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ABSTRACT

PREPARATION AND CHARACTERIZATION OF SILVER
NANOPARTICLES ADDED POLY(N-METHYLANILINE) SPHERES

ALBAYATI, Marwah
M.Sc., Chemical Engineering Department
Supervisor: Assoc. Prof. Dr. Murat KAYA
Co-Supervisor: Dr. Yeliz AKPINAR
July 2020, 58 pages

Due to the easy preparation, low cost besides combining the electrical properties of
a semiconductor and metals, conducting polymers (CPs) nowadays attracts great
attention to academia and industry. In this thesis, a multi-component visible-lightdriven photocatalyst having the structure; poly(N-methyl aniline) silver
nanoparticles (PNMA-AgNPs) was successfully prepared by using oxidative
chemical

polymerization

and

liquid

impregnation

methods,

respectively.

Characterization of resulting particles was performed by using SEM, TEM, EDX,
XPS, FTIR, and ICP-OES. According to that characterization, PNMA nanospheres
with a size of around 300 nm were prepared and 3 nm silver nanoparticles were
successfully added onto them. After that, the potential of PNMA-AgNPs composite
material in the degradation of dye molecules under solar light was investigated.
The silver nanoparticles added PNMA (PNMA-AgNPs) photocatalyst shows
enhanced photocatalytic activity for Methylene Blue (MB) degradation (98.5%)
achieved after only 30 min exposure of solar light time compared to PANI (32 %),
and single PNMA (44 %) even after extended light irradiation times 90 min.

iii

The enhanced photocatalytic activity of PNMA-AgNPs photocatalyst is ascribed to
Surface Plasmon effect of silver nanoparticles which increases the charge
separation efficiency by improvement in absorption property of the resulting
structure which allows the decrease in the probability of charge recombination
among produced electrons and holes during the photocatalytic process. The
experimental results confirmed that PNMA-AgNPs composites have the potential
application as photocatalyst for the degradation of dye molecules under solar light
illumination.

Keywords:

Conductive

polymer,

poly(n-methyl

nanoparticles, photocatalyst, environmental remediation

iv

aniline)

spheres,

silver

ÖZ

GÜMÜŞ NANOPARÇACIK EKLENMİŞ POLİ (N-METİLANİLİN)
KÜRELERİN HAZIRLANMASI VE KARAKTERİZASYONU

ALBAYATI, Marwah
Yüksek Lisans, Kimya Mühendisliği Bölümü
Tez Yöneticisi: Doç. Dr. Murat KAYA
Yardımcı Tez Yöneticisi: Dr. Yeliz Akpınar
Temmuz 2020, 58 sayfa
İletken polimerler (CP'ler), kolay hazırlanma yöntemleri ve yarı iletken ile metallerin
elektriksel özelliklerini birleştirmenin yanı sıra, düşük maliyetleri sayesinde
günümüzde akademi ve endüstride büyük ilgi çekmektedir. Bu tezde, birden fazla
bileşenli yapıya sahip görünür ışık altında çalışan fotokatalizör, gümüş nanoparçacık
eklenmiş poli (N-metilanilin) küreler (PNMA-AgNP'ler), sırasıyla oksidatif kimyasal
polimerizasyon ve sıvı emdirme yöntemleri kullanılarak hazırlanmıştır. Elde edilen
parçacıkların karakterizasyonu SEM, TEM, EDX, XPS, FTIR ve ICP-OES
kullanılarak yapılmıştır. Elde edilen sonuçlara göre 300 nm civarında bir boyuta
sahip PNMA nanoküreleri hazırlanmış ve üzerine 3 nm civarı gümüş
nanoparçacıklar başarılı bir şekilde eklenmiştir. Daha sonra PNMA-AgNP kompozit
malzemenin, güneş ışığı altında boya moleküllerinin bozulmasındaki etkinliği
araştırılmıştır. Elde edilen sonuçlara göre, gümüş nanoparçacıkların eklendiği
PNMA küreleri, solar simulatör altında 30 dakikada %98.5 lik bir metilen mavisi
giderimi sağlarken, aynı şartlarda PANI ve boş PNMA 90 dakikada sırası ile % 32
ve %44 lük bir giderim sağlamışlardır.

v

PNMA-AgNP kompozit malzemenin yüksek fotokatalitik etki göstermesini, eklenen
gümüş nanoparçacıklarının sahip olduğu yüzez plasmon etkisi ile açıklamak
mümkündür. Bu özellik sayesinde yapının soğurma özelliğinin arttığı, bunun da
fotokatalizörün yük ayırma verimliliğini arttırarak fotokatalitik işlem sırasında
üretilen elektronlar ve boşluklar arasında yük rekombinasyon olasılığının azalmasına
sebep olduğu düşünülmektedir. Elde edilen deney sonuçları, PNMA-AgNP kompozit
malzemesinin, güneş

ışığı altında boya moleküllerinin parçalanması için

fotokatalizör olarak potansiyel uygulamaya sahip olduğunu göstermektedir.
Anahtar Kelimeler: İletken polimer, poli(n-methilanilin) küreler, gümüş
nanparçacık, fotokatalizör, çevre ıslahı
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CHAPTER 1

INTRODUCTION

In the last decade, the manufacture of nanostructured materials with distinctive
properties has progressed significantly. Notably, there was an increase in the number
of reported papers on the topic of intrinsically conducting polymers (CPs), both basic
research and future applications. CPs have exceptional electrochemical behavior
besides conductivity and have special optical features and biocompatibility. As
strong candidates in several areas of nanoscience and nanotechnology, CPs gained
particular attention as a consequence of these intriguing features.

CPs, called synthetic metals, are polymers having pi-conjugated polymeric
backbones. In 2000 the Nobel Chemistry Award in appreciation for the discovery of
inherently conductive polymers was given to Alan MacDiarmid, Hideki Shirakawa,
and Alan Heeger. So far, different structures of conducting polymers such as
polythiophene

(PT)

and

its

derivatives,

polyaniline

(PANI),

poly(3,4-

ethylenedioxythiophene) (PEDOT), and polypyrrole (PPy) have been synthesized.
While the development of CPs has continued to progress, the interest in CPnanohybrids has also increased. Most extensive work has been conducted on hybrid
nanomaterials, the merging of CPs with various materials including inorganic
compounds metals, and carbonaceous substances. These nanohybrids, such as
organic devices, sensors, energy harvesting, and solar cells, have been proved
appealing for a wide range of applications.

1

There have been many studies to hybridize CP’s with inorganic substances. Metals
(Pd, Au, and Ag), metal oxides (RuO2, Cu2O, NiO, WO3, CuO, TiO2, Fe2O3, ZnO,
Fe3O4, V2O5, SnO2, and MnO2), and chalcogenides (CdSe, CdTe, CdS, and Bi2S3)
have been examined. Lately, nanosized-carbonaceous materials (nanotubes,
graphene, and graphene oxide) have been studied frequently. The significant
improvement was achieved when the crucial position of the nanostructured CPs in
utilizations like sensors (improved sensitivity), solar cells (efficient exciton
dissociation), Li-ion batteries (rapid electrolyte diffusion), electrochromic devices
(short response times), and supercapacitors (rapid diffusions of electrolytes).

