the
conduction band of TiO,. For this reason it creates the negative-electron (e’) and
positive-hole (h") pairs. This stage is called the semiconductor's ' photo-excitation '
stage. The energy difference between the valence band and the conduction band is
known the '‘Band Gap'. It can be seen that the conduction bands are empty. On the

other hand, the valence bands are filled (Callister, 2008).
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Figure 2.1 Insulator, conductor and semiconductor band energy levels (Shapley, 2012).

Electron holes increase the conductivity of the semiconductor. Firstly, hole
conduction requires an electron to excite its valence band to the conduction band
(Larsen, n.d). To produce electron-hole pairs, the photons excite the electrons from
the valence band to the conduction band. After this process, absorption of light,
reduction and oxidation mechanism occurred. In the reduction mechanism, excited
electron is transferred from the conduction band to the adsorbed particle. In the
oxidation mechanism, the redox potential of the donor (adsorbate) is above the
valence band of the semiconductor to donate an electron to the vacant hole in the
valence band. Oxygen and water are the adsorbates in the photocatalytic reactions

(Banerjee et al., 2006).

Figure 2.2 demonstrates the mechanism of photocatalyst. Four processes occur
after the light absorption including, electron-hole pair recombination, migration to

the surface leading to oxidation and reduction of the acceptor (adsorbates).



Recombination occurs at the surface or within the bulk of the photocatalyst (Tek,

2008).

In presence of water and oxygen, a reaction series occur. This cycle continues
when light is available. Positive holes are oxidized the water and photoelectrons of
the conduction band are reduced oxygen. Reactive oxygen species like H20z,
hydroxyl radical OH can be produced. The reaction that is generated by the
absorption of photon (hv) is given as follow (Tek, 2008).

Semiconductor (SC) + hv— SC (¢" + h") (2.1)

The reactions which are started by the conduction band (e’) can be given as below

(Tek, 2008).

SC(e)+0, — SC+ 0y (2.2)
SC (e)) + Oy +2H" — SC + H,0, (2.3)
SC (¢") + H,0, — SC + OH + OH (2.4)
‘0, +H,0,— OH+OH + 0, (2.5)
'Oy + H"— 'HOy (2.6)
SC (¢)+ HO, — SC+HO, (2.7)
HO, + H" — H,0, (2.8)
2HO, — O, + H,0, (2.9)

The reactions which are started by the valence band (h*) can be given as below

(Tek, 2008).

SC (h*) + HyO(aas) — SC + ‘OHuay) + H' (2.10)
SC (h+) + 2H20(ads) — SC + 2H" + H,0O (21 1)
SC (h+) + OH (ads) — SC + .OH(ads) (2.12)

As a result of the highly reactive oxygen species and hydroxyl radical, the organic

pollutants on the surface can be degraded. That is why; the degradation and



mineralization of the compounds can be occurred by the optically illuminated

semiconductor photocatalyst (Tek, 2008).

Titanium dioxide (TiO,), (E; = 3.2 eV) was mostly used for the photocatalytic
reaction between the various type of semiconductors. When photocatalyst TiO;
absorbs ultraviolet (UV) radiation from sunlight or illuminated light source, it will
generate pairs of electrons and holes. Today, semiconductors are usually chosen as

photocatalysts, because semiconductors need to absorb equal or more energy than its

energy gap.

H,0 H,

Acceptor

Conduction Band (-)
Reduction
Light Acceptor -
Donor

Valence Band (+) Oxidation

Donor ™

Figure 2.2 Semiconductor particle (based on Grimes Bahnemann, 2008).

Semiconductors are separated into two categories: intrinsic and extrinsic (n or p-
type). Si, Ge, GaAs can be done as examples for intrinsic semiconductors which are
pure enough and the impurities do not affect its electrical behavior. At absolute zero
(O °K), intrinsic semiconductors are no charge carriers and therefore, material
becomes as an insulator (Bakal, 2014). Figure 2.3 shows the differences between
intrinsic and extrinsic semiconductors. Extrinsic semiconductors are formed by the

addition of impurities into intrinsic semiconductors. This process is called as doping.
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The impurity addition to the crystalline lattice increases the number of charge. The
dense of electron or hole can be change by the impurity addition. If the electrons are
the majority carriers and the gaps are the minority carriers in the semiconductor
structure, these types are called n-type (donor doped - n stands for negative)
semiconductor. Briefly, Semiconductors which are doped with donors are n-type. If
the total opposite of this is occurred (majority carriers are gaps and minority carriers
are electrons), this type is called p-type (acceptor doped - p stands for positive)
semiconductor. Basically, impurity atoms that take away an electron from the

semiconductors are p-type (Kaneko & Okura, 2002).
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Figure 2.3 The three types of semiconductors: (a) Instrinsic semiconductors, (b) n-type

semiconductors, (c) p-type semiconductors (Tiginyanu, Langa, Foell & Ursachi, 2009).

Different n-type semiconductor metal oxides including, TiO,, ZnO, CdS, SnO,,
and WOs have been tested for photocatalytic oxidation of organic pollutants in water
and air (Chin, 2008). Due to the high chemical stability, favorable light absorption
properties, electronic structure, charge transport characteristics and the proper energy
band structure, the layered perovskite photocatalyst K,La;Ti30¢ has drawn a lot of
attention for its applications in water photocatalytic oxidation. The photocatalyst
K,Ln,Tiz;0;¢ (Ln= La, Nd, Gd, Sm, Dy) has one interlayer and this structure is very
suitable for the improvement of the photocatalytic reactivity of water degradation.

After the light absorption, the light-generated electrons move from the interlayer of

11



K;,La;Ti30;9 to external surface and light-generated holes oxidize the water to

produce O; in the interlayer (Yang, Qui, Chen, Feng & Yin, 2007).

Semiconductors are very effective as photocatalysts due to their light absorption
properties, electronic structure, charge transport characteristics and excited-state
lifetimes. Semiconductor photocatalysts are currently draw attention because of the

wide range interdisciplinary research areas (Bakal, 2014).

2.2.2 Photocatalytic Degradation Mechanisms

Photocatalytic degradation process has attracted a great attention as an
environmental friendly and sustainable treatment technology. A good photocatalyst
is a semiconductor material which should be proactive, non toxic, and should be
photocatalytically activated under light source (Tek, 2008). Due to its properties such
as cheap, insoluble in water, resistant to most chemicals, titanium dioxide is the most
frequently used photocatalysts (Chong et al, 2009). TiO,, ZnO, WO3, CdS, ZnS,
SrTiOs, SnO,, WSe,, Fe,0s3 can be given as the examples of semiconductor solids
that used as photocatalysts. High photocatalytic activity in daylight can be achieved
by the photocatalyst whose band gap energy is smaller than 3eV. Studies have been
reported that all kinds of organic and inorganic pollutants and heavy metals can be
treated by photocatalaytic oxidation (Tek, 2008). Photocatalysis applications are not
only including environmental issues but also different applications including,
agricultural, medical, residential and electrical issues. Figure 2.4 shows the

applications of TiO, photocatalysis (Nakata & Fujishima, 2012).

Wastewater can be purified by using powder form of TiO,. But this treatment
process requires an additional operation to separate the suspended powders. The
coating of fine powders on glass surface is proposed to avoid this situation. The thin
films adhere to the glass substrate which is usually negative charged due to the
electrostatic charge of TiO, (Bakal, 2014). Recently, new generated perovskite
layered structures attract attention because the ion exchange mechanism is very easy.

The geometry of the structure provides ion exchange. Literature studies are

12



continuously developing. It has been reported that lanthan-titanates (K;Ln;Ti3019
(Ln= La, Nd, Gd, Sm, Dy)) structures are photocatalytically more active than TiO,
(Yang et al., 2009).

Environmental
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Painting / Tile Curtain |
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Energy

Figure 2.4 Applications of TiO, photocatalysis (Nakata & Fujishima, 2012).

A catalyst is not changing and also it is not being consumed during the reaction.
And it does not change the speed of the reaction. Photocatalysis can be explained as
"acceleration by the existence of catalyst". In other saying, the same process of
catalyst occurs with the presence of the sunlight and semiconductor. The main
difference between catalytic and photocatalytic systems are the activated zones
(Ohtani, 2010). Photocatalysts creates strong oxidation agent to degrade the
pollutants to carbon dioxide and water in the presence of photocatalyst, light and

water (Politi, 2014).
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Photocatalyst requires a light source to start the degradation reactions. Light has a
wavelength and frequency. The energy (E=h.v) can be estimated by the formula of
the wavelength (A=c/v). In this formulation h is the Planck constant (6.63)(10"34 J.s)
and c is the velocity of light (3x10°* m/s), v is the frequency (1/s) and A is the
wavelength (nm). If the frequency is increased, the wavelength will be decreased and
the energy will be raised. That is why electromagnetic spectrum has an importance
on photocatalyic reactions. The photocatalytic activity is directly affected by the
energy (h.v) of the ray because different wavelengths have different energy level

(Nimetoglu, 2011).

The main parameters of the photocatalytic system are water, semiconductor
particles or coatings and light source for illumination. Photocatalytic process is
initiated by the absorption of light with the aid of semiconductor nanoparticles. A
reaction series are occurring when photocatalyst absorbs the energy from sun and as
a result of the reactions, organic compounds in surface is converted to H,O and CO,

(Kaneko & Okura, 2002).

THE ELECTROMAGNETIC SPECTRUM

103 102 108

10° 5x10% 10710 1012

Buildings Humans HoneyBee Pinpoint Protozoans Molecules  Atoms  Atomic Nuclei

Frequency
(H2)
104 108 1012 105 106 1018 1020
Temperature
of bodies emitting
the wavelength
o 1K 100K 10000K 10 Milion K

Figure 2.5 Electromagnetic spectrum (Chambers, n.d).
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Sun radiation emits different wavelengths and frequencies. Electromagnetic
Spectrum is the range of all possible frequencies of electromagnetic radiation. Figure
2.5 shows the electromagnetic spectrum which is divided into Gamma rays, X-rays,
Ultraviolet Radiation, Visible light, infrared radiation, microwaves and Radio waves,
respectively. Table 2.1 demonstrates the wavelengths and the frequencies of visible
light (Sowa et al., 2012). Active photocatalytic nanoparticles like TiO, and ZnO have
wide band gap. These semiconductors can absorb UV light at smaller wavelengths
(smaller than ~388 nm). The goal of this thesis is to use the visible content of
sunlight to extend the photocatalytic activity. This thesis is focused on the solar
energy simulated light and the ability of K,Ln,;Ti30;¢ (Ln= La, Nd, Gd, Sm, Dy) to
destroy phenol, methylene blue and cyanides. Photocatalytic degradations of phenol,
methylene blue and cyanide were performed in a solar box ATLAS Suntest CPS+

simulating natural radiation and equipped with a Xenon lamp.

Table 2.1 Visible color bands (Sowa et al., 2012)

Visible color bands Wavelengths (nm)
Red 780-625
Orange 625-590
Yellow 590-565
Green 565-500
Blue 500-435
Violet 435-380

The most important advantage of the layered components is the photocatalytic
activity and the changeability of the cations into the intermediate layer. Some layered
components are more effective than bulk catalysts. Looking at the photocatalytic
studies in the literature, some perovskite layered oxides are mostly used especially
for the formation of hydrogen and oxygen. These oxides demonstrate interlamellar
activity and are divided two main classes: 1) Dion - Jacobson Series (DJ Series), (the

general formula AM,,.1B,O3n41, (e.2. KCaNb3Oyp)) and ii) the Ruddlesden — Popper

15



series (RP series) (general formula A,M, B,O3,1 (e.g. Na,Gd;Tiz0;9 and
KzLazTi3010)) (Kaneko & Okura, 2002)

2.3 Principles of Semiconductor Photocatalyst K,Ln,;TizO1y

In 1960s, photochemical power of TiO, attracted attention. Considering the
historical development of photocatalytic, Fujishima and Honda discovered
photocatalytic splitting by using TiO, electrodes in 1972. In 1980s several studies
and new inventions were developed about photocatalyst and its applications. In
1990s TiO, coatings were used as a self-cleaning surface. As a results of these
developments, scientists were introduced the photocatalytic efficiencies of
semiconductors into several research area (Tek, 2008). The latest innovation about
photocatalytst is about layered structures which have displayed high photo-catalysis
activity in water treatment applications. The activity of the layered photocatalyst is
reported very high. The first layered photocatalyst was reported by Kudo and his
coworkers. Kudo and coworkers reached that K4NbsO,7 photocatalyst was effective
for water decomposition reactions and to generate hydrogen and oxygen after being

loaded with Ni (Cui et al., 2006).

It has been reported that K,La;Ti30,0 which is one of the layered perovskite type
compounds with octahedral perovskite-layer (La,Tiz040”") is more photoactive than
TiO, because K ions are located between the perovskite layers and perovskite
layered structure can easily provided ion exchange due to the geometry (Yang et al.,
2009). Takata and coworkers figured out that K,;La,Ti3O;¢ presented a remarkable
catalytic activity for water splitting under UV light irradiation after loading with
nickel (Cui et al., 2006). This new generated layered compound has attracted
attention and the researches are increasingly generating with a big interest (Yang et

al., 2009).

2.3.1 Crystalline Structure of K;Ln,Ti;0;y (Ln= La, Nd, Gd, Sm, Dy)

K,Ln,Ti30;19 (Ln= La, Nd, Gd, Sm, Dy) is an n type of layered perovskite

compound and can be shown in Figure 2.6. The K;La;Ti3O;¢ is consisting of
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negatively charge lanthanum titanate perovskite layer and interlayer K* ions.
La,Ti;O;9 which is the adjacent triple perovskite layers, are stacked with a
displacement by 1/2 along the (001) direction. A lanthanum ion occupies in the
center of the perovskite lattice. X-ray diffraction data shows that the cell parameters
of K,La,;Tiz0;¢ are found as a=b=0.387 nm, ¢=2.98 nm, face distance (001) =1.49
nm, and the thickness of the LagTigOloz' is 1.19 nm. The interlayers are bonded by
static force. According to the weak combination between inter layers, K,La;Ti30y is
ready to intercalate exchange and expand in the field of the interlayer (Huang et al,

2010).

Figure 2.6 K,La,Ti;0 crystalline structure (Huang et al, 2010).

The band gap of K;La;Ti30¢ is shown in Figure 2.7. The zone of the valance
band between -5 and 0 eV is consisted of 2p orbitals. The conduction band from 2-7
eV composes of Tizd and Las d orbitals. The value of the band gap is approximately
2.0 eV and it is much smaller than the experimental optical band gap (3.69 eV)
(Huang et al, 2010).
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Figure 2.7 K,La,Ti;0;¢ energy band gap (Huang et al, 2010).

2.3.2 Photocatalytic Mechanisms of K;Ln,Ti;0;9 (Ln= La, Nd, Gd, Sm, Dy)

Layered perovskite oxides draw photocatalytically attention due to the structure
which is consist of two dimensional perovskite slabs interleaved with cations and this
structure increase the lifetime of the electrons and holes, so the efficiency of the
semiconductor photocatalyst is increasing (Bakal, 2014). Some oxide
semiconductors have sufficient band gap energy to initiate photocatalytic reactions.
The semiconductor property of the perovskite K,;Ln,;TizO;9 comes from TiO,. In
other words, the perovskite slabs are made up by metals including, Ti, Nb, or Ta.
According to the band theory, valance band is an energy level with full of the
stimulated electrons via an external effect, and conduction band is the empty energy
level until the electrons will be stimulated (Cui et al., 2006). According to these
reasons, the layered perovskite oxides, K,Ln,Ti3019, is an interesting and attractive

photocatalyst to degrade the pollutants into aqueous solutions.

2.3.3 Parameters Affecting Photocatalyst Efficiency

Degradation of the pollutants takes place on the surface of the photocatalyst. It has
been reported that some parameters are affecting the degradation efficiency. Light
intensity, pH of the solution, initial concentration of the pollutants, type of catalyst,
photocatalyst, presence of ions and surface properties of semiconductors can be cited
(Subramanianet al., 2000). According to the literature reviews, pH and light intensity

are selected as variables and their effects are investigated by changing the values.
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2.3.3.1 Light Intensity

Photocatalytic degradation rate depends on light intensity (Curco et al., 2002).
The degradation mechanism is started with the absorption of light by the
photocatalyst. The photon energy of the incident light must be greater than the band
gap energy of the semiconductor. That is why, as mentioned before, activation
wavelength is an important parameter for the photocatalytic degradation reactions.
The photocatalysts which are used must have wide band gap to be activated in UV
light. Electromagnetic radiation of sun contains 7% of UV which strikes the
atmosphere and it decreases during the penetration of the atmosphere (Tek, 2008).
According to the literature, photocatalytic degradation is increasing with the increase

of the light intensity (Qamar et al., 2002).

2.3.3.2pH

The pH effect depends on the kind of semiconductor and pollutant. The increase
or decrease of pH levels changes the degradation rate. pH controls the surface charge
of the photocatalyst. Lower and higher pH values have different effect for
degradation mechanism. At lower values, the degradation of pollutants is faster. On
the other hand, at higher pH values above 9, degradation rate is also enhanced
because of the increase of OH anions on the photocatalyst surface (Theurich et al.,

1996; Subramanian et al., 2000; Tek, 2008).

2.3.3.3 Particle Size and Concentration of Photocatalyst

The particle size of photocatalyst is an important parameter on photocatalytic
activity. If the size of the photocatalys is decreased, surface-volume ratio will be
increased and the photocatalytic activity will be increased. That is why; nanosized
semiconductors have superior photocatalytic activity than normal sized
semiconductors (Tek, 2008). The optimum photocatalyst concentration must be

determined to avoid excess catalyst and to obtain optimum phase (Bakal, 2014).
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2.3.3.4 Surface Properties of Semiconductor

The surface properties of semiconductor photocatalyst affect the photocatalytic
degradation mechanism. The surface morphology and structure of sol-gel thin films
and heat treatment process can modify structure leading to an increased
photocatalytic activity (Yu et al., 2000). For these reasons, material characterization

processes was precisely performed.

