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ABSTRACT

PREPARATION OF SILVER NANOPARTICLES LOADED POLYANILINETITANIUM DIOXIDE NANOCOMPOSITE MATERIAL AND USAGE IN
ENVIRONMENTAL REMEDIATION

Elbuzedi, Mohamed
PhD., Modeling and Design of Engineering Systems
Supervisor: Assoc. Prof. Dr. Murat Kaya
Co-Supervisor: Assoc. Prof. Dr. Seha Tirkeş

January 2020, 99 pages

In recent decades, environmental pollution due to toxic and carcinogenic organic dyes
in the wastewater of many textile industries is a serious problem for human health.
Therefore, the removal of these dyes in wastes is the way of resolving this
environmental issue. The possible methods to achieve degradation of these toxic
molecules into non-toxic components are adsorption, reverse osmosis, precipitation,
and coagulation-flocculation. However, these techniques need further treatments and
are not cost-effective. Among the several methods to solve this problem, Advanced
Oxidation Processes (AOPs), which include extremely reactive anions (O2−) and
radicals (•OH), have attracted great attention because of their potential utilization for
wastewater treatment. These reactive oxygen species are released by the
semiconductor photocatalysts after exposure by the UV or visible light. Numerous
semiconducting catalysts such as ZnO, Fe2O3, SnO2, CdS, TiO2, etc. were used to
remove organic dyes from the wastewater because of their unique properties in
photocatalysis.

iii

The solar light-based photocatalytic activity has a prominent capability for the usage
in environmental remediation. However, the insufficient activity of the semiconductor
photocatalysts due to their large band gaps under visible irradiation is still preventing
their applications. Many researchers have tackled to reduce band gaps of
semiconductor photocatalysts to obtain maximum efficiency from the visible part of
the solar spectrum by doping or co-doping with metal and nonmetal ions.

Besides the metal oxide semiconductors, conjugated polymer-based photocatalysts are
emerging candidates, which use visible light for photocatalysis. In addition to its low
toxicity, better stability, and low cost, polyaniline (PANI) has a high absorption
coefficient in the visible range of light and high mobility of charge carriers. Moreover,
under photo illumination, PANI is both a strong electron donor and a superb hole
acceptor material.

In order to increase the photocatalytic activity, noble metal modification, like gold,
and silver, can be applied. The noble metal modification causes the formation of
surface plasmon resonance effect on the surface of the polymer. The electronic field,
which is generated on the photocatalytic material surface, can enhance the efficiency
of charge (electron-hole) separation which is known as the key factor of the increase
in photocatalytic efficiency. When the metal nanoparticles like Ag, Au, and Pt added
to photocatalytic materials, the lifetime of e--h+ pairs increase due to their surface
plasmon resonance effect resulted from the collective oscillations of surface electrons.
In addition to this, noble metals deposited on the polymer can serve as centers for
recombination of the photogenerated charge carriers, which causes a decrease in
recombination rates of these charges in the photocatalyst. Among the metal
nanoparticles, silver-based one has widely preferred due to high surface plasmons at
a wavelength between 320 and 450 nm, which affects the reduction in the
recombination rates of e--h+ pairs.

iv

In this study, polyaniline-titanium dioxide nanoparticles composite material with the
magnetic property which was decorated with silver nanoparticles polyaniline (MNPPANI-TiO2-AgNPs) were prepared through the chemical polymerization followed by
the liquid impregnation method with additional reduction process to achieve an
effective catalyst working under solar light.

In order to reveal the effect of each component founded in the MNP-PANI-TiO2AgNPs composite material on catalytic activity, bare PANI, magnetic nanoparticles
added PANI (MNP-PANI) and TiO2 and magnetic nanoparticles added PANI (MNPPANI-TiO2) were prepared by applying the same procedure. After that, they were
decorated with silver nanoparticles to form PANI-AgNPs, MNP-PANI-AgNPs, and
TiO2-AgNPs. The characterization of prepared catalysts was performed by using
Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM),
Energy Dispersive X-ray Spectroscopy (EDX), X-ray Photoelectron Spectroscopy
(XPS) and Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES).
The photocatalytic activities of the TiO2 nanoparticles (P25), bare PANI, MNP-PANI,
MNP-PANI-TiO2, TiO2-AgNPs, PANI-AgNPs, MNP-PANI-AgNPs and MNP-PANITiO2-AgNPs were revealed in methylene blue (MB) degradation by using solar light
exposure, respectively. According to the results, among them, MNP-PANI-TiO2AgNPs composite material showed enhanced catalytic activity which provided 99 %
degradation of dye in 40 min. So, highly efficient and stable photocatalyst which can
be active in visible light was produced by adding AgNPs, MNP and TiO2 nanoparticles
onto conducting polymer PANI by using green and fast methods.

Keywords: Photocatalysts, nanocomposites, environmental remediation, polyaniline,
silver nanoparticles, TiO2 nanoparticles
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ÖZ

GÜMÜŞ NANOPARÇACIKLARIN YÜKLENDİĞİ POLİANİLİNTİTANYUM DİOKSİT NANOKOMPOZİT MALZEMENİN
HAZIRLANMASI VE ÇEVRE ISLAHINDA KULLANIMI
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Tez Yöneticisi: Doç. Dr. Murat Kaya
Ortak Tez Yöneticisi: Doç. Dr. Seha Tirkeş

Ocak 2020, 99 sayfa
Son yıllarda, birçok tekstil endüstrisinin atık sularındaki zehirli ve kanserojen organik
boyalardan kaynaklanan çevre kirliliği insan sağlığı için ciddi bir sorundur. Bu
nedenle, atıklardaki bu boyaların giderilmesi, bu çevresel sorunun çözülmesinin bir
yoludur. Bu zehirli moleküllerin zehirli olmayan bileşenlere ayrışmasını sağlamak için
olası yöntemler, adsorpsiyon, ters ozmoz, çökeltme ve koagülasyon-flokülasyondur.
Bununla birlikte, bu tekniklerde daha fazla işlem uygulama ihtiyacı vardır ve maliyetetkin değildir. Bu sorunu çözebilecek çeşitli yöntemler arasında, son derece reaktif
anyonları (O2−) ve radikalleri (•OH) içeren Gelişmiş Oksidasyon Süreçleri (AOP'ler),
atık su arıtımında potansiyel kullanımları nedeniyle büyük ilgi görmüştür. Bu reaktif
oksijen türleri, yarı iletken fotokatalizörler tarafından UV veya görünür ışığa maruz
kaldıktan sonra salınır. ZnO, Fe2O3, SnO2, CdS, TiO2, vb. gibi çok sayıda yarı iletken
katalizör, fotokatalizlemedeki benzersiz özellikleri nedeniyle atık sudaki organik
boyaları uzaklaştırmak için kullanılmıştır.
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Güneş ışığına dayalı fotokatalitik aktivite, çevre ıslahında kullanım için önemli bir
kapasiteye sahiptir. Bununla birlikte, görünür ışınlama altında, değerlik ve iletkenlik
bantları arasındaki büyük enerji farkı nedeniyle yarı iletken fotokatalizörlerin yetersiz
aktivitesi hala uygulanmalarını engellemektedir. Birçok araştırmacı, güneş ışığının
görünür kısmından en fazla verim elde etmek için yarı iletken fotokatalizörlere metal
ve ametal iyonlarla katkılama veya eş-katkılama yaparak bant boşluklarını azaltmak
için mücadele etmiştir.
Metal oksit yarı iletkenlerinin yanı sıra, fotokatalizleme için görünür ışık kullanan
konjüge polimer esaslı fotokatalizörler de son zamanlarda ortaya çıkan seçeneklerdir.
Düşük toksisitesine, daha stabil olmasına ve düşük maliyetine ek olarak polianilin
(PANI), görünür ışık aralığında yüksek soğurma katsayısına sahiptir ve üzerinde
bulunan yük taşıyıcıları da yine yüksek mobiliteye sahiptirler. Ayrıca PANI, foton
aydınlatması altında hem güçlü bir elektron verici hem de çok iyi bir delik alıcı
malzemedir.
Fotokatalitik aktiviteyi arttırmak için altın ve gümüş gibi asal metal modifikasyonları
yapılabilir. Asal metal modifikasyonu, polimerin yüzeyi üzerinde yüzey plazmon
rezonans etkisinin oluşumuna neden olur. Fotokatalitik malzeme yüzeyinde üretilen
elektronik alan, fotokatalitik verimdeki artışın temel faktörü olarak bilinen yük
(elektron-boşluk) ayırma verimliliğini artırabilir. Ag, Au ve Pt gibi metal
nanoparçacıklar, fotokatalitik malzemelere eklendiğinde, yüzey elektronlarının bir
arada yaptığı osilasyonlar nedeni ile oluşan yüzey plazmon rezonanstan dolayı e--h+
çiftlerinin ömrü artar. Buna ek olarak, polimer üzerinde biriken asal metaller, foton
kaynaklı oluşan yük taşıyıcıların yeniden birleşme merkezleri olarak davranabilirler,
bu da bu yüklerin fotokatalizör üzerinde yeniden birleşme oranlarında bir azalmaya
neden olur. Metal nanoparçacıklar arasında, gümüş esaslı olan, e--h+ çiftlerinin
yeniden birleşme oranlarındaki azalmayı etkileyen 320 ila 450 nm dalga boyunda
yüksek yüzeyli plazmonları nedeniyle çoğunlukla tercih edilmiştir.
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Bu çalışmada, gümüş nanoparçacıklarla donatılmış, manyetik özelliği olan polianilintitanyum dioksit nanoparçacık kompozit malzemesi (MNP-PANI-TiO2-AgNP)
kimyasal polimerleşme sonrası sıvı emdirimi ve indirgenme işlemi ile güneş ışığı
altında etkin görev yapabilecek bir katalizör hazırlanmaya çalışılmıştır. MNP-PANITiO2-AgNP kompozit malzemesinde bulunan her bileşenin katalitik aktiviteye olan
etkisinin anlaşılması için, yalın PANI, manyetik nanoparçacıklı PANI (MNP-PANI)
ve TiO2 ve manyetik nanoparçacık eklenmiş PANI (MNP-PANI-TiO2) kompozitleri
aynı prosedürler uygulanarak hazırlanmıştır. Bundan sonra, hazırlanan kompoiztler,
PANI-AgNPs, MNP-PANI-AgNPs ve TiO2-AgNPs oluşturmak için gümüş
nanoparçacıklar ile donatıldılar.
Hazırlanan katalizörlerin karakterizasyonları, Taramalı Elektron Mikroskopisi (SEM),
Transmisyon Elektron Mikroskopisi (TEM), Enerji Dağıtıcı X-ışını Spektroskopisi
(EDX), X-ışını Fotoelektron Spektroskopisi (XPS) ve Endüktif Olarak Bağlı Plazma
Optik

Emisyon

Spektroskopisi

(ICP)

kullanılarak

yapıldı.

-OES).

TiO2

nanoparçacıklarının (P25), yalın PANI, MNP-PANI, MNP-PANI-TiO2, TiO2-AgNPs,
PANI-AgNPs, MNP-PANI-AgNPs ve MNP-PANI-TiO2-AgNPs kompozitlerine ait
fotokatalitik aktiviteler güneş ışığı kullanarak metilen mavisinin (MB) bozulmasının
takibi ile araştırıldı. Sonuçlara göre, aralarında MNP-PANI-TiO2-AgNPs kompozit
malzemesi, 40 dakika içinde boyanın % 99’unun bozunmasını sağlayarak gelişmiş bir
katalitik aktivite göstermiştir. Bu nedenle, görünür ışıkta aktif olabilen yüksek verimli
ve stabil fotokatalizör, PANI üzerine AgNPs, MNP ve TiO2 nanoparçacıkları ilave
edilerek, çevreci ve hızlı yöntemler kullanılarak elde edildi.
Anahtar Kelimeler: Fotokatalizörler, nanokompozitler, çevre ıslahı, polianilin, gümüş
nanoparçacıklar, TiO2 nanoparçacıklar
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CHAPTER 1

1.

INTRODUCTION

Environmental problems, which are based on industrial developments and a
considerable increase in the human population, are of significant concern that each
country faces. For many years, a large number of toxic chemicals were stored in
oceans and the underground water by the ecosystem where humankind lives.

The main reason for the pollution in water sources is industrial wastes containing
harmful chemicals such as from the textile industry. These wastes, toxic chemicals,
are the reasons for the corruption of endocrine systems and many chronic diseases of
human beings.

Humankind on earth is under risk due to industrial wastes. Unless the new
technologies, associating with environmental remediation, are developed to solve
environmental pollution, human beings will be affected severely.

The advanced oxidation processes (AOPs), which include photochemical reactions
induced by sunlight, are favored due to their being environmentally-friendly processes.
The mechanisms of AOPs can degrade many toxic chemicals into nontoxic ones. The
reactions in the photocatalytic process in AOPs occur when the semiconductor is
exposed to light. Thus, to remove toxic chemicals from the wastes under a range of
the solar spectrum, the AOPs are useful. Nevertheless, many photocatalysts show low
activity with solar radiation due to their absorbing capability of mainly UV light.
Therefore, to increase the absorption of semiconductor photocatalysts in the visible
range, different techniques have been studied like surface modification, doping with
metals and nonmetal species, and dye sensitization.
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Environmental Remediation

Remediation refers to the elimination of harmful chemicals from the wastewater, soil,
and air, and treatment of polluted areas by modifying the toxic pollutants to less
dangerous forms. To achieve remediation goals, some remedial methods have been
explored to solve the environmental pollution-related problems, recently. Although
numerous techniques are applicable now, deciding the most appropriate way has
become critical to the successful rehabilitation of polluted areas [ 1]. One of the
primary and vital issues is environmental pollution, and the industries are the origin
of this pollution in the modern world. The vast amount of liquid wastes as
contaminants is produced mainly by the textile industry [1]. Currently, dyes are used
in many industrial areas like medicine, leather tanning, cosmetics, agricultural, paper
production, textile, etc. [1]. In industry, about 100,000 tons of dyestuffs are
manufactured, and 10,000 of different synthetic pigments and dyes are used
worldwide. Mainly, the textile industry uses a vast amount of water in production
processes used in many operations including dyeing and other operations of
manufacturing. Unfortunately, the primary polluting source for the environment is
considered as dye-containing effluent from these plants due to the escape of most of
these dyes.