Polyaniline derivatives (PANI) have gained significant interest in recent years,
owing to their simple synthesis, their outstanding environmental durability, and their
adaptable electrical properties. Mainly, they have improved processability compared
with PANI [1–4] Although numerous studies have been published about substituted
PANIs, these reports primarily contain ring-substituted alkoxy [5–7] and alkyl [8],
[9] groups.

Amino-N-substituted PANI materials, including poly(N-methyl aniline) (PNMA),
are of use in many purposes among the substituted PANIs such as cathode active
material in rechargeable batteries [10,11] microwave shielding materials [12]
electrocatalytic electrode [13,14] and corrosion protection [15,16]. The chemical
properties of PNMA vary fundamentally from those of PANI, as methyl substituents
permanently block proton exchange positions on PNMA chains.

1.1

Conducting Polymers

Polymers are well-known to many, because of the variety of controllable mechanical
and viscoelastic properties where the electrical features have played a significant
role. Polymers are recognized and used extensively. Though one of the significant
characteristics of polymers is their high insulating capabilities, except for the
particular application in electrophotography, currently, it is increasingly admitted
that the range of electrical applications is pervasive.
2

Nonetheless, systematic and widespread experiments were only performed recently
to clarify the features and applications of these polymers. One of the polymers' main
properties is the ability to tailor and control the features by utilizing synthetic
methods emerging from the high degree of freedom in carbon-based chemistry [17].

Conducting polymers are a new category of polymers that their conductivities were
discovered in 1977 [18]. Such materials exhibit extraordinary electrical and optical
features that were only present in inorganic structures in the past. Electrical features
of CPs are different from the well-known inorganic semiconductors such as silicon,
which has molecular and long-range conductivities [19]. To be conducive for a
polymer, the polymer structure has to contain conjugated bonds with a high degree
of overlapping. In conducting polymers, the π-conjugated structure is formed from
random single and double bonds through the polymer backbone (Fig. 1.1) [20].

Figure 1.1 π conjugation structure in conducting polymers [21].

The conjugated polymers are insulators if they are in a neutral state. The
conductivity is achieved by removing a π-bond electron to create a radical cation
defect (known as polaron) on the backbone of the conjugated polymer. Removing
the pi-bond electron will delocalize the remainder of the electrons in the pi-orbitals
across the conjugated polymer backbone. This removal facilitates the movement of
electrons through the polymer chain. When the positive charge formation is achieved
on the polymer chain, the dopant anion is incorporated to balance the obtained
charge electrostatically.

3

By the discovery of the conductive form of polyacetylene (PA) by MacDiarmid,
Heeger, and Shirakawa via the partial oxidation of PA with iodine or bromine vapor
caused a drastic increment in conductivity of the PA, even up to the metallic region.
On the other hand, while the PA is the most conductive (105 S.cm-1) and the best
characterized, the miserable environmental durability of PA has restricted the
commercial use of it [22].

The increase in publications about conducting polymers is due to the enormous
interest in this research area. Throughout this field of study has supplied necessary
information about the physics, chemistry, and material science of such polymers and
has encouraged the development of conducting polymers in the industry [23–25].
Different types of CPs have been synthesized and extensively utilized because of
their moderately higher conductivity. These CPs are polyacetylene (PA), polypyrrole
(PPy), polyaniline (PANI), polythiophene (PT), poly(3,4- ethylenedioxythiophene)
(PEDOT), and polyparaphenylene (PPP), etc. and are shown in Figure 1.2.

4

Figure 1.2 Chain structures of fundamental conducting polymers [21].

Before CPs are doped, reduced, or oxidized, they exhibit semiconducting properties.
The doping process, which reasonably increases the concentration of charge carriers
in the polymer chain, is applied to control the electrical properties of the CPs.

Now the synthesis of conducting polymers with tailored properties such as electrical
and chemical is possible. Because of the diversified amount of properties of CPs,
they are applicable in broad fields such as sensors, mechanical actuators, polymer
photovoltaics, corrosion protection, membranes, antistatic coatings, conversion
devices, and energy storage, LEDs and display technologies [26–30].

5

1.2

Preparation of Conducting Polymers

The synthesis of conducting polymers is achieved via oxidative polymerization of
the monomer. The first step of polymerization is the oxidation of the monomer,
which creates a radical cation and then couples with other radical cation, to create a
dimer [31]. Therefore, the initiation step of polymerization is a distinct division that
contains three essential stages: oxidation, coupling, and propagation. These stages
serve as integrated and crucial parameters that control the chemical and physical
characteristics of conducting polymers. The monomer oxidation step can be initiated
via different techniques that contain photoinduced oxidation, electrochemical, and
chemical, with each having its benefits and demerits.

The well-known technique to obtain conducting polymers is the chemical oxidative
polymerization. The bulk form of polypyrrole, polythiophene, or polyaniline, etc.
can be synthesized via this method, which can be through addition (chain-growth)
polymerization or condensation (step-growth) polymerization. Here the monomer is
added to the solution where the dopant acid is dissolved. The oxidant dissolved
solution (commonly aqueous solution) is added dropwise to the monomer/dopant
mixture by continuous stirring for about 5 hours. The precipitate formation is
followed by filtration, washing, drying steps. The synthesis procedures for the CPs
(e.g.,

polyacetylene)

are

sophisticated

techniques.

These

techniques

are

dehydrochlorination and dehydration, catalytic and noncatalytic polymerizations,
Durham method, and isomerization [32]. The fundamental advantages of chemical
polymerization are its broad scope for different paths to obtain CPs and its
availability to synthesize polymer in large amounts, which is not possible via
electrochemically. Besides, the syntheses by chemical techniques have also
opportunities for tailoring the backbone of the CP [32,33].

6

To obtain CP via electrochemical polymerization, different ways can be utilized.
They are constant potential, constant current, and potentiodynamic methods. By
comparison with the chemical polymerization, these techniques are simple to
synthesize CPs. Since they have conductivities, polymerization of CPs can be
achieved via electrochemical techniques. The electrochemical polymerization
technique is applied by utilizing the three-electrode electrochemical system, which
includes working, counter, and reference electrodes. The polymerization solution
also includes monomer and electrolytes [31, 33].

1.3

Polyaniline (PANI) and its Derivatives

In the class of conducting polymers, the researchers have concentrated on PANI
due to having both nitrogen and hydrogen on both sides of a very reactive
phenylene ring. Therefore, PANI has vast fields for use because of its unique
properties, like stability, simple preparation, cost efficiency, and eco-friendliness
[34–38]. Due to protonation and deprotonation, PANI is quite essential in both
chemistry and physics. Moreover, PANI goes through adsorption by nitrogen,
which has a lone pair of electrons. However, PANI has disadvantages like low
mechanical properties, insoluble in known solvents, and no melting point. Several
methods that are blending, grafting [39], composites, etc., have been used to
increase the physical properties such as redox stability, sensor, electrochromic, and
catalytic behaviors, mechanical features, and processability [40-44].

