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ABSTRACT
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Uzun, Ceren
Doctor of Philosophy, Chemistry
Supervisor: Prof. Dr. Mürvet Volkan
Co-Supervisor: Assoc. Prof. Dr. Murat Kaya

June 2019, 144 pages

Due to the increasingly polluted environment and the limited energy reserves, the
development of high efficient renewable technologies, green energy sources and ecofriendly methods for environmental remediation and energy production is highly
important. Hydrogen (H2), as a clean and carbonless energy source, is of great
potential in solving the environmental pollution and energy shortage. Turkey is a
country that clued-in textile production. But the widespread discharge of wastewaters
from the textile industries, which contain large amounts of dyes, has become a great
concern to the environment and ecosystem due to their non-biodegradability, toxicity,
and potential carcinogenicity. Therefore, finding effective treatment methods and
extending the treatment units which use them is necessary. The need to meet stringent
international regulations and standards for wastewater discharge has motivated the
development of efficient, non-toxic and low-cost photocatalytic materials for the
photodegradation of organic pollutants in wastewater.

Besides mild operating conditions photocatalytic process can be powered by sunlight
which significantly reducing the energy required and therefore the operating costs.
Thus, semiconductor photocatalyst has attracted widespread attention in the scientific
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community due to its potential application in environmental remediation and hydrogen
production. Owing to the strong oxidizing property, nontoxicity, and long-term
photostability, nanostructured titanium dioxide (nano-TiO2) has many advantages
when compared with other photocatalysts. However, there are still some
shortcomings, such as the lack of a visible light response, a low quantum yield, and
lower photocatalytic activity. To overcome these problems, studies have been focused
on some strategies, including noble metal deposition, doping of metal or nonmetal
ions, blending with another metal oxide, surface photosensitizing with dye, and
compositing with a polymer. In particular, doping of metal and organic/inorganic
composite materials, where the organic major component is based on polymers, are
fast-growing areas of research.

Catalyst recovery and reuse are the two most important features for many catalytic
processes. Most heterogeneous systems require a filtration or centrifugation step to
recover the catalyst. However, magnetically supported catalysts can be recovered with
an external magnet due to the paramagnetic character of the support thus remarkable
catalyst recovery can be provided without the need for a filtration step and the catalysts
can be subsequently reused in another cycle.

In this study, multifunctional organic-inorganic composite materials were prepared
to provide environmental remediation with the removal of organic dyes found in
wastewater from industry and produce H2 from the water-ethanol mixture with
photocatalytic process under ultraviolet and visible light respectively. For this
purpose,

novel,

magnetically

dioxythiophene)(PEDOT)

and

noble

recyclable,
metal

poly

nanoparticles

(3,

4-ethylene

modified

TiO2

nanoparticles based (CoFe2O4-PEDOT-TiO2/M, (M=Ag, Au, AgAu)) composite
materials with high photocatalytic activity and well-separation property were
produced. The enhanced photocatalytic properties of the composites driven by the
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synergetic effects of TiO2 nanoparticles with noble metal nanoparticles, and PEDOT
were investigated. Besides, their separation from the liquid phase and reuse process
were provided with the addition of magnetic silica coated cobalt ferrite
(CoFe2O4@SiO2, MNP) nanoparticles into the composite structure.

The composition, morphology, and optical properties of the prepared composites
were investigated with TEM, FE-SEM, ICP-OES, BET, particle size distribution
(Zeta sizer), vibrating sample magnetometer (VSM) and UV-Vis measurements. The
comparative photocatalytic activity of the prepared catalysts was investigated by
using methylene blue (MB), a typical pollutant in the textile industry which has the
relatively high toxicity and complex structures make them difficult to be treated by
physical and biological methods, under UV and Visible light.

Keywords: Organic-inorganic Composites, Semiconductor Photocatalysts, Magnetic
Separation, Hydrogen Production, Environmental Remediation
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ÖZ

FOTOKATALİTİK UYGULAMALAR İÇİN ÇOK FONKSİYONLU
MALZEMELERİN HAZIRLANMASI

Uzun, Ceren
Doktora, Kimya
Tez Danışmanı: Prof. Dr. Mürvet Volkan
Ortak Tez Danışmanı: Doç. Dr. Murat Kaya

Haziran 2019, 144 sayfa

Gittikçe kirlenen çevre ve enerji rezervlerinin sınırlı olması nedeniyle, çevre ıslahı ve
enerji üretimi için yüksek verimli yenilenebilir teknolojilerin, yeşil enerji
kaynaklarının ve çevre dostu yöntemlerin geliştirilmesi önem kazanmaktadır. Örneğin
karbon içermeyen, temiz enerji kaynağı olarak hidrojen (H2), çevre kirliliği ve enerji
sorununun çözümünde büyük bir potansiyele sahiptir. Türkiye tekstil üretiminde söz
sahibi bir ülkedir. Ancak tekstil endüstrilerinden çok miktarda boya içeren yaygın
atıksu

tahliyesi,

biyobozunur

olmamaları,

zehirli

olmaları

ve

potansiyel

karsinojenisite sebebiyle çevre ve ekosistem için büyük bir endişe kaynağı haline
gelmiştir. Bu nedenle etkili arıtma yöntemlerinin bulunması ve bu yöntemleri kullanan
tesislerin yaygınlaştırılması gerekmektedir. Atık suyun tahliyesi ile ilgili katı
uluslararası yönetmelik ve standartlar, güneş enerjisi kullanarak ışıl bozunma yöntemi
ile atık sulardaki organik atıkların parçalanması için etkin, zehirli olmayan, düşük
maliyetli etkin fotokatalitik malzemelerin geliştirilmesini öne çıkarmıştır.
Fotokatalitik arıtma kolay çalışma koşullarının yanı sıra, güneş ışığı ile çalıştığı için
harcanan enerji ve buna bağlı olarak işletme masrafları da önemli ölçüde azalmaktadır.
Buradan hareketle yarı iletken fotokatalizörler çevre ıslahı ve hidrojen gazı
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üretimindeki olası uygulamaları sebebiyle bilim insanlarının yoğun olarak ilgisini
çekmektedir. Nano yapıdaki titanyum dioksit (nano-TiO2), diğer fotokatalizörlerle
kıyaslandığında, kolay oksitlenmesi, zehirli olmaması ve uzun süreli fotokararlılık
göstermesi gibi pekçok avantaja sahiptir. Ancak, titanyum dioksitin de düşük kuantum
verimi ve fotokatalitik etkinlik, görünür bölgedeki ışıkla etkileşememesi gibi sorunları
vardır. Bu sorunların üstesinden gelebilmek için çalışmalar titanyum dioksitin, üzerine
soy metal biriktirilmesi (deposition); metal ya da ametal iyon ile katkılanması, başka
bir metal oksit ile harmanlaması, boya ile yüzeyinin ışığa duyarlı hale getirmesi ve
polimer ile birleştirilmesi gibi bazı stratejiler üzerine odaklanmıştır. Özellikle metal
katkılı ve polimer bazlı organik-inorganik titanyum dioksit kompozit malzemeler,
hızlı büyüyen araştırma alanlarıdır.
Üzerinde önemle durulan bir diğer konu da katalizörün geri kazanılması ve yeniden
kullanılabilmesidir. Pek çok heterojen sistem katalizörün geri kazanımı için bir süzme
ya da santrifüj basamağını gerektirir. Ancak manyetik olarak desteklenmiş
katalizörler, desteğin manyetik karakterine bağlı olarak harici bir mıknatıs yardımı ile
geri kazanılabilir. Böylece bahsedilen ayırma adımlarına ihtiyaç duyulmadan dikkate
değer bir katalizör geri kazanımı sağlanır ve katalizör sonradan başka bir döngüde
tekrar kullanılabilir.
Bu çalışmada, ultraviyole (UV) ve görünür bölge (Vis) ışık kaynağı kullanarak
fotokatalitik bozunma yolu ile, atık sularda bulunan organik boyaların giderimi ile
çevre ıslahı sağlamak ve hidrojen gazı (H2) üretmek için çok işlevli organik-inorganik
kompozit fotokatalizörlerin geliştirilmesi planlanmıştır.

Bu amaçla, yüksek

fotokatalitik aktiviteye sahip, yeni, manyetik olarak geri kazanılabilir, poli(3,4etilendioksitiyofen) (PEDOT) ve soy metal (Ag, Au) nanoparçacıklarla katkılanmış
titanyum bazlı (TiO2) kompozit malzemeler (CoFe2O4@SiO2-PEDOT-TiO2/M,
(M=Ag, Au, AgAu,)) üretilmiştir. Kompozit malzemelerin fotokatalitik özelliklerinin,
TiO2 nanopartikülleri, soy metal nanoparçacıkları ve PEDOT yüklemesi ile birlikteli
olarak etkileşiminin katalitik aktiviteye etkisi incelenmiştir. Bunun yanında manyetik
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silika kaplı kobalt ferrit (CoFe2O4@SiO2, MNP) nanoparçacıkların kompozit yapıya
eklenmesiyle, sıvı fazdan ayrılması ve yeniden kullanılması işleminin harici bir
mıknatıs kullanılarak yapılabilmesi sağlanmıştır.

Hazırlanan kompozitlerin kompozisyonu, yapısı, biçimbilgisi ve optik özellikleri
TEM, FE-SEM, ICP-OES, BET, parçacık boyutu dağılımı (Zeta sizer), titreşen örnek
magnetometresi

(VSM)

ve

kullanılarak

UV-Vis

incelenmiştir.

Hazırlanan

katalizörlerin karşılaştırmalı fotokatalitik etkinliği, farklı ışık kaynakları (UV,Vis,)
altında araştırılmıştır. Üretilen katalizörlerin fotokatalitik olarak organik boya
parçalamadaki etkinliğini tespit etmek için, tekstil endüstrisinde yüksek zehirliliğe ve
fiziksel ve biyolojik yöntemlerle işleme sokulmasına engel karmaşık yapılara sahip
olan metilen mavisi (MB) kullanılmıştır.

Anahtar Kelimeler: Organik-inorganik Kompozitler, Yarı-iletken Fotokatalizörler,
Manyetik Ayırma, Hidrojen Üretimi, Çevre Islahı
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CHAPTER 1

1.

INTRODUCTION

Energy production and environmental troubles are of great concerns that society faces
recently. Due to an exponential increase in human population and developments in the
economy, the demand for energy sources and environmental issues increase extremely
with a large scale. For thousands of years, the ecosystem that humankind is living
stored a large amount of carbon dioxide (CO2) and different harmful chemicals in the
water of underground and oceans.

Especially, mining activities, vehicle emissions, and disposal of toxic industrial
effluents are responsible for the major pollution problems in the world. On the other
hand, if the rate of fossil fuel consumption and environmental pollution increases
more, the amount of greenhouse gases, heavy metals, phenol, ammonia, and sulfurcontaining compounds in the atmosphere and water sources increases. Such effluents
and chemicals are responsible for several chronic diseases and unhealthy for endocrine
systems in human.

In fact, all the living beings in the world are under direct risk. It is crucial to develop
renewable energy sources and technologies for environmental troubles to solve
problems related to both energy demand and environmental remediation. Otherwise,
as time progresses, the environment and mankind will be damaged adversely.

Recently, sunlight assisted photochemical reactions that use the mechanisms of
advanced oxidation processes (AOPs) are preferred because such processes are totally
environmentally-friendly that they are capable of degrading several types of toxic
contaminants into nontoxic products. AOPs include the photocatalytic process in
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which reactions are taking place by semiconductor under exposure of light. Therefore,
such photocatalytic processes can be used effectively to solve the problems related to
energy crises and elimination of environmental pollutants under a range of the solar
spectrum. However, several photocatalysts mainly absorb ultraviolet light, so that they
exhibit low activity in utilizing solar light. Therefore, several methods have been
investigated to enhance visible light absorption of semiconductor photocatalysts that
include doping of metal and nonmetal species, dye sensitization and surface
modification.

1.1. Energy

Energy is an important part of society and it is required to enhance social and economic
living standards in society. Since the beginning of mankind, several types of resources
from wood to nuclear energy are utilized to generate energy. Reliable energy supply is
important for heating, lighting, transport and industrial processes.

Energy resources can be classified as non-renewable and renewable. Nowadays, nonrenewable energy sources such as coal, petroleum, and natural gas are utilized dominantly
[1, 2]. Of these sources, coal has a lower cost and it provides a high amount of energy
considering its weight compared to other forms of energy. However, it is one of the dirtiest
forms of fossil fuels and its burning releases high amount of greenhouse gases into the
atmosphere. On the other hand, coal mining is extremely dangerous and has adverse effects
on the environment such as increased erosion, the release of hydrogen sulfide and
explosive natural gases such as methane and especially collapsing of mine stopes [3].

Petroleum is the other widely utilized energy source in the world for fuel. It has a high
energy density, easy extraction, and easy transport because of being in a liquid form by
pipes or vehicles. It can be used in several industries as power plants to supply high
demands for energy and transportation including cars, planes, etc. However, similar to the
other forms of fossil fuel, petroleum is a limited source, it causes environmental pollution,
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it produces high amount of greenhouse gases such as carbon dioxide, nitrous oxide and
methane [4].

Finally, like another form of fossil fuels, natural gas is environmentally friendly compared
to other nonrenewable energy sources, easier to transport, cheaper compared to other fossil
fuel energy sources. On the other hand, it is extremely combustible, so that the event of
leak can cause explosions [5,6].

Utilization of nonrenewable sources is considered as the principal reason for climate
change. The increase in carbon concentration causes a large amount of greenhouse gas
emissions that result in climate change and acid rains. On the other hand, the formation of
toxic materials by these sources results in several illnesses causing the death of millions of
people in the world [7]. Due to depletion and environmental concerns, renewable energy
sources such as solar, wind, geothermal, biomass, hydropower and hydrogen energies are
considered as an alternative for sustainable development in the future [8]. Especially, after
the Kyoto protocol, unlimited, recycled and clean sources have been become at the center
of concentration [9].

Of these sources, especially solar energy is environmentally friendly compared to other
renewable options, sustainable, and abundant supply. However, its cost for initial setup is
high, it is not constant supply which means that its efficiency is affected by environmental
factors and finally storage and backup problems are faced. As a clean source, wind energy
is simple and powerful, but it is noisy, besides it has high investment cost, access problems
to remote places, and adverse effects on the ecosystem. As a renewable source, geothermal
energy is abundant and clean, but it has a high cost because of heating and cooling systems,
hydrogen sulfide emissions can be formed and geothermal power plants are vulnerable in
certain areas. As an abundant source with a wide variety of feedstocks, biomass energy
releases greenhouse gases, it requires a high amount of fertilizer and water, and it has
limitation in supplying resource. And finally, as a clean source, hydropower is abundant
and safe. It is cheaper than other traditional power plants, it is easily stored in reservoirs,
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but, it can cause flooding of surrounding landscapes and it interrupts the ecology of the
area [10,11].

Hydrogen Energy

Although renewable sources are considered as alternative energy sources to fossil fuels,
discontinuity and fluctuating nature of such sources require improving effective energy
storage mediums. The storage of renewable energy can be provided in the form of
electricity and chemical energy as for hydrogen energy case. For years, electricity is widely
utilized as an energy storage medium and it is essential for our daily lives. On the other
hand, as an energy source, hydrogen is considered as a promising clean energy source due
to its superior features. As a chemical fuel, hydrogen can solve several problems related to
global energy and environmental pollution. Firstly, it has higher energy conversion values
compared to gasoline and natural gas. Secondly, the combustion process of hydrogen does
not produce any greenhouse gases, so that it is extremely clean and sustainable energy of
the future. Thirdly, as it is the most abundant element in the world, it can be produced from
a wide range of hydrogen-containing materials. Moreover, the storage of hydrogen can be
provided in different forms such as gas, liquid, chemical as metal hydrides and physical
storage as a metal-organic framework so that transportation over a long distance is one of
the important advantages of hydrogen.

Furthermore, it can be converted to several energy forms, and most importantly, the
production, storage, and transportation of hydrogen do not have any adverse effect on the
environment. Finally, hydrogen is not only important for energy production but also an
essential chemical substance for chemical industry [12, 13].

Development of effective and low-cost materials for production of H2 is main concerning
for sustainable hydrogen economy. Currently, in the industry, the present hydrogen
production is based on reformation (steam reforming) and gasification processes that
utilize fossil fuels such as natural gas, oil, and coal. These processes can take advantages

4

of large scale production of hydrogen and low cost but result in the formation of carbon
dioxide emissions.

The more promising other efforts for hydrogen production without carbon dioxide release
can be mentioned as biomass by using microorganisms and fermentation [14, 15] and
splitting by water [16]. Especially, biomass is an attractive route to produce a large amount
of hydrogen in volumes. Other advantages of biomass technique are the formation of lower
CO2 emissions, an increase in the agricultural output due to residues conversion, lower cost
due to a decrease in solid wastes [17]. On the other hand, hydrogen production by water
splitting includes several processes such as electrolysis, photoelectrolysis, biophotolysis
and thermally decomposition. Of these techniques, especially electrolysis is a commercial
method with the efficiency of nearly 75 %. Although it is clean and water is abundant, the
cost of hydrogen by water splitting is several times higher than fossil fuel based techniques
[18].

After the discovery of hydrogen production by photoelectrochemical water splitting
technique on n-type TiO2 electrodes that were utilized as photoanode and Pt as a cathode,
the technology for production of hydrogen with semiconductors by utilizing solar energy
has gained great importance to solve energy problems in the world [19, 20]. In the study,
while the light is irradiated with higher energy than that of the bandgap of TiO2, e-h pairs
are formed in the conduction band (CB) and valence band (VB) of semiconducting
material. The formed electrons migrate towards Pt cathode to produce H2, whereas holes
produce O2 [19].