One of the most critical pollutants in wastewater is synthetic dyes. Because the dyes
prevent the penetration of sunlight through the water by reflecting it, even they are less
than 1 ppm. Furthermore, due to the dyes, depending on the concentration of them and time
for exposure, the growth of aquatic living beings is affected adversely, and photosynthesis
is prevented. These aquatic species can be affected negatively in terms of chronic and acute
infection [1].

The main point is the elimination of the dyes from wastewater; however, the elimination
of these molecules is not the only removal of color, but also to remove the noxiousness of
these contaminants.

2

Because of the increase in demand for textile goods, the elimination of toxic chemicals,
like carcinogenic, mutagenic, and allergenic and the dyes from wastewater, is more critical
today. There are numerous technologies generated for decreasing the environmental effect
of these dyes in many countries.

The remediation of wastewaters is based on both degradation and decolorization of dye
molecules. Decolorization can be achieved in two ways, which are breaking the bonds of
dye molecule or removal of chromophore from the medium. However, in the effluents, the
significant fragments of chromophore still exist [2].

The techniques for the removal of dye molecules from the wastewater can be categorized
into three ways, chemical, physical, and biological methods. The chemical methods
include conventional oxidation, electrochemical techniques, coagulation and flocculation,
and irradiation. The physical methods cover sorption techniques and membrane-filtration
procedures such as electrodialysis, nano-filtration, and reverse osmosis. The biological
methods consist of such as pure enzyme usage and anaerobic and aerobic microbial
degradation [3]. Above mentioned methods have some advantages and disadvantages. The
traditional methods for wastewater treatment are ineffective because of stable chemical
structures of synthetic dyes. Additionally, these techniques are not competent enough to
overcome the issues about the recycling of water.

Mostly the drawbacks of these physical techniques are low efficiency, high costs, and
specific equipment necessities which require further care. For instance, in membrane-based
methods, which can be considered as the most efficient physical methods, corrosion of
membrane with time, membrane fouling, and membrane cleaning are the disadvantages of
such methods. The removal of color by physical techniques requires proper disposal
because the degradation of dye is not achieved with these methods. The disposal problem
also still exists for chemical processes, which includes the degradation of dye molecules.
Additionally, secondary contamination issue arises because of the number of chemicals
used in these methods.
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On the other hand, the environmentally friendly techniques, biological methods, achieve
complete mineralization of contaminations with low cost. The major drawback is that the
high stability of dyes and their resistance to biodegradation because of their poor surface
adsorption. In addition to this, for the high sample amount the biological methods are not
convenient and require too much time, which makes them unpractical [4].

The advanced oxidation processes (AOPs), a new evolving method, can be effectively
applied for the remediation of polluted industrial wastewater containing a large number of
contaminants. In AOPs, the degradation rate of organic pollutants in wastewater is
increased by highly reactive chemical oxidants such as hydroxyl radicals formed during
the process. These radicals can react with most of the organic contaminants because they
are very reactive, nonselective, and powerful oxidants. This method is appropriate for
disinfection and purification of drinking water as well.

Advanced Oxidation Processes (AOPs)

The ecologically friendly, effective, and promising methods, the advanced oxidation
processes (AOPs), are useful to eliminate organic contaminants from both wastewater
and waters. The effective decontamination of waters is achieved by the formation of
powerful reactive agents, e.g. •OH, hydroxyl radicals, with the appropriate amount in
these processes. The main categories of AOPs are electrochemical, sonochemical,
chemical, and photochemical processes.
Glaze et al. firstly reported the AOP technique containing the formation of •OH
performing at room temperature and under normal pressure to purify water in 1987
[5]. There are many numbers of studies reported related to AOPs, and due to their
effectiveness in the degradation of organic contaminants in water media, they have
gained significant importance [6].

The Fenton Method, using H2O2 and iron (II) salt to degrade organic pollutants, is the
oldest of the AOPs [7]. However, the oxidation efficiency of the sample by sunlight
or ultraviolet (UV) light should be increased during treatment.
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While Fenton chemistry began with the study of tartaric acid oxidation by Fenton
published at the end of the 19th century, recent studies have shown clearly the
mechanism of the Fenton process.

These demonstrations have shown that the Fenton process has begun with the
formation of hydroxyl radicals and can be used to degrade several organic pollutants
[ 8 ]. The generation of hydroxyl radicals was revealed by experimentally using
chemical samples or spectroscopic methods [9].

Fenton-reagent performance varies directly by several parameters, which are the
amount of catalyst, hydrogen peroxide concentration, pH, and temperature. The
benefits of this treatment method are the lack of energy supply to produce H2O2, the
quick reaction times with chemicals that are easy to be used [ 10 ], but the key
drawbacks are that H2O2 is costly to store and transport. In addition, at the end of the
process, the iron sludge, Fe(III)-carboxylic acid complexes), is formed from the iron
salt; thus, further separation method is needed to achieve wastewater remediation. The
H2O2 added to the Fenton process can be lowered, or catalysts like alumina, zeolites,
molecular strands, or resins for ion exchange and membranes can prevent the
formation of iron sludge to reduce the drawbacks of the Fenton methods [10].

Sonochemical AOPs that use ultrasounds in aqueous medium are other forms of AOPs.
The approach has primarily two mechanisms known as physical mechanisms (direct)
and chemical mechanisms (indirect). In the chemical method, the molecules of water
and oxygen go through homolytic splitting with high frequency, producing radicals,
which are •O, HO2•, and •OH [ 11 ]. In physical mechanism (direct), known as
sonication, ultrasounds create cavitation bubbles that resulting in the forming of high
temperature (5000 K) and pressure (6 x 104 kPa) breaking forces. Under these extreme
conditions, reactive radicals can be created via the sonolysis of water molecules to
interact in an aqueous medium with chemicals or decompose organic molecules [12].
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The main drawback of this type of water remediation is that the hydroxyl radicals
cannot be produced by ultrasounds and make it necessary to use other chemicals,
including hydrogen peroxide as well as UV irradiation. Moreover, this technique
should be accompanied by different types of AOPs like Fenton-type processes. There
are numerous important factors, which should be considered like solution pH,
frequency of ultrasound, and type and amount of iron precursors to enhance the
efficiency of treatments for contaminated water. Instead, in addition to the
characteristics of the contaminants like amount and nature, the process parameters
such as exposure time, type and size of the reactors have a great effect on the
performance of these processes [12].

The electrochemical AOP, the third kind of AOPs, offers a very effective and clean
method to produce reactive hydroxyl radicals to degrade a large number of organic
contaminants. This technique is one of the most common electrochemical techniques
for the removal of contaminants from wastewater by oxidation of them in an
electrolytic cell. In this method, the production of •OH can be achieved by two ways;
one is electrochemically including electron transfer to the anode, and the other is
electrocatalytically by utilizing Fenton’s reagent. Additionally, the combination of
these two methods can enhance the effectiveness of this process.

In electrochemical methods, the treatment of wastewater is realized by high cell
potentials, which are used to achieve oxidation of contaminants in water. Since both
electrochemical combustion and conversion reaction takes place, which depends on
the anode material, the anode material is vital to concern. These electrochemical
methods have numerous advantages, which caused an increase in the importance of
these processes. Besides their being ecologically safe, electrochemical methods bring
out waste, don’t require any catalyst or chemical reagents to produce hydroxyl radicals,
and they are applicable at ambient pressure and temperature. On the other hand, the
low rates of electrochemical methods compared to AOPs, due to the diffusion
requirement of pollutants to the diffusion layer of the electrodes is the main drawback
of this technique [13].
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The final AOP form is photochemical processes in which UV or Vis radiation is
combined with powerful oxidizing agents like H2O2, O3, or a catalyst (TiO2 or Fe3+).
Pollutants can be degraded by various reactions known as photodecomposition by
utilizing UV light. The process includes both excitation and degradation of
contaminants followed by oxidation with H2O2, O3, or via Fe3+ and TiO2. This
photochemical AOP can be grouped as O3 photolysis, O3/UV, H2O2 photolysis,
H2O2/UV, photo-Fenton, H2O2/Fe2+/UV, and heterogeneous photocatalysis, TiO2/UV
[14]. In H2O2 photolysis, the homolytic cleavage of the O-O bond is achieved by UV
radiations of which wavelength is in the 200-300 nm range.

This process produces hydroxyl radicals, and they lead to the degradation of H2O2 via
secondary reaction. The physicochemical characteristics of water like temperature and
pH, and the power of UV source are the critical parameters affecting the rate of
production of free radicals. Generally, the rate is high for the H2O2 photolysis if the
process applied in an alkaline medium.

The UV light stimulates the H2O2 causing the formation of hydroxyl radicals. On the
other hand, high H2O2 concentration is needed to get efficient degradation of
contaminants because of low UV absorption of hydrogen peroxide. This high H2O2
concentration requirement is the drawback of this type of AOP [15].

In O3 photolysis (O3/UV), irradiation of ozone in aqueous media is achieved by UV
source of which wavelength range is between 200 nm and 360 nm. Due to the UV
absorption of O3 is at 254 nm, low-pressure mercury vapor UV sources are preferred.
The efficiency of this method is higher than photolysis of H2O2/UV because of the
high absorption coefficient of O3 at 254 nm, which makes this process more applicable
for the phenol and pesticide degradations in wastewater [16]. In aqueous solutions, the
photolysis of O3 leads to the formation of H2O2 that induces the formation of hydroxyl
radicals via the decomposition of the remaining O3. Therefore, the O3 and hydroxyl
radicals, which are highly reactive species, are widely used as oxidizing species for
the treatment of drinking water.
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In photo-Fenton (H2O2/Fe2+/UV) reaction, UV light irradiation is used in a typical
Fenton reaction to increase the number of hydroxyl radicals in the solution, including
hydrogen peroxide by achieving the catalytic generation of Fe2+ from Fe3+ [17]. The
oxidation rate in photo-assisted Fenton reactions, which contains photo-generated
ferrous ions producing additional hydroxyl radicals, is faster than the rate of standard
Fenton reaction. Additionally, another advantage of the photo-Fenton reaction, both
the whole amount of iron used in the process and the sludge production are smaller
than the classical Fenton process [18]. However, if the cost-effectiveness of the photoFenton process is considered, the usage of an artificial light source, UV, of which
wavelength and intensity have a drastic effect on degradation of contaminants, is the
main disadvantage of this process.

Currently, the solar photo-Fenton process is another alternative to UV-assisted photoFenton reaction to degrade organic molecules and herbicides in contaminated waters
for wastewater treatment [19].

The last type of AOP is heterogeneous photocatalysis by using TiO2 semiconductor
with UV irradiation. Fujishima and Honda reported that UV excited TiO2 can be used
to achieve splitting of water into oxygen and hydrogen in electrochemical photocell
[20]. The importance of this work was based on its guidance for the improvement of
the new AOP. The method depends on semiconductors for usage in energy production
and solving environmental issues.

In the heterogeneous photocatalytic method, a semiconductor, usually TiO2, is used
because of its fundamental features. The main crucial property of the TiO2 is its
stability and inertness. In addition to this, the easy and relatively cheaper synthesis of
TiO2 compared to other semiconductors is another critical property [21]. The e--h+
couples, which are generated when the absorbed photons are more energetic than the
bandgap of semiconductor, are strong reducing and oxidizing agents to form both
superoxide and hydroxyl radicals. These radicals are produced when e--h+ couples
move to the semiconductor surface for the degradation of contaminants adsorbed on
the surface, Figure 1.1.
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Figure 1.1. Illustration of the photo-generation of charge carriers (electrons and
holes) upon absorption of UV irradiation [22].

Through the photocatalytic reaction, the holes, which are generated via photons, are
capable of oxidizing the contaminants or the hydroxyl groups adsorbed onto
semiconductor’s surface to create •OH to decompose contaminants indirectly. This
way is accepted as the most favored for decomposition. In the heterogeneous
photocatalytic method, TiO2 can be used both in powder form as an aqueous
suspension or as a thin film on a support material [23]. The dispersed structure of the
catalyst is easily applicable, and it has significantly high efficiency due to the large
surface area of the catalyst [24]. On the other hand, in thin-film form, although the
removal of the catalyst is not required, the catalyst layer should be durable and active
in supporting substance. Also, the light source and the concentration of the
contaminants are the determining parameters for the amount and type of the catalyst.
In addition to these, depending on the type of contaminant, the optimization of pH
should be achieved.

Besides the usage of photocatalysts for the degradation of organic contaminants, this
method can also be useful to terminate the pathogens like bacteria and viruses in
wastewater [25]. Notably, the modification of the photocatalysts via dye sensitizations,
dopants, or coupling with different semiconductors to gain activity under visible
radiation is also possible [26].
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Toxic chemicals like cyanide, nitride, and sulfite can be converted to non-toxic or
comparatively less toxic substances by oxidizing [27]. These photocatalysts can also
be used to remove or mineralize a variety of contaminants such as surfactants, dyes,
pesticides, sulfur contained organic molecules, etc. [28].