1.4

Chemical Synthesis of PANI and its Derivative

Chemical polymerization includes several techniques, which are emulsion
polymerization, dispersion polymerization, interfacial polymerization, counter ioninduced processability, in situ oxidation polymerization, inversion emulsion process,
blending technique, dry blending, solution blending, flux method, and melt
processing.

7

The properties of PANI/cellulose composite, obtained by chemical oxidative
technique, are related to the acids utilized in polymerization. Mo et al. showed that
PANI synthesized via using dibasic acid has higher conductivity than the monobasic
acid used PANI [45]. In this procedure, the properties of PANI are related to the
acidity condition [46]. The copolymers, including aniline and methoxyaniline-5sulfonic acid monomers, with various ratios, were prepared chemically by Sarauli et
al. [47]. The group also investigated the interaction between sulfite oxidase enzyme
(SO) and redox protein cytochrome c (Cyt c) with the electrodes constructed from
these copolymers. The cellulose triacetate (CTA) addition improved the dissolution
property of PANI and enhanced the flexibility and biodegradability [48]. The
superior anticorrosive properties of nanocomposite form of PANI/kaolinite, prepared
via mechanochemical technique, were studied [49].

1.5

Application of PANI and its Derivative

The use of PANI for various purposes becomes possible via tailoring the PANI
structure [50]. The mentioned applications are anticorrosive coating [51], antistatic
materials, static electricity, heating, and dissipation elements [52], microwave
absorption [53], plastic welding, electrochromic display and electronic devices, gas
sensors [54], and membrane materials [55]. The synthesis of PANI can be achieved
via chemical oxidative polymerization, and this method can be utilized to coat
insulating textiles with PANI. This technique is also appropriate for electronic
textiles and smart conductive textiles for the activity of capacitive touch-screen
displays [56].

In the synthesis of grafted copolymers, PANI is one of the significant conductive
polymer [57]. To obtain chitaline (Chit-g-PANI), PANI has been chemically grafted
on chitosan by Hosseini et al. [58]. The coating of chitosan onto Pt working
electrode was achieved via electrochemically, and then aniline polymerization was
carried out onto the chitosan-coated Pt electrode in 1.0 M HCl.
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As a result, the polymerization reaction was achieved in the acidic solution
containing the initiator that is ammonium peroxydisulfate. The wood and PANI
combination was utilized to fabricate wood composites with the electromagnetic
property. The PANI/wood composite prevents both electromagnetic signal leakages
and interference of external electromagnetic radiations. This study has shown that
the hydrophobic PANI modification of bamboo has decreased the hydrophilic
property of the bamboo [59].

Tailored PANI has been extensively utilized for the manufacturing of sensors,
modulators, information storage, LEDs, frequency converters, electromagnetic
shielding devices, anticorrosive coatings, and lightweight battery electrodes [60].
The PANI/cellulose acetate composite, which has been obtained via casting end
electrochemical techniques, has been investigated by spectroelectrochemical
methods on ITO electrodes and has exhibited electrochromic behaviors [61]. The
functional groups on the PANI backbone can develop the electroactivity, preserve
the surface area, and switch property between redox processes. The shifting ability
between redox states and its use as a model followed by the modification enables the
PANI a possible candidate for CP-based ascorbic acid detection, gas sensors, and
biosensors [62,63]. The nanorod forms of PANI obtained on the on carboxymethyl
cellulose-modified cellulose nanofibers have been found as susceptible to sense
lactases at deficient concentrations [64]. Also, the rough surface of PANI coated
polystyrene, which immobilizes the antibodies, makes this composite applicable for
immunoassays [65]. PANI has been utilized as a c-corrosion coating on steel because
of the passivating feature of it. It has been revealed that PANI can be substituted as
an eco-friendly material instead of chromate pigments [66].
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1.6

Conducting Polymer Based Composites

The unique physicochemical features of polymer nanocomposites, which do not exist
on individual constituents, have become a focus for the researchers due to possible
usage covering novel catalysts, environmental remediation, biomedical applications,
energy storage, etc. [67]. Due to hybrid and synergistic characteristics resulted from
different components, conducting polymer-based composites has significance. Noble
metal/CP composites show numerous superior features due to the combination of
various functional constituents in one part. For catalytic applications, it has been
shown that CPs can be utilized as a supporting matrix where the noble metal NPs is
deposited [68]. As a potential material for usage in electronic devices, well-dispersed
gold core/polythiophene NPs were reported by Zhang et al. [69]. Through a single
step interfacial polymerization of EDOT and HAuCl4, Au-PEDOT (core-shell form)
nano cables were prepared by Shi et al. [70]. The Ag-PPy core-shell NPs have also
been prepared with a 36 nm core diameter and a 13 nm shell thickness through a
one-pot technique by Chang et al. [71]. Moreover, a nanocomposite of PANI/Pt was
obtained via the K2PtCl4 reduction by PANI, and the prepared composite was
converted into film form, and the resulting composite was used as electrocatalyst in
both neutral and acidic solutions [72]. In addition to these, uniformly deposited Pd
NPs via in situ reductions of Pd(NO3)2 onto the surface of the PANI was reported by
Gao et al. [73].

The doping state of the membrane dependence of the morphologies of Pt NPs
deposited onto the surface of the PANI was revealed by Shih et al. [74]. They
exhibited that Pt aggregation occurs on doped PANI surfaces, but on undoped PANI
Pt is deposited in sheet-like form. Such bottom-up techniques are an effective and
easy way to produce nanostructured CP/metal composites. The deposited metal NPs
onto the CP surfaces have exhibited better catalytic activity because of both the
synergistic combination of two constituents and efficient surface areas. The singlepot preparation of nanocomposites of ring-like PPy/Pd through the redox reaction
between pyrrole monomer and PdBr4 2- was described as a soft-template technique
by Yang et al. [68].
10

The insoluble (CTA)2PdBr4 complex was prepared via the lamellar mesostructured
of cetyltrimethylammonium bromide (CTAB, a cationic surfactant) and sodium
tetrachloropalladate. The obtained complex was utilized as a template to synthesize
the nanoring form of composites through the redox reaction between the monomer
and the tetrachloropalladate ion. Following the polymerization, the nanoring form of
PPy/Pd structures was obtained. Also, it has been shown that the prepared
nanocomposites can be used in various utilizations. The PANI/Pt composite,
obtained by the deposition of nanoparticle form of Pt onto PANI, has been proved to
be effective in electrochemical hydrogen evolution [75]. A new ‘second-ordertemplate’ technique has been described for the preparation of nanowire forms of
PANI/Ni nanotube composites in the alumina template pores [76]. Moreover, Drury
et al. have described the PANI/Ag nanowire composite preparation within the anodic
alumina pores and characterization [77]. There are also studies about the as a
template usage of Au NPs based CP/Au composites for surface-enhanced Raman
scattering [78].