Several photoelectrochemical cells have been designed after the

mentioned publication. However, highly stable photoelectrodes with proper band gap
energy are a big dilemma for hydrogen generation via photoelectrochemical methods.
Previously, another solar hydrogen generation technique is recommended for hydrogen
production such as photocatalytic or photochemical water splitting.

The main idea related to these techniques is to generate hydrogen via sunlight which is a
powerful and continuous source of energy. On the other hand, during these methods, no
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undesirable by-products are formed, which makes these techniques completely
environmentally safe [21].

Recently, the efforts related to a combination of heterogeneous catalysis and solar energy
have been made. In photocatalytic reactions, the catalysts utilized are semiconducting
materials. As semiconductor-based photocatalytic techniques meet the demand related to
the energy crisis and environmental problems, the development of novel semiconductor
photocatalyst with high photocatalytic activity for hydrogen production has undergone
considerable research. Until now, depending on the electronic configuration, several UV
active semiconducting photocatalysts have been prepared and fundamentally classified
into four groups: (1) d° metal (such as Ti4+, Ta5+, W6+) oxide photocatalysts, (2) d10
metal (In3+, Ge4+, and Sb5+) oxide photocatalysts, (3) f0 metal (Ce4+) oxide
photocatalysts, and (4) non-oxide photocatalysts [22].

Among the photocatalytic systems, especially n-type semi-conductor metal sulfides
(CdS) and oxides (such as TiO2, ZnO, WO3) containing ones have gained great
importance for hydrogen generation in terms of efficiency. According to the
aforementioned photocatalytic systems reported in the literature, because of the large
bandgap of semiconducting materials, the activity of photocatalyst was only achieved
under UV light exposure. The other disadvantages of such catalysts are that lower
stability in aqueous medium resulting in the aggregation and therefore decrease in
reaction sites, and fast recombination rates of e-h pairs [22, 23].

Hydrogen generation by using photocatalytic process involves mainly three steps.
Firstly, absorption of light irradiation resulting in the formation of e-/h+ pairs.
Secondly, the migration of charge carriers in semiconductor, and finally surface
chemical reactions are taking place among these carriers and several compounds such
as H2O [22]. Several modifications are done to decrease the band gap of such
photocatalysts and therefore, to increase photocatalytic activity with enhanced
stability.
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1.2. Environmental Remediation

Elimination of harmful and toxic chemicals from the air, soil and water, treatment of
contaminated sites to change the harmful chemicals to less harmful ones, embedding of
polluting materials in the ground while preventing them from permeating into the soil,
water and air is stated as ‘remediation’. Recently, several remedial techniques have been
investigated to overcome the problems related to environmental pollution and therefore, to
meet the site remediation goals. As various remediation technologies are available today,
selecting the most suitable technique has become crucial to achieve successful cleaning up
of contaminated sites [24]. One of the major and crucial problems of the modern world is
environmental pollution. Industries are the greatest source of pollution, especially the
textile industry produces a large amount of liquid effluents as pollutants during fabric
processing [24].

Industrially, ten thousands of various synthetic dyes and pigments are utilized, and
hundreds of thousands of tons of dyestuffs are produced worldwide. Up-to-date
technology, dyes can be utilized in several fields such as in the textile industry, leather
tanning, paper production, medicine, cosmetics, agricultural, etc. [24]. Especially, the
textile industry consumes a high amount of water during manufacturing processes utilized
in dyeing and other operations of production. Unfortunately, most of these dyes escape
and therefore, dye-containing wastewater from textile plants is considering the most
polluting source for environmental pollution in all other industrial sectors.

Synthetic dyes are one of the most important contaminants in wastewater, because a tiny
amount of dyes (less than 1 ppm) in water are extremely visible, and they reflect the
sunlight while preventing penetration of sunlight into water. This affects aquatic species
growth adversely and prevents photosynthesis. Moreover, depending on the amount of dye
and exposure time, living organisms in water can negatively be affected in terms of acute
and chronic inflammation [24]. The first and fundamental concern is to the removal of the
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dye from wastewater, but the point of degradation dye is not only to remove color, but also
to eliminate and decrease the toxicity of such pollutants.

Due to the increased demand for textile products, nowadays, removal of harmful
substances, especially mutagenic, carcinogenic and allergenic textile chemicals, and dyes
from wastewater have gained great importance. Wide range of technologies have been
developed to decrease their environmental impact in different countries. Wastewater
remediation is not only based in decolorization of dye but also degradation of dye
molecules. In fact, decolorization occurs when the dye molecules are removed from the
solution or when the bonds of chromophore are broken, but major fragments of dye still
remain in the effluents [25].

The methods for dye removal can be classified as physical methods such as membranefiltration processes (nano-filtration, reverse osmosis, electrodialysis) and sorption
techniques, chemical methods such as coagulation and flocculation, conventional
oxidation methods (with ozone), irradiation or electrochemical techniques, and biological
methods such as aerobic and anaerobic microbial degradation and use of pure enzymes
[26]. All these mentioned techniques have several advantages and disadvantages. Due to
the chemical stability of synthetic dyes, traditional treatment techniques for wastewater are
clearly inefficient. Furthermore, these methods do not solve the concerns related to water
recycling problem.

Mainly the disadvantages of physical methods are their high cost, low efficiency, special
equipment requirements, and further care for this equipment is required. For example,
considering as the most effective physical technique, in membrane-based techniques,
membrane fouling, membrane cleaning and corrosion of membrane with time are the
drawbacks of such techniques. Color can be effectively removed via physical methods, but
such methods cannot provide degradation of dye molecules so that proper disposal is
required. With chemical techniques, although dye molecules are degraded, there is still a
disposal problem. Furthermore, secondary pollution problem arises due to the usage of an
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excessive amount of chemicals in such techniques. Finally, biological methods are known
as environmentally friendly because these techniques can provide mineralization of
pollutants completely with low cost. The main limitation is that some dyes are highly stable
and very resistant to biodegradation due to poor adsorption onto the surface. On the other
hand, biological techniques are time consuming and inconvenient, making such techniques
unpractical for high sample amount [27].

The new emerging technique, called advanced oxidation processes (AOPs) can be
successfully applied for the treatment of contaminated and industrial wastewater
containing an excessive amount of pollutants. Such techniques are also proper for
purification and disinfection of drinking water. AOPs involve the formation of highly
reactive chemical oxidants such as hydroxyl radicals to increase the oxidation and
degradation rate of organic pollutants from wastewater. The hydroxyl radicals are
powerful, nonselective and very reactive oxidants so that they can easily react with most
of the organic pollutants.

1.3. Advanced Oxidation Processes (AOPs)

Advanced oxidation processes (AOPs) are environmentally friendly, promising and
effective techniques for the removal of organic pollutants from waters and
wastewaters. In these processes, the generation of powerful oxidizing agents such as
hydroxyl radicals (•OH) is taking place with a sufficient concentration in order to
efficiently decontaminate waters. Main types of AOPs can be classified as chemical,
sonochemical, electrochemical and photochemical reactions.

As water treatment process, AOPs were firstly defined by Glaze et al. in 1987 [28].
The method involving the generation of hydroxyl radicals was performed at room
temperature under normal pressure to decontaminate waters efficiently. After then,
several numbers of research works were published related to AOPs and such
techniques have gained great importance due to effective degradation and destruction
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of organic pollutants in aquatic media [29]. Of the AOPs the oldest one is the Fenton
method, in which iron (II) salt and H2O2 are used as Fenton’s reagent for degradation
of organic pollutants [30]. However, it is necessary to enhance oxidation efficiency
during treatment of environmental water sample by ultraviolet (UV) light or sunlight.
Although Fenton’s chemistry started with the study published at the end of the
nineteenth century for the oxidation of tartaric acid by using Fenton’s reagent, in
recent studies, the mechanism of the Fenton process was demonstrated clearly.
According to these demonstrations, the Fenton process was started with the formation
of hydroxyl radical and such processes can be utilized in the degradation of several
organic pollutants [31]. Experimentally, by chemical probes or spectroscopic
techniques, the formation of hydroxyl radicals was supported [32].
The efficiency of Fenton’s reagent directly changes with several factors such as
temperature, pH, and concentrations of H2O2 and catalyst. For wastewater treatment,
the advantages of Fenton process compared to other oxidation techniques is that no
energy input is required to provide activation of H2O2, it has short reaction times with
easy-to-handle chemicals [33], nevertheless, the main disadvantages are high cost of
hydrogen peroxide with its risky storage and transportation, and besides, at the end of
treatment, iron salt forms Fe (III)-carboxylic acid complexes (iron sludge), therefore
additional separation is required to avoid further water pollution. In order to minimize
the disadvantages of Fenton processes, the concentration of H2O2 added can be
reduced and the formation of iron sludge can be prevented by catalysts such as
zeolites, alumina, molecular sieves or by using ion-exchange resins, or membranes
[33].

The other type of AOPs is sonochemical AOP which utilizes ultrasounds in an
aqueous medium. The technique has mainly two mechanisms, named as chemical
(indirect) and physical (direct) mechanisms. In the first one, water and oxygen
molecules undergo homolytic cleavage with high frequency to generate •OH, HO2•,
and •O radicals [34]. In the direct mechanism, also called as sonication, ultrasounds
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form cavitation bubbles that growing and collapsing of these bubbles result in the
formation of breaking forces with high temperatures (5000 K) and pressures (6 x 104
kPa). In these severe conditions, due to sonolysis of water molecules, generation of
reactive radicals is taking place to react with chemicals in an aqueous medium or to
degrade organic compounds [35].

The important disadvantage of this water treatment technique is that by ultrasounds,
sufficient number of hydroxyl radicals cannot be formed so that other oxidizing agents
such as hydrogen peroxide is required and also UV irradiation should be applied at the
same time. Furthermore, the method should be combined with other AOPs such as
Fenton-type reactions. In sonochemical AOP treatment, several important parameters
should be considered such as ultrasonic frequency, pH of the solution, amount and
type of iron precursors to increase the performance of such treatments for pollutants
in water. On the other hand, as well as the properties of pollutants such as nature and
amount, the experimental conditions such as reactor type, size of the reactor and
exposure time have an important effect on the efficiency of these methods [35].

As the third type of AOPs, electrochemical AOP provide an extremely clean and
efficient way to generate hydroxyl radical to destroy a large amount of organic
pollutants. It is one of the most popular electrochemical techniques for wastewater
remediation. The technique involves oxidation of pollutants in an electrolytic cell. In
the electrochemical process, hydroxyl radicals can be electrochemically generated
directly via electron transfer to the anode or electrocatalytically by using Fenton’s
reagent. The efficiency of the process can be increased by combining these two
electrochemical processes.

For the treatment of wastewater, high cell voltages are applied to achieve oxidation of
pollutants in water directly. Anode material in these techniques is important to concern
because either electrochemical conversion or combustion reaction is taking place
directly depending on the anode material. Such electrochemical processes have gained
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great importance in recent years because of the several advantages that these processes
offer. Besides being environmentally safe, these processes can operate at ambient
temperature and pressure, they don’t need any chemical reagents or catalyst to
generate hydroxyl radicals and do not form waste. However, a drawback of
electrochemical processes is that reaction rates are typically slower than other AOPs
because pollutants must diffuse to the surface of relatively high costs of electrodes in
order to react [36].

The final type of AOPs is the photochemical technologies in which UV or Vis light
radiations are coupled with strong oxidizing agents such as O3 and H2O2 or a catalyst
with Fe3+ or TiO2. The mentioned photochemical processes can degrade pollutants by
several reactions named as photodecomposition under UV light, excitation and
degradation of pollutants, and oxidation via O3, H2O2, and oxidation via Fe3+ and TiO2.
The photochemical AOPs can be classified as H2O2 photolysis (H2O2/UV), O3
photolysis (O3/UV), photo-Fenton process (H2O2/Fe2+/UV), and heterogeneous
photocatalysis (TiO2/UV) [37]. In the photolysis of H2O2, UV radiations with the
wavelength of 200-300 nm range, provide photolysis of hydrogen peroxide causing
the homolytic cleavage of the O-O bond and therefore leading to the generation of
hydroxyl radicals. These radicals also cause the decomposition of hydrogen peroxide
molecules with secondary reactions. It is important to note that the rate of generation
of free radicals directly depends on the several crucial parameters such as the power
of UV lamps, and physicochemical properties of solutions such as pH, temperature
turbidity and so on. H2O2/UV AOP is generally taking place in an alkaline medium
with large reaction rates.

UV radiation activates hydrogen peroxide resulting in the generation of hydroxyl
radicals. However, one drawback of this AOP is that relatively high concentration of
hydrogen peroxide is required to achieve efficient oxidation of pollutants due to low
absorption of hydrogen peroxide in UV region, but an excessive concentration may
also cause a reduction in the rate of oxidation due to scavenging effect of H2O2 [38].
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In O3/UV process, the photolysis of ozone in aqueous solution is taking place with UV
irradiation between the range of 200-360 nm. As ozone absorption of UV light occurs
at 254 nm, as UV source, low-pressure mercury vapor UV lamps are commonly used
for this process. Since the absorption coefficient value of ozone is larger than that of
hydrogen peroxide at this wavelength, this process is more effective compared to
photolysis of H2O2/UV, so that, photolysis of ozone process is widely utilized for the
removal of pesticides and phenols in wastewaters [39]. The photolysis of ozone in
aqueous solutions causes the formation of hydrogen peroxide that initiates the
decomposition of remained ozone into hydroxyl radicals. Due to being highly reactive
species, ozone and hydroxyl radicals are commonly used as an oxidizer in drinking
water treatment.
In the photo-Fenton (H2O2/Fe2+/UV) process, the classical Fenton reaction is assisted
via UV light irradiation to achieve a catalytic reduction of Fe3+ into Fe2+ in hydrogen
peroxide solutions to increase the number of hydroxyl radicals [40]. As the photogenerated ferrous ions enter Fenton reaction to produce extra hydroxyl radicals, the
oxidation rate of photo-assisted Fenton reactions is higher than that of classical Fenton
process. Furthermore, an advantage of the photo-Fenton process, total iron usage, and
sludge generation are less compared to Fenton reaction [41]. However, in photoFenton process, the intensity and wavelength of UV light irradiation have a crucial
effect on degradation of pollutants so that utilization of artificial light is an important
drawback of this process in terms of cost-effectiveness.

Nowadays, solar photo-Fenton AOP is an alternative to UV assisted photo-Fenton
process that has been used to destroy several organic compounds in polluted waters,
to degrade the herbicides and to treat wastewater effluents [42]. The final
photochemical AOP is heterogeneous photocatalysis with semiconducting material
TiO2 under UV light exposure. In 1972, Fujishima and Honda explained that
photoexcited TiO2 can be utilized to split water into hydrogen and oxygen with photoelectrochemical solar cell [43]. This work was important to lead for the development

13

of new advanced oxidation process. The process depends on the utilization of
semiconducting material for application in environmental concerns and energy
production.

In the heterogeneous photocatalytic process, a semiconducting material, generally
TiO2, is utilized due to several crucial aspects. Firstly, it is stable and inert. The
production of TiO2 is easy and relatively inexpensive compared to other
semiconducting materials [44]. When the absorbed photons have higher energy than
the energy gap of semiconducting material, e-h pairs are generated and these pairs
migrate to the surface of a semiconductor to degrade pollutants adsorbed onto the
surface. Photogenerated e-h pairs are strong oxidizing and reducing agents to form
hydroxyl and superoxide radicals.

During the photocatalytic process, the photogenerated holes can directly oxidize the
pollutants or oxidize hydroxyl groups adsorbed onto the surface of a semiconductor
to form hydroxyl radicals to degrade pollutants indirectly which is the most favorable
pathway for degradation. In the heterogeneous photocatalytic process, TiO2 can be
utilized as a thin film on support materials [45] or as either powder in aqueous
suspension [46]. For thin films, at the end of the process, there is no need to remove
the catalyst, but the layer of catalyst should be stable and active on the supporting
material. Besides, the amount and type of catalyst directly depend on the source of
light and the concentration of pollutant. Moreover, the pH of the reaction medium
should be optimized firstly depending on the type of pollutant. On the other hand, the
dispersed catalyst can be easily used, and it has a large surface area which increases
the efficiency of the catalyst significantly [46].

The heterogeneous photocatalysts have been widely used for degradation of organic
pollutants recently. Besides, this technology can be also efficient to destroy pathogens
such as viruses, bacteria and so on in water effluents [47]. More importantly, the
photocatalysts can also be modified as visible light active with several strategies such
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as dopants (nonmetal or metal), dye sensitizations, and coupling with different
semiconducting materials [48].

With such photocatalysts, toxic chemicals such as cyanide, nitride, and sulfite can be
oxidized to nontoxic or relatively less toxic compounds such as CO2, nitrate, and
sulfate [49]. Furthermore, they can also be utilized to degrade or mineralize several
pollutants such as pesticides, pharmaceuticals, surfactants, sulfur-containing organic
compounds, dyes and so on [50].

According to the type of materials involved, the photocatalyst can be classified as a
molecular photocatalyst, semiconducting photocatalysts, quantum dots, two
dimensional (2D) photocatalysts, plasmonic metal photocatalysts and traditional
semiconductor-based photovoltaic assisted catalysts [51]. Each photocatalyst has
different principles so that in order to describe their system, the type of photocatalyst
should be considered. For example, when the molecular photocatalysts are considered
the molecular orbital (HOMO-LUMO) levels of the photocatalyst with molecular
orbitals of reactant molecules are necessary [52]. For semiconductors, band gap and
band theory become important [53].