The photocatalysts can be categorized based on the type of materials included. These
are quantum dots, semiconducting photocatalysts, plasmonic metal photocatalysts,
two dimensional (2D) photocatalysts, traditional semiconductor-based photovoltaic
assisted catalysts, and molecular photocatalysts [29]. Hence each photocatalyst has
different characteristics; the category of the photocatalyst should be considered for the
description of their working principle.

For instance, when semiconducting photocatalysts are considered, the bandgap is
important [30]if the molecular photocatalysts are used the levels of molecular orbitals
of photocatalysts and molecular orbitals of reactant compounds become essential [31].

When the quantum dots are used as a photocatalyst, the size is important. It should be
less than 10 nm to achieve photocatalytic property to the materials having conductivity.
If the size is about Bohr radii of excitons, the distance between e- and h+, this makes
the quantum effect dominant, which causes changes in the electrical and optical
properties of the photocatalyst [32].

Oxides of transition metals, dichalcogenides, and ultrathin films are the members of
2Dsubstances, which can be utilized as photocatalyst. The unique structures of these
materials make intended anisotropy available for separation of charges to use them as
the photocatalyst [ 33 ]. In addition to this, due to having plasmonic effects on
photocatalytic processes, plasmonic metal photocatalysts are preferable [34]. Lastly,
photovoltaic assisted semiconductor-based catalysts absorb light for charge separation,
and catalysis occurs on the photovoltaic device containing semiconductor [35].
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Semiconductors for Photocatalysis
Among these photocatalysts, a great importance has been gained by mainly
semiconductor type photocatalysts. Semiconductors can be studied in two forms,
which are film-like and particulate structures. The performance evaluation shows that
dispersed photocatalyst particles provide better photocatalytic activity. This simple
application technique makes particulate type semiconductor photocatalyst the most
favored one.

The preparation of semiconductor photocatalyst is possible in different morphologies
such as asymmetric morphologies, hollow form, and solid spheres. The mostly utilized
semiconductor photocatalysts are TiO2, Si, BiVO4, Ta3N5, WO3, Fe2O3, ZnO, Cu2O,
CdS, Ag3PO4, and GaAs/InGaP. Lately, studies have been concentrated on the simple
procedures for the synthesis of nanoparticles, for instance, ball milling, coprecipitation, and hydrothermal precipitation [29].
A unique semiconductor photocatalyst, which is in particulate form, system includes
photocatalyst and reactive medium where redox reactions occur on the photocatalyst
surface. Mixing or flow agitation is required for increasing the absorption of light and
for preventing precipitation or deposition of catalyst particles in the process medium.

Figure 1.2. Schematic diagram of the mechanism of photocatalyst [36].
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In a semiconductor photocatalyst, if the absorbed light has equal or more energy than
the Eg of the semiconductor, e- and h+ pairs are generated. The photogenerated
electrons are excited from the VB to the CB of the semiconductor, and the holes
remain in the VB. These e--h+ pairs migrate to different sites on the photocatalyst
surface.

Redox reactions occur on the surface. During the redox reactions, the reduction of O2
to O2•− and oxidation of H2O to produce •OH are achieved by photogenerated electrons
and holes, respectively. The mechanism of photocatalysis is represented in Figure 1.2.

The occurring reactions are given below:
Photocatalyst + hν

 e −+ h+

H2O

 H+ + OH−

e−

+

O2

 O2•−

h+

+

OH−

 OH•

OH•

+

R (dye)  OH− + R∗ (oxidized)

O2•−

+

R

 O2 + R∗∗(reduced)

R∗(oxidized) or R∗∗(reduced)  (final products)  CO2 + H2O

The lifetimes of the produced radicals are long enough to oxidize dye contaminants
such as rhodamine B, methyl orange, and methylene blue. Depending on the electronic
structure and the Eg of the semiconductor photocatalyst, catalytic activity can be
performed in both UV and Vis regions of the light.

The non-toxicity, low production cost, simple production for large scale usages, a
short distance for charge diffusion to reduce recombination of charges, high active
surface area, tunable properties via modification with sensitizers and additives, are the
advantages of semiconductor type photocatalysts. Also, complete degradation of
contaminants can be accomplished with the photocatalytic method, and the technique
leaves no trace from the pollutants.
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However, the catalyst removal, bulk charge recombination on the surface, low
chemical stability because of huge surface area may be severe difficulties for such
catalytic systems. To get higher photocatalytic efficiency, a smaller bandgap
semiconductor should be preferred. Besides, easy construction, cost, stability in the
reaction environment, environmental friendliness, and efficiency are the crucial
criterions to consider for the photocatalyst selection [37].

TiO2 as a Photocatalyst

In all of the semiconductors, as mentioned earlier, TiO2 appears to be the preferable
semiconductor as a photocatalyst because of its certain desired features. For instance,
high UV absorption, non-toxicity, low cost, and high stability make TiO2 applicable
photocatalytic degradation of contaminants in both water and air [38].

The anatase and the rutile forms are the most common crystalline structures of TiO 2.
There is also a crystal TiO2 form of brookite, but it is rare and unstable. The anatase
is the most stable crystal of TiO2, and the enthalpy of formation of anatase is 8-12
kJ/mol [ 39 ]. Moreover, the anatase structure can be transformed into the rutile
structure at elevated temperatures, about 700 °C, depending on both the impurity and
the crystallite size. The anatase density (3.9 g/cm3) is lower than the rutile (4.26 g/cm3)
structure. The lower density among these two crystal structures creates significant
physical property changes. While the rutile form (Eg = 3.0 eV) is likely to have higher
activity, the anatase (Eg = 3.2 eV) performs better activity than rutile because of its
open structure. Besides, the anatase structure has slower charge carrier recombination,
better chemical stability, higher adsorbed hydroxyl radical probability on the surface,
and higher localized state density [40].

The most used and commercial TiO2 is Degussa P25, which is composed of two main
phases that are anatase (85 %) and rutile (15 %), together with some amorphous TiO2
phase. This structure shows superb photocatalytic efficiency related to the
combination of different phases and the crystallinity of anatase, which provides a large
surface area (about 55 m2g-1) and separation of photoinduced charges [41]. These are
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the two main parameters affecting photocatalytic activity since, for instance, the
highly crystalline anatase form means that the number of defects is very low. These
defects behave as centers for the recombination of e--h+ pairs. Consequently, high
crystallinity enhances the possibility of photocatalytic reactions, thereby improving
the efficiency of the photocatalyst. Furthermore, the vast Degussa P25 surface area is
another advantage for catalytic reactions occurring on the photocatalyst surface. Since
the reactions take place when the organic contaminants are adsorbed, the large surface
area causes improvement catalytic activity.

The photocatalytic activity of TiO2 begins with the absorption of photons of which
energy must be at least equal to Eg. The absorption of photons causes the formation of
e--h+ pairs as given in the following equation.
ℎ𝜗

𝑇𝑖𝑂2 →

− (𝑇𝑖𝑂 )
+
𝑒𝐶𝐵
2 + ℎ𝑉𝐵 (𝑇𝑖𝑂2 )

Upon exposure to irradiation, TiO2 can serve as both electron acceptor and donor for
neighboring molecules. Charges may react with adsorbed contaminants and water
molecules in the process medium. However, since the main part of the solution is water,
the reaction with it is more likely than the contaminants.

The powerful and nonselective hydroxyl radicals are generated by oxidation of water
or OH- ions. The hydroxyl radical (•OH) oxidation potential is 2.86 V. This potential
value is high by comparison with oxidation potentials of other reagents that can be
used for the disinfection of water. For example, the oxidation potentials of ozone,
H2O2, chlorine, and ClO2 are 2.07 V, 1.78 V, 1.36 V, and. 1.27 V, respectively [42].
Hydroxyl radicals attack the surface contaminants throughout the photocatalytic
activity of TiO2. Instead, the superoxide radical formations from the oxygen molecules
is another surface reaction. This reaction inhibits the e--h+ recombination and provides
the oxygen radicals accumulation, which attacks the adsorbed pollutants [43].
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So far, the photocatalytic ability of TiO2 has been used in water splitting for hydrogen
generation [44], dye-synthesized solar cells [45], for remediation of several biological
species [46], the photocatalytic CO2 reduction for hydrogen production [47], and
sensors [48], Figure 1.3.

Figure 1.3. Uses of TiO2 photocatalysis [22].

The surface area determines the activity and the abilities of TiO2, the concentration of
defects and the contaminants, porosity, amount of catalyst, temperature, pH,
irradiation period, and light intensity.

The photocatalytic activity of semiconductors during the oxidation process is affected
by particle and agglomerate sizes. So far, various structures of TiO2 have been
prepared by different methods to produce photocatalysts with appropriate performance,
stability for utilizations, and physical properties like surface morphology.
As the nanoparticle size decreases, better conversion of organic contaminants can be
achieved due to the surface area increment [49]. The porosity of the surface offers
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significant interior surfaces where the photocatalytic conversion of the pollutants is
achieved. Thus, required active sites can be increased via gaining porosity to the
photocatalyst, and then the photocatalyst, including porous form may have increased
catalytic efficiency [50]. As stated, the defects, in bulk, and on the surface of TiO2,
are important parameters affecting photocatalytic activity, as the defects change its
both electrical and optical properties.
Since bulk defects lead to e--h+ pair recombination, the charge carrier migration is not
allowed. The photogenerated electrons are trapped by these defects due to electrostatic
interaction and thus restrict the improvement of photocatalytic activity.

On the other hand, the oxygen vacancies and the defects on the surfaces serve as
adsorption and trapping sites, thus enabling the transition of the charge to adsorbed
pollutants easing the separation of charge carriers. The electrons are captured by the
surface defects that support the recombination of charge carriers. Therefore, the
defects on the surface may help to increase the activity of photocatalyst [51].

As photocatalytic oxidation happens, the organic contaminant concentration reduces
as time goes by based on the photocatalyst's efficiency. Nevertheless, if concentrations
of contaminants are too high, the TiO2 surface saturation occurs, allowing the
photocatalyst to be deactivated due to the lower generation of e--h+ pairs so that
activity decreases [52]. The other factor to take into consideration is the photocatalyst
amount, according to the literature. For photocatalytic reactions, the catalyst
concentration has an impact directly on the rate of reaction, thus enhance the
photocatalytic degradation with catalyst load. Nonetheless, the optimal dosage of the
catalyst should be calculated for better results to avoid using too much catalyst with
undesired light scattering and, at the same time, decreasing penetration of light. It is
possible to find a drop in the degradation efficiency above the optimal dose amount
[53].

16

The pH of the reaction medium is another important factor in photocatalytic processes.
When the solution's pH is less than 6.9, the catalyst (TiO2) surface is positively
charged, while it is negatively charged in an alkaline solution greater than 6.9. The
following reactions explain the protonation and deprotonation of titanium:
TiOH + H+  TiOH2+
TiOH + OH−  TiO− + H2O

The pH affects the TiO2 surface charge, so the adsorption of the contaminants onto the
surface varies. Furthermore, the appropriate pH must be used to avoid the
accumulation of nanoparticles through the photocatalytic process. TiO2 has been
reported to show better photocatalytic activity at about pH = 5, but less than this pH
value may reduce the reaction rate because of electrostatic repulsions between the
contaminants and the surface of the catalyst [54].

Throughout photocatalytic reactions, the generated heat with a UV lamp or an external
source changes the reaction paths and the degradation rate. Consistent with
experimental findings on the rate of decomposition of organic pollutants by
temperature, the increase in temperature usually results in the desorption of adsorbed
organic contaminants to the surface and charge carrier recombination, thereby
reducing catalytic activity [55].

Irradiation intensity is another crucial factor for photocatalytic processes. The reaction
rate depends mainly on the absorption of irradiation by the catalyst. Instead, the
reaction path is not affected by the irradiation source. Namely, the bandgap
sensitization mechanism does not vary with the form or the nature of light. It has been
revealed that there is a linear increase in rate of photocatalytic reaction when the light
intensity is in the 0-20 mW/cm2 range. Instead, if the light intensity is between 20 and
30 mW/cm2, the intermediate range, the rate of reaction depends on the square root of
the intensity.
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It has been also stated that higher intensity has not effect on the reaction rate. This
may be elucidated that at low intensity, the dominant process is the generation of e-h+ pairs and recombination is insignificant.

Instead, when high-intensity light is used, recombination and separation of charge
carriers are in competition, which reduces the light intensity effect on the reaction rate.
After a certain period, the slow degradation kinetics of pollutants can be defined by a
short-lived photocatalyst because of active field deactivation, the reaction between
hydroxyl radicals and short-chain aliphatic, and deposition of by-products [56]. About
5 % of natural sunlight has proper energy for the photosensitization of TiO2. Also, the
transmissions and the reflections of radiation leads to loss of energy in the use of the
catalyst in the process [ 57 ]. New approaches should be applied to enhance the
absorption characteristic of TiO2 and consequently to increase photocatalytic
efficiency through visible light exposure.

At present, various approaches are being tried for increasing the Eg of TiO2 to improve
catalytic activity. These approaches can be categorized as size [58], shape-changing
(nanosized forms, such as wires, particles, etc.) [59], doping (carbon, metal, and
nitrogen) [60] and heterostructured composite production.

Doping of Semiconductors
To increase the visible light absorption and the stability of semiconductor
photocatalysts, various modification methods, like noble metal loading, dye
sensitization, ion addition, and insertion of conjugated polymers to the catalyst
structure can be applied.