2.4 The Synthesis Methods of Photocatalysts: Sol-Gel Thin Film Coating

The sol-gel method is an effective method to produce various functional materials
in which particle size, porosity, thin layer thickness and structures can be controlled
and successful applications have been achieved. The development of materials by
using sol-gel technology has attracted attention owing to the nanostrucured materials
which the attention of modern scientists is focused (Dimitriev et al., 2008). The sol-
gel method is a process to generate colloidal nanoparticles from liquid phase. Sols

and gels are two forms of matter that exist naturally (Pierre, 1998).

Sol-gel technology has a wide application area to produce ceramics, glass and
composite materials. The sol-gel process includes the evolution of inorganic
materials including metal oxide solutions, metal powders, nitrates, hydroxides and
oxides through the formation of a colloidal suspension (sol) and gelation of the sol in
a continuous liquid phase (gel). Sol is the suspension of the colloidal solid particles
at liquid phase. The dispersion forces of these particles are greater than the gravity.
Colloids are smaller than 500 nm and cannot be seen in normal optical microscope.
Gel 1s a composition from the precipitation of the colloidal particles and it is a phase
between solid and liquid. The precursors for synthesizing these colloids generally

formed of a metal or metalloid element (Suneel, n.d).

If inorganic sols and gels can be obtained by various methods, they are often
directly synthesized from chemical reactants dissolved in a liquid medium. The
chemical reactants which contain the cation M (metal) present in the final inorganic

sol or gel is called the chemical precursor. Its chemical transformations are complex
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and involve a competition at the molecular level between the reaction responsible for
the formation of open structures and the one leading to dense solid. Those same
reactions are responsible for the controlled dispersion of dense colloidal particles in a
sol or their agglomeration into a gel (Pierre, 1998). The steps of sol-gel method can

be explained as follows:

Alkoxide Hydrolysis and Condensation Reaction: Metal alkoxides are the
precursors for the formation of the sol. The general formula of the metal alkoxides is
M (OR) , in which M is the metal compound which will be covered and R is the alkyl
group. The affected factors of the hydrolysis rate are the amount of water, catalyst,
solvent concentration and temperature (Evcin, n.d). Hydrolysis can be expressed by
deprotonation of M cation. After the hydrolysis, condensation reactions occurs

(Bakal, 2014).

Polymerization: This step is the dispersion of the sediment by solvent. A sol is
prepared for the dispersion of the sediment. As a result of the polymerization, the

viscosity of the solution increases (Suneel, n.d).

Aging of the gel: Until the gel transforms into a solid mass, expulsion of solvent
from gel pores occurs. The affected factors are pH, temperature, reaction time,

concentration, aging temperature and aging duration (Suneel, n.d).

Gelation: This is an important step to create gel form without creating any cracks.
The drying of the gel is to remove the excess of the solvent (alcohol, water). The gel
is shrinking and the solid resultant contains high amount of pore. This solid is called

xerogel (Suneel, n.d).
Drying: This is reached by calcinations of the monolith at temperatures up to

800°C (Suneel, n.d). Drying is irreversible transformation of the gel which is

composed of a solid and liquid (Bakal, 2014).
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Sintering: After the densification and decomposition of the gels at high
temperatures (T>800°C), the sintering process occurs. The remaining organic
materials are volatilized. The dense material is obtained after the sintering process

(Suneel, n.d).

Sol — gel method includes dip, spray and spin coating techniques. Through these
techniques, K,;La,Ti3O;¢ films of high photocatalytic activity can be produced
(Merabet et al, 2009). In this study, spin coating method is used to produce thin
films. Spin coating is a cheap and faster method to produce homogeneous layers and
includes 4 main steps. Firstly, an excess amount of the solvent (fluid) is placed on the
substrate. Secondly, the rotation is occurred at high speed in order to spread the fluid
by centrifugal force. The film thickness can be adjusted by changing the rotation
speed, the rotation time, and the concentration of the solution which is used. Thirdly,
the fluid is slowly becoming thin. And finally, solvent evaporation occurs and the
coating becomes thin (Politi, 2014). Figure 2.8 demonstrates schematically the spin

coating technique.

applying the ; ; repeating to prepare
solvent solution = fotating = drying -)_)multilayer structure
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Figure 2. 8 A schematic demonstration of spin coating technique (Anonym, n.d).
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CHAPTER THREE
MATERIAL AND METHOD

3.1 The Purpose of the Study

The aim of this study is to produce layered perovskite potassium lanthanum
titanate K,Ln,Ti30;9 (Ln= La, Nd, Gd, Sm, Dy) by using spin coating to investigate
photocatalytic activity. For this reason, K, La and Ti based precursor materials,
solvent and chelating agent solutions were prepared. With this aim, pH values,
turbidity and rheological characteristics of the prepared solutions were examined
before the coating process. Si(100) as silica glass substrates were used for coating.
To obtain suitable process regime and to identify the structure of K,Ln;Ti30, (Ln=
La, Nd, Gd, Sm, Dy), Thermogravimetry-Differential Thermal Analyzer (DTA — TG)
and Fourier Transform Infrared (FTIR) machines were used. In order to make
structural and morphological analysis of thin films, X-Ray Diffraction (XRD) and
Scanning Electron Microscopy (SEM) were used respectively. The optical properties

were determined by the help of a UV-Vis spectrophotometer.

The photocatalytic degradation processes were realized to degrade phenol,
methylene blue and cyanide. Light intensity, pH and initial concentration are
important parameters and have direct effect on the reaction rate. In this context, the
three parameters are selected and by changing the values, the degradation
efficiencies were investigated. Photocatalytic degradation experiments were carried
out in a solar box ATLAS SUNTEST CPS+ which is simulating natural radiation
(Figure 3.1). The light source of Atlas Suntest Cps+ has a vapor xenon lamp (300 nm
<\ <800 nm) and the power can change between 250 and 765 W/m®. To determine
the photocatalytic effectiveness of phenol, methylene blue and cyanide, specific UV
absorbance (SUVA), total organic carbon (TOC) and dissolved organic carbon
(DOC) tests were carried out according to the treatment results. To achieve more
precise results and to make a comparison, the same experiments were observed for

blank solutions.
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Figure 3.1 A schematic representation of the photoreactor (based on Merabet et al, 2009).

3.2 Materials

Chemical materials which were used to produce solutions, gels, powders and thin

films can be seen in Table 3.1. To prepare K,Ln,Tiz0;9 (Ln= La, Nd, Gd, Sm, Dy)

thin films, Si(100) and silica glass were used as substrates. All of the precursor

materials were alkoxide materials. Solvent and chelating agent were used to dissolve

precursors.

Table 3.1 Precursors, solvent and chelating agent for KLTO based thin film production

Molecular
Chemical Type Chemical Name Chemical Formula Purity Weight
(gram)
Lanthanum (III) 2,4

pentanedionate CsH,,LaOg xH,O - 436.24

hydrate

Potassium 2,4

pentanedionate CsH,KO, xH,0 97 % 138.21

hydrate
Titanium (IV) C,oHaO,Ti 95 % 28423

isopropoxide
Dysprosium (III)

Precursors 2,4 pentanedionate Cy5H,DyOgq 99.9% 459.83

hydrate
ﬂeggﬁl‘]‘;‘géf& C\1sHy NdO; 99.9% 441.57

Samarium (IIT)

acetylacetone C,5H,;SmOq 99.9% 447.69

hydrate

Gadolinium (III)

acetylacetone C,5H,,GdOg¢ 99.9% 454.57

hydrate

Solvent Propionic acid C;H¢O, 99 % 74.08
Chelating agent Gla“?l(;‘zil)c acid CH,COOH 99.9 % 60.05
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3.3 Production Process

3.3.1 Substrate Preparation

Si(100) was used as a substrate materials. The crystalline structure of Si(100) was
cubic-textured and the surface was polished. To obtain desired size for coating
process, Si(100) was cut by using Logitech APD Annular & Peripheral Diamond
Saw. Prior to the coating process, silica glass substrates, Si(100) were cleaned 1:1

acetone-water medium with ultrasonic cleaner.

3.3.2 Solution Preparation

In order to obtain effective thin films, homogenous solutions must be prepared.
Solution preparation steps to produce thin films were summarized as shown in Figure
3.2. To investigate how the dopant amount changes mechanical, physical and
photocatalytic properties in a controlled manner, production at three different dopant

concentrations was performed.

At this stage potassium lanthanum titanate solutions and powders were produced
to use in the production of thin films. As shown in the block flow diagram, Figure
3.2, to prepare the Ln (La, Nd, Gd, Sm, Dy) homogenous solutions, the La, Nd, Gd,
Sm and Dy based powder precursors were mixed with solvent (propionic acid),
chelating agent (glacial acetic acid) and titanium (IV) isopropoxide till the La, Nd,
Gd, Sm and Dy based chemical materials were dissolved. To reduce the surface
tension, toluene was added to the Nd solution. After this process, K compound was
putted in the beaker, and the mixing process continues as far as K is dissolved. The
temperature of sublimation of the potassium is low. That is why, the nimiety of K
compound was added according the literature (Wang et al., 2010). The solution was
mixed with ultrasonic mixer at 25°C until they became transparent approximately 2
hours. The homogenous solution of potassium lanthanum titanium oxide in
stoichiometric ratios was stirring to obtain gel form. At the end of this process,

transparent solutions were prepared for powder production and were dried over
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magnetic stirrer and xerogels were obtained. The obtained xerogels were subjected to

heat treatment.

Precursors: K, Ti, Ln= La, Nd, Gd, Sm, Dy
A4

Solvent: Propionic acid

N7

Chelating Agent: Glacial Acetic Acid
\Z

Continuously mixing 25°C, 2h

\Z

Transparent Solution

N7
Drying and Heat Treatment (500°C, 30 mins and 850°C, 180 mins)

\Z

K,Ln,Ti;O,,(Ln= La, Nd, Gd, Sm, Dy) Powders

Figure 3.2 Production flow chart for powder.

3.3.3 Preparation of Thin Films

The following step was the coating procedure of the thin films. Before the coating
application, substrates were cleaned with acetone bath by ultrasonic cleaner. Spin
coating technique were used to obtain uniform thin films. Excess amount of a
solution is placed on the substrate. The rotation is occurred at high speed in order to
spread the fluid by centrifugal force. The film thickness can be adjusted by changing
the rotation speed, the rotation time, and the concentration of the solution which is
used. Spin coater machine is used for spin coating. Prior to the coating operation,
glass substrates were kept for 15 minutes at room temperature in air by waiting in
ultrasonic bath with acetone solution for cleaning purposes. Rotation is continued
until the fluid spins off the edges of the substrate and desired thickness is achieved.
The thickness of the films depends on the concentration of the solution and solvent.

The schematic representation of spin coating is shown in Figure 2.8. Figure 3.3
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demonstrates thin film flow chart. After the production of the powders, the powders
were mixed by the addition of propionic acid till the powders dispersed and this
process was carried out into ultrasonic mixer. General preparation steps for the
production of thin films were summarized in Figure 3.4. Stoichiometric ratios used to
prepare the thin films of K;Ln,Ti30;9 (Ln= La, Nd, Gd, Sm, Dy) are shown in Table
3.2.

The weighting of K,Ln,Ti;0,, (Ln = La, Sm, Gd, Nd, Dy) powders

SN Z
Vv
The addition of propionic acid+ Mixing ( 45 min, Ultrasonic mixer)

\Z

Coating on Si(100) substrates by using spin coating

Figure 3.3 Thin film production flow chart.

Table 3.2 Stoichiometric ratios used to prepare the powder samples

Name of the material Quantity (g) The quantity of
Propionic acid (ml)

K;La,Ti;0 0.658 10
K;,La; ¢Smy ;Ti;049 0.660 10
K;,La; 5SmysTi;049 0.720 10
K,La; :SmysTi;049 0.944 10
K;La; 4Dy, 1TizO01o 0.660 10
K;La; sDy,sTi;01 0.671 10
K;La; 1Dy Ti3O019 0.680 10
K,La;4Gd1Tiz049 0.661 10
K;La; 5Gdy5Tiz0q9 0.668 10
K,La; 1Gdy9Ti;0q9 0.676 10
K,La; yNdy 1 TizOy 0.640 10
K,La; sNd5Ti304¢ 0.636 10
K,La; 1Ndy4Ti304¢ 0.600 10
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Potassium 2,4 Lanthanum Dysprosium Neodymium Samarium (TII) Gadolinium
pentanedionate (Im) 2.4 (Im) 2.4 (I 2.4 acetylacetone
hydrate was pentanedionate pentanedionate pentanedionate hydrate was acetylacetone
dissolved in hydrate was hydrate was was dissolved in dissolved in hydrate was
propionic acid dissolved in dissolved in propionic acid propionic acid dissolved in
propionic acid propionic acid propionic acid

Stirring Stirring Stirring Stirring Stirring Stirring

Adding Adding Adding Adding Adding Adding Adding
Glacial Titanium (IV) Glacial Titanium (IV) Glacial Titanium (IV) Glacial
Acetic isopropoxide Acetic isopropoxide Acetic

o el et

Homogenous g g Homogenous g g
solutions of solutions of solutions of solutions of solutions of solutions of
Potassium 2,4 Lanthanum Dysprosium Neodymium Samarium (TIT) Gadolinium
pentanedionate () 2,4 (Im) 2,4 (Im) 2,4 acetylacetone (m
hydrate pentanedionate pentanedionate pentanedionate hydrate acetylacetone
hydrate hydrate hydrate

Mixing, Continuous Stirring and
heating (25°C, 2 hours)

Calcinations at 500 °C, 30 min and
§50 °C 180 min

KLTO powders dispersed in
propionic acid (45 min, ultrasonic
mixer)

Coating on 5i(100) substrates

Calcination

Figure 3.4 The flow chart for production of surface coatings.

In order to increase the harmony between the layers, the coating samples were
produced by coating 8 times and XRD analysis was made. To make multilayer
coating production, coated Si(100) plates were dried at 300°C for 10 min and at
500°C for 5 min in air after each layer was coated. And heat treatment was applied
which can be shown in Figure 3.5. Coating times and speeds were given in Table 3.3.

The last step of the spinning vaporized the volatiles and removed the residuals in 10
seconds.

28



Table 3.3 Spin coating parameters

Step Time (s) Rotational Speed (rpm)
1 5 100
2 10 500
3 15 3000
4 10 0

1000 -
e
2
B
“E. 500 -
g
2

Time (min)

Figure 3.5 Heat treatment regime.

' 60 120 180 240 300 360 420 480 540 600

In order to find the ceramic phase, temperature related to this phase was

determined. For this reason, thermal behaviors were determined by using DTA/TG

equipment. These data were required for the heat treatment of the films. The image

of KLTO thin film is given in Figure 3.6.

Figure 3.6 KLTO thin films on Si (100) substrate.
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3.4 Characterization

The main issue which is focused was the structure of semiconductors and its
applications. But now, the characterization and the composition of materials will be
explained. To identify if the method is successful when a material is fabricated in the
laboratory condition, some techniques are used to investigate the structure. That is
why; in this stage, the techniques which are available to characterize KLTO

compounds will be explained.

3.4.1 Solution Characterization

The sol-gel process is an advanced process to produce gel, polymeric crystalline
or glass phase in wide range from liquid form. The characterization directly affects
the ultimate film stoichiometry. The aim is to produce the liquid form carefully.
Therefore, to identify solution characteristics which affect thin films, turbidity, pH
values, contact angle and rheological properties of the prepared solutions were

measured.

3.4.1.1 Turbidity Measurement

Turbidity gives the optical characteristics of suspended particles in an aqueous
solution. The unit of turbidity is nephelometric turbidity unit (ntu). The aim of the
turbidity test is to understand the solubility of the powder which is added to the
solution before the coating process. Turbidity tests were made by standard VELP
TB1 Model Turbidity Meter. Test range is between 0 and 1000 ntu. If the turbidity is
approached to 0, the powder based precursors are fully dissolved. But if the turbidity
is near to 1000 ntu, particles suspends. In order to find transparent solutions,

turbidity value should be near to O ntu.
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3.4.1.2 pH Measurement

The pH values of the prepared solutions are measured by using Mettler Tolede
electrode pH meter to understand the solution conditions including basic or acidic

characteristics. The pH is an important factor of gelling and gel polymeric structure.

3.4.1.3 Contact Angle Measurement

The contact angle is measured between a solid surface and a liquid surface which
is in touch. It depends on cohesion forces (the relative strength of the affinity
between the own molecules of liquid) and adhesive forces (the affinity between
liquid and solid). This measurement quantifies the wettability of a solid surface via
Young equation. If the cohesion forces are bigger than adhesive forces, the angle
between solid and liquid increases. So, bigger contact angle means that the affinity
between liquid and solid is less and the contrary of this is exist. If contact angle is
less than 90°, liquid soaks the cape, if it is bigger than 90°, wetting does not exist.
Contact angle is important to make a good coating. Contact angle measurements of

the solutions were realized by using Contact Angle Meter - CAM 100.

3.4.1.4 Rheological Measurement

The rheological properties including, viscosity, gel point, shear stress and
modulus of elasticity were determined by using CVO 100 Digital Rheometer.
Viscosity is the main controller of the film thickness. Because of this, the solutions
which will be used in thin films should be in low viscosity, in other words it should
be diluted. The viscosity and shear values are important to characterize the gelation
behavior. The viscosity values of KLTO solutions were analyzed at 300 Hertz

frequency and 25°C at single shear mode.

3.4.2 Process Characterization

To decide optimum temperatures for heat treatment condition, material

characterization tests are needed. For this reason, Differential Thermal Analysis
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(DTA — TG) and Fourier Transform Infrared Spectroscopy (FTIR) analysis were

performed.

3.4.2.1 Differential Thermal Analysis/Thermogravimetry (DTA/TG)

This method is used to determine the suitable process regime and the reaction type
of intermediate temperature products. This method gives information about the thermal
stability, phase formation, reactions type, and suitable heat treatment. DTA/TG
analyses were examined under O, flowing for xerogels by using Shimadzu DTG-60H
Model DTA-TG device. DTA/TG analysis were examined. Prepared xerogels were

examined from 25 to 1200°C at heating rate of 10°C/min in oxygen atmosphere.