The NP based CP/M nanocomposites (M= Pd, Au, and Pt) exhibited catalytic
behavior [79], therapeutic, [80], biosensing, [81], and water rehabilitation operations
[82]. Furthermore, conducting polymers, where the semiconductor nanocrystals were
incorporated, become able to absorb the whole visible region. The resulting system
also immobilizes or sensitizes these nanocrystals, making it possible to utilize
photocatalytic applications and heterojunction photovoltaics [83]. The considerable
effort has been dedicated to producing heterojunction systems containing the
inorganic part and conducting polymer part as well. The constructing
heterostructures, having proper band location and orientation associated with the
morphology for each semiconductor and polymer part, is quite tricky. The suitable
bandgap arrangement associated with easy processability is the crucial property of
this material used in energy harvesting devices.
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1.7

Nanostructured Conducting Polymers

The purpose of tailoring the inherent characteristics of CPs in nanosized forms,
which gives various functional properties, is causing increase the curiosity in this
area. Therefore, to improve both new polyfunctional structures and viable
technologies, many approaches have been achieved for the evolution of
nanostructured

conducting polymers (CPNs). Several

outstanding reviews

concerning the development of conducting polymers, their characterizations, and
their applications as film electrodes have arisen [84,85]. Furthermore, the usage of
CPs as sensor and device have been reported, as well [86,87]. Therefore,
constructions and characterizations of CPNs for usage in the energy field are still the
focus of the researches in this area [88]. As a result, it is required to understand the
possibility of obtaining new nanostructured polymers, the improvement of models
for their performance, and the optimization and realization of their utilization
capacities.

In past decades, CPNs have gained growing attention both in basic research and in
the various fields of usage. Particularly in comparison to polymer in bulk forms,
CPNs showed outstanding energy storage and transformation efficiency consistent
with higher electrical conductivity in nanosized structure, large surface area, high
mobility for charge carriers, enhanced electrochemical performance, and better
mechanical characteristics, etc. Various methods of synthesis have been improved to
achieve different CPNs like nanotubes, nanoparticles, nanofibers, and nanowires.
Based on these CPN forms, the devices with high performance have been
implemented [88].

By adjusting the dimensions of each part in the nanosized structure, the tuning of the
electronic energy state in this construction becomes possible, and this enables the
CPs entirely usable for utilization in energy field like in batteries, electrochemical
supercapacitors, photovoltaics, harvesting of solar energy, catalysis, and fuel cells.

12

1.8

Synthesis of Nanostructured Conducting Polymers

Commonly, the synthesis of CPs has been achieved by oxidation of monomers
through chemical or electrochemical methods, which is followed by the formation
of polymer chains via the coupling of charged monomers. Nevertheless, the
fabrication of CPNs is achieved by using templates throughout the polymerization
reaction.

The template-based method is preferred to synthesize size and

morphology tunable nanostructured CPs, which is critical for device utilization.
Consequently, based on various techniques like soft-template and hard-template
methods or template free methods, serious development has been achieved in the
construction of CPNs [89].

Due to no need for usage of template or additional treatment, the template-free
technique is an easy and economical way of obtaining CPNs [90]. Different forms
of CPNs were effectively obtained via template-free technique. Furthermore, these
nanostructures, which can be hollow spheres, nanofibers, and nanotubes, are
reproducible, uniform, and able to be adjusted in size. For example, intensive
researches have been done to produce PANI, obtained in an aqueous medium, with
a single dimension (1D) morphology in nanometer sizes without templates [91].
The PANI in hollow nano spherical morphology, including noncontinuous cavities,
was synthesized via a one-pot method without using a surfactant [92]. Moreover,
by stepwise changing current density to achieve control of nucleation, aligned
nanowire form of PANI was synthesized in the absence of a structural control agent
[93]. There are studies about the production of nanowire forms of CPs, which can
be addressed separately, both on microelectrodes via site-specific electrochemical
technique [94] and in arrays with known sizes, high aspect ratio, compositions,
and alignment [95]. So far, a variety of nanostructured PANIs in fiber and
nanowire forms or nanotubes have been obtained via template free technique
[96,97].
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1.9

Origin of Exciting Multifunctionality in Conducting Polymer Based
Nanostructure

The synthesis of CPs in nanoscale via controlled techniques is one of the new
purposes of material science. The nanoparticles of CPs are obtained by the weak
intermolecular forces like hydrophobic interactions, π-π stacking, and hydrogen
bonding, which cause the self-assembling of modified molecules. The exciting
differences from the bulk form of the CPs in thermal, optical, mechanical, and
electrical properties of the nanosized structures have been achieved [98]. Due to
having unique optoelectronic features, large surface area, high electrical
conductivity, flexibility, and stability, the efficiencies of CPNs are anticipated to be
more than that of their bulk forms [88].

The CPNs have both higher electrochemical activity and electrical conductivity than
bulk or free-standing film forms [99]. As an example, the PDPB produced in
nanoscale via gamma irradiation has an electrical conductivity of 0.13 S/cm. This
value is enormous compared to the electrical conductivity of polyacetylene in bulk
form, which is 10-11 S/cm [100].

Furthermore, the air stability of the polyacetylene film is inadequate due to its being
sensitive to the air. It has been found that the electrical conductivity of nanofiber
forms of PDPB shows a little increase as the diameters of the nanofibers diminishes.
As the arrays of unidirectional fibers are improved, the electrical conductivity of the
polymer is increasing drastically. For example, having a highly crystalline form and
small size, about 4 nm, PANI nanoparticles showed 85 S/cm conductivity because of
improved order and very compact structure of polymer chains [101]. The higher
electrical conductivity of star-shaped PANI than that of equivalent homopolymer
was due to the nanostructured, spherical, and three-dimensional morphologies
allowing the adequate π-orbital overlapping [102].
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For the usage of CPs in photovoltaics or LEDs, it is crucial to consider the effects of
nano-dimensions on photophysical characteristics of the polymer [103]. The
enhanced emission activities and bathochromic absorption behavior of CP NPs are
entirely different from that of bulk form. In addition to this, the size-dependent
electrical and optical characteristics of these NPs make them possible to be costeffectively used in new organic nanoscale devices [104]. To achieve highly efficient
and inexpensive photovoltaics, great efforts were made for controlling the
morphologies of CPs. These efforts focused on the improvement of both the charge
transfer and light absorption properties. Therefore, if the nanostructured CPs are
compared with the bulk form, we can see that the nanoscale CPs show enhanced
physicochemical features and have shorter paths for the transport of charge, ion, or
mass [105].