Noble Metal Doping
The noble metal inclusion to the semiconductor surface (e.g. TiO2), can significantly
increase the efficiency of the photocatalyst under visible irradiation. To obtain a highactivity photocatalyst, it is essential to understand the development mechanism after
noble metal nanoparticle doping to the titanium surface.
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Several studies, including doping of noble metals such as Cu, Ag, Pd, Au, and Pt on
TiO2 nanocomposite surface for modification, were reported to increase photocatalytic
activity in redox processes and to increase the visible light absorption of
semiconductor [61,62].

Under UV and visible light, because of the difference in mechanisms, the suggested
mechanisms are explained individually. Under UV irradiation, the significant
suggested mechanism is the charge separation where the energetic electrons move
from semiconductor CB to the CB of noble metal, as illustrated in Figure 1.4.

Figure 1.4. Representation of charge separation mechanism under UV irradiation [63].

Metals have essential roles in increasing photocatalytic efficiency in the metalsemiconductor composite structure. The improvement in the TiO2 activity can be
enhanced by the reduction in bandgap or the insertion of in-band gap states by dopants.
Since plasmonic nanomaterials have lower Fermi levels than TiO2, excited electrons
can move to the CB of TiO2. Therefore, the recombination possibility of e- and h+ is
less which makes the charge separation effective and increase the catalytic activity
[64].
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The improvement in catalytic efficiency is ascribed to the Schottky-junction because
of the contact between the semiconductor and the noble metal nanoparticles. The
Schottky barrier emerges because of equilibrium in the Fermi level, which causes the
evolution of the electric field at the contact line of metal and semiconductor. This
allows for enhanced e--h+ separation, which reduces the rate of recombination, and
consequently increases the lifespan of e--h+ pairs as given in Figure 1.5 [62,64].

Figure 1.5. The Schottky barrier between a semiconductor and a metal. Eg is the
bandgap energy of semiconductor, and ΦB is the height of the Schottky barrier [63].

During exposure to visible irradiation, the improvement in photocatalytic efficiency
can be defined by the mechanism of charge transfer and local electric field
improvement at the interface of semiconductor-metal. Plasmonic nanoparticles have
high absorption in visible range in these proposed pathways because of localized
surface plasmon resonance (LSPR), which serves as an antenna to focus light that
enables the use of these NPs in photocatalytic process [61]. The electron oscillations
cause this effect on the noble metal surface, and these energetic electrons are relocated
to the semiconductor’s CB.
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Concurrently, the united electron oscillations of metal NPs cause local
electromagnetic fields to increase through the contact line of the semiconductor and
the metal (Figure 1.6).

Figure 1.6. Representation of (a) surface plasmon resonance (b) charge separation
mechanism under visible irradiation [63].
The adding noble metal NPs have many benefits like delaying e--h+ recombination,
altering the absorption of TiO2 from UV to Vis range, changing the surface
characteristics of the catalyst, and increasing the number of ·OH on the resulting
surface. Nevertheless, the adding of an appropriate amount of metal is significant to
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improve photocatalyst effectiveness since there are drawbacks. For instance, because
of the high amount of noble metal added to the system, metal clusters can form on the
surface, causing barrier formation, and therefore reduced photocatalytic activity
because of low absorption. Instead, the added metal NPs onto the surface can also
behave as recombination sites that influence the catalyst efficiency. Consequently, to
generate photocatalyst doped by noble metal with enhanced photocatalytic activity,
the amount of metal must be optimized [65].

Silver is an outstanding metal due to showing strong surface plasmons in the 320-450
nm wavelength range. This wavelength range is close to the bandgap absorption
wavelength of TiO2 (388 nm), and this situation is desired to reduce the charge carrier
recombination rate. The inclusion of Ag to the photocatalyst system (TiO 2) enables
the catalyst structure suitable to be used under visible light irradiation. This type of
structure (Ag-TiO2) is generally used for various aims such as for oxidation reactions,
antimicrobial activity, and environmental remediation, etc. [66]. The silver doping to
construct the Ag-TiO2 structure is usually done by a wet impregnation method [66].
The other possible approaches are microemulsion [66], sol-gel and modified sol-gel
processes [ 67 ], the hydrothermal method [ 68 ], photodeposition [ 69 ], and
photoreduction [ 70 ]. Following the doping process, chemical reduction,
photoreduction, or calcination must be applied to achieve silver nanoparticle
deposition on the TiO2 surface.

The impregnation of TiO2 nanoparticles, in the wet impregnation method, is carried
out with metal precursor (acetate, chloride, nitrate, etc.) solutions, either nonaqueous
or aqueous. The metal precursor chosen as a dopant is mixed in hydrophobic or
hydrophilic solvent [ 71 ]. The Ag-doped TiO2, which was prepared by the wet
impregnation method, utilized for photocatalytic degradation of Direct blue 53 and
Direct red 23 dyes was reported by Sobana et al. [72]. The dye degradation by TiO2
was improved with Ag deposition due to the decrease in e--h+ recombination. It has
been stated in the literature that silver nanoparticles deposited on the surface leave
holes to degrade following photogenerated electrons capturing on the TiO2 surface.
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Also, deposited Ag nanoparticles enable the absorption in the visible range; thus,
electron excitation is facilitated by the formed local electrical field. This electrical
field can be increased by the surface plasmons in Ag [73]. Besides, as stated by Chao
et al., the addition of silver to TiO2 facilitates the transition of anatase into rutile form
of which specific surface area is higher resulting in improved photocatalyst efficiency
and also improves the separation of charge carriers [74].

In the hydrothermal method, a hydrolyzing agent, metal precursors, and TiO2 are
heated at elevated temperature under inert gas. For instance, Ag NPs decorated TiO2
NPs prepared via hydrothermal method were reported by Chen et al. Polyamide
network polymers were utilized to achieve stability and dispersion of photocatalyst. It
was reported that the silver added photocatalyst was active under visible light, and the
rate of mineralization of MO with Ag-TiO2 was three times higher than what pure
TiO2 does [75].

Other commonly used methods for doping are sol-gel and modified sol-gel techniques
to prepare highly homogeneous nanomaterials bearing improved physicochemical
features. In the sol-gel procedure, the inorganic content is mixed into a liquid solvent
phase. This method includes metal alkoxide hydrolysis and then condensation. The
hydrolyzation of precursors is done by water or dilute acid to obtain solid named sol.
Finally, to form nanoparticles on the catalyst surface calcination process is carried out.
Silver doped TiO2, prepared by a sol-gel method utilizing Ti-IV isopropoxide, was
reported by Machado et al. The dissolution of metal alkoxide in isopropanol was
followed by addition of various quantities of silver precursors to the reaction medium.
In the final step, drying and calcination procedures were achieved to gain Ag-doped
TiO2 catalysts [76].

In oil microemulsion method, the aggregates of micellar contain nonpolar solvent
surrounded water droplets. The particle size control by nanodroplet size of
microemulsions obtained in the reaction medium is the advantage of this method. The
silver-copper doped titanium dioxide (Ag/Cu-TiO2) catalysts were obtained via the
microemulsion method.
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The obtained photocatalyst particles are very active in catalytic processes under Vis
irradiation throughout the phenol degradation and have high-efficiency antimicrobial
applications [77].

The photoreduction method is another way that can be used to synthesize metal-doped
TiO2. Sobana et al. reported Ag-doped TiO2, prepared by photoreduction method on
the surface. To achieve this, after the addition of AgNO3 solution at a constant pH, the
mixture was illuminated with UV light for 3 h via mercury to reduce Ag+ ions to Ag
NPs [72]. The photodeposition technique includes the mixing AgNO3 solution and
TiO2 NPs in aqueous medium and deposition in the photoreactor for doping silver
nanoparticles onto the TiO2 surface [78].

Conductive Polymers

Conductive polymers (CPs) are molecules of which the backbone contains alternating
double and single bonds. This configuration causes pz atomic orbital overlapping, so
the conjugated π molecular orbital system is formed. CPs serve as electron donors via
relocating photonically generated electrons to the CB of semiconductor [79].

Moreover, one of the advantages of CPs is their having simple process procedures in
the solution system. Because of this feature, CPs also gained considerable significance
in numerous application areas like light-emitting diodes, electrochromic systems,
transistors, solar cells, and supercapacitors, etc., following the discovery of
polyacetylene. The doping of CPs with semiconductors is another way of preparation
of photocatalyst [ 80 ]. This process enables the combination of promising
characteristics of CPs for example chemical versatility, accessibility, and adaptable
features and the outstanding electronic characteristics of a semiconductor such as high
stability and conductivity [81].
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Figure 1.7. The repeat units of various conducting polymers (CPs)

The structures of CPs, which can be utilized as photocatalyst are represented in Figure
1.7.

Some

CPs

polyacetylene(PA),

such

as

polypyrrole

poly(3,4-ethylene
(PPy),

dioxythiophene)

poly(p-phenylene

(PEDOT),

vinylene)

(PPV),

polythiophene (PT), and polyaniline (PANI), can be used with semiconductors.
Because band structures of CPs are well aligned with the energy states of most
semiconductors, the rate of recombination of e- and h+ lowers with the material's
photocatalytic activity improvement. Additionally, semiconductors can be sensitized
by CPs to increase the efficiency of light-harvesting. These stated advantages are
significant for the materials to be used in photocatalysis.

Even though the powder form of semiconducting photocatalysts, which offers high
surface area, are generally preferred, there are also several drawbacks. These
disadvantages are time-consuming procedures necessary for removal of the
photocatalyst from the reaction environment, which causes loss of some of the
catalysts, powder form can be harmful to humans, and lastly, catalyst agglomeration
leads to a reduction in the surface area decreasing catalytic activity. These difficulties
can only be overcome by embedding semiconductor into polymer assembly.
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There are some parameters, such as large specific area, good adhesion between
polymer and catalyst, high chemical and mechanical stability, high adsorptivity
towards organic molecules in the reaction medium to choose the best polymeric
support. The methods to entrap semiconductors into the polymer matrices can be
summarized as chemical impregnation and polymerization, sol-gel methods,
electrospinning, and solvothermal and hydrothermal techniques. Mainly, these
methods are applied at low temperatures for lessening the damaging probability of the
matrices [82].

The following equations represent the potential reaction paths for the methylene blue
photocatalytic degradation via PANI-TiO2. The CB electrons (e-CB) and the holes in
VB (h+VB) are generated when the PANI-TiO2 is exposed to the light of which energy
is higher than the Eg of PANI-TiO2. Based on the type of organic dye molecules, the
electrons generated by irradiation can either reduce the organic dye molecule or can
react with O2, an electron acceptor, adsorbed on the Ti3+ surface or dissolved in an
aqueous medium to generate superoxide radicals. The holes in VB (h+VB) can oxidize
the dye or can give a reaction with OH- or water to produce ·OH, oxidizing agents
[83]. The heterogeneous photocatalytic process is depicted below:

PANI-TiO2

+ hγ

 PANI-TiO2 (e-CB + h+VB)

PANI-TiO2 (e-CB

+ h+VB)

 PANI-TiO2 + heat

PANI-TiO2 (h+VB)

+ H2O

 PANI-TiO2 + H+ + OH

PANI-TiO2 (h+VB)

+ -OH

PANI-TiO2 (e-CB)

+ O2

 PANI-TiO2 + O2.-

O2.-

+ H+

 HO.2

MB

+ .OH

 Degradation products

MB

+ h+VB

 Oxidation products

MB

+ e-CB

 Reduction products

 PANI-TiO2 + .OH
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Several factors affect the photocatalytic efficiency on the photodegradation of organic
dye pollutant;

1. the initial dye concentration,
2. the photocatalyst content,
3. reaction time, and
4. pH of the solution.

Several studies have shown that with increasing dye concentration, the number of
adsorbed dye molecules increases; therefore, photodegradation rate increases [84].
Similarly, when the photocatalyst concentration increases, more active sites are
available to adsorb dye molecules to undergo photodegradation reaction. However,
there is a specific limit called optimum photocatalyst content above which there will
be no change in the photodegradation rate, and this concentration is routinely selected
to carry out photodegradation experiments for an efficient dye removal [85].

Increasing the irradiation time causes an increase in the photodegradation rate.
Extending illumination time exposes the generated intermediate degradation by
products more and more to irradiating light. Thus, it facilitates further degradation of
such species and mineralizes them to more simple small molecules leading to an
increase in photocatalytic activity [86]. Nevertheless, if the intensity of irradiation
becomes weak, e--h+ separation competes with recombination, which subsequently
lowers the generations of radicals, so, leading to less degradation (%) of organic dyes
in wastewater.

The irradiation source, producing the necessary illumination, can be either solar light
or artificial sources. For the reactor, the required radiation (λ = 320-380 nm) is
achieved by medium-pressure mercury-vapor lamps or low-pressure mercury-vapor
gas-discharge lamps which emit UV irradiation with both high and low intensities,
respectively. The high probability of e--h+ pair trapping by short-wavelength
excitation and direct photocatalysis are thought as the basis for effective photocatalytic
method [87].
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The pH of the solution is a very critical parameter, and the photocatalytic efficiency
strongly depends on pH, which directly affects the charge of the surface of the catalyst,
PANI-TiO2. The nature of the dye compound, whether it is cationic or anionic,
determines the suitable pH of the solution to achieve reliable photodegradation results
[88]. In the case of a cationic dye, which carries positive charges, to ensure that the
dye molecules are attracted strongly to the surface of the photocatalyst, the pH of the
catalyst suspension is adjusted to be more alkaline (pH is greater than 7) so that the
surface of the photocatalyst will have negative charges. Thus, the cationic dye is easily
attracted to the catalyst surface and undergo photodegradation reaction. In the case of
an anionic dye, which carries negative charges, the pH of the photocatalyst solution
should be more acidic (pH is much lower than 7) to gain positive charges on the
photocatalyst surface so, by which easily attract the catalyst surface attracts the anionic
dye molecules. Adsorption of more dye molecules facilitates an increase in the
efficiency of the photodegradation process [89].