3.4.2.2 Fourrier Transform Infrared (FTIR)

In order to determine how the chemical bonds of the fabricated gels change before
the transformation from solution to crystalline state (powder) and to determine the
organic components of the samples, FTIR analysis is carried out. In varying
temperatures (100, 200, 300, 400, 600, 800 and 1000°C) and after 15 minutes in air,
FTIR absorption spectra were measured in the ranges of 4000 to 400 cm™ at room
temperature (25°C). According to the measurement, %transmittance vs. wavelength
and %absorbance vs. wavelength curves was obtained. FTIR spectrum of K,Ln,Ti1,01¢
(Ln=La, Nd, Gm, Sm, Dy) samples were carried out by using Thermo Scientific

Nicolet i-S10 device.

3.4.3 Film Characterization
3.4.3.1 X — Ray Diffraction (XRD)

To identify existing phase of the thin films which obtained by using sol — gel
method, XRD analyze were performed with using Thermo-Scientific ARL X'tra
diffractometer. The measurements were realized with Cu tubes at voltage of 45 kV
and current of 44 mA by using CuKa radiation (A = 0.15405 nm). The ray beams

diffracted into three dimensional crystal lattice of the material and as a result, the
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diffraction patterns were obtained. The crystal structure was identified by comparing

with the standard patterns.

3.4.3.2 Scanning Electron Microscopy (SEM)

To analyze and determine the surface qualities, topographies and surface
morphologies of the thin films on Si (100) substrates, JEOL JSM — 6060 Scanning
Electron Microscope was used. Accelerated electrons under high voltage were sent
on the substrates to obtain images on scanning electron microscopy. Subsequently,
the interaction between electrons and substrate atoms was examined according to the

micro structure images.

3.4.3.3 X-Ray Photoelectron Spectroscopy (XPS)

X-Ray photoelectron spectroscopy is using to do the elemental analysis, thus the
chemical or electronic state of the surface elements, detection of chemical
contamination of KLTO based surfaces can be performed. The principal of XPS is to
send X rays to the material and to measure kinetic energy of the ejected electrons and
the number of ejected electron from surface between 1-10 nm of depth. Surface

chemistry of KLTO thin films was determined by Thermo-Scientific K - Alpha XPS.

3.4.3.4 Roughness and Thickness Measurement

Atomic force microscopy (AFM) provides high resolution of three dimensional
surfaces by the help of needle which is sharpened to the atomic size. This
microscopy provides 3 D display of the surface to determine the roughness and to
obtain two and three dimension image. Because of the high surface roughness of the
thin films, the surface roughness could not be realized by using AFM. Instead,
surface profilometer measured the surface profile of the films to quantify the
roughness and thickness. The thickness of the films was determined by using Ambios

Technology XP-2 Stylus Profiler.
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3.4.3.5 Mechanical Tests

Hardness is a characteristic ability of the material to resist penetration or abrasion
by other bodies. Elastic modulus defines as a measure of the material's resistance to
being deformed elastically. To determine the mechanical properties of the produced
coatings, nanoindentation test was applied. As a result of the test, the hardness of the
coatings which change under varying loads, elastic modulus and the penetration
depth were determined by using IBIS (Fischer-Cripps Laboratories, Australia)
nanoidentation. Before the experiments, contact area A, and contact depth h. were
calibrated by using fused silica samples. Adhesion strength of the coatings was
determined by using scanning scratch tester (IBIS Fischer-Cripps Laboratories,
Australia). According to the test results, critical force was defined as adhesion

strength.

3.5 Photodegradation Experiments with Synthetic Wastewaters

Phenol (C¢HsOH), methylene blue (C;cH;3CIN3S.3H,0) and cyanide (CN) were
selected as the pollutants which must be removed. There is a specific object for the
pollutant selection. Each pollutant represents a different chemical component
including organic, azo dye and inorganic. Phenol (99%) and cyanide (97%) were
available from Merck Millipore and methylene blue (97%) was obtained from
Sigma-Aldrich. Initial concentration of each substance was selected as one of the
variables which affect the degradation rate and chosen according to the literature.
Initial concentration of phenol was selected 10 mg/l at pH of 7. 10° M of methylene
blue was selected for experiments and three different pH conditions including 3
(acidic), 7 (neutral) and 10 (basic) were examined. The pH of the solutions was
adjusted by using H,SO4 or NaOH. Initial concentration of cyanide was selected 100

mg/1 at pH 10. Degradation experiments were examined at 250 W/m? and 750 W/m”.

3.5.1 Experimental Set-up

All experiments were performed in a flatbed Xenon exposure system, Atlas

Suntest CPS+ reactor. The main goal is to degrade phenol, methylene blue and
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cyanide with maximum degradation rate by selecting optimum pH and light intensity
condition. The beakers with a volume of 25 ml which include 2x2 cm photocatalyst
were put into the reactor. The light source produces heat and to conduct experiment
at controlled temperature and to prevent the evaporation of wastewater, a glass cap
was placed above the beakers. ATLAS Suntest CPS+ is equipped with 1 x 1500 W
air-cooled Xenon lamps. It involves 560 cm? exposure area. Specific informations
about the reactor can be shown in Table 3.4 and Figure 3.7 demonstrates the
schematic diagram of the reactor. The details about the apparatus are edited from

Suntest CPS/CPS+ operating manual.

Table 3.4 Properties of SUNTEST CPS+

SUNTEST Features CPS+
Air — cooled Xenon lamps 1500 W
Minimum Guaranteed
1500 Hours
Lamp Life (at one sun level)
Physical Dimension (WxDxH) 78 cmx 35 cm x 35 cm
] ) ] ] 300 - 800 nm/Lux; or 300-400
Direct Setting and Control of Irradiance in the wavelength range
nm/340 nm
Footprint 100 cm x 95 cm
Floor Weight 29 kg (64 1b)
Specimen rack capacity 560 cm”
Specimen tray size in cm x cm 28 x 20
) ) Window Glass
SUNSENSIV sensor for controlling irradiance at 300-800nm / Daylight Filter Fil
ilter
Lux 5 5
250-765 W/m"~ | 250-765 W/m

Xenon lamps are a specialized type of gas discharge lamp by passing current
through a gas under pressure. The current which flows between the lamp's electrodes
is an arc and it ignites the gas. At xenon lamp technology, an electric light is
produced a light by passing electricity through ionized xenon gas at high pressure by
using Xenon gas. A bright light is producing and it imitates natural sunlight. The
main difference between the Xenon and other lamp types like mercury lamp is the
light spectrum. Xenon lamp emits all wavelengths through the visible zone (400 nm

to 700 nm). This zone is approximately corresponding to the natural daylight. On the
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other side, mercury-vapor lamp shows strong peaks through the visible zone. Three
different mercury lamps exist. Low pressure mercury lamps emit 253 nm to 185 nm.
It is UV light source. In medium mercury lamp, the wavelength is between 200 and
600 nm. It is UVA (around 315 nm - 400 nm) or UVC (around 200 nm - 280 nm).
The wavelength range of high pressure mercury lamps are 248 to 1014 nm. Xenon

lamp is used in this study to imitate natural daylight.

— Infrared radiation _— =

_~ X L y Ll
enon Lamp 4 : .
4 4 E’ ———
| | Light Mirror - - -
o UV Minror e
Sl eT Auxiliary Filter, e.g. :

window glass filter [ Syt

Quartz glass shell
with selectively
reflecting layer

Ultraviolet
radiation and
visible light

Reflector

, Sample level

Figure 3.7 ATLAS Suntest CPS+ images (Suntest CPS/CPS+ Operating Manual).

3.5.2 Properties of the Pollutants

3.5.2.1 Properties of Phenol

Phenol is a member of organic compounds characterized by a formula of
CsHsOH. It is a white crystalline mass which turns red or pink if it is exposed to air
or light. In most of the industries and daily life, phenolic compounds have a
widespread using area and it is widely distributed as pollutant in waste water bodies.
Table 3.5 shows the properties of phenol. This compound causes a huge damage on
aquatic life and human health. The treatment of the phenol is very difficult. This
study has focused on the photocatalyst with using the photocatalytic principles and
the factors which influence the photocatalytic rate and the reaction kinetics. Figure

3.8 demonstrates the structure of phenol.
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Theoretically, 8.3 gram of phenol is dissolving in 100 ml of water. If phenol
comes into contact with heat, flame or oxidizers, it is combustible. When it is heated,
it discharges toxic fumes. Phenols are very toxic and when it is in liquid or vapor
form and it has a burning taste and an acrid odor (Baycan, 2005). Phenols are
considered as priority pollutants because it is harmful at low concentrations. And in
addition, phenols are classified as hazardous pollutants. Owing to the higher toxicity
and higher oxygen demand (theoretically, 2.4 kg O,/kg phenol), US Environmental
Protection Agency (EPA) and World Health Organization (WHO) accept phenol in
the first pollutant group. The toxic problem is occurring under 1 pg/l concentrations
and it changes the taste and creates odor problem in drinkable water (Chen et al.,
2009). It is very dangerous owing to the stability; high toxicity and it has a
carcinogenic character (Abdalwahab et al., 2009).

Table 3.6 prepared to choose an optimum initial concentration, pH value and
duration of experiment among the photocatalytic method studies. pH value of the
phenol solution was adjusted to 7, initial concentration of phenol was selected 10

mg/l and 5 hours of degradation time was chosen according to the literature studies.

OH

8.6 A"

v 6.7 A"
< >

Figure 3.8 Dimensions of phenol (Molva, 2004).
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Table 3.5 Properties of Phenol (Merck Millipore)

Properties Values

Chemical formula CcHsOH

Molar mass 94.11 g/mol
Ignition temperature 595 °C

Solubility 84 g/1 (20°C)
Melting point 40.8 °C

Density 1.06 g/ cm® (20 °C)
Flash point 81°C

pH 5

Conversion factor

1 ppm=3.85 mg/m3

Discharge limit of phenols in inland water

1 mg/l
Turkey, 2004)

(Water pollution control regulation

Accepted concentration for drinking water

0.001 mg/1 (WHO,1994)

Sources

Coking, synthetic rubber, plastics, paper, oil

refineries,  petrochemical,  ceramic, steel,
conversion process, phenolic resin industries,
gasification, coke production, pharmaceuticals,
pesticides, fertilizers, construction, automotive,
biocides

produce resins,

(Abdelwahab et al., 2009)

synthetic dyes,
Phenol is used as indoor products in different
areas. It becomes a disinfectant, slime-killing
agent , additive in medicines (Metcalf&Eddy,
2003)

Health effect

Phenol irritates the skin, eyes, and mucous
membranes in humans after acute (short-term)
inhalation or dermal exposures. The symptoms
of the long - term exposure are anorexia,
progressive weight loss, diarrhea, vertigo, and
salivation, a dark coloration of the urine, and
blood and liver. According to the animal studies,
animals which exposed to phenol by oral way
have some findings as the reduction of fetal body
weights, growth retardation, and abnormal
development in the offspring of animals (U.S.

EPA 63FR).
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Table 3.6 A summary table for the photocatalytic treatment methods of phenol according to the

literature
The Reaction
Initial catalyst/ | Efficiency ) Lamp
) time pH References
Concentration method %o Type
(hour)
used
Aqueous
zinc oxide 1000 W Pardeshi. &
. ardeshi,
75 ppm su§pens10n 47 9 5.61 | Xenon Patil, (2008)
using solar Lamp
energy
253.7 Guo. Ma. &
. uo, a,
100 mg/1 TiO, + UV 76 12 nm UV L. (2006)
lamp
0.5 * 10" mol/l
o 30
(4.7 mg/l)
0.75 * 10™ mol/l 180w
(7.05 mg/1) medium Sobczynski,
1 *10™ mol/l Ti0 3 Duczmal, &
(9.4 mg/1) e 55 pressure Zmudzinski,
mercur
1.5 * 10 mol/l Y1 o04
lamp
(14 mg/1)
2% 10™ mol/l
(18 mg/l)
0.13 mM 90 400 W
(12 mg/l) high- .
TiO, + UV 3 ressure Chiou, Wu, &
0.71 mM 2 " P Juang, (2008)
mercury
(66.82 mg/l) lamp
16 W Catalkaya,
100 mg/L UV/H,0, 97.1 5 7 | Mercury Bali, &
Lamp Sengiil, (2004)
16 W Catalkaya
UV/H,0 ’
100 mg/l v e 100 5 Mercury Bali, &
+re Lamp | Sengil, (2004)
Fenton 57
El
ectro 20 5
Fenton
Sono — 8 W Babuponnu-
Pressure sami, &
200 mg/1 ellsectro - 100 1 Mercury | Muthukumar,
enton Lamp |  (2012)
Foto —
electro - 100
Fenton
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3.5.2.2 Properties of Methylene Blue

Methylene blue (MB) is a type of thiazine, azo and cationic dye and it has large
scale utilization in industries. Methylene blue takes place within heterocyclic
aromatic and the chemical formula is as C;gH;gCIN3S. 3H,O (3,7-bis
(dimethylamino)-fenazotionium chloride) (Yao & Wang, 2010). At room
temperature, it demonstrates a solid dark green and odorless condition. The chemical
structure can be seen in Figure 3.9 (Yao & Wang, 2010). Table 3.7 demonstrates the

properties of methylene blue. Table 3.7 shows the properties of methylene blue.

\

N

H3C\N S |<|/CH3

I I
Figure 3.9 The chemical structure of methylene blue (Yao & Wang, 2010).

During the dissolution of methylene blue in water, three absorbances can be seen
in the UV - visible beam zone. The absorbance bands are 264 nm, 291 nm and 664
nm, respectively. During the degradation and decolorization experiments of
methylene blue 291 nm and 664 nm are mostly using. In this study, 664 nm is chosen

to make the analysis in visible radiation (Yao & Wang, 2010).
For the selection of optimum conditions to obtain maximum degradation

efficiency, the table below is created. As a result of the Table 3.8, 10° M initial

concentration was examined at pH 3, 7 and 10.
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Table 3.7 Properties of methylene blue (Sigma Aldrich)

Properties Values
Chemical formula C6H3CIN;S. 3H,0
Molar mass 373.90 g/mol

Ignition temperature

No data available

Solubility in water 40 g/1 (20°C)
Melting point 190 °C

Density 1.0 g/ cm’ (20 °C)
Flash point 15°C

pH No data available

Conversion factor

1 ppm=15.29 mg/m’

Discharge limit of methylene

blue

As principle, Turkish Standards Institute is forbidden to release the
materials which cannot degrade biologically (Su Kirliligi Kontrolii

Yonetmeligi - Water pollution control regulation Turkey, 2004)

Sources

The areas of usage are coloring the papers, hair dye, fabric dying
and wool dying. The applications of methylene blue are mostly
from textile industries. It is commonly used in dyestuff applications
and as a redox indicator. For this reason, it is the major pollutant of

textile industry wastewaters (Yao & Wang, 2010).

Health effect

Methylene blue is not very toxic, but it can cause some damages. If
it is inhaled, the complication of breathing appears in short - term. If
it is given orally, some symptoms appear as a combustible sense, a
heartbeats increase, going into shock, sickness, vomiting, diarrhea,

gastritis, cyanosis, jaundice, and quadriplegia and cell necrosis.
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Table 3.8 A summary table for the photocatalytic treatment methods of methylene blue according to

the literature

Initial The catalyst/ Efficiency Reaction
pH Lamp Type References
Concentration method used %0 time
0 0 min
36.1 60 min 5
56 100 min
92.3 160 min UV light
0 0 min (mercury
0.20 g/1 TiO, particle 12 60 min . vapor Yao and
(5.3x 10 M) | sol at 663 nm 15.6 100 min lamp, Wang (2010)
19.9 160 min 253.7 nm)
0 0 min 40 W
20 60 min 9
25 100 min
30 160 min
P-25 Degussa UV-LED
100 Tayade,
5 TiO, (light
3.12x 10" M 360 min 6.5 Natarajan &
emitted
Blank 12 Bajaj, (2009)
diodes)
Rizzo, Koch,
Photocatalytic Belgiorno, &
100 mg/1 80 9
reactor Anderson,
(2006)
TiO, coating
9x6 sz) 5 Tschirch et
80 5h 10 W/m
40 ml al., 2008
at 660 nm

3.5.2.3 Properties of Cyanide

The presence of free cyanide including HCN and CN™ and complex cyanide in
water bodies affect aquatic life at low concentration and the presence of cyanide is
toxic to human body (Osathaphan et al., 2008). Both organic and inorganic forms of
cyanide are available. (-1) valence form of carbon and nitrogen (CN) is an important
group in inorganic carbon chemistry. Cyanide is weaker than air. The specific weight

1s 0.687 g/ml. That is why, the half - life of cyanide in the air is very long. But it can
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disperse in the air and becomes non toxic. It is using for varying purposes. The little
doses have lethal effect. The lethal effect in liquid phase is estimated 1 - 3 mg
(Gilimiis, 2001).

Different treatment methods such as physical, chemical, adsorption and oxidation
are used to treat cyanides; however other treatment methods except oxidation give
high concentrated product in which toxic cyanides still exist (Osathaphan et al.,
2008). Especially, certain forms of cyanide for example hydrogen cyanide (HCN) are
very toxic. That is why, acceptable limits of cyanide in water are very low (Dzombak
et al., 2005). Therefore cyanide in wastewater must be in alkali condition. Thus,
since excess amount of HCN gas respiration is harmful for human body, pH was
adjusted to 10 to avoid the evaluation of HCN gas. The chemical structure can be
seen in Figure 3.10. Table 3.9 demonstrates the properties and the health effect of

cyanide.