When the size of the photocatalyst is small as Bohr radii of excitons, which is the
distance in an e-h pair, the quantum effect becomes dominant in which optical and
electrical properties change with size [54]. This is the situation in which quantum dots
are utilized as photocatalyst. When the size is small enough (less than 10 nm),
materials that have conduction property, such as carbon dots can become
semiconducting material making such materials to be used as photocatalyst.

Ultrathin films, transition metal oxides, and dichalcogenides are examples of 2D
materials that can be used as another type of photocatalyst. This class of materials due
to their unique structures provide intended anisotropy for charge separation to apply
the material as photocatalyst [55]. On the other hand, plasmonic metal photocatalysts
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are desirable due to their plasmonic effects for photocatalytic applications [56].
Finally, in the semiconductor-based photovoltaic assisted catalyst, absorption of light
results in charge separation and the catalytic process is taking place on semiconductor
containing photovoltaic devices. In this process, renewable electrical energy such as
wind can also be replaced with photovoltaic component [57].

1.4. Semiconductors for Photocatalysis

Of the mentioned photocatalysts, recently especially semiconductor photocatalysts
have gained great importance. Semiconductors can be examined as both particulate
and film-like configurations. The dispersion of particulates of photocatalyst provides
better photocatalytic activity while evaluating the performance of it. This simplicity
makes particulate semiconductor photocatalysts most popular compared to other type
of photocatalysts.

The semiconductor photocatalyst can be prepared as different morphologies such as
solid spheres, hollow structure, and asymmetric morphologies. The widely used
semiconductors as photocatalysts are Si, Ta3N5, TiO2, BiVO4, Fe2O3, WO3, ZnO,
Cu2O, Ag3PO4, CdS, and GaAs/InGaP). Recently, researches have been focused on
the facile synthetic procedure of nanoparticles such as co-precipitation, hydrothermal
precipitation, ultrasonic exfoliation and ball milling [51].

A typical particulate semiconductor system contains photocatalyst and reactive
medium that reduction and oxidation reactions are taking place on the surface of
photocatalyst. To prevent precipitation or agglomeration of particles in the medium
and to increase absorption of light, stirring or flow agitation is necessary.
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Figure 1.1. Schematic diagram of the mechanism of photocatalyst [58].

In semiconductor photocatalyst, when light has equal or greater energy than that of
the band gap of the semiconductor, electron and hole pairs generate. Photogenerated
electrons would be excited from the valence band to the conduction band of the
semiconductor and holes would be left in the valence band. These photogenerated
pairs migrate to separated sites on the surface of photocatalyst.

On the surface, redox reactions are taking place. In the process, photogenerated
electrons reduce O2 molecules to O•−
2 radicals, and holes oxidize H2O to generate •OH
radicals. Figure 1.1. shows the schematic diagram of the mechanism of the
photocatalyst.
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The reactions which are taking place are given below:
e −+ h+

Photocatalyst + hν

H+ + OH−

H2O
e− + O2

O2•−

h+ + OH−

OH•

OH• + R (pollutant)
O2•− + R
R∗(oxidized) or R∗∗(reduced)

OH− + R∗ (oxidized)
O2 + R∗∗(reduced)
(final products)

CO2 + H2O

The formed radicals have long enough lifetimes to oxidize dye pollutants such as
methylene blue, methyl orange, and rhodamine B. The semiconductor photocatalysts
can perform catalytic activity from ultraviolet (UV) and visible spectrum of light
depending on the bandgap and electronic structure of the photocatalyst.

The semiconductor photocatalysts have advantages such as low manufacturing cost,
non-toxicity, having a high surface area, and high amount of active sites, having
simple preparation for large scale applications, short charge diffusion distance which
is important to decrease bulk charge recombination, and showing tunable properties
when modified with dopants, sensitizers, etc. Besides, with photocatalytic technique,
complete degradation of pollutants can be achieved so that the method does not leave
a trace amount of pollutants. However, removal of catalyst from the reaction medium,
serious surface charge recombination, poor chemical stability due to the large surface
area can be serious problems for such systems. In order to obtain better photocatalytic
activity, a semiconductor having a lower band gap energy should be chosen. Besides,
the cost, easy production, stability in the reaction medium, being eco-friendly, and
effectiveness are the crucial parameters that should be considered for the selection of
photocatalyst [59].
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TiO2 as a Photocatalyst

Of all the aforementioned semiconductors, titanium dioxide (TiO2) seems to be the
best semiconducting material as a photocatalyst due to several desirable properties.
For example, it has high ultraviolet absorption, high stability, low cost and nontoxicity making it to be utilized in several applications such as electroceramics, glass
and degradation of pollutants photocatalytically in water and air [60].

The most common crystalline forms of TiO2 are anatase and rutile. There is also
brookite crystalline form of TiO2, but it is uncommon and unstable. Anatase form is
the most stable crystalline of TiO2 with a formation heat as 8-12 kJ/mol [61], and at
high temperatures, nearly as 700 °C, it can be converted to rutile structure depending
on the size of the crystallite and impurity. The density of rutile (4.26 g/mL) is greater
than the anatase (3.9 g/mL) form. The reduced density between these two crystalline
forms causes crucial differences in physical properties. Although rutile structure (Eg
= 3.0 eV) is expected as a better photocatalytic activity, anatase (Eg = 3.2 eV) form
exhibits more performance than rutile due to having an open structure compared to
rutile. Besides, the anatase form has a higher density of localized states, the higher
probability of hydroxyl radicals on the surface adsorbed, better chemically stability
and slower recombination of charge carriers [62].

Degussa P25 is the most widely utilized and commercial TiO2 that is a mixture of
rutile (15 %) and anatase (85 %) phases as well as some amorphous phases of TiO2
placed in the structure. It exhibits excellent photocatalytic activity which is related to
the mixed phase composition and anatase crystallinity which provides a photoinduced
charge separation and a large surface area (nearly 55 m2g-1) [63]. These two important
factors affect photocatalytic activity because, for example, high anatase crystallinity
means that there are few defects in the structure that these defects act as recombination
centers for electron-hole pairs. High crystallinity increases the probability of
photocatalytic reactions so that it enhances the performance of photocatalyst. On the
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other hand, the large surface area of Degussa P25 is an advantage for photocatalytic
reactions that are taking place on the surface. Because as the photocatalytic reactions
occur when the organic pollutants adsorb onto the surface, the large surface area favors
this important step with enhancing the activity of the catalyst.

The photocatalysis of TiO2 is initiated by the absorption of the photons with energy
equal or greater than that of the band gap of it. This results in the generation of
electron-hole pairs as shown in the equation below.
ℎ𝜗

𝑇𝑖𝑂2 →

+
− (𝑇𝑖𝑂 )
𝑒𝑐𝑏
2 + ℎ𝑣𝑏 (𝑇𝑖𝑂2 )

After exposure of light, TiO2 can act as both electron donor and acceptor for the
surrounding molecules. The charges can react with either adsorbed pollutants and
water molecules in the reaction medium. However, as the major component of the
solution is water, reactions with water are more likely to occur compared to pollutant
molecules. Oxidation of water or hydroxyl ions by holes form hydroxyl radicals that
are highly powerful and non-selective oxidant. The oxidation potential of hydroxyl
radical (•OH) is 2.86 V. For comparison, other materials that can be utilized for
disinfection of water can be given as ozone (2.07 V), H2O2 (1.78 V), chlorine (1.36 V)
and ClO2 (1.27 V) [64]. Hydroxyl radicals are the most significant radicals attacking
contaminant molecules at the surface during the photocatalytic process of TiO2. On
the other hand, the generation of superoxide radicals from oxygen molecules is the
other reaction taking place at the surface. This reaction prevents recombination of
electrons with hole and provides an accumulation of oxygen radicals that also attacks
the pollutant molecules adsorbed [65]. Until now, the photocatalytic property of TiO2
has been utilized in dye-synthesized solar cells [66], sensors [67], hydrogen generation
via water splitting method [68], photocatalytic reduction of CO2 [69] and for
remediation of various biological species [70].
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The properties and activity of TiO2 depend on surface structure such as surface area,
porosity, defects and experimental conditions such as the concentration of pollutants,
amount of catalyst, pH, temperature, and intensity of light and irradiation time.

Surface morphology, or in detail sizes of particle and agglomerates affect
photocatalytic activity in the oxidation process. Until now, several forms of TiO2 have
been produced with several techniques to obtain photocatalyst with proper physical
properties, performance, and stability for applications. When the size of nanoparticle
decreases, due to the increase in surface area, higher conversion in organic pollutants
can be obtained [71].

As another condition, porosity provides considerable internal surface areas, abundant
surface states for catalytic conversion of molecules. Therefore, the introduction of
porous structure into photocatalyst increases active sites which are necessary for
catalysis. That is, photocatalysts with porous structure may show enhanced catalytic
activity [72]. As reported, bulk and surface defects on TiO2 are crucial factors that
affect the activity of the catalyst, as they change its optical and electrical properties.
As bulk defects cause recombination of e-h pairs, migration of these charge carriers
are prevented. Such defects can trap photo-generated electrons with electrostatic
interaction and therefore limit the increase in activity of photocatalyst. In contrast,
surface defects and oxygen vacancies behave as trapping and adsorption sites while
transferring the charge to adsorbed species making charge carrier separation easily.
The surface defects capture the electrons promoting the recombination of charge
carriers. Therefore, surface defects may facilitate the enhancement in photocatalytic
activity [73].

When photocatalytic oxidation is taking place, the concentration of organic pollutant
decreases depending on the performance of photocatalyst as time passes. However, at
too high pollutant concentrations, the surface of TiO2 becomes saturated causing the
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deactivation of photocatalyst due to less electron-hole pair generation so that
photocatalytic activity diminishes [74].

According to literature, the amount of the photocatalyst is the other parameter that
should be considered. In photocatalytic reactions, the rate of reaction is directly
affected by the concentration of catalyst so that photocatalytic degradation increases
with the amount of catalyst loading. However, for better results, the optimum catalyst
dose should be determined to avoid using an excess catalyst with unfavorable light
scattering and reduction in light penetration at the same time. Above the amount of
optimum dose, decrease in degradation efficiency may be observed [75].

Another crucial parameter in photocatalytic reactions is the pH of the reaction
medium. When the pH of the solution is lower than 6.9, the surface of TiO2 is
positively charged, whereas, in alkaline medium higher than 6.9, the surface is
negatively charged. Protonation and deprotonation of titanium can be explained by the
following reactions:
TiOH + H+

TiOH2+

TiOH + OH−

TiO− + H2O

The pH of solution influences the surface charge of TiO2, therefore adsorption of
pollutant molecules onto the surface changes. Besides, proper pH should be adjusted
to prevent agglomeration of nanoparticles during the photocatalytic reaction. TiO2 is
reported to exhibit better catalytic activity at lower pH nearly at 5, but a further
decrease in pH may decrease the rate of the reaction due to electrostatic repulsion
between catalyst surface and pollutants [76].

During the photocatalytic processes, generation of heat by a UV lamp or an external
source affects reaction pathways and reaction rate of degradation. According to
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experimental studies related with a degradation rate of organic compounds by
temperature is that generally increase in temperature causes recombination of charge
carriers and desorption of the organic compounds adsorbed onto the surface, therefore
it decreases photocatalytic activity [77].

Light intensity is the other important parameter in photocatalytic systems. Reaction
rate largely depends on light absorption of catalyst. On the other hand, the reaction
pathway is not influenced by the light source. That is, the mechanism of band gap
sensitization does not change depending on nature or form of light. It has been shown
that when light intensity is in the range of 0-20 mW/cm2, the rate of photocatalytic
reaction increases linearly. On the other hand, with the exposure of intermediate light
which is in the range of 20-30 mW/cm2, the rate of reaction depends on the square
root of light intensity. It was also reported that higher light intensity does not have
any effect on the rate. This can be explained as, at a low light intensity, the formation
of electron-hole pairs is predominant and recombination is negligible.

On the other hand, at higher light intensities, there is a competition between electronhole pair separation and recombination decreasing the effect of light intensity on the
rate of reaction. The slow kinetics of degradation of dye molecules after a certain time
can be explained by reaction of short-chain aliphatic with hydroxyl radicals and a short
lifetime of photocatalyst due to active site deactivation by side product deposition
[78]. When natural sunlight is utilized for photosensitization of TiO2, only about 5%
of light irradiation of this catalyst has proper energy. Furthermore, reflection and
transmission of light cause energy loss in the application of catalysts in photo
processes [79]. In order to increase the absorption property of TiO2, and therefore to
enhance photocatalytic activity with exposure of visible light, new strategies should
be performed.
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Currently, several efforts are applied to enhance the band gap of TiO2 for increasing
photocatalytic performance. These efforts can be classified as changing shape
(nanowires, nanoparticles, etc.) [80], size [81] dopants (nitrogen, metal, and carbon)
[82], and production of composites and heterostructures.

1.5. Doping of Semiconductors

In order to enhance visible light absorption of semiconductor photocatalysts with
improved stability, several modification techniques can be applied such as noble metal
loading, ion doping, dye sensitization and addition of conjugated polymers to the
structure.

Nobel Metal Doping

Incorporation of noble metals onto the surface of semiconductors such as TiO2 can
extremely enhance the activity of catalyst under visible light. To design photocatalyst
with high activity, understanding the enhancement mechanisms after doping noble
metal nanoparticles to the surface of titania is important.

Several noble metals, including Ag, Au, Pt, Pd, and Cu on the surface of TiO2
nanocomposites were reported for modification in order to enhance photocatalytic
efficiency in redox processes and to extend absorption of visible light by
semiconducting material [83,84].

Due to the distinct enhancement mechanisms under UV and visible light, the proposed
mechanisms will be discussed separately. Under UV light irradiation, the important
proposed mechanism is the charge separation mechanism, in which these energetic
electrons are transferred from the conduction band of semiconductor to noble metal as
shown in Figure 1.2.
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Figure 1.2. Schematic illustration of charge separation mechanism under UV light irradiation [85].

Figure 1.2 exhibits a schematic illustration of charge separation mechanism between
metal and semiconductor. The metals have crucial roles on enhancing the
photocatalytic activity in metal-semiconductor oxide composites. The enhancement in
the photocatalytic activity of TiO2 can be explained by the decrease in the band gap or
the addition of intra-band gap states by virtue of dopants. As the Fermi levels of
plasmonic nanomaterials are lower than that of TiO2, photoexcited electrons (e-) can
be transferred to the conduction band of TiO2. Therefore, electron-hole recombination
is less likely to occur that results in effective charge separation and enhancement in
photocatalytic performance [86].

The enhancement in photocatalytic activity is also attributed to Schottky junction due
to contact between noble metal nanoparticles and semiconductor. Schottky barrier
arises due to equilibrium in Fermi levels that results in the formation of a built-in
electric field at the interface. This provides a better separation of e-h pairs that
decreases recombination rate, and therefore the lifetime of e-h pairs increases as
shown in Figure 1.3 [84,86].
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Figure 1.3. Schottky barrier between a metal and a semiconductor. Eg is the band gap of
semiconductor and ΦB is the height of Schottky barrier [86].

Under visible light, enhancement in photocatalytic activity can be explained by charge
transfer mechanism and the local electric field enhancement at the metalsemiconductor interface. In these proposed mechanisms, plasmonic nanoparticles
absorb visible light strongly due to localized surface plasmon resonance (LSPR)
acting as an antenna to concentrate light that facilitates the usage of such particles in
photocatalytic applications [83]. This effect arises from the collective oscillations of
electrons on the surface of noble metals, and these energetic electrons are transferred
to the conduction band of semiconductor. At the same time, the collective oscillations
of electrons in metal nanoparticles result in the enhancement of local electromagnetic
fields at the interface of metal and semiconducting material as shown in Figure 1.4.
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Figure 1.4. Schematic illustration of (a) surface plasmon resonance (b) charge separation mechanism
under visible light irradiation [85].

Clearly, the addition of noble metal nanoparticles has several advantages such as
retardation of electron-hole recombination, shifting of absorption of TiO2 from UV to
visible light region, modification of surface properties of photocatalyst, increase in the
number of hydroxyl radicals on the surface formed. However, the addition of the
proper amount of metal is important to enhance the performance of photocatalyst,
because there are also some disadvantages. For example, due to the high concentration
of noble metal addition, metal clusters can be formed which cause the formation of
barrier on the surface, and therefore, due to low absorption, photocatalytic activity
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reduces. On the other hand, metal nanoparticles on the surface can also act as
recombination centers that affects activity of catalyst. Therefore, the proper amount
should be adjusted to produce noble metal decorated photocatalyst with an improved
photocatalytic performance [87].

1.5.1.1. Silver Nanoparticles Doped TiO2

Ag, among the noble metals, is an excellent metal because of exhibiting intense
surface plasmons at the wavelength range between 320-450 nm. This range is near the
absorption band gap of TiO2 which is 388 nm. The closeness of these values is
important to decrease the rate of recombination. Silver addition to TiO2 makes the
structure proper to be utilized as photocatalyst with visible light exposure. Ag-TiO2
photocatalysts are widely utilized in several applications in environmental
remediation, antimicrobial activity and in oxidation reactions as catalysts, etc [88].
Deposition or doping of silver onto the surface of TiO2 is necessary to produce AgTiO2. The deposition of silver onto the surface is generally achieved via wet
impregnation technique [88]. Other techniques are hydrothermal method [89], sol-gel
and modified sol-gel processes [90], microemulsion [88], photoreduction [91] and
photodeposition [92]. After deposition, calcination, photo or chemical reduction is
required to obtain silver nanoparticles on the surface.