The decrease in UV-Vis absorbance of the suspension within 10 min time intervals,
UV irradiation is measured and traced using a UV-Vis spectrophotometer at a
wavelength of 664.5 nm, the maximum absorbance of MB. Control MB sample is
routinely exposed with UV light, and similarly, its absorbance is measured to check
the effect of UV light on MB alone, which usually is about 5-8 % degradation. High
photocatalytic activity of catalyst composite reflects a high degree of MB
photooxidation and associated with almost colorless suspensions observed after
simulated UV light treatment [90].

Magnetic Separation

Nowadays, magnetic separation considered as one of the most effective separation
technique and addition of magnetic nanoparticles (MNP) to quite different materials
have gained significant importance. These MNP added materials are widely used in
many applications such as drug delivery, biomedicine, photocatalytic technologies,
and environmental remediation [91].
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Lately, studies are about new catalyst preparation methods to gain magnetic feature to
the photocatalyst. The addition of a magnetic feature to the catalyst is essential to make
easy separation and reuse of the catalyst possible. Because the reuse and easy
separation are crucial to succeed at the wide-range usage of these catalysts and to
satisfy the future requirements of photocatalyst technology, the higher recycling
property, chemical stability, easy procedures to be synthesized, and low toxicity, are
the advantages of the magnetic nanomaterials. Numerous synthesis methods can be
applied for magnetic nanoparticle production, for example, microemulsion, coprecipitation, hydrothermal and solvothermal synthesis, and thermally decomposition
[91]. By utilizing these methods, stable, shape-controlled, homogeneous in
composition, and narrow size-distributed nanoparticles can be obtained.

Among these mentioned methods, mainly co-precipitation is both the easiest and the
most common technique for the magnetic nanoparticle preparation in alkaline medium
using salt precursors at high or room temperatures. The pH of the solution, source
material to salt ratios, and process temperature are the critical factors affecting the
particle properties. A large amount of nanoparticles can be produced by applying coprecipitation method. However, this method has a few drawbacks, which are low
dispersity and difficulties in control of particle shape and size.

The microemulsion method is preferred to synthesize narrow sized-magnetic
nanoparticles. As known, microemulsion method involves the interaction of
thermodynamically stable two immiscible liquids in the presence of surfactant
molecules. In this method small sized droplet behaves as a factory which produces
nanoparticles and the size of particle is arranged by regulating the water and surfactant
molar ratios [92].

Another common method to produce MNP is known as thermal decomposition
method producing well-formed, monodispersed MNPs with exceptional magnetic
properties. In this procedure, metal precursor containing carbonyl group is
decomposed and oxidized in the presence of an oxidant in an organic solvent or with
air at high temperatures followed precursor decomposition by cationic metal centers.
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This process is stated as the most proper procedure for adjusting the size and
morphology of synthesized MNPs. In thermally decomposition technique, type of
solvent, reaction temperature and time, the amounts of organometallic compounds and
surfactants are significant factors affecting the features of prepared MNPs [ 93 ].
Although a large quantity of expensive and toxic reagents is used in the thermal
decomposition method, such chemicals are not used in both hydrothermal and
solvothermal techniques. The process parameters include the high temperature and
pressure, and it is performed in autoclaves or reactors. The reactions are carried out in
ethanol or aqueous media. The time for the reaction and the temperature of the solvent
are the fundamental factors that must be considered while synthesizing MNPs by
hydrothermal and solvothermal methods. The methods contain two paths: hydrolysis
and neutralization or oxidation of metal hydroxides. Hydrophilic, monodisperse, and
single-crystal MNPs can be prepared via these methods [93,94].

Nevertheless, the agglomeration tendency of magnetic nanoparticles under harsh
reaction circumstances and the high reactivity of these NPs may lead to a decrease in
the magnetic property. To prevent such a reduction in the magnetic property, the
coating process for the nanoparticles can be preferred. The coating can be performed
by silica shells, carbon, noble metal, titanium, zirconia, and polymer. It has been of
great interest because of the advantages it brings from said coating materials, mainly
silica shell coating.

To avoid the reduction of MNP core, which causes the disappearance of magnetic
property, throughout photocatalytic processes, and to increase catalytic activity, silica
shell insertion seems to be critical to protect the magnetic core and semiconducting
material by isolation [95,96,97]. In literature, Stöber method, microemulsion, aerosol
pyrolysis and the silicate solution related methods are known as the ways proposed for
silica coating. But, the most widely used process for the coating of MNPs with silica
shell is the Stöber method. In Stöber technique, mainly tetraethylorthosilicate (TEOS)
initiator is used in ethanol-water mixture in the presence of ammonia. After hydrolysis
and condensation of alkoxysilanes, silica layer over material was obtained. This
method has the advantage of adjusting the shell thickness easily [98].
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Scope of the Thesis

In this study, composite material contains organic-inorganic components with a
multifunctional property was designed and produced to use as photocatalyst in
environmental remediation. In order to achieve this aim, TiO2 nanoparticles were
modified with one type of the conducting polymers, PANI, and silver metal
nanoparticles in order to obtain enhanced photocatalytic activity by increasing the
number of e--h+ pairs and reducing the recombination rate. Besides, nanoparticles with
magnetic property were embedded to the composite material to provide easy reuse of
the catalyst. Characterization of materials produced in this study was performed with
advanced analytical instruments like SEM, TEM, EDX, XPS, ICP-OES and UV-Vis
spectrometry.

To measure the activity of the resulting composite material and each components
photocatalytic degradation methylene blue (MB) known as a typical pollutant and
example of dye molecule in the textile industry was used. Photocatalytic experiments
were performed at room temperature and under solar radiation. After that
decolorization of MB was followed with UV-Vis measurements and catalytic
activities of each material mentioned in this study were figured out. Finally, stability
of composite material as a photocatalyst and degradation products of MB after the
photocatalytic reaction by using composite material were investigated by using LCMS.
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CHAPTER 2

2. EXPERIMENTAL
Chemicals and Reagents

All of the chemicals used in the study were purchased in analytical grade and used
without further processing. The distilled water used in the experiments was obtained
using MilliQ Water Purification System. All experiments during the study were
carried out at room temperature and under the same conditions.

Preparation of Silica Coated Cobalt Ferrite Magnetic Nanoparticles

Iron(III)chloride

hexahydrate

(FeCl3.6H2O),

cobalt(II)chloride

hexahydrate

(CoCl2.6H2O), sodium hydroxide (NaOH), sodium chloride (NaCl) purchased from
Sigma-Aldrich were used in the preparation of magnetic nanoparticles. The addition
of silica shell over magnetic nanoparticles was performed by using ethanol (Merck),
(3-aminopropyl)trimethoxysilane

(APTMS,

Sigma-Aldrich)

and

tetraethyl

orthosilicate (TEOS, Sigma-Aldrich).

Preparation of Polyaniline (PANI), Magnetic Nanoparticles Added PANI
(MNP-PANI) and MNP and TiO2 Nanoparticles Added PANI (MNP-PANI-TiO2)

Aniline monomer, ammonium persulfate (APS) and hydrochloric acid purchased from
Sigma-Aldrich were used in chemical synthesis of PANI conducting polymer. After
that MNP-PANI and MNP-PANI-TiO2 were prepared by using magnetic nanopartciles
with silica shell and commercially available titanium dioxide nanopowder, (TiO2,
P25-Degussa-Evonik).

32

Addition of Silver Nanoparticles

The addition of silver nanoparticles onto composite material was utilized with silver
nitrate (AgNO3, Sigma-Aldrich) and sodium borohydride (NaBH4, Merck).

Catalytic Reactions

To check the photocatalytic activity of the all catalysts prepared, methylene blue (MB,
Sigma-Aldrich) was used.

Instrumentation

Field Emission Scanning Electron Microscope (FE-SEM)

Quanta 400F Field Emission Scanning Electron Microscope (FE-SEM, METU
Central Laboratory) was used to figure out the morphology and structure of prepared
nanocomposite materials and their components.

Transmission Electron Microscopy (TEM)

2100 F, 200 kV Transmission Electron Microscopy (TEM, METU Central
Laboratory) TEM was used to investigate the morphology and structure of prepared
nanocomposite materials and their components.

Energy Dispersive X-ray Spectrometer (EDX)

EDX coupled to Quanta 400F Field Emission Scanning Electron Microscope (FESEM), and 2100 F, 200 kV TEM were used to investigate the elemental compositions
of prepared materials.
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Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES)

Quantification of silver metal, attached to the surface of composite materials and
nanoparticles was performed by ICP-OES, Perkin Elmer Optima 4300DV, (METU
Central Laboratory).

X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) measurement was performed by using
Physical Electronics 5800 spectrometer (METU Central Laboratory) to prove the
addition of silver nanoparticles to composite material besides oxidation state.

Atlas Solar Simulator

Solar Simulator (ATLAS) equipped with metal halide lamp operated at 150 W was
used to investigate the photocatalytic activities of composite materials and
nanoparticles.

UV-Vis Spectrophotometer

SPECORD S 600 model UV-Vis spectrophotometer was used to figure out the percent
degradation of methylene blue dye solution.
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Preparation of Silica Shell Added Magnetic Nanoparticles (SiO2-CoFe2O4)

Magnetic nanoparticles (CoFe2O4) were prepared with a method known as coprecipitation [ 99 ]. For this, 0.4 M, 25 mL of FeCl3.6H2O, and 0.2 M, 25 mL
CoCl2.6H2O solutions were prepared and mixed with a magnetic stirrer. Then in
separate beaker 3.0 M, 25ml NaOH and 1.5 M, 12.5 mL NaCl solutions were prepared.
After that, NaOH and NaCl solutions were added to initial mixture dropwise and
stirred for 30 min. Then the reaction temperature was adjusted to 80 oC, and the
mixture was stirred in an ultrasonic bath for an additional 1 h. After this, the mixture
was allowed to cool, and when it reached room temperature, the particles were
separated from the mixture by using a magnet. The resulting magnetic particles were
then washed with de-ionized water and dispersed in the water again for the silica
coating process. The illustration for the preparation of magnetic nanoparticles is given
in Figure 2.1.

Figure 2.1. Preparation of magnetic nanoparticles (CoFe2O4).
Stöber method [99] was applied to coat the CoFe2O4 magnetic nanoparticles with the
silica layer. According to that procedure, 169 µL TEOS and 14.4 µL APTMS were
added in 80 mL ethanol and stirred vigorously. After that, nanoparticles with magnetic
property were added into 20 mL deionized water and mixed with an initial mixture
containing silica precursors.
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The resulting mixture was stirred at room temperature for 3 hours. Finally, particles
were isolated by using magnetic separation and washed with water and ethanol. After
drying, it stored and used for further studies. The illustration for the preparation of
silica-coated magnetic nanoparticles is given in Figure 2.2.

Figure 2.2. Preparation of magnetic nanoparticles with silica shell (SiO2-CoFe2O4).

Preparation of Polyaniline (PANI), Magnetic Nanoparticles Added PANI
(MNP-PANI) and MNP and TiO2 Nanoparticles Added PANI (MNP-PANITiO2)

Preparation of PANI

Chemical polymerization of aniline, was performed by using an oxidative
polymerization technique by using ammonium persulfate (APS) [100]. The schematic
representation of the process and chemical structure polymer are given in Figure 2.3.

Figure 2.3. Schematic representation of oxidative polymerization of aniline
hydrochloride in the presence of ammonium persulfate.
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According to the procedure, 245 μL of aniline monomer was placed in a beaker
(solution A), and 3.75 mL 1 M HCl was added to the monomer and allowed to stir at
500 rpm for 15 min. After that, 0.615 g ammonium persulfate (APS) was dissolved in
3.5 mL1 M HCl in another beaker (B) and allowed to stir at 500 rpm for 15 min. Then
APS containing solution was added drop-wise to aniline solution. The change in the
color of the reaction mixture to dark blue was observed after the addition of the oxidant.
Afterward, the resulting solution was stirred for 1h. The product was filtered and
washed with an excess amount of water until the filtrate became colorless to ensure
the removal of un-reacted chemicals and impurities. The dark blue product was placed
in a petri dish, and it was allowed to dry at room temperature. The dried product was
collected and stored in a vial for further use. The experimental set-up used to prepare
PANI is shown in Figure 2.4.

Figure 2.4. Preparation of PANI by using the oxidative polymerization method.

Preparation of Magnetic Nanoparticles Added PANI Composite Material

MNP-PANI, the composite material was prepared by applying the same procedure
used in the preparation of PANI (Figure 2.4). In this case, 245 μL aniline monomer,
0.125 g MNP and 3.75 mL of 1M HCl solution were placed. The resulting mixture
was allowed to stir for 15 min at room temperature to obtain well dispersion (A).
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In another beaker (B), 0.615 g APS and 3.5 mL of 1 M HCl were placed, and the
resulting solution was mixed for 15 min at room temperature to obtain a homogenous
solution. APS solution was added slowly to aniline suspension while stirring, and the
color of the resulting solution changed to dark blue. Finally, the resulting mixture was
stirred for 1 h without heating. Then the product was filtered and washed with deionized water until the filtrate became colorless. After the isolation step, resulting
particles were allowed to dry at room temperature.