[ :C=N: ]_

Figure 3.10 The chemical structure of cyanide
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Table 3.9 Properties of cyanide (Merck Millipore)

Properties Values

Chemical formula CN

Molar mass 26.007 g/mol
Material used KCN

Molar mass 65.12 g/mol
Solubility in water 716 g/1(25°C)
Melting point 634 °C

Density 1.52 g/em’ (20 °C)
Flash point Non-flammable
pH 11-12

Conversion factor

1 ppm=1. 06 mg/m’

Drinking Water Quality Standard EPA

0.2 mg/l

Sources

Cyanide discharge is produced from several
industries as gas production, electrolysis coating
(NaCN), gold and silver mining (NaCN), metal
plating (alkali and metal cyanide), pesticides, oil
refinery, coal gasification, pharmaceutical and
electroplating processes al.,

2008).

(Osathaphan et

Health effect

Cyanide is acutely toxic to humans. Liquid or
gaseous forms of hydrogen cyanide and alkali
salts of cyanide can enter into the body by
inhalation, ingestion, and absorption through the
eyes and skin. Lower doses can be transformed
to thiocyanide (SCN) during the period of 20
minutes and 1 hour by an enzyme in liver and
released by urinary tract. But the higher doses
have lethal effect. The lethal dose for HCN is 50
mg, for sodium and potassium salts is 200 - 300
mg. If 0.2 - 0.3 mg/l cyanide is inhaled by air, it
kills immediately. If 0.13 mg/l is inhaled, the
lethal effect reveals after 1 hour. 0.02 - 0.03 mg
are harmless (Vij, 2008).

The table below (Table 3.10) shows a comparison of photocatalytic methods and

the effectiveness of these processes. The effect of various parameters on cyanide
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degradation such as the initial concentration of cyanide in wastewater, pH and the
light intensity were examined to select optimum values for variables. As a result of
the literature review, initial concentration of KCN solution was selected 250 mg/l
and CN’ concentration was automatically 100 mg/l according to the stoichiometry.
26 g/mol of cyanide is included in 65 g/mol KCN solution. To determine 100 mg/l
cyanide, 250 mg/l KCN solution was used. 4 hour of reaction time was examined

into Atlas Suntest CPS+ reactor.

Table 3.10 A summary table for the photocatalytic treatment methods of cyanide according to the

literature
Initial The catalyst/ Efficienc Reaction
Concentration method u)sled % ! time pH Lamp Type | References
150 W
Degu?sa P25 . medium Aguado et
100 ppm TiO, 96 350 min 11.5 pressure
_— al. (2002)
photooxidation mercury
lamp
AglnS 35
nanoparticles
0.5 wt %
Pt/AglInS, 40
nanoparticles
1.0 wt % Fluorescent
Pt/AgInS, 50 . lam Aazam
100 mg/l KCN nanopfrticles 3Smin 1055, E)N) (2013)
1.5 wt % 450 nm
Pt/AglInS, 80
nanoparticles
2.0 wt %
Pt/AglnS, 100
nanoparticles
0.10 wt %
Au/CdS 60
nanoparticles
0.15 wt %
Au/CdS 82 Fluorescent
nanoparticles : lamp Aazam
100 mg/l KCN 0.28 o 40 min 10.5 (150 W) 2014)
Au/CdS 98 450 nm
nanoparticles
0.25 wt %
Au/CdS 100
nanoparticles
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3.5.3 Photocatalytic Tests

Photocatalytic degradation experiments of phenol, methylene blue and cyanide
were carried out in a solar box; ATLAS SUNTEST CPS+ which is simulating
natural radiation to evaluate the photocatalytic activity of the coatings. The light
source was a vapor xenon lamp and the wavelength range of the light is between 300
nm and 800 nm. The light intensity can be adjusted from 250 to 765 W/m?*. The size
of KLTO photocatalyst was selected as 2 cm x 2 cm. The volume of solutions for
each beaker was arranged as 25 ml. Thin film coating samples were immersed in the
phenol, methylene blue and cyanide solutions. To prevent the evaporation of the
wastewater, a glass cap was placed above the beaker. The experimental design and
setup for phenol, methylene blue and cyanide removal using KLTO/Si samples were
shown in Figure 3.11. For the adjustment of phenol, methylene blue and cyanide
concentrations in the prepared solutions, required amount of sulphuric acid or
sodium hydroxide was added to obtain desired pH values. pH was controlled with a
pH meter electrode. Experiments were performed separately for each pollutant.
Blank solutions (without photocatalyst) were performed for each set of experiments.
Sampling took place 5 hours for phenol degradation, 3 hours for methylene blue
degradation and 4 hours for cyanide degradation. To understand the effect of light

intensity, 250 and 750 W/m* was performed in solar box.

Cover glass

e —

Xenon Lamp

K12L:rzzT{i;:l(l)m J / ML—J

(Lo= La, Nd, Gd,
Sm and Dy)
Surface coating
photocatalysts

10 mg/ 1 Phenol 10°M 100 mg/ 1 Blank
solution Methylene Blue Cyanide solution (without
pH=7 solution pH=10 catalyst)
pH=3
pH=7
pH=10

Figure 3.11 Experimental setup.
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The samples were analyzed immediately to avoid any reaction. Experimental
standard methods can be shown in Appendix. In addition to the degradation
efficiencies, Specific Ultraviolet Absorbance (SUVA), Total Organic Carbon (TOC)
and Dissolved Organic Carbon (DOC) were analyzed.

Synthetic industrial wastewaters were prepared as follows:

e To create 10 mg/l phenol (Merck Millipore, 99-100.5%) solution, 10 mg of
phenol was weighting out with using analytic balance. 10 mg/l phenol was
completed with 1 liter of pure water. To provide the homogeny mix, 15
minutes of stirring was observed with using magnetic mixer.

e 10° M methylene blue (Sigma-Aldrich, 97%) solution was prepared by
measuring 0.03199 g of metylene blue powder. The degradation efficiencies
of the wastewaters were measured by using Shimadzu UVmini-1240
spectrophotometer. The maximum UV-Vis absorption at wavelength was 664
nm.

e To produce 100 mg/l cyanide initial concentration, 250 mg/l potassium
cyanide (Merck Millipore, 97%) solution was prepared by weighting out 250
mg of potassium cyanide. 250 mg potassium cyanide poured over 1 liter of
pure water. To provide the homogeny mix, 15 minutes of stirring was

performed with using magnetic mixer.

3.5.4 Specific Ultraviolet Absorbance (SUVA) Test

Specific Ultraviolet Absorbance is identified as the UV absorbance of the water
sample at a given wavelength to estimate dissolved organic carbon (DOC)
concentration. SUVA tests were performed at 254 nm by using Shimadzu UV-mini
1240 spectrophotometer. Tests were realized with the most effective photocatalyst
which is K,La; sSmgsTi301¢. In addition, blank solutions were tested. The effect of
pH on SUVA was investigated. Dissolved Organic Carbon (DOC) and UV
Absorbance (UVA) are necessary to determine SUVA (L/mg-m). DOC is a general
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description of the organic material dissolved in water. DOC is harmful when it
combines with the water bodies. When DOC is high, chlorinated harmful byproducts
can be produced. For this reason, DOC concentration of wastewaters is an important
parameter to purify completely the wastewater. So, degradation of the pollutants is

not sufficient. Also, DOC, TOC and SUVA tests must be carried out.

The formulas to determine SUVA can be shown below. It is calculated by
dividing the UV absorbance of the sample (cm'1) by the DOC of the sample (mg/l)
and multiplying by 100 cm/m. To determine UV A-the calculated UV absorbance of
the sample (cm™), A is equal to the measured absorbance value at 254 nm and d is
the length of the quartz cell path (cm) (EPA, 2005). SUVA specifies the amount of
removal required depends on the chemical characteristics of the solution. It is a good

predictor of chemical characteristics of DOC (Weishaar et al.).

suvA =22 4100 cm/m (3.1)
DocC

UVA = g (3.2)

3.5.5 Dissolved Organic Carbon (DOC) Test

Dissolved Organic Carbon (DOC) is the concentration of carbon remaining a
water sample after the filtration of all particulate carbon and inorganic carbon. For
DOC tests, the most effective photocatalyst K,La; sSmg 5Ti30,0 in each photocatalyst
set were sent to the laboratory to do analysis for 100 ml of wastewater. DOC was

analyzed to determine SUVA.

3.5.6 Total Organic Carbon (TOC) Test

Total Organic Carbon (TOC) is a measure of the total amount of organic matter
which present in water and it is an indicator of water purification. It is the total

amount of dissolved and non dissolved organic carbon. For TOC tests, the most
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effective photocatalyst K,La; sSmgsTi30j9 in each photocatalyst set were sent to the

laboratory to do analysis for 100 ml of wastewater.

3.5.7 Reaction Kinetic Method

Kinetic studies were performed according to the degradation results to determine
the reaction order for photodegradation. The degradation curves were taken out and
zero, first and second order reaction kinetics were tested. Kinetic studies were carried

out for methylene blue.

The components of the equations below can be explained as follow:

Co = initial concentration,

C = the concentration after the reaction time,

t = reaction time (h) and

ko, k; and k;, = rate constants for zero, first and second order kinetics, respectively
(Baycan, 2005; Kargi & Pala, 2009). Table 3.11 demonstrates the equation required

to determine the reaction kinetics.

Table 3.11 The equations which required for determining the reaction kinetic

Zero order kinetics | First order kinetics | Second order Kinetics
Reaction rate ko = dc k.C = dc k,C? = dc
T ST 20T dt
After l = i + kot
C = CO - kot C = Coe_klt C - CO 2
integration
Conversion ‘= @t _ Co—c —In(1—x) = kqt _* 1+ k,Cot
Co Co 1-
degree
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3.5.8 Factorial Experimental Design

Statistical methods develop the understanding and the description of the
variability. And also it gives a framework to describe which variables are the most
important or which have the greatest impact on the efficiency.

The factorial statistical experimental design determines the effects of the variables
on degradation efficiency and to find the combination of variables which creates
maximum degradation efficiency. This methodology investigates the relationship
between the variables. It is a model to evaluate the relationship of controlled
experimental factors with making some hypothesis guesses. This method includes
four steps: guessing the hypothesis, designing the experiments, estimating the data
from the experimental analysis, and predicting the response. As a result of this study,

the adequacy of the model will be checked (Politi, 2014).

In this study, degradation system of methylene blue was investigated and the
effects of pH and light intensity were examined on degradation efficiency. pH and
light intensity are chosen as independent variables according to the literature
reviews. Degradation efficiency was selected as dependent variable for two factor
two replicates factorial design method. Each experiment was tested 2 times and 12

different experiments were carried out in detail for methylene blue.

The pH was selected 3, 7 and 10. On the other hand, light intensity was 250 W/m?
and 750 W/m?. The computation was observed by using two replicated ANOVA test.
The response function of the degradation efficiency (Y) was correlated with using

Minitab Package Software V14 computer program.
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CHAPTER FOUR
RESULTS AND DISCUSSION

4.1 Solution Properties

4.1.1 Turbidity Values

Prior the coating process, turbidity tests were carried out to characterize
suspended particles in liquid which means that the understanding of the solubility of
the precursors which are added into the solution is described. Before the
measurement of the solution turbidity values, turbidity meter was calibrated between
0 and 1000 ntu by using formazine. After the calibration process, the prepared
solutions putted into the glass tube (25 mm diameter and 50 mm length) and the
measurement was performed. Turbidity tests were made by standard VELP TB1

Model Turbidity Meter.

If the turbidity value approaches to O ntu, it ensures that powder based precursors
are completely dissolved. On the other hand, if the turbidity value approaches to
1000 ntu, it means that the particulate precursors are suspended and not dissolved
into solution. The aim is to obtain approximately O ntu to produce homogenous thin
films. The high turbidity value cannot provide the desired electronic, photocatalytic

structure.

The solution turbidity values are shown in Table 4.1. To measure more correctly
the turbidity, 5 measurements were completed for each solution and the arithmetic
mean of the values was calculated. According to the results, the prepared solutions
were homogenizes and transparent. The powder based precursors were almost

completely dissolved in solutions.
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Table 4.1. Turbidity values of K, Ln(La, Sm, Dy, Gd, Nd), Ti - based solutions

Solution Turbidity (ntu) *
K,La,Ti;04 14.32

K,La; oSmg 1 Ti501¢ 15.72
K,La; 5SmgsTi504q 17.28
K,La; ;SmyoTi;04 16.24
K,La; 9Dyq 1 Tiz0q 19.2
K;La, 5.Dyo5Ti3019 18.63
K;La; 1Dy Ti3010 21.45
K,La; ¢Gdy Ti3019 21.2
K,La; 5Gdy5Ti301 19.83
K,La; 1GdyoTi3019 17.31
K,La; oNdy Ti3019 17.76
K;La; sNdosTi3010 28.52
KsLa; 1NdooTi3010 35.23

* The mean value

4.1.2 pH Values

The pH values of the solutions are an important factor which affects the formation
of three dimensional polymeric structure of the gel during the gelation process.
Table 4.2 gives data about pH values of K, Ln(La, Nd, Gd, Sm, Dy) and Ti - based
solutions. To estimate the solutions pH's, 5 measurements was carried out for each
solution and their arithmetic mean was calculated.
that the pH values of K, La, Ti - based solutions exhibit acidic characteristic. This

acidic condition is the consequence of the solvent (propionic acid) and chelating

agent (glacial acetic acid).
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Table 4.2 pH values of K, Ln(La, Sm, Dy, Gd, Nd), Ti - based solutions

Solution pH *
K,La;Ti3019 347
K,La; ¢SmyTi304 4.42
K,La; sSmg5Ti;04 4.39
KsLa; 1SmgoTi304g 441
KsLa; 9Dyg 1 Tiz0q9 3.24
K;La, 5.Dyo5Ti3019 3.23
K;La, 1Dy Ti3010 3.21
K,La; ¢GdyTi3010 3.12
K,La; 5Gdy5Ti3010 3.08
K,La; 1GdyTi304 3.09
K,La; gNdy Ti304 391
K;La,; sNdosTi3010 3.92
K;La; ;NdooTi3010 3.93

* The mean value

4.1.3 Contact Angle Measurement

Contact angle describes the wettability characteristics of the solutions. Contact
angle directly influences the film quality. The contact angle values of K, Ln (La, Sm,
Dy, Gd, Nd), Ti - based solutions were determined 4° in general. The results are less
than 90°. According to the results, good wettability can expected from solutions for

disperse into Si (100) substrate.

4.1.4 Rheological Properties

Viscosity is the main factor to control the film thickness. For this reason,
solution's viscosities must be low and diluted. Viscosity is measured as time
dependent. Viscosity measurement of K, Ln (La, Sm, Dy, Gd, Nd), Ti - based
solutions were examined under 300 Hz, 25°C and 2500 seconds. The viscosity-time
graphs of the solutions can be seen in figure below. A slight decrease at the viscosity
of the solutions is a sign of the polymeric structure due to the formation of complex

compounds. As can be shown in figures that the prepared solutions have low
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viscosity and therefore it is not a problem for thin film production. Figure 4.1

illustrates module - time graphs.
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Figure 4.1 Viscosity curve for K,La; ¢Gdy 1 Ti301.
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Figure 4.2 Viscosity curve for K,;La; ;Smg¢Ti;0.
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4.2 Process Characterization
4.2.1 DTA/TG Analysis

Thin film optimization depends on the reactions which occur during the heat
treatment and the beginning and ending temperature of the reactions. For these
reasons, differential thermal analysis was analyzed to wunderstand thermal
decomposition of K, Ln (La, Sm, Dy, Gd, Nd), Ti-based solutions and xerogels during

the heat treatment process.

The solutions were dried at 300°C in 30 minutes and xerogels were produced.
DTA/TG curve from Figures 4.9 to 4.13 indicates that endothermic and exothermic
reactions occur between 25°C and 1200°C. In the first step, the evaporation of volatile
organic compounds with the endothermic reactions was occurred. It represents the
solvent removal. In second step, the carbon which exists in alcoxide materials,
solvent (propionic acid) and chelator (GAA) was burned and created exothermic
reaction. Finally, endothermic phase conversion reactions of KLTO phase composed

for the formation of ceramic oxides.
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Figure 4.9 DTA/TG curve of K,La,Ti;0, xerogel.
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According to the DTA/TG curve, beginning temperature, ending temperature of
the reactions, reaction energy and reaction type were identified. As a result of this
analysis, the optimum temperature and detention period were determined between a
specific temperature ranges. With respect to these data's thermal treatment phase
were given in Table 4.3. The optimum annealing temperature for the phase
transformation is determined in 850 °C and 1200 °C. According to the prepared film
phase analysis, the optimum conditions were obtained in 1000 °C for 5 hours. This

regime was applied for the coatings.

Table 4.3 Thermal treatment analysis phase

Reaction Optimum Foreseen
Process Temperature Reaction Type Temperature Detention
Range (°C) Value (°C) Time
Drying - .
Burning 27.29 - 500.08 Endothermic 500 30 minutes
. Exothermic
organics
Phase 850.08 - 1200.07 Exothermic 850/1200 5 hours
conversion
4.2.2 FTIR Analysis

FTIR spectra are an important parameter to identify organic groups. The spectrum
gives information about the characteristic of bonds between the groups and the
decomposition of the organic gels (Bakal, 2014). The absorbance spectrum of the
samples was found by drying the solution at different temperatures. Figures between
4.14 and 4.26 give information about the KLTO spectrums at specified temperatures
such as 25°C, 100°C, 200°C, 300°C, 400°C, 600°C, 800°C and 1000°C for 15
minutes in air. FTIR data were in accordance with the DTA - TG results. The signals
between 400 and 1200 cm™ demonstrated the formation of O-Ti-O characteristics.
O-H, C=0 and M-OCOO-M bond frequencies are vanished around 800 °C. This
situation demonstrated that organic structures and hydroxyls were completely
destroyed. The peaks which are appeared by a decrease with increasing temperature
band between the ranges of 850 - 900 cm™ are thought to be K, Ln (La, Sm, Dy, Gd,
Nd), Ti ions related to oxygen bond.
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Figure 4.14 FTIR spectra of the K,La,Ti;0,y xerogels heat treated at different temperatures.
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Figure 4.16 FTIR spectra of K,La; sSm(sTi;0,¢ xerogels heat treated at different temperatures.
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Figure 4.21 FTIR spectra of K,La, ¢Nd;Ti;0,( xerogels heat treated at different temperatures.
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Figure 4.24 FTIR spectra of K,La, ¢Dy,;Ti30;( xerogels heat treated at different temperatures.