In wet impregnation technique, TiO2 nanoparticles are impregnated with aqueous or
nonaqueous solutions of metal precursors such as nitrate, chloride, acetate and so on.
The taken metal precursors as dopant are mixed with semiconductor in specific
hydrophilic or hydrophobic solvent [93]. Sobana et al. examined the degradation of
Direct red 23 and Direct blue 53 organic dyes via silver doped TiO2 which was
prepared with a wet impregnation technique. Degradation of dyes was enhanced with
silver deposited TiO2 because of lower electron-hole recombination provided by silver
metal on the surface [94]. In literature, it was mentioned that silver nanoparticles on
the surface can trap photogenerated electrons from TiO2 and leave holes for
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degradation. Furthermore, silver nanoparticles provide absorption in the visible region
and facilitate electron excitation via local electrical field that is formed. The surface
plasmons in silver have the ability to enhance this electrical field [95]. Besides,
according to Chao et al., silver addition onto TiO2 promotes the transformation of
anatase to rutile that has higher specific surface area resulting in the enhancement in
performance of photocatalyst, and also enhance electron-hole charge separation [96].

In the hydrothermal technique, titanium dioxide and metal precursors with a
hydrolyzing agent are heated in an inert gas condition at high temperature. For
example, Chen et al. prepared TiO2 NPs decorated with Ag NPs by hydrothermal
technique. Stability and dispersion of photocatalyst were achieved with polyamide
network polymers. With silver addition, it was found that the mineralization rate of
methyl orange was nearly 3 times higher than that of pure TiO2. The prepared
photocatalyst has also photoactivity under visible light [97].

The other widely utilized techniques for metal doping are sol-gel and modified sol-gel
methods to obtain nanomaterials that have better physicochemical properties with high
homogeneity. In the sol-gel process, the inorganic network is added in a continuous
liquid phase that is solvent. The process involves the hydrolysis and condensation of
precursors which are metal alkoxides. With dilute acid or water, the precursor is
hydrolyzed to form a solid called sol. In the end, calcination is taking place to obtain
nanoparticles on the surface. Machado et al. reported the synthesis of silver-doped
titanium dioxide via the sol-gel method by using Ti (IV) isopropoxide. The metal
alkoxide was solubilized in isopropanol, and different amount of silver precursors
were added to the mixture. In the end, drying and calcination processes were applied
to obtain silver doped TiO2 photocatalysts [98].

In the water in oil microemulsion technique, micellar aggregates consist of water
droplets surrounded by the nonpolar solvent. The advantage of this technique is that
particle size can be controlled via the nanodroplet size of microemulsions that are
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formed. Ag/Cu-TiO2 photocatalysts were prepared in water/sodium bis-(2-ethylhexyl)
sulfosuccinate (AOT)/cyclohexene mixture by using microemulsion technique. The
prepared particles are highly active in photocatalytic reactions under visible light
during the decomposition of phenol and are highly effective in antimicrobial activities
[99].

The photoreduction technique is another technique that can be utilized for the
synthesis of metal-doped TiO2. Sobana et al. prepared silver-doped TiO2 by
photoreducing technique on the surface. For this, silver nitrate solution was added at
constant pH value, and the mixture was irradiated via mercury lamps providing UV
light irradiation for 3 hours to achieve a reduction of Ag+ ions to Ag nanoparticles
[94].

The photodeposition method involves the addition of silver nitrate solution to TiO2
nanoparticle in aqueous medium and photodeposition in the photoreactor for silver
nanoparticle doping on the surface [100].

1.5.1.2. Gold Nanoparticles Doped TiO2

Despite the more intense surface plasmon resonance (SPR) band of silver
nanoparticles, gold (Au) nanoparticles absorb at longer wavelength region. This
provides shifting of higher absorption at the visible light region. On the other hand,
due to high stability, gold nanoparticles containing photocatalysts are resistant to
oxidation reactions making them as promising candidates for heterogeneous catalysts
[101].

Understanding the oxidation mechanism of such photocatalyst is crucial to construct
novel photocatalytic materials. The photocatalytic activity can be enhanced by
accumulation and discharging of electrons under UV light, and by providing electron
transfer from metal nanoparticles to TiO2 under visible light [102]. Several articles
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demonstrate that surface plasmon of gold nanoparticles induces photocatalytic
reactions under visible light [103,104]. In another study, the enhancement of
photocatalytic activity with gold nanoparticles was also explained as the formation of
dual Ti-Au catalytic sites at the interface of gold doped TiO2. It was demonstrated that
these catalytic sites work together to activate molecular oxygen during the oxidation
of carbon monoxide [105].

For Au nanoparticle loading onto the surface of TiO2, generally, the photo-deposition
technique is applied. In the study, firstly, colloidal gold nanoparticles were prepared
and TiO2 powder was suspended into the aqueous solution of gold nanoparticles. Later
on, photo-irradiation of the mixture was taking place with a light source having a
higher wavelength than 300 nm by high-pressure mercury arc. Since Au nanoparticles
on the surface acted as reduction centers, the effective photocatalytic performance was
found for prepared catalysts. However, the disadvantage of this technique is that it is
difficult to demonstrate the relation of nanoparticle size and amount of loading with
the activity of photocatalysts. Besides, it is elusive to explain how TiO2 types affect
the performance of plasmonic photocatalysts because the activity depends on both the
preparation technique and interaction between loaded nanoparticles and TiO2 [106].

Prevention of agglomeration and leaching of gold nanoparticles in aqueous medium
are crucial concerns to increase activity and to enhance the stability of photocatalysts
during degradation of organics. Besides, if the interaction between metal nanoparticles
and support is low, due to Ostwald ripening, during photocatalytic reaction larger
particles can form resulting in the decrease of catalytic activity. Therefore, it is
important to stabilize gold nanoparticles and to provide interaction between gold
particles and support. It is clear that facile methods to prevent agglomeration and to
achieve interaction of gold nanoparticles with TiO2 are required to obtain highly
effective Au doped TiO2 photocatalysts.
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1.5.1.3. Bimetallic Nanoparticles Doping

Further enhancement in the photocatalytic activity can be attainable with bimetallic
(BM) composite nanoparticles that consist of two distinct metal elements [107]. The
use of such nanostructures offers better electronic, optical and photocatalytic
properties compared to their monometallic counterparts. Bimetallization not only
provides the occurrence of new properties due to synergistic effect but also combines
the properties of each individual metals [108].

Figure 1.5. Schematic illustration of bimetallic nanoparticles [108].

Bimetallic nanoparticles with same size, shape and composition exhibit superior
enhancement in the activity. Figure 1.5 exhibits a schematic illustration of bimetallic
nanoparticles with different structures. The distribution mode of two elements can be
oriented as (a) an alloy or an intermetallic structure, (b) a heterostructure, (c) a core-
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shell, and (d) a multishell structure. The experimental parameters such as miscibility
and reduction kinetics of metal ions strongly affect the structure of bimetallic
nanoparticles. For example, lattice constants are reported as 0.408 and 0.409 for silver
and gold, respectively. As these values are identical to each other, they are completely
miscible, and therefore homogenous composition for the formation of Ag-Au
bimetallic nanoparticles is considered [109].

In literature, it has been mentioned that there are mainly two factors for the higher
photocatalytic performance of bimetallic nanoparticle containing photocatalyst. The
electronic and geometric factors provide a better photocatalytic activity to bimetallic
nanomaterials compared to monometallic counterparts [110]. The electronic effect is
described as a change in the electronic structure of material when the bimetallic
nanoparticle is formed. For example, when transition metals are used as bimetallic
nanoparticles, the binding strength of nanoparticles to adsorbate molecules is strongly
influenced by the interaction through the d-band of metal nanoparticles to adsorbates.
Therefore, relative to Fermi level low lying d-band decreases the binding of bimetallic
nanoparticles to adsorbates because of the occupation of antibonding states. On the
other hand, the catalytic performance is also affected by the geometric effect. This
effect is related to the shape of bimetallic nanoparticles that determine the arrangement
of atoms on the surface of photocatalyst. Depending on the composition of
nanoparticles, the binding strength between the surface of photocatalyst and adsorbate
molecules can be changed with the enhanced reaction kinetics [111].

The promoting effect of bimetallic nanoparticles is strongly related to the synergy
between each metal, therefore the electrical, optical and catalytic activity of
photocatalyst enhance. This enhancement is due to the improved charge separation in
photocatalyst that facilitates the transfer of electron-hole pairs from metal
nanoparticles to conduction band of semiconducting material.
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Conducting Polymers

Conducting polymers are organic molecules that have alternating double and single
bonds along their backbone chain that result in conjugation system of π molecular
orbitals due to overlap of pz atomic orbitals. Conducting polymers behave as electron
donors by transferring photogenerated electrons to the conduction band of
semiconducting material [112].

Furthermore, conducting polymers has the advantage of easy processability in the
solution process. Due to this advantage, after the discovery of polyacetylene in 1978,
conducting polymers have gained great importance in several applications such as
solar cells, transistor, electrochromic devices, supercapacitors, and light emitting
diodes, etc. The photocatalysts can be prepared by doping of conducting polymers
with semiconductors [113]. By this, the excellent electronic properties of
semiconducting materials such as high conductivity and stability combined with the
promising properties of conducting polymers such as accessibility, chemical
versatility and tunable properties [114].
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Figure 1.6. Chemical structures of some conducting polymers (CPs)

Figure 1.6 exhibits the chemical structures of conducting polymers that can be used
as photocatalyst. Several conducting polymers such as polyaniline (PANI),
polypyrrole (PPy), polyacetylene (PA), Poly (p-phenylene vinylene) (PPV),
polythiophene (PT), poly (3,4-ethylenedioxythiophene) (PEDOT) can be utilized with
semiconductors. Since band structures of conducting polymers are well-matched with
the energy levels of most of the semiconducting materials, the recombination rate of
charge carriers decreases with the enhancement of the photocatalytic activity of the
material. Furthermore, conducting polymers can sensitize semiconductors to enhance
light harvesting efficiency. These mentioned merits are important for the materials to
be utilized in photocatalytic applications.

Although the semiconducting photocatalysts are generally used in the form of powder
that provides high surface area in the solution of catalytic reaction, they have also
several disadvantages such as having time-consuming procedures required while
removing catalyst from reaction medium that results in the loss of some amount of
photocatalyst, powder of photocatalysts are unhealthy to humans, and finally
agglomeration of photocatalyst causes decrease in the surface area reducing
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photocatalytic performance. These problems can only be solved via embedding
semiconducting material into polymeric support. To select ideal polymeric support,
some qualities should be considered such as the good adhesive property of polymer
with catalyst, large specific area, high adsorption ability towards species in the
reaction medium, high chemical, and mechanical stability. The techniques in order to
immobilize semiconducting materials to the polymeric matrix can be mentioned as
electrospinning, sol-gel methods, hydrothermal and solvothermal methods, chemical
polymerization and impregnation. Mostly, in order to decrease the probability of
damaging the polymeric matrix, these techniques should be applied at low
temperatures [115].

1.5.2.1. PEDOT

Poly (3,4-ethylenedioxythiophene), usually known as PEDOT, has attracted
significant interest as a conducting polymer due to its high thermal and chemical
stability, robust, tunable in properties, high activity under visible light irradiation, high
conductivity, high transparency, and biocompatibility. These advantages make
PEDOT as the most promising conducting polymer to be utilized in several
applications such as solar cells, organic light emitting diodes, biosensors and so on
[116].

PEDOT is characterized by its color that changes from dark blue in a neutral state to
light blue color in the oxidized state, therefore it is one of the most promising
candidates for being utilized as conducting polymer, especially in electrochromic
devices.

PEDOT has low electronic band gap value between the range of 1.6-1.7 eV, explained
as optically induced π-π* transitions that is shown at 610 nm as wavelength value.
Generally, by changing the degree of π-overlap along the chain of polymer with steric
interactions and addition of electron donor and acceptor substituents to the structure
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that affect the electronic property of π-system in the polymer, the band gap value of
conjugated polymer can be altered. The low oxidation potential and comparatively
low band gap towards other conjugated polymers provide superior electrochemical
and spectroscopic properties to PEDOT that other polymers do not have [117].

Depending on counter-ion dopant and ratio of FeCl3 oxidant to monomer through the
chemical polymerization reaction, which is a widely used technique for preparation,
the solubility of polymer changes. For example, when the ratio of oxidant to monomer
is above two, due to crosslinking, the structure becomes very rigid, therefore PEDOT
becomes partially insoluble in organic solvents. When this ratio increases more, the
insoluble polymer is formed [117].

As mentioned before, generally chemical polymerization technique is utilized to
synthesize PEDOT polymer that includes oxidative coupling of monomers. In this
technique, chemical oxidants such as ferric chloride or ammonium persulfate are the
chemical oxidants that are used. The first step of the route is the oxidation of monomer
with oxidants and formation of the radical cation followed by dimerization of free
radicals. The reaction rate can be increased by using protic acids and Lewis acids
throughout the reaction of EDOT with corresponding dimers and trimers. In chemical
polymerization, oxidizing agents are necessary for the preparation of the polymer.
Furthermore, the morphology of polymer can be varied by controlling the
experimental parameters such as the concentration of monomer to oxidizer ratio,
temperature, pH value and time [118,119].

Alternatively, electrochemical and photo-polymerization techniques are proposed for
obtaining conducting polymers. In electrochemical polymerization, any oxidant is not
necessary that makes this route proper for the deposition of polymer onto the substrate
to make a thin film. The technique is generally carried out in water and acetonitrile
solutions. Morphology, conductivity and electrical, mechanical and optical properties
of polymers strongly depend on several parameters such as electrolyte, deposition time
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and applied voltage. However, the disadvantages of this polymerization process are
the difficulty in the electropolymerization of some monomers and the higher oxidation
potential results in the oxidation of polymer excessively. In the photo-polymerization
technique, monomers are polymerized by light sources such as ultraviolet (UV),
visible light, and laser-generating radicals or holes. This technique is an alternative
route to overcome the oxidation problems of electrochemical process. The process can
be controlled via lighting on/off the source but the method needs further exploration
to obtain polymers with better properties [119].

1.6. Magnetic Separation

Until now, the addition of magnetic nanoparticles to distinct materials have gained
great importance for such materials to be utilized in a wide range of application such
as biomedicine, drug delivery, environmental remediation and photocatalytic
technology [120].

Recently, researchers are interested in the novel photocatalyst preparation techniques
to insert magnetic property into the structure of the catalyst. Addition of magnetic
property to the material is important to provide reusability and easy separation of
materials that are crucial concerns to achieve large scale utilization of these materials
and to meet the future needs of semiconductor photocatalysis technology. Magnetic
nanomaterials have advantages of chemical stability, low toxicity, easy synthesis
procedures, and superior recycling property. Several synthetic procedures can be
utilized for the synthesis of magnetic nanoparticles such as co-precipitation,
microemulsion, thermally decomposition, solvothermal and hydrothermal synthesis
[120]. By using these techniques, shape-controlled, stable, narrow size distributed
nanoparticles with homogenous composition can be prepared.
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Of these mentioned techniques, especially co-precipitation the most common and
simplest method for the synthesis of magnetic nanoparticles with the addition salt
precursors in alkaline solution at room temperature or elevated temperatures. The ratio
of salt precursors, pH and reaction temperature are the fundamental parameters that
affect the property of particles. By co-precipitation technique, a large scale of
nanoparticles can be prepared, but this technique has some disadvantages such as hard
control of particle size and shape and low dispersity.

Microemulsion technique is presented to prepare magnetic nanoparticles with narrow
sizes. A microemulsion is a thermodynamically stable isotropic dispersion of two
immiscible liquids that contain nano-domains stabilized by surfactant molecules. As
the particles are synthesized within the nano-sized droplets, the particle nucleation,
growth, and agglomeration are limited by the water to surfactant molar ratio [121].

Thermally decomposition technique provides monodispersed, well-shaped magnetic
nanoparticles with superior magnetic properties. The technique includes firstly,
decomposition of metal carbonyl precursors followed by oxidation with air or oxidant
in an organic solvent at high temperatures, and secondly, decomposition of precursors
with cationic metal centers. This method is mentioned as the best technique for
controlling the size and morphology of prepared magnetic nanoparticles. In this
method, reaction time and temperature, the amounts of organometallic compounds and
surfactant and also type of solvent are important parameters that influence the
properties of synthesized magnetic nanoparticles [122].

Despite the usage of a large amount of toxic and expensive chemicals in thermal
decomposition technique, in solvothermal and hydrothermal processes such toxic
chemicals are not required. The reaction conditions include high pressure and
temperature that is carried out in reactors or autoclaves. These reactions are performed
in ethanol or water solutions. Solvent temperature and time are important parameters
while preparing magnetic nanoparticles through solvothermal and hydrothermal
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processes. The techniques involve two routes that are hydrolysis and oxidation or
neutralization of metal hydroxides. By these techniques, monodispersed, hydrophilic
and single-crystalline magnetic nanoparticles can be produced [122,123].

However, the tendency of magnetic nanoparticles to agglomeration and high reactive
character of these particles in harsh conditions can cause a reduction in the magnetic
response of magnetic nanoparticles. To prevent this, coating of nanoparticles can be
achieved via noble metal, carbon, zirconia, titanium, polymer and silica shells. Of the
mentioned coatings materials, especially, silica coating has gained great attention due
to the advantages it provides.