1.10

Novel Trends for Synthesis of Conducting Polymer Nanohybrids

Due to their versatility in many utilities, the researchers have been captivated by the
nanohybrids. These nanohybrids can be produced through assembling the CPs and
the inorganic agents in nanoscale, as mentioned previously. The manganese oxidebased CP nanohybrids (MnOx/CP) are a critical example [106]. Due to the ability of
MnOx to be a reactive template in acidic solution, where the polymerization occurs,
direct coating of the surface of MnOx via CP is achieved. After the optimization of
the MnOx/CP ratio, the obtained nanohybrids have the following advantages: (a) the
CP coating supplies conductive paths for MnOx usage more effectively; (b) the
synergistic electrochemical features are obtained for both Cp and MnOx. It has been
mentioned that although the materials used in the preparation of nanohybrids are the
same, the properties of the obtained structure may show significant differences based
on the production technique. A comparison of the properties of preparation
techniques used in the production of MnO2/PANI can be analyzed. These techniques
are reactive templates [107] and adsorption templates [108]. For example, the higher
specific capacitance values were obtained for the electrochemical capacitor prepared
using the adsorption template technique instead of the reactive template technique.
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Generally, CP contained composites that are expected to have a high surface area
and high conductivity because this is vital to attaining greater efficiency in the
applications. So, the control of morphology (e.g., specific surface area, pore size,
etc.) corresponding to optimized critical properties like electrical conductivity very
important. The synthesis of MnO2 NPs/PEDOT porous hybrids was achieved by
utilizing chemical VPP and thermal treatments [106]. The focal point of this hybrid
material is that it is bearing an open porous structure. Because of the synergistic
effect aroused from the interactions of properties of components of the hybrid (CPs
and NPs), this porous structure has a superior electrochemical activity, although the
decreasing effect of the amount of NP to the electrical conductivity.

1.11

Applications of Composite Materials

In the energy field, the CPs, prepared in nanoscale, with desired morphology,
electrochemical and optical characteristics, excellent charge transport, and electrical
conductivity, are the appropriate candidates to be used. Detailed reports are
summarizing the improvements in the literature. For instance, the nanostructured
materials can be utilized as electrodes in both energy storage and conversion
operations like fuel cells, Li-batteries, supercapacitors, solar light harvesting, and
solar cells, due to their functionalities. Furthermore, these materials can be used as
catalysts or supports for catalysts, as well [88].

The environmental contamination increased efforts to find environmental and water
remediation solutions by surveying clean energy paths via photocatalysis.
Harnessing sunlight as a limitless energy source needs a semiconductor type catalyst,
and especially TiO2 is dominating the area [109]. Though TiO2 like catalysts
(semiconductor oxides) are active under UV radiation, which is about 4% in arriving
solar light, and consequently the whole procedure is not reasonable for solar energy
use.
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So far, to develop photocatalysts, which are supposed to be active under visible light
(43% of arriving solar light), tremendous efforts were made [110]. Nevertheless, the
production of photocatalysts that have stable activity under visible light and are
effective have not been achieved yet. The various characteristics of the CPNs, which
are

high

specific

surface

area,

short-charge

transport

pathways,

better

electrochemical activity, and high conductivity, enhance energy conversion
efficiency.

It has been reported that the CPN based visible light-active

photocatalysts can be as beneficial as inorganic counterparts in the UV region [111].
So, due to the activity of CPNs under visible light, a new and exciting research area
has been offered.

The nanostructured PEDOT has low bandgap (Eg=1.69eV) and superior light
absorption in both Vis and NIR regions. Therefore, it shows exceptional
photocatalytic performance even in the absence of co-catalyst (noble metal) or
assisting reagent during water remediation, and also recycling from the process
medium is more efficient than TiO2 [111].

The initial study for the water remediation by a visible light active photocatalyst,
which is nanofibers of poly(diphenylbutadiyne) (PDPB), activated by irradiation, has
been declared [112]. Notably, the photocatalytic achievement of the nanospindle
form of PEDOT has been even better than the nanofiber of PDPB for the degradation
of methyl orange and phenol under both visible and UV irradiations. In comparison,
for the 240 min time interval, while the degradation level of phenol was 100% by
PEDOT nanospindles, it was 64% by PDPB. The prominent features of the new
CPN based photocatalysts are their stability, recyclability, and reuse properties
without considerable activity loss.

The successful photodegradation via solar energy depends on the evolution of highly
efficient photocatalysts. These catalysts should bear efficient absorption matching
with solar spectrum (able to harvest visible light), effective charge separation
without recombination of electron-hole pairs, and sufficient energy for the
photodegradation of pollutants such as dyes, toxic chemicals, etc.
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Although the combination of CP accompanying narrow bandgap and nanocrystal
semiconductor has indicated efficient ways of electron-hole separation enhancing
activity in the visible range, the efficiency of the photodegradation is low [113].

Due to the importance of the interfacial area to achieve effective electron-hole
separation, the heterojunctions should be obtained from the nanoscale components.
Therefore, the challenging part of the preparation of such hybrid catalysts is planning
the structure with suitable morphology, which is the semiconductor band position
and the polymer component.

A recent study reported by Samim et al. was about the construction of a special
nanoscale heterojunction with nanoparticles of ZnO and nanofiber forms of PDPB to
discover the efficient electron-hole separation from PDPB to nanocrystals of ZnO
[114]. There are limited experimental proofs to explain the mechanism of
photoinduced electron/hole transfer through the hybrid structure's interfaces.

1.12

Aim of the Study

In this thesis, poly(N-methylaniline) nanospheres were successfully prepared by
chemical oxidative polymerization. The effect of the concentration of monomer and
initiator on size of the resulting particles was investigated in details. After that silver
nanoparticles (AgNPs) were added to prepared spheres by using liquid impregnation
followed by sodium borohydride reduction. The structure and morphology of
samples were characterized by modern analytical techniques, and their catalytic
behavior was investigated in photocatalytic degradation of methylene blue (MB)
under solar light was investigated.
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CHAPTER 2

MATERIALS AND METHODS

2.1.

Materials

Sodium hydroxide (NaOH, puriss., meets analytical specification of Ph. Eur., BP,
NF, E524, 98-100.5%, pellets, Sigma-Aldrich), Hydrochloric acid (HCl, ACS
reagent, 37% Sigma-Aldrich), Ethyl Alcohol ((CH3CH2OH), 99.5%, SigmaAldrich), Ammonia solution( (NH3),25% extra pure, Merck), Ammonium
persulfate ACS reagent, ≥98.0% (APS) (Sigma-Aldrich), Aniline (C6H5NH2),
Reagent Plus®, 99%, Sigma-Aldrich), N-Methylaniline (C6H5NHCH3, ≥99%,
Sigma-Aldrich), Adipic acid (HOOC(CH2)4COOH, 99%, Sigma-Aldrich), Silver
nitrate (AgNO3, ACS reagent, ≥99.0%, Sigma-Aldrich), Sodium borohydride (
NaBH4, Reagent Plus®, 99% Sigma-Aldrich), Methylene Blue hydrate
(C16H18ClN3S · xH2O purum p.a., for microscopy (Bact., Bot., Hist., Vit.), ≥97.0%
(calc. based on dry substance, AT), Sigma-Aldrich), and de-ionized water were
analytical grade and were used as received without any further treatment.

2.2.

Characterization and Instrumentation

Quanta 400 FE-SEM from FEI, Field Emission Scanning Electron Microscopy
(FE-SEM) was used for the morphological characterization of prepared Materials.
Particle size and shape were characterized by using JEOL JEM-2010F transmission
Emission Microscopy (TEM) and high resolution-TEM (HR-TEM). Energydispersive X-ray analyzer (EDX) coupled with SEM and TEM was performed for
the determination of the elemental composition of the prepared materials.
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Removal of methylene blues was observed by using Specord S 600 UV-Vis
spectrometer. The percentage of the silver amount that loaded on to polymer was
measured by using ICP-OES, Elan, Perkin Elmer. ATLAS solar simulator was
utilized for photocatalytic applications and Specord S 600 UV-Vis spectrometer
was used for finding the degradation of dye (MB).