MNP-PANI-TiO2 Composite Material Preparation

The addition of MNP and TiO2 nanoparticles into PANI was performed by applying
the procedure given in part 2.4.1. According to the procedure, 123 μL aniline monomer
was added to 1.9 mL 1 M HCl in a beaker (A). After that 0.060 g MNP, 0.060 g TiO2
was added to the initial solution. Then, 0.308 g of APS was added into 1.8 mL 1 M
HCl in a separate beaker (B). Both beakers were stirred for 30 min with a magnetic
stirrer at room temperature. After that, the solution containing APS (B) was added
drop-wise to aniline solution (A), and the reaction mixture turned to dark blue color.
Then the resulting product was stirred for an additional 1h at room temperature. The
product was filtered and then washed with de-ionized water until obtaining a colorless
filtrate. The solid product was dried. The dried solids were collected and stored for
further applications.

Decoration of the Composite Material and Their Components with Silver
Nanoparticles
Silver nanoparticles were attached to the supports of TiO2, PANI, MNP-PANI, and
MNP-PANI-TiO2 by liquid impregnation technique [99]. To add silver nanoparticles,
initially Ag+ ions were impregnated onto the supports, followed with the reduction to
Ag0 by using a reducing agent.
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For this, initially 100 mg support material was dispersed into a certain amount of water
by using an ultrasonic bath. After that, 2 % (w/w) AgNO3 was added to the dispersion
and continued to stir vigorously for 3 hours.

After this period, silver ion loaded particles were isolated and washed with water to
get rid of the impurities and unloaded metal ions. Finally, silver ion loaded particles
dried and used in the reduction process. After isolation and washing, all liquids were
kept to figure out the amount of silver loaded onto the surface of support materials by
using ICP-OES.

After loading silver ions, the reduction of them with NaBH4 was performed (Figure
2.5). To prepare fresh catalysts, only 10 mg of silver ion loaded particles were used in
the reduction process. For this, 10 mg material was dispersed in 10 mL water and then
30 mg NaBH4 added to the mixture and stirred with a magnetic stirrer until the end of
the hydrogen gas generation. Then, particles were collected and washed with distilled
water. Finally, composite materials and nanocatalysts were directly used in the
photocatalytic reaction after the washing step.

Figure 2.5. Addition of Ag ions onto the surface of support material and chemical
reduction of the ions with NaBH4 to produce silver nanoparticles.
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Investigation of the Photocatalytic Activity of Prepared Catalyst in
Degradation of Methylene Blue Under Solar Light
To evaluate the catalytic performance of the nanocomposites under solar light
illumination, degradation of methylene blue (MB) was monitored by recording the
UV-Vis spectra at certain time intervals.

Initially, control experiments were

performed to calculate the amount of methylene blue (MB) adsorbed onto the
materials used as a catalyst in the photocatalytic reaction. For this 10 mg catalyst were
dispersed in 10 mL MB solution, and the mixture was stirred under dark. The 3 mL
samples were taken from the solution after each 10 min intervals, and the absorption
band located at 665 nm was followed with a UV-Vis spectrophotometer. This process
was continued to the point where the adsorption of MB was constant or began to
decrease. For all photocatalytic degradation experiments, 10 mg of each catalyst was
added to 10 mL MB solution (2.0×10-5 M) and then the mixture was exposed to solar
light radiation (Figure 2.6).

Figure 2.6. Solar simulator, which was used throughout the photocatalytic activity
measurements.
40

Finally, the percent value of the MB degradation was calculated by using the following
formula.
% Removal of MB dye = A MB stock solution – A light treated sample/A MB stock solution × 100 (A:
absorbance value)
For reuse studies, the photocatalyst was isolated, washed, and used for the next cycle
of catalytic reaction with a fresh MB solution. Products formed at the end of the photodegradation of MB were analyzed through LC-MS.
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CHAPTER 3

3. RESULTS AND DISCUSSIONS

In this thesis, magnetic nanoparticles (MNP) and titanium nanoparticles (TiO2) added
polyaniline (PANI) composite material (MNP-PANI-TiO2) were prepared and then
silver nanoparticles were added to the prepared structure (MNP-PANI-TiO2-AgNPs).
After that, photocatalytic activity was determined for the removal of methylene blue
under solar light irradiation. Besides, silver added TiO2 nanoparticles (TiO2-AgNPs),
bare PANI, and magnetic nanoparticle added PANI (MNP-PANI) were prepared and
loaded with silver nanoparticles (TiO2-AgNPs, PANI-AgNPs, MNP-PANI-AgNPs).
The catalytic activities of each component in the structure of the prepared materials
mentioned above were also investigated, and their effect on the activity of the resulting
structure was determined.

Initially, the activity of bare titanium nanoparticles (TiO2 nanoparticles) under solar
light was determined. As known, TiO2 nanoparticles are the most widely used
photocatalytic material. Therefore, it is essential to determine the activity of TiO2
nanoparticles in the system used to figure out the activity of the new material by
comparing the activities of the titanium nanoparticles and new materials prepared.
After finding the catalytic behavior of the TiO2 nanoparticles, the catalytic activity of
bare polyaniline (PANI) was investigated. The activity results obtained for each bare
materials were used to reveal the effect of each component added to these structures
on the activity. Then, chemical polymerization of PANI was performed in the presence
of magnetic nanoparticles (MNP) to allow the catalyst to be separated rapidly from
the reaction mixture with a magnet applied externally without the need for prolonged
methods such as filtration or centrifugation.
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The catalytic activity of MNP-PANI was also investigated for comparison. After this
step, titanium was added to the structure to investigate the catalytic effect of mixing
titanium nanoparticles with the polymer. For this during the preparation of PANI,
besides MNP, TiO2 nanoparticles added and magnetic nanoparticles and titanium
nanoparticles added polyaniline (MNP-PANI- TiO2) were obtained. Finally, the effect
of the decoration of composite material with noble metal nanoparticles was
investigated. For this, silver metal was chosen and added to MNP-PANI- TiO2 to form
novel MNP-PANI- TiO2-AgNPs. Besides, silver nanoparticles added TiO2
nanoparticles, PANI, and MNP-PANI were also prepared.

The catalytic activities of all structures were investigated in methylene blue
degradation under solar light exposure. Further characterization of composite
materials and components of them was carried out using the advanced analytical
techniques. The stability of the novel structure as photocatalyst also investigated by
repeating the catalytic proses 5 times. All results obtained are given below,
respectively.

Characterization of the Prepared Materials

TEM and SEM measurements were performed to figure out the morphology of the
supports prepared, and particle size and distribution of silver metal nanoparticles
(AgNPs) decorated onto the mentioned structures in this study. The chemical
composition of the prepared catalyst was investigated with the energy-dispersive Xray (EDX) spectroscopy coupled to TEM and SEM. The exact amount of silver loaded
to the supports was revealed with ICP-OES measurements. The obtained results for
TiO2 nanoparticles, PANI, MNP, MNP-PANI, MNP-PANI-TiO2, TiO2-AgNPs,
PANI-AgNPs, MNP-PANI-AgNPs, and MNP-PANI-TiO2-AgNPs, respectively.

TiO2 nanoparticles commercially known as Degussa P25 were obtained and used all
related experiments. Initially, the TEM image of TiO2 nanoparticles was taken, which
is used for the preparation of novel composite material. The obtained image is given
in Figure 3.1.
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Figure 3.1. TEM image of TiO2 nanoparticles (Degussa P25).

From the TEM image given in Figure 3.1 almost 50 particles selected randomly and
the particle size of TiO2 nanoparticles was measured as 25±5 nm.

In order to separate catalysts magnetically from the reaction mixture, silica layer added
magnetic nanoparticles (cobalt ferrite, CoFe2O4@SiO2) were used to add the
composite materials. For this, magnetic nanoparticles were produced with the coprecipitation method. After that, the silica shell was added to CoFe2O4 magnetic
nanoparticles by applying the Stöber technique. This technique known as the
hydrolysis and condensation of silica precursor, TEOS in the water-ethanol mixture.
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After obtaining magnetic nanoparticles, TEM was used to figure out the morphology
of the magnetic nanoparticles with silica shell. Then the presence of precursors and
silica layers in the structure was proved by using energy dispersive X-ray (EDX)
coupled to TEM. Results are given in Figure 3.2 and Figure 3.3, respectively.

Figure 3.2.TEM image of silica-coated magnetic nanoparticles.

According to the image given in the figure above the size of the individual magnetic
nanoparticles was estimated as 15±2 nm. The average size of the agglomerates was
founded as 120±20 nm from particle size distribution measurement. EDX
measurements also performed to prove the chemical structure of magnetic
nanoparticles. The EDX pattern is given in Figure 3.3.
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Figure 3.3. EDX pattern of SiO2-CoFe2O4.

As can be seen from the EDX pattern, it can be concluded that the resulting structure
contains the Co, Fe, and Si founded in the MNP. These magnetic nanoparticles were
further used to prepare MNP-PANI and MNP-PANI-TiO2 composite materials.

By applying the chemical oxidation polymerization method, it can be possible to
produce a considerable amount of polymer, PANI and composite materials, MNPPANI and MNP-PANI-TiO2. Initially, the preparation of PANI with the mentioned
method was performed, and morphological characterization of PANI was performed
by using SEM. The result is given in Figure 3.4.
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Figure 3.4. SEM image of PANI.

As can be seen from the SEM image, non-uniform size distribution was obtained,
which contains micron-sized particles. In order to add a magnetic property, magnetic
nanoparticles (silica-coated cobalt ferrite, SiO2-CoFe2O4) were added to the structure
of composite material. The morphology of the composite material MNP-PANI was
investigated with TEM measurements. Then, chemical content of the composite
material was figure out by using EDX method. Results are given in Figures 3.5 and
3.6, respectively.
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Figure 3.5. SEM image of MNP-PANI.

The presence of MNP in the structure of MNP-PANI was proven with EDX
measurements. The result is given in Figure 3.6.
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Figure 3.6. EDX pattern of SiO2-CoFe2O4-PANI.

Although obtaining similar morphology with PANI, it can be seen from the Figure 3.5,
the size of the composite material is smaller than the size of PANI due to the addition
of smaller sized magnetic nanoparticles.

After that, MNP-PANI-TiO2 was prepared and characterized by SEM, TEM, and EDX
measurements. Results are given in Figures 3.7, 3.8, and 3.9, respectively.
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Figure 3.7. SEM image of MNP-PANI-TiO2 composite material.

When the SEM image of MNP-PANI-TiO2 composite material compared with the
image of MNP-PANI, the presence of TiO2 nanoparticles can be realized easily. To
further prove the addition of TiO2 nanoparticles to the composite material, TEM
measurement was performed. The result is given in Figure 3.8.
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Figure 3.8. TEM image of MNP-PANI-TiO2 composite material.

When Figures 3.1 and 3.2 evaluated together with Figure 3.8, it can be concluded that
TiO2 and magnetic nanoparticles were embedded in the structure to form MNP-PANITiO2 composite material.

The chemical composition of the resulting material was investigated with EDX
measurement. The result is given in Figure 3.9.
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Figure 3.9. EDX pattern of SiO2-CoFe2O4-PANI-TiO2 composite material.

All elements founded in composite materials can be seen from the EDX pattern given
in Figure 3.9.

As given in the experimental part, the decoration of silver nanoparticles onto the
surface of TiO2, PANI, MNP-PANI, and MNP-PANI-TiO2 materials was achieved by
applying a liquid impregnation technique. After preparation, morphology, and
chemical composition of silver nanoparticles added structures, TiO2-AgNPs, PANIAgNPs, MNP-PANI-AgNPs, and MNP-PANI-TiO2-AgNPs, were investigated,
respectively by using TEM, EDX, and ICP-OES.

At first, silver loading was performed on TiO2 nanoparticles, and the TEM image of
resulting particles is given in Figure 3.10.
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Figure 3.10. TEM image of TiO2-AgNPs.

Silver nanoparticles added onto TiO2 nanoparticles circled in black, and the average
size of the silver nanoparticles added onto TiO2 nanoparticle surface was measured as
7 ± 3 nm.

In order to prove the presence of silver on TiO2 nanoparticles, EDX measurement was
performed. EDX pattern of TiO2-AgNPs is given in Figure 3.11.

Figure 3.11. EDX pattern of TiO2-AgNPs.
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As can be seen from the EDX pattern, silver nanoparticles were founded in the
structure besides titanium. The signal related to silver in the EDX pattern can be proof
of the attachment onto the TiO2 nanoparticles. The quantification of the total silver
decorated onto TiO2 nanoparticles was performed with ICP-OES measurements. The
added amount of silver nanoparticles to the TiO2 substrate was founded as 0.79 %
(w/w) with ICP-OES measurement.

After that, PANI-AgNPs was prepared with the addition of silver nanoparticles to the
surface of PANI was performed. After the production of the material, the morphology
of the resulting particles was investigated with TEM measurement. The result is given
in Figure 3.12.

Figure 3.12. TEM image of PANI-AgNPs.

As can be seen from the TEM image, silver nanoparticles were successfully added to
the PANI surface. The homogeneous and narrow size distribution of AgNPs on PANI
was achieved by using a liquid impregnation technique.
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The size of the silver particles was calculated as 3±1 nm by using randomly selected
30 particles from the TEM image given in Figure 3.12. After finding the size, the
presence of silver nanoparticles onto support material was detected with EDX
measurement. The result is given in Figure 3.13.

Figure 3.13. EDX pattern of PANI-AgNPs.

The presence of silver can be seen from the peak located around 2.5 keV on the EDX
pattern. The exact amount of silver was measured with ICP-OES and calculated as
1.72 % (w/w).

After that, silver nanoparticles were added to MNP-PANI composite materials and
characterized by TEM, EDX, and ICP-OES. Results are given in Figure 3.14 and 3.15,
respectively.
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Figure 3.14. TEM image of MNP-PANI-AgNPs.

As can be seen from Figure 3.14, silver nanoparticles were decorated homogeneously
with a narrow size distribution. The size of the AgNPs was founded around 2 nm,
which is smaller than the silver nanoparticles added onto TiO2 nanoparticles and PANI.
This can be attributed to the more porous structure of MNP-PANI formed by the
addition of magnetic nanoparticles.