To prevent the reduction of magnetic nanoparticle core during photocatalytic reactions
that result in the loss of magnetic property and to improve photocatalytic activity,
introducing of silica shell seems to be crucial in order to isolate magnetic core and
semiconducting material [124-126]. For silica coating, in literature, mainly four routes
are proposed such as Stöber method, microemulsion, aerosol pyrolysis and methods
related to silicate solution. However, the most common and widely utilized technique
is Stöber method for silica coating onto magnetic nanoparticles. The Stöber method
involves hydrolysis and condensation of alkoxysilanes such as tetraethylorthosilicate
(TEOS) in ethanol-water solution with ammonia addition. By this technique, it is easy
to control the thickness of the silica layer and to obtain uniform size with high
crystallinity [127].
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1.7. Scope of the Thesis

In this study, multifunctional composite materials as photocatalysts were produced to
generate hydrogen from water-ethanol mixture and to remove organic dyes found in
textile based wastewaters. For this, poly (3,4-ethylenedioxythiophene) (PEDOT) and
noble metal nanoparticles (Ag, Au, AgAu NPs) modified TiO2 based composite
materials with magnetic property were prepared and characterized by using TEM, FESEM, ICP-OES, BET, particle size distribution (Zeta sizer), vibrating sample
magnetometer (VSM). Then comparative photocatalytic activities and reuse capacities
were investigated in the degradation of organic dye, methylene blue (MB), known as
a typical pollutant in the textile industry under UV and solar radiation at room
temperature. The degradation of MB was proved with UV-Vis and liquid
chromatography-mass spectrometry (LC-MS) measurements. After that, hydrogen
production capacities of each catalyst prepared from ethanol-water mixture were
investigated under UV light. The amount of hydrogen produced at the end of
photocatalytic process was measured with gas chromatography coupled with thermal
conductivity detector (GC-TCD).
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CHAPTER 2

2.

EXPERIMENTAL

2.1. Chemicals and Reagents

In this study, all the chemicals and reagents were analytical grade and utilized without
further purification. In all experiments, deionized water obtained from milli-Q water
purification system was used.

Preparation of Cobalt Ferrite and Silica Coating on Cobalt Ferrite
Magnetic Nanoparticles

For the preparation of cobalt ferrite magnetic nanoparticles, iron (III) chloride
hexahydrate (FeCl3.6H2O, Riedel-de Haën), cobalt (II) chloride hexahydrate
(CoCl2.6H2O, Surechem), sodium hydroxide (Sigma-Aldrich), sodium chloride
(NaCl, Fisher Scientific Company) were purchased.
For silica coating on cobalt ferrite magnetic nanoparticles, tetraethyl orthosilicate
(TEOS, Aldrich), (3-aminopropyl) trimethoxysilane (APTMS, Aldrich), ethanol
(Merck) were purchased.

Preparation of Conducting Poly (3,4-ethylenedioxythiophene) (PEDOT),
Magnetically Recyclable MNP-PEDOT and MNP-PEDOT-TiO2

In the synthesis of conducting polymer (PEDOT), 3,4-ethylenedioxythiophene
(EDOT, Sigma-Aldrich), iron (III) chloride anhydrous (FeCl3, Sigma-Aldrich),
chloroform (CHCl3), nitromethane (CH3NO2, Merck) were utilized.
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For the addition of magnetic nanoparticles to PEDOT, silica coated cobalt ferrite
magnetic nanoparticles (CoFe2O4@SiO2 MNPs) were prepared in the laboratory and
used. Titanium dioxide nanopowder, P25 (TiO2, Degussa-Evonik) was utilized.

Addition of Metal Nanoparticles onto the Surface of Materials

For the addition of silver and gold monometallic, and silver-gold bimetallic
nanoparticles onto the surface, silver nitrate (AgNO3, Merck) and gold (III) chloride
trihydrate (HAuCl4, Sigma-Aldrich) metal salts and for chemical reduction, sodium
borohydride (NaBH4, Merck) was utilized.

2.2. Instrumentation

Field Emission Scanning Electron Microscope (FE-SEM)

Structural and morphological properties of prepared nanoparticles and photocatalysts
were carried out with Quanta 400F Field Emission Scanning Electron Microscope
(FE-SEM) located at Central Laboratory in METU. The photocatalysts were dropped
onto the carbon tape coated copper grids and then they left for drying at room
temperature overnight.

Transmission Electron Microscopy (TEM)

Structural and morphological properties of prepared nanoparticles (monometallic and
bimetallic) and photocatalysts were investigated with two different instruments, for
high resolution with 2100 F, 200 kV TEM and for polymer containing materials with
FEI 120 kV CTEM.
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Energy Dispersive X-ray Spectrometer (EDX)

The elemental compositions of prepared nanoparticles and photocatalysts were
investigated with energy dispersive X-Ray coupled with SEM and TEM at METU
Central Laboratory.

Vibrating Sample Magnetometer (VSM)

The saturation magnetization of magnetic nanoparticles and magnetically recyclable
photocatalysts were carried out with the instrument of Cryogenic Limited (United
Kingdom), physical properties measurement system (PPMS) at METU Central Lab.
The maximum magnetic field of VSM is 5.0 Tesla with magnet type NbTi multifilamentary strands.

Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES)

The amount of doped monometallic (Ag and Au) NPs and bimetallic (AgAu) NPs that
were attached onto the surface of photocatalysts were determined by Perkin Elmer
Optima 4300DV ICP-OES containing Echelle polychromator and S-CCD detector at
METU Central Laboratory.

Atlas Solar Simulator

To evaluate photocatalytic activities of prepared photocatalysts, atlas solar simulator
equipped with xenon arc lamp with 150 W power was utilized.
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Surface Area Analysis by using Brunauer–Emmett–Teller (BET)

Surface area of prepared photocatalysts were investigated with BET method by the
instrument of Quantachrome Corporation, Autosorb-6 that has the ability to measure
the minimum surface area as 0.05 m2/g and pore diameter between the range of 5-500
Angstrom.

Gas Chromatography (GC) Measurements

Hydrogen recovery experiments were done by using GC Agilent 7890B coupled with
FID and TCD detector in Atılım University.

UV-Vis Spectrophotometer

Absorbance values of methylene blue dye solution were measured via UV-Vis
spectrophotometer SPECORD S 600 in quartz cuvettes.

2.3. Preparation of Cobalt Ferrite (CoFe2O4) Magnetic Nanoparticles with
Surface Modification

Preparation of Cobalt Ferrite (CoFe2O4) Magnetic Nanoparticles

CoFe2O4 magnetic nanoparticles were prepared via co-precipitation method. For the
preparation of magnetic nanoparticles, 1.08 g of FeCl3.6H2O and 0.476 g of
CoCl2.6H2O precursor salts were dissolved in 20 mL deionized water. During
continuous mixing on a magnetic stirrer, 2.40 g of sodium hydroxide (in 20 mL water)
and 0.88 g of sodium chloride (in 20 mL water) was mixed dropwise with precursor
salts containing solution and stirring was continued for half an hour.
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Later on, the container was taken and put into the ultrasonic bath and mixing was
continued for 1 hour at 80 °C. At this temperature, the orange color of the solution
turned to dark brown-black color showing the formation of magnetic nanoparticles.
When the mixture cooled to room temperature, precipitates were isolated with a
magnet, and after removal of the supernatant, prepared nanoparticles were washed
with deionized water (Figure 2.1)

Figure 2.1. Illustration for the preparation of magnetic nanoparticles.

Silica Coating onto Cobalt Ferrite Magnetic Nanoparticles

Magnetic nanoparticles prepared by the co-precipitation method were coated with
silica by applying Stöber method. For this, 338 µL TEOS and 28.8 µL APTMS were
mixed in 160 mL ethanol with vigorous stirring. Later on, previously prepared
magnetic nanoparticles dispersed in 40 mL deionized water were suspended into this
solution and left for stirring for 3 hours at room temperature. Finally, prepared silica
coated magnetic nanoparticles were rinsed several times with deionized water,
isolated by the magnet and dried for further studies. Illustration for the preparation of
silica coated cobalt ferrite magnetic nanoparticles was shown in Figure 2.2.
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Figure 2.2. Illustration for the preparation of silica-coated magnetic nanoparticles.

2.4. Preparation of PEDOT, Magnetically Recyclable MNP-PEDOT and MNPPEDOT-TiO2

Preparation of Conducting Polymer, PEDOT

Polymerization of monomer, EDOT, was carried out by using chemical
polymerization technique by direct oxidation of monomer with anhydrous FeCl3.
Schematic representation of the chemical polymerization of EDOT can be seen in
Figure 2.3 with the structures of monomer and polymer.
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Figure 2.3. Schematic representation of chemical polymerization of EDOT by using FeCl3 initiator.

For polymerization, 107 µL EDOT monomer was dissolved in 5 mL chloroform at
0°C in round bottom flask. In another flask, 0.65 g of FeCl3 and a small portion of
nitromethane were dissolved in CHCl3 and then this mixture was added to the
monomer-containing solution dropwise. The reaction mixture was left for stirring for
1 day. After then, 15 mL methanol was added to the mixture in order to obtain
precipitates and the solution was refrigerated. After then, the polymer was filtered and
washed by Soxhlet apparatus with the circulation of methanol for 2 days to remove
impurities. Illustration for preparation of PEDOT was shown in Figure 2.4.
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Figure 2.4. Illustration for the preparation of PEDOT polymer.

Preparation of Magnetically Recyclable, MNP-PEDOT Composite
Material
107 µL EDOT monomer was dissolved in chloroform at 0°C and to this monomercontaining solution, 0.1 g of magnetic nanoparticles were added. Later on, in another
container, 0.65 g of FeCl3 and a small portion of nitromethane were dissolved in
CHCl3 and then this mixture was added to the monomer and magnetic nanoparticle
containing solution dropwise. The reaction mixture was left for stirring for 1 day. After
then, 15 mL methanol was added to the mixture and the solution was refrigerated in
order to provide precipitation of photocatalysts. After then, MNP-PEDOT
photocatalysts were filtered and washed by Soxhlet apparatus with the circulation of
methanol for 2 days. Preparation procedure was shown in Figure 2.5.

50

Figure 2.5. Illustration for the preparation of MNP-PEDOT composite material.

Preparation of Magnetically Recyclable, MNP-PEDOT-TiO2 Composite
Material

0.65 g of FeCl3 and a small portion of nitromethane were dissolved in CHCl3 and to
this initiator-containing solution 0.040 g of TiO2 nanoparticles were added (Mixture
1). Into another container, 107 µL EDOT monomer was dissolved in 5 mL chloroform
at 0°C and to this monomer containing solution 0.1 g of magnetic nanoparticles were
added (Mixture 2). Later on, Mixture 1 was added to Mixture 2 dropwise. The reaction
mixture was left for stirring for 1 day. After then, 15 mL methanol was added to the
mixture and the solution was refrigerated for precipitation of photocatalysts. After
then, MNP-PEDOT-TiO2 photocatalysts were filtered and washed by Soxhlet
apparatus with the circulation of methanol for 2 days. Illustration for the synthetic
procedure for MNP-PEDOT- TiO2 can be seen in Figure 2.6.
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Figure 2.6. Illustration for the preparation of MNP-PEDOT-TiO2 composite material.

2.5. Addition of Noble Metal Nanoparticles onto the Surface of Composite
Materials

Silver and gold (monometallic) nanoparticles and AgAu (bimetallic) nanoparticles
were attached to supports of TiO2 and MNP-PEDOT-TiO2 by liquid impregnation
technique. For this, Ag+ and Au3+ ions were immobilized onto the supports by using
AgNO3 and HAuCl4 metal salts, respectively. Depending on obtaining monometallic
or bimetallic nanoparticles on the surface of substrates, metal salts were added either
alone or together. Initially, 100 mg supports have taken and dispersed in 10 mL
deionized water via magnetic stirrer. After then, 2% (w/w) AgNO3 and 2% (w/w)
HAuCl4 were mixed with these dispersions and mixtures were left for vigorous stirring
continuously for 5 hours.

Metal ions attached supports (TiO2 and MNP-PEDOT-TiO2) were isolated from the
medium by using a magnet to continue for the washing step. Unbound ions and
impurities were eliminated via one time washing with deionized water. During
washing steps, supernatants and washing water used for rinsing particles were
collected to investigate the loading amount of ions onto the surface with ICP-OES
instrument.
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The loading step was followed by the reduction of ions by using NaBH4 as a reducing
agent. For this, previously prepared ion loaded composite materials were dispersed in
10 mL of deionized water and 40 mg reducing agent was added to the mixture to
reduce ions to nanoparticles. After mixing for 1 hour, the prepared particles were
isolated and rinsed two times with deionized water. Later on, the particles were dried
and they were utilized for further experiments. Illustration for the loading procedure
of Ag+ and Au3+ ions onto the surface and chemical reduction of the ions via NaBH4
can be seen in Figure 2.7.

Figure 2.7. Illustration for the loading procedure of Ag and Au ions onto the surface and chemical
reduction of the ions via NaBH4

2.6. Degradation of Methylene Blue Under Light Source

Before starting with photocatalytic studies, firstly adsorption-desorption equilibrium
was investigated. Under dark, 10 mg of photocatalysts were added to 10 mL methylene
blue (MB) solutions (nearly 8 mg/L), and the mixture was left in the dark for
continuous stirring. Stirring was continued until the absorbance measurements
become constant. After then, the degradation of MB solution with photocatalysts was
started in a UV reactor (Figure 2.8).
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After starting UV exposure, the decolorization of MB solution was followed in each
10 min intervals. The decrease in absorbance values was measured via UV-Vis
spectrophotometer, by taking 2 mL sample from the reactor via syringe and clear MB
solution was separated from the sample by centrifugation and external magnet. As
specific absorbance maxima for MB was measured at 665 nm, this peak was checked
in each time intervals. The percent degradation of MB dye solution was calculated by
the equation given below (Eq. 1)

𝐴0 −𝐴𝑡

𝐷=(

𝐴0

) 𝑥 100

Eq 1.

(A0 = initial absorbance value of dye, t = reaction time, At = absorbance at time t)

Figure 2.8. Photocatalytic reactor and UV system that were utilized throughout the photocatalytic
efficiency tests.
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The same photocatalysts were also used to determine photocatalytic performances via
Atlas solar simulator by calculating with Eq. 1 in the same way (Figure 2.9).

Figure 2.9. Atlas solar simulator system that was utilized throughout the photocatalytic efficiency
tests.

LC-MS system was used to determine the degradation products of MB at the end of
the photocatalytic reactions.

2.7. Hydrogen Generation Experiments Under UV Light Irradiation

Photocatalytic hydrogen generation tests of catalysts were carried out in the same
reactor attached to a glass column containing deionized water with an average
thickness of 2 cm as shown in Figure 2.10. For this, 20 mg photocatalysts were placed
into the reactor and 50 mL of ethanol-water solution were added and resulting
dispersion mixed continuously for few minutes before UV light exposure. Later on,
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the reactor was exposed to light irradiation and the change in water level in the column
was measured and recorded.

The amount of hydrogen in the gas mixture was investigated by taking a gas sample
by Tedlar sample bag and injected into a GC instrument. As carrier gas during the
measurements, N2 gas was utilized, and the quantity of H2 was examined against the
peak area of the signal, which directly depends on the mole of gas evolved. Figure
2.10 exhibits the system utilized for photocatalytic hydrogen production and Tedlar
bag used for the collection of gas sample for GC measurements.

Figure 2.10. (a) System that was used to generate hydrogen gas from the ethanol-water mixture under
UV light (b) Tedlar bag for collecting a gas sample for GC analyses.
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CHAPTER 3

3.

RESULTS AND DISCUSSION

In this study, polymer and noble metal nanoparticles doped TiO2 containing
multifunctional photocatalysts were prepared to provide environmental remediation
by the degradation of dye solutions finding in wastewaters. The prepared
photocatalysts were also proper candidates for hydrogen generation from volatile
organic compounds.
For this purpose, PEDOT, magnetically recyclable MNP-PEDOT, magnetically
recyclable
TiO2AuNPs,

MNP-PEDOT-TiO2,

MNP-PEDOT-TiO2-AgNP,

MNP-PEDOT-TiO2-AgAuNPs

composite

MNP-PEDOT-

materials

with

high

photocatalytic activity and well-separation property were produced. The comparative
photocatalytic activity of the prepared composites was investigated in the degradation
of organic dye, methylene blue (MB), known as a typical pollutant in the textile
industry under UV radiation at room temperature. Furthermore, the comparative
photocatalytic activity of the prepared composites was investigated under solar
radiation. Besides the results of photocatalytic reactions, the morphological and
magnetic property of prepared photocatalysts were investigated. In the end, the
degradation of MB dye was proven by LC-MS by examining degradation products
after photocatalytic reactions and photo-stability of magnetic nanoparticle containing
photocatalysts were investigated via recycling tests. In the last part of the study, the
prepared catalysts were also utilized for H2 generation from the ethanol-water mixture
under UV light and the quantity of hydrogen evolved at the end of the reactions was
determined by GC-TCD.
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3.1. Preparation and Characterization of Composite Materials

Preparation

and

Characterization

of

Silica-Coated

Magnetic

Nanoparticles

In order to provide magnetic separation, silica coated cobalt ferrite (CoFe2O4@SiO2)
nanoparticles were added to the composite material. In the preparation of CoFe2O4@
SiO2, initially CoFe2O4 nanoparticles were synthesized via co-precipitation technique.
This technique provides small magnetic nanoparticles together with well-dispersed
agglomerates. SEM image of magnetic nanoparticles can be seen in Figure 3.1.

Figure 3.1. SEM image of CoFe2O4 magnetic nanoparticles.
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100 nanoparticles were selected from the Figure 3.1 and size of nanoparticles was
determined as approximately 13 ± 2 nm.

Elemental composition of prepared magnetic nanoparticles was investigated by EDX
pattern shown in Figure 3.2.

Figure 3.2. EDX pattern of CoFe2O4 magnetic nanoparticles.