2.3.

Preparation of PNMA Microspheres

The experimental set-up used to prepare the PNMA microsphere is presented in
Figure 2.1. In a beaker (A), 25 mL de-ionized water containing 2.5 × 10-3 M NMA
monomer and 2.5 × 10-3 M of adipic acid were placed. The mixture was allowed to
stir at room temperature at 500 rpm for 15 min to obtain well dispersion. In another
beaker (B), 25 mL de-ionized water containing 2.5 × 10-3 M of APS were placed and
allowed to stir at 500 rpm at room temperature for 15 min. APS solution was added
drop-wise to NMA dispersion as the reaction mixture turned to dark blue. The
resulting reaction mixture was allowed to stir at room temperature for 1h. For
stopping the polymerization reaction 10 mL of ethanol was added to the reaction
mixture. The dark green product was filtrated and then washed with ethanol and
excess amount of de-ionized water until the filtrate became colorless. The dark green
product was placed in a Petri dish and left to dry at room temperature overnight. The
dried product was collected and stored in a labeled vessel for future use.
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Figure 2.1 Synthesis of Poly(N-methylaniline)Microspheres at [NMA]= [APS]=
[Adipic acid]= 0.025M. Room temperature and 1 h reaction time.

2.4.

Loading of Silver Nanoparticles on Catalyst Supports

50 mg sample support was dispersed in 9.5 mL de-ionized water and 0.5 mL solution
which contains silver ions (2% (w/w)). After that, the solution was placed in labeled
vessels and closed with caps and then stirred at 600 rpm, at room temperature for 5h
for effective metal loading. To avoid agglomeration of the solid support particles,
each 15 min the vessels were shaken for few minutes then placed back on the
magnetic stirrer. Vessel contents were transferred into labeled centrifuge tubes after
removing the stirrer bars using an external magnet. Centrifugation was carried out at
4000 rpm for 5 min, the clear supernatants were stored for further analysis. The
remaining solid supports were washed with water and then centrifuged at 4000 rpm
three times. The remaining solid supports were dried in the oven at 80 ᵒC for 24 h.
The dried solid supports were recovered before the reduction step.
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Figure 2.2 Addition of Ag ions and Reduction using NaBH4

After that isolated and dried sample was dispersed in 10 mL water and 30 mg
NaBH4 was added to the mixture and stirred for 1 h. After that silver loaded PNMA
particles were isolated, washed, and dried for further catalytic applications.

2.5.

Light Irradiation and the Photocatalytic Activity

10 mg of the reduced samples and 10 mL of (1.0×10-5M) MB dye stock solution
were placed in labeled vessels. 10 mL of MB dye stock solution marked as a control
sample was included in the photocatalytic treatment. Stirrer bars were placed into the
labeled vessels and then the vessels were placed in the light simulator chamber. The
magnetic stirrer was turned on and adjusted at 600 rpm, after that both solar
simulator lamp and stop-watch were switched on and reaction mixtures allowed to
stir at room temperature for 10 min. UV-Vis absorbance of the reference and MB
stock solution was measured at λmax = 665 nm.

As the first irradiation period (10min) was complete, the solar simulator was turned
off and 3 mL of the light exposed samples were transferred into labeled centrifuge
tubes, centrifuged at 4000 rpm for 4 min. 2 mL of clear supernatant was placed into
a rinsed UV-vis cell and then the absorbance of the samples at λmax = 665 nm, which
is the maximum absorbance of MB dye was measured. % Removal of MB dye of the
light treated samples was calculated using the formula (2.1);
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%Removal of MB dye = (A MB stock solution – A UV treated sample)/A MB stock solution × 100
(2.1)

The centrifuge tube contents were returned into the original reaction mixtures and
exposed to extended simulated light exposure times. In a similar way done before,
the samples were centrifuged and the absorbance of the resulting liquid supernatants
was measured and recorded. Light irradiation treatment of the samples continued for
10 min time intervals and UV-Vis absorbance of resulting supernatants was
measured and recorded until steady un-changed measurements are reached, which
indicates that no further changes could be observed. This demonstrates that the
sample has reached its maximum photocatalytic activity value. An efficient MB dye
color removal was associated with very high percent MB dye removal and notable
visible appearance of colorless solutions.
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CHAPTER 3

RESULTS AND DISCUSSION

The conducting polymers are more attractive than metals as electrically conductive
materials in terms of minımum cost, lightweight, and low environmental load. Some
of the conducting polymers are polypyrrole, polyanilineş polythiophene, and
poly(pphenylene), these are more favorable in scientific and industrial areas. They
used in different applications such as rechargeable batteries [2,3], diodes, sensors [4–
7], in transistors, and microelectronic devices [8]. The good environmental stability,
easy doping/dedoping properties, and preparation methods make polyanilines more
desirable comparing to organic conducting polymers [9]. There are various studies
related to the synthesis and characterizations of polyaniline as dopants [9–13]. At
the same time, because they are used as functionality materials, some processability
difficulties appeared in most applications [9]. Low solubility in common solvents is
the reason for these difficulties.

Polyaniline and its associated derivative poly(N-methylaniline) have gained a
tremendous amount of research interest in the last few years due to their outstanding
physio-chemical properties and promising applications particularly in the field of
photocatalysis.

The molecular weight and morphology of polymers used in the photocatalyst
composite structure play a very important role in their resulting physical properties
and catalytic performance.

PANI and PNMA polymer particles during synthesis can be tuned to suit desired
catalytic performance for organic dye removal by selecting the proper preparation
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route and suitable experimental conditions [58]. PANI and PNMA polymers are
generally insoluble in most common solvents and they are not processable due to the
presence of stiff aromatic ring in their chemical structure and stable ᴨ electronic
system. The insolubility of PANI and PNMA polymer particles in aqueous mediums
is primarily significant physical property to provide the practical recovery of
photocatalyst solid particles after the photocatalytic treatment to enable reliable
catalyst recycling and future application for the degradation of organic dye
pollutants. PANI and PNMA polymers provide good cavity to accommodate the
nanoparticles within their matrix by providing good dispersion of the two
components into polymer domains. Thus the entire physical structure of the final
photocatalyst composite is held together as one unit associated with good interaction
between all the components to provide easy practical magnetic separation after
treatment since it ensures the recycling of the photocatalyst for future application
[61].