184 300°C

100 =C

Absorbance []

0.2 4
J room t%
0.0 T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm')
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Figure 4.26 FTIR spectra of K,La; Dy, ¢Ti30,¢ xerogels heat treated at different temperatures.

4.3 Film Characterization

4.3.1 XRD Analysis

According to the XRD results of the thin films, phase analysis can be determined.
The figures between 4.27 and 35 show the XRD patterns of the thin films which
coated on Si (100) substrate. To obtain XRD results, K,Ln,Ti;019 (Ln=La, Nd, Gd,
Sm, Dy) thin films were crystallized into perovskite phase after 1000°C annealing
for 300 minutes. Sharp peaks show that the crystalline structure is obtained. XRD
patterns showed different angle peaks. Different additives and concentrations are

thought to result this situation.
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Figure 4.31 XRD pattern of K,La; sNd(sTi;0,o coated on Si(100) substrates.
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Figure 4.32 XRD pattern of K,La; ;Nd;¢Ti;0, coated on Si(100) substrates.
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Figure 4.35 XRD pattern of K,La; 1Dy, ¢Ti3;0;coated on Si(100) substrates.
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4.3.2 SEM Analysis

Microstructure of the thin films was determined by SEM analysis. Surface
morphology is an important parameter which affects the photocatalytic activity. The
pH, solution concentration, viscosity, film thickness, heat treatment regime and
coating method affect the surface morphology. SEM micrographs of thin films at
different magnification can be seen in the following figures. The powders which
dispersed with propionic acid were hold to Si (100) substrate. Cracks, channels and
coating islands can be seen on the micrographs of thin films. The figures between
436 and 4.48 demonstrate SEM micrographs. Surface area is the important
parameter for photocatalytical application. It can be seen that when the surface area
that acting with pollution is increased, the photocatalytic efficiency is also rised
(Bakuy, 2009). For this reason, it can be said that the thin films are morphologically

good candidates for photocatalytic applications.

Figure 4.37 SEM micrographs of K,La; ¢SmgTi;0,¢ thin films at different magnifications.
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Figure 4.40 SEM micrographs of K;La; ¢Gdy Ti30, thin films at different magnifications.
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Figure 4.43 SEM micrographs of K,;La; ¢Ndy Ti30 thin films at different magnifications.
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Figure 4.48 SEM micrographs of K,La; Dy, ¢Ti30, thin films at different magnifications.

4.3.3 XPS Analysis

XPS analysis is method of elemental analysis. XPS measured the chemical or
electronic state of surface element and identify chemical uniformity of KLTO based
Si (100) coatings. Doped elements could not be seen by 0.1 doped coating. This is

considered to be due to the slight amount of doping.

The La 3d core level of the samples and spin—orbit components of Ti 2p peak and
the K 2p peak were well described at different binding energy for all the figures
between 4.49 and 4.61. The dopant chemicals can be seen as Sm 3d (Figures 4.51
and 4.52), but the Gd dopants cannot be seen (Figure 4.53, 4.54 and 4.55). The Nd 4d
(Figures 4.57 and 4.58) and Dy 3d (Figures 4.60 and 4.61) levels can also observe.

The peaks demonstrated that the chemicals were occurred into the thin films.
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Figure 4.57 XPS spectrum for K,La; sNdg sTi;0,0.
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Figure 4.58 XPS spectrum for K,La; ;Ndg¢Ti;0,0.
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Figure 4.59 XPS spectrum for K,La, gDy Ti30,0.
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Figure 4.60 XPS SpeCtrum for KzLal'SDyo'sTBOlQ.
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Figure 4.61 XPS spectrum for K,;La; {Dy(¢Ti;0,0.

4.3.4 Surface Roughness

Surface roughness was measured for each sample with different amount of
dopant. As can be seen in Table 4.4 that the change of the surface roughness was not
depend on dopant amount or type. The reason is due to the variety of the grain size of
the powders and that is why, the coating was realized after the dispersion of the

powders.

Table 4.4 Surface roughness

Sample R, R, Sample R, R,

Pure 3.73 26.13 0.1 Gd 0.18 1.77
0.1 Sm 1.84 15.77 0.5 Gd 0.25 2.66
0.5 Sm 0.9 8.27 0.9 Gd 1.01 12.26
0.9 Sm 0.29 3.43 0.1 Nd 0.61 6.53
0.1 Dy 0.64 5.98 0.5Nd 0.884 7.48
0.5 Dy 0.32 3 0.9 Nd 0.49 5.10
0.9 Dy 0.35 4
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4.3.5 Mechanical Tests

Nanoidentaiton tests were applied with five different loads including, 2, 4, 6, 8
and 10 mN. The applied load (P), penetration depth (h;), hardness (H) and modulus
of elasticity (E) can be seen in Table 4.5. Due to the increase of the applied load, it is
expected that the penetration depth also will increase. But according to the results of
the analysis a fluctuation occurred. Although the increase of the depth which was
seen in some places, it was determined that some coatings had a decrease of the
depth with the increase of the load. The reason can be the inhomogenity of the
coatings. To obtain the best results, coating was carried out separately for each
sample. Depending on the results of the nanoidentation of coatings, the highest
hardness and modulus of elasticity were determined for KyLa; sNdy5Ti301¢ (0.5Nd).

The results can be seen in Table 4.5.
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Table 4.5 Mechanical properties of the coatings

P E H P E H
Sample | Ny | ™ 1 Gray | GPa) | ST |y | M | Gpay | (GPa)
2 | 106 | 798 | 007 2 092 | 454 | 012
b 4 | 144 | 2176 | 008 4 128 | 192 | 00l
ure
crme 6 [ 2131520 [ 005 | 0aGa |6 212 | 435 | 005
8 | 355 | 929 | 002 8 185 | 245 | 0.002
10 | 254 | 2435 | 006 10 | 518 | 301 | 0007
2 | 268 | 320 | o001 2 083 | 560 | 0.13
4 | 239 | 304 | 003 4 349 | 184 | 001
0.1Sm | 6 | 312 | 441 | 002 | 05Gd | 6 243 | 439 | 004
8 | 171 | 766 | 012 8 824 | 273 | 0.004
10 | 390 | 304 | 002 10 | 7107 | 292 | 0008
2 | 046 | 1372 | 047 2 188 | 193 | 002
4 | 444 | 150 | 0.008 4 134 | 539 | 0.10
05Sm | 6 | 360 | 316 | 001 | 09Gd | 6 325 | 332 | 00241
8 | 338 | 711 | 002 8 373 | 288 | 00247
10 | 238 | 126 | 007 10 | 443 | 335 |00216
2 | 112 | 28 | 007 2 143 | 444 | 004
4 | 291 | 112 | 002 4 234 | 664 | 003
0.95m [ 6 | 817 | 087 | 0003 | [ 6 314 | 629 | 0.025
8 | 666 | 133 | 0007 g 352 | 884 | 0.026
10 | 1.16 | 693 | 043 10 | 196 | 1937 | 0.11
2 | 083 | 119 | 012 2 0.12 | 8447 | 51.39
4 | 217 | 822 | 0035 4 027 | 2869 | 9.94
01Dy | 6 | 285 | 898 | 003 | 05Nd | 6 041 | 1848 | 522
8 | 237 | 1312 | 005 g 057 | 1298 | 3.06
10 | 1.92 | 1891 | o0.11 10 | 072 | 1030 | 239
2 | 362 | 548 | 004 2 171 | 416 | 0.029
4 | 385 | 533 | ool 4 276 | 461 | 00219
05Dy | 6 | 268 | 293 | 003 | 09Nd | 6 342 | 470 |0.0213
8 | 262 | 465 | 0054 g 281 | 1004 | 0.04
10 | 214 | 551 | 009 10 | 414 | 750 | 0.024
2 | 048 | 184 | 039 2 0.03 | 3481 | 434
4 | 211 | 823 | 003 4 006 | 940 | 145
09Dy | 6 | 1.09 | 199 | 022 |Ssi00) [ 6 007 | 1006 | 162
8 | 132 | 277 | 0.1956 g 009 | 758 | 129
10 | 147 | 293 | 019 10 | 013 | 447 65

4.4 Photocatalytic Degradation Experiment Results

The aim is to determine the effect of pH and light intensity on the degradation
efficiencies. For different photocatalyst, the beakers were filled till 25 ml and it was

placed on the testing apparatus Atlas Suntest CPS+.
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To determine effective pH value for the photodegradation of methylene blue,
different pH values were carried out: acidic (pH=3), neutral (pH=7) and alkali
(pH=10) conditions at 10” M initial pollutant concentrations. In cyanide studies, pH
value was observed at alkali condition due to the toxic effect of cyanide at low pH
values. Phenol tests were carried out at pH 7. pH was kept constant by using H,SO4

or NaOH depending on the experimental conditions.

The removal efficiencies of phenol, methylene blue and cyanide are given in
tables below as a function of light intensity. The degradation experiments were
analyzed with 13 different thin films, and a beaker without photocatalyst was
analyzed as blank to make a comparison. The testing sets were planned 5 hours
reaction time for phenol, 4 hours for cyanide and 3 and 5 hours for methylene blue.

Some experiments were given in detail at the tables below.

4.4.1 Photodegradation Results of Phenol

Phenol degradation tests were carried out by using 10 mg/l initial phenol
concentration. The pH was adjusted at 3 and different light intensities were observed
to determine the effect of light intensity on the photodegradation process. Therefore,
experiments were carried out at two different light intensities: 250 W/m?* and 750
W/m2. To understand the degradation efficiencies of thin films, a reference
experiment (blank which not includes any photocatalyst into the phenol solution) was
analyzed. According to the results, a slight degradation efficiency difference was

determined between 250 W/m? and 750 W/m?>.

The most effective results of 250 W/m? were examined at Table 4.6 which gives
phenol degradation efficiencies under 10 mg/l initial concentration, and pH at 7
conditions. Figure 4.63 and 4.64 were illustrated graphically based on the variation
of the concentration vs. time and efficiency vs. time of phenol. The reaction time of
the experiments was selected 5 hours as mention before. Following 5 hours, the best
result obtained by using KjLa;sSmgsTizO;9 where the phenol concentration

decreased from 10 mg/l to 2.78 mg/l and 72.2% degradation efficiency was realized.
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Table 4.6 Degradation efficiencies of phenol for 10 mg/l, 250 W/m?* and pH = 7 after 5 hours reaction

time
Initial Effluent Degradation
Photocatalyst Concentration Concentration Efficiency

(mg/1) (mg/1) (%)
K,La,Ti;0 10 3.13 68.7
K,La; 9Smy; Ti;04 10 3.49 65.1
K,La; sSmysTi;04 10 2.78 72.2
K,La; 1SmyTi;04 10 4.56 54.4
Blank 10 7.32 26.8

Co=10 mg/I|, pH = 7 and 250 W/m?

12
£ 10
oo
£
5 8-
= —o—K2La2Ti3010
‘g:; 6 - K2La1.9Sm0.1Ti3010
[5)
S K2La1.55m0.5Ti3010
o 4 -
_g K2La1.1Sm0.9Ti3010
[J]
£ 2 == Blank

0 T T T T T 1

0 1 2 3 4 5 6
Time (h)

Figure 4.62 Phenol concentration vs. time results (Co=10 mg/l, 250 W/m® and pH = 7).
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Co=10 mg/Il, pH = 7 and 250 W/m?
100 -
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% 40 - K2La1.55m0.5Ti3010
30 1 K2La1.15m0.9Ti3010
20 —x—Blank
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0 : : : : : ‘
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Time (h)

Figure 4.63 Phenol removal efficiencies (%) (Co = 10 mg/1, 250 W/m® and pH="7).

The same conditions realized at this stage but instead of using 250 W/m* light
intensity, 750 W/m” was observed. The experiments took again 5 hours. After the 5
hours reaction time, phenol concentrations were measured. Detailed information can
be seen at Table 4.7 and Figure 4.65 and 4.66 demonstrate graphically the decrease
of the phenol concentration and degradation efficiency, respectively. As can be seen
at the Table 4.8 and the figures below that the best photocatalyst for phenol
degradation among the 13 photocatalyst was determined K;La; sSmgsTi3019. 75.3%

of degradation efficiency was found according to the results.

Table 4.7 Degradation efficiencies of phenol for 10 mg/l, 750 W/m? and pH = 7 after 5 hours reaction

time
Initial Effluent Degradation
Photocatalyst Concentration Concentration Efficiency

(mg/l) (mg/l) (%)
K,La,Ti;01¢ 10 2.98 70.2
K;La; 4Smy;TizO04 10 3.19 68.1
K;La; s5SmysTi;0q 10 247 75.3
K;La; ;SmgyTi;0q 10 3.68 63.2
Blank 10 6.07 39.3
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Co=10 mg/Il, pH = 7 and 750 W/m?

10

—o—K2La2Ti3010
—#—K2Lal1.9Sm0.1Ti3010
K2La1.55m0.5Ti3010
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Figure 4.64 Phenol concentration vs. time results (Co=10 mg/l, 750 W/m?, pH=7).

Co=10 mg/I, pH = 7 and 750 W/m?
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Figure 4.65 Phenol removal efficiencies (%) (Co = 10 mg/1, 750 W/m® and pH="7).

Table 4.8 shows summary information on phenol degradation. According the two
different conditions, the most effective photocatalyst were chosen
K;La; 5SmgsTi30;9. The increase of light intensity has small effect on phenol

removal. The bold characters illustrate the best effective results on phenol removal.
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Table 4.8 Effect of light intensity for phenol removal

Effluent Degradation Effluent Degradation
Concentration | Efficiency | Concentration Efficiency
Photocatalyst (mg/l) (%) (mg/l) (%)
250 W/m® 750 W/m®

K;La,Ti;0 3.13 68.7 2.98 70.2
K;La; oSm ;Ti;0 3.49 65.1 3.19 68.1
K;La; sSm,sTi;0 2.78 72.2 247 75.3
K;La; ;Smy,Ti;0 4.56 54.4 3.68 63.2
Blank 7.32 26.8 6.07 39.3

4.4.2 Photodegradation Results of Methylene Blue

The concentration of methylene blue was determined by the absorbance of
reaction at 664 nm. The pH was selected 3, 7 and 10 to understand the effect of the
pH. The photocatalytic degradation of methylene blue by using thin films can be
shown at the tables and figures below. The main responsible characteristics of color
are the chromophores and these were broken down during the degradation reactions.
A blank was analyzed to examine the efficiency of the photocatalysts. The aim is to
achieve the decolorization during the photocatalytic reaction and to obtain optimum

conditions and the best photocatalyst.

Firstly, the degradation rate of methylene blue experiment which pH is 3 was
given in detail at Table 4.9 and 4.10 for 10 M initial concentration, and 250 or 750
W/m* light intensity, respectively. Figure 4.67, 4.68, 4.69 and 4.70 gave information
about the change of the absorbance vs. time and efficiency vs. time of methylene

blue.
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Table 4.9 Degradation efficiencies of methylene blue for 10° M, 250 W/m” and pH = 3 after 5 hours

reaction time

Initial Effluent Degradation
Photocatalyst
Absorbance Absorbance Efficiency (%)
KzLazTig,Olo 0.765 0.451 41
KzLal,9Sm0,1Ti3010 0.765 0.344 55
KzLal_ssm()_STi3010 0.765 0.107 86
KzLal,1Sm0,9Ti3010 0.765 0.214 72
KzLal_gDyO_lTi3010 0.765 0.428 44
KzLal's.Dyo'sTi;;Ol() 0.765 0.275 64
KzLal'lDyO.gTi3010 0.765 0.421 45
K;La; 4Gdy1TizOy 0.765 0.398 48
KzLal_sGd().sTi:;Om 0.765 0.428 44
KzLal_lGd().gTi:;Om 0.765 0.352 54
K2La1_9Ndo_1Ti3Ow 0.765 0.413 46
KzLaLsNdO'sTig,Ol() 0.765 0.375 51
KzLaLlNdO'gTig,Ol() 0.765 0.360 53
Blank 0.765 0.612 20
Kzla115masTis0n
0,7 5 ﬂig:ﬂNdagTisOw
—— Kel@11GdasTiz0n
KzLa11Dya 9Ti:,_0|-:|
06 - A NaTon
—— Kzla15GdosTiz0mn
—— Kzl a15.DvosTiz0n
0,5 —— KzlaisMNdo1TizOme
—_— —— Kzla125mg1TisCqo
—_— —— Kel@15Gda1Tiz0n
3
c 044
©
2
@ 0,3 -
el
<
0,2 4
0,14
0,0 T

T o I T l T I T T I T I
400 450 500 550 600 650 700
Wavelength[ nm ]

Figure 4.66 Methylene blue degradation absorbance vs. time after 5 hours (Co = 10™ M, 250 W/m’
and pH = 3).
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Co=10"M, pH = 3 and 250 W/m?
100 -
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K2Lal.1Nd0.9Ti3010
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Figure 4.67 Methylene blue removal efficiencies (%) (Co = 10 M, 250 W/m? and pH =3).

According to the results above, it can be say that the maximum degradation was

occurred by using Kj,La; sSmgsTi3019 photocatalyts which was determined 86%

degradation rate under 250 W/m? light intensity and after 5 hours reaction time into

Atlas Suntest CPS+ at pH 3. At the same conditions, blank demonstrated 20%

degradation efficiency.