According to EDX results, the ratio of peaks is in good agreement with expected
elemental composition of CoFe2O4.
After obtaining CoFe2O4, silica coating was utilized with Stöber method that involves
hydrolysis and condensation of TEOS in ethanol-water sol. Then, the morphology and
chemical composition of silica-coated magnetic nanoparticles were investigated by
TEM and energy dispersive X-ray (EDX) analysis. Results are shown in Figure 3.3
and in Figure 3.4, respectively.
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Figure 3.3. TEM image of CoFe2O4@SiO2 core-shell magnetic nanoparticles.

Figure 3.4. EDX pattern of CoFe2O4@SiO2 core-shell magnetic nanoparticles.
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Accordingly, the particle size of silica coated CoFe2O4 nanoparticles was calculated
as 18 ± 3 nm. When the initial size of CoFe2O4 nanoparticles was taken as 13 nm on
average, the thickness of the silica coating was calculated as 5 ± 3 nm. EDX pattern
in Figure 3.4 exhibits the formation of silica shell on the surface of magnetic
nanoparticles.
The magnetic property of prepared silica-coated magnetic nanoparticles was
investigated by vibrating sample magnetometer (VSM).

Figure 3.5. Magnetization vs. magnetic field for CoFe2O4@SiO2 core-shell magnetic nanoparticles.

Figure 3.5 exhibits a hysteresis loop of magnetic nanoparticles obtained at 300 K and
with 2.2 Tesla magnetic fields. The saturation magnetization was obtained as 48.7
emu/g.
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Preparation and Characterization of PEDOT Polymer and MNP-PEDOT
Composite Material

For the synthesis of PEDOT and magnetic nanoparticles containing PEDOT (MNPPEDOT), the chemical oxidation polymerization technique was utilized as mentioned
in the experimental part. The synthesis by chemical polymerization provides high
PEDOT yield compared to other polymerization techniques such as electrochemical
polymerization and vapor phase polymerization for large-scale applications.

The surface morphology of PEDOT polymer and MNP-PEDOT are shown in Figure
3.6 and Figure 3.7, respectively.

62

Figure 3.6. SEM image of PEDOT.
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Figure 3.7. SEM image of MNP-PEDOT.
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Figure 3.8. Comparison of SEM images of PEDOT polymer and MNP-PEDOT.

When the SEM images of PEDOT and MNP-PEDOT are compared (Figure 3.8), due
to the addition of magnetic nanoparticles into the structure, MNP-PEDOT exhibits
different structural morphology than PEDOT polymer. According to images,
incorporation of small nanoparticles to polymer matrix results an increase in the
porosity of structure, and surface area. This observation was also checked by the
Brunauer–Emmett–Teller (BET) analysis. For this, the nitrogen adsorption/desorption
experiments were carried out at 77 K using a Quantachrome Instrument. The sample
was outgassed under vacuum at 573 K for 24 h before the adsorption of nitrogen. The
surface area of samples was calculated from the BET plot. According to BET analysis,
the surface area for PEDOT was measured as 8.3 m2/g, and for MNP-PEDOT as 34.3
m2/g. Therefore, BET analysis results exhibit the proof of an increase in surface area
with the addition of magnetic nanoparticles to the polymer matrix.
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Preparation and Characterization of MNP-PEDOT-TiO2 Composite
Material

Commercially available Degussa P25 TiO2 nanoparticles were utilized throughout the
study. Figure 3.9. exhibited a TEM image of TiO2 nanoparticles used for the
preparation of composites.

Figure 3.9. TEM image of TiO2 nanoparticles.

According to TEM image, TiO2 nanoparticles were quite homogenous and the grain
size of particles was calculated in the range of 20-30 nm.
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Secondly, the characterization of MNP-PEDOT-TiO2 composite material was
investigated. For surface morphology and chemical composition analysis, TEM and
EDX pattern of prepared materials were obtained, respectively (Figure 3.10, Figure
3.11).

Figure 3.10. TEM image of MNP-PEDOT- TiO2.
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Figure 3.11. EDX pattern of MNP-PEDOT-TiO2.

According to the elemental composition of composite material, besides titanium peak,
a sulfur signal corresponding to PEDOT, and also silica, cobalt, and iron peaks were
observed corresponding to silica coated CoFe2O4 magnetic nanoparticles. The specific
surface area of the composite material was calculated from BET analysis as 42.5 m2/g.
As mentioned before, according to BET results, surface area for PEDOT and MNPPEDOT composite materials were calculated as 8.3 m2/g and 34.3 m2/g, respectively.
With the addition of TiO2 nanoparticles to MNP-PEDOT, surface area of composite
material increased which was attributed to morphology change of prepared material.
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Figure 3.12. Magnetization vs. magnetic field for MNP-PEDOT-TiO2.

According to VSM curve of MNP-PEDOT-TiO2, saturation magnetization was found
as 39.4 emu/g as seen in Figure 3.12. When saturation magnetization of the MNPPEDOT-TiO2 is compared with the magnetization value of CoFe2O4@SiO2 magnetic
nanoparticles (48.7 emu/g), the embedding of magnetic nanoparticles to the polymer
matrix results in the small decline in the values. However, still, the prepared MNPPEDOT-TiO2 materials can be completely collected from the solution medium within
30 seconds. This shows that the material still has magnetic property so that it can be
separated from the solution medium by using external magnet (Figure 3.13).
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Figure 3.13. Magnetic behavior of MNP-PEDOT-TiO2 composite material under externally applied
magnetic field (1.6 T).

Characterization of Silver and Gold Nanoparticle Added TiO2
Nanoparticles

As mentioned in the experimental part, addition of noble metal nanoparticles onto the
surface of TiO2 was achieved via a liquid impregnation technique. According to ICPOES results, 1.15 % (w/w) silver added to TiO2 nanoparticles substrate. Figure 3.14
and Figure 3.15 exhibited TEM image and EDX pattern of silver added TiO2
nanoparticles. The average particle size of Ag nanoparticles on the surface was
calculated as 8 ± 2 nm.

70

Figure 3.14. TEM image of Ag added TiO2 nanoparticles.

Figure 3.15. EDX Analysis of Ag added TiO2.
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The silver signal in EDX pattern proves the attachment of silver nanoparticles to the
surface of TiO2.

Secondly, the attachment of gold nanoparticles to the surface was achieved. ICP-OES
results exhibited that % 0.52 (w/w) addition of Au to the surface was achieved.

Figure 3.16. TEM image of Au added TiO2 nanoparticles.

The surface morphology and elemental composition of prepared Au nanoparticles
added TiO2 nanoparticles can be seen in Figure 3.16 and Figure 3.17, respectively.
Size of gold nanoparticles on the surface of TiO2 was calculated as 10 ± 2 nm. As seen
in EDX measurement (Figure 3.17), the presence of a gold signal in the pattern
exhibits the addition of gold nanoparticles onto the surface successfully.
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Figure 3.17. EDX pattern of Au added TiO2 nanoparticles.

Characterizations of Silver-Gold Bimetallic Nanoparticle Added TiO2
Nanoparticles

In order to increase photocatalytic activity TiO2 nanoparticles were also modified with
bimetallic AgAu nanoparticles. All metal ions, initially, were loaded as 1% by mass.
According to ICP-OES measurements, the amount of silver and gold added onto TiO2
nanoparticles was calculated as % 0.68 (w/w) and % 0.45 (w/w), respectively. Figure
3.18 and Figure 3.19 show a TEM image and EDX results of AgAuNPs deposited
TiO2 nanoparticles.
The particle size of bimetallic nanoparticles on the surface was calculated as 4.0 ± 2
nm. TEM image of material exhibit homogeneous particle distribution on the surface.
Interestingly, the size of the bimetallic nanoparticles produced on the surface of TiO2
nanoparticles is smaller compared to the silver and gold nanoparticles added
separately. It is known that the structure and morphology of bimetallic nanoparticles
strongly depend on the synthetic procedure and miscibility of two metals. Bimetallic
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nanoparticles exhibit distinct unique properties than that of corresponding pure
monometallic counterparts and their physical mixings. Therefore, they show better
photocatalytic performance compared to monometallic ones. Generally, bimetallic
nanoparticles have smaller crystallite size which can be attributed to a decrease in both
enthalpy and Gibbs free energy of bimetallic nanoparticles during synthesis.

Figure 3.18. TEM image of AgAu NPs added TiO2 nanoparticles.
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Figure 3.19. EDX pattern of AgAu bimetallic nanoparticles added TiO2 nanoparticles.

The presence of AgAu bimetallic nanoparticles in the structure was examined by EDX
analysis.

Characterizations of Silver Nanoparticle Added MNP-PEDOT-TiO2
Composite Material

As the proposed method for attaching noble metal nanoparticles onto the TiO2 surface
is successful, the same method (liquid impregnation) was also used for MNP-PEDOTTiO2. Initially addition of silver ions onto the composite material was performed.
According to ICP-OES results, MNP-PEDOT-TiO2 composite material contains 0.86
% (w/w) of silver.

TEM image given in Figure 3.20 exhibits homogeneous particle size distribution of
silver nanoparticles on the surface. Ag nanoparticles were circled with white color for
better sight.
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Figure 3.20. TEM image of MNP-PEDOT-TiO2-AgNPs composite material.
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Figure 3.21. EDX pattern of Ag nanoparticle added MNP-PEDOT-TiO2 composite material.

According to energy dispersive X-ray (EDX) spectroscopy, the presence of Ag signal
suggests the successful incorporation of silver to the composite material. On the other
hand, the sulfur peak corresponding to PEDOT, and other peaks (silicon, cobalt, and
iron) are corresponding to CoFe2O4@SiO2 magnetic nanoparticles (Figure 3.21).

Characterizations of Gold Added MNP-PEDOT-TiO2 Composite Material

Addition of gold nanoparticles to the support of MNP-PEDOT-TiO2 was proven with
TEM and EDX measurements given in Figure 3.22 and Figure 3.23, respectively.
Small gold nanoparticles on the surface were circled with pink color.
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Figure 3.22. TEM image of MNP-PEDOT-TiO2-AuNPs composite material.

Figure 3.23. EDX pattern of Au nanoparticle added MNP-PEDOT-TiO2 composite material.
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EDX pattern shows the presence of AuNPs on MNP-PEDOT-TiO2 composite
material. The exact amount of gold added onto the composite material was calculated
as 0.32% (w/w) by using ICP-OES.

Characterizations of Silver-Gold Bimetallic Nanoparticle Added MNPPEDOT-TiO2 Composite Material

Finally, silver-gold bimetallic nanoparticles added composite material, MNPPEDOT-TiO2-AgAuNPs, was prepared and morphological properties were
investigated by using TEM. TEM image of the composite material is given in Figure
3.24.

Figure 3.24. TEM image of MNP-PEDOT-TiO2-AgAuNPs.

79

From the Figure 3.24, each of the components that make up the composite material
can be seen. The presence of silver and gold in the composite material was also proven
with EDX measurement given in Figure 3.25.

Figure 3.25. EDX pattern of AgAu nanoparticle added MNP-PEDOT-TiO2 composite material.

Ag and Au signals appearing in the EDX pattern are the indications of the addition of
AgAuNPs onto the MNP-PEDOT-TiO2 composite material. The exact amounts of
silver and gold added to the composite material were found as 0.79 % (w/w) and 0.28
% (w/w), respectively by using ICP-OES.

3.2. Photocatalytic Activity Results of Prepared Composite Materials

Adsorption Profiles of the Prepared Nanostructures

It is very important to reveal the adsorption behavior of photocatalytic materials to
prove the photocatalytic degradation of the target molecule under light irradiation.
Thus, before starting to light irradiation, the MB solution and photocatalyst were
mixed and stirred in dark to find the adsorption behavior. For this, the adsorption
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behavior of TiO2 nanoparticle was investigated initially in order to compare with
composite materials prepared during the study. The result is given in Figure 3.26.

Figure 3.26. UV-Vis spectra of the MB solution taken initially and after mixed with 10 mg of TiO2
nanoparticles under dark environment for different durations.

Figure 3.26 shows a series of absorption maxima of the MB solution treated with 10
mg of TiO2 nanoparticle as a photocatalyst under dark for different durations.
According to Figure 3.26, the highest adsorption value was obtained after 10 min
mixing under dark condition. The stirring process was continued for 30 minutes. The
absorption maxima of MB located at about 660 nm decreases by about 11 % at the
end of 30 min. period. Percent adsorption values are given in Table 3.1.
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Table 3.1. Percent adsorption values of TiO2 nanoparticle under dark condition for different
durations.

Time (min)

Adsorption %

10

11.3

20

10.9

30

10.8

According to the obtained results, the total adsorption time for TiO2 nanoparticles
based catalysts was chosen as 10 min (Table 3.1). So before the light illumination,
each TiO2 nanoparticles based catalyst (TiO2, TiO2-AgNPs, TiO2-AuNPs, TiO2AgAuNPs) was mixed with MB solution for 10 min. After that, the adsorption
behavior of MNP-PEDOT-TiO2 composite material was investigated. The results are
given in Figure 3.27 and Table 3.2.
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Figure 3.27. UV-Vis spectra of the MB solution taken initially and after mixed with 10 mg of MNPPEDOT-TiO2 composite material under dark environment for different durations.

Table 3.2. Percent adsorption values of MNP-PEDOT-TiO2 composite material under dark condition
for different durations.

Time (min)

Adsorption %

10

16.3

20

17.6

30

17.1
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From Figure 3.27 and Table 3.2, the highest adsorption was detected at the end of the
20 min mixing time under dark condition. The absorption maxima of MB located at
about 660 nm decreases by about 18 % at the end of 20 min dark treatment. So, the
optimum mixing time before light exposure was founded as 20 min and applied for
MNP-PEDOT-TiO2 composite material based catalysts (MNP-PEDOT-TiO2, MNPPEDOT-TiO2-AgNPs, MNP-PEDOT-TiO2-AuNPs, MNP-PEDOT-TiO2-AgAuNPs)
before light illumination. After revealing the adsorption behaviors, the catalytic
activity of the prepared materials in the degradation of MB dye under UV and solar
light was investigated.

Photocatalytic Activity of the Prepared Structures Under UV Light
Illumination

In this part of the study, the photocatalytic activity of prepared materials was
investigated in the degradation of MB under UV light. 10 mg catalyst was used to
provide photocatalytic degradation of 10 mL, 2.2 ×10-5 M MB in each try. The percent
methylene blue degradation capacity of catalysts was determined by measuring a 2
mL solution from the reaction medium every 10 minutes and measured by using UVVis spectrometer. During the measurements, the absorption peak located at 660 nm
was followed. Then the solution used in the measurement was added to the reaction
medium and the same method was followed until the end of the photocatalytic
experiment. The percent degradation was calculated by using the equation given in the
experimental part.

To obtain proper information about the degradation of MB driven with the
photocatalytic process, initially, the experiment was performed in the absence of
catalyst and no decolorization was observed. After that, the photocatalytic activities
of TiO2 nanoparticles (Degussa P25) and PEDOT polymer were investigated as
reference photocatalysts for comparison with the structures prepared during the study.
Photocatalytic degradation and percent removal of methylene blue under UV light
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illumination in the presence of 10 mg TiO2 nanoparticles (Degussa P25) is given in
Figure 3.28 and Table 3.3 respectively.

Figure 3.28. UV-Vis spectra of the MB solution shows the photocatalytic degradation of MB under
UV light in the presence of 10 mg TiO2 nanoparticles (Degussa P25) for different durations.

Table 3.3. Percent dye degradation efficiency of TiO2 nanoparticles under UV light for different
durations.

Time (min)

Removal %

10

66.0

20

81.8

30

93.2

60

99.5
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According to the results, the complete degradation of MB under UV light was
achieved at the end of the 60 min. period by using given photocatalytic system.

After that, the activities of the prepared materials were measured by applying the
same method under the same conditions. In all UV-Vis measurements, the absorption
maxima located at 660 nm was followed and the same type of spectra was recorded.
In order to make comparison easier, all results related to photocatalytic degradation
of MB UV light are given in Table 3.4.

Table 3.4. Calculated percent dye degradation results of all catalysts prepared in this study under
UV light for different durations.
Catalysts (10 mg)

%
Degr.
10 min

%
Degr.
20 min

%
Degr.
30 min

%
Degr.
40 min

%
Degr.
50 min

%
Degr.
60 min

MNP (SiO2-CoFe2O4)

3.00

5.00

-

-

-

-

TiO2

66.0

81.8

93.2

99.2

99.4

99.5

TiO2/Ag0

87.2

99.5

99.7

99.7

99.7

99.7

TiO2/Au0

78.3

89.5

95.1

98.1

98.3

98.3

TiO2 /Au0Ag0

80.5

90.1

94.4

97.3

99.6

99.6

PEDOT

39.4

50.4

68.1

79.2

88.9

95.0

MNP-PEDOT

57.1

80.7

89.2

91.6

94.5

95.2

MNP-PEDOT-TiO2

82.9

91.1

97.4

99.4

99.4

99.4

MNP-PEDOT-TiO2/Ag0

89.6

96.3

99.5

99.5

99.5

99.6

MNP-PEDOT-TiO2/Au0

92.7

95.4

99.5

99.4

99.4

99.4

MNP-PEDOT-

88.4

92.3

98.4

99.5

99.5

99.5

0

0

TiO2/Au Ag



A blank correction was applied and ± standard deviation founded around 1%.
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As can be seen from the results, complete removal of MB was obtained after 60 min
with TiO2 nanoparticle under UV light illumination. Total degradation time shortened
with the addition of metal nanoparticles to TiO2 nanoparticle. The total degradation
was achieved in 20 min with the addition of AgNPs. Total degradation was achieved
at the end of the 40 and 50 min UV light illumination by using the structures obtained
by doping TiO2 nanoparticles with AuNPs and AgAuNPs, respectively. According to
the results, it can be concluded that doping of TiO2 nanoparticles with noble metal
nanoparticles (AgNPs, AuNPs, and AgAuNPs) increases the catalytic activity of the
resulting nanostructure. The comparison of the TiO2 nanoparticles based catalyst is
given in Figure 3.29.