The elemental composition of the resulting structure also investigated with EDX
measurement to prove the addition of silver nanoparticles to MNP-PANI composite
material. The result is given in Figure 3.15.
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Figure 3.15. EDX pattern of MNP-PANI-AgNPs.

As can be seen from the EDX pattern given above figure, the presence of Ag was
observed besides the elements which formed MNP-PANI. The exact amount of silver
was revealed by ICP-OES measurements. According to the results, the total amount
of silver added to MNP-PANI was calculated as 1.23 % (w/w).

Finally, silver nanoparticles were added to MNP-PANI-TiO2 nanocomposite materials
by using the liquid impregnation method. Structural analysis of resulting composite
material was performed by using TEM measurements. The results are given in Figure
3.16 and Figure 3.17.
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Figure 3.16. TEM image of MNP-PANI-TiO2-AgNPs.

Figure 3.17. TEM image of MNP-PANI-TiO2-AgNPs.
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The size of silver nanoparticles on the surface of MNP-PANI-TiO2 composite material
was measured around 4 nm from the TEM image is given in Figure 3.17.

The presence of silver nanoparticles onto MNP-PANI-TiO2 composite material was
also investigated with EDX spectroscopy. The result is given in Figure 3.18.

Figure 3.18. EDX pattern of MNP-PANI-TiO2-AgNPs.

The presence of metals (Ag, N, Si, Co, Fe, Ti) founded in the structure MNP-PANITiO2-AgNPs can be seen in energy dispersive X-ray (EDX) pattern given in Figure
3.18. The total amount of silver was founded by ICP-OES measurements. According
to the results, the total amount of silver added to MNP-PANI-TiO2 composite material
was found as 0.97 % (w/w) from ICP-OES measurements.

The addition of silver nanoparticles to MNP-PANI-TiO2 composite material and
oxidation state of the silver nanoparticles were investigated with X-ray photoelectron
spectroscopy (XPS) measurements. The results are given in Figure 3.19.
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Figure 3.19. XPS spectra of silver nanoparticles decorated on MNP-PANI-TiO2.

The high-resolution XPS spectrum of Ag proves the presence of silver in the produced
composite materials. Results also prove the metallic form of the silver particles added
to MNP-PANI-TiO2 composite material. According to Figure 3.19, corresponding
peaks related to the binding energies of the Ag 3d5/2 and Ag 3d3/2 located at 365.0 and
371.0 eV, respectively. These locations are considered as the indication of the metallic
form of the silver, which is added to MNP-PANI-TiO2 composite material. The result
is in good agreement with TEM and EDX measurements.
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Investigation of the Catalytic Performance of the Prepared Material

Adsorption Behavior of Dye Molecules to Prepared Catalysts

To evaluate the photocatalytic activities of prepared nanocatalysts, MB was chosen as
a model compound. As it is known, the bright blue color of the MB aqueous solution
is due to its light absorption around 665 nm.
The photocatalytic degradation of the MB solution driven by a proper catalyst causes
a smooth decrease in the absorption peak. Finally, when the degradation of the dye is
completed, the solution becomes colorless.

Before starting the catalytic applications, a control experiment was performed by
illuminating the MB solution without using a catalyst. Only a 2 % reduction in the
absorbance band located at 665 nm was calculated at the end of the 120 min. solar
light exposure. After that second control experiment was performed to figure out the
adsorption behavior of the dye molecule onto the catalyst surface without light
exposure. For this 10 mg catalyst added into 10 mL of MB solution and stirred under
dark and MB absorption maxima were measured at a specific time, and the change in
dye concentration was followed by UV-Vis spectrophotometer. The sample UV-Vis
spectra obtained for TiO2 nanoparticles are given in Figure 3.20.
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Figure 3.20. Dark profile of the TiO2 nanoparticles dispersed in 2.0 ×10-5 M MB
solution without light exposure.
The result showed that after only 6 % of the dye molecule adsorbed onto TiO2
nanoparticles after 10 min mixing under dark conditions and dye absorption intensity
remained almost constant when the stirring was continued to 30 min. Calculated
percent decrease in absorption is given in Table 3.1.

Table 3.1. The decrease in absorbance of MB treated with TiO2 nanoparticle under the
dark condition at different times.
Time (min)

Decrease %

Initial

0.0

10

5.5

30

6.0
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After that, the adsorption behavior of MB dye molecules onto MNP-PANI-TiO2AgNPs composite material was investigated by applying the same procedure given
above for TiO2 nanoparticles. The results are given in Figure 3.21 and Table 3.2,
respectively.

Figure 3.21. Dark profile of the MNP-PANI-TiO2-AgNPs composite materials
dispersed in 2.0 ×10-5 M MB solution without light exposure.

Table 3.2. The decrease in absorbance of MB treated with MNP-PANI-TiO2-AgNPs
composite material under the dark condition at different times.

Time (min)

Decrease %

Initial

0.0

10

17.0

30

19.0
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From Figure 3.21 and Table 3.2, a 17 % decrease in the absorbance value was
calculated at the end of the 10 min interaction between MB solution and composite
material under dark condition. At the end of 30 min, a reduction of 19 % was detected.
So, 10 min was chosen for all catalysts as the mixing time with MB solution before
exposed to light. After figuring out the dark profiles, the photocatalytic activities of
the composite materials and their components were investigated in the removal of MB
dye under solar light exposure.

Catalytic Activity of Composite Materials and Their Components in
Methylene Blue Degradation Under Solar Simulator

Photocatalytic activities of TiO2, PANI, MNP-PANI, MNP-PANI-TiO2, TiO2-AgNPs,
PANI-AgNPs, MNP-PANI-AgNPs, and MNP-PANI-TiO2-AgNPs were investigated
on the degradation of 10 mL MB (2.0 × 10−5 M) under visible light irradiation by using
10 mg catalyst. These experiments were conducted after achieving the adsorption
equilibrium of the catalysts. After that, the dye removal capacities of the catalyst were
followed by UV-Vis spectroscopy. For this, a 2 mL portion of the MB solution was
taken from the reaction mixture. After isolation of the solid catalyst, UV-Vis
measurement was performed, and percent degradation was calculated by following the
absorption peak located at 665 nm. After that, a 2 mL portion was added to the initial
mixture with an isolated catalyst, and light exposure was continued. This process was
repeated until the end of the photocatalytic process. After following the decrease in
absorption maxima, percent removal of MB was calculated by using the equation
given in the experimental part. In all measurements a blank correction was applied.
The ± standard deviation of all UV-Vis measurements performed was calculated
around 1 % during this study.
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Investigation of the photocatalytic activity of the materials mentioned in this study as
a catalyst was started with commercially available TiO2 nanoparticles (Degussa P25).
The obtained result was used as a reference for comparison to figure out the catalytic
power of the novel composite materials prepared during this study. Photocatalytic
removal of methylene blue under solar light exposure was followed with UV-Vis
spectroscopy, and the result is given in Figure 3.22.

Figure 3.22. UV-Vis spectra which show the photocatalytic degradation of MB by
using 10 mg TiO2 nanoparticles (Degussa P25) as a photocatalyst under solar light
exposure.

After that, the photocatalytic activities of bare PANI, MNP-PANI, and MNP-PANITiO2 composite materials were investigated on the degradation of MB (2.0 × 10−5 M)
under visible light irradiation by using 10 mg catalyst. Results are given in Figure 3.23,
Figure 3.24, and Figure 3.25, respectively.
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Figure 3.23. UV-Vis spectra which show the photocatalytic degradation of MB by
using 10 mg PANI as a photocatalyst under solar light exposure.
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Figure 3.24. UV-Vis spectra which show the photocatalytic degradation of MB by
using 10 mg MNP-PANI as a photocatalyst under solar light exposure.
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Figure 3.25. UV-Vis spectra which show the photocatalytic degradation of MB by
using 10 mg MNP-PANI-TiO2 as a photocatalyst under solar light exposure.

The calculated percent degradation values were used to compare the photocatalytic
activities of bare TiO2, PANI, MNP-PANI, and MNP-PANI-TiO2 composite material
and results are given in Figure 3.26.
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Figure 3.26. Comparison of the catalytic activities of the TiO2, PANI, MNP-PANI
and MNP-PANI-TiO2 composite material used for MB degradation under solar light.

The percent degradation values for each catalyst at the end of the 90 min solar light
illumination are given in Table 3.3.

Table 3.3. The percent degradation results of MB obtained with the use of the
mentioned catalysts under solar light.

Catalysts

Degr. %

Degr. %

Degr. %

Degr. %

10 min

30 min

60 min

90 min

TiO2

29.1

51.0

68.0

77.3

PANI

9.2

27.0

35.3

45.4

MNP-PANI

21.2

28.3

38.1

52.0

MNP-PANI-TiO2

19.0

38.4

83.8

91.7
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From the results given above, 77 % degradation of MB were achieved by TiO2 after
90 min of solar light exposure. In the case of PANI, 45 % of degradation was achieved
under the same conditions. On the other hand, the addition of magnetic nanoparticles
onto the PANI matrices effects the photocatalytic activity positively in the degradation
of MB when compared to the result obtained with PANI due to the increase in surface
roughness and porosity. Although the amount of PANI nearly decrease to half in
MNP-PANI (10 mg contains 4 mg MNP and 6 mg PANI) 52 % degradation of MB
was observed after 90 min of solar light exposure. In the case of MNP-PANI-TiO2
photocatalyst, 92 % of degradation was obtained in 90 min. 10 mg MNP-PANI-TiO2
composite material nearly contains 4 mg MNP, 4 mg PANI, and 2 mg TiO2.

MNP-PANI-TiO2 composite material includes less amount of TiO2 nanoparticles. It
includes 2 mg TiO2 and 4 mg magnetic nanoparticles besides 4 mg PANI. But when
compared the catalytic activities of 10 mg pure TiO2 nanoparticles and PANI with 10
mg MNP-PANI-TiO2 composite material, composite materials show enhanced
photocatalytic activity than pure materials. In order to show the importance of the
synergetic effect of the components in MNP-PANI-TiO2 composite material, further
catalytic experiments were performed using only 2 mg TiO2 nanoparticles and 4 mg
PANI as photocatalysts in MB degradation under solar light, separately. After the 90
min solar light exposure, only 24 % of degradation was observed with TiO2
nanoparticles. By using PANI as catalyst percent degradation value was calculated as
11 %.

As seen from the results, the addition of PANI to TiO2 nanoparticles is very crucial
for synergetic interaction with TiO2 which results the increase in the photocatalytic
activity of the MNP-PANI-TiO2 composite material by increasing the charge
separation possibility due to their proper Eg values.
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Another advantage of the MNP-PANI-TiO2 composite material besides the high
photocatalytic activity can be considered as magnetic separation. Due to magnetic
property added to composite material, it can be isolated easily from the reaction
medium with the help of external magnet in a short time without the need for
separation processes that require a long time. So it is possible to use same catalyst in
other cycle and also the pollution caused by the catalyst is prevented. This advantage
is achieved through the PANI because it keeps titanium and magnetic particles
together in the MNP-PANI-TiO2 composite material.

In the next step silver nanoparticles was added to composite materials to increase the
catalytic activity under visible part of the electromagnetic radiation. Then, the effect
of the addition of silver metal nanoparticles on catalytic activity was investigated in
detail. For this, silver nanoparticles were added to TiO2, PANI, MNP-PANI, and
MNP-PANI-TiO2 composite materials. From the previous studies, the optimum
amount of silver loading was founded as 2 %. So, initially, 2 % (w/w) silver ion was
added into the aqueous dispersion of the mentioned supports during the loading
process.

The details of the loading method are given in the experimental part. After loading of
the silver ion, NaBH4 reduction was applied to form silver nanoparticles onto the
support material. After the decoration of support material with silver nanoparticles,
the photocatalytic activity of resulting materials, TiO2-AgNPs, PANI-AgNPs, MNPPANI-AgNPs, and MNP-PANI-TiO2-AgNPs composite material were investigated on
the degradation of MB (2× 10−5 M) under visible light irradiation by using 10 mg from
each catalyst under same conditions. Percent degradation of MB with a given catalyst
was followed by a UV-Vis spectrometer, as mentioned previously.

Initially, the catalytic activity of the TiO2-AgNPs nanoparticles was investigated under
solar light. UV-Vis spectra, which show the MB degradation, is given in Figure 3.27.
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Figure 3.27. UV-Vis spectra which show the photocatalytic degradation of MB by
using 10 mg TiO2-AgNPs as a photocatalyst under solar light exposure.
The comparison of the % degradation of MB obtained with the usage of bare TiO2
nanoparticles and TiO2-AgNPs is given in Figure 3.28.
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Figure 3.28. Comparison of the catalytic activities of the TiO2 and TiO2-AgNPs used
for MB degradation under solar light.

As can be seen from Figure 3.28, 90 % degradation of MB was achieved with 60 min.
solar light illumination with TiO2-AgNPs. 68 % of degradation was obtained with the
usage of bare TiO2 nanoparticles, within the same duration under solar light irradiation.
Thus, the addition of silver nanoparticles to the TiO2 nanoparticles increases the
photocatalytic activity under solar light exposure.