Now, the light intensity changed and the experiments were analyzed for 750

W/m? for the same conditions.
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Table 4.10 Degradation efficiencies of methylene blue for 10° M, 750 W/m” and pH = 3 after 5 hours

reaction time

Initial Effluent Degradation
Photocatalyst
Absorbance Absorbance Efficiency (%)
KzLazTig,Olo 0.765 0.275 64
KzLa1,9Sm0,1Ti3Om 0.765 0.337 56
KzLal_ssmo_sTi:;Olo 0.765 0.077 90
KzLa1,1Sm0,9Ti3Om 0.765 0.268 65
KzLaLgDyO‘lTig,Olo 0.765 0.237 69
KzLal's.Dyo'sTi;;Ol() 0.765 0.237 69
KzLal'lDyO.gTi3010 0.765 0.314 59
K,La; 4Gdy1TizOy 0.765 0.245 68
KzLal_sGd().sTi:;Olo 0.765 0.291 62
KzLal_lGd().gTi:;Olo 0.765 0.329 57
K2La1_9Ndo_1Ti3Ow 0.765 0.291 62
KzLaLsNdO'sTig,Ol() 0.765 0.230 70
K,La; 1NdyoTi3049 0.765 0.314 59
Blank 0.765 0.360 53
0,50 - —=Elank
—— KzLa:sMNds 5T.iSO|-J
045 | e
4 —*— KzLa11DyosTizs0n
0,40 - —*—HKzLa1s5masTiz:0n

—+—HKzLa15DvasTizOn

1 —=— Kzl @1 1MdasTizOhe
0,35 H —+— Kzl a15Gda1TisOn
: —— Kzl a1 1GdasTiz0n
—— KalaisMNda1 11500
Kzla11SmasTisOn

Absorbance [ ]
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Wavelength[ nm ]

Figure 4.68 Methylene blue degradation absorbance vs. time after 5 hours (Co = 10° M, 750 W/m”
and pH = 3).
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As a result of the experiments, the best removal was examined by using
K;La; 5SmgsTi30; photocatalyts which was determined 90% degradation rate under
750 W/m? light intensity and after 5 hours reaction time into Atlas Suntest CPS+ at

pH 3. At the same conditions, blank demonstrated 53% degradation efficiency.

Co=10"M, pH = 3 and 750 W/m?

100 +
——K2La2Ti3010

—#—K2Lal1l.9Sm0.1Ti3010
—&—K2Lal1.55m0.5Ti3010

K2La1.15Sm0.9Ti3010
—¥—K2La1.9Dy0.1Ti3010
—8—K2Lal1.5Dy0.5Ti3010
—+—K2Lal.1Dy0.9Ti3010

Efficiency (%)

K2La1.9Gd0.1Ti3010
K2Lal.5Gd0.5Ti3010
K2Lal.1Gd0.9Ti3010
—#—K2La1l.9Nd0.1Ti3010
—A&—K2Lal.5Nd0.5Ti3010

K2Lal.1Nd0.9Ti3010

Time (h) Blank

Figure 4.69 Methylene blue removal efficiencies (%) (Co = 10 M, 750 W/m? and pH =3).

Secondly, the degradation rate of methylene blue experiment at 7 for pH was
given in detail at Table 4.11 and 4.12 for 10 M initial concentration, and 250 or 750
W/m? light intensity, respectively. Figure 4.71, 4.72, 4.73 and 4.74 show information
about the change of the absorbance vs. time and efficiency vs. time of methylene

blue.
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Table 4.11 Degradation efficiencies of methylene blue for 10° M, 750 W/m” and pH = 7 after 3 hours

reaction time

Photocatalyst Initial Effluent Degradation

Absorbance Absorbance Efficiency (%)
K;La,Ti;0 0.765 0.161 79
K,La; 9Smy; Ti301 0.765 0.107 86
K,La; sSmysTi;01 0.765 0.038 95
K,La; 1SmyTi;04 0.765 0.099 87
K;La; oDy 1Ti;O010 0.765 0.153 80
K;La,; 5.Dy,sTi;04 0.765 0.099 87
K;La; 1Dy Ti;O010 0.765 0.069 91
K;La; ¢Gd,1Ti;O01 0.765 0.077 90
K;La; 5GdysTi;O01 0.765 0.054 93
K;La;1GdyoTiz;O01 0.765 0.054 93
K;La; yNdy 1 Ti3049 0.765 0.130 83
K;La; sNd5Ti304 0.765 0.099 87
K;La; ;Ndy4Ti304 0.765 0.130 83
Blank 0.765 0.245 68

—— Kela12Gda TisO4s
0,3 — KalaisNdo1TisOw
—+— Kzl @1sSmo1TizOwn

- KzLats.DvosTis0o
—+— Kela156dasTizDn
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—— Kzla1sSmosTisOn
—a— Kelai1DyoaTizOmn
—a— Kalai1GdoaTizOn
—— Kelai1NdoaTiz0n
Blank

o
[§%]
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o
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1

0,0 — T T T T T T T T T T 1
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Wavelength[ nm ]

Figure 4.70 Methylene blue degradation absorbance vs. time after 3 hours (Co = 10™ M, 250 W/m’

and pH =7).
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Co0=10-5M, pH = 7 and 250 W/m?
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Figure 4.71 Methylene blue removal efficiencies (%) (Co = 10 M, 250 W/m” and pH="17).

As a result of the removal rates which can be seen at Table 4.11, the best removal
was observed by using K,La; sSmgsTi30;¢ photocatalyts which was determined 95%
degradation rate under 250 W/m? light intensity and after 3 hours reaction time into
Atlas Suntest CPS+ at pH 7. At the same conditions, blank demonstrated 68%

degradation efficiency.

Now, the light intensity condition changed and the experiments were carried out

for 750 W/m”.
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Table 4.12 Degradation efficiencies of methylene blue for 10° M, 750 W/m” and pH = 7 after 3 hours

reaction time

Initial Effluent Degradation
Photocatalyst
Absorbance Absorbance Efficiency (%)

KzLazTig,Olo 0.765 0.145 81
KzLa1,9Sm0,1Ti3Om 0.765 0.115 85
KzLal_ssmo_sTi:;Olo 0.765 0.023 97
KzLa1,1Sm0,9Ti3Om 0.765 0.099 87
KzLaLgDyO‘lTig,Olo 0.765 0.153 80
KzLal's.Dyo'sTi;;Ol() 0.765 0.099 87
KzLal'lDyO.gTi3010 0.765 0.069 91
K;La; 4Gdy1TizOy 0.765 0.084 89
K;La; 5Gdy5Tiz0q9 0.765 0.054 93
KzLal_lGd().gTi:;Olo 0.765 0.054 93
K,La; yNd 1 TizO; 0.765 0.138 82
KzLaLsNdO'sTig,Ol() 0.765 0.099 87
KzLaLlNdO'gTig,Ol() 0.765 0.138 82
Blank 0.765 0.222 71

0.3 1 —=—Kala15Gdo1Tiz0

Kela1aNdo1Tiz0vn

—+—Kela155ma1Tiz0w0

—— Kzl 315 DVosTizOmn

— Kala15GdasTizOn

—— KzLa1sNdosTisOmn
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Figure 4.72 Methylene blue degradation absorbance vs. time after 3 hours (Co = 10™ M, 750 W/m’
and pH =7).
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Co0=10-5M, pH = 7 and 750 W/m?
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Figure 4.73 Methylene blue removal efficiencies (%) (Co = 10° M, 750 W/m” and pH="17).

According to the results which are seen in Table 4.12, it can be say that the
maximum degradation was determined by using K;La;sSmg5Ti30;9 photocatalyts
which was 97% degradation rate under 750 W/m? light intensity and after 3 hours
reaction time into Atlas Suntest CPS+ at pH 7. At the same conditions, blank

demonstrated 71% degradation efficiency.

Thirdly, the degradation rate of methylene blue experiment at pH 10 was shown in
detail at Table 4.13 and 4.14 for 10° M initial concentration, and 250 or 750 W/m?
light intensity, respectively. Figure 4.75, 4.76, 4.77, 4.78, 4.79, 4.80, 4.81 and 4.82
show information about the change of the absorbance vs. time and efficiency vs. time
of methylene blue. Absorbance values were separately given because the results are

very close and were not clear to read.
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Table 4.13 Degradation efficiencies of methylene blue for 10~ M, 250 W/m” and pH = 10 after 30

minutes reaction time

Photocatalyst Initial Effluent Degradation

Absorbance Absorbance Efficiency (%)
K;La,Ti;0 0.765 0.184 76
K,La; 9Smy; Tiz04 0.765 0.214 72
K,La; sSmysTi;01 0.765 0.069 91
K,La; 1SmyTi;04 0.765 0.092 88
K;La; oDy 1Ti;O010 0.765 0.153 80
K;La,; 5.Dy,sTi;04 0.765 0.099 87
K;La; 1Dy Ti;O010 0.765 0.107 86
K;La; ¢Gd,1Ti;O01 0.765 0.115 85
K;La; 5GdysTi;O01 0.765 0.153 80
K;La;1GdyoTiz;O01 0.765 0.107 86
K;La; yNdy 1 Ti3049 0.765 0.115 85
K;La; sNd5Ti304 0.765 0.107 86
K;La; ;Ndy4Ti304 0.765 0.107 86
Blank 0.765 0.314 59

The maximum degradation was determined by using KjLa;s5SmgsTi3049
photocatalyts which was 91% degradation rate under 250 W/m? light intensity and
after 30 minutes reaction time into Atlas Suntest CPS+ at pH 10. At the same

conditions, blank demonstrated 59% degradation efficiency.
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Figure 4.74 Methylene blue degradation absorbance vs. time after 30 minutes (Co = 10” M, 250 W/m®
and pH = 10).
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Figure 4.75 Methylene blue degradation absorbance vs. time after 30 minutes (cont.) (Co = 10° M,
250 W/m” and pH = 10).
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Figure 4.76 Methylene blue degradation absorbance vs. time after 30 minutes (cont.) (Co = 10° M,
250 W/m® and pH = 10).
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Figure 4.77 Methylene blue removal efficiencies (%) (Co = 10~ M, 250 W/m® and pH = 10).
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For 750 W/m? light intensity, the results can be seen as follows.

Table 4.14 Degradation efficiencies of methylene blue for 10° M, 750 W/m” and pH = 10 after 30

minutes reaction time

Initial Effluent Degradation
Photocatalyst
Absorbance Absorbance Efficiency (%)
K,La,Ti;0 0.765 0.061 92
KzLawSmO_lTi3010 0.765 0.084 89
KzLal.ssmO'sTi;;Olo 0.765 0.054 93
K2L31'1Sm0'9Ti3010 0.765 0.107 86
KzLaLgDyO.lTi:;Om 0.765 0.214 72
KzLaLs.Dyo.sTiggOlo 0.765 0.184 76
KzLaL]DyO.gTi:;Om 0.765 0.023 97
KzLal_ng().lTi:;Om 0.765 0.138 82
K;,La; 5Gdy5TizOyy 0.765 0.015 98
K;La; 1GdyTi;0yy 0.765 0.015 98
KzLaLgNdO'lTig,Ol() 0.765 0.122 84
KzLaLsNdO'sTif,Olo 0.765 0.061 92
K,La; 1Ndg4Ti;0; 0.765 0.099 87
Blank 0.765 0.275 64
0.5 = —— Blank
—— KzLa1.1Ndo s TizO1o
—— KzLa1.s5SmosTizC1o
—— KzLa1sMNdosTizO40
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Figure 4.78 Methylene blue degradation absorbance vs. time after 30 minutes (Co = 10” M, 750 W/m®

and pH = 10).
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Figure 4.79 Methylene blue degradation absorbance vs. time after 30 minutes (cont.) (Co = 10° M,
750 W/m? and pH = 10).
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Figure 4.80 Methylene blue degradation absorbance vs. time after 30 minutes (cont.) (Co = 10° M,
750 W/m?” and pH = 10).
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Figure 4.81 Methylene blue removal efficiencies (%) (Co = 10 M, 250 W/m” and pH = 10).

The best effective photocatalysts were determined KjLa;sGdosTi30,9 and
K;La; 5GdgoTi30;9 photocatalyts. The degradation rates were the same, 98% under
750 W/m” light intensity and after 30 minutes reaction time into Atlas Suntest CPS+
at pH 10. Same conditions were observed for the blank and the degradation rate

determined 64% degradation efficiency.

Finally, Table 4.15 shows summary information of methylene blue degradation.
According to the different conditions, the best effective photocatalyst were generally
chosen KjLa;sSmgsTi3019. The bold characters demonstrate the best effective

degradation results.
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Table 4.15 Effect of pH and light intensity for methylene blue removal

Degradation Efficiencies (%)
pH=3 pH=7 pH=10

Photocatalyst (5 h reaction time) | (3 h reaction time) | (30 min reaction time)

250 750 250 750 250 750
W/m® W/m® W/m® W/m® W/m® W/m®

K,La,Ti;019 41 64 79 81 76 92
K;La;4Smy;Ti3049 55 56 86 85 72 89
K;La; sSmysTi3049 86 920 95 97 91 93
K;La; ;Smg,Ti304 72 65 87 87 88 86
K;La; 9Dy Ti304 44 69 80 80 80 72
K;,La,; 5.DysTi3049 64 69 87 87 87 76
K;La; ;Dy¢Ti301 45 59 91 91 86 97
K;La; 4GdyTi304 48 68 90 89 85 82
K;La; 5GdsTiz09 44 62 93 93 80 98
K;La;1GdoTi3049 54 57 93 93 86 98
K,La; yNdy 1 TizOq 46 62 83 82 85 84
K;La; sNdysTi304 51 70 87 87 86 92
K,La; ;NdysTi;O0q 53 59 83 82 86 87
Blank 20 53 68 71 59 64

4.4.3 Photodegradation Results of Cyanide

After the experiments of methylene blue, cyanide degradation tests were carried
out by using 100 mg/l initial cyanide concentration on 250 mg/l KCN solution. The
pH was adjusted at 10 because the excess amount of cyanide is very toxic and
cyanide in wastewater must be in alkali condition. 250 and 750 W/m? light intensities
were observed to determine the effect of light intensity on the photodegradation
process. To understand the degradation efficiencies of thin films, a blank was
analyzed. The experiments were carried out into Atlas Suntest CPS+ with 4 hours

reaction time.
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The effective degradation results of 250 W/m® were examined at Table 4.16.
Figure 4.83 and 4.84 demonstrated graphics based on the variation of the

concentration vs. time and efficiency vs. time of phenol.

Table 4.16 Degradation efficiencies of cyanide for 100 mg/l, 250 W/m” and pH = 10 after 4 hours

reaction time

Initial Effluent Degradation
Photocatalyst Concentration Concentration Efficiency
(mg/l) (mg/l) (%)
KzLﬁzTig,Om 100 28.3 71.7
K2L31,9Sm0,1Ti3010 100 394 60.6
KzLaLssmo.sTig}Om 100 28.2 72.8
KzLaLlsmo.gTig}Om 100 42.5 57.5
Blank 100 65.8 342
Co=100 mg/I, pH = 10 and 250 W/m?
100
— 90 -
E 80 -
g 70 -
£ 60 - —e—K2La2Ti3010
£ 50 - K2La1.95Sm0.1Ti3010
(8}
§ 40 - K2La1.5Sm0.5Ti3010
$ 30 K2La1.15m0.9Ti3010
& 20 -
> == Blank
© 10 -
0 T T T 1
0 1 2 3 4
Time (h)

Figure 4.82 Cyanide concentration vs. time results (Co=100 mg/I, 250 W/m” and pH = 10).
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Figure 4.83 Cyanide removal efficiencies (%) (Co = 100 mg/l, 250 W/m” and pH = 10).

After 4 hours reaction time, the best result obtained by using K;La; sSmgsTi3019

and 72.7% degradation efficiency was achieved. On the other hand, 34.2% of

degradation rate was observed by blank.

Cyanide removal results for 750 W/m?” were given in Table 4.17. Figure 4.85

and 4.86 gave detail about of the concentration vs. time and efficiency vs. time of

phenol.

Table 4.17 Degradation efficiencies of cyanide for 100 mg/l, 750 W/m” and pH = 10 after 4 hours

reaction time

Initial Effluent Degradation
Photocatalyst Concentration Concentration Efficiency

(mg/l) (mg/1) (%)
K,La,Ti;09 100 21.3 78.7
K;La; 4Smg;Tiz0q 100 32.9 67.1
K;La; s5SmysTi;0q 100 19.8 80.2
K;La; ;SmgyTi;0q 100 38.1 61.9
Blank 100 59.2 40.8
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Co=100 mg/I, pH = 10 and 750 W/m?
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Figure 4.84 Cyanide concentration vs. time results (100 mg/l, 750 W/m? and pH = 10).
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Figure 4.85 Cyanide removal efficiencies (%) (Co = 100 mg/1, 750 W/m?and pH = 10).

Cyanide reduction was obtained 80.2% by using K,La; sSmg 5Ti30, after 4 hours
treatment. On the other hand, 40.8% of degradation rate was observed by blank.

Table 4.18 demonstrates summary information on cyanide degradation. The best

effective photocatalyst were chosen Kj,La; 5sSmgsTi30;0 for the two different light
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intensities which are observed. The bold characters illustrate the best effective results

on phenol removal.

Table 4.18 Effect of light intensity for cyanide removal

Effluent Degradation Effluent Degradation
Concentration | Efficiency | Concentration Efficiency
Photocatalyst (mg/l) (%) (mg/l) (%)
250 W/m® 750 W/m®

K,La,Ti;0q 28.3 71.7 21.3 78.7
K,La; 4Smy 1 Tiz0q 394 60.6 329 67.1
K;La; sSm,sTi;0; 28.2 72.8 19.8 80.2
K;La; ;Smy,Ti;0 42.5 57.5 38.1 61.9
Blank 65.8 342 59.2 40.8

Table 4.19 summaries all conditions and degradation results which were obtained

from the photocatalytic oxidation reactions.