Figure 3.29. Comparison of the percent degradation of MB under UV light by using a) TiO2, b) TiO2AgNPs, c) TiO2-AuNPs and d) TiO2-AgAuNPs catalysts.
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The total degradation time of MB under UV light illumination decreases from 60 min
to 20 min with the addition of 1.15% (w/w) silver nanoparticles to the TiO2
nanoparticles. In the case of 0.52 % (w/w) gold nanoparticles addition, the total
degradation time of MB decreases from 60 min to 40 min. Finally, doping TiO 2
nanoparticles with bimetallic AgAu nanoparticles, (0.68 % (w/w) Ag and 0.45 (w/w)
% Au), shortened the total degradation time of MB under UV light from 60 min to 50
min. The highest photocatalytic activity and the initial rate for MB removal under UV
light were obtained with the usage of TiO2-AgNPs. The shorter absorption maxima
(λ=420 nm) when compared with gold nanoparticles (λ=520 nm) and the higher
amount of silver nanoparticles (1.15%) in the structure can be the reasons for the
highest activity of TiO2-AgNPs nanoparticles.

In the case of PEDOT, 95% removal of MB was achieved at the end of the 60 min UV
light. The similar result obtained with the usage of MNP-PEDOT as the photocatalyst.
But, MNP-PEDOT contains only 5 mg PEDOT. Although the amount of PEDOT was
decreased to its half, the similar total removal of MB was obtained with a higher initial
rate. This can be attributed to the increase of the total surface area with the addition of
MNP to the PEDOT.

For MNP-PEDOT-TiO2 composite material used as a photocatalyst, the characteristic
absorption band of MB at about 660 nm decreases gradually over time and finally
almost disappears within 40 min which is the indication of total degradation.
Comparison of the % MB degradation obtained by using MNP-PEDOT-TiO2 with
TiO2 nanoparticles, PEDOT and MNP-PEDOT composite material is given in Figure
3.30.
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Figure 3.30. Comparison of the percent degradation of MB under UV light by using a) TiO2, b)
PEDOT, c) MNP-PEDOT and d) MNP-PEDOT-TiO2.

As can be seen from the Table 3.5 and Figure 3.30, the degradation efficiency reaches
up to 83% in 10 min and nearly complete removal of MB was obtained after 40 min
under the same conditions by using MNP-PEDOT-TiO2 as a catalyst. The comparison
of the initial rates of the structures mentioned above is given in Table 3.5.
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Table 3.5. The comparison of the initial rates of the MNP-PEDOT-TiO2 with TiO2, PEDOT and
MNP-PEDOT catalyst.

Catalysts (10 mg)

Degr. % after 10 min

TiO2

66.0

PEDOT

39.4

MNP-PEDOT (contains 5 mg PEDOT)

57.1

MNP-PEDOT-TiO2 (contains 3 mg PEDOT and 2

82.9

mg TiO2)

According to the results given in Table 5, the initial degradation rate of MB obtained
with TiO2 nanoparticles increase from 66 % to 83% with the addition of PEDOT and
MNP. Additionally, 10 mg MNP-PEDOT-TiO2 composite material contains only 2
mg TiO2 nanoparticles and 3 mg PEDOT. Although MNP-PEDOT-TiO2 composite
material contains a smaller amount of TiO2, it shows better catalytic activity than 10
mg pure TiO2 nanoparticles and PEDOT polymer. In order to support this conclusion,
an additional experiment was performed. In this experiment, 2 mg TiO2 nanoparticles
were used as the photocatalyst and the result obtained was used for comparison with
MNP-PEDOT-TiO2 composite material (Table 3.6.).
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Table 3.6. The comparison of the percent degradation of MB under UV light by using 2 mg TiO2
nanoparticles and MNP-PEDOT-TiO2 which contains 2 mg TiO2 nanoparticles.

Time

Removal % with TiO2

Removal % with MNP-

(min)

(2 mg)

PEDOT-TiO2 containing
2 mg TiO2

10

21.6

82.9

20

22.3

91.1

30

22.5

97.4

40

23.1

99.4

50

23.8

99.4

60

24.6

99.4

90

24.7

-

120

24.9

-

180

25.1

-

As can be seen from Table 3.6, only 25% removal of MB was achieved after 180 min
with the use of 2 mg TiO2 nanoparticles catalyst. In the case of MNP-PEDOT-TiO2
composite material which contains 2 mg TiO2 nanoparticles, the total degradation of
MB was obtained at the end of 40 min.

This suggests that the presence of PEDOT polymer and the synergetic interaction with
TiO2 plays a very important role in the photocatalytic activity of the prepared
composite material. A conclusion may be given that doping TiO2 nanoparticle with
PEDOT polymer can remarkably increase the photocatalytic activity by increasing the
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charge separation, formation of electron (e-) and hole (h+) pairs, due to its proper Eg
values (1.65 eV) which allows the e- and h+ transfer between HOMO-LUMO (-5.40
eV, -3.75 eV) levels of PEDOT and VB-CB (-7.4 eV, -4.2 eV) levels of TiO2
nanoparticles.

Besides the high photocatalytic activity, MNP-PEDOT-TiO2

composite material has an advantage of magnetic separation. The presence of PEDOT
not only increases the photocatalytic activity but also allows the addition of magnetic
nanoparticles which gives the magnetic property to the final structure. Due to this
property, the catalyst can be separated from the reaction medium for reuse without the
need for separation processes that require a long time and also the pollution caused by
the catalyst will be prevented.

Finally, effect of the addition of noble metal nanoparticles onto the MNP-PEDOTTiO2 composite material throughout the photocatalytic activity test was figured out by
comparing the results obtained for degradation of MB under UV light with the usage
of MNP-PEDOT-TiO2, MNP-PEDOT-TiO2-AgNPs, MNP-PEDOT-TiO2-AuNPs and
MNP-PEDOT-TiO2-AgAuNPs, respectively. Comparison of the results is given in
Figure 3.31.
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Figure 3.31. Comparison of the percent degradation of MB under UV light by using a) MNPPEDOT-TiO2, b) MNP-PEDOT-TiO2-AgNPs, c) MNP-PEDOT-TiO2-AuNPs and d) MNP-PEDOTTiO2/AgAuNPs.

The highest initial decomposition rate of MB (93% at 10 min.) was obtained with the
usage of MNP-PEDOT-TiO2-AuNPs composite material as a catalyst which contains
only 0.52 % Au. Total degradation of MB was achieved only after 30 min UV light
by using MNP-PEDOT-TiO2-AuNPs, MNP-PEDOT-TiO2-AgNPs, and MNPPEDOT-TiO2-AgAuNPs composite material as a catalyst. According to the results, it
can be concluded that the addition of noble metal nanoparticles onto the MNPPEDOT-TiO2 increases the photocatalytic activity due to their surface plasmon
resonance property by transferring electrons to the conduction bands of TiO2
nanoparticles and LUMO level of PEDOT generated from plasmon excitation and also
by increasing the separation efficiency of e-h pairs.
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Photocatalytic Activity of the Prepared Structures Under Solar Light
Illumination

In this part of the study, the photocatalytic activity of the proposed materials under
solar light was investigated in the degradation of MB dye. The same reaction
conditions and experimental parameters were used as in the previous section. During
the UV-Vis measurements, the absorption peak located at 660 nm was followed at
every 10 min and percent degradation was calculated from the absorption maxima by
using the equation given in the experimental part. Because of the large number of
catalysts, only the spectra which show the time-dependent degradation of MB
obtained with titanium nanoparticles as catalyst under solar light as an example is
given in Figure 3.32. All calculated percent degradation values are given in Table 3.7.

Figure 3.32. UV-Vis spectra of the MB solution shows the photocatalytic degradation of MB under
solar light illumination in the presence of 10 mg TiO2 nanoparticles (Degussa P25) for different
durations.
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Table 3.7. Calculated percent dye degradation results of all catalysts prepared in this study from UVVis spectra obtained under solar light for different durations.
Degr. %
10 min

Degr. %
20 min

Degr. %
30 min

Degr. %
40 min

Degr. %
50 min

Degr. %
60 min

Degr. %
120 min

TiO2

39.1

43.2

55.0

68.3

75.6

86.4

96.2

TiO2/Ag0

30.5

43.1

57.9

75.2

81.8

89.2

95.6

TiO2/Au0

56.8

72.2

81.9

91.1

96.0

99.5

-

TiO2/Ag0Au0

59.5

74.4

83.8

94.4

98.9

99.0

-

PEDOT

30.6

52.1

69.2

74.6

78.4

81.6

95.2

MNP-PEDOT

36.2

70.7

84.1

86.2

87.9

89.3

94.6

MNP-PEDOT-TiO2

43.1

80.3

90.9

95.5

96.3

96.8

-

MNP-PEDOT-TiO2/Ag0

80.5

99.2

99.3

99.3

99.3

-

-

MNP-PEDOT-TiO2/Au0

83.1

99.3

99.6

99.6

-

-

-

MNP-PEDOT-

85.4

99.5

99.5

99.5

99.5

-

-

Catalysts

TiO2/Ag0Au0



A blank correction was applied and the ± standard deviation was founded
around 1%.

According to the results, at the end of the 120 min period, complete degradation of
MB was not achieved with TiO2 nanoparticles under solar light illumination. The same
type of behavior was recorded for AgNPs doped TiO2 nanoparticles. In the case of
TiO2 nanoparticles doped with AuNPs and AgAuNPs complete degradation of MB
was achieved after 60 min of solar light exposure. The comparison of the degradation
of MB obtained by using TiO2 nanoparticles with doped ones is given in Figure 3.33.
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Figure 3.33. Comparison of the percent degradation of MB under solar light by using a) TiO 2, b)
TiO2-AgNPs, c) TiO2-AuNPs and d) TiO2 AgAuNPs.

As can be seen from the Figure 3.33, the initial decomposition rate of the MB obtained
with TiO2-AuNPs (0.52 % (w/w) Au) and TiO2-AgAuNPs (0.68 % (w/w) Ag and 0.45
(w/w) % Au ) was calculated nearly the same. The addition of AuNPs and AgAuNPs
increased the catalytic activity and the total degradation time shortened from 120 min
to 60 min. The highest activity was obtained with TiO2-AgAuNPs nanostructures
under solar light. The higher activity can be related to smaller sized AgAuNPs (4 nm)
formed on TiO2 nanoparticles when comparing with AgNP and AuNPs. Finally, the
addition of AgNP to TiO2 nanoparticles has not changed the activity under solar light.

The catalytic activity of PEDOT was slower under solar light when compared with
the activity recorded under UV light. Only 95% degradation of MB was observed at
the end of the 120 min under solar light illumination. Although, the addition of MNP
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was increased the initial rate of decomposition from 30% to 36%, the time needed for
total degradation was not changed. At the end of the 120 min 96% removal of MB
was obtained with the usage of MNP-PEDOT as a catalyst. The addition of TiO2
nanoparticles into the MNP-PEDOT structure completely changed the catalytic
behavior of the final structure, MNP-PEDOT-TiO2. Comparison of the result is given
in Figure 3.34.

Figure 3.34. Comparison of the percent degradation of MB under solar light by using a) TiO 2, b)
PEDOT, c) MNP-PEDOT and d) MNP-PEDOT-TiO2 catalyst.

The maximum percent degradation of MB under solar light was noted as 97% in 60
min. The decrease in the activity of TiO2 and PEDOT with solar light exposure is
related to a decrease in charge separation efficiency due to the usage of the source
(solar light) carrying less energy. After doping TiO2 nanoparticles with PEDOT,
although performing degradation of MB under solar light (contains mostly visible
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radiation) total degradation was achieved in 60 min. As previously mentioned in
discussion part 3.2.2, 2 mg TiO2 nanoparticles and 3 mg PEDOT are found in MNPPEDOT-TiO2 composite material and by using 2 mg TiO2 nanoparticles, only 25 %
degradation of MB was achieved in 180 min (Table 3.6). This result also supports the
increase in enhancement obtained with a proposed structure. The increase in activity
can be attributed to an increase in charge separation process due to doping of TiO2
nanoparticles with PEDOT besides the increase in surface area of the resulting MNPPEDOT-TiO2 composite material.

In order to further increase the catalytic activity under visible light irradiation, MNPPEDOT-TiO2 composite material was doped with noble metal nanoparticles.
According to the results given in Table 3.6, the addition of noble metal nanoparticles
improves the catalytic activity and total degradation of MB under solar light was
achieved only in 20 min. In this part, MNP-PEDOT-TiO2 composite material doped
with Ag, Au and AgAu nanoparticles. The comparison of the catalytic activities of
MNP-PEDOT-TiO2 composite material with doped ones is given in Figure 3.35.
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Figure 3.35. Comparison of the percent degradation of MB under solar light by using a) MNPPEDOT-TiO2, b) MNP-PEDOT-TiO2-Ag, c) MNP-PEDOT-TiO2-Au and d) MNP-PEDOT-TiO2AgAu catalyst.

The highest catalytic activity for MB degradation under solar light was obtained with
the doping of TiO2 nanoparticles with PEDOT and noble metal nanoparticles in the
presence of MNP. MB dye solution was totally degraded after 20 min solar light
exposure by using MNP-PEDOT-TiO2-AuNPs, MNP-PEDOT-TiO2-AgNPs and
MNP-PEDOT-TiO2-AgAuNPs composite materials. Although performing the
reaction under solar light (contains only 6% UV light), the catalytic activities of the
composite materials much higher than the activities measured under UV light
illumination. This increase can be attributed to additional electrons transferred to the
conduction band of the semiconductor generated from plasmon excitation process
besides the synergetic effects resulting increase in charge separation efficiency
obtained with the addition of PEDOT and noble metal nanoparticles to the TiO2
nanoparticles.
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Figure 3.36. Proposed mechanism of photodegradation of MB dye by the prepared photocatalysts
under light irradiation..

Mainly, the mechanism involves the absorption of photons by photocatalyst with
larger energy than that of band gap of photocatalyst.
ℎ𝜗

𝑃ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 →

+
−
𝑒𝑐𝑏
+ ℎ𝑣𝑏

Later on, the reduction of oxygen to superoxide radicals, and neutralization of
hydroxyl ions that produces OH• radicals are taking place.

•−
(O2 ) + e−
cb → O2
+
•
(H2 O ↔ H + + OH − ) + h+
vb → H + OH

The third step is the neutralization of superoxide radicals by protons following
formation of hydrogen peroxide.
•
+
O•−
2 + H → HO2

2HO•‾
2 → H2 O2 + O2
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The next step is the decomposition of hydrogen peroxide.
H2 O2 + e− → OH • + OH −
And, final steps are the oxidation of reactants by attacks of hydroxyl radicals and by
reaction with holes directly.
R + OH • → R′• + H2 O
R + h+ → R+• → degradation products → CO2 + H2 O
As the HOMO-LUMO (-5.40 eV, -3.75 eV) levels of PEDOT are well-matched with
VB-CB (-7.4 eV, -4.2 eV) levels of TiO2 nanoparticles, the formed photogenerated eh pairs can transfer between these levels that results in enhanced charge separation.
The better charge separation provides improved photocatalytic activity therefore, the
rate of degradation of MB by formed superoxide and hydroxyl radicals to final
degradation products (CO2 and H2O) increases. The decrease in time for degradation
of dye exhibits the proper synergistic interaction between dopant polymer and TiO2 as
shown in Figure 3.36.
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The results obtained were also compared with literature and comparison is given in
Table 3.8.
Table 3.8. The comparison of the results with literature
Type of Photocatalyst
(Concentration)
TiO2-PVDF/PMMA
Blend Membranes
(4 cm x 4 cm
membranes in 500 mL)
g-C3N4-RGO-TiO2
nanoheterojunctions
(50 mg catalyst/200 mL
MB)
Mo doped TiO2/C-PVA
thin films
(4 cm/8 mL MB)
PPy-TiO2
nanocomposite
(20 mg/50 mL MB)
PoPD/TiO2
30 mg/30 mL MB)
Aerochitin-TiO2
composite
(10 mg/10 mL)
TrCMP-TiO2 micropous
comp.
(25 mg/35 mL)
BiPO4/PANI
(200 mg/200 mL)

CdS/PTh, CdS/PPy,
CdS/PANI
(25 mg/50 mL)
ZnO /PMMA powders
(100 mg/2 mL)
MNP-PEDOT-TiO2AgAu
(10 mg/10 mL)

Concentr.
of MB
(mg/L)

Year

Removal %
(UV)

Removal %
(Vis)

Irradiation
Time (min)

Ref.

(3.2)

2019

99.0

-

150

[128]

(30)

2017

-

92.0

180

[129]

(3.2)

2019

90.6

-

1440

[130]

(1)

2017

-

93.0

90

[131]

(40)

2017

-

Nearly 60.0

180

[132]

(10)

2018

98.0

-

200

[133]

(8)

2018

-

Complete
Degr.

60

[134]

(20)

2018

95.8

87.3

(10)

2018

-

71.0, 77.0,
61.0
respectively

300

[136]

480
(sunlight)
2
(UV)

[135]

(10)

2017

60.0

-

240

[137]

(10)

2019

Complete
Deg.

Complete
Degr.

30 (UV)
20 (SS)

This
Study
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As shown in Table 3.8, the MNP-PEDOT-TiO2-AgAuNPs has the highest
photocatalytic activity among the polymer and TiO2 based catalysts reported in the
literature for the same reaction.