Owing to small size noble metal nanoparticle known as "surface plasmon materials"
which provides large surface area so that they can absorb a large number of visible
light photons and then create more photoactive sites and also more reactant organic
molecules will be attracted on the photocatalytic surface to undergo photo-oxidation
reaction. Moreover, noble metals have chemical stability, which means the surface
of the metal has high resistance towards oxidation by moist or photo corrosion
during photocatalytic application which increases the durability of the metal-doped
photocatalyst for the long run.
Under visible light irradiation Ag nanoparticles can readily generate e-/h+ carriers
and the electrons are transferred from the conduction band of silver to the conduction
band of support material used as photocatalyst while the positive holes remain in the
valence band of silver which results in spatial charge separation. In this particular
case silver nanoparticle plays as a photosensitizer for photocatalyst.
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As a result, more electrons are generated that react with dissolved oxygen to produce
more of superoxide radicals whereas more positive holes react with water to produce
more of hydroxyl radicals. The concentration of both oxidizing radical species
increases significantly which results in a considerable enhancement in the
photocatalytic activity for organic dye removal. Metal nanoparticles such as Ag and
Au work as a surface antenna that harvests a large number of visible light photons
and generates a large number of electrons and holes subsequently increasing the
overall photocatalytic activity remarkably [47].

3.1.

Preparation and Characterization of PNMA Nanospheres

Initially, to see the effect of concentration on the size of the resulting sphere 3
different

concentration

ratios

were

tried.

Structural

and

morphological

characterization of resulting PNMA nanospheres was performed with scanning
electron microscopy (SEM), EDX, and FTIR. Results are given respectively.
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Figure 3.1 SEM image of PNMA prepared with 0.0125 M monomer solution.

Figure 3.1 shows the SEM image of PNMA prepared with a 0.0125 M monomer
solution. The size of the resulting PNMA spheres lies between 300-900 nm.
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Figure 3.2 SEM image of PNMA prepared with 0.025 M monomer solution.

Figure 3.2 shows the SEM image of PNMA prepared with a 0.025 M monomer
solution. When the concentration of monomer changed from 0.0125 M to 0.025 M
the size of the PNMA spheres gets smaller. The size of the resulting PNMA spheres
lies between 200-550 nm.
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Figure 3.3 SEM image of PNMA prepared with 0.05 M monomer solution.

Finally, the concentration of the monomer solution was fixed to 0.05 M and the same
preparation procedure was applied. Results are given in Figure 3.3 which shows the
SEM image of PNMA prepared with 0.05 M monomer solution. The size of the
resulting PNMA spheres lies between 300-800 nm. As the concentration of
monomer solution increased to 0.05 M the size of PNMA spheres gets bigger. A
comparison of the SEM figures also given in Figure 3.4.
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Figure 3.4 Comparison of the SEM images of PNMA nanospheres obtained with
different concentration ratios.

As can be seen from Figure 3.4 smaller size PNMA nanospheres were obtained by
using a 0.025M monomer solution. So 0.025 M was chosen as optimum
concentration and PNMA spheres used for further applications.

The effect of the monomer concentration on the yield was also studied and the
results are given in Table 1.

Table 1. The percent yield of the PNMA obtained with different monomer
concentration
Figure

Concentration of monomer

Yield

A

0.0125 M

27 %

B

0.025 M

35 %

C

0.05 M

36 %

As can be seen from Table 1, when the concentration of monomer increase from
0,0125 M to 0,025 M, the % yield was increased from 27 to 35. Un fortunately
further increases in concentration did not affect the % yield. So 0,025 M was chosen
as the optimum concentration and applied through the entire study.

30

After that, the effect of reaction time on the yield was also studied. For this 1 hour
and 1 day was chosen as the reaction time and at the end of the production, the yield
was compared. The results are given in Table 2.

Table 2. Effect of reaction time on percent yield
Reaction Time

Yield

1h

35.0 %

24 h

35.8 %

According to the results, no significant increase in percent yield was detected when
the reaction time was increased from 1h to 24 h. So 1 h was chosen as reaction time.

The chemical composition of the resulting material was investigated. For this EDX
measurement of PNMA nanospheres prepared by using 0.025 M monomer solution
was performed. The result is given in Figure 3.5.
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Figure 3.5 EDX pattern of PNMA nanospheres prepared by using 0.025 M
monomer solution.

As can be seen from the EDX pattern of PNMA, EDX pattern contains all elements
founded in PNMA.

PNMA nanospheres also characterized by using the FTIR spectrometer. The
resulting spectrum is given in Figure 3.6.
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Figure 3.6 FTIR spectrum of PNMA nanospheres.

The characteristic peaks for PNMA using the Fourier transform infrared (FTIR)
spectroscopy technique are tabulated in Table 3.

Table 3. List of Infrared frequency and bond types
Types of bonds

Frequency (cm-1)

N-H Stretching

3480

N-H bond between the amine

3260

C=N and C=C stretching modes

1589 and 1501

C-N stretching modes

1316

Electron delocalization

1152-1113

33

According to Table 3, C-N stretching peaks and the electron delocalization bands
prove the presence of PNMA. Also, the peak at the 800 cm-1 belongs to parasubstituted aromatic rings, Kapil et al. reported that bands at the range 1400–1800
cm−1 are attributed that the vibration modes of formation of aromatic rings of
polymer chains. The bands range a the 2700–3000 cm−1 indicate hydrogen bonding
between the polymer chains [115].

3.2.

Addition of Silver NP’s onto the Surface of PNMA Nanospheres

The addition of silver metal nanoparticles onto the surface of PNMA was achieved
by applying a liquid impregnation technique. After the addition of silver ions (2%
w/w) onto the PNMA chemical reduction of the ions with NaBH4 was performed to
produce silver nanoparticles. After preparation morphology and chemical
composition of silver nanoparticles added were investigated by using TEM, EDX,
ICP-OES, and XPS, respectively.

The morphological characterization of silver nanoparticles added to PNMA
nanospheres was performed with TEM measurements. The TEM image of resulting
particles (PNMA-AgNPs) is given in Figure 3.7.
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Figure 3.7 TEM image of silver nanoparticles added onto PNMA nanospheres.

Silver nanoparticles added onto PNMA nanoparticles circled in black and the
average particle size of Ag nanoparticles on the surface was measured as 3 ± 1 nm.

To prove the presence of silver on PNMA nanoparticles, EDX measurement was
performed. EDX pattern of PNMA-AgNPs is given in Figure 3.8.

Figure 3.8 EDX pattern of PNMA-AgNPs.
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As can be seen from the EDX pattern, silver nanoparticles were founded in the
structure besides elements founded in PNMA. The silver signal in the EDX pattern
proves the attachment of silver nanoparticles to the surface of PNMA. The
quantification of the total silver decorated onto PNMA nanoparticles was performed
with ICP-OES measurements. According to the ICP-OES result, the total amount of
silver added to the PNMA substrate was calculated as 1.47 % (w/w).

The addition of silver nanoparticles to PNMA was also proven with X-ray
photoelectron spectroscopy (XPS) measurements besides the oxidation state. The
results are given in Figure 3.9.

Figure 3.9 XPS spectra of silver nanoparticles decorated on PNMA spheres.

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 PNMA.
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According to Figure, corresponding peaks related to the binding energies of the Ag
3d5/2 and Ag 3d3/2 located around 365.0 and 371.0 eV, respectively. These locations
are considered as the indication of the metallic form of the silver (zero oxidation
state) which is added to PNMA composite material. The result is in good agreement
with TEM and EDX measurements

3.3.