After that, the effect of the addition of the silver nanoparticles to bare PANI and MNPPANI on photocatalytic activity was investigated. The UV-Vis spectra, which show
the degradation of MB under solar light with PANI-AgNPs and MNP-PANI-AgNPs,
are given in Figure 3.29 and Figure 3.30, respectively.
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Figure 3.29. UV-Vis spectra which show the photocatalytic degradation of MB by
using 10 mg PANI-AgNPs as a photocatalyst under solar light exposure.
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Figure 3.30. UV-Vis spectra which show the photocatalytic degradation of MB by
using 10 mg MNP-PANI-AgNPs as a photocatalyst under solar light exposure.
The comparison of the % degradation of MB by using the structures with and without
silver nanoparticles is given in Figure 3.31.
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Figure 3.31. Comparison of the catalytic activities of the bare PANI and MNP-PANI
with PANI-AgNPs and MNP-PANI-AgNPs composite material used for MB
degradation under solar light.

From the results, it can be concluded that the addition of silver nanoparticles to bare
PANI and MNP-PANI also increases catalytic activity.

Finally, the photocatalytic activity of the silver nanoparticles added structure, MNPPANI-TiO2-AgNPs, was investigated. UV-Vis spectra which show the % degradation
of MB and comparison of % degradation values obtained with MNP-PANI-TiO2 and
MNP-PANI-TiO2-AgNPs composites are given in Figure 3.32 and Figure 3.33,
respectively.
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Figure 3.32. UV-Vis spectra which show the photocatalytic degradation of MB by
using 10 mg MNP-PANI-TiO2-AgNPs as a photocatalyst under solar light exposure.
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Figure 3.33. Comparison of the catalytic activities of the MNP-PANI-TiO2 with
MNP-PANI-TiO2-AgNPs composite material used for MB degradation under solar
light.

The highest increase in the initial rate was obtained by using MNP-PANI-TiO2-AgNPs
composite material. In order to see the catalytic activity of silver added catalysts, a
comparison of the % degradation of MB and % degradation values of MB are given
in Figure 3.34 and Table 3.4, respectively.
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Figure 3.34. Comparison of the catalytic activities of the TiO2-AgNPs, PANIAgNPs, MNP-PANI-AgNPs, and MNP-PANI-TiO2-AgNPs composite material used
for MB degradation under solar light.

Table 3.4. The percent degradation results of MB obtained with the usage of TiO2AgNPs, PANI-AgNPs, MNP-PANI-AgNPs, MNP-PANI-TiO2-AgNPs catalysts
under solar light.

Catalysts

Degr. %

Degr. %

Degr. %

Degr. %

10 min

20 min

30 min

40 min

TiO2-AgNPs

30.1

43.2

57.4

74.3

PANI-AgNPs

87.4

91.0

92.3

92.6

MNP-PANI-AgNPs

92.5

95.0

95.5

96.5

MNP-PANI-TiO2-AgNPs

94.5

95.8

97.2

98.5
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To highlight the catalytic activities of the novel composite materials, all results are
summarized in Table 3.5 and comparison of the result obtained with MNP-PANITiO2-AgNPs composite material with literature is given in Table 3.6.

Table 3.5. The maximum percent degradation results of MB obtained with the usage
of all mentioned catalysts in this study under solar light.

Photocatalyst

Exposure Time

% Degradation

TiO2

90

77.3

TiO2-AgNPs

40

74.3

PANI

90

45.4

PANI-AgNPs

40

92.6

MNP-PANI

90

52.0

MNP-PANI-AgNPs

40

96.5

MNP-PANI-TiO2

90

91.7

MNP-PANI-TiO2-AgNPs

40

98.5

According to the results given above, MNP-PANI-TiO2-AgNPs composite material
shows the better catalytic activity in photocatalytic degradation of MB under solar
light. The total degradation of MB at a given concentration was achieved in 40 min
under solar light. Also, it can be seen clearly that the addition of each component
improves the photocatalytic activity of the resulting materials.

The improvement in catalytic activity can be attributed to the synergetic effects of the
components added to MNP-PANI-TiO2-AgNPs composite material. Due to the
compatibility between HOMO-LUMO (-5.26 eV- -2.98 eV) levels of the conductive
polymer and the VB-CB (-7.4 eV- -4.2 eV) levels of titanium and increase in the
absorption property of the composite material with the addition of silver nanoparticles
to the structure, charge separation efficiency, formation of e--h+ pairs, increases
besides decrease in charge recombination. The increase in e--h+ pairs allows the
formation of more superoxide and hydroxyl radicals resulting better photocatalytic
activity which increase the degradation rate of organic molecule.
80

Besides, the effect of the silver nanoparticle addition can be seen obviously. The
addition of small-sized AgNPs with narrow size distribution on the TiO2, PANI, MNPPANI, and MNP-PANI-TiO2 improves the catalytic activity and the time for
degradation of MB under solar light was shortened. This increase can be attributed to
improvement in absorption property under solar light with the addition of noble metal
nanoparticles, which results in enhanced photo-conversion efficiency by decreasing
the probability of charge recombination between electrons and holes. Besides,
additional electrons were transferred generated from the plasmon excitation process
to the conduction band of the materials [101,102,103].
Table 3.6. The comparison of the result obtained with MNP-PANI-TiO2-AgNPs
composite material with literature.
Type of Photocatalyst

PPy-TiO2 nanocomposite
(20 mg/50 mL MB)
PoPD/TiO2 (30 mg/30
mL MB)
BiPO4/PANI (200
mg/200 mL)
CdS/PTh, CdS/PPy,
CdS/PANI (25 mg/50
mL)
MNP-PANI-TiO2AgNPs (10 mg/10 mL)

Con.
of MB
(mg/L)

Year

Removal
%
(Vis)

Irradiation
Time
(min)

Ref.

1

2017

93.0

90

[104]

40

2017

60.0

[105]

20

2018

87.3

180
480
(sunlight)

10

2018

71.0, 77.0,
61.0
respectively

300

[107]

10

2020

99.0

40

This
Study

[106]

As shown in Table 3.6, the MNP-PANI-TiO2-AgNPs has the highest photocatalytic
activity among the polymer and TiO2 based catalysts reported in the literature for the
same reaction.
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The proposed mechanism for degradation of MB in the presence of MNP-PANI-TiO2AgNPs composite material as photocatalyst is given below.

The photocatalytic process is initiated with the absorption of light by photocatalyst. In
this case, the energy of the photon must be larger than the bandgap of the photocatalyst.
After the initiation step, excited electrons and holes are generated.
hϑ

+
MNP − PANI − TiO2 − AgNPs composite material → e−
CB + hVB

After that excited electrons and holes provides the production of superoxide (O2•− ) and
hydroxyl (OH•) radicals from the reduction of oxygen and neutralization of hydroxyl
ions.

•−
(O2 ) + e−
CB → O2
+
(H2 O ↔ H + + OH − ) + hVB
→ H + + OH •

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

2HO•‾
2 → H2 O2 + O2
Then decomposition of hydrogen peroxide takes place.
H2 O2 + e− → OH • + OH −
Finally, the degradation of the target material with the hydroxyl radical and holes takes
place.
R + OH • → R′• + H2 O
R + h+ → R+• → degradation products → CO2 + H2 O

82

In an ideal degradation process, the goal is to convert all target molecules to carbon
dioxide and water. According to the power of light source and exposure time,
degradation products may vary.

LC-MS Study to Prove the Photocatalytic Degradation of MB

In order to prove the degradation of the MB with photocatalytic reaction, besides the
UV-Vis measurements, the process was followed with LC-MS measurements. By UVVis measurements, the only decolorization can be followed. In this case, it is quite
hard to predict the reason for decolorization. In this case, it is not possible to
understand whether decolorization is due to photocatalytic degradation or adsorption
to the surface of the catalyst. Therefore, LC-MS measurements were performed to
understand the reason for dye removal fully. For this, after the treatment of MB with
the catalyst under solar light, the reaction solution was measured with LC-MS. TiO2
nanoparticles are known as the total oxidation catalyst in photocatalytic reactions and
used as a reference for comparison. So, initially, the reaction was performed with TiO2
nanoparticles, and degradation products were analyzed with LC-MS. After that MNPPANI-TiO2-AgNPs composite material was used, and the degradation product was
revealed. Results related to LC-MS measurement of MB solution obtained before and
after the photocatalytic reaction are given in Figure 3.35.
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Figure 3.35. LC-MS spectrum of MB solution taken before the light exposure in the
presence of catalyst.
During the measurements, the lines located at m/z=284 and m/z= 270 which are the
sign of the parent ion of MB [MB + H]+ and homologs of MB known as Azure B were
followed [108]. Besides these two main lines, lines related to fragmentation of MB
was also observed located at m/z= 131, 114, 98, 85, and 73.

After getting the MS spectra of MB, MB solutions obtained after treatment with TiO2
nanoparticles and MNP-PANI-TiO2-AgNPs composite material as photocatalysts
under solar radiation, for 90 min and 40 min, respectively, were measured.
Comparison of the LC-MS spectra are given in Figure 3.36.
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Figure 3.36. Comparison of the LC-MS spectra of the MB solution treated with TiO2
nanoparticles and MNP-PANI-TiO2-AgNPs under solar light.

As can be seen from the Figure 3.36, lines related to MB located at m/z= 284 and m/z=
270 were totally disappeared when the MB solution was treated with TiO2
nanoparticles and MNP-PANI-TiO2-AgNPs composite material under solar light
exposure. This behavior can be considered as evidence of photocatalytic degradation.
The LC-MS results are also compatible with UV-Vis spectroscopy. When the results
obtained with the usage of the catalyst were compared with the MB result, a decrease
in the total mass is observed. This can be attributed to the total degradation of MB in
which some portion of the total mass was converted into CO2 and water.

The total mass remaining after treatment of MB with MNP-PANI-TiO2-AgNPs
composite material is less than the mass obtained with TiO2 nanoparticles. So, it can
be concluded that MNP-PANI-TiO2-AgNPs catalyst is much more effective than TiO2
nanoparticles under solar light when also considering the interaction times with solar
light.
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According to the information given above, the suggested degradation pathway for the
photocatalytic removal of methylene blue with MNP-PANI-TiO2-AgNPs composite
material under solar light is given in Figure 3.37.

Figure 3.37. Recommended degradation path for photocatalytic degradation of
methylene blue with prepared nanocomposite materials.
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The stability of the catalyst was so important for all kinds of catalytic applications.
For this reason, the reuse capacity of MNP-PANI-TiO2-AgNPs composite material
was revealed by performing five successive tests in the degradation of MB under the
same irradiation condition. After the first try of photocatalytic degradation of MB
performed under solar light, MNP-PANI-TiO2-AgNPs were isolated magnetically
from reaction mixture.

After that, isolated particles were dispersed in 10 mL fresh MB solution. Then, light
irradiation was started and continued for 40 min. This process was repeated 5 times in
total using the same catalyst. Percent degradation results of each run are given in
Figure 3.38.

Figure 3.38. The reuse performance of MNP-PANI-TiO2-AgNPs photocatalyst in the
degradation of MB under solar light exposure.
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At the end of the five tries, percent degradation value, which shows the catalytic
activity of MNP-PANI-TiO2-AgNPs composite material, decreased around 18 %.
Although there is a slight decrease in percentage degradation value, the particles are
easily separated from the reaction mixture without time-consuming methods such as
centrifugation or filtration and without causing secondary pollution. According to the
obtained result, it can be concluded that MNP-PANI-TiO2-AgNPs composite material
showed good stability as photocatalyst. The slight decrease in activity can be attributed
to the loss of catalyst during separation from the reaction mixture, deposition of
degradation products onto the composite material, and partial oxidation of silver
nanoparticles in time.
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CHAPTER 4

4.

CONCLUSION

Semiconductor materials are commonly used in photocatalytic reactions for
environmental remediation because of their properties. The most widely used
semiconductor is known as titanium dioxide nanoparticles. However, these particles
only show high catalytic activity under UV light. This increases the total cost of the
environmental remediation process. Therefore, to reduce costs, studies on the
production of photocatalytic materials that can work under solar light gain
considerable importance. Furthermore, the separation of the catalyst from the reaction
medium is another important point. In this way, it will be possible to prevent the
pollution caused by the catalyst and at the same time to reuse the catalyst.

In this thesis, in order to provide catalytic degradation of organic pollutants under solar
light, novel multifunctional composite materials were prepared. To increase the
photocatalytic activity of TiO2 nanoparticles, conducting polymer PANI and silver
nanoparticles were added to the composite material. Besides, magnetic nanoparticles
were added to the structure to prevent catalyst-induced pollution and to ensure reuse.
The catalytic activity of resulting composite material, MNP-PANI-TiO2-AgNPs, was
investigated in the photocatalytic degradation of dye molecules under solar light
exposure. For this MB was chosen as a model dye compound that is used in the textile
industry and funded in textile-based wastewater. Besides, the catalytic activity of each
component added to composite materials was investigated under the same conditions
to figure out the effect of them onto the final composition.

89

Characterization of nanoparticles and composite materials was performed by using
advanced analytical techniques to figure out the morphological properties and
chemical compositions of the resulting particles. After that, photocatalytic efficiency
of particles was investigated in the degradation of MB under solar light. According to
results, the highest catalytic activity was achieved by using MNP-PANI-TiO2-AgNPs
composite material as a photocatalyst. Total degradation of MB was achieved in 40
min of solar light illumination. Besides, MNP-PANI-AgNPs showed high catalytic
activity. Percent degradation of MB was followed with UV-Vis spectrometry
measurements. After that, to prove the degradation of MB, the solution obtained after
the photocatalytic reaction was analyzed with LC-MS. According to the results, it can
be concluded that MB was degraded to small units besides CO2 and water in 40 min
under solar light.

The higher photocatalytic activity of resulting particles can be attributed to the
effective formation of e--h+ pairs due to the addition of conducting polymer PANI and
silver nanoparticles. For this reason, MNP-PANI-TiO2-AgNPs composite material can
be considered as a good alternative for the removal of dye molecules from textilebased wastewater.
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