Reuse Studies

To evaluate the photocatalytic stability, reusability of MNP-PEDOT-TiO2-AgNPs,
MNP-PEDOT-TiO2-AuNPs and MNP-PEDOT-TiO2-AgAuNPs composites was
tested in successive experiments. After the completion of photocatalytic degradation
of MB performed under solar light, the catalyst was isolated using a permanent magnet
(Figure 3.13) and then dispersed in 10 mL solution containing MB. After that second
run of degradation process was started immediately and continued for another 20 min.
The photocatalytic degradation process was repeated 5 times under solar light. Since
the isolation of catalyst by time-consuming processes like centrifugation and filtration
results in catalyst loss after each subsequent runs, magnetically isolable composite
materials are highly advantageous. The results are given in Figure 3.37, Figure 3.38
and Figure 3.39, respectively.
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Figure 3.37. Reuse performance of MNP-PEDOT-TiO2-AgNPs composite material.

Figure 3.38. Reuse performance of MNP-PEDOT-TiO2-AuNPs composite material.
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Figure 3.39. Reuse performance of MNP-PEDOT-TiO2-AgAuNPs composite material.

As can be seen from the results, after five successive experiments percent degradations
decrease from 99.5 % to 84% for all catalysts. The resulting solutions after 5 runs were
analyzed by ICP-OES and no leaching of Au and Ag into the solution was detected.
Therefore, the slight decrease in the catalytic activity of MNP-PEDOT-TiO2-AgNPs,
MNP-PEDOT-TiO2-AuNPs and MNP-PEDOT-TiO2-AgAuNPs composites after the
5th run in photocatalytic degradation of MB under solar light can be attributed to
partial oxidation of noble metal nanoparticles found on the structure and deposition of
degradation products onto the composites and/or small amount of loss of catalyst
during separation. In order to provide complete degradation, a number of washing step
can be increased to get rid of the degradation products adsorbed onto the surface of
composites. Also, additional reduction step with sodium borohydride can be applied
to regenerated catalyst after 3rd run or exposure time can be increased.
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3.3. Measurements of the Degradation Products of Methylene Blue by Using LCMS

The photocatalytic degradation process can be followed in two different ways. In the
first one, decolorization of dye followed by using UV-Vis spectrometer. But it is
difficult to understand whether the removal is caused by photocatalytic degradation or
attachment to the surface of the material (adsorption). In order to decide whether the
process is degradation or not, the reaction solution must be analyzed with gas (GC) or
liquid chromatography (LC) coupled with mass (MS) detector. TiO2 nanoparticles are
considered as the reference total oxidation catalyst in photocatalytic reactions. Thus
the data obtained from the usage of TiO2 nanoparticle for the decomposition of
methylene blue was used to prove the photocatalytic decomposition of methylene blue
with the usage of prepared composite material under solar light illumination.

In the previous section, dye removal was determined using UV-Vis spectroscopy by
following the decolorization. In this part, removal of the MB dye was due to
photocatalytic degradation was revealed by LC-MS data. In this direction, initially,
the mass spectrum of MB solution was obtained prior to treatment with the catalyst
under light irradiation. The corresponding MS data of the methylene blue is given in
Figure 3.40.
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Figure 3.40. LC-MS spectrum of MB before the photocatalytic reaction under solar light.

The line located at m/z=284 is related to parent ion of methylene blue [MB + H]+. The
other intense line observed at m/z= 270 is related to Azure B known as well-known
homologs of MB [ref Hiba 65]. New lines at m/z= 131, 114, 98, 85 and 73 are related
to fragmentation of MB and/or organic contamination.

Secondly, photocatalytic degradation of MB solution was performed in the presence
of TiO2 nanoparticles as the catalyst under solar light for 120 min. After isolation of
catalyst, the solution part was analyzed with LC-MS and the result is given in Figure
3.41.
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Figure 3.41. LC-MS spectrum of the photocatalytic degradation products of methylene blue by using
TiO2 nanoparticles as catalyst under solar light.

Main signals located at m/z= 284 and m/z= 270 were disappeared after the
photocatalytic treatment which is the indication of degradation of MB molecules.

Finally, the MB solution treated with MNP-PEDOT-TiO2-AgAuNPs composite
material under solar light for 20 min measured with LC-MS. After that, the result is
compared with the mass spectra obtained with TiO2 nanoparticles. The comparison of
the LC-MS spectra is given in Figure 3.42.
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Figure 3.42. Comparison of the LC-MS data of the MB solution treated with TiO2 nanoparticles and
MNP-PEDOT-TiO2-AgAuNPs under solar light.

According to Figure 3.42, main lines located at m/z=284 and 270 related to parent ion
of methylene blue disappeared after treatment with MNP-PEDOT-TiO2-AgAuNPs
composite material under solar light irradiation. These changes can be considered as
the proof of photocatalytic degradation of methylene blue with the usage of prepared
composite materials. As can be seen from the MS spectra, there is a decrease in the
total amount of methylene blue (Figure 3.42) which can be attributed the
decomposition of it into CO2 and other inorganic ions like nitrate and sulfate besides
degradation products and fragments. When the total illumination time of solar light
considered (120 min for TiO2 nanoparticles and 20 min for MNP-PEDOT-TiO2AgAuNPs composite), it is possible to say that the prepared composite material is a
much more effective catalyst than TiO2 nanoparticles.
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The results of LC-MS

measurements are consistent with the results obtained with UV-Vis spectrometry in
decolorization studies.

3.4. Photocatalytic Hydrogen Production Studies

In this part of the thesis, the photocatalytic activity of the prepared composite catalysts
was tested in the production of hydrogen gas from the ethanol-water mixture. For this,
50 mL of 10% ethanol solution and 20 mg of catalyst were introduced into the
photoreactor as described in the experimental section in all trials. The hydrogen
production efficiency of all catalyst prepared under UV light was checked using the
quartz reactor system given in the Experimental part (Figure 2.8). The amount of gas
obtained during the reaction was monitored by a decrease in liquid level founded in a
tube. Then the experiments were repeated and the gas obtained in each experiment
was collected in the gas sampling bag (Tedlar bag). After that, the content of the gas
collected was revealed by using GC-TCD system in order to find the exact amount of
hydrogen gas produced in each try.

Initially, a control experiment was performed by putting 50 mL ethanol-water mixture
contains 10% of ethanol into the reactor and UV exposure was started without putting
catalyst. Then gas evolution was followed in time. The reaction was continued for 60
min and then ended at the point where the gas formation not observed. The result
obtained for the control experiment is given in Figure 3.43.
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Figure 3.43. Control experiment for photocatalytic hydrogen evolution, a time-dependent variation of
the volume of the gas mixture obtained from 50 mL water-ethanol mixture under 150 W UV light
exposure in the absence of a catalyst.

As can be seen from Figure 3.43, no appreciable gas formation was observed in the
catalyst-free medium. Only 3 mL gas generation was measured at the end of 60
minutes of UV light exposure.

The analysis of the generated gas at the end of the control experiment was carried out
by using GC coupled with a TCD detector and no hydrogen detected. Only oxygen
and nitrogen gases were observed. The obtained chromatogram is given in Figure 3.44.
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Figure 3.44. GC chromatogram which shows the composition of gas obtained from 50 mL waterethanol mixture under 150 W UV light exposure at the end of the control experiment.

According to the chromatogram obtained, only peaks related to oxygen (10.85 min)
and nitrogen (11.25 min) were observed.

After the control experiment, the hydrogen generation capacity of prepared catalysts
was measured respectively with UV light exposure. In the first trials, gas evolution
profiles of all catalysts were revealed. After that same experiments were performed
and the formed gas collected into the Tedler bag and analyzed by using GC-TCD.
Initially, the hydrogen generation capacity of TiO2 nanoparticles from the ethanolwater mixture as photocatalyst was determined. The obtained result is given in Figure
3.45.
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Figure 3.45. Time-dependent variation of the volume of the gas mixture obtained from photocatalytic
hydrogen evolution from 50 mL water-ethanol mixture under 150 W UV light exposure by using 20
mg TiO2 nanoparticles as a catalyst.

9 mL gas evolution was determined at the end of the 40 min UV light exposure by
using TiO2 nanoparticles as the photocatalyst. The reaction was continued for up to 60
minutes. No change in gas volume was observed after 40 minutes. Therefore, the
maximum gas evolution was recorded as 9 mL.

Secondly, the photocatalytic activity of MNP-PEDOT in hydrogen generation from
the ethanol-water mixture was investigated. For this, the same experimental setup and
conditions were used. The result is given in Figure 3.46.
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Figure 3.46. Time-dependent variation of the volume of the gas mixture obtained from photocatalytic
hydrogen evolution from 50 mL water-ethanol mixture under 150 W UV light exposure by using 20
mg MNP-PEDOT as a catalyst.

According to the result given above, 12 mL gas was evolved after 30 min. At the end
of the 60 min exposure, no change was observed in the volume of the gas obtained by
using MNP-PEDOT as a catalyst.

Hydrogen generation capacity of the prepared composite materials was investigated
respectively after determination of the photocatalytic activity of TiO2 nanoparticles
and MNP-PEDOT in the photocatalytic hydrogen generation from the water-ethanol
mixture under UV light exposure.

114

In this part, initially the photocatalytic activity thus hydrogen generation capability of
MNP-PEDOT-TiO2 composite material was investigated. The result is given in Figure
3.47.

Figure 3.47. Time-dependent variation of the volume of the gas mixture obtained from photocatalytic
hydrogen evolution from 50 mL water-ethanol mixture under 150 W UV light exposure by using 20
mg MNP-PEDOT-TiO2 as a catalyst.

According to Figure 3.47, 22 mL gas generation was obtained at the end of the 50 min
UV light exposure. The reaction was ended at 60 min and no increase was detected at
the gas level. Although the amount of TiO2 nanoparticles decreases from 20 mg to 4
mg and PEDOT from 20 mg to 6 mg (20 mg MNP-PEDOT-TiO2 composite contains
nearly 4 mg TiO2 nanoparticles and 6 mg PEDOT), the volume of gas generated was
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increased to 21 mL (9 mL for TiO2 nanoparticles and 12 mL for PEDOT). From the
result obtained, it can be concluded that doping of TiO2 nanoparticles with PEDOT
increased the activity and resulting MNP-PEDOT-TiO2 composite material showed
enhanced activity in photocatalytic hydrogen generation studies under UV light
exposure.

After that hydrogen generation performance of the MNP-PEDOT-TiO2 composite
material doped with AgNPs, AuNPs and AgAuNPs were investigated and obtained
results were given below respectively. Studies were started by measuring the activity
of the MNP-PEDOT-TiO2/AgNPs composite material as a catalyst in the
photocatalytic hydrogen generation from the water-ethanol mixture. The obtained
result is given in Figure 3.48.
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Figure 3.48. Time-dependent variation of the volume of the gas mixture obtained from photocatalytic
hydrogen evolution from 50 mL water-ethanol mixture under 150 W UV light exposure by using 20
mg MNP-PEDOT-TiO2-AgNPs as a catalyst which contains 0.86 % (w/w), Ag.

According to the result obtained, the gas evolution was increased to 28 mL under 40
min of UV light exposure. The increase in the volume of the generated gas at the end
of the photocatalytic process can be considered as the evidence of the effect of the
metal nanoparticles doping of the MNP-PEDOT-TiO2 composite material.

After that MNP-PEDOT-TiO2 composite material was doped with Au and AgAu
(bimetallic) nanoparticles and then used as a photocatalyst in the production of
hydrogen gas. The results are given in Figure 3.49 and Figure 3.50, respectively.
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Figure 3.49. Time-dependent variation of the volume of the gas mixture obtained from photocatalytic
hydrogen evolution from 50 mL water-ethanol mixture under 150 W UV light exposure by using 20
mg MNP-PEDOT-TiO2-AuNPs as a catalyst which contains 0.32 % (w/w), Au.
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Figure 3.50. Time-dependent variation of the volume of the gas mixture obtained from photocatalytic
hydrogen evolution from 50 mL water-ethanol mixture under 150 W UV light exposure by using 20
mg MNP-PEDOT-TiO2-AgAuNPs as a catalyst which contains 0.79 % (w/w) Ag and 0.28 % (w/w)
Au.

According to the result 29 mL and 28 mL gas evolved by using MNP-PEDOT-TiO2AuNPs and MNP-PEDOT-TiO2-AgAuNPs as a catalyst, respectively. The increase in
the activity also observed with the addition of Au and AgAu nanoparticles to the
MNP-PEDOT-TiO2 composite material. In order to make the comparison, all results
obtained are given in Figure 3.51.
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Figure 3.51. Comparison of the gas formation capability of catalysts prepared during this study.

The highest gas generation activity was obtained with the usage of MNP-PEDOTTiO2-AuNPs and MNP-PEDOT-TiO2-AgAuNPs as the photocatalyst. It was observed
that the results obtained for gas generation studies were consistent with the results
obtained for the decomposition of MB under both UV and solar light illumination.

Accordingly, the doping of TiO2 nanoparticles with polymer and metallic
nanoparticles in the presence of magnetic nanoparticles increased the photocatalytic
activity. After that, the amount of hydrogen gas found in the gas generated at the end
of the photocatalytic reaction was revealed with GC-TCD measurements. The
example of the chromatogram obtained for each experiment is given in Figure 3.52.
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Figure 3.52. GC chromatogram showing the composition of gas obtained from 50 mL water-ethanol
mixture by using MNP-PEDOT-TiO2 composite material as photocatalyst under 150 W UV light
exposure.

In addition to N2 and O2, H2 peak was observed at 6.3 min from the chromatogram.
The amount of hydrogen was calculated from the peak area and results are given in
Table 3.9.
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Table 3.9. Comparison of the hydrogen amounts obtained by using photocatalyst produced during the
study.

Sample

The
volume
of the
obtained
gas
mixture

%
Hydrogen
amount by
GC-TCD

The
volume of
Hydrogen
(mL)

Temperature
measured at
the end of
the reaction
(K)

Hydrogen
amount
(mol)

Control
Experiment
(without catalyst)

3

0

0

305

0

TiO2

9

1.6

0.14

304

5.61×10-6

MNP-PEDOT

12

1.5

0.18

307

7.20×10-6

MNP-PEDOTTiO2
MNP-PEDOTTiO2-AgNPs

21

3.2

0.67

308

2.65×10-5

28

3.5

0.98

308

3.88×10-5

MNP-PEDOTTiO2-AuNPs

29

3.5

1.02

307

4.05×10-5

MNP-PEDOTTiO2-AgAuNPs

29

3.6

1.04

308

4.13×10-5

According to the results given in Table 3.9, the highest amount of hydrogen gas was
obtained by using MNP-PEDOT-TiO2-AuNPs and MNP-PEDOT-TiO2-AgAuNPs
composite materials as the photocatalyst under UV light illumination.
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As reported before, after the e-h pairs formation by light irradiation in the
photocatalyst, ethanol is oxidized to acetaldehyde via holes.
2h+ + C2 H5 OH → 2H + + CH3 CHO
Secondly, electrons are trapped on the surface, where they reduce and recombine
protons to produce H2 gas as follows:
2e− + 2H + → H2
Furthermore,in the presence of water, acetaldehyde can additionally form hydrogen
gas according to following reactions.
CH3 CHO + 3H2 O → 5H2 + 2CO2
2CH3 CHO + H2 O → 5H2 + CO2 + CH3 COCH3
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CHAPTER 4

4.

CONCLUSION

Semiconductor metal oxide based photocatalytic materials have gained great
importance for degradation of pollutants in wastewater. Among the semiconductor
based photocatalysts, TiO2 has attracted attention in the wastewater and air
purification due to its low-cost, efficiency, and non-toxicity. Unfortunately, low
catalytic activity under visible light and separation of small sized photocatalyst
materials from large volumes of wastewater considered as the main drawbacks.

In this thesis, in order to increase the photocatalytic activity, and provide separation
of catalyst without the need for complex processes (filtration, centrifugation, etc.) for
reuse study and to eliminate secondary pollution caused by catalyst, composite
materials which contains PEDOT, TiO2 nanoparticles, noble metal and magnetic
nanoparticles were prepared and their catalytic activities were investigated in the
photocatalytic degradation of MB and hydrogen generation from water-ethanol
mixture under UV and solar light.

Detailed characterization of the prepared materials was carried out by using advanced
analytical methods. The catalytic activities of the obtained catalysts were tested in the
photocatalytic degradation of MB under UV and solar light. The highest activity was
obtained with the use of MNP-PEDOT-TiO2-AuNPs and MNP-PEDOT-TiO2AgAuNPs composite structures. Under solar light, only 20 minute is enough to
achieve complete degradation of methylene blue by using these composite materials.
Besides, the determination of degradation products was carried out by using LC-MS
to prove photocatalytic degradation. In addition, the hydrogen generation capacity of
the photocatalysts from ethanol-water mixture was also investigated. The amount of
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hydrogen generated was calculated with GC-TCD measurements. The highest
hydrogen generation was obtained with MNP-PEDOT-TiO2-AgAuNPs composite
material.

According to the results obtained, it has been shown that the efficiency of TiO2
nanoparticles can be increased with the addition of conductive polymers and metal
nanoparticles and, therefore it is possible to ensure their effectiveness in the visible
light region. The prepared photocatalysts are proper candidates to remove toxic dyes
finding in textile wastewaters and to generate hydrogen from volatile organic
compounds. The obtained results are also shown that the idea of doping titanium
dioxide nanoparticles together with PEDOT and metal nanoparticles is the right
strategy for increasing the activity under UV light and providing high activity under
visible light.
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