Photocatalytic Performance of the Prepared Materials

In this part of the study, the photocatalytic activity of the proposed materials under
solar light was investigated in the degradation of MB dye. The same reaction
conditions and experimental parameters were used as in the previous section.
During the UV-Vis measurements, the absorption peak located at 665 nm was
followed at different time intervals and percent degradation was calculated from the
absorption maxima by using the equation given in the experimental part.

The catalytic activity of PNMA-AgNPs was investigated in the photocatalytic
degradation of dye molecules under solar light irradiation. For this methylene blue
was chosen as a model compound. Before starting the catalytic applications, a
control experiment was performed by illuminating the MB solution without using a
catalyst. Only 2% reduction in the absorbance band located at 665 nm was observed
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. This is very important to prove the
photocatalytic degradation of the dye molecule under light irradiation. For this 10
mg catalyst added into 10 mL of MB solution and stirred under dark and MB
absorption maxima were measured at a certain time and the change in dye
concentration was followed by UV-Vis spectrophotometer. The sample UV-Vis
spectra obtained for PNMA-AgNPs is given in Figure 3.10.
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Figure 3.10 UV-Vis spectra of the 2.0 ×10-5 M MB solution taken initially and after
mixed with 10 mg of PNMA-AgNPs under dark environment for different
durations.

The percent of adsorption values are also given in Table 4.

Table 4. Percent of adsorption values at different time intervals.
Time (min)

Decrease %

10

16

20

19

30

21

As can be seen Figure. and Table 4, at the end of the 20 min. 19 % of adsorption was
detected. For 30 min treatment, a similar percent adsorption value was calculated. So
20 min mixing of the catalyst with MB solution under dark was applied before solar
light illumination.
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Photocatalytic activity of prepared materials was investigated in the degradation of
MB under solar light. 10 mg catalyst was used to provide photocatalytic degradation
of 10 mL, 2.0 ×10-5 M MB in each try. The percent methylene blue degradation
capacity of catalysts was determined by measuring a 2 mL solution from the reaction
medium at different time intervals and measured by using a UV-Vis spectrometer.
During the measurements, the absorption peak located at 665 nm was followed.
Sample UV-Vis spectra obtained according to change in color over time is given in
Figure 3.11.

Figure 3.11 UV-Vis spectra which shows the photocatalytic degradation of MB by
using 10 mg PNMA as photocatalyst under solar light exposure.

As time passed under solar radiation, the band located at 665 nm decreases due to
the degradation of methylene blue.
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After that according to the explanation given above, the photocatalytic performance
of all catalyst prepared during the study for the degradation of methylene blue under
solar light was investigated. The obtained results are given respectively.

Figure 3.12 UV-Vis spectra which shows the photocatalytic degradation of MB by
using 10 mg PANI as photocatalyst under solar light exposure.

As can be seen from the results given in Figure 3.12 only 32 % degradation of MB
by were achieved by using PANI as photocatalyst at the end of the 90 min period
solar light exposure. After that MB degradation by using PNM was applied and the
obtained result is given in Figure 3.13.
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Figure 3.13 UV-Vis spectra which shows the photocatalytic degradation of MB by
using 10 mg PNMA as photocatalyst under solar light exposure.

In the case of PNMA, 44% of degradation was achieved under the same conditions.
The increase in catalytic activity can be attributed to the higher surface area of
PNMA nanospheres compared to bulk PNMA (SEM images, Figure 3.14).
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Figure 3.14 SEM images of A) PANI and B) PNMA.

Finally, the photocatalytic performance of the PNMA-AgNPs was investigated in the
degradation of MB under solar light exposure. The result is given in Figure 3.15.
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Figure 3.15 UV-Vis spectra which shows the photocatalytic degradation of MB by
using 10 mg PNMA-AgNPs as photocatalyst under solar light exposure.

The comparison of the percent degradation results obtained by using PANI, PNMA,
and PNMA-AgNPs catalysts is given in Table 5 and Figure 3.16, respectively.

Table 5. The percent degradation results of MB obtained with the use of the
mentioned catalysts under solar light
Catalysts

Degr. %

Degr. %

Degr. %

30 min

60 min

90 min

PANI

17

23

32

PNMA

16

31

44

PNMA-AgNPs

98.5

99

-
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Figure 3.16 Comparison of the catalytic activity of the PANI, PNMA, and PNMAAgNPs composite material used for MB degradation under solar light.

In the case of PNMA, 44% of degradation was achieved under the same conditions.
The increase in catalytic activity can be attributed to the higher surface area of
PNMA nanospheres compared to bulk PNMA (SEM images).

Then, the effect of the addition of silver metal nanoparticles on catalytic activity was
investigated. The addition of silver nanoparticles onto the PNMA matrices caused
dramatic changes in the photocatalytic degradation of MB positively when compared
to the result obtained with PANI and PNMA. 99 % of degradation (almost total
degradation) of MB was achieved after 30 min of solar light exposure. It can be seen
clearly; the addition of silver nanoparticles improves the catalytic activity of the
resulting photocatalyst.

The improvement in catalytic activity can be attributed to the synergetic effects
resulting increase in charge separation efficiency obtained with the addition of silver
metal nanoparticles to the PNMA nanoparticles.
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This increase can be attributed to improvement in absorption property under solar
light with the addition of noble metal nanoparticles which results in enhanced photoconversion efficiency by decreasing the probability of charge recombination between
electrons and holes. Besides, additional electrons transferred generated from the
plasmon excitation process to the conduction band of the materials. The better
charge separation provides improved photocatalytic activity therefore, the rate of
degradation of MB by formed superoxide and hydroxyl radicals to degradation
products increases.
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CHAPTER 4

CONCLUSION

In this thesis, silver nanoparticles added PNMA spheres were successfully prepared
by using oxidative polymerization and liquid impregnation respectively. After that
the characterization of catalysts was performed by scanning electron microscopy
(SEM), transmission electron microscopy (TEM), energy dispersive X-Ray coupled
with SEM and TEM, XPS, and ICP-OES. Initially, the effect of monomer
concentration of size was investigated and by using 0.025 M for monomer solution
was founded proper concentration for the preparation of PNMA spheres. By using
that concentration, it can be possible to produced PNMA nanoparticles around 300
nm. After that reaction time was optimized and 1h was chosen as the optimum
reaction time for the preparation of PNMA. Then the addition of 3 nm silver
nanoparticles was achieved by applying the liquid impregnation method followed by
sodium borohydride reduction.

Finally, the catalytic activity of the materials obtained was tested in the
photocatalytic degradation of methylene blue under the solar simulator. To compare
the photocatalytic activity of the PNMA and silver added PNMA, polyaniline
(PANI) was also prepared and used as photocatalyst. As expected, silver
nanoparticles added PNMA spheres show enhanced photocatalytic activity, and
almost total degradation (98.5 %) of methylene blue was achieved in 30 minutes
under solar light exposure. Due to low cost and easy preparation, PNMA-AgNPs
composite material can be a good candidate in photocatalytic applications.
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