It can be clearly stated that

K;La; sSmgsTi3Oj9 thin film photocatalyst is very effective to remove the pollutants

in all circumstances.
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Table 4.19 Summary of the degradation efficiencies (%)

Degradation Efficiencies (%)

el

Initial Concentration 10 mg/1 Phenol 10° M Methylene Blue 100 mg/l Cyanide
pH=3 pH=3 pH=7 pH=10 pH=10
(5 h reaction time) (5 h reaction time) (3 h reaction time) (30 min reaction time) | (4 h reaction time)
Photocatalyst
250 750 250 750 250 750 250 750 250 750
W/m® W/m? W/m® W/m? W/m? W/m® W/m? W/m? W/m? W/m?

K,La,Ti;04 68.7 70.2 41 64 79 81 76 92 71.7 78.7

K;La; ¢Sm,; Ti;0 65.1 68.1 55 56 86 85 72 89 60.6 67.1

K;La; 5Sm, 5Ti;04 72.2 75.3 86 90 95 97 91 93 72.8 80.2

K;La; 1Sm4Ti;04 54.4 63.2 72 65 87 87 88 86 57.5 61.9
K;La; Dy, Tiz010 44 69 80 80 80 72
K;La; 5.Dy5Ti;01¢ 64 69 87 87 87 76
K;La; 1Dy Ti3010 45 59 91 91 86 97
K;La; ¢Gdy 1 Ti304 48 68 90 89 85 82
K,La, 5GdsTi3010 44 62 93 93 80 98
K,La; 1GdysTi3010 54 57 93 93 86 98
K;La; yNd1TizO019 46 62 83 82 85 84
K,La; sNdysTi;019 51 70 87 87 86 92
K;La; ;Nd9Ti;019 53 59 83 82 86 87

Blank 26.8 39.3 20 53 68 71 59 64 65.8 40.8




4.4.4 SUVA Results

To determine specific UV absorbance results, Equation 3.1 was used. The

experiments were completed by using K,La; sSmgsTi30¢ thin film photocatalyst due

to their higher photocatalytic degradation effect. The values were read at 254 nm by

changing the pH values. Table 4.20 gave the results and Figure 4.87 demonstrates the

comparison of the pH effect with UV absorbance.

Table 4.20 The absorbance and SUVA values at 254 nm

Photocatalyst Absorbance at 254 nm SUVA,s,4 pH
KzLal.ssmO'sTi;;Olo 0.129 2.29 L/ngM 3
Blank 0.408 5.53 L/mgM
KzLal.ssmO'sTi;;Olo 0.13 2.31 L/ngM
7
Blank 0.409 5.54 L/mgM
K,La; sSmsTi;04 0.133 2.36 L/mgM 0
Blank 0.408 5.53 L/mgM
—m— KolaisSmosTisOn
1,00 —&— Blank
0,95
0,90
0,85
0,80
— 075
— 0,70
8 085
€ 060
8 055
0 0,50
8 0,45
3 0,40 ® » »
o 0,35
g 0,30
3 0,25
0,20
0,15
0,10 - "
0,05
0,00 T T T T T

Figure 4.86 The comparison of UV,s4 absorbance and pH.
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According to the results, SUVAj,ss value of KjLa;sSmysTizOjp thin film
photocatalyst is less than SUVA;s4 value of blank. This demonstrates that thin film

has low aromaticity. That is why, the degradation is easier.

4.4.5 DOC Results

To determine specific DOC values, the best effective thin film photocatalyst,
K>La; 5SmgsTiz0;9 was examined. The values were obtained for thin film and blank
and DOC values were estimated for methylene blue. Table 4.21 gave the results at

pH of 7. 23.47% of mineralization was achieved.

Table 4.21 DOC values

DOC DOC Removal
Photocatalyst
(mg/l) Efficiency (%)
Initial DOC 7.37
23.47
DOC after the degradation by K;La; sSm,sTi;0, 5.64
4.4.6 TOC Results

TOC results for phenol, methylene blue and cyanide were given in Table 4.22,
4.23 and 4.24 as a function of irradiation time. TOC removal efficiencies are higher
for the best effective photocatalyst - K;La; sSmg sTi3010. 50.26% of TOC removal of
phenol was achieved after 5 hours irradiation at pH of 7. This means that 5 hours
treatment is not enough to completely destroyed phenol. TOC removal efficiency for
methylene blue was investigated 84.42% after 3 hours irradiation at pH of 7. The
photocatalyst was effective to destroyed TOC at 3 hours. 79.89% of TOC removal
was realized for cyanide at 4 hours irradiation under alkali condition. It was found
that TOC treatment was good enough but must be enhanced. Figure 4.88

demonstrates TOC removal efficiencies for different pollutants.
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Table 4.22 TOC values for phenol solution after 5 hours reaction at pH 7

TOC TOC Removal
Photocatalyst
(mg/l) Efficiency (%)
Initial TOC 45.34

KzLaLssmo.sTij,Ol() 22.55 50.26
KzLal_lDyo‘gTig,Ol() 27.27 39.85
KzL31_9Gd0_1Ti3010 36.44 19.63
K,La; 1NdyoTizO049 26.89 40.69

Table 4.23 TOC values for methylene blue solution after 3 hours reaction at pH 7

TOC TOC Removal
Photocatalyst
(mg/l) Efficiency (%)
Initial TOC 70.55

KzLal_ssm()_sTi3010 10.99 84.42
KzLaLlDy()_gTi:;Ol() 34.39 51.25
KzLal.ngQ.lTi;;Ol() 36.97 47.60
KzLal'lNdo.gTi;;Olo 20.95 70.30

Table 4.24 TOC values for cyanide solution after 4 hours reaction at pH 10

TOC TOC Removal
Photocatalyst
(mg/l) Efficiency (%)
Initial TOC 57.73

KzLaLssmo.sThOlo 11.61 79.89
KzLal‘lDyo'gTi:;Ol() 33.03 42.79
KzLaLngo,lTbO]o 52.64 8.82
KzLaLlNdo_gTig,Om 41.45 28.20

116



TOC Removal Efficiencies
100
9
> 80 - - &
c
Q0
O
E 60 ¢===TOC Removal
© ad Efficiency for phenol
>
g 40 @==TOC Removal
(V] Efficiency for MB
(1
O 20 - TOC Removal
(@] Efficiency for cyanide
=
0 \-\ T T 1
0 2 4 6
Irradiation time (h)

Figure 4.87 TOC removal efficiencies.

4.4.7 Kinetic Studies Results

The determination of the reaction order for photodegradation of methylene blue
was performed according to the treatment results. The degradation curves were taken
out and zero, first and second order reaction kinetics were tested. ko,k; and k; are the
rate constants for zero, first and second order kinetics, respectively which can be

seen at the tables below.

To determine the reaction kinetics, the experiments were performed with the
photocatalyst which showed the highest degradation results. K;La; sSmg5Ti30;9 was
the best effective photocatalyst among the photocatalyst set. Methylene blue
experiments were made with three different pH values and the highest degradation
rate was determined at pH 7. That is why, at pH for 7, the experiments were repeated
for 30, 60, 90, 120, 150, 180, and 210 minutes. As a result of the kinetic studies,

second order reaction achieved the highest R? (correlation value).
To identify the reaction order, the experiment conditions of the photocatalytic

degradation for methylene blue was observed as follows: initial concentration was

selected 3.2 mg/l, 750 W/m* and pH at 7. Blank also was tested and the reaction
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order was determined. Blank studies can be fitted to a zero order reaction law. The
results of the methylene blue were shown in Table 4.25 which lists the order rate
constants and correlation (Rz) constants. If the correlation constants are higher, the
model is proper for the degradation of the methylene blue. The curves for the each

reaction orders were given in Figure 4.89. 4.90, 4.91 and 4.92.

As a result of the Methylene blue kinetic studies, it was found that all correlations
for each kinetic order were greater than 95%. This demonstrates a good statistical fit
and second order kinetic model can be a good model kinetic for methylene blue
degradation during the treatment process. As can be seen in Table 4.25, the

maximum reaction rate constant, k, was observed for first order reaction.

Table 4.25 The reaction orders for methylene blue (Co=3.2 mg/l, 750 W/m?, pH = 7)

0" order 1* order 2" order
k(} R2 kl R2 kz R2
(mg/l.min) (min™) (ng'lmin'l)
K,La; sSm, sTi;O0q 0.0025 0.9873 | 0.0009 | 0.9914 0.0003 0.9912
Blank 0.0105 0.9545
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Figure 4.88 Concentration vs. time for zero order degradation of methylene blue by

KzLal_SSmO.STi3OIO.
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Figure 4.89 Concentration vs. time for first order degradation of methylene blue by

K2La1ASSm0.5Ti3010.

119



0,45

04 -
y =0,0003x + 0,3136
035 1 R?=0,9912
9 03
=
§ 0,25 -
I
£ 02 -
Q
e
8§ 0,15 -
(&)
01 -
0,05 -
O T T T T T T 1
0 50 100 150 200 250 300 350

Time [ minute ]

Figure 4.90 Concentration vs. time for second order degradation of methylene blue by

KzLal_SSmO.STi3OIO.
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Figure 4.91 Concentration vs. time for zero order degradation of blank methylene blue (without

photocatalyst).
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4.4.8 Factorial Experimental Design Results

Analysis of Variance (ANOVA) statistical experimental design was set up to
determine the effects of the variables on degradation efficiency of the pollutants and
to find the best effective combination which results maximum efficiency. The
significant variables were selected pH and light intensity. Experimental design was
employed for methylene blue as two factors two replicated factorial design. 6

different experimental conditions were performed for 2 times.

This optimization process is based on two hypothesis test with a margin of error.
After the performance of the statistically designed experiments, the decision is
making for zero or alternative hypothesis. Zero hypothesis (null hypothesis) (H,)
explains that there is not a relation or difference between the mean and distribution.
On the other hand, alternative hypothesis (H;) stands up that there is a relation or
difference between the mean and distribution. If the hypothesis is accepted, the
degradation efficiency does not depend on the variables which are selected. The
design was made by using Minitab Statistical Software V14. The results represent
95% confidence intervals which means the significance level is selected as a=5%
(0.05). This means that the findings have 95% chance of being true and have a 5% of
chance for not being true. Degradation efficiencies were considered as dependent
variables and represented as Y which is the observation data. The acceptance or
rejection of the hypothesis can be found with p value and F value which is
determined by F tables. Acceptance or rejection criteria can be seen at Table 4.26.
Every experiment is repeated 2 times. The independent variables can be shown in
Table 4.27. The response is the degradation efficiency (%). If Ho's are true, the
variances are equal to other variances. ANOVA test is applied for the

K;La; sSmg5Ti30,¢ surface coating.

Table 4.28 demonstrated the response (degradation efficiencies of methylene
blue) and the experiment conditions. The experiments were carried out for 3 hours
reaction time. To make sure about the degradation efficiency, the experiments were
performed 2 times for the conditions below.  The software outputs are shown in the

Table 4.29 and the graphs can be seen at Figure 4.93, 4.94 and 4.95.
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Table 4.26 Acceptance and rejection criteria of Hy for Anova test

Acceptance Criteria Rejection Criteria
Cannot reject Null Reject Null
If p value > 0.05 (o) ) If p value < 0.05 (o) .
Hypothesis Hypothesis
(Means are the (Means are
If Fdelermined < Ftable Same). If Fdetermined > Ftable different).

Table 4.27 Independent variables for methylene blue experimental design

Level pH Irradiance Ranges (W/m?)
250
Min 3
750
250
Center 7
750
250
Max 10
750

Table 4.28 Two factors two replicates factorial design for methylene blue

Number pH Light intensity (W/m?) Y (%)
1 3 250 86
2 3 250 87
3 7 250 95
4 7 250 91
5 10 250 91
6 10 250 90
7 3 750 90
8 3 750 95
9 7 750 97
10 7 750 98
11 10 750 93
12 10 750 94
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Table 4.29 General linear model: Response versus pH; Light Intensity (Minitab output)

Factor Type Levels Values
PH fixed 3 3; 7; 10
Light fixed 2 250; 750
Intensity
Analysis of Variance for Response, using Adjusted SS for Tests
Source of . .
variation DF Seq SS Adj Ss Adj MsS F F(ax=0,05)
> 5,14
PH 2 60,667 60,667 30,333 8,27 Hy; =
reject
, > 5,99
Light 1| 56,333] 56,333| 56,333 15,36 Hy, =
Intensity .
reject
< 5,14
* 1 ’
pH*Light | 4,667 4,667 2,333 0,64 Hys =
Intensity
accept
Error 6 22,000 22,000 3,667
Total 11 143,667
Source P
pH 0,019 < 0,05 means are different.
Ligh
. 19 F 0,008 < 0,05 means are different.
intensity
H*Ligh
p 1q t 0,562 > 0,05 means are same.
Intensity
Residual Plots for Response
Normal Probability Plot of the Residuals Residuals Versus the Ftted Values
9 <
2 (3
90
- = i
§ 50 3 * * ° o
3 ] ° ° °
a 2 9
10
-2 °
1 [ ]
-4 4 85 90 95
Residual Fitted Value
Histogram of the Residuals Residuals Versus the Order of the Data
438 )
g 36 5 1 ///&\
g 3 AN > Vo
g 24 i 7 \// \\\J/ ~
i -1
1,2
-2
0,0
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Figure 4.92 Residual plots for results.
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Light Intensity

Figure 4.94 Interaction plot (fitted means) for results.

Main Effects Plot (fitted means) for Response
pH Light Intensity
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Figure 4.93 Main effects plot (fitted means) for results.
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According to the results of the methylene blue performance tests, two hypotheses

are rejected and one hypothesis was accepted. The hypotheses were as follows:
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Hy; = pH has no effect on removal. (Null hypothesis)

Hi; = pH has an effect on removal. (Alternative hypothesis)

Ho, = Light intensity has no effect on removal. (Null hypothesis)

Hi, = Light intensity has an effect on removal. (Alternative hypothesis)

Hos = pH and light intensity have no effect on removal. (Null hypothesis)

H;; = pH and light intensity effect the performance of degradation. (Alternative

hypothesis)

It can be said that pH significantly effects the removal efficiency. Different pH
values (3-7-10) are applied. So, it effect by oneself. Light intensity is a significant
factor also on removal. So, it effect by oneself. The calculated F values were bigger
than Fpe values and the calculated P values were smaller than 0.05. The hypotheses
were rejected. On the other hand, the interaction of pH and light intensity hypothesis
was accepted. That is why; pH and light intensity is not effected each other, and the

interaction has not an influence together on degradation performance.

Residuals are used in ANOVA test to check how well the model fits to the data.
According to the Figure 4.93 normal probability plot, the data points fall at least
approximately on a straight line. As a result, the data follows a normal distribution.
Residuals versus fits plot were created. Plot of residuals can be seen on y axis and
fitted values which are the Y values (estimated responses) on the x axis. The plot
suggests a bounce randomly around O lines. This demonstrates that the assumption is
reasonable. The shape of the histogram of the residuals supports the conclusion of
normal probability which is linear. The residuals in time order can be seen at
Residuals versus the order the data plot. The number of experiments for each data
point can be seen on the x axis. Experiments 3,4,7 and 8 provide superior residuals.
Figure 4.94 shows that pH is optimum at pH 7. The degradation efficiency is
increased from pH = 3 to 7 and decreased from 7 to 10. On the other hand, the
increase of light intensity from 250 to 750 W/m?, enhance the degradation process.
Figure 4.95 demonstrates that the lines do not overlap. This indicates that there is no

interaction between pH and light intensity which was already calculated with F test.
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Table 4.30 A briefly comparison of the variables and their effects by surface coating

Effects Metyhlene Blue
pH 3-7-10 Effective
Light intensity 250-750 W/m® Effective
pH x Light intensity Not effective

ATLAS Suntest
CPS+ light
simulator

Methylene blue
degradation experiments

Figure 4.95 Photos from experimental studies.
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CHAPTER FIVE
CONCLUSION AND RECOMMENDATIONS

5.1 General Results

The main objective of this study is to investigate the photocatalytic degradation of
the persistent pollutants in wastewater with using the new generation photocatalytic
materials (K,Ln,Tiz0;9 (Ln=La, Nd, Gd, Sm, Dy)). For this reason, to understand the
effect of pH and light intensity on the degradation, synthetic wastewaters were
prepared and phenol, methylene blue and cyanide were used as pollutants. The
treatment of these chemicals by photocatalytic oxidation was developed by newly
generated photocatalysts. Metal alkoxides, propionic acid and glacial acetic acid
were used to prepare the solutions and the coating of the prepared solutions was
performed on Si (100) substrates. In addition, the reaction orders and the effects of

pH and light intensity on degradation efficiency are characterized.

As a result of the literature researches, the perovskite-type oxides, K,Ln;Ti3019
was generally produced by solid state reaction, polymerization complex method and
sol-gel method. In addition, it has not been developed any study about
K,Ln,Ti30pthin film which is coated on Si(100) substrate. For this reason, this study
is focused on to produce K,Ln,Ti30;¢ (Ln = La, Nd, Gd, Sm, Dy) thin films by sol-
gel method because of some advantages such as better mixing of the starting
materials and excellent chemical homogeneity in the final product. In addition, the
molecular level mixing aids the structure evolution lowering the crystallization
temperature and the sol-gel layer can be deposited desired thickness in one step

because this thickness depends only on precursor’s concentration.
According to the findings; very high photocatalytic activity for

K;La; sSmg5Ti30;9 was achieved. The conclusions of the experimental results from

are given below.
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I.

The turbidity values, pH values, contact angle and rheological properties
were measured to understand the effectiveness of the K, Ln, Ti based initial
solution properties of the catalyst which were prepared. Turbidity values of
the solutions pointed that the powder based precursors was dissolved into the
solution. It can be seen that the turbidity was increased by the addition of the
dopant into K;La,TizOj. So the solutions were homogeny and adequately
transparent. The pH measurement of the solutions showed acidic condition.
The wetting capacity was measured by contact angles measurement. Contact
angle values of the KLTO solutions were determined approximately 4° and
this value is lower than 90°. This demonstrated that the solutions can wet the
Si (100) substrates. The slight decrease of the solution viscosity demonstrated
is depending on the formation of the complex compounds and it is the
indicative of the polymeric network distribution. The prepared solutions have

low viscosity values and it is an advantage for thin film generation.

. The thermal analysis of the xerogels was examined by DTA-TG analysis.

Firstly, the endothermic peaks demonstrated the solvent removal. Secondly,
the combustion of the organic groups occurred. Finally, the formation of
ceramic oxides was observed at the temperatures between 850 and 1200°C.
To optimize the characterization and to determine the removal of organic
compounds in the structure, FTIR analysis was carried out. Chen et al. (2005)
observed that the signal between the ranges of 400 - 1200 cm™ shows the
characteristic formation of O-Ti-O. According to this observation, the signals
between 400 and 1200 cm™ were carried out and were represented the
formation of O-Ti-O characteristics for KLTO based films. As a result of
FTIR, O-H, C=0 and M-OCOO-M bond frequencies are vanished around
800 °C. This situation demonstrated that organic structures and hydroxyls
were completely destroyed. The peaks which are appeared by a decrease with
increasing temperature band between the ranges of 850 - 900 cm™ are thought
to be K, Ln(La, Sm, Dy, Gd, Nd), Ti ions related to oxygen bond. FTIR

results were regularly conformed to DTA-TG results.
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3. XRD analysis was performed to determine the phase composition of the
samples. According to Yang et al. (2007), the sharp and intense diffraction
peaks with different angle in the XRD patterns showed that the KLTO was
well crystallized. Based on Cui et al. (2013) studies, the peaks had low
intensity and when the diffraction peaks compared to the literature, it can be
seen that the crystalline structure of KLTO was obtained. As a result of the
XRD results, powders and thin films were synthesized successfully. Chemical
state of surface elements was measured by elemental analysis - XPS. XPS
measured the chemical state of surface elements and identified the chemical
uniformity of KLTO based on Si (100) coatings. As a result of the elemental
analysis, the dopant elements were determined as sharp peaks. This
demonstrated that XPS and XRD were consentaneously. Only 0.1 doped
elements could not observe because it is very small amount. The La 3d core
level of samples and spin-orbit components of Ti 2p peaks and the K 2p
peaks were well described for all of the photocatalysts similar to Cui et al.
(2013). The dopant chemicals as Sm 3d, Nd 4d and Dy 3d were observed. But
the Gd dopant cannot be determined according to the XPS analysis. To
identify the surface morphologies of thin films, SEM analysis was used.
Surface area is an important parameter for photocatalytical application. It can
be seen that when the surface area that acting with pollution is increased, the
photocatalytic efficiency also rises (Bakuy, 2009). For this reason, it can be
said that the thin films are morphologically good candidates for
photocatalytic applications and the surface morphologies are suitable
according to the literature findings. The mechanical properties and the
hardness of thin films were determined by nanoidentation. The highest

hardness and elasticity modulus was determined for K,La; sNdg sTi3Oo.

4. KyLn,Ti3019 was produced with using sol-gel method and spin coating
method. The dimensions of the surface coating photocatalysts were 2x2 cm.
The evaporation of the wastewater into the solar simulator was a problem.

That is why; a glass cap was putted above the beaker to prevent the
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evaporation. For every experimental procedure, the beakers were filled till 25

ml and it was placed into ATLAS Suntest CPS+.

. The photodegradation of phenol, methylene blue and cyanide was performed
by using thin films under solar simulator. The pollutants were selected as

organic (phenol and methylene blue as azo dye) and inorganic (cyanide).

. The experiments were performed with 13 different KLTO thin films

(K2La,Ti3010, KiLa;oSmg Ti3010, Kolay sSmgsTizO10, KaLaj 1SmgoTiz0n,
K,La; 9Dyo.1Ti301, K,La; 5.Dyo5Ti3010, K,La; 1Dyo.9Ti301,
K;La; 9Gdo1Ti3010, K,La; 5Gdo5Ti301, K,La; 1GdooTiz04,
K,La; 9Ndg 1Ti3019, KoLa; 5NdgsTi3019 and KsLa; {NdyoTi3019) and without
photocatalyst (blank). Blank was examined to make a comparison on

degradation efficiencies and to understand the effectiveness of the films.

. Reaction times for phenol, methylene blue and cyanide were considered

according to the literature studies.

. During the treatment of phenol, two different conditions were examined at

pH for 7. The initial concentration of phenol solution was selected 10 mg/1
and light intensity was independent variable and selected 250 and 750 W/m®.
The maximum degradation rates for two conditions were observed with
KjLa; sSmgsTizOj¢ thin film photocatalyst. 72.2% degradation efficiency
with KjLa; sSm5Ti30;9 photocatalyst and 26.8% without photocatalyst
(blank) was obtained for 250 W/m? after five hours treatment into solar
simulator. Under 750 W/m® light intensity, the maximum degradation
efficiency was obtained 75.3% with Kj;La; sSmgsTizO;9 photocatalyst and
39.3% without photocatalys (blank). According to the results, it can be said
that the increase of the light intensity has a slight effect on phenol
degradation by photocatalytic oxidation. And the degradation results with
using photocatalyst are higher than blank. It can be pointed that the natural

sunlight and the photocatalysts are effective to degrade phenolic compounds.
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According to the literature study, degradation of phenol is very difficult.
Pardeshi & Patil (2008) were obtained 47% of degradation efficiency of
phenol by using aqueous zinc oxide as photocatalyst at pH for 5.61 with
using Xenon lamp and 75 ppm initial phenol concentration after 9 hours
reaction time. According to the results of Guo, Ma & Li (2006), the
degradation efficiencies of phenol was obtained 16% and 76% in the presence
of TiO, and was also obtained 40% and 81.6% in the absence of TiO, for 3

and 12 hours, respectively..

. For the treatment studies of methylene blue by using surface coating catalyst,

6 different conditions were examined. The independent variables were
selected pH (3-7-10), light intensity (250-750 W/mz) and reaction time.
According to the degradation results with 13 different photocatalysts and
blank, it can be clearly seen that K,La; sSmgsTizO;9 was the best effective
photocatalyst except one condition. The experiments were carried out by
using 10° M methylene blue initial concentration. The maximum degradation
rate of methylene blue was observed 98% by using KjLa; sGdy5Ti30;9 and
KjLa; 1GdyoTi30p0 at pH 10 and 750 W/m? light intensity after 30 minutes
treatment process by using ATLAS Suntest CPS+. At the same condition, the
blank demonstrated 71% of degradation efficiency. The other best results for
the other conditions can be explained as follows: 86% at pH for 3, 250 W/m?
light intensity for 5 hours reaction by using K;La; sSmsTi30;9 and 20% was
achieved by blank. 90% was observed at pH 3, 750 W/m? light intensity for 5
hours reaction by using K;La; 5SmgsTi3010 and 53% was obtained by blank.
95% was obtained at pH 7, 250 W/m? light intensity for 3 hours reaction by
using KjLa; sSmysTi3019 and 68% was obtained by blank. 97% was
examined at pH 7, 750 W/m? light intensity for 3 hours reaction by using
KjLa; 5SmgsTi30;9 and 71% was observed by blank. And finally, 91% was
obtained at pH 10, 250 W/m? light intensity for 30 minutes reaction by using
K;La; sSmy5Ti3059 and 59% was obtained by blank. As a result of the
studies, it can be said that the increase of the light intensity and pH rise the

degradation efficiency of methylene blue. Rizzo et al. (2011) were prepared
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10.

11.

12.

Ti0O; nanofilm by using sol-gel method. At pH 9, the degradation efficiency
was obtained 80% after 10 minutes into photocatalytic reactor under UV
lamp (335 nm) radiation. Tayade et al. (2009) were used light emitting diodes
in aqueous solution by using 1.2 g/l P-25 Degussa TiO,. The decomposition
of methylene blue was carried out in UV-LED photocatalytic reactor at pH of
8.84. After 6 hours, 100% of degradation was achieved in contrast to blank
which was achieved 12% of degradation efficiency. Yao et al. (2009)
obtained 92.3% of decolorization of 0.2 g/l methylene blue aqueous solutions

after 160 minutes by using TiO, sol under UV light.

With the experiments of cyanide, two different conditions were tested. Light
intensity was selected independent variable and the experimental analysis was
performed at pH 10 with 100 mg/I cyanide solution for 4 hours reaction time
into solar box. The degradation efficiencies were determined 71.8% with
using KjLa; sSmgsTi30,0 surface coating catalyst and 34.2% without using
photocatalyst (blank) at 250 W/m?®. On the other hand, 80.2% was measured
with using KjLa; sSmgsTi3O;¢ surface coating catalyst and 40.8% without
using photocatalyst (blank) at 750 W/m?. Aazam (2013) was obtained 35%,
40%, 50%, 80% and 100% degradation efficiencies by increasing the weight
% of the Pt/AgLnS, nanoparticles in 35 minutes at pH 10.5. Same
experiments were completed in 2014 by Aazam that 60%, 82%, 98% and
100% were obtained by increasing the %weight of Au/CdS nanoparticles.

As a result of the SUVA test of methylene blue, it can be said that SUVA
value of the K;La;sSmgsTi30,9 photocatalyst was significantly lower than
blank sample. The low value indicates that the aromacity of the sample is
low. That is why; the degradation process is much easier. The aromacity of

blank was high so the degradation is more difficult.
Throughout the TOC studied, the maximum TOC removal efficiencies were

obtained by KjLa;sSmysTi30;9 which is the best surface coating

photocatalyst among the 13 photocatalyst. TOC removal efficiency for
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13.

14.

15.

phenol was observed 50.3% after 5 hours irradiation. As can be seen, TOC
removal of phenol at 5 hours is not sufficient. 84.4% of TOC removal
achieved for methylene blue after 3 hours irradiation. And cyanide TOC

removal efficiency was reached to 79.9% after 4 hours irradiation.

According to the methylene blue results, the reaction kinetics was
investigated. Reaction kinetics was examined at pH 7 and 750 W/m?. It is the
best degradation result which was carried out by using KjLa; sSmgsTi301¢
photocatalyst and blank was also analyzed as a reference to make a
comparison. The performances of the catalysts were evaluated by comparison
of the samples which exposure only light intensity. The maximum order
reaction rate constant, k, was observed for first order and the degradation

curve is fitted to first reaction order.

Statistical design was set up for methylene blue. The experiments were
carried out 2 times to make ANOVA analysis. The results were tested with
ANOVA test for different independent variables including pH and light
intensity. According to the ANOVA test results, pH and light intensity have
an effect on the degradation efficiency by oneself. But the interaction of pH

and light intensity are not a significant effect on degradation.

The advantage of the KLTO surface coating demonstrated short reaction
times in contrast to the experiments which only exposed by light intensity
(blank) and it does not require an additional operation as separation or

filtration. It does not produce waste and it is more environmental friendly.

5.2 Recommendations

The main advantage of thin film photocatalysts is to be more eco - friendly than

particulate catalysts because of the difficulty of separation of particulate from water.
The particulate catalysts have many difficulties and foremost among these, the
separation of the particles from wastewater plays an important role. For this reason,

this study is realized. The new generated KLTO film production and the transfer of
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photocatalytic thin films to the industrial applications should be investigated and

examined.
Further studies must be enhanced the photocatalyst and designed a photocatalytic

reactor for industrial field. Researches should focus on to optimize all independent

variables to achieve the maximum degradation rates for all kind of pollutants.
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APPENDICES

Appendix - A PHENOL AND CYANIDE STANDARDS

PHENOL INDEX (TS 6227 ISO 6439:2005) DIRECT COLORIMETRIC
METHOD

Phenol solution is prepared according to standard (HACH), Lot: A0034, Exp:
Feb—13. This method provides to measure colorimetrically phenolic compounds
(containing affixes such as carboxyl, halogen, hydroxyl, metoxy, sulphonic acid)
which react with 4 - aminoanthipyrine as forming colorific compounds and to find

the phenol index.

Phenolic compounds are distilled to separate the impurities and the protective
materials. The evaporation of the phenolic compounds should be slow. When the pH
is 10+£0.2 with the presence of the potassium hexacyanoferrate (III), the colorific
antipyrine dye is produced by the reaction between phenolic compounds and 4 -
aminoantipyrine. The absorbance of colored specimen is measured by the help of
spectrophotometer at 510 nm. Phenol index is found as mg phenol (CsHsOH)/1. This
method is suitable for the samples whose phenol index is bigger than 0.1 mg/l. The
minimum determinable phenol amount is equivalent to 0.01 mg when 50 mm cell
and 100 ml sample is used. Distillation apparatus, pH meter and spectrophotometer

are using for this method.

Reagents:

e Aminoantipyrine solution (C;;H;3N30),

e  Ammonium chloride solution (NH4CL),

e Ammonia solution (NH3 d = 0,90 g/ml),

e Potassium sodium tartrade (Potassium sodium 2,3 - dihyroxybutanedioade
(buffer solution)) (NaKC4H4Og),

e Copper (II) sulfate pentahydrate solution (CuSO4.5H,0),

e Hydrochloric acid,
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e Methyl orange indicator,

e Phenol stock solution (1 g/l C¢HsOH),

e Standard phenol solution (0.01 g/1),

e Standard phenol solution (0.001 g/1),

e Concentrated phosphoric acid (d=1.70 g/ml),

e Phosphoric acid solution,

e Potassium hexacyanoferrite (III) (Potassium ferricyanide) solution
(K3Fe(CN)s),

e Sodium sulfate (Na;SOj, dehydrated, granular),

e Some special reagents; sulphiric acid solution, sodium chloride, sodium

hydroxide solution, chloroform (CHCl5).

Samples should be collected in glass bottles. Phenolic compounds in water are
exposed to chemical and biochemical oxidation. That is why, if the samples do not
analyze within 4 hours, some protective measures should be taken. For example, pH
is arranged nearly 4 with addition of phosphoric acid, to prevent the biochemical
oxidation, copper (II) sulfate can be added. The samples are kept cool (5 - 100C) and

should be analyze within 24 hours.

100 ml phenol solution is transferred to volumetric flask. To regulate the pH value
between 1 and 2, phosphoric acid solution is added (2 - 3 drops). Glass beads are
putted in the volumetric flask to provide homogeny boiling. The flask is placed in
the distillation apparatus. When 75 ml solution is collected in the beaker, the heater
is closed. After the cooling, 25 ml purified water is added into the flask and the
heater is reopened until 100 ml distillate is collected. To make the comparison with
spectrophotometer, the same process is done but instead of the sample, the purified

water is used.

5 ml buffer solution or 5 ml NH4CI solution is added to 100 ml distillate and to
adjust the pH between 9 and 10, ammonia solution put in. 2 ml 4 - aminoantipyrin is
mixed and blended. After that, 2 ml potassium ferricyanide (K3;Fe(CN)e) solution is

added and stirred. The higher absorbance is read at 510 nm. The absorbance readings
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are done 15 minutes later. Water is using for the reference cell. According to the

calibration graph, the phenol content of the sample is estimated.

Waters can include some aliasing distortions such as the bacteria that can degrade
the phenol, oxidizing or reducing agents and strong alkali properties of the samples.
Biological degradation can prevent with the addition of copper (II) sulfate. The
acidic conditions with respect to phosphoric acid can reveal the copper (II) and avoid
the chemical changes in strong alkali conditions. Some protective methods are used

to avoid the aliasing distortions.

Phenol Index, mg/l = ------- x 1000

m = The equivalent phenol amount from calibration graph (mg)
Vo = Test sample volume of distilled (ml)

Reference: TS 6227 ISO 6439/March 2005

THE DETERMINATION OF TOTAL CYANIDE STANDARD METHOD
4500 C/E:2005
TOTAL CYANIDE STANDARD METHOD 4500 - CN" C

HCN can be released by distillation and air cleaning from acidic sample. HCN gas
is collected through NaOH solution. The cyanide concentration can be determined by
titrimetric and colorimetric procedures. Boiling flask, inlet tube, water-cooled

condenser, gas absorber, gas dispersion tube, heating element are used as apparatus.

Reagents:

e NaOH solution,

e  MgCl, reagent (optional): MgCl,.6H,0,
e H,SO41+1,

e PbCOs;,

e Sulphamic acid (NH,SOsH).

149



STANDARD METHOD 4500-CN° E. COLORIMETRIC METHOD

CN within the alkali distillate from preliminary preparation step transformed to
CNCI with chloramines - T reaction but without hydrolyze to CNO™ under pH<8
condition. After the completion of the reaction, CNCI constitutes to a red - blue color
form by the addition of pyridine - barbituric acid reagent. CN™ concentration is
determined at 578 nm by using a spectrophotometer. This method is applied to
samples whose concentrations are bigger than 1 mg/l. Interferences were removed or

minimized with distillation.

Reagents:

e Chlorine - amine - T solution,

e Cyanide stock solution,

e Standard silver nitrate solution (AgNOs3),

e Standard cyanide solution,

e Pyridine - barbituric acid reagent,

e Astatine buffer (NaC,H30,.3H,0),

e NaOH dilute solution.

A tube which contains 0.1 N NaOH is putted to the end of the portion of the
distillation apparatus. Glass bead is added to CN" flask to provide the homogeny. The
heater is fixed to 100°C for 1 hour. The perimeters are flushed with some reagent.
The tube which is at the end of the apparatus contains CN° and this CN is
transformed to NaOH solution and diluted. A far amount of absorption solution is
putted to 50 ml volumetric flask with pipette. 1 ml acetate buffer and 2 ml chlorine -
amine - T solution is added and mixed. 2 minutes is allowed to precipitate. 5 ml
pyridine - barbituric acid reagent is putted and completed with distilled water and
waited 8 minutes. The absorbance is estimated at 578 nm. The same process is done

for reference. Instead of using sample, 40 ml diluted water is putted.

THE DETERMINATION OF METHYLENE BLUE (LABORATORY
METHOD)
Methylene blue is determined in certain wavelength by measuring the color as

absorbance with using a spectrophotometer. The solubility of methylene blue at room
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temperature is 4 g/l, and in methanol the solubility is 15 g/l. Practically, 10-5 M of
methylene blue is preferable. The experiments are examined at 664 nm. This

wavelength is a part of visible spectrum.
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